
ABSTRACT 

SCHWEIZER, DOUGLAS QUINN.  Experimental Investigation of Innovative Seismic Performance 

Enhancement Techniques for Steel Building Beam to Column Moment Connections.  (Under the 

direction of Dr. Tasnim Hassan.) 

 Seismic performance enhancement techniques for steel building beam to column moment 

connections have been investigated experimentally. The primary performance enhancement 

technique involves reducing the tensile strength of the steel over specified regions of the beam 

flanges by exposing these regions to high temperature annealing heat-treatments.  This technique is 

designed to reduce the yield and ultimate strengths of the steel and thereby to promote the 

development of plastic hinge formation away from welded joints under seismic events.  A 

parametric heat-treatment study on the influence of high temperature heat-treatments on the 

material behavior of ASTM A992 steel was conducted.  The heat-treatment parameters were used 

for the development of full-scale applications of localized heat-treatments on steel W-flange beams.  

A total of six full-scale beam to column connections have been tested under simulated seismic 

loadings to evaluate their seismic performance enhancements.  Five of the six experimentally 

evaluated connections have been modified with the proposed heat-treatments techniques.  The 

steel connections that utilize the heat-treated beam section (HBS) are shown to improve the seismic 

performance and ductility when suitable applications of the high temperature heat-treatments are 

achieved.  A welded unreinforced flange-welded web connection without supplemental heat-

treatments was tested for comparison with HBS connection results.  The design and rationale of the 

remaining two HBS connections of the experimental program are discussed.  Additional novel 

seismic performance enhancement techniques such as the modified bolt orientation of extend end-

plate connections, web stiffeners in the plastic hinge region, and modified bolted web orientations 

for welded unreinforced flange-bolted web connections are also presented.   
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Chapter 1 Introduction 

Background: 

For many years, design guidelines for structures located in regions of high seismicity have 

been formulated with the intent that structures have the ability to withstand seismic events without 

the risk of a collapse (FEMA 350).  In order to achieve suitable performance, an allowance for 

damage is accepted for seismic load conditions.  However, the key requirement is that the damage 

occurs in a ductile manner, or one in which the system is able to achieve large inelastic deformations 

for repeated cycles without significant strength degradation or the development of structural 

instability (Bruneau 1998, FEMA 350).   These design guidelines deviate from other load cases, such 

as gravity and wind loads, where the capacities of the members, connections and systems are 

designed to exceed the forces that could develop.  For seismic engineering, the exceedance of 

elastic capacity above the forces that develop is not required, however high levels of deformation 

and ductility must be achievable (Bruneau 1998, FEMA 350, Hamburger et al 2009).  As a result of 

steel’s inherently high ductility characteristics, steel moment frames have been historically selected 

as the preferred lateral resisting structural system for multistory structures in high seismic regions 

(FEMA 350).  The steel moment frame connections designed prior to 1994 connected the beams to 

columns using complete joint penetration (CJP) field welds on the beam flanges to column flange.  

Structural bolts connected the beam web to a plate, commonly referred to as a shear tab, which was 

welded directly to the column flange (FEMA 350).   An example of a typical steel moment frame 

connection used in seismic regions prior to 1994 is shown in Figure 1.1.  It was believed that steel 

special moment frames could withstand moderate to major seismic events without a high 

susceptibility of structural instability and collapse.   
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Figure 1.1: Steel moment connection prior to 1994 

 

 On January 17, 1994 the understanding of seismic performance of steel special moment 

frame buildings was challenged by the Northridge earthquake (FEMA 350).  The aftermath of the 

earthquake indicated a number of the steel beam to column connections experienced brittle 

fractures (Bruneau 1998, FEMA 350).  Damage was found in a variety of structures ranging from 

buildings still under construction to those as old as 30 years old, as well as structures with single to 

multi-story height buildings (FEMA 350).   In addition, damage was observed over a large 

geographical area including areas that experienced only moderate ground shaking (FEMA 350).  The 

magnitude of unexpected damage was particularly alarming to the seismic engineering community 

and indicated a fundamental flaw in the design and detailing of steel special moment frame 
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connections (Bruneau 1998, FEMA 350, Hamburger et al 2009).   

 The investigations of the steel beam to column moment connections indicated that brittle 

fractures typically initiated at the beam flange to column flange complete joint penetration (CJP) 

welds (Bruneau 1998, FEMA 350, Hamburger et al 2009).  The brittle fractures at the CJP welds 

occurred at very low to no levels of inelastic deformation.  The premature fractures at the 

connection prevented the development of ductile failure mechanisms such as yielding and buckling 

of the adjoining beam through plastic hinge formation (FEMA 350).   Since connection fractures 

occurred in the absence of inelastic deformations in the connecting members, the behavior was not 

desirable for ductile seismic performance.  A photograph of a connection that failed during the 1994 

Northridge earthquake is shown in Figure 1.2.  The majority of the steel structures damaged by the 

1994 Northridge were repairable; however significant repair costs could not be avoided (FEMA 350).    
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Figure 1.2: Weld fracture from Northridge earthquake (photo courtesy of Earthquake Engineering 

Research Institute) 

 

 Following the aftermath of the Northridge Earthquake the steel construction community led 

an investigation with the goals of discovering the cause of the unanticipated failure mechanisms and 

developing improved design guidelines and recommendations (FEMA 350).   In particular the 

American Institute of Steel Construction (AISC) and the American Welding Society (AWS) formed 

task committees set to develop alternative connection details and to improve weld properties and 

welding practices (FEMA 350).  In September 1994, the SAC Joint Venture, AISC, the American Iron 

and Steel Institute and National Institute of Standards and Technology convened to coordinate the 

various participants for a comprehensive systematic investigation intended for problem resolution 
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(FEMA 350).   In addition, the Federal Emergency Management Agency (FEMA) partnered with the 

SAC Joint Venture to develop problem-focused studies of seismic performance of steel moment-

frame buildings and to develop recommendations for professional practice (FEMA 350).   Through 

these partnerships an extensive research program was set to mitigate the issues experienced from 

the 1994 Northridge Earthquake (FEMA 350).   

 The SAC Joint Venture was divided into two phases.  The aim of phase 1 was to thoroughly 

investigate the pertinent issues exposed by the 1994 Northridge earthquake (FEMA 350). An 

intensive investigation was focused on the data collection of structures affected by the earthquake, 

literature reviews and laboratory testing of Pre-Northridge designed and detailed connections 

(FEMA 350).  The findings of phase 1 developed interim guidelines for improvement and 

modifications of design of welded steel moment frame connections (FEMA 350).  The phase 2 

portion of the investigation continued with intentions of developing acceptable design criteria for 

improved steel construction (FEMA 350).   The work of phase 2 expanded to include detailed finite 

element analyses, fracture mechanics studies of various connections, improvements in material 

strengths and toughness, and weld joint quality.  More than a 120 full-scale experiments of 

connection assemblies were conducted, in addition to testing done independently by other 

researchers, in a quest to improve the seismic performance of steel moment frame connections 

(FEMA 350).   

 The findings of the SAC Joint Venture indicated an inherent susceptibility to brittle fractures 

in Pre-Northridge steel moment-frame connections (FEMA 350).  The investigation inferred that 

much of the connection’s local detailing, construction practices and material properties can be 

attributed to the poor performance in seismic events (FEMA 350).  Some of the issues pertinent to 
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the poor seismic performance are briefly discussed.  The flux-cored arc welding process (FCAW-S) 

produced welds with very low toughness levels which were extremely vulnerable to sudden fracture 

propagation (FEMA 350).  The poor material properties of the weld combined with weld issues such 

as lack of fusion and slag inclusions to create crack initiation points (FEMA 350).  Additionally, as the 

steel industry utilized more modern manufacturing processes (scrap-based production), strength of 

ASTM A36 steels approached higher yield strengths near 50 ksi which under-matched the weld 

strengths relative to the beam and column members (FEMA 350).  The local detailing such as 

geometry of the weld access hole introduced severe strain gradients which initiated small ductile 

tearing that quickly propagated into unstable fractures across the beam flange (FEMA 350).  All of 

these factors in combination with high stress and strain demands at the connection region from 

seismic events created an increased propensity of brittle failure (FEMA 350).  A more comprehensive 

list of the issues experienced with pre-Northridge steel moment connections are summarized in 

FEMA 350. 

 The research generated by the Northridge earthquake sought to improve the inelastic 

deformation capability of the moment frame connections.  AISC seismic provisions have set 

minimum levels of inelastic deformation, governed by interstory drift angle capacity, for special and 

ordinary moment frame connections (ANSI/AISC 341-10, FEMA 350).   The minimum interstory drift 

angle limit has set acceptable performance criteria for pre-qualification of connection designs to be 

implemented for structures intended for good seismic behavior (ANSI/AISC 341-10).   The 2010 

Seismic Provisions for Structural Steel Buildings (ANSI/AISC 341-10) have set a minimum of 4.0% 

interstory drift angle capacity without severe strength degradation (defined as 20% of peak 

strength) for special moment frame connections (ANSI/AISC 341-10).   Research investigations 
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following the 1994 Northridge earthquake have concluded that a combination of improvements 

pertaining to material properties, fabrication methods, quality assurance and control, erection, 

connection design/detailing, inspection methods and weld processes can lead to acceptable seismic 

performance and the ability to achieve interstory drift rotations greater than 4.0%.   

 Since the 1994 Northridge earthquake, extensive experimental and analytical research has 

been focused on the development of connection designs with the ability to achieve the desired 

deformation limit.  Currently, AISC offers design guides, such as AISC 358-10, for structural designers 

with six different options of prequalified connections for use in high seismic regions.  These 

connections, through rigorous investigations, have shown adequate performance levels and are 

accepted by the AISC Connection Prequalification Review Panel to be used by engineers for special 

moment frame connections.  The connection database allows engineers to select, design, and detail 

prequalified moment frame connections appropriate for the intended structure without the need of 

performing project specific prototype qualification (ANSI/AISC 358-10).    The six moment 

connections available are the reduced beam section (RBS), bolted extended end-plate (EEP), bolted 

flange plate (BFP), welded unreinforced flange-welded web (WUF-W), Kaiser Bolted Bracket (KBB) 

and Conxtech Conxl (ANSI/AISC 358-10).    All connections except the Conxtech Conxl will be 

discussed in greater detail in the subsequent section.   The Conxtech Conxl is omitted from 

discussion as it requires the use of square HSS or built-up box columns which differs from all other 

pre-qualified connections.  In addition, several proprietary connections are available and some of 

the commonly used patented connections will be discussed as well.   

 The reduced beam section (RBS) moment connection, as shown in Figure 1.3, utilizes a 

“weakening” mechanism to relocate and limit moment and inelastic demands that develop at the 
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face of the column (ANSI/AISC 358-10).  The RBS is an all-welded moment connection where the 

beam flanges and the beam web are welded directly to the column flange (ANSI/AISC 358-10).  A 

region of reduced cross section is provided in the beam at a specified distance away from the beam 

to column flange welds (ANSI/AISC 358-10).  By selectively trimming material out of the beam flange 

adjacent to the beam to column connection, yielding and plastic hinge formation are intended to 

occur primarily within the reduced section (ANSI/AISC 358-10).  The creation of the “seismic fuse” in 

this region reduces the likelihood of brittle fractures between the beam flanges to column flange 

CJP welds (ANSI/AISC 358-10, Jones et al 2002).  The RBS connection is commonly referred to as the 

“dog-bone connection” due to the geometric familiarity between the reduced section and a dog 

bone shape (Englehardt et al 1998).   

 RBS moment connections typically achieve 5.0 - 7.0% total interstory drift angles (Jones et al 

2002).  Peak strength is usually achieved at an interstory drift angle of approximately 2.0 – 3.0% 

followed by gradual strength degradation due to local and lateral-torsional buckling of the beam 

(ANSI/AISC 358-10, Jones et al 2002).  Ultimate failure typically occurs due to low cycle fatigue 

fracture at the location of local buckling within the RBS region (ANSI/AISC 358-10, Jones et al 2002).  

The associated fractures with local buckling that occur are deemed ductile as these fractures take 

place after high levels of inelastic action and severe buckling (ANSI/AISC 358-10, Jones et al 2002).  

The reduced beam section is a popular choice of prequalified connections amongst designers due to 

the relatively low fabrication cost.  However, due to the reduced moment of inertia in the RBS 

region, the elastic stiffness of the beam is reduced (Englehardt et al 1998, Kim et al 2007).   To meet 

drift requirements mandated by ASCE 7 for seismic design, beam sizes are often required to increase 

in size and may offset fabrication savings.  Despite the main disadvantage, it is believed, through 
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collaboration with various fabricators, that the reduced beam section is the most widely used 

special moment frame connection.    

 

 

Figure 1.3: Reduced beam section moment connection (Hamburger et al 2009) 

 

 The extended end-plate connections (EEP), as shown in Figure 1.4 consist of beams that are 

directly welded to an extended end-plate which is then bolted directly through the column flange 

(ANSI/AISC 358-10, Sumner et al 2002).   Extended end-plates connections are prequalified special 
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moment frame connections due to their ability to achieve high interstory drift rotations and 

associated ductile failure modes (ANSI/AISC 358-10).  The design philosophy of the extended 

endplate connection is such that the plastic moment that develops in the beam is exceeded by the 

moment capacity of the bolts between the endplate and the column (Murray et al 2003). This 

moment is a function of the force that can develop in the bolts and the distance between the 

compression flange and the bolts acting in tension (Murray et al 2003).   Currently, the AISC 

prequalified connections offer 3 different extended endplate connection types in the Four Bolt 

Unstiffened (4E, Figure 1.4a), Four Bolt Stiffened (4ES, Figure 1.4b) and Eight Bolt Stiffened (8ES, 

Figure 1.4c) connections (ANSI/AISC 358-10).  Each connection type is limited to different size beams 

and prequalification limits.  In two of the connections, triangular stiffeners are required between the 

beam flanges and extended endplate to uniformly distribute tensile flange forces to the bolt group 

(ANSI/AISC 358-10).   The primary mode of inelastic deformation is through yielding of beam flanges 

and column panel zone as the other connection components (bolts, endplates, stiffeners) are 

designed to not provide any inelastic deformation contribution (ANSI/AISC 358-10).   

Extended endplate connections are commonly used by structural engineers due to the 

removal of critical field welding from the erection process.  It is believed that higher quality welds 

can be achieved by the welding of critical components in a shop environment as opposed to field 

conditions (Murray et al 2003).  Additionally the shop welding of the complete joint penetrated (CJP) 

welds can accommodate more aggressive erection scheduling (Murray et al 2003).  Disadvantages 

include the strict tolerances with bolt holes and beam length requirements during alignment and 

erection (Murray et al 2003).  The use of finger shims (thin plates that can be placed between the 
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column and extended endplate) can be used to relax the strict tolerances for beam length and have 

been shown to have no detrimental influence to seismic performance (Murray et al 2003). 

 

 

Figure 1.4: (a) Four bolt unstiffened 4E, (b) Four bolt stiffened 4ES, (c) Eight bolt stiffened 

8ES extended endplate connections (Murray et al 2003) 

 

The bolted flange plate (BFP, Figure 1.5) moment connection utilizes a field bolted 

connection.  In this connection two identical cover plates are CJP welded directly to the column 

flange (ANSI/AISC 358-10).  A beam is then bolted though holes drilled between the beam flange 

and the cover plates (ANSI/AISC 358-10).  The beam web is connected to the column flanges with a 

bolted shear tab. The BFP connection utilizes a “strengthening” mechanism such that the critical 

connection region is strengthen and stiffened sufficiently enough to push the inelastic action away 

from the connection and into the beam flanges. Shims are permitted between cover plates and 

(a) (b) (c) 
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beam flanges for fit-up (ANSI/AISC 358-10).  The seismic behavior expected with properly designed 

BFP connections is initial yielding of the beam flanges near the bolt furthest away from the column 

and simultaneous slip between the flange plate and beam flange (ANSI/AISC 358-10).  Secondary 

yielding in the column panel zone and limited yielding of the flange plate may also contribute to the 

inelastic deformations (ANSI/AISC 358-10).  When the primary mode of energy dissipation from 

yielding of the beam and the aforementioned secondary energy dissipation modes follow a similar 

sequence optimal seismic performance can be reached (ANSI/AISC 358-10).   

 BFP moment connections can be designed to achieve very good seismic performance.  

However due to the requirements of sequencing modes of inelastic deformation for ideal 

performance, the connection design process is more complicated than other prequalified 

connections (ANSI/AISC 358-10).  New failure modes such as block shear of the cover plate are 

introduced and must be considered in design (ANSI/AISC 358-10).  In addition, since BFP connections 

require heavy cover plates to be CJP welded to the column flange and the use of a high number of 

pre-tensioned bolts, the connection is considered very expensive compared to other AISC 

prequalified connections.   For such reasons, it is believed that special moment frames using BFP 

moment connections are used less frequently then other prequalified connections.   
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Figure 1.5: Bolted flange plate moment connection (Hamburger et al 2009) 

 

A similar “strengthening” prequalified connection offered by AISC is the Kaiser bolted 

bracket (KBB) moment connection as shown in Figure 1.6.  The Kaiser bolted bracket uses a cast 

high-strength steel bracket that is fastened to each beam flange and bolted to the column flange 

(ANSI/AISC 358-10).  Brackets can be designed to be attached to the beam flange by welding (W-

series) or by bolting (B-series) (ANSI/AISC 358-10).  A schematic of the KBB W-series and KBB B-

series is shown in Figure 1.6a and 1.6b respectively.  The bracket size and configuration is 

proportioned to develop the probable maximum moment strength of the connected beam 

(ANSI/AISC 358-10).  The use of the bracket facilitates yielding and plastic hinge formation in the 

beam at the end of the bracket away from the column flange (Adan et al 2009, ANSI/AISC 358-10).  

Corners between the KBB and the beam flange are rounded in the W-series and flat in the B-series 
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to minimize effects of stress concentrations from sharp corners.  Kaiser bolted brackets are 

proprietary but require no licensing fees (ANSI/AISC 358-10).   

 

 

Figure 1.6: (a) Kaiser bolted bracket moment connection – W series (b) Kaiser bolted bracket 

moment connection – B series (Hamburger et al 2009) 

 

The welded unreinforced flange, welded web (WUF-W) connection is available for designers 

for use in special moment frames (ANSI/AISC 358-10).  In this connection, the beam flanges and 

beam web are CJP welded to the column flange without the use of additional reinforcment on the 

beam flanges (ANSI/AISC 358-10).  The connection uses a thick shear tab which is connected to the 

beam web through erection bolts  prior to field welding.  Similarly to other connections discussed, 

(a) (b) 
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the primary mode of ineastlic deformation is from yielding of the beam.   Since the WUF-W has no 

defined “strengthning” or “weakening” mechanisms forcing plastic hinge formation away from the 

connection region, fracture mitigation and prevention is controlled by special detailing and design 

(ANSI/AISC 358-10).  Due to the high stress and strain gradients at the beam-column connection 

detailing such as weld access hole geometry and finish, field welding spcificiations and procedures 

and weld backing and removal are crucial for optimal seimsic performance (ANSI/AISC 358-10).   

Through experimental testing and finite element simulations by NCSU researchers (Morrison, M. 

2012), the use of the thick shear tab in conjunction with supplmental fillet welds around the 

perimeter of the plate act as a quasi “strengthening” mechanicism such that inleastic behavior in the 

beam web is pushed outside the web weld region away from the column face. However yielding of 

the beam flange is still dominant adajacent to the column flange, and thus no formal classification of 

a connection with a “strengthening” mechanism is defined by ASIC 358 (ANSI/AISC 358-10).   Figure 

1.7 shows a typical WUF-W special moment frame connection.  It is of note that the shear tab is on 

the opposite side of the beam web in Figure 1.7 
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Figure 1.7: Welded unreinforced flange- welded web (Hamburger et al 2009)  

 

A variety of proprietary prequalified moment frame connections such as the Side Plate Sure 

FrameTM and the SSDA Slotted WebTM are also available to structural engineers.  Typically the 

proprietary connections require a licensing fee, however this may be offset by relaxed requirements 

in fabrication (Cordova et al 2011).  Proprietary connections require the connection design to be 

delegated from the structural engineer of record to a third-party engineer; however, this may be a 

viable option depending on the scope of the structural design.  In addition, an engineer can choose 

to experimentally test prototype connections for project specific use (Hamburger et al 2009).  
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Connections designed for project specific use require that a limited number of full-scale specimens, 

(representing the connections to be used in the structure), are constructed and tested in accordance 

with a load protocol prescribed in Chapter K of the AISC Seismic Provisions.   However, recognizing 

the associated cost and time to perform such tasks, connections for project specific cases are rarely 

used (Hamburger et al 2009).   
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Motivation for a new special moment frame connection: 

 The main objective of the research project is to improve the seismic performance of special 

moment frame connections through high temperature heat treatments.  The proposed technique 

involves heat-treating sections of the beam flanges adjacent to the beam to column flange welds by 

exposing this region to high temperatures followed by a prescribed slow cooling rate.  A schematic 

of the proposed heat-treated connection is shown in Figure 1.8.  Such heat-treatments are referred 

to as annealing in the metallurgy industry.  With annealing heat-treatments the yield and ultimate 

strengths of the steel in the heat-treated region can be reduced in comparison with the non-heat-

treated material. The effect of annealing heat-treatments on the tensile stress vs. strain properties is 

shown in Figure 1.9. A detailed discussion of the material property response from annealing heat-

treatments is presented in Chapter 2. This reduction in strength can be designed to act as a seismic 

“fuse” under seismic events and allow for yielding initiation and plastic hinge development in that 

region.  By relocating the plastic hinge to the beam flanges away from the column face, favorable 

failure mechanisms such as beam flange yielding and buckling are more likely to develop and the 

propensity of brittle weld fractures is reduced.  Furthermore, by achieving full plastic moment 

capacity and large interstory drift angles, the connections are able to dissipate large amounts of 

energy that develop in seismic events.    
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Figure 1.8: Heat-treated beam section moment connection 

 

 

 

Figure 1.9: Stress vs. strain response of heat-treated A992 steel 
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 The heat-treated beam section (HBS) can most closely be compared to the RBS connection 

as both connections utilize “weakening” mechanisms to relocate plastic hinge formation away from 

the critical welds.  A weakening mechanism in the beam flanges essentially strengthens the 

connection sufficiently enough to protect the connection’s critical regions.  In RBS connections the 

weakening is done by removal of material of the beam flanges, while the HBS weakening is done by 

reducing the yield and ultimate strengths of the material.  Since the RBS connection requires a 

significant reduction in cross-sectional area and subsequent reduction in moment of inertia, the 

elastic stiffness of the RBS connection is reduced when compared to the elastic stiffness of a 

connection using the gross cross-sectional area.    For RBS connections with a typical 50% flange 

reduction, the increase in interstory drift varied from 6-8% (Kim and Engelhardt 2007).  Similarly, a 

40% flange reduction, the increase in maximum interstory drift is 4.5-6% (Kim and Engelhardt 2007).  

To accommodate such reductions, the National Earthquake Hazards Reduction Program (NEHRP) 

recommends the use of 90% of gross beam section properties as an approximation for the RBS in 

elastic structural analysis (Hamburger et al 2009). To meet drift requirements for elastic load 

conditions such as wind, engineers may be required to increase the nominal beam size to satisfy 

code mandated elastic drift limits.  With the HBS, the moment of inertia and elastic modulus are 

unaltered and subsequently the elastic stiffness of the connection is equivalent to an unmodified 

section.   The HBS is expected to be advantageous to the RBS as it promotes the relocation of the 

plastic hinge away from the critical beam to column welds without sacrificing elastic stiffness and 

economy by not requiring an increase in beam size.  Additionally, tests on RBS connections have 

shown a greater tendency towards the earlier onset of local web buckling when compared to 

connections using the gross cross section of the beam (Jones et al 2002).  While the RBS still 
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performs satisfactory without requirements for additional lateral bracing (Jones et al 2002), the HBS 

is expected to have greater stability benefits as no material is removed from the cross section.     

