ABSTRACT

AGUIRRE REALPE, DIEGOARMANDO. Seismic Performance and Displacement
Capacity of RCFST Driled Shafts. (Under the direction of Dr. Mervyn Kowalsky).

Reinforced concrete filled steel tube (RCFST)quitdumns, also known as RCFST
drilled shafts, are structural elements used in bridge support systems in regions of high
seismic activity. This system consists of a steel tube that is filled with concceiateamal
longitudinal and transverse reinforcement. This system has several advantages over
traditional systems. Beyond increased strength and deformation capacities, this type of
elements serve as a foundation element (pile) inground and as a colureg@omd.
Moreover, the steel tube serves as permanent formwork, which in turn contributes toward
accelerated and cleaner construction processes.

The main goal of the research described in this document was to study the effects of
soil stiffness on the p®rmance of RCFST drilled shafts. For that purpose, twelve half
scale, pinnetchead, RCFST specimens were tested under cyclic lateral loading and variable
soil stiffness levels at the satructure interaction facility at North Carolina State
University. The main studied variables included: (1) diamdtethickness (D/t) ratio, (2)
aboveground lengtto-diameter ratio (D), and (3) soil stiffness. The specimens consisted
of steel tubes with outer diameter (D) of either 12 in. or 12.75 in. with D/tsrafid8, 68,
and 95. Aspect ratios 4ID) of 5.5 or 7.5 along with two soil stiffness conditions were
considered. The soil utilized in the experimental tests consisted of poorly graded sand (SP)
with average unit wé),ifrgtortarger =35°ahd relatiie depnsityt . 2

Dra 25 %.
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In addition to the experimental component described above, analytical studies were
also conducted on both pinnbgad and fixechead RCFST shafts. Variables of such studies
included: (1) D/t ratios of 48, 64, d®5; (2) /D ratios of 4, 8, and 12; (3) three levels of
axial load ratio (ALR), namely, 5%, 10%, and 15%; (4) two soil types, namely, sand and
clay; and (5) three levels of soll stiffness, namely, flexible, medium, and stiff soil profies.

Results showe that the D/t ratio has a direct impact on the system strength, with a
moderate effect on the effective system stiffness, which ultimately affects the displacement
capactty. Regarding the soil stiffness, it certainly affects the effective system stiffuess
not as much its strength. Moreover, both D/t ratio and soil stiffness have a small effect on
the depth to maximum moment and spread of plasticity. Regardingaterdtio, it was
found that is the parameter that impacts the most the performance systiem, affecting
the displacement capacity, system strength, shear demand, depth to maximum moment, and

spread of plasticity.
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CHAPTER

1. INTRODUCTION

1.1.Background

Reinforcedconcrete filled steel tube (RCFST) pidelumns are structural elements
commonly used in bridge supports in high seismic regions because RCFSTs provide
increased levels of strength, ductility, and energy dissipation as compared with traditional
systems sut as reinforced conete (RC) or steel substructurédCFST pilecolumnsoffer
several benefits, the most important of which are: (1) theqollemn serves as a foundation
element below ground, and as a column above soil surface; (2) thetuidteskervesas
formwork, which simplifies construction; and (3) the stedde provides high levels of
confinement, increasing the strength and ductility cajescaf the systemFigure 1-1(a)
shows & example of the pikeolumn system under consideratiom, which RCFSTs are
utilized. RCFSTs consist of a steel tube filled with concrete reinforced with longitudinal and
transverse internal steeds shown inFigure 1-1(b). Under lateral loading, pHeolumns
could experience two different moment demands depending on the transverse and
longitudinal configuration of the bridge. Under transvelsading, plastic hinges would
likely form at the columitap interface, as the cap beam constrains rotation at the top of the
pile-columns (i.e., a fixedead condition). For longitudinal loading and an assumed simply

supported connection between the bridgeders and the cap beam (i.@innedhead



condition), plastic hinges would likely form below ground, as depicteBigare 1-1(c),
which constitutes the focus ofttstudy presented in this report.

(a) @)

Seismic Force

—

Bridge Deck Long. Direction
ﬁ Moment Distribution

Column
Soil Surface—
Max.—
(b) | ,
Transverse Steel (Spiral)
Pile
Longitudinal Steel
Concrete q
Steel Tube 47

Figure 1-1 (a) Gakona River Bridge (courtesy Elmer Mary, (b) typical RCFST cross
section, and (c) pieolumn system

1.2. Motivation

Past research efforts have shown thatFRTs can sustain large inelastic
deformations while maintaining strength. The diamédethickness (D/t) ratio influences
the local buckling of the steel tube and energy dissipation of the system. Moreover, the
internal reinforcing steel influences theexXural strength but does not affect the overall
behavior of RCFST systenBrownet al.,2015) The failure mechanism is characterized by
outward buckling of the steel tube resulting ultimately in tube fracture. This characteristic
behavior has been established from experimental tests condudieelair, that is, either
cantilever column or foupoint bending tests where structural elements are subjected to

reversed cyclic loading, most of which are performed on confitei steel tube (CFST)



and some on RCFST specimens (eRprk et al, 1983Marson and Bruneau, 2004
GonzalezZRoméan et al., 20Q08Viontejo et al, 2012Brown et al., 201p

While early research efforts on RCFSdlate back to the 1980s, their structural
performance is relatively unstudied when compared to conventional RC or steel elements.
Moreover, to the knowledge of the authors, there is no research available on the structural
performance of RCFSTs that congslasoistructure interaction (SSI) under different levels
of soil stiffness. The seismic performance of RCFSTs could be substantially influenced by
their interaction with soil and by the effective stiffness that the surrounding soil provides to
the systemTherefore, understanding and quantifying such effects will provide analysis and
design tools that can significantly improve current design practice of RCFS&ghimns,
which in turn wil lead tamore reliable and safer civil infrastructure.

The work presented in this report builds upon a previous study conducted at NC
State University Brownet al, 2013 Brown et al., 201p Such study provided insights on
the structural performance of RCFSTs in terms of their failure mechanism and strain limit
states as characterized by onset of tube local bucklingvedidoy tube fracture. Moreover,
an equivalent viscous damping modehs proposed, while confinement and strain

compatibility were alsoverified.

1.3.Scope and Layout
Chapter2 of this document presents an overview of past research performed on
reinforced concrete filled steel tub&(GFST elements relevant studies on reinforced

concrete (RC) piles are alsacluded The main objective and specific goals of the project



are described in Chapt& Explained in Chapted are the experimental and analytical
components of this study, while results of such studies are presented in Ghapten,
Chapter7 presents a discussion based upmalytical and experimental results along with
evaluation of the proposed mod@linally, Chapte8 presents a summary of the findgng
provides conclusions and recommendations for design, and elaborates on potential topics for

future research.



CHAPTRER

2. LITERATURE REVIEW

Limited literature has been found to date related to the behavior of reinforced
concrete filled steel tube (RCFST) elements in soil. While several references are available
on concrete filled tubes (CFST), dating back to the 1950s as notParket al. (983)
only few authors have studied the behavior of RCFST elements and even fewer authors have
considered the effects of soil stiffness. Literature available shows results of experimental
tests conducted in the air, that is, either cantilever column opioiat bending tests where
structural elements are subjected to reversed cyclic loading, most of which are performed on
CFST and some on RCFST specimens.

To the knowledge of the authors, there is no experimental research available
regarding RCFSTs where theelastic soipile interaction is evaluated along with its effects
on the performance of the system under consideration. However, while there is not a single
study on the response of RCFST embedded in soil, there has been substantial research
conducted oronventional reinforced concrete (RC) piles, which is relevant for this project
and thus wil be included.

The focus of past research can be divided iite dreas: (1) concrete filledeel
tubes; (2) reinforced concrete filleteeltubes; (3) reinfored concretepile-columns; (4)
soilstructure interactionand (5) plastic hinge models for pib®lumns Therefore this

report pesents a reviewon each of thee areas.



2.1.Concrete Filled Steel Tubes (CFSTs)

2.1.1.Marson and Bruneau (2004)

They evaluated the strength and ductility capacity of four CFST circular columns
with a foundation detail that allows for developing the full composite strength at the column
base. They utilized column diameters of 324 .nrand 406 mm along with wall tube
thickness values of 6.35 mmand 9.53 mm providing nominal diameteo-thickness D/t)
ratios ranging from 34 to 64. They used steel tubes in accordance with ASTM A500 Grade
C specifications for all four specimens (Fy = 350 MPa). The foundation connection detail
consisted of 3dnmthick and 10mmthick steel plates, welded to the bottcand top
flanges of two C channels, respectively, thatre left embedded into the concrete
foundation elementThey did not addeinforcing bars to the foundation element as the
embeddedsteel members were designed to transfer the column demands tonihetidon.

They conducted the experiments at the University of Ottawa Structures Laboratory.
Three hydraulic actuators were utilized in their test setup, two of them in vertical position
were used to apply axial loadnd another actuator was used to indiateral loading.
Regardingnstrumentation, they used thiyx strain gauges to monitor the demands on the
foundation connectigrand also to assess the flexural and axial deformations along the
length of the column including the portion embedded ihto fdundation element.

They concluded that all tested columns were capable of reaching drifts of 7% prior a
significant loss of strength, which occurred as a result of fracture initiation of the steel tube

in the section witltube local buckling; the maxinnm flexural strength was developed at



approximately 4% drift. The foundation detail that they proposed was proven to work
satisfactorily as the full moment capacity of the CFST column was developed. Finally, the
main conclusion of their study was that experimental results suggested that CFSTs could
provide an effective mechanism to dissipate energy when used for bridge piers in seismic

regions.

2.1.2.Sakino et al. (2004)

They conducted experiments on CFSTs subjected to monotonic axial loading. The
goal of their study was to develop a ledeformation relationship that accounts for the
shape of the steel tube (circular square), width to thickness ratio, tensile strength of the
steel tube, and compressive strength of the concrete. For that purpose, they tested a total of
114 specimens that also included holow steel tubes.

Based upon experimental results, they developestre sstrain model for confined
concrete of concrete filled square steel tube columns. This model allows for calculating the
ultimate axial compressive load of such columns. In addition, they also proposed a strength

reduction factor that accounts fmbe local buckliing.

2.1.3.Ellobody et al. (2006)

They conducted a parametric study on reinforced concrete filled steel tube short
columns, covering concrete strengths from 30 to 110 MPa and D/t ratios varying from 15 to
80. For that purpose, they conducted finite element (Fi&lyaes using the ABAQUS
framework software. They proposed a material model to represent thessteassehavior

of confined concrete as a combination of different recommendations made in the past by



other researchers. Using such a material mdteldeveloped, validated, and calibratad a

FE model using experimental data reported elsewhere. They compared the predicted column
strength (axial load) with the design strength of three standard specifications (i.e., American,
Australian, and European). Basen the ratio between the modeled and calculated design
strength along with a reliability analysis, they concluded that the design ssexfgie
American and Australian specifications are more conservative than that of the European

code.

2.1.4.Chen et al. (2011)

They focused on the behavior of res&cketed piles. Field tests were conducted
under lateral loads, albeit teery low levels of load. Strain in the steel tube reached 300
microstrain at most, which is well below the yield point. The primary outcome of their work
was the development of field data for calibration of an elastic finite element model which
was then usd to conduct parametric studies that showed stress concentrations that
developed at the bottom of the pile between the rocktalmel The authors also developed
displaced shape information and corresponding d@irves. Due to the very low level of
loading these tests are of limited value, although the authors imply that there was some
separation between thabe and core concrete. It is not clear how this was measured, and
such a result seems surprising given the extensive studies done by others 8t theigia

have shown composite action.



2.1.5.Gajalakshmi and Helena(2012)

They conducted eight tests on CFSdal eight tests on steel fiber reinforced
concrete filled steel tubes (SCFSTs). They focused their study on the impact of the D/t ratio
and the type of infill, namely, plain concrete and steel fiber reinforced concrete. They
utilized steel tubes with diamet® = 114 mm. and thickness values such that D/t ratios of
38 and 57 were considered; such tubes were seam welded along their longitudinal direction.
They used a cantilever column test setup up along with a connection detail to the foundation
that allows or contribution of the steel tube to the flexural strength of the system. The
loading protocol included cyclic lateral loading, at constant or increasing drift ratios, with
constant axial loading.

They found that the SCFST columns had about 2 times mergydissipation and
higher ductility capacity than the columns filled with plain concrete. They claimed that the
failure mechanism of all columns was governed only by the D/t ratio and not by the type of
infill nor the type of loading pattern. In additiothey proposed a simplified cumulative

damage model that allows to estimate a damage index parameter for CFSTs and SCFSTSs.

2.2.Reinforced Concrete Filled Steel Tubes (RCFSTS)

2.2.1.Park etal. (1983)

They conducted experimental tests on two CFST and four RCFST piles M/t
ratio of 72. They performed momeaairvature analyses and then compared such results
with experimental observations. Tihéest setup consisted of a loading frame to conduct

experiments on ahreepoint bending fashion, including axifdading The test setup was



representative of the top portion of a pdelumn system with fixechead condition, where
the critical section develops between the cap element and the column, up to the point of
contraflexure. The six specimens were arranged in thaies,pin which axial load ratios of
10% and 30% were induced in each pair of units. Test units 1 to 4 contained a continuous
casing detail, while in units 5 and 6 the steel tubes were embedded only 50 mm. into the
loading stub. Moreover, units 1 and 2 diot contained any internal reinforcement.

They found that the units with continuous casing detail develagé@ngth of about
twice that of the units where the casing was partially embedded in the loading stub.
However, the displacement ductility capgcdf the latter units was significantly higher
(eg=18) than that of the units with continuo
tube, partially embedded in units 5 and 6, provided high levels of confinement for the
concrete without contributingptthe flexural strength, which in turn resulted on the lower
strength exhibited by those test units. In addition, the lower ductility capacity of units 1 to 4
was attributed to the failure mechanism which consisted on tube local buckling, and to the

high dresses and strains obtaindde tothe higher strength developed in the section.

2.2.2.Richards etal. (2011)

They studied the behavior of CFST and RCFST-fmleoncreé-cap connections.
They conducted field studies to investigate the impact of parameters such as the tube
embedment length into the cap on the development of flexural strength. Since their studies
focused on elastic pile behavior, and rloearity of the ap, the outcomes are of limited

importance to the subject of this research project.
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2.2.3.Montejo etal. (2012)

They examined the performance of RCFST qgitdumn bridge bents based upon
results of largescale experimental tests, incremental dynamic analyses, and parametric
moment curvature analysighey separately investigated the behavior of the plastic hinges
that develop below ground and above the soil surface in RCSFEqluenn bridge bents,
that is, plastic hinges that develop in the top of the column and below ground in the
foundation elemean(pile) depending upon the bent configuration and the direction of the
seismic loading.

With regard to the belovground plastic hinge behavior, they performed analytical
studies based upon experimental test results reporte@amgalezZRoman et al.(2008)
Such experiments involved fidicale reversed cycliexperimentatioron eighteerRCFST
piles using a foupoint bending test setypin which cyclic loading was applied using two
hydraulic actuators such that a constant moment region between them was generated. The
distance between the actuators was varied in order to consider the potential effects of soft
and stiff sal conditions. The RCFST specimens had outer diameters of 610mitimtube
thickness 6 12.7 mm, providing a nominalD/t ratio of 48, while the longitudinal
reinforcement ratio of the internal bars was ~2%. The steel tubes were manufactured in
accordancevith API-5L x52 steel specifications, while the internal reinforcement consisted
of A706 Grade 60 longitudinal bars and spirals. A concrete compressive strength of 27.6
MPa was specified for all test units.

On the other hand, for the top plastic hinge dadr, they conducted analytical

studies based upon experimental test results reported in dehMdigjo et al(2009) Such
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experiments involved ha#fcale reversedyclic loading on fourRCFST columns An
important feature of thee tests is that they testetthe specimensinder reversed cyclic
loading while subjected to temperatures thatranged #®®AC (133 AF) to 22AC
that purpose, their specimens were tested inside an environmental chamber. The tests were
conducted using a cantilever column test setup iichviyclic loading was applied by
means of a hydraulic actuator. They applied axial load to the test units using hydraulic jacks
and posttensioning baalong with cross beams. TREFST specimens had outer diameters

of 457 mm with tube thickness of 9.5 m, providing a nominal D/t ratio of 48. They
considered longitudinal reinforcement ratios of 2.1% and 3.1% and a transverse steel ratio of
1.2%. They studied axial load ratios between 3.3% and 5.9%. The steel tubes were
manufactured in accordance with ABIL x52 steel specifications, while the internal
reinforcement consisted of A706 Grade 60 longitudinal bars and spirals. They specified a
concrete compressive strength of 27.6 MPa for all test units. As a resuk sfudy, they
proposed expressions tmlculate the equivalent viscous damping and section curvature
limit states for members in which the plastic hinge develops below ground. In addition, a
plastic hinge length model and section curvature limit states were developed for member
where the pladg hinge develops above ground in the top of the column.

Regardingthe belowground plastic hinge, their conclusion was that the moment
capacty is larger than that of the top plastic hinge due to the contribution of the steel tube in
the flexural strendt In fact, for the top plastic hinge they concluded that strain limit states
are controlled by the tensile strain in the longitudinal bars provided the steel tube confines

the concrete but does not contribute to the flexural strength. In addition, thgssted that

12



special detailing of the transverse reinforcement is required in the top hinge in order to avoid
early rebar buckling or rupture. Furthermore, they concluded that moment curvature
analyses based on strain compatibility and equilibrium carseé t accurately predict the
flexural response of RCFSTambers as experimental res|{i&BonzalezZRoméan et al., 2008;
Montejo et al., 20093uggested that the effects of the tube hoop strains on the confinement
of the core and its interaction with the tube longitudinal strains do not play an important role
on the lateral response &CFST pilecolumns with thick steel tubes (D/t = 48hd low

axial load (ALR = 5%).

