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ABSTRACT 

 

 This report discusses the seismic behavior of a bridge bent systems that consist of 
round HSS piles, welded to a steel HP section cap beam.  Past practice has typically 
utilized a simple fillet weld to complete the connection between the pile and cap beam.  
The results of the research indicate that the overall ductility capacity of this system is 
controlled by the configuration of the welded connection between the piles and cap beam. 

 In response to a lack of current knowledge concerning this type of connection, six 
full scale bridge bent tests have been conducted at North Carolina State University’s 
Constructed Facilities Laboratory to evaluate the performance of the system when 
subjected to incremental simulated seismic loading.  The two main goals of the research 
were to first evaluate the behavior of the system with a fillet weld which mimics the 
current typical design practice, and secondly to improve performance by investigating 
alternative weld configurations and connection details. 

 The results indicate that the use of a simple fillet weld led to connection failure at 
a low ductility level rendering the detail inadequate for even moderate seismic regions.  
Subsequent tests showed that the use of other weld configurations, such as full joint 
penetration welds, improved the capabilities of the system but were still inadequate for 
higher seismic regions.  However, promising results were obtained from a connection in 
which the flexural hinge region was relocated away from the pile to cap beam connection 
weld.  This connection system remained essentially elastic at the pile to cap beam 
interface, which allowed for a more ductile base metal failure away from the connection. 
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1.1  General Background Information 
 

 Although the bridge construction industry is historically dominated by the use of 

reinforced concrete, the use of steel as a bridge pier construction material has its place in 

history as well 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 is inherently a very ductile material.  For these reasons the Alaska 

Department of Transportation and Public facilities desires to maintain the use of steel 

bridge piers as an option for future designs.  In addition, the Department of Transportation 

is responsible for existing structures of this type that have been inherited into their 

inventory of bridges to maintain. 

 The typical design of these existing structures includes driven hollow steel pipe 

piles extending above grade to the cap beam where a welded connection exists between 

the two elements.  This system of two or more driven pile columns welded to the cap 

beam, which typically consist of double HP steel sections, comprises the lateral force 

resisting system for the structure.  Although the superstructure of the bridge system may 

vary between construction materials such as steel or concrete, this is of little consequence 

to the behavior of the bent system when subjected to seismically induced forces and 

displacements.  Examples of this type of bridge bent construction can be seen in Figure 

1.1 and Figure 1.2. 

 Although from the perspective of the Alaska Department of Transportation, these 

structures are typically used as road and highway overpasses, they have actually been 
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found to be useful in a number of other applications.  In particular, similar driven pile 

steel moment frames have been commonly utilized as pier and wharf-type marine 

structures.  For example, as can be seen in Figure 1.3, mooring docks located in the city of 

Juneau, AK utilized by the cruise ship industry contain this type of system. 

 

 

Figure 1.1 76th Ave. Underpass 
Compliments of AKDOT 
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Figure 1.2 Bird Creek Pedestrian Bridge 
Compliments of AKDOT 

 

 

Figure 1.3 Cruise Ship Mooring Dock – Juneau, AK 
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1.2  Motivation for Research 
 

1.2.1  Alaskan Seismic Hazard 

 Many areas of the state of Alaska are susceptible to high seismic hazard.  This is 
mainly due its geographic location near the North American and Pacific tectonic plate 
boundary.  The circum-Pacific belt, one of the world’s most active seismic regions, 
brushes along Alaska’s Aleutian Islands which extend from central Alaska for 
approximately 2500 miles.  This region is arguably the most active seismic area in the 
world as “more than 80 percent of the planet’s tremors” (usgs.gov) occur here.  In addition 
more earthquakes take place in this area than “in the other 49 States combined” 
(usgs.gov).  However, this is not the only highly active seismic zone of the state.  Another 
zone “begins north of Yakutat Bay in southeastern Alaska and extends southeastward to 
the west coast of the Vancouver island” (usgs.gov) encompassing portions of the Denali 
and Fairweather fault systems.  The state is also home to the most powerful earthquake 
ever recorded by modern equipment in North America and second largest in the world.  
This event took place on March 27th, 1964 occurring in the Anchorage area and measuring 
a moment magnitude of 9.2.  Clearly a significant concern would exist within the Alaska 
Department of Transportation as to the performance of their bridge structure in such a 
highly active seismic region. 

 

1.2.2  Welded Steel Connection Issues 

 When subjected to design level seismic events, structures are expected to perform 
in the non-linear range and sustain damage.  This damage must however be controllable, 
prevent collapse, and in the case of demands less than the design seismic event, be 
repairable.  Although as a base metal steel is very desirable due to its ductile 
characteristics, welded steel connections, if not detailed properly, can be problematic 
when subjected to large inelastic deformations.  In accordance with the principals of 
capacity design, undesirable modes of failure such as brittle connection failures must be 
avoided in order to develop plastic hinges at the intended location.  Should undesirable 
modes of failure develop prior to the formation of pile plastic hinges, issues such as 
structural collapse, irreparable damage, or lack of member ductility will occur. 

 Concern has existed amongst the Alaska DOT as to the capabilities of the existing 
steel bent bridge inventory as well as of any future steel bridges subjected to earthquake 
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excitation.  In particular, major concern exists regarding the capabilities of the welded 
column to cap beam connection.  The typical connection utilized in existing bridges and 
the design of new bridges prior to this research project consisted of a simple field 
performed fillet weld.  Many of the filet welds in the existing structures are too small to 
develop the full flexural strength of the pile.  Examples of existing connections can be 
seen in Figure 1.4 and Figure 1.5. 

 

 

Figure 1.4 Excerpt from Lowell Creek Bridge As-Builts 
Compliments of AKDOT 

 

 Regardless of whether the fillet weld is adequate to develop the strength of the 
pile, issues such as weld geometry, quality of the weld, and heat effects could lead to 
undesirable brittle connection failures.  Taking into account this consideration paired with 
the high seismicity of Alaska as discussed in section 1.2.1 and the lack of research 
concerning hollow steel pipe connections, it is of interest to investigate the capability of 
the connection and more generally the entire steel bent. 
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Figure 1.5 Excerpt from Bodenburg Creek Drawings (Note: Pile Thickness 0.375”) 
Compliments of AKDOT 

 

 

1.3  General Research Plan 
 

 Six full scale tests, consisting of two pile bents, were conducted at North Carolina 
State University’s (NCSU) Constructed Facilities Laboratory (CFL) in which the bents 
were subjected to increasing levels of reversed cyclic lateral displacement demand until 
failure.  Emphasis was placed on the implementation of a flexible testing matrix in order 
to maximize the benefits of the research.  The initial test was aimed at assessing the 
capabilities of the existing system (a plane field conducted overhead fillet welded 
connection).  The result of this test dictated the course of action for the remaining tests. 

 Had the existing system been shown to perform well and allow for the proper 
flexural plastic hinges to form in the pile sections, the remaining tests would have 
incorporated construction tolerances such as cap-beam miss-alignment.  Since the existing 
system proved inadequate, the remaining tests focused on development of an adequate 
connection that is capable of withstanding the demands of a capacity design 

 The tests were conducted utilizing reversed cyclic three cycle set loadings, typical 
of seismic testing.  Data analysis was conducted that primarily focused on strain and 
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curvature interpretation to understand failure modes and assist in development of a better 
connection.  Direct Displacement-Based Design calculations have also been conducted to 
create a generalized method of providing estimation of spectral acceleration necessary to 
fail a given bridge structure consisting of hollow steel pile bents.  The ultimate goal of the 
testing series was to provide a relatively simple connection capable of meetings the 
inelastic demands necessary in high seismic regions. 

 

 

1.4  Literature Review 
 

1.4.1  Introduction 

 A search of multiple engineering focused bibliographic databases provided no 
prior studies with direct applicability to this research project.  This affirms the research 
team’s initial hypothesis that no prior testing of this unique structural system has been 
conducted.  However, the literature review did produce two studies of interest that discuss 
projects of moderate similarity to this research.  The first of these two studies, “Seismic 
Behavior of Steel Pile to Precast Concrete Cap Beam Connections” (Steunenberg, M., et. 
al., 1998), discusses testing of a single column hollow steel pile welded to a steel plate 
which was embedded in concrete.  The second article, “Retrofitting for seismic upgrading 
of steel bridge columns” (Nishikawa, K., et. al., 1998), discusses research in which single 
column hollow piles sections were tested utilizing a pocketed style connection with outer 
reinforcing rings to control buckling.  The details of these two projects are provided in the 
remainder of this section. 

 

1.4.2   “Seismic Behavior of Steel Pile to Precast Concrete Cap Beam Connections” 

 The research discussed in this paper focuses on a single laboratory test that 
evaluated the performance of a steel pile welded to a steel plate that was embedded in 
concrete using anchor rods.  The connection utilized a full joint penetrating weld which 
was conducted in an overhead position to simulate actual construction practice.  The 
specimen was subjected to reverse cyclic lateral load and was ultimately able to achieve a 
displacement ductility of 8 after local buckling formed in the pile according to the 
researchers.  Although this seems to be a positive response, a review of the testing results 
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indicates otherwise.  The yield displacement reported in the article is 30 mm.  However, 
as can be seen in Figure 1.6, this structure did not reach first yield at 30 mm much less full 
yield.  From Figure 1.6, it is apparent that a ductility one displacement value would be 
approximately 50 mm indicating a maximum ductility of approximately four and a 
reliable ductility capacity of slightly over two. 

 

 

Figure 1.6 Testing Force Displacement Hysteresis 
(Steunenberg, et. al., 2007) 

 

 Although the dimensions and diameter-to-thickness (D/t) ratio of the pile tested 
were similar to the dimensions used in this research project several differences in the test 
specimen exist.  First, the steel plate will produce a more stiff connection face than will 
connecting to an actual flexible cap beam.  As will be discussed later in this report, this 
effect is likely significant.  Secondly, no axial load was applied during testing as would 
develop in a full scale bent test.  This effect is likely less significant than the rigidity of the 
connection face but non-the-less does produce another difference.  Although this 
specimen was able to develop base metal failure prior to connection cracking, the force 
displacement response indicates that these structures may be of limited ductility capacity. 
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Figure 1.7 Test Specimen Detail 
(Steunenberg, et. al., 2007) 

 

1.4.3   “Retrofitting for seismic upgrading of steel bridge columns” 

 The research considered in this paper focused 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 presented here as the basis of this research 
project is to determine the performance capabilities of circular sections. 

 The study assumed that local buckling of pile would occur before connection 
cracking, as was reportedly experienced following the Kobe earthquake of 1995.  The goal 
of the research 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 
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around the column with a specified tolerance.  The lack of contact between the two 
elements indicates that the outer ring provides no strength or stiffness to the structure until 
buckling occurs.  Following local buckling, the bulges that develop should come in 
contact with the outer ring which in turn will control the growth of these bulges and 
prolong the life of the structure. 

 Although the results of single column testing proved the method to be relatively 
successful, this conclusion is not of great importance to this research project.  The fact 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 upper plate then welded to both a lower 
plate and the upper plate as shown in Figure 1.8.  This significant difference indicates that 
direct comparison of these results to the results of this research project is not possible.  
Regardless, the study does provide what may be a viable connection alternative, the 
pocketed connection, to the simple welded connection considered in this research project. 

 

 
Figure 1.8 Test Specimen Detail 

(Steunenberg, et. al., 2007)  



11 
 

2.1  Specimen and Testing Frame Design 
 

2.1.1  Introduction 

 The main goal of the experimental program was to model as accurately as possible 
a typical steel bridge bent used in Alaska.  The use of a full scale two pile bent ensured 
that the influence of axial forces and proper boundary conditions were captured.  
Although laboratory limitations were considered throughout the design, an attempt, as 
indicated in the following sections, was made to minimize the influence of these 
limitations in order to achieve the main goal of capturing the actual system response to 
lateral load. 

 

2.1.2  Specimen Design 

 A very important aspect of the specimen design was coordination with Alaska 
DOT to ensure that the design was, in fact, representative of their existing bridge 
inventory.  Table 2.1 provides a representative sampling of the steel bent bridge inventory 
provided by AKDOT.  Note from Table 2.1, that the pile heights range from 10-20 feet 
and the pile diameters range from 12-30 inches.  Taking into account the fact that pinned 
based supports would be used to model the point of inflection, which would exist under 
lateral loading as illustrated in Figure 2.1, the decision was made to set a target pile height 
at 10-14 feet which would correlate to a 20-28 foot pile in the field to the point of fixity.  
The decision was also made to use 16 inch diameter piles which are typical (although on 
the smaller side) piles used in the field.  The thickness was chosen as 0.5 inches to create a 
D/t ratio of 32 which is within the typical range of AKDOT practice. ASTM A500 Grade 
B&C material was chosen for the pipe, with an anticipated yield stress of 50 ksi. 

 The design of the cap beam was controlled by capacity design principles.  In order 
to ensure that flexural hinging occurred at the tops of the piles, other failure mechanisms 
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(beam hinging, joint failure) had to be capacity protected.  An over-strength factor of 1.3 
was assumed in the calculation of the ultimate pile strength as shown in Eq. 2.1.  The 
selection of an HP section to comprise the double HP cap beam was then based on the 
evaluated moment demand at the column face as calculated in Eq. 2.3.  From this value an 
HP14x89 section comprised of ASTM A572 Grade 50 material was chosen since it 
remains elastic at the over-strength column face moment demand as shown in Eq. 2.4.  
Note that Eqs. 2.1-2.4 are all based on final dimensions selected as is discussed in the next 
paragraph  Full depth stiffeners of ¾ inch thickness were also included in order to protect 
the cap beam inside the joint region.  These stiffeners were placed over the extreme fiber 
of the HSS pile. 

Table 2.1 Sampling of AKDOT Steel Bridge Inventory 
Compliments of AKDOT 

 
 

 

Figure 2.1 Pile Bending Moment Schematic 

Point of 
Inflection
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 Although the desired sections comprising the test specimen had been chosen, the 
exact dimensions of the bent were ultimately dictated by laboratory restrictions.  The CFL 
strong floor and strong wall each have restraining access holes at 3 feet on center.  Taking 
this into account as well as the design of the testing frame, which will be discussed in the 
next section, it was decided that the clear distance from the point of inflection (pin base) 
to the bottom flange of the cap beam would be 10 feet 11-1/8 inches.  Since the width of 
the bent was assumed to create no significant affects, a center to center of pile distance of 
11feet 8 inches was chosen to accommodate the layout of the strong floor.  Design 
drawings of the entire bent are provided in Figure 2.2 and Figure 2.3. 

Mp_pile Zx fy⋅ φ o⋅ 112in3( ) 50ksi( )⋅ 1.3( )⋅ 607 kip ft⋅ Eq. 2.1

φ o "Over Strength Factor"

Mbeam_cl
Hcl

Hclear
Mp_pile⋅

139in
132in

607 kip ft⋅( )⋅ 639 kip ft⋅ Eq. 2.2

Mbeam_cl "Moment Demand at Beam Center Line"

Hcl "Height to Center Line of Cap Beam"

Hclear "Column Clear Height"

Mbeam_cf
0.5Lclear

0.5Lcl
Mbeam_cl⋅

0.5 124⋅ in
0.5 140⋅ in

639 kip ft⋅( )⋅ 566 kip ft⋅ Eq. 2.3

Mbeam_cf "Moment Demand of Beam at Column Face"

Lcl "Horizontal Distance from Center to Center of Piles"

Lclear "Horizontal Distance from Inside Face to Inside Face of Piles"

My_HP14x89 Sx fy⋅ 131in3( ) 50⋅ ksi 546 kip ft⋅ Eq. 2.4

My_HP14x89 "Elastic Moment Capacity of SINGLE HP14x89"
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Figure 2.2 Bent Elevation 
 

 

Figure 2.3 Double HP Cap Beam Detail 
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2.1.3  Test Frame Design 

 The testing frame design consisted of two main entities.  The first and most crucial 
was the design of the pinned base supports.  As described earlier the function of these 
supports was to model the point of inflection that would exist half way between the point 
of fixity created by the soil restraint and the bottom of the cap beam in an actual driven 
pile bent.  The second entity of the testing frame design was the elevated lateral support 
frame.  The purpose of the frame was to resist any out-of-plane motion that may occur 
during testing.  Although no such motion was anticipated, this frame was utilized as a 
safety measure. 

 Each assembly, which can be seen in Figure 2.4 through Figure 2.7, consists of 
four short W14x159 sections, two shoes, two sleeves, four restraining angles, and one 5.5 
inch diameter steel pin.  The tolerance between the sleeves and pin was 0.002 inch.  Each 
assembly was post tensioned to the CFL strong floor using four 1-3/8 inch Dywidag post 
tensioning bars, tensioned to approximately 50 kips.  The assembly also utilized a 1 inch 
steel bearing plate beneath each shoe to replace rocker bearings which were used in the 
first two tests but proved to be problematic.  Base displacement observed in the first two 
tests was found to be due to the rocker bearings and for this reason they were replaced 
during subsequent tests.  Detailed shop drawings of the assembly are included in 
Appendix 1. 

 

 

Figure 2.4 Front Elevation of Pinned Base Assembly 
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Figure 2.5 Side Elevation of Pinned Base Assembly 
 

 

Figure 2.6 Plan View of Pinned Base Assembly 
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Figure 2.7 Picture of Pinned Base Assembly 
 

 As stated earlier, the main function of the elevated steel frame was to resist any 
incidental out of plane motion.  This frame consisted of the three main elements.  The first 
is the beams and columns forming the frame.  Secondly, K bracing was used to provide 
the actual out of plane stiffness.  Lastly, a caster (roller) system was used to guide the cap 
beam should they come in contact.  This system can be seen in Figure 2.8 and the entire 
setup can be seen in Figure 2.9. 
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Figure 2.8 Elevated Steel Frame 
 

 

Figure 2.9 Specimen and Testing Frame 
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2.2  Instrumentation Overview 
 

2.2.1  General Instrumentation Discussion 

 Multiple systems of instrumentation were used during the testing series.  These 
systems included traditional measurement devices such strain gauges, linear 
potentiometers, and inclinometers all of which conduct a particular type of measurement 
based on electric resistivity readings.  There were also two types of non-traditional 
measurement equipment used throughout the testing series.  The first of these two was an 
audio recording system consisting of ten microphones.  The purpose of the audio 
recording device was to help the researchers identify possibly locations of cracking.  The 
second type of non-traditional equipment and arguably the most valuable measurement 
device used during testing was the Optotrak system which is discussed in subsequent 
sections.  Although for most tests the instrumentation layout was very similar, there were 
some alterations made between tests.  For this reason, the instrumentation layout will be 
discussed on a per test basis in the remainder of this report. 

2.2.2  Optotrak Overview 

 The Optotrak system is a motion capturing device that utilizes a combination of 
LED markers, strobers, a camera and a data acquisition station as shown in Figure 2.10 to 
record the relative motion associated with the markers throughout a test.  The system 
captures X, Y, and Z location data at a prescribed frequency with accuracy to the 
hundredth of a millimeter for each marker. By applying a grid of markers to a specimen as 
is shown in Figure 2.11 and Figure 2.12, simple post processing of the recorded data 
allows for accurate calculations of strains and cross section curvatures. 

 



20 
 

 

Figure 2.10 Optotrak Motion Capturing Camera 
Compliments of NDI 

 

 

Figure 2.11 Grid Application of Optotrak Markers 
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Figure 2.12 Optotrak 3D Grid Snapshots 
 

2.2.3  Calculation of Strains and Curvatures with the Optotrak System 

 For these calculations, the initial gauge length between markers is simply taken as 
the distance between any two given markers recorded at time zero prior to the beginning 
of the test.  The magnitude of strain can then be calculated for the remainder of the test by 
simply dividing the change in distance between the markers by the initial reading.  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 total of the absolute value of strain at 
either extreme fiber of a cross section divided by the diameter of the column provides the 
curvature of that cross section at that given time. 

