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ABSTRACT

This reportdiscusses research work conducted to evaluate and improve upon the seismic
performance of hollow steel pipe pile to cap beam moment resisting connections. Past
research has shown that directly welding circular holkieel piles to a steel cap beam,
regardless of weld configuration, does not mitigate the undesirable failure mode of brittle
cracking in critical welded regions of the connection as the pier is sedjectinelastic
displacement levels. This finding wasgther validated in this research projesuggesting
specific attention should be given to capacity protecting critical welded regions of the

connection.

To do s the concept of modified weld protected connections was developed based on
capacity desigmrinciples. The concept was aimed at developing connection configurations
that would improve the seismic capacity of steel pier systgmelocatingdamage in the
pile elementsaway from criticalwelded regiosin addition to strengthening critical weld
regionsto remain in the elastic range of respondéiree such connection configurations
were developed with two being shown to fulfill both key criteriélltimately, design
recommendations were generated in regardsaiodardvelded connections, mdeéd weld
protected connections, and the ductility capacity of systems utilé&zaognposite connection

configuration.



SUMMARY OF FINDINGS

Thisreportdiscusses original research work conducted to evaluate and improve upon the
seismic performancef hollow steel pipe pile to cap beam moment resisting connections.
These connections are intended to serve in steel pier bridge substructure systems which are
subjected to lateral loading, due seismically induced forces and are expected to perform in
the non i linear response range. Past research has shown that directly welding circular
hollow steel piles to a steel cap beam, regardless of weld configuration, does not mitigate the
undesirable failure mode of brittle cracking in the critical welded regibthe connection as
the pier is subject to inelastic displacement levels. This finding was further validated in the
scope of the research work discussed in dbsument suggesting specific attention should
be given to capacity protecting criticg&élded regions of the connection.

To achieve this goal, the concept of modified weld protected connections was developed
based on capacity design principles. The concept was aimed at developing connection
configurations that would improve the seismicaeity of steel pier systems by fulfilling two
key criteria. First, the location of damage in the pile elements of the system needed to be
relocated below the welded region of the connection, and secondly the welded region needed
to be strengthened to reman the elastic range of response considering increased moment
demands due to hinge relocation. It was postulated that following these two key criteria
would allow the limit state of flexural hinging, in the form of pile wall local buckling, to

developprior to any cracking.

Three potential modified weld protected connections were developed and evaluated in
this research. The first consisted of a cruciform gusset plate style connection, which was
shown to relocate damage away from critical welds. Hewethis connection was not
capable of producing the desirable failure mode of pile wall local buckling, as pile wall
cracking developed. Next, a fabricated flared column capital section was developed and was
shown to both effectively relocate damage @odproduce the desirable pile wall local



buckling mode of failure. Lastly, a composite connection configuration was developed
which utilized an annular grouted region with shear stud connectors that facilitated force

transfer from the pile to a larger btpipe pile component that was welded to the cap beam.

Large scale quasi static experimental testing, scaled dynamic shake table experimental
testing, and analytical investigations all showed this composite system to be capable of
relocating damage awalyom the welded regions of the connection and to produce the
desirable failure mode of pile wall local buckling. Further, the performance of this
connection configuration was shown to be minimally impacted by construction tolerance
offsets, lending confighce to a designer that adequate behavior can be expected under non
ideal construction conditions. Given the successful performance of this style of connection,
an analytical parametric study was conducted to relate ductility capacity for a given
allowable strength loss, pile D/t ratio, and vertical dead load magnitudes for systems
containing these composite connections. Ultimately, from the research results design
recommendations were generated with regards to basic welded connections, modified weld
protected connections, and the ductility capacity of systems utilizing the composite

connection configuration.

In addition to the connection research that was conducted, an alternate truss style steel
pier system was evaluated within this project and wag/sho have behavior dominated by
compression brace buckling and gusset plate weld cracking when subjected to lateral loading.
Due to multiple sources of inelasticity and an undefinable/unreliable brittle cracking failure
mode, the use of this type of syst is not recommended when a ductile response is required.
However, with improved seismic detailing it may be possible to produce a desirabtaavith

truss style steel pier detail.
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Chapter 1: Introduction

1.1 Backgroundi Steel Pier Bridges

Although the bridge construction industry is historically dominated by the use of
reinforced concretéor the construction of typical bridge piefthe use of steel as a bridge
pier construction material has its place in history all as the future. The benefits of the
use of steel for the construction of bridge piers or bents includes but is not limited to speed
and ease of construction, as well as the utilization of what isentigra very ductile
material. The state of Alaskes an inventory of existing driven pile steel piers and, in some
cases, prefers to design new bridges with this type of system. These bridge piers typically
consist of hollow driven steel pipe piles, not fillaith concrete, and mukivide HP steel
capbeams as shown shown inFigure 1.1 throughFigure 1.3. In somecases, the system
usesbattered piles which are not considered in the researabredin this projectthat was
jointly funded by the Adska Department of Transportation and Public Facilities
(AKDOT&PF) and the Alaska University Transportation Center (AUTC).

The research work presented in thiscumentwas aimed at evaluaing the seismic
performance capabilities of hollow steel pipe pdecap beanmoment resistingonnections
utilized in the construction of driven pile steel piers. Transverse, and in some cases
longitudinal, supestructure displacements produced by seismic loading generate a double
curvature bending moment gradient gothe length of the driven steel pile as shown in
Figurel.4. The connection between the pipe pile and cap beam elements of the system must
be capable of transferring this bending momdemand Typical of a capacitydesign
procedure the required moment resisting capacity of the connection can be taken as the over
strength moment capacity of the pipe pile elemassuming a plastic hinging failure
mechanismat the top of the pile membeiss expected to be the controlling modefailure.

However, the majority of the research discussethis documenfocusesnot only on the
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ability of the connection design to develop the moment capacity of the pipe pile, but more
importantly to accommodate large inelastic rotations necessdagititate a ductile system

response as is required of systems expected to resist seismically induced forces.

Figure 1.1 Steel Bridge Pier (Compliments AKDOT)

Bridge No. 1754 Br.Name 76TH AVE. UNDERPASS Date 8/14/2007
Roll No. 1 Inspecior OWEN, SOLLIE Frame 3
ELEVATION LOOKING EAST

Figure 1.2 Steel Bridge Pier (Compliments AKDOT)
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Figure 1.3. Mooring Dock Steel Pieri Juneau, AK

Seismic Loading q MT__
A A
H
HCP
Grade
29 auk
A 4
Mg v

Figure 1.4 Pile Bending Moment Pattern for DrivenPile System
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1.2 The Need for ResearchPotential Limit States

When subjected to design level seismic events, structures are expected to perform in the
nortlinear responserange ando sustain damages is discussed in many texts including
(Priestky, et. al, 2007) This damage must however be controllable, prevent collapse, and in
the case of demands $ethan the design seismic ev@néferablybe repairable.As a base
material steel isa desirableconstruction materiadue to its ductile characteristicélowever,
steel connections, if not detailed properly, can be problematic when subjected to large
inelastic deformationas is discussed in many documents includBwgineau, et. al., 1998)

In accordance with the principals of capacity design, unddsirmodes of failureof a
system,such as brittle connection failureshould be avoided in order to develop plastic
hinges at intended location. Should undesirable modes of failure develop prior to the
formation of pile plastic hinges, issues such ascttral collapse, irreparable damage, or

lack of systemductility couldoccur.

Based on the geometry sifeel pier systeamand the anticipated pile hinging mechanism,
obvious potential limit states include yielding of connection elements, cracking ofctiomne
elements, cracking of base pile material, or most preferably local buckling pifeheall to
form flexural hinges Past research at North Carolina State Univelséty indicated that
basic welded connections, regardless of weld geometry, manchpable of producing
desirable ultimate limit states and may possess limited ductility capaChe past work
showed the behavior of basic welded connestionbe dominated by cracking at or near
critical welded regions.This past research consistefdaoportion of the phase 1 steel pier
testing program that is described in detail in (Fulmer, et. al., 2010, 2009) and (Cookson,
K.A., 2009). Further onclusions regarding the behavioi welded connectiohfrom the

pastwork will be discussed in detaihisubsequent chapters of this document
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1.3 ResearchGoals andScope

The scope of the research covered in ttatsumentwhich includes work t'm phases 1
and 2 of the stegbier testingprogram was aimedat better understanding and improving
upon thenoni linearbehavior of steel pipe pile to cap beamment resistingonnections.
The research hypothesissumed thahe behavior of basic welded connectiassontrolled
by undesirable failure modesndthat the performancef the systentould be improvedy
alternative connection design®Better understandingf how steel pipe pile to cap beam
connectiondehaveand improving upon their configuratiowould allowfor the application
of Performace Based Seismic Design (PBSI) systems containing thesgpés of
connections PBSDaims to design a structure rieliably achieve a specific level of damage
for a prescihied seismic hazard as is done in a Direct DisplaceBased Design (DDBD)

procedure for example.

As will be discussed throughout this documémorder toachieve a reliable pile hinging
failure mode, stegdipe pile to cap beam connection configurations should provide a specific
method of protecting critical welded regions by relocating damage away from these
interfaces. These connectiondl fato what has been defined in this work as modified weld
protected connections as opposed to standard welded connections which do not provide a
means of damage relocation.Further discussion regarding these two categories of

connection desig)is provided throughout this document.

The methods that have been utilized to achievsettesearchgoalsinclude laboratory
experimentatesting of full scale pier systenas well as dynamic testing of scaled systems,
and three dimensional detaileéinite Elemen Modeling (FEM) These twocomponents,
experimental work andikite ElementModeling have been usddterdependentlyvhere in
some cases FEM assisted in planning of experimental worknanbderswhereexperimental
work allowed for calibration of theEM procedure Further, the FEMnodel was used to
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conduct a parametric study to determine reliable deformation capacity as a fundin of
ratioanddead load magnituder a particular connection configuration
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Chapter 2: Literature Review

2.1 General Discussion

An extensive review of the literature revealed a limited amount of published research
work that was applicable to the specific steel pier system considered in the scope of the work
discussed here. However, two journal artielese found thaprovidedrelevantinformation
to the scope of this research projedhe work of Steunberg et.a{1998) examined the
behavior ofa circular steepipe pile welded to a steel plate embedded in a concrete cap
beam while the second study Qylishikawaet al. (1998) was focused onstrengthening of
systems withconnectios of the steel pipe pile to a régined testing base consngf of a
pocketed and welded configuratiofVhile relevantfrom the perspective of pipe wall local
bucklingbehavior the second study did not directly reflect any connection investigated in the

researchdiscussed throughoutithdocument

2.2 Relevant Articles
2.2.1 Steel Pile/Precast Concrete Cap Beam Stud$teunenberg et. al., 1998)

The research discussed iretbaperby Steunenberg et. 1998 focusal on a single
laboratory test that evaluated the performance of a steetbipiiea D/t ratio of 25welded to
a steel plate that was embedded aoncreteblock using anchor rodas shown irFigure2.1.
The connectiorof the pile to the plate consisted affull joint penetrating weld which was
placedin an overhead position to simulate actual construction practitee specimen was
subjected to reverse cyclic lateral load and was ultimately able to achieve a displacement
ductility of 8, according to the authors of the paper, after local buckling foante base of
the pileas shown irFigure2.2. Although this seerdto be a positiveasult indicating that

standard welded connections may provide adequate system behangoiew of the testing
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results indicates otherwiseThe yield displacement reported in the artislas 30 mm.
However, as can be seenFigure2.3, this structur@ppears tmot havereacledfirst yield at
30 mm nor effective yield which extrapolates the firstgld displacement by the ratio of
nominal system strength to first yield strengfromFigure2.3, it is appearghat a ductility
one displacement value would be approximately 50 mdicating a maximum ductilityf
approximately four and a reliable ductility capacity of slightly over based on the lack of

repeating cycles at 4200 mm. and the loss of strength at380 mm.