2.2.4.Brown et al. (2015)

They conducted experimental teststbimteenRCFST piles with outer diameters of
20 to 24 in. and thickness values sucttD/t ratios between 33 and 192 were considered.
The purpose of their study aimed to assess the impact of the D/t ratio on the strain limit
states oftube local buckling and fracture. In addition, they also addressed the equivalent
viscous damping and pvided insight on issues of confinement and analysis methods for
RCFST members.

Seven of their specimens focused on varying the D/t ratio while the longitudinal and
transverse internal reinforcement was varied in the remaining six test Théy. used
multiple material sources to cover a broad range of D/t ratios. APl 5L seam welded tube,
and spirally welded tubes manufactured from ASTM A139 and ASTM A709 Grade 50 T3
steel were utilizedThe internal reinforcemertonsisted ofASTM A706 Grade 60 steel

using multiple longitudinal and transverse reinforcement ratios. A concrete compressive

13



strength of 5 ksi was specified for all specimens. With regardhe instrumentation, they

used strain gauges, string potentiometers, and acootact 3D position measment
system. The loading history they used for each test consisted of two parts. First, before
yield, singlecycle sets on increments of a quarter of the yield force were applied in a force
controlled fashion. Then aftefirst yield, displacementontrolied threecycle sets were
applied at different ductiity levels.

Regarding the variation on the D/t ratio, they concluded that energy dissipation is
greater forthicker tubes (i.e.smaller D/t). Also, early onset tdibe local buckling does not
affect thestrain limit of tube fracture for pipes with larger D/t ratios, which means that
thinnertubes developube local buckling earlier than thickdubes, yet theycan reachhe
same ductility level as the thickdubes. On the other hand, for the variation the
longitudinal and transverse internal reinforcement, they concludedotimtthe flexural
strength is affected by the amount of reinforcement, which means that strain limit states are
governed by the tensile strains in the staleé

In addition to he observations on the variation of D/t ratio and internal
reinforcement, they also developed expressions for the tensile strain prior otndetlodal
buckling and suggested a value of 2.5% for the tensile straubafracture. Furthermore,
they provided an expression to calculate the equivalent viscous damping BC&ST
member as a function of the displacement ductility level andrddith. They al® showed
that theManderet al. mode(1988)could be used to characterize the st®ssin behavior
of the confined concrete in RCFST members. Moreover, they suggested that strain

compatibility applies up to the onset of local kling. Thus, the use of a linear strain profile
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results in accurate estimates of flexural response by means of a moment curvature analysis,
even beyond local buckling they observed results in good agreement with the experimental
data

Outcomes of this stydare of significant importance for this research project as the
aforementioned results set a base point for the behavior of RCFST elements, which can be
directly used to analyze the effeas$ soil stiffness on the seismic performance of such

elements.

2.3.Relevant Studies on Reinforced Concrete (RCPile-Columns

2.3.1.Chai and Hutchinson (2002)

They conductedour full-scale tests on bridge pilumns embedded in soil, which
were subjected to axial and cyclic lateral loading, at the University of California, Davis, CA.
Their specimens consisted of RC columns with diameter D =66 longitudinal steel
rat #2l1%and two differents=c®nfBi7ns®.06 bxdThg e | rat
longitudinal reinforcement was provided using A706 Grade 60 bars, while the transverse
reinforcement consisted of MW25 and MW45 smooth wirdhwpacing s= 50mm. Based
on the particle size distribution, the soil was classified as clean, poorly graded sand (SP).
Two different soil conditions were considered, that is, loose and dense sand, for which a
different compaction procedure was used aohecase, resulting on different soil properties
and thus different soil stiffnese&alues The RC pilecolumn specimens were tested on a
6.71-m. diameter, 5.49m. deep, soil container which was filled with sand. The first two

specimens had a cantilever dggh of 812 mm whereas the remaining two units had and
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aboveground height of 1,624 mmorresponding téwo andsix times the pile diameter, that
is, 2D and 6Drespectively.

Their study focused on 3 key parameters: (1) the fdiselacement response thie
soilpile-column system; (2) the location of the maximum moment below ground; and (3)
the plastic hinge length. They found that the feddsplace ment response was dominated by
the flexural strength of the pile and thus the stiffness of thespilesystem was not
sensitive to the change in density of the soil under consideration. They calculated the spread
of plastic action using measures of curvature along the length of the specimens. They
concluded that the plastic hinge length below ground is lynasluenced by the above
ground height of the column; the extent of plastic action is longer for taller columns as the
moment gradient decreases for such cases. In regards to the location of maximum moment,
its depth varied between 2 and 3 times the @ianeter, and it was closer to the ground
surface for the longer columns; their conclusion was that the depth to maximum moment is

not sensitive to the different soil densttidsgat theyanalyzed.

2.3.2.Suleiman et al.(2006)

They performed three largecale tests on reinforced concrete bridge column
foundationsoil systems at the Spangler Geotechnical Experimental Site at lowa State
University, Ames, lowa. The focus of thaiesearch was to study the effects of seasonal
freezing on the seismic response of sigetem The specimens consisted of R@@e-column
units. Two of them had a uniform diameter of 0.61 whereas the third specimen had an

oversized shaffpile) diameterof 0.91 m., and they weredted at ambient temperatures of
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23 AcC, 10 AC and 6 AC, respectively. The

loading with no axial load. The loading protocihiat they utilized consisted of force
controlled single setand displacementontrolled threecycle sets for the elastic and
inelastic portions of the test, respectively.

By analyzing the experimental results of the first two units, they found that the force
displacement response of this type of systems is signifig influenced by the presence of
frozen soil. The main differences the seasonal freezing conditions induced to the system
were: (1) the effective eltis stiffness increased by 17092) the location of the maximum
moment shiftedbne pile diameteupwad, inducing a higher lateral loathus increasinghe
shear demand in the colum(8) the length of the plastic region in the foundation shaft
reduced 64%and (4) the width of the gap in the soil reduced by 60%. They attributed these
changes to the plasthinge shift and the reduction of the plastic region, which was caused
by a frozen soil layer of 0.76.rhelow the ground surface. On the other hand, the use of an
oversized foundation shaft in the third specimen reduced the effects of seasonal freezing
the forcedisplacement response of the column, as the difference between the experimental
and theoretical (i.e., column with fixdshsed) was only 10%, indicating that the changes
observed in the second specimen were mostly due to the presence okd zather than

the temperature effects on concrete or reinforcing bars.

2.3.3.Chang and Hutchinson (2013)
They conducted an experimental test of a conventional RC pile embedded in a

multilayer soil system. The specimen had a diameter DO=n2%. and it wa embedded in a
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two-degreesloped laminar soil box, which in turn was mounted on a shake table at the
University of California, San Diego. The pile specimen had an agovend length of 1,000

mm. and it was embedded 1,750 mm. into a tliager soil profie, which consisted of a

stiff uppermost crust (625m. thick) overlying a saturated loose sand layer {625

thick), which in turn was on top of a dense sand layer-{®0@ thick); The middle soil

layer corresponds taloose liquefiable santhyer. Theentire solpile system was subjected

to five ground motions of increasing intenstityinduce liquefaction of the middle saturated
layer; no axial load was applied to the specimen. They also included white noise signals
between ground motions for systedemtification purposes. In terms of instrumentation,
they utilized different sensors that included, among others, pore pressure gauges and soil
pressure gauges.

The goal of their study was to analyze plastic demands on the RC pile considering
the effectsof liquefiable soil conditions. For that purpose, they utilized measured curvature
profiles to calculate the plastic hinge length. They found that the plastic hinge length was
larger (1.5D) than that used in conventional column design. Such an incraasepiastic
hinge length was attributed to liquefaction of the middle soil layer, which in turn induced

settlement of the crust layer.

2.4.Soil-Structure Interaction (SSI)

2.4.1.Boulanger et al. (1999)
They conducted experimental tests on 4oitdumn specimens embedded in a soft

clay layer overlying dense sand. The tests were conducted on the largéabiialon the 9
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mradius centrifuge at the University o&fornia at Davis CA. The gpecimens consisted of
aluminumpiles, equivalent testeeltube piles with a diameter of 670 mmand a 19mm

wall thickness.They subjected thepscimens tonine ground motions corresponding to
scaled versions of the 1989 LorRaieta and 1995 Kobe earthquakes. No attempts to repair
the piles were performed as they remained elastic during all ground motions. However, after
the fourth ground motigrthey restored thsoil profile to its pristine conditions by pulling

the pile outof the centrifuge and fdriving it on different locations while the centrifuge was
working.

They developed a dynamicypanalysis method (i.e., beam on a 1limear Winkler
foundation), capable of capturing gapping effects, for which they conductedwsgnaid
parametric studies to assess the ability of the proposed method of reliably capturing the
observed soipile-column interaction. They performemhe dimensionalequivalent linear
site response analysis and then conducted dynaiyiamalyses to dermine the structural
response of the pies (e.g., displacements, accelerations).

They found that using site response analysis, the structural response can be
underestimated by 20%, whereas when recordedfie@®eground motions were utilized as
inputs b the dynamic gy model, the structural response was overestimated by 10%. These
and other results from their sensitivity analyses suggest that the propgseégnamic
method works reasonably well on predicting the-fmiindationstructure interaction, ral
also that a big source of uncertainty is the site response calculations. As previously

mentioned,their specimens remained elastic during the application of all ground motions.
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Perhaps different resultgould be obtained when both the soil and tEumn exhibit non

inear behavior.

2.4.2.El Naggar and Bentley (2000)

They developed an analysis apach to account for dynamic loading on piles
considering the sciile interaction, for which they utilized th@am omonlinear Winkler
foundation (BNWF) approach. Their model also accounts for damping from the soil by
considering the velocity of the #garticles at a given depth and the frequency of loading.
They validated their model based upon lateralilogte st data. They also proposed a spring
and a dashpot model to perform equivalent linear analyses for the transient response of soil
pile systems. They found that as the frequency of loading increases, the soil remponse

represented blateral strength lso increases.

2.4.3.Sritharan etal. (2007)

They conducted numerical analyses of a-fmiindationcolumn system consisting
of an RC bridge column supported by a castrilled-hole (CIDH) foundation shaft with
the same diameter, embedded into stiff, low plasticity clay. The system consist€d6df
mdiameter, 2.69mtall bridge column, supported by a CIDH foundation shaft with the
same diameter and an embedded length of 10.36 m. They validated their numerical models
using experimental data recorded from two experimental tests performednm (2&r°C)
and cold ( 1p0condeted atan muadodr facilitysat lowa State University

(Suleiman et al., 2006)
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The analysis approach they employed consistedtwbadimensionakepresentation
of the sollfoundationcolumn system using LPILEThis approach used 100 ecqahgth
beamcolumn elements in which their hysteretic behavior was determined based upon
momentcurvature analysis of the colurfoundation shaft section. Beyond the confinement
provided by the transverse reinforcement, theyjushed an additional confinemefar the
cover concrete provided by the pressure of the surrounding soil on the foundation shatft.
Although it is not clear how they included this effect on the mofroentature analyses,
they concluded that this additonabminement prevented concrete spalling in the
foundation shaft, which was observed during the experimental tests. The soil stiffness was
represented with compressiomly, nonlinear springs located on both sides of the
foundation shaft at the mibdeight d each element. Properties of such springs were
determined by performing-p curve analyses. Temperatures effects were considered to
determine the stressdrain curves of the concreteinforcingsteel, and soil. Their analyses
included ambient temperatiis o f 23 AC, 1 AcC, 7 AcC, 10
investigated the effects of axial load and depth of the frozen soil layer.

They found that cold temperatures significantly influence the shear strength and
modulus of low plasticity clay, namely, far e mper at ur es o f 1 AC a
parameters increased by 10 to 35 and 8 to 45 times, respeciiefgfore the soil stiffness
increases such that the location of maximum moment shifts upward (closer $woilthe
surface) increasing the effectivdasgtic stiffness, the column and foundation shaft shear
demand, and reducing the lateral displacement capacity and plastic hinge length. They also

concluded that the depth of the frozen soil layer and a 5% axial load ratio have minimal
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effects on the respse of the soifoundationcolumn system, when compared to the overall

impact of cold temperatures on the soil and material properties.

2.4.4.Allotey and El Naggar (2008a, 2008b)

These studies build upon previous work conducted by one of the a(iNaygar
and Bentley, 2000) They developda model that allows to conduct dynamic siilucture
interaction aalysis. Such model is based on the beam onlinear Winkler foundation
(BNWF) and it incorporates features that include: loading and unloading rules, slack zone
development, cyclic degradation, and radiation damping. They validated their model using
reaults from two fultscale tests of RC piles performed in sand and clay, respectively. They
found that the maximum moment decreases due to soilinaased recompression, which in
turn moves the deptto-maximum moment closer to the ground surface and iseséhe
energy dissipation of the system. However, it is not clear why the moment would decrease
with a shorter lever arm as one would expect higher shear and moment demands. They also

claimed that their model isomputationally more efficient.

2.4.5.Wotherspoon etal.(2010)

They implemented theeam omon linearWinkler foundation BNWF) approach in
order to model the monotonic and cyclic siblindatiorcolumn response of two identical
RC bridge pilecolumns tested at lowa State Univers{§uleiman et al, 2006)The
difference between the tested units was only the ambient tataperthe first specimen was
tested during the summer (i.e., warm conditions, 23°C) and the second one was tested

during the winter season (i.e., cold condition40°C). The BNWF aproach they
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implemented consistenlf column and pile elements with a piasrotational spring at each

end (concentrated plasticity) and an elastic section in between. Properties of these rotational
springs were determined based upon moroentature analyses with appropriate material
properties to account for the effects omfgerature. The soil was modeled using two-non
linear spring elements (one on each side of the pile), attached to each node Ipataveen
columnelements. The compression only;linear forcedisplacement relationship of each
spring was calculated usingypcurve analysis. For the model with frozen soil conditions, a
method was proposed in order to include the effects of a tension crack that developed on the
sides of the pile, perpendicular to the direction of loading. This approach reduced the post
yield sal stiffness, in which properties of the modified fordsplacement relationships of

the soil are calculated based upon the gap opening and tension crack width. They validated
their numerical models using horizontal displacements recorded at three poitits

column, including the gap between the foundation and the soil at the ground level. In
addition, they correlated data from strain gauges, attached to the extreme reinforcing bars
along the length of the pH#eolumn, in order to determine the locatohmaximum moment

and the spread of plastic action.

They found that the proposed modeling approach resulted on an accurate
representation of the experimental results from the specimens in both warm and cold soil
conditions. They concluded that the amlbiemperature conditions significantly influence
the effective stiffness, maximum moment (and its location), shear demand, and the spread of
plastic action. Furthermore, the moment and shear demand in the pile increased by 20% and

33%, reducing the depthf dheir location with cold temperatures by 77% and 53%,
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respectively.They claimed thathese differences indicate that if material properties for only

nonfrozen conditons are considered, it could result in a defcient design.

2.5.Plastic Hinge Models for Pie-Columns

2.5.1.Budek et al. (L995 2000)

They conducted analytical studies on reinforced concrete (RC)cplienns
considering two fixity coditions, namely, pinnethead and fixechead. The focus of their
study was to determinthe ductility capacity, equivalent plastic hinge lengths, depth to
fixity, and depth to maximum moment. For that purpose, they developed iineanfinite
element modl| that utilized the Winkler beam approach, in which the soil behavior was
represented by means of springs whose properties were calculated based upon the modulus
of subgrade reaction. Their study considered various levels of soil stiffness using
cohesiorgss soils, for which the modulus of subgrade reaction (k) ranged from 3,208 kN/m
to 48,000 kN/mv They studied three soil models: (1) a linedastic relationship; (2) a
bilinear model, in which the stiffness changed aoquarterof its initial value ater a
prescribed lateral displacement; and (3hyperbolic p-y curve model. Moreover, they
assumed a linear increase of the soil stiffness with depth:liNesr behavior of thgile-
columns was considered using results from momeunvature analyses such that the
effective flexural stiffness at a given deformation was calculated based upon the moment
curvature slope at that level of deformation.

Regardingthe soil models, they argued thatlinearelastic soil model might be

suitable for large values of the aboveground height of thecpiliemn and modulus of
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subgrade reaction of the soil, while alinear soil model could be considered for low values
of both parameters. The reason for thishat the lower the soil stiffness and the shorter the
column length, the larger is the volume of soil that needs to be mobilized; hence making
important to consider the soil ndinearity and its interaction with the pilumn. They
claimed that althogh an elastic approach for the soil may be adequate for some cases, it
might overpredict the plastic hinge length and depth to maximum moment.

