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DISCLAIMER

This document provides practicing engineers and building officials with a resource document
for understanding the behavior of steel moment-frame buildings in earthquakes. It isone of the
set of six State of the Art Reports containing detailed derivations and explanations of the basis
for the design and evaluation recommendations prepared by the SAC Joint Venture. The
recommendations and state of the art reports, developed by practicing engineers and researchers,
are based on professional judgment and experience and supported by a large program of
laboratory, field, and analytical research. No warranty is offered with regard to the
recommendations contained herein, by the Federal Emer gency Management Agency, the
SAC Joint Venture, theindividual joint venture partners, or the partner’sdirectors,
members or employees. These organizations and their employees do not assume any legal
liability or responsibility for the accuracy, completeness, or usefulness of any of the
information, productsor processesincluded in thispublication. Thereader iscautioned to
review car efully the material presented herein and exer cise independent judgment asto its
suitability for application to specific engineering projects. This publication has been
prepared by the SAC Joint Venture with funding provided by the Federal Emergency
Management Agency, under contract number EMW-95-C-4770.

Cover Art. The beam-column connection assembly shown on the cover depicts the standard
detailing used in welded, steel moment-frame construction, prior to the 1994 Northridge
earthquake. This connection detail was routinely specified by designersin the period 1970-1994
and was prescribed by the Uniform Building Code for seismic applications during the period
1985-1994. Itisno longer considered to be an acceptable design for seismic applications.
Following the Northridge earthquake, it was discovered that many of these beam-column
connections had experienced brittle fractures at the joints between the beam flanges and column
flanges.
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THE SAC JOINT VENTURE

SAC isajoint venture of the Structural Engineers Association of California (SEAOC), the Applied
Technology Council (ATC), and California Universities for Research in Earthquake Engineering
(CUREe), formed specifically to address both immediate and long-term needs related to solving
performance problems with welded, steel moment-frame connections discovered following the 1994
Northridge earthquake. SEAOC is a professional organization composed of more than 3,000 practicing
structural engineersin California. The volunteer efforts of SEAOC’ s members on various technical
committees have been instrumental in the development of the earthquake design provisions contained in
the Uniform Building Code and the 1997 National Earthquake Hazards Reduction Program (NEHRP)
Recommended Provisions for Seismic Regulations for New Buildings and other Structures. ATCisa
nonprofit corporation founded to develop structural engineering resources and applications to mitigate the
effects of natural and other hazards on the built environment. Since itsinception in the early 1970s, ATC
has devel oped the technical basis for the current model national seismic design codes for buildings; the de
facto national standard for postearthquake safety evaluation of buildings; nationally applicable guidelines
and procedures for the identification, evaluation, and rehabilitation of seismically hazardous buildings;
and other widely used procedures and data to improve structural engineering practice. CUREeisa
nonprofit organization formed to promote and conduct research and educational activities related to
earthquake hazard mitigation. CUREE€' s eight institutional members are the California Institute of
Technology, Stanford University, the University of Californiaat Berkeley, the University of Californiaat
Davis, the University of Californiaat Irvine, the University of Californiaat Los Angeles, the University
of Californiaat San Diego, and the University of Southern California. These laboratory, library,
computer and faculty resources are among the most extensive in the United States. The SAC Joint
Venture alows these three organizations to combine their extensive and unique resources, augmented by
subcontractor universities and organizations from across the nation, into an integrated team of
practitioners and researchers, uniquely qualified to solve problems related to the seismic performance of
steel moment-frame buildings.
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1. INTRODUCTION

1.1  Purpose

This report, FEMA-355A — Sate of the Art Report on Base Metals and Fracture, summarizes
the present state of knowledge related to the mechanical properties of structural steel shapes
produced in the United States and is important to understanding the probable behavior of
moment-resisting steel frames when subjected to strong earthquake ground shaking. This State
of the Art Report was prepared in support of the development of a series of Recommended
Design Criteria documents, prepared by the SAC Joint Venture on behalf of the Federal
Emergency Management Agency (FEMA) and addressing the issue of the seismic performance
of moment-resisting steel frame structures. These publications include:

e FEMA-350 — Recommended Seismic Design Criteria for New Steel Moment-Frame
Buildings. This publication provides recommended criteria, supplemental to FEMA-302 —
1997 NEHRP Recommended Provisions for Seismic Regulations for New Buildings and
Other Sructures, for the design and construction of steel moment-frame buildings and
provides alternative performance-based design criteria.

e FEMA-351 — Recommended Seismic Evaluation and Upgrade Criteria for Existing Welded
Steel Moment-Frame Buildings. This publication provides recommended methods to
evaluate the probable performance of existing steel moment-frame buildings in future
earthquakes and to retrofit these buildings for improved performance.

e FEMA-352 — Recommended Postearthquake Evaluation and Repair Criteria for Welded
Steel Moment-Frame Buildings. This publication provides recommendations for performing
postearthquake inspections to detect damage in steel moment-frame buildings following an
earthquake, evaluating the damaged buildings to determine their safety in the postearthquake
environment, and repairing damaged buildings.

e FEMA-353 — Recommended Specifications and Quality Assurance Guidelines for Seel
Moment-Frame Construction for Seismic Applications. This publication provides
recommended specifications for the fabrication and erection of steel moment frames for
seismic applications. The recommended design criteria contained in the other companion
documents are based on the material and workmanship standards contained in this document,
which also includes discussion of the basis for the quality control and quality assurance
criteria contained in the recommended specifications.

Detailed derivations and explanations of the basis for these design and evaluation
recommendations may be found in a series of State of the Art Report documents prepared by the
SAC Joint Venture in parallel with these design criteria. These reports include:

e FEMA-355A — Sate of the Art Report on Base Metals and Fracture. This report summarizes
current knowledge of the properties of structural steels commonly employed in building
construction, and the production and service factors that affect these properties.

e FEMA-355B — Sate of the Art Report on Welding and Inspection. This report summarizes
current knowledge of the properties of structural welding commonly employed in building

1-1
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construction, the effect of various welding parameters on these properties, and the
effectiveness of various inspection methodologies in characterizing the quality of welded
construction.

e FEMA-355C — State of the Art Report on Systems Performance of Steel Moment Frames
Subject to Earthquake Ground Shaking. This report summarizes an extensive series of
analytical investigations into the demands induced in steel moment-frame buildings designed
to various criteria, when subjected to arange of different ground motions. The behavior of
frames constructed with fully restrained, partially restrained and fracture-vulnerable
connections is explored for a series of ground motions, including motion anticipated at near-
fault and soft-soil sites.

e FEMA-355D — Sate of the Art Report on Connection Performance. This report summarizes
the current state of knowledge of the performance of different types of moment-resisting
connections under large inelastic deformation demands. It includes information on fully
restrained, partially restrained, and partial strength connections, both welded and bolted,
based on laboratory and analytical investigations.

e FEMA-355E — Sate of the Art Report on Past Performance of Steel Moment-Frame
Buildings in Earthquakes. This report summarizes investigations of the performance of steel
moment-frame buildingsin past earthquakes, including the 1995 Kobe, 1994 Northridge,
1992 Landers, 1992 Big Bear, 1989 Loma Prieta and 1971 San Fernando events.

o FEMA-355F — State of the Art Report on Performance Prediction and Evaluation of Steel
Moment-Frame Buildings. This report describes the results of investigations into the ability
of various analytical techniques, commonly used in design, to predict the performance of
steel moment-frame buildings subjected to earthquake ground motion. Also presented isthe
basis for performance-based evaluation procedures contained in the design criteria
documents, FEMA-350, FEMA-351, and FEMA-352.

In addition to the recommended design criteria and the State of the Art Reports, a companion
document has been prepared for building owners, local community officials and other non-
technical audiences who need to understand thisissue. A Policy Guide to Steel Moment Frame
Construction (FEMA-354) addresses the social, economic, and political issues related to the
earthquake performance of steel moment-frame buildings. FEMA-354 also includes discussion
of the relative costs and benefits of implementing the recommended criteria.

1.2 Background

For many years, the basic intent of the building code seismic provisions has been to provide
buildings with an ability to withstand intense ground shaking without collapse, but potentially
with some significant structural damage. In order to accomplish this, one of the basic principles
inherent in modern code provisions is to encourage the use of building configurations, structural
systems, materials, and details that are capable of ductile behavior. A structureis said to behave
in aductile manner if it is capable of withstanding large inelastic deformations without
significant degradation in strength, and without the development of instability and collapse. The
design forces specified by building codes for particular structural systems are related to the
amount of ductility the system is deemed to possess. Generally, structural systems with more
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ductility are designed for lower forces than less ductile systems, as ductile systems are deemed
capable of resisting demands that are significantly greater than their elastic strength limit.
Starting in the 1960s, engineers began to regard welded steel moment-frame buildings as being
among the most ductile systems contained in the building code. Many engineers believed that
steel moment-frame buildings were essentially invulnerable to earthquake-induced structural
damage and thought that should such damage occur, it would be limited to ductile yielding of
members and connections. Earthquake-induced collapse was not believed possible. Partly asa
result of this belief, many large industrial, commercial and institutional structures employing
steel moment-frame systems were constructed, particularly in the western United States.

The Northridge earthquake of January 17, 1994 challenged this paradigm. Following that
earthquake, a number of steel moment-frame buildings were found to have experienced brittle
fractures of beam-to-column connections. The damaged buildings had heights ranging from one
story to 26 stories, and arange of ages spanning from buildings as old as 30 years to structures
being erected at the time of the earthquake. The damaged buildings were spread over alarge
geographical area, including sites that experienced only moderate levels of ground shaking.
Although relatively few buildings were located on sites that experienced the strongest ground
shaking, damage to buildings on these sites was extensive. Discovery of these unanticipated
brittle fractures of framing connections, often with little associated architectural damage, was
alarming to engineers and the building industry. The discovery also caused some concern that
similar, but undiscovered, damage may have occurred in other buildings affected by past
earthquakes. Later investigations confirmed such damage in alimited number of buildings
affected by the 1992 Landers, 1992 Big Bear and 1989 L oma Prieta earthquakes.

In general, steel moment-frame buildings damaged by the Northridge earthquake met the
basic intent of the building codes. That is, they experienced limited structural damage, but did
not collapse. However, the structures did not behave as anticipated and significant economic
losses occurred as aresult of the connection damage, in some cases, in buildings that had
experienced ground shaking less severe than the design level. These losses included direct costs
associated with the investigation and repair of this damage as well as indirect losses relating to
the temporary, and in afew cases, long-term, loss of use of space within damaged buildings.

Steel moment-frame buildings are designed to resist earthquake ground shaking based on the
assumption that they are capable of extensive yielding and plastic deformation, without |oss of
strength. The intended plastic deformation consists of plastic rotations developing within the
beams, at their connections to the columns, and is theoretically capable of resulting in benign
dissipation of the earthquake energy delivered to the building. Damage is expected to consist of
moderate yielding and localized buckling of the steel elements, not brittle fractures. Based on
this presumed behavior, building codes permit steel moment-frame buildings to be designed with
afraction of the strength that would be required to respond to design level earthquake ground
shaking in an elastic manner.

Steel moment-frame buildings are anticipated to develop their ductility through the
development of yielding in beam-column assemblies at the beam-column connections. This
yielding may take the form of plastic hinging in the beams (or, less desirably, in the columns),
plastic shear deformation in the column panel zones, or through a combination of these
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mechanisms. It was believed that the typical connection employed in steel moment-frame
construction, shown in Figure 1-1, was capable of developing large plastic rotations, on the order
of 0.02 radians or larger, without significant strength degradation.

N

¢\\rh

Figure1l-1 Typical Welded Moment-Resisting Connection Prior to 1994

Observation of damage sustained by buildings in the 1994 Northridge earthquake indicated
that, contrary to the intended behavior, in many cases, brittle fractures initiated within the
connections at very low levels of plastic demand, and in some cases, while the structures
remained essentially elastic. Typically, but not always, fracturesinitiated at the complete joint
penetration (CJP) weld between the beam bottom flange and column flange (Figure 1-2). Once
initiated, these fractures progressed along a number of different paths, depending on the
individual joint conditions.

Column flange

17 Fused zone

. . Beam flange
SN
[ ] / 1 (J !
l_ \.b
Backing bar
AN—

Fracture

Figure1-2 Common Zone of Fracture Initiation in Beam-Column Connection
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In some cases, the fractures progressed completely through the thickness of the weld, and
when fire protective finishes were removed, the fractures were evident as a crack through
exposed faces of the weld, or the metal just behind the weld (Figure 1-3a). Other fracture
patterns also developed. In some cases, the fracture developed into a crack of the column flange
material behind the CJP weld (Figure 1-3b). In these cases, a portion of the column flange
remained bonded to the beam flange, but pulled free from the remainder of the column. This
fracture pattern has sometimes been termed a “ divot” or “nugget” failure.

A number of fractures progressed completely through the column flange, along a near-
horizontal plane that aligns approximately with the beam lower flange (Figure 1-4a). In some
cases, these fractures extended into the column web and progressed across the panel zone
(Figure 1-4b). Investigators have reported some instances where columns fractured entirely
across the section.

Cab
£
a. Fracture at Fused Zone b. Column Flange "Divot" Fracture

Figure 1-3 Fracturesof Beam-to-Column Joints

a. Fractures through Column Flange b. Fracture Progresses into Column Web

Figure1-4 Column Fractures

Once such fractures have occurred, the beam-column connection has experienced a
significant loss of flexural rigidity and strength to resist those loads that tend to open the crack.
Residual flexural strength and rigidity must be developed through a couple consisting of forces
transmitted through the remaining top flange connection and the web bolts. However, in
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providing thisresidual strength and stiffness, the bolted web connections can themselves be
subject to faillures. These include fracturing of the welds of the shear plate to the column,
fracturing of supplemental welds to the beam web or fracturing through the weak section of
shear plate aligning with the bolt holes (Figure 1-5).

Despite the obvious local strength impairment resulting from these fractures, many damaged
buildings did not display overt signs of structural damage, such as permanent drifts or damage to
architectural elements, making reliable postearthquake damage evaluations difficult. In order to
determine if a building has sustained connection damage it is necessary to remove architectural
finishes and fireproofing, and perform detailed inspections of the connections. Even if no
damage isfound, thisisacostly process. Repair of damaged connections is even more costly.
At least one steel moment-frame building sustained so much damage that it was deemed more
practical to demolish the building than to repair it.

Figure1-5 Vertical Fracturethrough Beam Shear Plate Connection

Initially, the steel construction industry took the lead in investigating the causes of this
unanticipated damage and in devel oping design recommendations. The American Institute of
Steel Construction (Al1SC) convened a special task committee in March, 1994 to collect and
disseminate available information on the extent of the problem (AISC, 19944). In addition,
together with a private party engaged in the construction of a major steel building at the time of
the earthquake, AISC participated in sponsoring alimited series of tests of alternative connection
details at the University of Texas at Austin (AISC, 1994b). The American Welding Society
(AWS) also convened a special task group to investigate the extent to which the damage was
related to welding practice, and to determine if changes to the welding code were appropriate
(AWS, 1995).

In September 1994, the SAC Joint Venture, AISC, the American Iron and Steel Institute and
National Institute of Standards and Technology jointly convened an international workshop
(SAC, 1994) in Los Angeles to coordinate the efforts of the various participants and to lay the
foundation for systematic investigation and resolution of the problem. Following this workshop,
FEMA entered into a cooperative agreement with the SAC Joint Venture to perform problem-
focused studies of the seismic performance of steel moment-frame buildings and to develop
recommendations for professional practice (Phase | of SAC Steel Project). Specifically, these
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recommendations were intended to address the following: the inspection of earthquake-affected

buildings to determine if they had sustained significant damage; the repair of damaged buildings;
the upgrade of existing buildings to improve their probable future performance; and the design of
new structures to provide reliable seismic performance.

During thefirst half of 1995, an intensive program of research was conducted to explore
more definitively the pertinent issues. This research included literature surveys, data collection
on affected structures, statistical evaluation of the collected data, analytical studies of damaged
and undamaged buildings, and |aboratory testing of a series of full-scale beam-column
assemblies representing typical pre-Northridge design and construction practice as well as
various repair, upgrade and alternative design details. The findings of these tasks formed the
basis for the development of FEMA-267 — Interim Guidelines: Evaluation, Repair, Modification,
and Design of Welded Steel Moment Frame Structures, which was published in August, 1995.
FEMA-267 provided the first definitive, albeit interim, recommendations for practice, following
the discovery of connection damage in the 1994 Northridge earthquake.

In September 1995, the SAC Joint Venture entered into a contractual agreement with FEMA
to conduct Phase |1 of the SAC Steel Project. Under Phase Il, SAC continued its extensive
problem-focused study of the performance of moment-resisting steel frames and connections of
various configurations, with the ultimate goal of developing reliable seismic design criteriafor
steel construction. Thiswork hasincluded: extensive analyses of buildings; detailed finite
element and fracture mechanics investigations of various connections to identify the effects of
connection configuration, material strength, and toughness and weld joint quality on connection
behavior; aswell as more than 120 full-scale tests of connection assemblies. Asaresult of these
studies, and independent research conducted by others, it is now known that the typical moment-
resisting connection detail employed in steel moment-frame construction prior to the 1994
Northridge earthquake, and depicted in Figure 1-1, had a number of features that rendered it
inherently susceptible to brittle fracture. These included the following:

e Themost severe stresses in the connection assembly occur where the beam joins to the
column. Unfortunately, thisis aso the weakest location in the assembly. At thislocation,
bending moments and shear forces in the beam must be transferred to the column through the
combined action of the welded joints between the beam flanges and column flanges and the
shear tab. The combined section properties of these elements, for example the cross
sectional area and section modulus, are typically less than those of the connected beam. Asa
result, stresses are locally intensified at this location.

e Thejoint between the bottom beam flange and the column flange is typically made as a
downhand field weld, often by awelder sitting on top of the beam top flange, in a so-called
“wildcat” position. To make the weld from this position each pass must be interrupted at the
beam web, with either a start or stop of the weld at thislocation. Thiswelding technique
often resultsin poor quality welding at this critical location, with slag inclusions, lack of
fusion and other defects. These defects can serve as crack initiators, when the connection is
subjected to severe stress and strain demands.

e The basic configuration of the connection makes it difficult to detect hidden defects at the
root of the welded beam-flange-to-column-flange joints. The backing bar, which was
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typically left in place following weld completion, restricts visual observation of the weld
root. Therefore, the primary method of detecting defects in these jointsis through the use of
ultrasonic testing (UT). However, the geometry of the connection also makesit very difficult
for UT to detect flaws reliably at the bottom beam flange weld root, particularly at the center
of the joint, at the beam web. Asaresult, many of these welded joints have undetected
significant defects that can serve as crack initiators.