2.2.4  Advantages of the Optotrak System 

 In general, the system provides accurate data far beyond the capabilities of the 
traditional systems such as electric resistance strain gauges which typically cannot handle 
very high levels of inelastic strain.  The markers are applied to the specimen using a hot 
glue system and accurate data is collected as long as the markers stay attached.  It was 
typically seen that the Optotrak markers are able 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 
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column or through a cross section of the column.  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 data. 

 

 

2.3  Loading Protocol: Traditional Three Cycle Sets 
 

2.3.1  Background of the Load History 

 The lateral load history applied to the test specimens throughout this series 
consisted of traditional reverse cyclic three cycle sets.  The main objective of this type of 
load history is to test the capabilities of the system for large inelastic reverse cyclic 
demands typical of seismic loadings. To establish this load history, material properties and 
member geometry must be known.  Based upon mill certifications of the pile material, a 
material yield stress of 54 ksi was used for the development of the load history. 

 The first section of a typical three cycle set load history consists of load controlled 
cycles beginning at 1/4Fy as calculated in Eq. 2.5.  After testing both the push and pull 
direction, the load is then increased to 1/2Fy.  Increasing increments of 1/4Fy are repeated 
until a full cycle of Fy has been conducted.  During this cycle, the structural displacements 
recorded during testing at both +Fy and –Fy (+ indicates actuator pushing, - indicates 
actuator pulling) are averaged to established an observed first yield displacement.  This 
observed displacement is then extrapolated by a factor equal to Mp/My for the pile cross 
section to determine the displacement magnitude of ductility 1 as is shown in Eq. 2.6 to 
establish the equivalent first yield displacement.  This equivalent first yield displacement 
is equal to the magnitude of the displacement ductility level 1 often indicated by μ1  The 
remainder of the test is then run in displacement control testing increments of ductility as 
indicated in Eq. 2.7.  The typical sequence followed includes ductility 1, 1.5, 2, 3, 4, 6, 
and 8.  Three complete cycles are conducted at each level until specimen failure occurs.  
A typical three cycle set load and displacement history is shown in Figure 2.13 and Figure 
2.14 respectively. 
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2.3.2  Application of Lateral Load 

 Structural analysis was conducted with the known material properties of the piles 
to determine that a 220 kip MTS actuator (220 kip compression or push, 150 kip tension 
or pull capacity) would be adequate to test the specimen.  The other major consideration 
when designing the lateral loading system was actuator stroke.  The 220 kip MTS actuator 
has a total stroke capacity of 40in.  For the purpose of reverse cyclic loading, the lateral 
loading system was designed to allow for a balanced set up that would provide plus or 
minus 20 inches of stroke.  This would be enough stroke to test a ductility level of 8 based 
upon elastic column flexure calculations.  The lateral loading system can be seen in Figure 
2.15 and Figure 2.16.  The connection system between the actuator and the cap beam is 
shown in Figure 2.17. 

 

 

Figure 2.15 Lateral Loading System 
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Figure 2.16 220 kip MTS Actuator 
 

 

Figure 2.17 Loading Assembly Connection  
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3.1  Introduction 
 

 As discussed in Chapter 2, emphasis was placed on the use of a flexible testing 
matrix which would allow the outcome of a test to dictate the direction of the subsequent 
tests.  For this reason it is of value to review the tests in chronological order.  Issues 
regarding the connection design, instrumentation, and response of each test are included in 
this Chapter. 

 

 

3.2  Test 1 Purpose, Observations, and Conclusions 
 

3.2.1  Purpose: Evaluate the Capacity of the Current Design 

 As was discussed in Chapter 1, the typical detail utilized during construction of the 
existing bridge inventory consists of a simple field conducted fillet weld.  The connection 
requires no backing bar and provides no root opening as can be seen in Figure 3.1 which 
depicts a section cut of the 1/2 inch pile wall and the bottom flange of the HP section cap 
beam.  It is important to note that due to a construction error the actual weld used in test 1 
was undersized by approximately 1/16 of an inch.  Although this is an error, the situation 
is actually more indicative of the existing bridge inventory which possesses many 
undersized fillet welds with throat thicknesses less than the pile wall thickness. 

 During construction of the test specimen, care was taken to mimic construction 
practices as much as possible.  Although for this initial test an optimal weld was desired 
with minimal defects and no construction tolerances considered, the methods used to 
construct the test specimen needed to be equitable to field procedures.  For this reason all 
welding of the connection, which can be seen in Figure 3.2, was done from an overhead 
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position.  The instrumentation utilized to monitor the response of the specimen included 
traditional equipment as well as the Optotrak system. The layout of this instrumentation is 
shown below in Figure 3.3 and Figure 3.4.  Figure 3.3 provides the reference location and 
distance below the bottom flange of the cap beam in inches (i.e. North Column North Face 
4 inches down) for all strain gauges used in the test.  In addition to the instrumentation 
shown, four linear potentiometers were used.  Two were placed at the centerline of the cap 
beam on the south end, one at mid height of the south column and one at the base.  Four 
inclinometers were also utilized on the specimen.  Two were located at the cap 
beam/column centerline intersection and two at the base of the columns. 

 

 

Figure 3.1 Test 1 Connection Detail Section 
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Figure 3.2 Test 1 Fillet Weld Connection 
 

 

Figure 3.3 Test 1 Strain Gauge Map 
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Figure 3.4 Test 1 LED Grid 
 

3.2.2  Test 1 Observations 

 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 based.  The average first 
yield displacement of the system was observed to be 2.99 in which is considerably higher 
than the calculated estimate of 1.75 in.  One reason for the higher than expected yield 
displacement is the effect of base displacement which can be attributed to the rocker 
bearings located in the base supports as mentioned in the description of the support 
design.  However, larger than expected first yield displacements were observed 
throughout the testing series even after the removal of the rocker bearings.  This issue will 
be discussed in later Chapters of this report.  From the recorded first yield displacement of 
2.99 in, the equivalent 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 portion 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 first cycle of the second ductility level.  During this cycle cracking was seen at 
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the toe of the fillet weld on the south column as can be seen in Figure 3.5 and described in 
Table 3.1.  The effect of this cracking in regards to the strength of the specimen can be 
seen in Figure 3.6 and Figure 3.7 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 direction due to the effects of base displacement 
which is plotted in Figure 3.8.  As a result of the cracking in the first cycle of ductility 2, 
the specimen was assumed to be failed and the test was concluded. 

 

 

Figure 3.5 Cracking of South Coumn in Test 1 
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3.2.3  Test 1 Conclusion 

 Reviewing the outcome of test 1 and considering that a target ductility of 8 was 
desired by AKDOT, it seems that the current connection design is inadequate.  Given the 
failure which occurred early in the second ductility level the current design would likely 
be assigned a reliable ductility 1 or 1.5 by most designers.  This is barely outside the 
elastic range and inadequate for even mild levels of seismic activity.  For this reason 
AKDOT decided to put an immediate halt to the construction of any bridges involving this 
type of connection until a better system could be determined.  It was decided in 
conjunction with AKDOT that no more tests would be used to evaluate the capacity of the 
current design and the research program would be redirected towards the goal of finding 
an adequate connection. 

 

 

3.3  Test 2 Purpose, Observations, and Conclusions 
 

3.3.1  Purpose: Improve Connection Ductility with New Weld Configuration 

 Realizing that the current fillet weld detail was inadequate, test 2 focused on 
improvement of the connection.  The overall goal at this point in the testing series was to 
provide a detail that would allow for plastic hinging to form in the pile section without the 
connection becoming overly complex.  Multiple options were considered such as the use 
of stiffeners and reduced sections.  Ultimately it was decided that refinement of the weld 
geometry would be most sensible option for the first attempt at system improvement. 

 Possible options for weld geometry refinement included the use of a partial 
penetration weld, a full penetration weld, or a full penetration weld with a reinforcing 
fillet.  In general it was felt that the cracks observed in test 1 were likely due to high stress 
concentrations around the sharp geometry of the fillet weld.  For this reason it was 
decided that a full penetration weld with a full size reinforcing fillet as can be seen in 
Figure 3.9 would be used in order to induce smooth stress flow from the column to the 
beam flange.  Although the use of such a large amount of weld material does induce more 
heat effect and provides for the possibility of more defects, it was still felt to be the best 
option. 
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Figure 3.9 Test 2 Connection Detail Section 
 

 As was the case in test 1, care was taken during construction of the specimen to 
ensure that the construction practices were in fact realistic.  For this reason, all welds were 
performed from an overhead position after the columns were erected in the lab.  In 
addition, a welding procedure specification (WPS) as required by the American Welding 
Society (AWS) code was established and utilized in conjunction with visual and ultrasonic 
inspection, as appropriate for each type of weld.  These measures were taken to ensure the 
weld tested would at least meet the minimum quality requirements of typical engineered 
welds.  The credentials of the inspectors used and the results of the inspections can be 
found in Appendix 4.  The completed weld is shown in Figure 3.10 

 The instrumentation plan for test 2 remained the same as for test 1 except for 
alterations to the strain gauge layout.  For test 2 the strain gauge map was altered by 
excluding the transverse gauges, the radial quarter point gauges, and the top of cap beam 
gauges.  The total number of longitudinal gauges used at the extreme fibers of the pile was 
increased.  The revised strain gauge map for test 2 is provided in Figure 3.11 and again 
shows the reference location and distance below the cap beam for each strain gauge 
utilized. 
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Figure 3.10 Completed Test 2 Connection Weld 
 

 

Figure 3.11 Test 2 Strain Gauge Map 
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3.3.2  Test 2 Observations 

 Given that the only alteration to the system was the welding configuration, the 
global strength and stiffness were not affected.  For this reason the first yield force 
remained at 73 kips as in test 1.  The observed average first yield displacement in this test 
was found to be 2.49 inches and was used to establish a new displacement history for the 
remainder of the test.  From the first yield displacement, the equivalent yield displacement 
or ductility 1 displacement was calculated as 3.24 inches from Eq. 2.6.  Although the base 
displacement was much more controlled as can be seen in Figure 3.12, the observed first 
yield displacement was again higher than expected. 

 

 

Figure 3.12 Test 2 – Base Displacement vs. Cap Beam Displacement 
 

 The test 2 specimen generally performed much better than the test 1 specimen.  No 
signs of failure were observed through the displacement ductility 1, 1.5, and 2 levels.  The 
specimen was accidentally subjected to an overload cycle corresponding to a displacement 
ductility of 5 during the transition from ductility 2 to 3 as can be seen in Figure 3.13.  
Although no damage was observed during this overloading, reversal to the negative or 
pull correct ductility 3 displacement led to a crack forming at the weld toe in the north 
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column.  This crack extended from the extreme fiber of the south face to approximately 
the neutral axis as shown in Figure 3.15.  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 experienced as is shown in Figure 3.14, the test was continued. 

 

 

Figure 3.13 Test 2 Force Displacement Hysteresis 
 

 

Figure 3.14 Test 2 Load History 
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Figure 3.15 Test 2- Cracking at Weld Toe North Column South Face 
 

 Ultimately the specimen was able to develop local buckling as is seen in Figure 
3.16 when subjected to ductility 4 displacements.  This buckling led to significant strength 
degradation and base material fracture at a location of local buckling on the south column 
shown in Figure 3.17.  The failure mechanism of this specimen can be summarized as a 
combination of local buckling, strength loss, base material fracture, and weld to fracture 
possibly due to the overload cycle.  A summary of these failure mechanisms has been 
provided in Table 3.2, 

 

 

Figure 3.16 Test 2 – Local Buckling of North Column 
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Figure 3.17 Test 2- Base Material Fracture on South Column 
 

3.3.3  Test 2 Conclusion 

 The overall performance of test 2 was significantly better than that of test 1.  
Taking into account the multiple failure mechanisms, the specimen would likely be 
assigned a reliable displacement ductility of 3 assuming that the crack at the weld toe was 
due to the errant overload cycle.  Although this reliable ductility level is still far below the 
originally desired value of 8, it had become clear that a value of 8 was likely unattainable.  
Also, a reliable ductility value of 3 for this specimen corresponds to approximately 7% 
drift.  This is a reasonably high allowable drift percentage. 

 It is clear that the value of displacement ductility should not be the only measure 
of capacity considered when evaluating the capabilities of the system.  Since the measure 
of ductility is normalized to the yield displaced, the value of reliable ductility is sensitive 
the magnitude of the yield displacement.  Considering that the test 2 specimen had an 
equivalent yield displacement 3.34 inches, a reliable ductility value of 3 would correspond 
to 10.02 inches of reliable displacement.  This is a considerable amount of displacement 
capacity which may be adequate in some moderate seismic hazard regions.  The displaced 
test 2 specimen can be seen in Figure 3.18. 
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Table 3.2 Test 2 Failure Mechanism Summary 
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Figure 3.18 Displaced Test 2 Specimen 
 

 

3.4  Test 3 Purpose, Observations, and Conclusions 
 

3.4.1  Purpose: Evaluate Ductility of Full Penetration Weld without a Reinforcing 
Fillet 

 Given the relatively good results obtained in test 2, the research team desired to 
determine if an equitable response could be obtained with the exclusion of the full depth 
reinforcing fillet weld as seen in Figure 3.19.  Should the results be repeatable without the 
reinforcing fillet, the benefits of the revised connection would be numerous.  By removing 
the reinforcing fillet, a significant amount of weld material and welding time would be 
saved along with the benefits of reducing heat effects and the probability of weld defects. 
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Figure 3.19 Test 3 Connection Detail Section 
 

 Given that the global system was still unaltered, the yield force remained at 73 
kips.  Although the base displacement had been reduced in test 2 the magnitude observed 
was still 5% of the yield displacement, an unacceptable amount.  For this reason the 
rocker bearings were removed and replaced with a steel shim plate.  The instrumentation 
layout remained the same except for the string potentiometers which were reduced in total 
number to two.  One was located at the cap beam centerline and one at the base support.   

 As in test 2, significant quality control measures were implemented to ensure that 
the best possible weld, still constructed under realistic conditions, was achieved.  Both 
visual and ultrasonic testing of the weld, which can be seen in Figure 3.20, was conducted 
and can be found in Appendix 4. 
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Figure 3.20 Test 3 Connection 
 

3.4.2  Test 3 Observations 

 During the testing of the third specimen, a loading error occurred early in the test.  
Following the 50% Fy push.  The specimen was significantly overloaded and data was lost 
during this time as is seen in Figure 3.21.  As can be seen in Figure 3.22 estimates from 
extrapolation of the force displacement hysteresis indicate that the overload cycle reached 
approximately -100 kips (pull) and -15.74 inches of displacement.  Unfortunately, due to 
the time during testing at which the overload cycle occurred, no first yield displacement 
could be established for this specimen.  For this reason the average displacement value of 
2.49 inches found in test 2 was utilized resulting in an equivalent yield or ductility one 
value of 3.24 inches. 
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Figure 3.21 Test 3 Force Displacement Hysteresis 
 

 

Figure 3.22 Test 3 Load History 
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second pull cycle of ductility 1.5 on the south column in the northeastern quadrant at the 
cap beam weld toe as seen in Figure 3.24.  Multiple small cracks also developed on the 
south side of the south column.  The crack seen at the weld toe of the north column also 
grew in length during this cycle.  The cracks already formed on both columns continued to 
grow both in length and width during the first cycle of the second ductility level and even 
propagated through the weld in the case of the cracking on the south column during the 
second cycle of ductility 2 as shown in Figure 3.25.  The cracking observed on the north 
pile was also seen to propagate through the weld during the third cycle of ductility 2 as 
shown in Figure 3.26.  The test was continued into ductility three even though the 
reduction in strength was clearly more than 20%.  After the first cycle of ductility 3 the 
cap beam showed distortion near both columns, as seen in Figure 3.27, and a new crack 
had formed in the north column at the cap beam weld toe. At this point the test was 
stopped due the extent of damage and loss of strength of the test unit as has been 
summarized in Table 3.3. 

 

 

Figure 3.23 North Column Crack During Overload Cycle 
 

 

Figure 3.24 South Column Cracking – Ductility 1.5 Second Pull cycle 
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Figure 3.25 South Column Propagation of Cracking through the Weld 
 

 

Figure 3.26 North Column Propagation of Cracking through the Weld 
 

 

Figure 3.27 Cap Beam Distortion 
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Table 3.3 Test 3 Summary 
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Table 3.3 Test 3 Summary Continued 

 
 

3.4.3  Test 3 Conclusion 

 Regardless of the loading error, it is clear that the response of test 3 was 
inadequate.  Although the test would likely be assigned a reliable ductility of 1.5 to 2 
which is slightly better than that of test 1, the response was not comparable to that of test 
2.  The unreinforced complete joint penetration weld was therefore deemed inadequate 
and the connection would not be used in future tests. 
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3.5  Test 4 Purpose, Observations, and Conclusions 
 

3.5.1  Purpose: Validate Results of Test 2 

 As test 3 had proven that a complete joint penetration weld without a reinforcing 
fillet was generally inadequate, test 4 aimed to validate the results of test 2.  For this 
reason an identical weld detail to test 2, as shown in Figure 3.28, was conducted following 
the earlier practice of visual and ultrasonic testing to ensure the weld was as defect free as 
possible.  Again, all welding was performed overhead in order to follow typical 
construction practices. 

 Although the traditional instrumentation and Optotrak system remained unchanged 
from test 3, test 4 also included audio monitoring equipment.  The system consisted of ten 
microphones of which the layout can be seen in Figure 3.29 and a recording station.  The 
main purpose of this equipment was to assist the research team in identifying locations of 
damage, cracking in particular, over random noises emitted by the setup such as pin 
rotations.  The system was also successful in helping to identify when possible cracking 
inside the pile occurred as will be discussed in subsequent sections. 

 

 

Figure 3.28 Test 4 Weld Detail Section 
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Figure 3.29 Microphone Layout 
 

3.5.2  Test 4 Observations 

 Again since the global system remained unchanged, the first yield was maintained 
as 73 kips.  In the case of test 4, the observed average first yield displacement was 2.54 
inches resulting in an equivalent yield displacement of 3.30 inches.  Although no visual 
signs of failure and no strength loss was observed prior to the third cycle of ductility 3, 
two audio emissions not attributable to support noise were recorded.  The first of these 
occurred during the third pull cycle of ductility 2 and registered highest at microphone 3 
as shown in Figure 3.30.  The next omission occurred during the first pull cycle of 
ductility 3 and again was recorded with the highest amplitude at microphone 3 as shown 
in Figure 3.31.  Both these records indicate a much sharper and shorter emission than that 
of a common pin slip emission which is shown in Figure 3.32.  It is possible that these 
emissions were the result of cracking in the inside of the pile which may have been at the 
backing bar weld or the root of the complete joint penetration weld. 
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Figure 3.30 Recording at Mic 3 – Ductility 2 Cycle -3 

 

Figure 3.31 Recording at Mic 3 – Ductility 3 cycle -1 

 

Figure 3.32 Typical Pin Slip Recording 
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 Ultimate failure occurred rapidly during the third push cycle of ductility 3.  A large 
crack quickly formed and propagated around a significant portion of the south face of the 
south column as seen in Figure 3.33 and Figure 3.34.  This crack significantly affected the 
strength of the system as can be seen in both Figure 3.35 and Figure 3.36.  The last pull 
cycle of ductility three was completed and the test was assumed to be completed given the 
significant cracking on the south column and approximately 30% strength loss. 

 

 

Figure 3.33 Cracking on South Column 
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Figure 3.34 Cracking on South Column – Post Test 
 

 

 

Figure 3.35 Test 4 Force Displacement Hysteresis 
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Figure 3.36 Test 4 Load History 
 

 

 

Figure 3.37 Minor Local Buckling on the South Column 
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3.5.3  Test 4 Conclusion 

 The test 4 specimen generally responded in an adequate manner prior to ductility 
3.  The rapid onset of failure in the third push cycle of ductility 3 involving cracking at the 
weld toe is however a rather undesirable failure mode.  The specimen was able to develop 
only a minor amount of local buckling as shown in Figure 3.37.  In comparison to test 2 
which was able to develop significant local buckling and eventual base material fracture, 
test 4 was not very successful.  For this reason it was felt that the results of test 2 were not 
adequately validated by the given connection detail. 

