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DISCLAIMER

This document provides recommended criteria for the postearthquake damage assessment,
evaluation and repair of steel moment-frame buildings. These recommendations were developed by
practicing engineers, based on professional judgment and experience, and by a program of
laboratory, field and analytical research. It is primarily intended as a resource for communities in
developing formal postearthquake damage assessment and repair programs, but may also be used as
a resource by individual engineers and building officials, when such formal programs have not been
adopted. While every effort has been made to solicit comments from a broad selection of the affected parties,
this is not a consensus document. No warranty is offered, with regard to the recommendations
contained herein, either by the Federal Emergency Management Agency, the SAC Joint
Venture, the individual Joint Venture partners, or their directors, 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, products or processes
included in this publication. The reader is cautioned to review carefully the material
presented herein and exercise independent judgment as to its suitability for application to
specific engineering projects. These recommended criteria have 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 designers in the period 1970-1994
and was prescribed by the Uniform Building Code for seismic applications during the period
1985-1994. 1t is no 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 is a joint venture of the Structural Engineers Association of California (SEAOC), the Applied
Technology Council (ATC), and California Universities for Research in Earthquake Engineering
(CUREge), 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 engineers in 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. ATC is a
nonprofit corporation founded to develop structural engineering resources and applications to mitigate the
effects of natural and other hazards on the built environment. Since its inception in the early 1970s, ATC
has developed 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. CUREe
is a 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 California at Berkeley, the University of California at
Davis, the University of California at Irvine, the University of California at Los Angeles, the University
of California at San Diego, and the University of Southern California. These university earthquake
research laboratory, library, computer and faculty resources are among the most extensive in the United
States. The SAC Joint Venture allows these three organizations to combine their extensive and unique
resources, augmented by consultants and 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 structures.
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1. INTRODUCTION

1.1  Purpose

This report, FEMA-352 — Recommended Postearthquake Evaluation and Repair Criteria for
Welded Steel Moment-Frame Buildings, has been developed by the SAC Joint Venture under
contract to the Federal Emergency Management Agency (FEMA) to provide communities and
organizations developing programs for the assessment, occupancy status, and repair of welded
steel moment-frame buildings that have been subjected to the effects of strong earthquake
ground shaking. It isone of aseries of companion publications addressing the issue of the
seismic performance of steel moment-frame buildings. The set of companion publications
includes:

* 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
Structures, for the design and construction of steel moment-frame buildings and provides
alternative performance-based design criteria.

* 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.

* 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.

* 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.

The information contained in these recommended postearthquake damage assessment and repair
criteria, hereinafter referred to as Recommended Criteria, is presented in the form of specific damage
assessment, safety evaluation and repair procedures together with supporting commentary
explaining part of the basis for these recommendations. Detailed derivations and explanations of the
basisfor these engineering recommendations may be found in a series of State of the Art Reports
prepared in parallel with these Recommended Criteria. These reportsinclude:
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» FEMA-355A — State 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.

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

*  FEMA-355C — Sate 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.

* 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.

* FEMA-355E — Sate of the Art Report on Past Performance of Seel 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.

* FEMA-355F — Sate 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 Intent

These Recommended Criteria are primarily intended as a resource document for communities
developing formal programs for the assessment, occupancy status, and repair of buildings that have
been subjected to the effects of strong earthquake ground shaking. They are aso intended for direct
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use by engineers and building officials in communities without such formal programs. These
criteria have been developed by professional engineers and researchers, based on the findings of
alarge multi-year program of investigation and research into the performance of steel moment-
frame buildings. Development of these recommended criteria was not subjected to aformal
consensus review and approval process, nor was formal review or approval obtained from
SEAOC' stechnical committees. However, it did include broad external review by practicing
engineers, researchers, fabricators, erectors, inspectors, building officials, and the producers of
steel and welding consumables. In addition, two workshops were convened to obtain direct
comment from these stakeholders on the proposed recommendations.

The fundamental goa of the information presented in these Recommended Criteriaisto assst
the technical community in implementing effective programs for:

» evauation of steel moment-frame buildings affected by strong earthquake ground shaking to
determine if they have been damaged, and to what extent,

» identification of those buildings that have been so severely damaged that they constitute a
significant safety hazard, and

» repair of damaged structures such that they may safely be restored to long term occupancy.

Commentary: When a sever e earthquake effects a community, many buildings
are likely to become damaged and some, as a result of this damage, may pose a
significant safety hazard. In the past, building officials in such communities, in
fulfillment of their charge to protect the public safety through regulation of
building occupancy, have instituted programs of building inspection and posting
to provide guidance to the public on the condition of affected structures and
whether they should be entered. Depending on the individual community and its
resources, the task of inspection and posting may be conducted by the building
department staff, by volunteer engineers and architects, by private consultants
retained by individual building owners, or by a combination of these. Due to the
limited resources available, it is usually necessary to limit these postearthquake
inspections to those structures most likely to have been severely damaged and to
make a rapid assessment of the severity of damage.

Following initial postearthquake assessment, buildings are typically tagged with
a placard to inform the owner and public of the assessed condition. “ Green
tags’ aretypically used to indicate that the building has been subjected to a rapid
inspection and does not appear to have sustained damage that impairs its safety
for occupancy. “ Yellow tags’ are typically used to indicate a condition of
limited, or perhaps unknown, impairment of building safety. “ Redtags’ are
commonly used to indicate that a building has been assessed as unsafe for further
occupancy. Once a building has been posted with either a yellow or red tag, the
building owner must take action to clear this posting. Typically the owner must
retain a consultant to perform more detailed inspections and evaluations, and
either report back to the building official that the building was not seriously
damaged, or to prepare recommendations for repair of the structure and to have
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the posting removed. Note that only the building official is authorized to allow the
posting to be altered or removed.

These Recommended Criteria provide guidelines for performing the rapid post-
earthquake assessments, typically conducted by the building official; for
performing the more detailed assessments, typically performed by a private
consultant under contract to the building owner; and for developing repair
programs. These repair programs are intended to restore the structure to the
approximate condition and level of safety that existed prior to the onset of
damage in this particular earthquake event. These Recommended Criteria do not
specifically provide recommendations for upgrade of a building, to improve its
performance in the event of future earthquake ground shaking.

In many cases, when a building experiences severe damage in a relatively
moderate event, this damage is an indication that the building is vulnerable and
could experience more extensive and severe damage in future events. In
recognition of this, many locally adopted building codes contain provisions that
require upgrade of structures, aswell asrepair, when they have been damaged
beyond a certain level. This*“trigger” level for upgrade varies widely from
community to community. Regardless of whether or not the local building code
requires upgrade as well asrepair, an upgrade should be considered by the
owner at the time structural repairs are conducted. For technical criteria for
evaluating the advisability of upgrades, and methods of designing such upgrades,
refer to FEMA-351, Recommended Seismic Evaluation and Upgrade Criteria for
Existing Welded Steel Moment-Frame Buildings.

When a decision ismadeto repair a structure, without upgrade, the engineer is
cautioned to alert the owner that similar or perhaps more severe damage could
be anticipated in future events. Further, the engineer should take care that in the
process of conducting repairs, conditions of structural irregularity, discontinuity,
or strength or stiffness deficiency are not introduced into the structure, and that
existing such conditions are not made more severe.

1.3 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 devel opment 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
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.
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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 to the
buildings, 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 1994 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.

Sted 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 loss of
strength. Theintended plastic deformation consists of plastic rotations developing within the
beams, at their connectionsto 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 a
fraction 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
mechanisms. It was believed that the typical connection employed in steel moment-frame
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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.

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.

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

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.
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Figure1-2 Common Zone of Fracture Initiation in Beam-Column Connection

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 devel oped 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 failures. 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 reliably 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 damageisfound, thisisa costly process. Repair of damaged connectionsis 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

Initialy, 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
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recommendations for professional practice (Phase | of SAC Steel Project). Specifically, these
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 laboratory testing of a series of full-scale beam-column
assemblies representing typical pre-Northridge design and construction practice aswell as
various repair, upgrade and alternative design details. The findings of these tasks formed the
basis for the devel opment 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 11 of the SAC Steel Project. Under Phase |1, 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 develop 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; as
well as more than 120 full-scal e 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:

* The most severe stresses in the connection assembly occur where the beam joins to the
column. Unfortunately, thisis also 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.

* 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 results in 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.
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» Thebasic configuration of the connection makesit difficult to detect hidden defects at the
root of the welded beam-flange-to-column-flange joints. The backing bar, which was
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.

* Inorder 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. In 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.

* Inthe 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
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further compromised by excessive deposition rates, which unfortunately were commonly
employed by welders. Asaresult, brittle fractures could initiate in welds with large defects,
at stresses approximating the yield strength of the beam steel, precluding the development of
ductile behavior.

* 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 were 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 is related 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.

* Inthe 1960s and 1970s, when much of theinitial 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 isclear that in order to obtain reliable ductile behavior of steel moment-frame
construction a number of changes to past practices in design, materials, fabrication, erection and
quality assurance are necessary. The recommended criteria contained in this document, and the
companion publications, are based on an extensive program of research into materials, welding
technology, inspection methods, frame system behavior, and laboratory and analytical
investigations of different connection details. The recommended criteria presented herein are
believed to be capable of addressing the vulnerabilities identified above and providing for frames
capable of more reliable performance in response to earthquake ground shaking.

Although many of the above conditions developed incrementally, over a period of twenty or
more years, most steel moment-frame buildings constructed during the period 1960-1994
employed connections of atype that is subject to these vulnerabilities. Therefore, all steel
moment-frame buildings constructed during this period should be considered vulnerable to
brittle, earthquake-induced, connection fractures, unless specific evidence is available that
indicates these vulnerabilities are not present.

Commentary: The typical moment connection detail employed in most welded
steel moment-frames constructed during the period 1960-1994 is that shown in
Figure 1-1. Although the properties of structural steels and weld metals

1-11



Recommended Postearthquake Evaluation
FEMA-352 And Repair Criteriafor Welded
Chapter 1. Introduction Steel Moment-Frame Buildings

employed in fabricating and constructing these connections varied somewhat

over the years, the basic configuration was almost universally applied in this
construction type during thistime period. It is now known that almost all such
connections can be subject to fracture at levels of inelastic demand that are
significantly below those currently believed to be appropriate. Therefore,
following strong earthquake ground shaking, unless suitable evidence is available
to indicate that a building does not have vulnerable connections, or if evaluations
conducted in accordance with these recommendations indicate that significant
damage is unlikely to have occurred, all steel moment-frame buildings
constructed during the period 1960-1994 should be considered to be potentially
damaged. Suitable evidence that a building does not have vulnerable connections
could include original construction documents that portray connection details
that are substantially different from those indicated in Figure 1-1.

1.4  Application

These Recommended Criteria supersede the postearthquake evaluation and repair guidelines
for existing steel moment-frame buildings contained in FEMA-267, Interim Guidelines:
Evaluation, Repair, Modification and Design of Welded Steel Moment Frame Structures, and the
Interim Guidelines Advisories, Nos. 1 and 2 (FEMA-267A and FEMA-267B). This document has
been prepared in coordination with FEMA-302 1997 NEHRP Recommended Provisions for
Seismic Regulations for New Buildings and Other Sructures, the 1997 AISC Seismic
Specification (AISC, 1997) and the 1998 AWS D1.1 Structural Welding Code — Seel (AWS,
1998). Usersare cautioned to consider carefully any differences between the aforementioned
documents and those actually enforced by the building department having jurisdiction for a
specific project and to adjust the recommendations contained here accordingly.

1.5 Postearthquake Evaluation and Repair Process

Postearthquake evaluation of awelded steel moment-frame is a multi-step process (Figure
1-6). Theintent isto identify buildings that have sustained sufficient structural damage to
compromise future performance, determine the extent and severity of this damage, assess the
general implications of the damage with regard to building safety and determine appropriate
actions regarding building occupancy and repair. Once a determination is made that a building
has sustained significant damage the structural engineer should conduct a more detailed
evaluation of the structure’ s residual structural integrity and safety and develop a detailed plan
for repair, upgrade, demolition, or other action, as appropriate.

Currently, most building codes only require repair of damaged structures, not upgrade. As
such, the focus of this document is the identification and repair of damage. However, the extent,
severity or characteristics of damage may be sufficiently severe that the owner may wish to
consider upgrading or modifying the structure to improve probable performance in future events.
Such action may be particularly appropriate when a building has sustained severe damage as a
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Figure1-6 Flow Chart for Postearthquake Actions

result of moderate ground shaking, as this may indicate an inability to reliably resist failurein
stronger events. Prediction of structural performance during future earthquakes and selection of
appropriate upgrades to achieve desired performance is the subject of a companion document,
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FEMA-351 — Recommended Seismic Evaluation and Upgrade Criteria for Welded Steel
Moment-Frame Buildings.

Thefirst step in the evaluation processis a screening to identify those buildings unlikely to
have experienced ground motion of sufficient intensity to cause significant damage. Since
strong ground motion instruments are installed in relatively few buildings, it istypically
necessary to estimate the regional distribution of ground motion intensity using available
instrumental recordings and observed patterns of damage. Those buildings suspected of having
experienced ground motion of sufficient intensity to cause damage should be subjected to arapid
on-site evaluation, to determine if there are obvious indications of potentialy life threatening
conditions.

Following this rapid evaluation, the building should be posted, to indicate whether such
conditions were found. Criteriafor performing theinitial screening and rapid on-site evaluations
are presented in Chapter 3.

Often, damage to steel moment-frame buildings cannot be detected by rapid evaluations like
those presented in Chapter 3. Therefore, buildings suspected of having experienced potentially
damaging ground motion should also be subjected to more detailed inspections and eval uation.
Chapter 4 outlines a simplified method for such evaluations, similar to that contained in FEMA-
267. Chapter 5 presents an alternative, more rigorous procedure consistent with that used for
structural performance assessments in other documents prepared by the FEMA/SAC project.
Both of these procedures contain recommendations for inspection of some or all steel moment-
frame connections in the building; classification of the damage found (in accordance with a
system presented in Chapter 2); assessment of the safety of the building, and development of
recommendations for repair or other remedial action. Methods of conducting repair and criteria
for specifying these methods are presented in Chapter 6. These recommendations do not cover
routine correction of non-conforming conditions resulting from deficienciesin the original
construction. Industry standard practices are acceptable for such repairs. Recommended criteria
for the assessment of seismic performance of the repaired building and recommendations for
improved performance may be found in the companion publication, FEMA-351.

1.6 Overview of These Recommended Criteria

The following is an overview of the general contents of the chapters contained in these
Recommended Criteria, and their intended use:

» Chapter 2: Inspection and Classification of Damage. This chapter provides an overview
of the different types of structural damage that may be anticipated to occur in welded steel
moment-frame buildings, together with a discussion of their significance. This chapter also
introduces a damage classification system that is referenced throughout the remaining
chapters.

* Chapter 3: Preliminary Postearthquake Assessment. This chapter provides screening
criteriathat can be used to determine if thereis sufficient likelihood that a welded steel
moment-resisting frame structure has experienced significant damage to warrant further
investigation. This Chapter also provides a preliminary evaluation procedure that may be
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rapidly performed to determine if the building presents imminent safety hazards. Building
officials may use the screening criteria to determine which buildings should be subjected to
inspections by the Building Department using the Preliminary Evaluation Procedures. While
these preliminary evaluation procedures should permit the identification of structures with
damage so severe that imminent hazards have been created, they will typically not be
sufficient to determine if more moderate levels of damage have occurred. Chapters 4 and 5
provide procedures for more detailed eval uations, necessary to make such determination.

Chapter 4. Level 1 Detailed Postearthquake Evaluations. Except for those structures
that have experienced partial or total collapse, or that exhibit significant permanent interstory
drift, the results of a preliminary evaluation conducted in accordance with Chapter 3 are
likely to be inconclusive with regard to the postearthquake condition of the structure. This
chapter provides procedures for conducting more detailed evaluations of the building to
confirm its postearthquake condition and devel op recommendations for occupancy and repair
of the structure as appropriate. It includes performing inspections of the fracture-susceptible
connections in the structure, to determine their condition, and calculation of a damage index.
Recommendations for occupancy restriction and repair are provided, based on the calculated
value of the damage index. Thislevel of evaluation istoo lengthy to be conducted as part of
the rapid postearthquake assessments typically conducted by building departmentsand is
anticipated to be implemented by engineers engaged by the building owner.

Chapter 5. Level 2 Detailed Postearthquake Evaluations. If abuilding has experienced
many connection fractures, and other types of structural damage, as revealed by alevel 1,
detailed evaluation, then it may be advisable to restrict occupancy of the building until it can
be repaired. Decisionsto restrict occupancy can result in alarge economic burden, both for
the building owner and the tenants and some engineers may be reluctant to advise such
action unless analytical evaluation indicates the presence of significant safety hazards. This
chapter provides an analytical methodology for estimating the probability of earthquake-
induced collapse of a damaged building that can be used to supplement occupancy decisions
suggested by the evaluation procedures of Chapter 4.

Chapter 6: Postearthquake Repair. This chapter provides recommendations for repair of
the most common types of damage encountered in welded steel moment-frame construction.
It does not include guidelines for structural upgrade. Often, the most logical time to conduct
astructural upgrade is during the time that earthquake damage is being repaired. In addition,
some jurisdictions require upgrade of buildings that have sustained extensive damage as a
matter of policy. Criteriafor performing structural upgrade may be found in a companion
publication, FEMA-351 — Recommended Seismic Evaluation and Upgrade Criteria for
Existing Welded Steel Moment-Frame Buildings.

Appendix A: Detailed Proceduresfor Performance Evaluation. This appendix describes
in detail the basis of the reliability-based evaluation methods presented in Chapter 5. It may
be used to obtain more certain estimates of structural capacity and must be used for that
purpose, instead of the procedures of Chapter 5, for irregular structures.
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* Appendix B: Sample Placards. This appendix contains sample placards that may be used
to post buildings following preliminary postearthquake eval uations conducted in accordance
with Chapter 3 (from ATC, 1995).

* Appendix C: Samplelnspection Forms. Thisappendix contains a series of forms that
may be used to record damage detected in beam-column connections as part of a detailed
postearthquake inspection program conducted in accordance with Chapter 4.

» References, Bibliography, and Acronyms.
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2. INSPECTION AND CLASSIFICATION OF DAMAGE

2.1 Introduction

This chapter defines a uniform system for classification and reporting of damage to steel
moment-frame structures that have been subjected to strong earthquake ground shaking.

Structural damage observed in steel moment-frame buildings following strong ground
shaking can include yielding, buckling and fracturing of the steel framing elements (beams and
columns) and their connections, as well as permanent lateral drift. Damaged elements can
include girders, columns, column panel zones (including girder flange continuity plates and
column web doubler plates), the welds of the beam to column flanges, the shear tabs which
connect the girder webs to column flanges, column splices and base plates. Figure 2-1 illustrates
the location of these elements.
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Figure2-1 Elementsof Welded Steel Moment Frame

2.2 Damage Types

Damage to framing elements of steel moment-frame buildings may be categorized as
belonging to the weld (W), girder (G), column (C), panel zone (P) or shear tab (S) categories.
This section defines a uniform system for classification and reporting of damage to elements of
steel moment-frame structures that is utilized throughout these Recommended Criteria. The
damage types indicated below are not mutually exclusive. A given girder-column connection,
for example, may exhibit several different types of damage. In addition to the individual element
damage types, a damaged steel moment-frame may also exhibit global effects, such as permanent
interstory drifts.
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Following a detailed postearthquake inspection, classification of the damage found, asto its
type and degree of severity, isthefirst step in performing an assessment of the condition and
safety of adamaged steel moment-frame structure. Inalevel 1 evaluation, conducted in
accordance with Chapter 4 of these Recommended Criteria, the classifications of this section are
used for the assignment of damage indices. These damage indices are statistically combined and
extrapolated to provide an indication of the severity of damage to a structure's lateral force
resisting system and are used as a basis for selecting building repair strategies. For alevel 2
evaluation, conducted in accordance with Chapter 5 of these Recommended Criteria, these
damage classifications are keyed to specific modeling recommendations for analysis of damaged
buildings to determine their response to likely ground shaking in the immediate postearthquake
period. Chapter 6 addresses specific techniques and design criteria recommended for the repair
and modification of the different types of damage, keyed to these same damage classifications.

Commentary: The damage types contained in this chapter are based on a system
first defined in a statistical study of damage reported in NISTR-5625 (Youssef et
al., 1995). The original classes contained in that study have been expanded
somewhat to include some conditions not previously identified.

2.2.1 Girder Damage

Girder damage may consist of yielding, buckling or fracturing of the flanges of girders at or
near the girder-column connection. Seven separate types are defined in Table 2-1. Figure 2-2
illustrates these various types of damage. See Section 2.2.3 and 2.2.4 for damage to adjacent
welds and shear tabs, respectively.

Commentary: Minor yielding of girder flanges (type G2) is the least significant
type of girder damage. It is often difficult to detect and may be exhibited only by
local flaking of mill scale and the formation of characteristic visible linesin the
material, running across the flange. Removal of finishes, by scraping, may often
obscure the detection of this type of damage. Girder flange yielding, without
local buckling or fracture, resultsin negligible degradation of structural strength
and typically need not be repaired.

Table2-1 Typesof Girder Damage

Type Description
Gl Buckled flange (top or bottom)
G2 Yielded flange (top or bottom)
G3 Flange fracture in Heat Affected Zone (top or
bottom)
G4 Flange fracture outside Heat Affected Zone
(top or bottom)
G5 Not used
G6 Yielding or buckling of web
G7 Fracture of web
G8 Lateral torsion buckling of section
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Figure2-2 Typesof Girder Damage

Girder flange buckling (type G1) can result in a significant loss of girder
plastic strength, particularly when accompanied by girder web buckling (type
G6). For compact sections, this strength loss occurs gradually, and increases
with the number of inelastic cycles and the extent of the inelastic excursion.
Following the initial onset of buckling, additional buckling will often occur at
lower load levels and result in further reductions in strength, compared to
previous cycles. The localized secondary stresses which occur in the girder
flanges due to the buckling can result in initiation of flange fracture damage (G4)
if the frame is subjected to a large number of cycles. Such fractures typically
progress slowly over repeated cycles, and grow in a ductile manner. Once this
type of damage initiates, the girder flange will beginto lose tensile capacity
under continued or reversed loading, although it may retain some capacity in
compression. Visually evident girder flange buckling should be repaired.

In structures with weld material with low notch-toughnesss, girder flange
cracking within the Heat Affected Zone (HAZ) (type G3) can occur asan
extension of brittle fractures that initiate in the weld root. Thisis particularly
likely to occur at connections in which improper welding procedures were
followed, resulting in a brittle HAZ. However, these fractures can also occur in
connections with welded joints made with notch-tough weld metal and following
appropriate procedures, as a result of low-cycle fatigue, exacerbated by the very
high strain demands that occur at the toe of the weld access hole, in unreinforced
beam-column connections. Like the visually similar type G4 damage, which can
also result from low cycle fatigue conditions at the toe of the weld access hole, it
resultsin a complete loss of flange tensile capacity, and consequently, significant
reduction in the contribution to frame lateral strength and stiffness from the
connection.

In the 1994 Northridge earthquake girder damage was most commonly
detected at the bottom flanges, although some instances of top flange failure were
also reported. There are several reasons for this. First, the composite action
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induced by the presence of a floor slab at the girder top flange tends to shift the
neutral axis of the beam towards the top flange. Thisresultsin larger tensile
deformation demands on the bottom flange than on the top. In addition, the
presence of the slab tends to reduce the chance of local buckling of the top flange.
The bottom flange being less restrained can experience buckling relatively easily.
Finally, much of the damage found in girdersinitiates as a result of defects at the
root of the beam flange to column flange weld. Due to its position, the weld of the
bottom beam flange to column flange is more difficult to make than that at the top
flange, and therefore, is more likely to have defects that can initiate such damage.

2.2.2 Column Flange Damage

Seven types of column flange damage are defined in Table 2-2 and illustrated in Figure 2-3.
Column flange damage typically results in degradation of a structure's gravity-load-carrying
strength as well as lateral-load resistance. For related damage to column panel zones, refer to
Section 2.2.5.

Table2-2 Typesof Column Damage

Type Description
C1l Minor column flange surface crack
C2 Flange tear-out or divot
C3 Full or partial flange crack outside Heat Affected Zone
C4 Full or partia flange crack in Heat Affected Zone
C5 Lamellar flange tearing
C6 Buckled flange
C7 Column splice failure
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Figure2-3 Types of Column Damage

Commentary: Column flange damage includes types C1 through C7. Type C1
damage consists of a small crack at the surface of the column flange and
extending into its thickness, typically at the location of the adjoining girder
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flange. C1 damage does not go through the thickness of the column flange and
can often be detected only by nondestructive testing (NDT). Type C2 damageis
an extension of type C1, in which a curved failure surface extends froman
initiation point, usually at the root of the girder-to-column-flange weld, and
extends longitudinally into the column flange. 1n some cases this failure surface
may emerge on the same face of the column flange as the one where it initiated.
When this occurs, a characteristic "nugget” or "divot" can be withdrawn from the
flange. Types C3 and C4 fractures extend through the thickness of the column
flange and may extend into the panel zone. Type C5 damage is characterized by
a step-shaped failure surface within the thickness of the column flange and
aligned parallel to it. Thisdamage is often detectable only with the use of
nondestr uctive testing.

Type C1 damage does not result in an immediate large strength loss in the
column; however, such small fractures can easily progress into more serious
types of damage if subjected to additional large tensile loading by aftershocks or
future earthquakes. Type C2 damage may result in both a loss of effective
attachment of the girder flange to the column for tensile demands and could
cause a significant reduction in available column flange area for resistance of
axial and flexural demands. Type C3 and C4 damage result in a loss of column
flange tensile capacity and under additional loading can progress into other types
of damage.

Type C5 damage may occur as a result of non-metallic inclusions within the
column flange. The potential for this type of fracture under conditions of high
restraint and large through-thickness tensile demands, such as the residual
stresses induced by welding, has been known for a number of years, and is termed
lamellar tearing. Thereisno evidence that lamellar tearing actually occurred in
buildings as a result of earthquake ground shaking and it is currently thought that
when type C5 damage did occur, it was an extension of fracturing that initiated in
the weld root. This damage has sometimes been identified as a potential
contributing mechanism for type C2 column flange through-thickness failures.
Note that in many cases, type C2 damage may be practically indistinguishable
from type W3 fractures (see Section 2.2.3). The primary difference isthat in type
W3, the fracture surface generally remains with in the heat affected zone of the
column flange material while in C2 damage, the fracture surface progresses
deeper into the column flange material.

Type C6 damage consists of local buckling of the column flange, adjacent to
the beam-column connection. While such damage was not actually observed in
buildings following the 1994 Northridge earthquake, it can be anticipated at
locations where plastic hinges formin the columns. Buckling of beam flanges has
been observed in the laboratory at interstory drift demands in excess of 0.02
radians. Column sections are usually more compact than beams and therefore,
are less prone to local buckling. Type C6 damage may occur, however, in
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buildings with strong-beam-weak-column systems and at the bases of columnsin
any building when very large interstory drifts have occurred.

Type C7 damage, fracturing of welded column splices, also was not observed
following the Northridge earthquake. However, the partial joint penetration
groove welds commonly used in these splices are very susceptible to fracture
when subjected to large tensile loads. Large tensile loads can occur on a column
splice as a result of global overturning effects, or as a result of large flexural
demands in the column.

As a result of the potential safety consequences of complete column failure,
all column damage should be considered as significant and repaired
expeditiously.

2.2.3 Weld Damage
Three types of weld damage are defined in Table 2-3 and illustrated in Figure 2-4. All apply
to the complete joint penetration welds between the girder flanges and the column flanges.

Table2-3 Typesof Weld Damage, Defects and Discontinuities

Type Description
W1, Wla, W1b Not Used (see commentary)
W2 Crack through weld metal thickness
W3 Fracture at column interface
W4 Fracture at girder flange interface
W5 Not Used (see commentary)
W wz
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Figure2-4 Types of Weld Damage

Commentary: In addition to the W2, W3, and W4 types of damage indicated in
Table 2-3 and Figure 2-4, the damage classification system presented in FEMA-
267 included conditions at the root of the complete joint penetration weld that did
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not propagate through the weld nor into the surrounding base metal, and could
be detected only by removal of the weld backing or through the use of
nondestructive testing (NDT). These conditions were termed types Wla, W1b,
and W5.

As defined in FEMA-267, type W5 consisted of small discontinuities at the
root of the weld, which, if discovered as part of a construction quality control
program for new construction, would not be rejectable under the AWSD1.1
provisions. FEMA-267 recognized that W5 conditions were likely to be the result
of acceptable flaws introduced during the initial building construction, but
included this classification so that such conditions could be reported in the event
they were detected in the course of the ultrasonic testing (UT) that FEMA-267
required. Therewas no requirement to repair such conditions. Snce these
Recommended Criteria do not require UT as a routine part of the inspection
protocol, W5 conditions are unlikely to be detected and have been omitted as a
damage classification.

Type Wla and W1b conditions, as contained in FEMA-267, consisted of
discontinuities, defects and cracks at the root of the weld that would be rejectable
under the AWSD1.1 provisions. Wila and W1b were distinguished from each
other only by the size of the condition. Neither condition could be detected by
visual inspection unless weld backing was removed, which, in the case of Wla
conditions, would also result in removal of the original flaw or defect. At thetime
FEMA-267 was published, there was considerable controversy as to whether or
not the various types of W1 conditions were actually damage or just previously
undetected flaws introduced during the original construction. Research
conducted since publication of FEMA-267 strongly supports the position that
most, if not all W1 conditions are pre-existing defects, rather than earthquake
damage. Thisresearch also demonstrated that W1 conditions are difficult to
detect reliably unless the weld backing isremoved. In a number of case studies, it
has been demonstrated that when W1 conditions are indicated by UT, they are
often found not to exist when weld backing isremoved. Smilarly, in other cases,
upon removal of backing, W1 conditions were found to exist where none had been
detected by UT. For these reasons, in the development of these
recommendations, it has been decided to de-classify W1 conditions as damage
and to eliminate the need for routine use of UT in the performance of detailed
connection inspections.

Notwithstanding the above, it isimportant to recognize that a very significant
amount of the “ damage” reported following the Northridge earthquake was type
W1 conditions. Sudies of 209 buildings in the city of Los Angeles have shown
that approximately 2/3 of all reported “ damage” conditions were type WL.
Although these Recommended Criteria do not classify W1 conditions as damage,
their presence in a connection can lead to a significant increase in the
vulnerability of the building to earthquake induced connection fracture. If, in the
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performance of connection inspections or repairsit is determined that rejectable
discontinuities, lack of fusion, slag inclusions or cracks exist at the root of a weld,
they should be reported and consideration should be given to their repair, asa
correction of an undesirable, pre-existing condition.

Type W2 fractures extend completely through the thickness of the weld metal
and can be detected by either magnetic particle testing (MT) or visual inspection
(V1) techniques. Type W3 and W4 fractures occur at the zone of fusion between
the weld filler metal and base material of the girder and column flanges,
respectively. All three types of damage result in a loss of tensile capacity of the
girder flange to column flange joint and should be repaired.

2.2.4 Shear Tab Damage

Six types of damage to girder-web-to-column-flange shear tabs are defined in Table 2-4 and
illustrated in Figure 2-5. Severe damage to shear tabsis unlikely to occur unless other damage
has al so occurred to the connection, i.e., column, girder, panel zone, or weld damage, as

previously defined.

Table2-4 Typesof Shear Tab Damage

Type

Description

S1

Partial crack at weld to column

Fracture of supplemental weld

Fracture through tab at bolts or severe distortion

Yielding or buckling of tab

L oose, damaged or missing bolts

IR

Full length fracture of weld to column

54 —1

a9

N

VAN

55/ A
%

Figure2-5 Typesof Shear Tab Damage
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Commentary: Shear tab damage should always be considered significant, as
failure of a shear tab connection can lead to loss of gravity-load-carrying
capacity for the girder, and potentially partial collapse of the supported floor.
Severe shear tab damage typically does not occur unless other significant damage
has occurred at the connection. If the girder flange joints and adjacent base
metal are sound, they prevent significant differential rotations from occurring
between the column and girder. This protects the shear tab from damage, unless
excessively large shear demands are experienced. If these excessive shear
demands do occur, then failure of the shear tab islikely to trigger distressin the
welded joints of the girder flanges.

2.2.5 Panel Zone Damage

Nine types of damage to the column web panel zone and adjacent elements are defined in
Table 2-5 and illustrated in Figure 2-6. This class of damage can be among the most difficult to
detect since elements of the panel zone may be obscured by beams framing into the weak axis of
the column. In addition, the difficult access to the column panel zone and the difficulty of
removing sections of the column for repair, without jeopardizing gravity load support, make this
damage among the most costly to repair.

Table2-5 Typesof Panel Zone Damage

Type Description
P1 | Fracture, buckle or yield of continuity plate
P2 | Fracturein continuity plate welds
P3 | Yieding or ductile deformation of web
P4 | Fracture of doubler plate welds
P5 | Partial depth fracture in doubler plate
P6
P7
P8
P9

Partial depth fracturein web

Full or near full depth fracture in web or doubler
Web buckling

Severed column

P~

F7 —~

i

I

F 2

Figure2-6 Types of Panel Zone Damage
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Commentary: Fracturesin the welds of continuity plates to columns (type P2), or
damage consisting of fracturing, yielding, or buckling of the continuity plates
themselves (type P1) may be of relatively little consequence to the structure, so
long as the fracture does not extend into the column material itself. Fracture of
doubler plate welds (type P4) is more significant in that this resultsin a loss of
effectiveness of the doubler plate and the fractures may propagate into the
column material.

Although shear yielding of the panel zone (type P3) is not by itself
undesirable, under large deformations such shear yielding can result in kinking of
the column flanges and can induce large secondary stresses in the girder-flange-
to-column-flange connection.

Fractures extending into the column web panel zone (types P5, P6 and P7)
have the potential, under additional loading, to grow and become type P9 (a
complete disconnection of the upper half) of the column within the panel zone
fromthe lower half, and are therefore potentially as severe as column splice
failures. When such damage has occurred, the column haslost all tensile
capacity and its ability to transfer shear is severely limited. Such damage results
in a total loss of reliable seismic capacity.

Panel zone web buckling (type P8) may result in rapid loss of shear stiffness
of the panel zone with potential total loss of reliable seismic capacity. Such
buckling is unlikely to occur in connections that are stiffened by the presence of a
vertical shear tab for support of a beam framing into the column's minor axis.

2.2.6 Other Damage

In addition to the types of damage discussed in the previous sections, other types of structural
damage may also be found in steel moment-frame buildings. Other framing elements that may
experience damage include: (1) column base plates, beams, columns, and their connections that
were not considered in the original design to participate in lateral force resistance, and (2) floor
and roof diaphragms. In addition, large permanent interstory drifts may develop in structures.
Based on observations of structures affected by the 1994 Northridge earthquake, such damage is
unlikely unless extensive damage has also occurred to the lateral-force-resisting system. When
such damage is discovered in abuilding, it should be reported and repaired, as suggested by |ater
sections of these Recommended Criteria.
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3. PRELIMINARY POSTEARTHQUAKE ASSESSMENT

3.1 Introduction
3.1.1 General

Following a potentially damaging earthquake, an assessment should be performed for each
steel moment-frame building to determine the likelihood of significant structural damage, the
implications of this damage with regard to building safety and occupancy and the need for repair.
A three-step process is recommended. These steps include:

Screening. In this step, an estimate is made of the probable ground motion experienced at the
building site. If this estimated ground motion falls below certain trigger values, further
evaluation is not required. Section 3.2 provides recommended criteria for screening.

Preliminary Evaluation. In this step, asite visit is made to the building and the condition of the
building is observed to determine if there are obvious indications of structural or nonstructural
damage that pose a potential risk to life safety. The building istypically posted with a placard,
based on the findings of this evaluation. Section 3.3 provides recommended criteriafor
preliminary evaluation.

Detailed Evaluation. In this step, detailed inspections of building framing and connections are
performed to determine the condition of the structure. If structural damage is detected in the
course of these inspections, further evaluations are performed to determine the significance of
this damage and the appropriate repair and occupancy actions. Revision of the posting status of
the building may be appropriate following such evaluation. Chapters 4 and 5 provide procedures
for detailed evaluation.

Asindicated in Section 1.3 and Chapter 2, following the 1994 Northridge and other recent
earthquakes, structural damage was detected in many steel moment-frame buildings that had
little outward signs of structural distress. Detailed postearthquake eval uations are necessary to
find such damage, but involve rigorous inspection of structural condition. These more detailed
evaluations can be quite costly and may be unnecessary for buildings that have not sustained
significant structural damage. Theinitial screening process presented in this chapter isintended
to provide rapid identification of those buildings that likely did not experience sufficient ground
shaking to cause significant damage and which therefore need not be subjected to further
evaluations. The preliminary evaluation procedures of this chapter are intended to identify those
buildings that present obvious signs of severe damage so that immediate restrictions on
occupancy may be placed. Following preliminary evaluation, areport of pertinent findings
should be made to the Owner. If the evaluation was ordered by the Building Official, these
findings should also be reported to the Building Department and the building should be posted
with an appropriate placard in accordance with Section 3.3.

Commentary: Screening isintended to identify those buildings that experienced
sufficient ground shaking that they may have sustained significant damage. If a
building is not identified as likely to have experienced such ground shaking, no
evaluation need be performed. However, if a building isidentified as having
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experienced such ground motion both a preliminary and detailed evaluation
should be performed. The preliminary evaluation is intended to provide a rapid
basis for making recommendations regarding immediate postearthquake
occupancy. Detailed evaluations, in accordance with Chapters 4 and 5 are used
to confirm the extent and severity of any damage present and to serve as the basis
for repair programs, should these be necessary.

The procedures contained in this chapter and in Chapters 4 and 5 are specifically
intended to identify if earthquake ground shaking has damaged a building and
thereby, impaired its safety. These procedures are not intended to determineif a
building had adequate structural characteristics prior to the onset of damage or
how the structure may performin future earthquakes. Some owners may wish to
assess the likely performance of their building when subjected to a future
earthguake, irrespective of any damage that has occurred in the present event.
Readers are referred to the companion publication, FEMA-351 — Recommended
Seismic Evaluation and Upgrade Criteria for Existing Welded Steel Moment-
Frame Buildings for performance evaluation and upgrade recommendations for
such structures. It is recommended that such performance evaluations be
performed when a building has sustained substantial damage as a result of
ground shaking that is significantly less intense than the shaking specified by the
current building code for design of a new structure at that site.

3.1.2 Evaluator Qualifications

Postearthquake evaluations entail the observation of different conditions within a building,
making judgments as to whether they are indicative of structural damage and the likely effect of
such damage with regard to the ability of the structure to withstand additional loading. This
requires the application of considerable structural engineering knowledge and judgment. In order
to perform these tasks properly, the evaluator should possess at |east the same levels of
knowledge, experience and training necessary to act as the design professional of record for the
structure, and in some cases, more detailed knowledge, experience and training may be
necessary. Persons possessing such knowledge, experience and training are referred to in these
Recommended Criteria as the structural engineer. Referencesto the structural engineer
throughout these Recommended Criteria indicate that the work is to be performed either directly
by persons possessing these qualifications, or by persons acting under the direct supervision of
such a person.

3.2 Screening

Prior to performing preliminary or detailed postearthquake evaluations, it is recommended
that screening be performed to determine if a building has likely experienced ground shaking of
sufficient intensity to cause significant damage. Buildings need to be subjected to evaluations
only if any of the following apply:

» estimated ground-motion acceleration or intensity (MMI) at the site exceeds the limits
indicated in Table 3-1,;
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» gignificant structural damage is observed in one or more steel moment-frame structures
located within 1 kilometer of the building on sites with similar or more firm soil profiles,

» gignificant structural damage is observed to one or more modern, apparently well-designed
structures (of any structural system) within 1 kilometer of the building and on sites with
similar or more firm soil profiles;

» damage to the genera building stock within 1 kilometer of the building and on sites with
similar or more firm soil profiles corresponds with the categoriesindicated in Table 3-1;

» for an earthquake having a magnitude of 6.5 or greater, the structure is either within 5
kilometers of the trace of a surface rupture or within 5 kilometers of the ruptured area of the
fault plane when no surface rupture has occurred;

» significant architectural or structural damage is observed in the building; or

* entry to the building has been limited by the building official because of earthquake damage,
regardless of the type or nature of the damage.

Table3-1 Ground Motion Indicators of Potential Damage

1997 NEHRP MCE Estimated Peak - - Estimated
M ap* Ground Level of Dama'g?lg(:nBe;Jellrdmgsthm 1 Modified Mer cali
Short-Period Contour Acceleration Intensity, MMI
Area
S>0.50 >0.25g Prevalent partial collapse of unreinforced VI

masonry buildings. High levels of
nonstructural damage. Considerable damage
to ordinary buildings.