Report Outline 

The primary focus of the research program was to develop the novel concept of the HBS for 

application to special moment frame connections and to present design guidelines for AISC 

prequalification.  To develop the necessary understanding of the influence of high temperature 

heat-treatments on the material behavior for full-scale implementation material level testing was 

conducted in a parametric heat treatment study to evaluate the influence of high temperature heat-

treatments on the behavior of steel.   Once an understanding of the material behavior was 

developed, heat treatments were scaled up and applied to full sized beam specimens.  An 

experimental investigation of HBS connections were conducted in two phases (Phase I and Phase II) 

with 4 full-scale beam to column subassembly experiments per phase.  An analytical investigation 

using finite element methods was conducted in parallel with the experiments and was used to help 

model, design and analyze the connections.  Results and discussion of the parametric heat-

treatment study and the full-scale experiments of Phase I and Phase II are discussed in the following 

report.   

 The following document will discuss the details of the experimental investigation of the 

heat-treated beam section.  The following report is divided into seven chapters each discussing a 

certain aspect of the experimental program.  Chapter 1 discusses the current practice of steel 

special moment frame connections and the details of the available connections for design.  The 

motivation and introduction of the novel heat-treated beam section is also discussed.  The 

development and application of heat-treatments on wide flange steel beams are presented in 
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Chapter 2.  The issues and challenges experienced with the implementation of the novel application 

of heat-treatments are also included.   Experimental investigations of the seismic performance 

enhancement technique on WUF-W connections (HBS #1, HBS #2 and HBS #3) were conducted at 

the University of Minnesota Multi-Axial Subassemblage Testing lab in Phase I of the experimental 

program and are presented in Chapter 3.  Also presented in Chapter 3 is the testing that was 

conducted on a control specimen (a WUF-W connection without heat-treatments referred to as Ctrl 

#1) for comparison with connections modified by heat-treatments.  The remaining full-scale 

experiments were tested in Phase II of the experimental program at North Carolina State University 

Constructed Facilities Lab.  Chapter 4 discusses the seismic performance of the HBS #4 connection, a 

modified extended endplate connection with the heat-treated beam section. Chapter 5 presents the 

experimental investigation of HBS #5, a connection detailed to match closely with RBS moment 

connections.  Chapter 6 discusses the design of the remaining two connections to be evaluated in 

Phase II of the experimental program.  At the time of writing of this thesis, the connections have not 

been experimentally evaluated.  The remaining chapter, Chapter 7, will discuss the conclusions and 

final remarks on the performance of connections modified by heat-treated beam sections.   
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Chapter 2 Heat-Treatment Development 

Parametric Heat-Treatment Studies: 

 The main objective of the research project is to improve the seismic performance of steel 

special moment frame connections through high temperature heat treatments.  With the proposed 

idea, a region of weakened steel can be isolated at specific locations in the beam flange to promote 

plastic hinge formation for improved ductile behavior under cyclic loading events.  The relocation of 

the plastic hinge away from the critical beam to column welds is essential for reliable and optimal 

performance of the connection.   By using heat-treatment methods for plastic hinge relocation, as 

opposed to reducing the cross sectional area, favorable failure mechanisms can develop without 

sacrificing elastic stiffness and subsequently the economy of the connection.  By reducing the yield 

and ultimate tensile strength of the material, flexural yielding and buckling can be concentrated in 

the beam flanges away from the welds and can reduce the propensity of undesirable brittle 

fractures at the beam to column welds.   

Before heat-treatments could be applied to full-scale specimens, an investigation had to be 

conducted into developing an understanding of the material behavior of the steel after being 

exposed to various heat-treatments.  The influence of heat-treatments on ASTM A992 steel, the 

main steel specification for rolled wide flange shapes for building frames (Brockenbrough 1999), was 

the focus of this investigation.  ASTM specifications require that A992 steel has a yield stress 

between 50 ksi and 65 ksi, a minimum tensile strength of 65 ksi and a maximum ratio of yield to 

tensile strength of 0.85.  The strict tolerances for A992 steel are ideal for capacity based seismic 

design as the material strengths can be accurately predicted.   Additional requirements by ASTM for 
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A992 steel include tensile properties with a minimum elongation in 8 inch and 2 inch tensile 

specimens of 18 and 21% respectively.   

 Additionally A992 has chemical requirements to ensure consistency in mechanical behavior.  

Table 2.1 shows the chemical requirements for A992 steel.  Furthermore, ASTM requires that A992 

must meet maximum permissible carbon equivalent values of 0.47% with flange thickness over 2 

inches and 0.45% in other shapes.  Carbon equivalents are calculated by Equation 2.1, where CE is 

the Carbon equivalent, C is Carbon, Mn is Manganese, Cr is Chromum, Mo is Molybdenum, V is 

Vanadium, Ni is Nickel and Cu is Copper. 

      
  

 
  

         

 
  

       

  
                                     Equation 2.1 

Limiting values for carbon equivalents were useful for determining appropriate heat-

treatments as this classifies A992 steel as hypoeutectic steel, or steels in which the carbon 

composition is less than 0.77% (Ericsson 1991).  A992 steels are manufactured by hot rolling 

processes and are thus classified as a high-strength low-alloy steel (Brockenbrough 1999). 
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Table 2.1: Chemical requirements for ASTM A992 steel 

Element Composition, % 

Carbon, max 0.23 

Manganese 0.5 to 1.60 

Silicon, max 0.4 

Vanadium, max 0.15 

Columbium, max 0.05 

Phosphorus, max 0.035 

Sulfur, max 0.045 

Copper, max 0.6 

Nickel, max 0.45 

Chromium, max 0.35 

Molybdenum, max 0.15 

 
 
 

 
 

 

          An investigation for understanding the influence of various heat-treatments on the mechanical 

behavior of steel requires an examination of the metallurgical fundamental principles.   The iron-

carbon phase diagram, shown in Figure 2.1, provides a temperature-composition map of where the 

two phases, austenite and ferrite, will occur (Verhoeven 2007).  Like other hypoeutectoid steels, the 

mechanical properties such as hardness, toughness and yield and ultimate tensile strength are 

dependent on the microstructure (Verhoeven 2007).  To accomplish the required reduction in yield 

and ultimate tensile strength a metallurgical process known as annealing was investigated (Bramfitt 

1991).    Annealing heat-treatments require the material to be heated above the A3 line in the iron-

carbon phase diagram (Figure 2.1) to induce complete austenite formation and then require slow 

cooling to ensure that coarse-grained equiaxed ferrite and pearlite will form (Krauss 2005).    

Most metals have poly-crystalline type structures such that the atoms are arranged in 

periodic but regular arrays but may be oriented in different directions as shown in Figure 2.2 
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(Callister W.D. 2001).  The formation of a coarse grain structure will reduce the amount of grain 

boundaries which act as pinning points impeding dislocation propagation (Callister W.D. 2001).   

Since the lattice structures of adjacent grains differ in orientation, it requires more energy for a 

dislocation to change directions and move into the adjacent grain (Callister W.D. 2001).  The grain 

boundary also consists of much more disorder than inside the grain, which also prevents the 

dislocations from moving in a continuous slip plane (Callister W.D. 2001).  Impeding the dislocation 

movement will hinder the onset of inelasticity and thus increase the material yield strength (Callister 

W.D. 2001).   This process is commonly referred to as grain boundary strengthening (Callister W.D. 

2001).   

For our application, we intend to create the opposite effect, where the material strength is 

reduced by increasing the grain size and reducing the amount of grain boundaries.  Furthermore, 

relationship such as the Hall-Petch relationship, shown in Equation 2.2,  show the relationship 

between yield stress and grain size, and are used to accurately predict the yield stress for an average 

grain size calculated from a given micrograph (Callister W.D. 2001).   

       
  

  
                                                     Equation 2.2 

In the Hall-Petch expression σy is the yield stress, σo is a material constant for the starting stress for 

dislocation movement, ky is a strengthening coefficient (unique to each material) and d is the 

average grain size diameter.   
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Figure 2.1: Iron-Carbon phase diagram (Bramfitt 1991)  

 

 
(a)                                                                                (b) 

Figure 2.2: (a) Polycrystalline grain structure, (b) Highlighted grain boundaries (Callister W.D. 

2001) 
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 To analyze the effect of heat-treatments on A992 steel, a series of heat-treatments were 

conducted to evaluate the influence of various heat-treatment parameters such as heating rate, 

hold temperature, hold duration and cooling rate on the mechanical behavior.  Uniaxial tensile 

coupons were extracted from different A992 beam flanges and tested in uniaxial tension tests.  It is 

of note that the heat treated coupon lengths deviated slightly from that specified in ASTM A6 to fit 

in the furnace.  A photograph of the high temperature electric furnace used for the heat-treatments 

is shown in Figure 2.3.  Coupons were machined in dog-bone shapes, heat-treated and cooled to 

room temperature prior to testing.   

A representative temperature profile of a typical heat-treatment is shown in Figure 2.4.  

Coupons that were heat-treated were observed to form a significant amount of iron-oxide scaling.  

The iron-oxide scale formed on the exterior surfaces of the coupons and was measured with 

thicknesses exceeding 1/16th of an inch.  To accurately measure the cross-sectional area to be used 

in computation of stresses, the iron-oxide scale was removed by a hammer and chisel. Special 

precaution was taken to prevent permanent deformations on the surface caused by excessive 

hammering.  Once the iron-oxide scaling was removed, cross sectional areas were calculated by 

multiplying the average of three measurements of the thickness and width of the reduced section.  

Testing was conducted under displacement controlled loading per ASTM recommendations for 

mechanical testing of tensile coupons.  
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Figure 2.3: High temperature electric furnace 

 

 

 

Figure 2.4: Typical temperature profile 
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The following nomenclature will be used to describe key parameters of the heat treatments: 

C1 is the peak temperature, T1 is the hold time at peak temperature, R1 is the programmed cooling 

rate and C2 is the temperature at which specimens are allowed to air cool to room temperature.  

Heating rate is not reported as it was found that varying the heating rate had little influence on 

specimen tensile properties.  It is of note that due to limitations in the furnace heating rate 

capability, the heat rates of all specimens were kept below 11°C/min.  It is believed that this heating 

rate was sufficiently slow to ensure uniform temperature distribution through the thickness and to 

not alter material response.  Temperature profiles were recorded with MadgeTech 2.05 software 

using a type K thermocouple mounted in the furnace.  A total of 76 uniaxial tensile tests were 

conducted to evaluate the stress strain response of A992 steel with different applied heat-

treatments.  Appendix A shows the critical test data of the study such as the heat-treatment 

parameters and material yield and ultimate tensile stress data.  It is of note that the yield stresses 

were calculated using the measured elastic modulus and the 0.2% percent offset method. 

           The findings of the parametric heat-treatment study were useful in understanding the 

influence of key parameters in the materials uniaxial stress vs. strain response.  The parameters that 

were observed with the highest influence on material response were the peak temperature (C1) and 

cooling rate (R1).  The influence of varying peak temperature for a given cooling rate of 6°C/min and 

0.33°C/min (with everything else, such as hold time, cooling rate and temperature at which air 

cooling was allowed to begin, remaining the same) are shown in Figure 2.5 and Figure 2.6 

respectively.  As shown, a significant reduction in yield strength of approximately 25% between 

virgin coupons (non-heat-treated) and coupons heat treated at a peak temperature of 1050 °C with 

a cooling rate of 6.0°C/min is observed. Likewise, approximately a 35% reduction in yield strength 
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was observed between virgin coupons and coupons heat treated at a peak temperature of 1050 °C 

with a cooling rate of 0.33°C/min. Approximately a 40% reduction in yield strength was found with a 

specimen that was heat-treated to 1200 °C and cooled at a rate 0.33 °C/min.  For most cases, the 

reductions in ultimate tensile strength were not as high as reductions in yield stress; however the 

reductions in ultimate tensile strength were typically greater than 20%.  Percentage elongation at 

fracture in the discussed specimens is found not be to be influenced significantly by the heat-

treatments.   

 

 

             

Figure 2.5: Peak temperature influence at 6.0 °C/min cooling rate 
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Figure 2.6: Peak temperature influence at 0.33 °C/min cooling rate 

 

 Similarly the influence of cooling rate (R1) was observed to have significant contribution to 

the material tensile behavior.  As shown in Figure 2.7, by decreasing the cooling rate the material 

response will show significant reductions in yield and ultimate tensile strengths of the material.  

Slow cooling from 1200 °C to 500 °C at a rate of 0.33 °C/min will have an approximate reduction in 

yield strength of 40%.  While cooling at a rate of 0.33 °C/min from 1200 °C to 500 °C takes a 

significant amount of time (35 hours), it encourages the maximization of a coarse grain structure 

essential for weakening of the material strength.   
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Figure 2.7: Influence of cooling rate from 1200 °C to 500 °C 

 

To further investigate the reliability of the heat-treatment methodology additional heat 

treatments and testing of coupons were conducted.   In order to improve connection performance 

by plastic hinge relocation, the best case scenario of material property response was to reduce the 

yield and ultimate tensile strengths as much as practically possible.  Since the coarseness of the final 

grain structure is dependent on initial grain size, heat-treatment cycles were conducted on a sample 

coupon to see if additional coarsening and further strength reductions could be achieved.  Figure 2.8 

shows the uniaxial stress vs. strain response of a coupon that was annealed once and another that 

was annealed for a total of five times.  As shown in Figure 2.8, the ultimate tensile stress by cycling 

annealing heat treatments five times is relaxed by approximately 10%; however the change in yield 
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stress is insignificant.  As such conclusions were made that only one heat-treatment cycle was 

needed to sufficiently coarsen the grain structure. 

 

 
 

Figure 2.8: Effects of multiple heat-treatment cycles in stress vs. strain response when cooled from 

1050 °C to 500 °C at 0.33 °C/min  
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An additional investigation was conducted to determine the repair-ability of flawed heat-

treatments on A992 steels.  Questions on repair-ability were a common concern when the HBS 

concept was discussed with various heat-treaters, fabricators, and researchers in steel special 

moment frames.  To address such questions, two coupons were rapidly quenched in a bucket of cool 

water to represent the worst case scenario in regards to weakening the material property response.  

Quenching is commonly used in the metallurgy industry to increase strength and hardness of the 

material (Verhoeven 2007).  By quenching the coupon at 1200 °C, the rapid cooling rate prevents 

coarsening of grain structures and results in a very fine grained and strong material (Brockenbrough 

1999).  One of the quenched coupons was then subjected to an annealing heat-treatment in an 

attempt to still achieve a weakened response despite a prior quenched state. The annealing heat-

treatment consisted of a C1 = 1050 °C, T1 = 15 minutes, R1 = 0.33 °C/min. and C2 = 500 °C.    A 

comparison of the quenched, quenched and annealed and virgin uniaxial tensile response is shown 

in Figure 2.9.  From the stress vs. strain data, concerns regarding the repair-ability can be relaxed as 

the aforementioned annealing heat-treatment can adequately soften the material response of 

previously quenched specimens.   This information is useful if something should happen during full-

scale heat treatments such as power outage or equipment malfunction that could cause deviation 

between the actual properties and the desired material properties.  With this information, we can 

simply re-apply the designed annealing heat-treatment to achieve the desired yield and ultimate 

tensile strength.    
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Figure 2.9:  Effect of quenching and repair by annealing on tensile performance 

 

 

 

To better represent a more realistic loading condition experienced in seismic events, cyclic 

testing was also conducted to compare the response between heat-treated and non-heat-treated 

A992 steel.  Heat-treatments for cyclic testing were done on steel blanks cut from beam flanges and 

heat-treated prior to machining.  Tubular specimens were then tested in strain controlled uniaxial 

tests.  The strain loading rate was set to match the quasi-static strain rates observed in the full-scale 

experiments.  Figure 2.10 shows a comparison of a strain controlled cyclic tests with the first cycle at 

0.5%, 1.0%, 1.5% and 2.0% strain presented.  It is of note that at each strain level, the material was 

cycled until stabilization (no cyclic hardening or softening observation in the peaks) before 

proceeding to the next strain increment.   As seen, some cyclic hardening was observed with 

increasing cycles.  At 0.5% strain, approximately a 20% reduction of stress at the peaks was 
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detected, while after numerous cycles the softening decreased to approximately 10% at 2.0% strain 

amplitude.  While the increased cyclic hardening of the heat-treated material is of concern, it is 

demonstrated by beam to column connection tests that the reductions in yield strength are still 

sufficient for plastic hinge relocations in special moment frame connections.   

 

 

Figure 2.10: Cyclic stress vs. strain data for A992 heated to 1050 °C and cooled to room 

temperature 
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Phase I Heat-Treatments: 

From the investigation conducted in the parametric heat-treatment study a temperature 

profile was set to obtain an optimized stress vs. strain response for use in full-scale connections.     

The temperature profile was selected in consideration of economy such that heat-treatment time 

was minimized as far as practical, but still with enough material softening response to relocate the 

plastic hinge away from the critical beam to column welds.  To ensure plastic hinge relocation, 

advanced finite element simulations were conducted by PhD student Machel Morrison to determine 

the material requirements in the HBS region.  Once the minimum yield stress was determine, the 

quickest temperature profile that produced the desired results was selected for Phase I full-scale 

heat-treatments.  The temperature profile for Phase I is shown in Figure 2.11.  The key parameters 

are C1 is 1050 °C, T1 is 45 minutes, R1 is 6.0 °C/min and C2 is 700 °C.  The expected yield and 

ultimate strength from this heat-treatment is 43 ksi and 63 ksi respectively.   

 

 
 

Figure 2.11: Phase I temperature profile 
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 Prior to field welding but after fabrication, the HBS beam specimens were sent to 

Ameritherm Inc. where a full-scale heat-treatment system was developed in collaboration with 

heat-treatment engineers.  An electric induction system was developed for the application due to 

the ability to isolate heat-treatment regions and have higher energy efficiency than furnace heat-

treatments (Hassell et al 1991).  Induction heating utilizes alternating magnetic fields to create an 

electric voltage which creates eddy-currents that dissipate energy and produce heat by flowing 

against the resistant of an imperfect conductor such as a steel beam (Hassell et al 1991).  A flat, 

pancake-type induction coil was developed with rectangular dimensions of 25” x 10 – 1/2” to match 

the HBS dimensions (Figure 2.12).   A single 1/2” layer of high temperature ceramic fiber insulation 

was wrapped and clamped around the HBS region.  Copper cooling pads circulated with room-

temperature water were placed on both sides of the beam web under the HBS region to prevent 

heat transfer down the beam web.  Copper cooling pads were also placed on the edges of the beam 

flange outside the HBS region but were found not needed as it created a heat-sink mechanism that 

rapidly drew heat away from the HBS region.  Temperatures inside the HBS region were monitored 

with two surface probe type-K thermocouples, one thermocouple used as the controller and one as 

a temperature monitor. Temperatures outside the HBS region were monitored with non-contact 

infrared thermometers.  The induction heat treatment was set to follow the temperature profile 

calibrated by furnace treatments at NCSU (Figure 2.11) to obtain desired material properties.  The 

expected material properties in the middle of the HBS region were 42 ksi yield strength and 63 ksi 

ultimate tensile strength.  Temperatures outside the HBS region were kept below 500°C to prevent 

modifications of material properties in the unintended regions. 
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Figure 2.12: Pancake-type induction coil manufactured by Ameritherm Inc. 

 

 Several issues were experienced in the full-scale heat-treatments in Phase I.  Since the heat 

generation is dependent on the distance between the coils and the work piece, the coils could only 

be located within close proximity to the beam flange.  This prevented the use of multiple layers of 

insulation being wrapped around the heat-treated region between the beam flange and induction 

coils.  Insulation around the outside of the induction coil was not permitted due to the requirements 

of visibility of the induction coil set by Ameritherm engineers for damage prevention.  While the 

programmed temperature and recorded temperature had good correlation throughout the duration 

of heat-treatment, an examination by zooming into a region of the cooling rate section revealed a 

distinct difference from the programmed rate (Figure 2.13).  While the programmed cooling rate 

was set at 6.0 °C/min, the material actually experienced a cooling rate much faster than expected.  

The actual cooling rate measured from the recorded temperature feedback was approximately 10.0 
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°C/min (Figure 2.13b).  It is believed that the lack of insulation prevented the achievement of the 

necessary slow cooling rate required for adequate material weakening.  In addition, due to the heat-

loss at the ends of the heat-treated region, the end regions experienced very high temperature 

gradients that could result in non-uniform material properties.  Finally, due to application of only 

one coil on the top surface (none on the underneath side of the flange) it is believed that material 

heterogeneity can be expected in the thickness direction of the beam flange. 

 

 

(a)                                                                             (b) 

Figure 2.13: (a) Complete temperature profile (b) Zoomed in region of cooling rate 
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Given the difficulties experienced with scaling the heat-treatments up to full-scale 

applications, concerns were raised on what influence this may have on the material properties in the 

HBS region.  As such, material testing was conducted on a sample of material taken from the beam 

flange after the flange was heat-treated using the induction heat-treating system.  Figure 2.14 

shows the tensile stress vs. strain response of a coupon heat-treated by induction and compared 

with the non-heat-treated and furnace heat-treated material responses.  As shown, the heat-

treatments by induction was effective in reducing the yield strength of the material, however 

significant strain hardening begins immediately after the onset of inelasticity.  At a particular strain, 

the induction heat-treated material will actually experience higher stress levels then the non-heat-

treated material.  With such a material property response, it is observed through connection testing 

that while yielding initiated in the HBS, eventually inelastic deformation gradually propagated 

towards the beam to column flange welds.  The induction stress vs. strain behavior deviated 

significantly from the ideal furnace heat-treated behavior assumed in the design.  While this 

material response was less than ideal, due to limitations in budget and conflicts with Minnesota lab 

scheduling, the specimens of Phase I were heat-treated by the induction process.   
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Figure 2.14: Stress vs. strain comparison of induction heat-treatment method 

 

 

 

 To confirm the issues with the heat-treatment are related to the cooling rate, additional 

material testing was conducted to compare a furnace heat-treatment with an air-cooled cooling rate 

to the induction heat-treated material.  To accomplish a furnace heat-treatment with air cooling, a 

specimen was heat-treated and removed at elevated temperatures from the furnace to cool to 

ambient temperature in an open air environment.  The material response is compared with the 

induction material response in Figure 2.15.  As seen, the yield and ultimate tensile strengths of the 

material are very similar.  These findings indicated that the limited insulation that was provided with 

the induction setup prohibited the ideal material property response that was desired.   
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Figure 2.15: Stress vs. strain comparison of furnace-air cooled and induction heat treatment 
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Phase II Heat-Treatments: 

Given the difficulties experienced with the induction heat-treatments of Phase I, new heat-

treatment systems for Phase II were explored.  The ideal application is one in which parameters 

developed from the parametric heat-treatment study can most easily be achieved in full-scale heat-

treatments.  The technique using resistance heating pads demonstrated great potential for full-scale 

application.  The resistance heating pads, commonly referred to as weld blankets or ceramic mat 

heaters, utilize a resistance wire that is threaded through ceramic beads and linked together.    See 

Figure 2.16 for a photograph of the aforementioned resistance heating pads.  Typical applications 

for resistance heating pads are for pre and post weld heat-treatments and stress relieving of welds 

in the piping industry.  Resistance heating pads were particularly attractive as the pads could be 

place directly on the beam flanges and wrapped in numerous layers of insulation to create a 

localized furnace-like environment during heat-treatment.   

A partnership was formed with Furmanite of Charlotte to expand the application of 

resistance heating pads for the use in special moment frame connections.  Custom sized heating 

pads were manufactured for heat-treatment on W30 x 148 flanges.  Prior to heat-treatment of 

specimens of Phase II experiments, multiple heat-treatments were conducted on sample beam 

flanges to optimize the performance of the mechanical properties in the HBS region.  The 

parameters adjusted during the optimization process include the size and orientation of the heating 

pads, insulation arrangement and thermocouple controlling locations.  In addition, the programmed 

temperature profile was modified with a new cooling rate of 0.33 °C/min to guarantee slow enough 

cooling rates to significantly weaken the material strength.  Figure 2.17 shows the temperature 

profile used in the heat-treatments of specimens in Phase II.  While the duration of heat-treatment 
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has significantly increased, the goal of the Phase II experiments was set to prove the concept of 

improving performance of special moment frame connections with heat-treatments and as such the 

importance of the economy of the heat-treatment operation reduced.  The optimization of heat-

treatments allowed for a best-case scenario in regards to generation of a weakened material 

response in the HBS region. The improved performance of the full scale resistance heating 

application is compared to previous results in Figure 2.18.  Detailed heat-treatment procedures 

were developed and used for the heat-treatment of specimens in Phase II.  The heat-treatment 

requirements and procedures are provided in Appendix B. 

