ABSTRACT

BROWN, NICOLE KING. Strain Limits for Concrete Filled Steel Tubes in AASHTO
Seismic ProvisiongUnder the direction dflevyn Kowalsky, Ph.D.and James Nau, Ph)D.

Reinforced concrete filled steel tubes (RCFSTs) are commonly usexddgs pipe
piles inhigh seismic regions. The pipales consist of reinforced concrete encased in a steel
tube and are constructed as drilled shafts or driven piléhe steel tube is used as a
permanent casing which eases construction and reduces labor caston€iete is confined
by the steel tube, increasing the compressive strength, and the concrete core prevents the
steel tube from buckling inward.

This research program presents experimental tests performed on twelvsciliege
RCFSTs. The pipeiles were subjected to reversed cyclic fqaoint bending with a
constant moment region centered in the pile. The tests focused on two variables which could
affect the initiation of buckling and rupture of the pipe piles: (1) diantetdrickness ratio
and (2)internal reinforcement ratio. The largeale specimens consisted of outer diameters
of either 20 inches or 24 inches and diam#tehickness ratios ranging from 33 to 192.
Internal reinforcement ratios ranging from 0.78% to 2.43% were tested iaitieterto-
thickness ratios of 128, 160 and 19Phe results were examined to determine the effect of
D/t ratio and internal reinforcement ratio on the initiation of buckling and rupture of the steel
tube, ductility, damping, and strain compatibility.

Analytical tests were performed in order to compare the curvature distribution and
plastic hinge length of RCFSTs and converaioreinforced concrete columns. A finite

element model was created to capture the monotonic response of the specimens.
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1 INTRODUCTION

1.1. Background

Concrete filled steel tubes are used in a variety of structures including bridge
columns, high rise buildings, and power plants. They are especially used in structures where
large moments and displacements must be resisted, such as high seismic regions. They have
many advantages oveonventionaleinforced concrete and hollow steel tubes.

The composite system combines the high tensile strength and ductility of steel with
the compressive strength and stiffness of concrete. The steel tube is located at the perimeter
of the section, where it is most effective in resisting moments and increases the moment of
inertia of the system. The concrete core is confined by the steel witodases its
compressive strength and ductility. The expansion of the concrete delays the buckling of the
steel by not allowing it to buckle inward. The system also has high displacement capacity
and energy dissipation which is favorable for seismgigie The compsite construction
has economi@nd construction benefits. The steel tube serves as formwork for the column
which allows the structure to be constructeare easily and quicklyeducing labor costs.

Concrete filled steel tubes (SFs) have been constructed for over 50 yeamnd have
becomeincreasingy more common in a variety of structures as the behavitris systenis
becoming better understood. Their primary use has been in axial applicdtignas
understanding otheir flexural behavior andtheradvantagescreasesthey are being used
more commoly in high seismic areasCFSTsare currently used all over the world in a

variety of structures.Over 200 arch bridges in China have been constructed with concrete



filled tubes,such as the Hanjiang Bridge in Wuhan GBhen & Wang, 2009) They have
also beentilized in bridges throughout Alaska

There has been substantially less reseeotitlucted ongndfewer field applications
of) concrete fillel tubes with internal reinforcement, referred to as reinforced concrete filled
steel tubes (RCFS). The study oRCFTSsis important for several reasonBirst, there is
little research availablécused on pipes with relatively thin wallse. relatvely large D/t
ratiog where he internal reinforcement could have more of an impacbehavior since it
represents a larger proportion of the total steel.afdso, internal reinforcement irelatively
thin-walled pipes is necessary in case of cowosof the stel wall.

Although RCFST columns are less common than CFSTs, an example of their use in
t he OO6Mall ey Br i dighkgurelal. IA thia ex&mgple, ithe pipe pile serves
as a column above ground amd the undation underneath the surfaceThe current
research focwed on these pipgile systems with internal reinforcement. They can be
constructed either as drilled shafts, where the pipe is placed in the ground then filled with
concrete, or as driven pilewhere they are constructed first and the pile is driven into the
ground (Figure 1-2). Under the effect of seismic forces, these piles develop two potential
plastic hinges (locations of damage). The first will most likely ocduthe top of the
column, at the pileap interface. At this location, there is a gap between the steel tube and
the cap and thus the internal reinforcement provides the necessary flexural strength in this
location. The second plastic hinge forms betpwund, where the steel tube also contributes

to the flexural strength of the system. The behavior of the plastic hinge at the top of the



column is welunderstood and can be designed the plastic hinge located underground is

less understood arnsithe focus of thisesearch

Figure 1-1. O'Malley Bridge (Courtesy of Elmer Marx)

Driven Pile Drilled Shaft

Figure 1-2: Construction of Driven Pile and Drilled Shaft



1.2. Research Objective

Available research has shown that Concrete Filled Steel Tubes (CFSTs) and
Reinforced Concrete Filled Steel Tubes (RCFSTs) have satisfactory performance but many
guestions remain about their behavior. These questions én¢llidthe impact of internal
reinforcing steel on the behavior of the pilelumn, (2) the accuracy of analysis methods in
predicting momenturvature and forcdisplacement responses, (3) the impact of the ratio of
tube diameter to tube thickness raft(ratio) on strain limits associated with serviceability,
repairable and ultimate responaad(4) the plastic hinge length for the bela@round plastic

hinge developed in the pileolumn.

1.3. Scope

The research program was initiated with a thorough lileeateview to determine the
current state of knowledge of CFSTs and RCFSTs. ekperimental portion of theesearch
consisted oftwelve largescale tests, tested meversed cyclidfour-point bending, witha
constant moment region in the centeeathspecimen. Theestedpiles differed in D/t ratio
and internal reinforcement ratio. Test results were examined to determine the strains
associated with various limit states, the momanwature response, aride ductility. A
finite element model was crea to capture themonotonic response of the specimen
althoughmore work needs to be performed on the model to captureeipmnseof the
specimes under cyclic loading Lastly, the experimental results wetsed to guide the

development oflesign recoomendations.



1.4. Layout of Document

This document will begin with an overview of past research performed on concrete
filled steel tubes, with and without internal reinforcem@dhapter 2 Observations and
photographs of all twelve experental tests will beshownin Chapter 3 Chapter 4 will
contain data analgis from the experimental tests, and the reswits be explained and
compared on the basis of D/t ratio and internal reinforcement ratio. After the results of the
experimental portion of the resehrprogram, the plastic hinge length compared to a
conventional reinforced concrete column will be explare@€hapter 5 The progress of the
finite element modelinder monotonic and cyclic load historiggl be explainedin Chapter
6. Chapter Awill concludethethesiswith a summary of the results, design recommendations

and recommendations for future research.



2 LITERATURE REVIEW

Literature on the subject of AConcrete
the 1950sas noted by Park (1983) akahowles (1969). Although there has been substantial
research on rectangular concrete filled steel tubes, it is not relevant tesegascrand will
not be included. The focus of past research can be divided into five areas: (1) Axial loading,
(2) Level of confinement, (3) Strain compatibility, (4) D/t rati@nd (5) Internal

reinforcement ratio.

2.1. Axial Loading

The primary use of Concrete Filled Steel Tubes has been as compression members
and thus the majority of research surrounding these specinagmded axial load to the
specimen. The literatureovered variedaxial load and its effect ospecimenbehavioris
included in this section. The literature wherein axial load is held constant and other
parametersire variedwill be discussed later.

Fam et & (2004) tested five short column CFSTs, 457 mm long, 152 mm in diameter
and 3.12 mm thick resulting in a diametetthickness ratio of 49. The specimens had two
loading configurations: one column was loaded across its entire cross section, and the
remainder of the tests loaded only the concrete core. The column loaded across the
composite section had a lower yielding load but the loading method had less than 3%
difference on the axial capacity of the column. The study also consisted of five beam
column tests, with the same variation in axial load application and a cyclic lateral load

applied at miespan. In both loading scenarios, an increase in compressive axial load

F



increased the lateral capacity of the system. When the composite section ves &rad
increase in axial load decreased the yield moréttie section, and/hen the concrete core
was loaded there was no significant change in the yield morfiearh, Quie, & Rizkalla,
2004)

Elremaily et al (200p performedtwo-third scalel experiments on CFSTs with a
constant axial load and lateral seismic loads. The project consisted of ten tests with many
variables; however the CFSTs in all performed in a ductile manner with high energy
dissipation, which is favorable f@eismic design. Considering only the impact of axial load,
the columns with higher axial compressive load resulted in higitisrate momentcapacity

as agrees with the experiments of Fam, é2@04) (Elremaily & Azizinamini, 2002)

2.2. Level of Confinement

The steel tube in a CFST provides confinement to the concrete core. Researchers
accept that the confinement effect of a steel tube is higher than thataivantional
reinforced concrete system. Many projecsédattempted to quantify the additional increase
in confinement in the system. In typical reinforced concsetgionsMander 6 s mode |l
most common method of calculating the confined concrete strength and assumes that the
transverse steel yieldstieu | t i mat e moment . The confined

is shown inEquation2-1 (Priestley, Calvi, & Kowalsky, 2007)

Wy h 8 8 <t

= —H Equation 2-1
Hh Hh



Elremaily et al.(2000)determined that assuming the transverse steel yields was not
appropriatdor CFSTs due to the biaxial state of stress in the tube. Although they performed
six experimental tests, the lateral strains were not able to be measured in the experimental
setup. To calculate the confinement effect, they assumed that the pipe$ dieldha the
transverse direction and used the Von Mises criterion for steel to calculate the corresponding
longitudinal stresses for a chosen transverse stress. Using a range of lateral stresses less than
yield, they used Ma ®edoefing stressimid eutve df the conarétee u |l at €
After their analysis, they recommended that a hoop stress of 0.1Fy is appropriate for CFSTSs.
(Elremaily & Azizinamini, 2002)

Chitawadagi et al (2009) predicted the dnement of the concrete core using the
confinement factor and flexural strength index proposed by-lHann 2004. HarLin
summarized a variety of past experimental tests to quantify a value for confinement of the
concrete core. Thexpression fothe con f i n e me n tis shoavrt ibEquatior( 22 )The
confinement factowasthen used to calculate the flexural strength index, wivatused to
calculate the flexural strength of the section as shown bel@quation 23. The additional
steel provided by a CFST increased the confinement factor, which also increased the strength

and ductility of a system, as would be expec{&titawadagi & Narasnhan, 2009)

v ! ET! E Equation 2-2
r PP ™M PImd v Equation 2-3
- r 7 A Equation 2-4



Rupp et al (2012) summarized five axial load test results E®TGtested between
1987 to 2000. The first model created by Zhong and Miao in 1987, divided the response into
three sections. The first portion is linear and occurs before the steel tube yields, after yield of
the tube they performed ultrasonic testptove that the concrete crushes inside of the tube
and the concrete strength almost plateaus. The model created by Cai in 1987 was also
divided into three parts. However, Cai stated that before the concrete, theckteel tube
has no restraining eft¢ on the concrete. As the compressive longitudinal strains ingcrease
the transversstrainsalso start to increase. The concrete core will begin to expand outward
applying a lateral stress against the tube and thestube begins to confine and stydren
the concrete. From this point until yielding, the str&isain curve is relatively linear. After
the steel tube yieldshe stiffnessdecreases but the concrete continues to increase in strength.
The increase in strength after yield depends upenthickness of the tubéhe thicker the
tube the higher the increase in streng{Rupp, 2012)

In 2001, Susantha et al. created an empirical model based on multiple tests. In 2008,
Hatzigeorgiou built on the tests by&nthaet al. (2001)with additionalexperimental tests
and analytical resulfsandcreated a stresstrain response that was also divided into three
distinct sections. The firstaslinear until the steel yieldsn the secondhe stress increases
paraolically until the peak compressive stress the third, the stress decreases until
crushing. The peak compressive stmgascalculated by summing the compressive stress of
the unconfined concrete and a factor dependent on the transverse stressinetehaube.
Il n 2000, O6Shea and Bridge adjusted the con

compressive strength to match test results. The resulting equation is shBgunation 25



and the definitionof the variables are expressedHquation 26 throughEquation 28.