They found that the plastic hinge length was significantly largqudtion2-1) than
the value commonly adopted in practice at that time, namely, one pile diad@jetHis
expression provides a conservative estimate of the plastic hinge length based on the pile
diameter () and the abowground length (lo). They found that, due to moment
redistribution, the scbpile-column system stiffness reduces and the point of maximum
moment moves closer to the soil surface, which in turn shortens the cantilever length,
thereby increasg shear demands when inelastic behavior of the soil is considered. Stated
otherwise the depth to the plastic hinge shifts upwards, closer to the soil surfacepwdien
columns develop inelastic action, because after onset of the plastic hinge less soil
mobilized. As such, they concluded tradter yielding, the depth to maximum moment
reduces to 0.7 times the value found from analysis of the elastic range. They provided charts
to determine the depth to plastic hinge, plastic hinge length, and diselateluctility
capacity as a function of a nalimensional system stiffness paramedexd abovground
length (L), as shown inEquation2-2. In this equation, D* = 18 m, while Ebs is the

effective section stiffness, and k is the modulus of subgrade reaction.
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L, =D {).06"—5‘ Equation 2-1

k (D°
D* @l

Equation 2-2

Their recommendations were based on the premise that if the displacement ductility
capactity of gile-columnis to be calculated, it can be done using a plastic hinge appirmach
combination with an equivalent fixdoase cumn, as shown irFigure 2-1. Using this
approach, elastic displaceme(itgpcan then be calculated assuming the equivalent column
has its base at a deptf fixity (Df), whi |l e pl ast i cp ad mpulaedt e me nt
assuming the base of the column is centeredhat depth to plastic hingéDpn), as
represented with the elastic and inelastic curvature distributions, respedivEigure 2-1,
La is the abovground length, D is the depth to fixity, bh is the depth tglastic hinge
(maximum moment and D represents thehaft diameter. Moreover@dy and @y are the
equivalent yield and ultimate curvatures, respectively,plis the equivalent plastic hinge
length Equation2-1), while Leqq and Llep are the equivalent cantilever lengths used to

calculate the elastic and plastic components of the utimate displaceraspictively
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Figure 2-1Plastic hinge model for RC driled shafts (Budek et al. 1995)

Using the above model, a bilinear fordsplacement response along with the
displacement ductility capacityyp) can be determined. First, the equivalent yield
disph ¢ e meyhid cal§¢ulated using the equivalent yield curvaturg) (@ integrating over
the length of the pileolumnto the depth to fixity(Leq), as shown irEquation2-3. The
pl astic dip ph the ethare hand, i dptermined using the plastic rotation
(Equation2-4), andthe equivalent length measuredttee depth tgplastic hinge(Dpn), as
shown inEquation2-5. The ul t i mat e « cas thdndaetemminedtby gdadmng
both elastic and plastic components, as showBkgboation2-6. Finally, the displacement

ductility is catulated using Equation 2-7.

2
D, _fy(l?) Equation 2-3
g, = Lp( [ - yy Equation 2-4
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D, :qp(Leqz) I;p(lj -JLEQ Equation 2-5

D, = p 4 D3t Lo(f £l Equation 2-6
o L 0, il 1 .
m==t4 +£ 1=—3 - = Equation 2-7

DY Q fYLeql

Since the above model was developed considering RC drilled shatfts, its applicability
to reinforced concrete filled steel tube (RCFST) qoitdumns is arguable. The charts that
theydeveloped to calculate the depth to plastic hinge, plastic hinge length, and depth to
fixity, as a function of a nedimensional system stiffness parameter, were based upon the
effective stiffness of RC shafts, which is in fact smaller than that of RCR&1SsAs such,
the latter would potentially have smalle spread of plasticityaffecting the equivalent
plastic hinge length, depth to plastic hinge, and depth to fixity. Moreover, while this model
considerspart of the soil flexibility in the calculain of the yield displacementy), the

assumption of a linear curvature distribution to the depth of fixity is arguable.

2.5.2.Chai (2002)

He developed a kinematic model to calculate an idealizedijndar, force-
displacement responsd reinforced concrete (RC) drilled shaftdis approach was based
on the equivalent cantilever concepssuming that the stiffness of an equivalent cantilever
column has to equal the stiffness of the-pid system.

For that purpose, he used solutions for displaceragut ultimate soil presser
distributions Poulos and Davis, 1980) for both cohesive and cohesionless soils. By

considering both force and displacement response of theikoisystem, the idealized
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force-displacement response of the equivalent cantilever can be calculated aipiagtic
hinge model simdr to that proposed Budek et al(1995) aspreviouslyshown inFigure
2-1. The main differences of the plastic hinge model proposetri (2002)are the
equivalent lengths used for calculation of elastic and plastic displacement components, and
the plastic hinge lengtliirst, the equivalent lenigs Leqr and Leqzare measured to the depth
to fixity and depth to maximum moment for the elastic and plastic dispiaoats,
respectively however,for both equivale nle ngthshe provided differentrecommendationi
those byBudek et al.(1995) In regard to the plastic hinge length, based on experimental
observations(Chai and Hutchinson, 2002) he argued that the plastic hinge length is
insensitive to the soil stiffness and that it is #igantly impacted by the aboveground
length (La), as shown inEquation 2-8.
L,=D 0.1, &6 Equation 2-8

The total displacement capacity can be calculated by adding both elastic and inelastic
contributiors with the formulation proposed Budek et al(1995) namely,Equation2-3
throughEquation2-7, recognizing that appropriate values of equivalent lengths and plastic

hinge lenth must be utiized.

2.5.3.Suarez and Kowalsky (2007)

They conducted parametric studies aainforced concrete(RC) drilled shafs
considering sodktructure interactiorf-or that purpose, they developetirate elementFE)
structuralmodel that considered the ndinear behavior of thenaterials by using sults of

bilinear momenturvature analyss. They characterizedhe soilas a sigle uniform layer of
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either clay or sand, represented in the modeling approach bylimear springs, whose
properties were determined frorypcurve analysedn addition, they considered two fixity
conditons, namelypinnedhead and fixechead.

Using results frontheir parametric studyhey proposed parameteis be used in
combination withan equivalentcantilever plastic hingeapproach, whichallows for
prediction of the displacement capacity and equivalent viscous damping of the system. Their
equivalent plastic hinge model approach is similar to those proposBddek et al(1995,

2000) and Chai (2002) The main differences are: (1) they proposed to use only one
equivalent length (49 for the calculation of both elastic and plastic displacements; and (2)
they proposed to use parameters to account for foundation flexibility on the yield
displacement calculation, and to account for corrections on plastic deformations when the
pile-column sygem is in double bendindfixed-head condition)

Regarding theequivalentplastic hinge length, they @oosed to use the model
developedy Chai(2002) as previously described kquation2-8, which applies for single
bending. Fbwever, for double bending, they proposed to use the plastic hinge length model
proposedoy Priestley et al. (1996) which can be written as:

L, =0.08, +0.02%d, Equation 2-9

In the equation above the first term considers distance from the plastic hinge
length to the point of contraflexureifLwhereas the second term represents an increase in
the plastic hinge length due to strain penetration in the cap beam in terms of the yield

strength (f) and diameter (g) of the longitudinal reinforcementA schematic representation
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of the equivalent cantilever approaploposed bySuarez and Kowalsk{2007) for both

single and double bending are showrkigure 2-2 and Figure 2-3.
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Figure 2-2 Equivalent cantilever isingle bending(Suarez andKowalsky, 2007)
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Figure 2-3Equivalent cantiever in double bendig§uarez and Kowalsky, 2007)
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For pilecolumn systems in single bendinfpe displacementapacity carthenbe
determined usindequation2-10 through Equation2-14, which are a function of thgield
curvature @y), utimate curvaturedu), equivalent length (&), plastic hinge lent(Lp), and

a coeficient () that accounts for the foundation flexibility.

D, o Dol Equation 2-10
3

q,= Lp( f- y) Equation 2-11

D, 7L, I;p( f ;}Lec Equation 2-12
fL: ,

D, = p 4 D=t L(F JLa Equation 2-13
D 3L L \f- £ .

M= 4 32 1= gt al _ ) Equation 2-14

Dy [9 fyLeq

For pilecolumn systems in double bending, on the other hand, the displacement
capacity of the system is determined usiBguation 2-15 through Equation 2-19,
recognizing that the equivalent lengthfl. plastic hinge length @), and the coefficient]
are those corresponding to the appropriatetyf condition. In addition, Suarez and
Kowalsky (2007) recognized that, after onset of the aboveground hinge, displacements
continue to increase until the hinge below ground forms. As such, in order to account for

this behavior, the plastic displacemeriEq(ation 2-17) is calculated based on the

abovgr ound hi nge onl vy, i ncluding a correct.

aforementioned behavior.
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D, == Equation 2-15

q, =Lp( fo - yy Equation 2-16

D, 7, b, E( £ 3)7L. Equation 2-17

D, =P % mf&lg—qz L(£, J k& Equation 2-18
m=2u 4 Do - aEiL"bLe‘“( b f Equation 2-19

D, T § T ALy

Suarez and Kowalsky(2007) validated their model upon comparison with

experimental data reported haiand Hutchinson(2002) results showed close agreement.
This model is useful to determined disgganent capacity of RC drilled shafts. However,
may not be applicable tRCFST pile-column as thér flexural stiffness is larger when

compare to RC elements.

2.5.4.SCDOT Seismic Design Specifications for Highway Bridge £008)

The South Carolina Department of TransportatioBCDOT), seismic design
specifications for highway bridgeslassifies pilecolumn elements as drilled shafts. The
SCDOT seismic design criteria utilizes an equivalent cantilever approach to determine the
displacement capacity of such systems; however, the document explicitly states that the
procedure is applicablto reinforced concrete (RC) drilled shafts only, and that if steel
casing is used (i.e., RCFSTs) a refined analysis is required to determicegpduaty of the

system.
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Depending upon the direction of loading and connection details, one or two plastic
ddormationsaredetermined. For single bending, the plastic hinge forms below ground and
the displacement capacity of the system is determined using an equivalent cantilever with its
base fixed at a depth of fixit§Dr). As such, the equivalent length is asered to the depth
of fixity, considering the aboveground length)(IThe plastic hinge lengtimodel isshown
in Equation2-20. For double bendingyn the other hand, they consider plastic deformations
from thebelowground hinge in combination with those from the top hinge that forms at the
top of the column in the colurment cap interface. The equivalent length is also measured
to the depth to firty (Dr) and the plastic hinge model for the top hinge is shovwigimation
2-21, where LO represents the distance from th

L,=D 9.04L, B,) Equation 2-20
L,=0.08 '+0.15,d, 20.3,d, Equation 2-21

For the double bending casensideration of both plastic hinges in theplacement
capactty is arguable, because th@low ground hinge will only develop after substantial
damage has occurred in the top hinge. As such, it could result in over prediction of the
drilled shaft capacity. Furthermore, the specifications statetiibadepth to fixity needs to
be determined using a detailed sstilucture interaction (SSI) modeling approach, which
means that in order to determine the displacement capacity a detailed finite element

structural model must be developed.
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2.5.5.Chiou etal. 2009)

They proposed a plastic hinge length model that allows for calculating the force
displacement response capacity of drilled shafts. odel depends only on the yield (M
and ultimate (M) moments of the drilled shaft cross section, and the lateral soil pressure (p),

as shown irEquation 2-22.
L == A Ty Equation 2-22

They developed a finite elemeEE) structural modelconsidering distributed
plasticity, athough it is not clear the implementation of such a model as defgalsling
the modeling approach are not provided. Their FE model considered the soil behavior by
means of noflinear spring whose properties were assigned based ugarupse analyses.

They showed that using the proposed plastic hinge approesilits ag accurate in terms of
force and displacement response, when compared to experimental field data. However, they
recognized that moments and thus curvatures were not in agreement.

This approach has two main drawbacks. First, the plastic hinge model wéspeeve
based on the assumption that the soil pressure is uniform along the pile length, which is not
possible because of the effective stresses in the soil and the level of deformations at different
depths. Second, tigroposedlastic hinge length can onbe utilized in combination with a

detailed FE structural model that includes -fiomar behavior.

2.5.6.Caltrans (2013)
According to theseismic design criteria provided ISaltrans (2013)pile-column

elementsar e c |l assi fi e dThesstypefol elemerstdévelopapdastic lsinge
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below groundand thedesignation assumes that the area of transverse and longitudinal
reinforcement may varyput the confined core cross section and cover must be the same for
both column and pile portions’he criteriarequire that the column displacement must
include elastiand plastic componentas well as deformatisrdue to foundation flexibility;
however, no guidance is provided with respect to the inclusion of foundation flexibility on
the elastic component of the disgateent capactty.

For single bending,he drilled shaft displacement capacitging Caltrang2013)
criteria, is determined using an equivalent fixedse column, similar to the approach by
Suarezand Kowalsky(2007) as shown irFigure 2-4, with the exception that correction
factors are noutilized, and forthe calculabn of the elastidisplacemerstthe equivalent
cantilever has its base centered at the depth to plastic hipge ¥Moreover the definition
of the equivalent plastic hinge lengthpflis shown inEquation2-23, and the base of the
inelastic curvature distribution coincides with the base of the equivalent cantiésiag
this modelt he ul t i mat ey dicsaml abcee neentte r(nmp ng ednd by

plastic c 0 mp o n @) nding Equatign 2-24through Equation 2-28,
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Figure 2-4 Plastic hinge model for Type | driled shafts (Caltrans 2013)

L, =D .08, Equation 2-23
D, =P % Equation 2-24
2

D, % Equation 2-25

a L ,
D, :fpg.ieq ?" Equation 2-26
q,= Lp( [ - y) Equation 2-27

oLl : ,
D, =P % D% L, (7 fy)géceq L—Z'“ Equation 2-28

Although Caltrans(2013)does not explicitly specify whether the above formulation
is applicable for RC or RCFST shaft s, t he
core with longitudinal and transverse reinforcement, amderc concrete. As such, it is

reasonable to assume that it only refers to RC elements. Furthermore, the plastic hinge
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model assumes a linear distrimutito the depth to plastic hinge, which neglects the soil
contribution on the foundation flexibility. laddition, Caltrans(2013) does not provide
provisions or recommendations retht® the depth to plastic hinge; similar to ® € DOT
(2008)approach, the depth to plastic hinge should be determined base® Spamalyes.

For double bending of drilled shaft€altrans(2013) does not explicitly provides
guidance as to how to determine the displacement capacity. However, it provides a plastic
hinge length model fgplastichinges forming at the interface with thent capfor either RC
or RCFST, as shown iBguation2-29. Note that this expression is valid as long as a gap is
provided between the steel tube and the bent cam.be

L,=0.08 +0.15 d, 20.3,d, Equation 2-29

2.5.7.Goel (2015)

He conducted analytical studies on prestressed concrete and -stdleMiube piles
to assess the effectiveness of current recommendations for depth to plastic hinge and
equivalentplastic hinge lengs For that purpose, he developed a finite element (FE)
structural modelto conduct static pushover analysgéat considered nelnear behavior
usinga distributed plasticityfiber-basedapproach The soil was modeled using ndinear
springs, whose properties where determine based uptimehr py curve analysesSuch
analyses considered soil variabiligpresented by upper and loverunds of the {y curves
by using multipliers of 0.67 and 1.5ix soil types where considered, re@ym three soil

stifness levels for both sand and clay.
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Goel £015)found that the plastic hinge length depends on the demand level, while
the depth toplastic hinge is not affectedlhe former is an interesting finding because
current plastic hinge length models depend only on the piteetdr (D) and the
aboveground lengtto-columndiameter(La/D) ratio. The latter is expected because after
onset of the plastic hinge, the spile interaction reducesas the pile flexural stiness
decreases due to increased damémgeerms of the soilype, he found thaturrent plastic
hinge recommendations produce smaller plastic hinge lengths for élayslso concluded
that results showed larger depths to plastic hinge when compared with current approaches.

One of the most significant findings tkat both the depth to plastic hinge and the
plastic hinge length can significantly change depending upon the soil type and its variability
This suggests thahe plastic hinge length and its corresponding depth should be a function
of the soil type. Indrms of the soil variability, his results suggest that the plastic hinge and
its depth can increaseithin one and three pile diametesD( and 3D, respectively, for

lower-bound when compared to upgaosund py curves.
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3.STUDY PLAN

3.1.Research Gap

Past experimental and analytical studi€®tizalezZRoman et al., 2008Vlontejo et
al., 2012 Brown et al., 201phave analyzed the performancereinforced concrete filled
steel tube RCFST) elements a& section and member levels, that is, morramvature and
force-displacement response, respectivalfius the failure mechanism for such elements
has been established. The failure mode starts with onsaibeflocal buckling which
continuoudy grows untiltube fracture occurs-urthermorestrain limits have been proposed
for both the tensile strain prior onset tube buckling andtube fracture. In addition an
equivalent viscous damping expression has been developed and strain comphsbility
been verified through experimental te@Bsown et al., 2015)

While past research outcometescribed aboveare useful for design of RCFST
column elements, there is still a need to understand the behavior of RCFSTklednle
soil, which is precisely the case of pgelumns(also known as drilled shaftand the focus
of the research described in thigport More specifically, there is a need to understand how
the soil stiffness affects the plastic hinge when, dugnactural configuration and direction
of seismic loading, it develops below ground.

The moment distribution profile and the moment gradient could significantly change

depending on the relative sqille-column stiffness. This means that for a stiffed poofile
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the plastic hinge could move closer to the soil surface and the spread of inelastic action
could be smaller due to a higher moment gradient, similar to that of alfass condition

which in turn increases the lateral strength and shear demdmbe systemJuleiman et

al., 2006. On the other hand, for a soft soil conditidhe location of the plastic hinge
depends onhe effective saipile-column stiffnesspotentially moving the plastic hinge
dowrward into the ground, modifying the moment distribution and thus the moment
gradient, resulting on a greater spread of inelastic due to a smaller moment grakielmt

in contrast to a stiffer soil profile decreases the lateral strength and sheand$eaf the
system Suleiman et al., 2006Moreover, the hysteretic behavand energy dissipatioof
RCFST pilecolumns could also be influenced by the soil stiffness as this parahastex
directeffect on the soilpile-column interactionFurthermorethe difference in the hysteretic
behavior energy dissipatigrmoment gradient, and the spread of inelastic acimucal by

the effect of the soil stiffnesspuld have a significant influence on thiagic hinge length,
equivalent viscous dampingnd performance limit state$ the systenunder consideration

As such understanding the effects of the soil stiffness on the aforementioned parameters
could play an important role for seismic design and sseent of RCFST pieolumns,
particularly when displacemebsedapproachesre implementede.g., Priestley et al.,

2007, as accurate estimates of ihat statesand equivalent viscous damping are essential.

3.2.Objectives
The maingoalof the study described in this repag to analyze the effects that soil

stiffness could nduce on the structural performance of RCFST-gakimnswhen the
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plastic hinge develops below grourilore specifically, this study aims to evaluate the

effects of soil stiffness on the:

1) Force displacement respongehis will provide an insight not onlynto the shape of the
hysteretic behavior but the force and displacement levels the system can undergo when
different soil stiffness levels areconsidered.