0<5<0.50 >0.15g Considerable damage to unreinforced VIl
masonry buildings. Slight damage to well-
designed buildings.

Prevalent nonstructural damage.

* FEMA-302, ASCE (1998) and IBC (1CC, 2000) maps.

If none of the above conditions apply to abuilding, it may be classed as unlikely to have
experienced significant damage and need not be subjected to evaluation.

Commentary: Preliminary screening is typically performed by the Building
Official in order to identify those areas of a community in which post earthquake
evaluations should be performed. The screening criteria presented in this section
can typically be applied on a regional basis, after preliminary reconnaissance
has been performed to determine the general patterns and distribution of damage
that has occurred in the affected region. Building departments will typically
perform such surveys in the hours immediately following an earthquake, in
coordination with emergency response agencies in order to coordinate
emergency response activities. The data obtained from such surveys can be used
to develop preliminary isoseismal maps (maps with contours indicating probable
intensities of ground shaking). These isoseismal maps can then be used to
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identify geographic areas, within which eval uations should be performed or
ordered.

Typically, initial determination of the distribution of ground motion intensity from
an earthquake and the geographic areas in which building evaluations should be
performed will be subject to revision, over time, as more detailed data becomes
available. A number of techniques and sources of information are available for
devel oping these more accurate estimates of ground motion intensity. Frequently,
the United Sates Geologic Survey (USGS) or other government agencies will
develop maps of ground motion intensity, shortly after an earthquake occurs. In
regions with a large number of strong-motion accelerographs present, actual
ground motion recordings provide the best method of mapping contours of
ground motion. These should be used if located near the building, and are
located on sites having similar characteristics.

In other regions, empirical techniques, such as the use of standard ground-motion
attenuation relationships (e.g., Boore and Joyner, 1994; Campbell and
Bozorgnia, 1994) may be required. These can be supplemented with analytically
derived estimates such as those obtained by direct simulation of the fault rupture
and ground wave propagation. It may be desirable to retain a qualified
geotechnical engineer or earth science consultant to make these estimates. It
should be noted, however, that lacking direct instrumental evidence, site-specific
ground motion estimates are, at best, uncertain and subject to wide variations
depending on the assumptions made. Therefore, the best indicator of the severity
of ground motion at a site is often the performance of adjacent construction. The
criteria of Table 3-1 are provided to help assure that sites that experienced
relatively strong ground motion are not overlooked as a result of inaccurate
estimates of the ground motion severity.

3.3  Preliminary Evaluation
3.3.1 General

The objective of preliminary evaluation is to determine, on arapid, preliminary basis,
whether a building has sustained either structural or nonstructural damage that resultsin a
hazardous condition. Preliminary evaluation includes:

» agenera review of the building’ s construction characteristics to determine its structural
system and vulnerable features (Section 3.3.2),

» avisit to the building site to observe its overall condition and note obvious signs of damage

(Section 3.3.3),

* adetermination of an appropriate posting category for the building, on the basis of the
preceding results and engineering judgment (Section 3.3.4).
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The condition ratings presented in Table 3-2 are recommended as posting categories.
Section 3.3.4 provides recommended criteriafor assignment of a building to the various posting

categories.
Table3-2 Postearthquake Condition Designations
Condition Finding Description
1 I nspected The building does not appear to have experienced significant damage either

to structural or nonstructural components. Occupancy may continue,
pending completion of detailed evaluations.

Minor nonstructural
damage

The building does not appear to have experienced significant damage to
structural elements, but has experienced some damage to nonstructural
components. Occupancy may continue, pending completion of detailed
evaluations. Repair of nonstructural damage may be conducted at
convenience.

Minor damage

The building appears to have sustained limited damage to structural and
nonstructural elements. Occupancy may continue, pending completion of
detailed evaluations. Repair of damage may be conducted at convenience.

Sormrm</Z2mMmmX0o

Damaged — The building does not appear to have experienced significant damage to

nonstructural structural elements; however, it has sustained damage to nonstructural
components that pose alimited safety hazard. Occupancy of the building in
areas subject to these hazards should be limited until repairs are instituted.
Occupancy of other portions of the building may continue, pending
completion of detailed evaluations.

2 Damaged — The building appears to have experienced significant damage to structural
structural elements. Although it does not appear that the building is an imminent

collapse risk, localized safety hazards may exist. Occupancy of the building
in areas subject to these hazards should be limited until repairs or
stabilization can be implemented, or a more reliable assessment of the
building’ s condition can be made to demonstrate that hazards do not exist.
Occupancy of other portions of the building may continue, pending
completion of detailed evaluations.

O mJO

Unsafe —repairable

The building appears to have sustained significant damage to structural
elements that has substantially impaired its ability to resist additional loading
or to nonstructural elements that pose a significant hazard to occupants. It
should not be occupied until repair or stabilization work has been performed
or amore detailed evaluation of its condition can be made to demonstrate
that hazards do not exist.

Unsafe

The building appears to have sustained significant damage to structural
elements, substantially impairing its ability to resist additional loading. It
appears to be a potential collapse hazard and should not be occupied.

Commentary: The condition assessment categories indicated in Table 3-1 should
be assigned on the basis of the preliminary(rapid) evaluation. However, the
assignment should be subject to change on the basis of detailed evaluations
conducted in accordance with Chapters 4 and 5.

It is not uncommon during the postearthquake evaluation process to discover

that although a building has relatively little damage, it has severe structural
deficiencies relative to current building code requirements and may as a result be
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structurally unsafe. The condition assessments indicated in Table 3-2 are
intended to be applied only to those conditions resulting from earthquake damage
and should not be used to rate a building that is otherwise structurally deficient.
However, when such deficiencies are identified in a building during the cour se of
a postearthquake evaluation, the engineer should notify the Owner and Building
Official of these conditions.

3.3.2 Building Construction Characteristics

In order to make a meaningful assessment of a building's postearthquake condition it is
necessary to develop an understanding of its structural system and basic details of the building’s
construction and to clearly establish the seismic load path. Whenever the structural and
architectural drawingsfor the building are available, they should be reviewed as part of the
preliminary evaluation. The review should include the following:

» confirmation that the building is a steel moment-frame structure,

» determination of the year of design and construction and code used as a basis; this may
provide information on particular vulnerabilities, such as the presence of weak stories, or use
of particular weld metals,

» identification of materials and typical details of connections and elements for areas of
particular vulnerability,

+ jdentification of the location of steel moment frames,

* identification of locations of moment-resisting beam-column connections and column
splices, to identify locations where potentially vulnerable conditions exist,

* identification of any structural irregularitiesin the vertical and horizontal load resisting
systems, that could lead to potential concentrations of damage, and

* identification of architectural elements that could affect the behavior of the structural system
or elements, or that may themselves be vulnerable to damage and be a threat to occupants,
including, for example, precast concrete cladding systems and interior shaft walls.

3.3.3 Preliminary Site Inspection

Every steel moment-frame building situated on a site that has experienced strong ground
shaking, as identified in accordance with the screening criteria of Section 3.2, should be
subjected to a rapid postearthquake inspection to ascertain whether there is apparent damage and
to determine the apparent severity of such damage. When performing the inspection, the
structural engineer should attempt to determine if strong motion accelerometers are present in
the building. If so, the record should be accessed and reviewed for noticeable changesin
behavior during the building response that may be indicative of significant structural damage.

Preliminary site inspections should include the following:
1. Visua observation of the building exterior. Check for:

M obviousindications of large permanent interstory drift,
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M indications of foundation settlement or distress as evidenced by sags in horizontal
building fenestration or distressin base level slabs,

M loosened or damaged cladding or glazing systems,

M indications of discrete areas of the building where interstory drift demands may have
concentrated as evidenced by apparent concentrations of architectural damage to fascia
and cladding systems,

M pounding against adjacent buildings or portions of the building separated by expansion
joints, and

M potential site instabilities such as landslides or lateral spreading that may have resulted in
damage to the building foundations or structure.

2. Visual observation of the building interior. Check for:

M damage to nonstructural components, such as suspended ceilings, light fixtures, ducting,
and masonry partitions, that could result in potential hazards,

M damage to floor slabs around columns, to finishes, and to partitions, that may suggest
damage to adjacent beams and connections,

M indications of discrete areas of the building where interstory drift demands may have
concentrated as evidenced by apparent concentrations of damage to architectural
elementsincluding interior partitions,

M damage to interior finishes on structural elements, such as columns, that could be
indicative of damage to the underlying structure,

M damage to equipment or containers containing potentially hazardous substances, and
M damage to elevator counterweight and rail systems.
3. Evaluation of the building for permanent interstory drift.

Preliminary evaluation of the building for permanent interstory drift should be performed.
This can be done by dropping a plumb bob through the elevator shaft and determining any
offset between threshold plates in adjoining levels of the building. Multiple levels should be
checked simultaneously, to minimize the effect of minor offsets resulting from within-
tolerance variations in the original construction.

4. Perform preliminary visual inspection of selected moment frames for indications of damage.
Refer to Sections 3.3.3.1 and 3.3.3.2 for preliminary inspection procedures for moment-
resisting connections with and without fireproofing present, respectively.

M If visual observation of building exterior or interior indicates a zone or zones of large
permanent interstory drift, perform selective removal of architectural finishesto expose
framing. Observe for indications of yielding, buckling or other damage to framing, or
connections. Exposures and observation should be made of at |east one beam-column
connection per line of framing per story within the zone or zones of large permanent
interstory drift. For highly redundant structures, with many lines of framing, exposures
and observations may be limited to one beam-column connection on one line of framing
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in each direction of building response, on each side of the structure, with a minimum of
two exposures per story.

M If visua observation of building exterior or interior indicates zones of concentrated
interstory drift demand, perform selective removal of architectural finishes to expose
framing. Observe for indications of fracture, yielding or buckling of framing, or damage
to connections. Exposures and observation should be made of at least one beam-column
connection per line of framing per story within the zone or zones of concentrated
interstory drift demand. For highly redundant structures, with many lines of framing,
exposures and observations may be limited to one beam-column connection on oneline
of framing in each direction of building response, on each side of the structure, with a
minimum of four exposures per story.

M If visual observation of building exterior or interior indicates neither zones of large
permanent interstory drift, nor of concentrated interstory drift demand, perform selective
removal of architectural finishes to expose framing throughout structure. Observe for
indications of yielding or buckling of framing, or damage to connections. Exposures and
observation should be made of at least one beam-column connection per line of framing
per story. For highly redundant structures, with many lines of framing per story,
exposures and observations may be limited to one beam-column connection on one line
of framing in each direction of building response, on each side of the structure, with a
minimum of two exposures per story.

M If visual observation of the building exterior indicates zones of pounding against adjacent
structures, expose framing in the area of pounding to identify damage to structural
elements and connections.

Commentary: In most steel moment-frame buildings, structural steel will be
obscured by fire protective coverings that are frequently difficult to remove. In
many cases these coverings will be composed of asbestos-containing materials, if
constructed before 1976, and must not be removed by anyone without proper
training. Observation conducted as part of preliminary proceduresislimited to
observing the condition of the steel, if exposed to view, or the condition of the fire
protective covering if the steel is not exposed, to observe tell-tale signs of
structural damage including cracking or spalling of the covering material, or
loosened and broken bolts.

The presence of one or more strong-motion instrumentsin a building can
provide valuable evidence as to the extent of damage a building has experienced.
Noticeable lengthening of the building period can be an indication of structural
damage. However, even in the absence of instruments within a building, it may
be possible to obtain indirect evidence of changesin a building’s dynamic
properties that are indicative of damage. This could include apparent
lengthening of the building period, or increasing nonstructural damage in
aftershocks.
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3.3.3.1 Preliminary Connection Inspections when Fireproofing is Present

Perform the observations indicated in the checklist below. Figure 3-1 indicates the various
zones of observation. Note that fireproofing need not be removed as part of the preliminary
inspection, unless indications of potential damage are noted, at which point fireproofing should
be removed to allow confirmation of the extent of any damage. If thereis reason to believe the
fireproofing is an asbestos-containing material, removal should be performed by appropriately
trained personnel with proper personnel protection. The engineer should not personally attempt
to remove fireproofing suspected of being an asbestos containing material unless he has been
trained in the appropriate hazardous materials handling procedures and is wearing appropriate
protective equipment.

Fanel Zone

;

Shear tab region

Lzam bottom fange
oint of beam flange to colmn

Continuity plates
Figure3-1 Observation Zonesfor Fire-Proofed Beam-Column Connections

M Observe beam framing into connection for trueness to line, and potential indications of
lateral flexural-torsion buckling (damage type G8, Section 2.2.1).

M Observe condition of fireproofing along beam within one beam depth of the column for
cracking or spalling of the fireproofing material along the beam surface, indicating potential
yielding or buckling of the beam flanges (damage types G1 and G2, Section 2.2.2).

M Observe the top and bottom surface of the bottom flange fireproofing and bottom surface of
the top flange fireproofing at the locations where the beam flanges join the column flanges
(or continuity plates for minor axis connections) for cracks or losses of material that could
indicate cracking at the full penetration weld (damage types G3, Section 2.2.1; C1, C3 and
C4, Section 2.2.2; W2, W3, W4, Section 2.2.3).

M Observe the condition of the fireproofing at the beam web, in the vicinity of the clip
connection from the beam web to the column for loosened, cracked or spalled material
indicative of potential damage to shear tabs (damage types S1 through S5, Section 2.2.4).

M Observe the condition of the fireproofing at the column panel zone for cracks, loosened or
spalled material, indicative of damage to the panel zone or continuity plates (damage types
P1 through P8, Section 2.2.5).
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M Observe the flanges of the column at and beneath the joint with the beam flange for loosened,
spalled or cracked material, indicative of fractures, buckled or yielded sections (damage
types C1, C3, C4, C6, Section 2.2.6).

M Observe the column flange in the areaimmediately above the bottom beam flange for
loosened, spalled or cracked material, indicative of a potential divot type fracture of the
column material (damage type C2, Section 2.2.2).

Commentary: The presence of fireproofing will tend to obscure many types of
damage, unless the damage is very severe. However, removal of fireproofing can
be a difficult and time consuming process. For the purposes of preliminary
inspection in buildings with fireproofing, inspection is limited to that readily
observable with the fire proofing in place. Removal of fireproofing and more
careful visual inspection in such buildingsis limited to inspections performed as
part of detailed evaluations, in accordance with Chapters 4 and 5 of this
publication. An exception is the case when observation indicates that the
fireproofing has noticeably cracked, spalled or loosened, indicating that damage
has probably occurred to the steel framing beneath. In this case, removal of
fireproofing is recommended as part of the preliminary inspection to determine
the extent of damage.

In many buildings constructed prior to 1976, the original fireproofing materials
commonly contained friable asbestos fibers. Disturbing such material without
wearing suitable breathing apparatus can result in a significant health hazard
both to the person performing the work and also to others located in the area.
For this reason, owners have been gradually addressing these hazards either by
encapsulating such fireproofing, to prevent it from being disturbed, or replacing
it with non-hazardous materials. In buildings constructed prior to 1976, the
engineer should not permit fireproofing to be removed except by properly trained
personnel using appropriate procedures unless the owner can present suitable
evidence that the material does not contain friable asbestos.

3.3.3.2 Bare Structural Steel

Preliminary inspection of framing connections in buildings that do not have fireproofing in
place on the structural steel should include the complete joint penetration (CJP) groove welds
connecting both top and bottom beam flanges to the column flange, the backing bars and the
weld access holes in the beam web; the shear tab connection, including the bolts, supplemental
welds and beam web; the column web panel zone, including doubler plates; and continuity plates
and continuity plate welds (see Figure 3-2).

The inspection should be by visible means. Observe all exposed surfaces for cracks,
buckling, yielding, and loosened or broken bolts. The areainspected should include that portion
of the beam within a distance d, (beam depth) of the face of the column, that portion of the
column below the connection and within a distance d. (column depth) of the bottom beam
flange, the panel zone and all bolts and plates within these regions. Sections 2.2.1 through 2.2.6
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indicate the types of damage that may be present. All damage observed should be recorded
according to the classification indicated in those sections, and documented in sketch form.

Shear 1ab
pplemental weld
Fanel
Zone <
Packing \ Pzam
T~ Continuty Plates
O e

Figure3-2 Components of Moment Connection

Note that visual inspection should not be performed casually. After afracture formsin steel
framing, it can close up again under further loading of the building. Such “closed” fractures,
though obscure, can typically be detected by careful observation, sometimes aided with touch to
detect roughness in the surface in the vicinity of a potential fracture. Wetting of the areaof a
suspected surface crack can also assist in detection. In some cases, it may be necessary to use
more formal nondestructive testing methods, such as ultrasonic testing, magnetic particle testing,
or liquid dye penetrant testing to confirm the presence of such cracks. Such confirmation can be
performed as part of the more detailed inspections undertaken as part of aLevel 1 detailed
evaluation (Chapter 4) or aLevel 2 detailed evaluation (Chapter 5).

Certain types of damage (C2, C3, C5, Section 2.2.2; W2, W3, Section 2.2.3) may be
impossible to detect by visual observation alone, as the presence of weld backing at the
underside of the beam flange will obscure the presence of the fracture. The presence of agap
between the bottom edge of the backing and the column flange is one indication of the potential
presence of such damage. If such agap is present it may be possible to explore the presence of
concealed fractures by inserting a feeler gauge into the gap to determine its depth. If the feeler
gauge can be inserted to a depth that exceeds the weld backing thickness, a fracture should be
assumed to be present. Nondestructive testing will be required to confirm the extent of such
damage, and can be performed as part of the more detailed evaluation. Alternatively, the
backing can be removed to allow direct observation of any damage present. However, such
removal entails either cutting or grinding operations and can not normally be performed as part
of apreliminary evaluation.
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3.3.4 Data Reduction and Assessment

Following the collection of data on a building, as outlined in Sections 3.3.1 and 3.3.2, it is
necessary to form a preliminary opinion as to whether a building has sustained damage that
creates a potential hazard, and the severity and distribution of such hazards, if present. The
following sections provide recommendationsin thisregard. The structural engineer, on the basis
of the evaluated data, or personal engineering judgment, may make a more conservative
assessment.

3.34.1 Finding of Dangerous Condition

An assessment should be made that a building has been extensively damaged and is
potentially hazardous, if any of the following conditions are observed:

e permanent interstory drift in any level of 1.0% or greater,

» unexpected severe damage to architectural elements or significant period lengthening of the
building is observed in aftershocks,

» visua inspections of steel framing indicate the presence of two or more fractures of the type
G7,C3,C6, C7, S3, 4, S5, S6, P6, P7 or P9, at any floor level, or

» thebuilding experiences excessive lateral deformation or unusual amounts of additional
architectural damage in moderate aftershocks.

In the event that any of the above conditions is detected, the building should be assessed on a
preliminary basis as conforming to damage condition Red-1, of Table 3-2. A detailed evaluation
should be recommended and notification should be made advising against continued occupancy
until a more detailed determination of structural condition can be completed.

Commentary: The observed behavior of a building in repeated after shocks may
provide some clues as to whether it has experienced significant structural
damage. Ininstrumented buildingsit may be possible to observe a lengthening of
the building period during aftershocks. In buildings without instruments, the
observation of unexpected large amounts of architectural damage during
aftershocks could indicate the presence of previous structural damage.

3.3.4.2 Finding of Damaged Condition

If none of the conditionsindicated in Section 3.3.4.1 are determined to exist, but one or more
of the conditions indicated below are present, an assessment should be made that the building
has sustained significant nonstructural damage and should be posted as damage condition
Yellow-1 of Table 3-2. Appropriate precautions should be taken to limit access to hazardous
areas.

» Connections of exterior fascia panels have been damaged and panels are hanging loosely on
the building.

» Exterior glazing is broken above thefirst story.
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» Connections of stair stringersto floor framing has been compromised.

» Celling components, including suspension systems, lights, HVAC and utilities have been
damaged and are hanging into the occupied spaces or walkways.

» Gaslines are damaged or containers of unidentified or known hazardous materials have
toppled and spilled.

» Egressways are blocked or inoperable.
» Emergency lighting systems are unusable.

» Fire suppression systems required by code are inoperable.

If none of the conditionsindicated in Section 3.3.4.1 are determined to exist, but one or more
of the conditions indicated below are present, an assessment should be made that the building
has sustained significant structural damage and should be posted as damage condition Y ellow-2
of Table 3-2. Appropriate precautions should be taken to limit access to hazardous areas.

» Visual inspection of steel framing indicates shear tab damage type S3, S5 or S6 in any beam
connection, in accordance with Section 2.2.4.

» Visual ingpection of steel framing indicates that a beam has become dislodged from a
supporting member or €lement.

* Visual inspection of steel framing indicates that a column has experienced type P7 damagein
accordance with Section 2.2.5, or type C7 damage in accordance with Section 2.2.2.

3.3.4.3 Finding of Undamaged Condition

If none of the conditionsindicated in Sections 3.3.4.1 or 3.3.4.2 are determined to exist, it is
recommended that the building be assessed Green-1, Green-2, or Green-3 of Table 3-2, as
appropriate, pending completion of detailed evaluations in accordance with Chapter 4 or 5.

Commentary: The absence of significant observable damage to steel moment-
frame structuresin a preliminary evaluation on sites believed to have experienced
strong ground motion, per Table 3-1, should not be used as an indication that
detailed evaluations are not required. Many steel moment-frame buildings that
were structurally damaged by the 1994 Northridge and 1989 Loma Prieta
earthguakes had little apparent damage based on casual observation.

3.3.5 Reporting and Notification

Following performance of a preliminary evaluation, notification should be made that an
evaluation has been performed and a report should be provided to the Owner. The extent of
notification to be made is dependent upon the jurisdiction of the party performing the evaluation,
and upon the condition of the building. If the building has been found to be dangerous, the
occupants ultimately must be notified (in atimely manner).
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3.35.1 Building Departments

When preliminary evaluations are performed by or on behalf of the Building Official, or
other authority having jurisdiction, the following notifications should be made:

» A placard should be placed at the main entry to the building indicating that a preliminary
(rapid) evaluation has been performed, and indicating the assessed condition designation of
the building, recommended occupancy restrictions, follow-up actions, and the identity and
affiliation of the person performing the evaluation. In large buildings with more than one
entrance, additional placards should be placed at all other entrances (ATC, 1989). Appendix
B to these Recommended Criteria includes sample placards (from ATC, 1995).

» If abuilding has been posted either as "damaged" (condition Y ellow-1 or Y ellow-2) or
"unsafe" (condition Red-1 or Red-2), additiona written notification should be served on the
Owner at his’her legal address, indicating the status of the posting, the Owner's rights and
any actions required on the Owner's part.

3.35.2 Private Consultants

If postearthquake evaluations by private consultants are permitted by the local authority
having jurisdiction, the same procedures prescribed in Section 3.3.5.1 should be followed: a
placard should be placed at the main entry to the building indicating that preliminary evaluation
has been performed, the assessed condition of the building, recommended occupancy restrictions
and follow-up actions, and the identity and affiliation of the person performing the evaluation.

In large buildings with more than one entrance, additional placards should be placed at al other
entrances (ATC, 1989). Appendix B to these Recommended Criteria includes sample placards
(from ATC, 1995).

In addition, aformal report should be prepared indicating the scope of evaluation that has
been performed, the findings of the evaluation, including a description of any damage
encountered, the appropriate postearthquake condition designation assigned to the building and
any recommendations for additional evaluation, restrictions of occupancy and/or repair action.
The report should be submitted to the party requesting the evaluation and to other parties as
required by law.
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4. LEVEL 1 DETAILED POSTEARTHQUAKE EVALUATIONS

4.1 Introduction

Detailed evaluation is the second step of the postearthquake evaluation process. It should be
performed for all buildings that are estimated to have experienced potentially damaging ground
motions, using the screening procedures of Section 3.2 of these Recommended Criteria. As
detailed evaluation can be atime consuming process, it is recommended that a preliminary
evaluation, in accordance with the procedures of Chapter 3, be conducted prior to detailed
evaluation, to permit rapid identification of those buildings that may have been so severely
damaged that they pose an immediate threat to life safety.

Many steel moment-frame buildings damaged in past earthquakes have displayed few
outward signs of structural or nonstructural damage. Consequently, except for those structures
which have been damaged so severely that they are obviously near collapse, brief evaluation
procedures, such as those of Chapter 3, are unlikely to provide a good indication of the extent of
damage or its consequences. In order to make such determination, it is necessary to perform
detailed inspections of the condition of critical structural components and connections. If
structural damage is found in the course of such inspections, it is then necessary to make a
determination as to the effect of discovered damage on the structure’ s ability to resist additional
loading. Ultimately, decisions asto the significance of damage, whether occupancy should be
permitted in a building and whether specific types of damage should be repaired must be made
on the basis of quantitative evaluation and engineering judgment.

This chapter provides ssmplified procedures for a quantitative evaluation method in which
occupancy and repair decisions are assisted based on the calculation of a damage index, related
to the distribution and severity of different types of damage in the structure. In order to apply
this method, termed aLevel 1 evaluation, it is necessary to obtain an understanding of the
distribution of damage in the structure. This must be obtained by performing visual inspections
of critical framing and connections. It is preferred that damage indices be calculated based on a
determination of the condition of all critical connectionsin the building; however, itis
permissible to infer a distribution of damage, and calcul ate a damage index, based on an
appropriately selected sample of connections.

Chapter 5 provides recommended criteriafor an alternative method of quantitative
evaluation, termed a Level 2 evaluation, based on performing structural analysis of the damaged
structure’ s ability to resist additional strong ground shaking. In order to perform aLevel 2
evaluation, it is necessary to conduct a compl ete inspection of all fracture-susceptible
connections in the building.

Commentary: The Level 1 evaluation approach contained in this chapter is based
upon a methodology originally presented in FEMA-267, modified to account for
experience gained in the application of the FEMA-267 guidelinesto real
buildings and also calibrated to expert opinion on the severity of various types of
damage. The Level 2 evaluation is a more comprehensive approach that is
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compatible with the overall approach developed for performance evaluation of
structures.

The Level 1 detailed evaluation procedure consists of gathering available
information on construction of the structure and a multi-step inspection,
evaluation, decision and reporting process. Although it is preferable to conduct a
complete inspection of all fracture-susceptible connections, it is permissible to
inspect only a selected portion of the elements and connections and to use
statistical methods to estimate the overall condition of the building. A damage
index isintroduced to quantify the severity of damage in the building. This
damage index is calculated based on individual connection damage indices, d;,
assigned to the individual inspected connections. These connection damage
indices vary between 0 and 4, with O representing no significant earthquake
damage and 4 representing severe damage. A story-level damage index, D, IS
introduced which varies between 0 and 1.0, depending on the severity of damage.
Based on the maximum damage index obtained for any floor level, Dy, Or if full
inspections were not made of all connections, the probability that the damage
index exceeds a specified threshold, recommendations are provided to the
structural engineer regarding the appropriate damage condition designation as
well as decisions regarding occupancy restrictions and repair actions.

4.2 Data Collection

Prior to performing a detailed inspection and evaluation, available information on the
building’s construction should be collected and reviewed. This review should be conducted in a
manner similar to that indicated in Section 3.3.2, but extended to include greater knowledge, for
example, of the primary lateral and gravity load-resisting systems, typical detailing, and presence
of irregularities. Pertinent available engineering and geotechnical reports, including any
previous damage survey reports, such as the preliminary postearthquake eval uation report
prepared in accordance with Chapter 3 of these Recommended Criteria, and current ground
motion estimates, should also be reviewed. Specifications (including the original Welding
Procedure Specifications), shop drawings, erection drawings, and construction inspection records
should be reviewed when available.

When structural framing information is not available, a comprehensive field study should be
undertaken to determine the location and configuration of al lateral-force-resisting frames, and
the details of their construction, including members’ sizes, material properties, and connection
configurations. See Section 5.2 for additional discussion.

4.3 Evaluation Approach

Analyses of buildings with brittle connections, such as those damaged by the 1994
Northridge earthquake, show that although damage occurs slightly more often in locations
predicted by analysisto have high stress and deformation demands, damaged connections tend to
be widely distributed throughout building frames, often at locations that analyses would not
predict. This suggests that there is some randomness in the distribution of the damage. To
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detect reliably all such damage, it is hecessary to subject each fracture-susceptible connection to
detailed inspections. Fracture-susceptible connections include:

*  Moment-resisting beam-column connections in which the beams are connected to columns
using full penetration welds between the beam flanges and column, and in which yield
behavior is dominated by the formation of a plastic hinge within the beam at the face of the
column, or within the column panel zone.

» Splicesin exterior columns of moment-resisting frames when the splices consist of partial
penetration groove welds between the upper and lower sections of the column, or of bolted
connections that are incapable of developing the full strength of the upper column in tension.

The inspection of all such connections within abuilding can be a costly and disruptive
process. Although complete visual inspections of fracture-susceptible connections are
recommended as part of aLevel 1 evaluation, this evaluation methodology permits a
representative sample of the critical connections to be selected and inspected. When only a
sample of connectionsisinspected use is made of statistical techniques to project damage
observed in the inspected sample to that likely experienced by the entire building.

In order to obtain valid projections of a building’s condition, when the sampling approach is
selected, samples should be broadly representative of the varying conditions (location, member
sizes, structural demand) present throughout the building and samples should be sufficiently
large to permit confidence in the projection of overall building damage. Two alternative
methods for sample selection are provided. When substantial damage is found within the sample
of connections, additional connections should be inspected to provide better, more reliable
information on the building condition.

Once the extent of building damage is determined, (or estimated if a sampling approach is
utilized) the structural engineer should assess the residual structural capacity and safety, and
determine appropriate repair and/or modification actions. General recommendations are
provided, based on calculated damage indices. As an alternative to this approach, direct
application of engineering analysis (Level 2 evaluation) may also be used as provided for in
Chapter 5 of these Recommended Criteria.

4.4 Detailed Procedure

Postearthquake evaluation should be carried out under the direct supervision of a structural
engineer. Two alternative procedures are presented below depending on whether all connections
in the building are inspected, or only a sample of the connections in the building are inspected.
Section 4.4.1 describes the procedure when all connections are inspected. Section 4.4.2
describes the procedure when a sample of connections are inspected.

As used in these Recommended Criteria, the term “connection” means that assembly of
elements including the beam, column, plates, bolts, and welds, that connect a single beam to a
single column. Interior columns of plane frameswill typically have two connections (one for
each beam framing to the column) at each floor level. Exterior columns of plane frames will
have only one connection at each floor level.
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4.4.1 Method 1- Inspection of All Connections

The following five-step procedure may be used to determine the condition of the structure
and to develop occupancy, repair and modification strategies when all critical connectionsin a
building are inspected and the extent of damage to al connections is known:

Stepl:  Conduct acomplete visual inspection of all fracture-susceptible connectionsin the
building in accordance with Section 4.3. Moment-resisting connections should be
inspected in accordance with Section 4.4.1.1, with supplemental nondestructive
examination, as suggested in that section.

Step2:  Assign aconnection damage index, d;, to each inspected connection in accordance
with Section 4.4.1.2.

Step3:  Calculate the floor damage index at each floor, Dj, pertinent to lateral force
resistance of the building in each of two orthogonal directions, in accordance with
Section 4.4.1.3. Determine the maximum of the floor damage indices, D max.

Step4:  Based on the calculated floor damage indices, determine appropriate occupancy, and
structural repair strategies, in accordance with Section 4.4.1.5. 1f deemed
appropriate, the structural engineer may conduct detailed structural analyses of the
building in the as-damaged state, to obtain improved understanding of its residual
condition and to confirm that the recommended strategies are appropriate or to
suggest alternative strategies. Recommendations for such detailed evaluations are
contained in
Chapter 5.

Step5:  Report the results of the inspection and evaluation process to the building official and
building owner.

44.1.1 Detailed Connection Inspections

In order to perform a detailed inspection of beam-column joints, it is necessary to remove
any fireproofing or other obscuring finishes to allow direct visual observation of the connection
area. Detailed inspections may be conducted in stages. Aninitial stage inspection may be
performed by removing only the limited amount of fireproofing indicated in Figure 4-1 and
following the inspection checklist of Section 4.4.1.1.1. If such initial inspection indicates the
presence or potential presence of damage, than a complete inspection, in accordance with the
checklist of Section 4.4.1.1.2 should be performed at each connection where such damageis
detected. To accommodate a compl ete inspection, removal of fireproofing as indicated in Figure
4-2 isnecessary. At the discretion of the engineer, a complete inspection in accordance with
Section 4.4.1.1.2 may be performed without first performing the initial inspection of Section
4.4.1.1.1. Refer to Chapter 3 for cautions with regard to removal of fireproofing materials.
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Figure4-2 Fireproofing Removal for Complete Connection I nspection

The findings of detailed inspections of moment-resisting connections should be recorded on
appropriate forms, documenting the location of the connection, the person performing the
inspection, the date of the inspection, the extent of the inspection, the means of inspection (visual
or nondestructive testing), the location and type of any observed damage, and, if no damage was
observed, an indication of this. Appendix C includes forms suggested for this purpose. Detected
damage should be classified in accordance with the system of Chapter 2.

Commentary: The largest concentration of reported damage following the 1994
Northridge earthquake occurred at the welded joint between the bottom girder
flange and column, or in the immediate vicinity of thisjoint. To a much lesser
extent, damage was also observed in some connections at the joint between the
top girder flange and column. If damage at either of these locationsis
substantial, then damage is also possible in the panel zone or shear tab areas.
For thisreason, and to minimize inspection costs, these Recommended Criteria
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suggest that it is appropriate to initially inspect only the welded joint of the
bottom beam flange to the column, and only if damage is found at this location to
extend the inspection to the remaining connection components.

4.4.1.1.1 Initial Inspections

The checklist below may be used as a guide for initial inspections. Prior to performing the
inspection, remove fireproofing (see Section 3.3.3), asindicated in Figure 4-1. If there are
indications of damage, then perform a complete inspection in accordance with the procedures of
Section 4.4.1.1.2.

M Observe the beam framing into the connection for trueness to line, and potential indications
of lateral flexural-torsion buckling (damage type G8, Section 2.2.1).

M Observe condition of fireproofing along the beam within one beam depth of the column for
cracking or spalling of the fireproofing material along the beam surface, indicating potential
yielding or buckling of the beam flanges (damage types .G1, G2, Section 2.2.1).

M Observe the top and bottom surface of the exposed beam bottom flange for fractures (damage
types G3, G4, Section 2.2.1).

M Observe the exposed surfaces of the complete joint penetration weld between the beam
bottom flange and column for fractures (damage types W2, W3, W4 Section 2.2.3).

M Observe the exposed surfaces of the column flange for fractures (damage types C1, C2, C3,
Section 2.2.2).

M Observe the condition at the bottom of weld backing on the bottom flange. |f gaps are
present, insert feeler gauge to detect potential damage (damage types C1, C4, C5, Section
2.2.2).

M Observe the bottom surface of the top flange fireproofing at the locations where the beam
flanges join the column flanges (or continuity plates for minor axis connections) for cracks or
losses of fireproofing material that could indicate cracking at the complete joint penetration
weld (damage types G3, Section 5.3.1; C1, C3 and C4 Section 2.2.2; W2, W3, W4, Section
2.2.3).

M Observe the condition of the fireproofing at the beam web, in the vicinity of the connection
from the beam web to the column for loosened, cracked or spalled material indicative of
potential damage to shear tabs (damage types S1 through S5, Section 2.2.4).

M Observe the condition of the fireproofing at the column panel zone for cracks, loosened or
spalled material, indicative of damage to the panel zone or continuity plates (damage types
P1 through P8, Section 2.2.5).
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M Observe the flanges of the column at and beneath the joint with the beam flange for loosened,
spalled or cracked material, indicative of buckled or yielded sections (damage type C6,
Section 2.2.2).

4.4.1.1.2 Detailed Inspections

When an initial inspection conducted in accordance with Section 4.4.1.1.1 indicates the
presence or likely presence of damage in a connection, the more detailed inspections and
observations indicated in the checklist below should be performed for that connection. Prior to
performing the inspection, remove fireproofing (see Section 3.3.3), asindicated in Figure 4-2.
Note that inspection of the top surface of the top flange of the beam and the adjacent column
flange will typically be obscured by the diaphragm. If inspections from the exposed bottom
surface of the top beam flange indicate a potential for damage to be present, then the diaphragm
should be locally removed to allow a more thorough inspection.

M Observe the beam framing into the connection for trueness to line, and potential indications
of lateral flexural-torsion buckling (damage type G8, Section 2.2.1).

M Observe condition of fireproofing along the beam within one beam depth of the column for
cracking or spalling of the fireproofing material along the beam surface, indicating potential
yielding or buckling of the beam flanges (damage types G1, G2, Section 2.2.1).

M Observe the top and bottom surface of the exposed beam bottom flange and the bottom
surface of the top flange for fractures (damage types G3, G4, Section 2.2.1).

M Observe the exposed surfaces of the complete joint penetration welds between the beam top
and bottom flanges and column for fractures (damage types W2, W3, W4 Section 2.2.3).

M Observe the exposed surfaces of the column flanges for fractures (damage types C1, C2, C3,
Section 2.2.2).

M Observe the condition at the bottom of weld backing on the top and bottom flanges. If gaps
are present, insert feeler gauge to detect potential damage (damage types C1, C4, C5, Section
2.2.2). See Chapter 2 for additional information.

M Observe the condition of the shear tab for deformation of the tab, fractures or tearing of the
welds and loosening or breaking of the bolts (damage types S1 through S5, Section 2.2.4).

M Observe the column panel zone for cracks, or distortion (damage types P1 through P8,
Section 2.2.5).

M Observe the exposed flanges of the column for distortion (damage type C6, Section 2.2.2).

44.1.2 Damage Characterization

Characterize the observed damage at each of the inspected connections by assigning a
connection damage index, dj, obtained either from Table 4-1aor Table 4-1b. Table4-1a
presents damage indices for individual classes of damage. Table 4-1b providesindices for the
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more common combinations of damage and also provides a method for developing indices for
other combinations.

Commentary: The connection damage indices provided in Table 4-1 (ranging
from O to 4) represent judgmental estimates of the relative severity of the various
types of damage. Damage severity is judged in two basic respects, the impact of
the damage on the connection’ s ability to participate in the frame's global
stability and lateral resistance, and the impact of the damage on the local gravity
load carrying capacity of the individual connection. An index of O indicates no
impact on either global or local stability while an index of 4 indicates very
severe impact.

When initially developed, in support of the publication of FEMA-267, these
connection damage indices ranged from O to 10 and were conceptualized as
estimates of the connection’slost capacity to reliably participate in the building’s
lateral-force-resisting systemin future earthquakes (with O indicating no loss of
capacity and 10 indicating a complete loss of capacity). However, dueto the
limited data available, no direct correlation between these damage indices and
the actual residual strength and stiffness of a damaged connection was possible.
In these Recommended Criteria, the damage indices have been simplified, to
remove the apparent accuracy implied by a scale ranging from 0 to 10. It should
be noted that although the damage indices do not correlate directly with the loss
of strength or stiffness experienced by a connection, they do provide a convenient
gualitative measure of the extent of damage that various connectionsin a building
have experienced.

Analyses conducted to explore the effect of connection fractures on the global
behavior of frames have revealed that the loss of a single flange connection (top
or bottom) at each joint, consistently throughout a moment-resisting frame results
in only a modest increase in the vulnerability of the structure to developing P-
deltainstability and collapse. However, if a number of connections develop
fractures at both flanges of the beam-column connection, significant increasein
vulnerability occurs. Asa result of this, damage that results in the loss of
effectiveness of a single flange joint to transfer flexural tension stressis assigned
a relatively modest damage index of 2, if not combined with other types of
damage at the connection. Damage types that result in an inability of both
flanges to transfer flexural demands are assigned a high damage index, of 4, as
are types of damage that could potentially result in impairment of a column or
beam’ s ability to continue to carry gravity loads. Other types of damage are
assigned proportionately lower damage indices, depending on the apparent effect
of this damage on structural stability and load carrying capacity.
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Table4-1a Connection Damage I ndices

Type [ Location Description Index dj
Gl Girder Buckled Flange 2
G2 Girder Yielded Flange 0
G3 Girder Top or Bottom Flange fracture in Heat Affected Zone (HAZ) 2
G4 Girder Top or Bottom Flange fracture outside HAZ 2
Gb Girder Not used -
G6 Girder Yielding or Buckling of Web 2
G7 Girder Fracture of Web 4
G8 Girder Lateral-torsional Buckling 2
C1l Column Minor column flange surface crack 1
C2 Column Flange tear-out or divot* 2
C3 Column Full or partial flange crack outside HAZ 3
C4 Column Full or partial flange crack in HAZ 3
C5 Column Lamellar flange tearing 2
C6 Column Buckled Flange 3
C7 Column Fractured column splice 4
w2 CJP weld Crack through weld metal exceeding t/4 2
W3 CJIPweld Fracture at girder interface 2
w4 CJIP weld Fracture at column interface 2
S1 Shear tab Partial crack at weld to column 2
S2 Shear tab Crack in Supplemental Weld (beam flanges sound) 1
S3 Shear tab Fracture through tab at bolt holes 4
A Shear tab Yielding or buckling of tab 3
S5 Shear tab Damaged, or missing bolts® 2
S6 Shear tab Full length fracture of weld to column 4
Pl Panel Zone Fracture, buckle, or yield of continuity plate® 1
P2 Panel Zone Fracture of continuity plate welds® 1
P3 Panel Zone Yielding or ductile deformation of web? 0
P4 Panel Zone Fracture of doubler plate welds® 1
P5 Panel Zone Partial depth fracture in doubler plate?® 1
P6 Panel Zone Partial depth fracture in web? 3
P7 Panel Zone Full (or near full) depth fracture in web or doubler plate? 4
P8 Panel Zone Web buckling? 2
P9 Panel Zone Fully severed column 4

Notes To Table 4-1a:

1.
2.