 

 

3.6  Test 5 Purpose, Observations, and Conclusions 
 

3.6.1  Purpose: Attempt to Control Joint Deformation Utilizing an Inside 
Reinforcing Fillet Weld 

 Following the first four tests it had become clear that simple weld configuration 
changes were not going to produce a reliably adequate design.  Taking this into account, 
the research team in conjunction with AKDOT decided that more drastic measures were 
going to be necessary.  At this point in the testing series, it was still unclear whether the 
failures seen in test 1-4 were a strain controlled or stress controlled issue.  Considering 
this, it was decided that the addition of an inside reinforcing fillet weld would provide a 
larger capacity and possibly prolong the life of the structure.  The detail shown in Figure 
3.38 was developed to incorporate this inside reinforcing fillet.  Consideration was given 
to the fact that the detail develop would induce even more heat effects and introduce the 
possibility for more defects.  The addition of the splice weld also adds to the negative 
effects of the detail.  However, it was decided that regardless of these issues the 
connection still had good potential and was the next logical step. 
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Figure 3.38 Connection Detail Section 
 

 Considerable effort was made to ensure that during the construction process each 
step taken could be realistically reproduced in the field.  In order to incorporate the inside 
fillet weld as shown in Figure 3.39, it was necessary to use a 12 inch stub column which 
would first be welded to the cap beam in a sequence indicated by a WPS.  Prior to the 
welding of the stub column to the cap beam, the proper location of the stub column on the 
cap beam was marked by placing the cap beam on the piles which had already been 
erected and marking their location. This step was utilized to ensure alignment of the stub 
column to the pile.  The welding of the stub column to the cap beam as can be seen in 
Figure 3.40 was then conducted underhand on the ground prior to the placement of the cap 
beam as could be done in the field.  Next, the cap beam was placed on the piles and the 
splice weld between the stub column and piles was completed.  Again all three types of 
instrumentation were used in this test.  The layout of each system remained the same as in 
test 4. 
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Figure 3.39 Test 5 – Inside Reinforcing Fillet Weld 
 

 

Figure 3.40 Completed Stub Column Weld 
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3.6.2  Test 5 Observations 

 A first yield force of 73 kips was again used and the average first yield 
displacement for this test was found to be 2.84 inches resulting in an equivalent yield 
magnitude of 3.69 inches.  The overall response of the test 5 specimen was very similar to 
that of test 4.  No visual signs of failure or strength degradation were observed prior to a 
displacement ductility level of 3.  Also similar to test 4, several audio emissions were 
noted prior to failure that were not attributable to set up noise as shown in Figure 3.41.  
However there were again no visual signs of failure associated with the noises.  It is likely 
that these noises can be attributed to cracking taking place inside the column.  This inside 
cracking could likely be taking place in the weld region of the backer ring. 

 

 

Figure 3.41 Sound Emission Possibly Related to Interior Cracking 
 

 The ultimate failure mechanism in test 5 again occurred in the third push cycle of 
ductility 3 and consisted of a large fracture at the weld toe on the south side of the south 
column as shown in Figure 3.42.  The crack was associated with over 20% strength loss as 
shown in Figure 3.43 and Figure 3.44.  Since the full cycle had not been completed, the 
research team attempted to continue pushing the specimen but the crack began to 
propagate very quickly.  For this reason the test was concluded. 

 

 Unlike test 4, test 5 was able to develop a minor level of local buckling on both 
columns.  The first signs of local buckling began to develop during the second push cycle 
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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 north face 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 and at both the cap beam weld and splice weld on the south face 
of the north column as can be seen in Figure 3.45.  The buckling never had a chance to 
propagate and develop strength loss due to large the fracture that formed shortly after 
bucking had begun. 

 

 

Figure 3.42 Failure Crack – Ducitlity 3 Cycle 3 
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Figure 3.43 Test 5 Force Displacement Hysteresis 
 

 

Figure 3.44 Test 5 Load History 
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Figure 3.45 Double Buckling of North Column 
 

3.6.3  Test 5 Conclusion 

 Although the test 5 specimen was able to withstand most cycles of ductility 3 as is 
shown in Figure 3.46, the reliability of the design was no better than that of test 4.  The 
test 5 detail did allow for minor local buckling to begin occurring, but ultimately the 
failure took place again at the weld toe.  The detail was not capable of producing a base 
material failure and was there for considered to be inadequate and unreliable.  It was still 
felt following this test that the weld toe failures observed were likely strain related as 
opposed to stress related.  Unfortunately the 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 3.46 Test 5 Response – Ductility 3 
 

 

3.7  Test 6 Purpose, Observations, and Conclusions 
 

3.7.1  Test 6 Purpose:  Relocation of Flexural Plastic Hinging 

 From tests 1-5 it had become apparent that manipulation of the weld joint alone 
would not produce a reliable connection.  For this reason it was decided that an attempt 
would be made to relocate the plastic hinge region to force failure away from the 
complicated geometry of the cap beam/column connection.  If the failure at the weld 
region is impacted by high strains, relocating the hinge away from the weld will improve 
behavior. However, if stress is the more important parameter, relocating the hinge does 
not help the situation since the stresses at the joint remain high (albeit in the elastic range).  
Multiple systems for relocating the location of hinging were considered including a 
reduced section, a heat treated section, and a strengthened column capital amongst others.  

South Pile 

North Pile 

Eventual Crack 
Location 
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Ultimately it was decided that a flared column capital as shown in Figure 3.47 would be 
utilized.  Although the system was more complicated than originally desired by AKDOT, 
it was considered a necessary effort should for an adequate connection to be achieved. 

 

 

Figure 3.47 Test 6 – Flared Column Capital 
 

 The design of this system was based on the principle that the critical section of the 
flared column (adjacent to the cap beam flange) should remain elastic under full plastic 
flexural moment at the intended hinge region just below the flared section.  Taking into 
account the demand relationship as shown in Figure 3.48 and the properties of ASTM 
A527 Gr. 50 material which was to be used in the fabrication of the column capital, the 
final design shown in Figure 3.49 was created.  It is important to note that the connectivity 
of the smaller diameter portion of the column capital to the larger was not created by 
welding.  The assembly is a single unit fabricated by the bending of plates into two 180 
degree sections that were in turn seam welded down the longitudinal axis.  The smaller 
diameter section was created by then milling down the section as specified.  The intention 
of this process was to create an intended hinging region away from either weld.  By 
designing the section for the top weld to remain elastic, it was hoped that the strains would 
remain low enough to preclude failure similar to that seen in the prior tests.  An excerpt 
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Figure 3.49 Test 6 Connection Detail Section 
 

 

Figure 3.50 Detail of Column Capital Assembly 
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 Similar to all prior tests, consideration was given to the repeatability and 
practicality of the bent construction process.  A process similar to that of test 5 was used 
and has been described in Figure 3.51.  Both the top connection and splice weld were 
inspected by visual and ultrasonic testing.  It is also important to note that a 3/8 inch 
reinforcing fillet was used in the top weld of the assembly to the cap beam flange.  
Although this is likely unnecessary given the elastic design intention of the joint it was 
desired to help relieve the sharp geometry of a plane complete joint penetration weld. 

 

 

Figure 3.51 Construction Sequence of Test 6 
 

 In addition to the instrumentation used in test 5, a series of 4 PI gauges were used 
to measure base rotation due to bolt strain.  Although the calculated estimates of these 
measurements were of no considerable magnitude, the gauges were used in hopes of 
determining a source of the consistently higher than anticipated first yield deflections.  
The layout of these gauges is shown in Figure 3.52. 
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Place Cap Beam
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Figure 3.52 Location of PI Gauges 
 

3.7.2  Test 6 Observations 

 Given that the global strength of the system had been altered due to the inclusion 
of the flared column capital, it was necessary to increase the system first yield force to 
79.7 kips.  The observed average first yield displacement was 2.33 inches resulting in an 
equivalent yield or ductility 1 value of 3.03 inches.  As in prior tests, multiple audio 
emissions were noted well before failure but no visual signs of cracking existed nor was 
any strength degradation associated with these emissions.  It is likely that the recordings 
are due to the cracking of the welding of the backing bars used in the connection details. 

 The test 6 specimen showed no signs of failure through ductility 1.5 and began to 
develop slight local buckling during ductility 2 as shown in Figure 3.53.  This local 
buckling progressed throughout the cycles of ductility 2, 3, and 4.  The slow propagation 
of the local buckling on both columns allowed for the degradation of the structures 
strength to also take place in a slow manner.  Ultimately failure was dictated by base 
material rupture at a location of local buckling on the south column as shown in Figure 
3.54.  This rupture was not associated with a welded zone and occurred after 
approximately 30% strength loss as can be seen in Figure 3.55 and Figure 3.56. 
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Figure 3.53 Propogation of Local Buckling – Ductility 3 Cycle 1 
 

 

Figure 3.54 Test 6 Rupture – South Column North Face – Ductility 4 Cycle -3 
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Figure 3.55 Test 6 Force Displacement Hysteresis 
 

 

Figure 3.56 Test 6 Load History 
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 As can be seen in the figures provided the buckling observed occurred below the 
intended hinging region of the flared column capital.  Initial speculation for how this 
occurred included the possibility that the capital was acting as a rigid end more than a 
flexural member for an unknown reason.  As seen in Figure 3.57 Vertical Strain Profile – 
South Column South Face, flexural strains were present in the capital and it was not acting 
as a rigid end block.  However, the strains were marginally higher just below the intended 
region.  Although no theoretical reasons exist for this since the intended hinge region and 
plane pile section have the same properties, it is likely due to stiffening effects creating by 
the presence of the backer ring and splice weld.  In future tests it would be possible to 
avoid this effect by lengthening the intended hinge region or weakening the material.  A 
combination of both would also be possible.  It should be noted that in this particular tests, 
no adverse affects were generated by the location of buckling being outside the intended 
region.  It is however desired to be able to control the exact location of this buckling to 
ensure that it will not occur near the splice weld.  More in depth analysis of test 6 as well 
as discussion of future considerations are both provided in subsequent Chapters of this 
report. 
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Figure 3.57 Vertical Strain Profile – South Column South Face 

Location of 
Splice Weld 
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3.7.3  Test 6 Conclusions 

 In general, the test 6 specimen significantly outperformed that of any prior 
specimen as can be seen in Figure 3.58.  The system would likely be assigned a reliable 
ductility of 3 or 4, at least one level greater than that of test 1-5.  Not only was the 
ultimate displacement ductility capacity increased in this test, a more desirable and 
controllable failure mode was observed.  By inducing local bucking and base material 
fracture prior to brittle rupture at a weld region the specimen has achieved its ultimate 
capability.  Should greater displacement capacity be desired, it may be possible with a 
detail similar to that of test 6 to decrease the pile D/t ratio and achieve an even higher 
reliable ductility prior to base material fracture. 

 

 

Figure 3.58 Test 6 – Ductility 4 
 

 It was also found during test 6, that the influence of base rotation due to elongation 
of the bolts in the base supports was insignificant as was suspected.  As seen in Figure 
3.59, the measurements of bolt elongation remained at extremely low values that would be 
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considered insignificant even when taking into account the extrapolation factor of about 
12 that would exist when calculating the observed displacement at the cap beam level due 
to this elongation.  This would indicate that bolt elongation does not contribute to the 
higher than expected first yield displacements. 

 

 

Figure 3.59 Typical PI Gauge Recording 
 

 During the testing of specimen 6 it was noted that both inclinometers located at the 
intersections of the cap beam and pile centerlines fell off at an early ductility level.  This 
prompted the research team to investigate the data recorded by the gauges prior to them 
falling off.  It was found that the joint rotations of this intersection were much higher than 
expected at first yield.  It also appears that inelastic panel shear strain was experienced in 
the joint as is seen in Figure 3.60.  This apparently weak joint could be the source of some 
or all of the first yield displacement discrepancy that had been experienced.  These issues 
will also be discussed in more detail in the following Chapters. 
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Figure 3.60 North Column Joint Rotation 
  



76 
 

4.1  Review of the Testing Series 
 

 To summarize Chapter 3, the specimens of tests 1-5 consisted of matching global 
systems with varying connection details while test 6 consisted of a specimen with a 
slightly altered global system in order to relocate the plastic hinge.  With exception of 
loading errors, the force deformation response of the matching specimens remained 
relatively similar as would be anticipated.  However the failure ductility and reliable 
displacement ductility capacities were highly variable.  For convenience the six tests 
conducted have been summarized in Table 4.1 Testing Results Summary and the force 
displacement hystereses from the six tests are provided in successive order within this 
section. 
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Figure 4.3 Test 3 Force Displacement Hysteresis 
 

 

Figure 4.4 Test 4 Force Displacement Hysteresis 
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Table 4.1 Testing Results Summary 

 

 

Test Configuration Fy (k) Δ'y (in) Failure 
Ductility

Failure 
Cycle

Failure Description Reliable 
Ductility

Equivalent 
Reliable Drift

1 3/4" Fillet3 73.0 2.991 2 -1
South Column North-Mid Face Crack at 

Weld Toe in Base Metal 1 0.028

2 45° CJP w/ 3/4" Backer Fillet 73.0 2.49 4 2
South Column North Face Crack at Weld 

Toe In Base Metal 3 0.070

3 45° CJP 73.0 2.492 3 1 Multiple Cracks in Both Columns at Weld 
Toe in Base Metal and Through Weld 1.5-2 0.035 - 0.047

4 45° CJP w/ 3/4" Backer Fillet 73.0 2.54 3 3
South Column South Face Crack at Weld 

Toe in Base Metal 2-3 0.049 - 0.072

5 45° CJP w/ 3/4" Backer Fillet Inside 
and Out w/ CJP Splice Butt Weld

73.0 2.84 3 3 South Column South Face Crack at Weld 
Toe in Base Metal

2-3 0.054 - 0.080

6 Flared Column Capital Assembly 79.7 2.33 4 3
South Column North Face Crack at Local 

Buckling Below Weld in Base Metal 4 0.088

1. Higher yield displacement in test 1 is partially due to support displacement.
2. Due to loading error no yield displacement was captured for test 3.  Test 2 data was used.
3. Due to construction error the 3/4" fillet weld in test 1 was slightly undersized.  The actual weld was approximately 5/8".
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4.2  Force Displacement Response Envelopes 
 

 As was mentioned in section 4.1, the connection configuration had very little 
effect on the force deformation response of the structure.  The configuration did however 
have a significant effect on the ultimate displacement capability of the system.  These two 
issues can be recognized by reviewing the force displacement envelopes provided in this 
section.  These figures represent the envelope to the peak responses at ¼ yield, ½ yield, ¾ 
yield, first yield, ductility 1, 1.5, 2, etc. This process has been conducted for each of the 
three cycles at each ductility level and the various tests have been plotted on the 
corresponding figures in order to form appropriate conclusions.  It should be noted that 
tests 2 and 3 have been omitted due to the loading errors experienced during testing. 

 

 

Figure 4.7 Cycle 1 Force Displacement Envelopes 
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Figure 4.8 Cycle 2 Force Displacement Envelopes 
 

 

Figure 4.9 Cycle 3 Force Displacement Envelopes 
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 It is not surprising that the envelopes of test 1, 4, and 5 match almost exactly in 
magnitude prior to their respective failures since the global systems were the same.  It 
should be noted that in all tests prior to test 6, strength degradation occurred between 
cycles of the same ductility level rather than between cycles of different levels of ductility. 
Although it is not uncommon to observe some strength loss between cycles of the same 
ductility level, it is indicative of a rapid failure for significant strength degradation of a 
system to take place at a given ductility.  This behavior can also be observed in the force 
displacement hysteresis provided in earlier in this Chapter. 

 

 

4.3  Equivalent Viscous Damping Comparison 
 

 The equivalent viscous damping values for each ductility level of testing have 
been calculated in order to compare the structures inelastic damping capabilities with 
typical values.  The method used to calculate the total equivalent viscous damping is 
based on a modified Jacobsen’s approach (Jacobsen, 1930).  Jacobsen’s approach is based 
on an energy balance method which equates the area encompassed within a full force 
displacement cycle of a rigid perfectly plastic oscillator to the input energy from a 
sinusoidal forcing function.  The outcome of this approach shows the total hysteretic 
damping ratio to be equal to 2/π.  It can also be shown that the total hysteretic damping of 
a non rigid-perfectly plastic response can be determined by scaling the value of 2/π by the 
ratio of the area contained in the realistic hysteric loop divided by the area contained in 
the rigid-perfectly plastic response as shown in Eq. 4.1 and Figure 4.10 (Priestley et al. 
2007). 

 Since the loading history used to generate the actual response is not based on a 
sinusoidal forcing function as considered in Jacobsen’s derivation, it is necessary to apply 
a modification factor as shown in Eq. 4.2 to avoid inappropriately large values of 
hysteretic damping (Montejo, 2008; Priestley et al. 2007).  It is also necessary to apply a 
modification factor to the elastic viscous damping which was assumed to be 2% in these 
calculations to capture a conservative value for steel structures.  This is necessary because 
typical values of elastic viscous damping are based on tangent stiffness while the 
hysteretic damping calculated by the Jacobsen approach is based on secant stiffness which 
is recommended for use with the DDBD approach (Priestley et al. 2007).  The 
modification factor κ is a function of the ductility level and a variable λ which is equal to -
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0.617 assuming a Ramberg-Osgood model for the ductile steel structure (Priestley et al. 
2007).  Both the loading history and tangent stiffness modification factors have been 
calibrated using non-linear time history analysis to match maximum response 
displacements with the DDBD approach.  The values of total equivalent viscous damping 
obtained from the combination of corrected elastic viscous damping and corrected 
hysteretic damping as shown in Eq. 4.3 will be compared with the typical relationship for 
a steel frame provided in Eq. 4.4. 

 

 

Figure 4.10 Relationship Between Hysteretic and Plastic Response 
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Figure 4.11 Damping Comparison 
 

 From Figure 4.11 it is clear that each of the tests follow the general trend of the 
steel frame recommendation.  It is also clear that the test 6 specimen was able to dissipate 
a considerably larger amount of energy than that of the prior tests.  Although it appears 
that the test 5 specimen was able to dissipate an unreasonably high amount of energy 
especially at the lower ductility levels the situation is explainable.  As can be seen in 
Figure 4.12, the yield cycle used to establish the ductility level displacements for test 5 
experienced a considerable amount of inelastic action compared to the yield cycle of test 6 
which is more indicative of all prior tests.  It should be noted that this was not due to any 
loading errors during testing.  It is possible that the addition of the splice weld and the 
additional welding of the inside fillet in test 5 increased the heat zone effects and softened 
the specimen to some degree.  Regardless of the cause, the amount of inelastic action seen 
during this cycle likely caused the ductility level displacements to be slightly over 
calculated.  As a result, the calculated values of total equivalent viscous damping would 
also be high.  This effect would be even more significant at lower levels of ductility where 
the modification factor for hysteric damping is much larger (0.886 for ductility 1) as 
compared to higher levels of ductility (0.661 for ductility 3).  Taking this into account, 
should the damping curve for test 5 be shifted to the right by a value of approximately ½ 

0

5

10

15

20

25

30

1 1.5 2 2.5 3 3.5 4
Ductility

Test 2

Test 4

Test 5

Test 6

Steel Frame



87 
 

of a ductility level, the calculated values of damping would be much more reasonable.  It 
is important to note that this possible over calculation of ductility level displacements in 
test 5 has no significant effects on the general conclusions about the specimen’s response.  
It is only important in the case of damping due to the fact that the modified Jacobsen’s 
approach is very sensitive to hysteretic energy dissipation. 