 

 
 

Figure 2.16: Resistance ceramic mat heating pads 
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Figure 2.17: Phase II temperature profile 

 

 

 

 

Figure 2.18: Improvements in full-scale heat-treatments 
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Chapter 3 Phase I Experimental Investigation 

Phase I Introduction:   

 A set of four full-scale beam to column subassembly experiments were conducted in Phase I 

of the experimental program.  In this phase of experiments, the heat-treatment techniques were 

applied to AISC prequalified welded unreinforced flange- welded web (WUF-W) specimens.   The 

first three specimens (HBS #1, HBS #2, and HBS #3) were modified by high temperature heat-

treatments on the beam flanges by the induction heat-treatment system.  The fourth specimen (Ctrl 

#1) was designed as a typical WUF-W connection without the use of the HBS.  All specimens 

consisted of a W14 x 257 column and a W30 x 148 beam of ASTM A992 steel.  Specimen lengths and 

sizes were set to match previous experiments on RBS connections (Engelhardt et al 1998).  Further 

details on the experimental investigation of Phase I will be discussed in this chapter. 
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Phase I Experimental Setup: 

 The experimental investigation of Phase I was conducted at the University of Minnesota 

Multi-Axial Subassemblage Testing (MAST) lab as a part of the Network for Earthquake Engineering 

and Simulation (NEES) program.   A beam to column subassembly was constructed and tested to 

failure in agreement with the 2010 Seismic Provisions for prequalification and cyclic qualification 

testing provisions (ANSI/AISC 341-10).  The specimens (HBS #1, HBS #2, HBS #3 and Ctrl #1) were 

tested in the beam vertical and column horizontal position to facilitate ease of testing as shown in 

Figure 3.1. 

 

 

Figure 3.1: Phase I experimental setup schematic  
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Two clevis boundary conditions were tensioned to the MAST lab strong floor and specimen 

column. Clevis boundary conditions were used to best represent point of inflections in a typical 

moment frame when subjected to lateral ground accelerations and displacements. Two 220 kip 

hydraulic actuators were tensioned to the MAST strong wall, and connected to bracket beams which 

were bolted through the specimen beam web. The specimen beam was laterally braced at a 

distance of 7 feet from the face of the column using EFCO TM erector set formwork and steel 

members.  A photograph of the Phase I experimental setup is shown in Figure 3.2 prior to testing of 

one of the specimens.  It is of note that damage was observed in the clevis boundary conditions in 

the first two experiments due to the clevis holes being enlarged and distorted by the forces 

generated during the test.  This is likely attributed to the out-of-plane forces that generate once 

beam buckling was experienced and as such supplemental column bracing was added for the 

remaining two tests to prevent further damage.  Column bracing consisted of A36 steel angles 

welded together and bolted to EFCO TM erector set formwork.  The bracing was added near the 

clevis boundary conditions and was spaced at 7 feet 6 inches apart.   It is of note that Figure 3.2 

shows the experimental setup with the supplemental column bracing used in HBS #3 and Ctrl #1.   
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Figure 3.2: Phase I experimental setup photograph 
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HBS #1, HBS #2, HBS #3 and Ctrl #1 Design: 

 HBS #1, HBS #2, HBS #3 and Ctrl #1 specimens were designed to compare the performance 

of the WUF-W connections modified by the HBS to an unmodified WUF-W connection (Ctrl #1).   As 

such, the specimens were designed in accordance with the requirements for design of WUF-W 

connections as provided by ANSI 358-05. HBS #1, HBS #2 and HBS #3 were modified with high 

temperature heat-treatments while the Ctrl #1 specimen was a typical non heat-treated WUF-W 

connection.   All specimens consisted of a W14 x 257 column and a W30 x 148 beam of ASTM A992 

steel.  The W14 x 257 columns had a 5/8” thick clipped shear tab that was ½” partial joint 

penetrated (PJP) welded to the column flange and reinforced with a ½” fillet weld.  The shear tab 

was equipped with two 13/16” erection holes that were matched with holes in the beam web.  Two 

¾” A325 erection bolts connected the shear tab and the beam web.  The beam web and flanges 

were prepared with 45° and 30° bevels respectively for CJP welds to the column flange.  A 9/16 inch 

supplemental fillet weld was placed around the perimeter of the shear tab connecting the shear tab 

and beam web.    

All specimen columns were reinforced with 1” thick continuity plates that were CJP welded 

to the column flanges and column web.  A doubler plate of ½” thickness was added to the column 

panel zones of HBS #1, HBS #2 and HBS #3.  Two doubler plates of ½” thickness were added to 

opposite sides of the column panel zone of Ctrl #1 due to the higher flange forces associated with 

the specimen that did not use heat-treatments to reduce the strength of the steel.  A figure showing 

the connection details of HBS #1, HBS #2 and HBS #3 is shown in Figure 3.3. The connection detail 

for Ctrl #1 is the exact same as Figure 3.3 with the exception of an additional ½” doubler plate 

located on the opposite side of the column web. The doubler plates were back-beveled and offset 
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from the column web to reduce the amount of welding required in the panel zone.  A schematic 

showing the doubler plate panel zone details is shown in Figure 3.4. 

 

 

Figure 3.3: Phase I connection details 
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Figure 3.4: Phase I doubler plate details 

 

Phase I Construction: 

 HBS #1, HBS #2, HBS #3 and Ctrl #1 beams and columns were fabricated by Lejune Steel 

Company in Minneapolis, Minnesota.  The heat-treatments were conducted by Ameritherm Inc. in 

Scottsville, New York.  An induction heat-treatment system was used for HBS #1, HBS #2 and HBS #3.   

A photograph of the induction system used is shown in Figure 3.5.  A type K probe thermocouple 

was used on the top portion of the beam flange to control temperature and power supply to the 

system.  As mentioned in Chapter 2, a 25” x 10 ½” pancake induction coil was used.  Copper cooling 

pads circulated with cool water were used in the beam web to prevent heat-transfer away from the 

HBS region.  In addition, a single layer of insulation was placed between the induction coils and the 

beam flanges and was used to prevent heat loss from the HBS region.  Masonry blocks were used to 

weigh down the induction coils since the coils tended to “kick up” away from the beam flange when 

current was supplied.  More information on the Phase I heat-treatments can be found in Chapter 2.   
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Figure 3.5: Phase I heat-treatment setup 

 

In addition to the difficulties discussed in Chapter 2 regarding the full-scale heat-treatments 

with the induction system, another issue was observed with the beams that were used in the Phase I 

experiments.  Due to variability in the wide flange manufacturing rolling process, the W30x148 

beam flange thickness differed by approximately 20% on opposite sides of the beam web.  The 

nominal flange thickness of W30x148 beam is 1-3/16” (AISC 2005), however the actual measured 

flange thickness of the specimen beam varied between 1-1/8” and less than 1”.  While ASTM has no 

limit on the tolerances for flange thicknesses, the thickness difference caused issues with heat-

treatment and construction.  A photograph of the thickness difference of the bottom flange is 

shown in Figure 3.6.  Since the magnetic field generated by the induction coils is dependent on the 
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distance between the work piece (beam flange) and the coils, the difference between flange 

thicknesses of either side of the web resulted in increased non-uniformity in the temperature 

distribution.    

 

 

Figure 3.6: Flange thickness difference of Phase I beams 

 

After the heat treatments, the specimens were field welded at the MAST Lab by Danny’s 

Construction.  The welder was selected due to his experience of successful welding of steel special 

moment frame connections for various research projects at the MAST Lab.  In addition, the welder 

was required to, and successfully completed, the requirements of AWS D1.1-10 and AWS D1.8-09 

Chapter 5 (including supplemental welder qualification testing) for assurance on quality of welding 

prior to welding HBS #1, HBS #2, HBS #3 and Ctrl #1. To represent field welding conditions, the 

column was oriented vertically and the beam was cantilevered off horizontally.  All CJP field welds 

were made with E71T-8 shelf-shielded flux-cored electrode with 0.072” diameter electrode wire.  
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The E71T-8 electrode wire produces weld metal with high toughness that meets Charpy V-notch 

(CVN) toughness requirements of 40 ft·lbf @70°F (AWS D1.8). Top and bottom CJP weld passes were 

alternated between each pass to reduce distortion. Also, the location of weld starts and 

terminations for the bottom flange CJP weld were alternated for each pass to avoid the possible 

accumulation of flaws at one location within the width of the beam flanges. 

  Upon completion of beam flange to column flange CJP welds, the beam webs were 

attached to the column flange by a 1/4”root CJP vertical weld and a 9/16” fillet weld was placed 

around the perimeter of the shear tab to complete the web attachment. The fillet welds on the 

perimeter of the shear tab were terminated ½” away from the weld access hole.  Removal of the 

beam flange to column flange CJP weld runoff tabs were done with an arc-gouging procedure and 

ground smooth to prevent notch effects.  The top flange back up bar was left in place and was 

reinforced with a 5/16” overhead fillet weld on the column side.  The backer bar and root in the 

bottom flange CJP weld was removed by arc-gouging and was re-welded and reinforced with a 5/16” 

overhead fillet weld.   All CJP welds were ultrasonically (UT) tested by a certified inspector in 

conformance with AWS D1.1-2010 (AWS, 2010) for cyclically loaded joints.  An additional weld pass 

on the thicker side of the bottom beam flange was required to complete the CJP welds.  The 

detailed welding procedures used in Phase I experiments are shown in Appendix C.   

 Two issues were observed in the field welding operations of the Phase I construction.  In the 

field welding of HBS #1, the welder was permitted to deviate from the weld procedures in Appendix 

C by welding the vertical CJP welds between the beam web and column flange prior to the CJP beam 

flange to column flange welds.  The Phase I field erection setup used only a simply supported 

boundary condition at the beam tip and this provided little resistance to the out-of-plane 
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movement.  As such, the vertical CJP welds, upon solidification, distorted the beam by forcing a 

rotation action of the beam web and resulted in an out-of-plane displacement of 4 inches at the 

beam tip.  This caused issues with alignment and connection of the hydraulic actuators but was 

remedied by the fabricating angled shim plates to rotate the specimen back to where the beam was 

in the vertical orientation.  

Care was taken in HBS #2, HBS #3 and Ctrl #1 to follow the welding procedures in Appendix 

C more closely to limit distortion during welding. The other issue experienced in the field welding 

was a mistake in the welding of HBS #3.  The error consisted of a fillet weld placed between the 

back-up bar and the underside of the beam top flange.  This fusion of the beam flange to the back-

up bar creates a small region where additional traverse restraints are imposed on the beam flange 

(Engelhardt 2011). This restraint acts as a local stress riser and as a result may lead to fracture 

without an appreciable amount of inelastic deformation (Engelhardt 2011).  As such, the welding 

error was a large concern and was removed by carbon arc gouging methods prior to testing.  

However, to prevent significant damage to the beam flange from the gouging process, a small region 

of fusion remained between the beam flange and backup bar. 
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Phase I Instrumentation: 

 HBS #1, HBS #2, HBS #3 and Ctrl #1 were equipped with various sensors to monitor 

specimen performance throughout the duration of the test.  Calibrated load cells and displacement 

transducers were used to record force and displacement respectively from the hydraulic actuators.  

Additional string potentiometers located at the application of loading verified the displacement 

measurements.  Three additional string potentiometers were spaced along the length of the beam 

to monitor displacements at various locations from the column face.  Another set of four string 

potentiometers were located on the back-side of the column flange to capture column and panel 

zone shear rotations during testing.  The beam flanges and web were equipped with uniaxial strain 

gauges to record strains in the connection region.  Areas of particular interest included the heat-

treated regions of HBS #1, HBS #2, HBS #3, and the weld toe region.  Two linear variable differential 

transformers (LVDTs) were placed diagonally in the panel zone on each side of the column web and 

were used to calculate rotations in the panel zone.  A Krypton LED system was used with 100 

displacement markers placed around the connection and HBS region to record displacements and 

calculate strains of the specimen.  The LED system recorded data at 10 hertz while all other 

instrumentation recorded at 1 hertz.  In addition the connection was painted with a hydraulic lime 

and water mix, commonly referred to as “whitewash”, to visually indicate locations of inelasticity.  

Additionally, LVDTs, string potentiometers and strain gauges were placed on and around the test 

setup to monitor slip, out-of-plane displacements and lateral forces.   Details of the 

instrumentations plans are shown in Figure 3.7a and Figure 3.7b.  For clarity, the instrumentation 

used on and around the test setup to monitor potential damage is not included.   
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Figure 3.7: (a) Phase I instrumentation elevation (b) Phase I beam flange strain gauges 

(a) 

(b) 
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Load Protocol: 

  All specimens were tested with a displacement-based loading protocol developed for 

seismic performance evaluation (SAC/BD-97/02).  The displacement based time history was based 

on the SAC Test Protocol and consisted of imposing a series of prescribed quasi-static cyclic 

displacements to the end of the beam (SAC/BD-97/02).  The prescribed displacements included six 

cycles of 0.375, 0.5 and 0.75% interstory drift, followed by four cycles of 1.0% interstory drift and 

two cycles each of 1.5, 2, 3, 4, 5, 6%  and so forth interstory drift (SAC/BD-97/02).  A diagram of the 

loading protocol is shown in Figure 3.8.  The loading protocol was developed to set a standardized 

load protocol for evaluation of each connection for direct comparison and assessment.   

 

  

Figure 3.8: Artificial displacement based loading protocol  
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Phase I Global Responses: 

 HBS #1, HBS #2, HBS #3 and Ctrl #1 were tested on September 26th 2011, October 18th 2011, 

November 1st 2011 and November 10th 2011 respectively.  All connections were tested in 

accordance with the aforementioned loading protocol.  Moment vs. total rotation plots are shown 

for HBS #1, HBS #2, HBS #3 and Ctrl #1 in Figure 3.9, Figure 3.10, Figure 3.11 and Figure 3.12 

respectively.  Moments were calculated by multiplying the applied force by the distance from the 

center of applied load to the centerline of the column (142.2 in).  The total rotation was calculated 

as the displacement at the tip of the beam divided by the length of the beam from the applied load 

to the centerline of the column (142.2 in).  In HBS #1, HBS #3 and Ctrl #1 the specimens were able to 

achieve interstory drift rotations greater than 6.0% in one direction while terminating at 4.0% and 

5.0% interstory drift in the other direction. The direction with greater performance was found with 

the top flange in compression.  While the moment vs. total rotation plots indicates unsymmetrical 

connection performance, the behavior is believed to be indicative of the test setup conditions and 

not asymmetrical performance of the connection.  Due to stability issues of the test setup, the HBS 

#1, HBS #3 and Ctrl #1 connections were only evaluated up to 4.0% and 5.0% in one direction 

despite showing promise of ability to exceed the evaluated interstory drifts.    HBS #2 was tested to 

4.0% interstory in both directions prior to termination of the test from observed damage in the 

experimental setup.   
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Figure 3.9: HBS #1 moment vs. total rotation 

 

 

 

Figure 3.10: HBS #2 moment vs. total rotation 
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Figure 3.11: HBS #3 moment vs. total rotation 

 

 

 

Figure 3.12: Ctrl #1 moment vs. total rotation 
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 While the heat-treated connections (HBS #1, HBS #2, and HBS #3) performed well, the 

performance of the WUF-W connection (Ctrl #1) without heat-treatments was superior with respect 

to energy dissipation under seismic events.  Ductile behavior in the form of beam flange yielding, 

beam web yielding, and buckling were experienced in all of the connections prior to test termination 

or failure.   A particular interest was evaluated on the effectiveness of heat-treatments on reducing 

the moments developed at the connection.   The peak moment envelopes of all of the connections 

evaluated are plotted and compared in Figure 3.13.  Figure 3.13 shows the response of peak 

moments in one direction of loading (top flange in compression) as the connections were able to be 

evaluated at interstory drifts greater than 4.0%.  As seen, the heat-treatments in HBS #1, HBS #2 and 

HBS #3 were effective in reducing the applied moments at the connection.   

 

 

Figure 3.13: Peak moment vs. total rotation of connections in phase I 
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Phase I Local Responses: 

Initiation of yielding, observed from the flaking of whitewash, occurred during the first cycle 

of loading at 1% interstory drift for test specimens HBS #1, HBS #2 and HBS #3. Yielding was 

primarily observed on the beam flanges in the heat treated regions, the panel zone and to a lesser 

extent the beam web.  As loading progressed to higher interstory drift amplitudes yielding, indicated 

by whitewash flaking, progressed throughout the beam flanges outside of the heat-treated regions 

towards the beam to column flange welds.  Nonetheless, the majority of the inelasticity was 

concentrated in the heat-treated region.  Slight lateral buckling followed by local flange and web 

buckling in the heat-treated region initiated during the first cycle at 4.0% drift was observed. 

Yielding, indicated by whitewash flaking, was found in the panel zone region but only on the side of 

the connection opposite of the doubler plate.  The side of the panel zone with the doubler plate had 

no indication of yielding by the whitewash flaking. The out-of-plane displacements associated with 

the observed buckling was a concern as lateral forces as high as 50 kips developed on the lateral 

bracing.  As such, HBS #1 and HBS #2 were terminated prior to specimen failure to limit damage to 

the experimental setup.  Photographs showing the damaged state of HBS #1 and HBS #2 near the 

end of the tests are shown in Figure 3.14a and Figure 3.14b.  Nonetheless, damage of the 

experimental setup was still detected at the clevis support conditions.  Due to the lateral forces that 

developed once buckling was experienced, the bearing stress that developed on the clevis holes 

around the pin supports exceeded the yield stress and the clevis holes opened up during the tests.  

This resulted in increases in lateral forces due to the rocking of the clevis supports during the test.   

The damage of the experimental setup at the clevis supports led to rigid body rotation of the column 

in HBS #1 and HBS #2 during loading cycles at interstory drift angle of 4.0% or higher.  Therefore HBS 
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#1 and HBS #2 were only loaded to 4.0% in one direction to prevent further damage and instability 

in the test setup.  To prevent additional damage and to effectively test the performance of HBS #3 

and Ctrl #1 supplemental lateral bracing was added to the column near the clevis supports. 

 

      

(a)                                                                                          (b) 

Figure 3.14: (a) HBS #1 at 5.0% drift upon completion of testing (b) HBS #2 at 4.0% drift upon 

completion of testing 
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 With the supplemental bracing added at the clevis supports the experiments of HBS #3 and 

Ctrl #1 were conducted.  With the additional supports, HBS #3 was able to be tested up until failure.  

The HBS #3 connection experienced a sudden fracture at the location of fusion between the beam 

top flange and the backup bar.  The fracture occurred at the same location as the welding error that 

was detected and attempted to be repaired.  The fracture occurred at the beveled edge of beam 

flange and resulted in a significant loss in strength.  Two photographs of the fracture are shown in 

Figure 3.15.  Additionally, small micro-tears in the beam flange were observed in the regions of large 

buckling amplitude right before the fracture at the CJP weld.  While the achievement of interstory 

drift angles greater than 4.0% is acceptable for seismic prequalification, the associated failure mode 

with the weld fracture raised concerns on the reliability of the repair method.  A photograph of the 

damaged state of the connection prior to fracture is shown in Figure 3.16.   As seen in Figure 3.16, 

the significant inelasticity and buckling concentrated in the heat-treated region was not sufficient 

enough for fracture mitigation at the weld defect.   
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(a)                                                                                    (b) 

Figure 3.15: (a) Close-up of fracture at top flange of HBS #3 (b) Plan view of top flange fracture of 

HBS #3 

 

 

 

Figure 3.16: HBS #3 at 6.0% drift prior to fracture 
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 Ctrl #1, the WUF-W specimen without heat-treatments, performed similarly to the HBS 

specimens.  Yielding was first observed at the first 1% interstory drift cycle; however the location of 

inelasticity was in closer proximity to the beam flange to column flange CJP welds. This differed from 

HBS #1, HBS #2 and HBS #3 where the location of inelasticity was primarily concentrated in the heat-

treated region.  The yielding of Ctrl #1 propagated throughout the beam flange and web with only 

slight yielding observed in the panel zone.  Yielding in the beam web formed a crisp line on the 

outside around the perimeter of the shear tab and away from the beam web to column flange CJP 

weld.  The onset and progression of local and lateral beam buckling led to progressive strength 

deterioration at loading cycles greater than 4.0% drift.  The connection was able to achieve 5.0% 

interstory drift in one direction and 6.0% interstory drift in the other direction.  Buckling of the beam 

web and flanges formed on the outside of the shear tab.  Loading was eventually discontinued due 

to damage prevention in the column lateral bracing frames.   A photograph of the damaged 

connection is shown in Figure 3.17. 
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Figure 3.17: Ctrl #1 at 5.0% prior to termination of testing 

 

 Additionally, visual inspection of the beam flanges following the testing of Ctrl #1 indicated 

the development of significant micro-tears in the location of highest buckling amplitudes.  A 

photograph showing the extent of micro-tearing is shown in Figure 3.18. These micro-tears indicate 

the severity of damage and the likelihood of ensuing beam flange rupture in this region if drift cycles 

were able to be continued.  As such, the resulting observation indicates the robustness against weld  
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fractures of the detailing and design of WUF-W connections.  Additionally, the severity of beam 

flange and web buckling were visually indicated during the test (Figure 3.17).  Amplitude and 

buckling profiles from the Krypton LED system are omitted from this thesis due to adhesive failures 

between the specimen and LED marker at locations of large buckling magnitudes.  While the LED 

sensors were still useful for the calculation of strain data, the potential of use for detailed buckling 

comparisons is diminished simply because they were unable to stay attached to the specimen during 

severe buckling events.   

 

 

 

Figure 3.18: Micro-tears in the Ctrl #1 beam flange 
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Phase I Strain Responses: 

    A particular interest of the performance of the connections tested in Phase I was the 

effectiveness of the heat-treated beam section in concentrating strain demands in the HBS region.  

The effectiveness of localizing the damage into the beam flanges in the HBS region were evaluated 

using the Krypton LED system with sensors mounted on the sides of the beam flanges.  Strain values 

were calculated using the equations shown in Equation 3.1, Equation 3.2 and Equation 3.3.  X,Y and 

Z correspond to the spatial coordinates of each sensor. 

  
         

     
                                           Equation 3.1 

               
           

           
                 Equation 3.2 

               
           

           
               Equation 3.3 

 Strain values between two Krypton LED sensors were calculated for each data point during 

the test.  Calculated strains were plotted and compared in various regions along the length of the 

beam flange to quantify the strain demands from the applied loading.  Figure 3.19a and Figure 3.19b 

shows the strain vs. drift angle response of HBS #3 and Ctrl #1 at locations at the beginning of the 

HBS and at the weld toe.  The strains at the weld toe and beginning of the HBS are measured 3” and 

8” from the column face respectively.  Figure 3.19a and Figure 3.19b only show the strains 

calculated at 4.0% and 5.0% interstory drift for clarity.  As seen in Figure 3.19a at a given drift angle 

during the test, the strain values at a distance of 7 inches from the column face are marginally 

higher in the HBS #3 specimen when compared to Ctrl #1.  Comparisons of the strains at a distance 

of 3 inches from the column face (Figure 3.19b) indicate a higher reduction in the calculated strain 
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from the Ctrl #1 to HBS #3.  These results indicate the influence of the heat-treated region was 

effective in reducing strain demand at the critical beam flange to column flange CJP welds.   

 

 

 

 

Figure 3.19: (a) Strain vs. rotation at beginning of HBS region (b) Strain vs. rotation at weld toe 

(a) 

(b) 

8” from column face 

3” from column face 
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Phase I Discussion: 

 The experimental results of Phase I indicate the less than ideal performance of the heat-

treated specimens.   A number of issues were experienced with the full-scale applications of heat-

treatment techniques and the experimental setup and as such prohibited an exhaustive evaluation 

of the potential enhancements by heat-treatments of seismic performance of steel special moment 

frame connections.  Issues such as the difficulties with the induction heat-treatment system and 

experimental setup must be improved upon for Phase II, however useful information can still be 

evaluated for a better understanding of the seismic performance.  