3.

See Figures 2-2 through 2-6 for illustrations of these types of damage.

Panel zone damage should be reflected in the damage index for all moment connections that are attached
to the damaged panel zone within the assembly.

Missing or loose bolts may be a result of construction error rather than damage. The condition of the
metal around the bolt holes, and the presence of fireproofing or other materia in the holes can provide
cluesto this. Where it is determined that construction error is the cause, the condition should be corrected
and a damage index of “0” assigned.

Damage type C2 is very similar to type W3, the primary differentiation being the depth of the concave
fracture surface into the column flange. If the fracture surface is relatively shallow within the column
flange and does not result in the removal of substantial column flange material, type C2 fractures may be
classified as type W3 and the corresponding damage index utilized.
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Table4-1b Connection Damage I ndices for Common Damage Combinations

Girder, Column Shear Tab Damage Girder, Column or Shear Tab Damage
or Weld Damage Damage Index Weld Damage Damage Index
G3or G4 S1 4 C5 S1 4
S2 3 S2 3
Fracture of 33 4 Column Flange 3 4
Girder Top Tearing
or Bottom Flange A 3 parald to A 3
S5 4 rolling direction S5 4
S6 4 S6 4
€2 St 4 W2, W3, or W4 St 4
Column Flange S2 3 2 3
Tear-out or 33 4 S3 4
Divot CIPWeld
A 3 Fracture A 3
S5 4 S5 4
S6 4 S6 4
C3orC4 S1 4
S2 4
Column S3 4
Flange A 4
Crack 5 4
S6 4

Note: For other combinations of damage, indices are obtained as follows:

Two types of damage with individual dj <1, Combination d; =2

Two types of damage with both individual dj > 1, Combination dj = 4.

Two types of damage with only oneindividual dj > 2, Combination dj = largest individual dj +1< 4.
Three types of damage with al dj < 1, Combination dj =3.

Three types of damage with any dj > 2, Combination dj =4.

More than three types of damage, Combination dj =4.

S0P oo oW

44.1.3 Determine Damage Index at Each Floor for Each Direction of Response

Divide the connections in the building into two individual groups. Each group of
connections should consist of those connections, which are part of frames that provide primary
lateral-force resistance for the structure in one of two orthogonal building directions. For
example, one group of connections will typically consist of all those connections located in
frames that provide north-south lateral resistance, while the second group will be all those
connections located in frames that provide east-west |ateral resistance.

For each group of connections, determine the value of the damage index for the group at each
floor, from the equation:

18,d;
D=1 4-1
i n;4 (4-1)
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where D; isthefloor damage index at floor “i” for the group,
n isthe number of connectionsin the group at floor level “i,” and.
d; isthe damageindex, from Tables 4-1aand 4-1b, for the j™ connection in the group
at that floor.

4414 Determine Maximum Floor Damage Index

Determine the maximum floor damage index for the building, Dmax, cONsisting of the largest
of the D; values calculated in accordance with the Section 4.4.1.3.

4.4.1.5 Determine Recommended Recovery Strategies for the Building

Recommended postearthquake recovery strategies are as indicated in Table 4-2, based on the
maximum damage index, Dymax, determined in accordance with Section 4.4.1.4.

Table4-2 Recommended Repair and M odification Strategies

Values of Dol Recommended Strategy Note
0<Dpax <05 Repair all connections discovered to haved; > 1
D> 0.5 A potentially unsafe condition should be deemed to exist unless a 1

Level 2 evaluation is performed and indicates that acceptable
confidence is provided with regard to the lateral stability of the
structure. Notify the building owner of the potentially unsafe condition.
Inspect all connectionsin the building. Repair all connections with dj >
1

Notesto Table 4-2:
1. Thedetermination that an unsafe condition may exist should be maintained until either:
a. Level 2 analysesindicate that a dangerous condition does not exist, or
b.  recommended repairs are completed for all connections having dj > 2.
2. SeeSection4.4.1.4

Commentary: Recommendations to close a damaged building to occupancy
should not be made lightly, as such decisions will have substantial economic
impact, both on the building owner and tenants. A building should be closed to
occupancy whenever, in the judgment of the structural engineer, damageis such
that the building no longer has adequate |ateral-force-resisting capacity to
withstand additional strong ground shaking, or if gravity-load-carrying elements
of the structure appear to be unstable.

When a building has been damaged, it is recommended that in addition to
repair, consideration also be given to upgrade. Thisis particularly the case when
damage is severe (computed Doy exceeding 0.5) and the estimated ground
shaking that caused the damage is substantially less than that which would be
used to design the building under currently applicable building codes. In such
conditions, it can reasonably be expected that the building would not be able to
reliably resist the levels of ground shaking that could credibly occur at the
building site. In addition to these basic safety considerations, there are also
economic reasons to consider upgrading a building concurrently with damage
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repair. A significant portion of structural upgrade costs are a result of the need
to move occupants out of construction areas as well as the need to selectively
demolish and replace building finishes and utilities in areas affected by the work.
Often the magnitude of such costs required to implement repairs are comparable
to those that would be incurred in performing an upgrade, permitting improved
future performance to be attained with relatively little increment in construction
cost. Structural repair, by itself, will not typically result in substantial reduction
in the vulnerability of the structure to damage from future earthquakes, while
selected connection upgrade has the potential to greatly reduce future damage
and losses.

A companion document to this publication, FEMA-351 — Recommended
Seismic Evaluation and Upgrade Criteria for Existing Welded Steel Moment-
Frame Buildings, provides guidelines for assessing the probable performance of
steel moment-frame buildings and for designing upgrades to improve this
performance.

4.4.2 Method 2 — Inspection of a Sample of Connections

The following eight-step procedure may be used to determine the condition of the structure
and to develop occupancy, repair and modification strategies when only a sample of the
building’ s critical connections are inspected:

Step1:  Categorize the moment-resisting connections in the building into two or more groups
comprising connections expected to have similar probabilities of being damaged.

Compl ete steps 2 through 7 below, for each group of connections.

Step 2: Determine the minimum number of connections in each group that should be
inspected and select the specific sample of connections to be inspected.

Step 3:  Inspect the selected sample of connections using the procedures of Section 4.4.1 and
determine connection damage indices, dj, for each inspected connection.

Step 4 If inspected connections are found to be seriously damaged, perform additional
inspections of connections adjacent to the damaged connections.

Step 5. Determine the average damage index d,, for connections in each group, and then the
average damage index at atypical floor for each group.

Step6:  Given the average damage index for connections in each group, determine the
probability P that, had all connections been inspected, the connection damage index
for any group, at afloor level, would exceed 0.50, and determine the probable
maximum floor damage index, D,

Step 7: Based on the calculated damage indices and statistics, determine appropriate
occupancy and structural repair strategies. 1f deemed appropriate, the structural
engineer may conduct detailed structural analyses of the building in the as-damaged
state, to obtain improved understanding of its residual condition and to confirm that
the recommended strategies are appropriate or to suggest alternative strategies.
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However, for such analyses to be meaningful, full inspections of all connections are
required. Procedures for such detailed evaluations are contained in Chapter 5.

Step 8  Report the results of the inspection and eval uation process to the building official and
building owner.

Sections 4.4.2.1 through 4.4.2.7 indicate, in detail, how these steps should be performed.

Commentary: Following an earthquake, structural engineers and technicians
qualified to perform these evaluations may be in high demand. Prudent owners
may want to consider having an investigation plan already developed (Steps 1
and 2) before an earthquake occurs, and to have an agreement with appropriate
structural engineering and inspection professionals and organizations to give
priority to inspecting their buildings rapidly following the occurrence of an
earthquake.

4421 Evaluation Step 1 — Categorize Connections by Groups

The welded moment-resisting connections participating in the lateral-force-resisting system
for the building are to be categorized into a series of connection groups. Each group consists of
connections expected to behave in a similar manner (as an example, agroup may consist of al
those connections that are highly stressed by lateral forces applied in agiven direction). Asa
minimum, two groups of connections should be defined - each group consisting of connections
that primarily resist lateral movement in one of two orthogonal directions. It may be appropriate
to define additional groups to account for unique conditions, including building configuration,
construction quality, member size, grade of steel, or other factorsthat are likely to result in
connection behavior substantially different from other connections in the building. Each
connection in the building, including connections at the roof level, should be uniquely assigned
to one of the groups, and the total number of connections in each group determined.

In buildings that have significant torsional irregularity, it may be advisable to define at |east
four groups—one group in each orthogonal direction on each side of an assumed center of
resistance.

4422 Step 2 — Select Samples of Connections for Inspection

Assign aunigue identifier to each connection within each group. Consecutive integer
identifiers are convenient to some of the methods employed in this Section.

For each group of connections, select a representative sample for inspection in accordance
with either of Methods A or B, below. If the evaluation is being performed to satisfy a
requirement imposed by the building official, aletter indicating the composition of the groups,
and the specific connections to be inspected should be submitted to the building officia prior to
theinitiation of inspection. The owner or structural engineer may at any timein the
investigation process el ect to investigate more connections than required by the selected method.
However, the additional connections inspected may not be included in the calculation of damage
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statistics under Step 4 (Section 4.4.2.4) unless they are selected in adherence to the rules laid out
for the original sample selection, given below.

Commentary: The purpose of inspection plan submittal prior to the performance
of inspections isto prevent a structural engineer, or owner, from performing (1) a
greater number of inspections and (2) reporting data only on those which provide
a favorable economic result with regard to building disposition. The building
official need not perform any action with regard to this submittal other than to
fileit for later reference at the time the structural engineer's evaluation report is
filed. During the inspection process, it may be decided to inspect additional
connections to those originally selected as part of the sample. While additional
inspections can be made at any time, the results of these additional inspections
should not be included in the calculation of the damage statistics, in Step 5, as
their distribution may upset the random nature of the original sample selection.

If the additional connections are selected in a manner that preserves the
distribution character of the original sample, they may be included in the
calculation of the damage statisticsin Step 5.

44.2.2.1 Method A— Random Selection

In this method, connections should be selected for inspection such that a statistically
adequate, random sample is obtained. The minimum number of connections to be inspected for
each group should be determined in accordance with Table 4-3. For groups containing a
population of 100 connections or more, the sample size need not exceed 18, unless damage with
d; 21.0 in accordance with Table 4-1ais found in the inspection of these 18 connections. In the
event that such damage isfound in thisinitia sample, the sample size shall be expanded to the
full amount shown in Table 4-3, while retaining the random character of the selection.

The following limitations apply to the selection of specific connections:

1. Up to amaximum of 20% of the total connectionsin any sample may be pre-selected as
those expected by rational assessment to be the most prone to damage. Acceptable criteriato
select these connections could include:

» Connections shown by arational analysis to have the highest demand/capacity ratios or at
locations experiencing the largest drift ratios.

» Connections that adjoin significant structural irregularities and which therefore might be
subjected to high localized demands. These include the following irregularities:

- re-entrant corners

- set-backs

- soft or weak stories

- torsional irregularities (connections at perimeter columns)

- diaphragm discontinuities
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» Connectionsincorporating the largest size framing elements.

2. The baance of the sample should be selected randomly from the remaining connectionsin
the group, except that up to 10% of the connections in the sample may be replaced by other
connections in the group to which access may more conveniently be made.

For buildings designed and constructed following the 1994 Northridge earthquake, and
conforming to the recommendations contained in Chapter 7 of FEMA-267, or conforming to the
design recommendations for Special Moment Frames contained in the 1997 or later edition of
AISC Seismic Provisions, the scope of inspection may be reduced to 1/2 the number of
connectionsindicated in Table 4-3. If in the course of this reduced scope of inspection,
significant structural damage is found (damage to any connection with a damage index d; 21.0
from Table 4-1 (aor b)), then full inspections should be performed, as for buildings with other
types of connections.

Table4-3 Minimum Sample Size for Connection Groups

Number of Minimum number Number of Minimum number of
connectionsin of connectionsto be Connectionsin connectionsto be
Group1 inspected Group1 inspected

6 3 200 30

10 4 300 40

15 5 400 50

20 6 500 60

30 8 750 75

40 10 1000 100

50 12 1250 110

75 16 1500 125
100 20 2000 150

Note: 1. For other connection numbers use linear interpolation between values given, rounding up to the
next highest integer.

Commentary: The number of connections needed to provide a statistically
adequate sample depends on the total number of connections in the group, the
amount of damage present in the building, and the amount of damageit is
acceptable not to find. Assuming that damage is randomly distributed within a
connection group, if no damage is found in a randomly selected inspection
sample of 18 connections, thisindicates at least a 95% level of confidence that
less than 15% of the connections in the group have been damaged for a group of
any size. For smaller groups of connections, smaller sampleswill provide similar
levels of confidence. However, if damage is present within the sample of
connections selected for a group, then a larger sample size will be required to
assure with confidence that the percentage of connections within the group that
have been damaged iswithin a tolerable level. When implemented in the
inspection procedures contained in these recommended criteria, the inspection
sample sizes specified in Table 4-3 will produce greater than a 95% level of
confidence of finding damage in groups of connections with 20% or more of the
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connections damaged. Military standard, MIL-STD-105D can be used to
determine appropriate sample sizes to obtain other levels of confidence or to
obtain similar levels of confidence for reduced levels of damage, if desired.

If relatively few connections within a group are inspected, the standard
deviation for the computed damage index will be large. This may result in
prediction of excessive damage when such damage does not actually exist. The
structural engineer may elect to investigate more connections than the minimum
indicated in order to reduce the standard deviation of the sample and more
accurately estimate the total damage to the structure. These additional
inspections may be performed at any time in the investigative process. However,
care should be taken to preserve the random characteristics of the sample, so that
results are not biased either by selection of connections in unusually heavy (or
lightly) damaged areas of the structure.

It is recognized that in many cases the structural engineer may wish to pre-
select those connections believed to be particularly vulnerable. However, unless
these pre-selected connections are fairly well geometrically distributed, a number
that is more than about 10% of the total sample size will begin to erode the
validity of the assumption of random selection of the sample. If the structural
engineer has a compelling reason for believing that certain connections are most
likely to be damaged, and that more than 10% should be pre-selected on this
basis, either the alternative approach of Method B should be used, or the
connections that are believed to have particular vulnerability should be classified
as an independent group, and treated accordingly.

It is also recognized that there is often a practical incentive to select
connections that are in specific unoccupied or more accessible areas. Itis
suggested that no more than 10% of the total sample be composed of connections
pre-selected for thisreason. These connections, rather than having a higher
disposition for damage, might well have a lower than average tendency to be
damaged. An excessive number of this type of pre-selected connection would
quickly invalidate the basic assumption of random selection. It is also recognized
that during the inspection process conditions will be discovered that make it
impractical to inspect a particular connection, e.g., the architectural finishesare
mor e expensive to remove and replace than in other areas, or a particular tenant
isunwilling to have their space disturbed. However, as discussed above, not
mor e than 10% of the total connections inspected should be selected based on
convenience.

There are a number of methods available for determining the randomly
selected portion of the sample. To do this, each connection in the group
(excluding pre-selected connections) should be assigned a consecutive integer
identifier. The sample may then be selected with the use of computer spread sheet
programs (many of which have a routine for generation of random integers
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between specified limits), published lists of random numbers, or by drawing of
lots.

4.4.2.2.2 Method B - Analytical Selection

In this method, connections should be selected for inspection in accordance with the
following criteria:

1. The minimum number of connections within the group to be inspected shall be indicated in
Table 4-3. Aswith Method A, if arandomly selected sample of 18 connections from a group
isinspected, and found to contain no damage, no further inspections of connections from that
group are required.

2. Upto 50% of the connections may be selected based on the results of rational analysis
indicating those connections most likely to be damaged.

3. Theremaining connections in the group to be inspected are selected such that the sample
contains connections distributed throughout the building, including upper, middle and lower
stories. Therulesof Section 4.4.2.2.1 should be followed in agenera way.

Prior to initiation of the inspections, the rational analysis and list of connectionsto be
inspected should be subjected to a qualified independent third party review. The peer review
should consider the basis for the analysis, consistency of the assumptions employed, and assure
that overall, the resulting list of connections to be inspected provides an appropriate sampling of
the building's connections.

During the inspection process, up to 10% of the connections in the sample may be replaced
by other connections to which access may more conveniently be made. Substitution for more
than 10% of the connection sample may be made provided that the independent third party
reviewer concurs with the adequacy of the resulting revised sample.

Commentary: In analyses conducted of damaged buildings, there has been a
generally poor correlation of the locations of damage and the locations of highest
demand predicted by analysis. Thisis primarily attributed to the fact that the
propensity for a fracture to initiate in a connection is closely related to the
workmanship present in the welded joints, which tends to be a randomly
distributed quantity. Moreover, typical analysis methods do not capture the
complex nonlinear stress state that occursin actual buildings. However, there
has been some correlation. Analysisis a powerful tool to assist the structural
engineer in understanding the expected behavior of a structure, damaged or
undamaged. The specific analysis procedure used should be tailored to the
individual characteristics of the building. It should include consideration of all
building elements that are expected to participate in the building's seismic
response, including, if appropriate, elements not generally considered to be part
of the lateral-force-resisting system. The ground motion characteristics used for
the analysis should not be less than that required by the building code for new
construction, and to the extent practical, should contain the spectral
characteristics of the actual ground motion experienced at the site. Qualified
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independent review is recommended to assure that there is careful consideration
of the basis for the selection of the connections to be inspected and that a
representative sample is obtained.

4.4.2.3 Step 3 — Inspect the Selected Samples of Connections
4.4.2.3.1 Inspection

All moment-resisting connections within each sample are to be visually inspected as
indicated in Section 4.4.1.1.2. Where visual inspection indicates the potential for damage that is
not clearly visible, further investigation using nondestructive testing should be performed.
Characterize all damage discovered by visual inspection and nondestructive testing for each
inspected connection as described in Section 4.4.1.1 An individual data sheet (Appendix C)
should be filled out for each connection inspection, recording its location and conditions
observed. In addition, plan and elevation sketches for the building’ s structural system should be
developed and conditions of observed damage recorded on these sketches.

Commentary: The largest concentration of reported damage following the 1994
Northridge earthquake occurred at the welded joint between the bottom girder
flange and column, or in the immediate vicinity of thisjoint. To a much lesser
extent, damage was al so observed in some buildings at the joint between the top
girder flange and column. If damage at either of these locations is substantial,
then damage is also commonly found in the panel zone or shear tab areas.

For a Level 1 evaluation, these Recommended Criteria permit inspection, by
visual means, of all of the potential damage areas for a representative sample of
the connections in the building. Most of the damage reported in buildings
following the 1994 Northridge earthquake consisted of fracturesthat initiated at
the roots of complete joint penetration welds joining beam flanges to column
flanges, and which then propagated through the weld or base metal, leaving a
trace that was generally detectable by careful visual examination. Careful visual
examination requires removal of all obscuring finishes and fireproofing, and
examination from a range of a few inches. Most fractures are visually evident.
However, some fractures are rather obscure since deformation of the building
following the onset of fracture can tend to close up the cracks. In some cases, it
may be appropriate to use magnifying glasses or other means to verify the
presence of fractures. If doubt exists asto whether a surface indication isreally
a fracture, magnetic particle testing and other forms of nondestructive
examination can be used to confirm the presence of a fracture. The surface must
be carefully cleaned prior to testing.

Some types of fractures extend from the root of the beam flange weld into the
column flange and may not be detectable by visual examination. Such fractures,
typified by types C3 and C5 (see Section 2.2.2) can only be detected by removal of
the backing, or by nondestructive testing. Often, when such fractures are present,
areadily visible gap can be detected between the base of the backing and the
column flange. Where such indications are present, a feeler gauge should be
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inserted into the gap to determine its depth. If the feeler gauge can be inserted to
a depth that exceeds the backing thickness, a fracture should be assumed to be
present. Removal of the backing, or nondestructive testing, or both, will be
required to confirm the extent of the crack.

The practice of inspecting a small sample of the total connections present in a
building, in order to infer the probable overall condition of the structureis
consistent with that followed by most engineersin the Los Angeles area, following
the 1994 Northridge earthquake. However, the typical practice following that
event included the extensive use of ultrasonic testing (UT) in addition to visual
inspection. ThisUT revealed a number of apparent conditions of damage at the
roots of the full penetration welds between beam and column flanges. These
conditions, which were widespread, were typically reported by testing agencies
and engineers as damage. This practice was encouraged by the FEMA-267
guidelines, which classified weld root indications as type W1 “ damage” .

As aresult of limitations in the accuracy of ultrasonic testing techniques it
was often found upon removal of weld backing material to allow repair of these
root conditions, that the actual condition of the weld root was significantly
different from that indicated by UT. Sometimes, no flaws at all were found at the
roots of welds reported to have W1 conditions while in other cases, the size and
location of actual flaws were found to be significantly different from that
indicated by the UT.

In the time since, substantial evidence has been gathered that suggests that
many of the W1 conditions reported following the 1994 Northridge earthquake
were not damage, but rather latent construction defects, including slag inclusions
and lack of fusion that had never been detected during the original construction
guality control and quality assurance processes. For these reasons, these Recom-
mended Criteria have de-emphasi zed, relative to the recommendations of FEMA-
267, the importance of employing NDT in the postearthquake inspection process.

4.4.2.3.2 Damage Characterization

The observed damage at each of the inspected connections is characterized by assigning a
connection damage index, dj obtained either from Table 4-1a or Table 4-1b, of Section 4.4.1.2.
Table 4-1a presents damage indices for individual classes of damage. Table 4-1b provides
combined indices for the more common combinations of damage and a rule for combining
indices where a connection has more than one type of damage. Refer to Chapter 2 for
descriptions of the various damage types and to Section 4.4.1.2 for commentary relative to these
damage indices.
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4424 Step 4 — Inspect Connections Adjacent to Damaged Connections

Regardless of the method used to select the connection sample, perform additional inspec-

tions of moment-resisting connections near connections with significant damage as follows:

When a connection is determined to have a damage index within the range 1 < d; < 2, inspect
all of the moment-resisting connections in that line of framing on both sides of the affected
column and of the column(s) adjacent to the affected column at that floor level and on the
affected column at the floor level immediately above and below the damaged connection
(See Figure 4-3). Also inspect any connections for beams framing into the column in the
transverse direction at that floor level, at the damaged connection.

When a connection is determined to have a damage index d; > 3, inspect al of the moment-
resisting connectionsin that line of framing on both sides of the affected column and of the
column(s) adjacent to the affected column at that floor level and on the affected column at
the two floor levelsimmediately above and bel ow the damaged connection (See Figure 4-4).
Also inspect any connections for beams framing into the column in the transverse direction at
that floor level at the damaged connection.

Q
o

Floor Plan

Frame Elevation

® [amaged moment-resisting comectin with O < dy< 2.0
O Adiacent moment-resisting comection - to be inspected
A Tramsverse comection to be inspected

Figure4-3 Inspection of Connections Adjacent to Damaged Connection (1<d, <2)

Floor Alen

Frame Elevation

B Canaged moment-resisting comection with f = 2
0 Adiacent moment-resisting comection to be nspected
A Trasverse comectio to be inspected

Figure4-4 Inspection of Connections Adjacent to Damaged Connection (d; > 3)
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Assign damage indices d; per Tables 4-1aand 4-1b to each additional connection inspected.
If significant damage is found in these additional connections (d; > 1), then inspect the
connections near these additional connections, as indicated above. Continue this process, until
one of the following conditions occurs:

* The additional connection inspections do not themselves trigger more inspections, or

» All connections in the group have been inspected. In this case, proceed with the evaluation
of damage indices for this group in accordance with the guidelines of Section 4.4.1.3.

The results of these added connection inspections, performed in this step, are not included in
the calculation of average damage index d,,q in Section 4.4.2.6, but are included in the
calculation of the maximum likely floor damage index D,y and the probability of excessive
damage P in Section 4.4.2.7.

4.4.2.5 Step 5 — Determine Damage Statistics for Each Group

For each group of connections, determine the estimated average value of the damage index
for the group dag and its standard deviation o from the equations:

1 n
0y =230, @2)
n<s

2

o= \/izn:(d —d,,) (4-3)

n_l j=1

where n isthe number of connectionsin the original sample selected for inspection under
Step 2 (Section 4.4.2.2), and

d; isthe damage index, from Tables 4-1aand 4-1b, for the j™ inspected connection in
the original sample

The additional connections selected using the procedure of Section 4.4.2.4 (Step 4) are not
included in the above calculation.

4.4.2.6 Step 6 — Determine the Probability that the Connections in a Group at a Floor
Level Sustained Excessive Damage

In this procedure, the probable maximum floor damage index at afloor D,y iS estimated
from the damage indices determined for all of the connections actually inspected, including those
additional connections inspected in accordance with the requirements of Section 4.4.2.4. In
addition, the probability P that had all connectionsin the building been inspected, D, would
exceed avaue of 0.50, is determined.

First determine the average floor damage index D and its standard deviation Sfrom the
equations:
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D=—"2% 4-4
4 (4-4)
g
S=— (4-5)
4k

where dayg isthe average connection damage index, computed from Equation 4-2,

o isthe standard deviation of the connection damage index, computed from
Equation 4-3,

k isthetotal number of connections (both inspected and not inspected) in the group
at atypical floor.

Second, determine the probability P that the set of connections within the group at any floor
has a floor damage index that is greater than or equal to 0.50. This may be done by using the
parameters D and Sto calculate afactor b, which represents the number of multiples of the
standard deviation of a normal distribution above the mean that would be required to exceed 1/2.
The factor b is calculated from the equation:

b=(%—D)/S (4-6)

Using the value of b calculated from equation 4-6, determine P, from Table 4-4. P;isthe
probability that if all connections had been inspected, the cumulative damage index at any floor
would have been found to exceed 0.50. If the probability P; is high, this strongly suggests the
possibility that there has been a significant reduction in seismic resisting capacity.

Next, determine the probability P that if all connections within the group had been inspected,
the connections within the group on at least one floor (out of g total floorsin the group) would
have been found to have a cumulative damage index of 0.50 or more from the equation:

P=1-(1-P,)d (4-7)

Finally, for each floor i in the group for which an inspection has been performed, determine
the floor damage index D; from the equation:

- m g
D :W{ ]ZZ (48)

where: k; isthe total number of connectionsin the group at floor i
m, isthe number of inspected connectionsin the group at floor i including the
additional connectionsinspected under Step 4

Take D, asthe largest of the D; values calculated for each floor of the group.
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Table4-4 P;asaFunction of Parameter b

b Ps b Ps
-1.2816 0.90 1.2265 0.11
-0.8416 0.80 1.2816 0.10
-0.5244 0.70 1.3408 0.09
-0.2533 0.60 1.4051 0.08
0.0000 0.50 1.4395 0.075
0.2533 0.40 1.4758 0.07
0.5244 0.30 1.5548 0.06
0.8416 0.20 1.6449 0.05
0.8779 0.19 1.7507 0.04
0.9154 0.18 1.8808 0.03
0.9542 0.17 1.9600 0.025
0.9945 0.16 2.0537 0.02
1.0364 0.15 2.1701 0.015
1.0803 0.14 2.3263 0.01
1.1264 0.13 3.0962 0.001
1.1750 0.12 3.7190 0.0001

Note: Intermediate values of P may be determined by linear interpolation

Commentary: The criterion for damage evaluation used in these Recommended
Criteriaisto assume that a cumulative damage index of 0.50 marks the threshold
at which a structure may become dangerous. Such a damage index could
correspond to cases where 1/2 of the connections at a floor level have been
severely damaged, or cases where all of the connections at a floor level have
experienced moder ate damage, or some combination of these, and therefore
represents a reasonable point at which to begin serious consideration of a
building’ s residual ability to withstand additional loads.

Although the actual form of the distribution of the probability of damage for
an individual connection is not known, as the number of connections increases,
the distribution of damage for a structure tends to a normal distribution,
regardless of the form of the distribution for individual connections, by the
Central Limit Theorem. Therefore, the probability that a damage index of 0.50
has been exceeded at a floor, in a group with k connections, may be approximated
by determining how many multiples b times the standard deviation S, when added
to the mean damage index D, equals 1/2. Or, in equation form:

D +bS=0.50 (4-9)

Solution of this equation for the multiplier b resultsin the required
relationship of equation 4-6.

In spite of the somewhat arbitrary nature of the 0.50 damage index criterion
and the judgmental nature of the suggested way of testing whether that criteria
has been exceeded, it is believed that the results of these procedures will lead to
reasonable conclusionsin most cases. However, it is always the prerogative of
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the responsible structural engineer to apply other rational techniques, such as
direct analyses of the remaining structural strength, stiffness, and deformation
capacity as a verification of the conclusions provided by these procedures.
Particularly in anomalous or marginal cases, such additional checks based on
engineering judgment are strongly encouraged.

4.4.2.7 Step 7--Determine Recommended Recovery Strategies for the Building

Recommended postearthquake recovery strategies are as indicated in Table 4-5, based on the
calculated damage indices and statistics determined in the previous steps.

Table4-5 Recommended Condition Designation and Repair Strategies

Values of Dmax and P Condition Designation Recommended Strategy Note
(Cumulative)
P<10% and Dmax<0.2 Green-3 Repair all connections discovered to 1,2
have dj >1

10% <P<25%or Green- 3 Inspect al connections in the group. 1,2
0.2<Dmax< 0.5 Repair all connections with dj > 1

P>25%or Red -2 A potentially unsafe condition should 3
Dmax> 0.5 be deemed to exist unless alevel 2

evauation is performed and indicates
that acceptable confidence is provided
with regard to the lateral stability of
the structure. Notify the building
owner of the potentially unsafe
condition. Inspect all connectionsin
the building. Repair all connections
with dj > 1. Consider structural
upgrade.

Notesto Table 4-5:

1. Includes damage discovered either as part of Step 2 or Step 3.

2. If all of the discovered damage is relatively minor (d; <1), at the discretion of the engineer, this
need not be repaired. However, if some of the discovered damage is significant (d; > 1), al of the
damage should be repaired.

3. The determination that an unsafe condition may exist should continue until either:

a. full inspection reveas that the gravity system is not compromised, and that the damage index
at any floor does not exceed 0.50, or

b. level 2 analysesindicate that a dangerous condition does not exist, or

c. recommended repairs are completed for all connections having dj > 1.

Commentary: Recommendations to close a damaged building to occupancy
should not be made lightly, as such decisions will have substantial economic
impact, both on the building owner and tenants. A building should be closed to
occupancy whenever, in the judgment of the structural engineer, damageis such
that the building no longer has adequate |ateral-force-resisting capacity to
withstand additional strong ground shaking, or if gravity-load-carrying elements
of the structure appear to be unstable.
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When a building has been damaged, it is recommended that, in addition to
repair, consideration also be given to upgrade. Refer to the additional
commentary in Section 4.4.1.5.

4.4.3 Additional Considerations

Regardless of the value calculated for the damage indices, in accordance with the previous
sections, and the recommended actions of Section 4.4.2.7, the engineer should be alert for any
damage condition that resultsin a substantial lessening of the ability of the structure as awhole,
or of any part of the structure to resist gravity loads. Should such a condition be encountered,
the engineer should inform those with legal standing to take appropriate steps either to limit
entry to the affected portion(s) of the structure, or to ensure that adequate shoring is provide to
prevent the onset of partial or total building collapse.

4.5 Evaluation Report

Upon completion of a detailed evaluation, the responsible structural engineer should prepare
awritten evaluation report and submit it to the person requesting the evaluation, as well as any
other parties required by law to receive such areport. In particular, the building official should
be notified whenever a hazardous condition is determined to exist. The report should directly, or
by attached references, document the inspection program that was performed, and provide an
interpretation of the results of the inspection program and a general recommendation asto
appropriate repair and occupancy strategies. The report should include but not be limited to the
following items:

e Building address

* A narrative description of the building, indicating plan dimensions, number of stories, total
sguare feet, occupancy, the type and location of lateral-force-resisting elements. Include a
description of the grade of stedl specified for beams and columns and, if known, the type of
welding (for example, shielded metal are welding or flux-cored arc welding) present.

Indicate if moment connections are provided with continuity plates. The narrative description
should be supplemented with sketches (plans and evaluations) as necessary to provide a clear
understanding of pertinent details of the building's construction. The description should
include an indication of any structural irregularities as defined in the Building Code.

* A description of nonstructural damage observed in the building, especially asrelates to
evidence of the drift or shaking severity experienced by the structure.

o |f aletter was submitted to the building official before the inspection process was initiated
that indicated how the connections were to be divided into groups and indicating the specific
connections to be inspected, a copy of thisletter should be included.

* A description of the inspection and evaluation procedures used, including the signed
inspection forms for each individual inspected connection.

* A description, including engineering sketches, of the observed damage to the structure as a
whole (e.g., permanent drift) aswell as at each connection, keyed to the damage typesin
Table 4-1a, photographs should be included for all connections with damage index d; >1.
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« Calculations of d,,g, Dj, and Dy, for each group, and if all connectionsin a group were not
inspected, P; and P.

* A summary of the recommended corrective actions (repair and modification measures) and
any recommendations on occupancy restrictions.

The report should include identification of any potentially hazardous conditions which were
observed, including corrosion, deterioration, earthquake damage, pre-existing rejectable
conditions, and evidence of poor workmanship or deviations or alterations from the approved
drawings. In addition, the report should include an assessment of the potential impacts of
observed conditions on future structural performance and recommendations for remediation of
any adverse conditions. The report should include the Field Inspection Reports of damaged
connections, as an attachment, and should bear the seal of the structural engineer in charge of the
evaluation.
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5. LEVEL 2 DETAILED POSTEARTHQUAKE EVALUATIONS

51 Introduction

Detailed evaluation is the second step of the postearthquake evaluation process. It should be
performed for all buildings that are estimated to have experienced potentially damaging ground
motions, using the screening procedures of Section 3.2 of these Recommended Criteria. As
detailed evaluation can be atime-consuming process, it is recommended that a preliminary
evaluation, in accordance with the procedures of Chapter 3, be conducted prior to detailed
evaluation, to permit rapid identification of those buildings that may have been so severely
damaged that they pose an immediate threat to life safety.

Many steel moment-frame buildings damaged in past earthquakes have displayed few
outward signs of structural or nonstructural damage. Consequently, except for those structures
which have been damaged so severely that they are obviously near collapse, brief evaluation
procedures, such as those of Chapter 3, are unlikely to provide a good indication of the extent of
damage or its consequences. In order to make such determination, it is necessary to perform
detailed inspections of the condition of critical structural components and connections. If
structural damage is found in the course of such inspections, it is then necessary to make a
determination as to the effect of discovered damage on the structure’ s ability to resist additional
loading. Ultimately, decisions asto the significance of damage, whether occupancy should be
permitted in a building and whether specific types of damage should be repaired must be made
on the basis of quantitative evaluation and engineering judgement.

Chapter 4 provides a series of recommended criteria for a detailed evaluation method in
which occupancy and repair decisions are made based on the calculation of damage indices
based on the observed distribution of damage in the structure. The distribution of damageis
determined on the basis of detailed inspections of fracture-susceptible connections. Although it
is preferred that all fracture-susceptible connections be inspected, the procedures of Chapter 4
permit inspections to be limited to a representative sample. This chapter provides procedures for
adetailed evaluation processes based on structural analysis of the damaged structure’ s ability to
resist additional strong ground shaking. In order to perform such an analysisit is necessary to
inspect all fracture-susceptible connections in the building in order to understand their condition.

Commentary: The Level 1 evaluation approach of Chapter 4 is based on the
methodol ogy devel oped immediately after the 1994 Northridge earthquake and
first presented in FEMA-267. The Level 2 evaluation approach described in this
chapter is a more comprehensive analytical approach that is compatible with the
analytical methodology that forms the basis for design and performance
evaluation criteria contained in the suite of FEMA/SAC publications on steel
moment frames.
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5.2 Data Collection

Prior to performing a detailed evaluation, the original construction drawings should be
reviewed (if available) to identify the primary lateral and gravity load-resisting systems, typical
detailing, presence of irregularities, and other features pertinent to structural performance.
Pertinent available engineering and geotechnical reports, including any previous damage survey
reports and current estimates of ground motion intensity for the damage causing event, should
also bereviewed. Specifications (including the original Welding Procedure Specifications) shop
drawings, erection drawings, and construction records should be reviewed when available.

When structural framing information is not available, a comprehensive field study must be
undertaken to determine the location and configuration of all vertical frames, and the details of
their construction including member sizes, material properties, and connection configurations. A
companion publication, FEMA-351 — Recommended Seismic Evaluation and Upgrade Criteria
for Existing Welded Steel Moment-Frame Buildings, provides procedures for obtaining as-built
information and determining material properties for steel moment-frame buildings.

Commentary: It isimportant to collect data on all framing, whether or not it was
originally intended as part of the design to participate in the lateral force
resistance of the structure. Studies have shown that vertical frames provided only
for gravity load resistance can provide substantial supplemental stiffness and
strength in steel moment-frame structures and the analytical procedures of this
chapter include direct consideration of such framing. Data collection should
obtain sufficient information on this framing, as well as that intended to provide
the structure’ s lateral-force resistance to permit an accurate analytical model of
the structure to be devel oped.

In addition to reviewing available documentation, a complete inspection of all critical
framing and connections in the building should be undertaken, to determine their condition.
Connections to be inspected include all fracture-susceptible moment-resisting framing
connections and column splices. The following connections are considered to be fracture-
susceptible:

* Moment-resisting beam-column connections in which the beams are connected to columns
using full penetration welds between the beam flanges and column, and in which yield
behavior is dominated by the formation of a plastic hinge within the beam at the face of the
column, or within the column panel zone.

» Splicesin the exterior columns of steel moment frames when the splices consist of (1) partial
penetration groove welds between the upper and lower sections of the column, or (2) bolted
connections that are incapable of developing the full strength of the upper column in tension.

Section 4.4.1.1 provides procedures for conducting connection inspections, and for
classifying and recording any damage found.
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Commentary: Most welded, moment-resi sting beam-column connections
constructed prior to 1994 will be of the fracture susceptible type described here.
Following the 1994 Northridge earthquake, guidelines for improved connection
designs and details were devel oped and were rapidly adopted throughout the
western United States, particularly in zones of high seismicity, including
California, Washington, Utah and Alaska. However, fracture-susceptible
connections may exist in some post-1994 buildings, particularly those constructed
in zones of lower seismicity.

5.3 Evaluation Approach

In aLevel 2 evaluation, inspections are conducted of all critical structural elements and
connections. An analytical model is then developed for the building representing its strength and
stiffness in the damaged state and an analysisis performed to provide information on the residual
capacity of the building to resist additional earthquake loading. The results of the analysis are
used together with engineering judgement and evaluation of other important factors including the
nature of the building’s occupancy, the economic and other impacts of loss of building use
and/or building failure, in order to form an opinion as to appropriate postearthquake disposition
for the building. Alternative actions that may be appropriate in different situations include:

» Accept the damage as being stable and not detrimental to future building performance, in
which case no repair action will be required.

» Determine that repairs of some or all of the damage must be undertaken to provide an
acceptable level of risk for long-term occupancy, but that the building remains an acceptable
risk for occupancy until such time as the repairs are compl eted.

» Determine that the building is an unacceptable risk for occupancy until such time as
temporary stabilization or permanent repair can be undertaken.

» Determine that the building is an unacceptable risk for occupancy until such time as repair
and structural upgrade can be undertaken.

» Determine that the building is an unacceptable risk for occupancy and impractical to repair
and upgrade, in which case the building should be demolished.

A number of alternative analytical approaches may be used in support of the formation of
recommendations for postearthquake building disposition. Individual engineers and building
officials may choose to use any or perhaps several of these approaches, in support of the
postearthquake decision making process:

» Determinethe capacity of the damaged building relative to current code requirements.
In this approach the ability of the damaged building to meet the strength and drift criteria
specified by the building code for new construction is evaluated. Decisions relative to repair
and occupancy are triggered based on the extent of compliance of the damaged building with
new building requirements. For example, if adamaged building provides 90% or more of the
strength and stiffness required of new buildings, and the damage is stable, i.e., not subject to
further degradation, then it may be appropriate to accept the damage and conduct no repairs.
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If the degraded strength or stiffness of the building fall below 50% of that required for a new
building it may be appropriate to restrict occupancy. It should be noted that the engineer,
and building official, may select any appropriate “trigger” rules when using this approach.