Although typical design models for this connection assume that nearly all beam flexural
stresses are transmitted by the flanges and all beam shear forces by the web, in reality, due to
boundary conditions imposed by column deformations, the beam flanges at the connection
carry asignificant amount of the beam shear. Thisresultsin significant flexural stresseson
the beam flange at the face of the column, and also induces large secondary stressesin the
welded joint. Some of the earliest investigations of these stress concentration effectsin the
welded joint were conducted by Richard, et al. (1995). The stress concentrations resulting
from this effect resulted in severe strength demands at the root of the complete joint
penetration wel ds between the beam flanges and column flanges, a region that often includes
significant discontinuities and slag inclusions, which are ready crack initiators.

In order that the welding of the beam flanges to the column flanges be continuous across the
thickness of the beam web, this detail incorporates weld access holes in the beam web, at the
beam flanges. Depending on their geometry, severe strain concentrations can occur in the
beam flange at the toe of these weld access holes. These strain concentrations can result in
low-cycle fatigue and the initiation of ductile tearing of the beam flanges after only afew
cycles of moderate plastic deformation. Under large plastic flexural demands, these ductile
tears can quickly become unstable and propagate across the beam flange.

Steel material at the center of the beam-flange-to-column-flange joint is restrained from
movement, particularly in connections of heavy sections with thick column flanges. This
condition of restraint inhibits the development of yielding at this location, resulting in locally
high stresses on the welded joint, which exacerbates the tendency to initiate fractures at
defects in the welded joints.

Design practice in the period 1985-1994 encouraged design of these connections with
relatively weak panel zones. I1n connections with excessively weak panel zones, inelastic
behavior of the assembly is dominated by shear deformation of the panel zone. This panel
zone shear deformation resultsin alocal kinking of the column flanges adjacent to the beam-
flange-to-column-flange joint, and further increases the stress and strain demands in this
sensitive region.

In addition to the above, additional conditions contributed significantly to the vulnerability of

connections constructed prior to 1994.

In the mid-1960s, the construction industry moved to the use of the semi-automatic, self-
shielded, flux-cored arc welding process (FCAW-S) for making the joints of these
connections. The welding consumables that building erectors most commonly used
inherently produced welds with very low toughness. The toughness of this material could be
further compromised by excessive deposition rates, which unfortunately were commonly
employed by welders. Asaresult, brittle fractures could initiate in welds with large defects,
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at stresses approximating the yield strength of the beam steel, precluding the development of
ductile behavior.

e Early steel moment frames tended to be highly redundant and nearly every beam-column
joint was constructed to behave as part of the lateral-force-resisting system. Asaresult,
member sizes in these early frames were small and much of the early acceptance testing of
thistypical detail was conducted with specimens constructed of small framing members. As
the cost of construction labor increased, the industry found that it was more economical to
construct steel moment-frame buildings by moment-connecting arelatively small percentage
of the beams and columns and by using larger members for these few moment-connected
elements. The amount of strain demand placed on the connection elements of a steel moment
frame isrelated to the span-to-depth ratio of the member. Therefore, as member sizes
increased, strain demands on the welded connections also increased, making the connections
more susceptible to brittle behavior.

e |Inthe 1960s and 1970s, when much of the initial research on steel moment-frame
construction was performed, beams were commonly fabricated using A36 material. Inthe
1980s, many steel mills adopted more modern production processes, including the use of
scrap-based production. Steels produced by these more modern processes tended to include
micro-alloying elements that increased the strength of the materials so that despite the
common specification of A36 material for beams, many beams actually had yield strengths
that approximated or exceeded that required for grade 50 material. Asaresult of this
increase in base metal yield strength, the weld metal in the beam-flange-to-column-flange
joints became under-matched, potentially contributing to its vulnerability.

At thistime, it is clear that, in order to obtain reliable ductile behavior of WSMF
construction a number of changes to past practices in design, materials, fabrication, erection, and
quality assurance are necessary. The recommendations contained in this document, and the
companion publications, are based on an extensive program of research into materials, welding
and inspection technology, frame system behavior, and laboratory and analytical investigations
of different connection details.

1.3 Scope

The information contained in this State of the Art Report is presented at a summary level and
encapsul ates the pertinent results of a series of investigations performed under the aegis of the
SAC Joint Venture, aswell as additional information contained in the literature. The intent of
this State of the Art Report isto provide the interested reader with summary information on the
important technical factors considered in the development of the recommended design criteria
publications, referenced above.

1.4  Special Acknowledgement

The information presented in this report was largely made possible through the efforts of the
Steel Shape Producers Council (SSPC), an industry association of steel producers. SSPC
donated material, data, and technical consultation that were invaluable to the production of this
report and its related publications.
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2. OVERVIEW OF STEEL MAKING AND PROCESSING

In addition to the overall design and structural system, including the detailing of the
connections and the fabrication process, the behavior of steel structures in earthquakesis
dependent on key mechanical properties of the structural steel material that forms the structure,
including its strength, ductility, and toughness. These properties, in turn, are dependent on the
processes used to produce the material. This chapter presents abrief overview discussion of the
steel making process, methods of steel production and processing, and the effects of these
production processes on the mechanical properties of structural steel important to structural
engineering application. Later chapters of this report present more detailed information on the
range of properties that may be anticipated for steel of the various grades commonly used in
structural applications.

2.1 Steel Making

Structural steels are a mixture of iron and carbon with varying amounts of other elements —
primarily manganese, phosphorus, sulfur, and silicon. These and other elements are either
unavoidably present or intentionally added in various combinations to achieve specific
characteristics and properties of the finished steel product. The following sections present a brief
description of the steel making process. More complete information can be found in various
references (Lankford, 1985; Fruehan, 1998).

Various steel making furnaces have been developed over the years. The modern age
production of bulk steel was initiated with the Thomas/Bessemer and open hearth processes.
The Thomas/Bessemer process can now be considered extinct. Also, the open hearth process has
lost most of its significance and is no longer used in the USA. Thefollowing is a brief
description of the predominant steel conversion processes currently in use world wide.

2.1.1 Blast Furnace

The basic ingredients of the blast furnace mixture are iron ore and other iron bearing
materials, coke, and limestone. Coke is a carbon rich material obtained by baking coal in an
oxygen-free environment. It isthe primary source of carboniniron.

The basic ingredients are charged into the top of large steel shells lined with heat-resistant
bricks called a blast furnace. Theiron ore and other iron-bearing materials, coke, and limestone
proceed slowly down through the body of the furnace as they are exposed to ablast of hot air
that blows upwards from the bottom. The blast of air burns the coke, releasing heat and gas,
which reduce the iron ore to metallic iron. The limestone acts as a cleaning agent by reacting
with impuritiesin the ore.

The molten iron collects at the bottom of the furnace. Thisiron contains several chemical
elements including carbon, manganese, sulfur, phosphorus, and silicon in amounts higher than
permitted for steel. Thus, it isdrawn off periodically, to be refined further in a steel making
furnace.
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Although steel shape is often produced by the Electronic-Arc Furnace (EAF) processes (see
Section 2.1.4), which do not use the blast furnace directly, blast furnace ironmaking is an
important part of shape production through itsimportance in overall steel manufacture, and
through its contribution to the alternative iron sources which are used in EAF processes.

2.1.2 Open Hearth Furnace (OHF) Steel Making

An open hearth furnace is a shallow steel making area called a* hearth” in which molten iron,
limestone, and scrap steel are charged. The open hearth process has been phased out of usein
the USA and the countries of the European Union.

2.1.3 Basic Oxygen Furnace (BOF) Steel Making

In this process, hot metal from the blast furnace, along with steel scrap and fluxes, are
charged into the BOF where oxygen is introduced into the molten metal to react with impurities
and remove or reduce their level. Fluxes are added to reduce the sulfur and phosphorus contents
to desired levels. The size of atypical BOF heat is about 270 to 300 tons.

Most world steel production, and much production of steel shape outside the USA, is by BOF
steelmaking methods.

2.1.4 Electric Furnace Steel Making

Presently, all structural shapes produced domestically, and a significant portion of structural
shape produced by foreign steel producers for consumption in the United States, are produced
through melting in electric-arc furnaces (EAF). There are many variations of EAF. Power may
be supplied by DC or three-phase AC current. Configuration may be the eccentric-bottom-
tapping (EBT) variety, or arunner-tap type. The EAF may be of conventional shell design, twin
shell arrangement, or “shaft-furnace” type. All configurations of electric-arc furnaces operate on
the same principle; it is the purpose of an EAF to melt its burden (or charge).

The EAF burden is comprised of four major components:

e Stedl scrap
e “Alternate” or supplementary iron units
e Additives

e Slag formers

Steel scrap is categorized or “typed” by source (previous application), physical shape and
size, and by chemical make-up. Steel makers blend the various scrap types to optimize cost,
packing density, melting efficiency, and “melt-in” chemistry. Typically steel scrap will
comprise more than 90% of the metallic charge burden. The balance of the burden may be
completed with “aternate” or supplemental iron units such as pig iron, direct reduced iron (DRI),
or hot briquetted iron (HBI). These aternate iron units often contain 92 — 96% iron and 2 - 4%
carbon and are very low in residual elements. Limeisalso blended in the charge burden asa
slag former. Coke or coal isacommon burden additive as a source of additional carbon.
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Burdens are built and charged into the EAF in lots, (or buckets). Depending upon shop
preference, two to three charges are made to produce one heat |ot.

The primary melting energy in the EAF melting processis the electric arc. Once an EAF has
been charged, an arc is struck between the graphite electrode(s) and the scrap. Operating
voltages of 800 — 1100 VAC and 40,000 — 80,000 Amps are not uncommon in AC — EAF
operation. The 6000°F arc-plasma melts the scrap at the point of contact. A computer-feedback
system constantly monitors the instantaneous el ectrical condition of the furnace and adjusts the
spacing between the electrodes and the scrap. Asthe scrap melts away from the el ectrode tips,
the feedback system lowers the electrodes deeper into the charge. Essentially, the arcs bore
holesinto the scrap. The charge pile placed in the furnace is consumed (melted) as solid pieces
at the edges of the holes cave into the holes and are melted by the plasma. Any lime contacted
by either the arc-plasma, or liquid steel generated by the arc-plasma, will also melt. Both liquids
ultimately drain to the bath level (bottom) of the EAF. In multiple charge operations, the initial
chargeisusually the largest in volume. Melting is performed until sufficient furnace volumeis
available to accept a second or third charge. Only after all charges have been introduced to the
furnace does melting to completion (no remaining solid scrap) occur.

Simultaneous to the electric melting, chemical energy is used to assist the melting. EAF's
often have multiple gas-fired burners located around the circumference of the furnace shell.
Burner flames are used to locally preheat the metallic charge. Commercialy pure oxygenis
blown into the furnace either through consumabl e pipes (lances), or through water-cooled lances
(or both). Inthe early stages of amelt, the lancing of oxygen acts as a cutting torch, reducing
large pieces of scrap to smaller, more readily melted sizes. Asthe melt progresses and aliquid
pool can be contacted, the lanced oxygen “burns’ dissolved oxidizable elements, such as carbon,
manganese, silicon, and aluminum contained in the liquid; the energy from this reaction elevates
the temperature of the liquid metal pool. In the final stages of melting, the oxygen is used to
decarburize the melt. Sacrificial carbon is aso commonly blown into the covering slag layer to
react with excess oxygen. Thisreaction liberates additional energy. A second product of this
reaction is carbon monoxide gas, which formsin the slag, and causes the slag to foam. The slag
foaming improves the efficiency of arc-energy transfer to the bath.

In atypical operation, the furnace is not entirely drained of itsliquid between heats. A hot
liquid “heel” of 10 to 20 tonsismaintained. The liquid heel aidsin melting the next furnace
charge by prehesating the solid charge, dissolving solids, and allowing the carbon additives and
alternative iron units to contact the liquid heel as soon as possible. Asthe heel’ s carbon content
increases, its melting point becomes depressed; this aids in rapid dissolution of the remaining
solid scrap.

Once the final charge has been entirely melted, the highly oxidized slag that has formed over
the top of the pool is flushed from the furnace to minimize contamination of the next heat.
Working (heating and decarburization) of the steel continues until the desired tap temperature
and carbon level have been obtained. When this has occurred, the heat will be tapped into a
refractory-lined ladle. Typical EAF heats range from 80 to 360 tons.
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2.1.5 Ladle Metallurgy

Steel producers have varying degrees of control over the numerous elements that constitute
steel. During EAF or BOF melting, the steel producer, through oxygen blowing, has a high
degree of control over thefinal carbon level of the steel. With slag practices, the phosphorous
and sulfur levelsin the steel can be controlled to alimited extent. During melting, highly
oxidizable elements, such as silicon, aluminum, and manganese are all but eliminated from the
heat. Other elements, such as copper, nickel, molybdenum, tin, and to alesser extent, chromium
are only minimally oxidized during melting. Control of these |atter elements can be
accomplished by the careful control of scrap mix and composition. In BOF steels, the content of
these elementsis generally very low because of the use of blast furnace iron, which is made from
iron ore of low residual element content.

Common structural steels are of the carbon-manganese family of steels. The primary
elements comprising these steels are iron, carbon, and manganese. During melting, the steel
producer can control the carbon level, but manganese is decreased due to oxidation. Ladle
metallurgy is used to change the heat chemistry from the as-melted/as-tapped condition to a
desired composition. Some steel producers add alloys to the ladle in a controlled manner during
the tapping operation, while other producers use aladle metallurgy furnace (LMF). The LMF
practice is more flexible and controllable than the at-tap method.

During tapping, slag-formers are added to the molten tap stream to “build” anew ladle sag.
Some quantity of EAF or BOF slag “carry-over” to the ladle is unavoidable. Melting slags are
oxygen saturated. Additionally, the liquid steel itself contains a quantity of dissolved oxygen.
Steelsthat are to be continuously cast must be “killed,” that is, the dissolved oxygen content
must be reduced to the point that oxygen will not form carbon monoxide bubbles during
solidification. Killing isaccomplished by the addition of highly oxidizable elements such as
silicon and/or aluminum. Killing of aheat also reduces the losses of |ess oxidizable elements
such as manganese when additions are made to alloy the steel. There exists a chemical
equilibrium between slag and metal, thus for effective killing, the ladle slag must also be
deoxidized (treated). Treating the slag also rendersit suitable as a collector for sulfur.

After creating and treating the slag, the dissolved oxygen content of the steel is reduced by
the addition of killing elements (typically silicon or aluminum). Alloying elements (manganese,
vanadium, columbium/niobium, etc.) are then added to obtain the desired steel chemistry.
Samples of the liquid steel are analyzed and “trim” additions made when necessary to meet
specification-required limits. During the alloying process, inert gasis either bubbled or injected
into the ladle to stir the steel, or it may be stirred by electromagnetic stirring (EMS). The stirring
allows for more rapid dissolution of alloying elements, promotes desulfurization by improving
metal-to-slag contact, and promotes uniformity of both steel temperature and composition in the
ladle.

Alloying “at-tap” restricts the time available for post-tap slag treatments and trim alloy
additions, which must be made carefully so that steel temperatures do not drop too low for
casting. Higher steel temperature (superheat) is needed when LMF facilities are not available.
Careful control of super-heat isvery important in this case. In LMF operations, superheat isless
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critical, asthe LMF is capable of supplemental heating. This allows the time for the aloying
process to be extended, facilitating a greater control.

Desulfurization is a time-dependent and temperature-dependent reaction. The ability to
desulfurize a heat decreases as temperature decreases. The rate of desulfurization also
diminishes with sulfur content and processtime. Therefore, longer times are required to drive
sulfur levelslower. Sulfur removal from liquid steel is accomplished by conditioning the slag so
that sulfur retention by the slag isfavored. In the absence of stirring, the sulfur must then diffuse
to the slag/metal interface before the slag can absorb it. In “at-tap” systems, post-tap stirring
(rinsing) is continued to encourage good metal-to-slag contact and improve the desulfurization
reaction. Inert gas stirring is also used during LMF processing. In addition, arc heating in the
LMF causes agitation and mixing of the slag/metal interface and increases the interface surface
area, further improving the desulfurization reaction.

2.2 Steel Casting and Characteristics

Once the liquid steel has been processed to achieve the desired chemistry and temperature, it
must be put into a solid form suitable for use by the rolling mill. The process of producing this
solid product is known as casting. Either ingot or continuous casting methods may be used.
Figure 2-1 indicates the cast forms of slabs, blooms, and billets.

Typical Cross-Section and
Dimensional Characteristics

A
Slab

Always Oblong
Mostly 50 to 230 mm (2 to 9 In.) Thick
Mostly 610 to 1520 mm (24 to 60 In.) Wide

Bloom

Square or Slightly Oblong
Mostly in the Range 150 mm by 150 mm (6 in. by 6 in.)
to 300 mm by 300 mm (12in. by 12 In.)

Billet

Mostly Square
Mostly in the Range 50 mm by 50 mm (2 In. by 2 In.)
to 125 mm by 125 mm (5 In. by 5 In.)

Figure 2-1 Comparison of Relative Shapes and Sizes of Rolled Steel Governing
Nomenclature of Products of Primary and Billet Mills
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2.2.1 Ingot Casting

In traditional (historic) steel making, the liquid steel was poured (teemed) from the ladle into
aseries of cast iron molds. Theliquid steel cooled in the cast iron mold and solidified into an
ingot. The rate of solidification was dependent upon the liquid steel temperature, the ingot size
(geometry and cross-section), and steel chemistry. The final size, product form, and rolling mill
capacity determine the size of the ingot cast.

Ingot casting could be used with killed, semi-killed, and non-killed (rimmed or capped) types
of steel. The slow solidification rates (a 20-ton ingot could take three to four hours to solidify)
can lead to segregation of carbon, sulfur, and phosphorus.

2.2.2 Continuous Casting

The use of continuous casting offers amore cost and quality effective casting method as
compared to ingot casting. All structural shapes of domestic origin and the majority of foreign-
produced shapes are continuously cast. Continuously cast shapes include billets, blooms, slabs,
beam blanks, and near net shapes. Several foreign manufacturers till produce high quality ingot
castings for jJumbo shapes.