'

SPECIMEN 1
324 DIA x 127
PIPE PILE
(A232 GRADE 3X

2235
I |
EMBEDDED PLATE COMPLETE
PL 650x600x50 PENETRATION
(GRADE 350W> 10 BE DONE
IN THE [
| OVERHEAD
POSITION
800

\

850 850 \—750x800 oP 373375
CONCRETE
1700 BEAM 799

Figure 2.1 Test Specimen Detad (Steunenberg, et. al., 2007
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Figure 2.2 Locally Buckled Pile at Base Connection§teunenberg, et. al., 2007
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Figure 2.3 Experimental Force Displacement Hygeresis(Steunenberg, et. al., 2007

Although the dimensions and diameteithickness (D/t) ratio of the pile tested were
similar to the dimensions used in this research project several differences in the test
specimes exised First, the steel platenbedded in concrete likelgroducel a more stiff
connectioninterfacethanwould have been the case if the connectiasto aflexible steel
cap beam. As will be discussed later in td@ument this effect is likely significant.
Secondly, no axial loadas applied during testing aould exist in an actual pier and as

would develop ina multrcolumn piertest regardless of whether or not gravity load was
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applied to the specimatue to global equilibrium requirementalthough this specimen was
able todevelop pile hinging in the form of local bucklingvhich mitigated connection
cracking, the force displacement response indicates that these structures may be of limited

ductility capacity.

2.2.2 Retrofitting of Steel Bridge Columns(Nishikawa, K., et. al., 198)

The research consideredtive study by Nishikawat. al., 1998ocused on retrofitting of
existing columns as the title indicates. The study considered both square and circular
sections. However, only the results of the circular specimens are pebent as the basis
of this research project is to determine the performance capabilitiedl@iv circular section

piles

The study assumed that local buckling tbe pile would occur before connection
cracking, as was reportedly experienced followimg Kobe earthquake of 1995. The goal of
the researclstudy was to prolong the life of the structure by controlling the growth of
outward local buckling. This would be achieved by placing an outside reinforcing pipe
around the column with a specified t@ace. The lack of contact between the two elements
was intended to ensutbat the outer ring provideno strength or stiffness to the structure
until buckling occured Following the occurrence oflocal buckling theoutward bulges
which were expecteatdevelopshould come in contact with the outer ring which in turn will
control the growth of these bulges and prolong the life of the struatuskhown irFigure
2.4.

The experimentalresults detailed in Figure 2.5, indicated thatthe mehod was
moderately successful as shown kigure 2.6 which provides positive side force
displacement envelopes for the two D/t valuesetéstAs shown, the retrofitted column

responsesdepiced by the dashed linegxperienced a slight increase in post buckling

10
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ductility capacityas compared to the naetrofitted specimen responses shown by solid
lines Howeverthis conclusion is not of great importancehe basic scope dhis research
project since the basic system configuration differed from that considered in the research

covered in this documenthich does not specifically focus on retrofit

Regardless, thfact that connection cracking did not occur prior to pile local buckling is
of importance to this project. However, the connection utilized during this testing was a
pocketed type connection where the pile was passed through an uppangtien welded
to both a lower plate and the upper plate as showigare2.5. The significant difference
between this type of system and connection of piles to a cap beamirstiffdtes that
direct comparison of these results to the results of this research project is not possible.
Neverthelessthe study does provide whaduldbe a viable connection alternativeamelya
pocketed connection. In addition the study providgmtential retrofittingconceptwhich
was applied to develop a modified connectonfiguration in this research projentended

to enhance the performance of the pier system as wdliScessed in later chapters

A-A Section B-B Section

Figure 2.4 Buckling Control with Outer Ring (Nishikawa, K., et. al., 1998)

11
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2.3 Literature Review Conclusions

Although thetwo studies reviewed in this chapter are of limited applicability to the
scope of the research discussed in this document, both did indicate that basic welded
connections may be capable of precluding connection cracking and developing pile wall local
bucKing. However, the considerable physical differences between a plate embedded in
concrete, a pocketed base connection, and an actual steel capctwaectionplace
restrictions on theelevanceof this conclusions to the steel pier systems consider#usn
research.As will be discussed in subsequent chapters, the studNidghykawa et. al., 1998
did provide a concept that was used to modify a successful connection configuration in an
attempt to improve post pile wall buckling behavior.

13
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Chapter 3: Past Experimental Research

3.1 General Discussion

Past experimental research at North CarolinaeSdaiversity (NCSU) was conducted on
full scale two column piers containing standard welded connections, which are defined as
connections which do not specifically attempt to protect critical regions by relocating
damage. This research warekmprised a paion of the phase 1 steel pier testing conducted
at NCSU that was funded by AKD@PF and is described in detail both (Fulmer, et. al.,
2009, 20D) and (Cookson, K.A., 2009). However, a summaryhis work isprovidedin
this chapter to enhance tiscussion in subsequent chaptegarding the latezxperimental
and analytical work that is basis of tldecument Further, it is important to understand
research findings which led to the development of modified weld protected connections.
This laterresearch workhat is the basis of this document@mprisel of a portionof phase

1 and all of phase 2 of the steel pier testing at NCSU

3.2 PastExperimental ResearchDetails
3.2.1 Introduction

The main goal of th@astresearchprogram was to model as accurgtak possible a
typical steel bridggier used in Alaskdor evaluationof the connection behaviofThe use of
full scale two pilepier specimenselped to ensurthat the influence of axial forcetue to
global overturning resistancand proper boundargonditions were captured. Although
laboratory limitations were considered throughout the design, an attempt was made to
minimize the influence of these limitations in order to achieve the main goal of capturing the
response of the system when subjectddttral load as accurately as possible

14
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A very important aspect of the specimen desigthe past workvas coordination with
AKDOT&PF engineergo ensure that the design was in fact representative of their existing
bridge inventory. Table 3.1 provides a representative sampling of the steel bent bridge
inventory provided by AKDO&PF to NCSU As shown inTable3.1, the pile heights range
from 1020 ft. above gradeand the pile diameters from -BD in. Taking into account the
fact that pinned based supposgkown in Figure 3.1 were used to model the point of
inflection that would exist in an actual system subjected to double bertimglecision was
made to set a target pile bt at 1014 ft. which would correlate toraapproximate0-28 ft.
pile lengthfrom the cap beam to the in ground point of fiXity an actual system depending
on soil conditions The decision was also made to use l&liameter pileso produce a
reasmable aspect ratioThepile thickness was chosen &8 in.to generatea D/t ratio of 32
which is within the typical range of AKDOT practiceASTM A500 Grade B&C material
designationsverechoserfor the pile elements

The design of the cap beam wastrolled by capacity design principles. In order to
ensure that flexural hinging occurred at the tops of the piles, other failure mechanisms (beam
hinging, joint failure etc) had to be capacity protecte@irom the design calculations which
are includedn (Fulmer, et. al., 2009a double wideHP14x89cap beansection comprised
of ASTM A572 Grade 50 material was chosen sinceas determined toemain elastic
when subjected to the anticipated es&ength demands of a pile hinging mode of failure.

In addition cap beam transversgiffeners were placed over the extreme #hgrthe HSS
piles to mitigate cap beam flange damageThe design resulted in the specimen

configuratiors shown inFigure3.2 andFigure 3.3.

15
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Table 3.1 Sampling of AKDOT Steel Pier Inventory (Compliments AKDOT)

Pile Location
Wed| weld | py, |  Pile | Height | Number #of | Span Figure
Name Type Size Diam thickness | above | of Piles | Cap Beam Spans Length Latitude | Longitude | reference
PE 1 fin] | [n] |ground | perbent [£t] g
[£t]
Field . .
208 | Loc| 025 |12 N/A 10 4 HP14x73 | 3 75 | 57618 | -152315 | NA
1196 ?:ﬁl&‘i 025 |12 0.833 14 4 HP14x73 | 3 33 | 59478 | -139.608 | N/A
Figure
1754 | Field |05 | 30 N/A 16.5 4 | 2w3ex280| 3 50 | 61.150 | -149.700 | 1-Zand
Fillet Figure
16
1820 | Bl 6375 | 467 N/A 20 4 2HP10x57 | 3 35 | 60.178 | 149365 | TiEE
Fillet 14
1136 | Fleld | 6375 | 167 0.3 10 2 JHP14x89 | 1 80 | 60.105 | -149.44g | Tizure
Fillet 1.7
1945 11251; 03125[20%. | o625 | 20 3| 2Wisx36 | 23 | 30 | 54852 | -163.408 Flig”lm
Figure
1714 | B} g 395 | 1o~ 0375 | NA 2 W24x84 1 74 | 61560 | -149.038 | L5 2nd
Fillet Figure
15

Figure 3.1 Pinned Base Supports Used iRhase 1Testing
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Figure 3.2 Phase 1 Laboratory Experimental Set Up

Figure 3.3 Phase 1 Laboratory Experimental Set Up
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3.2.2 Lateral Loading of the Test Specimen

Structural analysis was condadiprior to testingwith anticipatedmaterial properties of
the piles to determine that a 220 kip M3&vacontrolled actuatowould be adequate to test
the specimen. The other major consideration when designing the lateral loading system was
actuator sbke. The 220 kip MTS actuator dha total stroke capacity of 4@. For the
purpose ofreverse cyclic testingthe lateral loading system was designed to allow for a
balanced set up that would provide plus or minus 26figtroke. It was anticipatedhat this
magnitude of actuator stroke would be capable of testing the pier to fallbheelateral load
history applied to past experimental specimens consisted of a balanced rgekrdeading

procedureasshown inFigure3.4.