 

 

Figure 4.12 Yield Cycle Comparison 
 

 

4.4  Selected Strain Topics 
 

4.4.1  General Introduction to Strain Considerations 

 As was discussed in earlier sections, two main strain measurement devices were 
used during testing for all six specimens.  These two methods consisted of traditional 
strain gauges and the Optotrak system.  In each test, multiple strain gauges were placed in 
the longitudinal direction on the extreme fibers of both columns.  These gauges will 
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generally be referred to by the face of the column they were applied to and their distance 
below the cap beam.  For example, N-N-3 would reference a strain gauge on the north 
face of the north column three inches below the cap beam.  A small number of gauges 
were also placed in other locations throughout the testing series to monitor local 
deformation such as the elastic actions of the cap beam flanges.  These will similarly be 
referred to by their respective location when necessary. 

 Optotrak markers or LEDs were placed in the critical region of the south column 
and varied in number between tests but not in general layout.  Post processing of the data 
provided from the marker locations throughout the tests allowed for the calculation of 
average strain between any two markers.  The calculations were of course conducted 
between successive markers to minimize gauge length and maximize the accuracy of the 
average strain value.  Optotrak markers were not only placed on the extreme fibers of the 
pile but also on the radial quarter points and the centerline, as can be seen in Figure 4.13.  
This layout allowed for strain cross section profiles to be generated at various heights 
along the columns as well vertical strain profiles to be plotted for either extreme fiber. 

 

4.4.2  Validation of Optotrak Capabilities 

 Given that the Optotrak system was relatively new technology to our research 
group during this testing series, it was necessary to validate the reliability of the system.  
To achieve this objective, traditional strain gauges were placed within many of the LED 
gauge lengths and the resulting strain histories were compared.  As can be seen in Figure 
4.14, Figure 4.15, and Figure 4.16 the Optotrak data proved to be very reliable by 
matching the traditional strain gauge readings well. 
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Figure 4.15 Strain Comparison (S-S-19”, Test 6) 
 

 

Figure 4.16 Strain Comparison (S-S-25”, Test 6) 
 

 It should be noted these comparisons have been provided as examples of typical 
behavior not as the best relationships.  This type of similarity was seen throughout the 
analysis of the test data and has lead to confidence in the system.  Similarity between the 
two systems can also be noted throughout various figures provided in support of other 
conclusions throughout the remainder of this report. 

 It is also worth noting from Figure 4.13 that the Optotrack system is adept at 
recording strains beyond the point where conventional electrical resistance strain gages 
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fail.  As can be seen the strains at a location 25 inches down the south column reached a 
value of approximately 20000 µε prior to buckling, which was accurately captured by the 
Optotrak while the conventional strain gauge failed at approximately 10000 µε. This is an 
important attribute for the system in that it allows for the measure of very large strains that 
would not otherwise be assessed with traditional techniques. This in turn allows 
identification of the occurrence of key performance limit states. 

 

4.4.3  Strain Issues Relating to Local Buckling 

 The primary method for evaluation of local buckling, a possible limit state for 
these structures, utilizes Optotrak produced strain measurements to plot horizontal strain 
cross sections.  The grid system used for the layout of Optotrak markers allows for strain 
measurements to be calculated at both extreme fibers, the radial quarter points, and the 
centerline of the pile at the same vertical location.  Plotting the calculated strains versus 
their respective horizontal position on the pile produces a cross sectional strain profile. 

 During data analysis it was noticed by the research team that the strain diagrams at 
locations of known local buckling did not remain linear after the buckling had taken place 
and therefore the common bending theory assumption that plane sections remain plane 
was no longer true as is shown in Figure 4.17 and Figure 4.18.  It was further noticed that 
the non-linearity of the strain diagrams began before visual signs of local buckling 
indicating that the onset of local buckling takes place before visual signs develop.  This 
information was in turn used to qualitatively evaluate the relationship between buckling 
and strength degradation as is shown in Chapter 6. Conversely, at lower levels of 
response, the Opotrak data supports the assumptions of plane sections remaining plan after 
bending, first sketched by Robert Hooke in 1678.  
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Figure 4.17 Example Strain Cross Section Prior to Local Buckling 
 

 

Figure 4.18 Example Strain Cross Section Following Local Buckling 
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 As can be seen in Figure 4.19 the ability of Optotrak to function at significantly 
higher strains than can be handled by traditional strain gauges allowed for this data to be 
captured.  It should be noted though, after significant propagation of local buckling the 
strains calculated are no longer indicative of flexural engineering strains.  As shown in 
Figure 4.19, the compressive strains near the location of local buckling in test 6 reached 
values as large as 200000 µε.  This is absurdly large and simply indicates that buckling 
has occurred and plane sections no longer remain plane However, the data is still valuable 
to describe the transformed shape of the cross section allowing for the linearity of the 
strain diagram to describe the propagation of local buckling.  It should also be noted that 
at the early stages of local buckling (prior to visual signs) the calculated strains are likely 
still indicative of flexural engineering strains. 

 

 

Figure 4.19 Strain Hysteresis Test 6 at S-S-29 
 

 Attempts have been made to produce a more quantitative evaluation of local 
buckling.  These attempts include methods related to the rapid change in lateral movement 
of the LED markers as well evaluation of radial hoop strain or ovalization changes.  
Although these methods are theoretically correct, they require a set of LED markers to be 
directly located at the location of local buckling for the necessary data to be captured.  
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Coincidentally, buckling observed in this testing series (generally only the buckling in test 
6 was considered since it was the only test with a buckling related failure) occurred 
between LED markers.  In future tests, it would likely be beneficial to include LED 
markers at the closest interval possible in order to capture the data necessary for these 
alternate methods of buckling analysis.  It should be noted that the original intent of the 
Optotrak system was primarily for strain calculations and the ability to evaluate local 
buckling with the data by any method should be considered complimentary to the original 
intent.  However, this unintended ability depicts very well the versatility of the system. 

 

4.4.4  Curvature and Plastic Hinge Length 

 As was mentioned earlier in this report, it is possible to calculate cross section 
curvature utilizing the Optotrak grid by simply dividing the total difference between 
extreme fiber strains by the diameter of the cross section.  It was attempted to utilize the 
testing data to calibrate a plastic hinge length for the specimens tested.  This data could 
then be utilized in the basic plastic hinge method of calculating structural displacement in 
the inelastic range.  This method essentially simplifies a non-linear curvature profile, 
which is experienced in the inelastic range, by representing the actual profile with a linear 
elastic component and a rectangular plastic component with a length equal to the plastic 
hinge length as can be seen in Figure 4.20.  This simplified diagram can then be utilized to 
calculate structural deformation by the second moment area method. 

 In design, a plastic hinge length is assumed or calculated using an appropriate 
relationship allowing total structural deformation to then be calculated using Eq. 4.5.  For 
this research project, structural deformation is known along with all other parameters of 
the relationship with exception of the plastic hinge length (Lp).  The relationship can 
simply be rearranged to solve for Lp using testing data.  The results of this analysis which 
are presented in Table 4.2 and Table 4.3 indicate that the calculated plastic hinge length 
follows no particular pattern.  This is largely due to the numerous modes of deformation 
taking place during testing.  This method of calculating plastic hinge length is essentially 
attempting to capture all modes of deformation and represent the effect within an artificial 
pile plastic hinge length.  Unfortunately, the results indicate that this attempt was not 
successful and it is the view of the research team that the use of the plastic hinge method 
is not recommended for calculating displacements in regards to this type of structure. 

 Although this attempt to calibrate the plastic hinge method was not successful, it 
may be possible to appropriately calibrate the method for response prior to local buckling 
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if single column tests were conducted for analysis.  However, this presents two key 
problems.  First, in actual design all modes of deformation should be accounted for such 
as the cap beam flexibility.  Secondly, designers will likely utilize this type of structures 
capabilities past the onset of local buckling when designing for the maximum considered 
earthquake.  These items again support that the plastic hinge method is likely not the best 
option for design of steel bridge bents. 

 

 

Figure 4.20 Plastic Hinge Idealization of Non-Linear Curvature Distribution 
(Priestley, et. al. 2007) 

 

 
 

 

 

 

∆ u ∆ y φ u φ y−( ) Lp⋅ H⋅+ Eq. 4.5
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Table 4.2 Detailed Test 6 Lp Calculations 

 

 

 

Table 4.3 Selected Lp Results 
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5.1  Introduction to DDBD Analysis of Hollow Steel Pile Bents 
 

 It has been the goal of this research study to determine (and improve) the reliable 
displacement ductility of the steel bent structures under consideration.  Using the 
information found from testing it is possible to conduct a simple Direct Displacement 
Based Design (DDBD) analysis of the structure to determine the minimum seismic hazard 
to either require explicit design of the lateral force resisting system or more practically to 
develop the full strength of the system.  It is envisioned by the research team that these 
tools may be of particular use to AKDOT as a quick assessment tool of existing structures 
or even as a design aid for new structures 

 The development of these analysis tools is based on first principles and remains 
fairly generalized.  As a result, the application of these relationships is valid for any 
circular HSS pile bent regardless of number of piles, height, aspect ratio, D/t ratio, and 
material type.  The relationships also allow for user specified levels of total equivalent 
viscous damping and ductility capacity.  This allows for issues such as radiant soil 
damping to be taken into account should the user care to do so.  Although much of the 
formulation is based on recommendations provided in “Displacement-Based Seismic 
Design of Structures” (Priestley, et. al., 2007), parameters such as damping reduction 
factors could easily be altered to match applicable codes or other recommendations as 
necessary.  Similar relationships could be developed for any steel pile section bent about a 
symmetric axis with only slight modification to the relationship provided for circular 
sections.   

 However, it should be noted that multiple assumptions have been made in regards 
to the system response.  First, the displacement is based solely on pile flexural 
displacement.  Secondly, the calculation of target displacement is based on reliable 
ductility where the yield displacement is calculated in regards to a simplified moment 
distribution.  As is shown in Figure 5.1 the moment distribution assumed within these 
calculations is that of a double bending moment frame with a total pile length extending to 
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the in ground hinge where the moment is assumed equal to the moment that exists at the 
top of pile.  This is a simplification of the actual moment distribution that would become 
non-linear below grade due to the non-linear spring characteristics of the resisting soil.  In 
addition, the maximum in ground moment is likely less than that of the top moment as has 
been shown in prior research (Suarez, Kowalsky, 2007).  Regardless of these assumptions, 
the purpose of this chapter is to illustrate how simple direct displacement-based design 
procedures can be used to develop a rapid assessment tool and to obtain general estimates 
of the seismic hazard necessary to exhaust the capabilities of the systems tested in this 
research.  Should more accurate results be desired, the relationships can be revised to 
directly consider a reliable drift or displacement (determined by the engineer’s method of 
choice) as is discussed later in this chapter. 

 

 

 

Figure 5.1 Actual vs. Assumed Pile Moment Pattern 
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5.2  Development of DDBD Analysis Tools 
 

5.2.1  Minimum Hazard to Require Explicit Lateral Strength Design 

 It may be of interest to the AKDOT to determine the minimum seismic hazard, 
based on the mapped 1 second design spectral acceleration value (SD1), to require explicit 
lateral strength consideration for a given steel bent bridge.  Included in this section is the 
development of a simple relationship (Eqs 5.1-5.6) between target displacement (ΔT), 
structural characteristics, mapped corner point period (TC), and the minimum SD1 value 
desired.  As noted earlier, the relationship provided is based on first principles but also 
utilizes the design response acceleration spectrum provided by ASCE7-05 and damping 
reduction factors provided by EuroCode 2003.  The general approach used to develop the 
relationship equates target displacement to the corner point spectral displacement (ΔC) and 
back solves for the minimum SD1 value to require explicit lateral strength design.  Simply 
stated, a SD1 value less than that generated by the relationship provided will create a 
maximum spectral displacement less than that of the structural yield displacement. 
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 As an example, this analysis tool has been used to evaluate the capabilities of the 
bents tested in this research project.  For this example the reliable ductility levels and 
corresponding equivalent viscous damping ratios determined from the results of testing of 
each individual specimen have been used.  In the case of test 2 and 4 which consisted of 
the same connection detail, different results have been provided since the actual 
specimens performed in different manners likely due to the natural variability that exists 
within construction tolerances.  From a design standpoint it would be advantageous to 
consider test 4 as a lower bound response from the results of the two tests of a CJP weld 
with a reinforcing fillet.  Similarly from a design standpoint it may be advantageous to 
conservatively consider test 6 as reliable ductility of 3 or 3.5.  Although these results have 
not been provided, Eq. 5.6 is directly proportional to change in ductility.  Results can 
therefor be linearly extrapolated in regards to ductility. 

 Pile length (L) was assumed to be 20 feet as the point of inflection was modeled at 
10 feet during testing.  Table 5.1 provides the results of the analysis for a far field event 
Thus α = 0.5.  It is also possible to use the relationship to produce a graphical solution 
with regards to a given corner point period, event type, and aspect ratio.  However as can 
be seen in Figure 5.2, which provides the graphical solution for a 12 second corner point 
period far field event, this type of solution is somewhat restrictive and would require a 
large number of graphs to cover a likely range of structural configurations. 
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Table 5.1 Minimum SD1 to Require Explicit Lateral Strength Design 

 

 

 

Figure 5.2 Minimum SD1 to Require Explicit Lateral Strength Design (Tc=12s) 

Tc=6sec Tc=12sec Tc=16sec

1 3/4" Fillet 1 5.0* 0.050 0.025 0.019

2 45° CJP w/ 3/4" Backer Fillet 3 15.6 0.237 0.119 0.089

3 45° CJP 1.5 11.5* 0.104 0.052 0.039

4 45° CJP w/ 3/4" Backer Fillet 2 11.8 0.140 0.070 0.052

5 45° CJP w/ 3/4" Backer Fillet Inside 
and Out w/ CJP Splice Butt Weld

2 14.2** 0.152 0.076 0.057

6 Flared Column Capital Assembly 4 23.5 0.381 0.190 0.143

* Recommended Steel Frame Value Used Due to Lack of Data

** Recommended Steel Frame Value Used Due to Unreasonably High Calculated Value

Test Configuration Reliable 
Ductility ξeq (%)

Minimum SD1 to Require Explicit 
Lateral Strength Design (g)

0.00

0.05

0.10

0.15

0.20

0.25

0 5 10 15 20 25

D
1

Aspect Ratio (L/D)

μ4--L=20ft

μ4--L=10ft

μ3--L=20ft

μ3--L=10ft

μ2--L=20ft

μ2--L=10ft

μ1--L=20ft

μ1--L=10ft



102 
 

 It can be seen from Figure 5.2 that a linear relationship exists between the aspect 
ratio and minimum seismic hazard for a given ductility level, length of pile, and corner 
point period.  As may seem logical for the purpose of Displacement Based Design, the 
minimum hazard to require explicit lateral strength design increases proportionally to 
aspect ratio and is relatively sensitive to the magnitude of corner point period.  This can be 
seen by comparing Figure 5.2 and Figure 5.3 Minimum SD1 to Require Explicit Lateral 
Strength Design (Tc=6s) which display the results for 12 and 6 second corner points, 
respectively.  It should be noted that a typical steel frame damping ductility relationship 
(ξeq=0.05+0.577[[µ-1]/[µπ]]) as recommended in “Displacement-Based Seismic Design of 
Structures” (Priestly, et. al.) was used in the generation of the graphs. 

 

 

Figure 5.3 Minimum SD1 to Require Explicit Lateral Strength Design (Tc=6s) 
 

 In general, the minimum seismic hazard as discussed in this section is relatively 
low for normal structures.  As can be seen in Table 5.1 the best response (test 6) still 
requires only a 0.381g SD1 value for the shortest considered corner point period (6 
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seconds).  This is a fairly low value and generally indicates that explicit seismic design for 
lateral strength is going to be necessary.  Nonetheless, it is felt that the relationship 
provided is still valuable to determine areas in which explicit seismic design is not 
necessary for a given structures regardless of the inherently low values of seismicity that 
will be present. 

 

5.2.2  Required Hazard to Develop the Full Lateral Strength of the System 

 Although the minimum hazard to require explicit lateral strength consideration 
may be pertinent information, it will likely be far more useful to determine the required 
hazard (mapped SD1 value) to develop the full strength of the column sections.  As in the 
prior section, this relationship can be developed utilizing first principles, a design 
response spectrum provided by ASCE7-05, and damping reduction factors provided in 
EuroCode 2003.  In general the approach calculates a required moment of inertia (which is 
actually already known from the given dimensions) and back solves for the required SD1 
value.  The relationship is dependent on several parameters including structural 
configuration, material type, and anticipated performance.  Again emphasis was placed on 
maintaining generality within the approach.  However, the relationship provided has been 
specialized for circular HSS piles.  As can be seen in Eq. 5.7-5.14, which provide the 
development of the analysis tool, minor changes would allow the relationship to be valid 
for any steel pile section bent about a symmetrical axis. 
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 As was done for the minimum hazard to require explicit lateral design, the test 
structures from this series have been analyzed using the relationship provided in Eq. 5.13.  
Again a total pile length of 20 feet was assumed and in this case a random inertial weight 
of 150 kips was considered.  The results of the analysis for a far field event have been 
provided in Table 5.2 Required SD1 to Develop Column Flexural Strength.  It should be 
noted that the relationship for required SD1 is independent of corner point period due to 
the configuration of the design response spectrum utilized.  The results of the analysis 
indicate that for this moderate level of inertial weight, the capabilities of the various 
systems may be adequate for some seismic regions.  As would be expected, the results of 
the analysis are concurrent with the general conclusions for the testing series with respect 
to structural configuration.  The capabilities of the plane fillet weld (test 1) are clearly low 
and would only be reliable in significantly low seismic regions.  Although test 2 shows a 
reasonable level of capabilities subsequent tests (3, 4 and 5) were not able to replicate this 
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with weld configurations alone.  Alternatively, test 6 is capable of producing adequate 
response in a moderately high seismic region.  Although a reliable ductility of 4 may seem 
low, this is a parameter that has been normalized to yield displacement and ultimately the 
capabilities of the system are related to overall deformation capacity.  This issue is 
discussed in further detail in subsequent sections.  It should be noted that these results can 
be extrapolated for other inertial weights by a factor inversely proportional to the square 
root of the difference (i.e. (0.5)^(-1/2) for and inertial weight of 75 kips).  Further 
interpretation of the relationship between various parameters and required hazard is 
discussed in the remainder of this section. 