In continuous casting, schematically shown in Figure 2-2, liquid steel of the desired
chemistry and temperature is teemed from the ladle into the tundish. The tundish is arefractory
lined vessel that serves as a distribution box and molten metal reservoir. The tundish holds
sufficient molten steel so that when aladle has been drained of its contents, casting can continue
uninterrupted while afull ladle is swapped for the empty one. Nozzles located in the bottom of
the tundish deliver simultaneous streams of steel to one or more casting molds located directly
below.

The continuous casting molds are made of copper, formed in the cross-sectional shape and
size of the desired casting, and water-cooled. During steady-state casting, the steel streams from
the tundish into the open top of the mold and fills the mold cross-section. Shrouding of the
stream by various mechanical or gas devices may be employed to prevent or reduce the re-
oxidation of the steel, which otherwise may lead to a deterioration in steel cleanliness. Liquid
stedl that comes in direct contact with the water-cooled mold surface quenches to form a solid
shell and joinsto the existing shell already formed along the perimeter of the mold. Asthe shell
forms, it is continually withdrawn from the bottom of the mold. Shell growth is entirely dueto
heat extraction. The casting mold is oscillated up and down, and lubricated with either oil or
powder to prevent the cast shell from sticking to the mold. During the short residence time
within the mold, the thermal transfer is sufficient such that the shell growsto athicknessthat is
capable of maintaining its cross-sectiona shape while containing a core of liquid steel. Outside
of the mold, water and/or air sprays are employed to continue shell thickening. Mechanical
restraint may also be used to help maintain the cast shape.
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Figure 2-2 Section Schematic of a Continuous Caster

The continued integrity of the cast shell is critical to the success of continuous casting. As
the distance below the top of the mold increases, so too does the internal pressure of the casting
increase as aresult of the height and weight of the central liquid column. Imperfectionsin the
thin shell can weaken its ability to contain the liquid steel. The shell is particularly vulnerable
upon exit of the mold. Should the shell be broached, the liquid core will drain away, destroying
the cast strand and causing costly damage to the casting machine. Non-killed and semi-killed
steels are known, from ingot casting, to promote flawed shells, hence only killed steels are
capable of being continuously cast. Reduced sulfur content, particularly in larger cross-section
castings, is helpful in promoting shell integrity. Poor surface quality can lead to “ stickers,” or
“tears,” within the mold, which “breakout” as the shell is withdrawn from the mold.

A pinch roller drive unit continuously withdraws the cast strand from the mold. A
straightener, usually used in combination with the drive rolls, bends the strand from a radiused
orientation to flat and horizontal. Once the strand has reached the straightener, sufficient heat
has been extracted, and the cross-section is solid. The cast strand is then cut to the desired
length.

2.3 Characteristics
2.3.1 Microstructure

On the microstructural level, all metals are composed of grains. Grains are a three-
dimensional matrix of atoms arranged in aregular and repeating crystal structure. The
characteristics and properties of steels are afunction of the microstructure and grain distribution.
Microstructure, in turn, is determined by the chemistry, deformation, and thermal history of the
steel.
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The microstructure of most common structural steels consists of a primary matrix of ferrite
grains with asmall dispersion of pearlite. The characteristics of the ferritic grain structure of
steel dictate the properties and behavior at normal service temperatures. A fine grain size
promotes increased strength, toughness, and weldability.

2.3.2 Steel Composition

Most structural steels are of the carbon-manganese family of steels; their primary
constituents are iron, carbon, and manganese. Carbon isthe principal hardening element in steel.
Increases in carbon content result in greater hardness and tensile strength, but also result in a
decrease in ductility, toughness, and weldability. Carbon has a moderate tendency to segregate.
Similar to carbon, but to a lesser degree, manganese increases the hardness and tensile strength.
Manganese also combines with sulfur to form manganese sulfides and thus control the
undesirable effects of sulfur (decreased ductility, toughness, and weldability).

Other aloying elements may be present as aresult of additions, or by inclusion in the raw
materials. In addition to carbon and manganese, Table 2-1 presents the more common alloying
elements. Of thislist, silicon and aluminum are notable for their use as de-oxidizers (killing
agents), and vanadium, columbium (niobium), and aluminum for their contribution to grain size
control during hot working. Careful examination of Table 2-1 reveals that some elements have
both positive and negative influence on the steel. The steelmaker carefully selects alloying
elements to balance these influences and yield a product that meets both chemical composition
specifications and performance requirements.

2.3.2.1 Killed and Semi-Killed Steels

In the liquid state, steel has a considerable capacity to dissolve gases such as oxygen. The
solubility of gases decreases with decreasing temperature. As the steel temperature decreases
during casting, oxygen will come out of solution and will be free to react with its surroundings.
If the steel’ s carbon content is sufficient, the oxygen will react with carbon to form carbon
monoxide bubbles. Typically, some of these bubbles are trapped in the body of the casting as
voids, or escape through the thin casting wall leaving behind a*“pinhole”’ as an artifact of its
evolution.

To prevent these oxygen reactions, elements which have a stronger affinity to react with
oxygen than does carbon, such as silicon or aluminum, are added to reduce (or “kill”) the
dissolved oxygen content of the steel. The products of these reactions are non-metallic
inclusions. Normally, the killing operation will be carried out during the ladle metallurgy phase
of steelmaking, allowing sufficient time for flotation and removal of most of the non-metallic
reaction products, leading to cleaner stedl.
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Table 2-1 Effectsof Alloying Elements

ELEMENT

EFFECT(s)

Carbon (C)

Principal hardening element in steel

Increases strength and hardness

Decreases ductility, toughness, and weldability
Moderate tendency to segregate

Manganese (Mn)

Increases strength and toughness
Controls negative effects of sulfur

Phosphorus (P)

Increases strength and hardness

Decreases ductility and toughness

Considered as an impurity, but sometimes added for
atmospheric corrosion resistance

Strong tendency to segregate

Sulfur (S) Considered undesirable except for machinability
Decreases ductility, toughness, and weldability
Adversely affects surface quality
Strong tendency to segregate

Silicon (Si) Used to deoxidize or “kill” molten steel

Increases strength

Aluminum (Al)

Used to deoxidize or “kill” molten steel
Refines grain size, thus increasing strength and toughness

Vanadium (V) and
Columbium/Niobium

Small additions increase strength
Refines grain size, thus increasing strength and toughness

(Cb/Nb)
Titanium (Ti) Small amounts refine the grain size, thus increasing toughness
Nickel (Ni) Increases strength and toughness

Chromium (Cr)

Increases strength
Increases atmospheric corrosion resistance

Copper (Cu)

Primary contributor to atmospheric corrosion resistance
Increases strength

Nitrogen (N)

Increases strength and hardness
May decrease ductility and toughness

Boron (B)

Small amounts (0.0005%) increase hardenability, used only in
aluminum killed steels
Most cost effective at low carbon levels

Steels in which the dissolved oxygen content has not been reduced sufficiently to prevent
carbon monoxide evolution during casting are known as semi-killed or non-killed steels
(rimming steels). Rimming steels contain a high void percentage and are not suitable for
structural steel applications. Semi-killed steels were commonly produced when ingot casting
was the dominant industry casting process. The incomplete killing of the steel resultsin carbon
monoxide evolution, however the rate of the evolution was much less than that in rimming steels.
Semi-killed steel is more dense than rimming steel, is less costly than killed steel, but requires
careful control of the deoxidation practice. Neither rimmed nor semi-killed steels can be
routinely continuously cast; therefore killed steels are the norm today. Killed steels are aso the
norm for jumbo shapes that are still produced from ingots.
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2.3.2.2 Segregation

Segregation of chemical elementsin casting is frequently expressed as alocal departure from
the “average” chemical composition. Segregation of elementsin steel is due to the fact that steel
isan alloy. Insolidification of a pure element, freezing of the metal occurs at a unique
melting/freezing temperature. In alloys, freezing occurs over atemperature range. Within this
range, the alloy becomes “mushy” (part solid, part liquid). During solidification, the higher
melting point phases and metallic compounds will freeze first. The lower melting point el ements
and metallic compounds will be rejected into the liquid portion of the mushy zone, enriching it in
these elements and compounds. In stedl, relatively pure iron tends to be the first to solidify
within the mushy zone. Sulfur has the highest tendency to segregate. The following elements
(in descending order) also tend to segregate, but to alesser degree: phosphorous, carbon, silicon,
and manganese.

The rate of segregation isinversely dependent on the rate of solidification. When steels
solidify rapidly, segregation does not have the time to occur. In such circumstances, the solid
stedl formed is of the same chemical composition asthe liquid. Additionally, due to chemical
reactions occurring during solidification, segregation of some elements may be more pronounced
in semi-killed or non-killed steels. In general, continuously cast steel is less segregated and
contains negligible porosity and pipe as compared to ingot steel. The higher solidification rate of
killed steels processed by continuous casting methods results in greater uniformity of
composition and properties as compared to ingot cast steels.

2.3.2.2.1 Segregation and Other Defects In Ingot-Based Products

Chemical segregation, porosity, and piping (shrinkage cavities) are inherent characteristics of
the ingot solidification process. The magnitude of these characteristicsin the final product isa
function of several parameters including liquid metal composition and temperature, deoxidation
practice, ingot size, and amount of metal cropped and discarded from the top and bottom of the
ingot.

Killed steels, however, experience shrinkage at the top of the ingot during solidification.
This condition can lead to large internal defects that do not heal during subsequent hot rolling.
Generally, ingots made from killed steel are made with sinkheads (areservoir of liquid steel at
the ingot top) to feed this shrinkage cavity as the ingot solidifies. The sinkhead is subsequently
removed and discarded.

The amount of ingot segregation remaining in semi-finished and finished products depends
on many factors. However the relative location, shape, and distribution of the segregation in the
product follows three simple principles (Barsom, 1991):

1. Thecenter of the ingot cross-section remains the center of the cross-section of the final
product.

2. The contours that describe the cross-section of the ingot remain contours that describe the
cross-section geometry of the finished product.
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3. Theratios of the areas within the contours remain constant as the ingot isrolled into the
finished product.

The application of these principlesindicate that segregation, if present, would occur along
the mid-thickness plane of plate products and in the shape of a dog bone for a wide-flange
structural shape, as shown in Figure 2-3 (Barsom, 1991). The redistribution of segregation,
porosity, and pipe as aresult of the elongation and shaping of ingots into the finished products
may result in variations in properties within the final products.

Ui Vo AN MY o oyt !

Plate

| ]

Structural Shape

Figure 2-3 Schematic Representation of Segregation in Plate and Structural Shapes from
Ingots

2.3.3 Influence of Thermal History

The past thermal history of steel has significant influence upon properties of steel products.
The principal thermal history effects are due to phase transformations and grain growth events.

2.3.3.1 Phase Transformations

Steel is an unusua material in that, as its temperature decreases from the liquid state to
ambient, it not only undergoes aliquid to solid state change (freezing), but also two separate and
distinct solid state phase transformations.

Very simplistically, solid steel grains are composed of athree-dimensional crystal matrix of
regularly arranged iron atoms. The atomic diameter of carbon is roughly half the size of iron.
Thus, carbon atoms easily fit into the interstices (spaces) between the iron atoms. The packing
arrangement, and hence the interstitial hole size and distribution, is different in the different solid
state phases.

Structural steel grades, upon solidification, form a solid phase known as delta-iron (5-iron).
This phase exists only at highly elevated temperatures. Phase transformations, to and from &-
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iron, other than melting, have no commercia application, and have no influence on the
properties of steel at normal service temperatures.

Upon further cooling, the atomic arrangement of iron atomsin &-iron transformsto a
different packing configuration known as austenite or gamma-iron (y-iron). Atomic packing
density of iron in the austenitic state is such that up to 2% of carbon can be dissolved into the
iron matrix. Further cooling of austenite will induce the iron matrix to transform to a higher
packing density known as ferrite or alpha-iron (a-iron). The volume of interstices in the new
matrixX is reduced, resulting in a maximum carbon solubility of 0.02%.

The transformation from austenite to ferrite occurs over atemperature range that is
dependent on chemical composition. Under equilibrium conditions, as the temperatureis
decreased through the transformation range, the excess carbon that is rejected by the formation
of ferrite, diffuses through the solid steel, concentrates, and formsiron carbide. Iron carbide
formsinislands of alternating ferrite and iron carbide, known as pearlite. The total percentage of
pearlite developed within steel depends on the carbon content. The pearlite lath spacing isa
function of temperature and time of formation. The size of the pearlite islands and the spacing
between |aths strongly influence the hardness, ductility and strength of the steel. Examples of
structural steels having ferrite-pearlite microstructure are ASTM A36, A572, A588, and A992.

The solid state diffusion (transport) of carbon atoms through the solid steel matrix is
dependent on both time and temperature. 1 the temperature of the steel israpidly lowered
(quenched) through the transformation range such that sufficient time for carbon diffusion is not
provided (quenched), metastable |low temperature transformation products bainite or martensite
will form. These phases are characterized as being harder, stronger, less ductile and often less
tough than ferrite — pearlite steels. Controlling the quenching rate can control the fraction of
these phases. Once below the austenite to ferrite transformation completion temperature,
insufficient thermal energy is available for any carbon diffusion to occur and the matrix is
essentially “locked” into its transformed or partially transformed state.

If the steel’ s temperature is then raised, the system will have restored to it sufficient thermal
energy for solid state carbon diffusion to reinitiate. Given sufficient time and temperature, phase
transformation products will decompose. Ductility and toughness of the steel will be improved,
but at the expense of the strength and hardness that bainite and martensite offer. By carefully
controlling the temperature and time of the reheating, the amount of decomposition can be
controlled and thus a balance between increased strength and hardness can be obtained, with
acceptable toughness and ductility. This processis known as tempering.

Quenched and tempered plate steels, such as A852, A514, and A517 are produced by this
type of thermal processing. These plate steels are rarely used in buildings. ASTM A913isan
example of astructural shape building grade that is processed through controlling thermo-
mechanical history. Immediately after the final hot rolling reduction, the A913 shapeis
subjected to a controlled water spray to quench its outer surface. The internal residual heat of
rolling then re-heats the quenched shell and tempers the bainite that has formed. Thisform of
thermo-mechanical processing (TMCP) is known as quenching and self-tempering (QST).
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2.3.3.2 Grain Growth

As previously described, solid metals are comprised of grains which impinge upon one
another. The region where the grains impinge is known as the grain boundary. In the austenite
temperature range, sufficient thermal energy is available to allow grain boundary atoms to
migrate across the boundary and occupy a stable lattice site in aneighboring grain. Grains with
the highest total potential energy will generally see loss of grain boundary atoms to those
neighboring grains of lower total energy. In this manner, the total energy of the systemis
decreased as the number of atoms occupying lower energy bulk lattice sites increases and total
grain boundary surface contained within the system decreases. The observable effect isfor large
grainsto grow larger at the expense of smaller grains. This processis known as grain growth.
Therate of grain growth is highly dependent upon both time and temperature. Chemical
composition also has a significant effect on the process. The presence of high temperature
precipitate phases, such as aluminum nitride, vanadium nitride, columbium (niobium) carbide,
etc., can act to “pin” grain boundary motion and help preserve afine grain structure at elevated
temperatures.

The practical result of grain growth isthat shapesthat are hot rolled at “hotter” temperatures
will tend to exhibit a coarser grain size than those shapesrolled at “ cooler” temperatures. In
shapes where there are areas of large thermal mass concentrations, differential cooling rates will
be experienced and the grain sizes will vary. This effect contributes to the lower toughness in
the “core” region of heavy wide flange shapes. Equipment is available to apply “selective
cooling” during hot rolling to regions of higher thermal mass to lessen the rate of grain growth
and thus preserve toughness.

2.3.4 Hot Rolling

The purpose of hot rolling isto work a semi-finished piece of steel into adesired shape,
while improving the mechanical properties of the finished shape by modifying the original cast
structure.

The process of hot rolling consists of passing material between a set of rollsrevolving in
opposite directions, and spaced such that the distance between the rollsis less than the thickness
of the material entering therolls. Therolls grip the piece, reducing its cross-sectional area, and
increasing its length. The amount of reduction and shape of the piece govern the amount of
lateral spreading that occurs on each pass through the rolls.

Hot rolling causes distortion to the grains and grain boundaries, and is performed at elevated
temperatures (within the austenitic range for steels) to minimize the energy required for plastic
deformation. Hot working causes the deformed grains to recrystallize into more numerous, finer
grains. Therecrystallized grain structure is essentially strain-free. This processisaform of
grain refinement.

Hot rolling causes grain refinement, and elongation of those grains, deformable inclusions
and inhomogeneities in therolling direction. The preferential alignment of structure along the
rolling direction results in a shape with anisotropic properties. Thisis particularly true for
ductility and fracture toughness. Specimens of plate taken parallel to the rolling direction
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(longitudinal — LT and LS specimens) exhibit higher fracture toughness than specimens taken
perpendicular to the rolling direction (transverse — TL specimens). Specimens that are notched
parallel to the surface (LS) exhibit higher fracture toughness than those notched at right anglesto
the plate surface. Figure 2-4 shows the effect of specimen and notch orientation on the Charpy
V-notch energy for an as-rolled carbon steel plate (ASM, 1985).
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Figure 2-4 Toughness Anisotropy in As-Rolled L ow-Carbon Steel Plate

Fracture paths for through—thickness specimens are parallel to the plate or structural shape
surfaces and are the same planes in which elongated inhomogeneities reside. Consequently, this
orientation can exhibit |ess fracture toughness than either the longitudinal or transverse
orientations. The propertiesin the through-thickness direction are of little consequence in many
applications, but may become important in design and fabrication when the steedl is subjected to
significant through-thickness stresses resulting from applied structural loads or from welding
shrinkage (particularly in the case of thick members with highly restrained welded joints). In
applications utilizing plate steels, plates can be specialy processed to improve through-thickness
properties. Some producers can manufacture shapes with improved through-thickness
properties; however, this requires expensive steelmaking and rolling techniques. For structural
shapes, tests on column shapes have demonstrated that the effective through-thickness strength
of column flangesin constrained conditions, as typically exist in beam-to-column welded
connections, exceed the maximum possible demands from the beam flanges (both grade 50 ksi
and 65 ksi steels) (Dexter, 2000).