(Rupp, 2012)

£ £ pPEBUPXP — — Equation 2-5

T et B %" — Equation 2-6
Toi ui ,H;!' Equation 2-7
WH  H 8 M ;I_hh Equation 2-8

The interesting facet from this model that is not shown in the other models is the
impact of the concrete strength on the lateral stressitutbe andn the ultimate confining
strain. Rupp evaluat the effectiveness of these models with experimental tests. The model
created by Zhomn and Miao (1987) was most accuratenowever it only prediced the
ultimate strength(not theoverall responsg The models created by Susan{B@01) and
O 06 S {20@) were not as accurate as the model created by Zhong and 1\di@6)but they
did predict thestressstrain curve of the confined core. The model created by Hatzigeorgiou
(2008) was found to only be accurate for a small range of columns and was not
recommended to be used to predict the confinement in a CE&ipp, 2012)

A series of tests was performed by Fam et al. (20€gted5 short columnsn axial
compression, and an additional 5 columns were subjected to axiatessiom and reversed
cyclic lateral load. The five axial compression tests examined the efféwt tifbecorebond

andthe loading conditions (pipe and core, or core only). All specimens had a D/t ratio of 49.
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The authors concluded that the loads weghéi in the case of columns where only the core

was loaded. This was attributed to the higher level of confining stress. When both the pipe
and core were loaded, the pipe compressed and expanded, thus reducing the confining stress,
as opposed to the caséave only the core is loadedhich mobilizedhigher levels of radial

stress in the pipe. As was the case for the work of Elremaily et al. (2002), Fam et al. also
appliedthe Von Mises yield surface to characterize the longitudinal strain in the steel for
bonded specimens, and specimens subjected to core and pipe ld&aimy. Quie, &
Rizkalla, 2004)

Park et al. (1987) studied the medixial stress state of concrete filled steel tubes. He
created a lateral interaction modedsed on thirtghree tests performed by Tomii et al.
Tomii et al.tested specimens with D/t ratios ranging from 19 to 75. The reseaditheist
specify how the strains on the specimens were megsweever they were able to measure
longitudinal andlateral strains on the outer surface of the steel tube. They loaded the
specimens axially in compressjoand in tension. In these testbe lateral strains were
about 75% of the longitudinal strains, reaching values of about 3%.thirhevalled pipes
resulted in higher lateral strains than the thickled pipes. From these test results, Park
created two lateral interaction models: one for the specimens in tension axial loading and one
for the specimens in axial compression loading. Park recogaizaedltiaxial stress state

exists in the system due to the lateral confining strains and lateral strains induced by the

l ongitudinal strains and Poissonb6és ratio an

(Park, 1983)

11



When the specimens were loaded in tension, the steel tube attempts to contract
| aterally more than the concrete due to a h
strains create cracks in the concrete core, the strain gradient over theoletingtlspecimen
changes. The longitudinal strains and stresses are higher in the steel tube at the location of
the concrete cracks. Parkds | ateral i nter a
strains and assumes the strains are compatibtssaenultiple sections. He acknowledges
two limitations of this model. The first is this model was created based on results from
smaltscale testsand there was minimal shrinkage of the concrete core. In a larger
specimen, thehrinkage in theoncretewould be largerand may result in a gap between the
steel tube and the concrete. The second limitation that Park noted was that the model was
created only for axial tension loading and cannot be applied to sections with lateral loading.
(Park, 1983)

Park created a similar model for a concrete filled $ubeaxial compression loading.
Under low loads, before yield, a small gap will develop between the tube and the core
because the Poissonos lylaagerithan tleaf of thelcencrete cere.| t u
As the | oad i ncr e athecencretd increaséddara quiskly thanghatrofat i o«
the steel, closing the gap between the material. Once this gimgedthe concrete core will
begin topushlateraly against the steel tubéark, 1983)

As mentioned earlier, thievel of confinementprovided bya steel tube is much
higher thanthe level provided im t ypi c al reinforced concrete
overestimates theonfined concrete stress when the core is confined by a steel tube. In

compression loadinghe confining effect of the steel tube is delayed since a small gap forms

12



bet ween the two materi al under | opthenomenads .
into account which leads to an underestimation of the strain at maximum stress. The strain at
maximum stress differs based on the diam#tekness ratio of the tube. A smaller gap
forms in the thinner piles and the confining effect begins earlier lgadima lower strain at
maximum stress than a thicker pile where the confining effect is delayed longer. However,
as expectedthicker piles confine the concrete core more and increase the compressive
strength more thado thinner piles(Park, 1983)

Park created the lateral interaction models based on test results by Teirahaind
checked the results by performing tests of his own with a diameter to thickness ratio of 25.6.
He performed tests under three different logdoonditions: monotonic compression,
monotonic tension, and cyclic tension and compression. Park compared the compression
interaction model created with uniaxial compression tests with a diameter to thickness ratio
of 25.6. He observed that the laterthss reached about 80% of the longitudinal strains at
ultimate strength, however he did note that before yield the lateral strains wer@030%f
the corresponding longitudinal strains. These lateral strains are higher than that seen in
empty tubes duto the expansion and confinement of the concrete core. When the specimens
were placed in tension, the lateral strains were -B0% of the longitudinal strains. He
found that the lateral interaction model he created for both compression and tensiosh worke
well when the longitudinal strains are below 8%, after this point the longitudinal stresses
were overestimated and the lateral stresses were weskimated. This was attributed to
assuming a constant longitudinal stress at a high strain in the laterattion model(Park,

1983)
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2.3. Strain Compatibility

Strain compatibility between the concrete core and the steel tube implies a perfect
bond between the steel and the concrete. Current analysis methods for predicting-moment
curvature responses and fowtisplacement responses are based on the assumption that
strains are compatible throughout the section. One of the problems addngsksecturrent
researchs whether strain compatibility exists in concrete filled steed¢sufpvith and without
internal reinforcement), and whether current analysis methods accurately predict the response
of the member. Many researchers have assumed strain compatibility in calculating flexural
strengths and have found that their predictiongtch well with the experimental results.
However, measuring strains inside the concrete core are difficult and there have been few
tests which measure straibsthinside the core and on the surface of the steel tube to prove
this assumption.

In 2004, Brumeau and Marson compared a database of tests to the provisions in
various codes calculating flexural strength; they found the codes were generally conservative.
They developed a model with closed form solutions for moment strength, based on
traditional pinciples of equilibrium and compatibility. While they did not present detailed
data comparing their model to past tests, they did indicate that their model resulted in an
average ratio of experimental to predicted strength of 1.38, with a standardattewiadi.8.

Their model is the basis for the current hand calculation methods in the AASHTO Guide
Specifications for LRFD Seismic Bridge Desighlarson & Bruneau, 2004)
In addition to the closed form solutions to calculaéxdkal strength, Section 7.6 of

the AASHTO seismic guide specifications for concrete filled steel pipes allows the use of
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strain compatibility and equilibrium which applies to all sections, assuming bond between
the steel tube and concrete core. This eacis only applicable for pipesitlout internal
reinforcement.

Aly et al. (2010) utilized a section analysis approach employing the usual
assumptions of equilibrium and compatibility and obtained good agreement with their test
data. They utilized a stressrain curve for confined concrete whose origin is not
immediately obvious; however, it does include the effect of confinement on the strain
capacity of the concretélThayalan, Aly, & Patnaikuni, 2009)

Gonzalez et al. (2@) 2009)tested18 largescale concrete filled pipe piles with
internal reinforcement undéour point reversed cyclimading Of the 18 tests
in diameter and 3906 bpeangnsvewhei |1e2 ot hien rdeinaamenti
long. The pimary purpose of these tests was to study the impact of the spiral welding
manufacturing process on strength and ductility. As a consequence, all 18 tests had the same
D/t ratio of 48. Envelope predictions of the hysteretic response were conducted using
moment curvature analysis with the usual assumptions of strain compatibility and
equilibrium. Accuracy of the predicted response can be sedfigire 2-1. (Gonzalez

Roman, Kowalsky, Nau, & Hassan, 2008)
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Figure 2-1: Typical force-displacement response and envelope prediction for concrete filled pipe pile with

internal reinforcement (Gonzalez, 2008).

The bond between the steel tube and concrete ceagesrstrain compatibility. There
have been many studies on the bond between the shell and core. The majority of these
projects have specimens tested under axial loading with different conditions on the interior of
the steel tube.

In 1968, Furlong condgtted a series of tests on concrete filled steel tubes under
different bonding and loading conditions. The interior of the steel tubes were either greased
or nongreased and the specimens were either subjected to pure axial or pure bending loads.
As expeted, the curves for the greased (unbonded) anegreased (bonded) were very
close for the axial load tests since both of the specirmemsexpected tdave the same
longitudinal strains. The two curves were also very similar for the flexural tests i@

researchers found surprisinBased orthese results, they concluded that bpravidedlittle
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or no strength contribution to the systeand the strength came from the physical pressure
between the steel tube and the concrete ¢Buglong, 1968)

Virdi and Dowl i wmautperfesrt med ni pluds7hs . The
bond strength was a function of interlock caused by surface roughness and variation of the
circular cross section. They appear to be the firstarchers to propose a bond strength,
which they reported to be 145 p@¥irdi & Dowling, 1975).