This load history termed a three cycle set, is the same procedure utilized in both the
experimental and analytical portions of the later work ithatesented in this documeand
is defined in detail in subsequent chaptén general, this loadingdpistory is defined by
single reverse cyclic foreeontrolled steps that increase by increments aff ¥he systerds
first yield force untilthefull first yield force cycle igeachedfollowed by three cycle sets of
displacement ductility increments. tims protocol a displacement ductility of 1 is defined as
the experimental first yield displacement extrapolated by the ratentdipatednominal
system strength to the first yield system strength. Increasing levels of displacement ductility
were imposd in the order of 1, 1.5, 2, 3, 4, 6, etc. until failure. This style of balanced load
history effectively evaluates the full reverse cyclic capabilities systékgain, a more

detailed explanation of this load history procedure is provided in subsexdnagners.
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Figure 3.4 Typical Three Cycle Set Load History
3.2.3 Standard Welded Connection Configurations

As has been noted, the prior work considered only standard welded connection
configurations. Four expeniental @aluations were conducted with nominally identical
global specimen parameters (cap beam size, pile size, and pier dimensions) with the only
differentiation beingthree separate welding detalsedto form the moment resisting
connection between ¢hpile and cap beam elements of the system. Tivek#ng details
included a fillet weld, a complete joint penetration weld (CJP), and a complete joint
penetration weld with a full depth reinforcing fillet weld as showrFigure 3.5 through
Figure 3.7 respectively. In all cases, the welding was conducted in an overhead field like
condition by certified welders to replicate actual construction practicaddition, the piers
containing CJP welds and Edvelds with full depth reinforcing filleveldswere subjected
to full visual and ultrasonic testing (UT)Furtherwelding detailsand documentatioof

quality areprovidedin (Fulmer, et. al., 2009).
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Figure 3.5 Standard Welded Connectioni Fillet Weld
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Figure 3.6 Standard welded Connectiori CJP
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Figure 3.7 Standard welded Connectiori CJP with Full Depth Reinforcing Fillet

3.3 Summary of Experimental Results
3.3.1 Fillet Weld Evaluation

As is indicated inTable3.1, the typical detail utilized during construction of the existing
bridge inventory consietl of a field conducted fillet weld. The connection requires no
backing bar and provides no root opening as can be seBigure 3.5 which depicts a
section cut of the 1/2 in. pile wall and the bottom flange of the HP section cap beam. Itis
important to note thadue to a construction error the actual vsaldedin the experimental
testwas undersized by approximately 1/18. Although thiswasan error, the situation is
actually more indicative of the existing bridgeventory which hasmany fillet weld

connectonswith throat thicknesses less than the pile wall thickness.

Structural analysis conducted prior to testing provided a system first yield force of 73
kips on which the initial portion of the loading history was bas@&this yield force was
calculated orthe basis of material properties provided by mill certificatigeeFigure A2
throughFigure A 4) which indicated a yield stress of approximately 54 ksitfe ASTM
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A500 Gr. B&C dual certified piles.During testing, theaverage first yield displacement of

the system was observed to be 2.99 in whiels considerably higher than the calculated
estimate of2.04 in. from basic structural analysis considerirgpdbeamflexibility. One
reason for the higher than expected yield displacemextthe effect of base displacement
which wasattributed to rocker bearings located in the base supports. From the recorded first
yield displacement of 2.99 .inthe equivaint yield displacement or ductility 1 displacement

was calculated as 3.89 in.

Regardless of the base displacement issue, the specimen was found to respond
adequately within the elastic range. No signs of failure were observed during the load
controlled prtion of the load history prior to first yield nor were any observed during the
ductility 1 and 1.5 levels. However, rapid degradation of the connection was observed
during the firstpositive cycle of the second ductility level. During this cycle cragki
developedht the toe of the fillet weld on the south column as can be séggure3.8. The
effect of this cracking in regards to the strength of the specimen can be Begre3.9 and
Figure 3.10 which provide the force displacement hysteresis and the load history
respectively. It should be noted that the force displacement hysteresis appears to be shifted
towards the positive diréoh due to the effects of base displacement which is plotted in
Figure3.11. The first negative cycle of the second ductility level led to additional cracking
in the fillet weld of the south columnAs a resultthe specimen was assumed to be failed
and the test was concluded.
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Figure 3.8 Fillet Weld Testi Cracking of South Cdumn
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Figure 3.9 Fillet Weld Test1 Force Displacement Hysteresis
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Figure 3.10 Fillet Weld Testi Load History
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Figure 3.11 Fillet Weld Test1 Base Displacement v€Cap Beam Displacement
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3.3.2 Complete Joint Penetration Weld Evaluation

Unlike the fillet weld detail, the CJP detail shownFRigure 3.6 required a 1/4 in. root
opening and a circular 3/8 in. thick steel backing bar per American Welding Society (AWS)
D1.1 (AWS, 2008 specifications as noted in (Fulmer, et. al., 2009). Howetrer,global
system was nominally identical to that of the pier with fillet weddshas already been
mentioned Consequentlyhe calculated first yield force of 73 kipsid the force controlled
cycles of the displacement histomerealso identical as the pile material was from the same

heatand consisted of the same material properties.

During testing of thispecimen, a loading error occurred early in the test. Following the
1/2 Fy positive orpushcycle, te specimen was significantly overloaded and data was lost
during this time as is seen iRigure 3.12. As shownin Figure 3.13 estimates from
extrapolation of the force dismglament hysteresis indicate that the overload cycle reached
approximately-100 kips and15.74 in of displacemenin the pull direction Unfortunately,
due to the time during testing at which the overload cycle occurred, no first yield
displacement coulthe established for this specimen. For this reasono#t history of a
previous test pier containing CJP welds with reinforcing filleés utilized resulting in an

equivalent yield or ductility one value of 3.24 in.

During the overload cycle, a fractudeveloped at the weld toa the beam flangside
of the weld onthe north column as is seen kiigure 3.14. After the three cycle set load
history was reinstatedhé next crack that formed was during seconlll prcle of ductility
1.5 on the south column at the cap beam weld toe as ségguire 3.15. Multiple small
cracks also developed on the south side of the south column. The crack seen at the weld toe
of the noth column also grew in length during this cycle. The cracks already formed on both
columns continued tg@ropagateboth in length and width during the first cycle of the
ductility 2 leveland propagated through the weld in the case of the cracking ooutie s

column during the second cycle of ductility 2 as showrFigure 3.16. The cracking
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observed on the north pile was also seen to propagate through the weld during the third cycle
of ductility 2 as shown ifrigure3.17. The test was continued into ductility thregardless

of the reduction in strengtivhich was more than 20%. After the first cycle of ductility 3 the

cap beam showed distortion near both columns, as iseleigure 3.18, andan additional

crack had formed in the north column at the cap beam weldAbéhis point the test was
stopped due the extent of damage and loss of strength of tspeeshen.
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Figure 3.12 CJP Weld Testi Force Displacement Hysteresis
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Figure 3.13 CJP Weld Testi Load History

Figure 3.14 CJP Weld Testi North Column Crack During Overload Cycle
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Figure 3.16 CJP Weld Testi South Column Propagation of Cracking through the
Weld

Figure 3.17 CJP Weld Testi North Column Propagation of Cracking through the
Weld and Cap Beam Distortion
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Figure 3.18 CJP Weld Testi Cap Beam Distortion

3.3.3 Complete Joint Penetration Weldwith Full Depth Reinforcing Fillet

As in the case of the basic CJP weld, tetail of aCJP weld with a full depth
reinforcing fillet weld shown inFigure3.7, also required a 1/4 in. root opening and a circular
3/8 in. thick steel backing bar p&WS D1.1 (AWS, 2008) specifications as noted in
(Fulmer, et. al., 2009). Again, the global system was nominally identical to that mittee
with fillet welds and basic CJP welds. Consequently the calculated first yield force of 73
kips and theforce controlled cycles of the loadirgstory were also identical as the pile

material was from the same heat and consisted of the same natgraties.

This welding detail was utilized in 2 of the 4 specimens evaluated in the past research
due to improvement in performance that was experienced during the first of the sastest
compared to the fillet weld and basic CJP weld details. Dueisting of the first specimen,
the observed average first yield displacement was found to be 2.48dnwas used to
establish a new displacement history for the remainder of the test. From the first yield
displacement, the equivalent yield displacenwrductility 1 displacement was calatgd as
3.24 in resulting in the force displacement response and load history shdviguire 3.19
andFigure3.20 respectively As in the case of the fillet welevaluation base displacement
due to the rocker beariagsed in the test set wpasexperienced, but at reduced leaslcan
be seen irfrigure3.21.
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As has been mentioned, the first CIJP with reinforcing filletdveglecimen generally
performedin a more acceptable manner than specimens with fillet welds or basic CJP welds
No signs of failure were observed through the displacement ductility 1, 1.5, and 2 levels.
The specimen was accidentally subjected to an oaeéricycle corresponding to a
displacement ductility of 5 during the transition from ductility 2 to 3 as can be ségjuie
3.19. Although no damage was observed during this overloading, reversal to the negative or
pull correctductility 3 displacement led to a crack forming at theld toe in the north

column.

This crack extended from the extreme fiber of the south face to approximately the
neutral axis as shown iRigure 3.22. It is possible that this crack was due to damage
sustained during the overload cycle. For this reason and the fact that only minor strength loss
had been experienceds is shown irFigure 3.20, the test was continuedUltimately the
specimen was able to develop local buckling as is sedfigare 3.23 when subjected to
ductility 4 displacements. This buckling led to significant strength degradation and base
material fracture at a location ajdal buckling on the south column shownFigure 3.24.