Theyield and tensile strengths of steel plates and their elongation and reduction of area
values are generally similar for the longitudinal and transverse directions. Plate steelsthat are
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not specifically produced to have improved through-thickness properties tend to exhibit
significantly less elongation, reduction of area, and fracture toughness, in the through-thickness
direction. However, they generally have similar yield and tensile strengths in all three
orientations (Barsom, 1991). Reduction of areaisrarely determined for structural steels because
of the predominant use of rectangular tension test specimens.

2.4 Surface and Embedded Imperfections

In general, imperfections occur to some degree on the surface of, and within the body of, all
products (AISI, 1985). The mere existence of imperfections should not dictate alack of
suitability for a product for a given application. Instead, suitability for service should be based
on the severity of the imperfections, measured in accordance with applicable specifications and
analyses. Acceptability of structural quality plates and shapes that contain surface and edge
imperfections may be conditioned in accordance with materials delivery standards.

The severity of an imperfection is governed by its size, shape, and orientation, and by the
magnitude and direction of the design and fabrication stresses. In general, the severity of
imperfections increases as the size increases, the shape becomes more planar, and the orientation
becomes more perpendicular to the direction of the tensile stresses (Barsom, 1999). Thus, a
crack-like imperfection lying in a plane parallel to the tensile stress could be innocuous.
Furthermore, for a given size and shape, a surface imperfection in a plane perpendicular to the
tensile stresses is more severe than asimilarly oriented embedded imperfection.

Embedded imperfections can be observed by ultrasonic or by radiographic non-destructive
testing procedures, or by various non-destructive methods when exposed on cut or sheared
edges. Usudly, the surfaces of plates and shapes in the as-rolled condition are inspected visually
to ensure their freedom from injurious imperfections.
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3. MECHANICAL PROPERTIES OF STEELS

The primary steel properties that affect structural performance are yield strength, tensile
strength, ductility, and fracture (notch) toughness. Each of these properties depends on
constraint (state of stress and strain), temperature and loading rate, as well as the chemistry and
thermo-mechanical processing history of the steel. These mechanical properties of steel are
discussed in this section.

3.1 Strength

Most mechanical propertiesimportant for the design and evaluation of steel structures are
determined from atension test. In thistest, amachined specimen isloaded in auniversal testing
machine while load-elongation data are recorded. The specimen may have either acircular or a
rectangular cross-section depending on the appropriate product specification. The recorded data
define the tensile stress-strain behavior of the steel.

3.1.1 Stress-Strain Curves

Figure 3-1 (Barsom, 1991) is a schematic of an idealized tensile stress-strain curve for
structural steels. Thiscurveisan engineering tensile stress-strain curve, as opposed to atrue
tensile stress-strain curve, because the plotted stresses are calculated by dividing the
instantaneous load on the specimen by its original, rather than the reduced, cross-sectional area.
Also, the strains are calculated by dividing the specimen’ s instantaneous elongation of a gage
length by its original gage length.
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Theinitia straight line segment of the stress-strain curve represents the specimen’ s elastic
behavior where stressis linearly related to strain. In thisregion the strain isfully recoverable
and the specimen returns to its original length when the load isremoved. The slope of the line—
the ratio of stress and strain in the elastic region—is termed the Modulus of Elasticity or
Y oung’s Modulus, and is approximately equal to 29 x 10° psi for structural steels at room
temperature. Asthe load increases, stresses and strains become nonlinear, and the specimen
experiences permanent plastic deformation. The stress corresponding to the initial deviation
from linearity represents the yield strength of the material and the beginning of the plastic
region. Usually, the stress required to produce additional plastic strain increases with increasing
strain—thus, the steel strain-hardens. The rate at which stress increases with plastic strain isthe
strain-hardening modul us.

Figure 3-2 presents schematic representation of room-temperature tensile stress-strain curves
for afew structural steels.

140 Stress, ksi — T

A514

120 —
A852
100 —
80 }N -
’ -
-/R \

i
L4
;/ A36 STEEL

20 |- -

60

40

0 | | I !
0 0.4 0.08 0.12 0.16 0.20 0.24

STRAIN, in./in.

Figure 3-2 Schematic Representation of Tensile Stress-Strain Curvesfor Structural Steels
of Various Strengths

3.1.2 Yield Strength and Tensile Strength

Tensile stress-strain curves for structural steels can be divided into two types that exhibit
different behavior in the plastic region (Figure 3-3, Barsom, 1991). One such curve, Figure 3-3a,
exhibits a smooth deviation from linearity with the stress continuously increasing to a maximum
value, then decreasing until the specimen fractures. The second type of curve, represented by
Figure 3-3b, reaches a peak immediately after the stress-strain curve deviates from linearity, dips
slightly, and then remains at a constant value for a considerable amount of additional strain.
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Thereafter, the steel strain hardens and the stress increases with strain to a maximum and then
decreases until the specimen fractures. The stress corresponding to the peak value on this second
type of curveistermed the Yield Point. Yield Strength, oy, iSthe stress at which the material
exhibits a specific limiting deviation from linearity of stress and strain. The deviation may be
expressed as a 0.2% offset or a 0.005 inch/inch total extension under load (Figure 3-3).
Maximum stress exhibited by the engineering stress-strain curve corresponds to the Tensile
Strength, o, of agiven steel.
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Figure 3-3 Schematic Stress-Strain Curvesfor Structural Steels

The room-temperature tensile stress-strain curves illustrated in Figure 3-2, represent the
unimpeded plastic deformation that occursin a uniaxially loaded coupon having acircular cross-
section. Under this simple loading condition, once the stress exceeds the yield strength of the
material, shear deformation occurs at many planesinclined 45 and 60 degrees to the axial stress.
At large strains, this plastic deformation causes lateral contraction (i.e., localized necking) that
leads to fracture of the specimen.
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The inelastic properties and behavior of steels obtained from a simple uniaxial tension test
are basic measures of material properties. However, like other properties, these fundamental
properties differ for different states of stress and strain (i.e., constraint), temperature, and rate of
loading.

3.1.3 Effects of Stress (Strain) State and Constraint on Strength

The stressfield for amaterial element can be described by three principal stresses that are
aligned normal to each other (Figure 3-4). Shear stresses acting along any plane inclined with
regard to these surfaces can be calculated from the principal stress components. Assuming that
o1 inFigure 3-4isthelargest and o3 isthe smallest principal stress, the maximum shear stress
component is given by the equation:

Trax = @ (3' 1)

For the uniaxial tension test specimen, 61 = 6max aNd 62 = 63 = 0. Therefore:

T = = (32)

Since plastic deformation occurs when 1 reaches a critical value, a change in the
relationship between tmax and omax represents a change in the plastic deformation behavior of the
material. Note that yielding occurs when the shear stress, T, reaches a critical value, not when
omax l€aches a critical value.
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The relationship between the shear stress and the normal stresses, 61, 62, and o3, can result in
either yielding and relaxation of constraint or no yielding and increased constraint. This
behavior isillustrated in Figure 3-5 using Mohr’s circle of stress (Barsom, 1999). Figure 3-5a
shows the principal stress directions, with the largest being ;. For uniaxial loading, such asthe
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case of astandard tension test, o; = the applied stressand 62 =03=0. At 61 = Gmax, Tmax =
omax/2, 8 shown in Figure 3-5b, and yielding occurs when tmax = oy/2.

a) b) c)
Stress in a Structure Uniaxial-Tension Tri-Axial Stresses
Test
(53 T o T
A Tmax = 2Y_5. A g,
. / 03 0’1
o Y
Oy —_ —_— o
/ Suit Oult
[e) / Gys
1 01 = Omax G1= 032 03= Opypy
02 = 03 = 0

Figure 3-5 Mohr’sCircleof Stress Analysisfor Stressesin a Structure

In contrast to the simple tension test, Figure 3-5¢ represents atriaxial tensile state of stress
such as would be expected in highly constrained connections such as the joint of beam flange to
column flange in the beam-to-column connection of welded moment-resisting frame structures.
As the magnitude of the triaxial stresses approach unity in tension, the diameter of Mohr’scircle
and the shear in the element approach zero. Yielding of the element is suppressed. Because of
the triaxial stress|oading, the stresses approach the ultimate stress and yielding may not occur.

The potential effect of structural detailing on yield strength and plastic deformation may be
illustrated by considering the inelastic behavior of a material obtained from a smooth tension test
and from atension test with a circular notch (Figure 3-6 (Pellini, 1973)). The reduced section in
the notched tension test bar deforms inelastically while the surrounding material is still elastic.
Since the amount of elastic contraction (Poisson’ s ratio) is small compared with the inelastic
contraction of the reduced section, arestriction to plastic flow develops. This restriction
corresponds to a reaction-stress system such that the o, and o3 stresses restrict or constrain the
flow in the o1 (load) direction (Figure 3-6). Thus, the uniaxial stress state of the smooth bar is
changed to atriaxial tensile stress system in the notched bar. Because plastic flow isrestricted,
the yield strength exhibited by the notched bar is higher than for the smooth bar. In other words,
the notched bar behaves elastically at higher stress than the smooth bar. Thus, the strength and
ductility in a smooth tension test referred to in design specifications does not characterize the
behavior of highly constrained and notched details.
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3.1.4 Effects of Temperature on Strength

In general, tensile properties of steels vary with temperature. Tensile datafor various steels
show that their yield strength and ultimate tensile strength increase by approximately 60 ksi
when the temperature decreases from 70 to —320 °F (Figures 3-7 and 3-12 (Barsom, 1991)).
Since absolute increases are about the same for all steels, the percentage increase is much larger
for low-strength steels. More importantly, the data show that in the temperature range of interest
for most structures (-60 °F<T<120 °F) structural steel yield strengths, and ultimate tensile
strengths remain essentially constant.
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Figure 3-7 Yield Stresses of Eight Steels
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Figure 3-8 Ultimate Tensile Strengths of Eight Steels

3.1.5 Effect of Loading Rates on Strength

Tensile data for various steels subjected to monotonic dynamic loads show that the yield
strength increases by about 4 to 5 ksi for each order of magnitude increase in rate of loading.
The difference between “static” yield strength measured in accordance with the ASTM A370
specification and full impact loading (time to fracture < 0.001 second) is about 25 ksi. The
response time of most structures and their components is much longer than the rate of load
application. Most structures respond in about 1 to 2 seconds to very rapidly applied loads such
as severe wave loads on off-shore structures, highway traffic on bridges, ship sslamming, and
earthquake loading on bridges and buildings.

ASTM Standard A370 limits the speed for standard tension tests to a maximum 1.5 mm (1/16
inch) of crosshead motion per 25 mm (1 inch) of gage length per minute in determining the yield
stress. “In any event, the minimum speed of testing shall not be less than 1/10 the specified
maximum rates for determining yield point or yield strength and tensile strength.” As an
aternative, the speed of the machine “may be adjusted so that the rate of stressing does not
exceed 100,000 psi (690 MPa)/min. However, the minimum rate of stressing shall not be less
than 10,000 psi (70 MPa)/min.” The minimum and maximum limits on loading rates differ by
one order of magnitude. Therefore, materials tested at the maximum rate of loading may exhibit
ayield strength about 4 ksi higher than when tested at the minimum rate of loading. Testsare
usually conducted at an intermediate rate of loading such that fracture occurs in about one
minute. Even at these low strain rates, the yield stress and tensile strength will be slightly higher
than values obtained in a*“ static” test where the loading is stopped incrementally and the
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specimen is allowed to relax. Studies have shown that the static (gravity) yield stressistypically
about 28 MPa (4 ksi) less than the yield stress obtained from a standard test such as conducted
by producing mills. Figures 3-9 and 3-10 (Barsom, 1996) demonstrate this behavior for two
ASTM A852 steels. The data were obtained at the 10,000 psi/min. rate, the minimum rate
allowed by the ASTM A370 specification. However, unlike ASTM requirements, the tests were
conducted on an 8-inch flat bar with an 8-inch clip gage rather than by following “the elongation
ismeasured in a 2-inch (50 mm) gage length that includes the fracture, and shows the greatest
elongation.” The static yield strength values were obtained by pausing the test for about 15
seconds. Thedatain Figure 3-10 show that static yield strength was about 2 ks lower than the
value obtained at the lowest rate permitted by ASTM A370. Therefore, the difference between
data generated at the midrate and at the fastest rate allowed by ASTM, and the true static
(gravity) yield strength should be about 4 and 6 ksi, respectively.
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Figure 3-9 Stress-Strain Curvefor ASTM A852 Steel
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In summary, gravity-load yield strength is about 4 to 6 ksi lower than mill reported yield
strength. The dynamic yield strength for loading rates of 1 to 2 seconds to maximum load,
which represents fast loading on most structures, is about 4 to 6 ksi higher than mill reported
data. The significance of these values and their relationship to structural performance must be
established by the designer. However, test results obtained in accordance with ASTM
requirements are good indicators of basic material properties.

3.2  Ductility

Ductility is an important index of the ability of a material to withstand inelastic deformation
without fracture. It must be present at an adequate level to allow redistribution of local stresses,
such as those associated with abrupt geometrical changes, and large inelastic deformations
anticipated of structures subjected to strong ground motion.

The ductility of steelsisusually expressed either as atotal elongation or reduction of area
obtained by testing a uniaxially loaded, smooth, cylindrical (axisymmetric) specimen. The total
elongation is the difference between the initial, lo, and the fina, lt, gage length after fracture,
expressed as a percentage of the initial length. Similarly, the reduction of areais equal to the
difference between the initial, Ao, and the final, As, cross-sectional area after fracture, expressed
as a percentage of the original area. Both of these properties are strongly affected by specimen
geometry. The percent elongation decreases as the gage length increases, and the reduction of
area of round specimensis not directly comparable to that of rectangular specimens. ASTM
specifications dictate the minimum allowable elongation for every steel and the standard
procedures for measurements.

Ductility may be expressed in terms of true strain at fracture, &g :

AT !
Ey i _In(ij_ln(Afj (3-3)

where In is the natural logarithm.

Room-temperature true fracture strain data from axisymmetric tension specimens indicate
that the tensile ductility of eight structural steelsranging in yield strength from 39 to 248 ksi do
not depend on yield strength (Figure 3-11 (Clausing, 1969)).

3.2.1 Effects of Stress (Strain) State and Constraint on Ductility

Specifications for structural steels require minimum elongation values for tension tests.
These requirements ensure ductile fracture of the axisymmetric tension test specimens.
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Figure3-11 Fracture Strain in Round Tension Specimen for Eight Steels

The state of strain for most structural components containing geometric discontinuities or
notchesis plane strain at the zone of maximum stresses and strain. A state of plane strainis
defined as having g1 =-1, €, = 0, and g3 = +1. The plane-strain tension specimen (Figure 3-12
(Clausing, 1970; Barsom, 1971)), was developed to study the effect of state of strain on fracture
ductility and to establish the plane-strain fracture behavior of steels. The specimen was
proportioned so that the material on both sides of the reduced section remains elastic during
loading to fracture and so that the approximate plane strain is achieved in the center region of the
reduced section. Thus, contraction along the 1-inch width of the specimen is severely restricted.
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Figure 3-12 State of Strain for Axisymmetric and Plane-Strain Tension Tests
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Test results on steels ranging in yield strength from 39 to 248 ksi showed that the tensile
ductility of these steels was reduced substantially when the plastic-strain state was changed from
axisymmetric to plane strain (Figure 3-13 (Barsom, 1971)).
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Figure 3-13 Plane-Strain Tensile Ductility at Fracturefor Four Steels asa Function of
Temperature

These data demonstrate the significant effect of the geometry of a structural detail on the
performance of the connection. Plastic deformation decreases as the thickness of the connected
members increases and as the geometry of the detail becomes more severe and more complex
and as the state of stress and strain becomes more triaxial.

3.2.2 Effects of Temperature on Ductility

The axisymmetric strain ductility for steelsis essentially independent of temperature in the
range 70 to 200 °F (Figure 3-14 (Clausing, 1969)). Also, fracture strain has little dependence on
yield strength. On the other hand, the plane-strain tensile ductility increases to a maximum value
with increasing temperature (Figure 3-13 (Barsom, 1971)). Plane-strain ductility exhibitsa
transition behavior as afunction of temperature. The transition temperature at which plane-
strain ductility values increase rapidly is a unique characteristic of the tested material. At
temperatures that approach room temperature, the change in plane-strain ductility for agiven
steel isvery small.
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Figure 3-14 Fracture Strain of Eight Steels

3.2.3 Effects of Loading Rate on Ductility

Yield and ultimate strengths of steels under tension and compression loading are essentially
identical. Because of testing difficulties, dynamic yield strength and ultimate strengths are
usually obtained by testing axisymmetric specimens in compression. The ductility measures of
percent elongation and reduction of area cannot be measured in thesetests. Similarly, the test
method for plane-strain ductility precludes the determination of dynamic plane-strain ductility.
Despite the lack of data, all measures of ductility must decrease in value as the rate of loading
increases. The relationship between plane-strain ductility and fracture toughness indicates that
the effect of rate of loading on plane-strain fracture toughness is the same as its effect on fracture
toughness. The effects of loading rate on fracture toughness are discussed in the following
section.

3.3  Fracture Toughness

Most structural steels can fracture in either a ductile or a brittle manner. The fracture mode
isgoverned by the temperature at fracture, the rate at which loads are applied and the magnitude
of the constraints that prevent plastic deformation. The effects of these parameters on the mode
of fracture are reflected in the fracture-toughness behavior of the material. In general, fracture
toughness increases with increasing temperature, decreasing load rate, and decreasing constraint.
Furthermore, there is no single unique fracture-toughness value for a given steel even at afixed
temperature and loading rate.
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Traditionally, the fracture toughness for low- and intermediate-strength steels have been
characterized, primarily by testing Charpy V-notch (CVN) specimens at different temperatures.
However, fracture toughness for materials can be established best by using fracture-mechanics
test methods. Following are afew characteristics of fracture toughness of steels by using CVN
and fracture-mechanics test results.

3.3.1 Charpy V-Notch Fracture Toughness

The Charpy V-notch impact specimen has been the most widely used for characterizing
fracture-toughness behavior of steels. These specimens may be tested at different temperatures,
and impact fracture toughness at each test temperature may be determined from the energy
absorbed during fracture, the percent shear (fibrous) fracture on the fracture surface, or the
change in the width of the specimen (lateral expansion). At low temperatures, structural steels
exhibit alow value of absorbed energy (about 5 ft-Ib), and zero fibrous fracture and lateral
expansion. The values of these fracture-toughness parameters increase as the test temperature
increases until the specimens exhibit 100 percent fibrous fracture and reach a constant value of
absorbed energy and of lateral expansion. Thistransition from brittle-to-ductile fracture
behavior occurs at different temperatures for different steels and even for a given steel
composition. The transition is aso dependent upon the microstructure of the steel.
Consequently, like other fracture-toughness tests, there is no single unique CVN value for a
given stedl, even at afixed temperature and loading rate. Therefore, when fracture toughnessis
an important parameter, the design engineer must establish and specify the necessary level of
fracture toughness for the material to be used in the particular structure or in acritical component
within the structure.