Twelve concrete filled steel beams were tested by Lu and Ken{i®€®&2) under
monotonic four point bending. It is important tote that these were rectangular sections
approximately 150 mm in width but the results are valuable to this research. The
instrumentation used was able to measure the slip between the steel and concrete. No
appreciable slip occurred and the slip remaireddtively small until the maximum moment
was reached, when slip of 0.5 mm to 1 mm oc
moment region and attributed this to the relativeveneent between the steel and the
concrete when the steel buckled and tbacrete crushed. Foil type electrical resistance
strain gages measured the strains on the steel tube and strains in the concrete core were
measured between demec points fastened to the concrete in the compression zone. The
strains on the steel tube amuside the concrete core agreed with one another and the
researchers concluded that the section behaves as a composite section and the strains were
compatible across the different materiglss & Kennedy, 1992)

In 1999, Kilpatrick and Rangan tested CFSTs under three different bond conditions:
maximum bond, partial bond and minimum bond. The maximum bond condition was

created by inserting screws through the thickness of the steel tube and into the concrete core,
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acting as sher studs; the specimen was then treated in an acid bath, and alkaline bath to
improve the chemical bond between the steel and concrete. The partial bond condition was
created by removing the grease on the interior of the steel tube. The interiortetttalse
was greased to create a minimum bond between the two materials. The test results showed
that the bond conditions had almost no effect on the axial load capacity of the specimens and
a small effect (less than 8%) on the flexural capacity of ékstis1. These tests were small
scale (102 mm in diameter) and the researchers cautioned that in larger sections the shrinkage
of the concrete could lead to a gap between the core and the shell and this could lead to a
reduction in composite action, howevéhis gap would likely be closed by concrete
expansion(Kilpatrick & Rangan, 1997)

In 2006, Nezamian et al. studied the bond between the steel and concrete by
performing puHlout tests, pusbut tests and cyclic tests offtdéien reinforced concretdled
steel tubes with different concrete plug lengths. In the first phase of their workupidists
were done on each configuration, and then axial cyclic tests were conducted on identical test
units at 25 to 40% of the wihate pultout strength. The second phase of work consisted of
the same procedure except with push tests. The axial cyclic tests were then concluded
with a pultout test to failure. In the putiut tests, the loads were applied by pulling on the
internal rebar. For the pustut portion, only the concrete was pushed with a steel plate.
They measured the bond strength and the maximum slip of each test. The cyclic tests
resulted in lower bond strengths than the push out and pull out bond strengthstafih
pull-out bond strength was 4.27 MPa, the static push out bond strength was 2.37 MPa and the

cyclic bond strengths were 2.77MPa and 1.70MPa. These values are significantly higher
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than values reported by past research; the researchers attribisted the presence of
internal reinforcement and the use of a smaller concrete plug. The slips measured in the
cyclic portion of the tests were quite low (less than 1 mm), however the slip did increase as
the bond strength decreased with more cy¢ezamian, R., & P., 2006)

Elchalakani et al (2001) conducted extensive tests on-scale concretélled steel
tubes. The researchers observed no visible slip and their,mddeth measured strains both
inside the core andnothe tubeindicated no slip. Their predictions assuming no slip agreed
with the experimental flexural response of the specimiishalakani, Zhao, & Grzebieta,
2001)

Roeder investigated the bond stress and leWetomposite action of CFSTs in
bending. The researchers performed 20 lagde experimental tests investigating the effect
of the diameter, thickness and shrinkage on the bond stress between the steel tube and the
concrete core. The slip between the tmaterials at the ultimate load was approximately
0.25 mm, which is about 0.1% of the outer diameter. The researchers also found that larger
diameters and larger D/t ratios decreased the compatibility between the shell and the core. In
a following progct, Roeder et al. greased the interior of some of the steel tube casing and
found that even when greasing the interior of the shell, the bearing provided by bending was
enough to ensure composite actifRoeder, Cameron, & Browri999)

Park (1987) performed moment curvature analyses to create theoretical monotonic
envelopes and compared these to experimentally obtained cyclic responses. In these
calculations multiple assumptions were made:plde sections remain plane) @rains are

linear across the section, (3rfect bond eists between casing, longitudinal reinforcement
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and concrete, (4ptal buckling of the steel casing was assumed not to alter the sthass
characteristics of this material. The researchevgldped a lateral interaction model which

was used to model the confined streBsin curve of the concrete core. In general, the
envelope of the experimental responses was in good agreement with the theoretical response.
Lateral force deflection predions were also created and had good agreement with the
experimental responses. However, it will be noted that the specimens Park tested had steel
end plates welded to both sides of the specimens which could have forced strain

compatibility within the seabn. (Park, 1983)

2.4. D/t Ratio

It has been well established that slenderness parameters influence the capacity to
develop full moment strength in hollow steel tube sections. In the case of these hollow steel
tube sections, the oent AASHTO Guide Specifications for LRFD Seismic Bridge Design
require a hollow pipe maximum D/t of 0.09E/Fy for essentially elastic elements, and
0.044E/Fy for ductile elements. For typical values of E and Fy (29,000 ksi and 50 Ksi,
respectively) thismplies D/t limits of 52 (elastic) and 26 (ductile). While these limits may be
suitable for hollow sections, they are likely oveclynservative for concreffdled sections
(Boyd, Cofer, & McLean, 1995)

Boyd investigated the dkural behavior of five CFSTs subjected to a constant axial
load and reversed cyclic load. All the specimens were 8 inches in diameter and had D/t ratios
of 73 and 107. The researchers found the steel shell increased the energy dissipation when
comparedto conventional reinforced concrete columns. They also found a thicker shell

resulted in a higher flexural strength and energy dissipation than those with a thinner shell.
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However, the piles with higher D/t ratios resulted in a higher deformation capddiis is
not what was expected and the researchers attributed the higher deformation capacity to the
steel pipe having a higher ductility than the thicker piBeyd, Cofer, & McLean, 1995)

Bruneau and Marson (2004) testedr CFST bridge columns with diameters ranging
from 324 mm to 406 mm and diametieto T thickness ratios of 31, 42, 5and 64. Unlike
the tests performed by Boyd, the thicker pipes had a higher deformation capacity than those
of the thinner pipes. Ispecimens with D/t ratios of 34, 4and 64 buckling occurred at
drifts of 2% and 3%. The thicker pipe (D/t = 34) buckled at 3% drift, one cycle later than the
tests with D/t ratio of 42 and 64, which showed signs of buckling at 2%. The test with a D/t
of 51 showed signs of buckling at 0.75% drift, the researchers noted that this was unexpected
but offered no insight into the inconsistency when compared to the other tests. The tests with
D/t ratios of 42 and 64 ruptured at a drift of 7%, the test wibtitaatio ruptured at a drift of
6% and the testing equipment stopped working during the test with a D/t ratio of 34 and the
test was not completed. As a summary, the thicker pipes buckled later but all the tests
ruptured at approximately the same dnftich higher than the buckling driftéarson &
Bruneau, 2004)

Chitawadagi et al2009)tested nine piles ranging in D/t ratio from 22 to 51 and three
concrete strerths. The smalbcale specimensyith diameters ranging fra 44mm to
64mm, were tested under flexure to examine the flexural strength and deformation capacity.
The researchers defined the &gt Increased Factor (SIF) aSIF= (MCFT 1 M-

Hollow)/Mcore. There was a nonlinear variation between SIF and the D¢, rand the
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lower D/t ratios had a higher SIF. The ultimate curvatures varied over the range of tests but
there seemed to be no correlation between the D/t ré@bgawadagi & Narasimhan, 2009)

Elchalakani et al(2001) conducted multiple research projects to examine the effect
of the diameter to 1 thickness ratio on the performance of CFSTs. The first in the series of
project tested specimens 1500mm in length with D/t ratios ranging from 12 to 110 in pure
bending. Thespecimens with D/t ratios ranging from 12 to 32 had approximately the same
maximum rotation. With D/t ratios larger than 32 the maximum rotation capacity decreased
rapidly with decreasing wall thickness, at a D/t of 110 the rotation capacity was about 15
20% of the rotation capacities of the thicker walled pipes. The concrete prevented buckling
in tests with a D/t ratio less than 40 and small ripples appeared over the length of the
specimens with D/t ratios from 70 to 110. They concluded that the shipme they tested
(D/t ratio of 110 was sufficient to develop the plastic moment capacity of the section.
(Elchalakani, Zhao, & Grzebieta, 2001)

The second of relevant research projects performed by Elchalakahi (2004)
consisted of smakcale cyclic bending tests on different CFTs with D/t ratios ranging from
20 to 162. Thespecimens began to form plasticitythe early cycles, the ripples continued
to grow with cycling until the tube fractured accompamneith concrete crushing. The
CFSTs in this project reached an average ductility of 9.6 before rugtichalakani, Zhao,

& Grzebieta, 2004)

Elchalakani et al(2008) continued to research CFSTs in 2008 with 10 testgimgn

in D/t ratio from 32 to 120. The specimens were subjected to variable amplitude

Incrementally Increased Cyclic Loading. The moment strength of the specimens were under
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predicted by the AIS@RFD and the Architectural Institute of Japan codesyeve, the
Eurocode prediction was more accurate. The ultimate rotational capacities of the specimens
had a linear relationship with respect to the D/t ratio. The thicker pipes had a larger ultimate
rotational capacity than the thinner steel tul{€schalakani & Zhao, Concrefidled cold-
formed circular steel tubes subjected to variable amplitude cyclic pure bending, 2008)
Elremaily et al. (2002) conducted six tests on CFSTs with diameter to thickness
ratios of 34 ad 51, all with a 12.75 inch diameter. The specimens were subjected to a
constant axial load and lateral cyclic loading at mid span to mimic the effect of a floor slab in
an earthquake. Many of their tests reached the limit of the testing equipmerto faidure
of the specimens whicimadeit hard to compare the tests. Buckles began to appear at the
location of the cyclic loading after yield and the buckle increased until a ring was formed
around the circumference of the pile, however decrease inrength was observed. Most
of the specimens maintained their lateral load capacity until a ductility of 10; this ductility is
basedon the first yield displacemenhot the equivalent first yield displacement. Since the
testing equipment reached its ltmiprior to the end of the test, the researchers could not
compare the ultimate behavior based on the D/t ratio. The one comparison available is based
on moment strength; the egmen with a thicker wall hadreatermoment strengthas
expected(Elremaily & Azizinamini, 2002)
Han et al(2006)performed relatively smaHcale tests on thirtgix composite beams
in 2006, with diameters ranging from 100mm to 200mm and lengths ranging from 800mm to
1800mm. Not all of tl tests are relevant the current researckince they tested many

rectangular beamsnd one of the main goals of the project was to determine the effect of
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concrete mix and aspect ratio on the performance of the specimens in flexure. However, the
reseachers did test circular sections of three different D/t ratios ranging from 47 to 105.
Selected ultimate strains and curvatures from theseweseseported. The ultimate strains
(before fracture of the steel tube) with D/t ratios of 46.7 and 60 #&® &nd 0.028
respectively. These values are fairly close to one another but there were not enough D/t
ratios tested to determine a relationship between the ultimate statbeghetkness of the

steel shell. The ultimate curvature of the specimensauh of 47 was approximately 0.05