The failure mechanism of this specimen can be summarizesl @smbination of local
buckling and associatexdrength loss, basmaterial fracture, and wefdacturepossbly due

to the overload cycle.
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Figure 3.21 (1) CJP w/ Reinforcing Fillet Weld i Base Displacement vs. Cap Beam
Displacement

Figure 3.22 (1) CJP w/ Reinfordng Fillet Weld i Cracking at Weld Toe North Column
South Face
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Figure 3.24 (1) CJP w/ Reinforcing Fillet Weldi Base Material Fracture South
Column

The improved system response that was observed with this weld detail included both
increased levels of reliable and ultimate displacement response as well the ability of the
connecton to form the preferable failure mechanism of pile wall local buckling. Although it
is important to notehat cracking at the weld toe was not mitigated, it was determined that

the results warranted a second trial of this weld detail to evaluate refiyadhlthe results.
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In the second experimental evaluatitie observed average first yield displacement was
2.54 in nearly identical to that of the first evaluation which was 2.49 in. This resulted in
equivalent yield displacement of 3.30 iRuring the testno visual signs of failure and no
strength lossvereobserved prior to the third cycle of ductilityad is shown ifFigure 3.25
andFigure3.26. However, ltimate failure occurred rapidlywling the third push cycle of
ductility 3. A large crackapidly formedat the weld to@nd propagated around a significant
portion of the south face of the south column as seéfigure 3.27 andFigure 3.28. This
crack significantly affected the strength of the system as can be déiguiie3.25. The last
pull cycle of ductility three was completed and the test was assumed to be completed giv
the significant cracking on the south column and approximately 30% strengtldssugh
minor levels of local buckling began to develop below the weld reg®mshown irFigure
3.29, the buckled region was naspronounce as in the first evaluatioand did not appear
to be associated with strength loss prior to the brittle argakechanisnwhich formed on

the south column leading to rapid strength loss in a single cycle of loading.
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-38.1 -18.1 19 21.9
125 : ' '
X - Initial Cracking 5 Mo g L 444
75
; Zj \ - 244
D Propogatio =
2 25 / f Crack <
3 / of Cracking 44 x
Lclf B / / - -156 LL
75 i’ ZZ 4 - -356
-125 - -556
-15 -10 -5 0 5 10 15

Displacment (in)

Figure 3.25 (2) CJP w/ Reinforcing Fillet Weldi Force Displacement Hysteresis
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Figure 3.27 Cracking on South Column
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Figure 3.29 Minor Local Buckling on the South Column

3.4 Summary and Conclusions from Past Work

The results of thpastexperimental testingsgummarizedn Table3.2, showed that in all

cases the ultimate limit state of the system was controlled by brittle cgaickor nearthe
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welded region as has ben discusseth this chapter. With the exception of one casthis
crackingoccurredprior to the development of the more desirable limit state of pile wall local
buckling. Although the use o€JP welds drastically improved the behavior of the
connectbn in comparison to the use fifet welds, in no cases did the more desirable ductile
failure mode of pile wall local buckling control. In addition, the reliable displacement
ductility capacity from each test was considerably limited noting that teevi#ld specimen

was barely capable ehtering the notinear range.

However, it should be noted that although the reliable ductility values were relatively
low, the associatedrift magnitudes were reasonably large particularly for the specimens
with CJPwelds and full depth reinforcing fillets. This is partially dwethe definition of
displacement ductilitycp/ ygay) and the considerably high elastic flexibility of this type of
system. Regardless, the undesirable failure mode of brittle craeking near welded
regions,which developed in each diie 4 tests,warranted concernegardingthe standard

welded connectiononfigurationsconsidered in the past work

Table 3.2 Past Work Summary

Configuration Failure Failure Description Reliable | Equivalent
9 Ductility P Ductility | Reliable Drift
South Column Nor#iMid
3/4" Fillet 2 Face Crack at Weld Toe ir 1 0.028
Base Metal
Multiple Cracks in Both
o Columns at Weld Toe in
45° CJP 3 Base Metal and Through 152 0.035- 0.047
Weld
o " South Column North Face
45 C‘JP.W/ 3/4 4 Crack at Weld Toe In Base 3 0.070
Backer Fillet(#1)
Metal
o " South Column South Face
45 CJP.W/ 3/4 3 Crack at Weld Toe in Base 2-3 0.049-0.072
Backer Fillet(#2) Metal
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Chapter 4: Research Methods

4.1 General Discussion

As has been mentioned, the research methods used imdjeistpnclude full scale quasi
T static experimentdlestsas was done in the past work, as well as det&ileile Element
Modeling of steel piers containing both standard and modified weld protected connections.
In addition, scaled dynamic shake table evaluatiohsteel piers with a modified weld
proteced connection configuration was conductethis body of work consisted of portions
of the first phase and of the entire second phase of the steel pier project at NCSU. Sections
provided in this chapter are aiméal explain the details of each research method prior to
discussing results and findings in later chapters. These details include the design of the full
scale specimen, the designtbé laboratory set up components, the definition of the lateral
load higory used in the project, and the various components related the developrtient of

Finite Element Mdels.

4.2 Lateral Load History

The applied load history used in both the full scale gstadic experimental evaluations
as well as th&inite Element Acalyss evaluatiorin this research is termed a three cycle set
history. The definition of this load history consists of an initial elastic portion based on the
anticipated yield force of the system and a second section based on the experimentally
determined \eld displacement of the system. More specifically, single reverse cyclic load
controlled cycles of 1/4 first yield force increments are applied to the pier until a full first
yield force cycle waseachedwhere the first yield force is determined in attance with
Eq(4.1). In Eq(4.1), S represents the sectionodulus of thepipe pile membersfy
represents the anticipated yield stress of the pile material, and X reprbsesttiear span

from the pinned symorts to the criticapile hingingsection.
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The second section of the load history was defined by despient controlled
incremental ductility levels whemisplacementuctility 1 (1), or effective yield, is defined
by Eq.(4.2) and subsequent displacementtditg levels are defined b¥q.(4.3). In Eq(4.2),
P Pexp represents the experimentally determined first yield displacement whiknt M,
represent the full plastic moment capacity and the first yield moment capacitypapéipeie
members respectively. This load history definition results im balarced force and

displacemenpatternsas shown irFigure4.1 andFigure4.2 respectively

A critical assumption in this definition of a three cycle set load history is that plastic
hinge sectioaform in the pile elements and that the rest of the system remains in the elastic
range of responseFurther, the simplified equations providedkq.(4.1) throughEq.(4.3)
assume an equal distribution of shear forces between the pile nsanfben in the elastic
range of loading isnly accuratdor a two column piewvith no applied vertical load These
equations also neglect-Pelta effects which would arise from axially induced loads
generated from overturning resistance of the pier or from applied vertical loads should they

be considereth the test or analysis

F, = xy (4.1)

m=0 =20 M, (4.2)
I? y,€xXp M

m=i p (43)
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4.3 Full Scale QuastiStatic Experimental Evaluations
4.3.1 Designof the Global Test Specimen

As was the case with the prior research, this phase of work also considered full scale two
column bridge piers representative of actual structures in Alaska. It was intentled tha
throughout entire range of testing, the global specimen parameters, such as member sizes,
would remain the same with only variable being connection configuration. In line with the
past research work, ASTM A500 Gr.B (likely dual certified C) were usddeapile column
elements and a double wide ASTM A572 Gr. 50 double wide HP14x117 cap beam was used
to complete thesystem. Although the details of each specimen are discussed throughout this
document, detailed design drawings are provided in the appsmctixthat the precise details

of each specimen can be reviewed by a reader as necessary.

Based on laboratory restrictions and a desire to maintain reasonable pile aspect ratio and
pile spacing geometythe shear span from the pinned connections that wesd to the
center of loading was set at 11ift2 in. and the center to center spacing of the piles was set
at 12 ft. The design of the cap beam as well as test frame components was again based on
capacity design principles and an assumed pile hingiade of failure. However, it was
recognized that pile hinge relocation away from the interface would likely occur in the
project and as hingesere relocated away from the cap beam interfansement demand
(and shear) demands on the cap beam element waerighse due to extrapolation of the
moment gradient. As a result, the design calculations were conducted based on an assumed
minimum shear span from the pinned base support to the hinge location af 8 fh.
Additionally, material ovestrength fators were considered to predict expected material
properties in the design calculations per the recommendatiohN®AISC 34110 (AISC,
2010)and AAASHTO Guide Specificati oMA8SHTO9r L RFI
2009) material over strength JRand R values. This resulted in the use of the material

properties shown iffable4.1.
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The basic global specimen configuratishown inFigure4.3, was developed based on
the design calculations provided figure 4.4 andFigure4.5. However, it should be noted
that some of the connection configurations which were tested required different member
sizes and configurations to be utilized. The design of thikseate members will discussed

where necessary in this documémhighlight differences in system response

Table 4.1 Expected Material Properties for Design

Material F, (ksi) | Ry | Fyexp (kSi) | Fu (ksi) | R | Fuexp (Ksi)

ASTM A500 Gr. B& C
Dual Cert. (Piles) 46.0 | 1.4 64.4 62.0 | 1.3 80.6

ASTM A572 Gr. 50
(Cap Beam & Stiffener3)
ASTM A36
(Various Test Frame Componen
! based on (AISC, 2010)
“basd on (AASHTO, 2009)
® R, values only covered in (AISC, 2010)

500 | 11 55.0 65.0 |11 71.5

36.0 | 1.5 54.0 58.0 | 1.2 69.6

. N
(ﬁ(Z)HP 14x117 2 in. Stiffeners (typ.)
S mllEa—— =
South North :’A;O }iip
Positive Negative cluator
Load Load J\ﬁ/(
11-2" Strong Wal
fHSS 16x0.500
- Pinned
, 120" / Supports
12'- Strong FIOOI—K
>

Figure 4.3 Phase 2 Basic Specimen Laboratory Configuration
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Basic Specimen Design:

(1) Pile:

Dsh =

Assuming & pils hinging maod

fj,-'_pile = f}-‘_exp'osh
Zpile = 112in" plastic medulus of for HSS | Ex0.500
Tspan min = 8.5ft minimum sxpected shear span
Mpﬂe = f}-‘_pile'zpﬂe P"ipﬂe = ?DE.?‘E-kip-Pcl expected ouerstrength pile moment capaaity
ML
Vo= ipﬂe associated shear, st max considered depth of hinging
v span_min (actuator foras/Z)

To check shear failurs of the pile per AISC specificstions GE

1.6-20000ksi  0.78-20000ksi - .
Fo = 1 e 3 _.D.ﬁ-f'}_._m Fo,=252ksi

i I B
132 16 “1_4 {16 3*
16 \ 0465, | 0465/
2

d}"'n_pﬂe = D_QFCI-D_j-gg_]‘m |d)1'rn_pile = 257 _L}kiq 3= swpsctsd, pils 15 adsgquats for shear demand

HSS | ex0.500 ASTM ASOO0 Gr. B
= 42ksi ASTHM mimmum yield stress
= 38ksi ASTM mimimum tensile stress
f}_m- 14 f}-‘_exp = 58 8ksi
£ min'13 fu_exp = T54ksi
fu exp
S O =128 overstrength facto
f 5
¥_exp

r to scocount for potentisl 5

rain hardening

Figure 4.4 Phase 2 Specimen B#gn Calculations
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(2) Basic Cap Beam: Double HP 1 d4x] | 7 ASTM AS72 Gr. 50,

Flexural Capacity f

£ min = J0ksi ASTM minimum yeld stress for AB7 2 matenisl|
3
8 = (2)-172in for dovkle HF 1 4x | |7