2) Energy dissipation characteristids revisionof the equivalent viscous damping model
proposedby Brown et al.(2015) is expectedBesides the D/t ratio parameter, the new
model will account for the effective sqpile-column stiffness, which is directly
impacted by the lggth of the column above grourahd the soil stifines.

3) Plastic hinge length. A plastic hinge model that includes the effects afiaheeterto-
thickness(D/t) ratio, aboveground lengtto-diameter(La/D) ratio, and soil stiffnessuvill
be developedSuch a modeWill allow for determination of the systemsplacement at
different limit states.

4) Performancdimits states Previous researcafforts provided strain limits for the design
of RCFST element§Brown et al 2015. At a global levelin a RCFST pilecolumn
system performage limits states (i.e., system displacement or ddiéipend uporhe
confinementprovided by the surrounding soAs such, performance limit states will be
developed considerinthe effects of the moment gradient inducedsbigh confinement
effect the éngth of the column above groufidy), and ultimately the effective seilile-

column stiffness
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4. METHODS

To accomplish the objectivetescribed in the previous sectjahis study had two
main components. First, an experimental progas conducted on Reinforced Concrete
Filled Steel Tube (RCFST) specimens embeddedaimd sThen, thesecondcomponent
consisedof conducting parametric studies. Foathurpose, dinite element (FE)structural
model vasdeveloped using the OpenSees framework soft@dKennaet al, 2000) The
modeling approach consisted of ntimear, fiberbased RCFST elements agpwith non
linear springs forsoil characterizationThe developedmodel wasvalidated and calibrated
basedupon data collected from theexperimentalprogram This section dscribes both

experimental and analytical components of this study.

4.1.Experimental Program

Twelve halfscale experimental tests were conducted on RCFSTcellenn
specimengmbedded inandat thesoil structure interactior§SI) facility at the Constructed
Facilities Laboratory (CFL) at North Carolina State University (NCSU). The systas
constructed around a ZOot-deep testing pit, and was designed to apply cyclic lateral
loading and to induce different soil stiffness lisvby pre-stressing of a soil profile, as
explained in subsequent sections. The test specjresisetup, insumentationand main

parameters considered in the experimental programesmeribed herein.
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4.1.1.Test SpecimenDescription

The RCFST specimens consisted of steel tubes filled with concrete and internal
reinforcing steel. Spirally welded steel tubes withokels or splice welds were used,;
performance of such steel tubes for seismic applications has been reported elsewhere
(FulmerandKowalsky, 2011) The steel tubes were manufacturegccorcanceto ASTM
A-139 Grade Bstee] with the exception that they were not pressure te§ledsequetiy,
they were labeled as ASTM-252 Grade 3 steel, yet met all material specification
requirements for ASTM AL39 Grade B steel. The steel tubes had outer diameters (D) of
either12 in.or 12-3/4 in.and three different thicknesses (t), providing nominal diarrteter
thickness (D/t) ratio®f 48, 68, and 95. The internal longitudinal reinforcement consisted of
eight(8) #5 bars uniformly distributed along the circumference of the section, using a cover
(c) of 1in. between the outside of the longitudinal bars and the inside of thewdteellthe
internal reinforcement (longitudinal and transverse) was kept constant as past research has
shown that it only increases the flexural strength without modifying the ultimate limit state
(Brown et al., 2015)The transerse reinforcement consisted of #3 afsirat6 in. spacing,
providing an average is@0.&%.nAdl internabréinfornenmemti ¢ st
consisted oASTM A-706 Grade 60 steel, while the specified concrete compressive strength
was 5 ksi. Bch specimen had a reinforced concrete loading stub located at the specimen
head, with dimensions 24x18x18,,invhich allowed forapplicationof lateral loadng. As
explained in subsequent sections, inclinometer sensors were installed along the lelmegth of t

specimens. For that purpose,-8/2-inch-diameter PVC tube was placatthe centroid of
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the specimen crossection along its entire length. The specimen esessiondetails are

presented irFigure 4-1.

clb D10 spiral @ 150mm
ASTM A-706 Gr. 60

8D16 bars
ASTM A-706 Gr. 60

PVC tube for inclinometers
Concrete f'c = 34.5 MPa

A Spirally Welded Steel Tube
it ASTM A-139 Gr. B

Figure 4-1RCFST pilecolumn specimen cross section

4.1.2.Soil-Structure Interaction (SSI) Facility

4.1.2.1Geotechnical Laboratory

The NCSUCFL houses multiple environments fdargescale testing of both
structural and geotechnical applications. The geotechnical portion of the laboratory includes
a 20foat-deep,10-foot-diameter pit that can be filled with different types of smilwhich
foundation systems can be embeddeayvalg for physical testing of sedtructure systems
under a variety of loading conditions. The geotechnical laboratory at the CFL is also
equipped with an tXip capacity overhead crane. The laboratory floor has anchors spaced at
3 ft. on each directionaioss almost the entire floor. Each anchor location consists of four
3/4-inch threaded rods embedded into a recessed portion of the concrete~itpoe 4-2

shows dloor plan view of the geotechnical laboratory at CFL.
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Figure 4-2 CFL geotechnical laboratory floor plan view

Note from Figure 4-2 that there is a rectangular shaft next to theirtggiit. This
shaft provides access to a water system consisting of an inlet pipe into the pit, a water
diffuser (i.e., a set of pipes witloles at different locations utilized to distribute the water
evenly at the bottom of the pit), and a water outlet pipe from the pit. The main water inlet
pipe is regulated to deliver a continuous pressure of 100 psi, which in combination with the
water difuserat the bottom of the pit allows for inducing quick conditions (liquefactiom) o

sandy soils.

4.1.2.2Lateral Loading

A lateral loading frame was designed, anchored to the laboratory strong floor, to
elastically resist the maximum expected lateral load. Etieds using numerical
simulations, which included nelmear behavior of materials, suggested that in order to

develop a tensile strain of 2.5% in the steel tube, the top of the RCFSToifan
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specimens would need to reach a lateral displacement aft &0oin while sustaining a
maximum force of about 30 Kips. For design purposes, a lateral load of 100 kips was
considered assuming a factor of safety larger than 3. Multiple dieated frame
configurations were considered for the lateral loading framemable variations in specimen
geometry and lateral load location (height off the floor). The final design of the loading
frame consisted of three W10x33 vertical columns, three HS$2X3 1/2x5/16 5/16
inclined braces, and a single horizontal W 8x6&am. All structural elements were
manufactured using grade 50 steel. Each column includes additional stiffeners to reinforce
against localized failure modes at the locations where the beam and diagonal braces frame
in. The lateralloading frame was desigieand fabricated to allow for two heights (vertical
position) ofa hydraulic actuator, providing for the ability to include the aboveground height
of the RCFST pilecolumns as a variable in the experimental program. The horizontal beam
allows for distribuion of the lateral force froma hydraulic actuator into three floor anchor
groups.Figure 4-3 shows the loading frame after construction at the intended loc#ion.
custom hydraulic actuator with a strokapacityof £35 in was designed and fabricated. The
same maximum lateral load used for the design of the loading frame was considered,

namely, 100 Kips.
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Figure 4-3 Lateral loading frame

4.1.2.3SoitSandwich Concept

The soilsandwich approach proposed in thiiedyis based upon the premise that the
sand modulus varies as a function of the mean effective stress. Past studies have explored
the use of confinement in combinai with prestress loading to improve both vertical and
horizontal stiffness of a given soil profil8hinodaet al.(2003) for example, developed a
construction procedure for mechanically reinforced backfill structures that iolvahe
application of a large prvad followed by prestressingof the soil structure to a constant
level during service conditions (i.e., active load in service). They suggested that transient
deformations due to traffic load can be minimal and will ren&astic when the prstress
level is half that of the préoad level,whichin turn resuk in small residual deformations. In

addition, they recommended that the difference between thogeand prestress levels
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must be larger than the amplitudetbé subsequently applied cyclic load. They validated
their approach with results of laboratory experiments and the performance of a prototype
railway bridge pier constructed using the proposed-lgading and prestressing
construction procedure which theye r me d  W@cRiluPa®toal (2005) on the other
hand, conducted vertical and horizontal loading tests on asdale PLPS geogrd
reinforced soil pier of a railway bridge. They argued that the high performance, in terms of
the transient and residual deformations due to trafficsljoedn be attributed to the PLPS
procedure. They also concluded that the PLPS procedure is effectiaeH@ving high
seismic stability as results from lateral loading tests suggested a larger capacity against over
turning moment and horizontal shear. In both previously mentiexanples enhanced
performancevasattributed to confinementvhich leads t@an increase in the mean effective
stress as the soil is restrained from expanding laterally under the applied loading.

Motivated by the concept and literature described above, theasadwich concept
was born on the basis of pstressing a soil profilevhile providing confinement to achieve
a higher soi l st-sahdesecsho Taeoltwadn firsomm!| t he
surcharge load to the soil through top and bottom RC reaction plates inside the pit, as
depicted inFigure 4-4. Note that the round RC wall of the pit confines the soil within the
reaction plates. Such reaction plates consist of twerhatinand a circular RC plates
located at the top and bottomf the pit, respectively. The two hatfioon reaction plates
leave a gap of 14 .irbetween them, allowing lateral movement of fmEumn specimens
under cyclic lateral loading. The bottom reaction plate has a large diameter hole in its

centroid. The purpasof this 14inch hole is to allow for drainage after liquefactjomhich
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was used for the regeneration of the soil sample, as well as for insertion and redthel
pile-column specimensThe final design of the reaction plates consisted-inEB-thick slab
elements with a diameter of /@ ft., leaving a gap between the pit wall and the reaction
plates of 11/2 in. The reinforcement consisted of upper and lowerway mats, each using

#5 reinforcing bars at-thch-centerto-centerspacingwith 1-1/2-inch cover. The specified
concrete compressive strength was féc = 8
from Micro-composite Multistructural Formable Steel (MMFX)otakhong, 2003)a high
strength, corrosionesistant steel, in an effort to provide additional service life to the
concrete elements that may be subjected to severe environmental conditio relafively

close spacing of the reinforcing bars and the high strength concrete are intended to reduce

strains and mitigate crack widths in the RC reaction plates.

Hydraulic Jack

Reaction Plate
(Half-Moon)

Pit Wall
Soil

PT Bar

Reaction Plate
(Circular)

Figure 4-4 Soil surcharge system (ssifindwich concept)

The surcharge load applied by prestressing the soil verticallpy means o6/8
inch, ASTM A-722 Grade 160, DYWIDAG pogensioning (PT) bars, whichre run

through the soibandwich profile Figure 4-4). Theseare posttensioned using 44ip, 2-
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inch-stroke,centerhole hydraulic jacks reacting on the top reaction plates aridThars in

order to induce a surchargeatb within the sand sample. The sand utilized in this research
was classified as poorly graded sand (SP) withweragas ni t  we ipgfland friotonr= 9 0
anglet = 35° A total of six PT barsare utilized so that the resultant pstressing force
coincides with the centroid of the top hatioonRC plates. The PT barge connected and

fixed to the bottom reaction plate utilizing 10xit@h bearing plates along with hexagonal
nuts. At the top, the PT bars run through the-hadbn reaction plates and a sdétearing

plates and nutareinstalled with acenterhole jack at each PT bar location. Then, using a
manual hydraulic pump and a set of hoses connected through apsevemanifold, the PT

bars are stressed simultaneously. A load call utilized to monitor the applied load to
achieve the desired surcharge level. By using thisssmitiwich system and compressing the
sand, internal stresses in the soil increase, thus increasing the confining stress within the soil
profile, and thereby ineasing the effective soil stiffness. Such a system enables the
possibility not only to evaluate how the soil impacts the-pd&imn response, but how the

pile response varies depending upon the stifness level stitheundingsoil.

4.1.2.4Soil Surcharge Sysin

Preliminary experiments were conducted to evaluate the effectiveness of soil
prestressing as a technique of altering soil stresses. This section describes the test setup and
experimental results of the soil surcharge system. Further details aboutettissean be

found elsewhergTaley, 2014)
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As previously mentioned, the sshindwich system consists of top and botte@
reaction plates in combination WitPT bars and poorly graded sand (SP) between the
reaction plates, all of which is embedded into a round RQFmure 4-4). For this purpose,
the bottom reaction ptlea was first lowered into the pit on top of airg¢h layer of sand,
which in turn rested on top of a-li@&h layer of gravel. This bottom layer of gravel serves
as a filter system to prevent sand from escaping during drainage after liquefaction is
conducte for pile insertioror removal, as it will be explainemh nextsection. This gravel
layer also overlays the water diffuser and helps to distribute water evenly within the cross
section of the pit. After the bottom reaction plate was in position, instiaten for
measurement of soil pressures was installed. A single pressure cell sensor was mounted on
top of the bottom reaction plate to measure the vertical pressure at the bottom of the soil
profile. Three pressure cell sensors were installed on thevglitat different depths to
measure confinement stresses. The pit was then filled with poorly graded sand and eight
additional pressure cell sensors were installed at two locations (i.e., A and B) and four
depths, as shown iRigure 4-5. These pressure cells were laid horizontally in the middle
section of the pit, allowing for measurement of the vertical pressure. Finally, thedwaulf
reaction plates were set on topthe filled pit and centehole hydraulic jacks were placed
on each PT bar and were capped with a bearing plateaand. Figure 4-6 presents a

photograph of the soil surcharge test setup.
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Figure 4-6 Soil surcharge testing

A loading protocol was developed for these testhere the applied load was
increased in pressure increments of p3®up to a maximum of 1,200sf followed by

pressure deements of 10@st In order to control the pressure to be applied, axial load in
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one of the PT bars was monitored using a load cell that was placed between the top bearing
plate and nutRigure 4-6). The hydraulic pressure was applied equally to each PT bar
through a seveport manifold that connected all hydraulic lines to a manual pump.
Readings from the pressure cell sensors were taken at each load increrbetth foading

and unloading phases.

4.1.2.4.1Effects of Surcharge Loading on Soil Stresses

Figure 4-7 presents the average increase in vertical pressure distribution in both
locations A and B, whileFigure 4-8 presents the average increase in lateral confining
pressure measured on the test pit wall. These results correspond to the aveahage of
surcharge loading cycles for pressure increments of 200 pSigume 4-7 andFigure4-8, a
depth of zero corresponds to the soil surface. As evidenced from the pressure results,
locations A and B showed different pressure gradients. One of the main reasons for this is
that the sand was initially more compacted on the meidé of the pit as it was initially
dumped into the pit over that side and then pulled back to the south side during the initial pit
filling process. This result was also observed from the top reaction plates as their southern
end experienced more settlemb¢han their northern end. Despite the slightly different stress
increase profiles, note that the verti@d confining pressures increased within the soil
profile as a result of an increase in the surcharge load on the top. Moreover, while the
pressuregradients are different, note that there is a distinct kink in the curves at a depth of
about 4 ft. This local maximum represents the point at which the contact stresses become

negligible and the impact of the surcharge load starts to decrease with Aepthill be
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evident insubsequengectiors, an active surcharge load of g960 psfallows for altering

the state of stress within the soil profile so that a stiffer soil profie is simulated.
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Figure 4-7 Vertical pressure increase at: (a) location A and (b) location B
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Figure 4-8 Confining pressure increase (measured at pit wall)

4.1.2.5Pile Insertion and Removal

One of the most important features of this SSI facility is the ability to insert and
remove the pilecolumn specimens quickly and easily by employing liquefaction. The
liguefaction process also allows for the regeneratiothefniform sand sample aftehe
pile-column testing is completed and a specimen is set in place for testing.

Initially, the plan was to use the existing water system in theapitiescribed in the
previous sectionTherefore after the trial tests of the soil surcharge system wemdwied,
the top reaction plates were removed to perform soil liquefaction trial tests, so as to verify
the feasibility of easy insertion and removal of the-pddumn specimens. Several attempts
were conducted without success, namely, the liquefacti@orced in an abrupt manner
inducing only partial liquefaction at some spots within the esession of the sand deposit.
In addition, during the liquefaction attempts it was observed that the reaction plate at the
bottom was moving upward prior soil ligaetion, and suddenly moving downward

(dropping) right after liquefaction took place. This was deducted from the movement of the
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PT bars, connected to the bottom reaction plate as described earlier. It was concluded that
this phenomenon occurred due to tpesition of the water diffuser. As previously
mentioned, the water diffuser was located below the boR@wmeaction plate. This means
that during the liquefaction process, the water could only go through the reaction plate in the
1-1/2-inch gap betweenhe pit wall and reaction plgtand the 14inch-drainage hole lefat
the centroid of the bottom reaction plate. As a consequence, the water did not permeate
evenly within the cross section of the soil deposit. This allowed part of the water to remain
belonv the bottom reaction plate, building pressure up until the pressure due to the self
weight of the whole reaction platoil system was overpassed, movihg systermpward
without liquefaction until eventually partial liquefaction occurred.