1/m (0.013 1/in). All the specimens performed in a ductile manner and exhibited outward
buckling of the steel pipe early in the tete steel pipe ruptured at the location of the
buckles later in the tes{Han, Lu, Yao, & Liao, 2006)

Park (198) tested reinforced concrete filled steel tubes with a wide range of diameter
to thickness ratios (34 to 214) and studied their performance under lateral cyclic loading and
seismic performance. €hspecimens were 3.6 meters (142 inches) in length and the outer
diameters ranged from 270 mm (10.63 in) to 450 mm (17.7 in). The piles were tested under
a two cycle set until rupture of the steel pipe or until the limitations of the equipment was
met. A point load was applied at m&pan of the pile through a concrete block which
wrapped around the pipe. The mode of failure of the piles was similar for all D/t ratios, the
steel pipe buckled outward near the loading point. The buckles increaseduntgingpture
of the steel pipe or maximum capacity of the equipment. Theet$tigkle (D/t = 34) buckled
at ductility four and the remainder of the piles buckled dtictility of two. The height of the

buckles waselatively large in the thinner pipg (with a higher D/t ratio) than in the thicker
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pipes. Howevert he af fected area or #fAlengtho of the
than the thinner pipeg¢Park, 1983)

The theoretical flexural strengths of the smesi were calculated using equivalent
reinforced concrete secti@ssuming strain compatibility, a stress block for the concrete in
compression, an ultimate concrete strain of 0.003, and an assumed concrete strength and steel
yield stress. These assumpsded to an underestimation of the actual flexural strengths of
these sections with a wide range of error. The error in the flexural strengths ranged from 5%
to 30%. Thiserroris largely due to the assumption that the sectionavasforced concrete
section, Mander s model was used to predict
strengths of the steel and the concrete were notingbd calculations (Park, 1983)

All of the testsexhibited good energy dissipatiomwhich is favorable for seismic
design. The hysteretic | oops were fApinched:c
these cracks in the reverse |l oading direct.
with thin walls tharfor those withthick walls. Thisdifference indicatedhat the thirwalled
piles, with a lower percentage of steel, created a response more similar to reinforced concrete
than thicker walled pilegPark, 1983)

Electrical resistance strain gageere placed on the surface of the steel tube and on
the internal reinforcing cage in a rectangular rosette which allowed the researchers to obtain
the lateral strains, longitudinal strains and section curvatures. A maximum longitudinal
strain of about 5% was seen in all tests, regardless of D/t ratio. Park defined the confining
strains as the measured | ater al strains (Uh)

strains (0.3 U0Ul): Uconf = Uh + dnth8thitkhess The
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of the steel tube. The thickest walled specimen (D/t = 34) reached confining strains of
almost 5% and the thinnest walled specimen (D/t = 214) reached confining strains of
approximately 1%- 1.5%. This resultwas due to the thicker stegbroviding higher
confinement to the reinforced concrete core. The curvatures were calculated from the strain
gages placed around the circumference of the steel tube. The curvature ductility was thus
calculated from the measured curvatures, in all thdmes the curvature ductility increased
at a faster rate after buckling of the steel tube than before buciffiagk, 1983)

The curvature distribution along the span shows the curvatures at ttspamdvere
much higher thathose throughout the rest of the span. This created a relatively short plastic
hinge length. Due to the similar shape of the response curve in relation to conventional
reinforced concrete sections, the same plastic hinge equation was used and gasile a goo

approximation of théorce deflection responséPark, 1983)

2.5. Internal Reinforcement Ratio

Park (198) was the only research project found with concrete filled steel tubes with
internal reinforcement and lateral loading.thdlugh Park tested a wide variety of D/t ratios,
all of the specimens had a 1% internal reinforcement raftoe steel casing prevented the
concrete from spalling and thus prevented the interiafarcing bars from buckling. The
researchers determinglde specimens were suitable for seismic design because of the high
level of ductility reached and the energy dissipated by the system. Moment strengths were
predicted assuming the strains were compatible across the steel tube, internal reinforcement

and he concrete core and had good agreement with the experimental (Earks1983)
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No past research projects have been found which vary the internal reinforcement ratio
of the pipe of a RCFSTChang et al (2012) modelednaete filled steel tubular columns
under lateral cyclic loading with finite element analy3ike internal steel, shown Figure

2-2, is a steel section encased in concrete rather than internal reinforcing bars

Steel tube ~a

Concrete core

+ steel

Figure 2-2 Concrete filled steel tubular column cross section

A parametric study was conducted to determine the effect of the ratio of section steel
(0 to 20 percenton the forcedisplacement envelope curves for theuomhs and the
maximum lateral displacement sustained by the columi$e yield force and maximum
lateral displacements were increased by approximately fifty percent from the section with no
internal steel to that with twenty percent internal steel. Tinisuat of steel is far larger than
would be found in a RCFST. h€ internal reinforcement ratian these specimengpically
rangefrom 0% t02.5%. Between 0% and 2.5% steel for the circular filled steel tubular
columns,the yield force was increased bypaioximately 10 percent and the maximum lateral
displacement was increased to approximately {@hang, Wei, & Yun, Analysis of steel

reinforced concretéilled steel tubular (SRCFST) columns under cyclic loading, 2012
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internal reinforcement has a different configuration and is not directly applicable to RCFSTs
but the resultslemonstratethat the amount of internal steel affected the overall performance
of the concrete filled steel tubular columns and it is impor@mtvestigate the effect of the

internal reinforcement in RCFSTSs.
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3 EXPERIMENTAL PROGRAM

3.1. Overview

Twelve largescale tests were performed on RCFSTs under reversed cychpdour
bending in two phasesf testing The first phase of testing consisted fiok tests and
focused on the impact of D/t ratio while keeping the internal reinforcement ratio constant.
The second phase of testing consisted of the remaining seven specimens. The first two tests
in the secongphaseexpandedhe range of D/t ratios wh the same internal reinforcement
ratio as Phase One. The remaining five tests consisted of varying internal reinforcement
ratios for thin walled pipes. The cross sectional properties of these specimens are discussed
in this chapter along with the testetup, instrumentation, material properties and

experimental observations.

3.2. Test Setup

The experimental portion of this research project was conducted at the Constructed
Facilities Laboratory (CFL) in Raleigh, North Carolinén this facility, the concretdilled
pipe piles were tested on a largeale. For these tests: two MTS hydraulic actuators applied
the load to the pile, the actuators were hung from steel frames and the specimens were
supported by a steel support at either end of the pile. Thefrsteels and the steel supports
were bolted to the lab strong floor. Thigenensional renderings of the test set up are

shown inFigure3-1 andFigure3-2.
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Figure 3-1: Three i dimensional rendering of test setup.

Figure 3-2: Threeidi mensi onal rendering of specimen support s:

imMinedd support i s shown on right.
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As seen irFigure3-2, the specimen supports are composed of various steel shapes
which raise the centerline of the specimen to be four feet above the floor, allowing for
adequate displacementpca ci ty of the pil e. The fApinnedo
rotation of the pile. The fArollerd support

pieces with a small steel pin allowing rotation of the pile. The details of each support are

shown inFigure3-3.
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Two steel frames were constructed over the specimen at each lpaditighey
were spaced six feet apart centered about thespad of the pile as shownkilgure 3-4.
The hydraulic actuators were connected to th
with the bolt connectioninthier ame and t he bottom of the fAsh.
pattern of the hydraulic actuators. The steel frame and steel shoe details are dhigwrein
3-5. As the specimens were loaded and the pile developed a slope, #terdutads rotated
with the pile. This created an angle in the actuator head and induced a small horizontal load.
When the actuators were pulling the specimen (away from the floor) the actuator heads were
tilted toward the miespan of the pile. This hzontal load pushed the tops of the steel
frames away from each other. To counteract this action, threaded rods were placed between
the two frames to take the tension force induced when the actuator heads rotated. When the
actuators pushed the pile dooward the floor) the loads directions were reversed. A 6x6
block of wood was placed between the frames at a neutral position and supported the

compressive force between the frames.

32



o

30"

Figure 3-4: Overall Test Setup

STEEL

“SHOE” .“\ ° o
il i
HYDRAULIC
ACTUATIR
25"
2’;6'
L s

Figure 3-5: Steel Frame Detall

33




3.3. Instrumentation

Multiple instrumentation systems were utilized in the test in order to collect adequate
and accurate data. The instrumentaiias placed in the constant moment region, where the
damage would be located. One load cell was connected to each hydraulic actuator to
measure the load magnitude at a frequency of 1 Hz throughout the test. The loads were
calibrated and zeroed prior éach test. In addition to the load cellsast gages, string pats
and a noncontact threalimensional position measurement systevare used to measure

displacements and strains throughout the test.

3.3.1.Strain Gages

The data acquisition system used toextlidata allowed a maximum of twenty strain
gages for each test. The data from each strain gage was recorded at a frequency of 1 Hz. The
majority of the strain gages were placed in the constant moment region; however four strain
gages were placed outsidiee constant moment regionThe experimental program was
conducted in two phases: the first phase was focused on analyzing the effect of D/t ratio and
the second phase expanded the range of D/t ratios tested and focused on the effect of internal
reinforcement in the pilesThe placement of strain gagessdifferent in the two phases of

testing

3.3.1.1. Phase One

In Phase Oneplir strain gages were placed outside the constant moment region, and
sixteen were placed in the constant moment region. The gagedeothsi maximum

moment region were located six feet from the loading points on both sides with gages located
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on the extreme tension and compression fibers (the top and bottom of the steel pipe). The
sixteen gages placed in the maximum moment region weidediinto two circumferences,

each having eight gages. Each circumference of gages was offset one foot fromspamid

of the constant moment region. The eight gages were comprised of four measuring
longitudinal strains and four measuring lateralisga The gages were placed at the extreme
fiber locations and at the center of the pile. The location of the strain gages in the Phase One

tests is shown ifigure3-6.
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Figure 3-6: Strain Gage Locations in Phase One

3.3.1.2. Phase Two

The maximum longitudinal strains reached in the first phase were larger than the
gages were able to record. During Phase Two, more strain gages were placed in the

transverse direction than in thengitudinal direction. Also, théransversestrains in the
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center of the section were small during phase one, since they were close to the neutral axis.
To measure more substantial strains during Phase Twdrahsversestrain gages were
concentrateanore toward the extreme fibers. The revised strain gage locations used during
phase two are shown kigure3-7 andFigure 3-8 for the 24 inch and 20 inch outer diameter

pipes, respectively.