0.5-148in - (29000ksi\ >

Flangs Slenderness - ———— =023 038 —— =015 closs, neglect non-compact flange

0.805in \ By min )

11.23in .| 29000ksi 02

Web Slendsrnsss - = 13.98 376 —— | =9033 web compact
0.805in | i )
Lty _min )
Latersl Torsionsl Buckling will be neglected ss HPs will be dovbled and welded st flanges. Full pin weld in
accordancs with AWS D should be used to ensurs composite action about Y auis

My cap = Mpile 7 Mo cap = 924.79-kip )

d}:\"jj,-'_cap = I}.Qf}_. mjn's |d’}"1j,-'_cap = IEQD-Ldp-PcI cap beam adssusts for flexrs

By inspection, interaction of awal forces and moment capacity can be neglected a5 maximum considered axal

o
force to gross snsl wield strength 1s spproamstely 2%.

n per AISC Specification G2:

n
b
Eh
]
&
(8]
R
-
s
%]
ot
ih

g
h\
o+
0

Vo cap= o |‘.(J cap = 13-!-.13-ki1:1

= 20(1.0)-0.6€, o -(11.25in)-(0.803in)-1.0 |q>x'n cap

= 54.3_33.1,&[;1 cap beam adsgusts for shear

Figure 4.5 Phase 2 Specimen Design Calculations (Continued)
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4.3.2 Design of Testing Fixtures

In addition to the specimen desigiternatdaboratory testing fixturewere designed for
the secad phase of testing In an effort to simplify testing setp and to mitigate base
movement that was experienced in the past experimental work, pinned base assemblies that
could be directly post tensioned to the laboratory reaction floor wWai#8 in. pos tensioning
bars were designedl'he pinned base assemblisepwn inFigure4.6, were designed to use
5 in. diameter steel pins passing through sleeves in the pile as shéwguia4.7 through
Figure4.9. Design calculations for the assembhesich considered ASTM A36 material,
are provided irFigure4.12.

Sizing of the cap beam loading plate and the connecting filletsagfldwn inFigure
4.11 was also necessary prior to testingdased on engineering judgement, the plate was
sized as 1 in. thick and a calculated minimum length of 22 in. of 5/8 in. fillet weld was
provided between the plate and cap beam. The plate wakedietaconnect ta 440 kip
MTS actuator that was used in this phase of the profegtwas the case with the first phase
of testing, the 440 kip actuator used had a total stroke capacity of 40 in. allowing for plus or

minus 20 in. of specimen displacemevhich was judged to likely be adequate for testing.
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Figure 4.7 Base Assembly Part P1

46



Chapted. Research Methods

@ to match O.D. of 1-0 o
sleeves provided by /gr
NCSU (5" Nominal
\ \

1'11" J
1-0"
1, .

Figure 4.8 Base Assembly Part P2

L.
2

11
A

1Il

2 ,9"

Figure 4.9 Base Assembly Part P3

47



Chapted. Research Methods

103"
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Testing Set Up Design:

(1) Base Shoes, ASTM AST 2 Gr. 50

g5 ;:r,.cr Base assembliss are constructed of 2in thick base plate | Bin wids spaning 2ft (Plus Sin sithser
1dg) and two verieal plates (2"« | 2) forming the pin region that sre connected to the base plats with 5/8"
ll=t ='d-= on both sides
nisL < Il =aca,

e Tl ASTHA vield stress
W omin 36ksi A2 T minimum yisla Stress
p = 13535t sccentricity betwsan strong floor and gin canterline

M., choe = 298-kip-ﬂ1 vertical plates sdequate for flexwrs

03V \Y

Vo_shne = o o_shoe = 41.4-kip

BV choe = LO-(0E)E, oo -2-(2im)-(12in — Sin)-1.0 |q,vﬂ hoo = ._r.m,g.hd

vertics| plates adsgusts for shear

Flexurs of bass plats (conservative sssumption):

d)h%’_shne_base = fj,-'_rrlj.ﬂ'l'[l'jm}_ 1 |d’:"j}-'_shoe_base 72-lap- ﬁ1 sss plate sdequats for Aers

Utilizing AISC | 2ed. Tsble 8-4 Angle = O degress specisl cass losd out of plane:

D=10 QY E inch fillet weld L=12 | 2 inches of weld

=10 for EE7OXY Electrodes C=123 cosfhicient for 3= .07

iR, = 2-(0.73)-C-Cy-D-L-kip Ry, = 225-kip Good, 5/8" Flllst weld Adssuats

Figure 4.12 Pinned Base Assembly Design Calculation
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4.3.3 Laboratory Instrumentation Summary

Multiple systems of instrumentati were used during the testing series. These systems
included traditional measurement devices seleltrical resistance fodtrain gauges, linear
sting potentiometers, inclinometerand acceleromete(g some cases)In addition to the
traditional €uipment, a motion sensing system that tracks the location of LED markers
adhered to the experimental specimen during testig employed More specifically, e
Optotrak system is a motion capturing device that utilizes a combination of LED markers,
strobers,multiple trackingcamera, and a data acquisition staticas shown irFigure4.13,
to record thehree dimensionahotion of the markers throughotite duration ot test. The
system captures X, Y, and ddation data at a prescribed frequency witteportecaccuracy
of 0.1 mm By applying a grid of markers to a specimen as is showfigare 4.14 and
Figure4.15, post preessing of the recorded data allows for calculations of strains and cross

section curvatures.

For these calculations, the initial gauge length between markers is taken as the distance
between any two given markers recorded at time zero prior to the begwinihe test. The
magnitude ofaveragestrainbetween the two markers of interesin then be calculated for
the remainder of the test by dividing the changéhnee dimensionadlistance between the
markers by the initial readings described in E@.4). This system allows for an average
value of strain to be calculated between any two markers. Since the markers are attached in a
grid system, the totalfdhe absolute value of strain at either extreme fiber of a cross section
divided by the diameter of tha@pe pile provides the curvature of that cross section at that

given timeas shown in E@4.5).

50



Chapted. Research Methods

Figure 4.14 SampleGrid Application of Optotrak Markers
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Figure 4.15 Sample ofOptotrak 3D Grid Snapshots

The largest benefits of the system over traditional electric resistance strain gauges is the
ability to capture strain values at magnitudes much higher than tHas tfditional gauges
and the ability to capture strain values over a larger area. The markers are applied to the
specimen using a Dow Corning 3140 adhesive and data can collected as long as the markers
stay attached. It was typically seen that the @gkomarkersvereable to remain adhered to
the specimen for the duration of the test and provide reliable data beyond buckling or
fracture. By employing the grid system it is also possible to capture the strain variance along
the height of the pile or thugh a cross section of the pile. It is important to note that
although the primary use of the Optotrak system in this testing series was for the calculation
of strains, any measurement related to the relative motion of points on the specimen can be
derived from the raw dataFurther, it should be noted that although the markers typically
remained adhere to the specimen throughout the entire test, data collected around regions of
local buckling and fracture are not indicative of engineering strainsthéise actions occur.

This issue will be discussed where applicable to results presented in this document.
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Although the instrumentation used during testing was similar between each specimen,
some variations did exist due to the exact connection configartiat was being considered
in each test. As a result the instrumentation layout for each test will be discussed as the
testing observations apgesentedn subsequent chapters. However, in general the layout for
each test was focused around studyihg behavior of the connection region with little
concern for the remainder of the system.

e :\/(Xit'xit)2 '(\( )ﬁ)z ('z ;_)2 \/(% %")E ('X T¥)2 ('; j%)2(4.4)
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4.4 In-House Material Testing

Throughout thescope of the research discussed in this document, several instanees of in
house material testing are noted. In all caesse tests were conducteyg andthe steel
couponstestedwere manufactured tdhe standard of ASTM A37D 10. The tests were
conducted in a MTS Universal Testing Machine utilizing hydraulic wedge grips. Load was
monitored with the internal load cell of the machine and strains were monitored using
combination of strain gauges, extensometers, and the Optotrak system which will be

subsequently discussed.
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4.5 Detailed Finite Element Modeling
4.5.1 General Discussion

Detailed Finite Element Modeling (FEM), also referred to as Finite Element Analysis
(FEA) in this documentwas conducted as a complimentary research method to that of the
experimatal investigations. The FEM simulation component of the research utilized the
program Abaqus to conduct quasatic stress based analysis which considered both
geometric and material ndimearity. Whe possible, the notinear steel material model
wascalibrated from actual coupon testing data and conformed to hardening rules appropriate
for cyclic response. Both shell and 3D solid elements were utilized to model the connections

as accurately as possible while attempting to taarcomputational efiency.

In most cases the entire test pier was modeled, as showigure4.16, neglecting the
opportunity to utilizeextensivesubmodelingand symmetriconditionreductionin an effort
to increase accuracy However, the steepier models did contain subodeled beam
elements in the elastic region of the piles to reduce the size of the model and ease the
application of pinned boundary conditioné. multiple point constrainfeature was used to
require the nodes at the basels three dimensiondlollow pile sectiols to conform to the

same rotations and displacements as the top node of the one dimensional beas section

Geometric nodinearity was considered in order to captur®élta effects as well as
local buckling behavioof the pile members.Typically, the same three cycle set loading
protocol utilized in the experimental componeiitthe researchvas also used in the FEM
simulations to allow for a direct comparison between the two methibd$hould be noted,
throughaut the research program FEA was used in some cases to verify the results of
experimental evaluations and in other cases to develop connection configurations and predict

behavior prior to experimental tests.
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Connectivity within the model, typically represative of welds in the experimental
specimens, was modeled using a mesh independent tie definittos.method of defining
connectivity restricts nodes on independent parts within a specified spatial tolerance to
conform to the same displacements andtrotns during the analysis. Although this method
of modeling makes the analysis easier to conduct since welds are not required to be modeled,
the associated limitations and assumptions should be noted. The most prominent of these
limitations is the inalbity of this modeling procedure to capture the potential limit state of
weld cracking, or base material cracking, since no welds were included and no cracking
models were defined. Additionally, since no extreme convergence study was conducted in
any partcular area of the modelsny stress and strain concentnasion very small areas

should be understood be of questionable accuracy.