* Determinethe capacity of the damaged building relative to pre-earthquake conditions.
In this approach, the amount that the strength and stiffness of the building has degraded as a
result of the damage incurred relative to the pre-earthquake condition is used as an index to
guide decisions. For example, if abuilding retains 90% of the strength and stiffness that
existed prior to the earthquake, and the damage is stable, than it may be appropriate to accept
the damage and conduct no repairs. |f the degraded strength or stiffness of the building fall
below 50% of the pre-earthquake values, then it may be appropriate to restrict occupancy.
As noted above, the engineer and building official may select any appropriate “trigger” rules
when using this approach.

* Determinethe probability of earthquake-induced collapse of the damaged building. In
this approach, adirect evaluation of the building’ s ability to resist collapse for adefined level
of ground shaking (or at defined hazard probability) is determined and used as a basis for
making decisions. For example, if analyses permit a high level of confidence to be
developed that a damaged building can provide Collapse Prevention performance for ground
shaking demands with a 10% chance of exceedancein 50 years, and the damage is stable, it
may be appropriate to accept the damage, without repair. Similarly, if a high degree of
confidence can not be devel oped that the damaged building could survive ground shaking
demands with 50% chance of exceedance in 50 years, it may be decided to restrict building
occupancy. Again, the specific “trigger” rules may be selected based upon the judgement of
the engineer and building official.

The recommended criteria of this chapter adopt the last approach indicated above.
Specifically, amethodology is provided whereby the engineer can determine alevel of
confidence with regard to the ability of the damaged building to resist arepeat of the same
ground shaking that caused the initial damage, without collapse. If ahigh degree of confidence
is obtained that the building could survive such ground shaking without significant risk to life
safety then the building can remain occupied. If thereislow confidence that the building can
protect life safety in arepeat of the same event, then occupancy restrictions are recommended.

The basic tool used to implement any of the evaluation approaches described above isa
structural analysis of the damaged building. In addition to presenting detailed criteriafor the
probabilistic evaluation process, this chapter also provides guidance on modeling of damaged
structures that can be useful with any analytical approach selected by the engineer in assessing
appropriate postearthquake actions.

Commentary: As noted, a number of different criteria have historically been used
to determine whether a building has sustained so much damage that it should not
continue to remain occupied. In all of these, the decision to post a building
against occupancy is based on a finding that the building is likely to endanger life
safety if subjected to additional strong ground shaking. Approaches that have
most commonly been used in the past include:
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» comparison of the building’'sresidual lateral-force-resisting capacity with
that specified by the building code for design of new structures,

» comparison of the building’'sresidual lateral-force-resisting capacity with
that which existed prior to the onset of damage, and

» application of the engineer’s judgment as to the extent which the building
poses an imminent or extreme hazard.

Each of these approaches has drawbacks. |f a comparison of the building’s
residual lateral-force-resisting capacity with that specified by the building code is
used, it will often be found that a building that has not been damaged or has only
minimal damage falls below the trigger level that indicates a “ dangerous’
condition, just due to the fact that the building was designed to earlier editions of
the code that had less stringent design criteria. Thisresultsin a paradox, in that
engineers typically do not post buildings as“ unsafe’ , even if they have low
calculated lateral-force-resisting capacity, unless they have been severely
damaged.

The second approach, in which the computed degradation of a building’s
lateral-force-resisting capacity is used as the measure of whether or not a
building should be occupied is somewhat more attractive in that it provides a
direct measure of the effect of the damage sustained on the safety of the building
and thereby differentiates low-strength conditions that are a result of original
design characteristics, as opposed to those resulting from damage. However, this
approach is also somewhat flawed in that some buildings have significant over-
strength and reserve capacity and can sustain substantial reduction in initial
capacity without becoming hazardous.

Approaches limited to application of the engineers judgment are attractive to
many engineers, but inherently arbitrary. Further, different engineerswill form
different judgments as to the hazard that damage has caused in a building and
will recommend different posting actions.

Review of statistics of past earthquakes indicates that within the relatively
brief period of a year or so following a major earthquake in a region, the most
likely events that the region will experience are of a similar or reduced magnitude
to the original shock. Therefore, these procedures recommend evaluation of
damaged structures for their ability to resist collapse (ability to provide Collapse
Prevention performance) for such an event. For the purposes of accounting for
variability in the likely locations and magnitudes of major aftershocks, and also
to permit development of confidence levels for ability of the building to provide
Collapse Prevention performance, a one-year return period is assumed for an
arbitrary aftershock, comparable in intensity at the building site to theinitial
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shock. Variability in ground motion is somewhat arbitrarily accounted for by
assuming a distribution of likely ground shaking at the building site due to such
an aftershock that has a mean value equal to that which caused the original
damage and having a coefficient of variation of 0.5.

The safety evaluation approach presented in this section is intended only for
use in assessing whether a building should remain occupied whileit isrepaired,
based on the probability of collapse during the period immediately following the
earthquake. It isnot intended as a tool for evaluating the adequacy of building
performance over the longer term of the building’s remaining life. For guidelines
on such performance evaluations refer to the companion publication, FEMA-351,
Recommended Seismic Evaluation and Upgrade Criteria for Existing Welded
Steel Moment-Frame Buildings.

5.4  Field Inspection

Prior to performing an analytical evaluation of building safety, a thorough inspection of the
building should be conducted to determine its condition. This inspection should include visual
inspection of all critical connections including moment-resisting beam-column connections and
column splices, supplemented by nondestructive testing where visual inspection reveals the
fracture-susceptible potential damage that cannot be quantified by visual means alone. Beam-
column connections should be inspected, and the damage recorded, asindicated in Section 4.4.1.

Geologic site hazards such as fault rupture, landslide, rock fall, and liquefaction may
influence the damage in a building and also its future performance. A detailed discussion of
these hazards is provided in FEMA 273 and should be considered as part of a postearthquake
evaluation. The structure should be inspected to detect whether differential settlement has
occurred as differential movement between columnsin a frame has the potential to place severe
demands on the moment connections.

Commentary: Foundation inspection is typically difficult to accomplish since
most foundations are buried. In most cases, inspection of foundation condition
can be performed by observing floors for indications of settlement. Where
significant settlements are indicated, local excavation to expose the foundation
condition for inspection should be considered.

5.5 Material Properties and Condition Assessment

In order to perform ameaningful evaluation, it is necessary to understand the structure’s
basic configuration, its condition, and certain basic material properties. Original construction
documents, including the drawings and specifications, supplemented by damage survey reports,
prepared in accordance with Chapter 4 of these Recommended Criteria, will provide sufficient
data for the evaluation of most damaged steel moment-frame buildings, so long as the building
was actually constructed in accordance with these documents. If no construction documents are
available, then extensive field surveys may be required to define the structure’ s configuration,
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including the locations of frames, the sizes of framing elements and connection details, as well as
the materials of construction.

5.5.1 Material Properties

The primary material properties required to perform analytical evaluations of a steel
moment-frame building include the following:

» vyield strength, ultimate tensile strength and modulus of elasticity of steel for the columnsin
the moment frames,

» yield strength, ultimate tensile strength and modulus of elasticity of steel for the beamsin the
moment frames,

» ultimate tensile strength and notch toughness of the weld metal in the moment-resisting
connections, and

» yield and ultimate tensile strength of bolts in the moment-resisting connections.

Although structural steel is an engineered material, there can be significant variability in the
properties of the steel in abuilding, even if all of the members and connection elements conform
to the same specifications and grades of material. Exhaustive programs of material testing to
guantify the physical and chemical properties of individual beams, columns, bolts, and welds are
not justified and should typically not be performed. It isonly necessary to characterize the
properties of material in a structure on the basis of the likely statistical distributions of the
properties noted above, with characteristic mean values and coefficients of variation.

Knowledge of the material specification and grade that a structural element conformsto, and its
approximate age will be sufficient to define these properties for nearly all evaluations.

In general, analytical evaluations of global building behavior are performed using expected
or mean values of the material properties based on the likely distribution of these properties for
the different grades of material present in the structure. Expected values are denoted in these
procedures with the subscript “€”. Thus, the expected yield and ultimate tensile strength of steel
are denoted, respectively, Fye and Fe. Some calculations of individual connection capacities are
performed using lower-bound values of strength. Where lower-bound strength values are
required, the yield and tensile strength are denoted as F, and F, respectively. Lower-bound
strengths are defined as the mean minus two standard deviations, based on statistical data for the
particular specification and grade.

If original construction documents, including drawings and specifications are available, and
indicate in an unambiguous manner the materials of construction to be employed, it will
typically not be necessary to perform materials testing in a steel moment-frame building. When
material properties are not clearly indicated on the drawings and specifications, or the drawings
and specifications are not available, the material grades indicated in Table 5-1 may be presumed.
Alternatively, alimited program of material sample removal and testing may be conducted to
confirm the likely grades of these materials.
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Table5-1 Default Material Specificationsfor Steel M oment-Frame Buildings

Element Type

Age of Construction

Default Specification

Beams and Columns

1950-1960

ASTM A7, A373

1961-1990

ASTM A36

1990-1998

ASTM A572, Grade 50

1999 and later

ASTM A992

Bolts

1950-1964
1964-1999

ASTM A307
ASTM A325

Weld Filler Metal

E6012 or E7024*
E70T4 or E70T7°
Seenote 3

1950-1964
1964-1994
1994-1999

Note 1

Note 2

Note 3

Prior to about 1964, field structural welding was typically performed with the Shielded Metal Arc
Welding (SMAW) process using either E6012 or E7024 filler metal. Neither of these electrode
classifications are rated for specific notch toughness, though some material placed using these
consumables may provide as much as 40 ft-Ibs or greater notch toughness at typical service
temperatures. 1t should be noted that due to other inherent characteristics of the moment resisting
connection detailing prevalent prior to the 1994 Northridge earthquake, the presence of tough filler
metal does not necessarily provide for reliable ductile connection behavior.

During the period 1964-1994, the Flux Cored Arc Welding (FCAW) process rapidly replaced the
SMAW process for field welding in building structures. Weld filler metals typically employed for this
application conformed either to the E70T4 or E70T7 designations. Neither of these weld filler metals
arerated for specific notch toughness.

Following the 1994 Northridge earthquake, a wide range of weld filler metals were incorporated in
steel moment-frame construction. Most of these filler metals had minimum ultimate tensile strengths
of 70ksi and minimum rated toughness of 20 ft-Ibs at —20°F. However, due to the variability of
practice, particularly in the period 1994-1996, a limited sampling of weld metal in buildings
constructed in this period is recommended to confirm these properties.

If sampling is performed, it should take place in regions of reduced stress, such as flange tips
at ends of simply supported beams, flange edges in the mid-span region of members of steel
moment frames, and external plate edges, to minimize the effects of the reduced area. If aboltis
removed for testing, a comparable bolt should be reinstalled in its place. Removal of awelded
connection sample must be followed by repair of the connection. When sampling is performed
to confirm the grades of material present in a structure, mechanical properties should be deter-
mined in the laboratory using industry standard procedures in accordance with ASTM A-370.

For the purpose of analytical evaluation of steel moment-frame buildings, the expected and
lower bound strength of structural materials shall be taken from Table 5-2, based on the age,
material specification, and grade of material.

Commentary: In general, great accuracy in the determination of the material
properties of structural steel elementsin steel moment-frame buildings is neither
justified nor necessary in order to perform reasonably reliable evaluations of
building performance. The two most important parameters are the yield strengths
of the beams and columns and the toughness of the weld metal.
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Table5-2 Lower Bound and Expected Material Propertiesfor Structural Steel
Shapes of Various Grades’

Yield Strength (ksi) Tensile Strength (ksi)
Material Specification Year of L ower Expected L ower Expected
Construction Bound Bound
ASTM A7, A373 Pre - 1960 30 35 60 70
ASTM A36 1961-1990
Group 1 41 51 60 70
Group 2 39 47 58 67
Group 3 36 46 58 68
Group 4 34 44 60 71
Group 5 39 47 68 80
ASTM A242, A440, A441 | 1960-1970
Group 1 45 54 70 80
Group 2 41 50 67 78
Group 3 38 45 63 75
Group 4 38 45 63 75
Group 5 38 45 63 75
ASTM A572 1970 — 1997
Group 1 47 58 62 75
Group 2 438 58 64 75
Group 3 50 57 67 77
Group 4 49 57 70 81
Group 5 50 55 79 84
A36 and Dual Grade 50 1990 — 1997
Group 1 438 55 66 73
Group 2 438 58 67 75
Group 3 52 57 72 76
Group 4 50 54 71 76
Notes:

1 Lower bound values for material are mean minus two standard deviations from statistical data.
Expected values for material are mean values from statistical data.

2. For wide-flange shapes produced prior to 1997, indicated values are representative of material
extracted from the web of the section.

3. For material conforming to ASTM A992, the values for ASTM A572, Grade 50 may be used. No
adjustment in values, per note 2, should be taken.

4, For structural plate, expected strength may be taken as 125% of the minimum specified value.
L ower-bound strength should be taken as the minimum specified value.

Commentary: In general, great accuracy in the determination of the material
properties of structural steel elementsin steel moment-frame buildings is neither
justified nor necessary in order to perform reasonably reliable evaluations of
building performance. The two most important parameters are the yield strengths
of the beams and columns and the toughness of the weld metal.
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Weld Filler Metal

Welds in most steel moment-frame buildings constructed in the period 1964-
1994 were made with the Flux Cored Arc Welding (FCAW) process, employing
either E70T4 or E70T7 weld filler metal. This material generally has low notch
toughness. Precise determination of the notch toughness of individual weldsis
not required in order to predict the probable poor performance of moment-
resisting connections made with these materials and the detailing prevalent until
1994. However, if weld metal with significant notch toughness (40 ft-lbs at
service temperature) has been used in a building, even connections of the type
typically constructed prior to the 1994 Northridge earthquake can provide some
limited ductility. It israrely possible to determine the type of weld filler metal
used in a building without extraction and testing of samples. Construction
drawings and specifications typically do not specify the type of weld filler metal
to be employed and even when they do, contractors may make substitutions for
specified materials. Welding Procedure Specifications (WPS) for a project, if
available, would define the type of weld filler metal employed, but these
documents arerarely available for an existing building. Given the near universal
use of the FCAW process with low toughness weld filler metal during the period
1964-1994, sampling of weld metal for buildings constructed in this period is not
recommended. For buildings constructed prior to 1964, sampling and testing of
weld filler metal may indicate the presence of weld metal with superior notch
toughness, which would provide a higher level of confidence that the building
would be capable of meeting desired performance objectives. Buildings
constructed prior to 1964 may conservatively be assumed to be constructed using
weld filler metal with low notch toughness, or samples may be extracted.

Most buildings constructed after 1996 employ weld filler metals with
adequate notch toughness to provide ductile connection behavior. Sampling and
testing of welds for buildings constructed in this period are not, therefore, deemed
necessary. During the period 1994-96, many different types of weld filler metal
were employed in buildings. Sampling and testing of weld filler metal in
buildings of this period may be advisable.

When it is deemed advisable to verify the strength and notch toughness of
weld filler metals, it isrecommended that at least one weld metal sample be
obtained and tested for each construction type (e.g., column-splice joint, beam-
flange-to-column-flange joint). Samples should consist of both local base and
weld metal, such that the composite strength of the connection can be assessed. If
ductility isrequired at or near the weld, the design professional may
conservatively assume, in lieu of testing, that no ductility is available.
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Beams and Columns

The actual strength of beam and column elementsin a steel moment-frame
structure is only moderately important for the performance evaluation of such
structures. The primary parameter used in these Recommended Criteria to
evaluate building performance, is the interstory drift induced in the building by
earthguake ground shaking. Building drift isrelatively insensitive to the actual
yield strength of the beams and columns. However, building interstory drift can
be sensitive to the relative yield strengths of beams and columns. In particular,
large interstory drifts can occur in buildings with weak columns and strong
beams, as such conditions permit the development of a single story mechanismin
which most of the building deformation is accommodated within the single story.
During the 1970s and 1980s, it was common practice in some regions for
engineers to specify beams of A36 material and columns of A572, Grade 50
material in order to develop economical designs with a strong-column-weak-
beam configuration. If the properties of materials employed in a steel moment-
frame building are unknown, it may be conservatively assumed that the beams
and columns are of the same specification and grade of material, in accordance
with the default valuesindicated in Tables 5-1 and 5-2. However, if it can be
determined that different grades of material were actually used for beams and
columns, it may be possible to determine a higher level of confidence with regard
to the ability of a building to meet desired performance objectives. In such cases,
it may be appropriate to perform a materials sampling and testing programto
confirm the material specifications for beams and columns.

When it is decided to conduct a materials testing program to confirmthe
specification and grade of material used in beams and columns, it is suggested
that at least two tensile strength coupons should be removed from each element
type for every four floors. If it isdetermined from testing that more than one
material grade exists, additional testing should be performed until the extent for
each grade has been established.

Bolts

Bolt specifications may be determined by reference to markings on the heads
of the bolts. Where head markings are obscured, or not present, the default
specifications indicated in Table 5-1 may be assumed. If a more accurate
determination of bolt material isdesired, a representative sample of bolts should
be extracted from the building and subjected to laboratory testing to confirm the
material grade.
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5.6 Structural Performance Confidence Evaluation

The basic process of postearthquake evaluation, as contained in these procedures, isto
develop amathematical model of the damaged structure, and by performing structural analysis,
to determine the likelihood that the building will resist ground shaking demands that can be
anticipated to occur during the immediate postearthquake period, without collapse. The
structural analysisis used to predict the value of various structural response parameters. These
include:

* interstory drift, and

» axia forces on columns and column splices.

These structural response parameters are related to the amount of damage experienced by
individual structural components as well as the structure as awhole. These procedures specify
acceptance criteria (median estimates of capacity) for each of the design parameters indicated
above. Acceptability of structural performance is evaluated considering both local (element
level) and global performance. Acceptance criteria have been developed on areliability basis,
incorporating demand and resistance factors related to the uncertainty inherent in the evaluation
process, and variation inherent in structural response and capacity, such that a confidence level
can be established with regard to the ability of a structure to provide specific performance at
selected probabilities of exceedance.

Once an analysisis performed, predicted demands are adjusted by two factors, an analysis
uncertainty factor y4that corrects the analytically predicted demands for bias and uncertainty
inherent in the analysis technique, and a demand variability factor ythat accounts for other
sources of variability in structural response. These predicted demands are compared against
acceptance criteria, which have also been factored, by resistance factors, ¢ to account for
uncertainties and variation inherent in structural capacity prediction. If the factored demands are
less than the factored acceptance criteria (capacities), then the structure isindicated to be capable
of meeting the desired performance, with at least a mean level of confidence. If the factored
demands exceed the factored acceptance criteria, then there isless than a mean level of
confidence that the desired performance will be attained. Procedures are given to calculate the
level of confidence, based on the ratio of factored demand to factored capacity. If the predicted
level of confidence isinadequate, then the occupancy of the structure should be suspended until
such time as the structure can be temporarily shored, and/or repaired, and a suitable level of
confidence attained. In some cases it may be possible to improve the level of confidence with
regard to the ability of abuilding to resist collapse by performing a more detailed analysis. More
detailed and accurate analyses allow better understanding of the structure’ s probable behavior to
be attained, resulting in modifications to the demand and capacity factors.

Table 5-3 summarizes the recommended posting condition for a building, as a function of the
level of confidence determined with regard to the structure’ s ability to resist collapse for the
level of ground shaking likely to be experienced in the immediate postearthquake period. Refer
to Table 3-2 for information on the recommended actions related to each posting.
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Table5-3 Recommended Occupancy Actions, Based on Detailed Evaluation

Confidence Level of Attaining Recommended
Collapse Prevention Performance Occupancy
Posting
50% or greater confidence of non- Green-1, Green-2, or Green-3, as
collapse appropriate
25% or greater confidence of non- Red-1

collapse but |ess than 50%

L ess than 25% confidence of non- Red-2
collapse

Note:  Refer to Table 3-2 for explanation of postings.

Four alternative analytical procedures are considered by these recommendations, for the
prediction of building response parameters. These are the same basic procedures contained in
FEMA-273 and include the Linear Static Procedure (LSP), the Linear Dynamic Procedure
(LDP), Nonlinear Static Procedure (NSP) and Nonlinear Dynamic Procedure (NDP). Section 5.8
outlines these procedures in some detail. The reader isreferred to FEMA-273 for additional
information and discussion.

Commentary: These Recommended Criteria adopt a Demand and Resistance
Factor Design (DRFD) model for performance evaluation. Thisapproachis
similar to the Load and Resistance Factor Design (LRFD) approach adopted by
the AISC design specifications except that the LRFD provisions are conducted on
an element basis, rather than structural system basis, and the demands in these
procedures can be drifts as well as forces and stresses. The purpose of this
DRFD approach is to quantify the level of confidence associated with estimation
of a damaged building’ s ability to provide Collapse Prevention performance
given the probable ground shaking that may be experienced in the period
immediately following a damaging earthquake, taken as one year.

Firgt, it is necessary to presume a hazard relationship for the site, during the
immediate postearthquake period. Most strong earthquakes are followed by a
large number of aftershocks, that decrease in frequency over time. Aftershocks
typically occur on the same fault on which the main shock occurred, though,
occasionally, an earthquake on a nearby fault has been triggered by the
redistribution in crustal strains produced by the main shock. Aftershocks
typically have less magnitude than the main shock, though there are some
instances when an aftershock has actually exceeded the first shock. Thisforcesa
change in the naming of the two shocks, to foreshock and main shock. Generally,
aftershock activity decays to insignificant levels within a period of approximately
a year following the main event.
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The actual motion experienced at a site during aftershock activity is
dependent on the size of the individual events, their location relative to the site
and the faulting mechanism of the individual events. It is possible for aftershocks
to produce stronger motion at a specific site than is experienced in the main
earthguake. For the purposes of this guidelineg, it is assumed that the probable
maximum intensity value for aftershock-induced ground shaking at the building
siteis the same as that experienced in the original damaging earthquake, that the
variability in thisintensity is normally distributed and that it has a coefficient of
variation of 50%. While these assumptions may not be accurate for any specific
earthguake, and will be conservative for most earthquakes, they present a
reasonable planning scenario for postearthquake building safety assessments.

With the above assumptionsin place, together with an estimate of the intensity
of motion that actually occurred at the site during the damaging earthquake, it is
possible to construct a hazard curve indicating the annual probability of
exceeding ground motion of defined intensity at the site. For the purposes of
evaluations conducted in accordance with these Recommended Criteria, the
hazard curve is plotted as a function of the spectral response acceleration, S,, at
the fundamental period of the damaged building, and the annual probability of
exceedance for these accelerations. Figure 5-1 presents such a hazard curve,
with spectral response acceleration normalized to the value actually thought to
have been experienced in the first damaging earthquake. The primary
parameters of importance from this hazard curve are the slope of the curve
evaluated at S, and the value of S; itself.

100
N
% \
3
N
N
S
s L5
3 101
<
<
]
N
N
<
102
10+ 10° 10

Katio of Jpectral Acceleration at Feriod T
in Main Shock to that in Kepeat Shock

Figure5-1 Presumed Postearthquake Hazard Curve
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Using the S, value estimated to have been experienced during the first
damaging earthquake, a structural analysisis performed to determine the
maximum interstory drift demand for the damaged structure under a repeat of
that event, as well as the maximum axial forces on critical columns. These
demands are factored by a demand variability factor yto account for the
variation associated with estimation of the character of the ground motion and its
effect on structural response, and an analysis uncertainty factor )4 to account for
the uncertainty and bias inherent in the selected analytical approach.

The factored demand, y4)D calculated from the analysis represents a mean
estimate of the probable maximum demand during the immediate postearthquake
period, given the assumed distribution of ground shaking during this period, as
represented by the assumed hazard curve.

These Recommended Criteria also specify median estimates of capacity for
individual elements and the global structure. These capacities are dependent on
frame and connection configuration. In addition to capacities, capacity
reduction, or resistance, factors @ that adjust the estimated capacity of the
structure to a mean value are also provided.

Once the factored demands and capacities are determined, a factored-
demand-to capacity parameter A is calculated from the equation:

A :yayD (5_1)

oC

where D and C are respectively, the demand and capacity. The value of A isthen
used directly to determine an associated confidence level for the desired
performance, based on tabulated values related to the uncertainty inherent in the
estimation of the building’' s demands and capacities. Values of A lessthan 1.0
indicate greater than mean confidence of achieving the desired performance.
Values greater than 1.0 indicate less than mean confidence.

5.7 Ground Motion Representation

The damaged structure should be analyzed for ground shaking demands representative of
those that caused the initial damage. Ground shaking demands should be represented in the form
of a 5% damped elastic response spectrum or with ground accel eration time-histories,
compatible with this spectrum as required by the selected analytical procedure. Ground shaking
demands may be determined by one of the following approaches.

5.7.1 Instrumental Recordings

When an actual recording of the ground shaking that caused the damage, obtained from the
building site, or anearby site with similar conditions is available, this may be used directly to
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perform analyses of the damaged structure. The ground accel eration time-history should be
converted into a smoothed, 5% damped response spectrum, similar in form to the generalized
response spectrum described in FEMA-273, and completely enveloping the actual response
spectrum obtained for the acceleration record over the period range 0.5T to 2.0T, where T isthe
computed fundamental period of the damaged structure. If the selected analytical procedure is
response history analysis, a suite of accelerograms constructed in accordance with the
recommendations of FEMA-273 and matched to the spectrum, should be used, one of which
should be the actual site recording.

Commentary: The best possible estimate of ground shaking experienced at a site
consists of actual ground motion recordings obtained from a free-field instrument
located at the building site. Free field instruments are preferable to instruments
located within the building or another structure as they will not be influenced by
structural response effects.

Even in zones of high seismicity, few buildings have strong motion
instrumentation, so it is highly unlikely that such records will be available for
most buildings. Recordings of ground shaking obtained from other nearby sites
may be used providing that the site of the instrument is at a comparable distance
and azimuth to the fault rupture as the damaged building, and providing that site
soil conditions are reasonably similar. Ste soil conditions may be considered to
be reasonably similar if they are of the same site class, as defined in FEMA-302,
the NEHRP Recommended Provisions.

The intent of postearthquake analyses is not to evaluate the damaged
building’ s response for the actual ground shaking that caused the original
damage, but rather to evaluate this response for ground shaking likely to be
experienced in the immediate postearthquake period. As previously discussed,
thisisassumed to be similar, though not identical to that which caused the
original damage. For thisreason, response spectra obtained from actual ground
motion recordings are smoothed, to approximate a standard Newmark and Hall
spectrum, as described in FEMA-273.

5.7.2 Estimated Ground Motion

When instrumental recordings of the damaging ground shaking, as described in Section 5.7.1
are not available, an estimated response spectrum for this ground shaking should be constructed.
These spectra should be constructed as recommended by FEMA 273 except that rather than using
mapped values for the parameters Ssand S, these parameters should be calculated using
standard attenuation relationships and appropriate estimates of the magnitude of the damage
causing event, its distance from the building site, the site soil characteristics, faulting mechanism
and other parameters required by the attenuation equation. Alternatively, these parameters may
be estimated based on available recordings of ground shaking from the damage causing event.
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Acceleration time histories, if required, should be constructed in accordance with the
recommendations of FEMA-273.

5.8 Analytical Procedures

In order to evaluate the performance of a damaged steel moment-frame structureitis
necessary to construct a mathematical model of the damaged structure that represents its strength
and deformation characteristics and to conduct an analysisto predict the values of various design
parameters when it is subjected to design ground motion. This section provides procedures for
selecting an appropriate analysis procedure and for modeling. General requirements for the
mathematical model are presented in Section 5.9.

Four alternative analytical procedures are available. The basic procedures are described in
detail in FEMA-273. This section provides supplementary guidelines on the applicability of the
FEMA-273 procedures and also provides supplemental modeling recommendations. The four
basic procedures are:

» Linear static procedure — an equivalent lateral force technique, similar, but not identical to
that contained in the building code provisions

* Linear dynamic procedure — an elastic, modal response spectrum analysis

* Nonlinear static procedure —a simplified nonlinear analysis procedure in which the forces
and deformations induced by monotonically increasing lateral loading is evaluated using a
series of incremental elastic analyses of structural models that are sequentially degraded to
represent the effects of structural nonlinearity.

* Nonlinear dynamic procedure — a nonlinear dynamic analysis procedure in which the
response of a structure to a suite of ground motion time histories is determined through
numerical integration of the equations of motion for the structure. Structural stiffnessis
altered during the analysis to conform to nonlinear hysteretic models of the structural
components.

Commentary: The purpose of structural analyses performed as part of the
postearthguake assessment process is to predict the values of key response
parameters, that are indicative of the structure’ s performance, when it is
subjected to ground motion. Once the values of these response parameters are
predicted, the structure is evaluated for adequacy (appropriate level of
confidence of achieving desired performance) using the basic approach outlined
in Section 5.6.

Analyses conducted in these procedures take a markedly different approach
than those used in the standard design process under the building code
requirements. Rather than evaluating the forces and deformations induced in the
structure under arbitrarily reduced loading levels, these analysis procedures
attempt to predict, within probabilistically defined bounds, the actual values of
the important response parameters under the design ground motion.
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The ability of these procedures to estimate reliably the probable performance
of the structure is dependent on the ability of the analysis to predict the values of
these response parameters within acceptable levels of confidence. The linear
dynamic procedureis able to provide relatively reliable estimates of the response
parameters for structures that exhibit elastic, or near elastic behavior. The linear
static procedure inherently has more uncertainty associated with its estimates of
the response parameters because it less accurately accounts for the dynamic
characteristics of the structure. The nonlinear static procedureis morereliable
than the linear procedures in predicting response parameters for structures that
exhibit significant nonlinear behavior, particularly if they areirregular.
However, it does not accurately account for the effects of higher mode response.
If appropriate modeling is performed, the nonlinear dynamic approach is most
capable of capturing the probable behavior of the real structure in response to
ground motion; however, there are considerable uncertainties associated even
with the values of the response parameters predicted by this technique.

5.8.1 Procedure Selection

Table 5-4 indicates the recommended analysis procedures for various conditions of structural
regularity and dynamic properties. Note that structural regularity in these proceduresis as
determined in FEMA-273, rather than as alternatively defined in the building codes. Both
regularity and dynamic properties shall be as determined for the building in the damaged state.

5.8.2 Linear Static Procedure (LSP)
5.8.2.1 Basis of the Procedure

Linear static procedure analysis of damaged steel moment-frame structures shall be
conducted in accordance with the FEMA-273 Guidelines, except as specificaly noted herein. In
this procedure, lateral forces are applied to the masses of the structure, and deflections and
component forces under this applied loading is determined. Calculated internal forcestypically
will exceed those that the building can devel op, because anticipated inelastic response of
components and elements is not directly recognized by the procedure. The predicted interstory
drifts and column axial forces are evaluated using the procedures of Section 5.10.

Commentary: Thelinear static procedure is a method of estimating the response
of the structure to earthquake ground shaking by representing the effects of this
response through the application of a series of static lateral forces applied to an
elastic mathematical model of the building’s stiffness. The forces are applied to
the structure in a pattern that represents the typical distribution of inertial forces
inaregular structure responding in a linear manner to the ground shaking
excitation, factored to account, in an approximate manner, for the probable
inelastic behavior of the structure. It is assumed that the structure’ s responseis
dominated by the fundamental mode and that the lateral driftsinduced in the
elastic structural model by these forces represent a reasonable estimate of the
actual deformation of the structure when responding inelastically.
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Table5-4 Selection Criteriafor Analysis Procedureto Achieve Collapse Prevention

Structural Characteristics Analytical Procedure
Fundamental Regularity Ratio of Column Linear Linear Nonlinear | Nonlinear
Period, T to Beam Strength Static Dynamic Static Dynamic
T<35Td Regular? Strong Column® Permitted | Permitted | Permitted | Permitted
Weak Column® Not Not Permitted | Permitted
Permitted Permitted
Irregular? Any Conditions Not Not Permitted | Permitted
Permitted Permitted
T> 35T, Regular Strong Column® Not Permitted Not Permitted
Permitted Permitted
Weak Column® Not Not Not Permitted

Permitted Permitted Permitted

Irregular? Any Conditions Not Not Not Permitted
Permitted Permitted Permitted

Notes:

1. Tsisthe period at which the response spectrum transitions from a domain of constant response accel eration
(the plateau of the response spectrum curve) to one of constant spectral velocity. Refer to FEMA-273 or
FEMA-302 for more information.

2. Conditions of regularity are as defined in FEMA-273. These conditions are significantly different than those
defined in FEMA-302.

3. 2.A structure qualifies as having a strong column condition if, at every floor level, the quantity

z MprC / z Mprb is greater than 1.0, where M, and M, are the sum of the expected plastic moment

strengths of the columns and beams, respectively, that participate in the moment-resisting framing in a given
direction of structural response.

In the LSP, the building is modeled with linearly-€elastic stiffness and
equivalent viscous damping that approximate values expected for loading to near
theyield point. Earthquake demands for the LSP are represented by the static
lateral forces whose sumis equal to the pseudo lateral load. The magnitude of
the pseudo lateral load has been selected with the intention that when it is applied
to the linearly elastic model of the building it will result in displacement
amplitudes approximating maximum displacements that are expected during the
ground shaking under evaluation. If the building responds essentially elastically
to the design earthquake, the calculated internal forces will be reasonable
approximations of those expected during this ground shaking. If the building
responds inelastically to the earthquake ground shaking, as will commonly be the
case, when ground shaking is severe, the internal forces that would develop in the
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yielding building will be less than the internal forces calculated on an elastic
basis.

In addition to global structural drift, the collapse of steel moment-frame
structuresis closely related to inelastic deformation demands on the various
elements that comprise the structure, such as plastic rotation demands on beam-
column assemblies and tensile demands on column splices. Linear analysis
methods do not permit direct evaluation of such demands. However, through a
series of analytical evaluations of typical buildings for a number of earthquake
records, it has been possible to devel op statistical correlation between the
interstory drift demands predicted by a linear analysis and the actual inelastic
deformation demands determined by more accurate nonlinear methods. These
correlation relationships are reasonably valid for regular structures, using the
definitions of regularity contained in FEMA-273. Thus, the performance
evaluation process using Linear Satic Procedures (LSP) consists of performing
the LSP analysis to determine an estimate of interstory drift demands, adjustment
of these demands with the demand factors, y and )4, and comparison with
tabulated interstory drift capacities.

Although performance of steel moment-frame structuresis closely related to
interstory drift demand, there are some failure mechanisms, notably, failure of
column splices, that are more closely related to strength demand. However, since
inelastic structural behavior affects the strength demand on such elements, linear
analysisis not capable of directly predicting these demands, except when the
structural responseis essentially elastic. Therefore, when LSP analysisis
performed for structures that respond in an inelastic manner, column axial
demands should be estimated using a supplementary plastic analysis approach.

Two basic assumptions apply in this evaluation approach. First, that the
distribution of deformations predicted by an elastic analysisis similar to that
which will occur in actual nonlinear response; second, that the ratio of computed
strength demands from an elastic analysis to yield capacitiesis a relative
indication of the inelastic ductility demand on the element. These assumptions
are never particularly accurate but become quite inaccurate for structures that
are highly irregular and experience large inelastic demands.

Most damaged structures will behave in a more non-linear manner than will
undamaged structures, even when subjected to relatively low levels of ground
shaking. Beam-column connections with fractures at the bottom flange of the
beam, for example, will behave much like undamaged, fully restrained joints
when loaded such that the fractured flange isin compression, and will behave
much like pinned joints when loading produces tension at the bottom flange.
Such behavior can not be accurately reflected in elastic analysis. In order to
minimize the potential for analysis inaccuraciesto result in overly optimistic
estimates of the actual response of a damaged structure, these Recommended
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Criteria suggest what are believed to be conservative modeling assumptions for
damaged framing elements. However, the uncertainties inherent in the use of
linear methods to model highly damaged structures are so large that it is
recommended they not be used for this purpose.

5.8.2.2 Modeling and Analysis Considerations

When damage results in a structure having different stiffness and strength for loading applied
positively along one of the principal axes than it does for loading applied negatively, a separate
model shall be developed and analysis performed for each direction of loading.

5.8.2.2.1 Period Determination

A fundamental period shall be calculated for each of two orthogonal directions of building
response, using standard methods of modal analysis. The model used for this purpose should
account for the damage sustained. Where damage results in a significantly different stiffnessin
the positive direction of response relative to the negative direction, separate analyses shall be
performed for each such response direction.

Commentary: Modal analysis of a model of the building that includes
representation of the structural damage is required to determine the building’s
period. Thisis because approximate formulae, used, for example, in FEMA-302
for this purpose, may be inaccurate for damaged structures.

5.8.2.3 Determination of Actions and Deformations
5.8.2.3.1 Pseudo Lateral Load

A pseudo lateral load, given by Equation 5-2, shall be independently calculated for each of
two orthogonal directions of building response, and applied to a mathematical model of the
building structure. Where damage resultsin a significantly different stiffness or strength in the
positive direction of loading than in the negative direction, separate analyses shall be performed
for each such response direction.

V =C,C,C,SW (5-2)

where;

C:; = modification factor to relate expected maximum inelastic displacements to
displacements calculated for linear elastic response. C; may be calculated using
the procedure indicated in Section 3.3.3.3 in FEMA 273 with the elastic base
shear capacity substituted for V. Alternatively, C; may be taken as having a
value of 1.0 where the fundamental period of response of the structure, T, is
greater than Ts and shall be taken as having a value of 2.0 where the fundamental
period of the structure is equal to or lessthan Ty. Linear interpolation shall be
used to calculate C; for intermediate values of T.
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C2 =

C3 =

To = period at which the acceleration response spectrum for the site reaches
its peak value, asindicated in FEMA-302. 1t may be taken as 0.2Ts.

Ts = characteristic period of the response spectrum, defined as the period
associated with the transition from the constant spectral response
acceleration segment of the spectrum to the constant spectral response
velocity segment of the spectrum as defined in FEMA-302.

maodification factor to represent the effect of hysteretic pinching on maximum
displacement response. For steel moment-frame structures the value of C, shall
be taken as 1.0.

modification factor to represent increased dynamic displacements due to P-A
effects and stiffness degradation. C; may be taken from Table 5-5 or
aternatively, shall be calculated from the equation:

5(6, - 0.1)

Cy =1+

>1.0 (5-3)

where:
4 = the coefficient determined in accordance with Section 3.2.5.1 of FEMA-273.

response spectrum acceleration, at the fundamental period and damping ratio of
the building in the direction under consideration.

total dead load and anticipated live load as indicated below:

* instorage and warehouse occupancies, a minimum of 25% of the floor live
load,

* theactua partition weight or minimum weight of 10 psf of floor area,
whichever is greater,

» theapplicable snow load — see FEMA-302, and

» thetotal weight of permanent equipment and furnishings.
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Table5-5 Modification Factors Cs for Linear Static Procedure

Cs
Ductile fully-restrained connections 1.2
Brittle fully-restrained connections 14

Notes:

»  Ductile connections are those connections capabl e of sustaining at least 0.03 radians,
median, plastic rotation capacity without fracturing or sustaining significant loss of
strength.

»  Brittle connections are those connections not qualifying as ductile. Typical
unreinforced moment-resisting connections in which beam flanges are CJP welded to the
column, using low notch toughness weld filler metal shall be considered brittle unless
laboratory data are available to substantiate their capability of behaving asindicated for
ductile connections.

Commentary: The pseudo lateral force, when distributed over the height of the
linearly-elastic analysis model of the structure, isintended to produce cal cul ated
lateral displacements approximately equal to those that are expected in the real
structure during the design event. If it is expected that the actual structure will
yield during the design event, the force given by Equation 5-2 may be
significantly larger than the actual strength of the structure to resist this force.
The acceptance evaluation procedures in Section 5.10 are devel oped to take this
into account.

The values of the C;3 coefficient contained in Table 5-5 are conservative for
most structures, and will generally result in calculation of an unduly low level of
confidence. Use of Equation 5-3 to calculate Cz is one way to improve calculated
confidence without extensive additional effort, and is recommended.

5.8.2.3.2 Vertical Distribution of Seismic Forces

The lateral load Fx applied at any floor level x shall be determined as given in Section
3.3.1.3B of FEMA-273.

5.8.2.3.3 Horizontal Distribution of Seismic Forces

The seismic forces at each floor level of the building shall be distributed according to the
distribution of mass at that floor level.