3.3.2 Fracture Mechanics Concepts

Fracture mechanics concepts rel ate the applied nominal stresses and the tolerable crack size
and shape to the fracture toughness of the material. Thus, by knowing the fracture toughness for
agiven material of a particular thickness and at a specific temperature and loading rate, the
designer can determine the crack sizes that can be tolerated in structural members for a given
design stress, without initiation of brittle fracture. Conversely, for a given design stressand a
crack sizein astructural component, the designer can specify a fracture-toughness value for the
material that provides adequate structural safety and reliability.

This general relationship among material toughness, K, nominal stress, o, and crack size, a,
is shown schematically in Figure 3-15. Fracture occurs when the combination of stress and
crack size reachesthe K¢ level. Thus, there are many combinations of stress and flaw size (e.g.,
or and &) that may cause fracture in a structure fabricated from a steel with a particular value of
K. a aparticular service temperature, loading rate, and plate thickness. Conversely, many
combinations of stress and flaw size (e.g., oo and ay) will not cause failure of a particular
structural material. Thus, material isonly one of several parameters contributing to the safety
and reliability of structures.
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Thefollowing is abrief discussion of some basic linear-elastic fracture mechanics concepts.
Many structural details require elastic-plastic or plastic fracture mechanics analysis. Complete
information on application of fracture mechanicsis availablein Barsom (1999).

3.3.2.1 Effect of Stress (Strain) State and Constraint on Fracture Toughness

Ahead of asharp crack, the lateral constraint along the crack front is such that through-
thickness stresses are present. Because these through-thickness stresses must be zero at each
surface of a plate, they are less for thin plates compared with thick plates. For very thick plates,
the through-thickness stresses are large, and atriaxial tensile state of stress occurs ahead of the
crack. Thistriaxial state of stress restricts plastic deformation and reduces the apparent ductility
and fracture toughness of the steel. This decrease in fracture toughness is controlled by the
thickness of the plate, even though the inherent metallurgical properties of the material are
unchanged. Thus, the fracture toughness decreases for thick plates, which represent a state of
triaxial stress and linear-elastic plane-strain fracture behavior, compared with thin plates, which
represent a state of plane stress and elastic-plastic or plastic fracture behavior of the same
material. This behavior is shown schematically in Figure 3-16, which indicates that the
minimum fracture toughness of a particular material, K, is reached when the thickness of the
specimen is large enough so that the state of stressis plane strain. The minimum fracture
toughness obtained from thick specimensis an inherent material property.
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3.3.2.2 Effect of Temperature on Linear-Elastic Fracture Toughness

Linear elastic fracture toughness, K|, of structural steels under a constant rate of loading
increases with increasing temperature. The rate of increase of K, with temperature does not
remain constant, but increases markedly above a given test temperature. An example of this
behavior is shown in Figure 3-17 (Barsom, 1999) for an A517 steel plate tested at a slow loading
rate. Thistransition in plane-strain fracture toughnessis related to a change in the microscopic
mode of crack initiation at the crack tip from cleavage to increasing amounts of ductile tearing.
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3.3.2.3 Effect of Loading Rate on Linear-Elastic Fracture Toughness

An analysis of plane-strain fracture toughness data obtained for structural steels—valid
according to ASTM E399 standard test procedures—shows that the fracture toughness transition
curve istrangated (shifted) to higher temperature values as the loading rate increases. Figure 3-
18 (Barsom, 1999) demonstrates this behavior for an A36 steel plate. Thus, at agiven
temperature, fracture toughness values measured at high loading rates are lower than those
measured at slower loading rates. Also, the fracture-toughness values for structural steels
decrease with decreasing test temperature to a minimum K value equal to about 25 ksi Vin.
This minimum fracture-toughness value is independent of the loading rate used to obtain the
fracture-toughness transition curve.
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Figure 3-18 Effect of Temperatureand Strain Rate on Plane-Strain Fracture-Toughness

Behavior of ASTM A36 Type Stedl

Datafor steels having yield strengths between 36 and 250 ksi, (Figure 3-19 (Barsom, 1999)),
show the shift between static and impact plane-strain fracture-toughness curvesis given by the
relationship

T = 215-150, for 28 ksi <o,.<130 ksi (3-4a)

and

Ty =0 for oys> 130 ksi (3-4b)
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where T is temperature in degrees Fahrenheit, and oys iS room-temperature yield strength. The
dataindicate that the temperature shift is a direct consequence of the relative increasein yield
strength with increasing load rate.
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Figure 3-19 Effect of Yield Strength on Shift in Transition Temperatur e Between I mpact
and Static Plane-Strain Fracture-Toughness Curve

As stated earlier, the response time of most structures subjected to very rapid (impact) loads
isabout 1 to 2 seconds to maximum load. Thus, the characteristic fracture toughness curve for
these structures is closer to the static curve than to the impact curve. The shift between the static
fracture toughness curve and the dynamic fracture toughness curve corresponding to one-second
loading to fracture is about 25% the temperature shift value calculated from Equation 3-4a
(Barsom, 1999).

Proper use of fracture mechanics methodology for fracture control of structures necessitates
determination of fracture toughness for the material at the temperature and loading rate
representative of the intended application.

3.4  Effects of Plastic Deformation on Steel Properties

During production, fabrication, and erection, steel components may be flattened,
straightened, bent, and cyclically loaded. These operations induce plastic deformations that may
change the properties of the plastically deformed volume. Examples of such regionsinclude the
k-area of roller straightened structural shapes and the beam-to-column weldment in welded
moment resisting frames. The effects of plastic deformations on the strength and ductility of
steels may beillustrated by a simplified behavior of plastically deformed tensile specimens
(Barsom, 1991).
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Figure 3-20 shows loading and unloading behavior of a carbon steel tensile specimen.
Loading path ABCDE is a schematic illustration of the stress-strain behavior for a specimen
loaded monotonically to failure. Loading and unloading a specimen in the elastic region (line
AB, Figure 3-20) is not accompanied by plastic deformation, and the specimen does not
experience any change in geometry or properties.

The unloading path for specimens subjected to plastic deformation is parallel to the original
elastic loading line. Consequently, a specimen loaded into the inelastic region along ABC path,
unloads along the path CC' and, when unloaded, will be longer and smaller in diameter. The
magnitude of the change in the geometry of the unloaded specimen is governed by the magnitude
of the residual strain, AC'. Upon reloading to failure, the specimen will exhibit the same yield
and tensile strengths as the original material, except that the ductility at fracture will be
decreased by an amount dictated by the magnitude of the residual strain. Similar conclusions
may be made for specimens loaded into the strain hardening region, except that if the specimen
is reloaded along path C'CD soon after unloading, the yield strength exhibited by the rel oaded
specimen will be higher than for the original loading. Thisincrease is caused by the strain
hardening characteristics of steels.

A specimen strained into the strain hardening region, which is then unloaded and allowed to
age in the unloaded condition for several days at room temperature, or for shorter times at
moderately higher temperatures, may follow the reloading curve shown in Figure 3-21. This
phenomenon, known as strain aging, has the effect of increasing the yield strength, increasing
the tensile strength, and decreasing the ductility at fracture.
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Figure 3-20 Effectsof Strain Hardening
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Tensile and compressive strengths of steels are approximately identical. However, when a
stedl is deformed in tension, and subsequently deformed in compression, the compressive yield
strength exhibited by the steel may be lower than would be expected had the virgin steel been
initially loaded in compression. Similarly, the tensile yield strength of a steel first loaded in
compression, then in tension, may be lower than the tensile yield strength of the virgin steel.
Thislowering of yield strength exhibited when deformation in one direction is followed by
deformation in the opposite direction is known as the Bauschinger effect.

The Bauschinger effect may also occur in specimens deformed in one direction, then
subsequently deformed under biaxial or triaxial strains. This effect may be of interest when
large cyclic deflections or buckling are being considered.
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4. TENSILE PROPERTIES OF STRUCTURAL STEELS

4.1 General

This Chapter summarizes information on the tensile properties of structural steel. It includes
discussion of standard practice of the rolling mills for reporting these properties, information on
the known variation of these properties for various grades of structural steel and within
individual structural shapes both for contemporary steels and those produced in the past.

4.2 Mill Practice

In the United States, structural steel shape and plate is typically provided in accordance with
ASTM A6 (ASTM, 1999). Under this standard general delivery specification, the strength of
structural steelsis determined from test coupons cut from the sections after rolling of the
sections. The producer performs the tests and reports the results on the mill test report (MTR).
Typically, the yield point, tensile strength, and percent elongation are reported on the MTR to
provide evidence of the conformance of the steel to the applicable material specification. The
test specimen may either be a machined round specimen taken from the quarter thickness
location or afull thickness plate type specimen. Inthe U.S., coupons for mill tensile tests have
traditionally been extracted from the web of the section. This location was selected since the
flanges of “S’ and “C” shapes are tapered, making extraction of rectangular coupons of uniform
thickness difficult, without additional machining, while the web has uniform thickness. 1n 1996,
ASTM A6 was changed, revising the location of the test specimen to the flange for wide-flange
W shapes with flanges 6 in. or wider. The flange strength provides a more meaningful indication
of the strength of a section since the flange comprises alarger area then the web and is the
primary part of the section resisting bending moments.

Section 4.3 presents a summary of an investigation of the tensile properties of currently
availablerolled shapes. Investigations reported herein were performed as part of the research
under the FEMA/SAC Program to Reduce Earthquake Hazards in Moment-Resisting Frames.
The variation of the propertiesis presented, and the results are compared with the mill tests.
Later sections cover earlier industry surveys of mill test reports.

4.3 Tensile Properties of Currently Produced Rolled Shapes

A sampling of current rolled shape production was undertaken to determine the tensile
properties of these shapes, and to determine the variability of the properties within and among
the shapes, and relationship between the results reported in typical mill reports and the laboratory
tests. The properties measured during the tension test are depicted in Figure 4-1 and defined in
the list below the figure.
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Figure4-1 ldealized Stress-Strain Curve

The parameters indicated in the figure are:
E=  elastic modulus assumed as 29,000 ksi
Fuw= upper yield point, ks
Fy=  dynamic yield strength, ks
Fsy = static yield strength, ksi
Fu= tensilestrength, ksi
g = Strain at strain hardening
ey=  Strain at maximum stress
Eq = strain hardening modulus, ksi

ASTM A370 sets the standard procedures for performing tensile and other mechanical tests
of structural steel products. Under A370, mills are permitted to report either the upper yield
point, Fyy, or the dynamic yield strength, F,. The value of the dynamic yield strength is
dependent upon the strain rate of the test. As previously described, yield strength increases with
increasing strain rate. Normally the point of measurement of the dynamic yield strength is
specified using an offset strain such as 0.2% or a specified extension under load. A strain rate
independent value defined as the static yield strength, Fs, provides alower bound and is
indicative of the steel’ s response to slowly applied loads, such as gravity loading in a building.
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Tensile strength is taken as the maximum test load divided by the original cross sectional
area of the specimen. Theratio of the yield strength to the tensile strength of the steel provides
one measure of the steel’ s reserve strength after yielding and ability of the steel to redistribute
inelastic strains. This measure is particularly important for bolted connectionsin that steels with
high yield to tensile ratios are more likely to fail by net section fracture through bolt holes as
opposed to yielding of the gross section of perforated elements.

4.3.1 Effect of Coupon Location upon Yield Strength

Tensile properties of rolled steel shapes are known to vary depending on location within the
specimen. The webs of rolled shapes undergo greater working during the rolling process and
also cool more quickly than the flanges, resulting in a difference in the micro-structure. Earlier
sections of this report have discussed the effects of working and thermal history on tensile
properties.

Several investigationsinto the variation of tensile properties with position in rolled shapes
have been conducted in the past (AlSI, 1974 and Barsom, 1988). The webs of rolled sections
normally have higher yield strengths than the flanges, due to greater hot working of the thinner
web material during the rolling process. Beedle and Tall (1959) reported that, in typical wide
flange shapes produced at that time, the yield strength in the web is 4-7% higher than in the
flange. Modern shape producers may start with anear net shape cross-section that reduces the
differences in hot working between the webs and flange, relative to that which was common in
the past. In order to determine the variation of tensile strength across typical cross sections
under current production methods, a series of investigations was performed in which tensile
specimens were taken from both the web and the flanges of a series of sections and subjected to
tensiletests. A total of 18 sections produced by four different mills were tested. Most of the
sections were ordered to the requirements of A572, Grade 50; however, one mill also provided
specimens conforming to ASTM A913 Grade 50. Many of the sections ordered to the ASTM
A572, Grade 50 specification also met the requirements of ASTM A36 and the newer ASTM
A992 specifications.

Seven specimens were taken from each section, three from the web and two from each
flange, as shown in Figure 4-2. The multiple sampling alowed the variation of the strength
within the cross section to be determined. In the tensile tests performed on these specimens,
static yield strength was measured by stopping the loading of the test specimen during the tests
and measuring the load after holding the deformation constant for at least three minutes. The
static yield strength islabeled Fg, in Figure 4-1. Dynamic yield strength was taken as the value
measured on the yield plateau and islabeled as Fy in the figure. Typically, these values as well
asthe static yield strength was measured three times in each test.

The effect of the coupon location was studied to find overall trends, as well as trends of
individual producers. In addition, comparison of measured strengths to those reported on MTRs
was investigated. Table 4-1 presents the results of these tests. The table indicates means and
standard deviations for the ratio of yield strength in the flange to web Fyfjange/ Fywen, measured
dynamic yield strength of the flange to that reported in the MTR, and the ratio of the dynamic
yield strength of the web to that reported in the MTR.
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Figure4-2 Location of Tensile Specimens

Table4-1 Comparison of Web and Flange Tensile Properties— Contemporary Production

Number
il | of | LA Fange | iion of Mill Test | W20 Flange | Lab. Web
X /Web Mill Mill
Sections
6 Flange 0.94,0.03 0.98,0.06
A 0.95, 0.05
1 Web 0.94 0.99
B 4 0.98,0.04 Web 0.97,0.03 0.99,0.05
C 1 0.95 Web 0.94 0.99
Flange (Full
D 3 1.06,0.10 Thickness Lab. 0.97,0.03 0.92,0.10
Tests)
Flange (¥2in. Round
D 3 0.97,0.02 | at¥% Thickness Lab. 0.85,0.08 0.87,0.10
Test)

Theratio of Fysiange/ Fywen Was cal culated by dividing the mean value obtained from four
flange specimens by the mean value obtained from the three web specimens for each section.
The mean of the three dynamic yield strength measurements made for each specimen was used

for this comparison.

The set of data from each producer was subdivided into two groups based upon the location
of the mill test coupon. The results show for mills A and C that the relationship between the mill
test results and laboratory tests did not depend upon the location of the mill test coupon. For the
material from producer A, the flange yield strength was 95% of the web value, and the measured
web yield strength was within 2% of the value reported on the M TR, regardless of mill test
location. The sections from mill B, which had all the MTRs taken from the web, agreed well
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with the laboratory results. The average web strength was within 1% of the MTR results. Mill
D, which supplied ASTM A913 material, took all the coupons from the flanges, and used full
thickness coupons for its mill tests. MTR values for material from Mill D correl ated reasonably
well with the laboratory tests from full thickness plate specimens. The correlation with the
laboratory tests with the ¥z in. round specimens was very poor. Thiswould be anticipated as the
guenching and tempering process used to produce ASTM A913 material resultsin the surface of
the shape being both harder and stronger than material within the section. Coupons that are
representative of the full thickness of the shape will provide similar material to that reported by
the mill, while coupons that exclude the hard surface material will show lower yield strengths.

4.3.2 Effect of Strain Rate upon Yield Strength

Table 4-2 compares the average static yield strength based upon three measurements for each
coupon divided by the average dynamic yield strength of the specimen. The dynamic strain was
approximately 150 uin/in/sec. Statistics are separately shown for the flange, the web, and for
both flange and web (all) coupons. The standard deviation of the three static readings divided by
the measured dynamic yield is also shown. The statistics are remarkably similar for both the
web and flange. The value of 0.95 found in previous studies of the ratio of the static to dynamic
yield strength of steels used in rolled sections would still appear to be areasonable estimate. The
actual increasein yield strength under dynamic loading is dependent upon the strain rate at
which the dynamic yield strength is measured. As described in an earlier chapter, afaster strain
rate would tend to increase the dynamic value.

Table 4-2 Ratio of Static to Dynamic Yield Strengths

FyadFy | Std. Dev/F,

Flange Only 0.957 0.0037
Web Only 0.953 0.0038
All Coupons 0.956 0.0038

4.3.3 Yield to Tensile Strength Ratio

The frequency distribution of the yield-to-tensileratio (F, /F,) for the flange couponsis
shown in Figure 4-3. Under the new ASTM A992 specification, the maximum permissible yield
totensileratio is0.85. All of the specimens tested met this requirement. The mean values from
each mill weresimilar. Mill D had the highest average value, and Mill C the lowest. Mill D also
had the highest individual value, 0.839, but even it was below the maximum F, /F, ratio of 0.85
permitted under ASTM A992. It should be noted that the ratios shown in the figure are based
upon laboratory results. The yield strength reported by the mills will often be larger than the
dynamic laboratory value used to calculate the ratio in the figure, while the tensile strengths are
usually comparable. Consequently, the yield to tensile ratio reported on MTRs will be somewhat
larger than the values calculated from the laboratory data and shown in the figure.
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Figure4-3 Distribution of Yield to Tensile Ratio Fy/F,

4.3.4 Inelastic Stress-Strain Behavior of Steels

The inelastic portion of the stress strain curve for the steels tested was carefully measured
during the tensile testing of the coupons removed from the rolled sections. Quantities recorded
included the strain at initiation of strain hardening, the strain at the development of ultimate
tensile strength, and the strain hardening modulus. In addition, the ratio of the yield to tensile
strength of each specimen was calculated. This parameter provides an index of the degree of
strain hardening. The purpose for these measurements was to provide a means for devel oping
the complete stress-strain curve for these steels to be incorporated into computational studies.
The data from the flange tests were analyzed to develop the average stress strain curve shown in
Figure 4-4. The flange tests were used since the structural performance of a“W” sectionis
primarily controlled by the flange behavior. The strength values shown in the curve are
normalized to the nominal yield strength, Fy,, of 50 ksi for both ASTM A572, Grade 50 and
A913 steels, and the strain values by the nominal yield strain, yn, of 50 ksi/29,000 ksi.