 An understanding of the performance of the Ctrl #1 specimen provided useful information 

to further validate the seismic performance of WUF-W connections.  As shown in the experimental 

investigation of Phase I, WUF-W connections can be considered robust for seismic performance.  

The contributions of Ctrl #1 further proved that the performance of WUF-W connections can meet 

and exceed the performance requirements set for acceptance by ANSI/AISC 358-10.  The 

performance of Ctrl #1 indicated that with WUF-W connections additional strengthening and 

weakening mechanisms are not required for fracture mitigation provided the necessary attention to 

detailing and workmanship is met.  It is of note that the Ctrl #1 was welded indoors in laboratory 

conditions by an experienced welder. The welding procedures in Appendix C were developed with 

quality being the most important criteria and, as such, a significant amount of time (7 hours) was 

required to complete the welding of the connection. In addition, a great amount of attention was 

given during the fabrication, welding and inspection stages of the construction to ensure the highest 

possible quality of workmanship.  Given the aggressive scheduling typically observed in the 

construction industry, it is unlikely that such attention on workmanship is given for typical WUF-W 
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connections.  However, if such workmanship criteria is met, similar to that of Ctrl #1, WUF-W 

connections can experience favorable seismic performance without the need of a formally-defined 

capacity protection mechanism such as strengthening or weakening methods.   

 An interesting finding from the evaluation of Ctrl #1 is that WUF-W connections do have a 

strengthening mechanism which is the use of a thick shear tab reinforced with supplemental fillet 

welds.  As shown in Figure 3.20, a crisp line of inelasticity, visually indicated by flaking of the 

whitewash, developed around the perimeter of the provided clipped shear tab.   Since only 

minimum amounts of white wash was lost on the shear tab or beam web directly opposite to the 

shear tab, this indicates sufficient strengthening by the shear-tab to push the inelasticity 

deformations further away from the column.  The current detailing of the shear tab for WUF-W 

connections provided by ANSI/AISC 358-10 requires a minimum thickness of the shear tab matching 

the thickness of the beam web.  In addition, the strict requirements on the weld size and length of 

the supplemental fillet weld around the perimeter of the shear tab have shown to guarantee 

sufficient strength and stiffness to relocate the majority of inelasticity away from the column into 

the beam web.  Yielding in the beam flanges initiated within close proximity of the beam flange to 

column flange CJP welds, however once large drift cycles are reached, the significant inelastic 

deformations and buckling form at sufficient distance away from the welds to reduce the propensity 

of weld fracture.  It is believed that the requirements of the shear tab are essential for optimal 

performance of WUF-W connections.   
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Figure 3.20: Inelasticity around the shear tab in Ctrl #1 

 

 The difficulty of implementation of the induction heat-treatment system for full-scale 

applications as shown by the performance of HBS #1, HBS #2 and HBS #3 was severely 

underestimated.  The amount of time and coordination required between the engineers at 

Ameritherm and researchers at NCSU was not considered, and as such the quality of the material 

property response of the heat-treatment regions for HBS #1, HBS #2 and HBS #3 was insufficient for 

good seismic performance.   Since the established heat-treatment parameters for successful plastic 

hinge relocation were developed with a furnace-like system, the full-scale induction heat-treatment 
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system should have been developed to more closely resemble a furnace environment. Since the 

material properties of the HBS region resembled the stress vs. strain curve presented in Figure 2.14 

(page 43), a deviation from the ideal behavior was observed. The measured reduction in peak 

moment capacity of the HBS connections (Figure 3.13, page 65) also shows the marginal reduction 

of strength of the material in the HBS region when compared with the Ctrl #1 specimen.  Given the 

dissimilarity between the expected material properties during the connection design and the 

measured material properties, issues with the column side design were also present.   Since the 

proportion of panel zone strength to beam strength between HBS #1, HBS #2, HBS #3 and Ctrl #1 

were all set to similar to quantities between specimens, the panel zones thickness in the HBS 

specimens was set smaller than the Ctrl #1 specimen.  Subsequently, since the HBS specimens did 

not achieve the desired reduction in material strength, the panel zones of the HBS specimens were 

under-designed compared to the Ctrl #1 specimen and experienced significantly more panel zone 

shear yielding. 

Figure 3.21 shows a comparison of panel zones of Ctrl #1 (Figure 3.21a) and HBS #3 (Figure 

3.21b) near completion of their tests.  While it is not believed that the weakened panel zone relative 

to beam strength of HBS #3 significantly degraded the connections seismic performance, the 

reliability of heat-treatments is of major concern with respect to capacity protected panel zone and 

column design.  Since the performance of special moment frame connections with significantly 

weakened panel zones are susceptible to premature brittle fracture by column flange kinking 

(Engelhardt et al 1998, Lee et al 2005), careful consideration must be taken to ensure that the 

achieved material properties closely match the ones that the connection are designed with.  The 

deviation can also void the strong column/weak beam design philosophy and can result in excessive 
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drift and p-delta effects of the structure.  Potential nondestructive testing evaluations can be 

calibrated and conducted to verify the material property response to avoid such issues and will be 

discussed further in Chapter 6.   

 

      

(a)                                                                          (b) 

Figure 3.21: (a) Panel zone of Ctrl #1 after testing (b) Panel zone of HBS #3 after testing 
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 The induction system that was developed consisted of a pancake type coil with only 

minimum amounts of supplied insulation were unsatisfactory in creating a uniform temperature 

pattern that can be programmed for the slow cooling rate necessary for annealing heat-treatments. 

From collaboration with heat-treatment engineers following Phase I, induction heat-treatment 

systems are rarely used for annealing applications and as such may not be the best heat-treatment 

system for the HBS connection application. The issue of non-uniformity was compounded by the fact 

that the rolled W30x148 cross section that was used had significant beam flange variance on 

opposite sides of the web.  To prevent the issues experienced in Phase I experiments, a more 

scientific approach for the technology development should be considered.  An advanced induction 

system that uses finite element analyses to precisely locate the induction coils from the beam 

flanges used in conjunction with a modular insulated cooling environment is available; however such 

systems may not be justified given the significant variance of material and cross section properties 

of rolled wide flange beams.  As such, an alternative heat-treatment technique as discussed in 

Chapter 2 was evaluated for the Phase II experimental investigation.   
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Chapter 4 Phase II Experimental Investigation of HBS #4 

HBS #4 Introduction: 

 The experimental investigation of the HBS #4 specimen in Phase II is discussed in detail in 

the following Chapter.  HBS #4 used an extended endplate moment connection with three 

modifications to improve to the seismic performance of the connection.  The first modification was 

to utilize the heat-treated beam section for an extended endplate connection using the Phase II 

temperature profile (Figure 2.17) and ceramic mat heaters. The use of the new temperature profile 

and ceramic mat heaters were designed to create a region of lowered strength steel adjacent to the 

critical regions of the connection.  The extended endplate to column flange bolt orientation was also 

modified to evenly distribute flange forces amongst the bolt group.  Finally, the connection was 

designed with supplemental plates added to the beam web in an attempt to delay local web 

buckling initiation.  The additions of these three techniques were implemented to see how the 

performance of extended endplate connections can be improved. The column and beam size were 

kept the same as the specimens tested in Phase I for direct comparison, however to accommodate a 

new experimental setup the column length was slightly adjusted.  The details and results on HBS #4 

are discussed in more detail in the remaining sections. 
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HBS #4 Experimental Setup-Phase II: 

Due to NEES site scheduling conflicts, Phase II experiments of the HBS project were 

conducted at the North Carolina State University Constructed Facilities Lab (CFL).  To facilitate the 

site relocation and to limit experimental setup damage observed in Phase 1 experiments, a new 

experimental setup was designed and used.  Due to the difficulty with the clevis boundary 

conditions experienced in Phase I, stiffened wide flange beams were used as supports for the 

specimen column.  While it is believed that clevis boundaries better idealize point of inflections in a 

typical frame structure subjected to seismic loads, the stiffened wide flange beams provided a much 

more secure and stable test setup.  To facilitate fixtures already present at the CFL, the experimental 

setup was rotated to the column vertical- beam horizontal position as shown in Figures 4.1 and 4.2.  

Specimen columns were bolted to the stiffened wide flange beams, which were bolted to additional 

supports and post-tensioned to the CFL strong wall.  Specimen columns were also bolted to a 

base/floor stub, which was post-tensioned to the CFL strong floor.  It is believed that the base/floor 

stub helped prevent slip between the specimen column and the stiffened wide flange beam 

boundary conditions, as well as limit lateral instability of the setup.  Specimen beams were 

cantilevered off at mid-height of the column.  An actuator was attached to the end of the specimen 

beam and attached to a steel girder above which was supported by two steel frames.  The specimen 

beam was braced laterally at 84” away from the column face to limit out-of-plane deflections due to 

buckling.   Diagonal bracing was provided to the frames to transfer forces down to the strong floor 

and prevent damage to the frames.  All of these details are shown in the sketch and photograph of 

the experimental setup in Figures 4.1 and 4.2. 
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Figure 4.1: Phase II experimental setup schematic 

 

 

 
 

Figure 4.2: Phase II experimental setup photograph 
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HBS #4 Design: 

The intent of the HBS #4 design was to apply heat-treatment techniques to extended end-

plate connections.  In addition to the heat-treatments, additional seismic performance 

enhancements techniques and methods were discovered from finite element analysis (Quayyum, S. 

2012) and were implemented in the connection design.  These enhancements included the removal 

of the triangular stiffeners for the 8 bolt stiffened extended endplate, re- orientation of the bolt 

pattern and the use of web stiffeners in the plastic hinge region.  Each of the performance 

enhancement mechanisms will be discussed in further detail independently.    

As mentioned, AISC Seismic Provisions currently offers three extended endplate connections 

for seismic applications as shown in Figure 1.4. For beams with significant plastic moment capacity 

an 8 bolt extended endplate connection must be used to develop the higher moment capacity 

required between the column flange and extended endplate to exceed the moment capacity of the 

beam.  Since standard bolt sizes are limited to 1-1/2” diameter, extended endplate connections for 

larger beams require 8 bolts per flange.  Research has shown that care must be taken in placing of 

locations of the 8 bolts, as the distance between bolts and the tensile flange has shown to greatly 

alter the distribution of force demand per bolt.  Previous research on extended endplate 

connections (SAC/BD-00/21) has evaluated the effect of various bolt orientation on the seismic 

performance of extended end-plate connections.  The poor performance of connections such as the 

4 bolt wide extended endplate connection justifies the needs for special attention of the orientation 

of the bolt group.  A schematic of the 4 bolt wide extended endplate is shown in Figure 4.3.  The 

experimental results of the 4 bolt wide extended endplate connection is shown in Figure 4.4.  As 

seen, the specimen performance of the 4 bolt wide extended endplate connection is limited by 
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unequal distribution of forces in the bolt group (SAC/BD-00/21).  Since the exterior bolts do not 

participate significantly, the interior bolts become overstress and fracture prematurely reducing the 

ductility capacity of the connection (SAC/BD-00/21).  To accommodate the width requirements, the 

bolts are moved inside the beam flanges but spaced vertically away from the column flange (2 rows 

and 2 columns as opposed to one row only). To mitigate the unequal distribution with 8 bolt 

extended endplate connections, a triangular stiffener that is CJP welded to the extended endplate 

and the beam flange is introduced.  The stiffener helps to spread out the flange forces to a larger 

area of the extended endplate and allows for an even distribution of demands amongst the bolt 

group.    

 

 

Figure 4.3: 4-Bolt wide extended endplate connection 
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(a) 

  

(b)                                                                    (c) 

Figure 4.4: (a) Moment vs. total rotation of 4-Bolt wide extended endplate connection (b) Bolt 

strain vs. moment for outside bolt (c) Bolt strain vs. moment for inside bolt (SAC/BD-00/21) 
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 While the triangular stiffeners of the extended endplate are useful in evenly distributing 

force demands in the bolt group, new mechanisms develop that can lead to premature failures   

Finite element analysis of 8 bolt stiffened extended endplate connections (conducted by Shahriar 

Quayyum) have shown the development of stress concentrations at the toe of the triangular 

stiffener and the beam flange as shown in Figure 4.5.  While these stress concentrations form at 

large interstory drift angles, it is believed that these concentrations can degrade performance and 

result in a non-desirable failure mode such as buckling and fracture of the triangular stiffener and 

fracture of the beam flanges.   To eliminate the stress concentrations from the triangular stiffeners 

and to allow for an equal distribution of demands in the bolts, a connection with a circular-type bolt 

pattern was proposed.  This pattern was adjusted to allow for a balanced demand distribution 

amongst the bolts without the need for a triangular stiffener.   Through finite element analysis 

utilizing trial and error convergence until optimized performance was found, an angle of 37.5° 

between the top and bottom layers of bolts was found (See Figure 4.6).  This angle allows equal 

participation amongst the bolts without the need of a triangular stiffener.   In addition high 

temperature heat-treatments were utilized to locate the plastic hinge away from the welds between 

the extend endplate and the beam flanges. This heat-treatment was also essential in reducing the 

moment capacity of the beam allowing for the moment capacity of the bolts between the extended 

endplate and the column flange to exceed the moment developed in the beam.  The expected 

material properties in the middle of the HBS region are believed to be 32 ksi yield stress and 54 ksi 

ultimate tensile stress.   



 

88 

 

Figure 4.5:  Stress concentrations from the triangular stiffeners (Quayyum, S. 2012) 

 

 

Figure 4.6: Bolt orientation rearrangement 



 

89 

In addition to the heat-treatments and rearrangement of bolt orientation, web stiffeners 

were provided in the plastic hinge region to delay the initiation of the first mode of buckling 

associated with extended endplate connections.  The web stiffeners consisted of two ¼” thick plates 

that were fillet welded around the perimeter and attached to the extended endplate. The web 

stiffener was fabricated and welded to the beam web prior to the heat-treatment of HBS #4.  These 

plates were sized with the intent to delay lateral buckling of the beam web.  We realized that 

additional plug and/or slot welding may be required for the web stiffener to be fully effective, 

however to evaluate the welding needs and performance of a web stiffener without any plug or slot 

welding, we designed these web stiffeners with only edge welding.  Future evaluations of web 

stiffeners with additional slot welding will be evaluated in later tests (Chapter 6).  Previous 

experiments and finite element analyses have shown that the initiation of the lateral buckling of the 

beam web starts the strength degradation of the hysteresis response of the connection.  By 

stiffening the beam web, the mechanism that initiates strength degradation can be delayed to later 

cycles further improving the performance and energy dissipation of the connection.  Special care 

had to be taken during the design of the web stiffeners as the plates needed to have adequate 

strength to restrain the action of buckling, but small enough to still promote the development of 

plastic hinge formation in the HBS region.  A photograph of the web stiffener is shown in Figure 4.7.  

Utilizing all the described mechanisms resulted in the design of HBS #4 as shown by the connection 

details in Figure 4.8. 
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Figure 4.7: Web stiffener photograph 

 

 
 

Figure 4.8: HBS #4 connection details 
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HBS #4 Construction: 

HBS #4 beam and column was fabricated by SteelFab of Virginia.  Since an extended 

endplate connection was used for HBS #4, the critical welds of the beam flanges to the extended 

endplate were done in the shop.  The welding procedures given to SteelFab for the extended 

endplate welds to beam are shown in Appendix D.  Welds between the beam and extended 

endplate were done by gas shielded flux cored processes using UltraCore 71C wire, a product from 

Lincoln Electric.  UltraCore 71C is an E71T-1C-H8 electrode wire and was selected because it meets 

AWS D1.8 requirements for high elongation and toughness material properties.  Ultrasonic testing of 

the complete joint penetration (CJP) welds was done to ensure acceptable weld quality.   

Following fabrication, the beam was sent to Furmanite of Charlotte for the flange heat-

treatments.  Prior to specimen heat-treatments the heat-treatment technology and procedures 

were developed for special moment frame applications.  A resistance heating system using ceramic 

mat heaters was used for the heat-treatment of HBS #4.  A total of four type K thermocouple 

couples were tack welded in different locations in the HBS region.  Two of the thermocouples 

controlled the power supply for the top and bottom pads, while the other two were used for 

monitoring temperature in the middle and edge of the HBS region.  Two 4 inch by 29 inch ceramic 

mat heaters were used on the bottom portion of the beam flange on opposite sides of the beam 

web.  Two additional 5 inch by 29 inch ceramic mat heaters were placed adjacent to each other on 

the top portion of the beam flange.  A photograph showing the placement of the ceramic mat 

heaters is shown in Figure 4.9.  The ceramic mat heaters were sized to be 4 inches (2 inches on each 

side) longer than the intended HBS length to account for heat-loss at the ends of the heated zone.   
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Figure 4.9: Ceramic mat heater placement 
 

 

Two layers of ceramic fiber insulation were wrapped around the heat-treated region and 

held into place by tie wires and metal pins.  The insulation was cut at 31 inches long to “trap” the 

heat input from the ceramic mat heaters in the HBS region.  Care was taken to best create a furnace-

like environment and prevent heat-loss that may alter the critical cooling rate as experienced in the 

Phase I experiments.    A photograph showing the heat-treatment setup for HBS #4 is shown in 

Figure 4.10.  The temperature profile utilized for HBS #4 is shown in Figure 2.17 (page 47).  More 

details on the heat-treatment process and procedures used for HBS #4 are presented in Appendix B.   
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Figure 4.10: HBS #4 during heat-treatment  

 

 

  Appendix B procedures were developed initially for welded unreinforced flange-welded 

web connections (WUF-W); however they were applied similarly for HBS #4  extended endplate 

beam.  The only issues observed with the heat-treatments for extended endplate beams was that 

the additional steel from the endplate acted as a “heat sink” and drew heat away from the intended 

heated region.  While temperatures outside the heat-treated region remained below 500°C 

(temperature at which material modifications are expected if exceeded), the additional heat 

withdrawal from the extended endplate required more energy input to reach and maintain 

temperatures required for the annealing heat-treatment.   Nonetheless, the specified hold 
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temperatures were reached and maintained, but additional energy requirements should be noted 

for consideration of extended endplate heat treatments.   Since the requirements and procedures 

for heat-treatment recommended the heat-treatment of only one flange per beam at a time, 

specimen HBS #4 and HBS #5 had both bottom flanges heated at the same time.  Following the heat-

treatment, the beams were allowed to cool to room temperature, then flipped over and heat-

treated on the top flange.   This particular sequence was selected as it prevented heat-treatments 

on the top and bottom flange at the same time.  Simultaneous flange heat-treatments on one beam 

had not been investigated and were avoided to prevent potential heat transfers greater than 500°C 

in regions unattended for heat-treatment.   

Following heat treatments, the beams were sent to NCSU CFL for erection and experimental 

testing.  The W30x 148 beam endplate was attached to the W14x257 column flange with sixteen 1-

1/2” A490 pre-tensioned bolts.  Pre-tensioning of the bolts was done by turn-of-the-nut method 

because of the turn-of-the-nut method’s ability to ensure accurate bolt pre-tension forces.  This is 

attributed to the turn-of-the-nut method’s inherent reliability of strain controlled tensioning as 

opposed to methods that are dependent on torque measurements.  Pretension forces are also no 

longer dependent on variability of the coefficient of friction between threads of the bolt and the nut 

as is the case with other installation methods such as tension calibrated torque methods.   Turn-of –

the-nut method entails setting the bolts to a snug condition, and rotating the nut to a 

predetermined rotation that is tracked through markings between the nut and a fixed reference 

point (Specification for Structural Joints Using High-Strength Bolts 2010).  For a given thread pitch of 

a bolt, the advancement of the nut will result in a particular elongation of the bolt.  The elongation 

will result in a pre-tensioning force from the constitutive relationship of the bolt material.   Due to 
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the difficulty in calibrating the particular rotation required for 1-1/2” A490 bolts to satisfy the 

minimum pretension force (i.e. available equipment in the Southeastern USA region), a partnership 

with GWY Inc was formed to help develop pre-tensioning procedures.  GWY graciously shared the 

pre-tensioning procedures, as shown in Appendix E, which were calibrated in a Skidmore Wilhelm 

device using bolts from the same lot of bolts used in the connection of HBS #4.  In addition, 

internally-embedded strain gauges were installed in the shank of 4 of the bolts used in the 

connection. The location of bolts with the internally embedded strain gauges is shown in Figure 

4.11.   Strains values observed after pre-tensioning showed good agreement with the minimum pre-

tension forces expected with the installation procedures (Table 4.1).  Using an elastic modulus of 

30,500 ksi (measured from previously tested 1” A490 bolts) and an assumed cross-sectional area 

equal to the specified cross-sectional area of a 1-1/2” diameter bolt, the pre-tensioned forces were 

calculated.  A hand-torque-multiplier assisted with developing enough torque to reach minimum 

pre-tension values.  A MolyKote® lubrication paste was used around the threads of the bolts to limit 

the required torque needed during pre-tensioning.   
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Figure 4.11: Bolt strain gauge locations 

 

 

Table 4.1: Pre-tension Forces in 1 ½”A490 bolts 

  
Strain Gauge 

7 
Strain Gauge 

8 
Strain Gauge   

9 
Strain Gauge       

10 

με: 3649 2831 3385 3240 

Force (kip): 197 153 182 175 

Assumptions: 
  

  

E: 30500 ksi 
 A: 1.767 in^2     
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Prior to testing of HBS #4, the iron-oxide scaling that developed from the high temperature 

heat-treatments was removed to facilitate installation of the instrumentation for data 

measurement.  The iron-oxide scaling was first broken off by a pneumatic air chiseler and then 

sandblasted to a scale-free rough surface.  While the iron-oxide scaling is not believed to affect the 

connection performance, it was necessary to remove for strain gauge and LED marker installation.   
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HBS 4 Instrumentation: 

 HBS #4 was equipped with various sensors to monitor specimen performance throughout 

the duration of the test.  A calibrated load cell and displacement transducer was used to record 

force and displacement respectively from the hydraulic actuator.  Two additional string 

potentiometers located at the application of loading and spaced 5-1/2” apart were used to control 

the beam tip displacements.  String potentiometers were also attached between the strong wall and 

the backside of the column flange primarily for the use in calculating column and panel zone shear 

rotation.  The string potentiometers were located in the middle of the column flange collinear with 

the centerline of the continuity plates.  Two linear variable differential transformers (LVDTs) were 

placed diagonally in the panel zone and were used to calculate panel zone shear rotation.   Uniaxial 

strain gauges were installed on the centerline of the bottom beam flange at the weld toe, beginning 

and middle of the HBS region (2-19/32”, 10-1/8”, and 19-1/2” from the column flange).   A rosette 

strain gauge was used in the middle of the panel zone to record strains which can be used to 

calculate principle and shear strains.  Finally, internally embedded axial bolt strain gauges were used 

to monitor relaxation and the effectiveness the modified bolt locations on equalizing force 

demands.  

An Optrotrak LED system was used with 232 displacement markers placed around the 

connection and HBS region.  The Optrotrak LED system can record the spatial displacements of the 

LED markers and is used to monitor buckling modes and calculate strains between two markers.  

The use of 232 markers in the HBS and connection region allows us to gain a better understanding of 

the strain distribution over the wide viewing area of the connection.   All data was recorded at 1 

hertz.  In addition, one side of the connection was painted with whitewash to visually indicate 
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locations of inelasticity.  Additional instrumentation details are shown in Figure 4.12a, Figure 4.12b 

and Figure 4.12c. 

 

 

 

Figure 4.12: (a) HBS #4 bottom flange instrumentation (b) HBS #4 top flange instrumentation (c) 

HBS #4 LED pattern and strain rosette in the panel zone 

(a) 

(b) 

(c) 
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HBS #4 Global Responses:  

HBS #4 was tested on February 21st and 22nd 2013. The observation of performance for HBS 

#4 appears that the connection is robust for regions prone to moderate and severe earthquakes.  