LOAD LOAD
¢
A
- i ‘H’ ’ T i = |
2 | | 0 2"
. i
| DAL |
’ T 6/ I 1 6/ 1
1"
12’ 6 12’
- 24’ OR 30'- -
SYMBOL DEFINITIONS SECTION A-A CONSTANT MOMENT REGION
¢
mm L ONGITUDINAL STRAIN GAGE ; - ;
i a
H’IRANS\/ERSE STRAIN GAGE | :
|
I 1

Figure 3-7: Strain Gage Locations in Phase Two (24 inch pipe)
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Figure 3-8: Strain Gage Locations in Phase Two (20 inch pipe)

3.3.2.String Pots

String pos were placed in the constant moment region and attached to the pinned
support. Two string pots were attached to the pinned support to monitor any slip in the
support. Three string pots were placed in the constant moment region: one under each
loading pant and one at migpan. These string pots were attached to the underside of the
steel pipe. The location of these string pots were the same in Phase One and Phase Two and

can be seen iRigure3-9.
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3.3.3.0Optotrak Certus HD

The Optotrak Certus HDsystem is a nowgontact threalimensional position
measurement system. The system is capable of monitoring up toufieked targets at an
accuracyof 0.05mm. In previous tests, the Optotrak has proven to be very effective in
monitoring large deformations in structural elements during testing. Traditional electrical
resistance strain gauges are effective in measuring smaller strains, but theyp temd t
unreliable beyond 1% to 2% strain. Other traditional instruments, such as linear
potentiometers, are able to measure large deformation, yet the gage length can be large, and
connection of the devices to a test specimen can impact the behavior pétheesr. The
advantage of the Optotrack system is that it is a noncontact device that measures position via
the use of targets and a camera system. The position data collected from the targets can then

be used to calculate strain, curvature, rotation,cisglacement.

3.3.3.1. Phase One

To obtain thorough data throughout the length of the constant moment region and

around the circumference of the pile, a rectangular grid was created with the LED targets. In
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the first test, LED targets were placed on both sideghef pile (around the entire
circumference). A camera was placed on each side of the pile to capture the targets
movements, the placement of the targets are shovigure 3-10. However, one of the
cameras was placed too closetlie pile and could not record all of the targets at maximum
displacements. Due to the space limitations of the lab, the camera could not be moved far
enough from the specimen to capture the full range of motion. In theory, both sides of the
pile have dentical deformations. The data from the first test was analyzed and the
measurements on each side of the pile were very similar.

The second camera was moved for the remainder of the tests in Phase One, in order to
record measurements for the full rargfenotion and to avoid redundant information. In the
remainder of the tests in Phase One, targets were placed under one of the loading points to try
and capture the bucking mechanism of the steel pipe. The LED target locations for the

remainder of theetsts in Phase One (testsb areshown inFigure3-11.
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3.3.3.2. Phase Two

In Phase One, the LED targets at the extreme fibers had to be placed on small metal
angle brackets so they would be visible to the Optotrak cameras. In Phase One, the buckling
of the steetube caused the angle brackets to rotate and led to inaccurate measurements of the
deformations. The angle lmieets also did not allow for accurabalculatiors of lateral
strains since they were not placed directly on the surface of the steel pipeedube the
number of angle brackets in Phase Two, an Optotrak camera was hung above the pile,
pointing down toward the top surface of the pile. This allowed more targets to be placed in
the extreme fiber region and eliminated the need for angle bragkéte dop surface of the
specimen. The layouts of the LED targets in Phase Two are shdwgune3-12 andFigure

3-13for the 24 inch and 20 inch outer diameter pipes, respectively.

LOAD LOAD
t
Al
| Ex 0000888080088 i {‘
0) Los ! 0O 2
% I I = i
R
12/ . 6’ . e
30¢
SYMBOL SECTION A-A CONSTANT MOMENT REGION
| & |
® | D TARGET } $88888 \‘
! seveee !
i 0000000000060 00600 |
o } ::!I::0!'0200000“00 }
~111 3 INCH || eeeeeeses :
7T TARGET GRID 32232323 j
37 TYP. L | 1
3'TYP,

Figure 3-12. LED target locations in Phase Two (24 inch pipes)
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3.4. Specimen Design

The specimesndesign in this research project were dependent on three main factors:
the required grade of the stee¢he scope of the project, and the limitations imposed by the
layout of the laboratory. The actual thicknesses of the steel tubes were chosen flalteavai
sizes from a variety of manufacturers. All of the wall thicknesses were not available in seam
welded pipesso thus the pipes were a mixture of seam welded and spirally welded pipes.

The different types ofwelds did not have an effect on the tesis proven by Gonzalez

(2010).

3.4.1.Required Material Properties
Due to the high seismic demands in Alaska, the Alaska Department of Transportation

has high standards for structural steel. The steel tubes were required to meet one of the

following standards: ASTM A500, ASTM A709, API2B, API5I or ASTM A139. The
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internal reinforcement had to be ASTM A70@etails of the requirements and the actual

material properties for each pipes shown irSection0.

3.4.2. Limitations

All of the experimental tests were conducted in the Constructed Facilities Laboratory
at North Carolina State Universitylhe lab hosts a strong floor which allows the test set up
to be bolted to the floor through holes which extend through the 30 inch depth ofahe flo
As seen irFigure3-14, these holes are aligned in a square grid measuring 3 feet on each side,
and all of the supports and testing frames must be bolted through these holes. This restricted

the overall span and constant memhlength of the pipe piles to multiples of three feet.

n =223 T
. R
2 AT Yy =3 m 30

-------------------
.......................

''''''''''''''''''''

Figure 3-14: Constructed Facilities Laboratory Strong Floor
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The second limitationvasthe force limi of the hydraulicactuators. The nominal
moment of the designed pipe pile with an additional safety factor had to be lower than the

maximum capacity of the actuators.

3.4.3.Scope

The first goal of the project was to determine the effect of diaretidickness ratio
on limit gates. In order to achieve this, many D/t ratios needed to be tested. Past research
has been performed on tests from D/t ratio from 24 tq @&4oted in the literature review.
However, many of these tests were sraallle testsand largescale testsvere neededo
verify the findings. Past tests at North Carolina State University had been performed on
twenty-four inch diameter piles with 0.5 inchwall thicknessresulting in a D/t ratio of 48,
and an internal reinforcement ratio of 1.67%. As stateviously, the purpose ofdbke prior
tests wado determine the effect of wekype on the performance of concrete filled steel

tubes.

3.4.4.Phase One

In order to make use the data collected from Gonzalez (2010) and due to the
limitations of the test setypwentyfour inch outer diameter pipes were chosen for the first
phase of tests. Since there has been significantly less research on the higher range of D/t
ratios, the first phase was focused testing a range of diameterthickness ratios larger
than 48. The thinnest pile available at an outer diameter of 24 inches had a thickness of
0.125 inch. This pile resulted in an upper limit of 192 for the tests. Instead of repeating a

test performed by Gonzalez (2010) on pipe piles with D/t = 48 andemahreinforcement
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ratio of 1.67%, the first test of this project used the same pipes as were used in the past
project but with no internal reinforcement. The remainder of the test details for Phase One

shown inTable3-1.

Table 3-1: Phase One Specimen Design

Test| Diameter N(_)minal DIt Longitudinal Rebar Tranzgirf;)Rebar

No (in) Thlgkness Ratio : PR . Spacing
(in) Number | Size | wl U A ; Size (in)
1 24 0.5 48 0 N/A 0.00% N/A N/A
2 24 0.125 192 12 USH7 | 1.60% #3 12
3 24 0.1875 | 128 12 USH7 | 1.60% #3 12
4 24 0.375 64 12 USH7 | 1.60% #3 12
5 24 0.281 85 12 USH7 | 1.60% #3 12

3.4.5.Phase Two

The results from Phase One demonstrated that the diameter to thickness ratio had an
effect on the initiation of buckling. In order to complete this relationship, two more piles
with different D/t ratios were tested (Tests 6 and 7).

The first test in this Phase (Test 6) was performed on a low D/t ratio; the optimal D/t
ratio for this test wag4 however a pile with a twenfgur inch outer diameter and a one
inch thickness would have require a force larger than that available in the actuators to reach
the nominal moment of the section. To achieve the lowest D/t ratio possible, the outer
diamder was reduced to twenty inches and the thickest wall available at this diameter was

0.6 inches resulting in a D/t ratio of 33.
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The purpose of the second test in this Phase (Test 7) was to fill in the gap between D/t
ratios of 133 and 192. A D/t rataf 160 was chosen with an outer diameter of 20 inches and
a thickness of 0.125 inches.

The first goal of the project, to determine the effect of D/t ratio, had been thoroughly
investigated in the first seven tests of the research project. The secoraf guabroject
was to determine the effect of internal reinforcement on the limit states of concrete filled
steel tubes. The researchers believed changing the internal reinforcement ratio- on thin
walled pipes would have a larger effect on the performahtiee pipe piles than in a thick
walled pile since the overall steel ratio in the pile is affected more in theviiied piles.
The steel ratio in the first seven tests was 1.67%. The normal range of internal reinforcement
used in reinforced concrefidled steel tubes in the field range from 0.7 % to 2.5%. Of the
previously tested piles, the three highest D/t ratios were tested with different internal
reinforcement ratios. The dimensions and internal reinforcement ratios for all the tests in

Phasel'wo are listed inrable3-2.

Table 3-2: Phase Two Specimen Designs

Test | Diameter Nc_)minal DIt Longitudinal Rebar Tran?;f)irrs;)Reba
No (in) Thlc_:kness Ratio . Ratio . Spacing
(in) Number | Size . . .| Size .

0’0 (in)

6 20 0.625 32 12 USH6 | 1.69% | #3 12

7 20 0.125 160 12 USH6 | 1.69% | #3 12

8 20 0.125 160 8 USH#5 | 0.78% | #3 3

9 24 0.125 192 8 US#6 | 0.78% | #3 3

10 24 0.125 192 14 USH8 | 2.43% | #3 3

11 24 0.1875 128 8 US#6 | 0.78% | #3 3

12 24 0.1875 128 14 USH8 | 2.43% | #3 3
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3.5. Pre-Test Calculations

3.5.1.Definitions and Processes

Prior to testing, calculations were performed to predict the overall response. A
momentc ur vat ure analysis was conducted to pred
yield curvature and nominal moment. All of the actual material properties obtained from
material testing were used in the moment curvature analysis. The first yield moment was
used to calculate the first yield force as seeliquation 3-1. This was necessary for the
cycles prior to yield.

The pipe piles were tested horizontally in the lab; thewgeight of the piles was
significant. To avoid uneven responses in the push and pull directions due to-theighetf
the weight wagaken into account by determining the force required in each actuator to set
t he moments equal to zero before any | oading
and all measurements were taken after theveeijht was accounted for, as shown in
Equation3-2 to Equation3-5.

Before yield, the loading of the pile was foficesed and separated into four
increments: quarter yield force, half yield force, thgemrter yield forceand yeld force.