However, this basic modeling proceduveas shownto capture local buckling,
connection behavior, global behavior, ances$ and strai concentrations over reasonably
sized regions in a manner comparable to that of the experimental investigati@uklition,
some models required the definition of hard contact between elements within the analysis.
This was achieved witlan Abaqus feature that allows for the definition of hard contact
between surfaces independent parts and allows separation after the contact occurs.
Additional specific details related to the various models developed in this research will be

discussed wherapplicable.
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ODB: StandardConnectionldeal.odb Abaqus/Standard 6.11-1 Thu Sep 15 16:44:03 Eastern Daylight Time 2011

Step:u-4.3 .
Increment 30: Step Time = 30.00

Figure 4.16 Steel Pier Finite Element Model

4.5.2 Material Models

As has been mentioned, when possible actual material stress strain data from coupon
testing was used to calibrate the steel mdter@el used in the FEA. The material model
definition used in Abaqus defines an elastic portiorthefstress strain curve based on an
input of elastic modulus which in every case was assumed 29000 ksi. The plastic portion of
the stress strain curve wdsfined by an input of tabular plastic strésplastic strain data
from material testing. For this input, plastic strain is determined by subtracting a strain value
equal to the first plastic stress value divided by the elastic modulus, from the siciural
value found from testing. Thigalf cycleinput data wasisedby the program to calibrate the
various parametsmassociated with theoni linear kinematic hardening modilat was used

to represent the behavior of steel subjected to cyclic loadéatgstic loading
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When actual stress strain datavas not available, Hinear material models were used
and werebased on the anticipated material properties showhalrle 4.2. The ultimate
stress was typically associatedtlwa plastic strain 0.14 as a reasonable value to define the
slope of the hardening curve. It should also be noted that the material model associated with
the submodeled beam element pile sections did not congliteermoni linear kinematic
hardening moel as thiswas not allowed by the program. Alternativelg, bi - linear
hardening model was used although inelastic behavior in this section of the pile was not

anticipated.

Table 4.2 Expected Material Propeties for FEA

Material F, (ksi) | Ry"* | By exp (ksi) | Fy (ksi) | R | Fyexp (KSi)
ASTM A500 Gr. B& C
Dual Cert. (Piles) 46.0 | 1.4 64.4 62.0 |1.3| 80.6
ASTM A572 Gr. 50
(Cap Beam & Stiffener3)
ASTM A36
(Various Test Frame Componen
! based on (AISC, 2010)
% based on (AASHTO, 2009)
® R, values only covered in (AISC, 2010)

500 | 1.1 55.0 650 | 1.1 71.5

36.0 | 1.5 54.0 58.0 | 1.2 69.6

4.5.3 Automatic Stabilization Controls

During the development of the Finite Elemesimulations it was found that
consideration of geortréc nontlinearity with a large displacement formulati@lowed the
model to capture the effects of local buckling. However, it was also found the solution
diverged and the model failed as local buckling of the pile walls developedolve non
linear problems, Abaqus uses an iterative Newton method that increments loads applied to
the model and solves the nbnear problem initially based on the tangent stiffnesshef
structure to solve for nodal displacement. Convergence is then checked by ngmpari

applied loads to the sum of the internal nodal forces as well as nodal force equilibrium.
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Incrementing this process with updated stiffness matrices allows the program to eventually
converge. The process of incrementing loads divides an input {(oadisplacementpver a

time period that comprises a step. Hence, all models are treated aamaiadymnoblem
although no masgjamping or accelerations ardefined in the systemWhen automatic
incrementation is specified, the program will attempt to es@vstatic problenstepin one

single increment However, this is not possible with rbnear problems which require

incrementation of the input displacement or load.

As instabilities such as local buckling develop, strain energy is transferred wighin th
model andthe global iterative solution process may divergene solution to this problem
provided by the progranis to include adaptive automatic stabilization control. phacess
inserts a small artificial amount of mass into the systting wih an adaptive magnitude of
a dampingactorsuch that damping forces can devedgpocal instabilities occur generating
an increase in nodal velocities These damping forces are then included in the iterative
equilibrium checks that compare applied feroeto the summatioof internal no@l forces.
Theinclusion of these damping forces locally dissipditestrain energy transfer that occurs
and helpghe solution reach convergensiich checks not only for global force equilibrium
but also nodal equidrium. Although this does generate some modeling errors, the method
was shown to accurately capture specimen behavior when compared to the experimental tests
which helps to lend confidence to the accuracy of the solutibarther, allowing the
program o adaptively determine the necessary magnitude of the dariggitog may reduce

the associated error.

4.6 Scaled Dynamic Shake Table Evaluations

In addition to the full scale quakistatic experimental evaluations that were conducted
in this research projecdimensionally scaled experimental shake table testing was also

conducted. The single direction shake tabl
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driven by a twa stage servo controlled hydraulic actuator with a total force capacity of 50
kips. The shake table dimensions are 8 ft. x 8 ft. with an 8 in. square grid-&fl 3&pped

holes for base restraint of test specimens. Given the dimensions of the table, scaling of the
pier specimens was required, as would be the case with most experihanigould be

tested on this piece of equipment.

The shake table is limited to a total displacement capacity-& ., which had to be
considered when selecting ground motions and associated displacement time histories for
testing. Tuning of the tablprior to testing was based on traditional PID signal tuning to the
servo valve. The accuracy of the resulting table acceleration histories, as compared to the
intended inputs, was evaluated by comparing the acceleration and displacement response
spectrums generated from the original acceleration time history and those from recorded
acceleration time histories captured with accelerometers attached to the shake table. Further
details regarding the calibration and tuning of the shake table, as well dssiba of test
specimens for shake table testing, will be discussed in subsequent chapters of this document

where applicable.

4.7 Nonlinear Time History Analysis

In an effort to predict dynamic behavior prior to experimental shake table testing of
specimensand to assist in the selection of acceleration time histories, nonlinear time history
analysis (NLTHA) was conducted with the FEM program Abaqus. The analysis used line
elements representing the pile and cap beam members of the actual system, asnvpéds |
masses over the pile elements to represent superstructure dead load. The elements selected
for the analysis were formulated to capture section plasticity through cross section integration
over a given number of section points and a given numbeartedration points along the
element. This formulation did not require calibration of a hysteretic rule associated with a

plastic hinge length to capture system riohnearity. However, it should be noted this
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analytical technique was not capable of oapg the effects of pile wall local buckling on
system strength, which had to be considering when using the analytical results to plan
experimental testing. Further details regarding this NLTHA will be discussed in subsequent

chapters of this document.
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Chapter 5: Evaluation of Standard Welded
Connections

5.1 General Discussion

From the conclusions drawfrom the past research woykt appeared that it would be
necessary to explicitly protect critical welded regions of pipe pile to cap beam connections in
orderto produce the more desirable limit state pile of hinging in the form of pile wall local
buckling. However, the fifth test of the first phase of experimental tegtogramattempted
to mitigate brittle crackingat or near weldsyith one additional standardehded detail.

Finite Element Analysis waasoconducted in order to further evaluate the behavior of piers
with standard welded connections verify the laboratory results which had been observed
and to further study what appearénl be a propensity dr cracking near the critical

connection region

5.2 Evaluation of a CJPWeld with a Double Sided
Reinforcing Fillet Weld

As has been mentioned, in addition to #fi@ndard welded connections that were tested
in the past work at NCSU, onéditional configuraton which falls in thestandard category
was considered in the current research scope. The weld configuration consisted of a CJP
weld with full depth reinforcing fillet weld$oth inside and outside the pile as shown in
Figure5.1. This configuratiorrequired the use of a splieeeld 12 in. below the connection
to facilitate constructiomwith the interior reinforcing fillet weld For reporting purposes, it is
important to note that this test was conducted in the first phas@igtetesting at NCSU, but
is considered in the current scope of work in ttisumentwhich again aims to verify the

hypothesis that standard welded connections are incapable of mitigating connection cracking
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The connection designwvas an attempt to deteine whether the brittle cracking
experienced iprior testswas more of stress based failure or strain based failure since the
larger weld should reduce the stress in the weld itself but not necessarily the associated
plastic strains at the interfaceeld toeinterface Consideration was given to the fact that the
detail would induce more heat effects and introduce the possibility for more defects. The
addition of thenecessargplice weld also addtito the negative effects of tlwwnfiguration
as moe welding was required which not only increased the potential of defects but also
decreased economyHowever, it wagelt that regardless of these issues the connection still
had potentiato improve the connection behavi@and was thdinal obviouspossble weld

geometrydetailthat could be considered

/
N \
li ‘/ \ F iR Back T
| ackgouge, Typ.
J UT 100%
[’\_/
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» 4/
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45°
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Figure 5.1 Standard Welded Connectioni CJP Weld with Full Depth Reinforcing
Fillet Both Sides

Considerable effort was made to ensure that during theraotisn process each step
taken could be realistically reproduced in the fiaklhad been done in the past research
work. In order to incgrorate the inside fillet weldshown inFigure5.2, it was necessary to
use a stub columfwhich was detailed as 12 in. longhich would first be welded to the cap
beam in a sequence indicated by a VWR&ided in the appendix of this documerRrior to

the welding of the stub column to the cap beam, the proper locatibe sfutb column on the
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cap beam was marked by placing the cap beam on the piles which had already been erected
and marking their locationThis step wassedto ensure alignment of the stub column to the

pile. The welding of the stub column to the capnheahownin Figure 5.3, was then
conductedn an underhandoositionon the ground prior to the placement of the bapm

onto the pilesas could be done in the field. Next, the cap beam was placed on the giles an
the splice weld between the stub colursand pileswere completed. During construction,

full visual weld inspection was conducted and, following construction, UT inspection of the
welds was conducted. Reports from both inspection processes are griovide appendix

of this document.

Figure 5.2 Phase 1Test 57 Inside Reinforcing Fillet Weld
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Figure 5.3 Completed Stub Column Weld

For the experimentatvaluation, dirst yield force of 73 kips was usdd define the
elastic cycles of the three cycle set load history, based on millicitins (provided the
appendices of this documettitgt indicated gield stresof approximatelys4 ksi value. Te
average first yield displacement for this test was found to be 2.8#esulting in an
equivalent yield magnitude of 3.69 in. The overall response of the (pbaSe 1specimen
was very similar to that acfecond pier tested with CJP welds and fulltdepinforcing filles
on the outsiden the prior research workNo visual signs of failure or strength degradation

were observed prior to agfilacement ductility level of.3

The ultimate failure mechanism in tes(fghase 1)ccurred in the third pustycle of
ductility 3 and consisted of a large fracture at the weld toe on the south side of the south
column as shown ifrigure5.4. The crack was associated with over 20% strength loss as
shown inFigure 5.5 and Figure 5.6. Since the full cycle had not been completed, the
decision was madéo continue pushing the specimen but the crack began to propagate
quickly and reduce the ability of the pier to carry loadror this reason the test was

concludedand the detail was assumed to possess a reliable ductility capacity of likely 2
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During testingthe specimerwas found to be capable of developmanor leves of local
buckling on both columnsuggesting the moreedirable failure mode was beginning to
develop The first signs of local bucklingvere notedduring the second push cycle of
ductility 3 at a location just above the splice weld on the north face of the south column and
near the cap beam weld on the ndahe of the north column. The second pull cycle of
ductility 3 led to slight local buckling developing near the cap beam weld on the south face
of the south column anaearboth the cap beam weld and splice weld on the south face of the
north column as an be seen ifrigure 5.7. However, the buckling did not propagate to
significant levelswhich would be expected to lead to strength loss anultiple cycles of

loading.