 

 

Table 5.2 Required SD1 to Develop Column Flexural Strength 

 

 

 It is possible to create graphical solutions for the relationship as was done in the 
prior section by controlling D/t, inertial weight and number of piles.  However, it can 
again be seen in Figure 5.4 and Figure 5.5 that the graphical solutions are very restrictive 
and would require a large number of graphs to cover a reasonable range of structural 
configurations.  Regardless of this, the graphical solution can be helpful to identify trends 
between the required seismic hazard and various parameters such as inertial weight.  It can 
be seen from Eq. 5.13 and the provided figures that the relationship between required 

1 3/4" Fillet 1 5.0*

2 45° CJP w/ 3/4" Backer Fillet 3 15.6

3 45° CJP 1.5 11.5*

4 45° CJP w/ 3/4" Backer Fillet 2 11.8

5
45° CJP w/ 3/4" Backer Fillet Inside 
and Out w/ CJP Splice Butt Weld

2 14.2**

6 Flared Column Capital Assembly 4 23.5

* Recommended Steel Frame Value Used Due to Lack of Data
** Recommended Steel Frame Value Used Due to Unreasonably High Calculated Value

0.449

1.232

0.763

0.891

0.965

1.712

Test Configuration Reliable 
Ductility ξeq (%)

Minimum SD1 to Develop Full 
Flexural Strength of the Bent (g)
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hazard (SD1) and structural parameters is generally either proportional or inversely 
proportional to the square root of the change in variable.  This is clear from the non-
linearity between required hazard and aspect ratio as well as the non-linear increases 
between ductility levels.  Although from comparison of Figure 5.4 and Figure 5.5 it may 
appear that a linear relationship exists between required hazard and either number of piles 
or inertial weight this is not a correct assumption.  These relationships are also not linear 
but proportional (or inversely proportional) to the square root of the change.  The 
comparison of double inertial weight and one half numbers of piles creates a seemingly 
linear relationship.  Should only one variable had been changed, the change would not 
have been linear. 
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Figure 5.4 Required SD1 to Develop Pile Flexural Strength (W=360k, 2 Piles, D/t =32) 
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Figure 5.5 Required SD1 to Develop Pile Flexural Strength (W=180k, 4 Piles, D/t=32) 
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 The general trends illustrated by Figure 5.4 and Figure 5.5 are not overly 
surprising.  As ductility capacity and pile length is increased, a higher required hazard is 
necessary to develop the flexural strength of the piles.  Both length and ductility capacity 
will increase deformation capacity as well as effective period which will in turn increase 
the necessary demand to exhaust the structure.  Equally as clear is the effect of aspect 
ratio.  For a given pile length and ductility (and constant D/t) as the diameter increases, so 
will the necessary demand to develop the flexural strength of the system.  Although a 
wide range of ductility, length, and diameter parameters have been provided in these 
figures, significant consideration should be given to the appropriate selection of realistic 
bounds.  For example, ductility capacity is typically related to the length of a column.  
When considering the effect of length it is obvious that that a taller column will have a 
higher yield displacement but approximately the same amount of plastic curvature as a 
shorter column with the same dimensions.  Taking this into account the taller column will 
actually have a lower ductility capacity which may seem counter intuitive.  This does not 
indicate that the taller column as a lower displacement capacity, only a lower ductility 
capacity.  In short, consideration must be given the capabilities of the system.  Equally 
detailed systems of different pile lengths may have significantly different ductility 
capacities.  This sort of effect is evident in the ductility 4, 30ft pile length curve.  For an 
aspect ratio of 4, 4 piles, and an inertial weight of 180 kips the required hazard would 
theoretically be 14g which is obviously unreasonable.  Consideration of the differences 
between ductility capacity and structural deformation capacity is discussed further in the 
following sections. 

 

 

5.3  Application of DDBD Analysis Tools 
 

 This section is provided to illustrate a simple example of how the DDBD analysis 
tools developed in prior sections can be used to provide a quick evaluation of a given 
structure.  It is important to note that this analysis does not necessarily fulfill any code 
requirements and should be used only as a secondary analysis and/or to satisfy 
engineering judgment.  The example bridge bent to be analyzed can be defined by the 
following parameters: 
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• Height = 20ft (point of fixity to bottom of cap beam) 

• Pile Diameter = 20in 

• Thickness = 0.625in 

• P=4 (total number of piles) 

• Inertial Weight = 180kips (total on pier) 

• Target Ductility = 3 

• Equivalent Viscous Damping = 15.6% (from ΔT and ξeq=0.05+0.577[[µ-1]/[µπ]] ) 

• Soil Type = E 

• Event Type = Farfield 

• Fye = 54ksi 

• Shape Factor = 1.309 (typical for circular HSS) 
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These parameters can now be used in Eq. 5.13: 

 

 

 

 

Alternatively, the value could also be estimated from the graphical solution: 
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The resulting design spectral acceleration must now be adjusted for the given soil 
conditions.  Utilizing the recommended 2006 AASHTO Seismic Design Provisions 
provided in Table 3.4.2.3-2 of the document the appropriate Fv value can be determined.  
Note that as the typical design process is being conducted in reverse it may be necessary 
to iterate the process of determining Fv since this parameter is dependent on S1, which the 
output of this process, not on SD1 which is currently known.  In this example it is apparent 
that S1 will likely be greater than 0.5g indicating that an Fv value of 2.4 will be appropriate 
but the relationship will not always be this apparent. 

 

 

The calculated S1 value can now be compared to the mapped S1 values for a given 
earthquake hazard probability to determine suitable locations for the structure. 

 

 

5.4  Displacement Considerations: Ductility vs. Drift 
 

5.4.1  Ductility Considerations 

 It is important to consider the sensitivity of ductility capacity to equivalent yield 
deformation.  More flexible structures with higher first yield displacements and 
consequently higher equivalent yield displacements will likely have a lower ultimate 
ductility capacity.  This concept is not only applicable to steel structures.  A simple 
example of this effect can be provided by considering two concrete columns of the same 
cross section with one being considerably taller than the other.  These sections will clearly 
posses the same yield curvature and ultimate curvature ductility which is only based on 
cross sectional characteristics.  Given the same yield curvature, the taller column will have 
a much higher yield displacement.  However, since the length of plastic hinging is “rather 
weakly related to, and is frequently assumed to be independent of, H” (Priestley, et. al. 
2007) where H is the height of the column, the plastic displacement capacity of the taller 

Fv 2.4

S1
SD1
Fv

0.78g
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column will not be much greater than that of the shorter column.  In turn the magnitude of 
ultimate ductility capacity will be considerably lower for the taller column with a 
matching cross section. 

 This clearly does not indicate that the taller column is a poor structure, it simply 
illustrates that ductility capacity should not be a sole factor used to evaluate the 
performance of a structure.  In the case of the steel bents tested in this research project, 
each test provided significantly higher than expected first yield displacements for reasons 
discussed throughout this report.  In turn the tested ductility levels were not incorrect but 
relatively large.  For example, test 6 was able to withstand a reliable drift of 
approximately 8 percent.  Although this only corresponded to a ductility of 4 it is a 
significant level of drift and displacement capacity.  It is likely that an appropriate design 
would not even utilize this high of a drift capacity since PΔ may become very large. 

 Although the DDBD calculations developed earlier in this Chapter use the 
principle of ultimate ductility to calculate required hazards, the basic DDBD method is 
based on target displacements which could be calculated by any method desired.  The 
equations developed could easily have been based on drift capacity or directly on an input 
target displacement as opposed to the ductility value used. 

 

5.4.2  Alternate Deformation Modes 

 Of equal if not greater importance to displacement considerations is the issue of 
alternate modes of deformation.  As was seen throughout this testing series, measured first 
yield displacements were significantly higher than expected, approximately 40% for each 
test.  In no case was a large magnitude of inelastic action experienced during the first yield 
cycle.  This would indicate that other modes of deformation were contributing to the first 
yield displacement and these modes were not being captured by centerline modeling of the 
structure.  It should be noted that an elevated level of inelastic action was experienced 
during the first yield cycle of test 5, but the magnitude although significant to damping 
calculations was still insignificant to the elevated levels of first yield displacement 
experienced. 

 It is felt by the research team that at least a portion of the extra deformation can be 
attributed to joint panel shear which of course would not be captured in a centerline 
model.  As was mentioned earlier in this report and will be covered in more detail in 
Chapter 6, large inelastic panel joint shears were experienced in test six as well as the 
other test.  The higher than expected joint shear strain likely caused larger joint rotations 
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and a generally more flexible structure.  However, it should be noted that this is only 
hypothesis and has not been proven analytically.  Regardless of this issue it is clear that 
accounting for alternate modes of deformation is critical in DDBD to capture an accurate 
response of a given structure. 

 

5.4.3  Conclusions Regarding Displacement Issues 

 As the two previous sections have indicated, it is important to account for an 
accurate displacement capacity of a structure for the structures capabilities to be 
evaluated.  No inherent issues exist within the use of reliable ductility as the definition a 
structures maximum displacement capacity when conducting a DDBD.  The flexibility (or 
lack of) will by nature be included in the use of a ductility factor.  However, the flexibility 
of a structure must be considered when qualitatively evaluating its capabilities using the 
parameter of reliable ductility.  As has been shown, a steel structure will likely have a 
lower reliable ductility than an equitable concrete structure even if the two structures 
possess similar ultimate displacement capacities. 

 It is important to consider all modes contributing to yield displacement if using 
ultimate ductility to calculate a structures ultimate displacement capacity.  As is shown in 
Table 5.3 should the DDBD analysis of the test results be revised using reliable drift to 
determine the displacement capacity, a significant increase in the structures capabilities is 
experienced.  This is due to the fact that the reliable drift determined from testing 
inherently includes all modes of deformation (column shear, cap beam flexibility, panel 
shear, etc.) while the use of reliable ductility in the relationship developed in this chapter 
includes only column flexural displacement and greatly under predicts the actual 
capabilities of the structure. 
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Table 5.3 Modified Analyses of Test Structures 
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6.1  Introduction 
 

 Test 6 was clearly the most successful test considering the desirable failure mode 
achieved as well as the significantly improved force displacement performance which can 
be seen in Figure 6.1.  Considering this improved performance, the flared column capital 
will likely be one of the designs that are explored in further research.  For this reason a 
more in depth analysis of the test 6 data is provided in this chapter.  The majority of the 
discussion provided will focus on three particular issues related to the test.  First a 
qualitative relationship between local buckling and strength degradation will be evaluated.  
Secondly, issues related to the performance of the flared column capital will be 
considered.  Lastly, the effects of joint panel zone shear will be considered.  A brief 
discussion of issues related to a finite element analysis study (FEA), which is currently in 
its early developmental stages, will also be provided 

 

 
Figure 6.1 Test 1/Test6 Force Displacement Comparison 
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6.2  Local Buckling Considerations 
 

 Throughout the testing series, emphasis was placed on producing a base metal 
failure by reducing the possibility of brittle connection cracking.  Obvious advantages 
exist in producing a base metal failure as it can be considered utilization of the ultimate 
capacity of the structure.  It was anticipated, and eventually shown in test 6, that a base 
metal failure would consist of local buckling of the pile wall leading to eventual material 
rupture at the locally buckled region.  Though buckling was also seen on prior tests, the 
ultimate limit states of all earlier tests were related to connection failure. 

 It was noted during testing of specimen 6 that visual signs of local buckling 
developed during the second ductility level.  However, as can be seen in Figure 6.2 the 
maximum strength of the structure was also developed at the second ductility level or 
possibly even the first cycle of the third ductility level.  From this, the reasonable 
conclusion could be developed that the onset of local buckling and possibly even 
moderate levels of buckling propagation are not associated with significant strength loss.  
It was seen during test 6 that severe local buckling, as shown in Figure 6.3, had to develop 
before significant strength loss occurred which took place during ductility 4. 

 

 

Figure 6.2 Test 6 Force Displacement Hysteresis 
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μ3
μ2

μ1.5
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Figure 6.3 Severe Local Buckling in Test 6 – Ductility 4 
 

 Although comparison of testing observations and the force displacement hysteresis 
seem to indicate that initial local buckling did not correlate with strength loss, it was 
desired to show this in a more analytical manner.  As was discussed in Chapter 4, a 
qualitative relationship between local buckling and strength degradation can be achieved 
by utilizing horizontal (cross sectional) strain diagrams at a given height along the 
column.  These diagrams can be developed for any position located within the Optotrak 
grid, only sections of known local buckling will be discussed along with an example of a 
non-local buckling location for comparison purposes.  Although this is still a qualitative 
analysis, it is valuable support for any conclusions made from testing observations. 

 As can be seen in Figure 6.4 and Figure 6.5, the strain diagrams of a region that 
was known to not experience local buckling remain essentially linear throughout the entire 
test.  Contrarily, as can be seen in Figure 6.6 and Figure 6.7, the progression of local 
buckling at the cross section 25 inches below the cap beam is captured by the non-
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linearity of the strain diagrams.  Note that these figures provide the diagrams for the first 
cycle only of each ductility level for clarity.  It is also important to note that the figures are 
not plotted to the same scale and hence the non-linearity seen at the upper ductility levels 
at a cross section 7 inches below the cap beam is extremely insignificant compared to the 
non-linearity experienced at 25 inches below the cap beam. 
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Figure 6.4 Strain Cross Section 7 inches Below the Cap Beam – Push Direction 
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Figure 6.5 Strain Cross Section 7 inches Below the Cap Beam – Pull Direction 
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Figure 6.6 Strain Cross Section 25 inches Below the Cap Beam – Push Direction 
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Figure 6.7 Strain Cross Section 25 inches Below the Cap Beam – Pull Direction
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 As has been shown, severe buckling clearly took place at a location 25 inches 
below the cap beam.  The following figures depict the onset and propagation of local 
buckling at this location by individually plotting the strain diagrams for each ductility 
level and cycle.  By reviewing Figure 6.20 through Figure 6.25 it is clear that local 
buckling did begin to develop in the second ductility level and continue to grow in 
magnitude throughout the remainder of the test.  It is also arguable that minor effects of 
local buckling were experienced during the ductility 1.5 level which clearly produced no 
adverse effects in load carrying capacity.  It should be noted that the specimen was tested 
through all three cycles of ductility 4 and local buckling was observed to significantly 
propagate during this level.  However, due to erroneously high strain calculations the 
diagrams for these cycles are skewed and unreliable and there for have not been included 
in this report. 

 

 
Figure 6.8 Strain Cross Section 25” Down - Ductility 1 Cycle 1 
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Figure 6.9 Strain Cross Section 25” Down - Ductility 1 Cycle -1 

 

 
Figure 6.10 Strain Cross Section 25” Down - Ductility 1 Cycle 2 
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Figure 6.11 Strain Cross Section 25” Down - Ductility 1 Cycle -2 

 

 
Figure 6.12 Strain Cross Section 25” Down - Ductility 1 Cycle 3 
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Figure 6.13 Strain Cross Section 25” Down - Ductility 1 Cycle -3 

 

 
Figure 6.14 Strain Cross Section 25” Down - Ductility 1.5 Cycle 1 
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Figure 6.15 Strain Cross Section 25” Down - Ductility 1.5 Cycle -1 

 

 
Figure 6.16 Strain Cross Section 25” Down - Ductility 1.5 Cycle 2 
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Figure 6.17 Strain Cross Section 25” Down - Ductility 1.5 Cycle -2 

 

 
Figure 6.18 Strain Cross Section 25” Down - Ductility 1.5 Cycle 3 
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Figure 6.19 Strain Cross Section 25” Down - Ductility 1.5 Cycle -3 

 

 
Figure 6.20 Strain Cross Section 25” Down - Ductility 2 Cycle 1 
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Figure 6.21 Strain Cross Section 25” Down - Ductility 2 Cycle -1 

 

 
Figure 6.22 Strain Cross Section 25” Down - Ductility 2 Cycle 2 
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Figure 6.23 Strain Cross Section 25” Down - Ductility 2 Cycle -2 

 

 
Figure 6.24 Strain Cross Section 25” Down - Ductility 2 Cycle 3 
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Figure 6.25 Strain Cross Section 25” Down - Ductility 2 Cycle -3 

 

 
Figure 6.26 Strain Cross Section 25” Down - Ductility 3 Cycle 1 

 

-20000

-15000

-10000

-5000

0

5000

-9 -7 -5 -3 -1 1 3 5 7 9

μ

Location (inches)

Strain Cross Section 25" Down  -µ2 Cycle 3

- y

+ y

-140000

-120000

-100000

-80000

-60000

-40000

-20000

0

20000

-9 -7 -5 -3 -1 1 3 5 7 9

μ

Location (inches)

Strain Cross Section 25" Down +µ3 Cycle 1

- y

+ y

D/2 D/2 

D/2 

D/2 



134 
 

 
Figure 6.27 Strain Cross Section 25” Down - Ductility 3 Cycle -1 

 

 
Figure 6.28 Strain Cross Section 25” Down - Ductility 3 Cycle 2 
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Figure 6.29 Strain Cross Section 25” Down - Ductility 3 Cycle -2 

 

 

Figure 6.30 Strain Cross Section 25” Down - Ductility 3 Cycle 3 
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Figure 6.31 Strain Cross Section 25” Down - Ductility 3 Cycle -3 

 

 
Figure 6.32 Strain Cross Section 25” Down - Ductility 4 Cycle 1 
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 By superimposing these strain diagrams on their respective force displacement 
envelope figures, a simple graphical comparison between buckling and strength loss can 
be made.  Reviewing Figure 6.33 through Figure 6.35 it seems to be a reasonable 
conclusion that the onset of and moderate levels of local buckling do necessarily indicate 
significant strength loss.  This lends to the conclusion that local buckling should not 
necessarily be taken as an ultimate limit state.  It may however be desirable to consider 
local buckling as a damage control limit state as repair would be difficult following even a 
moderate level of local buckling.  From the results of this testing series, this damage 
control limit state would approximately correspond to µΔ=1.5 for a D/t ratio of 32. 

 It is important to note that any conclusions about the effects of local buckling 
developed in this section are in regards to local buckling at the fixed end of a hollow steel 
circular pile.  It should also be noted that very similar modes of local buckling developed 
in the research discussed in “Retrofitting for seismic upgrading of steel bridge columns” 
which was also considering a fixed end condition.  However, it has been shown in another 
testing series at North Carolina State University that the effects of local buckling of 
hollow steel piles away from fixed end conditions produce significantly different effects.  
In this situation it was observed that local buckling took place very rapidly and in an 
inward (concave) manner.  The buckling was also accompanied with immediate 
significant strength loss often greater than 30%.  The results of that testing series will be 
discussed in further detail in Chapter 7. 

 In addition to the fixed end limitation in regards to the response conclusions made 
here, the results are also limited to members with a D/t ratio of 32.  Considering a failure 
mode of local buckling leading to eventual material rupture, D/t ratio and ultimate 
ductility capacity are likely inversely proportional.  This indicates that the conclusions 
made here are likely non-conservative for member with D/t ratios greater than 32 since 
local buckling will likely occur earlier and conservative for members with lower D/t 
ratios. 
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Figure 6.33 Force – Displacement/Buckling Comparison – Cycle 1 
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Figure 6.34 Force – Displacement/Buckling Comparison – Cycle 2 
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Figure 6.35 Force – Displacement/Buckling Comparison – Cycle 3
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6.3  Performance of the Flared Column Capital 
 

 As was discussed in Chapter 3, test 6 was successful in relocating the plastic hinge 
region by forcing local buckling to take place below the column cap beam connection.  
This was achieved by the use of a flared column capital shown in Figure 6.36.  However, 
as can be seen in Figure 6.37, the local buckling that developed was located below the 
intended turned down region of the column capital.  This effect was seen on both columns.   
It should be noted that dimensions of the turned down section matched that of the actual 
pile as did the design strength column capital material.  Considering this, along with basic 
structural analysis that indicates a higher moment demand above the splice weld, buckling 
theoretically should have taken place in the intended region. 

 

 

Figure 6.36 Flared Column Capital Prior to Testing 
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Figure 6.37 Observed Local Buckling in Test 6 
 

 An initial hypothesis existed that the entire column capital may have been acting 
as a rigid stub as opposed to a flexural member for some unknown reason.  Although this 
may not seem logical, it would easily explain the why buckling took place at the observed 
location.  However, from Optotrak data, vertical strain profiles have been developed and 
indicate the capitals were, in fact, acting as flexural members developing strains similar to 
what would be anticipated by flexural analysis. 

 As can be seen in Figure 6.38 through Figure 6.41 the flared column capital 
remained essentially elastic developing strains near the yield value at the top of the 
capital.  Also as anticipated, the turned down section developed significant inelastic 
tensile strains.  Contrarily, the turned down section developed little compressive inelastic 
strain while the pile section below the splice weld developed both significant tensile and 
compressive strains.  Taking this into account it is understandable that local buckling, 
which is of course a compression related failure mode, would take place below the 
intended hinge region.  It is likely that the presence of the splice weld incorporated with 
the backing ring and the effect of the flared section above, stiffened the intended hinging 
region in compression.  It should be noted though, that from the relationship between non-
linear strain diagrams and local buckling developed in the prior section, it does appear that 
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the intended hinge region was experiencing the onset of local buckling.  This can be seen 
in Figure 6.46 and Figure 6.47. 

 Figure 6.42 through Figure 6.45 created using traditional strain gauge data, 
indicate that a similar situation existed on the north pile as would be expected.  
Unfortunately, these graphs are not as refined since they are based a lower number of data 
points and may not lead to a clear conclusion on their own, but are use full in support of 
the conclusions drawn from the Optotrak strain profiles. 