The performance of HBS #5 meets and exceeds the requirements of 0.04 radians interstory drift for 

special moment frame connections as specified by AISC 341-10 Chapter K.  Figure 4.13 shows the 

moment vs. total rotation response of HBS #4.  Moments were calculated by multiplying the applied 

force by the distance from the center of applied load to the centerline of the column (142.2 in).  The 

total rotation was calculated as the displacement at the tip of the beam divided by the length of the 

beam from the applied load to the centerline of the column (142.2 in).  As seen in the Figure 4.13, 

the connection is able to achieve a wide hysteresis response which is used to measure energy 

dissipation. Gradual strength degradation was observed at interstory drift angles greater than 3.0% 

and was in agreement with a ductile failure mode favorable for seismic design. This is also shown in 

Figure 4.14 which shows the HBS #4 connection moment vs. plastic rotation plot.  Plastic rotations 

were calculated using the measured elastic stiffness from the moment vs. rotation plot (Figure 4.13) 

in the first two drift cycles, then subtracting the ratio of moment and elastic stiffness from the total 

rotation. 
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Figure 4.13: Moment vs. total rotation of HBS #4 

 

 

 

Figure 4.14: Moment vs. plastic rotation of HBS #4 
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HBS #4 Local Responses:  

  Initiation of yielding was observed in heat-treatment region at an interstory drift of 0.75%.  

The yielding lines occurred on the beam web in the mid-section of the HBS region corresponding to 

the area that experienced iron-oxide scaling from the annealing heat-treatments.  While the beam 

web was not explicitly heat-treated, weakening of the material strength in the fillets and beam web 

immediately adjacent to the HBS region is expected due to heat-transfer from the flange heat-

treatments.  Initiation of whitewash flaking was also observed primarily in areas of compressive 

strain first.  Yielding in the beam web nearest the HBS region continued to spread as yielding on the 

extreme fibers of the beam flange was observed, also detected in the HBS region.   

 During the 1.0% drift angle loading, a loud popping sound occurred during displacement 

reversals.  The sounds closely resembled a fracture, however after intensive inspection no fractures 

were found in the specimen or experimental setup.  Because no fractures were found, and no 

abnormalities occurred in the force vs. displacement response, loading continued as prescribed by 

the SAC Loading protocol.  The popping noise continued to occur at random intervals during the 

duration of the test.  It is believed that the likely cause of the noise can be attributed to relative 

movement between the web stiffener plates and the beam web.  Since the design of the web 

stiffener plates only utilized fillet welds around the perimeter of the plate’s, a large surface area in 

the middle of the web stiffener plates was free to move independently from the beam web.   The 

relative moment between the web stiffener plates and the beam web resulted in friction 

development between the two surfaces and it is believed that the popping noise resulted when 

slip/release occurred.   The slip/release phenomenon was found to not influence the connection 

performance.   
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 Slight buckling of the beam web and web stiffener were first observed at cycles of 3% 

interstory drift rotation.  Buckling amplitudes continued to increase after 3%, resulting in strength 

degradation of the connection in the hysteresis response.  The connection was able to maintain 

strength (less than 5% strength degradation) though interstory drift rotations of 4%.  Larger force 

degradation was observed at 5% and 6% interstory drift rotations which occurred simultaneously 

with significant buckling of the beam flanges and web.   Subsequent fracture of the beam flange at 

the peak amplitude of buckling occurred in the second cycle at 6% interstory drift.  This location also 

corresponded within one inch of the middle of the HBS region.  Significant buckling and yielding was 

concentrated in the HBS region while only slight yielding, indicated by whitewash flaking, was 

observed near the critical beam flange to column flange CJP welds of the connection.  Figure 4.15 

shows the buckling of the beam flanges prior to fracture.  A photograph on the opposite side of the 

connection after the fracture is shown in Figure 4.16.   
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Figure 4.15: HBS #4 prior to bottom flange fracture 

 

 

 

Figure 4.16: HBS #4 after bottom flange fracture 
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  As expected with the strong panel zone design, little inelastic deformations (less than 10%) 

were observed in the column and panel zone.  A visual distribution of rotation participation is shown 

in Figure 4.17.  Numerical values for percentage of total rotation were calculated and presented in 

Table 4.2.  As discussed prior, the total rotation was calculated by dividing the measured 

displacement at the applied load by the distance from the applied load to the centerline of the 

column.  Column and panel zone shear rotation was calculated using displacements of the string 

potentiometers that were attached to the NCSU strong wall and back side of the column flange.  

Figure 4.18 shows a schematic of the calculation used to find the combined column flexural and 

panel zone shear rotation.  The equation used to calculate column flexure and panel zone shear 

rotation is presented as Equation 4.1. 

    
         

 
                                   Equation 4.1 

SP3 and SP4 are string potentiometers displacements and D is the distance between the two 

potentiometer strings (see Figure 4.18).  The combined column flexural and panel zone shear 

rotation was calculated as the difference between displacements of the string potentiometers 

divided by the distance between them.  Panel zone shear rotation was then subtracted from the 

column and panel zone shear rotation to get the influence of column flexural rotation only.  Panel 

zone shear rotations were calculated using the LVDTs placed diagonally in the panel zone.  Using 

trigonometry and the measured displacement of the diagonally oriented LVDTs, the panel zone 

shear rotation was calculated.   A schematic showing the calculation of the panel zone is shown in 

Figure 4.19.  Since two LVDTs were used for HBS #4, the panel zone shear rotation reported is the 

average of the calculated rotations.  The equations used to calculate the panel zone shear rotation is 
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shown in Equation 4.2 and Equation 4.3.  Column flexural rotations were reported as column 

rotation in Figure 4.17 and Table 4.2.  The calculations are in agreement with Popov et al 1985 and 

are used as the standard for calculation of rotation distribution.   

  
       

   
                                      Equation 4.2 

                                            Equation 4.3 

 

 

 

Figure 4.17: HBS #4 rotation distribution 
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Table 4.2: Percentage of total rotation for column, beam and panel zone for HBS #4 

Total Rotation 
(%) 

% Column % Beam % Panel Zone 

0 0 0 0 

0.375 9.6 76.1 14.2 

0.5 12.3 74.2 13.4 

0.75 13.0 72.1 14.9 

1 9.9 72.7 17.4 

1.5 7.3 76.2 16.5 

2 6.3 80.2 13.5 

3 4.5 85.3 10.2 

4 3.8 88.5 7.7 

5 2.9 92.2 4.9 

6 1.5 95.1 3.4 

 

 

 

 

 

Figure 4.18: Schematic of calculation of column and panel zone shear rotation 
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Figure 4.19: Schematic of panel zone shear rotation calculation 

 

Additionally, buckling plots and figures are compared in Figure 4.20 and show the extent 

and location of buckling.  Data for the buckling plot was found using the Optotrak LED sensors 

located on the sides of the top and bottom beam flange. Peak buckling amplitudes measured higher 

than 4 inches were located in the middle of the HBS region and show the effectiveness of HBS in 

relocating the plastic hinge.  It is of note that due to vibrations of the top Optotrak LED camera, the 

data from the sensors located on the top flange are very noisy and are not presented.  The issues 

with vibrations were resolved for testing of HBS #5 (see Chapter 5). 
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(a)                                                                       (b) 

 
(c)                                                                       (d) 

 
 

Figure 4.20: (a) HBS #4 top flange buckling plots (b) HBS #4 top flange buckling photograph (c)  

HBS #4 bottom flange buckling plots (d) HBS #4 bottom flange buckling photograph 
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HBS #4 Strain Responses 

As prior research has shown (SAC/BD-00/21, Sumner et al 2002), one of the limiting factors 

of extended endplate connections is tensile fracture of the bolts connecting the extended endplate 

and column flange.  The HBS #4 connection attempted to rearrange the bolt pattern to ensure equal 

participation of all the bolts in the bolt group.  As shown in Figure 4.21, the rearrangement pattern 

did an adequate job in balancing the demands in each bolt.  Figure 4.21 shows the strain vs. moment 

response of the bolts instrumented with the internally embedded strain gauges.  As seen, bolt 

strains remain near elastic under the high moment demands.  The bolt equipped with strain gage 

#10 (Figure 4.21d) experienced the most relaxation, however in comparison with prior extended 

endplate research (SAC/BD-00/21) the connection shows significantly improved performance. 
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(a)                                                              (b) 

 
(c)                                                              (d) 

 
Figure 4.21: (a) SG7 strain vs. moment (b) SG8 strain vs. moment  

(c) SG9 strain vs. moment (d) SG10 strain vs. moment 

 

Localization of damage in the HBS region was observed and was measured with both LED 

and strain gauge sensors.  Figure 4.22a shows recorded strain values from the uniaxial strain gauges 

as a function of drift angle in the beginning of the HBS and at the weld toe which correspond to 

distances of 10-1/8” and 2-19/32” away from the column flange respectively. Strain values in the 

middle of the HBS are shown to significantly exceed strain values near the weld toe.  Similarly values 

in the middle of the HBS (1’ 7-½” from column face) exceeded both beginning and weld toe strain 

values as seen in Figure 4.22b.  This observation was also reflected visually by flaking of the 

whitewash in the HBS region with significantly less whitewash flaking near the connection. 
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Figure 4.22: (a) HBS #4 strain vs. drift angle at beginning of HBS and weld toe 

  (b) HBS #4 strain vs. drift angle at middle of HBS and weld toe  

(a)          HBS #4 

(b)              HBS #4 
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HBS #4 Discussion: 

 The experimental evaluation of HBS #4 indicates that the modifications implemented in the 

design were successful in improving the seismic performance of the connection.  These techniques 

were vital for allowing the development of the plastic hinge away from critical beam flange to 

endplate CJP welds.  It is believed that the heat-treatment of the beam flanges created a favorable 

“weakening” mechanism to localize the majority of yielding and flange buckling into the desired 

beam section location for ductile response.  The application of the HBS allows for the undesirable 

mechanisms such as brittle fractures of the welds to be capacity protected by the developed seismic 

fuse. 

Perhaps the greatest contribution towards improved specimen performance can be 

attributed to the material property modification in the HBS region.  Unlike the specimens tested in 

Phase I (HBS #1, HBS #2 and HBS #3), the Phase II beam flange heat-treated material properties 

matched closely to the properties used in the design process.  This improvement can be attributed 

to the technology development of heat-treatments using the ceramic mat heaters on full-scale 

specimens.  Due to the close proximity between Furmanite of Charlotte and NCSU in Raleigh, a more 

collaborative technology development process was achieved.  The heat-treatments conducted on 

scrap W-flange beams prior to the heat-treatments of the specimens allowed for the optimization of 

ceramic mat heater sizes, ceramic mat heater locations, sizes and density of ceramic fiber insulation, 

mechanical fasteners used to hold ceramic mat heaters and insulation into place and thermocouple 

control locations.  This was essential in improving temperature uniformity and preventing heat loss 

which was found in Phase I to have detrimental effects on the cooling rate and mechanical 

properties.   A better understanding of heat-transfer and the material metallurgy, gained from the 
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experiences of Phase I, were also essential in allowing for a more focused approach with respect to 

the priorities of the heat-treatments.  Issues such as heat-transfer of temperatures below 500 °C 

into the beam web became less of a concern due to the minimum effect on material properties and 

allowed for NCSU researchers to prioritize potential issues in order of importance.   

Such improvements in the material response in the HBS region can also be attributed to the 

ceramic mat heater system and revised temperature profile (Figure 2.17, page 47).  The ceramic mat 

heaters allowed for numerous layers of ceramic fiber insulation to wrap around the heaters and 

truly create a furnace-like environment.  By using small studs and clips, as well as tie wires, the 

insulation was sealed tightly around the pads and allowed for minimum amounts of heat to escape.  

Temperatures measured on the top of insulation (approximately 5 inches from the ceramic mat 

heaters) were kept below 150°C while the heating pads were above 1000°C and speak of the quality 

of the insulation wrap in preventing heat transfer though convection.  Heat-loss through conduction 

was observed, however due to steels inherent poor conductivity at high temperatures, 

measurements at locations greater than two inches from the edge of the HBS region along the beam 

flange did not exceed 500 °C. 

Another critical finding from the experimental investigation of HBS #4 is the bolt re-

orientation can be successfully used for extended endplate connections.  As shown with the 

internally embedded strain gauges in 4 of the 16 bolts used in the connections of HBS #4 (Figure 

4.11) an even distribution of flanges forces can be achieved with proper orientation.  Figure 4.21 

(page 111) shows the relatively uniform participation of strain demands amongst the bolt group.  

This study is shown to have great improvement on bolt demand distribution when compared with 

previously tested extended endplates utilizing 8 bolts per flange without the use of a triangular 
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stiffener such as the 4 bolt wide specimen (SAC/BD-00/21).   The experimental results of the 4-bolt 

wide specimen were presented in Figures 4.4 and 4.5 (SAC/BD-00/21).   ANSI/AISC 341-10 has 

addressed the deficiencies of bolt distribution for 8 bolted connections by reorientation of the bolts 

and introducing triangle stiffeners; however this is at the expense of economy of the connection.  

The results of HBS #4 show that with the proposed bolt orientation equal force distribution can be 

achieved without the need of costly triangular stiffeners.   It is believed that the re-orientation of the 

bolt group is effective in balancing bolt demands with both HBS beams and non-heat-treated beams.   

Further investigations are warranted for the effectiveness of the 37.5° angle on specimens with 

various beam and extended endplate sizes.  

The effectiveness of the two ¼” thick web stiffeners provided adjacent to the beam web was 

found to provide little resistance to local web buckling.  The ideal application of the web stiffeners 

was such that the additional stiffness provided by the plates would delay the initiation of local web 

buckling which subsequently results in the onset of force degradation of the connection.  However, 

it is believed that the web stiffeners were mostly ineffective as initial geometric imperfections were 

formed in the fabrication process. Since no plug/slot welds were used in the interior of the web 

stiffener, the middle region of web stiffener was susceptible to distortion during welding of the 

3/16” perimeter fillet welds of the plate. The susceptibility was also compounded by using flexible 

¼” web stiffener plates.  The web stiffener was found to have “bowed out” away from the beam 

web during the fabrication.  Figure 4.23 shows the initial geometric shape of the web stiffener 

plotted using the Optotrak LED system and 3D displacement data to capture the initial imperfection.  

The distance measured between a sensor on the beam web and one in the middle of the web 

stiffener was found to be 1 inch, indicating as high as a ¾” gap between the beam and web 
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stiffeners.  It is believed that the gap that formed from the distortion during the welding resulted in 

ineffective web stiffeners and as such the local web buckling was not restrained. Constant contact 

between the web stiffener and beam web is required to provide the additional stiffness and 

stability.  Future testing on a connection utilizing web stiffeners with supplemental slot and plug 

welds to limit the distortion during welding is planned for HBS #7 and the design is discussed further 

in Chapter 6.   

 

 

Figure 4.23:  Initial out-of-plane displacement of the web stiffener from welding 
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Chapter 5 Phase II Experimental Investigation of HBS #5 

HBS #5 Introduction: 

 The experimental investigation of the HBS #5 specimen is discussed in detail in the following 

chapter.  The intent of HBS #5 was to apply heat-treatment techniques to a connection matching the 

detailing of the RBS moment connection (ANSI/AISC 358-10).  HBS #5 was designed in accorandance 

with ANSI/AISC 358-10 for RBS connections with the only modification of the connection consisting 

of heat-treatment of beam flanges as opposed to the dog-bone shaped reduction. The heat-

treatments on HBS #5 were conducted with resistance heating by the ceramic mat heaters (Figure 

4.9, page 92) and used the modified slow cooling rate of the Phase II temperature profile (Figure 

2.17, page 47).   Specimen sizes (W14 x 257 column and W30 x 148 beam) are consistent with 

previous research on RBS (Engelhardt et al 1998) and HBS connections for direct comparison of 

results and performance.  The experimental results and performance discussions are provided in the 

following sections.   
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HBS #5 Experimental Setup-Phase II: 

 The experimental evaluation of HBS #5 was conducted at the North Carolina State University 

CFL.  The experimental setup designed for Phase II was used for the testing of HBS #5.  A detailed 

description of the test setup is discussed in Chapter 4.  A photograph of HBS #5 in the experimental 

setup is shown in Figure 5.1.   

 

 
 

Figure 5.1: HBS #5 in the experimental setup 
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HBS # 5 Design: 

 The intent of HBS #5 was to evaluate the performance of the seismic enhancement heat-

treatment techniques for a connection similar to the RBS moment connection.  By applying the heat-

treatment to a RBS-type connection, a direct comparison can be made to the performance of HBS 

and RBS connections.  The heat-treatments were applied to the connection at a distance of 7 inches 

from the column face and for a distance of 25 inches.  The heat treatment dimensions were decided 

based on pre-test simulations performed by Machel Morrison.  This corresponds to the parameters 

of a=7 inches, and b=25 inches for RBS connections (ANSI/AISC 358-10). The expected material 

properties in the middle of the HBS region are believed to be 32 ksi yield stress and 54 ksi ultimate 

tensile stress. Like RBS connections, HBS #5 was designed with CJP welds on the beam web and 

beam flanges to the column flange.  Consistent with the previous connections tested in the 

experimental program, the beam was a W30 x 148 and the column was a W14 x 257.    The column 

had a 3/8 inch thick shear tab welded onto the column flange with a ¼ inch PJP weld. Three one inch 

A325 erection bolts were used to connect the beam web and shear tab prior to field welding.  Unlike 

the connections tested in Phase I (HBS#1, HBS #2, HBS #3 and Ctrl #1), the thickness of the shear tab 

of HBS #5 did not match the thickness of the beam web and was not reinforced with supplmental 

fillet welds around the perimeter.   A figure showing the connection details is shown in Figure 5.2.  

Four 1” thick continuity plates were CJP welded to column web and flanges.  A strong panel zone, 

with two ½” thick doubler plates, was provided to limit the amount of inelastic rotation in the panel 

zone.   
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Figure 5.2: HBS #5 connection details 
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HBS #5 Construction: 

 The HBS #5 beam and column were fabricated by SteelFab of Virginia.  The W14 x 257 

column was erected vertically outdoors at the NCSU CFL.  The column was attached to a portable 

strong wall by threaded rods and HSS tubes. The column was also placed on a grouted base with 

embedded threaded rods sticking vertically out of the base.  Nuts and plate-washers were threaded 

to the bottom of the rods and attached to the column base plate.  The nuts and plate-washers 

supported the column and could be raised and lowered to help align and plum the column into the 

vertical position.  After alignment, the threaded rods on the portable strong wall were tensioned to 

prevent movement during welding. The W30 x 148 beam was connected to the column though 

three 1” A325 erection bolts through the shear tab.  The beam was supported at the beam tip by 

various beams and plumbed into the correct orientation prior to the field welding.  The specimen 

beam was clamped on the supported end to prevent distortion during welding.  Painters tape was 

used to protect the prepared shiny surfaces of the beam flange bevels and column flange from 

rusting and was removed prior to field welding to prevent weld contamination.  A photograph 

showing the field welding setup is shown in Figure 5.3.   
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Figure 5.3: HBS #5 erection setup prior to field welding 

 

 Field welding was done by Flores Welding Inc. on February 1st 2013.  The welding 

procedures used for the welding of HBS #5 are shown in Appendix F.  Prior to the field welding, the 

welder was required to complete the AWS seismic welding qualification in accordance with AWS 

D1.8-09 including the supplemental welding qualification testing.  This test required the welder to 

demonstrate the proficiency necessary to complete the welding of the bottom flange to column 

flange CJP weld by welding through a mock weld access hole on a trial specimen.  The welder was 

able to pass the required test despite his limited experience in welding special moment frames for 
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seismic applications.  The welding of HBS #5 was done on a clear day but with very low ambient 

temperatures.  The maximum temperature was recorded at 53°F.  The cold weather conditions 

required special attention to meet the pre-heat requirements set by AWS D1.8 prior to welding.  

Difficulty was experienced with pre-heating using a rosebud flame torch as temperatures would 

rapidly cool prior to the start of the welding.  As such, the rosebud flame torch was held onto the 

steel ahead of the weld path to prevent the temperatures from cooling below the minimum 

interpass temperature.   Temperatures were monitored with a non-contact high temperature 

infrared thermometer to confirm conformance with minimum and maximum interpass 

temperatures.    

 Given the strict requirements on the quality of the welding procedures shown in Appendix F, 

the welding of HBS #5 took approximately 7 hours to complete.  After completion of the welding, a 

region of lack of fusion was observed between the beam web, column flange and the shear tab in 

the vertical CJP weld nearest the top flange.   The weld around the zone of lack of fusion was 

removed by carbon arc gouging and was re-welded.   Following completion of the welding, the CJP 

welds were inspected by ultrasonic testing (UT).  The CJP welds between the beam flange and the 

column flange were acceptable, however another zone of lack of fusion was discovered between the 

beam web and column flange nearest the bottom flange.  The zone of lack of fusion was found 

between the bottom erection bolt and the bottom of the beam web CJP weld. The flawed region 

was removed by carbon arc gouging, re-welded and the repaired weld was later accepted when 

retested by UT inspection.    
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HBS #5 Instrumentation: 

 HBS #5 was equipped with various sensors to monitor specimen performance throughout 

the duration of the test.  A calibrated load cell and displacement transducer was used to record 

force and displacement respectively from the hydraulic actuator.  Two additional string 

potentiometers located at the application of loading and spaced 5-1/2” apart were used to control 

beam tip displacements.  String potentiometers were also attached between the strong wall and the 

backside of the column flange primarily for the use in calculating column and panel zone shear 

rotation. The string potentiometers were located in the middle of the column flange collinear with 

the centerline of the continuity plates.   One LVDT was placed diagonally in the panel zone and was 

used to calculate panel zone shear rotations.   Uniaxial strain gauges were installed on the centerline 

of the bottom beam flange at the weld toe, beginning and middle of the HBS region (2-1/2”, 10-

1/4”, and 19-1/2” from the column flange).  These strain gauges are used to monitor the localization 

of strain and effectiveness of the heat-treated region.  A rosette strain gauge was used in the middle 

of the panel zone to record strains and can be used to calculate principle and shear strains.  

Additionally, five other strain rosettes were located in various regions in the beam web to record 

principle strain magnitudes and directions.  Figure 5.4 shows the layout of strain gauges used in HBS 

#5.  The primary objective of the strain rosettes in the beam web near the column was to develop a 

better understanding of the stress paths that develop in the connection region.   An Optotrak LED 

system was used with 222 displacement markers placed around the connection and HBS region to 

record displacements and calculate strains of the specimen. To limit the vibrations of the top 

Optrotrak LED camera, tensioned ratchet straps were used between the supporting column and 

strong wall to limit deflections at the camera. It was found that the stiffness of the column with the 
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straps was sufficient in reducing vibrations during the testing of HBS #5.   The locations of the LED 

markers are shown in Figure 5.5.  All instrumentation recorded at 1 hertz.  In addition, one side of 

the connection was painted with whitewash to visually indicate locations of inelasticity.  

 

 

Figure 5.4: (a) HBS #5 bottom flange uniaxial strain gauges (b) HBS #5 elevation view of strain 

gauges 

(a) 

(b) 
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Figure 5.5: (a) HBS #5 top flange LED markers (b) HBS #5 elevation view of LED markers 

 

(a) 

(b) 
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HBS #5 Global Responses: 

HBS #5 was tested on March 21st and 22nd 2013.  The testing was conducted with the SAC 

loading protocol discussed in Chapter 3 (Figure 3.8, page 61).  The observation of performance for 

HBS #5 appears that the connection performed admirably for regions prone to moderate and severe 

earthquakes.  The performance of HBS #5 meets and exceeds the requirements of 0.04 radians 

interstory drift for special moment frame connections as specified by AISC 341-10 Chapter K.  Figure 

5.6 shows the moment vs. total rotation response of HBS #5.  Moments were calculated by 

multiplying the applied force by the distance from the center of applied load to the centerline of the 

column (142.2 in).  The total rotation was calculated as the displacement at the tip of the beam 

divided by the length of the beam from the applied load to the centerline of the column (142.2 in).  

As seen in the Figure 5.6, the connection is able to achieve a wide hysteresis response which is used 

as a measure of energy dissipation. Gradual strength degradation was observed at interstory drift 

angles greater than 4.0% and was in agreement with a ductile failure mode favorable for seismic 

design. This is also shown in Figure 5.7 which shows the moment vs. connection plastic rotation plot.  