5.8.2.3.4 Determination of Interstory Drift

Interstory drifts shall be calculated using lateral loads in accordance with this section.
Factored interstory drift demands, J4)q, at each story “i”, shall be determined by applying the
appropriate demand variability factor yand analytical procedure uncertainty factor )4 obtained
from Section 5.10.
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5.8.2.3.5 Determination of Column Demands

Factored demands on columns and column splices shall be obtained by multiplying the
calculated column forces by the applicable analysis uncertainty factor 4, and demand variability
factor yobtained in Section 5.10.3. Column forces shall be calculated either as:

1. theaxia demands from the unreduced linear analysis, or

2. theaxial demands computed from the equation:

p[ M=) -3 MLpejJ 54

i=X

(Z pe] = the summation of the expected plastic moment strength (ZFye) divided by
i L

the span length, L, of all moment-connected beams framing into the left
hand side of the column, above the level under consideration, and

n M
(Z Lpej = the summation of the expected plastic moment strength (ZF,e) divided by
R

the span length, L, of all moment-connected beams framing into the right
hand side of the column, above the level under consideration.

When a column is part of framing that resists lateral forces under multiple directions of
loading, the Seismic Demand shall be taken as the most severe condition resulting from
application of 100% of the Seismic Demand computed for any one direction of response with
30% of the Seismic Demand computed for an orthogonal direction of response.

Commentary: When determining axial demands on columns using Equation 5-4,

M
the value of the quantity 2 Lpe may be reduced for beams with fractured

connections, when the direction of response of the structure is such that loading
tends to open the fracturein tension. For such loading, the M value at the
fracture may be reduced to 30% of the nominal value calculated for the beam.

P for

Thus, if a beam has a fracture at one end, rather than using the value 2

M
the axial load contribution from this beam, the quantity 1.3Tpe could be used,

when loading tends to place this fracture in tension. |f a beam has fractures at
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both ends that open in tension simultaneously, the contribution for this beam

M
could be reduced to O.6Tpe

5.8.3 Linear Dynamic Procedure (LDP)
5.8.3.1 Basis of the Procedure

Linear dynamic procedure analysis of damaged steel moment-frame structures should
generally be conducted in accordance with the FEMA-273 Guidelines, except as specifically
noted herein. Coefficients C;, C,, and C3 should be taken asindicated in Section 5.8.2.3.1 of
these Recommended Criteria.

Estimates of interstory drift and column axial demands shall be evaluated using the
applicable procedures of Section 5.10. Calculated displacements and column axial demands are
factored by the applicable analytical uncertainty factor )z and demand variability factor
obtained from Section 5.10, and compared with factored capacity values. Calculated internal
forcestypically will exceed those that the building can sustain because of inelastic response of
components and elements, but are generally not used to evaluate performance.

Commentary: The linear dynamic procedureis similar in approach to the linear
static procedure, described in the previous section. However, because it directly
accounts for the stiffness and mass distribution of the structure in calculating the
dynamic response characteristics, it is somewhat more accurate. Coefficients Cy,
C,, and Cg, which account in an approximate manner for the differences between
elastic predictions of drift response and inelastic behavior are the same as for the
linear static method. Under the Linear Dynamic Procedure (LDP), design
seismic forces, their distribution over the height of the building, and the
corresponding internal forces and system displacements are determined using a
linearly-elastic, dynamic analysis. Note that although the LDP is more accurate
than the LSP for analysis purposes, it can still be quite inaccurate when applied
to heavily damaged structures and should be used with caution.

The basis, modeling approaches, and acceptance criteria of the LDP are
similar to those for the Linear Satic Procedure (LSP). The main exception is that
the response calculations are carried out using modal spectral analysis. Modal
spectral analysisis carried out using linearly-elastic response spectra that are
not modified to account for anticipated nonlinear response. Aswiththe LSP, itis
expected that the LDP will produce displacements that are approximately correct,
but will produce internal forces that exceed those that would be obtained in a
yielding building.
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5.8.3.2 Modeling and Analysis Considerations
5.8.3.2.1 General

The Linear Dynamic Procedure (LDP) should conform to the criteria of this section. The
analysis should be based on appropriate characterization of the ground motion, as described in
Section 5.7. The LDP should conform to the criteriain Section 3.3.2.2 of FEMA 273. The
requirement that all significant modes be included in the response analysis may be satisfied by
including sufficient modes to capture at least 90% of the participating mass of the building in
each of the building’s principal horizontal directions. Modal damping ratios should reflect the
damping inherent in the building at deformation levels less than the yield deformation. Except
for buildings incorporating passive or active energy dissipation devices, or base isolation
technology, effective damping should be taken as 5% of critical.

The interstory drift, and other response parameters calculated for each mode, and required
for evaluation in accordance with Section 5.8.3.3, should be combined by recognized methods to
estimate total response. Modal combination by either the SRSS (square root of sum of squares)
rule or the CQC (compl ete quadratic combination) rule is acceptable.

Multidirectional excitation effects may be accounted for by combining 100% of the response
due to loading in direction A with 30% of the response due to loading in direction B; and by
combining 30% of the response in direction A with 100% of the response in direction B, where
A and B are orthogonal directions of response for the building. Where damage to the structure
results in unsymmetrical response in either the A or B directions, then independent analyses
should be performed with elements modeled to represent the behavior of the structure when
pushed in the positive and negative senses along either the A or B directions.

5.8.3.3 Determination of Actions and Deformations
5.8.3.3.1 Factored Interstory Drift Demand

Factored interstory drift demand shall be obtained by mulitplying the results of the response
spectrum analysis by the product of the modification factors, C;, C,, and C3 defined in Section
5.8.2.3 and by the analytical procedure uncertainty factor y, and demand variability factor y
obtained from Section 5.10.

5.8.3.3.2 Determination of Column Demands

Factored demands on columns and column splices shall be obtained by multiplying the
calculated column forces, as given in Section 5.8.2.3.5, by the applicable analysis uncertainty
factor y, and demand variability factor y obtained from Section 5.10.3.

5.8.4 Nonlinear Static Procedure (NSP)
5.84.1 Basis of the Procedure

Under the Nonlinear Static Procedure (NSP), amodel directly incorporating the inelastic
material and geometric response of the damaged structure is displaced to a target displacement,
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and resulting internal deformations and forces are determined. The nonlinear |oad-deformation
characteristics of individual components and elements of the damaged building are modeled
directly. The mathematical model of the building is subjected to a pattern of monotonically
increased lateral forces or displacements until either atarget displacement is exceeded or
mathematical instability occurs. The target displacement is intended to approximate the total
maximum displacement likely to be experienced by the actual structure, in response to the
ground shaking anticipated during the immediate postearthquake period. The target
displacement shall be calculated by the procedure presented in Section 5.8.4.3.1. Because the
mathematical model accounts directly for effects of material and geometric inelastic response,
the calculated internal forces will be reasonable approximations of those expected during the
anticipated ground shaking, presuming that an appropriate pattern of loading has been applied.

Results of the Nonlinear Static Procedure (NSP) are to be evaluated using the applicable
acceptance criteria of Section 5.10. Calculated interstory drifts and column and column splice
forces are factored, and compared directly with factored acceptable values for the applicable
performance level.

5.8.4.2 Modeling and Analysis Considerations
5.8.4.2.1 General

In the context of these procedures, the Nonlinear Static Procedure (NSP) involves the
monotonic application of lateral forces, or displacements, to a nonlinear mathematical model of a
building, until the displacement of the control node in the mathematical model exceeds atarget
displacement. For buildings that are not symmetric about a plane perpendicular to the applied
lateral loads, such as often occurs in damaged buildings, the lateral loads must be applied in both
the positive and negative directions, and the maximum forces and deformations used for design.

The relation between base shear force and lateral displacement of the control node should be
established for control node displacements ranging to the target displacement 4, given by
Equation 3-11 of FEMA 273. Postearthquake assessment shall be based on those column forces
and interstory drifts corresponding to minimum horizontal displacement of the control node
equal to the target displacement 4.

Gravity loads should be applied to appropriate components and elements of the mathematical
model during the NSP. The loads and load combinations should be as follows:

1. 100% of computed dead loads and permanent live loads should be applied to the model.

2. 25% of transient floor live loads should be applied to the model, except in warehouse and
storage occupancies, where the percentage of live load used in the analysis should be based
on arealistic assessment of the average long term loading.

The analysis model should be discretized in sufficient detail to represent adequately the load-
deformation response of each component along its length. Particular attention should be paid to
identifying locations of inelastic action along the length of a component, aswell as at its ends.
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The modeling and analysis considerations set forth in Section 5.9 should apply to the NDP
unless the alternative considerations presented below are applied.

Commentary: Aswith any nonlinear model, the ability of the analyst to detect the
presence of inelastic behavior requires the use of a nonlinear finite element at the
assumed location of yielding. The model will fail to detect inelastic behavior
when appropriately distributed finite elements are not used. However, as an
alternative to the use of nonlinear elements, it is possible to use linear elements
and reconfigure the model, for example, by adjusting member restraints, as
nonlinearity is predicted to occur. For example, when a member is predicted to
develop a plastic hinge, a linear model can be revised to place a hinge at this
location. When this approach is used, the internal forces and stresses that caused
the hinging must be reapplied, as a nonvarying static load.

5.8.4.2.2 Control Node

The NSP requires definition of the control node in abuilding. These procedures consider the
control node to be the center of mass at the roof of the building. The top of a penthouse should
not be considered as the roof. The displacement of the control node is compared with the target
displacement—a displacement that characterizes the effects of earthquake shaking.

5.8.4.2.3 Lateral Load Patterns

Lateral loads should be applied to the building in profiles given in Section 3.3.3.2C of FEMA
273.

5.8.4.2.4 Period Determination

The effective fundamental period Te in the direction under consideration should be calcul ated
using the force-displacement relationship of the NSP as described in Section 3.3.3.2D of FEMA
273.

5.8.4.2.5 Analysis of Three-Dimensional Models

Static lateral forces should be imposed on the three-dimensional mathematical model
corresponding to the mass distribution at each floor level.

Independent analysis along each principal axis of the three-dimensional mathematical model
is permitted unless multidirectional evaluation is required by Section 3.2.7 in FEMA 273. Refer
also to Section 5.8.4.3 of these Recommended Criteria..

5.8.4.2.6 Analysis of Two-Dimensional Models

Mathematical models describing the framing along each axis (axis 1 and axis 2, or the
orthogonal A and B directions) of the building should be developed for two-dimensional
analysis. The effects of horizontal torsion should be considered as required by Section 3.2.2.2 of
FEMA-273.
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5.8.4.3 Determination of Actions and Deformations
5.8.4.3.1 Target Displacement

Thetarget displacement & for buildings with rigid diaphragms at each floor level shall be
estimated using the procedures of Section 3.3.3.3 of FEMA-273. Actions and deformations
corresponding to the control node displacement equal to the target displacement shall be used for
evaluation in accordance with Section 5.10.

5.8.4.3.2 Diaphragms

The lateral seismic load on each flexible diaphragm shall be distributed along the span of that
diaphragm, considering its displaced shape.

5.8.4.3.3 Factored Interstory Drift Demand

Factored interstory drift demand shall be obtained by multiplying the maximum interstory
drift calculated at the target displacement by the analytical uncertainty factor y, and demand
variability factor yobtained from Section 5.10.2.

5.8.4.3.4 Factored Column and Column Splice Demands

Factored demands on columns and column splices shall be obtained by multiplying the
calculated column forces at the target displacement by the analytical uncertainty factor y, and
demand variability factor yfrom Section 5.10.3.

5.8.5 Nonlinear Dynamic Procedure (NDP)
5.8.5.1 Basis of the Procedure

Under the Nonlinear Dynamic Procedure (NDP), design seismic forces, their distribution
over the height of the building, and the corresponding internal forces and system displacements
are determined using an inelastic response history dynamic analysis.

The basis, the modeling approaches, and the acceptance criteria of the NDP are similar to
those for the NSP. The main exception is that the response calculations are carried out using
Response-History Analysis. With the NDP, the design displacements are not established using a
target displacement, but instead are determined directly through dynamic analysis using ground
motion time-histories. Calculated response can be highly sensitive to characteristics of
individual ground motions; therefore, it is recommended to carry out the analysis with more than
one ground motion record. Because the numerical model accounts directly for effects of material
inelastic response, the calculated internal forces will be reasonable approximations of those
expected during ground shaking.

Results of the NDP are to be checked using the applicable acceptance criteria of Section
5.10. Calculated displacements and internal forces are factored, and compared directly with
factored acceptable values.
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5.8.5.2 Modeling and Analysis Assumptions
5.8.5.2.1 General
The NDP should conform to the criteriaof givenin Section 3.3.4.2A of FEMA-273.

5.8.5.2.2 Ground Motion Characterization

The earthquake shaking should be characterized by suites of ground motion acceleration
histories, prepared in accordance with the recommendations of Section 2.6.2 of FEMA-273 and
corresponding to the ground motion described in Section 5.7 of these Recommended Criteria. A
minimum of three pairs of ground motion records should be used. Each pair should consist of
two orthogonal components of ground motion records.

Consideration of multidirectional excitation effects required by Section 3.2.7 of FEMA-273
may be satisfied by analysis of athree-dimensional mathematical model using simultaneously
imposed pairs of earthquake ground motion records along the horizontal axes of the building.

The effects of torsion should be considered according to Section 3.2.2.2 of FEMA-273.

5.8.5.3 Determination of Actions and Deformations
5.8.5.3.1 Response Quantities

Response quantities should be computed as follows:

1. If lessthan seven pairs of ground motion records are used to perform the analyses, each
response quantity (for example, interstory drift demand, or column axial demand) should be
taken as the maximum value obtained from any of the analyses.

2. If seven or more pairs of ground motion records are used to perform the analyses, the median
value of each of the response quantities computed from the suite of analyses may be used as
the demand. The median value shall be that value exceeded by 50% of the analysesin the
suite.

5.8.5.3.2 Factored Interstory Drift Demand

Factored interstory drift demand shall be obtained by multiplying the maximum of the
interstory drifts calculated in accordance with Section 5.8.5.3.1 by the analytical uncertainty
factor 4 and demand variability factor yobtained from Section 5.10.2.

5.8.5.3.3 Factored Column and Column Splice Demands

Factored demands on columns and column splices shall be obtained by multiplying the
column forces calculated in accordance with Section 5.8.5.3.1 by the applicable analytical
uncertainty factor j4 and demand variability factor yobtained from Section 5.10.3.
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5.9 Mathematical Modeling
5.9.1 Modeling Approach

In general, a damaged steel frame building should be modeled, analyzed and designed as a
three-dimensional assembly of elements and components. Although two-dimensional models
may provide adequate design information for regular, symmetric structures and structures with
flexible diaphragms, three-dimensional mathematical models should be used for analysis and
design of buildings with plan irregularity as defined by FEMA-302.

Two-dimensional modeling, analysis, and evaluation of buildings with stiff or rigid
diaphragmsis acceptable if torsional effects are either sufficiently small to be ignored or
indirectly captured.

Vertical lines of moment frames with flexible diaphragms may be individually modeled,
analyzed, and evaluated as two-dimensional assemblies of components and elements, or a three-
dimensional model may be used with the diaphragms modeled as flexible elements.

If linear or static analysis methods are used, it may be necessary to build separate models to
simulate the behavior of the structure to ground shaking demands in the positive and negative
response directions, to account for the differing effects of damage in each direction of response.

Commentary: An inherent assumption of linear seismic analysisisthat the
structure will exhibit the same stiffness and distribution of stresses regardless of
whether loads are positively or negatively loaded. However, damage tendsto
create non-symmetrical conditionsin structures. For example, fracture damage
at the bottom flange of a beamwill result in a substantial reduction in the
connection’s stiffness under one direction of loading, but will have negligible
effect for the reverse direction of loading. In order to capture this behavior using
linear analysis approaches, it is necessary to build two separate models, onein
which the damage is effective and one in which the damage is not, to simulate the
separate response in each direction of loading. A similar approach is required
for nonlinear static analysis, in that the nonlinear behavior will be different,
depending on the direction of loading. Only nonlinear dynamic analysisis
capable of accurately simulating the effects of such damage with a single
analytical model.

5.9.2 Model Configuration

The analytical model should include all frames capable of providing non-negligible stiffness
for the structure, whether or not intended by the original design to participate in the structure’s
lateral force resistance. The model should accurately account for any damage sustained by the
structure. Refer to Section 5.9.11 for procedures on modeling damaged connections.

Commentary: Gravity framing, in which beams are connected to columns with
either clip angels or single clip plates can provide significant secondary stiffness
to a structure and should in general be modeled when performing postearthguake
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assessment analyses. The primary contributor to this added stiffnessis the fact
that the gravity load columns are constrained to bend to the same deflected shape
as the columns of the moment-resisting frame, through their interconnection by
the gravity beams which act as struts, and the diaphragms. As a secondary effect,
the relatively small rigidity provided by the gravity connections provides some
additional overall frame stiffness.

5.9.3 Horizontal Torsion

The effects of actual horizontal torsion must be considered. In the building codes, the total
torsional moment at a given floor level includes the following two torsional moments:

» theactua torsion, that is, the moment resulting from the eccentricity between the centers of
mass at all floors above and including the given floor, and the center of rigidity of the
vertical seismic elementsin the story below the given floor, and

» theaccidental torsion, that is, an accidental torsional moment produced by horizontal offset
in the centers of mass, at all floors above and including the given floor, equal to a minimum
of 5% of the horizontal dimension at the given floor level measured perpendicular to the
direction of the applied load.

For the purposes of postearthquake evaluation, under these procedures, accidental torsion
should not be considered. In buildings with diaphragms that are not flexible, the effect of actual
torsion should be considered if the maximum lateral displacement Jvax from this effect, at any
point on any floor diaphragm, exceeds the average displacement dag by more than 10%.

Commentary: Accidental torsion isan artificial device used by the building codes
to account for actual torsion that can occur, but is not apparent in an evaluation
of the center of rigidity and center of massin an elastic stiffness evaluation. Such
torsion can develop during nonlinear response of the structure if yielding
develops in an unsymmetrical manner in the structure. For example, if the frames
on the east and west sides of a structure have similar elastic stiffness, the
structure may not have significant torsion during elastic response. However, if
the frame on the east side of the structure yields significantly sooner than the
framing on the west side, then inelastic torsion will develop. Rather than
requiring that an accidental torsion be applied in the analysis, as do the building
codes, these Recommended Criteria directly account for the uncertainty related to
these torsional effects in the calculation of demand and resistance factors.

5.9.4 Foundation Modeling

In general, foundations may be modeled as unyielding. Assumptions with regard to the extent
of fixity against rotation provided at the base of columns should realistically account for the
relative rigidities of the frame and foundation system, including soil compliance effects, and the
detailing of the column base connections. For purposes of determining building period and
dynamic properties, soil-structure interaction may be modeled as permitted by the building code.
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Commentary: Most steel moment frames can be adequately modeled by assuming
that the foundation provides rigid support for vertical loads. However, the
flexibility of foundation systems (and the attachment of columns to those systems)
can significantly alter the flexural stiffness at the base of the frame. Where
relevant, these factors should be considered in devel oping the analytical model.

5.9.5 Diaphragms

Floor and roof diaphragms transfer earthquake-induced inertial forcesto vertical elements of
the seismic-force-resisting system. Development of the mathematical model should reflect the
stiffness of the diaphragms. As ageneral rule, most floor slabs with concrete fill over metal deck
may be considered to be rigid diaphragms and floors or roofs with plywood diaphragms should
be considered flexible. The flexibility of unfilled metal deck, and concrete slab diaphragms with
large openings should be considered in the analytical model. Mathematical models of buildings
with diaphragms that are not rigid should be developed considering the effects of diaphragm
flexibility.

5.9.6 P-A4Effects

P-A effects, caused by gravity loads acting on the displaced configuration of the structure,
may be critical in the seismic performance of steel moment-frame structures, particularly for
damaged structures that may have significant permanent lateral offset as part of the damage.

The structure should be investigated to ensure that lateral driftsinduced by earthquake
response do not result in a condition of instability under gravity loads. At each story, the
quantity ¢ should be calculated for each direction of response, as follows:

10

Y = A (5-5)
V,h

where:

Pi =  portion of thetotal weight of the structure including dead, permanent live, and
25% of transient live loads acting on all of the columns within story level i,

Vyi =  total plastic lateral shear forcein the direction under consideration at story i,

hi = height of story i, which may be taken as the distance between the centerline of
floor framing at each of the levels above and below, the distance between the top
of floor slabs at each of the levels above and below, or similar common points of
reference, and

a = lateral driftin story i, including any permanent drift, from the analysisin the
direction under consideration, at its center of rigidity, using the same units as for
measuring h.
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In any story in which ¢ islessthan or equal to 0.1, the structure need not be investigated
further for stability concerns. When the quantity ¢ in a story exceeds 0.1, the analysis of the
structure should explicitly consider the geometric nonlinearity introduced by P-A effects. When
Y in astory exceeds 0.3, the structure shall be considered unstable, unless a detailed global
stability capacity evaluation for the structure, considering P-4 effects, is conducted in
accordance with the procedures of Appendix A.

For nonlinear procedures, second-order effects should be considered directly in the analysis;
the geometric stiffness of all elements and components subjected to axial forces should be
included in the mathematical model.

Commentary: The values of interstory drift capacity, provided in Section 5.10,
and the corresponding resistance factors, were computed considering P-4 effects
(FEMA-355F). For a given structure, it is believed that if the value of ¢isless
than 0.3 the effects of P-4 have been adequately considered by these general
procedures. For values of ¢ greater than thislimit the statistics on frame
interstory drift capacities contained in Section 5.10 are inappropriate. For such
frames explicit determination of interstory drift capacities, considering P-4
effects using the detailed performance evaluation procedures outlined in
Appendix A is required.

The plastic story shear quantity, Vy;, should be determined by methods of
plastic analysis. Ina story in which(1) all beam-column connections meet the
strong column —weak beam criterion,(2) the same number of moment resisting
bays is present at the top and bottom of the frame, and (3) the strength of
moment-connected girders at the top and bottom of the frame is similar, Vy; may
be approximately cal culated from the equation:

ZZMpGj
= =

V=t
h

(5-6)

where:

Mpgj = the plastic moment capacity of each girder “j” participating in the
moment resisting framing at the floor level on top of the story. For
girders with damaged connections, the quantity 2Mg; should be
taken as the sum of the plastic moment capacities at each end of
the girder, accounting for the effect of damage on connection
capacity as recommended in Section 5.9.11.

n=  thenumber of moment-resisting girdersin the framing at the floor
level on top of the story.

In any story in which none of the columns meet the strong-column -weak-
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beam criterion, the plastic story shear quantity Vi; may be calculated from the
equation:

2kZ;|v| ocy

(5-7)

where:

Mpck = the plastic moment capacity of each column “ K", participating in
the moment resisting framing, considering the axial load present
on the column.

For other conditions, the quantity Vi; must be calculated by plastic
mechanism analysis, considering the vertical distribution of lateral forces on the
structure.

5.9.7 Elastic Framing Properties

The complete axial area of rolled shapes should be used. For built-up sections, the effective
area should be reduced if adequate load transfer mechanisms are not available. For elements
fully encased in concrete, the axial stiffness may be calculated assuming full composite action if
most of the concrete may be expected to remain after additional ground shaking. Composite
action may not be assumed for strength unless adequate load transfer and ductility of the
concrete can be assured.

The shear area of the elements should be based on standard engineering procedures. The
comments above regarding built-up section, concrete encased elements, and composite floor
beam and slab, apply.

The calculation of rotational stiffness of steel beams and columnsin bare steel frames should
follow standard engineering procedures. For components encased in concrete, the stiffness shall
include composite action, but the width of the composite section should be taken as equal to the
width of the flanges of the steel member and should not include parts of the adjoining floor slab,
unless there is an adequate and identifiable shear transfer mechanism between the concrete and
the steel.

5.9.8 Nonlinear Framing Properties

The elastic component properties, should be computed as outlined in Section 5.9.7.
Appropriate nonlinear moment-curvature and interaction relationships should be used for beams
and beam-columns to represent the effects of plastification.
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5.9.9 Verification of Analysis Assumptions

Each component should be evaluated to determine that assumed locations of inelastic
deformations are consistent with strength and equilibrium requirements at all locations along the
component length. Further, each component should be evaluated by rational analysis for
adequate postearthquake residual gravity load capacity, considering reduction of stiffness caused
by earthquake damage to the structure.

Where moments in horizontally-spanning primary components, due to the gravity loads,
exceed 50% of the expected moment strength at any location, the possibility for inelastic flexural
action at locations other than components ends should be specifically investigated by comparing
flexural actions with expected component strengths. Modeling should account for formation of
flexural plastic hinges away from component ends when thisislikely to occur.

5.9.10 Undamaged Connection Modeling

Undamaged connections should be modeled in accordance with the following procedures.

5.9.10.1 Fully Restrained Connections

Framing connected with typical welded fully restrained moment-resisting connections, such
as shown in Figure 5-2, should be modeled as indicated herein.

Figure5-2 Welded Unreinforced Fully Restrained Connection (pre-1994)

5.9.10.1.1 Linear Modeling

Undamaged fully-restrained connections should be modeled using the gross cross section
properties and assuming rigid attachment between the beams and columns. Modeling may use
either center-line-to-center-line dimensions for beams and columns, or alternatively, rigid or
flexible column panel zones may be modeled to offset the ends of the beams and columns from
the intersection of the center lines of these members. Rigid offsets, used to represent the panel
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zone, should not exceed 80% of the dimension of the actual panel zone. Panel zone flexibility
may be directly considered by adding a panel zone element to the model.

5.9.10.1.2 Nonlinear Modeling

Prior to developing a mathematical model for nonlinear analysis of beam-column assemblies
with welded unreinforced fully restrained moment-resisting connections, an analysis should be
conducted to determine the controlling yield mechanism for the assembly. This may consist of
flexural yielding of the beam at the face of the column, flexural yielding of the column at the top
and/or bottom of the panel zone; shear yielding of the panel zone itself, or a combination of these
mechanisms. Elements capable of simulating the nonlinear behaviors indicated in these analyses
should be implemented in the model. Regardless of whether or not panel zones are anticipated to
yield, panel zones should be explicitly modeled. If calculationsindicate that panel zones are
unlikely to yield in shear, panel zones may be modeled asrigid links. If significant yielding is
indicated to occur, a suitable element that models this behavior should be used. Expected yield
strengths Fye should be used for all nonlinear elements to indicate the expected onset of nonlinear
behavior. Flexural strain hardening of beams and columns should be taken as 5% of the elastic
stiffness, unless specific data indicates a more appropriate value. Panel zones may be assumed
to strain harden at 20% of their elastic stiffness.

5.9.10.2 Simple Shear Tab Connections

This section presents modeling guidelines for the typical single plate shear tab connection
commonly used to connect beams to columns for gravity loads, when moment-resistance is not
required by the design. Figure 5-3 presents a detail for this connection. It is characterized by
rolled wide flange beams connected to either the major or minor axis of wide flange column
sections. Beam webs are connected to the column with a single plate shear tab, welded to the
column and bolted to the beam web. A concrete floor slab, or slab on metal deck may be present
at the top flange of the beam.
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Figure5-3 Typical Simple Shear Tab Connection with Slab
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5.9.10.2.1 Modeling Guidelines - Linear Analysis

The connection stiffness should be explicitly modeled as arotational spring that connects the
beam to the column. The spring stiffness, K4 should be taken as:

K, = 28000(d,, - 5.6) (5-8)

where dyg is the depth of the bolt group, measured center-line-to-center-line of the outermost
bolts, ininches and Kyisin units of k-inches per radian. In lieu of explicit modeling of the
connection, beams that frame into columns with simple shear tab connections may be modeled
with an equivalent rigidity, El taken as:

_ 1
12K, El,
where:
E=  themodulus of easticity, kip/square inch
h=  theaverage story height of the columns above and below the beam, inches
l,=  the moment of inertia of the beam, (inches)*
b= the beam span center to center of columns, inches

Commentary: The presence of gravity framing, utilizing shear tab connectors,
can provide substantial stiffening to the steel moment-frame system provided as
the basic lateral force resisting system. The primary contributor to this added
stiffness is the fact that the gravity load columns are constrained to bend to the
same deflected shape as the columns of the moment-resisting frame, through their
interconnection by the gravity beams, which act as struts, and the diaphragms.
The flexural restraint on the columns represented by the spring stiffness given by
Equations 5-8 and 5-9 is a secondary effect but can provide stability for frames at
large displacements.

5.9.10.2.2 Modeling Guidelines - Nonlinear Analysis

The connection should be explicitly modeled as an elastic-perfectly-plastic rotational spring.
The elastic stiffness of the spring should be taken as given by Equation 5-8. The plastic strength
of the spring should be determined as the expected plastic moment capacity of the bolt group,
calculated as the sum of the expected yield strength of the bolts and their distance from the
neutral axis of the bolt group.

5.9.11 Damage Modeling

This section presents procedures for modeling various conditions of damage. In general,
damage results in anisotropic frame behavior with affected framing exhibiting different
hysteretic properties for loading in a positive direction, than it does for loading in the reverse
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direction. Except for nonlinear dynamic analyses, it is generally necessary to utilize multiple
models to represent these different behaviors, with loading applied in an appropriate direction for
each model.

5.9.11.1 Fully Restrained (FR) Connection Damage

Damaged type FR connections should be modeled in accordance with the guidelines of this
section. Refer to Chapter 2 for detailed descriptions of the various damage conditions.

» Connections with any one of type G3, G4, G7, C2, C4, C5, W2, W3, W4, P5, or P6 damage
at the bottom flange only or the top flange only may be modeled as undamaged for loading
conditions in which lateral loading will tend to place the fractured surfaces into compression.
For loading conditions in which the fracture is placed into tension, the connection should be
modeled as an undamaged simple shear tab connection, per Section 5.9.10.2.

» Connections with any combination of type G3, G4, G7, C2, C4, C5, W2, W3, W4, P5, or P6
damage at the top and bottom flanges should be modeled as an undamaged simple shear tab
connection, per Section 5.9.10.2 for loading in either direction.

» If any of the above conditionsis present in combination with shear tab damage, types S1, S2,
S3, H4, S5, or S6, then the connection should be modeled as a simple pin connection for both
directions of loading.

» Connections with type P7 damage should be modeled as follows. The beam and column
above the diagonal plane formed by the fracture should be assumed to be rigidly restrained to
each other. The beam and column below the diagonal plane formed by the fracture should
similarly be assumed to be rigidly restrained to each other. The two assemblies consisting of
therigidly restrained beam-column joint above and below the diagonal fracture should be
assumed to be unconnected for loading that places the fracture into tension and should be
assumed to be connected to each other with a“pin” for conditions of loading that place the
fracture into compression.

» Connections with type P9 damage and oriented as indicated in Figure 5-4 should be modeled
with the beams and columns below the fracture surface assumed to be rigidly connected.
The column above the fracture surface should be assumed to be unconnected for loading that
places the column into tension and should be assumed to be “pin” connected for loading that
places the column into compression. If the orientation of type P9 damage is opposite that
shown in Figure 5-4, then the instructions above for “top” and “bottom” columns should be
reversed.

5.9.11.2 Column Damage

e If acolumn hastype C1 or C3 damage in any flange, the column should be modeled as if
having a pinned connection (unrestrained for rotation) at that location for loading conditions
that induce tension across the fracture. The column may be modeled as undamaged for
loading conditions that produce compression across the fracture surfaces.
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Figure5-4 Type P9 Paned Zone Damage

» If acolumn hastype C7, column splice fracture damage, it should be assumed to be
unconnected across the splice for load conditions that place the column in tension and should
be assumed to have a*“ pin” connection for load conditions that place the columnin
compression.

» If acolumn hastype C6, buckling damage of aflange, the buckled length of the column
should be modeled with a separate el ement with flexural properties calculated using only
30% of the section of the buckled element.

5.9.11.3 Beam Damage

* Beamsthat have latera torsiona buckling, type G8, should be modeled with aflexural pin at
the center of the buckled region.

» Beamsthat have type G1, buckling damage of a flange should be modeled with the buckled
length of the beam represented by a separate element with flexural properties calculated
using only 30% of the section of the buckled flange.

5.9.11.4 Other Damage

Damage other than indicated in Sections 5.9.11.1, 5.9.11.2, or 5.9.11.3 need not be modeled
unlessin the judgment of the engineer, it results in significant alteration of the stiffness or load
distribution at the connection. In such cases, the engineer should use judgment in developing the
model such that it accurately reflects the behavior of the damaged elements.

5.10 Acceptance Criteria and Confidence Evaluation

A level of confidence with regard to the building’ s ability to provide Collapse Prevention
performance for arepeat of the original damaging ground motion should be determined. Each of
the parametersin Table 5-6 must be independently evaluated, using the procedures of Section
5.10.1 and the parameters and acceptance criteria of Sections 5.10.2, 5.10.3, and 5.10.4. The

5-40



Recommended Postearthquake Evaluation
and Repair Criteriafor Welded FEMA-352
Steel Moment-Frame Buildings Chapter 5: Level 2 Detailed Postearthquake Evaluations

controlling parameter is that which results in the calculation of the lowest confidence for
building performance.

Table5-6 Performance Parameters Requiring Evaluation of Confidence

Parameter Discussion

Interstory drift The maximum interstory drift computed for any story of the structure shall
be evaluated for global and local behaviors. Refer to Section 5.10.2

Column axial load The adequacy of each column to withstand the cal culated maximum
compressive demand for that column shall be evaluated. Refer to Section
5.10.3

Column splice tension The adequacy of column splices to withstand cal culated maximum tensile

demands for the column shall be evaluated. Refer to Section 5.10.4

5.10.1 Factored-Demand-to-Capacity Ratio

Confidence level is determined by first evaluating the factored-demand-to-capacity ratio A
given by the equation:

P AL (5-10)
oC

where:

=  capacity of the structure, asindicated in Sections 5.10.2, 5.10.3, and 5.10.4, for
interstory drift demand, column compressive demand and column splice tensile
demand, respectively,

D= caculated demand for the structure, obtained from the structural analysis,

y=  ademand variability factor that accounts for the variability inherent in the prediction
of demand related to assumptions made in structural modeling and prediction of the
character of ground shaking asindicated in Sections 5.10.2, 5.10.3, and 5.10.4, for
interstory drift demand, column compressive demand and column splice tensile
demand, respectively,

= ananaytical uncertainty factor that accounts for bias and uncertainty inherent in the
specific analytical procedure used to estimate demand as a function of ground
shaking intensity asindicated in Section 5.10.2, 5.10.3 and 5.10.4, for interstory drift
demand, column compressive demand and column splice tensile demand,
respectively,

@=  aresistance factor that accounts for the uncertainty and variability inherent in the
prediction of structural capacity as afunction of ground shaking intensity, as
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indicated in Section 5.10.2, 5.10.3 and 5.10.4, for interstory drift demand, column
compressive demand and column splice tensile demand, respectively, and

A= aconfidence index parameter from which alevel of confidence can be obtained. See
Table 5-7.

Factored-demand-to-capacity ratio A shall be calculated using Equation 5-10 for each of the
performance parameters indicated in Table 5-6, which also references the appropriate section of
this document where the various parameters, )4, y; and grequired to perform this evaluation may
be found. These referenced Sections 5.10.2, 5.10.3, and 5.10.4 also define an uncertainty
parameter 3,1 associated with the evaluation of globa and local interstory drift capacity, column
compressive capacity, and column splice tensile capacity, respectively. These uncertainties are
related to the building’ s configuration, the structural framing system (OMF or SMF), the type of
analytical procedure employed, and the performance level being evaluated. Table 5-7 indicates
the level of confidence associated with various values of the factored-demand-to-capacity ratio A
calculated using Equation 5-10, for various values of the uncertainty parameter ;1. Linear
interpolation between the values given in Table 5-7 may be used for intermediate values of
factored-demand-to-capacity ratio A and uncertainty .

Table5-7 Factored-Demand-to-Capacity Ratios A and Uncertainty By,
for Specific Confidence Levels

P;Jrn;nirettaeirn,tayn Factor ed-Demand-to-Capacity Ratios A
0.2 143 | 131|123 | 116 | 111 | 105 | 099 [ 0.93 | 0.86 | 0.79 | 0.70
0.3 184 | 162 | 147 | 1.35 | 125 | 1.16 | 1.07 | 0.97 | 0.85 | 0.76 | 0.63
0.4 249 | 210|184 | 165|149 | 135 | 121 | 1.06 | 0.89 | 0.77 | 0.59
0.5 354 | 286 | 244 | 212 | 1.87 | 165 | 1.43 | 1.22 | 0.99 | 0.82 | 0.59
0.6 530 | 410 | 338 | 286 | 246 | 212 | 1.79 | 148 | 1.14 | 0.91 | 0.62
ConfidenceLevel | 10 20 30 40 50 60 70 80 90 95 99

Commentary: In order to predict structural performance, these proceduresrely
on the application of structural analysis and laboratory test data to predict the
behavior of real structures. However, there are a number of sources of
uncertainty inherent in the application of analysis and test data to performance
prediction. For example, the actual strength of structural materials, the quality of
individual welded joints, and the amount of viscous damping present is never
precisely known, but can have impact on both the actual amount of demand
produced on the structure and its elements, and on the capacity of the elements to
resist these demands. If the actual values of all parameters that affect structural
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performance were known, it would be possible to predict accurately both demand
and capacity. However, thisis never the case. In these procedures, confidenceis
used as a measure of the extent to which predicted behavior islikely to represent
reality.

The extent of confidence inherent in a performance prediction isrelated to the
possible variation in the several factors that affect structural demand and
capacity, such as stiffness, damping, connection quality, and the analytical
procedures employed. In this project, evaluations were made of the potential
distribution of each of these factors and the effect of variation in these factors on
structural demand and capacity. Each of these sources of uncertainty in
structural demand and capacity prediction were characterized as part of the
supporting research for this project, by a coefficient of variation, 4,. The
coefficient 4yt isthetotal coefficient of variation, considering all sources of
uncertainty. It isused, together with other factors to calculate the demand and
resistance factors. It isassumed that demand and capacity are lognormally
distributed relative to these uncertainty parameters. This allows confidence to be
calculated as a function of the number of standard deviations that the factored-
demand-to-capacity ratio, A, lies above or below a mean value. Table 5-7
provides a solution for this calculation, using a value of 5.0 for the hazard
parameter, k, that is representative of the assumed regional seismicity during the
year following a major earthquake. Further information on this method may be
found in Appendix A.

5.10.2 Performance Limited by Interstory Drift Angle
5.10.2.1 Factored Interstory Drift Angle Demand

Factored interstory drift demand should be computed as the quantity, y)D, where the
demand D isthe largest interstory drift in any story, computed from structural analysis, j4 isthe
coefficient obtained from Table 5-8, and y is the coefficient obtained from Table 5-9.

Commentary: Several structural response parameters are used to evaluate
structural performance. The primary parameter used for this purposeis
interstory drift. Interstory drift is an excellent parameter for judging the ability
of a structure to resist P-4 instability and collapse. It isalso closely related to
plastic rotation, or drift angle, demand on individual beam-column connection
assemblies, and therefore a good predictor of the performance of beams, columns
and connections. For tall slender structures, a significant portion of interstory
drift isaresult of axial elongation (and shortening) of the columns. Although
modeling of the structure should account for this frame flexibility, that portion of
interstory drift resulting from axial column deformation in stories below the story
under consideration should be neglected in determining local connection
performance. Unfortunately, this portion of the interstory drift must be
determined manually as most computer programs do not separately calculate this
guantity.
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Table5-8 Interstory Drift Angle Analysis Demand Uncertainty Factors, Y,

Analysis Procedure LSP LDP NSP NDP

System Char acteristic

Type 1 Connections

Low Rise (<4 stories) 0.73 0.86 0.1 1.06
Mid Rise (4-12 stories) 1.05 1.32 1.02 1.19
High Rise (> 12 stories) 1.37 1.24 1.02 1.17

Type 2 Connections

Low Rise (<4 stories) 1.03 1.40 1.35 1.06
Mid Rise (4-12 stories) 1.25 1.70 1.46 111
High Rise (> 12 stories) 0.96 151 171 117

Table5-9 Interstory Drift Angle Demand Variability Factors, y,
Type 1 and Type 2 Connections

Building Height y

Type 1 Connections'

Low Rise (< 4 stories) 16
Mid Rise (4 stories— 12 stories) 14
High Rise (>12 stories) 20

Type 2 Connections

Low Rise (< 4 stories) 17
Mid Rise (4 stories— 12 stories) 20
High Rise (>12 stories) 26

Notes:

1- Type 1 connections are capable of resisting median total drift angle demands of 0.04
radians without fracture or strength degradation.

2-  Type 2 connections are capable of resisting median total drift angle demands of 0.01
radians without fracture or strength degradation. Generally, welded unreinforced
connections, employing weld metal with low notch toughness, typical of older steel
moment-frame buildings should be considered to be of thistype.
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5.10.2.2 Factored Interstory Drift Angle Capacity

Interstory drift capacity may be limited either by the global response of the structure, or by
the local behavior of beam-column connections. Section 5.10.2.2.1 provides values for global
interstory drift capacity for regular, well-configured structures. Global interstory drift capacities
for irregular structures must be determined using the detailed procedures of Appendix A.
Section 5.10.2.2.2 provides procedures for evaluating local interstory drift angle capacity, as
limited by connection behavior.