The evident slution to this problem was to change the posttion of the water diffuser
SO as to avoid the permeability issue due to the presence of the bottom reaction plate. This
means that the only feasible option was to put the water diffuser above the bottaonreact
plate as depicted iRigure4-9. In order to accomplish this, the sand was removed from the
pit along with the bottom reaction plate and the existing water diffus@ich was
disconnected from the water inlet pipe. One of the concerns with the new position of the
water diffuser was the additional pressure to which it would be subjexdéide surcharge
loading would induce additional stresses in the pipe set, though such pressure is of small
magnitude as it can be inferred frofigure 4-7 and Figure 4-8. It was decided then to
construct a new water diffuser with the same characteristics and details as the existing one,
but using schedule 80 PVC pipes. Construction of the new diffuserim®lved and

additional pipe line running from the water inlet pipe in the pit wall toward the center of the
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pit, to then go upward toward the new water diffuser, as this was the only locatioB-for a
inch-pipe to go through the bottom reaction plafegure 4-9(b) shows the new water
diffuser installed above the bottom reaction plate

(a)

Pit Wall (b)

Soll

Pile-Column
Gravel Filter
Water Diffuser

Reaction Plate

Outlet Pipe

1— Water Inlet Pipe

Figure 4-9 New water diffuser: g) sketch elevation and (b) photograph looking into the pit

Once the new water diffuser was installedl4inch layer of gravel(acting as a
filter) was deposited into the pit to embed tigvpipe set. Then, the pit was filled with the
sand material agaiand trial tests of liquefaction were conducted. As expected the bottom
reaction plate did not move and the liquefaction was evenly distributed within the cross
section of the pit. However, it was obserwdet instead of just opening the water inlet
valve, a sequence must be followed in order to achieve an appropriate liquefaction that will
allow a pilecolumn specimen to be installed in the soil profile. Due to the inherent
permeability of sand and due to the large volume of water that can be intrad ubedpit
using the full pressure capacity of the main inlet pipe, namely 100 psi, opening the water
valve to full capacity would result in the entire mass of soil moving upward, inducing abrupt

and partial liquefaction. The final procedure to effectivildyefy the soil was developed
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based upon several liguefaction attempts conducted using different sequences when opening
the water valve.

The first step toward an adequate liquefaction is to slowly and fully saturate the
entire soil mass. For this purposie water valve must be opened to 20% of the full
capacity. Once the water level overpasses the soil surface, the water valve mustdiie shut
this process usually takes about 6 hours. The soil deposit is left overtopped with water for at
least one daguch that the water fully saturates the pores within the soil profile. The second
step consists of draining the pit for 15 minutes at full capacity, after which the drain must be
shutoff and then 20 minutes must be left to pass before the next stephifbhstép consists
of the liquefaction itself. The process for this step is listed below, where opening and closing
of the water valve is indicated with reference to full capacity and the time frame shown is an
approximation with a tolerance of £ 15 secand

a. Open water valve to 25% for 1 minute

b. Open water valve to 50% for 2 minutes

c. Open water valve to 75% for 2 minutes

d. Open water valve to 100% for 30 seconds
e. Close water valve to 75% for 30 seconds
f.  Open water valve to 100% for 3 minutes

From part a throughast ¢ of the process above, saturation of the water system and
the soil progresses slowly. At full capacity of the water inlet (d), the entire soil mass slightly
moves upward while cracks appear in the soil surface. At this point the water valve must be

closed to 75% of full capacity (e). This slight closure allows liquefaction to slowly start at
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the bottom of the soil profile and prevents and abrupt and partial liquefaction from
occurring. After 30 seconds pass at the end of this step (e), visible signsedaction can

be observed on the soil surface and the water starts overpassing the surface. At this point,
the water valve must be opened to full capacity (f). Full liquefaction of the soil takes place
for about 3 minutes while the water is left tanrat 100% of full capacity, until the water

level is about 2 inbelow the top of the pit wall. The water valve must be -sifiuait this

level to prevent overflow of the pit. During a p®lumn insertion, once the soil particles

have settled for about hour after the water valve is shoff postliquefaction, the drain

valve is slightly opened such the soil drains slowly and evenly. Full drainage of the pit in
this manner takes aboaheday unti water barely drips from the drain pipe.

The liquefactionprocess described above has been shown to work effectively for
pile-column insertion and removal purposes. Insertion and removal processes are conducted
using the overhead crane to maneuver the qulemn specimens within the laboratory. The
main advantge of using liquefaction is that it allows pi®lumns to be tested in a much
faster and more economical waas opposed to manually removing the soil anthdjlthe
pit back for each test. In addition, soil liquefaction also restores the initial mechanical
properties of the sand at the start of each test, methratiie soil is reset to the same initial

conditons after liquefaction.

4.1.3.TestSetup and I nstrumentation
As previously mentioned, the NCSCOFL soitstructure interaction (SSI) facility

consists of a 2@oot-deep, 10foot-diameter pit in whiclasurcharge systeisoilsandwich)
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was embedded in order to conduct experimentation on RCFSEqduenn specimensnder
reversed cyclic loading, considering two soil stiffness profiles. For that purpose, the
specimens were embedded 14 ifito loose sand (SP). Two aboveground heights (i.e.,
column length) wereonsidered, resulting in p#eolumn lengths 019.5 ft. and 21.5 f{
measured from the point where the lateral load was applied to theohulentip. Reversed
cyclic lateral loading was applied to tpde-columnhead by means of a 10dp, 70-inch

stroke hydraulic actuator. The actuator was supported ora@edb steel frame and was
connected to the specimen using a pinned connection irsed head condition). The
effective soil stiffness was expected to be modified Jomeof the experimental tests by
using the proposed saibndwich approach describbdfore.In short, such system consists

of two halfmoons and a circular reinforced concrete (RC) plates, located at the top and
bottom of the pit, respectively, that are used in combination with six 68 ASTM A 722
Grade 160, DYWIDAG postensioning PT) bars and 4®ip, 2-inch stroke hydraulic jacks
reacting on the halmoon RC plates in order to induce a surcharge on the soil surface, thus
modifying the effective soil stiffness. This approach is referred as to theaswivich
concept(Talley, 2014) By using this system and compressing the soll, internal stresses in
the soil increasethus increasing the soil stiffnes&.schematic elevation and a photagh

of the test setup are presented~mgure 4-10and Figure 4-11, respectively.
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Figure 4-10Pinnedhead, RCFST pile-column test setupchematic elevation
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Figure 4-11Pinnedhead, RCFST pieolumn test setup witlspecimensubjected to
substantial lateral displacement

Specimen instrumentation included: (1) longitudinal strain gauges, (2) inclinometer
(slope indicatorsensors, (3) a necontact three dimensional position measurement system
(herein after referred to as the Optotrak system), (4) load cells, (5) pressure cells, and (6) a
linear displacement transducdfigure 4-12 and Figure 4-13 show schematics of the
instrumentation.

In regard to strain gauge ($&ensors, #otal of 22 were placed longitudinally on the
extreme tension and compression fibers covering the pile embedded length-tmihgrid
2-foat interval depths inside and outside the plastic hinge zone, respectively, as shown in
Figure4-12 andFigure4-13. Since some SG sensors were installed in the embedded portion
of the specimens, it was necessary to protect them against moisture and friction with the

sand. For that purpose, once each SG sensor was installed, it wasdeotleat least four
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layers of polyurethane coating. Then, each SG sensor was covered withlaldng 5/8-
inch aluminum angle which was attached to the steel tube surface using haiaghle the
aluminum anglewas coveredwith butyl tapefor moistureprotection The SG protection
process is depicted Higure 4-14.

Regarding the nclinometer sensorgslope indicators), 2-foot gauge length
inclinometerswere placed at the centroid of the section along the entire length of the
specimen, providing rotation data at different depEigure 4-15 shows the inclinometers
sensors utilized along with their casing (blue PVC tubd)ich runs along the length of the
specimen at its centroid.

The Optotrak Certus HD, a naxontact threedimensional position measurement
system, was utilized to verify displacement, rotation, andirs data by monitoring the
position of LED markers placed in the specimen above the soil surface. The use of this
system for earthquake engineering research is described elsg@oer@night et al, 2014)

As previously mentionedhé surcharge pressure in the soil was controlled by a load
cell that monitored the load applied in one of the Sixtdars used to compress the sole
pressure in the hyduwdic jacks acting on each PT bar was the same, thereby ensuring the
same load in all the PT kmand thus a uniform surcharge. On the other hatginmpesonic
transducer and a load cell were used to control the hydraulic actaially, as described
ealier, confining stresses were measured in the round pit wall by using pressure cell

Sensors.
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Figure 4-14 Strain gauge sensr(a) SG sensor aftanstallation (b) hotglued aluminum
angle for friction protection and(c) butyl tape formoisture protection

Figure 4-15Inclinometer sensors: (a}fdot gauge length inclinometer and (b) PVC casing
(blue pipe) at centroid of spe®n cross section along its length

4.1.3.1Determination of Strain and Displacement Profiles from Rotation Data

Using rotation data from specimen at different points along its length, curvature
and displacements at different depths can be computed by numerical derivation or
integration, respectivelyconsidering the appropriate gauge lendths worth nothing that
rotation values at thepecimen head and tip are calcuddabe linear extrapolation using data
from the adjacent two inclinometer sensors. For example, with referer€mguce 4-16,

where HfAco, Ar o, and fAdo represent curvature,

the rotation at the specimen heag), r is calculated using linear extrapolation based upon
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the data of rotationsiy and (3. Similarly, the rotabn at the specimen tipnfa, IS
calculated using linear extrapolation based upon the data of rotaticansdr(n+1). In Figure
4-16,fin 0 roehie eotalsnumber ahclinometer senser which means that theere n+2
rotation valuesand n+3 curvature and displacement values, whiclude the specimen
head and tipSince the gauge leng{ll) of each inclinometer sensor is known, the location
of eachinclinometeralong the length of the specimen is also known. Such information is
used in combination with the known geometry of the specimen in doddetermine the
location at which curvaturend digplacement values are calculated, that is, at midpoi
between each rotation value (inclinometer ends), as shoWwigune 4-16.

Curvature valuegson the other handyre calculated based upon the relative rotation
between consecutive inclinometer sensors, taking into consideration that rotation values are
in units of degrees, as shown kyuation4-1. Note that at the specimen head and tip
curvature valuesnamely, @) and ¢n+3), are zerobecauseno deformation occur at such
sections. As such, curvature values are not calculated at thosenecati

With regard to displacement values, they are calculated based upon the displacement
at the specimen headuyin combination with the deflection recorded by each inclinometer
sensor, as shown iBquation4-2. The displacement at the specimen heagl, id measured
using the information from the Optotrak systemfrom the displacements of the actuator.
Note that displacements are calculated along the lengtieofspecimen including the

specimen tip dn+3).
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Equation 4-1

Equation 4-2

In order to verify the use of rotation data for calculation of curvature and strain
profiles, a test using inclinometer devices was conducted. For that purpose;fioe 2
gauge length inclinometer sensors where encased in the same PVC tube to be timed for
actual RCFST specimen, as was shown earli€ignre 4-15b). The test setup consisted of
putting the resultant X@®ot-long PVC tube in a cantiver fashion. The tube was attached to
a steel column by fixing the first 2 feet at its base. Tlaaral displacements were induced

at the top of the tube while displacengand rotatios were recorded using the Optotrak



system and inclinometer sensorsspectively. The Optotrak system was used to monitor
deflections of the PVC tube atfdot intervals. Using such data, rotation and curvature data
were calculated from numerical derivation considering the appropriate gauge length. On the
other hand, usg the inclinometer data (rotation), curvature and displacements were
calculated from numerical derivation and integration, respectively, using-fbet Zauge

length of the inclinometer sensors. Results of this test are presekgniia4-17, where D

represents a different displacement reached at the top of the PVC tube.

7 ¢

6 C
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wh
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=: Zero (Inclinometers)
O : D1 (Optotrak)
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Figure 4-17 Example of curvature and displacement profies calculation

70



Note that in terms of displacement and rotation, results are in close agreement using
either inclinometer or Optotrak data. In terms of curvatures, on the other hand, while the
maximum values aran close agreement, the shape of the profiles calculated using
inclinometer data are quite different from those calculated using the Optotrak data. This
difference has two sources. First, curvature values from the inclinometers are calculated
with a 2 foot gauge length, which means that values correspond to an average curvature in a
2-foot length, whereas values from Optotrak correspond to average valuedaatdehgth.
Second, position measurements from Optotrak have precision of 0.{Goadnight et al.,

2014) which neans that for small values of curvatures the error is high. Nonetheless, as
previously mentioned, curvatures corresponding to maximum values are in agreement
within the corresponding gauge length.

Finally, for the RCFST pilecolumn testsstrain profiles vere calculated using data
of curvature profiles in combination with momesurvature analyses performed using
CUMBIA (Montejo and Kowalsky2007) with an slight modification to include the steel
tube surrounding the reinforced concrete section. Since values of cur¥gtare known at
different poing along the length of the R&¥ pile-column specimens, compressive and
tensile strains in the extrerfibers of the steel tubé&g andt, respectively, can be calculated
using the neutradxis depthg) and the diameter of the cross secti), @s shown in

e=c0 Equation 4-3

e=(D <) | Equation 4-4
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4.1.4.Loading Protocol

The load history applied to each RCFST qm@umn specimes consisted of
standardsingleandthreecycle sets intended to evaluate both elastic and inelastic response.
The first portion of the test (i.e., piolumn elastic response up to first yield) consisted of

single reversed, displacemeauntrolled cycles, ramping up to the first yield pd@&ce ment

i n i ncrements of the predydgt edsifvidimeartt hyei enlo

response from the beginning of the test due to the characteristic soil behavior, target
displacements in this portion of the test were determined hgs®d results of a monotonic

and cyclicpushover anables performed using a detaildiber-based, finite element model
developed using OpenSeéicKenna et al, 2000) which incorporated the nelmear
behavior of materials. Isuch a model, sestructure interaction was accomplished by
means of noflinear springs at-foot interval depths, with spring properties assigned based
on py curves. After the first portion of the test was completed, the measured average
displacementta t he first yywel dvadi snptacdce-modratlyield tph e
force (Fn/Fy) ratio as shown iftquationd-5. The remainder of the test was completsahg
reversed threeycle sets in displacemenbntrolled increments at different levels of

displacement ductility (W) unti faiure, as shownBquation 4-6.
m= 1y fy'ﬁ@ Equation 4-5

m=iOp -i 40,15 20, 30, 40, 50, . Equation 4-6

The first yield force () and nominal force @, which is defined as the force at a

concrete compressive strain of 0.004 or at a steel tube/bar tensile strain of 0.015 (whichever
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occurs first), were determined based upon tensile and compressive strains monitored during
the numerical simulation (i.emonotonicand cyclicpushover analys). Presented iRigure

4-18 is the typical displacement history utilized to conduct the experiments. Positive loads
and displacesnts correspond to rightward motion (North) of the specimen in the test setup,
as shown irFigure4-18(b). Further details regarding the analysis approaeipresengd in

subsequent sectians

~~

a) ¢ : (®) Fsouth (pull North (push)]
= 5 {|Single Three-cycle sets ez & ==
>4 Cycles p. Hydraulic Actuator
= 3 , i) |
B |-t
=)
a1
"E'; 0 /\/\/b\
-1
e
£ -3 —4y
541
a -5 1
-6

[<[Elastic>} Inelastict |

Figure 4-18(a) Typical displacement history and (b) examplea pbsitive deformed shape

4.1.5.Test Matrix

The main variables to study included tH&meterto-thickness(D/t) ratio, soil
stiffness (i.e., soil sirchargg, and aboveground heightd., column length). Themain
parameters of thexperimental program are summarizedrable4-1. It is worth noting that
t he sy mbrTable4-Iirext to ithe values corresponding to a D/t rafi®5) represents
a particular feature observed ontests 3 and 4. As a consequence, those tests were repeated
and they correspond to tests 5 and 6. Therefore, while tests 5 and 6 look similar to tests 3
and 4, respectively, there is a difference relatethéofailure mechanism of the specimens,

which will be discussedin subsequent section$n addition, due to issues related to
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instrumentation and tan effective alteration ofthe soil stiffness, test 9 corresponds to a
repetition of test 2.

Table 4-1 Experimental test matrix

Test Diameter Nominal Thickness i R Soil Surcharge  Column Length
No.  mm (in) mm (in) kPa  (psf) m (ft)

1 305 (12.00)0 6.35 (0.250) 48 None None 1.68 (5.50)

2 305 (12.00) 6.35 (0.250) 48 46 (960) 1.78 (5.83)

3 324 (12.75) 3.42 (0.135) 95* None None 1.68 (5.50)

4 324 (12.75) 3.42 (0.135) 95+ 46 (960) 1.68 (5.50)

5 324 (12.75) 3.42 (0.135) 95 None None 1.73 (5.69)

6 324 (12.75) 342 (0.135) 95 46 (960) 1.79 (5.88)

7 324 (12.75) 4.76 (0.188) 68 None None 1.76 (5.77)

8 324 (12.75) 4.76 (0.188) 68 46 (960) 1.76 (5.77)

9 305 (12.00) 6.35 (0.250) 48 46 (960) 1.76 (5.77)

10 305 (12.00) 6.35 (0.250) 48 None None 2.37 (7.77)

11 324 (12.75) 342 (0.135) 95 None None 2.34 (7.69)

12 324 (12.75) 4.76 (0.188) 68 None None 2.34 (7.69)

4.2. Analytical Model

As described before, a finite element (F&)yucturalmodel was developed for
prediction purposeand for conducting parametric studigsitially, the plan was taevelop
validate, and calibrata single FE modelising results fronthe collectedexperimental data
on twelve halfscale RCFST pikeolumn specimensHowever, after initial efforts to
replicate experimental results, it was concluded that this was nsibfsodue toa couple of
reasons.First, in order to provide design recommendations that represent actual field
conditions, itis necessary to consider different sgjes,along with different stiffness and
strength properties Therefore, while the experimental results represent valuable
information, they only cover one soil type (sand) with two levels of soil stiffness. Second,

the experiments were conducted under controlled laboratory conditiomsgeotechnical
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testing pit,as opposed tdree-field conditions.This means that, while inelastic action was
developed on the specimens, the restriction imposed by the rigid pit wall, induced an effect
on the results as the effective stiffness and resistance of the soil were thipgtkee soil

pit wall interaction.