 From the conclusions made in this section, it is reasonable to assume that by 
increasing the length of the turned down section, buckling would take place where 
intended.  Alternatively, it is also likely that using weaker material in the turned down 
section would likewise control the location of buckling.  A combination of the two would 
likely also be effective.  It is important to note, that no adverse effects were observed 
during this test due to the location of local buckling occurring further down the pile than 
anticipated.  The desire to precisely control the location of local buckling is ultimately a 
function of protecting the splice weld.  The splice weld experienced no damage during this 
test and hence no adverse effects were experienced from the location of buckling.  
However, it would be difficult to ensure the principles of capacity were fulfilled if the 
precise location of local buckling was not confidently established. 
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Figure 6.38 Optotrak Vertical Strain Profile – South Column South Face Push Direction 
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Figure 6.39 Optotrak Vertical Strain Profile – South Column South Face Pull Direction 
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Figure 6.40 Optotrak Vertical Strain Profile – South Column North Face Push Direction 
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Figure 6.41 Optotrak Vertical Strain Profile – South Column North Face Pull Direction 
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Figure 6.42 Strain Gauge Vertical Strain Profile – North Column South Face Push Direction 
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Figure 6.43 Strain Gauge Vertical Strain Profile – South Column South Face Pull Direction 
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Figure 6.44 Strain Gauge Vertical Strain Profile – North Column North Face Push Direction 
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Figure 6.45 Strain Guage Vertical Strain Profile – North Column North Face Pull Direction 
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Figure 6.46 Strain Cross Section Diagram–19” Down the South Pile–Push Direction 
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Figure 6.47 Strain Cross Section Diagram–19” Down the South Pile – Pull Direction
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6.4  Effects of Joint Panel Zone Shear 
 

 During the testing of specimen 6, the inclinometers which were placed on the cap 
beam/pile centerline intersection as can be seen in Figure 6.48 Location of Inclinometers 
fell off during the early stages of inelastic loading.  Although the loss of valuable data is 
undesirable, the event did lead the research team to investigate the magnitude of joint 
rotation that was taking place during testing prior to the loss of these gauges.  By plotting 
the rotation reading of the inclinometer versus structural displacement a joint rotation 
hysteresis can be generated as shown in Figure 6.49 and Figure 6.50.  Appropriate 
conclusions can then be drawn from these figures. 

 

 

Figure 6.48 Location of Inclinometers 
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Figure 6.49 Test 6 – North Joint Rotation Hysteresis 
 

 

Figure 6.50 Test 6 - South Joint Rotation Hysteresis 
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 As is shown in the joint rotation hysteresis provided for test 6, inelastic rotation at 
the location of the inclinometers was clearly occurring even during the low ductility 
cycles.  The recorded joint rotations at first yield in the push direction for the north and 
south column joints were -0.288 degrees and -0.291 degrees respectively.  In the pull 
direction at first yield these values were recorded as 0.247 degrees and 0.280 degrees, 
clearly in good agreement.  However, the predicted joint rotation from centerline 
modeling (including all applicable typical modes of deformation: flexible cap beam, 
member shear deformation, etc) was found to be +/- 0.1606 degrees.  This indicates that 
the actual joint rotation experienced at first yield was approximately 75% greater than the 
predicted value. 

 Considering that that the cap beam was designed to remain elastic (and did outside 
the joint as is shown in Figure 6.51) it is possible that the additional joint rotation is a 
result of large panel zone shear strains within the web of the beam.  This would at least 
explain a portion of the higher than expected yield displacements that were experienced 
during testing since this mode of deformation would not be captured by a centerline 
model.  It should also be noted that the presence of large/inelastic joint rotations was not 
limited to test 6.  This effect was also experienced in prior test as shown in Figure 6.52. 

 

 

Figure 6.51 Strain Gauge Hysteresis - Bottom Flange of Cap Beam at South Column 
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Figure 6.52 Test 5 – South Joint Rotation 
 

 Assuming that the hypothesis of panel zone shear is correct, it would be possible to 
eliminate this mode of deformation by adding web stiffener plates or utilizing some other 
method of stiffening the region.  Although this would allow for a simple model to more 
accurately predict the displacement of the structure, the additional deflection due to the 
panel zone shear is not necessarily a negative effect.  This displacement will increase the 
reliable displacement of the system and improve its seismic performance.  However, 
caution should also be taken to consider the capabilities of the system to perform with this 
inelastic action.  In this testing series no adverse effects were noted from the presence of 
the inelastic panel zone shear but should a designer desire to ensure that every part of the 
cap beam remain elastic to reduce damage, web doubler plates would be necessary in 
addition to the stiffener plates used in the test specimen. 
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6.5  Development of a Finite Element Model 
 

 The development of a finite element model (FEM) is planned in particular for the 
purpose of verifying the results obtained in test 6.  The model will likely utilize advanced 
shell elements and represent the entire bent to capture the highest accuracy possible.  It is 
desired by the research team to verify the effects of panel zone shear as well as the 
capabilities of the flared column capital to control strains at the cap beam column 
interface.  The use of the model will likely also include verification of failure modes from 
test 1-5 and more importantly predict the capabilities of other connections systems which 
will be discussed in further detail in Chapter 7. 
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7.1  General Conclusions of the Research Program 
 

 As has been discussed throughout this report, the failures observed during testing 
of the first 5 specimens would generally be considered unsatisfactory.  Although test 2 
began to develop desirable base material failure modes, the ultimate failure was still 
related to the welded connection.  In addition to this issue, the results of this test were not 
found to be repeatable in test 4.  It may seem that these tests lacked ductility capacity but 
with the exception of test 1 the specimens were able to endure moderate amounts of 
displacement or drift.  This point is not provided to indicate that the structures tested in 
tests 1-5 may in fact be satisfactory but rather to highlight the importance of observed 
failure modes.  In all cases for tests 1-5, the failures occurred in a rapid manner (within the 
cycles of a single ductility level) and were related to weld cracking which is clearly an 
undesirable failure mode considering the principles of capacity design and the desire to 
fully utilize a structures capability. 

 However in the case of test 6, a higher ductility capacity as well as a desirable 
failure mode were produced by relocating the location of hinging.  Although the specimen 
was only able to reach a reliable ductility capacity of 4, this corresponds to approximately 
8% drift which is a considerable displacement as has been discussed in earlier sections of 
this report.  Regardless of this, the more significant achievement of tests 6 was the 
successful production of a base material failure.  Although a more optimal design of the 
flared column capital should allow for more accurate locating of plastic hinging, the test 
was successful in showing that relocating the hinge will help prevent brittle connection 
failure.  Ultimately, it is felt by the research team that weld configuration alone will not 
produce a reliable steel bent structure for a moderate or high seismic region. 
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7.2  Design Recommendations for Hollow Steel Pipe Pile to Cap 
Beam Connections 
 

 As has been discussed, the results of the six full scale bent tests indicate that brittle 
connection cracking is likely for any weld configuration without direct consideration of 
strain control at the pile cap beam interface.  As a result of testing observations and data 
analysis it is the recommendation of the research team that direct consideration for the 
relocation of hinging away from the welded cap beam/pile joint be made for the design of 
any steel bent expected to endure inelastic displacements.  It is further recommended that 
a proper design should allow for the strains experienced at the cap beam/pile interface to 
remain essentially elastic when subjected to the full over strength moment capacity of the 
intended hinging location as was the case of test 6.  However, it should be noted that 
although sufficient data exist indicating that weld configuration alone will not produce 
reliable results (test 1-5), the favorable results obtained by the plastic hinge relocation 
method (test 6) have not yet been verified in subsequent tests.  Nonetheless, the research 
team feels that this method would prove to be reliable in further testing as similar methods 
have worked well in building design where reduced section W-shapes are used to control 
locations of hinging. 

 However, this recommendation only indicates that the relocation of hinging will 
produce a favorable base material failure not necessarily an adequate response.  The 
ultimate capacity of the section will be dependent upon member parameters such as D/t 
ratio.  Consideration must also be given to the quality of all welds utilized and control of 
construction tolerances.  In this testing series the minimum requirements of the AWS D1.1 
code were considered and an emphasis was placed on minimizing construction tolerances 
while maintaining realistic construction practice.  Significant increase in construction 
tolerance issues and utilization of welds with quality less than that indicated by applicable 
codes will possibly jeopardize the capabilities of the hinge relocation method. 

 It should be noted that methods other than the relocation of plastic hinging exist 
which may also produce adequate response.  The relocation of hinging method has been 
recommended as the most applicable method for retaining the simple nature of the 
structure utilizing a weld at the pile cap beam interface.  Alternate methods which may 
produce adequate response include, but are not limited to, post tensioning systems, 
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pocketed type connections, and kerf type connections as will be discussed in subsequent 
sections of this chapter. 

 

 

7.3  Consideration of Pipe Buckling Under Pure Bending 
 

 Consideration should be given to the general limit states of circular HSS members 
subjected to pure bending with no boundary condition effects.  This situation would 
somewhat capture the condition of a plastic hinge relocated at a significant distance from 
the fixed end or a plastic hinge formation occurring at the point of fixity of a driven pile.  
Similar limit states will exist between this condition and the fixed end condition tested 
including local buckling, strength loss, and cracking associated only with base metal. 

 The physical differences between the two conditions are the presence of axial load 
and boundary condition effects.  It is likely that the boundary condition effects will have a 
greater impact on any variation in member failure mode response considering the nature 
of the axial load being relatively low.  However, it should be noted that this is only a 
hypothesis and is not supported by any analytical or physical research. 

 A research project conducted at North Carolina State University shortly after the 
completion of lab testing of the steel bent project, focused on the pure bending 
performance of hollow circular HHS sections.  In that research, specimens with D/t ratios 
varying from 36-55 were tested under four point bending.  The specimens ranged from 18 
– 24 inches in diameter and were all 36 feet long. 

 Although the ultimate ductility capacity of those members was moderately 
sensitive to the D/t ratio, as would be expected, the ultimate failure modes were all 
similar.  In each case, very rapid local buckling took place within the constant moment 
region of the test specimen as is shown in Figure 1.1.  This local buckling was also 
associated with significant immediate strength loss as shown in Figure 7.2.  Data analysis 
utilizing the strain linearity method has not yet been conducted to determine if small 
magnitudes of local buckling were actually occurring before this rapid onset of large local 
buckling.  However, in no case were any clear visual signs of local buckling noted before 
this time.  In each case eventual material rupture occurred near this location of local 
buckling although the strength loss was already large. 
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Figure 7.1 Example of Local Buckling of a Pile Subjected to Pure Beding 
 

 
Figure 7.2 Example of Strength Loss Due to Rapid Buckling 
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 The failure modes observed in this test are clearly different from those seen in the 
steel bent tests.  Obviously no correlation exist between the pipe bending tests and the 
failures observed in tests 1-5 of the steel bent series since those failures were related to 
connection weld cracking.  However, comparison can be made between this series and 
steel bent test 6 where base metal buckling and rupture occurred.  In that case the buckling 
occurred in an outward circumferential manner over several cycles as was expected and 
desirable.  In the case of pure bending the bucking occurred rapidly in an inward manner 
and was not circumferential.  It is likely that this difference exists due to the fixed end 
condition of the steel bent test.  Regardless of why this difference exist, it may be 
important to consider locations of pile hinging at significant distances from the cap beam 
as possessing different failure modes and reliable ductility than at a location near the cap 
beam. 

 

 

7.4  Future Considerations 
 

7.4.1  General Issues Related to Future Research 

 Three possible options exist in regards to future research.  First, future 
considerations could solely focus on new designs by searching for an optimal 
configuration of the cap beam pile connection.  Secondly, future considerations could 
focus on retrofitting techniques by only considering options that are applicable to existing 
structures.  Lastly, a combination of consideration for both new and existing structures 
could occur simultaneously. 

 Benefits may exist in pursuing a retrofit solution since this solution would 
inherently also be applicable to new designs.  However, restrictive limitations that exist in 
regards to altering an existing structure will likely cause any solution determined in 
regards to retrofit to be less optimal than that of a connection configuration developed by 
focusing on new design.  For example, the reduction of the existing cross section of the 
pile may control the location of hinging and produce a more desirable failure mode.  
However, this will also weaken the structure which may or may not be a problem given 
the increased deformation capacity.  Nonetheless, the same objective can be achieved for a 
new structure using a system such as the flared column capital which actually 
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strengthened the structure and increased the deformation capacity.  Clearly separate 
benefits exist for either option. 

 Regardless of whether focusing on new design or retrofit, future research will 
likely include five major areas of study.  One of the five major areas will of course include 
full scale testing as has been discussed in this report.  Another task would focus on 
dynamic shake table testing of approximately ½ scale bents which could be conducted at 
North Carolina State University’s Constructed Facilities Laboratory.  Thirdly, 
environmental chamber testing could be conducted at the CFL on full scale single column 
specimens to evaluate the capabilities of any new connection configurations at extremely 
low temperatures.  Fourth, finite element and global analytical modeling could be used to 
assist in the process of developing a new connection.  Lastly, the methods described in the 
first four areas of study could be utilized to focus on construction tolerance and weld 
quality issues.  It is envisioned by the research team that any future research projects will 
focus on a combination of these task utilizing full scale testing and analytical modeling to 
develop an optimal connection which could then be dynamically tested as well as 
evaluated at low temperatures. 

 

7.4.2  New Design Options 

 As has been discussed, one possible option for future research would focus on new 
designs.  Consideration has been given as to what possible connection configurations, out 
of the many options that are possible, would produce the best results with the least 
difficulty of construction.  Four possible options have been provided that the research 
team feels have the highest likelihood of producing adequate failure modes.  One of these 
options would utilize a pocketed type connection where the pile is passed through the 
bottom flange of the cap beam and welded to both the bottom and top flanges of the beam.  
Note that this is similar to the pocketed type connection used in the research discussed in 
“Retrofitting for seismic upgrading of steel bridge columns” which produced desirable 
base material failures.  Secondly a kerf connection has been suggested which utilizes a 
cross plate member that is welded to the cap beam and inserted into a slotted pile.  The 
plate member would then be longitudinally welded to the pile.  Thirdly, a truss style 
connection has been suggested which utilizes a shallow cross bracing system to force 
hinging lower in the section and reduce strains near the cap beam.  Lastly, an improved 
flared column capital could be tested utilizing a larger, and possibly weaker, intended 
hinging region.  Sketches of these four options have been provided in Figure 7.3. 
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Figure 7.3 Possible New Design Conections 

 

7.4.3  Retrofit Options 

 In addition to new designs, consideration has also been given to possible retrofit 
options.  These options may be of particular interest to AKDOT since the organization has 
a considerable amount of these existing structures within their inventory.  As has already 
been noted, these options could clearly be used as new design options but it is generally 
felt that although they may improve the capabilities of the structure, they will not be as 
effective as the options presented for new designs.  A few of these options have been 
provided in this section such as the non-welded stiffened collar option and the heat 
treatment options where a zone of the pile is weakened by heat treatment to control the 
location of local buckling. 
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Figure 7.4 Non-Welded Stiffened Collar Option 
 

 

Figure 7.5 Plane Stiffener Option 
 

 

Figure 7.6 Reduced Section Option 
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Figure 7.7 Heat Treatment Option 

 

7.4.4  Future Research Conclusions 

 It is clear from the results of this project that these structures potentially possess 
considerable capabilities for seismic design purposes.  However, it is important that direct 
consideration be given to the protection of the connection zone.  Regardless of whether 
future research focuses on new design or retrofit, continued study of methods to protect 
the connection will be undoubtedly produce useful results. 

 

 

7.5  Final Conclusions 
 

 The following list of items is provided as an encompassing list of conclusions 
developed throughout this research project. 

 

• Modifying weld geometry alone will not produce an adequate ductility capacity or 
desirable failure mode as seen in tests 1-5.  This would indicate that structures with 
modified weld geometry only should not be used in high seismic areas should the 
designer intend for the structure to experience even moderate levels of inelastic action 
as is typical in seismic design. 
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• Relocating the plastic hinge will likely produce both a higher ductility capacity and 

more desirable failure mode as was seen in test 6. 
 

• The success of the relocating the plastic hinge is likely due to the ability to limit 
strains at the cap beam/pile joint to the elastic range. 

 
• Attempts to calibrate an accurate plastic hinge length were not successful due to 

multiple sources of deformation and local pipe buckling.  As a result the use of the 
plastic hinge method to calculate displacement in the inelastic range is not 
recommended for this type of system. 

 
• Consideration should be given to ductility capacity as well as drift and failure mode.  

Displacement ductility is normalized to yield displacement and will inherently be 
lower for structures with higher elastic flexibility. 

 
• Although a structure similar to test 6 may not be suitable for areas with extremely high 

seismic demands, the structure could perform well under considerable seismic attack if 
proper considerations are provided in regards to protection of the connection zone. 

 
• Future research will likely focus on determining the most optimal connection system 

for new designs.  However, retrofit investigations would also be beneficial. 
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Appendix 1: Specimen and Set Up Design Drawings 

 
Figure A 1.1  Pin Base Construction 
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Figure A 1.2  Lower Base Support Detail 
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Figure A 1.3  Lower Base Support Detail Continued 
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Figure A 1.4  Upper Base Support Detail 
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Figure A 1.5  Upper Base Support Detail Continued 
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Figure A 1.6  Pin Sleeve Support Details 
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Figure A 1.7  Pin Sleeve Construction Details 
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Figure A 1.8 Restraining Angle Detail 
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Figure A 1.9 Steel Pin Detail 
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Figure A 1.10 Pin Sleeve Detail 
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Figure A 1.11 Actuator Connection Details
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Appendix 2: Flared Column Capital Details 

 

Figure A 2.1 Column Capital Design Drawing 
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Figure A 2.2 Column Capital Design Calculations 
 

section of the main column pipe prior to a plastic hinge forming in the stub column section:

The Design Plastic Moment
Relationship will be used to
ensure hinging in the pipe occurs
simultaneously with first yeild of
the stub.

From Similar Triangles:

for: Mp_Pipe My_Stub<H
My_Stub

H Xm−

OMp_Pipe
Xm H H

O Mp_Pipe⋅

My_Stub









⋅−
and: O "over strength factor"

For HSS16x0.5 Pipe:

OD16x0.5 16in:= t16x0.5 0.465in:= Z16x0.5 112in3
:= S16x0.5 85.7in3

:= Fy_pipe 54ksi:=

ID16x0.5 OD16x0.5 2 t16x0.5⋅−:= ID16x0.5 15.07in⋅= O 1.25:=

For Stub Column:

Fy_stub 50ksi:= IDstub 15.07in:= t 1in:= Sstub ti( )
π 2 ti⋅ IDstub+( )4 IDstub( )4

−



⋅

32 2 ti⋅ IDstub+( )⋅
:=

Xm ti( ) 10.93ft 10.93ft
Z16x0.5Fy_pipe⋅ O⋅

Sstub ti( ) Fy_stub⋅









⋅−








Z16x0.5Fy_pipe⋅ Sstub t( ) Fy_stub⋅<if

"My Stub < Mp Column -- Not Valid" otherwise

:=

Xm t( ) 2.308ft⋅= Sstub t( ) 191.682in3
⋅=
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Appendix 3: Material Certification 
 

 

Figure A 3.1 HSS Pile Material Certification 
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Figure A 3.2 HSS Pile Certification Continued 
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Figure A 3.3 HSS Pile Material Certification Continued 

.. _ . '.Do<:Io<>,,,,, 'O·,,' ,1, ...... _,.-

~@[)0 
TU" 

MATERIAL TEST REPORT 

.. _", • • , 11010002'0 - .. _, ,,' ............ ....... Co_ 

:-",~ii---'-"---:',"o-:-C,;" ' • II AI "" ... ... .. Co Y .. nee 0 ,110 O.I1C e.on ().C>OI 00.. 0 ."" 0.01' 0.- 0.00) 0.o" olllt 0.000 

-~ ----+-
._ ,--. ... .1 .. 