Table 4-3 presents the data used to generate the average flange stress-strain curve shown in
Figure 4-4. The maximum and minimum values of each statistic as well as the standard
deviation areindicated. The small scatter in the strain hardening modulus was surprising.
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Figure 4-4 Average Flange Stress-Strain Curve
Table 4-3 Flange Test Values
Fuy/Fyn Fy/Fyn Fsy/Fyn 8sh/gyn Esh/E 8u/syn Fu/Fyn
Mean: 1.13 1.09 1.04 8.73 0.0131 86.2 1.45
Maximum:| 1.29 1.28 1.24 14.0 0.0165 117 1.55
Minimum: 0.96 0.96 0.91 4.29 0.0075 68.2 1.32
Std. Dev.: 0.09 0.08 0.08 2.90 0.0024 11.5 0.06
# of Specimens: 41 59 59 38 38 59 63

4.4  Strength of Historic Steels

Prior to 1960, ASTM A7 with a specified minimum yield point of 33 ksi was the only
structural steel recognized in the AISC Specification for Buildings. The 1961 edition of the
AISC Specification recognized the ASTM A373 specification, aweldable version of ASTM A7.
In 1960, ASTM A36 replaced the A7 specification entirely, and three higher strength steels were
simultaneously introduced: ASTM A242, A440, and A441. Theyield point of steels conforming
to A242, A440, and A441 was a function of the material thickness. Group |11 sections and plates
thicker than 1-1/2 in. had a minimum specified yield point of 42 ksi. Group Il sections and
plates between ¥+1-1/2 in. had aminimum yield point of 46 ksi, while smaller sections and
thinner plates had specified minimum yield point of 50 ksi. A440 was not intended for welded
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construction. A242 was aweathering steel. ASTM A572 and ASTM A588, which were
introduced in 1966 and 1968, replaced these higher strength steelsin the 1970s.

Beedle and Tall summarize the results of early industry and laboratory tests of yield strengths
for steels produced in the 1950s. The datais applicable to structural shapes produced to the
ASTM A7 and A373 specifications, and is shown in Table 4-4. The statistics shown in the table
are the mean strengths based on mill test data obtained for steels from different mills, the
standard deviation of the reported data for each mill, the number of samplesincluded in the
population, and the ratio of the mean value to the minimum permitted by the applicable ASTM
specification. The simulated mill tests are tests of coupons taken from the web of the same
sections reported in the mill tests for Mill 3, and independently tested at arapid load rate to
simulate the testing performed at the mill. The simulated tests corresponded quite well with the
mill tests. Beedle and Tall reported that the mill test yield point was 10-15% higher than the
static yield strength of the web, and that the flange had strength approximately 4-7% less than
the web. These are comparable to the differences found in the study of contemporary steels
reported in the previous section.

Table 4-4 1950 Shape Test Data (A7, A373)

Data Source Mean Standard Number of Mean/
(ksi) Deviation Samples Specified
(ksi)
Mill 1 39.96 3.13 3,127 1.21
Mill 2 44.1 NA 3,010 1.33
Mill 3 429 4.4 35 1.30
Simulated Mill 3 | 41.2 4.2 35 1.25

The American Iron and Steel Institute performed a survey (AlSI SU/19) that covered shapes
produced between August, 1967 and November, 1968. The population contained in this survey
included 361 mill tests. The survey included both carbon (A36) and high strength low aloy
(A440) sections. The data on high strength low alloy shapes was not reported since the number
of tests was insufficient to justify dataanalysis. It isassumed that the data reported would reflect
the results from A 36 steel produced during this period. The report indicates that 364 mill reports
were submitted for the study from 7 mills. Three of the results were from rimmed or capped
steels and were deleted from the survey. The majority of the steels, 356 reports, were semi-
killed, and the remainder were killed hot top deoxidation. Open-hearth steel making was used
for 302 of the reports, and 62 were from a basic oxygen furnace produced steel. No electric
furnace steels are included in the survey. A histogram of the resultsis shown in the Figure 4-5.
The mean yield and tensile strength are 1.22 and 1.17 of the minimum yield point of 36 ksi and
minimum tensile strength of 58 ksi specified in ASTM A36.
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4.5 Influence of Dual Graded Steels upon Expected Strength

In the 1980s and 90s, the domestic steel industry underwent a major transition with many of
the traditional producers leaving the structural market and several new producers entering the
market. Whereas the traditional producers of structural steel generally produced steel in
integrated mills from iron, as described in Chapter 2, the new producers generally used scrap
based processes. Steels produced by these more modern processes tended to have residual
elements from ferrous scrap, may have had microalloying elements, and therefore tended to have
higher strength than the steels from earlier traditional producers. Many of these producers found
that much of the structural steel they produced would meet the minimum requirements of both
ASTM A36 and A572 Grade 50, and in the early 1990s, several of these mills began a process of
dual-certifying steel as meeting both specifications. In essence, these mills produced only a
single grade of steel but sold it either as A36 or A572 Grade 50, as the customer required. These
steels are commonly referred to as dual grade.

Dual grade steel reduced inventory, which resulted in reduced costs. The warehouse or
producer no longer had to maintain separate inventory for each grade. The user benefited from a
reduced cost for the higher strength steel. However, the effect upon the strength distribution of
rolled shapes was not as beneficial. In practice, the producers segregated the steel into lots,
based upon the mill test results. Steel with yield strength less than 50 ksi was classified as A36.
Steel with ayield strength greater then 50 ksi and tensile strength greater then 65 ksi but less
than 80 ksi was classified as adual grade steel since it met the physical strength requirements of
both A36 and A572 Grade 50. Steel with ayield strength greater than 50 ksi but with atensile
strength greater than 80 ksi was classified as A572 Grade 50. Steels that met the dual grade
requirements are also sold as either A36 or A572 Grade 50 rather than dual certified steel. The
result of this sorting of steel gradesis a skewed distribution of yield strength as shown in Figure
4-6.
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Figure4-6 Histogram of Yield Strength for Grade 50 M aterial

The distribution of yield strength for dual and Grade 50 steel from mills selling dual grade
steel was skewed towards the minimum specified yield strength of 50 ksi. The distribution of
yield strength from the mills only producing single graded steels had a more normal distribution
and a higher average. The skewed distribution of yield strength for the mills producing dual
gradeisillustrated in Table 4-5. The average yield stressis lower for the dual grade producers,
and about ¥4 of their dual and grade 50 steel has ayield stresswithin 2 ksi of the minimum
specified. The single grade producers had only about 4% of their production within 2 ks of the
limit, with the rest being stronger. Therefore, Grade 50 steels and dual grade steels produced by
dual grade producers during the period 1990-1998 should be assumed to have the distribution of
the dual grade producers. Most of the production of dual grade material from these two mills for
most of thistime period was smaller shapes, classified in shape groups 1 and 2. The steels from
the other producers will have a distribution of strengths similar to that for the single grade
producers with a higher average strength.
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Table 4-5 Distribution of Steel Strength, Dual and Single Grade Producers

Producer Type-Steel | Average | Standard
ks | PeVIAION | 5504 <52ks | 50 < % < 55ks
ksi
Single Grade-Grade 50 59.6 4.7 3.6% 16.8%
Dual Grade-Dual 55.8 34 26.3% 53.3%
Grade
Dua Grade-Grade 50 54.8 4.9 23.2% 58.1%

The truncation of the histogram for yield strength exhibited by the dual grade producers also
produced a skewed distribution of yield strengths for material sold as A36. Dual grade producers
classified steel not meeting the 50 ksi minimum yield point of grade 50 steel as A36. Thisisthe
steel on thetail of the curve below 50 ksi. Theresult isthat dual grade producers tend to
produce A36 steel that has a higher strength than the single grade producers. Thisis shown in
Figure 4-7. All of the steelsincluded in the histogram were sold as single grade A 36 stedl.
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Figure4-7 Yield Point Histogram of A36 Grade Material
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The mean yield point of the dual grade producersis 50.4 ksi, with a standard deviation of
4.53. The mean yield point of the single grade producersis 46.8 ks, with a standard deviation of
4.84 ksi. Thedistribution of yield pointsis approximately normally distributed about the mean
value for both sets of producers. It must be noted that, under the condition of dual grade steel in
the market place, steel specified as A36 material may have substantially higher yield strength.
Therefore, A36 material should not be specified for applications in which predictability of the
yield level isimportant.

45.1 Recommended Changes to ASTM Specification

The investigations indicate that the yield point reported in the mill test reports over-estimates
the static (gravity) and dynamic yield strengths of the steel. Theyield strength of these steelsis
sensitive to the strain rate of the test. The static yield strength, which is measured after the
specimen has been held at fixed strain for a period of time, isindependent of the test machine
and test protocol. However, thistest is not suitable for mill useage due to the length of time
required to perform the measurement. A correlation with the more rapid mill test procedures
must be used to estimate the true yield strength of the steel. Present ASTM specifications allow
millsto report the upper yield point rather then the dynamic yield strength of the steel. Some
mills follow this procedure while others do not. Asaresult, different mills would report
somewhat different yield values for the same piece of material. Correlation of trueyield
strengths with the mill test values could be improved if the applicable ASTM specifications were
changed to require reporting of specified yield strength, rather than yield point, for the structural
steels. Theyield strength should be determined using an offset method, which will reduce the
scatter in reported yield strength/yield point and provide a statistic which has a better correlation
with the actual yield strength of the steel.

4.6 Summary

Table 4-6 summarizes the results of the various surveys performed, and provides a means of
estimating the strength of steel in both older and new construction. The valuesindicated are
yield point values obtained from the webs of rolled shapes.

It appears from this data that, for earlier carbon steels, the mean yield point is approximately
1.2 the minimum specified. The value of 1.2 is also suitable for estimating the mean yield
strength of grade 50 steel from single grade steel producers. Consequently, it seems reasonable
to assume that until about 1993, the ratio of the mean yield point of the mill tests to the minimum
specified in the specification is 1.2. Thisvalue appliesto A7, A36, and A572 Grade 50. It could
also be used for the other high strength steels such as A242, A440, and A441. Since 1995, the
strength of the A36 and dual grade A36 islikely to be about 1.5 times the specified value of 36
ksi. Theratio for A572 would appear to be about 1.10 for shapes from producers of dual grade
and 1.2 for single grade producers. The mean flange dynamic yield strength of the steels would
be 90% of the mean mill test web values. The influence of the new ASTM requirements for
testing tensile strength using coupons extracted from shape flanges upon these statistics should
be evaluated when adequate production statistics are available.
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Table4-6 Summary of Mill Yield Point Statistics

Steel Years Specified Yield Mean/ Standard
Point (ksi) Specified Deviation (ksi)
A7-Shape 1950's Prior to 33 121 3.13
A36 Steel
A7-Shape 1950’ s Prior to 33 1.33 NA
A36 Steel
A36 1967-68 36 1.22 NA
Single Grade
Producers-
Grade 50 1992 50 1.19 4.7
Dual Grade
Producers -
Dudl Grade 1992 36 and 50 155and 1.12 34
Dual Grade
Producers-
Grade 50 1992 50 1.09 4.9
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5. THROUGH-THICKNESS STRENGTH OF ROLLED SECTION
FLANGES

51 Introduction

In the 1970s, lamellar tearing of thick plates and column flangesin highly restrained welded
joints due to weld shrinkage stresses was identified as an issue. Fracture surfacesin materia that
has failed through lamellar tearing appears to have a wood-like texture and a series of stair
stepped fracture surfaces aligned parallel to the plate surface and extending in the direction in
which the plate (or shape) wasrolled. Observation of failed column flangesin afew welded
moment resisting connections damaged by the Northridge earthquake had a similar appearance.
Sinceit is known that large through-thickness tensile stresses are imposed on column flanges at
the beam flange to column flange joint in unreinforced, welded moment resisting connections,
the ability of column material to resist the tensile stress through the column flange was
investigated. Therefore an extensive series of investigations was performed to determine the
through-thickness behavior of heavy column shapes (Dexter, 2000). These investigations were
jointly funded under the FEMA/SAC Program to Reduce Earthquake Hazards in Moment
Resisting Steel Frames, by TradeArbed and the American Institute of Steel Construction.

The through-thickness direction, or “Z” direction of hot rolled steel product typically has a
lower ductility, fracture toughness, and tensile strength than does the same material when
strained in either the longitudinal “X” or transverse“Y” directions. Figure 5-1 illustratesthis
nomenclature.

Transverse DROH'?Q
Direction - “Y” rection
Longitudinal
)

Through-Thickness
Direction - “Z”
Figure5-1 Reference Axesfor Steel

5.2  Causes of Anisotropic Behavior of Steel

The reduction in through-thickness properties relative to longitudinal and transverse
propertiesin steel occurs primarily from the heterogeneous distribution of the shape of non-
metallic inclusions. The size, distribution, and shape of manganese and silicon sulfide inclusions
in particular are the primary variables controlling the through-thickness behavior of steels.

These inclusions start out as globular discontinuities located at the grain boundaries of the
solidified steel in ingots and castings. During the rolling process, they are flattened and
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elongated, forming flat planes of discontinuity aligned parallel to the X-Y plane and generally
extending in the rolling direction. The degree of geometric change in these inclusionsisa
function of the amount of thickness reduction that occurs in the product during the hot rolling
process. The degree of anisotropy is dependent upon the cross section of the flattened
inclusions, the distribution of the inclusions, and the toughness of the surrounding steel matrix.
Reduction in ductility and strength in the through-thickness direction occurs due to the low
strength of the deformed manganese sulfide inclusions. The flattened inclusions debond and
behave like very small cracksin the steel. Under some conditions of applied stress, steel
toughness, and inclusion size and distribution, these small cracks may join up and form afracture
plane. The resulting fracture istermed alamellar tear and, as noted earlier, often has awoody
appearance. The fractureis similar to one in which a piece of wood is loaded perpendicular to
the growth axis. The fracture between the flattened inclusions produces the characteristic
fracture appearance.

The steel maker can improve the through-thickness performance of steel by reducing the
number and size of the inclusions, and controlling the shape of the remaining inclusions. Lower
sulfur content not only reduces the anisotropy of the steel, but also increases the fracture
toughness of the steel in all directions. Steels with enhanced through-thickness properties or
“Z" steelsare available in plate material and are often specified for critical applications with
large through-thickness stress, such as the joint cans of tubular offshore structures.

Through-thickness properties of steel plate one inch and greater in thickness are evaluated
using a through-thickness tensile specimen in accordance with ASTM A770. A common
requirement in the offshore industry is for the material to be capable of a minimum reduction in
area under tension of 35%, although areduction in area of 25% or lessis often quoted as
sufficient to provide alow risk of lamellar tearing. Often, low maximum permissible sulfur
content of 0.005% is also specified. Thislevel of sulfur isone-tenth the limit of most structural
stedl specifications.

An example of the influence of sulfur content upon through-thickness reduction in areais
shown in Figure 5-2, which summarizes some results from Dexter’s SAC sponsored tests. This
figure shows the reduction of area obtained from a series of through-thickness specimens
removed from column flanges of structural sections having different sulfur contents. A clear
trend is observed with steels having lower sulfur content exhibiting greater reduction in area and
higher through-thickness ductility than steels with higher sulfur content. In thistesting program,
samples were removed from the core area of wide flange specimens as well as from locations
within the flange, outboard of the core area. It can also be seen that specimens taken from the
core area exhibit lower through-thickness ductility than do the other specimens. Thisisdueto
the segregation effects described in Chapter 2.

5.3 Typical Through-Thickness Properties

Barsom and Korvink (1997) presented data based on extensive through-thickness testing
conducted on structural plates and shapes produced in the 1970s. Data on the ratio of through-
thickness tensile strength and elongation to longitudinal and transverse strengths and el ongations
are presented. This dataindicates that the mean value of theratio of through-thickness strength
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Through Thickness Tensile Tests
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Figure5-2 Reduction in Area as a Function of Sulfur Content

to longitudinal strength is about 1.0, meaning that the expected value of through-thickness
strength is comparable to that for longitudinal strength. However, this data also showed
significant variation in the through-thickness tensile strength, with a probable lower bound value
for the ratio of through thickness to longitudinal strength of about 0.8. In alimited series of tests
conducted on contemporary steels by Dexter and Melerdrez (1998), a similar relationship was
found. Figure 5-3 presents the data from Dexter’ s comparisons of through thicknessto
longitudinal strengths. As can be seen from this data, both yield and tensile strength are
approximately equal in the through thickness and longitudinal directions, and in many
specimens, the through-thickness strength properties actually exceed the longitudinal properties.
In one case, however, the through-thickness properties are markedly lower, at about 90% of the
longitudinal values.

Older stedls, particularly those with sulfur contents above 0.030%, may exhibit the reduction
in strength reported by Barsom. The sulfur content of older steels was evaluated from the datain
asurvey (SU/17) conducted by the American Iron and Steel Ingtitute. That survey included 592
mill tests of carbon steel plate produced from 1967 through 1969. Three hundred and thirty of
the plates were made by the open-hearth method, 165 in basic oxygen furnaces, and 97 in electric
furnaces. All were produced from ingots, with 252 from semi-killed steel, 64 from killed open-
top, and 276 from killed hot-topped steels. The sulfur content of these steelsis shown in Figure
5-4. A comparison of the sulfur content of these older steels with that from the shapes included
in evaluations of contemporary steels shown in Figure 5-5 does not show a significant difference.
However, other factors such as control of the inclusion shape size and distribution must also be
considered. Modern practice using near net shape continuous casting processesis likely to
produce steels with better through-thickness properties than the processes used at the time of
Barsom’s survey.
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Based upon this limited comparison and considering only sulfur content, older shapes may
have through-thickness strength comparable to the sections tested in Dexter’s research. Lamellar
tearing during welding may occur. The sulfur content as well as the other elements of the base
metal should be checked prior to making repair in both old and new steels. A welding procedure
that reduces strains in the through-thickness directions should be employed, and the column
flange should be ultrasonically inspected after welding is completed.
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Figure 5-3 Comparison of Through-Thickness and Longitudinal Properties
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Figure 5-4 Sulfur Content From Survey SU/17
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Figure5-5 Sulfur Content of Recent Steels

5.4 Evaluation of Welded T-Joint Connections

The influence of through-thickness ductility and sulfur content upon potential performance of
moment frame connections was evaluated using a series of smulated beam flange to column
flange welded connections (Dexter and Melendrez, 1999). High strength, one inch thick plate
with 100 ksi yield strength was welded to a series of column sections to simulate the typical
welded beam flange to column flange joint in a moment-resisting connection. The high strength
plate was welded with matching high strength, high notch toughness electrodes. These
assemblies were then tested by applying atensile loading onto the high strength plate simulating
abeam flange. The purpose of using the higher strength flange and weld metal wasto force a
failure into the column flange material so that the effect of through-thickness strength properties
on such connections could be evaluated. Figure 5-6 shows atypical specimen used in the testing
program. Figure 5-7 shows a specimen mounted in auniversal testing machine.