Based on thaliscussion above and considering that this study is focused on the
performance of RCFSTSs, it was concluded that if the experimental results are successfully
replicated, then the mechanical behavior of RCF§Ecimens is properlynodeled
Therefore,to consider a broad range of soil types and their properties, the only change in the
analytical model is the soil characterizatioks such, ti was decided to develop two
analytical models, that is, one thedgpregns laboratory conditions, and another that
represerd field conditions.

In the remaining of this section, the modeling approach is presented along with the
soil characterization fdsothlaboratory and field conditiong comparison of analytical and
experimental results islso presented irsupport of the analytical model validation and

calibration

4.2.1.Modeling Approach

A two-dimensional model was developed using Open@deKenna et al.,, 2000)n
this approach, distributed plasticity of the RCHSE-column specimensg/as represented
using forcebased elementslong with five (5)GaussLobatto integration pointendelement
lengtls of 0.25D, where D represents the outer diameter of the steel Thiegile-columns

were modeled considerifgpth aboveground @ andinground(Lb) lengths asdepictedin
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Figure 4-19. The OpenSeeBDelta coordinate transformation command was implemented
to account for second order effecoilstructure interaction, on the other hand, was
accomplished by means of ndinear springs a®.25D interval depthsthat is, at each joint

of the pile elementsThese springs were implemented using Zermth elements to which
cyclic force-displacement relationships were assigned based ugaoupve analyses. At the
soilpile interface, springs were connected using slave nodes at nodes that link two pile
elements as shown inFigure 4-20(a), properties of compatibility for such nodes were
assigned using th®©penSeegqualDOFcommand. The other end of the springs was fixed

to complete the boundary conditions of the Zergth elements.

. Pinned-Head Shaft Fixed-Head Shaft
Bridge Bent Example o
Longitudinal Transverse
Cap Beam + ?
m _____________________ e L]
] «— Fiber-based elements
—RCFST Column L, 1—p-y springs
— 1 % AN - MM

Figure 4-19Modeling approach

As evidenced fronkigure 4-19, the previously describednodeling approach was

used for both pinnetiead and figd-head conditions. The only difference is on the boundary
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conditions that were properly assigned in each,ctds# is, in the latterspecimenswvere
additionally restricted to rotate at their head to represenstiffaess provided by cap
beam.

On the other hand, considering standard construction practice; et specimens
had an additional modeling considtion at the columnap beam interface. In practice,
RCFST drilled shafts are constructed such thair@B gap is left at the steel tulwap beam
interface. By doing so, the steel tube only provides additional shear strength and
confinement, but not dixural strength of a potential plastic hinge forming at this interface;
such a behavior has been observed in the past ey et al., 1983Montejo et al., 201
Accordingly, to account for this behavior in the FE analytical model, and to include the
effects of strain penetration into the capabre the modeling detail depicted kigure
4-20(b) was implemented. Regarding the former, this approach consists of modeling a
portion of the RCFST shaft as an RC shahose concrete properties are assigned based on
the confinement provided by the steel tubdis approach emulates the actual behavior of
the top plastic hinge of a fixebead RCFST drilled shaft, where the steel tube does not
contribute to the flexurastrength. While not shown here for the sake of brevity, it was
found that, the steel tube should be terminateal @gistance of 2.5 times the shaft diameter
(2.5D) from where it atually ends.This distance was determined considering that, under
lateral bading, strains and stresses are approximately zero at ~2D to ~3D from the-column
cap beam interfacdy using this approach, 25D portion is modeled effectively as an RC

shaft, and below that the shaft is modeled as an RCH8ieover, thisalso helpsn terms
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of the numerical stability of thanalyticalmodeldue to the smooth force transfer between

RC and RCFST elements.

(@) ®) Cap Beam —
Shaft-Cap Gap —
pile FBE— slave node
master node{ ) ~ fixed node
pile FBE 0 ]—zero-length p-y spring RCFST Shaft — 0.25 D—— o FBE.RC
025D | |—FBE-RCFST

Figure 4-20Modeling details: (a) soitpile interface and (b)columncap beaninterface

Regarding the effects of strain penetration, on the other hand, additio net et
elementswere included over and additional length sg). above the columoap beam
interface. These elements account for additional flexibility due to gbemetration of the
column longitudinateinforcement into the cap beam. The strain penetration lengjlcén
be calculated as shown Eguationd-7 (Priestley et al., 2007Wwhere fe and dh represent
the expected yield strength and diameter of the longitudinal bars.

L, =0.022f . d,, Equation 4-7

With respect tothe loading history, target displacements were determined in the
same manner that it was done for the experimental tests. In short, a monotonic pushover
analysis was conducted to identify target displacements at different performance limit states.
Then, lased on the results, a cyclic pushover analysis was conducted using standard single
and threecycle sets in a displacemestntrolled fashion.

On the other handt was previously mentioned that two analytical models were

developed to represent laborat@yd field conditions, where the only difference is on the
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soil characterization. This means that the purve analys, utilized to determine properties
of the nonlinear springswas different on each analytical modéMore specifically, the
model develped to replicate laboratory conditions utilizeéhe Poulosand Davis (1980)
approach tacalculate the stiffness ofypcurves for sand using the effective mean stress of
the soil, whereas the fieldondition model utilizd the API (1993)approach. Moreover, for
p-y curve analysis in clay, tHdatlock (1970) model was implementedt is worth nothing
that the API (1993) and Matlock (1970) models have been used in the analysis of past
laboratory and field experiments (e.Bgoulanger et al., 199%haiandHutchinson, 200
showing results in close agreement. As such, these two modelsdeig accepted by the
engineering community, and are typically used in professional practice festsmiture
interaction analysis.

Described next are the OpenSeraterial models ilized in the modeling approach.
Subsequentlythe definition of the gy curve analysis is described ftwoth analytical

models, that is, laboratory and field conditions.

4.2.2.Material Models

Nontlinear behavior of the materials was considered using aliibd approach, in
which the crossection is represented by unidirectional fibers corresponding to each
material type. Properties of tbe fibers were assigned based on constitutive material
relationships(i.e., stressstrain curves). In this study, differetypes of fibers were used to
represent the materials within th&€RST pilecolumn specimen crossection, that is, core

concrete (confined concrete), reinforcing steel, and steel tube. Confined concrete fibers were
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modeled using th&€oncreteOlmaterial nedel, with parameters based upon the concrete
compressive strengthc§f) a nMvhnddr leteal.(1988) mode| considering an effective
confinement from the steel tube of 50¥he $eel tube and longitudinal steel bar fibers were

modeled using th&einforcingSteematerial modelKunnath et al, 2009)

4.2.3.Non-Linear Soil Springs for Laboratory Conditions

As previously mentioned, nelmear behavior of the soil was considered using-non
linear springs whose properties were assigned based upon results-yroorye analyses.
In this study, the dynamic-p method proposed bgoulangeret al. 003)was uilized. In
this method the nonrlinear py behavior is characterized by using elastic, plastic, and gap
components connected in seri@be backbone curve was based on the American Petroleum

Institute (API) recommendations for sa(@Pl, 1993) as shown irEquation 4-8.

LAk |
= A © tafhpe— -
p=A g ta ge_ACFﬁ y Equation 4-8

In the equationabove A is a parameter that accounts for cyclic or static load#g,
Is the ultimate resistance of the sai,is the effectivelateralsoil modulusat agivendepth
X, andy corresponds to the lateral deformation of the so# afivendepth. The ultimate
resistancefor sandwas calculated based upon two failure mechanigReeseand Van
Impe, 2011)that is, either assuming a wedgjgaped mechanism that extends to the ground
surface Equationd-9) or a horizontal plane strain failur&quatiord-10). In these equations
2 & the effective unit weight arid refers to the pile diameter. Paramstarthroughcs can

be calculated as shown Eeguation4-11 through Equation 4-16Equation 4-13, respectively.

80



P.=g'xgG % &) x gD

P.=9'xD(g +g)

__kytanf sin b
tan(b- #cos .

_ tar? b tan a
© tan(b- )

_ k, tanb
G tanf sin & tan

tanb

cszka(tarf‘b ])

c, = k tanf tarf ¢

Equation 4-9

Equation 4-10

Equation 4-11

Equation 4-12

Equation 4-13

Equation 4-14

Equation 4-15

Equation 4-16

In the equations above, is the friction angleka is the coefficient of active lateral
earth pressureko is the coefficient of lateral earth pressure at rest, Aadd b are angles

based upon theidtion angle ). These parameters are calculated as follows:

k, = tar %45 —; Equation 4-17
ko =1 -sinf Equation 4-18

f .
a=g Equation 4-19
b=45 +¢ Equation 4-20

Since in the experimental component of this study the soil stiffness was modified
considering an increase in the confinement stress in the soieftbetive modulus of

subgrade reactiofkn) was calculated using ti@oulosand Davis(1980)approach, as shown
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in Equationd-21. In this equationD refers tothe pile diameterEs is the elastic soil modulus
(Equationd-22), Elp is the flexural stiffnes of the pile, andsi s t he Poi ssonoés
soil (Equation4-23). In Equation4-22, G refers to the shear soil modulus and it can be
calculated based upon its relationship to the low strain shear mo@uaug, (which in turn

canbe determined frontEquation4-24 based on the recommendations $sedand Idriss

(1970) In this equationPam is the atmospheric pressute0is the effective mean soil stress
which depends upon the effective vertical stress, as shoviaguation4-25, andKz is a
parameter that depends on the relative density @3 depicted ifrigure 4-21. Regarding

the shear modulu®-low strain shear modulus ratio (Ghéx), Boulanger et al(1999)
concluded that &/Gmax ratio of 25% can be reasonably assumed for working load levels.
However, as it will beexplained later, this ratio cannot be implemented for the analysis of
the experimental data collected in this study due to the boundary conditions of the test setup

and the soipit wall interaction.

ED'a& E
=0.651]— - ion 4-
k., L ) gpl—US Equation 4-21
E.=2(1 +.)G Equation 4-22
u, = Equation 4-23
T ek q
G ' :
% =21.&, ! Equation 4-24
atm atm
S,'= %W Equation 4-25
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Figure 4-21Shear modulus of sar{@eed anddriss, 1970)

Using Equationd-8 throughEquationd-25, p-y curves can be determiném a given

set of parametersNote that the effect of a soil surcharge is directly considered in the

effective vertical stress of the soAs an exampleFigure 4-22 presents fy cuves at

different depthsalong with the effective modulus of subgrade reacfira soil profile that

consi st

of

a

uni for m s andfrictoraangler =38 K2 h35uni t

and a shear modulus rat®/Gnax = 0.25 Moreover, considering and RCFST shaft with

diameterto-thickness ratio D/t = 48, tiiexural stiffnesswas taken aklp = 44,800 kipft2.
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Figure 4-22(a) modulus of subgrade reaction andrésulting py curves

The formulation described above was implemented to develgpcprves that
account for laboratory conditions. However, variations onGlémax ratio and an update
process of they curves at different stages during the test were apgHiest, based upon
validation and calibration of the FE analytical mqdethich is showrater in this sectionit
was found thathe G/Gmaxratio variesalong the depth of the soil profile, depending upan
level of deformation in the soil. Fargions oflarge soil deformationgi.e., deptk within
2D to 3D), a G/Gmax ratio of 1.0 was considereslince the interaction with the pit wall is
higher, thus resulting ia higher soil stiffness. On the other hand, for regions of small soil
deformations (i.e.deghs within 5D to 6D) a G/Gmax ratio of 0.10 was assumeHor the
transition zongethe G/Gmaxratio varies linearly rom 1.0 to 0.1. As aramplethe variation
of the G/Gmax ratio along with the resulting horizontatodulus of subgrade reactiame

presented irFigure 4-23for one of the experimental tests.
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Figure 4-23Soil stiffness parameters: (a) Gitratio, and (b) modulus of subgrade reaction

In addition to the variation of the G/Gmax ratio, the friction angle madified to
consider the stiffening effect of the soil, induced by the large soil deformations and the soil
pit wall interaction. It is wortlrecognizing that the physical properties of the soil do not
change, but rather the effective stresses in the soil increase duecdonfirement effect
provided by theboundary conditionsand the level of deformation in the soil. As such, the
larger thesoil deformations, the higher the spit wall interaction, thus resulting in higher
soil stiffness and strengtR.urthermore, e variation on the friction angle in turn creates a
variation in the stiffness and strength properties of thelim@ar soilspringsutilized inthe
FE analytical model As such, this was implemented by updating the properties of such
springs usinghe OpenSeesemoveelementcommand along with thaitialStressMaterial
model, that is, @il springs were replaced after a significant deformation was imposed in the

soil profile. More specifically, a new set of ndinear py curves with initial conditions was
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defined at the following stages of t&splacementistory. (1) after half the ektic portion
was completed, (2) after the remaining elastic portion was completed, and (3) after each
ductility level was completed.

As an exampleFigure 4-24 showstwo sets otbackbone gy curves fromone of the
tests they correspond to soil conditiordter the elastiand ductility 1( € cycles were
completed.Note that there is a clear difference in thbape of the {y curves.It is worth
nothing that the {y cuves depicted inFigure 4-24, are the result of calibrating and
validating the FE analytical model to match experimental results. As such, the previously
describedp-y curve adjustment would not be expected under -fielel conditions, as the
soil would not haveany restriction to deform as it does in the laboratory environment
described beforeFFurther details regardingalidation and calibration of the FE analytical

model are presentedext
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Figure 4-24P-y curves from Test:1(a) after elasticcyclesand (b) after ductility I €
cycles

4.2.4.Calibration and Validation of FE Analytical Model

The FE analytical model wasalibraed and valida¢d basedupon the collected
experimental data. More specifically, the main goal was to mdiehecorded structural
responsen terms ofthe: (1) top lateral force vs. displacement response, (2) displacement
profiles, (3) curvature mofles, and (4) tensile strain profies.

The calibration and validation process was based on the premise that if experimental
results were replicated, the mechanical behavior of the system was properly modeled. Then,
the same model could be used to stadiproad range of soil and structural parameters.
However, he boundary conditions of the test setup and the interaction between soil and pit
wall, created a unique scenario that resulted in the need to develop two analytical models,

namely, one characteimg the laboratoryenvironmentand another representative fode-
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field conditions, where the main differeniseon the definition of the-y curve analysis used
to determine the soil spring properties.

The previoussectiondescribed the 4y curve formuléion used for the model
representative of laboratory conditions. It was shown thatprves were updated in terms
of their stiffness and strength characteristics at different stages of the loading protocol. It is
important to note that while such a presewas performed for calibration and validation
purposes, it was not performed for the analytical model representative ofielcee
conditions since in that case the soil would not experience the stiffening and strengthening
effect observed in the labdoay.

While not shown here for the sake of brevity, it is worth briefly describing the
validation and calibration in terms of the structural elements. As previously described, pile
column elements were modeled using febesed elements in combination with fi(®)
GausslLobatto integration points and element lengths of 0.25D, where D represents the
outer diameter of the steel tube. This was implemented based on the results of sensitivity
studies. It was found that by using element lengths of 0.25D, resultstiodisplace ment
and forcebased elements were in close agreement using either 3 or 5 integration points.
Moreover, the implemented modeling approach allows to properly capture both the spread
of inelastic action and sedltructure interaction. Likewiset helps in terms of convergence
of the nonlinear solution as forebased elements allow for calculating exact internal forces
and deformations based on the strstsgin relationship of the materials, whereas
displacemenbased elements utilize approxiredtdisplacement field solutions to determine

internal forces, hence leading to slower convergence.
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The remaining of this section shows a comparison of analytical and experimental
results for two of the experiments conductids important to note thatreilar observations
were mae inother testsexperimental results and observations are discussed in detail later
in this report.For brevity, only results of Test 1 and Test 12 are presented Trieede tests
correspond to RCFST specimens with iatios d 48 and 68, andla/D ratiosof 5.5 and 7.3,
respectively.

Figure 4-25 presents the top lateral force vs displacement response for both
analytical and experimental wels. The comparison of results is presented up to ductility 3
(e3), which corresponds to a level of displacement where onset of tube local buckling takes
place. Note that both the analytical and experimental response are in close agreement. This
means thaat a global level, the experimental response is replicated by the analytical model.
Also, note that as displacements increase from cycle to cycle, the lateral force developed
also increases for the same level of displacement. It is believed that thrsedcantil the
plastic hinge was fully developed, which occurred between the ductility k.5 @nd
ductility 2 (2) cycles. To further validate the resusgure 4-26 and Figure 4-27 show the
force vs. displacement response during the elastic portion and part of the inelastic portion
for each ductility levelindividually. Nae that results of the analytical model are in close
agreement at each stage of the experimental test.

Figure 4-28 throughFigure 4-30 present results of the comparison at a local level,
namely, they present displaoent, curvature, and tensile strain profiles at different stages of
the loading protocolEach of these figures present results for more than one stage of the

loading protocol, where higher values imply a higher performance Bweéd that in both
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elasticand inelastic portions of the loading protqdbe experimental results are replicated
by the analytical modein close agreementHowever, note that minor differences are
observed between the dots, which represent experimental data, and the doiteeks recht
represent the results of the analytical model. Such a differeamsmduced by the resolution
of the rotation data. As previously explained, displacemeumvature,and strain profiles
were calculated based on rotation data collected usinigpamegter sensors that had -dodt
gauge length. As such, experimental results related to displacement, curvature and tensile
strains are valid foa range of 2 ft. though they are plotted at the centroid of the gauge
length.