.. ' ....... 17 ... .,,, ... ~'o •• 1 ,..'" --, - "'--, 
_ , '"._'OQ"C'O'O!"''''''''' 
..... ....... 1 )00111 

----_._-----
u no -.. GllADi II.e 

-.., ~ . 
CuoI "_" 10",'''' 

"'--"'~:;'---'-=-,-"",'";;-"",.:;;;-"",'",c,;--:',,;;--,',',,,-,.,";;;;-,~ ,."..--,.",-..,"""..,",,;-- ' "H" 0.'" 0.- .un" 0.000 0. 100 C._ 0.0 .. --0-001 GAOl OA " o.OM 0.000 

-~ , -........ " 
... _tooI., ..... "'~." 

"_."" .. , .... ........ .. 
_ " .<:OC>dOC.IO"O'OC" ' I_ 

~~ .oMS 

_ fOr. . ,1OOOtOQ _._ ,m, 

...... --.. ......... -
_", c _ 
__ ., .0 .... ". 

...... .... ... C ... ~ • ",' ;;;;-i.""-i~',,,,-:.iio ;j,-,,-'-----l -o.-m---'-_---,-.. -,--,-.-, -"O. ,eo 0._ Q.I»~ O.GO! O.,,! o.OI~ 0.0 .. o.ow • • • 

-~ iiiWiM", --, ._ 0., -

"' ................. . .. ao.e 

.1iIIt.1l1IrrI~ CdtIr Inrlliit. 

Certs Received by 
~ -



186 
 

 

Figure A 3.4 Column Capital Material Certification 
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Appendix 4: Construction Inspection and Weld Certification Details 

A4.1  Welder Certifications 

 
Figure A 4.1 Justin Green Welding Certification (Test 1-6) 

Green's Welding 

,' •• R"'" 
~ -~~ -.- __ ,v_~ , .. _ 

-~. 
"-(1"_ 0.' 0,_1' " ~. ~. 

T_ ... _ I ........... 1: 5_-<: •. 0 _ 0 ..., 0 _-<:_ .. 0 _ 0 ,~ O 

,~ _ 0 _ 0 -" _ 0 _ 0 _ 0 -. _ 0 
N~o1_ SirGIo 0 ......... 0 -M _ 0 
0.0 .... __ , 

~ O ='" OC~ 0 _ 0 ~ O = M ~ O _ 0 

_ (T_ ' .10. 1Iom(0), ,. -_~: (T"""., 'O._(eI) ~ O _ 0 ~ O - 0 
6ocIOng fT_', 10. """ (1)] U .. ~ " 

__ ir4I~ 
_6ocIOng0 

eoo....-'_IG' ... W) 

__ 0 _ _ 0 
_' ..... 0 - .~ .- ...... . _, 

~(_): G<oooo(Io , U .,. - • 
F"'I , - - • 

~(~), G<oowl , 
,-, , - -- • 

DiImoIoor(~), - , , 
'k , , - - • -....... _ (T_ 'O, ....,PII ..... ·T~_ - ... _ ...... 
~ ~,. 

,~ • 
~,TyO&l1'_<,IO, "",,(l)1 -

\IISI,IM. _CT1ON ( ..... , --y-
F-.:IT .... _I , -- -- -F.-... T .... ~..,,_ --~ T ... No. .,. ~~NOT, .... -~-, 

, 
~,. "'- ~a,,"-~Iw - 1.<I0oI NOt In!; 

Toot No, -- M_ 

We "'" _ .orIify "'"''''' __ in ... """"" .... 0>fNC0 onOlIIot .... '"' __ -.a. _ ..... 
_in_ .... ""'_ .. _.<I...,.S~ ... WSO ,,' . ( 2OJI5 )--.g~ 

•• -



188 
 

 

Figure A 4.2 Moises Sanchez Welding Certification (Test 2) 
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Figure A 4.3 Ralph Quick Weld Certification (Test 5) 
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Figure A 4.4 Ralph Quick Weld Certification Continued (Test 5) 
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A4.2  Inspector Certifications 

 

Figure A 4.5 Randy Dempsey Certification (Test 1-4) 
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Figure A 4.6 Randy Dempsey Certification (Test 1-4) 
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Figure A 4.7 Randy Dempsey Certification (Test 1-4) 
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Figure A 4.8 Randy Dempsey Certification (Test 1-4) 
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Figure A 4.9 Randy Dempsey Certification (Test 1-4) 
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Figure A 4.10 Randy Dempsey Certification (Test 1-4) 
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Figure A 4.11 Russell Ogdent Certification (Test 5) 
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Figure A 4.12 Rhonda Rogers Certification (Test 5) 
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A4.3  Test 1 Details 

 

 

Figure A 4.13 Test 1 Connection Detail 
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A4.4  Test 2 Details 

 

 

Figure A 4.14 Test 2 Connection Detail 
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Figure A 4.15 Test 2 WPS 
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Table A 4.1 Test 2 QC Report 
 

North Carolina Department of Transportation   QA Inspection Check List  Project Description 

                          Alaska DOT 

    

 

  
 

                           

              Part Description       Owner Representative: Kendra Cookson 

              

Bridge Bent 

     Project Location: 
NCSU Constructed 
Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: Justin Green 

              Weld Location       QA Inspector: 
Randy Dempsey, 
CWI/CWE 

                   
North & South 

Pipe Pile  

         

               Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/13/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -  6/13/08  see note 2 
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  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/13/08  see note 3 

  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -       

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -       

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -       
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  note 1:  An electrode oven was delivered to the site.  The E7018HR (9 hour exposure limit rods) electrodes were delivered in a 
hermetically sealed container and placed in the oven immediately after breaking the seal. 

  

  note 2:  The North and South pipe piles were beveled using a grinder and all mill scale and rust within 1" of the area to be 
welded was removed. 

  

  note 3:  A 2"x 3/16" flat bar (w/ MTR) was formed and installed in each pipe pile with a CJP weld aligned to the neutral axis and 
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welded continuous to the pipe with a 1/4" extension for the root opening + 1/16" to 1/8" fit-up tolerance. 
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North Carolina Department of Transportation   QA Inspection Check List  Project Description 

                         Alaska DOT 

    

 

  
 

                         

              Part Description       Owner Representative: Kendra Cookson 

              

Bridge Bent 

     Project Location: 
NCSU Constructed 
Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: 
Justin Green, Moises 
Sanchez 

              Weld Location       QA Inspector: 
Randy Dempsey, 
CWI/CWE 

                  

 
North & South 

Pipe Pile  

         

              Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/19/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -       

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/19/08  see note 2 
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  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -  6/19/08  see note 3 and 4 

  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/19/08  see note 5 

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/19/08  acceptable, see note 6 

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -       

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -       

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -       

  note 1:  The power to the electrode oven was interrupted.  The electrodes from the oven were returned to the Buckner facility for 
re-drying and a new box of E7018HR electrodes were opened. 
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note 2:  Due to flange tilt mill tolerance issues on the cap beam, 1/16" to 1/8" was removed (using a grinder) from the extension 
of the backing bar as needed to improve the joint fit-up. 

  

  note 3:  Although preheat was not required due to the 70° lab temperature, a Makita Thermocouple Heat Gun (model HG 1100) 
was used to raise the base metal temperature to approximately 100° F to reduce the cooling rate of the weld metal. 
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  note 4:  Interpass temperature was monitored using an EDL Pocket-Probe (model NMP) Pyrometer, which indicated 
temperatures from 280° F to 320° F. 

  



210 
 

  note 5:  All slag was removed with a chipping hammer.  The start of some welds was contoured to a concave finish prior to 
covering with additional weld metal.  Any anomalous material or weld discontinuity that might be detrimental to the integrity of 
the completed weld was removed using a wire brush or grinder.   

  

  note 6:  The North Pile was welded by Justin Green and the South Pile was welded by Moises Sanchez.  Both grooves were 
filled to the full cross section of the pipe member and found to be visually acceptable in accordance with AWS D1.1 2006 Table 
6.1.   
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North Carolina Department of Transportation   QA Inspection Check List Project Description 

     

            

              Alaska DOT 

    

 

                

              Part Description       Owner Representative:Kendra Cookson 

              

Bridge Bent 

     Project Location:
NCSU Constructed 
Facilities Lab 

                    Fabricator Name:Buckner Companies 

                          Welder's Name:
Justin Green, Moises 
Sanchez 

              Weld Location       QA Inspector:
Randy Dempsey, 
CWI/CWE 

                   
North & South 

Pipe Pile  

        

               Date Comments 

                          

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/20/08 see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -      

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -      
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  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -      

  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -      

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -      

        

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/20/08 
refer to the UT Inspection 
Report 

        

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -  6/20/08 no repair required 

        

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -  N/A   

        

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/20/08 see note 2 and 3 

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  6/20/08 see note 4 

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -  6/20/08 acceptable; see note 5 

  

note 1:  The electrode oven is working correctly.   

  note 2:  Although preheat was not required due to the 70° lab temperature, a Makita Thermocouple Heat Gun (model HG 1100) 
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  was used to raise the base metal temperature to approximately 100° F to reduce the cooling rate of the weld metal. 

  note 3:  Interpass temperature was monitored using an EDL Pocket-Probe (model NMP) Pyrometer, which indicated 
temperatures from 260° F to 300° F. 

  

  note 4:  All slag was removed using a chipping hammer.  Any anomalous material or weld discontinuity that might be 
detrimental to the integrity of the completed weld was removed using a wire brush or grinder. 

  

  note 5:  The leg and the throat was inspected using a 3/4" G.A.L. weld gage with a flash light as a luminous aid.  The profile of 
the completed weld was improved using a grinder.  The completed weld was found to be visually acceptable in accordance with 
AWS D1.1 2006 Figure 5.4 and Table 6.1.   
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North Carolina Department of Transportation   QA Inspection Commentary  Project Description 

                          Alaska DOT 

    

 

  
 

                         

              Part Description      Owner Representative: Kendra Cookson 

              

Bridge Bent 

     Project Location: 
NCSU Constructed 
Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: 
Justin Green, Moises 
Sanchez 

              Weld Location       QA Inspector: Randy Dempsey, CWI/CWE 

                   
North & South 

Pipe Pile  

         

                  

                           

  
C1.  If the cap beam was assembled with the stipulation that the bottom side needs to be flat by pushing the mill tolerance to 
the top, the fit-up and weld quality at the root could be improved.   

  
C2.  Purchasing the backing rings (http://www.robvon.com/html/backing.html) may prove to be a more practical and efficient 
method for actual production conditions.   

http://www.robvon.com/html/backing.html)
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C3.  Due to the low interpass temperatures that were recorded, a WPS that stipulates 1/8" electrodes for passes 1, 2, and 3, but 
permits 5/32" electrodes for all subsequent passes could improve efficiency of production conditions.   

  

C4.  The approximate labor that was recorded (excluding QA and NCSU involvement) included 16 man hours for beveling the 
pipe and attaching the backing ring, 22 man hours for the groove weld, 2 hours for the UT (excluding travel time) with no flaws 
detected and 20 man hours for the 3/4" fillet weld. 
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Figure A 4.16 Test 2 UT Report 
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A4.5  Test 3 Details 

 

 

Figure A 4.17 Test 3 Connection Detail 
 



218 
 

 

Figure A 4.18 Test 3 WPS 



219 
 

Table A 4.2 Test 3 QC Report 

North Carolina Department of Transportation   QA Inspection Check List Project Description 

                        

  

 

  
 

                          

            Part Description       Owner Representative: 

            

Bridge Bent Test 3 

     Project Location:
NCSU Constructed 
Facilities Lab 

                  Fabricator Name:Buckner Companies 

                        Welder's Name:Justin Green 

            Weld Location       QA Inspector:
Randy Dempsey, 
CWI/CWE 

                 
North & South 

Pipe Pile  

        

             Date  

                        

Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/5/08  

Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -  8/5/08  
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Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/5/08  

Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   
-  8/5/08  

Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -     

Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   
-     

     

Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -     

     

Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -     

     

Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    
-     

     

Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -     

Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -     

Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -     

    



221 
 

note 1:  An electrode oven was delivered to the site.  The E7018 (4 hour exposure limit rods) electrodes were delivered in a 
hermetically sealed container and placed in the oven within one hour after breaking the seal.  The oven was plugged into an 
outlet on the inside of the lab to ensure an uninterrupted power source. 

 

note 2:  The North and South pipe piles were beveled to a 45° angle using a grinder and all mill scale and rust within 1" of the area 
to be welded was removed.  The bevel angle was inspected using a mechanical protractor.  One area on the North Pile was found 
to be less than the specified angle and was corrected prior to fit-up of the backing bar. 
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note 3:  A 2"x 3/16" flat bar was formed and installed in each pipe pile with the CJP weld that is transverse to the length of the 
material aligned to the neutral axis of the pipe.  The full length of the flat bar was welded continuous to the pipe with a 1/4" 
extension for the root opening + 1/16" fit-up tolerance.  Tack welds placed in the area to be groove welded were removed by 
grinding. 
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note 4:  The 50° F preheat was not necessary due to the thickness of the material and the atmospheric conditions at the work site 
being recorded at 98° F using an air thermometer that was placed in the shade at the same elevation and location as the material 
to be welded. 
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North Carolina Department of Transportation   QA Inspection Check List Project Description 

                         Alaska DOT 

    

 

  
 

                          

              Part Description       Owner Representative:Kendra Cookson 

              

Bridge Bent Test 3 

     Project Location:
NCSU Constructed 
Facilities Lab 

                    Fabricator Name:Buckner Companies 

                          Welder's Name:Justin Green 

              Weld Location       QA Inspector:
Randy Dempsey, 
CWI/CWE 

                   
North & South Pipe 

Pile  

        

               Date Comments 

                          

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/11/08 see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -      

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/11/08 see note 2 

  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -  8/11/08 see note 3 and 4 
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  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/11/08 see note 5 

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/12/08 acceptable, see note 6 

        

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -      

        

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -      

        

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -      

        

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -      

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -      

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -      
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note 1:  The electrodes and electrode oven were inspected and found to be hot and undisturbed from the previous activity. 

  note 2:  The nt fit-up was acceptable without making adjustments to the backing bar. 

  

  note 3:  Although preheat was not required due to the 70° lab temperature, an oxygen/acetylene torch was used to drive away 
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moisture and raise the base metal temperature to approximately 125° to reduce the cooling rate of the weld metal. 

  

note 4:  Interpass temperature was monitored using 248° and 302° Nissen® Temperature Sticks.  Due to one welder alternating 
between pipe piles, interpass temperatures did not exceed 302°. 

  

  note 5:  All slag was removed with a chipping hammer.  The start of some welds was contoured to a concave finish prior to 
covering with additional weld metal.  Any anomalous material or weld discontinuity that could have been detrimental to the 
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integrity of the completed weld was removed using a wire brush or grinder. 

 

 

 

 

 

 

 

   

  note 6:  The North and South Pipe Piles were welded by Justin Green.  Both grooves were filled to the full cross section of the 
pipe member and found to be visually acceptable in accordance with AWS D1.1 2006 Table 6.1. 
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North Carolina Department of Transportation   QA Inspection Check List  Project Description 

     

            

               Alaska DOT 

    

 

  
 

               

              Part Description       Owner Representative: Kendra Cookson 

              
Bridge Bent 

Test 3 

     Project Location: 
NCSU Constructed 
Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: Justin Green 

              Weld Location       QA Inspector: 
Randy Dempsey, 
CWI/CWE 

                   
North & South 

Pipe Pile  

         

               Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/12/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -       

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       



230 
 

  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -  8/12/08  see note 2 and 3 

  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/12/08  see note 4 

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/12/08  acceptable, see note 5 

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -       

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -       

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -       

  note 1:  The electrodes and electrode oven were inspected and found to be hot and undisturbed from the previous activity. 

  

  note 2:  Although preheat was not required due to the 70° lab temperature, an oxygen/acetylene torch was used to drive away 
moisture and raise the base metal temperature to approximately 125° to reduce the cooling rate of the weld metal. 

  



231 
 

  note 3:  Interpass temperature was monitored using a 248° and 302° Nissen® Temperature Sticks.  Due to one welder alternating 
between pipe piles, interpass temperatures did not exceed 248°. 

  

  note 4:  All slag was removed with a chipping hammer.  Any anomalous material or weld discontinuity that might be detrimental 
to the integrity of the completed weld was removed using a wire brush or grinder. 

  

  note 5:  The North and South Pipe Piles were welded by Justin Green.  Both grooves were filled to the full cross section of the 
pipe member and after repairing several small deficiencies, found to be visually acceptable in accordance with AWS D1.1 2006 
Table 6.1.  A grinder was used to improve the profile of the completed weld.   
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North Carolina Department of Transportation   QA Inspection Check List  Project Description 

                          Alaska DOT 

    

 

  
 

                         

              Part Description       Owner Representative: Kendra Cookson 

              
Bridge Bent 

Test 3 

     Project Location: 
NCSU Constructed 
Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: Justin Green 

              Weld Location       QA Inspector: 
Randy Dempsey, 
CWI/CWE 

                   
North & South 

Pipe Pile  

         

               Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/13/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -       

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       
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  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -  8/13/08  see UT report 

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -  8/13/08  see note 2 

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -  8/13/08  see UT report 

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -       

  note 1:  The electrodes and electrode oven were inspected and found to be hot and undisturbed from the previous activity. 

  note 2:  Although preheat was not required due to the 70° lab temperature, an oxygen/acetylene torch was used to drive away 
moisture and raise the base metal temperature to approximately 125° to reduce the cooling rate of the weld metal 
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. 
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North Carolina Department of Transportation   QA Inspection Commentary  Project Description 

                          Alaska DOT 

    

 

  
 

                           

              Part Description       Owner Representative: Kendra Cookson 

              
Bridge Bent 

Test 3 

     Project Location: 
NCSU Constructed Facilities 
Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: Justin Green 

              Weld Location       QA Inspector: Randy Dempsey, CWI/CWE 

                   
North & South 

Pipe Pile  

         

                  

                           

   

Comments from Test 2   

  
C1.  If the cap beam was assembled with the stipulation that the bottom side needs to be flat by pushing the mill tolerance to the 
top, the fit-up and weld quality at the root could be improved. 
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C2.  Purchasing the backing rings (http://www.robvon.com/html/backing.html) may prove to be a more practical and efficient 
method for actual production conditions. 

  
C3.  Due to the low interpass temperatures that were recorded, a WPS that stipulates 1/8" electrodes for passes 1, 2, and 3, but 
permits 5/32" electrodes for all subsequent passes could improve efficiency of production conditions. 

  C4.  The approximate labor that was recorded (excluding QA and NCSU involvement) included 16 man hours for beveling the 
pipe and attaching the backing ring, 22 man hours for the groove weld, 2 hours for the UT (excluding travel time) with no flaws 
detected and 20 man hours for the 3/4" fillet weld.   

  Additional Comments from Test 3 

  
C5.  The approximate production man-hours recorded were; 10 hours for beveling the pipe and attaching the backing ring, 18 
hours for applying the groove weld, 4 hours for the UT inspection and 4 hours for weld repair. 

  
C6.  Due to the deficiency found with the groove bevel, a close inspection prior to backing bar fit-up during actual production is 
recommended to ensure that the specification of +10°, -0° is maintained. 

  
C7.  Close QA verification of the UT Testing and follow-up UT after weld repairs have been made is recommended to ensure that 
the proper code and section specifications are followed. 

 

  

http://www.robvon.com/html/backing.html)
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Figure A 4.19 Test 3 UT Report 
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A4.6  Test 4 Details 

 

 

Figure A 4.20 Test 4 Connection Detail 
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Figure A 4.21 Test 4 WPS 

 

8/5/08 
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Table A 4.3 Test 4 QC Report 
North Carolina Department of Transportation   QA Inspection Check List  Project Description 

                          Alaska DOT 

    

 

  
 

                           

              Part Description       Owner Representative:  Kendra Cookson 

              
Bridge Bent 

Test 4 

     Project Location:  
NCSU Constructed Facilities 
Lab 

                    Fabricator Name:  Buckner Companies 

                          Welder's Name:  Justin Green 

              Weld Location       QA Inspector:  Randy Dempsey, CWI/CWE 

                   
North & South 

Pipe Pile  

         

               Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/15/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -  9/15/08  see note 2 

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/15/08  see note 3 
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  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -  9/15/08  see note 4 

  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -       

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -       

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -       

       

  note 1:  The electrode oven and electrodes (E7018, 4 hour exposure limit rods) from the previous test have remained on site and 
will be used for today's operations.  According to NCSU sources, the oven's power source has been uninterrupted. 