Two types of specimens were used. One type specimen, with a 4-inch wide simulated flange
plate, was tested at both quasi-static and higher strain rates, with cross head displacements of
0.20 inch/second, to simulate earthquake loading. A second type specimen had 12-inch wide
flange plates to more closely simulate the configuration of larger welded moment resisting
connections. These larger specimens could only be tested at a quasi-static loading rate.
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Figure5-6 Typical Column Flange Through-Thickness Test Specimen

In addition to flange plate width and strain rate, other variables explored in the test program
included material producer, material specification, column section dimensions, influence of
beam flange continuity plates, welding heat input, weld filler metal toughness and joint detailing.
Both ASTM A572 Grade 50 and A913, Grade 65 column sections were tested. Column section
foot weights varied from 175 to 605 pounds per foot.

Ininitial tests, no failures occurred in the column flange. All specimens failed by necking
and eventual fracture of the high strength pull plates. In later tests, weld reinforcement was
removed to increase the effective through-thickness stress on the column flange. In the entire
program, all specimens failed by ductile fracture of the pull plates except several specimens with
welds that were intentionally made with low notch toughness weld metal, high heat input, and
root defects, and without continuity plates. The specimen without the continuity plates produced
adivot type fracture, in which a portion of the column flange was pulled loose from the rest of
the column at a 92 ksi weld stress. This divot type fracture is shown in Figure 5-8. No evidence
of lamellar tearing is observable on the fracture surface.
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Figure5-7 Typical Tee-Joint Test Setup in the 2670 kN Capacity Universal Testing
Machine Showing L ocation of Strain Gagesand LVDTs

Figure5-8 View of Divot-Type Fracture of Column Flange in Specimen with No
Continuity Plates
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In addition to the tests performed on new sections, one test was performed on a W14x455
section removed from a building that suffered damage in the Northridge earthquake. The result
was again afailure in the high strength pull plate.

55 Conclusions

The results of this experimental study indicate that welded T-joints of the type found in beam
flange to column flange joints in welded moment resisting connections can resist very large
tensile demands without inducing lamellar tearing type failures. Due to inherent conditions of
restraint in these joints, yield and tensile strength of column flange material in thesejointsis
significantly elevated and unlikely to initiate afailure under stresses that can be imposed by
materials of similar strength. Further, failures of the type found in many moment resisting
connections following the 1994 Northridge earthquake can be initiated in these weldments if low
notch toughness weld filler metals and joint defects are introduced.
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6. CHARPY V-NOTCH TOUGHNESS OF ROLLED SHAPES AND PLATE

6.1 Introduction

Notch toughness is a measure of amaterial’s ability to tolerate sharp crack-like defects. The
tougher the material, the larger the defect the steel can tolerate before unstable crack extension
occurs as a brittle fracture.

The Charpy V-Notch (CVN) test is asimple method of estimating the dynamic fracture
toughness of steels. The test measures the energy required to fracture a notched plate specimen
loaded in single-point bending. The specimen size and notch dimensions are specified in ASTM
370. A pendulum applies a dynamic load to the specimen. The results of the test are the energy
required to fracture the specimen. Other parameters such as the percent shear evident on the
fracture surface and the lateral expansion on the compression side of the specimen are also used
to characterize the behavior of the steel.

The notch toughness of a particular steel is dependent upon the temperature of the steel when
itistested. The measured notch toughness increases at higher temperatures. Typically, the
notch toughness of astedl is characterized by a CVN curvethat is a plot of the measured energy
to produce fracture at various temperatures. Figure 6-1 presentsatypical CVN curve. The
results are typically divided into three regions of behavior termed lower shelf, transition, and
upper shelf. The lower shelf isthe region of low notch toughness at low temperature in which
the specimen fractures in a cleavage mode with no significant plastic deformation occurring.
The fracture surface is flat, and exhibits no shear lips on the side. The upper shelf occurs at
higher temperatures. More energy is required to fracture the specimen at the upper shelf
temperature. Fractures of steel in the upper shelf region usually exhibit large plastic deformation
and considerable shear lip formation.

Between the two shelves on the CVN curve isaregion of change in notch toughness with
temperature. Thisregion islabeled the transition zone, and is often characterized by determining
the temperature at which the steel attains a certain energy level. The 15 ft.-lb. energy level is
often used to fix the transition temperature of low-strength steel. Steel specimens meeting the
same material specification but obtained from different heats or even different portions of a
rolled shape will generally exhibit a curve with the shape shown in the figure. The transition
temperature and the upper shelf energy are often used to characterize the difference in the test
values from one steel or location to another.

6.2 Toughness Surveys
6.2.1 Plate

In 1979, the American Iron and Steel Institute (AlSI, 1979) published the results of a survey
of the Charpy V-Notch properties of various grades of steel plate. Data contained in the survey
for A572 Gr. 50 plate are of interest. The data includes samples from five producers and was
collected during the period 1972-1973. A tota of 52 plate samples were included in the survey.
Thickness ranged from % inchesto 1-1/2 in. All of the plate was produced to killed fine grain
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practice, amethod of improving notch toughness properties. Controlled rolled A572 plates as
well as strand cast material were not included.
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Figure6-1 Typical CVN Curve

Samples were taken from seven locations in each plate. One location was designated as the
reference location. The results of the other six locations were compared with this simulated mill
test location. Three longitudinal and three transverse specimens, LT and TL orientation shown
in Figure 2-4, were removed from each location and tested. The longitudinal direction
specimens are the specimens normally used to measure the notch toughness of plate and rolled
shapes. Thelong dimension of the Charpy specimen isin the direction of rolling, and the
direction of fracture extension is perpendicular to the rolling direction, across the plate.
Transverse specimens have their long dimension across the plate, transverse to the rolling
direction, and the direction of fracture extension is parallél to the rolling direction of the plate.
The reported statistics were based upon the average of the three results at each location. The
frequency distribution for these average values is shown in the Figures 6-2 and 6-3. The
reduction in notch toughness with decreasing temperature is evident. Comparing the two
histograms, the lower toughness of the plate in the direction transverse to the rolling direction is
evident. Thelower toughness of the plate in the transverse direction is not unusual, and indicates
the importance of the marking of pieces cut from plates to indicate the direction of rolling when
notch toughness of the material isimportant. Stresses transverse to the rolling direction that
would cause crack propagation in the direction measured by transverse Charpy tests are unusual,
although they can occur in dual axis framing connections.
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Figure 6-3 Transverse CVN A572 Plate 1972-73

6.2.2 Wide Flange Shape

Barsom and Reisdorf (1988) investigated the microstructure, mechanical properties, and
CVN fracture toughness of A36, A572 Grade 50, and A588 Grade A structural shapes produced
inthe 1970s. These were W14 shapes weighing from 342 to 730 Ib/ft. The CVN tests were
conducted at the web-quarterthickness, flange quarterthickness, and flange midthickness. The
CVN data show, among other things, that for the flange-quarterthickness location, the average
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15 ft-Ib. transition temperature (V15) of the twenty-eight A36 steel samples tested was about

40° F and ranged from -30 to 105 °F. For the same test location, the average Vs of the twenty-
seven A572 Grade 50 steel samples investigated was 50° F and ranged from 10 to 80°F. For the
eight A588 Grade A steel samplestested at the same location, the average V15 was 10 °F and
ranged from —30 to 55 °F.

In 1995, the American Institute of Steel Construction (AISC, 1995) conducted a survey of the
CVN toughness of wide flange shapes. The survey consisted of Charpy V-Notch tests from
rolled wide flange shapes produced by six producers during the period 1994-1995. According to
the report, “ The sample consisted of an unidentified mix of heats ordered with CVN toughness
requirements and heats tested for internal quality control programs.” The majority of the data
was for steel conforming either to ASTM A36 or A572 Grade 50. Temperatures at which the
steel was tested ranged from 40 °F to 70 °F, with the majority of testing conducted at 40 °F. A
total of 2,489 sets of datawere presented for A36 material, and 4,471 for A572 material. Each
data set consisted of the mean value of three tests taken for a specific heat. The mgority of the
datafor shape groups 4 and 5 was obtained from the core region, while the data from the other
shape groups were taken from the flange. All results were from standard longitudinal specimens.

The results of the survey are summarized in Figure 6-4 for A36 steel and Figure 6-5 for
A572, Grade 50 steel. The results are somewhat surprising; the higher test temperature of 70 °F
has a greater frequency of lower CVN toughness values than the 40 °F temperature. The
frequency distributions of the data from some of the individual shape groups are varied. Some
are bimodal, some are flat, and others have skewed distributions. Combining these differing
distributions may have resulted in the unexpected higher CVN toughness shown in the
histograms for the tests performed at 40 °F. The CVN toughness of the steelsincluded in this
survey isvery good. At atest temperature of 70 °F, only 22% of the A36 steel and 23% of the
A572 steel had a CV N toughness less than 30 ft.-lbs. The AISC study also included data on
Quenched Self Tempered steels conforming to ASTM A913. These A913 steels had very high
toughness at 32 °F. The A913 steels had minimum CVN toughness values over 90 ft.-lbs. The
A36 and A572 steels also had high CVN toughness with alowest CVN toughness of 33 ft.-Ibs. at
70°F.

Under the FEMA/SAC program to reduce the seismic hazards in moment resisting steel
frames, additional CVN toughness testing of structural wide flange shapes was conducted. The
CVN toughness of the shapes was measured in the flange, the web, the core at the junction of the
web and flange, and in some sections at the so called k-area, the intersection of the flange to web
fillet and the web.

The core region of the rolled shapes was investigated by measuring the hardness in the region
of the web-flange juncture and aso by performing tensile and CVN testsin the core area. The
purpose of thisinvestigation was to determine if the mechanical properties of the shapesin this
region differ significantly from those in the web and flange away from the core. The AISC
Specifications require supplemental testing to determine the notch toughness of the core region
for Group 4 and 5 shapes when they are used in applications subjected to tensile |loading and
spliced with complete joint penetration welds. This requirement came about due to a series of
service fractures that occurred in structures incorporating these “jumbo” shapes. The failed
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sections exhibited low fracture toughness in the core region due to segregation of the steel in the
ingot that caused the region of the core to have chemical and mechanical properties different
from the flange and web. Other factors that produce lower notch toughnessin this region of the
shape include reduced amount of hot working during the rolling process and the slower cooling
rate for thisregion of the shape, resulting in grain size growth.
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Typical results for one of the sections tested is shown in the Figures 6-6, 6-7, and 6-8. The
flange region exhibited a gradual transition, with an estimated transition temperature below -50
°F. The upper shelf energy is about 200 ft.-Ibs. The core region exhibited a very abrupt
transition with atransition temperature of approximately 10 °F. The upper shelf energy of the
core region was 230 ft.-Ibs. The web also exhibited an abrupt transition in notch toughness with
atransition temperature similar to the flange. The upper shelf of the web was higher than the
flange, but comparable to the core. The results from most of the sections tested were similar; the
notch toughness was different in each of these three locations. The upper shelf notch toughness
of the core was often equal to the web or flange notch toughness. The transition temperature,
defined as the temperature corresponding to an absorbed energy of 15 ft.-lbs., and the upper shelf
energy were used to compare the results. A lower transition temperature and higher upper shelf
energy are desirable. Table 6-1 summarizes key statistics for upper shelf energy obtained from
all of thetests. A histogram showing the distribution of upper shelf values for material extracted
from the shape flanges, web, and core is shown in Figure 6-9.
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Figure 6-6 Transition Curvefor Flange Material, A572, Grade 50 W24x162 Shape

The average upper-shelf value was around 200 ft.-1bs. at all three locations. The core region
showed the highest mean upper-shelf value, but it was only dlightly higher than the flange and
web regions. The distribution of the core region shows a definite peak between 210 and 240 ft.-
Ibs.

The test results showed that, unlike upper shelf energy, transition temperature was very much
dependent on the specimen location as shown in Table 6-2 and Figure 6-10.
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Figure6-8 Transition Curvefor Web Material, A572, Grade 50 W24x162 Shape

Table6-1 Statisticson Upper Shelf CVN Energy for A572, Grade 50 Structural Shape

Flange Web Core All
Mean: 196 187 203 196
Maximum: 264 264 264 264

Minimum: 99 67 70 67

Std. Dev.: 60 61 59 59

# of Samples: 17 15 17 49
Units: ft-lbs
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Table6-2 Statisticsfor Transition Temperature ( °F), A572, Grade 50 Shape

Flange  Web Core All
Mean: -51 -41 -20 -37
Maximum: 39 22 47 47
Minimum:  -75 -75 -75 -75
Std. Dev.: 36 29 39 37
# of Samples: 17 15 17 49
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Figure 6-10 Distribution of CVN Transition Temperature, A572, Grade 50 Shape
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The distributions for the flange and web regions show a definite skew to theleft. Thisisin
part because, in many cases, the temperature at 15 ft.-1bs. could only be estimated as it was not
possible to bring the methanol bath to alow enough temperature to achieve brittle behavior. In
these cases, the transition temperature was taken as the minimum temperature attained in that set
of Charpy specimens. For example, the transition curve for the flange specimens from the
W24x162 shown previously do not reflect a 15 ft.-1bs. temperature, because the lowest recorded
specimen energy was greater than 15 ft.-1bs. at -76 °F. Experience shows that notch toughness
continues to decrease with temperature until alower shelf of around 2 ft.-Ibs. isreached. Sinceit
was impossible to attain atemperature that low with the available equipment, the transition
temperature is reported as-76 °F.

The core region showed the highest average transition temperature, and the flange the lowest.
Thistrend is consistent with results from individual members. In 10 of 17 members, the core
transition temperature was higher than in both the flanges and webs.

Data suggest that the core regions of members have higher upper shelf energy, more abrupt
transitions, and higher transition temperatures, relative to the flange and web regions. Typicaly,
CVN toughness specifications are intended to assure a suitably low transition temperature. For
example, a specification of minimum toughness of 20 ft.-1bs. at 70 °F has the effect of assuring
that transition temperature is below 70 °F. Since the core region tends to have the highest
transition temperature, it appears that the core location should be specified to measure the CVN
toughness of sections to insure that all areas of the section have adequate notch toughness. The
only exception to this being material in the k-area region of roller-straightened sections. Thisis
discussed in the next chapter.

6.3 Summary and Comparison of CVN Toughness Surveys

Table 6-3 summarizes the data from the avail able surveys discussed above. The table shows
the mean CVN energy for tests at 0 °F, 40 °F, and 70 °F, as well as the frequency of values below
15 and 30 ft.-lbs. at each temperature. The difference in the two surveys between the frequency
of testsless than 15 ft.-Ibs. is not significant. The modern steels display a much smaller
frequency below 30 ft.-lbs. at 40 °F, and amuch larger value at 70°F. The mean CVN toughness
of the modern A572 shape steel is much higher at 40 °F, and comparable to the earlier plate steel
at 70 °F. The 1988 survey of W14 column shapesindicates that their toughness was more
variable than comparable plates. Some sections had good toughness and others had low
toughness even at room temperature.

Based upon these most current surveys, it appears reasonable to conservatively assume that
less than 5% of steel product will have CVN toughness less than 15 ft.-Ibs. at 70 °F, and less than
20% of steel products will have a CVN toughness of 30 ft.-lbs. or less at 70 °F. The percentage
is reduced at the lower temperature of 40 °F, which is very puzzling and contrary to the expected
behavior of areduction in CVN toughness with alower test temperature. This may be because
the population of steels tested at the two temperatures is not the same. The early plate survey is
probably more representative of typical steelswith a2 and 36% probability of CVN toughness
less than 15 and 30 ft.-1bs. respectively. Earlier steels not produced to fine grain practice may
have lower CVN toughness.
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Table 6-3 Summary of Toughness Data 1973 - Present

Survey gteel d 0 °F Test 40 °F Test 70 °F Test
Years Pro U(.:t' an Temperature Temperature Temperature
Specimen
1973 A572, Mean 12 ft.-Ibs. Mean 18 ft.-Ibs. Mean 25 ft.-Ibs.
74 Plate, <15ft.-lbs.: 79.1% | <15ft.-lbs.: 33.5% <15 ft.-lbs.: 4.1%
Transverse | <30 ft.-Ibs.: 100% <30 ft.-Ibs.: 97.3% <30 ft.-lbs.: 76.1%
1973 A572, Mean 21 ft.-Ibs. Mean 37 ft.-Ibs. Mean 55 ft.-Ibs.
74 Pl_ate,_ <15 ft.-lbs.: 30.5% <15 ft.-lbs.: 1.6% <15 ft.-Ibs.: 0%
Longitudina | <30 ft.-Ibs.: 83.0% <30 ft.-Ibs.: 35.7% <30 ft.-lbs.: 4.1%
1994- A572, Mean 91 ft.-Ibs. Mean 61 ft.-Ibs.
%5 Shape, No Data <15 ft.-Ibs.: 0.5% <15 ft.-Ibs.: 5%
Longitudina <30 ft.-Ibs.: 1.5% <30 ft.-lbs.: 22.9%
1994- A36, Mean 112 ft.-lbs. Mean 95 ft.-lbs.
95 Shape, No Data <15 ft.-lbs.: 0.6% <15ft.-lbs.: 0%
Longitudina <30 ft.-Ibs.: 2.7% <30 ft.-Ibs.: 8.2%

Based upon the various surveys and the results of testing conducted in support of the

FEMA/SAC program, it seems very likely that most hot rolled structural shapeswill have a
fracture toughness of at least 15 ft.-lbs. at room temperature. The CVN toughness of coreregion
of large shapes may not attain this CVN toughness level without special treatment at the mill. It
is suggested that the current recommendations contained in FEMA-267, that core regions of
large shapes be at least 20 ft.-1bs. at 70 °F, be retained. Steel for structures such as exterior
frames, open stadiums, and open and unheated parking garages need to be tested to insure that
they have adequate notch toughness at their lower service temperatures. Testing temperatures
should be selected depending on the anticipated service conditions.
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7. MATERIAL PROPERTIES AT k-AREA REGION OF WIDE FLANGE
SHAPES

7.1 Introduction

Welded moment resisting connections often incorporate details including web doubler plates
and beam flange continuity plates that may require welding to the web of the section, near its
juncture with the column flange. This region of the wide flange shape is typically termed the k-
arearegion, due to the use of the symbol k, in the AISC manual, to designate the dimension from
the outside face of the shape flange to the toe of thefillet at the juncture of the flange and web.
In the period 1995-1997, severa projects using details that required welding in the k-arearegion
of the shape experienced problems with fabrication induced fractures of the section (Tide, 2000).
These fractures typically extended from the toe of the fillet between the section flange, and web
and ran into the web, away from the flange. Other types of unanticipated fractures were also
reported to occur in this k-arearegion. For example, in some full-scale tests of welded moment-
resisting beam column connections, the specimens failed when fractures extended between the
column web and flange, running along the k-area. Due to concern that low notch toughnessin
the k-area region had the potential to cause poor behavior both during fabrication and in service,
the FEMA/SAC program to reduce seismic hazards in moment resisting steel frames included a
series of investigations into the notch toughness and strength properties of material in the k-area
region of heavy shapes of the type commonly used as columns in moment-resisting frames
intended for seismic applications.