Despite the minor differencetescribed aboveespecially in terms of the curvature
and strain profiles, it was concluded that the modeling approach was adequate considering
that the experimental response was replicated in close agreement at both global and local
levels. Similar obseations were made from results of Test 12, as showmigare 4-31

through Figure 4-36.
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Figure 4-25Test 1: top lateral force vs. displacement response comparison

(a) 60t —: Experimental | (b) 100 — Experimental
—: Analytical —: Analytical
40t
50
20
= z
2, 2,
g 0 g 0
(=] (s}
('R N
-20 ¢
-50 1
-40 1
-60
-100
0.1 -0.05 0 0.05 0.1 0.2 -0.1 0 0.1 0.2
Displacement [m] Displacement [m]

Figure 4-26Test 1: top lateral force vs displacement response comparison for (a) elastic and
(b) ductility 1 €1) cycles
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Figure 4-27 Test 1: top lateral force vs displacement response comparison for (a) ductiity 1
(e1) and (b) ductility 1.5¢1.5) cycles
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Figure 4-28Test 1 (from left to right): displacement, curvature, and tensie strain (push and
pul cycles) profiles during elastic portion of the test
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Figure 4-29Test 1 (from left to right): displacement, curvature, and tensile strain (push and
pull cycles) profilesat ductilities 1 €1) and 1.5¢1.5) cycles
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Figure 4-30Test 1 (from left to right): displacement, curvature, and tensie strain (push and
pull cycles) profies at ductilities 2£) and 3 €3) cycles
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Figure 4-31Test 12: top lateral force vs. displacement response comparison
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Figure 4-32Test 12: top lateral force vs displacement response comparison for (a) elastic
and (b) ductility 1€1) cycles
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Figure 4-33Test 12: top lateral force vs displacement response comparison for (a) ductility
1 (e1) and (b) ductility 1.5¢1.5) cycles
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Figure 4-34Test 2 (from left to right): displacement, curvature, and tensie strain (push and
pull cycles) profiles during elastic portion of the test
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Figure 4-36Test 12 (from left to right): displacement, curvature, and tensie strain (push and
pull cycles) profes at ductiities 2g>2) and 3 €3) cycles

4.2.5.Non-Linear Soil Springs for Field Conditions

Theparametric study of this project wesnducted using-y curve formulations that
are frequently used in practicenamely,the AP (1993)approachin combination with the
Reese and Van Impe (201dpdelwereselected for sand, while tiMdatlock (1970) model
was selected for clay. This section desithe formulation of each modahdpresents the

main parameters that were inéd.

4.2.5.1P-y Curves for Sand

As previously shown, th&P1 (1993)approach utilizes a hyperbolic tangent function

to describe the force deformation response of sand. The equation was presented before but

99



has been repeated Bgquation4-26 for completion. In this expressioA, is a parameter that
accounts for the loading type (static or cyclig),is the ultimate resistance of the sdi,is
the effective lateral soil stiffness at a given depth, andcorresponds tothe lateral
deformation of the soil at a given depBarameter®y and A can be determined based on
the Reeseand Van Impe(2011) model, previously presented iBquation4-9 through

Equation 4-20.

Ak :
p=A @ tabhge——vy Equation 4-26
cAR

The main difference with the-p curve formulation for laboratory conditions is on
the soilstiffness, and more specifically, on the modulus of subgrade reakiipiie API
(1993) approach provides a chart that allofes calculating the coefficient of subgrade
reaction (n) as a function of the friction angle )(or relative density [¥r). Figure 4-37
presents an updated version of such a cfRC-32, 1996) This coefficient is used to
determine the modulus of subgrade reactin), (@s shown irEquation4-27. However, it
has been recognized in the literature (6Bgulanger et al., 199€ haiandSong, 2012 that
values from these type of tables produce rather stiff soil profiles as they were developed
from tests that were conducted at shallow depths. The solution to this issumilisettin,
values onsidering the reference stresg)= 50 kPa) at which they were calibrated, as
shown inEquation 4-28. Thus, Equation 4-26 can be written a&quation4-29.

For the analytical portion of this study, thevalues adopted anithin the range of
those recommended in the 2011 AASHTO Guide Specification for LRFD Seismic Bridge

Design (AASHTO, 2011) and they are presented Table 4-2. As an exampleof the
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formulation aboveFigure 4-38 presents gy curvesfor sandat different depths along with
the effective modulus of subgrade reaction for a soffilpréhat consist of a uniform sand
l ayer with unit tiomeanglg h-t35°,amodulus®Dsubpradé reaction=i c
100 pci, and a pile diamet& = 1 ft. Note that a depth of about 12 ft the corrected soil
stiffness starts to increase at a lower rate. Also, note that the resuitingrges increase in

both strength and stiffness with an increase in depth.

NEHRP (2001) Soil Profile Type

Sk Sp Sc
Friction Angle q?
28° 29° 30° 36° 41° 45°
very | Loose Medium Dense D\gge
80000 —
& : API /
£ 70000 (1987)
P ]
\X/ i
< 60000
c ]
1= ] /
o 50000 —
5 ] /
§ 40000 ]
> : /
g 30000 ] ATC-32
5 . (1996)
g 20000 — / 7
0 ] / /
10000

0l 2 /)/
20 40 60 8 100

(=]

Relative Density (%)

Figure 4-37 Coefficient of subgrade reaction chéTC-32, 1996)
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Equation 4-27

Equation 4-28

. an & .
p=A @ tathe'—y Equation 4-29
cAR
Table 4-2 Values of pfor sand(AASHTO, 2011)
Consistency nh (pci)
Loose 34.8
Medium 925
Dense 231.7
- = 1l (b) I | 14
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Figure 4-38P-y analysis for sand@a) variation of soll stiffnressand (b)resulting py curves
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4.2.5.2P-y Curves for Clay

The Matlock (1970) modelfor soft clay is characterized by a parabolic function that
depends on the ultimate resistance of the $aijl, @nd the soil deformation when tfece
Is 50% ofPu (Ys0), as shown irEquationd-30. The ultimate soil resistanc&quation4-31)
is calculated based on the undrained shear stre@gthtbe pile diameterlY)), and a lateral
bearing capacity factomMNg). The latter is calculated as shownHquation4-32. In this
expressionfly' is the effective vertical stressjslanempirical parameter taken as 0.5 based
on Matlocko6s r ec o mme nxdsathe idepth st whichrthe-yscorvetis c | ay,
calculated. On the other hanthe soil deformation when the force is 50% Rf (yso),
depends on the pile diameter and #tmin corresponding to a strength of 50% of the
ultimate strength(§o), as shown ifEquation4-33. In this study, values dBo recommended
by Reeseand Vanimpe (2011)were adopted, and they are preseried
Table 4-3.

Note that the formulation of thélatlock (1970) model results in a constant
distribution of stiffness when the lateral bearing capacity fatNpy € xceeds 9. This means
that unlike sand, clay-p curves do not change after some depth, depending upon soll
properties and the diameter the pile. In factChaiandSong(2012)showed that the soil
stiffness can be calculated as depicte&guation4-34. To illustrate the formulation of-p
curves for clayFigure4-39 preserd an example that con®ids a pile diametdd = 1 ft, clay
with effective unit weighttd= 90 pcf, undrained shear strength Cu = 750 psf, and strain
corresponding to a strength of 50% of the ultimate stretdgh= 0.01. Note that the

effective solil stiffness becomes constant at a depth of about 10 ft, which in turn makes that
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the shape of{y curves below this poirb bethe same. Also, note frofigure4-39(b) that
p-y curves were plotted with a normalized soil deformatigys() and that a/yso = 8 the

curves become flat, reaching the ultimate soil strength, namely, the limiting value in

Equation 4-30.

s .,
P 0-5aei g @ Equation 4-30

R (o Yoo =+
R =C,DN, Equation 4-31

a o}
N, =8 S 3X & 9 Equation 4-32
Yso = 2.5Dé;, Equation 4-33
P, .

k, = Equation 4-34

Table 4-3 Values of¢sofor soft clay (Reeseand Van Impe, 2011)

Consistency
Soft Medium Stiff
Egg 0.020 0.010 0.005
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Figure 4-39P-y analysis for clay: (a) variation of soil stiffness and (b) resultingcprves

4.3.Equivalent Cantilever Plastic Hinge Model for RCFSTs

The maingoalsof the study presented in this reparéto understand the behavior of
RCFSTs embedded in sa@ihd to provide design recommendatiofter such a systemAs
such, one of the objectives was to investigate the inground plastic hinge. However, based
upon literature review, it was recognized that aspi¢ hinge lengtimodel alonewould not
work in terms of providing accurate predictions for seismic design of RCFST drilled shatfts.
As previously explained, the plastic hinge length is used in combination with an equivalent
cantilever approach to calcwdathe displaement capacity of this type afystem. An
example of this is the method developed3wyarez andowalsky (2007) for RC drilled
shafts.Their method consisted of coefficients that allow for including the flexibility of the

soil in the calculation of the yield and plastic displacemeatsd tley also provided
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consistent equation® calculate the depth to the plastic hinge. Regarding the latter, they
adopted the model proposed G¥ai(2002) which produces plastic hinge lengths that do
not depend on the soil stiffness, as shoviEguation4-35; further details of their method
can be found in the lterature review section of this report.

L,=D 0.1, t6 Equation 4-35

The main reason that makes tBearez andKowalsky (2007) model to produce
inaccurateresults for RCFST shaftss that their method was developed f&RC drilled
shafts. As such, all the parameters utilized in the calculation of the system displacement are
tied to the flexurastrengthof the mateial, namely, reinforced concrete, which is smaller to
that of RCFSTs as the steel tube provides enhanced deformation and strength capacities,
thus increasing the effective flexural stiffne$sis will be apparent later in this report in the
results of theparametric studies.

Regarding the plastic hinge, on the other hand, the literature review revealed that
most of the available approaches for RC shafts depend only on the aboveground length (e.qg.,
Budek et al., 199and 2000 Chai, 2002 SCDOT, 2008Caltrans, 2018 However, a recent
study(Goel, 2015)suggested that the plastic hinge length can actually by impacted by the
effective soil stiffness. This study concluded that for RC drilled shafts in sand, current
approaches produce accurate prediciointhe plastic hinge length; hawer, in his study,
Goel(2015) considered py curves for lower, nominal, and upper bound estimates without
actually considering soil profles with different characteristics.

From the discussion above, it is evident that besides an appropriate plastic hinge

model, it is necessary to hawan equivalent cantilever method that captures the behavior of
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RCFEST shafts. As such, it was decided to develop an equivalent cantilever plastic hinge
model for RCFST drilled shafts that allows to consider both pinned and-tiead
conditions.For that mrpose, a parametric study was conducted using the FE analytical
model previously described.he advantage afsing a fiberbased modeling approach is that
the spread of inelastic action and the effects of the moment gradient can be captured in the
respons of the RCFST diiéd shafts, which in turn allosvfor relating strains and
displacements accurately. Details of the parametric study are presented at the end of this
chapter.

Described next is the proposed formulation for both pinned and -fized
condtions. It is worth noting that this approach is similar to that developeguayez and

Kowalsky (2007)for RC shatfts, with appropriate considerations for the systedied.

4.3.1.PinnedHead RCFST Shafts

Presented ifrigure4-40 is a schematic of the proposed equivalent cantilever model
for pinnedhead RCFST shafts. In this approach, a single RCFST shaft that can be
characterized with a detailed FE analytical model, is in fact simplified to an equivalent
fixed-based cantilever with effective length [This equivalent length is measured from the
top of the RCFST shaft to the point of maximum moment below ground, namely, to the
inground plastic hinge (), as shown inEquation4-36. In this equivalent system, the
lateral displacement at a given limit stadg ) can be calculated based on elastic and plastic

displacement components, as showikquation 4-37.
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The yield displacementqf) is calculated by integrating the elastic curvature
distribution over the effective length and considerirgpafficient (@) that accounts foend
fixity and soil flexibility, as shown irEquation4-38. In this expression, the yield curvature
(¢y) can be determined from aomentcurvature analysis, or from an approximate
expression Equation4-39) that depends on the yield strain of the steel tilh@ufe), its
diameter (D), and a gid curvature parameter{g. The latter is a parameter that is usually
taken as 2.25 for RC shafiriestley et al., 2007put for RCFSTst needs to beeveloped
based upon momegurvature analyses.

The plastic displacemenEquationd-40), on the other hand, depends on the plastic
curvature @p) and the equivalent plastic hinge length)(LThe former is determined from
Equation4-41 depending upon the limit state curvaturesf, which in turn depends on the
target strain limit statecalculation of curvature limit states éxplained laterNote from
Figure 4-40 that that the inelastic curvature is assumed to be centered at the base of the
cantilever. Finally, Equation4-37 can be written in terms of the previously described

parameters, as shown kquation 4-42.

108



Elastic Inelastic
Moment A A
n £ Diagram y p Curvature  Curvature

Column L,

Equivalent A

Pile L, S Cantilever '

Wpy springs

Figure 4-40Equivalent cantiever model for pinndgtad RCFST shaits

L. =H, Equation 4-36

Ds =P % Equation 4-37

D, = f, L2 Equation 4-38
f,=c, ey(t[;b*’ Equation 4-39

D, ¥,L,L. Equation 4-40
fo=10s -y Equation 4-41

Ds = f L] (+fLS -)L oL, Equation 4-42

Note thatthe formulation above requires knowledge on the following parameters: the

depth to the inground hinge ¢l the yield displacement paramet@r), the yield curvature
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parameter (g), and the equivalent plastic hinge lengthy)(LThese parameters were

determned from the parametric study and the details are presented at the end of this chapter.

4.3.2.Fixed-Head RCFST Shafts

The proposed model for fixehead RCFST shafts is depictedFigure4-41. In this
type of structural configuration, the system can potentially exhibit two plastic hinges,
namely, one at the top at the coluwep beam interface and another one inground.
However, RCFST shafts have a unique behavior in that the system is ezhtr@inly by
the top plastic hinge. Since the steel tube is cut short before the cap beam, it does not
provide flexural strength to the top plastic hinge, thus the flexural stiffness corresponds
effectively to that of an RC section confined by a steel.tllherefore, after onset of the top
plastic hinge, there is a redistribution of moments and the inground moment starts to
increase far beyond the level of the top hinge, as the inground plastic hinge corresponds
effectively to that of an RCFST section. Bdsupon this behavior, the equivalent cantilever
model for fixedhead shafts was devised. The model assumes that only the top lmpfegtic
is developed. This assumptissdas made considering that, while onset of the inground hinge
Is possible, it would ogloccur at large levels of damage of the top plastic hinge, at which
structural stability issues may be of concefrhe model assumes an equivalent lengt) (L
measured from the top of the RCFST shaft to the inground plastic higdieifFaddition to
the strain penetration length {) into the cap beapas shown irEquation4-43; the strain
penetration length can be determined frequationd-44 (Priestley et al., 2007 where §e

and dy are the expected vyield strength and diameiérthe longitudinal bars The
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displacement at a given limit stateu§) is determined fromEquation4-45, and it is
calculated considering the end fixity and soil flexibility parametér ¢eong with the yield
curvature of the top plastic hingaygop), as shown inEquation4-46. The latter can be
determined frontEquatiord-47 as a function of the yield curvature parameteyg)), taken
as 2.25for RC sectiongPriestley et al., 2007)and the yield strain of the longitudinal

reinforcement § (rebay).

Elastic Inelastic
Moment A A Curvature Curvature
E Diagram |«—y>| p o
/(top)
- A
L Tl
—
I ] ﬂtop - |2’y(top)
Column L, L
WA
Max. = L .
2 o ot < lay(l‘mt)
WA Equivalent
Pile L, Cantilever
M-y springs

Figure 4-41Equivalent cantiever model for fixehead RCFST shafts

The plastic displacement is calculated as showEqination4-48. In this expression,
the paraneterb has been introduced to adjust the plastic displacement by modifying the
effective length (k). This adjustment takes into account the moment redistribution. The
plastic curvature is determined from the difference between the limit state curvhtbes o

top plastic hinge qsitop) and the yield curvature. Furthermore, the proposed model adopts
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the plastic hinge model proposed Byiaiet al., (1991) This plastic hinge model was
developed for RC columns retrofitted by a steel jacket and it only depends astraime
penetration length &) and the gap (g) between the steel tube and the cap beam, as shown
in Equationd4-50. Note that although this model was adopted forttipeplastic hinge, the
plastic displacement is adjusted by the paranfgtevhich is of course to be determined
from the parametric study. Finallquation4-45 can be written in terms of the above

parameters, as shown kquation 4-60.

Le = Hig _H—sp Equatlon 4"43
L, =0.022f .d,, , (MPa) Equation 4-44
Ds =P % Equation 4-45
D, T/ L Equation 4-46
e .
f 09 = Cr y(top —y(lr;bar) Equation 4-47
Dy F oo Lpion A Equation 4-48
Fo= Ilstog = o Equation 4-49
Lotop =2Lsp 0 Equation 4-50
Dis /o Le (+{s( o Y mp;) Lo LY Equation 4-51

4.3.3.Performance Limit States

4.3.3.1PinnedHead RCFST Shatfts
Pinnedhead RCFST shafts are controlled by a plastic hinge that develops inground.

As such, the flexural stiffness corresponds effectively to that of an RCFST section. Past
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research has shown that RCF§&Actionshavethree limit states: (1first yield of the tube

(2) onset of tube local buckling, and (3) tube fracture. This behavior has been observed in
different experimental studie®.g., Marson and Bruneau, 200&onzlezRoman et al.,

2008 Brown et al., 201p Brown et al.(2015) recommended a limit prior to onset of tube

local bucking based on the tensile strain of the tublellegss:

D :
& bucking = 0-021 =70 2 Fiung Equation 4-52

If the limit aboveis reached or exceed the steel tube would experience onset of
buckling in a subsequelttading cycle in compressioRurthermore, they suggested that the
strain limit at tube fracture can be taken0a825 These two limits, namely, tensile strain
prior tube local buckling and tube fracture, can be thought ddasge contradnd ultimate
limits, while a serviceabilityimit state can be determined when the tensile strain in the tube
is 0.015 or when the concrete compression strain is 0.004, whichever is siietedimits
are useful within a displacemelmased design approach, where the main goal is to relate
strainswith system displacemestTo do so, it is necessary to relate first strains to curvature
and then cwature to displacements.