Ultimately, the failure of the pier was @lttutable to brittle connection region cracking
leading to significant strength loss in a single cycle of loading as had been shown to occur
with the other standard weldexbnnectiondetails. The configurationwas not capable of
producing considerable pd wall local bucklingand was there for considered to be
inadequate and unreliable. dppeared from the results of the experimental evaluétian,
the weld toe failure observedaslikely strain related as opposed to stress relaldt inside
reinforcing fillet weld did not prolong the life of the structure lending to the conclusion that

the failure may be strain controlled.
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Figure 5.4 Failure Crack i Ducitlity 3 Cycle 3
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Figure 5.5 Phase 1Test 57 Force Displacement Hysteresis
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Figure 5.7 Double Buckling of North Column
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5.3 FEA of Standard Welded Connections

In an effortto verify and better understanithe experimental results that had been
observed for the piers containing standard welded connections, FEA was conttucted
furtherevaluate the behavior of this typeaonfiguration. The Finite Element Model, shown
in Figure 5.8, considered ideal geometry (pile spacing, pile length, and stiffener placement)
and was subjected to a three cycle set load history which was calibrated withttieelfirs
displacement found by the modelhe average first yield deflection was predicted t@.48
in. as is also shown iRigure 5.8. The analysis utilized stre$sstrain data from coupon
testing of actual material taken fothe pile elements of the system to calibrateribei
linear kinematic hardeningule that described the plastic portion of the material model. It is
important to note, the model used mesh independent tie definitions to define connectivity
between theiles and the cap beam as has already been discussed. tHenmetual weld
geometry was not modeled renderthg results of the analysis applicable for comparison to
the results of any standard welded specimen.

The results of the simulation showed theset of local buckling to occur at the ductility
3 level as shown ifrigure5.9. Note this was the same ductility level at which minor levels
of local buckling were noted to occur in each experimental evaluation with the excepti
the pier containing fillet welds which was limited to a maximum displacement ductility of 2.
The analysis, which did not have the capability to capture material fracture, was conducted
through the ductility 4 cycles which showed the severity ofbilnekled region to propagate
as shown irFigure5.10. This was similar to that of the first experimental evaluation with
CJP welds and full depth reinforcing fillet welds which was able to survive the ductility 4
cycles and showetthe buckled region to propagate in severitjence, theanalytical results
indicated that the desirable form of pile wall local buckling leading to gradual strength loss
over multiple cycles may control, should connection region cracking be mitigatdthas
in Figure5.11. However, mitigation of connection region cracking was not experienced in

any ofthe experimental evaluations as has been highlighted.
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Figure 5.8 Standard Welded Connection Detaili FEM First Yield Conditions
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Figure 5.9 FEM i Onset of Local Buckling at the Ductility 3 Level
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Figure 5.10 FEM 1 Propagation of Local Buckling at Ductility 4 Level

The general hysteretic shape of the analytical results as well as the strength cdpacity
the systemmatch that of the experimental test well as showRigure5.12 which compares
the response tthat ofthetest 5 (phase lgvaluationas an example. It should be noted that
the magnitudes of the displacement peaks do not match between the analysis and that of test
5 (phase 1l)as the load historiesvere based on different first yield displacements
Regardless, the similarity in the global behavioterms of hysteretic shape and strength
capacity,lends to confidence in the analytical results that are not readily comparable to
experimentalaboratory measurements

These results, in particular,diide tensile strain concentrations that were shown to
develop in what would be the weld toe region ofdbtual systenas showrFigure5.13 and
Figure5.14. These figureslepict the concentrations dtet ductility 3 displacement level
which was the maximum ductility level experienced by any of the experimental specimens

prior to the development focrackin The analysis predicted thesé&ensile strain
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concentrations immediately below the cap beam sqffib be associatedvith strain
magnitudes of approximately 0.0@ the tension face of the tension pile in either direction of

loading

Although there are no valid reasons to believe that this predicted magnitsttaiofis
largely incorrect, a dailed convergence study in this region was not conductEdr this
reason, the results should be considered more informative as a potential explanation for the
observed cracking behavior than as a conclusive strain demand at frdd¢tarension strain
concefration may explain the propensity for cracking tension face with any particular
standard welded detaillt is also worth noting,his form of strain concentration was not
shown tobe as severen the compression face as local buckling develop at thditguat

level as shown ifrigure5.15 andFigure5.16.
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In addition to the strain considerations that have been discussed, the simulation provided
insight into another issue noted during the experimental testintpeo$tandard welded
connectionpiers As has been mentioned in prichapters, the anticipated first yield
displacement based on typical centerline modeling that considered cap beam flexibility was
2.04 in. However, in all cases of the standard welded connections, the experimentally
determined average first yield dispdgwent between the positive and negative cycles
larger than this calculated valby between 2% and 47% In some cases a portion of the
elevated values that were experienced could be attributed to unanticipated base
displacements as has been mentibnelowever, it was also noticed during testing that, due
to construction errors, the placement of the transverse cap beam stiffeners was in many cases
considerably far out of alignmeniThese stiffeners were intended to be placed directly over
the extrere fibers of the piles to transfer forces from the cap beam to the pile walls to
develop the capacity of the pile sectioAlthough no exact measurements were taken, a

review of photographs taken during testing indiddtet the stiffeerswere typicallyout of
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alignment by 63 in. as shown irFigure5.17. Further, it should be noted that thebast
alignment of the internal stiffeners (between the double section HP cag)=and not be

visually inspected.

Although the cap @dam was designed to remain elastic based on calculated flexural
demands, in each test instances of cap beatorbdtange prying was notegpically near
the tension face of each pile as full strength of the pile section was developed. This prying
action, shown in Figure 5.18, was predicted to occur by the Finite Element Analysis
simulation as shown ifigure5.19, which also predicted a first yield displacement of 2.19
in. However, when a FEM simulatiomas conducted with cap beam stiffeners arbitrarily
offset by 3 in, as shown irFigure5.20, the cap beam bottom flange prying action that was
noted in the experimental tests was also predicted by the simulation as sheigura®d.21.
Further, the simulation with offset stiffeners indicated an elevated first yield displacement
magnitude of approximately 4.6 in as showrigure5.22. From these results, it appeared
that themisplacement of the stiffeners led to the observed prying action at the cap beam
soffit and consequentlgless rigid joint behavior than standard analysis would anticipiate
is possible that thisffectcontributed to the elevated first yield displaetnlevelshat were

observed during testing

75



Chapters. Standard Welde@onnections

Figure 5.18 Cap Beam Bottom Flange Prying Actbn
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5.4 Conclusions Regarding Standard Welded
Connections

As has been discussed throughout tthapter and prior chapterhe failures observed
during testing of thestandard welded connecti@pecimens would generally be considered
unsatisfactory. Althougteach specimen did begio develop minor levels of the are
desirable limit state of local buckling, in each case brittle cracking leading to rapid strength
degradation was experienced prior the propagatiadgheobuckled region Although the first
evaluation of a system with complete joint penetrating weldd fll depth outside
reinforcing fillet welds was able to survive all cycles of loading atlieplacemenductility
4 level, the results were not repeatable in a second evaluation. Further, it was shown that the
intensive process of including intericginforcing fillet welds did not improve the response
of the system as brittle connection region cracking again controlled the ultimate limit state of

the experimental specimen.

Finite Element Modeling conducted to better understand the conndatibavior
shaved that a locabuckling failure modewould belikely to control the response of the
system should cracking be mitigated. However, the madeth wasrepresentative of
systems containingny standard weldedonnectiondetail also showed a region efevated
strain concentration to develop immediately below the cap beam soffit near what would be
the weld toe region of an actual system. THtiainconcentration was located the region
of the connection where cracking was experienced in the exg@am evaluations.
Although the model was incapable of capturing the cracking failure mechanism, the results
did suggests the propensity of the system to develop this region of concentrated elevated

strains may be the reason for the observed crackingdanodes

In addition, the FEM simulation was capable of replicating the cap beam bottom flange
prying action that was observed in the experimental tests. The action only developed in the

simulation when the cap beam transverse stiffeners were offsebsdhe case in the
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experimental evaluations. The prying action appesw lead to larger than expected first
yield displacements wk to softening of the connection region. Therefore, it should be
recommended that minimal construction tolerance be ealiown regards to stiffener
placement when constriregy this type of system to ensure the predicted behavior can be

achieved by the actual structure.

Although by definition the systesnevaluated withstandard welded connections
possessed limited reliable atiity capacity, it should be noted that the associated reliable
drift capacitywas of a reasonable magnitudesome casesFor example, as noted Trable
3.2, a reliable drift capacitpf approximately 4.9%vas associated wittne detail with a CIJP
weld and single sided reinforcing fillet weld. This reasonable level of wlaftassociated
with a displacementductility capacity of 2 which may be judged as a low magnitude
highlighting the need to also consider drift capacitg actual displacement capacity when
reviewing the performance of a system. This is partially éiselt of the considerablyigh
elastic flexibility of this type system which leads to reasonably large first yield
displacements Regardless, the work camttedon standard welded connections appeared to
indicate that the undesirable and less reliable failure mode of connection region cracking
would likely not be mitigated by any form of a standard welded connection. This suggested
that relocation of damagend capacity protection of these critical regions may be necessary

in order to ensure a reliable system response could be achieved.
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Chapter 6: Evaluation of Modified Weld
Protected Connectiors

6.1 Purpose of Modified Weld Protected Connectios

As has been concluded in prior chapters, experimental and analytical research work
conducted in regards to standard welded connections seemed to itfttaisecluding the
undesirable failure mode of connection region cracking would require explicitly protecting
critical connectionregions. In order to achieve thigoal a basic capacity design procedure
concept was applied to the desiginpipe pile morent resisting connectionssulting in the
idea of modified weldprotected connectien The capacity design procedure, common to
many facetsof earthquake engineering, protects less ductile failure modes such as weld
cracking by ens ustdand)importaitly é adsociated rwkhoa peferable
ductile mode of failure aslustratedin Figure6.1. In the case of the steel pipe pile piers
under consideration, this more desirable mode of failure was flexural hingihg form of
pile wall local buckling. Should a connection configuration be capable precluding
connection region crackingallowing buckling to be the controlling failure mode, the
ultimate displacement capacity of the system could be increased or dddogaselection of
a smaller or larger D/t ratifor the pile elements of the systess will be discussed in

subsequent chapters.