5.10.2.2.1 Global Interstory Drift Angle

Factored interstory drift capacity, ¢C, aslimited by global response of the building, shall be
based on the product of the resistance factor gand capacity C, which are obtained from Table
5-10, for connections with either Type 1 or Type 2 connections. Type 1 connections are capable
of resisting median total interstory drift angle demands of 0.04 radians without fracturing or
strength degradation. Type 2 connections are capable of resisting median total interstory drift
angle demands of 0.01 radian without fracturing or strength degradation. Welded unreinforced
moment-resisting connections with weld metal with low notch toughness should be considered
Type 2. Table 5-11 provides values of the uncertainty coefficient 4t to be used with global
interstory drift evaluation.

Table5-10 Global Interstory Drift Angle Capacity and Resistance Factors

Structure Type Interstory Drift Resistance factor
Capacity @

Type 1 Connections

Low Rise (< 4 stories) 0.10 0.85
Mid Rise (4 stories — 12 stories) 0.10 0.75
High Rise (>12 stories) 0.085 0.60

Type 2 Connections

Low Rise (< 4 stories) 0.10 0.75
Mid Rise (4 stories— 12 stories) 0.079 0.60
High Rise (>12 stories) 0.057 0.60
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Table5-11 Uncertainty Coefficient Ayt for Global Interstory Drift Evaluation

Building Connection Type
Height
Typel Type?2
Low Rise (3 storiesor less) 0.30 0.35
Mid Rise (4 —12 stories) 0.40 0.45
High Rise (> 12 stories) 0.50 0.55

Notes. 1- Vaue of £, should be increased by 0.05 for the linear static procedure.
2- Vaue of B, may be reduced by 0.05 for the nonlinear dynamic procedure.

5.10.2.2.2 Local Interstory Drift Angle

Factored interstory drift angle capacity, ¢C, limited by local connection response, shall be
based on the capacity of the connection, C, and resistance factor, ¢ obtained from Table 5-12,
for the connection types present in the building. Table 5-13 provides values of the uncertainty
coefficient £yt to be used with local interstory drift evaluation

Table5-12 Local Interstory Drift Angle Capacity and Resistance Factors

Connection Type Interstory Drift Capacity Resistance factor ¢
Pre-Northridge connection with low notch 0.053-0.0006d, 0.7
toughness weld metal
Pre-Northridge connection with notch tough 0.060-0.0006d, 0.85
weld metal (Note 1)

Shear tab connections 0.16-0.0036d;, 0.7
Post-Northridge connection intended for steel 0.04 0.85

moment-frame Service (Note 2)

Notes:
1. Weld metal with anotch toughness 40 ft —Ibs at anticipated service temperature
2. Many types of connections approved for steel moment-frame service in the post-Northridge period are
capable of better performance than this. Refer to FEMA-350, Recommended Seismic Design Criteria
for New Steel Moment-Frame Buildings for more detailed data.
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Table5-13 Uncertainty Coefficient Byt for Local Interstory Drift Evaluation

Building Connection Type
Height
Typel Type?2
Low Rise (3 storiesor less) 0.30 0.35
Mid Rise (4 —12 stories) 0.35 0.40
High Rise (> 12 stories) 0.40 0.40

Notes. 1- Value of B, should be increased by 0.05 for linear static analyses.
2- Vaue of B, may be reduced by 0.05 for nonlinear dynamic analyses.

5.10.3 Performance Limited by Column Compressive Capacity
5.10.3.1 Column Compressive Demand

Factored column compressive demand shall be determined for each column as the quantity
y)D, where:

D = the compressive axial load on the column determined as the sum of Dead L oad, 25% of
unreduced Live Load, and Seismic Demand. Seismic Demand shall be determined by
either of the following four analysis methods:

Linear: The axial demands may be taken as those predicted by alinear
static or linear dynamic analysis, conducted in accordance with
Section 5.8.2 or 5.8.3 of these Recommended Criteria.

Plastic: The axial demands may be taken based on plastic analysis, as
indicated by Equation 5-4 of Section 5.8.2.3.5 of these
Recommended Criteria.

Nonlinear Static: The axial demands may be taken based on the computed forces
from anonlinear static analysis, at the target displacement, in
accordance with Section 5.8.4 of these Recommended Criteria.

Nonlinear Dynamic: The axial demands may be taken based on the computed design
forces from anonlinear dynamic analysis, in accordance with
Section 5.8.5 of these Recommended Criteria.

Jo= Anaytical demand uncertainty factor, taken from Table 5-14.
y= Demand variability factor, taken as having avalue of 1.1.

The uncertainty coefficient 4,7 shall be taken as indicated in Table 5-14 based on the
procedure used to cal culate column compressive demand D.

5-47



FEMA-352
Chapter 5: Level 2 Detailed Postearthquake Evaluations

Recommended Postearthquake Evaluation

and Repair Criteriafor Welded
Steel Moment-Frame Buildings

Table5-14 AnalysisUncertainty Factor )4 and Total Uncertainty Coefficient B, for

Evaluation of Column Compressive Demands

Analytical Procedure Analysis Uncertainty Total Uncertainty
Factor y, Coefficient Bt
Linear static or dynamic analysis 115 0.35
Plastic analysis (Section 4.4.3.3.6) 1.0 0.15
Nonlinear static analysis 1.05 0.20
Nonlinear dynamic analysis elAﬁz \/m

Note: 3 may be taken as the coefficient of variation of the axial |oad values determined from the suite of
nonlinear analyses.

Commentary: The value of y has been computed assuming a coefficient of
variation for axial load values resulting from material strength variation and
uncertainty in dead and live loads of 15%. The values of y; have been calculated
assuming coefficients of variation of 30%, 0% and 15% related to uncertainty in
the analysis procedures for linear, plastic and nonlinear static analyses,
respectively. In reality, for structuresthat are stressed into the inelastic range,
elastic analysis will typically overestimate axial column demands, in which case,
avalue of 1.0 could be used. However, for structures that are not loaded into the
inelastic range, the indicated value is appropriate. Plastic analysiswill also
typically result in an upper bound estimate of column demand, and application of
additional demand factorsis not appropriate. For nonlinear dynamic analysis,
using a suite of ground motions, direct calculation of the analysis demand factor
is possible, using the equation shown. All of these demand factors are based on a
hazard parameter k, having a value of 5.0, representative of the assumed
seismicity for the immediate postearthquake period.

5.10.3.2 Column Compressive Capacity

Factored compressive capacity of each individual column to resist compressive axial loads
shall be determined as the product of the resistance factor, ¢ and the nominal axial strength of
the column, C, which shall be determined in accordance with the AISC Load and Resistance
Factor Design Specification. Specifically, for the purposes of this evaluation, the effective length
coefficient k shall be taken as having avalue of 1.0 and the resistance factor gshall be assigned a
value of 0.90.

5.10.4 Column Splice Capacity

The capacity of column tensile splices, other than splices consisting of complete joint
penetration (CJP) butt welds of all elements of the column (flanges and webs) shall be evaluated
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in accordance with this section. Column splices consisting of CJP welds of all elements of the
column, and in which the weld filler metal has a minimum notch toughness of 40 ft-lbs at the
lowest anticipated service temperature, need not be evaluated.

5.10.4.1 Column Splice Tensile Demand

Factored column splice tensile demand shall be determined for each column as the quantity
y)D, where D is the column splice tensile demand. Column splice tensile demand shall be
determined as the computed Seismic Demand in the column, less 90% of the computed Dead
Load demand. Seismic Demand shall be as determined for column compressive demand, in
accordance with Section 5.10.3.1. The demand variability factor yshall be taken as having a
value of 1.05 and the analysis uncertainty factor )4 shall be taken asindicated in Table 5-14. The
total uncertainty coefficient 4,1 shall also be taken asindicated in Table 5-14.

5.10.4.2 Column Splice Tensile Capacity

The capacity of individual column splicesto resist tensile axial loads shall be determined as
the product of the resistance factor, ¢ and the nominal tensile strength of the splice, C, as
determined in accordance with the AISC Load and Resistance Factor Design Specification.
Specifically, Chapter J shall be used to calculate the nominal tensile strength of the splice
connection. For the purposes of this evaluation, gshall be assigned a value of 0.85.

5.11 Evaluation Report

Regardless of the level of evaluation performed, the responsible structural engineer should
prepare awritten evaluation report and submit it to the owner upon completion of the evaluation.
When the building official has required evaluation of a steel moment-frame building, this report
should also be submitted to the building official. This report should directly, or by attached
references, document the inspection program that was performed, and provide an interpretation
of the results of the inspection program and a general recommendation as to appropriate repair
and occupancy strategies. The report should include but not be limited to the following material:

* Building address

* A narrative description of the building, indicating plan dimensions, number of stories, total
sguare feet, occupancy, and the type and location of lateral-force-resisting el ements. Include
adescription of the grade of steel specified for beams and columns and, if known, the type of
welding (e.g., Shielded Metal Arc Welding, or Flux-Cored Arc Welding) present. Indicate if
moment connections are provided with continuity plates. The narrative description should be
supplemented with sketches (plans and evaluations) as necessary to provide a clear
understanding of pertinent details of the building’s construction. The description should
include an indication of any structural irregularities as defined in the Building Code.

* A description of nonstructural damage observed in the building.

* An estimate of the ground shaking intensity experienced by the building, determined in
accordance with Section 5.7.
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* A description of the inspection and evaluation procedures used, including the signed
inspection forms for each individual inspected connection.

» A description, including engineering sketches, of the observed damage to the structure as a
whole (e.g., permanent drift) aswell as at each connection, keyed to the damage typesin
Chapter 5; photographs should be included for all connections with significant visible
damage.

» Calculations demonstrating the determination of a confidence level with regard to the
building’ s ability to resist collapse in the immediate postearthquake period.

* A summary of the recommended actions (repair and modification measures and occupancy
restrictions).

The report should include identification of any potentially hazardous conditions that were
observed, including corrosion, deterioration, earthquake damage, pre-existing rejectable
conditions, and evidence of poor workmanship or deviations from the approved drawings. In
addition, the report should include an assessment of the potential impacts of observed conditions
on future structural performance. The report should include the Field Inspection Reports of
damaged connections (visual inspection and nondestructive testing records, data sheets, and
reports), as an attachment, and should bear the seal of the structural engineer in charge of the
evaluation.

The nature and scope of the evaluations performed should be clearly stated in
the structural engineer’ s written evaluation report. If the scope of evaluation does
not permit an informed judgment to be made as to the extent with which the
building complies with the applicable building codes, or asto a statistical level of
confidence that the damage has not exceeded an acceptable damage threshold,
this should be stated .
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6. POSTEARTHQUAKE REPAIR

6.1 Scope

This section provides criteria for structural repair of earthquake damage. Repair constitutes
any measures taken to restore earthquake damaged elements of the building, including individual
members or their connections, or the building as a whole, to their original configuration,
strength, stiffness and deformation capacity. It does not include routine correction of non-
conforming conditions resulting from the original construction or upgrades intended to result in
improvement in future seismic performance of the building. Repair must typically be performed
under a building permit, requiring submittal, to the building department of construction
documents, inspection and testing reports.

Sections 6.2 through 6.3 provide recommended methods of repair for various types of
damage. These recommendations are not intended to be used for the routine repair of
construction non-conformance commonly encountered in fabrication and erection work.
Industry standard practices are acceptable for such repairs. Recommendations for assessment of
the seismic performance capability of existing buildings and upgrade of buildings to improve
performance capability may be found in a companion publication, FEMA-351, Recommended
Seismic Evaluation and Upgrade Criteria for Existing Welded Steel Moment-Frame Buildings.

Commentary: Based on the observed behavior of actual buildingsin the
Northridge earthquake, as well as recent test data, welded steel moment frame
buildings constructed with the typical detailing and construction practice
prevalent prior to 1994 do not have the deformation capacity they were presumed
to possess at the time of their design and therefore present significantly higher
risks than was originally thought. When these buildings are damaged or have
latent construction defects, thisriskis higher still.

Based on limited testing, it is believed that the repair recommendations
contained in these Recommended Criteria can be effective in restoring a
building's pre-earthquake condition, and to the extent that the detailing,
wor kmanship and materials of repair work are superior to the original
construction, provide some marginal improvement in seismic performance
capability. This does not imply, however, that the repaired building will be an
acceptable seismic risk. Asa minimum, it should be assumed that buildings that
are repaired, but not upgraded, can sustain similar and possibly more severe
damage in future earthquakes than they did in the present event. If thisis
unacceptable, either to the owner or the building official, then the building should
be upgraded to provide improved future performance. Seismic upgrade can
consist of local reinforcement of individual moment connections, column splices
and other critical connections, aswell as alteration of the basic lateral-force-
resisting characteristics of the structure through addition, for example, of braced
frames, shear walls, base isolation, and energy dissipation devices. Performance
evaluation and structural upgrade are beyond the scope of these Recommended
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Criteria. Criteria for performance evaluation and structural upgrade may be
found in a companion document, FEMA-351, Recommended Seismic Evaluation
and Upgrade Criteria for Existing Welded Steel Moment-Frame Buildings.

6.2 Shoring and Temporary Bracing
6.2.1 Investigation

Prior to engaging in repair activity, the structural engineer should investigate the entire
building and perform an evaluation to determine if any imminent collapse or life-safety hazard
conditions exist and to determine if the structure as a whole provides adequate stability to
safeguard life during the repair process. The Level 2 evaluation process of Chapter 5 is one
method of confirming both the building’s global structural stability, and the ability of individual
connections to withstand ground shaking. Where hazardous conditions or lack of stability are
detected, shoring and or temporary bracing should be provided prior to commencement of any
repairs.

Commentary: In projects relating to construction of new buildings, it is common
practice to delegate all responsibility for temporary shoring and bracing of the
structure to the contractor. Such practice may not be appropriate for severely
damaged buildings. The structural engineer should work closely with the
contractor to define shoring and bracing requirements. Some structural
engineers may wish to perform the design of temporary bracing systems. If the
contractor performs such design, the structural engineer should review the
designs for adequacy and potential effects on the structure prior to
implementation.

6.2.2 Special Requirements

Conditions that may become collapse or life-safety hazards during the repair operations
should be considered in the development of repair details and specifications, whether they
involve the damage area directly or indirectly. These conditions should be brought to the
attention of the contractor by the structural engineer, and adequate means of shoring these
conditions should be developed. Consideration should be given to sequencing of repair
procedures for proper design of any required shoring. For column repair details that require
removal of 20% or more of the damaged cross section, consideration should be given to the need
for shoring to prevent overstress of elements due to redistribution of loads.

Commentary: In general, contractorswill not have adequate resources to define
when such shoring is necessary. Therefore, the Contract Documents should
clearly indicate when and where shoring isrequired. Design of this shoring may
be provided by the structural engineer, or the contract documents may require
that the contractor submit a shoring design, prepared by another registered
structural engineer, to the structural engineer for review.
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6.3 Repair Details

The scope of repair work should be shown on drawings and specifications prepared by a
structural engineer. The drawings should clearly indicate the areas requiring repair, as well as all
repair procedures, details, and specifications necessary to properly implement the proposed
repair. Sample repair details for various types of damage are included in these recommended
criteria, for reference, only.

Commentary: Examples of repair details are provided for some classes of
damage, based on approaches successfully performed in the field following the
1994 Northridge earthquake. Limited testing indicates these repair methods can
be effective. Details are not completein all respects and should not be used
verbatim, as construction documents. Many repairswill require the application
of more than one operation, as represented by a given detail. The sample details
indicated may not be directly applicable to specific repair conditions. The
structural engineer is cautioned to thoroughly review the conditions at each
damaged element, connection or joint, and to determine the applicability and
suitability of these details based on sound structural engineering judgment, prior
to employing them on projects.

In typical practice for construction of new buildings, the selection of means
and methods used to construct design details are typically left to the contractor.
In structural repair work, the members are typically under greater load and also
restraint during the fabrication and erection process than is common in new
construction. Therefore, the typical construction practices may not be
appropriate and many contractors may not have the knowledge or experience to
select appropriate methods for repair work. As a result, much greater
specification of means and methods is recommended than is common in new
construction. Although it is recommended that the engineer provide such
specification as part of the construction documents, the engineer should also be
open to suggestions for alternative procedures if the contractor desiresto submit
such procedures. If thereis doubt asto the ability of alternative procedures to
provide acceptable construction, a full-scale mock-up test of the proposed
procedure should be considered.

6.3.1 Approach

Based on the nature and extent of damage several alternative approaches to repair should be
considered. Repair approaches may include, but should not be limited to:

* replacement of damaged portions of base metal (i.e. column and beam section),
» replacement of damaged connection elements,
* replacement of connection welds, or

* repairs to portions of any of the aforementioned components.
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Any or all of these techniques may be appropriate. The approaches used should consider
adjacent structural components that may be affected by the repair or the effects of the repair.

Where base material is to be removed and replaced with plates or shapes, clear direction
should be given to orient the new material with the direction of rolling parallel to the direction of
application of major axial loads to be resisted by the section.

6.3.2 Weld Fractures - Type W Damage

Prior to repair of fractures or rejectable defects in welds, sufficient material should be
removed to completely eliminate any existing discontinuity or defect in the weld metal and if
applicable, adjacent base material. Nondestructive Testing should be used to determine the
extent of fracture or defect present and sufficient material should be removed to encompass the
damaged area. It is suggested that material removal extend 2 inches beyond the apparent end of
the fracture or defect. Simple fillet welds may be repaired by back gouging to eliminate unsound
weld material and replacement of the damaged weld with sound material. Complete joint
penetration (CJP) welds fractured through the full thickness should be replaced with sound
material deposited in strict accordance with an appropriate Welding Procedure Specification
(WPS) and the project specifications. Weld backing, existing end dams, and weld tabs should be
removed from all welds that are being repaired. End dams should not be permitted in new work.
After backing and tab elements are removed, the weld root should be back gouged to sound
material, re-welded and a reinforcing fillet added.

The structural engineer is cautioned to observe the provisions of AISC regarding intermixing
of weld metals deposited by different weld processes (see AISC LRFD Manual of Steel
Construction, second edition, page 6-77, and the 1989 AISC ASD Steel Construction Manual,
ninth edition, page 5-69). As an example, E7018 shielded metal arc welding (SMAW)
electrodes should not be used to weld over self-shielded flux cored arc welding (FCAW-S)
deposits, unless appropriate precautions are taken (FEMA 355b). Typically, three to four passes
of E7018 or similar notch tough filler metal should be deposited to ensure that the underlying
FCAWS-S filler metal has not degraded the overlying notch tough filler metal. Removed weld
material from fractures not penetrating the full weld thickness should be replaced in the same
manner as full thickness fractures. For other types of W damage, existing backing, end dams,
and weld tabs should also be removed in a like manner to CJP weld replacement. Table 6-1
provides an index to suggested repair details for type W damage.

Table6-1 ReferenceDetailsfor Type W Damage

Damage or Defect Class Figure
Rejectable defects at weld root Figure 6-1, Figure 6-2
W2 Figure 6-3
W3 Figure 6-3
w4 Figure 6-3
W5 Figure 6-3
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Fxisting column flange

Fxisting beam flange

|

!
\Feﬂww&/ backing

20°Mn, Reweld & reinforce
Arc - Oauge w/ fllet
1/ 47 radys min,

Notes:

1. Remove existing backing.
Taper the depth of grinding or air arc gouging at each end to the face of flange with a minimum 2:1
(horizontal/vertical) taper. Provide a minimum root radius of 4".

3. Grind all surfaces on which weld metal will be deposited. Surfaces should be smooth, uniform and free from
fins, tears, fractures and other discontinuities that would adversely affect weld strength.

4. A fillet weld should be applied to reinforce the joint. The size of the reinforcing fillet should be equal to 1/4 of
the beam flange thickness, but not less than 1/4". It need nor be more than 3/8".

5. On joints to be repaired, remove all remaining weld tabs and excess weld metal beyond the length of the joint
and grind smooth. Imperfection less than 1/16" should be removed by grinding. Repair as necessary.

Figure6-1 Gouge and Re-weld of Root Defect or Damage

Existing colmm flange
\</ Air-arc gouge \/ Coneld
/ Existing beam flange '/

|

|
\FGMQWJ backing “i
\/ \/ Packaqouge, repair and

reforce per Fiqure &,

Notes:

1. Remove the entire fracture plus 1/8” of sound metal beyond each end.
2. For additional notes, refer to Figure 6-1

Figure6-2 Gouge and Re-weld of Fractured Weld
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Existing colmn Aange

Air-arc gage
Keweld

Existing beam flange

Aol
\ Kemove backing after

completing top welding,
ckaowge, repair an
renforee, per Figure 61,

AV

For notes see Figure 6-1 and 6-2.

Figure 6-3 Backgouge and Reweld Repair

Commentary: Flux-cored arc-welding (FCAW-S) utilizes approximately 1-2%
aluminum in the electrode to protect the weld from mixing with atmospheric
nitrogen and oxygen. By itself, aluminum can reduce the toughness and ductility
of weld metal. The design of FCAW-S electrodes requires the balance of other
alloysin the deposit to compensate for the effects of aluminum. Other welding
processes rely on fluxes and/or gasses to protect the weld metal from the
atmosphere, relieving them of any requirement to contain aluminum or other
elements that offset the effects of aluminum. If the original weld that is being
repaired consists of FCAW-S and subsequent repair welds are made with
shielded-metal arc-welding, SMAW (stick), using E7018, for example, the SMIAW
arc will penetrate into the FCAW-S deposit, resulting in the addition of some
aluminum into the SMAW deposit. The notch toughness and/or ductility of the
resultant weld metal may be substantially reduced as compared to pure E7018
weld metal, based on the depth of penetration into the FCAW-S material.

Various types of FCAW-S el ectrodes may be mixed one with the other without
potentially harmful effect. Further, notch tough FCAW-S may be used to weld
over other types of weld deposits without potentially harmful interaction. The
structural engineer could specify all repairs on FCAW-S deposits be made with
FCAW-S. Alternatively, intermixing of FCAW-Sand other processes could be
permitted provided the subsequent composition is demonstrated to meet material
specification requirement, or adequate layers of reinforcing notch-tough filler
metal are installed to avoid segregation (FEMA 355B).

The recommendations contained in Chapters 3, 4, and 5 for inspection and
evaluation of damaged buildings do not require extensive nondestructive
examination of welds to detect defects or fractures that are not detectable by
visual inspection but are rejectable under the AWSD1.1 provisions.
Nevertheless, it islikely that in the course of performing inspection and repair
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work, some such rejectable conditions will be found. It isrecommended that any
such detected conditions be repaired as part of the overall building repair
program, astheir presence in welds make the welds significantly more vulnerable
to future fracturing under loading, particularly if the welds are composed of
material with limited notch toughness.

In the past, there has been considerable disagreement as to whether or not
small cracks and defects at the root of a weld are earthquake damage or not.
Proper observation by knowledgeabl e persons can reveal whether a root defect is
a dlag inclusion or lack of fusion, both conditions relating to the original
construction, or an actual crack. It should be noted that cracks may not
necessarily be caused by the building’ s earthquake response. Some cracking
invariably occurs in structures during the erection process as a result of residual
stress conditions and thermal stresses. It is almost impossible to distinguish such
cracks from those caused by an earthquake. Through detailed examination of the
fracture surface for evidence of oxidation or other signs of age it may be possible
to obtain clues asto when a crack initiated. Many researchers believe that the
low toughness weld metal commonly used in construction prior to 1994 was
incapable of arresting an earthquake induced fracture, onceit initiated in a joint
and that small cracks that do not penetrate through the metal are unlikely to be
earthquake related. However, there have been reports from laboratory testing
that indicate that small cracks do formin the weld metal and arrest prior to
development of unstable fracture conditions, even in low-toughness weld metals.
Therefore, without detailed examination of an individual fracture by
knowledgeabl e individuals, no conclusive statement can be made as to whether
weld cracking is earthquake induced.

6.3.3 Column Fractures - Types C1to C5and P1to P6

Any column fracture observable with the naked eye or found by NDT and classified as
rejectable in accordance with the AWS D1.1 criteria for Static Structures should be repaired.
Repairs should include removing the fracture such that no sign of rejectable discontinuity or
defect within a six (6) inch radius around the fracture remains. Removal should include
eliminating any zones of fracture propagation, with a minimum of heat used in the removal
process. Following removal of material, magnetic particle testing (MT) and/or Liquid Dye
Penetrant testing (PT) should be used to confirm that all fractured material has been removed.
Repairs of removed material may consist of replacement of portions of column section, build-up
with weld material where small portions of column were removed, or local replacement of
removed base metal with weld material. Procedures of weld fracture repair should be applied to
limit the heat-affected area and to provide adequate ductility to the repaired joint. Table 6-2
indicates representative details for these repairs. In many cases, it may be necessary to remove a
portion of the girder framing to a column, in order to attain necessary access to perform repair
work, per Figure 6-4. Refer to Section 6.3.5 and Figures 6-9 and 6-10 for repair of girders, or if
access is restricted, as an alternative beam repair method.
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1T Kemove Shear 12b

Keplace ypon completion

o New web plate
8: "/I< #//fc%gf =tw+ /85"

— .
Inl \;r
tw

5%0@ Beam

Kemove portion of existing beam,
Frovide minimum 27 radius,

Figure6-4 Temporary Removal of Beam Section for Access

When the size of divot (type C2) or transverse column fractures (types C1, C3, C4) dictate a
total cut-out of a portion of a column flange or web (types P6, P7), the replacement material
should be ultrasonically tested in accordance with ASTM A578-92, Straight-Beam Ultrasonic
Examination of Plane and Clad Steel Plates for Special Applications, in conjunction with AWS
K6.3 Shearwave Calibration. Acceptance criteria should be that of Level III. The replacement
material should be aligned with the rolling direction matching that of the column.

Table6-2 ReferenceDetailsfor Type C and P Damage

Damage Class Figure
Beam Access Figure 6-4
Cl Figures 2-3, 6-4, 6-5
C2 Figures 2-3, 6-4, 6-6
C3 Figures 2-3, 6-4, 6-5
C4 Figures 2-3, 6-4, 6-5
C5 Figures 2-3, 6-4, 6-6
P1 Figure 2-6; remove, prepare, replace
P2 Figure 2-6; arc-gouge and reweld
P4 Figure 2-6; arc-gouge and reweld
P5 Figures 2-6, 6-7
P6 Figures 2-6, 6-7
P7 Figures 2-6, 6-7
P8 Figures 2-6, 6-8

Commentary: Special attention should be given to conditions where more than
20% of the column cross section will be removed at one time, as special
temporary shoring may be warranted. In addition, care should be taken when
applying heat to a flange or web containing a fracture, as fractures have been
observed to propagate with the application of heat. This can be prevented by
drilling a small diameter hole at the end of the fracture, to prevent it from
running.
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¢

/ DGackamage and reweld

Fortion of Existing
cam Hange removed

Weld access hole

in calimn web %
IR
per AWG L1/

section 2,25,
and Flgure 22

Notes:

1. Investigate extent of fracture by UT to confirm that fractures are contained with the 45 degree angle zone
of a standard pre-qualified CJP groove weld as defined in Figure 2.4, AWS D1.1, Joint Designation
B-U4a-G

2. Provide 10° bevel on lower flange plate, to channel slag out of joint.

3. Grind all surfaces upon which weld metal will be deposited to smooth, uniform surface.

Figure 6-5 Backgouge and Reweld of Column Flange

—V
< >

Weld access
hole and
backing————=> I:_ A/ew ﬂaﬁqf
s 5p lce plate L
S
s
N
N
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(l_|)

ﬁ

—

Note:  Provide new flange plate material of the same strength, and width as the existing column flange. Align
rolling direction of plate with that of column flange. New plate should be of the same thickness as the
existing flange with a tolerance of —0"/+Y4". The welding should be sequenced to connect the column
flange to new flange plate welds prior to welding the column web to new flange plate. Bevel the lower
edge of the column flange, and upper edge of the splice plate down 10°, to channel slag out of joint.

Figure6-6 Replacement of Column Flange Repair
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Calumn Wfﬁb\ | Ladbler Plate

Typical

Oy v

/\

Web with Dobler Flate Web withaut Dabler Flate

Notes:

1. Prepare fractured section of doubler by air-arc gouging, grinding and rewelding, using web as backing.
2. Prepare fractured section of web by air-arc gouging, grinding and rewelding, using doubler as backing or
backgouge and reweld from reverse side, if no doubler present.

Figure6-7 Reweld Repair of Web plate and Doubler plate

y &

N
7 P
1

\

\\ Flange removal and replacement

per Figure -6, i required

I~
= il scess holes 25 required

for weld terminations
Notes:

1. Sequence removal of portions of column and provide shoring as required to safely support existing column
loads.

2. Thickness of new web plate to match existing column web (tolerance —0"/+5").

Figure 6-8 Alternative Column Web Repair - Columnswithout Doubler Plates
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6.3.4 Column Splice Fractures - Type C7

Any fractures detected in column splices should be repaired by removing the fractured
material and replacing it with sound weld material. For partial joint penetration groove welds,
remove up to one half of the material thickness from one side and replace with sound material.
Where complete joint penetration groove welds are required, it may be preferable to provide a
double bevel weld, repairing one half of the material thickness completely prior to preparing and
repairing the other half. Alternatively, if calculations indicate that column loads may safely be
resisted with the entire section of column flange removed, or if suitable shoring is provided, it
may be preferable to use a single bevel weld.

Commentary: Special attention should be given to these conditions, as the
removal of material may require special temporary shoring. Also, since partial
penetration groove welds can serve as fracture initiators in tension applications,
consideration should be given to replacing such damaged splice areas with
complete joint penetration welds (see Figures 6-5 and 6-6). Also, the addition of
flange plates to the outside face of each flange may be considered.

6.3.5 Girder Flange Fractures - Type G3to G5

Repair of fractures in girder flanges may be performed by several methods. One method is to
remove the fracture by air arc gouging such that no sign of discontinuity or defect within a six
(6) inch radius around the fracture remains, preparing the surface by grinding and welding new
material back. Alternatively, damaged portions of the girder flange may be removed and
replaced with new plate as shown in Figure 6-9 or Figure 6-10.

Commentary: Due to accessibility difficulties or excessive weld build-up
requirements, it may become necessary to remove a portion of the girder flange to
properly complete the joint repair. A minimum of six inches of girder flange may
be removed to facilitate the joint repair, with the optimum length being equal to
the flange width. After removal of the portion of flange, the face of column and
cut edge of girder flange may then be prepared to receive a splice plate matching
the flange in grade and width. Thickness should be adjusted as required to make-
up the depth of the girder web and fillet removed as part of the preparation
process.

In the case of restricted access on one side of the beam (facade interference)
it may be advantageous to make the plate narrower than the beam flange and
perform all welding overhead. A CJP weld and fillet weld should be used to
connect the plate to the column flange and beam flange, respectively.

It is recommended that a double bevel joint be utilized in replacing the
removed plate to eliminate the need for backing, consequently also eliminating
the need for removal of the backing upon joint completion. A suggested joint
detail isa B-U3/TC-U5, per AWSD1.1, with 1/3 tgange t0 2/3 tfange bEVEIS ON the
plate. The web of the girder should be prepared at the column and butt weld
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areasto allow welding access. Weld tabs may be used at the column and beam
flange butt welds, but should be removed following joint completion. The weld
between the splice plate and the column flange should be completed first. If a
double bevel weld is selected, the welder may choose to weld the first few passes
from one face, then backgouge and weld from the second side. This may help to
keep the inter pass temperature below the maximum without down time often
encountered in waiting for the weld to cool.

V\_
Weld access
hole
D (N
//\7/;‘Wr Z/i/ijg%giﬁé
New beam fange plate
Typ .

Notes:

1. New plate thickness to match beam flange thickness + height of removed web fillet.
2. Weld sequence: (a) weld of new flange plate to column; (b) weld of flange plate stiffeners to web and flange
plate; (c) weld of new flange plate to beam flange; (d) weld of stiffener plate to beam flange and web.

Figure 6-9 Beam Flange Plate Replacement

*‘/\;¥ .

N

New beam flange plate

—— Y

Figure 6-10 Alternative Beam Flange Plate Replacement
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6.3.6 Buckled Girder Flanges - Type G1

Where the top or bottom flange of a girder has buckled, and the rotation between the flange
and web is less than or equal to the mill rolling tolerance given in the 1989 or 1994 AISC
Manual of Steel Construction the flange need not be repaired. Where the angle is greater than
mill rolling tolerance, repair should be performed and may consist of adding full height stiffener
plates on the web over each portion of buckled flange, contacting the flange at the center of the
buckle, (Figure 6-11) or using heat straightening procedures. Another available approach is to
remove the buckled portion of flange and replace it with plate, similar to Figures 6-9 and 6-10.

A\ r S

\

\\/\/KW stiflencr plates

cach side,

LA é/afe = fych

Note:  Provide stiffeners at beginning of buckle and at center of buckle

Figure6-11 Addition of Stiffenersat Buckled Girder Flange

Commentary: Should flange buckling occur on only one side of the web, and the
buckle repair consists of adding stiffener plates, only the side that has buckied
need be stiffened. In case of partial flange replacement, special shoring
requirements should be considered by the design engineer.

6.3.7 Buckled Column Flanges - Type C6

Any column flange or portion of a flange that has buckled to the point where it exceeds the
rolling tolerances given in the AISC Manual of Steel Construction should be repaired. Flange
repair may consist either of flame straightening or of removing the entire buckled portion of the
flange and replacing it with material with yield properties similar to the actual yield properties of
the damaged material similar to Figure 6-6. If workers with the appropriate skill to perform
flame straightening are available, this is the preferred method.

Commentary: For flange replacement, shoring is normally required. This
shoring should be designed by the structural engineer, or may be designed by the
contractor provided the design is reviewed by the structural engineer.
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Flame straightening can be an extremely effective method of repairing
buckled members. It is performed by applying heat to the member in a triangular
pattern, in order to induce thermal strains that straighten the member out. Very
large bends can be straightened by this technique. However, the practice of this
technique is not routine and there are no standard specifications available for
controlling the work. Consequently, the success of the technique is dependent on
the availability of workers who have the appropriate training and experience to
perform the work. During the heat application process, the damaged member is
locally heated to very high temperatures. Consequently, shoring may be required
for members being straightened in this manner.

A number of references are available that provide more information on this
process and its applications, published by AISC and others (Avent, 1992;
Shonafelt and Horn, 1984)

6.3.8 Gravity Connections

Connections not part of the lateral force-resisting system may also be found to require repair
due to excessive rotation or demand caused by distress of the lateral-force-resisting system.
These connections should be repaired to a capacity at least equivalent to the pre-damaged
connection capacity. Shear connections that are part of the lateral-force-resisting system should
be repaired in a similar manner, with special consideration given to the nature and significance
of the overall structural damage.

Commentary: Testing of typical gravity shear connections conducted as part of
the research performed in support of the development of these Recommended
Criteria indicates that shear tab connections are capable of sustaining very large
rotation demands without compromise of their gravity load carrying capacity
(FEMA-355D). These connections tend to degrade in strength only when the
imposed rotation becomes large enough to induce contact between the beam
flange and the adjacent member. Once this contact occurs, rotational resistance
of the connection stiffens substantially with large forces generated both through
bearing of the beam flange against the adjacent member and as an axial force
transmitted through the shear tab. The resulting forces can compromise, the
bolts, the weld of the shear tab to the supporting member or the shear tab itself.
Such behavior has not occurred in laboratory testing until connection rotationsin
excess of 0.1 radians were achieved.

6.3.9 Reuse of Bolts

Bolts in a connection displaying bolt damage or plate slippage should not be re-used, except
as indicated herein. As indicated in the AlSC Specification for Sructural Joints using ASTM
A325 or A490 Bolts (AISC, 1985), A490 bolts and galvanized A325 bolts should not be re-
tightened and re-used under any circumstances. Other A325 bolts may be reused if determined
to be in good condition. Touching up or re-tightening previously tightened bolts which may
have been loosened by the tightening of adjacent bolts need not be considered as reuse provided




Recommended Postearthquake Evaluation
and Repair Criteria for Welded FEMA-352
Steel Moment-Frame Buildings Chapter 6: Postearthquake Repair

the snugging up continues from the initial position and does not require greater rotation,
including the tolerance, than that required by Table 5 of the AISC Specification.

Commentary: Proper performance of high strength bolts used in dlip critical
applications requires proper tensioning of the bolt. Although a number of
methods are available to ensure that bolts are correctly tensioned, the most
common methods relate to torquing of the nut on the bolt. When a bolt has been
damaged, the torquing characteristicswill be altered. Asaresult, damaged bolts
may either be over-tightened or under-tightened, if reinstalled. The threads of
ASTM A490 bolts and galvanized ASTM A325 bolts become dlightly damaged
when tightened, and consequently, should not be reused. To determineif an
ungalvanized ASTM A325 bolt is suitable for re-use, a nut should be run up the
threads of the bolt. If this can be done smoothly, without binding, then the bolt
may be re-used.

6.3.10 Welding Specifications

Welded repairs involving thick plates and conditions of high restraint should be specified
with caution. These conditions can lead to large residual stresses and in some cases, initiation of
cracking before the structure is loaded. The potential for problems can be reduced by specifying
appropriate joint configurations, welding processes, control of preheat, heat input during welding
and cooldown, as well as selecting electrodes appropriate to the application. Engineers who do
not have adequate knowledge to confidently specify these parameters should seek consultation
from a person with the required expertise.

6.4 Preparation
6.4.1 Welding Procedure Specifications

A separate Welding Procedure Specification (WPS) should be established for every different
weld configuration, welding position, and material specification. The WPS is a set of focused
instructions to the welders and inspectors stating how the welding is to be accomplished. Each
type of weld should have its own WPS solely for the purpose of that weld. The WPS should
include instructions for joint preparation based on material property and thickness, as well as
welding parameters. Weld process, electrode type, diameter, stick-out, voltage, current, and
interpass temperature should be clearly defined. In addition, joint preheat and postheat
requirements should be specified as appropriate, including insulation guidelines if applicable.
The WPS should also list any requirements that are mandated by the project specification. Two
categories of qualified welding procedures are given in AWSD1.1. These are pre-qualified
welding procedures and qualified-by-test welding procedures. Regardless of the type of
qualification of a proposed welding procedure, a WPS should be prepared by the contractor and
reviewed by the structural engineer responsible for the repairs.

Commentary: Preparation of the WPSis normally the responsibility of the
fabricator/erector. Sample formats for WPS preparation and submission are
included in AWSD1.1. Some contractorsfill out the WPS by inserting references
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to the various AWS D1.1 tables rather than the actual data. This does not meet
the intent of the WPS, which isto provide specific instructions to the welder and
inspector on how the weld isto be performed. The actual values of the
parameters to be used should be included in the WPS submittal .

6.4.2 Welder Training

Training of welders should take place at the outset of the repair operations. Welders and
inspectors should be familiar with the WPS, and should be capable of demonstrating familiarity
with each of its aspects. A copy of the WPS should be located on site, preferably at the
connection under repair, accessible to all parties involved in the repair.

6.4.3 Welder Qualifications

Welders must be qualified and capable of successfully making the repair welds required. All
welders should be qualified to the AWSD1.1 requirements for the particular welding process and
position in which the welding is to be performed. Successful qualification to these requirements,
however, does not automatically demonstrate a welder's ability to make repair welds for all the
configurations that may be encountered. Specific additional training and/or experience may be
required for repair situations. Inexperienced welders should demonstrate their ability to make
proper repair welds. This may be done by welding on a mock-up assembly (see Section 6.4.4)
that duplicates the types of conditions that would be encountered on the actual project.
Alternatively, the welder could demonstrate proficient performance on the actual project,
providing this performance is continuously monitored during the construction of at least the first
weld repair. This observation should be made by a qualified welding inspector or engineer.

6.4.4 Joint Mock-Ups

A joint mock-up should be considered as a training and qualification tool for each type of
repair that is more challenging than work in which the welder has previously demonstrated
competence. This will allow the welder to become familiar with atypical welds, and will give
the inspector the opportunity to observe clearly the performance of each welder. An entire
mock-up is recommended for each such case, rather than only a single pass or portion of the
weld. In a complete mock-up, all welding positions and types of weld would be experienced,
thus showing the welder capable of both completing successfully the weld in all required
positions, and applying all heating requirements.

Commentary: The structural engineer may, at hisor her discretion, require joint
mock-ups to be performed for specific types of repair work as part of the project
specifications. This practice is recommended where repair work must be made
under conditions of unusual or restricted access, under conditions of high
restraint, or for any joint that is not routinely performed in the industry.
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6.4.5 Repair Sequence

Repair sequence should be considered in the design of repairs, and any sequencing
requirements should be clearly indicated on the drawings and WPS. Structural instabilities or
high residual stresses could arise from improper sequencing. The order of repair of flanges,
shear plates, and fractured columns should be indicated on the drawings as appropriate to guard
against structural failure and to reduce possible residual stresses.