As part of these investigations, the variation of tensile and notch toughness properties within
a section was evaluated and the fracture properties in the web along the k-area of roller-
straightened sections were investigated. The toughness, hardness, and strength at k-areawere
investigated, and the results are summarized below.

7.2  k-Area Properties of Rolled Shapes

Service fractures at the end of continuity plate welds and web doubler plates have occurred in
the region of the k-area. The location of these fractures had high hardness and low fracture
toughness. The change in the properties relative to other areas of the section has been attributed
to roller imposed contact forces on the web during cold roller straightening of the sections. As
wide flange shapes cool down, after hot rolling, they often take on bows that are outside the
tolerances permitted by the ASTM A6. Therefore, they must be straightened. One of the most
common methods of straightening these sectionsis termed roller straightening. Roller
straightening is accomplished by passing the section thorough a series of offset rollers, which
plastically deform the section about the y-y axis. The rollers contact the web in the vicinity of
the k-area. It isbelieved that, through the processes of strain hardening and strain aging
described in Chapter 2, the contact stresses from the rollers cause the mechanical properties at
this location to change, the steel becoming stronger, harder, and more brittle.
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Theroller straightening method has been used for many years on light sections with a weight
less than 150 Ibs./ft. Heavier sections have typically been gag straightened by deforming the
section as simple beams. The failures described above occurred on heavy column sections with a
weight in excess of 150 Ibs./ft. The rolled sections examined by Jaguess and Frank (1999) were
evaluated to determine if they were roller straightened, and the properties of the sections at the k-
areawere examined.

Asan initial method of characterizing the distribution of propertiesin awide flange shape,
hardness surveys were performed on the web-flange juncture of typical rolled sections using the
Rockwell B scale. The sample included a considerable portion of the web and flange as shown
in Figure 7-1 below. The hardness approximately 1/8 in. in from the surface of the sections was
measured around the sample as shown in Figure 7-2. Typical results are shown in Figures 7-3
and 7-4 respectively for the web and flanges of W24x62 shape obtained from two producers.
These sections were roller straightened. Figure 7-3 shows the average of the two web lines of
the top and bottom T section. The vertical solid linein the figure is the location of the inside of
the flange. The dashed lineisthe location of the k-area. The web line has considerable hardness
variation with the highest hardness occurring in the region of the k-area. The shapes from the
two producers displayed very similar hardness. Figure 7-4 shows the average hardness variation
in the flange. No significant hardness gradients were found in the flanges. The hardness of two
additional roller straightened sections was also determined. They were found to have similar
hardness variations. The thickness of the web at the k-area was measured with a micrometer in
all of these sections. One section displayed a thickness reduction of 0.009 in. in the web at the k-
area. The other sections had no measurable reduction in thickness.

=
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/—AL Top Specimen
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Bottom Specimen
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\ i 7 |

Figure7-1 Locations of k-Area Samples
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Figure 7-4 Hardness Profile of Flange — W 24x62

For the sections tested, the CV N toughness of the material in the k-area region was compared
to the CVN toughness measured in the web away from thisregion. The results are shown in
Figures 7-5 and 7-6, respectively, for the two W24x62 sections previously discussed. The results
are for Charpy specimens oriented vertically in the web with the notch oriented to produce
fracture propagation in the longitudinal direction of the section. Thisdirection isthe called the
T-L direction. Itisnot the L-T direction normally used to measure the CVN toughness of steel.

T-L specimens from the mid-depth or center of the web were tested to compare with the results
at the k-area.

80

_ __ _ Topk-area
- 60 Web Center
Qo
= Il Bottom k-area
= A
A
& 40
5 /
c A
w
20 ==  EEE E 3
o- —_———
‘ ST
................................... g--- ] _/”(’
0______________ _____ —
-60 40 20 0 20 40 60

Temperature (°C)

Figure 7-5 Charpy V-Notch Toughness Results of W24x62 from Producer 1
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The k-areamaterial exhibited a dramatic reduction in CVN toughness relative to the center of
theweb. The 15 ft.-Ibs. transition temperature was at or above room temperature, and the upper
shelf values were 40 to 80% of the values from the center of the web. The results confirm the
observations from other investigations of the k-area of roller-straightened sections. These k-area
regions will have a high hardness, higher yield and tensile strength, and lower notch toughness.

7.3 Conclusions

The results for this light beam section from two producers are similar to what has been found
in heavier sections that have been roller straightened. The high hardness and low toughness
makes the k-area susceptible to cracking. Welding in the k-area of roller-straightened sections

should be avoided.
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8. STRENGTH VARIATION IN A913 STEEL

ASTM A913isaspecification for structural steel shapes produced by the Quenching and
Self-Tempering (QST) heat-treating process. This process consists of hot rolling the sections to
the final geometry and then quenching the section within the rolling line and allowing the hot
core region of the section to temper the cooler and more rapidly cooled exterior surfaces. The
process requires precise control of the steel temperature at the time of quenching, which may
require cooling hot regions such as the junction of the flange and web. The quenching and self-
tempering process produces harder and higher-strength steel on the surface and alower-strength
stedl in the interior of the section. Currently, only a single producer can supply material
conforming to this specification. That producer has licensed the process to other producers, but
they do not currently produce material to this specification.

Steel meeting the A913 specification is available in Grade 50 and Grade 65. It isreported by
the producer as having very desirable propertiesfor welding. Asit may become advantageous
for designers to use this material in the future, a series of investigations was conducted to
evaluate the properties of thismaterial. In addition to the notch toughness and through-thickness
tensile testing reported in other chapters of this report, additional investigations were performed
to evaluate the distribution of strength within the section.

8.1 Hardness Survey of Shapes

Hardness readings were taken in the same survey pattern used in the k-area evaluation,
reported in Chapter 7. Typical results are shown in Figures 8-1 and 8-2. The results of an as-
rolled section of the same size are shown for comparison.
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Figure8-1 Hardness Testingin Web of ASTM A913 Material
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Figure8-2 Hardness Testing in Flange of ASTM A913 Material

Both figures show the results of hardness testing of W14x311 sections. The specimen
indicated as section QST isan ASTM A913, Grade 50 steel, while the specimen indicated as AR
isasection conforming to ASTM A572, Grade 50 in the asrolled condition. The two lines
shown for each section are the average results of the top and bottom flange or web. The A913
specimens displayed high hardness, Rockwell B 92-95, on the outside surface of the flanges
away from the web and near the k-areain the web. The center of the flange has a lower
hardness, Rockwell B 75-78, than the conventionally rolled section. The conventionally rolled
section shows almost no hardness variation within the cross section. These results were typical
of all the specimens tested.

8.2 Notch Toughness

The areas of high hardness in the web were investigated to determine the notch toughness of
the region. The purpose of thisinvestigation was to determine if the high hardness of the k-area
region was also aregion of low notch toughness similar to the roller straightened A572, Grade
50 sections discussed in Chapter 7. The notch toughness results for one section are shown in
Figure 8-3.

The CVN toughness of the center of the web was comparable to the CVN toughness along
both the top and bottom k-area of the section. The specimens were oriented in the T-L direction.
Similar results were found for the other shapes that were produced to the A913 process.

8.3  Strength Variations

The variation in strength in the thickness direction of the flanges was evaluated by using ¥2
in. round tensile specimens centered at depths of ¥4 and ¥z the thickness of the flange from the
flange surface. The results of the tests are summarized in Figure 8-4. The center thickness
results shown on the right of the paired results have alower yield and ultimate strength. The
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results of a conventionally produced shape, B1, are shown for comparison. The results for the
mid and quarter thickness locations for shape B1 are amost identical. The thicker flanges on the
heavier shapes show alarger difference in the strength of the two locations. It should be noted
on the thinner flanges that the material sampled by the two specimens actually overlapped.

T6: W14x311
80
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Web Center
60 —
------- Bottom k-line
m
2
= 40
>
()
c
w
20 L ... 0 rnes e T o=

-60 -40 -20 0 20 40 60

Temperature (°C)

Figure 8-3 Transition Curvefor k-Area Material, ASTM A913 Section

8.4 Conclusions

The CVN toughness of the A913 shapes was not significantly different at the k-area than at
the center of the web. The high hardness of this region was not due to roller straightening, and
did not indicate degradation in notch toughness. The beams supplied for the testing were not
roller straightened and it can be expected that beams from the QST process that are roller
straightened would exhibit elevated hardening in the k-areas. The low hardnessin the central
part of the flange was correlated with a significant reduction in strength measured in the tensile
specimens. The reduced strength of the central part of the flange is due to the reduced cooling
rate during the quenching of the steel. Full flange thickness tensile specimens should be used to
characterize the strength of these sections.
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Acronyms.

2-D, two-dimensional BFP, Bolted Flange Plates (connection)

3-D, three-dimensional BM, base meta

A, acceleration response, amps BO, Boston, Massachusetts

A2LA, American Association for BOCA, Building Officials and Code
Laboratory Accreditation Administrators

ACAG, air carbon arc gouging BOF, basic oxygen furnace

ACIL, American Council of Independent BSEP, Bolted Stiffened End Plate
Laboratories (connection)

AE, acoustic emission (testing) BSSC, Building Seismic Safety Council

AISC, American Institute for Steel BUEP, Bolted Unstiffened End Plate
Construction (connection)

AlSI, American Iron and Steel Institute C, carbon

AL, aluminum CA, Cdlifornia

ANSI, American National Standards CAC-A, air carbon arc cutting
Institute CAWI, Certified Associate Welding

API, American Petroleum Institute I nspector

ARCO, Atlantic-Richfield Company CGHAZ, coarse-grained HAZ

As, arsenic CJP, complete joint penetration (weld)

ASD, alowable stress design CMU, concrete masonry unit, concrete

ASME, American Society of Mechanical block
Engineers COD, crack opening displacement

ASNT, American Society for “COV,” modified coefficient of variation, or
Nondestructive Testing dispersion

ASTM, American Society for Testing and CP, Collapse Prevention (performance level)
Materias Connection Performance (team)

ATC, Applied Technology Council Cr, chromium

AWS, American Welding Society CSM, Capacity Spectrum Method

B, boron CTOD, crack tip opening dimension or

BB, Bolted Bracket (connection) displacement

BD, background document CTS, controlled thermal severity (test)

BF, bias factor Cu, copper

BFO, bottom flange only (fracture)
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CUREge, Cdlifornia Universities for ICBO, International Conference of Building

Research in Earthquake Engineering

CVN, Charpy V-notch

CWI, Certified Welding Inspector

D, displacement response, dead |oad

DMRSF, ductile, moment-resisting, space
frame

DNV, Det Norske Veritas

DRAIN-2DX, analysis program

DRAIN-3DX, analysis program

DRI, direct reduced iron

DST, Double Split Tee (connection)

DTI, Direct Tension Indicator

EAF, electric-arc furnace

EBT, eccentric bottom tapping

EE, electrode extension

EERC, Earthquake Engineering Research
Center, UC Berkeley

EGW, electrogas welding

ELF, equivalent lateral force

EMS, electromagnetic stirring

ENR, Engineering News Record

ESW, electroslag welding

EWI, Edison Welding Institute

FATT, fracture appearance transition
temperature

fb, fusion boundary

FCAW-G, flux-cored arc welding — gas-
shielded

FCAW-S or FCAW-SS, flux-cored arc
welding — self-shielded

FEMA, Federal Emergency Management
Agency

FF, Free Flange (connection)

FGHAZ, fine-grained HAZ

FL, fusionline

FR, fully restrained (connection)

GBOP, gapped bead on plate (test)

ol, gage length

GMAW, gas metal arc welding

GTAW, gastungsten arc welding

HAC, hydrogen-assisted cracking

HAZ, heat-affected zone

HBI, hot briquetted iron

HSLA, high strength, low alloy

IBC, International Building Code

Officids
ICC, International Code Council

ICCGHAZ, intercritically reheated CGHAZ

ICHAZ, intercritical HAZ

ID, identification

IDA, Incremental Dynamic Analysis

IMF, Intermediate Moment Frame

1O, Immediate Occupancy (performance
level)

IOA, Incremental Dynamic Analysis

SO, International Standardization
Organization

IWURF, Improved Welded Unreinforced
Flange (connection)

L, longitudinal, live load

LA, LosAngeles, California

LACOTAP, Los Angeles County Technical
Advisory Panel

LAX, Los Angeles International Airport

LB, lower bound (building)

LBZ, local brittlezone

LDP, Linear Dynamic Procedure

LEC, Lincoln Electric Company

LMF, ladle metallurgy furnace

LRFD, load and resistance-factor design

LS, Life Safety (performance level)

LSP, Linear Static Procedure

LTH, linear time history (analysis)

LU, Lehigh University

M, moment

MAP, modal analysis procedure

MAR, microalloyed rutile (consumables)

MCE, Maximum Considered Earthquake

MDOF, multidegree of freedom

MMI, Modified Mercalli Intensity

Mn, manganese

Mo, molybdenum

MREF, steel moment frame

MRS, modal response spectrum

MRSF, steel moment frame

MT, magnetic particle testing

N, nitrogen

Nb, niobium

NBC, National Building Code

NDE, nondestructive examination
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NDP, Nonlinear Dynamic Procedure

NDT, nondestructive testing

NEHRP, National Earthquake Hazards
Reduction Program

NES, National Evaluation Services

NF, near-fault, near-field

Ni, nickel

NLP, nonlinear procedure

NLTH, nonlinear time history (analysis)

NS, north-south (direction)

NSP, Nonlinear Static Procedure

NTH, nonlinear time history (analysis)

NVLAP, National Volunteer Laboratory
Accreditation Program

O, oxygen

OHF, open hearth furnace

OMF, Ordinary Moment Frame

OTM, overturning moment

P, axial load

P, axial load, phosphorus

Pb, lead

PGA, peak ground acceleration

PGV, peak ground velocity

PIDR, pseudo interstory drift ratio

PJP, partial joint penetration (weld)

PPE, Performance, Prediction, and
Evaluation (team)

PQR, Performance Qualification Record

PR, partially restrained (connection)

PR-CC, partially restrained, composite
connection

PT, liquid dye penetrant testing

PWHT, postweld heat treatment

PZ, panel zone

QA, quality assurance

QC, quality control

QCP, Quality Control Plan, Quality
Certification Program

QST, Quenching and Self-Tempering
(process)

RB, Rockwell B scale (of hardness)

RBS, Reduced Beam Section (connection)

RCSC, Research Council for Structural
Connections

RT, radiographic testing

S, sulphur, shearwave (probe)

SAC, the SAC Joint Venture; a partnership
of SEAOC, ATC, and CUREe

SAV, sum of absolute values

SAW, submerged arc welding

SBC, Sandard Building Code

SBCCI, Southern Building Code Congress
International

SCCGHAZ, subcritically reheated CGHAZ

SCHAZ, subcritical HAZ

SCWAB, strong column, weak beam

SCWI, Senior Certified Welding Inspector

SDC, Seismic Design Category

SDOF, single degree of freedom

SE, Seattle, Washington

SEAQC, Structural Engineers Association
of California

SFRS, seismic-force-resisting system

Si, silicon

SMAW, shielded metal arc welding

SMF, Special Moment Frame

SMREF, special moment-resisting frame (in
1991 UBC)

SMREF, Steel Moment Frame

SMRSF, special moment-resisting space
frame (in 1988 UBC)

SN, strike-normal, fault-normal

Sh, tin

SP, Side Plate (connection)

SP, strike-parallel, fault-parallel

SP, Systems Performance (team)

SPC, Seismic Performance Category

SRSS, square root of the sum of the squares

SSPC, Steel Shape Producers Council

SSRC, Structural Stability Research Council

SUG, Seismic Use Group

SW, Slotted Web (connection)

SwRI, Southwest Research Institute

T, transverse

TBF, top and bottom flange (fracture)

Ti, titanium

TIGW, tungsten inert gas welding

TMCP, Thermo-Mechanica Processing

TN, Tennessee

TT, through-thickness

TWI, The Welding Ingtitute

UB, upper bound (building)
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UBC, Uniform Building Code

UCLA, University of California, Los
Angeles

UM, University of Michigan

URM, unreinforced masonry

US, United States of America

USC, University of Southern California

USGS, US Geologica Survey

UT, ultrasonic testing

UTA, University of Texasat Austin

UTAM, Texas A & M University

V, vanadium

VI, visual inspection

w/o, without

WBH, Welded Bottom Haunch (connection)

WCPF, Welded Cover Plate Flange
(connection)

WCSB, weak column, strong beam

WEF, wide flange

WFP, Welded Flange Plate (connection)

WEFS, wire feed speed

WPQR, Welding Performance Qualification
Record

WPS, Welding Procedure Specification

WSMF, welded steel moment frame

WT, Welded Top Haunch (connection)

WTBH, Welded Top and Bottom Haunch
(connection)

WUF-B, Welded Unreinforced Flanges —
Bolted Web (connection)

WUF-W, Welded Unreinforced Flanges —
Welded Web (connection)
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