After yield, the loading of the pile was displacement based, using the equivalent yield
displacement as the basis for the increments. The calculation of the equivalent yield
displacement is shown in demonstrate@&quation3-6; the nominal moment and first yield

moment used in the calculations were obtained from the moment curvature analysis. The full

displacement history over a course of a typical test is shovdigure 3-15. The nomiral
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moment was calculated when the concreteched a strain of 0.004I'he yield moment was
calculated when theuter steel reached its yield strain, determined from the tensile tegts
important to note, at first yield the internal reinforcement hatl reached yield. The
nominal moment and first yield moment are shown on a typical moment curvature response
in Figure3-16. The moment at which the internal reinforcing bar yields is also shown. In
conventional reinforced cwmrete, the yield moment is defined when the rebar yields.
Although it yields at a higher curvature and displacement the ratio of nominal moment to
yield moment at that point is smaller, resulting in about the same equivalent vyield

displacement.

Fy = (My)/(Larm) Equation 3-1

zer0= (Mreaction- Msei)/(Larm) Equation 3-2
Mreaction= (Rreaction(Larm) Equation 3-3
Rreaction= (Wseif) (L spad2) Equation 3-4

SR FR = kL Evn A Bt Equation 3-5

@ = yap(My) Equation 3-6

Fy: First Yield Force

My: First Yield Moment

Mn: Nominal Moment

Larm Distance from support to load

Mreaciion MOoment at the loading point due to the support reaction
Rreaction Support reaction

Lspan Span length of the pile

Wsei. Self weight of theoncrete filled steel tube

qy: Equivalent first yield displacement

o0 Experimental first yield displacement
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Figure 3-16: Nominal and Yield Moment from Moment-Curvature Analysis
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3.5.2.Calculations for tests

The results of the preest calculations following the method described above for each

of the twelve experimental tests are showmaible3-3.

Table 3-3: Pre-Test Calculation Results

Values used in Calculations Calculation Results
Pile Dimensions From MU

-:;ﬁjs.t and Weight Analysis o0 F, | Rest | Mieset | Moot | Faoo | @
Lspan | Larm | Wserr | My Mo | (in) | (K | (K | f) | (kft) | (k) | (in)

(/) | /) | i) | (kf) | (k-Aft)
1 30 | 12 | 0.558| 1347.2| 20200 | 2.34 | 112.3| 8.4 | 100.4| 37.7 | 5.2 | 3.5
2 30 | 12 | 0.493| 296.7 | 813.0 | 1.20| 247 | 7.4 | 88.74| 33.3 | 4.6 | 3.3
3 30 | 12 | 0.503| 346.6 | 1031.9| 1.02 | 289 | 7.5 | 90.54| 34.0 | 4.7 | 3.0
4 30 | 12 | 0.537| 937.1 | 1679.9| 158 | 78.1 | 8.1 | 96.66| 36.2 | 5.0 | 2.8
5 30 | 12 | 0.521| 1058.1| 1527.0| 2.28 | 88.2 | 7.8 | 93.78| 352 | 49 | 3.3
6 24 9 | 0.414| 995.5 | 1408.2| 1.84 | 110.6| 5.0 | 44.71| 149 | 3.3 | 2.6
7 24 9 |0.347| 2127 | 4458 | 0.90| 23.6 | 4.2 | 3747| 125 | 2.8 | 1.9
8 24 9 |0.347| 171.3 | 3569 | 0.80| 19.0 | 4.2 | 3747| 125 | 2.8 | 1.7
9 30 | 12 | 0.494| 294.7 | 560.0 | 1.49| 246 | 7.4 | 8892| 33.3 | 46 | 2.8
10 | 30 | 12 | 0.494| 3914 | 8422 | 1.10| 32.6 | 74 | 8892| 333 | 46 | 24
11 | 30 | 12 | 0.503| 396.5 | 662.1 | 1.20| 33.0 | 7.5 | 90.54| 34.0 | 4.7 | 2.0
12 | 30 | 12 | 0.503| 425.7 | 9376 | 1.00| 355 | 7.5 | 90.54| 34.0 | 4.7 | 2.2
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3.6. Material Properties

Prior to testingeach pile steel pipe temsn tests rebar tensiortestsand cancrete
cylinders were performed to determine material propertitise steel pipe tension tests are
shown inFigure 317 and Figure 318 All of the materials from all the pipemet the
requirementsnoted in3.4.1Required Material PropertiesThe chemical compositions of the
pipes as reported by theanufacturers are shown able 34. Tension tests were also
performed on all internal reinforcing bar sizes, the stséigsn curves obtained from these
tests are shown iRigure 319 and the yield and ultimate stresses are tabulat@dlie 36.
The average compressive concrete strengths obtained within tfeentiyjours of testing for

each specimen are shownTiable 37.
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Figure 3-17: Phase One Steel Pipe Tension Tests
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Figure 3-18 Phase Two Steel Pipe Tension Tests
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Table 3-4: Chemical Composition of Steel Pipes

API5LX42

Required Chemical Composition

Carbon, max,| Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
0.28 1.4 0.03 0.03

Actual Chemical Composition for tests meeting this requirement

Carbon, max,[ Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
Test 4 (t = 0.375") 0.057 0.547 0.013 0
Test 6 (t = 0.675") 0.057 0.547 0.013 0
Required Chemical Composition
Carbon, max,/ Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
API5LX60 0.26 1.4 0.03 0.03

Actual Chemical Composition for tests meeting this requirement

Carbon, max,[ Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
Test 5 (t = 0.281") 0.05 1.27 0.013 0.003
Required Chemical Composition
Carbon, max,[ Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
ASTM A139, Grade D,E 0.3 1.3 0.035 0.035

Actual Chemical Composition for tests meeting this requirement

Carbon, max,[ Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
Test 3 (t=0.178") 0.22 0.75 0.01 0.005
Test 2 (t = 0.128") 0.2 0.77 0.008 0.004
Required Chemical Composition
Carbon, max,| Manganese, Phosphorus, | Sulfur, max,
% max, % max, % %
ASTM A139, Grade B 0.3 1.3 0.035 0.035

Actual Chemical Composition for tests meeting this requirement

_ Carbon, max,] Manganese, [ Phosphorus, | Sulfur, max,
% max, % max, % %
Tests 7 & 8 (t=0.178") 0.22 0.72 0.008 0.006
Tests 9 & 10 (t = 0.128") 0.2 0.78 0.014 0.003
Tests 11 & 12 (t = A.80") 0.22 0.72 0.008 0.006
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Table 3-5 Tensile Properties of Stee

| Pipes

Required Tensile Properties

Yield Strength (ksi)

Tensile Strength (ksi)

API5LX42 42.1-71.8

60.2-110.2

Actual Tensile Propess for tests meeting

this requirement

Yield Strength (ksi)

Tensile Strength (ksi)

Test 4 (t = 0.375") 65.23

77.43

58.46

Test 6 (t = 0.675")

75.75

Required Tensile Properties

Yield Strength (ksi)

Tensile Strength (ksi)

API5LX60 60.2-81.9

75.4-110.2

Actual Tensile Properties for tests meeting

this requirement

Yield Strength (ksi)

Tensile Strength (ksi)

Test 5 (t = 0.281") 79.05

90.1

Required Tensile Properties

Yield Strength (ksi)

Tensile Strength (ksi)

ASTM A139, Grade D,E 46+

60+

Actual Tensile Properties for tests meetin

g this requirement

Yield Strength (ksi)

Tensile Strength (ksi)

Test 3 (t = 0.178") 44.54

71.3

48.23

Test 2 (t = 0.128")

70.63

Required Tensile Properties

Yield Strength (ksi)

Tensile Strength (ksi)

ASTM A139, Grade B 35+

60+

Actual Tensile Properties for tests meeting

this requirement

Tensile Strength (ksi)

Tests 7 &8 (t = 0.178") 47.51 69.46
Tests 9 & 10 (t = 0.128") 47.61 68.76
Tests 11 & 12 (t = 0.180") 44.27 68.64
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Figure 3-19: Internal Reinforcing Bars Tension Tests

Table 3-6 Tensile Properties of Internal Reinforcing Bars

Required Tensile Properties

Yield Strength (ksi)| Tensile Strength (ksi)

ASTM A706 Gr 60

60-78

80+

Actual Tensile Properties for tests meeting this requiremen

; Yield Strength (ksi)| Tensile Strength (ksi)

Size 5 66.4 96.3
Size 6 68.3 91.2
Size 7 68.3 93.3
Size 8 66.4 99.1
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Table 3-7: Average ConcreteCompressiveStrengths

Test No. 4 5 6 7 8 9 10 11 12

Avg. Concrete | 6.47 | 5.22 | 576 | 488 | 5.62 | 5.83| 5.49 5.39 5.52
Strength (ksi)
Standard 0.22 | 0.04 | 0.10 | 0.09 | 0.12 | 008 | 0.25 | 0.20 0.14
Deviation (ksi)

3.7. Experimental Observations
A total of twelve experimental tests were performed for this research project.
Observations and photographs recorded during each test are summarized below, analysis of

the data and comparison of the resulté & discussed later.

3.7.1.Test One

Test 1 consisted of a concrete filled steel tube without internal reinforcement; the tube
was spirally welded with an outer diameter equal to 24 inches and a thickness equal to 0.5
inches resulting in a diametdrickness rto of 48.

The pile showed no signs of buckling until the first cycle of ductility four. In the first
push of ductility four at a midpan displacement of 13.67 inches, small buckles, less than 0.5
inch in height, appeared at the loading points. Inrdmainder of the constant moment
region other small ridges began to form on the top of the pidpife 3-20). During the pull
cycle small ridges also began to form only under the loading points and were significantly
smaller tha the buckles on the top of the pile. No significant changes occurred during the
second cycle of ductility four. The buckles visibly increased during the third push and pull
of the third cycle. Eight total buckles were observed on the top of the pilgdhe push

cycle, the largest were about %2 inch tall and were located at the north loading point, two
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slightly smaller buckles were located under the south actuator and four small ridges were
located in between those. During the third pull cycle, twokles under the south actuator

increased to almost half an inch, five others were evenly spaced throughout the constant
moment region however these buckles were smaller than those on the top of the pile during

the push cycle.

Figure 3-20: First signs of buckling at ductility 4 push 1, 13.67 inch displacement.

The first cycle of the fifth ductility level, a displacement of 17.07 inches, the damage
became more apparent, the [deobf this cycle can be seenkigure3-21. During the push
cycle the existing buckles increased but no other buckles formed. The two buckles under the
north loading point increased in height to approximately 0.75 inchesgasrg-igure 3-22,
while the other six buckles increased to approximately 0.5 inches height. The majority of the

buckling was perpendicular to the loading however one of the minor buckles near the south
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actuator ran along therédction of the spiral. During the second push cycle the buckles under
each loading point almost doubled in siEgg(re 3-23). The first pull cycle also increased

the height of the existing buckles. The largest with a heigititsi greater than 0.75 inches

was located under the north loading point while the others were spaced 8 to 12 inches apart
along the constant moment region. All the buckles on the bottom of the pile were

perpendicular to the loading.