6.4.6 Concurrent Work

The maximum number of connections permitted to be repaired concurrently should be
indicated on the drawings or in the project specifications.

Commentary: Although a connection is damaged, it may still possess significant
ability to participate in the structure's lateral-for ce-resisting system.
Consideration should be given to limiting the total number of connections being
repaired at any one time, as the overall |ateral-force resistance of the structure
may be temporarily reduced by some repair operations. If many connections are
under repair simultaneously, the overall lateral resistance of the remaining frame
connections may not be adequate to protect the structure's stability. Although
this appearsto fall under the category of means and methods, the typical
contractor would have no way of determining the maximum number of
connections that can be repaired at any one time without requiring supplemental
lateral bracing of the building during construction. Therefore, the structural
engineer should take a proactive role in determining this.

6.5 Execution
6.5.1 General

FEMA-353, Recommended Specifications and Quality Assurance Guidelines for Seel
Moment-Frame Construction for Seismic Applications, provides recommended general
requirements to be included in specifications for repair. The following are of particular
importance:

» Strict enforcement of the welding requirements in AWSD1.1 adopted and modified by the
building code.

» Implementation of the special inspection requirements in the 1997 NEHRP Recommended
Provisions for New Buildings and AWSD1.1, as well as such other requirements enforced by
the local Building Department. Visual inspection means that the inspector inspects the
welding periodically for adherence to the approved Welding Procedure Specification (WPS)
and AWSD1.1, starting with preliminary tack welding and fit-up and proceeding through the
welding process. Reliance on the use of nondestructive testing (NDT) at the end of the
welding process alone should be avoided. Use visual inspection in conjunction with NDT to
improve the chances of achieving a sound weld.

* Require the fabricator to prepare and submit a WPS with at least the information required by
AWSD1.1, as discussed in Section 6.5.4.
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* Welding electrodes for welded joints in severe service and with significant consequences of
failures should be capable of depositing weld metal with a minimum notch toughness of 40
ft-Ibs at the anticipated service temperature and 20 ft-1bs at 0°F. Refer to FEMA-353. Joints
in this category include all complete joint penetration groove welds in beam and column
flanges and webs, welds of continuity plates to column flanges and similar elements subject
to large cyclic stresses at or near plastic levels.

* All welds for the frame girder-column joints should be started and ended on weld run-off
tabs where practical. All weld tabs should be removed, the affected area ground smooth and
tested for defects using the magnetic particle method. Acceptance criteria should be per
AWSD1.1, Section 8.15.1. Surface imperfections less than 1/16 inch in dimension should be
removed by grinding. Deeper gouges, areas of lack of fusion, and slag inclusions, for
example, should be removed by gouging or grinding and rewelding following the procedures
outlined above.

*  Weld tabs should conform to the requirements of AWSD1.1. End dams should not be
permitted.

» Steel backing (backing bars), if used, should be removed from new and/or repaired welds at
the girder bottom flange, the weld root back-gouged by air arcing and the area tested for
defects using the magnetic particle method, as described above. The weld should be
completed and reinforced with a fillet weld. Removal of the weld backing at repairs of the
top girder flange weld may be considered, at the discretion of the structural engineer.

6.5.2 Removal of Backing

Prior to removing weld backing on existing joints, the contractor should prepare and submit a
written WPS for review by the structural engineer. The WPS should conform to the
requirements of AWSD1.1. In addition the contractor should propose the method(s) that will be
used to remove the weld backing, back gouge to sound metal and when during this process
preheat will be applied.

Although project conditions may vary, steel backing may be removed either by grinding or
by the use of air arc, or oxy-fuel gouging. The zone just beyond the theoretical 90 degree
intersection of the beam to column flange should be removed by either air arc or oxy-fuel
gouging followed by a thin grinding disk, or by a grinding disk alone. This shallow gouged
depth of weld and base metal should then be tested by magnetic particle testing (MT) to
determine if any linear indications remain. If the area is free of indications the area may then be
re-welded. Preheat should be maintained and monitored throughout the process. If no further
modification is to be made or if the modification will not be affected by a reinforcing fillet weld,
the reinforcing fillet may be welded while the connection remains at or above the minimum
preheat temperature and below the maximum interpass temperature.

Commentary: Only removal of backing from the bottom-beam-flange-to-column
joint isrecommended. Removal of the weld backing from the top flange may be
difficult, particularly along perimeter frames where access to the outer sideis
restricted. Tests conducted to date have not been conclusive with regard to the
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benefit of top flange weld backing removal, and therefore, thisis not generally
recommended. Thereis no direct evidence that removal of weld backing from
continuity plates in the column panel zone is necessary.

6.5.3 Removal of Weld Tabs

If weld tabs were used and are to be removed in conjunction with the removal of the weld
backing, the tabs should be removed after the weld backing has been removed and fillet added.
Weld tabs may be removed by air arc or oxy-fuel gouging followed by grinding or by grinding
alone. The resulting contour should blend smoothly with the face of the column flange and the
edge of the beam flange and should have a radius of 1/4-3/8 inch. The finished surface should be
visually inspected for contour and any visually apparent indications. This should be followed by
MT. Linear indications found in this location of the weld may be detrimental. They may be the
result of the final residue of defects commonly found in the weld tab area. Linear indications
should be removed by lightly grinding or using a cutting tool until the indication is removed. If
after removal of the defect the ground area can be tapered and is not beyond the theoretical 90
degree intersection of the beam flange edge and column flange, weld repair may not be
necessary and should be avoided if possible.

Existing end dams, if present, should be removed from joints undergoing repair. Prior to
removal of end dams, the contractor should submit a removal / repair plan which lists the method
of dam removal, defect removal, and welding procedure including, process, preheat, and joint
configuration. The tab may be removed by grinding, air arc or oxy-fuel torch.

6.5.4 Defect Removal

Any rejectable weld defects should be removed by grinding or cutting tools, or by air arc
gouging followed by grinding. The individual performing defect removal should be furnished
the ultrasonic testing (UT) results which describe the location depth and extent of the defect(s).

If defect removal extends into the theoretical weld section, weld repair may be necessary.
The weld repair should be performed in accordance with the contractor's WPS, with strict
adherence to the preheat requirements. The surface should receive a final visual inspection and
MT after all repairs and surface conditioning has been completed.

When the individual removing the defects has completed this operation, and has visually
confirmed that no remnants remain, the surface should be tested by MT. Additional defect
removal and MT may occur until the MT tests reveal that the defects have been removed.

The contour of the surface at this point may be too irregular in profile to allow welding to
begin. The surface should be conditioned by grinding or using a cutting tool to develop a joint
profile that conforms to the WPS. Prior to welding, MT should be performed to determine if any
additional defects have been exposed.

Based upon a satisfactory MT the joint may be prepared for welding. Weld tabs (and
backing if necessary) should be added. The welding may begin and proceed in accordance with
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the WPS. The theoretical weld must be completed for its full height and length. Careful
attention should be paid to ensure that individual weld bead size does not exceed that permitted
by the WPS.

If specified, the weld tabs and backing should be removed in accordance with the guideline
section describing this technique. The final weld should be inspected by MT and UT.

6.5.5 Girder Repair

If at bottom flange repairs back gouging removes sufficient material such that a weld backing
is required for the repair, after welding the backing should be removed from the girder.
Alternatively, a double-beveled joint may be used The weld root should be inspected and tested
for imperfections, which if found, should be removed by back-gouging to sound material. A
reinforcing fillet weld should be placed at “T” joints. The reinforcing fillet should have a size
equal to one-quarter of the girder flange thickness. It need not exceed 3/8 inch (see Note J,
Figure 3.4 of AWSD1.1.)

If the bottom flange weld requires repair, the following procedure may be considered:
1. The root pass should not exceed a 1/4 inch bead size.

2. The first half-length root pass should be made with one of the following techniques, at the
option of the contractor:

(a) The root pass may be initiated near the center of the joint. If this approach is used, the
welder should extend the electrode through the weld access hole, approximately 1 inch
beyond the opposite side of the girder web. This is to allow adequate access for clearing
and inspection of the initiation point of the weld before the second half-length of the root
pass is applied. It is not desirable to initiate the arc in the exact center of the girder width
since this will limit access to the start of the weld during post-weld operations. After the
arc is initiated, travel should progress towards the end of the joint (outboard beam flange
edge), and the weld should be terminated on a weld tab.

(b) The weld may be initiated on the weld tab, with travel progressing toward the center of
the girder flange width. When this approach is used, the welder should stop the weld
approximately 1 inch before the beam web. It is not advisable to leave the weld crater
directly in the center of the beam flange width since this will hinder post-weld
operations.

The half-length root pass should be thoroughly slagged and cleaned.

4. The end of the half-length root pass that is in the vicinity of the center of the beam flange
should be visually inspected to ensure fusion, soundness, freedom from slag inclusions and
excessive porosity. The resulting bead profile should be suitable for obtaining fusion by the
subsequent pass to be initiated on the opposite side of the girder web. If the profile is not
conducive to good fusion, the start of the first root pass should be ground, gouged, chipped
or otherwise prepared to ensure adequate fusion.
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5. The second half of the weld joint should have the root pass applied before any other weld
passes are performed. The arc should be initiated at the end of the half-length root pass that
is near the center of the beam flange, and travel should progress to the outboard end of the
joint, terminating on the weld tab.

6. Each weld layer should be completed on both sides of the joint before a new layer is
deposited.

7. Weld tabs should be removed and ground flush to the beam flange. Imperfections less than
1/16 inch should be removed by grinding. Deeper gouges, areas of lack of fusion, and slag
inclusions, for example, should be removed by gouging or grinding and rewelding following
the procedures outlined above.

6.5.6 Weld Repair (Types W2, or W3 and Defects)

When W2, or W3 cracks are found, the column base metal should be evaluated using UT to
determine if fractures have progressed into the flange. This testing should be performed both
during the period of discovery and during repair. Similar procedures should be followed when
making repairs to defects at weld roots.

When a linear planar-type defect such as a crack or lack of fusion can be determined to
extend beyond one-half the thickness of the beam flange, it is generally preferred to use a
double-sided weld for repair (even though the fracture may not extend all the way to the opposite
surface.) This is because the net volume of material that needs to be removed and restored is
generally less when a double-sided joint is utilized. It also results in a better distribution of
residual stresses since they are roughly balanced on either side of the center of the flange
thickness.

Repair of cracks and defects in welds may warrant total removal of the original weld,
particularly if multiple cracks are present. If the entire weld plus some base metal is removed,
care must be taken not to exceed the root opening and bevel limits of AWSD1.1 unless a
qualified by test WPS is used. If this cannot be avoided one of two options is available:

1. The beveled face of the beam and/or the column face may be built up (buttered) until the
desired root opening and angle is obtained.

2. A section of the flange may be removed and a splice plate inserted.

Commentary: Building up base metal with welding is a less intrusive technique
than removing large sections of the base metal and replacing with new plate.
However, this technique should not be used if the length of build-up exceeds the
thickness of the plate.

6.5.7 Weld Overlays

An alternative approach that can be considered when repairing or reinforcing pre-Northridge
beam-flange to column-flange welded connections is to apply a weld overlay. This procedure is
suitable for repairing beam-flange welds that have been classified as having rejectable weld
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defects, as opposed to fractures. This application consists of encapsulating the existing low
toughness weld metal with material with a higher notch toughness. The high notch toughness
weld metal overlay is very resistant to fracture initiation from surface discontinuities within the
range of defects that would go undetected, effectively converts surface defects and small
fractures in the existing CJP weld into internal defects, and further, provides local reinforcement
of the joint for resistance of applied stresses. This repair approach was developed by an
independent task group of engineers and researchers in the Los Angeles area, following the 1994
Northridge earthquake. A schematic arrangement of a weld overlay is shown in Figure 6-12.

STRESS PROFILE
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Nomenclature:
Fyw = Minimum specified yield stress of beam (force / unit area)
Fyc = Minimum specified yield stress of column (force / unit area)
V = Total Shear acting on connection based upon nominal beam flexural strength at the
plastic hinge location (i.e., % Vg aiy? where L = clear distance between
I_C ravi
column flanges)
R, = Ratio of Expected Yield Strength Fy. to the minimum specified yield strength Fyy
S = Total shear applied to each flange. (force)

Te = Total tension applied to each flange. (force)
h

Height of flaw assumed over full width of flange. (dimension)

Figure6-12 Weld Overlay Repair of Beam Flange to Column Flange Joint

The design of the weld overlay is based on the premise that, in addition to transferring the
flange flexural force to the column, the beam shear force must also be transferred through the
beam flange weld. Based on physical testing of typical connections, supplemented by finite
element analysis the stress distribution across the beam-flange is assumed to be parabolic as
shown in Figure 6-13. Design procedures have been developed for two overlay conditions:
Class A, which requires that the overlay take the full connection demand; and Class C, which
assumes that the remaining existing weld has 50% of its original design capacity remaining. The
throat thickness of the weld overlay, which may be regarded as an elongated fillet weld, is
determined from geometric considerations similar to standard fillet welds.
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Figure6-13 Plan View and Assumed Stress Distribution for Weld Overlay Design

Commentary: Independent research into the performance of weld overlay repairs
indicates that beam-column connections repaired using this technique are
substantially more rugged than typical unreinforced connections employing low
toughness weld metals. Refer to Anderson, et al. (2000) for more detailed
information on this technique.

6.5.8 Column Flange Repairs - Type C2

Damage type C2 is a pullout type failure of the column flange material. The failure surface
should be conditioned to a concave surface by grinding and inspected for soundness using MT.
The concave area may then be built up by welding (buttering). The joint contour described in
the WPS should specify a "boat shaped" section with a "U" shaped cross section and tapered
ends. The weld passes should be horizontal stringers placed in accordance with the WPS. Since
stop/starts will occur in the finished weld, care must be taken to condition each stop/start to
remove discontinuities and provide an adequate contour for subsequent passes. The final surface
should be ground smooth and flush with the column face. This surface and immediate
surrounding area should be subjected to magnetic particle testing and ultrasonic testing.
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APPENDIX A: DETAILED PROCEDURES FOR PERFORMANCE
EVALUATION

A.l Scope

This appendix provides detailed procedures for evaluating confidence level s associated with
the ability of damaged WSMF structuresto resist collapse in levels of ground shaking likely to
occur in the period immediately following a major earthquake. These detailed procedures are
provided as a supplement to the level 2 evaluation proceduresin Chapter 5. They may be used to
demonstrate enhanced levels of confidence with regard to the ability of a particular damaged
structure to resist collapse, relative to the confidence levels that may be derived using the more
simplified procedures of Chapter 5. The procedures of this appendix are required as a
supplement to the Chapter 5 procedures for structures that are classified asirregular, considering
the effects of the damage sustained.

Commentary: Chapter 5 provides the basic procedures for a level 2 evaluation,
using factored demand-to-capacity ratios to indicate a level of confidence with
regard to a damaged building’ s ability to resist collapsein that level of ground
shaking likely to occur in the period immediately following a damaging
earthguake. The tabular values of demand and resistance factors and confidence
indices contained in Chapter 5 were derived using the procedures presented in
this appendix, applied to the performance evaluation of a suite of model
buildings. Snce this suite of model buildings is not completely representative of
any individual structure, the use of the tabular values inherently entails some
uncertainty, and thus reduced levels of confidence, with regard to performance
prediction. The detailed proceduresin this appendix permit reduction in these
uncertainties, and therefore enhanced confidence with regard to prediction of
building performance. These more detailed procedures must be used for those
building configurations, that is, irregular structures not well represented by the
model buildings used as the basis for the values contained in Chapter 5.

A.2 Performance Evaluation Approach
A.2.1 Confidence of Ability to Withstand Collapse

The evaluation procedures contained herein permit estimation of alevel of confidence
associated with the ability of a damaged building to withstand collapse for the levels of ground
shaking likely to be experienced within ayear following a damaging earthquake.

Commentary: The probability that a damaged building may experience collapse
as aresult of ground shaking likely to occur in the year following a damaging
event is calculated as the integral over a year’ stime of the probability that
damage will exceed the collapse capacity of the structure. Mathematically, this
may be expressed as:
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P(D > PL) = [ Py.p ()N(X)dlx (A1)
where:
P(D>PL) = Probability of damage exceeding the collapse level in a period

of “t” years, taken as 1 year

PpospL(X) = Probability of damage exceeding a collapse level given that the
ground motion intensity is level x, as a function of x
h(x)dx = probability of experiencing a ground motion intensity of level

(X) to (x + dx) ina period of 1 year following the first
damaging event

Vulnerability may be thought of as the capacity of the structure to resist collapse.
Structural response parameter s that may be used to measure capacity include the
structure’ s ability to undergo global building drift, maximum tolerable member
forces and inelastic deformations. Ground accel erations associated with the
seismic hazard, and the resulting global building drift, member forces and
inelastic deformations produced by the hazard may be thought of as demands. If
both the demand that a structure will experience over a period of time and the
structure’ s capacity to resist this demand could be perfectly defined, then the
probability that damage could exceed a collapse level within a period of time,
could be ascertained with 100% confidence. However, the process of predicting
the capacity of a structure to resist ground shaking demands as well as the
process of predicting the severity of demands that will actually be experienced
entail significant uncertainties. Confidence level is a measure of the extent of
uncertainty inherent in thisprocess. A level of 100% confidence may be
expressed as perfect confidence. Inreality, it is never possible to attain such
confidence. Confidence levelson the order of 90 or 95% are considered high,
while confidence levels less than 50% are considered low.

Generally, uncertainty can be reduced, and confidence increased, by
obtaining better knowledge or using better procedures. For example, enhanced
under standing and reduced uncertainty with regard to the prediction of the effects
of ground shaking on a structure can be obtained by using a more accurate
analytical procedureto predict the structure' sresponse. Enhanced
under standing of the capacity of a structure to resist ground shaking demands can
be obtained by obtaining specific laboratory data on the physical properties of the
materials of construction and on the damageability of individual beam-column
connection assemblies.

The evaluation procedures of Chapter 5 are based on the typical
characteristics of standard buildings. Snce they are based on the capacity
characteristics of typical rather than specific structures, the procedures contained
in Chapter 5 inherently incor porate significant uncertainty in the performance
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prediction process. Asaresult of this significant uncertainty, it is anticipated that
the actual ability of a structure to achieve a given performance objective may be
significantly better than would be indicated by those simple procedures. The
mor e detailed procedures of this appendix may be used to improve the definition
of the actual uncertainties incorporated in the prediction of performance for a
specific structure and thereby to obtain better confidence with regard to the
prediction of performance for an individual structure.

As an example, using the procedures of Chapter 5, it may be found that for a
specific structure, there is only a 30% level of confidence that the structureis
capable of resisting collapse for the levels of ground shaking likely to be
experienced in a period of a year following a damaging event. Thisrather low
level of confidence may be more a function of the uncertainty inherent in the
procedures used to estimate the probability of collapse than the actual inadequate
capacity of the building to resist collapse. In such a case, it may be possible to
use the procedures contained in this appendix to reduce the uncertainty inherent
in the performance estimation and find that instead, there may be as much as an
80 % or 90% level of confidence, in resisting collapse. The difference in such
findings can mean the difference between deciding that a building must be
vacated or that it can continue to be occupied.

In both the procedures of this appendix and Chapter 5, the uncertainties
associated with estimation of the intensity of ground motion have been neglected.
These uncertainties can be high, on the order of those associated with structural
performance. Thus, the confidence estimated using these proceduresisreally a
confidence with regard to structural performance, given an assumed seismicity,
dominated by a single event, consisting of a repeat of the original damaging
event, within a period of a year following the initial damaging shock. Itis
believed that this assumed seismicity is conservative, but credible.

A.2.2 Basic Procedure

Asindicated in Chapter 5, a demand and resistance factor design (DRFD) format is used to
associate alevel of confidence with the probability that a building will be able to resist collapse
in the level of ground shaking anticipated in the year following a damaging earthquake. The
basic approach is to determine a confidence parameter, A, which may then be used, with
reference to Table 5-7, to determine the confidence level that exists with regard to performance
estimation. The confidence parameter, A, is determined from the factored demand-to-capacity
equation:

A= V;ED (A-2)

where:
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C = median estimate of the capacity of the structure. This estimate may be obtained either
by reference to default values contained in the tables of Chapters 5, or by more
rigorous direct calculation of capacity using the procedures of this appendix.

D = caculated demand on the structure, obtained from a structural analysis.

y = ademand variability factor that accounts for the variability inherent in the prediction
of demand related to assumptions made in structural modeling and prediction of the
character of ground shaking.

¥ = ananayssuncertainty factor that accounts for the bias and uncertainty associated
with the specific analytical procedure used to estimate structural demand as a function
of ground shaking intensity.

@ = aresistance factor that accounts for the uncertainty and variability inherent in the
prediction of structural capacity as afunction of ground shaking intensity

A = aconfidence index parameter from which alevel of confidence can be obtained by
reference to Table 5-7.

Several structural response parameters are used to evaluate structural performance. The
primary parameter used for this purpose isinterstory drift. Interstory drift is an excellent
parameter for judging the ability of a structure to resist P-4 instability and collapse. Itisalso
closely related to plastic rotation demand, or drift angle demand, on individual beam-column
connection assemblies, and therefore a good predictor of the performance of beams, columns and
connections. Other parameters used in these guidelines include column axial compression and
column axial tension. In order to determine alevel of confidence with regard to the ability of a
building to resist collapse for the level of ground shaking likely to occur in the year immediately
following an earthquake, the following steps are followed:

1. A best estimate of the ground shaking intensity that caused the initial damage in the
building isdeveloped. This can be done by reference to instrumental recordings of ground
motion at the building or nearby sites, the use of standard attenuation relations, or ground
shaking contour maps. For the purpose of this evaluation, it is assumed that an event of
similar intensity at the building siteislikely to occur within a one year period. Ground
shaking intensity should be characterized by a 5% damped elastic response spectrum.

2. A mathematical structural model isdeveloped to represent the damaged building
structure. Note that since damage can result in unsymmetrical structural response, it may be
necessary to develop several models. The model(s) are then subjected to a structural analysis,
using any of the methods contained in Chapter 5. This analysis predicts the median estimates
of maximum interstory drift demand, maximum column compressive demand, and maximum
column-splice tensile demand, for the assumed repeat of the original damaging earthquake.

3. Median estimates of structural capacity are determined. Median estimates of the
interstory drift capacity of the moment-resisting connections and the building frame as a
whole are determined, as are median estimates of column compressive capacity and column-
splice tensile capacity. Interstory drift capacity for the building frame, as awhole, may be
estimated using the default values of Chapter 5 for regular structures, or the detailed
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procedures of Section A.6 of this appendix may be used. These detailed procedures are
required for irregular structures or for regular structures that have been made irregular by the
damage they have sustained. Interstory drift capacity for moment-resisting connections may
be estimated using the default values of Chapter 5, for typical connection types, or direct
laboratory data on beam-column connection assembly performance capability and the
procedures of Section A.5 of this appendix may be used. Median estimates of column
compressive capacity and column splice tensile capacity are made using the procedures of
Chapter 5.

4. A factored-demand-to-capacity ratio A isdeter mined. For each of the performance
parameters, i.e. interstory drift as related to global building frame performance, interstory
drift as related to connection performance, column compression, and column-splice tension,
Equation A-2 isindependently applied to determine the value of the confidence parameter A.
In each case, the calculated estimates of demand D and capacity C are determined using steps
3, and 4 respectively. If the procedures of Chapter 5 are used to determine either demand or
median capacity estimates, than the corresponding values of the demand factors yand
resistance factors gshould also be determined in accordance with the procedures of that
chapter. If the procedures of this appendix are used to determine median estimates of
demand or capacity, then the corresponding demand and resistance factors should be
determined in accordance with the applicable procedures of this appendix.

5. Evaluate confidence. The confidence obtained with regard to the ability of the structure to
meet the performance objective is determined using the lowest of the A values determined in
accordance with Step 4 above, back-cal culated from the equation:

/1 — e_bAJT (Kx ~kByr12) (A-3)

where:

b = acoefficient relating the incremental change in demand (drift, force, or deformation)
to an incremental change in ground shaking intensity, at the hazard level of interest
typically taken as having avalue of 1.0,

Lur= an uncertainty measure equal to the vector sum of the logarithmic standard deviation
of the variation in demand and capacity, resulting from uncertainty,

k = thedopeof the hazard curve, in In-In coordinates, at the hazard level of interest, i.e.,
the ratio of incremental change in S;r1 to incremental change in annual probability of
exceedance. Thisistaken as having avalue of 5, representative of the assumed
seismicity for the year following a damaging earthquake,

Kx standard Gaussian variate associated with the probability x of not being exceeded, as
afunction of number of standard deviations above or below the mean found in

standard probability tables.

Table 5-7 provides a solution for this equation, for various values of the parameters A and

Bt
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The values of the parameter 4,7 used in Equation A-3 and Table 5-7 are used to account for
the uncertainties inherent in the estimation of demands and capacities. Uncertainty entersthe
process through a variety of assumptions that are made in the performance evaluation process,
including for example assumed values of damping, structural period, properties used in structural
modeling, and strengths of materials. Assuming that the amount of uncertainty introduced by
each of the assumptions can be characterized, the parameter 4,1 can be calculated using the
equation:

B =22, B (A-4)

where 3, are the standard deviations of the natural logarithms of the variation in demand or

capacity resulting from each of these various sources of uncertainty. Sections A.5and A.6
indicate how to determine A, values associated with demand estimation, beam-column

connection assembly behavior, and building global stability capacity prediction respectively.

A.3 Determination of Hazard Parameters

In order to implement these postearthquake evaluation procedures, it is necessary to obtain an
estimate of the 5% damped, linear response spectrum for the original damaging earthquake, and
to obtain from that response spectrum, an estimate of the spectral response acceleration, S;riat
the fundamental period of the damaged building.

A.4 Determination of Demand Factors

The demand variability factor, y; and analytical uncertainty factor, )4, are used to adjust the
calculated interstory drift, column axial load and column splice tension demands to their mean
values, considering the variability and uncertainty inherent in drift demand prediction and
probable intensity of ground shaking during the year following the initial damaging earthquake.

Variability in drift demand prediction is primarily aresult of the fact that due to relatively
subtle differences in acceleration records, a structure will respond somewhat differently to
different ground motion records, even if they are well characterized by the same response
spectrum. Sinceit isnot possible to predict the exact acceleration record that a structure may
experience, it is necessary to account for the probable variation in demands produced by all
possible different records. Thisisaccomplished by developing a nonlinear mathematical model
of the structure, and running nonlinear response history analyses of the structure for a suite of
ground motion records, all of which are scaled to match the 5% damped linear spectral response
acceleration, Sir1, described in Section A.3. From these analyses, statistics are developed for the
median value and standard deviation of the natural logarithm of the various demand parameters
including maximum interstory drift, column axial load, and column-splice tension. These
standard deviations of the natural logarithms of these response parameters are denoted ok

Once the value of R has been determined, the demand variability factor, y; is calculated
from the equation:
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k 2
B
y=e*" (A-5)
where:

k isthelogarithmic slope of the hazard curve, taken as having a value of 5.

b isacoefficient that represents the amount that demand increases as a function of
hazard, and may normally be taken as having a value of 1.0

Uncertainty in the prediction of demandsis due to an inability to define accurately the value
of such parameters as the yield strength of the material, the viscous damping of the structure, the
effect of nonstructural components, the effect of foundation flexibility on overall structural
response, and similar modeling issues. Although it isnot feasibly practical to do so, itis
theoretically possible to measure each of these quantities for a building and to model their effects
exactly. Sinceitisnot practical to do this, instead, we use likely values for each of these effects
in the model, and account for the possible inaccuracies introduced by using these likely values,
rather than real values. These inaccuracies are accounted for by developing a series of modelsto
represent the structure, accounting for the likely distribution of these various parameters. Each
of these models is used to run analyses with a single ground motion record, and statistics are
developed for the effect of variation in these parameters on predicted demands. Aswith the
variability due to ground motion, the standard deviation of the natural logarithms of the response

parameters are calculated, and denoted by fou.
This parameter is used to calculate the analytical uncertainty factor, 4.

In addition to uncertainty in demand prediction, the analytical uncertainty factor )4 aso
accounts for inherent bias, that is systematic under- or over- prediction of demand, inherent in an
analytical methodology. Biasis determined by using the analytical methodology, for example,
elastic modal analysis, to predict demand for a suite of ground motions and then evaluating the
ratio of the demand predicted by nonlinear time history analysis of the structure to that predicted
by the methodology for the same ground motion. This may be represented mathematically as:

_ demand predicted by nonlinear time history analysis
demand predicted by analysismethod

Cs (A-6)
where Cg isthe bias factor. The bias factor that is applicable to a specific structure is taken as
the median value of Cg calculated from a suite of ground motions. The variation in the bias
factors obtained from this suite of ground motionsis used as one of the componentsin the
calculationof Sy, .

Once the median bias factor, Cg and logarithmic standard deviation in demand prediction
By, have been determined, the analysis uncertainty factor y; is calculated from the equation:

k
Bou’

V. =Coe?® (A-7)
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The analysis uncertainty factors presented in Chapter 5 were calculated using this approach
as applied to a suite of typical buildings. In addition to the uncertainties calculated using this
procedure, it was assumed that even the most sophisticated methods of nonlinear time history
analysis entail some uncertainty relative to the actual behavior of areal structure. Additional
uncertainty was associated with other analysis methods to account for effects of structural
irregularity which were not adequately represented in the suite of model buildings used in the
study. The value of the total logarithmic uncertainty, 5, , used as abasis for the analysis

uncertainty factors presented in Chapter 5 are summarized in Table A-1. The bias factors Cg
used in Chapter 5 are summarized in Table A-2. It isrecommended that these default values for
B, and Cg be used for al buildings.

Table A-1 Default Logarithmic Uncertainty By for Various Analytical M ethods

Analysis Procedure
Linear Static Linear Nonlinear Nonlinear
Dynamic Static Dynamic

Type 1 Connections

Low Rise (<4 stories) 0.22 0.16 0.17 0.15
Mid Rise (4 — 12 stories) 0.29 0.23 0.23 0.20
High Rise (> 12 stories) 0.25 0.29 0.27 0.25

Type 2 Connections

Low Rise (<4 stories) 0.23 0.25 0.18 0.15
Mid Rise (4 —12 stories) 0.30 0.33 0.21 0.20
High Rise (> 12 stories) 0.36 0.31 0.33 0.25

Table A-2 Default Bias Factors Cg

Analysis Procedure
Linear Static Linear Nonlinear Nonlinear
Dynamic Static Dynamic

Type 1 Connections

Low Rise (<4 stories) 0.65 0.80 0.85 1.00

Mid Rise (4 — 12 stories) 0.85 1.15 0.95 1.00

High Rise (> 12 stories) 1.0 1.0 0.85 1.00
Type 2 Connections

Low Rise (<4 stories) 0.90 1.20 1.25 1.00

Mid Rise (4 —12 stories) 1.00 1.30 135 1.00

High Rise (> 12 stories) 0.70 1.20 1.30 1.00
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Commentary: Although it may be possible, for certain structures, to increase the
confidence associated with a prediction of probable earthquake demands on the
structure, through calculation of structure-specific analysis uncertainty factors, in
general thisisa very laborious process. It isrecommended that the default
values, contained in Chapter 5 be used for most structures. The procedures
contained in this appendix are most useful for calculating capacities and capacity
factors.

A.5 Determination of Beam-Column Connection Assembly Capacities

The probable behavior of beam-column connection assemblies at various demand levels can
best be determined by full-scale laboratory testing. Such testing can provide indications of the
probable physical behavior of such assembliesin buildings. Depending on the characteristics of
the assembly being tested, meaningful behaviors may include the following: onset of local
buckling of flanges; initiation of fracturesin welds, base metal or bolts; adrop in the moment
developed by the connection beyond predetermined levels; or complete failure, at which point
the connection is no longer able to maintain attachment between the beam and column under the
influence of gravity loads. If sufficient laboratory data are available, it should be possible to
obtain statistics, including a median value and standard deviation, on the demand levels at which
these various behaviors occur.

In the past, most |aboratories used plastic rotation as the demand parameter by which beam-
column connection assembly behavior was judged. However, since plastic deformations may
occur at a number of locations within a connection assembly, including within the beam itself,
within the connection elements and within the column panel zone or column, many laboratories
have measured and reported plastic rotation angles from testing in an inconsistent manner.
Therefore, in these Recommended Criteria, total interstory drift angleis the preferred demand
parameter for reporting laboratory data. This parameter is less subject to interpretation by
various testing laboratories and also has the advantage that it is approximately equal to the
interstory drift angle predicted by linear structural analyses. Refer to FEMA 350, Recommended
Seismic Design Criteria for New Steel Moment-Frame Buildings for additional information on
|aboratory testing protocols and parameters for reporting test behavior.

Median drift angle capacities C and resistance factors ¢gfor common connection types are
presented in Chapter 5. These values were determined from cyclic tests of full-size connection
assemblies using the testing protocols indicated below. The cyclic tests are used to determine the
load-deformation hysteresis behavior of the system and the connection drift angle at which the
following behaviors occur:

1. degradation of moment-resisting capacity of the assembly to a value below the nominal
moment-resisting capacity,

2. initiation of fracture of bolts, welds, or base metal that resultsin significant strength
degradation of the assembly, and

3. completefailure of the connection, characterized by an inability of the connection to
maintain integrity of the beam to column connection under gravity loading.
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Based on this data, drift angle statistics are obtained for a state of incipient collapse, €. The
guantity &,, the ultimate capacity of the connection, which occurs at damage state 3, above, is
used to evaluate the acceptability of local connection behavior.

A.5.1 Connection Test Protocols

Two connection test protocols have been developed under this project. The standard protocol
isintended to represent the energy input and cyclic deformation characteristics experienced by
connection assembliesin steel moment frames, which are subjected to strong ground shaking
from large magnitude earthquakes, but which are not located within afew kilometers of the fault
rupture. This protocol (Krawinkler et al., 1997) issimilar to that contained in ATC-24 and
consists of ramped cyclic loading starting with initial cycles of low energy input, within the
elastic range of behavior of the assembly and progressing to increasing deformation of the beam
tip until assembly failure occurs. However, unlike ATC-24, the protocol incorporates fewer
cycles of large-displacement testing to balance more closely the energy input to the assembly,
with that likely experienced by framing in areal building. The second protocol isintended to
represent the demands experienced by connection assembliesin typical steel moment-frame
buildings responding to near-fault ground motion, dominated by large velocity pulses. This
protocol (Krawinkler, 2000) consists of aninitial single large displacement, representing the
initial response of a structure to a velocity pulse, followed by repeated cycles of |esser
displacement.

Performance characteristics of connection assemblies, for use in performance evaluation of
buildings, should be selected based on the characteristics of earthquakes dominating the hazard
for the building site, at the specific hazard level. Most buildings are not located on sites that are
likely to be subjected to ground shaking with near-field pulse characteristics. Connection
performance data for such buildings should be based on the standard protocols. Buildings on
sites that are proximate to amajor active fault are most likely to experience ground shaking with
these strong pulse-like characteristics and connection performance for such buildings should be
based on the near-fault protocol.

A.5.2 Determination of Beam-Column Assembly Capacities and Resistance Factors

Median drift angle capacities for the quantity &4,, should be taken directly from available
laboratory data. The median value should be taken as that value from al of the available tests
that is not exceeded by 50% of thetests. The value of the quantity gshould be determine by the
following procedure.

1. Obtain the logarithmic standard deviation of the &, values available from the |aboratory data.
That is, take the standard deviation of the natural logarithms of the 4, values obtained from
each laboratory test. Logarithmic standard deviation may be determined from the formula:

B= \/Z:]:l(l nnxl_lﬁ) (A-8)

where:
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£ = the standard deviation of the natural logarithms of the test data
Xi = individua test datavalue
n = the number of tests from which datais available

Inx. = the mean of the logarithms of the x; values,

2. Cadlculate the connection resistance factor due to randomness, the observed variation in
connection behavior from laboratory testing using the equation:

@ = (A-9)

3. Determine the connection resistance factor accounting for random and uncertain behaviors
from the equation:

=9 @=09 ¢ (A-10)

where:
¢ = theresistance factor accounting for random behavior

@, = theresistance factor accounting for uncertainty in the relationship between laboratory
findings and behavior in real buildings and assumed in these recommended criteriato
have alogarithmic standard deviation 3, of 0.2.

A.6 Global Stability Capacity

In addition to consideration of local behavior, that is, the damage sustained by individual
beams and beam-column connection assemblies, it is aso important to consider the global
stability of the frame. The procedures indicated in this section are recommended for determining
an interstory drift capacity C and resistance factor ¢ associated with global stability of the
structure.

The global stability limit is determined using the Incremental Dynamic Analysis (IDA)
technique (Cornell, 1999). Thisrequiresthe following steps:

1. Choose asuite of ten to twenty accelerograms representative of the site and hazard level for
which the Collapse Prevention level is desired to be achieved.

2. Select one of these accelerograms and perform an elastic time-history analysis of the
building. Determine a scaling factor for this accelerogram such that the elastic time history
analysis would result in response that would produce incipient yielding in the structure.
Determine the 5%-damped, spectral response acceleration Syri for this scaled accelerogram at
the fundamental period of the structure. On a graph with an abscissa consisting of peak
interstory drift and an ordinate axis of Syr1, plot the point consisting of the maximum
calculated interstory drift from the scaled analysis and the scaled value of S;r1. Draw a
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straight line from the origin of the axes to this point. The slope of thislineisreferred to as
the elastic slope, S.

. Increase the scaling of the accelerogram, such that it will produce mild non-linear behavior
of the structure. Perform anonlinear time history analysis of the building for this scaled
accelerogram. Determine the S;r; for this scaled accel erogram and the maximum predicted

interstory drift from the analysis. Plot this point on the graph. Call this point 4;.

. Increase the scaling amplitude of the accelerogram dlightly and repeat Step 3. Plot this point
as 4. Draw astraight line between points 4; and 4.

. Repeat Step 4 until the straight line slope between consecutive points 4 and 4.1, isless than

0.2 S. When this condition isreached, 4., isthe global drift capacity for this accel erogram.
If 4.1 > 0.10 then the drift capacity istaken as 0.10. Figure A-1 presents atypical series of
plots obtained from such analyses.

. Repeat Steps 2 through 5 for each of the accelerograms in the suite selected as representative
of the site and hazard and determine an interstory drift capacity for the structure for each
accelerogram.

. Determine a median interstory drift capacity for global collapse C as the median value of the
calculated set of interstory drift capacities, determined for each of the accelerograms. Note
that the median value is that value exceeded by 50% of the accelerograms.
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Figure A-1 Representative Incremental Dynamic AnalysisPlots

8. Determine alogarithmic standard deviation for random differences in ground motion

accelerograms, [, using Equation A-8 of Section A.5.2. In this equation, X isthe interstory
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drift capacities predicted for the i" accelerogram, and n is the number of accelerograms
contained in the analyzed suite.

9. Caculate the global resistance factor ¢k due to randomnessin the predicted global collapse
capacity for various ground motions from the equation:

_Lﬂz

=€ 2 (A-lO)
where k and b are the parameters described in Section A.5.2 and £is the logarithmic standard
deviation calculated in the previous step.

10. Determine aresistance factor for global collapse from the equation:

K 2

o=am=e? g (A-11)
where:
¢ isthe global resistance factor due to randomness determined in Step 9.

[, isthelogarithmic standard deviation related to uncertainty in the analytical prediction of
global collapse prevention taken as having avalue of 0.15 for low-rise structures, 3
stories or lessin height; avalue of 0.2 for mid-rise structures, 4 storiesto 12 storiesin
height; and taken as having a value of 0.25 for high-rise structures, greater than 12 stories
in height.

It isimportant that the analytical model used for determining the global drift demand be as
accurate as possible. The model should include the elements of the steel moment frame as well
as framing that is not intended to participate in lateral load resistance. A hominal viscous
damping of 3% of critical isrecommended for most structures. The element models for beam-
column assemblies should redlistically account for the effects of panel zone flexibility and
yielding, element strain hardening and stiffness and strength degradation, so that the hysteretic
behavior of the element models closely matches that obtained from laboratory testing of
comparable assemblies.

Commentary: As noted above, accurate representation of the hysteretic behavior
of the beam-column assembliesisimportant. Earthquake-induced global collapse
initiates when displacements produced by the response to ground shaking are
large enough to allow P-4 instabilities to develop. Prediction of the onset of P-4
instability due to ground shaking is quite complex. It is possible that an
acceleration record will displace a structure to a point where static P-4
instability would initiate, only to bring the structure back again before collapse
can occur, due to a reversal in ground shaking direction.