As shown, significant plastic rotation capacity was achieved in the testing of HBS #5.  Plastic rotation 

was calculated using the elastic stiffness from the moment vs. rotation plot (Figure 5.6) in the first 

two drift cycles, then subtracting the ratio of moment and elastic stiffness from the total rotation.   
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Figure 5.6: Moment vs. total rotation of HBS #5 

 

 

Figure 5.7: Moments vs. plastic rotation of HBS #5 
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HBS #5 Local Responses: 

The first definitive sign of yielding was observed in the 0.75% interstory drift increment.   

This was indicated by flaking of the whitewash in the HBS region of the beam flange.  Whitewash 

flaking was also observed in the beam web region in the areas nearest the heat-treated beam 

flanges.  While the beam web was not explicitly heat-treated, this region is expected to receive 

some material “softening” due to heat-transfer through conduction.  Distinct semi-circular patterns 

formed around the HBS region in the beam web as shown in Figure 5.8. The semi-circular patterns 

formed by the whitewash flaking observed in HBS #5 formed a similar pattern to the iron-oxide 

scaling in the beam from the heat-treatments.   Simultaneously, flaking on the extreme fibers of the 

beam flange occurred as drift angle increased in the loading protocol. The extent of yielding 

progressed throughout the HBS region and into the beam web with increasing drift amplitudes.   Up 

until the cycles at 2.0% interstory drift, the majority of yielding occurred in or within close proximity 

to the HBS region.  With displacements at the beam tip corresponding to interstory drifts larger than 

2.0%, the yielding, indicated visually by whitewash flaking, propagated towards the column and 

connection region.    
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Figure 5.8: Promotion of yielding in the HBS region 

 

Slight local buckling of the beam web became visibly apparent in the 3.0% interstory drift 

cycles.  At the 4.0% interstory drift angle the buckling amplitude of the beam web increased as well 

as the slight initiation of local flange buckling. The buckling mode at 5.0% interstory drift developed 

into a global lateral torsional buckling mode.   Whitewash continued to flake off in the HBS region 

and extended completely though the beam web.  Upon completion of the cycles at 5.0% interstory 

drift angle moderate buckling had occurred primarily concentrated in the HBS region.  The damage 

of the HBS #5 connection following the 5.0% interstory drift cycles is shown in Figure 5.9.  At the 

beginning of the first cycle at 6.0% interstory drift the top flange experienced a large sudden 

fracture in the HBS region at a distance of 15-1/2” from the column face.  The fracture occurred at 

the location of largest buckling amplitude without any prior warning signs of fracture.  A photograph 

showing the extent of the fracture is shown in Figure 5.10.  As seen in Figure 5.10, the fracture 
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ruptured the near side of the beam flange and down into the fillet region of the beam web.  Testing 

was terminated following the fracture of the top flange.  A photograph showing the connection after 

termination of testing is shown in Figure 5.11. 

 

 
 

Figure 5.9: HBS #5 after completion of 5.0% drift angle cycles 
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Figure 5.10: HBS #5 top flange fracture 

 

 

 

Figure 5.11: HBS #5 after termination of testing 
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As expected with the strong panel zone, little inelastic deformations (less than 10%) were 

observed in the column or panel zone.  A visual distribution of rotation participation is shown in 

Figure 5.12.  Numerical values for percentage of total rotation were calculated and presented in 

Table 5.1.  An explanation of how the panel zone shear rotation and column rotation were 

calculated is presented in Chapter 4 in the section titled “HBS #4 Local Results”.  Schematics of the 

derivation for the calculation of the column and panel zone shear rotation, as well as panel zone 

shear rotation only, are shown in Figures 4.18 and 4.19 respectively.  Likewise the equations used 

for calculations are shown in Equations 4.1, 4.2 and 4.3.  A more detailed explanation provided in 

Chapter 4.  It is of note that since only one LVDT was used in the panel zone of HBS #5, the panel 

zone shear rotation was reported from only one sensor as opposed to the average of the rotations 

calculated by two sensors in HBS #4.   

 

 

Figure 5.12: HBS #5 rotation distribution 
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Table 5.1: Percentage of total rotation for column, beam and panel zone for HBS #5 

Total Rotation 
(%) 

% Column % Beam % Panel Zone 

0 0.0 0.0 0.0 

0.375 0.1 75.4 24.5 

0.5 3.9 73.7 22.4 

0.75 5.7 74.6 19.7 

1 7.0 75.5 17.5 

1.5 6.4 79.8 13.8 

2 5.8 82.8 11.4 

3 3.8 87.2 9.0 

4 3.0 89.8 7.2 

5 1.9 92.6 5.5 

 
 
 
 

Additionally, buckling plots and figures are compared in Figure 5.13 and show the extent 

and location of buckling.  Data for the buckling plot was found using the Optotrak LED sensors 

located on the sides of the top and bottom beam flange. Peak buckling amplitudes of 2 inches were 

located in the middle of the HBS region and show the effectiveness of the HBS in relocating the 

plastic hinge.  It is of note that the opposite side of the connection experienced the more significant 

buckling amplitudes. 
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(a)                                                                       (b) 

 
(c)                                                                       (d) 

 
Figure 5.13: (a) HBS #5 top flange buckling plots (b) HBS #5 top flange buckling photograph (c) HBS 

#5 bottom flange buckling plots (d) HBS #5 bottom flange buckling photograph 
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 Additional plots of the cross sectional shape at different peak interstory drift angles are 

presented in Figure 5.14. The cross section plots at various peak drift amplitudes allow the viewer to 

see the progression of buckling throughout the duration of the test.  The measurements at locations 

along the cross section were recorded by the LED sensors measured at a distance of 12 inches from 

the column face.  The reduced vibrations of the top Optotrak camera were essential for accurate 

measurements of sensors located on the top flange. It is of note that the leftmost LED sensor on the 

top flange (Figure 5.14) was located on the side of the beam flange while the other three sensors 

were located on the top surface.  Dashed lines were used to connect the sensors located on the top 

of the beam flange and on the beam web to demonstrate the observed buckling in the beam.  As 

shown in Figure 5.14b, buckling of the beam web is not visible for drift angles less than 2.0%.  

However at the first peak at 3.0%, slight buckling of the beam web is observed in the top portion of 

the cross section (Figure 5.14c).  The small displacements of the beam flanges indicate that the 

flanges have not yet buckled significantly.  At 4.0% interstory drift the beam web buckling grows in 

amplitude and is followed by top flange buckling (Figure 5.14d).   Noticeable web and flange 

buckling of higher amplitudes at the first peak is observed at 5.0% interstory drift (Figure 5.14e).  

Buckling amplitudes of the beam web greater than 3 inches have been observed.  The observation 

of buckling of the beam web at 3.0% interstory drift can be related to the moment vs. total rotation 

plot (Figure 5.6) where the initiation of strength degradation begins.  3-dimensional plots (Figure 

5.15) of all the sensors located on the beam web indicate similar behavior.   Visible buckling of the 

beam web as shown in Figure 5.15c begins at the first cycle at 3.0%.  Buckling amplitudes continued 

to increase with large interstory drift cycles greater than 3.0% (Figure 5.15d and Figure 5.15e).  The 

3D plots are useful in showing the progression and magnitude of beam buckling under cyclic 

loadings.   
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(a)     (b)    (c) 

 

  
(d)     (e) 

 
Figure 5.14: (a) HBS #5 initial cross section (b) HBS #5 cross section at 2.0% drift (c) HBS #5 at 3.0% 

drift (d) HBS #5 at 4.0% drift (e) HBS #5 at 5.0% drift 
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(a)                         (b) 

  

(c)                  (d) 

 

(e) 

 
Figure 5.15: (a) HBS #5 initial beam web (b) HBS #5 beam web at 2.0% Drift (c) HBS #5 beam web 

at 3.0% drift (d) HBS #5 beam web at 4.0% drift (e) HBS #5 beam web at 5.0% drift 
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HBS #5 Strain Responses: 

Localization of damage in the HBS region was observed and measured with both LED and 

strain gauge sensors.  Figure 5.16a shows the recorded strain values from the uniaxial strain gauges 

as a function of drift angles at locations in the beginning of the HBS region and at the weld toe which 

correspond to distances of 10-1/4” and 2-1/2” away from the column flange respectively.  Similarly 

Figure 5.16b compares the recorded strain values from the uniaxial strain gauges as a function of 

drift angles at locations in the middle of the HBS regions (19-1/2” away from the column face) and 

compares the results with the strains measured at the weld toe.  As shown in Figure 5.16a and 

Figure 5.16b, values of strain for a given interstory drift are higher in the HBS region then the region 

in close proximity to the CJP beam flange to column flange welds.  These results indicate that the 

reduction in material strength was sufficient in concentrating significant inelastic deformation in the 

HBS region.  While the strain behavior at the weld toe is not perfectly elastic, very little inelasticity is 

found in the response and as such further indicates the effectiveness of the heat-treatments in 

relocating the plastic hinge.  Strains calculated from the LED markers located on the top flange also 

verify the higher magnitude strains in the HBS region then at the weld toe region.  Figure 5.17 shows 

four strain vs. distance across the beam flange plots at distances of 3” (Figure 5.17a), 11” (Figure 

5.17b), 15” (Figure5.17c), and 19” (Figure 5.17d) away from the column face.  The majority of the 

strain values at different locations in the HBS region exceeded the strains calculated 3” from the 

column face after interstory drifts greater than 2.0% but are not presented for brevity.  The peak 

strains recorded in the HBS region are typically two times greater than the peak strains calculated 3 

inches from the column face.   
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Figure 5.16: (a) HBS #5 strain vs. drift angle at beginning of HBS and weld toe 

  (b) HBS #5 strain vs. drift angle at middle of HBS and weld toe 

(a) 

(b) 
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(a)                                   (b) 

  

(c)                                   (d) 

Figure 5.17: HBS #5 top flange strain vs. distance across flange at (a) 3” from column face (b) at 

11” from column face (c) at 15” from column face (d) at 19” from column face   
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HBS #5 Discussion: 

 The experimental investigation of HBS #5 further demonstrated the seismic robustness of 

connections that utilize the heat-treated beam section.  It has been shown that the heat-treatment 

of the beam flanges created a sufficient “weakening” mechanism to localize the majority of yielding 

and buckling into a preferred location for ductile response.  The application of the HBS allows for 

more critical mechanisms such as brittle fractures of the welds to be capacity protected by the 

developed seismic fuse.  By relocating the inelasticity to the beam flanges, flexural yielding and 

buckling develop in the beam allowing it to reach its full plastic moment capacity without developing 

brittle failures.  The development of flexural yielding and buckling resulted in a stable, ductile failure 

mode which is required for good seismic performance.  Interstory drift rotations greater than 4.0% 

were achieved near peak strength magnitudes and as such the performance of HBS #5 meets and 

exceeds the requirements for prequalification set by ANSI/AISC 341-10. 

 The cross-section and 3D LED plots developed from the testing of HBS #5 were essential in 

further aiding the understanding of performance mechanisms of steel special moment frame 

connections.   In particular the cross section plots (Figure 5.14) demonstrate that the first mode of 

buckling is local web buckling near the compression flange.  This local web buckling initiates and is 

followed by flange buckling. According to Figure 5.14, the resulting flange buckling appears to follow 

the direction of local web buckling and results in a combined lateral-torsional buckling of the beam.  

Simultaneously, strength degradation in the moment vs. total rotation response (Figure 5.16) is 

observed and is likely attributed to the aforementioned buckling mechanisms that develop.  It is 

expected that this strength degradation can be delayed if an effective web stiffener can be 

developed and implemented to delay the initiation of web buckling.  The conclusions that developed 
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from Figure 5.14 and Figure 5.15 further validate the concept and potential of the web stiffener.  

While strength degradation of the connection at 4.0 % interstory drift is acceptable by the 

requirements set by ANSI/AISC 341-10, potential additional performance enhancement can be 

achieved if the buckling is delayed to larger interstory drift angles.  In addition, the findings of the 

HBS #4 web stiffener indicate the need for supplemental plug/slot welds in the web stiffeners to 

provide adequate restraint against distortion.  This information was used for the design of HBS #7 

and is discussed in further detail in Chapter 6. 

 The fracture of HBS #5 in the beam flange following the completion of cycles at 5.0% 

interstory did not develop any visible micro-tears in the buckled region that were present in the 

experiments conducted in Phase I (see Figure 3.18, page 72). As such, the effect of the annealing 

heat-treatments using the slow cooling rate temperature profile of Phase II (Figure 2.17) on fracture 

toughness of the material was investigated. To investigate the fracture toughness, a series of Charpy 

V-Notch (CVN) tests were conducted to compare the notch toughness between heat-treated and 

non-heat-treated material.  The CVN tests were conducted in accordance with ASTM A370 to 

evaluate the energy absorbed at fracture at room temperature.  A total of two blank specimens 

were extracted from the beam flange in HBS #4 near the beam tip to ensure the material was loaded 

only elastically.  One of the blank specimens was heat-treated following the temperature profile in 

Figure 2.17.  Three CVN specimens were fabricated and tested from each blank of material for a 

total of six tests.  The blanks were cut to ensure the long direction of the CVN specimens correspond 

with the dimension of the length of the beam.  The specimens were fabricated and tested by 

Element Material Technology. The specimens after testing are shown in Figure 5.18.  
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 The results of the non-heat treated and heat-treated CVN testing are shown in Table 5.2 and 

5.3 respectively.  As shown, a significant reduction in impact strength, percentage shear and lateral 

expansion was found with the steel after the annealing heat-treatments.  The 60% reduction of 

impact strength to 44 ft-lbf after heat-treatment is of concern when considering that the minimum 

requirement for CVN impact strength of the weld material used in post-Northridge special steel 

moment frames is 40 ft-lbf (ANSI/AISC 358-10).  The CVN impact strength of the heat-treatment 

material would be accepted if the same requirement is mandated for the base material, however 

the variable in the 3 samples are alarming.  It is believed that the coarsening of the grain structure 

from the heat-treatments using the Phase II temperature profile significantly reduces the CVN 

impact strength.  This is found to be in agreement with literature on the effect of grain size and CVN 

impact strength (Brockenbrough 1999, Callister W.D. 2001).  It is believed that the reduced CVN 

impact strength promoted sudden flange fracture without development of micro-tears in HBS #5 

when compared to a specimen that was not heat-treated (Ctrl #1).  Despite the reduction in CVN 

impact strength HBS #4 and HBS #5 still exhibited ductile performance by achieving a minimum of 

5.0% interstory drift rotation.  Further investigation regarding the effect of heat-treatments on other 

steel material properties such as CVN impact strength is warranted and the need for investigation is 

discussed in further detail in Chapter 6.    
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Figure 5.18: Photograph of CVN specimens after testing 
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Table 5.2: CVN results of non-heat-treated specimens 
 

Test Temperature: 73°F 

Specimen Type: Charpy V - Notch 

Size: 10 x 10 mm 

Test Method: ASTM A370 

Sample: NHT 
Impact Strength       

(ft-lbf) 
Percent Shear 

Lateral Expansion, 
in. 

1 76 70 0.078 

2 74 70 0.076 

3 68 70 0.070 

Average: 73 70 0.075 
 
 
 
 
 

Table 5.3: CVN results of heat-treated specimens 
 

Test Temperature: 73°F 

Specimen Type: Charpy V - Notch 

Size: 10 x 10 mm 

Test Method: ASTM A370 

Sample: HT 
Impact Strength       

(ft-lbf) 
Percent Shear 

Lateral Expansion, 
in. 

1 49 40 0.057 

2 24 30 0.038 

3 58 60 0.061 

Average: 44 43 0.052 
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Chapter 6 Phase II Remaining Work 

Phase II Remaining Work Introduction: 

 The designs of the remaining full-scale beam to column subassemblies to be tested in the 

experimental program are discussed in the following sections.  At the time of writing, the 

experimental investigation of HBS #6 and HBS #7 are still being evaluated.  The rationale and design 

concepts of HBS #6 and HBS #7 are discussed.  The intended behavior and performance of these 

connections will also be discussed.  The experimental evaluation of HBS #6 and HBS #7 connections 

are expected to be completed by September 2013.  Additional work and recommendations for the 

development of the HBS connection for use in design of special moment frames is presented.  The 

recommendations include an evaluation of the HBS as a method for retrofit of moment connections, 

the need for further full-scale heat-treatment technology development and the necessity of 

developing nondestructive testing methods to evaluate the material properties in the HBS region.   
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HBS #6 Design: 

 The intent of the HBS #6 specimen was to apply the HBS technique to a bolted web special 

moment frame connection.  The findings of the performance of post-Northridge designed moment 

connections is that the connections that utilize beam web attachment by CJP welds exhibit higher 

ductility than bolted web connections.  Previous research has been found that the beam web 

attachment details have significant effects on the fracture potential of the beam flanges near the 

interface of weld metal and base metal at the CJP welds (Mao et al 2001, Ricles et al 2000, Ricles et 

al 2003, and SAC/BD-00/24).  It has been found through elastic analysis that the attached web 

transfers only a portion of the beam shear to the column (Ricles et al 2000).  Much of the shear 

force transfers into the beam flanges near the connection and consequently increases the demands 

on the critical welded joints (Ricles et al 2000).   Inelastic behavior has shown to reduce the flange 

stiffness and increase shear transfer though the web attachment, however significant contributions 

of shear are still transferred to column from the beam flanges (Ricles et al 2000).  Analysis shows 

that stiffer, stronger web attachments reduce the local inelastic strain demands at the flange welds 

and weld access hole (Ricles et al 2000). 

A hypothesis was developed that the use of fully welded web attachments could further 

enhance connection performance (Roeder 2002). The performance was validated experimentally by 

comparing bolted and welded beam web attachment details (Ricles et al 2000). It was found that 

the bolted web attachment details, similar to Figure 1.1, provide insufficient strength and stiffness 

to transfer the shear forces though the beam web (Ricles et al 2000).  As such, connection designs 

evolved away from bolted web details due limitations in the plastic rotation capacity.  While the 

welded web connections exhibit superior ductile performance over the bolted web connections, the 
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disadvantage of the welded web connection is the additional field welding and inspection 

requirements that increase the cost and time of erection.  However, the current practices of special 

moment frame connection design indicate the additional costs are warranted due to the improved 

performance.  Currently both WUF-W and RBS connections prequalified by ANSI/AISC 358-10 are 

permitted only with the welded web attachment for use in special moment frames. 

A review of the force transfer at the beam to column connection has been evaluated to 

better understand the performance of bolted web attached connections.  Previous research has 

revealed that classical beam theory is not valid at the connection due to the boundary conditions of 

the geometric configuration (Lee 2006).  This deviates drastically from the traditional design of 

bolted web connections, where the assumption in design was such that the bolts in the beam web 

are responsible for transferring all of the shear forces to the column (Lee 2006).  Findings from finite 

element analysis of elastic load conditions have shown that shear stresses are concentrated at the 

ends of the shear tabs nearest the beam flanges (Ei-Tawil et al 1998). Moreover, the forces in the 

vicinity of the connection appear to be transmitted in diagonal bands (Ei-Tawil et al 1998).  Figure 

6.1 shows the expected principle stress distribution through the beam web to the column face (Lee 

et al 2007).  It is of note that the mechanisms of force transfer (Figure 6.1) deviate significantly from 

the orientation of the traditionally designed bolted web connections that utilized one column of 

bolts through the depth of the beam web (Figure 1.1).   
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Figure 6.1: Typical principal stress distribution near the column face (Lee et al 2007) 

 

  

 The findings of previous research (Ei-Tawil et al 1998, Lee 2006, Lee et al 2007) are also 

found to be in agreement with finite element analysis conducted by PhD student Machel Morrison.  

The resulting shear stress distribution of an analysis of a WUF-W connection is shown in Figure 6.2.  

A stress contour plot showing the relative shear stress distribution is highlighted in Figure 6.2a.  As 

shown in the supporting figures, (Figure 6.2b, Figure 6.2c, Figure 6.2d, and Figure 6.2e) the shear 

stress distribution closest to the connection deviates significantly from classical beam theory. The 

shear stress at cross-section A-A shows a substantial increase of shear stress nearest the beam 

flange to column flange CJP welds, while a reduction of shear stress in the center portion of the 

beam web is found. These results further validate a fundamental flaw in the design concept and 

reveal potential opportunities for improvement of the performance of bolted web moment 

connections.    
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Figure 6.2: (a) Shear stress contour plot of WUF-W connection at 1% interstory drift (b) Shear 

stress distribution on beam web at cross section B-B (c) Longitudinal stress distribution on beam 

web at cross section B-B (d) Shear stress distribution on beam web at cross section A-A (e) 

Longitudinal stress distribution on beam web at cross section A-A (Machel Morrison) 
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 In addition, the strain rosettes located on the beam web of HBS #5 further validated the 

findings.  Principle stresses at each rosette were calculated and showed good agreement with the 

analysis results and previous research.  The maximum principle strain during the testing of HBS #5 

calculated near the weld access hole (See SG 10, 11, 12 in Figure 5.4b) was found to be 7,233 micro-

strains.  The results near the center of the beam web (See SG 13, 14, 15 in Figure 5.4b) were found 

to be much lower at 213 micro-strains.  It is of note that a strain rosette could not be placed in the 

exact middle of the beam web due to interference with the erection bolt.   Maximum principal 

strains were calculated using Equation 6.1.  In Equation 6.1, ε1, ε2 and ε3 correspond to the strain 

measurements of the 3 strain gauges used in the strain rosette.  

                                                             Equation 6.1 

These results further validate previous research on the force transfer mechanisms of 

moment connections (SAC/BD-98/01, Lee 2006, Lee et al 2007).  A modified bolted web design was 

proposed by Lee et al 2007 and was designed to locate the bolts in the beam web region to more 

efficiently increase the shear resistance of the bolt group.  This configuration was done by grouping 

two sets of bolts in an array-type pattern with two columns and three rows of bolts in each group 

near the weld access hole region.  It is believed that by locating the beam web bolts on the diagonal 

principal load path, and by enlarging the shear tab to accommodate multiple lines of bolts, the shear 

tab can more effectively transfer the shear forces that develop (Lee et al 2007).  The bolts were 

designed to prevent slip between the beam web and shear tab from the developed forces with 

maximum eccentricity considered to ensure adequate force transfer (Lee et al 2007). It has been 

observed that slip between the beam web and the shear tab leads to stress concentrations at the 
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access hole and consequently results in brittle facture at the end of the access hole cut in post-

Northridge WUF-B connections (Han et al 2007).  A pilot connection using a RBS with the modified 

bolted web was tested and performed adequately up to 5.0% interstory drift without fracture (Lee 

et al 2007). 

 Expanding on the previous research by Lee et al 2007, HBS #6 was designed using similar 

detailing for beam web attachment.  In this connection a smaller beam (W27 x 114) was graciously 

donated by SteelFab and was designed using the HBS and modified bolted web configuration.  The 

connection was designed using the material properties evaluated in the HBS region with the Phase II 

temperature profile in Figure 2.17 and the heat-treatment procedures provided in Appendix B.  The 

smaller beam and heat-treatments were required to limit the amount of bolts in the beam web 

region to a reasonable amount.  As such, finite element analysis was conducted by Machel Morrison 

to optimize the connection for ductile seismic performance.  The analyses resulted in a design using 

12 total 1-1/8” A490 bolts in the beam web region.  Two clusters of six bolts with two columns and 

three rows were located near the weld access hole regions of the beam web.  A class B faying 

surface using a conservative value of 0.4 for a coefficient of friction was assumed in the design.  Due 

to the smaller beam size and heat-treatments no panel zone reinforcement, in the form of doubler 

or continuity plates, was required.  A schematic of HBS #6 connection details is shown in Figure 6.3. 
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Figure 6.3:  HBS #6 connection details  
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HBS #7 Design: 

A second special moment frame connection will conclude the current scope of the 

experimental investigation of the full-scale testing of special moment frame connections.  In this 

specimen (HBS #7) the connection will utilize beam flange material properties modified by high 

temperature heat-treatments and a web stiffener plate.  The HBS design was based off of the Phase 

II temperature profile (Figure 2.17) to create a region of significant material softening.  The design 

was established using the procedures for heat-treatment shown in Appendix B where the expected 

yield and ultimate stress in the middle of the HBS region are 32 ksi and 54 ksi.  The web stiffener for 

HBS #7 uses perimeter fillet welds and additional slot welds in the middle of the plate to increase 

the effectiveness of the web stiffener in delaying local lateral buckling of the beam web.  Recall, in 

Chapter 4, the experimental investigation of HBS #4 revealed the ineffectiveness of perimeter only 

welded web stiffeners due to the vulnerability of distortion during fabrication.  It is also of note that 

the smaller 1/4” thickness web stiffener plates used in HBS #4 were also more susceptible to 

distortion due to the inherent flexibility of plate bending over 30 inches of length with such a small 

thickness.  As such, the intent of the design of HBS #7 was to include a web stiffener with 

significantly reduced vulnerability to distortion during fabrication in an attempt to increase the 

resistance of local web buckling.  This mechanism that was observed in the experiments of HBS #5 

(Figure 5.14) and is known to be the root of strength degradation in the connection’s moment vs. 

total rotation response.   To limit distortion of the web stiffener in HBS #7, a ¾” web stiffener plate 

was used only on one side of the beam web.  This design of using a thicker web stiffener was 

selected as the increased stiffness of the thicker plate further limits the susceptibility of distortion.  