The relationship between curvature and displacement was eswblish the
equivalent cantilever plastic hinge approach desdribethe previous sectio®@n the other
hand, assuming equilibrium and strain compatibility, the relationship between strain and
curvature can be established, as showfigure 4-42 and Equation4-62. Note that the
curvature limit state {{ s) is a function of either thextremetenson ({) or compresen (&%)

strairs and the neutral axis depth (oyhere the distance between extreme tension and
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compression fibers is calculated at the centerline of the steel tube, as sh&wyuaition
4-54. Note thatEquationd-62 requires knowledge of the neutral axis depth (c), which can be
determined from a momenturvature analysis.Alternatively, instead @& using Equation
4-53, curvature limit states could be determined flamomentcurvature analysis using the

appr@riate limits described before.

Figure 4-42Curvature and associated strains for RCE&dtions

f and 7

o |

Equation 4-53

LS, c —

D'=D 4 Equation 4-54
Although in the literature some authors argue that the hypothesis of equilibrium and
strain compatibility is not adequate, it has been shown from experimental and analytical
studies thathis assumption holds up until to onset of tube buckling and even beyond that
level (Brown et al., 2015)As it will be seen later in this report, the experimental data
collected in this study further validates the assuonptof equilibrium and strain

compatibility.
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4.3.3.2Fixed-Head RCFST Shatfts

Fixed-head shafts are controlled by the plastic hinge that developge grouncht
the columncap beam interface. Since the steel tube is cut short befocapgheeam, it only
provides onfinement to the concrete in the column. As such, the flexural behavior of the
top plastic hinge is characterized by the effective RC section confined by the steel tube,
namely, the steel tube does not contribute to the flexural streAgth.section legl, RC
shafts confined by a steel tube can be characterized with three limit states: (1) first yield of
the longitudinal reinforcement, (2) onset of bar buckliagd (3) bar fracture or concrete
compression failure. Strain values that relate to the afentioned limit states can be taken,
for example, as those proposedthe POLA Seismic Code2010) They provide strain
limits for operating, contingen¢yand design level earthquakes, which can be thought of as

serviceability, damage control, andtimate limits at a structural leveThis limits are

characterized by bar t e mwhiheversistsmaldr)nand 008 O .

or Qm(WhEHaver is smaller), respectivelwhere the parametékm corresponds to the
strain at maximum stress of the longitudinal reinforcement. Experimental results on this type
of elementdMontejo et al.,, 2012%uggest that thesalues are appropriate for RC sections
confined by steel tubes with D/t = 48. Regarding the relationship betefains and
curvature for RC elements, ig well known thatthe equilibrium and strain compatibility
assumptions appropriate The straircurvaturerelationship is depicted iRigure 4-43 and

Equation 4-55.
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Figure 4-43Curvature and aesiated strains for RGections

and f,= %: Equation 4-55

\,\
1
o |

LS, ¢

Note that the curvature limit state §) is a function of either the extreme tensiti) (
or compression) strainand the neutral axis depth (c). The distance from the compression
extreme fiber to the centroid of the extreme tension(thgrand the neutral axis depth (c)
can be calculated fromEquation 4-56 and Equation 4-57 (Priestley et al., 2007)
respectiveyl, where Roncis the dimeter of the RC section; @& the cover to the longitudinal
bars, and gl is the diameter of the longitudinal bais. is important to recognize that
Equation4-57 latter would produce an approximate value of the neutral@degigh;thus,
some iteration may be required. Alternatively, instead of usiqgation4-55, curvature
limit states could be determined from a morpeumvature analysis using the appropriate

imits described before.

d=D,,. -C, d—zb' Equation 4-56
c _ P :
5 =0-2 +0.65—— Equation 4-57
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4.4.Equivalent Viscous Damping of RCFSTs

The equivalent viscous dampingd) is a parameter that is used within the diect
displacement based seismic design metffrikstley et al., 2007gnd it is used to quantify
the energy dispation mechanism in a structural element as it experiences inelastic action.
As shown inEquatiord-58, this parameteincludes the contribution from the elastic vass
damping ¢w), often taken as 0.05, and the hysteretic dampang)(which corresponds to
the energy dissipation of structural elements in thesiielarange.

Xeqg = KX+ e Equation 4-58

Note that the elastic damping is corrected with a paranse(&quation4-59) that
depends on the hysteresis rule, represented ip the a meahdethe assumption on how
the elastic viscous damping is calculated. Past research has shown that good results are
obtaned with tangent stiffness proportional damp{Ryiestleyand Grant, 2005, while &
can be takenas0 . 318 based on experimental resul ts
hysteresis rule is appropriate for RCF§Bsown et al., 2015)

The hysteretic componenEguation4-60), on the other hand, can be determined
using the aredased dampings{s) approach proposed hlacobser{1930) as shown in
Equationd-61, in combination with a correction factor)cas shown ifequationd-62. This
factor was determined based on the results oflimemar time history analysg®riestley et
al., 2007) which showed that the arémsed approach may largely overestimate the

equivalent viscous damping.
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k= fn Equation 4-59

Xoyst =C¢ Xe Equation 4-60

Xag =

2A on 4-
oA Equation 4-61

am

¢, =(053m 409 x

40 §

Equation 4-62

As previously mentioned, the hysteretic component can be determined from
experimental data. This means thatEquation4-61, A: is the area inside of the force
displacementesponseof a structural member at a given ductility leve),(and A is the
area of a rigid, perfectly plastic member with the same peak strength and displacement as
the actual structural element. An examptehis calculation is presented Fiigure4-44, and
it corresponds to the force vs. displacement response from Test 1 at ductljtyld this

case A is the areanclosed by the blue line, while2As the area enclosed by the rectangle
represented with the dashed, red line.
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Figure 4-44 Area-based damping calculation example
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Using the formulation above, the equivatleviscous damping can be written as:

o
3

3 e Sa e 240 g
X, =(0.05) AT H2 A 30.53 mod 2 g Equation 4-63
(;p Az é‘ ,@ -

This expression can be used to determine the equivalent viscous damping of any
structural element, if the force vs. displacement response is available. In fact, with regards to
RCFST elementsBrown et al., (2015) utilized Equation 4-63 in combination with
experimental data to developed an expression that alfowsalculaing the equivalent
viscous damping as a function only on the Rtia and the ductility, as shown Eguation
4-64.

x,=007 &085 -0 m1
C 1000t g10.5-mp

Equation 4-64

It is important to notethat the expression above was developed based upon
experimental data on twelve largeale RCFST specimens tested in the air. This means that
for RCFST shaftshe expression above is lacking the damping contribution from the soil. As
such, as it will be gparent laterEquation4-63 was used for analysis of the experimental

and analytical data of this study.

4.5. Parametric Studies

4.5.1.Description
The goal of the grametric stugs is to provide parameters that supplement the
equivalent cantilever plastic hinge model for RCFSTs described in previous sections. For

that purpose, numerical simulations were conducted using the analytical model described
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before. This section describése parameters consiéer in the analyses as well as the

procedure utlized to determine the target parameters.

4.5.2.Parameter Definition

In terms of the structural configuration, the following variables were considered: (1)
the head fixity condition, (2) thehaft diamete(D), (3) the axial load ratio (ALR)(4) the
diameterto-thickness (D/t) ratioand (5) the aboveground length-diameter (/D) ratio.
Regarding the fixity condition, both pinned and fidedad condition were included
considering two diasters, that is 610 mm. (2 ft.) and2lPmm. (4 ft.), and axial load ratios
of 5%, 10%, and 15%These values were selected as they are typical expected values in
bridge desigrpractice Moreover,for consistency with the experimental dafdt ratios of
48, 64, and 95wvere considered. Regarding the/D ratio, valuesof 4, 8, and 12were
considered upon review of the bridge inventory of the Alaska Department of Transportation
and Public Facilities; typical values of existing bridges coongtdiwith RCFSTs ranged
from Ls/D = 4 through /D =12 These parameters are summarizedable 4-4.

Table 4-4 Structural parameters considered in the parametric study

Head Diameter ALR D/t La/D
Fixity (mm) (%) Ratio Ratio
Pinned 610 5 48 4
Fixed 1,20 10 64 8
15 95 12

Regarding the materials properties, expected values assamed. As suclthe
concrete compressive strength was takegés f= 3 6. 4 MB@ovdr,sanddering i ) .
steel tubes manufactured in accordance to API 5L x 52, the expected yield and tensile

strengts were taken asyd = 396 MPa (57.2 ksi) andwf= 500.5 MPa (72.6 Kki
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respectively As for the internal reinforcement (longitudinal and transverd8&p6 Gr. 60

steel was considered with expected yield and tensile strepgthd62 MPa (66 ksi) andef

= 605 MPa (88 ksi), respectivelf.he longitudinal and transverseest ratios were kept
constant for all simulations, with values of 2% and 1%, respectively. These values constitute

typical valuesutilized in current design practice.

On the other hand, regarding the soil parametes,simulations were conducted
using auniform soil layer of either sand or clay, considering three levels of soil stiffness,
namely, flexible, medium, and stiff, with correspondaffective unit weights 9) of 15.7
kN/m? (100 pcf), 17.3 kN/m (110 pcf), and 18.9 kN/fn(120 pcf), respectivelyFor sand,
assuming properties above the water talffrietion angles ) of 30°, 35°, and 40 with
correspondingoefficients of subgrade reactiom)mf 9500 kN/n® (35 pci), 27200 kN/fh
(100 pci), and 61100 kNA(225 pci)were selectedThe selectedriction angles represent
average values of loes medium, and dense sand. The coefficients of subgrade reaction
relate to each type of sand, respectively, and they were selected based on the values
recommended by thdAASHTO Guide Specification for LRFD Seismic Bridge Design
(AASHTO, 2011) For clay, on the other handindrained shear strengths (©f 12 kPa
(250 psf), 36 kPa (750 psf), and 72 kPa (1500 p&fle consideredvith corresponding
strains at 50% of the ultimate strengtlof of 0.02, 0.01, and 0.005, respectivefhese
parameters were selected based on typical values used in commercial software for soft clay,
medium clay, and stiff clay. The soil parameters usedthe parametric study are

summarized inTable 4-5.
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Table 4-5 Soil parameters considered in the parametric study

Soil Strength and Stiffness

Sand Clay

Soil Soil 2 (0] N Cu
Type Profle  (kN/m3  (°)  (kN/m3) (kPa)

Sand Flexble 15.7 30 9500 12 0.020
Clay Medium 17.3 35 27200 36 0.010
Stiff 18.9 40 61100 72 0.005

Go

4.5.3.Procedure

The first step consisted adfonductingthe numerical simulations. Based on the
parameters studied, 648 simulatiorssulted from their combinationAs previously
mentioned, the analytical model was developed using the OpenSees framework software
(McKenna et al., 2000)The simulations were conducted up until ductility gk), as early
modeling efforts indicated that a damage control limit state would be reached at that level of
displacement. The loading protocol consistetl the same protocol utilized for the
experimental prgram, that is, it had elastic and inelastic portions using stgle and
threecycles, respectively, in displacement controlled increments. The sequence of
operations conducted for each simulation consisted of:-(Arprve analyses to determine
the poperties of soil springs; (2) a momeanirvature analysis to determine the first yield
curvature; (3) a monotonic pushover analysis to determine displacement at different
performance levels of the loading protocol; and (4) a cyclic pushover analysiserffote,
in addition to the analytical model, momemurvature analyses were conducted to determine
some of the required parameters. The remaining of this section describes each of the

parameters studied.
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4.5.3.1Section Analysis

Momentcurvature analygs were coducted to determine the vyield curvature
parameter (¢) and the corresponding neutral axis depth (c). The former can be determined
by normalizing the equivalent yield curvature, as showkqoation4-65, while the latter
was obtainedrém interpolation of the momeourvature results

The analyses were conducted for: diameters (D) of 610 mm. (2 ft.), 1220 mm. (4 ft.),
and 1830 mm. (6 ft.); diamet#o-thickness (D/t) ratios of 48, 64, and 95; and axial load
ratios (ALR) of 0%, 5%, 10%, and 15%. These parameters are summarizzoled-6. All
the momentcurvature analyses were conducted using longitudinal steel yaid 2%.

f,D .
Gy = Equation 4-65
ey(tube)

Table 4-6 Parameters considered in the section analyses

Dl(z:nmn?)ter Dt ?(I)_/OI?
610 48 0
1219 64 5
1829 95 10
15

4.5.3.2PinnedHead RCFST Shatts

Based on the formulation of the proposed equivadantileverplastic hinge model
for RCFSTs, the parametersequired for pinne¢head shafts include the depth plastic
hinge (Hg), the yield displacement parametet){cand the equivalent length gL The
parameterHig was determined from each simulation by averagdheg depth to maximum
moment at each ductilit level. For pinne¢head shafts, the depth to plastic hinge

corresponds to the effective length)Las shown irEquation4-66. Regarding ¢ it was
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backcalculated fomthe yield displacemer{Equation4-67), while the plastic hinge length

(Lp) was determined from the plastic displacement at each ductility level, as shown in
Equationd-68. Note that all the parameters to the righEguation4-66 throughEquation

4-68 were determined either from the simulations results or the meouewdture analysis.
Details regarding the definition of each of those parameters can be found in the description

of the proposed model in sectich3.

L. =H, Equation 4-66
D .
6= Equation 4-67
Ds - P
L, = Equation 4-68
" (fLS - 5) Le q

4.5.3.3Fixed-Head RCFST Shatfts

The procedure to determine the parameters for fhesatl shafts was similar to that
for pinned head shafts with a couple of minor differences. The yield displacement parameter
(c1) was calculated in the same mantruit recognizing that the yield curvature corresponds
to the top plastic hinge, as shownHguation4-69. The effective length @), on the other
hand, includes the effects of strain penetratiog)(las presented iBquation4-70. The
other difference in fixechead shafts is that the length of the top plastic hinge was fixed.
This resulted on the need to determine the paranfetdequation4-71), which is a
correction factor that modifies the effective length to adjust the plastic displacement and
math results from the simulations. Note that all the parameters to the rightation4-69

throughEquatiord-71 were determined either from simulationsuésor momenrturvature
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analyss. Details regarding the definition of each of those parameters can be found in the

description of the proposed model in sectibB.

6= — Equation 4-69
y(top) Le
L.=H, 4+ Equation 4-70
b= DLS - yD

Equation 4-71
(fLs(top) - I:(to;)) L # top L

4.5.3.4Equivalent \’sscous Damping

Using the force vs. displacement response of each simulation, the equivalent viscous
damping wascalculatedat each ductility levelg) using the method described in the
previous section. For cqtetion, the equation is repeated hereegsation4-72. Note that
the equation below can be applied to both pinned and-fieed specimens. The parameters
A1 and A were calculated from the force vs. displacement loops at each cycle of the three
conducted at each ductilitgX. Then, results were averaged to obtain a single value for each

ductiity (e) level

Q)

ol3

‘|- O: O
8
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O We
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Equation 4-72
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CHAPTBR

5. EXPERIMENTAL RESULTS

5.1. Experimental Observations

This section presents summaryregardingthe experimental observations made
during andafter testing of twelve RCFSTile-column specimens. Measured material
properties, specimen details, and measured respons@rav@éed along with a short
discussion of the results and observations. Brief conclusions regarding specimen capacity
and failure modes are also provided.

For completion, the experimental test matrix is presented agaiiabie 5-1. The
experimental program was divided into three phases; each consisted of experimental testing
of four RCFSTpilec ol umn speci mens. |t i s wkable5i not i n
(next to the values corresponding to a D/t ratio of 95) represents a particular feature
observed on tests 3 and 4. As a consequence, those tests were repeated anddpegdorre
to tests 5 and 6. Therefore, while tests 5 and 6 look similar to tests 3 and 4, respectively,
there is a difference related to the failure mechanisnthefspecimens, whiclwill be
discussedn subsequent sectiongn addition, due to issues relatéal instrumentation and

also to effective alteration of the soil stiffness, test 9 corresponds to a repetition of test 2.
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Table 5-1 Experimental test matrix

Nominal  Nominal

Test Nominal Soil Sucharge  Aboveground

Phase No. Dlaim)eter Thliilzr;ess DIt (psf) Height (f)
1 12.00 0.250 48 None 5.50
2 12.00 0.250 48 960 5.83
! 3 12.75 0.135 95 None 5.50
4 12.75 0.135 95+ 960 5.50
5 12.75 0.135 95 None 5.69
6 12.75 0.135 95 960 5.88
2 7 12.75 0.188 68 None 5.77
8 12.75 0.188 68 960 5.77
o] 12.00 0.250 48 960 5.77
10 12.00 0.250 48 None 7.77
3 11 12.75 0.135 95 None 7.69
12 12.75 0.188 68 None 7.69

5.1.1.Material Properties

5.1.1.1Steel Tube

Steeltubetension tests were performed on coupons that were machined from a ring
of material cut off the end of orseel tubeof eachtubewall thickness utilized. All tension
tests were conducted in accordance vASITM A370-14 (2014) using a MTS highforce
test system in combination withe Optotrak system, which was used to determine strains
using a 2inch gauge lengthRates of 0.25 in/min and 1.0 in/min were usedajand after
the yield point, respectivelfzigure5-1 shows an example of thension tests performed on
steeltube samples Three coupons were tested in the longitudinal direction oftabe
anotherone was testeth the transverse direction, and another one was tested with the spiral

weld positioned in the middle of the gauge lengih shown irFigure 5-2; stressstrain
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curvesof the test conducted on steel coupons are presenkadure5-3 throughFigure5-5.
Tension test results are summarized'able 5-2 throughTable5-4. In these tables, values
of yield strength were calculated using two approaches, namely, the offset method (0.2%

offset) and the extension under load method (0.5% EUL).

Figure 5-1 Example of tests performed on steel taoepons
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