Figure 3-21: Pipe pile profile at ductility 5 and a displacement of 17.07 inches
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Figure 3-23: Buckling under north loading at ductility 5 push 2, at a displacement of 17.07 inches

The pile ruptured on the top of the pipe during the second pcitt eynder the north
loading point. In accordance with previous tests conducted on spirally welded pipes at the
Constructed Facilities Lab, the weld did not affect the location of rupture because although
the rupture was located near the spiral weld it m@son the weld or in the direction of the
wel d. The rupture was about six inches |
rupture was crushed however the concrete under the portion of the pipe that was not buckled,

the concrete was still intactThe rupture can be seenkigure3-24. During the third push
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cycle no rupture occurred and no significant change was observed in the bottom of the pile
however the rupture on the top grew to about 9 inches in length antches iwide as seen

in Figure3-25.

Figure 3-25: Rupture at the third push of ductility 5, a displacement of 17.07 inches
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The third pull cycle was not completed because the rupture increased to span over the
top 180 degrees of the pile. The two actuators were running under equatgngsl one
actuator controlling the displacement and translating the pressure to the other actuator. After
the rupture, the stiffness of the pile was significantly different under each actuator therefore
the area on the pile with the rupture displacédra increased rate compared to the-non

ruptured side causing the rupture to spread quickly and stopping thEigese 8-26).

Figure 3-26: Rupture after the test completion

In summary, Test 1 conducted at the Constructed Facilities Lab began on Monday
January 30, 2012 and concluded on Tuesday January 31, 2012. The pile was a concrete filled
steel tube; the tube was spirally welded with an outer diameter equal to 24 inchas and
thickness equal to 0.5 inches resulting in a diarféiekness ratio of 48. Buckling of the
specimen began on the first cycle of ductility four and the size of the buckles continued to

increase until pipe rupture occurred on the second pull of duatjidle 5.
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3.7.2.Test Two

Test 2 consisted of a concrete filled steel tube with 12#7 ASTM A706 internal
reinforcing bars creating an internal reinforcement ratio of 1.6%; the tube was spirally
welded with an outer diameter equal to 24 inches and a thicknesksteqd 25 inches
resulting in a diametdhickness ratio of 192.

The underside of the pile had visible signs of buckling in the third pull of ductility
1.5, at a displacement of 3.06 inches, as seéiigure 3-27. Small bucking also appeared
on the top of the pile during the first push cycle of ductility two with the most apparent
buckles located under each actuator where the moment gradient increases and a couple
smaller buckles in between. During the remainder of ductiity, four evenly spaced
buckles formed on both the top and bottom of the pile. They appeared to be spaced evenly
apart (16 to 20 inch spacing) and were all relatively the same size as segur@8-28 and
Figure3-29. This symmetric behavior continued into ductility 3, with the buckles increasing
in height to 0.5 inches to 0.75 inches in height. They continued to be the same size on the
top and bottom of the pile during the push and pull cyclesentsgely. However during the
opposing cycles there was no residual buckling, the buckles on the top returned to a smooth
surface during the pull cycles and the buckles on the bottom returned to a smooth surface

during the push cycles.
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Figure 3-27: Ductility 1.5 7 first signs of buckling

Figure 3-28: Ductility 3 Push 1, buckles spaced 180 inches
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Figure 3-29: Ductility 3 Pull 1, buckles spaced 180 inches

The pile sustained the damage throughout ductility four (a displacement of 8.15
inches), the buckles did not visibly increase in height and no more buckles appeared. During
ductility five (a displ@ement of 10.5 inches) the buckles slightly increased in size and
became narrow and the pile continued to behave symmetrically in the push and pull cycles.
Residual buckling was observed in the opposite cycles, the buckles were not returning to a
smooth arface when they were in tension. The crushing of the concrete under the buckles
was heard during the first cycle of ductility six, at a displacement of 12.25 inches. During
the second push of ductility six rupture occurred under the north actuatorupthee was
about 15 inches long and occurred along the buckle. The concrete at the rupture location was
powder, seeFigure 3-30. During the next pull cycle the pile continued to behave
symmetrically as the top of the pile rupgd under the North actuator on the peak of the
buckle,Figure3-31. During the third push cycle of ductility six the cracks in the steel grew
in both length and width. When the cracks extended to the side of the pile thabthad

buckled, the concrete underneath the crack was still solid as seguir3-32. This leads
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to the possibility that the concrete only crushes where the buckles form due to the lack of
confinement but the concrete remainidsm the rest of the pile.

Overall, the damage of the pile was symmetric and although the pile buckled in an
early ductility cycle of 1.5 it sustained its damage until rupture at ductility six. The
progression of the damage from ductility 2 until dliigté can be seen ifkigure3-33. The
buckles grow significantly between ductility 2 and 3 but after ductility 3 there is no

significant change in the size of the buckles until rupture.

Figure 3-30: Rupture during the second push of ductility six, at a displacement of 12.5 inches
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Figure 3-32 Concrete is still intact after rupture occurred where buckling had not
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Ductility 2, gg=2.04 in Ductility 3, go= 3.06 in Ductility 4, go= 4.08in
— _

Ductility 5, g=6.12 in Ductility 6, q3=8.17 in Rupture at Ductility 6 pull 2

Figure 3-33: Progression of buckling

The forcedisplacement hysteresis of this test, after the dead weight of thbaaile
been accounted fois shown inFigure3-34. Theforce-displacemenenvelopes for thérst,
second, and thirdycles are shown iRigure3-35. The pile had an average ultimate force of
about 62 kips and did not lose strength until the pile ruptured in the second cycle of ductility

SiX.
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Figure 3-34: Forcei Displacement Hysteesis
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Figure 3-35: Forcei Displacement Envelopes

Test 2 was conducted at the Constructed Facilities Lab on Wednesdagrdlr,
2012. The pile was a concrete filled steel tube; the tube was spirddlgdweith an outer

diameter equal to 24 inches and a thickness equal to 0.125 inches resulting in a diameter
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thickness ratio of 192. Visible buckling of the specimen began in the third cycle of ductility
1.5, however the pile sustained the damage witetrehgth degradation until rupture in the

second cycle of ductility 6.

3.7.3.Test Three

Test 3 consisted of a concrete filled steel tube with 12#7 ASTM A706 internal
reinforcing bars creating an internal reinforcement ratio of 1.6%; the tube was spirally
weldad with an outer diameter equal to 24 inches and a thickness equal to 0.1875 inches
resulting in a diametdhickness ratio of 128.

The top side of the pile had signs of buckling in the first push of ductility two, at a
displacement of 4.5 inches. Signsboickling also appeared on the bottom of the pile during
the first pull cycle of ductilty two with the most apparent buckles located under each
actuator where the moment gradient increases. The two buckles (one located under each
actuator) on the top ohé pile became more apparent during the first cycle of ductility three,
at a displacement of 6.8 inches, as sedfigare3-36. In the reverse pull cycle, two smaller
buckles appeared under the pile between the existing buadeseen inFigure 3-37.
Similarly, two smaller buckles formed on the top of the pile during the second push cycle in
addition to the two existing under the actuator. Throughout the remainder of ductility three,
the four buckle®n either side of the pile all increased to a height of about 0.5 inches. There
was no residual buckling during ductility three, when the loading direction was reversed the

buckles on the side in tension side became smooth again.
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Figure 3-37: Four buckles located in the constanmoment region at ductility 3, displacement = 6.8 inches

During ductility four at a displacement of 8.4 inches, no additional buckles formed
and the existing buckles increased to a height of about 0.75 inches. The buckles were spaced
approximately 18 t@0 inches along the constant moment region on either side of the pile as
shown inFigure 3-38. Residual buckling started to occur during this cycle, meaning as the

loading direction was reversed the buckles being placed ingiotenid not return to a
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smooth state but sustained small ripples where the buckling occurred in the previous cycle.
The buckles continued to increase in size to a height of approximately one inch during

ductility five.

Figure 3-38 Bucklesspaced 12 00 at ducti lity 4, displacement

The pile sustained the damage though the
size did not increase. Rupture occurred on the underside of thengée the north actuator
when placed into tension during the third push of ductility six at a displacement of 12 inches,
Figure3-39. The rupture occurred along the crease of the previous buckle and the concrete
inside the pile w&s crushed due to the lack of confinement. During the next reversal (third
pull) the pile did not rupture on the top of the pile when placed into tension however signs of

necking did appear along the buckled regions under both actuzitprss 3-40.
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Figure 3-40: Necking of the pile, ductility six pull three, displacement = 12.8 inches

Overall, the damage of the pile was symmetric and although the pile buckled in an
early cycle of ductility two it sustained its damage until rupture at ductility six. The

progression of the damage from ductility three udhtictility six can be seen iRigure 3-41.
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The buckles continued to increase in size between ductility three and five but there was no

significant change in ductility six.

Ductility 4, o= 8.40 in

Ductility 5, g=10.4 n Ductility 6, q=12.5 in

Figure 3-41: Progression of buckling

The forcedisplacement hysteresis of this test, after the dead weight of thbauile
been accounted fois shown inFigure3-42. Theforce-displacemenenvelopes for thfirst,
second, and thirdycles are shown iRigure3-43. The pile had an average ultimate force of
about 75 kips and did not lose strength until the pile ruptured in the third cycle of ductility

SiX.
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Figure 3-42. Force-Displacement Hysteresis
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Figure 3-43: Force-Displacement Envelopes

Test 3 conducted at the Constructed Facilities Lab was conducted on Wednesday
Febuay 29, 212. The pile was a concrete filled steel tube; the tube was spirally welded

with an outer diameter equal to 24 inches and a thickness equal to 0.1875 inches, resulting in
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a diametetthickness ratio of 128. Buckling of the specimen began in the firde ©fc
ductility two, however the pile sustained the damage without strength degradation until

rupture in the third cycle of ductility six.

3.7.4.Test Four

Test 4 consisted of a concrete filled steel tube with 12#7 ASTM A706 internal
reinforcing bars creatingnainternal reinforcement ratio of 1.6%, the tube had an outer
diameter equal to 24 inches and a thickness equal to 0.375 inches resulting in a diameter
thickness ratio of 64.

The pile showed signs of buckling at ductility three, at a displacement of 8sinch
Buckling initiated in the first pull of ductility three on the underside of the piiguie3-44),
the compressive region, and when the cycle was reversed (the second push) and the top of the
pile developed compression ssesnd small signs of buckling were observed. During the
initiation of buckling, buckles only began to form under each loading point. As the pile
continued to be pushed and pulled nine inches in each direction during ductility three,
smaller ripples begaforming in between the two previous formed buckles, both on the
underside of the pile during the pull cycles and the top of the pile during the push cycles

(Figure3-45).
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Figure 3-44: Buckling initiated under pile during the first pull of ductility three

Figure 3-45; Ripples forming on top of the pile during the third push of ductility three

When the displacements increased to twelve inches in each direction, in ductility four,
the buckles under each loading point increased in size. During the second push and pull set
the small ripples in between the loading points were cdrated into two buckles spaced
about 20 inches apantesulting in a total of four buckles on either side of the figure
3-46). The buckles continued to grow in size throughout the loading in ductility four. At the

end ofductility four the buckles were all approximately 1..25 inches in height; the largest
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buckles occurred at the change in moment gradient under each loadingHigune 8-47

andFigure3-48).