Despite the development of eccentricity of the singly symmetrical cross-section between shear 
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center and the application of loading, it is believed the additional torsion will have minimum 

influence on connection seismic performance.   The connection details of HBS #7 are shown in 

Figure 6.4. 

 

 

Figure 6.4: HBS #7 connection details 
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As shown in Figure 6.4, additional slot welds were used in the middle of the web stiffener.  

The web stiffener was designed and fabricated with four horizontal lines of 23 inches of length and 

one vertical weld of 25 inches.  It was found, through the finite element analysis conducted by 

Machel Morrison, the need of additional welding was required to prevent initiation of local buckling 

of the beam web.  In the case of no or little slot welds, the beam web was free to buckle 

independently of the web stiffener reducing the interstory drift angle at which force degradation 

began.  The proposed slot weld orientation is expected to provide sufficient boundary restraints 

between the beam web and web stiffener to delay the onset of local web buckling.  It is of note that 

the finite element analysis indicated that if the spacing between slot welds was too large the 

development of local web buckling could form in-between the lines of welds.  As such, the design 

was selected to delay the initiation of local web buckling with the least amount of welding possible.   

The intent of the proposed designed was to have the perimeter and slot welds of the web 

stiffener welded in the shop.  The web stiffener plate was prepped with a 45° degree bevel at the 

end nearest the column to allow the field welder to fuse the shear tab and web stiffener into a 

continuous plate.  The addition of the field weld provides further restraint of the beam web from 

buckling.  Additional field welds on the top and bottom of the shear tab are required to limit the 

vulnerability to buckling.  Collaboration with the fabricators at SteelFab allowed for a relaxation of 

the AISC Steel Construction Manuel recommended minimum root of slot welds for ¾” thick plates 

(AISC 2005).  The AISC Steel Construction manual recommends a minimum root over 1” to 

accommodate spacing requirements for the welder to get access to the weld root.  The ¾” root was 

recommended by Steelfab as the minimum root of comfort required for welding and was selected to 

reduce the amount of shop welding.  One should note that this may not be practical depending on 
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the individual fabricator’s preferences.  In addition, the full depth of ¾” was not required to be filled 

completely to further reduce the amount of welding required between the shear tab and beam web.  

A detail showing the slot welds used in HBS #7 is shown in Figure 6.5.  It is believed that the design 

of the web stiffener and supplemental slot welds can delay the initiation of strength degradation to 

interstory drift angles as high as 5.0%.   Bolts between the web stiffener and beam web were also 

considered to provide the necessary restraint from local web buckling but were ultimately not used 

in the design.   

 

 

Figure 6.5: Slot weld details for HBS #7 
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Future Work:  

The results of the experimental investigations of HBS #6 and HBS #7 will be added to the 

database of HBS connections to evaluate how the performance of the heat-treated beam sections 

influenced the seismic behavior of steel moment frame connections.  If the performance of HBS #6 

and HBS #7 go as expected the results will further validate the effectiveness of the heat-treated 

beams in improving the seismic performance.  The eventual goal of the research project will be to 

develop guidelines and procedures for prequalification for seismic design by ANSI/AISC 358-10 and 

to progress the design such that it can be made available to engineers for use in steel special 

moment frames.  It is believed that in order to achieve prequalification by ANSI/AISC 358-10 a series 

of additional investigations must be conducted to thoroughly evaluate the robustness and 

usefulness of the HBS connections.  Additional member shapes and sizes may be required to be 

evaluated.  The remaining text in Chapter 6 will focus on recommendations for further development 

and progress of the novel HBS application. 

 Development of Heat-Treatment Technology 

As expected with the development of a novel concept, the initial cost of the application of 

the heat-treated beam section is high in comparison with other steel special moment frame 

connections.  The investigation of heat-treatment methods concluded that the ceramic heating mats 

were the most practical method of applying heat-treatments on steel W shapes as they guaranteed 

little deviation from the expected material properties developed on smaller scale specimens.  

However, the improved performance of the ceramic mat heaters comes at the expense of the 

additional time required to reach peak temperature.  While the induction heat-treatment system 

used in Phase I could reach peak temperature in approximately 30 minutes, the ceramic mat heaters 
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required a minimum of 4 hours.  The additional time required more heat-treater technician hours.  

The use of the Phase II temperature profile (Figure 2.17) also required significant time to cool to 

500°C.  The evaluation of connections with heat-treated beams using quicker cooling rates is 

warranted to considerably reduce the duration of heat-treatment.  Reduced yield and ultimate 

stresses can be achieved with quicker cooling rates as evident in Appendix A.  It is of note that the 

performance of connections with faster rates was not investigated in Phase II because the primary 

objective with the remaining specimen was to prove the concept of the HBS idea first.  The 

increased cooling rate will reduce the total time required for heat-treatment and subsequently 

reduce technician and energy costs.  Additionally, the temperature at which air cooling is allowed to 

begin (C2) could be elevated to limit the amount of time in the programmed cool down phase.  A C2 

value of 500°C was used in the Phase II heat-treatments but further investigation may indicate this is 

excessively conservative.    

Preliminary ideas for improved technology for full scale heat treatments on W-shape steel 

beams include dual induction and ceramic mat heating systems.  The induction coils can be used to 

generate heat to the region rapidly during the heat-up phase while the control and flexibility of the 

ceramic mat heaters can help sustain the slow cooling rates required for material softening.  A 

modular insulation unit can also be developed using ceramic boards and ceramic fiber blankets to 

help ensure a furnace like environment.  The capital investment of the heat-treatment systems can 

also be justified by fabricators to help facilitate the need of pre-heating welded joints of thick 

components.  The development of an improved heat-treatment system and optimized temperature 

profile with reduced time of heat-treatment can significantly reduce the economy of the connection.   
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 Non Destructive Evaluation of Heat-Treated Material Properties 

While a considerable amount of time and effort was focused on the development of the heat-

treatment procedures show in Appendix B, the full-scale experiments were conducted without 

knowing the exact material properties in the HBS region.  While the heat-treatment procedures 

(Appendix B) were developed to improve the reliability of achieving the desirable material 

properties in the HBS region the exact material response after heat-treatment of the connections 

tested were only speculatively based off of prior destructive evaluations. Since seismic design 

requires an accurate prediction of strength for capacity protected members, such as the columns 

and panel zones, a need for a non-destructive evaluation method of the HBS material properties is 

revealed.  It is not practical to require uniaxial tension tests of the heat-treated material as this 

methods requires destructive removal of flange material.  The less than desirable performance of 

HBS #1, HBS #2 and HBS #3 could have been prevented if the non-ideal material response of the HBS 

region could have been detected prior to testing. 

 To safely ensure adequate material response of the HBS region for promotion of plastic 

hinge formation away from the critical beam to column CJP welds a need exists to non-destructively 

predict the material property response.  An examination of literature (Callister W.D. 2001, Lai et al 

1991, Pavlina et al 2008) has shown that strong relationships exist between hardness and yield and 

tensile strength of steels.  Since hardness and tensile strength are both indicators of a metal’s 

resistance to plastic deformation, a non-destructive Brinell hardness test can be used to predict the 

tensile strength of the material (Callister W.D. 2001).  In Brinell hardness tests a hard spherical 

indenter of 10 millimeter diameter is forced into the surface of the metal being tested (Callister 

W.D. 2001).  The diameter of the small indention is then measured with a low-power microscope 

and related to a Brinell hardness value (Callister W.D. 2001).  The Brinell hardness testing is virtually  
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non-destructive as the indention is comparatively small.  The hardness values can then be used to 

predict the yield and tensile strength of the material if a satisfactory relationship is developed.  

Relationships predicting the yield and ultimate strength of different grades of steel using Vicker’s 

hardness testing have shown good accuracy (Lai et al 1991 and Pavlina et al 2008).  Additionally, 

microstructure evaluations of grain size can predict the yield strength of the material (as shown by 

Hall-Petch relationship in Equation 2.2); however it is unlikely that fabricators/inspectors are as 

receptive to microstructure evaluations due to the expensive equipment and time required for 

surface preparation.  It is recommended that a series of uniaxial tensile tests and hardness tests are 

conducted on various batches of A992 steel to develop a statically valid relationship between 

hardness and yield and tensile strength to accurately predict the material response.  It is of note that 

such tests do not predict the ultimate strain and percent elongation of the material but these values 

may not be required for successfully application of heat-treatments on steel W-shape beams.   

Additional improvements on accurately predicting the material property response can be 

achieved by including a greater number of thermocouples in the HBS region.  For a given cooling 

rate, a particular relationship can be established between peak temperature and yield and ultimate 

strength of the material.  Since the temperatures at different locations may be different from the 

temperature at the control point due to non-uniformity of the temperature distribution, it may be 

useful to have a relationship that can predict the yield and ultimate tensile strength at these 

locations.  Initial relationships have been established for the 0.33°C/min cooling rate used in the 

Phase II Temperature Profile (Figure 2.17) and are shown in Figure 6.6 and Figure 6.7.  As shown in 

Figure 6.6 and Figure 6.7, good correlation between temperature and yield and ultimate strength 

are found for a particular cooling rate.  It is of note that since the relationship development is not a 

part of the scope of the project the material presented are from only one heat of A992 steel and 
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include only 7 material tests.  The provided material is intended to solely show the potential of 

existence of such relationships.   

 

 

 
 

Figure 6.6: Yield stress vs. temperature relationship for A992 steel 

 

 

 
 

Figure 6.7: Ultimate stress vs. temperature relationship for A992 steel 
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 HBS Application for Retrofit of Existing Special Moment Frame Connections 

Collaboration with researchers and practicing structural engineers has indicated an interest in 

the HBS application for use in retrofits of existing steel special moment frame connections.  Issues of 

poor seismic performance with the Pre-Northridge bolted web design may be improved with proper 

application of the HBS.  Additionally, connections vulnerable to premature fractures at the beam 

flange to column flange CJP welds, such as connections with welds rejected by UT inspection and 

connections welded by inexperienced welders, may achieve improved seismic performance by heat-

treating.  The results of HBS #3 indicate potential issues with the repair of the welded joints and the 

increased propensity of brittle fracture may be avoided with such connections by proper application 

of the HBS.  The fracture originating at the weld defect may have been alleviated if the HBS provided 

more stress reduction at the connection.  This reduction in stress could have been achieved though 

softer material properties in the heat-treated region resulting from the improved heat-treatment 

method and process.  It is believed that the material softening developed by using the procedures in 

Appendix B and the Phase II temperature profile (Figure 2.17) is significant enough to relocate the 

plastic hinge away from the beam flange to column flange CJP welds and improve the seismic 

performance.   The lack of effectiveness of the heat-treated beam section of HBS #3 in improving 

seismic performance should not be discounted; however it is believed that performance 

enhancement would be improved if the ideal material property response was present.  Potential of 

heat-treatment of the bottom flange only may be sufficient enough to relocate the plastic hinge 

away from the column and could reduce the costs associated with slab removal on the top flange.  

Considerations of the reduced stiffness, reduced strength and thermal expansion of the steel when 

exposed to high temperatures should be considered prior to application.  Further investigation 

focusing on the performance of the HBS concept as a retrofit application is encouraged.   
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Chapter 7 Conclusion 

Conclusion:  

 The study experimentally validated that the seismic performance of steel moment frame 

connections is enhanced with application of properly designed high temperature heat-treatments 

on beam flanges.  The development of flexural yielding, plastic hinge formation and buckling at pre-

determined locations adjacent to the critical beam to column welds are shown to promote ductile 

seismic response under a given load history.  The uses of high temperature annealing heat-

treatments serve as an excellent technique for promotion of the aforementioned desired failure 

modes required for safe seismic performance.  The results of the full-scale experiments indicate the 

promise and potential of HBS applications in improving the seismic performance of particular 

moment connections.  The results and technical discussions from the research project can be used 

to further expand the development of HBS connections and eventually achieve connection 

prequalification by ANSI/AISC 358-10 for use in steel special moment frames. 

The experimental study of the research project consisted of an investigation of the material 

response from high temperature heat-treatments on A992 steel. The knowledge obtained from the 

material testing was applied and scaled up to full-scale heat -treatments of beam flanges on steel 

W-shapes.  A total of 8 full scale beam to column connection experiments were included in the 

experimental investigation with 7 of the connections using heat-treated beam sections.  A control 

specimen, a WUF-W connection without heat-treatments, was conducted for comparison of results 

with HBS specimens.   At the time of writing, two additional HBS connections are under construction 

and will be tested to conclude the experimental investigation.  The experimental investigation was 
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divided into two phases, Phase I and Phase II, with many improvements executed between phases 

for improvement in connection performance and experimental evaluation. 

 The experimental results of the parametric heat-treatment study and full-scale heat-

treatment applications are useful in determining the influence of high temperature heat-treatments 

on the monotonic uniaxial stress vs. strain response.  The presented results highlight the influence 

of various parameters such as peak temperatures (C1), hold times at peak temperature (T1) and 

cooling rates (R1) on A992 steel yield and ultimate tensile stresses.  The parametric heat-treatment 

study was used to develop guidelines for an optimized temperature profile for use on full-scale heat-

treatments on steel W-flange beams.  The procedures that were used for full-scale heat-treatments 

of Phase I and Phase II experiments are discussed and provided.  The difficulty in implementation of 

full-scale application heat-treatments was particularly challenging but was resolved for successful 

execution of heat-treatments in Phase II of the experimental investigation.  

 The Phase I portion of the full-scale seismic performance investigation on moment 

connections consisted of testing four WUF-W connections, three of which were modified by high 

temperature heat-treatments.  The beams used in the HBS connections were heat-treated by an 

induction heat-treatment system using the Phase I temperature profile.  The full-scale heat-

treatments of Phase I yielded material properties that differed significantly from the expected 

properties assumed in the design.  The resulting material response produced a reduced yield stress, 

however a reduction in tensile stress was not observed.  Nonetheless, the connections were tested 

and compared with the control connection test.  The experimental results of Phase I indicated the 

HBS region was effective in reducing strain demands at the beam to column welds.  However, due to 

the increased magnitude of strain hardening of the material in the HBS region, damage in the form 



 

167 

of flexural strain was only initially concentrated in the HBS region.  The limited effectiveness of the 

HBS can be attributed to the non-ideal material properties in the HBS region formed from 

inadequate heat-treatments.  All connections tested achieved interstory drift angles of 4.0% or 

higher.  HBS #3 experienced a fracture at a location of welding error after experiencing 5.0% 

interstory drift.  HBS #1, HBS #2 and Ctrl #1 were not tested until failure due to issues with damage 

in the test setup. The Ctrl #1 specimen was able to achieve 5.0% interstory drift angle without 

fracture further validating the robustness of the WUF-W connection. 

 The difficulties experienced with the Phase I experiments were improved upon prior to 

testing of the connections in Phase II.  A more robust experimental setup was designed and more 

advanced heat-treatment procedures were developed to generate a region of significantly 

weakened yield and ultimate strength.  HBS #4 and HBS #5 demonstrated the potential of 

connections modified by the HBS by achieving interstory drift angles as high as 6.0% and 5.0% 

respectively with only minimum rotation developing in the column and panel zone.  The associated 

failure modes of fracturing of the beam flanges in the HBS region after flange buckling indicated the 

successfulness of the HBS in relocating the plastic hinge away from the beam to column welds.  Also, 

additional seismic performance enhancement techniques such as web stiffeners and a rearranged 

bolt pattern for extended endplate connections were evaluated.  Two connection tests remain to be 

tested and will include the HBS and additional modifications in the form of a rearranged bolt pattern 

for bolted web connections in HBS #6 and an improved web stiffener in HBS #7.  The resulting 

modifications in the form of rearrangement of bolt orientation for extended endplate connections, 

web stiffeners and modified bolted web designs are expected to improve the seismic performance 

of both HBS and non-HBS connections.  
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APPENDIX A 
 

Parametric Heat Treatment Study Database 

Specimen 
# 

C1 (° C) 
T1 

(min) 
R1                

(° C/min) 
C2 (° C) 

Yield 
Stress 
(ksi) 

Ultimate 
Stress 
(ksi) 

Note 

1 1200 15 6 500 41.0 61.1   

2 1050 15 6 500 41.7 61.8   

3 900 15 6 500 47.7 65.0   

4 800 15 6 500 45.8 65.5   

5 700 15 6 500 50.0 66.4   

6 600 15 6 500 53.5 70.0   

7 RT N/A N/A N/A 54.8 71.3 Non Heat-treated 

8 1050 15 6 500 N/A N/A   

9 900 15 6 500 47.3 65.6   

10 1000 15 6 500 43.7 62.5   

11 1000 15 6 500 43.5 62.2   

12 950 15 6 500 45.1 63.8   

13 950 15 6 500 46.0 63.0   

14 500 15 6 500 55.6 71.2   

15 1050 15 6 500 41.9 61.5   

16 1050 15 AC N/A 46.9 70.2 Open Air Cooled 

17 800 15 6 500 44.6 65.9   

18 1050 15 OC 500 41.7 63.2 Oven Cooled 

19 1050 15 0.6 500 38.7 59.8   

20 1100 15 6 500 41.7 63.6   

21 1300 15 6 500 39.9 60.1   

22 1400 15 6 500 39.9 60.8   

23 750 15 0.6 700 45.5 69.5   

24 1050 15 6 600 42.5 63.2   

25 1050 15 6 700 40.4 65.2   

26 800 15 0.6 700 41.3 66.0   

27 800 15 1.2 700 N/A 67.8   

28 800 15 1.8 700 41.5 65.9   

29 800 15 3 700 45.2 67.7   

30 800 15 1.8 700 43.5 67.6   

31 800 15 1.8 700 44.0 67.4   

32 800 15 1.2 700 41.5 67.2   
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Specimen 
# 

C1 (° C) 
T1 

(min) 
R1                

(° C/min) C2 (° C) 

Yield 
Stress 
(ksi) 

Ultimate 
Stress 
(ksi) Note 

33 1050 15 6 700 39.7 65 
 34 1050 15 6 700 40 66.6  

35 800 15 1.2 700 42.2 67.2   

36 800 15 1.8 700 42.6 67.8   

37 1050 15 6 700 38.9 64.2   

38 1050 60 1.67 500 36.8 60.6 Full-Scale Sample 

39 1050 15 1.67 500 33.9 57.4 Full-Scale Sample 

40 1035 15 AC 500 48.8 69.9  See “Note 1” 

41 1035 15 AC 500 48.8 69.9  See “Note 1” 

42 1050 15 IC 500 54.3 70.8 Full-Scale Sample 

43 1050 15 IC 500 40.7 63.8 Full-Scale Sample 

44 1050 15 IC 500 40.9 65.7 Full-Scale Sample 

45 1050 15 IC 500 46.8 66.2 Full-Scale Sample 

46 1050 15 IC 500 39.7 63.1 Full-Scale Sample 

47 1050 15 IC 500 40.1 65.5 Full-Scale Sample 

48 1050 15 IC 500 46.8 65.7 Full-Scale Sample 

49 1050 15 IC 500 46.1 67.0 Full-Scale Sample 

50 1050 15 IC 500 47 66.7 Full-Scale Sample 

51 1050 15 IC 500 40.5 63.6 Full-Scale Sample 

52 1050 15 0.33 500 36.4 59.9 
 53 1050 15 0.33 500 36.5 57.9   

54 1050 15 0.33 500 39.7 61.7 Full-Scale sample 

55 1050 15 0.33 500 35.4 60.9 Full-Scale sample 

56 1200 15 0.33 500 33.4 52.8   

57 950 15 0.33 500 42.9 61.7   

58 850 15 0.33 500 44.1 62.4   

59 750 15 0.33 500 48 64.8   

60 650 15 0.33 500 49.8 66.1   

61 550 15 0.33 500 55.1 70.8   

62 1050 15 ∞ 500 102 128.9 Quenched 

63 1050 15 0.33 500 36.4 57.5 Q and A 

64 1050 15 0.33 500 34.1 54.2 5 x heat cycle 

65 N/A N/A N/A N/A 56.2 70.9 Beam Web   

66 N/A N/A N/A N/A 55.8 70.5 Beam Web   

67 1050 15 0.33 500 36.8 59.9 Full-Scale sample 

68 1050 15 0.33 500 35.1 58.0 Full-Scale sample 
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Specimen 
# 

C1 (° C) 
T1 

(min) 
R1                

(° C/min) C2 (° C) 

Yield 
Stress 
(ksi) 

Ultimate 
Stress 
(ksi) Note 

69 N/A N/A N/A N/A 55.7 70.3 Non Heat-treated 

70 1050 15 ∞ 500 N/A N/A   

71 N/A N/A N/A 500 52.5 73.8 Non Heat-treated 

72 1200 15 0.33 500 32.4 54.1   

73 1050 15 0.33 500 35.1 59.6   

74 800 15 0.33 500 42.1 63.0   

75 1200 15 3.167 500 38.7 61.7   

76 1200 15 0.6667 500 34 55.3   

        

 

Abbreviations: 

 RT=Room Temperature, AC= Air Cooled, OC= Oven Cooled, AC= Air Cooled, IC=Insulation 

Cooled, Q and A=Quenched and Annealed, ∞ = Cooled by Quenching in cool water, Beam 

Web= Indicates coupons extracted from the beam web. 

 Full-Scale Sample indicates a coupon that was extracted from the beam flange following a trial 

heat-treatment on a steel beam.  It is of note that some of the coupons with the note “Full-

Scale Sample” were extracted from regions on the edge and outside the HBS region.  As suc, 

the temperature profile data (C1, T1, R1 and C2) may not be valid for that particular coupon.   

 Note 1: Specimen #40 and #41 was the same coupon.  The coupon heat-treated with two 

different heat-treatments and was reported as two specimens to present the temperature 

profile data of both heat-treatments. 
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APPENDIX B 

 

Requirements and Procedures for Heat-Treatment of the 
Heat-Treated Beam Section- Phase II 

 

 

General Requirements: 

1. Heat-treatments are to be conducted after fabrication but prior to erection of the structure.   

2. Heat-treatments are optimized for ASTM A992 material only. 

3. Prescribed Heat-Treatments are set to achieve 32 ksi yield and 54 ksi ultimate tensile 

strength in the center of the HBS region. 

Heat-Treatment Sequence, Procedures, and Special Requirements: 

1.  Layout thermocouple locations as shown in Figure 1 using standard chalk.  It is of note that 

all dimensions are measured from the assumed position of the column face.  TC #3 and TC 

#4 are to be placed on the centerline of the beam. 
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Figure 1: Thermocouple Locations 

 

2. Grind off iron-oxide scale (commonly referred to as mill scale) off of the beam at 

thermocouple locations using a rotary-type grinder until a shiny smooth type surface is 

reached. 

3. Tack weld Type K thermocouple wires to the clean surface at each thermocouple location.  A 

primary and backup thermocouple should be installed at each location for easy repair in the 

event that one thermocouple fails during the heat-treatment.  Thermocouple wire trails 

should extend 5’ minimum outside the heat-treated region.  Each thermocouple wire tail 

should be labeled with the assigned location. 