Application of the capacity design procedure to the nruwadbimn piers under
consideration ledo the concept oflexural hinge relocation. As shown iRigure 6.2, the
hinge relocation concept aims to move damage down the pile away from the cap beam soffit
and critical welded regions. However, relocation of the hinge increases the bending moment
demandin the protected zone as thdl overstrengthbending momentapacityassociated

with flexural hinging of the hinge zone is linearly extrapolated to the protectedizone
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accordance with the relationship provided in(&q4), where(H) represents the distance from
the point of contraflexure to the cap beam sofft) the design depth of hingin{Zninge the
plastic modulus of the hinge regigi®,,) the dastic modulus of the protected zone, &l
applicablestrain hardeningverstrength factors Thus, nh order to effectively protect the
critical welded regions of the steel pipe pile to cap beam connettiorkey criteria had to

be met.

First, the Ieation of damage in the pile element would be moved below the welded
region as has been mentioneshd secondly, the welded region would be strengthened to
remain in the elastic range of response taking into account the increased bending moment
demand. Itwas postulated by the researchers that following these two key criteria would
allow the more desirable failure mode of flexural hinging, in the form of pile wall local
buckling, to control the ultimate limit state of the system given that welded conrsebtidn
been shown to avoid cracking in the elastic range of loading in past res@arishdiscussed
throughout this chapter, these criteria led to multiple connection configurations that were
evaluated with both experimental and analytical meth&ds eachdesigncaseconsidered in
this chapterthe specificconnection configuration uséd meet thetwo noted keycriteria

varied and will be discussed where applicable.

Ductile Weak Link Controls
System Capacity

\
O

Less Ductile Failure
Modes Protected

Figure 6.1 Capacity Design ConcepSchematicReproduced From: (Paulay and
Priestley, 1992)
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Figure 6.2 Flexural Hinge Relocation Concept

6.2 Kerf Connection
6.2.1 Introduction and General Discussion

The first test of the second phase of the steel pier project was aimed evaluating the

performance of a crucifor gusset plate style connectishown inFigure6.3. In particular,
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the evaluation aimed to determiniee configurationsability to effectively behave as a
modified weld protected connectiarsing both experimental and analytical theds. The
connection consisted of gusset plates located in the joint zone oriented longitudinally and
transversely to the cap beas shown in the detail provided kigure6.4 and inFigure6.5.

This particular connectionconfiguration required the use ofan alternate cap beam
configuration(opposed to the standard double HP cap beanhidh had a centerline web
directly over the longitudinal gusset plates. This resulted in the use of-aippuithae cap
beam for this particular evaluation. The design calculations feralternate style of cap
beamare provided inFigure 6.6. As is shown, a capacity design procedure was again
employed to design th&STM A572 Gr. 50cap keam to remain within the elastic range of
responseas a pile hinging mode of failure developesiwas done with the basic double HP

configuration

Figure 6.3 Kerf Connection Experimental Set Up
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In an effot to achieve the goals of a modified wglbtected connection,hé
longitudinal gusset plate®rming the connectiorwere designed to remain in the elastic
range of response when subjected to the flexural demands associated with hinging of the pile
elemeits and were joined to the built up | section cap beam with complete joint penetration
welds. It was assumed that the longitudinal plates would act as narrow rectangularssection
in strong axis bending at the cap beam interface. From thesteegth pi hinging
moment capacity, theextrapolatedflexural demand at the cap beam interface was
determined and the necessary length of gusset plate for the cross section to remain elastic

was calculateas 36 infor a 1 in. wide plate.

The gusset platewere pined to the HSS16x0.500 piles, which were field slotted by
torching to allow for gusset plate insertiomth 5/8 in.fillet welds longitudinal to the pile
axis. The welds were assumed to act in shear along the length of theinvetder to
produce a mment couple that would resist the flexural demands associated with pile
hinging. The necessary length of welding, which controlled the necessary depth of the gusset
plate, was determined from the ovgrength pile hinging demand. As has been discussed,
the elements of the connection were designed to develop the fullstremigth moment
capacity of the pile tencourage¢he development of flexural hinges in the pile se&iwhen
the system was subjected to lateral loading. Detailed connection dekiglataans are
provided inFigure6.7. The connection detail, which is shownRigure 6.5, was termed a
Ankerf o c dlhoughahe gusset.plates oriented transverse to the cap beam were not
assumd to carry any load as the pier was displaced longitudinally, they would be necessary
should the pier be subjected double bending in the longitudinal direction of the bridge.
Further, by inspection the transverse gussets are likely necessary to stlabilaegitudinal
gusset in the out of plane direction.
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Figure 6.4 Kerf Connection Detail

Figure 6.5 Kerf Connection
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(3) Flate Cap: Flzte | Girder, ASTM AS72 Gr. 50.
Flexural Capacity Per AISC Specification Chapter F:

= 30ksi ASTI vield stress
£ min = J0ksi ASTM minimum yisld str

The mimmum flangs thickness to ensure flange compactness with 3 20in wide flange can be detsrmined.
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force to gross susl yisld strength s spproamstsly 2%.
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Figure 6.6 Built T Up | SectionCap Beam Design Calculations
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(1) Fearf Connection

The kerf connection will be designed vtilizing longitudina! fillst welds subjscted to shear loading to develop the
full moment strength of the pile. A totsl of four welds, twe on esch extreme fiber of the pile, will be considersd.
The strenth of the welds on the nevtral sns will be neglscts,

Mote the demand from flexursl hinging:

|Mpile = ?'[I'B.?'3-kjp-&| sxpected overstrength pile moment capacity
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idered depth of hinging

The | "thick qussst plate will b sized to remain elastic . Uss ASTM AST 2 Gr. 50 matsnal
fj,-'_mjn = J0ksi ASTM minimum yield stress
The length of the qussst plats will be sized for the plats to remain flexurally slastic:
(11176 — 9in’) ) cot
M, plate = Mpile| v My plate = 362.69-ldp-fi
\ spa.n mifl JJ
0.3
L _ "’io_plate 6 i 3575
min = min = 77
f'}_._ﬂu-ﬂ-[lm}

Meglecting any strength reduction factors, Use totsl lenath of plate equal to 36 inches.
Check Shear
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PV = (L0)-(0.6) £, in-(lin)-(36in)-(1.0) bV, = 10801  Good

Use |"x 3&" gusset oriented slong web of csp with full pin weld.

The necessar I5r:3|fr 5/8" fillet welding Elu'rij the pile will be determined by considering the momsnt
couple that must be developsd betwesen the two weld groups st aither extreme fiber.

M. -1

. 1p]l 25, .
Lw_m:in = en A (2y-(0.75)-0.6-( T0kst)- — Em Lw_mjn= 158.86-in

Use 23 inches of fillet welding slong the longitudinal sxs of the pile.
Use matching transverse gusset configuration.

Figure 6.7 Kerf Connection Design Calculations
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6.2.2 Load History and Instrumentation Details

In the case of the kerf connection tesg thaterial yieldstress wagstimatedo be55
ksi for the A500 Gr. B pile material based on mill certification test and-house material
testing(seeFigure A6 throughFigure A10). This value, combined with the shear span of 8
ft. T 5 in. from the pinned supports to the base of the gusset assembly, resulted in a first yield
force of 93.34 kips. Both the experimental and analytical evaluations, ingbetthe kerf
connection study, were based the typical three cycle set load history which has been
described in prior chaptersThe application of this load history with the predicted material
properties resulted ian experimentally determined firstield displacement of 1.91 inches
generating auctility 1 displacement of 2.50 incheépplication of the three cycle set load
history produced the experimental force and displacement histories shégura 6.8 and

Figure6.9 respectively.

150
120 L 533
90
- 333
60
‘2 30 L 133 &
= =
QO 0 Lot ]
2 - 67 2
=]
LE -30 L
-60 L 267
-90
L 467
-120
-150 667

Figure 6.8 Kerf Connection Experimental Load History
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Figure 6.9 Kerf Connection Experimental Displacement History

The instrumentatiorusedin the kerf connection evaluatioronsisted of traditional
laboratory instrumentation as well as the Optotrak motion sensing sgstemas typical
throughout the projectThe traditional equipment consisted of inclinometers &st8tinches
above the pinned bases to monitor drift magnitudes, linear string potentiometers attached to
the bases to monitor any unanticipated base sliding, and strain gauges located on the extreme
fibers of each pile cross section as showhigure6.10. Also shown inFigure6.10, a 2 inch
spaced grid of Optotrak LED markers was placed on the east face each pile in both the
connection and critical pile regions aso shown inFigure 6.10. The Optotrak markers
were placed in a pattern to allow for calculation of strains in the intended pile hinging region
as well as the intended capacity protected gusset plate region. Markers were also used to

monitor cap beam displacements.
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Pile Centerline

6.2.3 Finite Element Analysis Simulation

Shell element based Finitelehert Analysis was conductegrior to testing of the
system in an effarto predict specimen behavior. The mocahsisted oB node linear shell
elements that incorporatea multilinear kinematic hardening material model which was
based on actual ihouse tensile material test The model also incorporated nlbmear
geonretric formulations in order to capture the effects of local buckling on the overall
specimen behavior. Tharee cycle set load histortilized inthe simulation wasased on
the theoretical first yield forcassuming a pile hinging mechanism below tlhesgt plate
region and a FEA predictedfirst yield displacement ol.56 in In the case of the kerf
connection, the analytical model, shownFRigure 6.11, took advantage of the relatively
symmetric nature of the two column pieonfiguration to reduce the model size by

employing a roller boundary condition at the centerline of the pier.
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Figure 6.11 Kerf Connection Finite Element Model

The results of the numerical simulation iretied a stable response could be expected
prior to the third ductility level where noticeable local buckling of the wall would develop
resulting in strength degradation throughout the ductility three cywids continued
degradation in the ductility 4 cyet These effects can be seenFigure 6.12 and Figure
6.13 which visually illustrate the development of local buckling and indicate the associated
strength degradation respectively. Further cyclethefload history showed an increase in
local buckling and subsequent strength loss. However, base material and weld fracture were
not considered in the FEA analysis as has been discussed. Related to this issue, it is
important to note that considerabteagn concentrations were expected to develop at the base
of the gusset plate in the pile wall even at low levels of response as is shbignrm6.14.

The observed strain concentration was potentially due to the abruptsstiffhange at the
given interface between the pile wall and gusset plate. From this observed result, it was
considered a possibility that weld or base material cracking may develop in this general

region prior to the formation of the more desirable faimamae of pile wall local buckling.
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Figure 6.12 FEA - Local Buckling Ductility 3 Cycle 1

Figure 6.13 FEA-Force Displacement Hysteresis
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