Figure 3-46. Buckl es spaced at approximately 20 inches,

Figure 3-472 Const ant moment region, ductility fou
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Figure 3-48 Buckl e under the |l oading point during

After ductility four ended, the buckles which were not located under the loading
points showed no significant changes throughout the remainder of theéheesiamage
became concentrated in the two buckles under each loading point. These buckles continued
to increase in size as the pile underwent displacements of 15 inches in either direction in
ductility five (Figure 3-49), reachng a maximum height of approximately two inches.
During the second pull of ductility five, one of the longitudinal reinforcing bars ruptured
resulting in a 15 Kip strength loss of the pile. As the pile reached 15 inches of displacement
in the second pusiind pull cycles, tension cracks appeared on the side of the pile undergoing
tensile stress, the underside of the pile during the push cycle and the top of the pile during the
pull cycle Figure3-50). These cracks formed alongetedges of the buckles. During the
third pull cycle, the pile ruptured at one of the loading points along the edge of the buckle
where the tension cracks had previously formeidyre 3-51). The progression of the pile

bucklingleading up to rupture can be seerfrigure3-52.
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Figure 3-49: Pile profile at ductility five (g -

Figure 3-50: Tensim cr acks wunder the pile during the third

Figure3-51: Pil e Rupture, ductility five (g = I

80



1

€5, push 2, @m@=1%,inmnpush 3, ®@=155]j npull 3,

Figure 3-52: Progression of buckling

The forcedisplacement hysteresis of this test, after the dead weight of thbaaile
been accounted fois shown inFigure3-53. Theforce-displacemenenvelopes for théirst,

second, anthird cycles are shown iRigure3-54. The pile had an average ultimate force of
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about150Kkips and lost 15 kips of strength after the longitudinal reinforcing bar ruptured on

the second pull of ductility five.
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Figure 3-53: Force-Displacement Hysteresis
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Figure 3-54: Force-Displacement Envelopes
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Test 4 was conducted at the Constructed Facilities Lab on Friday March 14, 2012.
The ple was a concrete filled steel tube; the tube had an outer diameter equal to 24 inches
and a thickness equal to 0.375 inches, resulting in a diathétkness ratio of 64. Buckling
of the specimen began in the first cycle of ductility three. The p#tased the damage
without strength degradation until rebar rupture in the second cycle of ductility five and

rupture of the steel pipe followed in the third cycle of ductility five.

3.7.5.Test Five

Test 5 consisted of a concrete filled steel tube with 1281M A706 internal
reinforcing bars creating an internal reinforcement ratio of 1.6%; the pile had an outer
diameter equal to 24 inches and a thickness equal to 0.28 inches resulting in a diameter
thickness ratio of 85.

The pile showed signs of buckling ductility three, a displacement of 9.8 inches.
Buckling initiated in the first pull of ductility three on the underside of the piigufe 3-55),
the compressive region, and when the cycle was reversed (the second push)othénéop
pile developed compression stress and small signs of buckling were observed. As buckling
initiated, the pile developed multiple small buckles along the length of the constant moment
region. In the first pull of ductility three, six small bucklesmed on the underside of the
pile. The two most significant buckles were located under the loading points and the other
four were small ridges evenly spaced in the constant moment region. When buckling of the
top of the pile began, in the reverse pusbalion, a total of eight buckles formed on the top

of the pile. However, similar to the other side of the pile in the pull direction, the two
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buckles located under each loading point were significantly larger than the remainder of the

buckles throughouhe constant moment region.
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Figure 3-55 I nitiation of buckling at ductility t

As the pile continued to undergo displacements of 9.8 inches in eachodireéhe

Aripplesd of buckles in the constant moment

on either side of the pile. By the third pull of ductility three, the six buckles which had
previously formed on the bottom of the pile condensed toldaakles. The two largest were

still located under the loading points and had a height of approximately 0.75 ikodne (

3-56), the smaller two buckles were about 0.25 inches in helightie 3-57) ard spaced 16

20 inches apartHigure 3-58). After the third push of ductility three, the eight buckles which
previously formed on the top of the pile had reduced to three buckles, the two largest located
under the loading pointand the last was approximately six inches off center from the center

of the constant moment regioRigure3-59). Unlike the behavior on the bottom of the pile
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in the push directions, the buckles located at the loading poines magrsignificantly larger

than the one located in the center of the constant moment region.

Figure 3-56. Buckl e under |l oading point, ductility

sy

Figure 3-572 Buckl e in constant moment region, ducti

85



‘\
¥ "
1 %!«'M?@HMMWW'\N\L' <o

R

!

Figure 3-58 Spacing of buckles at ductility 3p u | | 2, o = 9.8 inches

Figure 3-590 Spacing of buckles at dwuctility 3,

In ductility four, the pile displacements increased to 13.1 inches in both directions of
loading. During these push and pull cycles the buckles continuedreasecin size until
they reached a height of about one inEly(re3-60). Throughout the test, the buckles under
the loading points, at the change of moment gradient, remained larger than those spaced
throughout the constant memt region. In the push direction, three total buckles formed on
the top of the pile Kigure 3-61) and in the pull direction four total buckles formed on the

underside of the pile. During the third pull of ductility four, thet t@as temporarily stopped
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at a displacement of 11.3 inches to observe the tension cracks which had appeared on the top
of the pile at the creases of the two largest buckles (under the loading points) as seen in
Figure3-62. Thetest continued to be pulled until the pile ruptured under the north loading
point at a center displacement of 13 inches in the last pull of ductility fFigurg 3-63).

The loading was reversed once again and while being pusieedjnderside of the pile
ruptured on the same diameter that the top of the pile had previously rugtigec: 8-64).

The progression of buckling leading to rupture is showfigire 3-65.

Figure 3-60: Si ze of buckle at dwuctility 4, o =

Figure3-61: Damage concentrated into 3 buckles at ¢
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Figure 3-62: Tension crackingduring the third pull, at 11 inches displacement, approaching the 13 inch

displacement at ductility 4

Figure 3-63; Rupture on top of the pile, ductility
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Figure 3-65: Progression of buckling

The forcedisplacement hysteresis of this test, after the dead wefgthie pile had

been accounted fois shown inFigure3-66. Theforce-displacemenenvelopes for thérst,
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second, and thirdycles are shown irFigure3-67. The pile had an average ultimate force of

about 135kips and had little strength degradation betwdantility levels before the pile

ruptured.
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Figure 3-67: Force-Displacement Envelopes
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Test 5 was conducted at the Constructed Facilities Lab on Friday March 30, 2012.
The pile was a concrete filled steel tube; the tube had an outer diameter equal to 24 inches
and a thickness equal to 0.28 inches, resulting diametethickness ratio of 85. Buckling
of the specimen began in the first cycle of ductility three. The pile sustained the damage

without strength degradation until pile rupture in the third pull of ductility four.

3.7.6.Test Six

Test 6 consisted o& concrete filled steel tube with 12#6 ASTM A706 internal
reinforcing bars creating an internal reinforcement ratio of 1.6%; the pipe had an outer
diameter equal to 20 inches and a thickness equal to 0.606 inches resulting in a diameter
thickness ratio 083.

The pile showed visible signs of buckling at ductility five, a displacement of 13
inches. Buckling initiated in the first push of ductility five on the top of the plgufe
3-68), the compressive region, and when the cyes reversed (the second push) and the
underside of the pile developed compression stress and small signs of buckling were
observed. During the initiation of buckling, buckles only began to form under each loading
point. As the pile continued to be peshand pulled thirteen inches in each direction during
ductility five, no more visible buckles occurred between the loading points however the
buckles located under each loading point increased in §igrire 3-69 shows a buckl®n

the underside of the pile during the third pull of ductility five.
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Figure 3-68: Buckling initiated under pile during the first push of ductility five

Figure 3-690 Buckl e on the underside during ductili

The displacement in each direction increased to 15.6 inches during ductility 6, a
profile of the pile during this displacemeistseen inFigure3-70. During the first cycle of
ductility six the buckles under the loading points increased in size and the steel pipe began to
form small ripples throughout the constant moment region. The most significatuc&le
was located on the top of the pile directly next to the existing buckle under the North loading
point on the outer edge of the constant moment redimue3-71). As the three cycle set

continued into the second andthd cycl es, more fArippleso be
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moment regionKigure3-72), and the buckles under the loading points continued to increase
in size. Throughout the three cycle set the most significant buckles wetecsti#dd under
each loading point. During the third cycle the buckles under each loading point were about

1.5 inches in heightRigure 3-73).

Figure 3-71: Formation of buckles under north loading pointf i r st push ductil ity
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Figure 3-72 A Ri ppl eso in the constant moment region,

Figure 3-73: Buckle under North loadingp oi nt during the third pull of

The next ductility level, ductility seven pushed the pile to aspidn displacement of
18.2 inches; the profile of this level of deformation is seeignire 3-74. Thefirst push of
ductility seven caused the buckles under each loading point to increase in size. However the
steel pipe had more damage under the north loading point, demonstrated by the size of the
buckle which was about 2 inches in height, 25% larger thah under the south loading
point (Figure 3-75). In the reverse cycle, the first pull of ductility seven the top of the pile

could not deform to level of tension strain due to the large levels of compressive strains
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encounteredduring the first push and the steel pipe fractured during the first pull. The
fracture occurred next to the sleeve under the north loading point and extended from the
sleeve up the pileF{gure 3-76). As the pile continued toeform, the crack increased in
length and width and the concrete inside the pile was crushed as expégted3-77). The

pile was not able to reach the full displacement of 18.2 inches in the pull direction due to the
fractureof the steel pile. The progression of buckling which began in ductility five to rupture

in ductility seven can be seenkigure3-78.

Figure 3-74: Pile profile with a mid-span dsplacement of 18.2 inches (ductility seven).
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Figure 3-75 Buckl e under North |l oading point during

Figure 3-76: Initial rupture of the steel pipe during the first pull of ductility seven

Figure 3-77: Rupture of the steel pipe during the first pull of ductility seven
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Figure 3-78: Progression of buckling

The forcedisplacement hysteresis of this test, after dead weight of the pilkad
been accounted fois shown inFigure3-79. Theforce-displacemenenvelopes for théirst,
second, and thirdycles are shown iRigure3-80. The pile had an average aitite force of

about164 Kips.
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