 

 
Figure 2: Thermocouple Placement  
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4. The proposed heat-treatment is intended for a HBS region of 25”.  To account for heat loss 

at the edge of the pads, custom high temperature pads were made to a length of 29”, 

allowing for 2” overlap on both sides.  The heat-treatment of the bottom of the flange 

utilized (2) 4” x 29” 80V high temperature heating pads.  Each pad is to be placed on 

opposite sides of the beam web as shown in Figure 3.  Pads can be held in place by tack 

welding small pins to the bottom of the beam flange which can be folded over to hold the 

pads in position as shown in Figure 4.  Metal washers can also be slipped onto the pins to 

hold the bottom heating pads into position. Heating pad tails should lead in direction of 

system controller.   The heating pads used in the research project were manufactured by 

Electric Heating Systems Inc.  

 

Figure 3: Locations of Bottom Heating Pads 

 

 Figure 4: Tack pins to hold heating pad in place  
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5. Layout (2) 5” x 29” 80V high-temperature pads on beam flange as shown in Figure 5 and 

Figure 6.  No pins are needed as the heating pads can simply sit on the top of the beam 

flange.   

 

 
Figure 5: Schematic of top heating pad locations 

 

 
Figure 6: Placement of top heating pads 

 

6. Cut (2) 31” x 48” x 2” 8# ceramic fiber blankets from ceramic fiber bulk spools.  Using one 

blanket, tightly wrap the heating pads and the beam flange with the ceramic fiber blanket.  

The blanket can pierce the tack nails on the bottom of the flange and be locked into place by 

washers as shown in Figure 7. As far as practical, the insulation should be wrapped as tightly 

as possible to prevent heat loss and detrimental material proper response in the heat-

treated region.   
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Figure 7: Wrapping with one layer of ceramic fiber blanket  

 

7.   Cross-sectional wire ties should be placed around the insulation near the end and 

beginning of the heating pads as shown in Figure 8.  As far as practical, tension the wires to 

“seal” the edges of the ceramic fiber insulation to the beam flange to reduce heat loss. 

 

 
Figure 8: Cross Sectional Tie Wires 

 

8.  Using the additional ceramic fiber blanket, tightly wrap another layer of ceramic fiber 

insulation around the heating pads, insulation and tie wires.  The second blanket can pierce 

the tack nails on the bottom of the flange and be locked into place by washers.  Repeat step 

7, by tying an additional cross sectional tie wires around both layers of ceramic fiber 

blanket.  The final setup should look similar to Figure 9.  Additional holes, gaps or voids in 

the insulation can be plugged with supplemental pieces of insulation. 
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Figure 9: Heat-treated Beam Section prior to heat-cycle 

 

9.  Connect high temperature heating pads to the power supply and thermocouple tail wires to 

the controller system.    TC #1 and TC #2 are to be used as controller thermocouples, while 

TC #3 and TC #4 will be used only for monitoring purposes.    The temperature profiles for 

programing TC #1 and TC #2 are shown in Figure 10.  TC #3 and TC #4 are to be monitored 

and recorded during duration of heat-treatment.  Temperatures  > 1200°C are to be avoided 

on TC #4 as this may result in melting of the material.  With such heat-treatment as shown 

in Figure 10, the ASTM A992 material at TC #4 should have a reduction in yield stress to 32.4 

ksi and ultimate tensile stress to 54.1 ksi.  At TC #1 the yield and ultimate tensile stress are 

expected to be reduced to 35.1 ksi and 59.6 ksi respectively.  It is of note that since TC #3 is 

located on the edge of the HBS region may not achieve high peak temperatures.  Peak 

temperatures at TC #3 were previously observed in trial heat-treatments to reach 

approximately 800°C. 
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Figure 10: Temperature profile for TC 1 and TC 2.   

 

10.  During the cool-down period, additional ceramic fiber blankets can be added around the 

assembly to further ensure slow cooling as shown in Figure 11.  Allow slow cooling to 500°C 

before removal of pads and insulation.  Visual indication of heat-treatment can be seen by 

subsequent layers of scaling as shown in Figure 12.   
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Figure 11: Supplemental Insulation during cool-down period 

 

Figure 12: Iron-oxide scale evident after heat-treatment 
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APPENDIX C 

Requirements and Procedures for Field Welding Beam-to-Column 
Moment Connections for Welded Unreinforced Flange – Welded 

Web (WUF-W) Phase I Connection Detail 
for 

North Carolina State University Test Specimens to be welded at the 
MAST Laboratory 

 

 
 
 

 

Figure 1- Connection Detail 
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Figure 2 – Required Clearance between Shear Tab Fillet Weld and Access Holes 
  

1/2" min distance, 1" max distance
from edge of fillet weld to edge of access hole

1/2" min distance, 1" max distance
from edge of fillet weld to edge of access hole
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General Requirements 
1. All welding shall be in conformance with AWS D1.1-10 and AWS D1.8-09. 

 

2. All CJP groove welds (beam flange to column flange welds, and beam web to column flange 

weld) are demand critical. 

 

3. Welder must be qualified in accordance with the requirements of AWS D1.1-10 and in 

accordance with the requirements of AWS D1.8-09,  

Chapter 5 (including Supplemental Welder Qualification Testing). 

 

4. All welding shall be completed with the column in an upright position, to simulate actual 

field welding positions. 

 
Welding Sequence, Procedures, and Special Requirements 

1. Install erection bolts in shear tab to connect beam web to shear tab. Fully tension bolts 

using turn of nut method. 

2. Tack weld 3/8” x 1” backing bars to inside faces of beam flange and to outside face of 

column flange. Length of backing bars should be adequate so that they extend 

approximately 2-inches beyond ends of beam flanges. The backing bars should be 

continuous over the entire length of the groove weld including the area of the weld tab and 

beam web. Tack welds should be located so that they will be incorporated inside the groove 

weld. 

3. Attach weld tabs. Weld tabs should extend groove approximately 2-inches beyond end of 

beam flange. Tack welds should be located so that they will be incorporated inside the 

groove weld. 

4. Make groove weld between beam top flange and outside face of column flange using WPS # 

WUFW-1.  Each weld bead should start on a weld tab and end on the opposite weld tab. 

5. Make groove weld between beam bottom flange and outside face of column flange using 

WPS #WUFW-1.  Welding at the bottom flange should be in accordance with the following: 

a. As far as is practicable, starts and stops shall not be placed directly under the beam 

web 

b.  Each layer shall be completed across the full width of the flange before beginning 

the next layer 

c. For each layer, the weld starts and stops shall be on the opposite side of the beam 

web, as compared to the previous layer. 
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See the attached figure for the bottom flange groove weld bead sequence. The figure shows 
the sequence for the first 3 beads. All subsequent beads should follow the same sequence. 
 

6. Remove the backing bar at the beam bottom flange groove weld and backgouge root of CJP 

groove weld to sound metal.  Care should be taken so as not to damage the base metal 

when removing the backing bar and during backgouging.  Any pits, gouges, discontinuities 

and slag pockets discovered at the root of the groove weld should be grounded out.  Reweld 

root of CJP groove weld from underneath the weld and place a 5/16” fillet weld using WPS # 

WUFW-2. 

 

7. Place a 5/16” fillet weld between the backing bar and the column flange at the top beam 

flange groove weld using WPS # WUFW-3. 

 

8. Remove weld tabs from both the top and bottom beam flange groove welds.  Grind smooth 

and inspect ground surfaces for discontinuities.  Inclusions 1/16” or less in depth shall be 

removed by grinding.  Deeper indications should be removed and replaced by welding. 

 

9. Make groove weld between beam web and column flange using WPS # WUFW-4. 

 

10. Make fillet weld between shear tab and beam web using WPS #WUFW-5. Fillet welds should 

be terminated away from the edge of the access holes, per Figure 2. 

 

 

Figure 3- Weld bead sequence for bottom flange groove weld 
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 
 

COMPLETE JOINT PENETRATION SINGLE BEVEL GROOVE WELD 
FLAT POSITION WELD BETWEEN BEAM FLANGE AND COLUMN FLANGE 

 
WPS # WUFW-1 

 
Material Specification: ASTM A36, A572-Gr. 50, A992 
Welding Process: Flux Cored Arc Welding – Self Shielded 
Position of Welding: 1G 
Filler Metal: AWS Specification: 5.20 

AWS Classification: E71T-8 
  Brand Designation: Lincoln NR-232 

  Diameter:  0.072” 
Current: DC – Electrode Positive   Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
Joint Designation: TC-U4a-GF 
 
 

Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

0.072” 
 

155 - 170 25 - 29 390 - 475 9 - 15 

Distance from contact tube to work = 1-1/2 to 2-1/2” 
 
 

    Weld Pass Sequence and Size  Weld Pass Technique 
· Stringer passes only. No weaving or wash passes. 
· Weld stringer passes using sequence shown 
above. Start the first stringer pass in each layer 
against the face of the column. 

· Slag each pass thoroughly. 
· Each stringer pass to melt at least 1/3 of the 
preceding pass for good fusion between passes 
and to prevent valley between passes which are 
hard to clean. 

 

 

Beam Flange

= 30  (+10 , -5  as fit-up)
o o o

R =3/8" (+1/4", -1/16" as fit up)

Column
Flange

NOTE:

FOR SEQUENCE ONLY - NUMBER OF PASSES

WILL VARY ACCORDING TO WELD SIZE AND

MATERIAL SEQUENCE
COLUMN

FLANGE

STEEL BACKING

MAX. SINGLE PASS LAYER SIZE:

WIDTH:            5/8“ MAX

THICKNESS:   1/4" MAX

CONTINUITY PLATE1

2

4

7

3

5

8

6

9

NOTE:

FOR SEQUENCE ONLY - NUMBER OF PASSES

WILL VARY ACCORDING TO WELD SIZE AND

MATERIAL SEQUENCE
COLUMN

FLANGE

STEEL BACKING

MAX. SINGLE PASS LAYER SIZE:

WIDTH:            5/8“ MAX

THICKNESS:   1/4" MAX

CONTINUITY PLATE1

2

4

7

3

5

8

6

9
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 
 

OVERHEAD REINFORCING FILLET WELD FOR BACKGOUGED CJP GROOVE WELD 
 

WPS # WUFW-2 
 

Material Specification: ASTM A36, A572-Gr. 50, A992 
Welding Process: Flux Cored Arc Welding – Self Shielded 
Position of Welding:    4F 
Filler Metal: AWS Specification: 5.20 

  AWS Classification:  E71T-8 
  Brand Designation:  Lincoln NR-232 
  Diameter:   0.072” 

 
Current: DC – Electrode Negative   Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 

Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 275 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 

 

 

Beam Flange

Column
Flange
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 

 

OVERHEAD FILLET WELD FOR WELDING BACKING BAR TO COLUMN FLANGE 
 

WPS # WUFW-3 
 
 

Material Specification:  ASTM A36, A572-Gr. 50, A992 
Welding Process:  Flux Cored Arc Welding – Self Shielded 
Position of Welding:  4F 
Filler Metal:  AWS Specification: 5.20 

   AWS Classification: E71T-8 
   Brand Designation: Lincoln NR-232 
   Diameter:  0.072” 

 
Current: DC – Electrode Negative  Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 
Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 255 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 
 

 

Beam Flange

Column
Flange
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 

 

COMPLETE JOINT PENETRATION SINGLE BEVEL GROOVE WELD 
VERTICAL POSITION WELD BETWEEN BEAM WEB AND COLUMN FLANGE 

 

WPS # WUFW-4 
 

Material Specification:  ASTM A36, A572-Gr. 50, A992 
Welding Process:   Flux Cored Arc Welding – Self Shielded 
Position of Welding:   3G 
Filler Metal:   AWS Specification: 5.20 

    AWS Classification: E71T-8 
    Brand Designation: Lincoln NR-232 

    Diameter:  TBD 
Current: DC - Electrode Negative    
 

Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-

1/2 

50 

Over 1-1/2 to 2-

1/2 

150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 
Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 255 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 

 

Beam Web

 = 45  (+10 , -5  as fit-up)
o o o

Column
Flange

R = 1/4" (+1/4, -1/16 as fit-up)

Shear Tab
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 

 

FILLET WELD BETWEEN SHEAR TAB AND BEAM WEB 
 

WPS # WUFW-5 
 

Material Specification: ASTM A36, A572-Gr. 50, A992 
Welding Process: Flux Cored Arc Welding – Self Shielded 
Position of Welding:    2F, 3F, 4F 
Filler Metal: AWS Specification: 5.20 

  AWS Classification:  E71T-8 
  Brand Designation:  Lincoln NR-232 
  Diameter:   0.072” 

 
Current: DC – Electrode Negative   Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 

Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 275 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 
 

 

 

 

 

 

 

 

 

 

Beam Web

Column
Flange

Shear Tab



 

192 

APPENDIX D 

HBS #4 Welding Procedures 

General Requirements 

 
1.  All welding shall be in conformance with AWS D1.1-10 and AWS D1.8-09. 

2. All CJP groove welds (top and bottom beam flange to column flange welds and beam web to 

column flange) are demand critical. 

 
Procedure: 

1. Prepare the flanges of the beam with a 45 degree, full depth bevel.  Prepare beam web with 

45 degree, full depth bevel. 

2. Fit up the end-plate and beam with a minimum room opening (1/4” for beam flanges, 1/4” 

for beam web) 

3. Preheat the specimens as required by AWS specifications. Table provided below 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

 

4. Install the 3/16” fillet weld on one web stiffener plate to endplate. Care should be taken to 

limit distortion of web stiffener 

5. Position W30x148 beam web the root distance (1/4”) from extended endplate. 

6. Install the 3/16” fillet weld all around the perimeter of one web stiffener. 

7. Complete CJP of beam web to extended endplate.  The web stiffener already in place can act 

as backer for the CJP weld 

8. Install second web stiffener with 3/16” all around fillet weld. 

9. Install the 5/16 in. backer fillet welds on the inside of the beam flanges  

10. Backgouge the root of the bevel to remove any contaminants from the 5/16 in. backer fillet 

welds 

11. Install the flange groove welds.  As far as practical starts and stop of beam flange CJP weld 

should be located away from each other to prevent buildup of voids.  

12. All welding is to be done in the down hand or flat position. 
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Figure 1 

 

 
Figure 2 
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APPENDIX E  
 INSTALLATION PROCEDURE FOR 1 1/2” DIAMETER A490 BOLT ASSEMBLIES 

1. Place the bolts in the connection and assemble with washers and nut.  

2. “Snug” tighten all the bolts in the connection by applying 600 ft/lbs of torque to each bolt 

assembly.  Follow the AISC procedures for “snug” tightening. 

3. This “snugging” procedure can be repeated if you are not confident that all bolt assemblies 

have the full 600 ft/lbs of torque. 

4. Mark the outside of the socket with two lines that are 150 degrees apart. 

If you place one mark on the outside of the socket opposite one of the six points on the 

inside of the socket, you can simply count two points counter-clockwise from the first mark 

and place a second mark half way between the second and third points.   The second mark 

will be 150 degrees from the first mark. 

5. Place the torque multiplier on the nut of the first assembly to be tightened.  Crank the 

handle of the multiplier until the reaction arm is tight against the adjacent nut.  Continue to 

tighten until the socket starts to rotate in a clockwise direction.  

6. Place a mark on the steel opposite the first mark on the socket. 

7. Tighten the bolt assembly with the multiplier until the second mark is opposite the mark on 

the steel.  This will be 150 degrees of rotation from “snug” and will satisfy the rotation 

requirement for this bolt assembly. 

8. Repeat this procedure with the remaining bolt assemblies. 

Notes: 

1. The 150 degrees of rotation was determined by testing the samples that were supplied, in a 

Skidmore bolt tension calibrator. 

2. “Snug” tight condition:   600 ft/lbs. of torque produced 18KIPS of tension in the test samples 

3. Full pre-tension:  150 degrees of rotation from the “Snug” condition produced 155 KIPS of 

tension. 

4.  
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APPENDIX F 

Requirements and Procedures for Field Welding Beam-to-Column 
Moment Connections for Heat-Treated Beam Section Welded 

Unreinforced Flange – Welded Web (WUF-W) Phase II Connection 
Detail  

For 
North Carolina State University Test Specimens to be welded at the 

NCSU CFL 
 

 
 

 

Figure 1- Connection Detail 
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General Requirements 
 

1. All welding shall be in conformance with AWS D1.1-10 and AWS D1.8-09. 
 

2. All CJP groove welds (top and bottom beam flange to column flange welds, and beam web 
to column flange) are demand critical. 
 

3. Welder must be qualified in accordance with the requirements of AWS D1.1-10 and in 
accordance with the requirements of AWS D1.8-09,  
Chapter 5 (including Supplemental Welder Qualification Testing). 
 

4. All welding shall be completed with the column in an upright position, to simulate actual 
field welding positions. 

 
Welding Sequence, Procedures, and Special Requirements 
 

1. Install erection bolts in shear tab to connect beam web to shear tab. Fully tension bolts 
using turn of nut method.  Direct tension indicating (DTI) washers will be used for quality 
assurance. 

 
2. Tack weld 3/8” x 1” backing bars to inside faces of beam flange and to outside face of 

column flange. Length of backing bars should be adequate so that they extend 
approximately 2-inches beyond ends of beam flanges. The backing bars should be 
continuous over the entire length of the groove weld including the area of the weld tab and 
beam web. Tack welds should be located so that they will be incorporated inside the groove 
weld.  Material for backing bars must be provided. 

 
3. Attach weld tabs. Weld tabs should extend groove approximately 2-inches beyond end of 

beam flange. Tack welds should be located so that they will be incorporated inside the 
groove weld. 

 
4. Make groove weld between beam top flange and outside face of column flange using WPS # 

WUFW-1.  Each weld bead should start on a weld tab and end on the opposite weld tab. 
*Note: Alternate Top and Bottom flange groove welds for first 4 passes, to avoid 
specimen distortion during welding* 
 

5. Make groove weld between beam bottom flange and outside face of column flange using 
WPS #WUFW-1.  Welding at the bottom flange should be in accordance with the following: 

 
a. As far as is practicable, starts and stops shall not be placed directly under the beam 

web 
 

b.  Each layer shall be completed across the full width of the flange before beginning 
the next layer 
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c. For each layer, the weld starts and stops shall be on the opposite side of the beam 
web, as compared to the previous layer. 

 
See the attached figure (Figure 2) for the bottom flange groove weld bead sequence. The 
figure shows the sequence for the first 3 beads. All subsequent beads should follow the 
same sequence. 

 
6. Place a 5/16” fillet weld between the backing bar and the column flange at the top beam 

flange groove weld using WPS # WUFW-3. 
 

7. Remove the backing bar at the beam bottom flange groove weld and back-gouge root of CJP 
groove weld to sound metal.  Care should be taken so as not to damage the base metal 
when removing the backing bar and during back-gouging.  Any pits, gouges, discontinuities 
and slag pockets discovered at the root of the groove weld should be grounded out.  Re-
weld root of CJP groove weld from underneath the weld and place a 5/16” fillet weld using 
WPS # WUFW-2. 
 

8. Remove weld tabs from both the top and bottom beam flange groove welds.  Grind smooth 
and inspect ground surfaces for discontinuities.  Inclusions 1/16” or less in depth shall be 
removed by grinding.  Deeper indications should be removed and replaced by welding. 
 

9. Make groove weld between beam web and column flange using WPS # WUFW-4. 

 

 

 
Figure 2- Weld bead sequence for bottom flange groove weld 
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 
 

COMPLETE JOINT PENETRATION SINGLE BEVEL GROOVE WELD 
FLAT POSITION WELD BETWEEN BEAM FLANGE AND COLUMN FLANGE 

 
WPS # WUFW-1 

 
Material Specification: ASTM A36, A572-Gr. 50, A992 
Welding Process: Flux Cored Arc Welding – Self Shielded 
Position of Welding: 1G 
Filler Metal: AWS Specification: 5.20 

AWS Classification: E70T-6 
  Brand Designation: Lincoln NR-305 

  Diameter:  3/32” 
Current: DC – Electrode Positive   Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
Joint Designation: TC-U4a-GF 
 
 

Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

3/32” 
 

240-300 25 - 29 390 - 475 9 - 15 

Distance from contact tube to work = 1-1/2 to 2-1/2” 
 
 

    Weld Pass Sequence and Size  Weld Pass Technique 
· Stringer passes only. No weaving or wash passes. 
· Weld stringer passes using sequence shown 
above. Start the first stringer pass in each layer 
against the face of the column. 

· Slag each pass thoroughly. 
· Each stringer pass to melt at least 1/3 of the 
preceding pass for good fusion between passes 
and to prevent valley between passes which are 
hard to clean. 

 

 

Beam Flange

= 30  (+10 , -5  as fit-up)
o o o

R =3/8" (+1/4", -1/16" as fit up)

Column
Flange

NOTE:

FOR SEQUENCE ONLY - NUMBER OF PASSES

WILL VARY ACCORDING TO WELD SIZE AND

MATERIAL SEQUENCE
COLUMN

FLANGE

STEEL BACKING

MAX. SINGLE PASS LAYER SIZE:

WIDTH:            5/8“ MAX

THICKNESS:   1/4" MAX

CONTINUITY PLATE1

2

4

7

3

5

8

6

9

NOTE:

FOR SEQUENCE ONLY - NUMBER OF PASSES

WILL VARY ACCORDING TO WELD SIZE AND

MATERIAL SEQUENCE
COLUMN

FLANGE

STEEL BACKING

MAX. SINGLE PASS LAYER SIZE:

WIDTH:            5/8“ MAX

THICKNESS:   1/4" MAX

CONTINUITY PLATE1

2

4

7

3

5

8

6

9
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 
 

OVERHEAD REINFORCING FILLET WELD FOR BACKGOUGED CJP GROOVE WELD 
 

WPS # WUFW-2 
 

Material Specification: ASTM A36, A572-Gr. 50, A992 
Welding Process: Flux Cored Arc Welding – Self Shielded 
Position of Welding:    4F 
Filler Metal: AWS Specification: 5.20 

  AWS Classification:  E71T-8 
  Brand Designation:  Lincoln NR-232 
  Diameter:   0.072” 

 
Current: DC – Electrode Negative   Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 

Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 275 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 

 

 

Beam Flange

Column
Flange
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 

 

OVERHEAD FILLET WELD FOR WELDING BACKING BAR TO COLUMN FLANGE 
 

WPS # WUFW-3 
 
 

Material Specification:  ASTM A36, A572-Gr. 50, A992 
Welding Process:  Flux Cored Arc Welding – Self Shielded 
Position of Welding:  4F 
Filler Metal:  AWS Specification: 5.20 

   AWS Classification: E71T-8 
   Brand Designation: Lincoln NR-232 
   Diameter:  0.072” 

 
Current: DC – Electrode Negative  Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-1/2 50 

Over 1-1/2 to 2-1/2 150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 
Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 255 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 
 
 

 

 

 

 

 

Beam Flange

Column
Flange
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PRE-QUALIFIED WELDING PROCEDURE SPECIFICATION 
 

COMPLETE JOINT PENETRATION SINGLE BEVEL GROOVE WELD 
VERTICAL POSITION WELD BETWEEN BEAM WEB AND COLUMN FLANGE 

 

WPS # WUFW-4 
 

Material Specification:  ASTM A36, A572-Gr. 50, A992 
Welding Process:   Flux Cored Arc Welding – Self Shielded 
Position of Welding:   3G 
Filler Metal:   AWS Specification: 5.20 

    AWS Classification: E71T-8 
    Brand Designation: Lincoln NR-232 

    Diameter:  0.072” 
Current: DC - Electrode Negative    
 

Joint Detail: 
 
Minimum Preheat and Interpass Temperature:  
 

Thickness Temperature 
(deg F) 

Up to 3/4 50 

Over 3/4to 1-

1/2 

50 

Over 1-1/2 to 2-

1/2 

150 

Over 2-1/2 225 

Maximum Interpass Temperature: 550° F 
 
 
Welding Procedure 
 

Pass No. 
Electrode 
Diameter 

Wire 
Feed 

Speed 
(in / min) 

Volts 
Approx. 
Current 
(amps) 

Travel 
Speed 

(in / min) 

All as 
Req’d 

 
0.072” 

 
155 - 170 19 - 23 240 - 255 8 - 12 

Distance from contact tube to work = 0.5 to 1” 

 

 

 

 

 