  

  note 2:  The North and South pipe piles were beveled to a 45° angle using a grinder and all mill scale and rust within 1" of the 
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  area to be welded was removed.  The bevel angle was inspected using a tri-square. 

  

  note 3:  A 2"x 3/16" flat bar was pre-formed to an approximate diameter and installed in each pipe pile with the CJP weld that is 
transverse to the length of the material aligned to the neutral axis of the pipe.  The full length of the flat bar was welded 
continuous to the pipe with a 1/4" extension for the root opening + 1/16" fit-up tolerance.  Tack welds placed in the area to be 
groove welded were removed by grinding. 
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  note 4:  The 50° F preheat was not necessary due to the thickness of the material and the atmospheric conditions at the work site 
being 73° F for a low and 85° F for a high, according to weather.com. 
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North Carolina Department of Transportation   QA Inspection Check List  Project Description 

                          Alaska DOT 

    

 

  
 

                           

              Part Description       Owner Representative: Kendra Cookson 

              
Bridge Bent 

Test 4 

     Project Location: 
NCSU Constructed 
Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: Justin Green, Chris  

              Weld Location       QA Inspector: Randy Dempsey, CWI/CWE 

                   
North & South 

Pipe Pile  

         

               Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/17/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -       

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/17/08  see note 2 

  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -  9/17/08  see note 3 and 4 
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  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/17/08  see note 5 

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -       

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -       

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -       

  note 1:  The electrodes and electrode oven were inspected and found to be hot and undisturbed from the previous activity. 

  note 2:  The joint fit-up was acceptable after making adjustments to the backing bar by grinding excess material to close the gap. 

  note 3:  Although preheat was not required due to the 70° lab temperature, an oxygen/acetylene torch was used to drive away 
moisture and raise the base metal temperature to approximately 125° to reduce the cooling rate of the weld metal. 

  

  note 4:  Interpass temperature was monitored using 248° and 302° Nissen® Temperature Sticks.  Interpass temperatures did not 
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exceed 302°. 

  note 5:  All slag was removed with a chipping hammer.  The start of some welds was contoured to a concave finish prior to 
covering with additional weld metal.  Any anomalous material or weld discontinuity that could have been detrimental to the 
integrity of the completed weld was removed using a wire brush or grinder.   

 

  



247 
 

North Carolina Department of Transportation   

QA Inspection Check 
List  Project Description 

                          Alaska DOT 

    

 

  
 

                           

              Part Description       Owner Representative: Kendra Cookson 

              
Bridge Bent 

Test 4 

     Project Location: NCSU Constructed Facilities Lab 

                    Fabricator Name: Buckner Companies 

                          Welder's Name: Justin Green, Chris 

              Weld Location       QA Inspector: Randy Dempsey, CWI/CWE 

                   
North & South 

Pipe Pile  

         

               Date  Comments 

                           

  Consumable Storage/Control -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/18/08  see note 1 

  Base Metal Preparation  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  -   -   -   -       

  Joint Fit-Up   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Pre-Heat & Interpass Temperature Control   -   -   -   -   -   -   -   -   -   -   -   -       
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  Interpass Cleaning  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

  Visual Inspection of Groove Weld     -   -   -   -   -   -   -   -   -   -   -   -   -   -   -       

         

  Witness UT Testing of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/18/08  refer to the UT Inspection Report 

         

  Groove Weld Repair    -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -    -    -  9/18/08    

         

  Follow-Up UT of Groove Weld  -   -   -   -   -   -   -   -   -   -   -   -    -    -    -    -  9/18/08    

         

  Pre-Heat & Interpass Temp. fillet weld -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/18/08  see note 2 and 3 

  Interpass Cleaning, fillet weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -   -  9/18/08  see note 4 

  Visual Inspection of Fillet Weld  -   -   -   -   -   -   -   -   -   -   -   -   -   -   -    -  9/18/08  acceptable; see note 5 

  note 1:  The electrode oven is working correctly. 

  note 2:  Although preheat was not required due to the 70° lab temperature, an oxy/acetylene torch was used to raise the base 
metal temperature to approximately 100° F to reduce the cooling rate of the weld metal. 

  

  note 4:  Interpass temperature was monitored using 248° and 302° Nissen® Temperature Sticks.  Interpass temperatures did not 
exceed 302°. 
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  note 4:  All slag was removed using a chipping hammer.  Any anomalous material or weld discontinuity that might be detrimental 
to the integrity of the completed weld was removed using a wire brush or grinder. 

  

  note 5:  The leg and the throat was inspected using a 3/4" G.A.L. weld gage with a flash light as a luminous aid.  The profile of the 
completed weld was improved using a grinder.  The completed weld was found to be visually acceptable in accordance with AWS 
D1.1 2006 Figure 5.4 and Table 6.1.   
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Figure A 4.22 Test 4 UT Report 
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A4.7  Test 5 Details 

 

 

Figure A 4.23 Test 5 Connection Detail 
 

1
2"

UT
  

45°

3
16"

2"

12"Continuous weld for
 cyclic loading

1
4"

1
16"

1
2"

BACKGOUGE,
UT
  45°

3
4"

5
8"

11-1/4"

1"

Tack Weld for Fit-Up

3
4"



252 
 

 

Figure A 4.24 Test 5 WPS
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Figure A 4.25 Test 5 QC Report 

To: 

3~ Spr1ng Forest Road 
Raleigh, He Z7616 
(919) 872-26EO 
(91Q) 87G.:W58 

--
I, Examiner lItfivad "" s~" and met w~h Steve and Koodra fmm NC state 

II. Exam ..... , eviewed p!ojed specs and 'oce<ved copies 01 welding pfOc9du,,,,; and weide, cefl ification 

FQ( Jus~n G",en of Green Welding Services 

III Examine, has ",quested e copy 01 welder cen'lic:ati"" 1m Mf. Quick who is assistil!l Mf. Groo" 

IV. Examine, ObsefVed the beveling 01 the pipe connections to a 45 deg!oo bevel 

V, Examiner observed the weldil'<) of the backing ba, to the pC>e, Weld was examined and was to spec. 

VI. Examine, obsefVed me ,oot "P""ing and fit up of !he conr.ec:tion pm, to welding. 

VII , Examinet OOsefVed the prooeating 01 the welded connedion and !hewe!dng of the ifVIer root pass 

01 both pipe connection 1 and 2 . Exam;"'" noted no disaepancies in the fOot pass welds 

VIII. Rhonda Rodgers wl1 ,elum on 12-3--08 to contioo" the continuous examnation 01 the welded 

Connect"""" 

IX, This examiner wi l ,elum on 12-4--08 to continue IIXamnations as needed 

No Further 

sa.ME"-_1 

IM<_" Tho IJ'OS<'OCO 01 S&I.IE aI .... ~ojocI siIo.mll 001 !>II ~ .. .., ~ or "IIIl'",,0I <A __ .,........ S&I.E 
is 01 hi ~""'" ..... porIo<m '!>IId!ic __ -.l has __ ~ wticI\ .. _ ttl _ ~ _~od i1 0\1" 

_.., our -.., In '" ....." .".. &&ME !>II "''''''..- lot .... .-y "'"". ...... -.l _ 01 __ at .... O<ojoct 
so Tho ; .. 1uo ,'"..", ... _ In ..... Id .. _ ........ boon _iowodloy ... npinoo<""";;;IO!>II _ood ... I-...,. 
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Figure A 4.26 Test 5 QC Report Continued 

To: 

t N'It(\.INMo.,A.l "'''''= 
EfflIHRlOO· l£snKl 

SIeve , Kendra 

Observatirlns: 

3201 Spring FOl1!5t ROaO 
Raleigh, NC 27616 
(919) E72·2660 
,:g19) E76-3958 

services Performed iii 

SUNNY SOF 

SuUj.x;1. Canlinuau .. E.l"min~lian or CJP _111 .. 11 can""",lians lar brid9l' compa ""nl I ...... ing. 

I) Examiner arrivocl on ste. Met with .ustin Green and Mr. Quick of &ickner StEel; St9"le Fulmer aroc: 

Kendra Cookson - NCSU. 

2) Welder requesled approval to use ~ma l ler diameter weldhg rod tor outside root pass. 

Due to the specified 1116" root opening. tho 45 degree bGvel. and the size of the l iS" diameter rod, 

the shortest oOtainabla dfstanoo b€lNeen I'le end of the rod and the base metal was Ilxcessive 

enough to cause long-arcing. 

NOTE: Woldor Cortificatbn lor 1Ar. Quiok ha.~ boon faxod to SME Offic" Raloigh . NC. 

3) Examiner observed preheating of v.elded components at each 01 the 2 connections. 

4) Examin .. r obS<IIVed bGck grir-.Jing cI Onn .... fOOt pass ... 1 ,,""" of the 2 canr>9C~ons. 

4) Examin .... observoo welding of insicg diameter filial welds at each of til<> 2 connections. Acceptable. 

5) Kendra Cookson (NCSU) mpied baok that use of the smaHer diameter welding rod tor the outside 

root pas; was accept1ble. 

6) Examin9f observed welding and cleaning of the outside root pass at each of the 2 connectlcfls. 

7) Examined outer root pass at ~ach 01 the 2 conneclons. 

S) Russ Og:!en wi' return to continue examination 12·4-0S. 

FNn RFPORT 

0 ... 51\01 Rtpru "matl .. IComJl8ny S&ME P"son .. 1 

Oisc_" Tho prG"""" 01 MIoIE ., "'" ""*"'" "' .. _ "" b<I oonwuod •• .., ~""'" or 0!JP'0"0'lII of acM ..... ",..""" MIlE 
... , ..... proi<>ct .... 10 f<Hlorm ..,ociIic ... "tices .,.j has __ ~ wI>i<:I> ... IimiI<Id 10 _ ~ au1haiz<>d in .... 
"9'_wilhoordio<t. n 00 ",.", . hal S&ME boo ,.sporsibkllor no.~ orhln:-"" and ~oI_panio.s 01 hi projoct 
"G. Tho inf."...lion _n.d in II .. fiold ,.paI hII. nol bMn ""'_d '" on ....,.-, and is 10 r. eonsid>rood .... Iininoty. , 
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Figure A 4.27 Test 5 QC Report Continued 

To: 

3201 Spring Forest Road 
Raleigh, NC 27616 
(919 ) 872:,2660 
(919 ) 876-3958 

Performed 

I. Examiner arrived on sile to continue examination 01 welding 

II. Examiner received copies of Mr. Clu ick's welding cer@cations 

III. Examiner observed the completion 01 the full per.elration GrooYe weld on the pipe to beam 

Connections. 

IV. Examiner spoko wilh Parry Vezina of S&ME aboul conducting the UT examinalion. He is schedulod 

To conduct UT teslirq ollhe CJP wolds on Monday morning. 

V. Rhonda Rodgers will return on Monday to continuo examination 01 muHi pass li llet welds aftef UT 

Examinahon ollhe CJP welds has taken place, 

VI. Examiner will return on Tuesday to continua examination. 

No Further 

O ... SIII RoPN .. matlnIComp""Y 

Disc ...... " Th<> PC""""'" 01 S&ME at "'e proj,<ct .. "' ..... 001 bo oonstruod H ... ~ or -""'" of ~ at tllo WI S&Mf 
is at 1ho projoct ..... to po<bm opocific wrtico • ...d has C<I<tain I~ _ ... _od to ""'"" ~ ..,1hoIizod in "'" 
09'_ willi "'" dioot. n no ~""'_ S& Mf bo loopoosiblo lot ... . a/g<y Of'" m<>ans o.nd moIhods of ""'"' """"'" 0' ... projoct 
.. e Tho informotion ...-n_d in th o foM:l n~ hoo not booon .... _d by on __ • ond ioto bo eo_to<! FQlinlinooy. 
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Figure A 4.28 Test 5 QC Report Continued 

To: 
Steve. Kendra 

Observations: 

320t Sprtng FornS! Rood 
Raletgh. NC Z1616 
(919) 1J72·2660 
(91g) 1J76-l958 

SubjGct - Continuous Ex3mination 01 CJP welded connections for bridge component testing. 

- UT of same contoured groove welded connections (pipe welded to top of beam~ 

1) Examiner arrivocl on sita. Met with Justin Grean, Mr, Quick 01 Buckner Steel; Steve Fulmer - NCSU. 

2) Examined welded connections. Excessive undercut found on upper edge 01 inside weld 01 one 

connection. Notified welder. (Welder statad that repa ir will be made alter UT 01 groove welds). 

3) UT Examioor, Perry Vezina on s~e lor Ultrasonic testing 01 the 2 connections. Perry pointocl out 

that UT testing 01 the 2 connections liS they ate may resu lt in "i r.conclusive" Of -invalid- test results 

due to the lollowing: 

- the construction sequence 01 too weklad connection. (Inner fillet we ld interferes with UT reading) , 

- the lack of written procedure lor UT 01 this parlicular set-up. 

4) DlICision was made to repair undercut and to clean up the welds today, and have an alternate 

Testing agency to come in to per'orm UT tasting on Tuesday a.m, 12-9-0B. 

5) Examined preheating 01 connections to be weldedlrepairocl, 

6) R9-examinocl we lds - undercut Io1ss than 1132-

7) Examiner will return as requested. 

END REPORT 

Rhonda Roger. 

On-Sir. Rep.u"matl .. lcompany SltME "-.sonnel 

Disc"' .... .: Th<> pr~ 01 S&t.lE a1 "'" pr<>j.<K:'''''' ..... "'" bo oonotNod •• OIl ~ or appro'o'lII! of ""limos at ""'..... S&t.lE 
is . , "'" projoct .... to pwIoom """* -w- ond has e<>"'" ,~ _ .... limitod 10 _ ~ 0UIh0riz<>d in our 
'9'-willi cu dioot. In no "' ... , <hal S&I.IE bo ,esponsiblo lor "'" .~ <It 1hII m<>ar>o and ~ of """" panigo at ... projoct 
"e. Tho informotion ,.....".d in thi.li.Id roport has no' b.n ..... ;-d by on eng_ •• nd ;. to be 00"" .. -' .... liminary. , 
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Figure A 4.29 Test 5 QC Report Continued 

t 
¥' t NVK\.lN/oloN I"'- >OoIMC=li 

ENGfE£flIOO · TESTN3 

To: 
Steve. Kendra 

Observations: 

3:101 Spr1ng FOA!SI ROaa 
Raleigh. ~C 27616 
(919) 812·2660 
(919) 816-3958 

serviceS Performed 

LW;,.. _ 
,_ ........ RIDnda Ro"",; 

., 

Subpot: "' Conlinuo"" En.mination of CJP _Id .. d con ..... dian" for bridgo?: compo .... nI 1.,."I;n9_ 

1) &aminar arrived on sil9. Mill 'Nilh Justin Green, Mr Ouick of Bucknllr Siooi. 

2) Monile.ed welding of Yo- Iii let weld" on outside dillmellt' 01 pipe ,,\ both con""",~ons alles t assembly, 

3) 8 .aminad fillel welds on lIach of Ih~ 2 cooooclions according to AWS 01.5. Acceptablo 

4) This SGC1.0n al1he 19S1 assembty w as rllOcal~ (0 ir5ide -OlnstnK:led FaciliUlIs Lab- wh9re J. Gmefl. 

S, Fulmer, Ker.c:ra Codlson. and '-"r. Quick made IiI-up with 2 soc:ions olIS- vertical ppos. 

5) 8 aminad Iii-Up of assanbly. Acceptable according 10 detail and J;WS 01.1 . ';.' rool openif1g. 

Tacked i, place - J. Groon. 

6) Wonitorad welding of rool pass tor ea:h of too groovo wolds on!he vortical pipes. Wo;jer J Groon. 

7) & aminor will rlllurn !omorrow (12· · ()'08) to ~xamm3 roo! pass aft~r cloanup. 

END REPORT 

Rhcnoo Ragers 

S&lIe "'"rso .... 1 

Oisclo"'r: n.... pr<>SQflC<>0I ~ME .t "'" proioct .... <hal "'" be oonowod • • .., aroopr."", or 0!JI'0'0V0I 01 oeM ... at , .. silo ~ME 
... , .... ,..".,... ... ~"' ..... hm..-* ........ .- ......... ,.,.,,, • .,~..- ... _ ... "' ......... ..,...,.... ....... _ ... ., "'. 
"9'-with " " diont. n IKI ~"'l"'" S&ME boo rooponslblo lor tho . a/g<y or'" """"'" and mo<hodtr 01_ .,..,.... ol tho projod 
.. ~. Tho inlormolion _d in !hi, fioold r.p>rI hoo not bo.n _in.d by on ___ , ond i. to bo eo,~red ,..Iim;"..y. , 
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Figure A 4.30 Test 5 QC Report Continued

To: 
Steve. Kendra 

Observations: 

3201 ~Ing r OMS( AotId 
Ralel gtl, NC 27616 
(919) a72-2660 
{919) a(t;.3953 

SarvlC85 ParlormBd 

0 -_ C _c... 
0 ......... ..... 

[ > __ r-a 
0 __ 

C u...x" ""_ 
•• Mj ...... 

C -.... .. _ C _ _ 

C~_ 

" .. ....... 

Field Report 

1_ IO-Il! 

PNjo<O"loc:.u ... 
NC 51,"", C0f6truc1ru I't<"ilitics lab 

Con"""',,, ,-"'" 
.0" 

Rhonda Rol)''' 

-

o ,omp 
Clou<IVmloting ""n 68F 

-
Sut:;ect - Continuous Examination of CJP _Ided connections for bridge component le:>ting. 

- (NOTE: Examination - according to AWS Dl.5 - Bridge welding code). 

1) Examioor arriYGCI on sil9. MQl willl Juslin Green, Mr. Qu'Ck or EUCl\n91 Stool, S. Fulner - NCSU. 

2) Observed welders claan-up 1001 pass on Il1Ich 01 'he groJVe w9lds lor inspection. 

3) Examined l" rool pass. SorTlll slag left in 2 localions. W :l-Idar COI1"octoo. AccQplabie. 

4) Examined ~ rool pass. Incomplet~ fusion in 2 kca~ons. Welder corlecled. Acceptable. 

5) Examiner observed wek1ing 01 gfOO'le welds and tle preDaralio~ 01 ea:h W91d lor inspection. 

6) Examined completed groov9w9Id en each ollhe 2 conm-clions. Acceplabl9. 

7) Examiner will 19tum as mquested. 

END REPORT 

S&IIIE I'Irso .... 1 

0;..,10 .... " n...",. ...... ofU.UE .. "'""'O;'- .t ...... "",100 _ .. "" _ "''''''''''''''cf ........ "''''" .... s.v& 
is at no projoo:t .... 10 ~riorm 'I'Odfic wrvic<Io aod h .. co"'" ~ _ ... _ 10 _ ~ auth:>riz<>d in our 
"9'_wi1lo .,...dioot_ n .., ",on!"'" SflME bo ,,,,,,,,,otiolorw.. uI"'¥ Ofw.. nNn> Old.....t.odo cf_ panigo otw.. proiod 
" 0_ Tho informalion p-ewn_d in lin tMl ro-port has .." b.n _,"-d b\r on .",_, .... i. to be <O~ preiminwy. , 
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Figure A 4.31 Test 5 UT Report 
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A4.8  Test 6 Details 
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Figure A 4.32 Test 6 WPS 
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Figure A 4.33 Test 6 WPS Continued 
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Figure A 4.34 Test 6 WPS Continued 
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Figure A 4.35 Test 6 UT Report 
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