The basic effect of P-4 instability isthat a negative stiffnessis induced in the
structure. That is, P-A effects produce a condition in which increased
displacement can occur at reduced lateral force. A similar and equally
dangerous effect can be produced by local hysteretic strength degradation of
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beam-column assemblies (FEMA-355C). Hysteretic strength degradation
typically occurs after the onset of significant local buckling in the beam-column
assemblies. It isimportant when performing Incremental Dynamic Analyses
(IDA) that these local strength degradation effects, which show up as a concave
curvature in the hysteretic loops in laboratory data, are replicated by the
analytical model. Nonlinear analysis software that is currently commercially
availableis not in general able to model this behavior. Increasing the amount of
dead load on the structure, to produce artificially the appropriate negative
stiffness, can account approximately for these effects.
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APPENDIX B: SAMPLE PLACARDS

B.1 “Inspected” Placard

INSPECTED

LAWFUL OCCUPANCY PERMITTED

This structure has been inspected (as Date
indicated below) and no apparent structural
hazard has been found.

Time

] Inspected Exterior Only ) ) . ]
(Caution: Aftershocks since inspection may

|:| Inspected Exterior and Interior increase damage and risk.)
Report any unsafe condition to local This facility was inspected under emergency
authorities; reinspection may be required. conditions for:
Inspector Comments: (Jurisdiction)

Inspector ID / Agency

Facility Name and Address:

Do Not Remove, Alter, or Cover this Placard
until Authorized by Governing Authority

Notes:
1. Recommended placard color: green.
2. Usefor posting conditions Green-1, Green-2, and Green-3 of Table 3-2.

3. Placard isfrom ATC (1995)
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B.2 “Restricted Use” Placard

RESTRICTED USE

Caution: This structure has been inspected Date
and found to be damaged as described
below: Time

(Caution: Aftershocks since inspection may
increase damage and risk.)

This facility was inspected under emergency

Entry, occupancy, and lawful use are conditions for:
restricted as indicated below:

(Jurisdiction)

Inspector ID / Agency

Facility Name and Address:

Do Not Remove, Alter, or Cover this Placard
until Authorized by Governing Authority

Notes:
1. Recommended placard color: yellow.
2. Usefor posting conditions Y ellow-1 and Y ellow -2 of Table 3-2.

3. Placard isfrom ATC (1995)
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B.3 Modified “Restricted Use” Placard

RESTRICTED USE

Caution: This structure has been inspected Date
and found to be damaged as described
below: Time

(Caution: Aftershocks since inspection may
increase damage and risk.)

This facility was inspected under emergency

Entry, occupancy, and lawful use are conditions for:

restricted as indicated below:

[ ] Do not enter the following areas: (Jurisdiction)
[ ] Brief entry allowed for access to contents: Inspector ID / Agency

|:| Other restrictions:

Facility Name and Address:

Do Not Remove, Alter, or Cover this Placard
until Authorized by Governing Authority

Notes:
1. Recommended placard color: yellow.
2. Usefor posting conditions Y ellow-1 and Y ellow -2 of Table 3-2.

3. Placard isfrom ATC (1995)
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B.4 “Unsafe” Placard

UNSAFE

DO NOT ENTER OR OCCUPY
(THIS PLACARD IS NOT A DEMOLITION ORDER)

This structure has been inspected, found to Date
be seriously damaged and is unsafe to
occupy, as described below:

Time

This facility was inspected under emergency
conditions for:

(Jurisdiction)

Do not enter, except as specifically Inspector ID / Agency
authorized in writing by jurisdiction.
Entry may result in death or injury.

Facility Name and Address:

Do Not Remove, Alter, or Cover this Placard
until Authorized by Governing Authority

Notes:
4. Recommended placard color: red.
5. Usefor posting conditions Red-1 and Red -2 of Table 3-2.

6. Placardisfrom ATC (1995)
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APPENDIX C: SAMPLE INSPECTION FORMS

POST—EARTHQUAKE FIELD INSPECTION REPORT
WELDED STEEL MOMENT-FRAME CONNECTIONS

PROJECT ADDRESS:

INSPECTION DATE: COLUMN ORIENTATION | VIEWING DIRECTON
INSPECTOR NAME: ' [0 Ol S0 BEION__
N
INSPECTION COMPANY: ) ELEV.
FLOOR FRAMING LEVEL INSPECTED: <H Dgg, LEOT ,ag[_—_]
GRID LOCATION: — 4T TI ~ ﬁ !
PROVIDE VISUAL INSPECTION OF AL Zle o
JOINT WELDS AND BOLTS, AND U.T.L USE MINOR AXIS FORM ZIg  EE

INSPECTION OF ALL CJP WELDS

AW.S. DISCONTINUITY
SEVERITY CLASS

PER AWS ULTRASONIC
ACCEPTANCE-REJECTION CRITERIA
TABLE 8.2 ~ AWS D1.1-94
LEGEND:
FW = FULL WIDTH
FT = FULL THICKNESS
SNC = SURFACE NOT CLEAN
AP = ACCESS PREVENTED
NMC = NON-MOMENT CONNECTION

BM = BOLTS MISSING

AWS DISCONTINUITY
SEVERITY CLASS

VISUAL

A — LARGE DISCONTINUITIES

B8 - MEDIUM DISCONTINUITIES Y N

C - SMALL DISCONTINUITIES CRACK DEPTH
D -~ MINOR DISCONTINUITIES CRACK LENGTH

EXAMPLE:

DOUBLER PLATE

DAMAGE TYPE CLASSIFICATION (SEE TABLE 5-1)

Y N

JICOLUMN f \
S

Y N

WEB PANEL ZONE
USE_BACK OF FORM FOR COLUMN MAJOR AXI DAMAGED
ADDITIONAL COMMENTS Rev. 6/22/95 YN

FigureC-1

Inspection Form —Major Axis Column Connection

WELD DAMAGE DAMAGED
Y N
Y N
CONTINUITY
/ /? Y N pLATES
VISUAL VISUAL
SHEAR PLATE N SHEAR PLATE
WELDED TO BEAM BRrs WELDED TO BEAM
Y N Y N {
~— ) i e e

WELD \\C / — / WELD

DAMAGE P P DAMAGE

Y N Y N

© Q
BEAM Oa 05 BEAM
SHEAR PLATE | [ BOLT SUP OR o) ) BOLT SUP OR || SHEAR PLATF
DAMAGED | | JOINT ROTATION /-'lo e | JOINT ROTATION DAMAGED
Y N Y N b \ -\ Y N Y N
7 (__) __________ <__j\
BOLT DAMAGE _/ \_ BOLT DAMAGE
e OF OF
m VISUAL
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SUPPLEMENTAL SKETCH FOR LARGE DISCONTINUIMIES

NOTE: LOCATE BY SKETCH, WITH DIMENSIONS, ALL CRACKS
AND OISCONTINUITIES FOUND BY U.T. INSPECTION.

CONTINUITY_PLATES
AS OCCURS

-

BEAM FLANGE ' // 4 //; rl ] '
% % _

S S / | i —_—

BEAM WEB / bj T

7 r——

BEAM TOP FLANGE - (TOP FACE)

COLUMN FLANGE —————__ _
|
<= N

l

x\\\\
J

|
NN
\

BEAM_TOP FLANGE — SECTION — J\r——— caqlumr PLATES
BEAM FLANGE V/ P %CCURS '
N ? / 4
— W? z
BEAM WEB = / /;1 T
7 2
—-——]\_‘ / “ /r._/-r—————.

BEAM BOTTOM FLANGE - (TOP FACE)
COLUMN FIANGE —————_

i,

Wl

NN
NN
[

BEAM BOTTOM FLANGE - SECTION

ADDITIONAL COMMENTS:

FigureC-2 Inspection Form — L arge Discontinuities—Major Axis
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POST-EARTHQUAKE FIELD INSPECTION REPORT
WELDED STEEL MOMENT-FRAME CONNECTIONS

PROJECT ADDRESS:

INSPECTION DATE: COLUMN ORIENTATION ggwgggmglsggpggﬁ
INSPECTOR NAME: ——(Coro v ROt
INSPECTION COMPANY: <—p Chee |
FLOOR FRAMING LEVEL INSPECTED: ___ | o MMOIR—;LIS o WEST_ E_east— |
GRID LOCATION: AT TR
N x
PROVIDE VISUAL INSPECTION OF ALL <[r %T% A
JOINT WELDS AND BOLTS, AND U.T. al= i

INSPECTION OF ALL CJP WELDS
DAMAGE TYPE CLASSIFICATION (SEE TABLE 5-1)
AWS DISCONTINUITY
SEVERITY CLASS

AW.S. DISCONTINUITY
SEVERITY CLASS

A — LARGE DISCONTINUITIES

B - MEDIUM DISCONTINUITIES VISUAL

C - SMALL DISCONTINUITIES Y N

D - MINOR DISCONTINUITIES :
PER AWS ULTRASONIC g::g:: Eg:é;_'

ACCEPTANCE-REJECTION CRITERIA
TABLE 8.2 — AWS D1.1-94 EXAMPLE:

LEGEND:
FW = FULL WIDTH Mh VISUAL

FT = FULL THICKNESS “w Y (N

SNC = SURFACE NOT CLEAN

AP = ACCESS PREVENTED

NMC = NON-MOMENT CONNECTION
BM = BOLTS MISSING

WELD DAMAGE WEB DAMAGE

VISUAL Y N Y N VISUAL
Y N

SHEAR PLATE SHEAR PLATE
WELDED TO BEAM WELDED TO BEAMI
Y N / Y N |

WELD WELD
DAMAGE DAMAGE
Y N Y N

BEAM
BOLT SLIP OR SHEAR FLATE !
JOINT ROTATION DAMAGED |

Y N Y N

[BEA |

SHEAR PLATE BOLT SLIP OR
DAMAGED JOINT ROTATION

Y N Y N

BOLT DAMAGE _/

— OF

BOLT DAMAGE
— OoF

Y N

] ; v 1)

USE BACK OF FORM FOR COLUMN MINOR AXIS
ADDITIONAL COMMENTS REV. 6/22/95

FigureC-3 Inspection Form —Minor Axis Column Connection
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SUPPLEMENTAL SKETCH FOR LARGE DISCONTINUITIES

NOTE: LOCATE BY SKETCH. WITH DIMENSIONS, ALL CRACKS
AND DISCONTINUITIES FOUND BY U.T. INSPECTION. — iSNSE’é’&TJs PLATES
| / 7/ |
BEAM FLANGE —__ NV 7/
% i
~ | 4 |
/]
= = {| 4 || = = —
% =
BEAM WEB | 4 |
L]
I
BEAM TOP FILANGE - TOP FACE Y, S ]
COLUMN FLANGE ——————___ -
t Ja— — S
<~ AN | <
BEAM TOP FLANGE - SECTION CONTINUITY PLATES
AS QCCURS
| / /|
BEAM FLANGE - V/V J4 N
1
) Y ==
BEAM WEB ——] | 4 l
/]
/ 4
BEAM BOTTOM FLANGE - TOP FACE 1o //4 & - [‘._Pj

COLUMN FLANGE ‘ﬁ:

< AN 12 -~

I T T | S— i

BEAM BOTTOM FLANGE — SECTION

ADDITIONAL COMMENTS:

FigureC-4 Inspection Form — L arge Discontinuities—Minor Axis
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REFERENCES, BIBLIOGRAPHY, AND ACRONYMS

This section contains references, additional bibliography and acronyms that are generally
common to the set of reports, FEMA-350, FEMA-351, FEMA-352, and FEMA-353. Following
the regular references are three sections containing ASTM Standards published by the American
Society for Testing and Materials, West Conshohocken, Pennsylvania and listed numerically,
AWS Specifications published by the American Welding Society, Miami, Florida, and listed
numerically, FEMA Reports published by the Federal Emergency Management Agency,
Washington, DC, and listed by report number, and SAC Reports published by the SAC Joint
Venture, Sacramento, California, and listed by report number.

References and Additional Bibliography.

AISC, 1985, Specification for Sructural Joints using ASTM A325 or A490 Bolts, American
Institute of Steel Construction, Chicago, lllinois.

AISC, 1989, Manual of Sedl Construction, ASD, Ninth Edition, American Institute of Steel
Construction, Chicago, Illinois.

AISC, 1993, 1997, Load and Resistance Factor Design Specifications for Structural Steel
Buildings, American Institute of Steel Construction, Chicago, Illinois.

AISC, 19944, Proceedings of the AISC Special Task Committee on the Northridge Earthquake
Meeting, American Institute of Steel Construction, Chicago, Illinois.

AISC, 1994b, Northridge Steel Update 1, American Institute of Steel Construction, Chicago,
[llinois.

AISC, 1997, Seismic Provisions for Sructural Seel Buildings, American Institute of Steel
Construction, Chicago, Illinois.

AISC, 19984, Load and Resistance Factor Design Specifications for Sructural Seel Buildings,
American Institute of Steel Construction, Chicago, Illinois.

AISC, 1998b, LRFD Manual of Seal Construction, 2nd Edition, American Institute of Stedl
Construction, Chicago, Illinois.

AISC, 1999, Supplement No. 1 to the 1997 Seismic Provisions for Structural Steel Buildings,
American Ingtitute of Steel Construction, Chicago, Illinois.

Allen, J., Partridge, J.E., Richard, R.M., and Radau, S., 1995, “Ductile Connection Designs for
Welded Steel Moment Frames,” Proceedings, 64™ Annual Convention, Structural Engineers
Association of California, Sacramento, California.

Anderson, J, Duan, J., Xiao, Y., and Maranian, P., 2000, I mprovement of Welded Connections
Using Fracture Tough Overlays, Report No. SAC/BD-00/20, SAC Joint Venture,
Sacramento, California

ASCE, 1998, ASCE-7 maps, American Society of Civil Engineers, Reston, Virginia
ASTM citations. seethelist of ASTM Standards on page R-4.
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ATC, 1985, Earthquake Damage Evaluation Data for California, Report ATC-13, Applied
Technology Council, Redwood City, California.

ATC, 1987, Evaluating the Seismic Resistance of Existing Buildings, Report ATC-14, Applied
Technology Council, Redwood City, California.

ATC, 1989, Procedures for Postearthquake Safety Evaluations of Buildings, Report ATC-20,
Applied Technology Council, Redwood City, California.

ATC, 1992, Guidelines for Cyclic Seismic Testing of Components of Steel Structures, Report
ATC-24, Applied Technology Council, Redwood City, California.

ATC, 1995, Addendum to the ATC-20 Postearthquake Building Safety Evaluation Procedures,
Report ATC-20-2, Applied Technology Council, Redwood City, California.

ATC, 1997a, Seismic Evaluation and Retrofit of Concrete Buildings, prepared by the Applied
Technology Council (Report No. ATC-40), for the California Seismic Safety Commission
(Report No. SSC 96-01), Sacramento, California

ATC, 1997b, NEHRP Guidelines for the Seismic Rehabilitation of Buildings, Report No. FEMA-
273, prepared by the Applied Technology Council for the Building Seismic Safety Council,
published by the Federal Emergency Management Agency, Washington, DC.

ATC, 1997c, Commentary to NEHRP Guidelines for the Seismic Rehabilitation of Buildings,
Report No. FEMA-274, prepared by the Applied Technology Council for the Building
Seismic Safety Council, published by the Federal Emergency Management Agency,
Washington, DC.

Avent, R., 1992, “Designing Heat-Straightening Repairs,” National Steel Construction
Conference Proceedings, Las Vegas, Nevada.

AWS citations. seethelist of AWS reports, specifications and codes on page R-5.

Barsom, JM., 1996, “ Steel Properties — Effects of Constraint, Temperature, and Rate of
Loading,” Proceedings of the 2" US Seminar, Seismic Desi gn, Evaluation and Retrofit of
Seel Bridges, San Francisco, Report No. UCB/CEE STEEL-96/09, Dept. of Civil and
Environmental Engineering, UC Berkeley, pp.115-143.

Boore, D.M., and Joyner, W.B., 1994, Proceedings of Seminar on New Developmentsin
Earthquake Ground-Motion Estimation and Implications for Engineering Design Practice,
Report ATC-35-1, Applied Technology Council, Redwood City, California, pp 6-1 to 6-41.

BSSC, 1992, NEHRP Handbook for the Seismic Evaluation of Existing Buildings, developed by
the Building Seismic Safety Council for the Federal Emergency Management Agency,
Report FEMA-178, Washington, D.C.

BSSC, 1997a, 1997 NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Sructures, Part 1 — Provisions, prepared by the Building Seismic
Safety Council for the Federal Emergency Management Agency (Report No. FEMA-302),
Washington, DC.

BSSC, 1997b, 1997 NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures, Part 2 — Commentary, prepared by the Building Seismic
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Safety Council for the Federal Emergency Management Agency (Report No. FEMA-303),
Washington, DC.

Campbell, K.W., and Bozorgnia, Y., 1994, “Near-Source Attenuation of Peak Horizontal
Acceleration from Worldwide Accelerograms Recorded from 1957 to 1993,” Fifth U.S.
National Conference on Earthquake Engineering, Proceedings, Vol. I11, pp 283-292,
Earthquake Engineering Research Institute, Oakland, California.

Chi, W.M., Delerlein, G., and Ingraffea, A., 1997, “Finite Element Fracture Mechanics
Investigation of Welded Beam-Column Connections,” SAC Joint Venture, Report No.
SAC/BD-97/05.

FEMA citations. seethelist of FEMA reports on page R-6.

Godl, R.K., and Chopra, A.K., 1997, “Period Formulas for Moment-Resi sting Frame Buildings,”
Journal of Sructural Engineering, Vol. 123, No. 11, pp. 1454-1461.

Gross, J.L., Engelhardt, M.D., Uang, C.M., Kasai, K. and Iwankiw, N.R., 1999, Modification of
Existing Welded Steel Moment Frame Connections for Seismic Resistance, AISC Design
Guide Series 12, American Institute of Steel Construction, Chicago, Illinois.

Grubbs, K., 1997, “ The Effect of the Dogbone Connection on the Elastic Stiffness of Steel
Moment Frames’ Masters Thesis, Department of Civil Engineering, University of Texas at
Austin.

ICBO, 1988, 1991, and 1997, Uniform Building Code, indicated edition, International
Conference of Building Officias, Whittier, California.

ICC, 2000, International Building Code, International Code Council, Falls Church, Virginia

Kircher, C.A., Nassar, A.A., Kustu, O. and Holmes, W.T., 1997, “Development of Building
Damage Functions for Earthquake Loss Estimation,” Earthquake Spectra, Vol. 13, No. 4,
Earthquake Engineering Research Institute, Oakland, California, pp. 663-682.

Kircher, C.A., Reitherman, R.K., Whitman, R.V., and Arnold, C., 1997, “Estimation of
Earthquake Losses to Buildings,” Earthquake Spectra, Vol. 13, No. 4, Earthquake
Engineering Research Institute, Oakland, California, pp. 703-720.

Kircher, C.A., 1999, Procedures for Devel opment of HAZU S-Compatible Building-Specific
Damage and Loss Functions, National Institute of Building Sciences, Washington, D.C.

Krawinkler, H., Gupta, A., Medina, R. and Luco, N., 2000, Loading Histories for Seismic
Performance Testing of SIRF Components and Assemblies, Report No. SAC/BD-00/10,
SAC Joint Venture, Sacramento, California.

NIBS, 1997a, HAZUS Earthquake Loss Estimation Methodology, Users Manual, National
Institute of Building Sciences, Washington, DC.

NIBS, 1997h, HAZUS Earthquake Loss Estimation Methodology, Technical Manual, 3 Volumes.
National Institute of Building Sciences, Washington, DC.

RCSC, 1996, Load and Resistance Factor Design: Specification for Sructural Joints Using
ASTM A325 or A490 Bolts, Research Council on Structural Connections.
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Richard, R., Partridge, J.E., Allen, J., and Radau, S., 1995, “Finite Element Analysis and Tests of
Beam-to-Column Connections,” Modern Seel Construction, Vol. 35, No. 10, pp. 44-47,
American Institute of Steel Construction, Chicago, Illinois.

SAC citations. seethelist of SAC Joint Venture reports on page R-7.

Shonafelt, G.O., and Horn, W.B, 1984, Guidelines for Evaluation and Repair of Damaged Seel
Bridge Members, NCHRP Report 271, prepared by the National Cooperative Highway
Research Program, for the Transportation Research Board, Washington, DC.

Wwald, D.J., Quitoriano, T.H., Kanamori, H. and Scrivner, C.W., 1998, “ Trinet Shakemaps —
Rapid Generation of Peak Ground Motion and Intensity Maps for Earthquakes in Southern
California’, SMIP98 Proceedings, California Division of Mines and Geology, Sacramento,
California

Whitman, R., Anagnos, T., Kircher, C., Lagorio, H.J., Lawson, R.S., and Schneider, P., 1997,
“Development of aNational Earthquake L oss-Estimation Methodology,” Earthquake
Spectra, Vol. 13, No. 4, Earthquake Engineering Research Institute, Oakland, California,
pp. 643-661.

Y oussef, N.F.G, Bonowitz, D., and Gross, J.L., 1995, A Survey of Steel Moment-Resisting Frame
Buildings Affected by the 1994 Northridge Earthquake, Report No. NISTR 56254, National
Institute for Science and Technology, Gaithersburg, Maryland.

ASTM Standards.

ASTM Standards are published by the American Society for Testing and Materials, West
Conshohocken, Pennsylvania, and are listed a phanumerically.

ASTM, 1997, Standard Test Methods and Definitions for Mechanical Testing of Steel Products
A6, Supplementary Requirement S
A36, Jecification for Carbon Sructural Seel

A325, Specification for Sructural Bolts, Seel, Heat-Treated, 120/105 ksi Minimum Tensile
Srength

A435, Sraight Beam Ultrasonic Examination of Steel Plates

A490, Specification for Heat-Treated Steel Sructural Bolts, 150 ksi Minimum Tensile Strength
A563, Specification for Carbon and Alloy Seel Nuts

A572, Specification for High-Strength Low-Alloy Columbium-Vanadium Structural Steel
A898, Sraight Beam Ultrasonic Examination of Rolled Steel Structural Shapes

A913, Secification for High-Strength Low-Alloy Steel Shapes of Structural Quality, Produced
by Quenching and Salf-Tempering Process

A992, Standard Specification for Seel for Structural Shapes for Use in Building Framing

E329, Sandard Specification for Agencies Engaged in the Testing and/or Inspection of Material
Used in Construction
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E543, Sandard Practice for Agencies Performing Nondestructive Testing
E548, Sandard Guide for General Criteria Used for Evaluating Laboratory Competence
E994, Sandard Guide for Laboratory Accreditation Systems

E1212, Standard Practice for Establishment and Maintenance of Quality Control Systems for
Nondestructive Testing Agencies

E1359, Standard Guide for Surveying Nondestructive Testing Agencies
FA436, Specification for Hardened Seel Washers

F959, Specification for Compressible-Washer-Type Direct Tension Indicators for Use with
Structural Fasteners

F1554, Specification for Anchor Bolts, Steel, 36, 55, and 105 ksi Yield Srength

F1852, Specification for “ Twist-Off” Type Tension Control Sructural Bolt/Nut/\Washer
Assemblies, Seel, Heat Treated, 120/105 ksi Minimum Tensile Strength

AWS Reports, Specifications, and Codes.

AWS reports are published by the American Welding Society, Miami, Florida, and are listed
alphanumerically.

AWS A2.4, Sandard Symbols for Welding, Brazing, and Nondestructive Testing

AWS A4.3, Sandard Methods for Determination of the Diffusible Hydrogen Content of
Martensitic, Bainitic, and Ferritic Seel Weld Metal Produced by Arc Welding

ANSI/AWS A5.1-91, Specification for Carbon Steel Electrodes for Shielded Metal Arc Welding

ANSI/AWS A5.18-93, Specification for Carbon Seel Electrodes and Rods for Gas Shielded Arc
Welding

ANSI/AWS A5.20-95, Specification for Carbon Seel Electrodes for Flux-Cored Arc Welding
AWS, 1995, Presidential Task Group Report

ANSI/AWS A5.5-96, Specification for Low-Alloy Steel Electrodes for Shielded Metal Arc
Welding

ANSI/AWS A5.28-96, Specification for Low-Alloy Seel Electrodes and Rods for Gas Shielded
Arc Welding

ANSI/AWS A5.23/A5.23M-97, Specification for Low-Alloy Steel Electrodes and Fluxes for
Submerged Arc Welding

ANSI/AWS A5.25/A5.25M-97, Specification for Carbon and Low-Alloy Steel Electrodes and
Fluxes for Electroslag Welding

ANSI/AWS A5.26/A5.26M-97, Specification for Carbon and Low-Alloy Steel Electrodes for
Electrogas Welding

ANSI/AWS A5.32/A5.32M-97, Specification for Welding Shielding Gases
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ANSI/AWS A5.17/A5.17M-97, Specification for Carbon Steel Electrodes and Fluxes for
Submerged Arc Welding

ANSI/AWS A5.29-98, Specification for Low-Alloy Seel Electrodes for Flux-Cored Arc Welding
AWS D1.1-1998, 2000, Structural Welding Code — Seel

AWS D1.3, Sructural Welding Code

AWS D1.4, Sructural Welding Code

AWS QC1, Standard for AWS Certification of Welding Inspectors

FEMA Reports.

FEMA reports are listed by report number.

FEMA-178, 1992, NEHRP Handbook for the Seismic Evaluation of Existing Buildings,
developed by the Building Seismic Safety Council for the Federal Emergency Management
Agency, Washington, DC.

FEMA-267, 1995, Interim Guidelines, Inspection, Evaluation, Repair, Upgrade and Design of
Welded Moment Resisting Steel Structures, prepared by the SAC Joint Venture for the
Federal Emergency Management Agency, Washington, DC.

FEMA-267A, 1996, Interim Guidelines Advisory No. 1, prepared by the SAC Joint Venture for
the Federal Emergency Management Agency, Washington, DC.

FEMA-267B, 1999, Interim Guidelines Advisory No. 2, prepared by the SAC Joint Venture for
the Federal Emergency Management Agency, Washington, DC.

FEMA-273, 1997, NEHRP Guidelines for the Seismic Rehabilitation of Buildings, prepared by
the Applied Technology Council for the Building Seismic Safety Council, published by the
Federal Emergency Management Agency, Washington, DC.

FEMA-274, 1997, NEHRP Commentary on the Guidelines for the Seismic Rehabilitation of
Buildings, prepared by the Applied Technology Council for the Building Seismic Safety
Council, published by the Federal Emergency Management Agency, Washington, DC.

FEMA-302, 1997, NEHRP Recommended Provisions for Seismic Regulations for New Buildings
and Other Sructures, Part 1 — Provisions, prepared by the Building Seismic Safety Council
for the Federa Emergency Management Agency, Washington, DC.

FEMA-303, 1997, NEHRP Recommended Provisions for Seismic Regulations for New Buildings
and Other Structures, Part 2 — Commentary, prepared by the Building Seismic Safety
Council for the Federal Emergency Management Agency, Washington, DC.

FEMA-310, 1998, Handbook for the Seismic Evaluation of Buildings— A Prestandard, prepared
by the American Society of Civil Engineers for the Federal Emergency Management
Agency, Washington, DC.

FEMA-350, 2000, Recommended Seismic Design Criteria for New Seel Moment-Frame
Buildings, prepared by the SAC Joint Venture for the Federal Emergency Management
Agency, Washington, DC.
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FEMA-351, 2000, Recommended Seismic Evaluation and Upgrade Criteria for Existing Welded
Seel Moment-Frame Buildings, prepared by the SAC Joint Venture for the Federal
Emergency Management Agency, Washington, DC.

FEMA-352, 2000, Recommended Postearthquake Evaluation and Repair Criteria for Welded
Steel Moment-Frame Buildings, prepared by the SAC Joint Venture for the Federal
Emergency Management Agency, Washington, DC.

FEMA-353, 2000, Recommended Specifications and Quality Assurance Guidelines for Seel
Moment-Frame Construction for Seismic Applications, prepared by the SAC Joint Venture
for the Federal Emergency Management Agency, Washington, DC.

FEMA-354, 2000, A Policy Guide to Seel Moment-Frame Construction, prepared by the SAC
Joint Venture for the Federal Emergency Management Agency, Washington, DC.

FEMA-355A, 2000, Sate of the Art Report on Base Metals and Fracture, prepared by the SAC
Joint Venture for the Federal Emergency Management Agency, Washington, DC.

FEMA-355B, 2000, Sate of the Art Report on Welding and Inspection, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Washington, DC.

FEMA-355C, 2000, Sate of the Art Report on Systems Performance of Sedl Moment Frames
ubject to Earthquake Ground Shaking, prepared by the SAC Joint Venture for the Federal
Emergency Management Agency, Washington, DC.

FEMA-355D, 2000, Sate of the Art Report on Connection Performance, prepared by the SAC
Joint Venture for the Federal Emergency Management Agency, Washington, DC.

FEMA-355E, 2000, Sate of the Art Report on Past Performance of Steel Moment-Frame
Buildings in Earthgquakes, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Washington, DC.

FEMA-355F, 2000, Sate of the Art Report on Performance Prediction and Evaluation of Seel
Moment-Frame Buildings, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Washington, DC.

SAC Joint Venture Reports.

SAC Joint Venture reports are listed by report number, except for SAC 2000a through 2000Kk;
those entries that do not include a FEMA report number are published by the SAC Joint
Venture.

SAC 94-01, 1994, Proceedings of the Invitational Workshop on Steel Seismic Issues, Los
Angeles, September 1994, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Washington, DC.

SAC 94-01, 1994b, Proceedings of the International Workshop on Steel Moment Frames,
Sacramento, December, 1994, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Washington, DC.

SAC 95-01, 1995, Seel Moment Frame Connection Advisory No. 3, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Washington, DC.
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SAC 95-02, 1995, Interim Guidelines: Evaluation, Repair, Modification and Design of Welded
Seel Moment Frame Structures, prepared by the SAC Joint Venture for the Federal
Emergency Management Agency, Report No. FEMA-267, Washington, DC.

SAC 95-03, 1995, Characterization of Ground Motions During the Northridge Earthquake of
January 17, 1994, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Washington, DC.

SAC 95-04, 1995, Analytical and Field Investigations of Buildings Affected by the Northridge
Earthquake of January 17, 1994, prepared by the SAC Joint Venture for the Federal
Emergency Management Agency, Washington, DC.

SAC 95-05, 1995, Parametric Analytic Investigations of Ground Motion and Structural
Response, Northridge Earthquake of January 17, 1994, prepared by the SAC Joint Venture
for the Federa Emergency Management Agency, Washington, DC.

SAC 95-06, 1995, Technical Report: Surveys and Assessment of Damage to Buildings Affected
by the Northridge Earthquake of January 17, 1994, prepared by the SAC Joint Venture for
the Federal Emergency Management Agency, Washington, DC.

SAC 95-07, 1995, Technical Report: Case Sudies of Steel Moment-Frame Building
Performance in the Northridge Earthquake of January 17, 1994, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Washington, DC.

SAC 95-08, 1995, Experimental Investigations of Materials, Weldments and Nondestr uctive
Examination Techniques, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Washington, DC.

SAC 95-09, 1995, Background Reports: Metallurgy, Fracture Mechanics, Welding, Moment
Connections and Frame Systems Behavior, prepared by the SAC Joint Venture for the
Federal Emergency Management Agency, Report No. FEMA-288, Washington, DC.

SAC 96-01, 1996, Experimental Investigations of Beam-Column Subassemblages, Part 1 and 2,
prepared by the SAC Joint Venture for the Federal Emergency Management Agency,
Washington, DC.

SAC 96-02, 1996, Connection Test Summaries, prepared by the SAC Joint Venture for the
Federal Emergency Management Agency, Report No. FEMA-289, Washington, DC.

SAC 96-03, 1997, Interim Guidelines Advisory No. 1 Supplement to FEMA-267 Interim
Guidelines, prepared by the SAC Joint Venture for the Federal Emergency Management
Agency, Report No. FEMA-267A, Washington, DC.

SAC 98-PG, Update on the Seismic Safety of Seel Buildings — A Guide for Policy Makers,
prepared by the SAC Joint Venture for the Federal Emergency Management Agency,
Washington, DC.

SAC 99-01, 1999, Interim Guidelines Advisory No. 2 Supplement to FEMA-267 Interim
Guidelines, prepared by the SAC Joint Venture, for the Federal Emergency Management
Agency, Report No. FEMA-267B, Washington, DC.
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SAC, 2000a, Recommended Seismic Design Criteria for New Steel Moment-Frame Buildings,
prepared by the SAC Joint Venture for the Federal Emergency Management Agency, Report
No. FEMA-350, Washington, D.C.

SAC, 2000b, Recommended Seismic Evaluation and Upgrade Criteria for Existing Welded Steel
Moment-Frame Buildings, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Report No. FEMA-351, Washington, D.C.

SAC, 2000c, Recommended Postearthquake Evaluation and Repair Criteria for Welded Steel
Moment-Frame Buildings, prepared by the SAC Joint Venture for the Federal Emergency
Management Agency, Report No. FEMA-352, Washington, D.C.

SAC, 2000d, Recommended Specifications and Quality Assurance Guidelines for Seel Moment-
Frame Construction for Seismic Applications, prepared by the SAC Joint Venture for the
Federal Emergency Management Agency, Report No. FEMA-353, Washington, D.C.

SAC, 2000e, A Policy Guide to Seel Moment-Frame Construction, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Report No. FEMA-354,
Washington, D.C.

SAC, 2000f, State of the Art Report on Base Metals and Fracture, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Report No. FEMA-355A,
Washington, D.C.

SAC, 2000g, Sate of the Art Report on Welding and Inspection, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Report No. FEMA-355B,
Washington, D.C.

SAC, 2000h, Sate of the Art Report on Systems Performance, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Report No. FEMA-355C,
Washington, D.C.

SAC, 2000i, Sate of the Art Report on Connection Performance, prepared by the SAC Joint
Venture for the Federal Emergency Management Agency, Report No. FEMA-355D,
Washington, D.C.

SAC, 2000j, Sate of the Art Report on Past Performance of Steel Moment-Frame Buildingsin
Earthquakes, prepared by the SAC Joint Venture for the Federal Emergency Management
Agency, Report No. FEMA-355E, Washington, D.C.

SAC, 2000k, Sate of the Art Report on Performance Prediction and Evaluation, prepared by the
SAC Joint Venture for the Federal Emergency Management Agency, Report No. FEMA-
355F, Washington, D.C.

SAC/BD-96/01, Selected Results from the SAC Phase 1 Beam-Column Connection Pre-Test
Analyses, submissions from B. Maison, K. Kasai, and R. Dexter; and A. Ingraffeaand G.
Deierlein.

SAC/BD-96/02, Summary Report on SAC Phase 1 - Task 7 Experimental Sudies, by C. Roeder
(arevised version of this document is published in Report No. SAC 96-01; the original is no
longer available).

SAC/BD-96/03, Selected Documents from the U.S.-Japan Wor kshop on Steel Fracture I ssues.
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SAC/BD-96/04, Survey of Computer Programs for the Nonlinear Analysis of Steel Moment
Frame Structures.

SAC/BD-97/01, Through-Thickness Properties of Structural Seels, by J. Barsom and S.
Korvink.

SAC/BD-97/02, Protocol for Fabrication, Inspection, Testing, and Documentation of Beam-
Column Connection Tests and Other Experimental Specimens, by P. Clark, K. Frank, H.
Krawinkler, and R. Shaw.

SAC/BD-97/03, Proposed Satistical and Reliability Framework for Comparing and Evaluating
Predictive Models for Evaluation and Design, by Y .-K. Wen.

SAC/BD-97/04, Development of Ground Motion Time Histories for Phase 2 of the FEMA/SAC
See Project, by. P. Somerville, N. Smith, S. Punyamurthula, and J. Sun.

SAC/BD-97/05, Finite Element Fracture Mechanics I nvestigation of Welded Beam-Column
Connections, by W.-M. Chi, G. Delerlein, and A. Ingraffea.

SAC/BD-98/01, Srength and Ductility of FR Welded-Bolted Connections, by S. El-Tawil, T.
Mikesell, E. Vidarsson, and S. K. Kunnath.

SAC/BD-98/02, Effects of Srain Hardening and Strain Aging on the K-Region of Sructural
Shapes, by J. Barsom and S. Korvink

SAC/BD-98/03, Implementation Issues for Improved Seismic Design Criteria: Report on the
Social, Economic, Policy and Political 1ssues Workshop by L.T. Tobin.

SAC/BD-99/01, Parametric Study on the Effect of Ground Motion Intensity and Dynamic
Characteristics on Seismic Demands in Steel Moment Resisting Frames by G. A. MacRae

SAC/BD-99/01A, Appendix to: Parametric Study on the Effect of Ground Motion Intensity and
Dynamic Characteristics on Seismic Demands in Steel Moment Resisting Frames by G. A.
MacRae

SAC/BD-99/02, Through-Thickness Srength and Ductility of Column Flange in Moment
Connections by R. Dexter and M. Melendrez.

SAC/BD-99/03, The Effects of Connection Fractures on Steel Moment Resisting Frame Seismic
Demands and Safety by C. A. Cornell and N. Luco

SAC/BD-99/04, Effects of Strength/Toughness Mismatch on Structural and Fracture Behaviors
in Weldments by P. Dong, T. Kilinski, J. Zhang and F.W. Brust

SAC/BD-99/05, Assessment of the Reliability of Available NDE Methods for Welded Joint and
the Development of Improved UT Procedures by G. Gruber and G. Light

SAC/BD-99/06, Prediction of Seismic Demands for SMRFs with Ductile Connections and
Elements by A. Gupta and H. Krawinkler

SAC/BD-99/07, Characterization of the Material Properties of Rolled Sections by T. K. Jaquess
and K. Frank

SAC/BD-99/08, Sudy of the Material Properties of the Web-Flange I nter section of Rolled
Shapes by K. R. Miller and K. Frank
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SAC/BD-99/09, Investigation of Damage to WSMF Earthquakes other than Northridge by M.
Phipps

SAC/BD-99/10, Clarifying the Extent of Northridge Induced Weld Fracturing and Examining
the Related Issue of UT Reliability by T. Paret

SAC/BD-99/11, The Impact of Earthquakes on Welded steel Moment Frame Buildings:
Experience in Past Earthquakes by P. Weinburg and J. Goltz

SAC/BD-99/12, Assessment of the Benefits of Implementing the New Seismic Design Criteria
and Inspection Procedures by H. A. Seligson and R. Eguchi

SAC/BD-99/13, Earthquake Loss Estimation for WSMF Buildings, by C. A. Kircher

SAC/BD-99/14, Smplified Loss Estimation for Pre-Northridge WSMF Buildings, by B. F.
Maison and D. Bonowitz

SAC/BD-99/15, Integrative Analytical Investigations on the Fracture Behavior of Welded
Moment Resisting Connections, by G. G. Deierlein and W.-M. Chi

SAC/BD-99/16, Seismic Performance of 3 and 9 Sory Partially Restrained Moment Frame
Buildings, by B. F. Maison and K. Kasai

SAC/BD-99/17, Effects of Partially-Restrained Connection Stiffness and Strength on Frame
Seismic Performance, by K. Kasai, B. F. Maison, and A. Mayangarum

SAC/BD-99/18, Effects of Hysteretic Deterioration Characteristics on Seismic Response of
Moment Resisting Steel Structures, by F. Naeim, K. Skliros, A. M. Reinhorn and M.V.
Sivaselvan

SAC/BD-99/19, Cyclic Instability of Seel Moment Connections with Reduced Beam Section, by
C.-M. Uang and C.-C. Fan

SAC/BD-99/20, Local and Lateral-Torsion Buckling of Wide Flange Beams, by L.
Kwasniewski, B. Stojadinovic, and S. C. Goel

SAC/BD-99/21, Elastic Models for Predicting Building Performance, by X. Duan and J. C.
Anderson

SAC/BD-99/22, Reliability-Based Seismic Performance Evaluation of Seel Frame Buildings
Using Nonlinear Satic Analysis Methods, by G. C. Hart and M. J. Skokan

SAC/BD-99/23, Failure Analysis of Welded Beam to Column Connections, by J. M. Barsom

SAC/BD-99/24, Weld Acceptance Criteria for Seismically-Loaded Welded Connections, by W.
Mohr

SAC/BD-00/01, Parametric Tests on Unreinforced Connections, by K.-H. Lee, B. Stojadinovic,
S. C. Godl, A. G. Margarian, J. Choi, A. Wongkaew, B. P. Reyher, and D.-Y, Lee

SAC/BD-00/02, Parametric Tests on the Free Flange Connections, by J. Choi, B. Stojadinovic,
and S. C. Goel

SAC/BD-00/03, Cyclic Tests on Smple Connections Including Effects of the Sab, by J. Liu and
A. Astaneh-Adl
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SAC/BD-00/04, Tests on Bolted Connections, by J. Swanson, R. Leon and J. Smallridge
SAC/BD-00/05, Bolted Flange Plate Connections, by S. P. Schneider and |. Teeraparbwong
SAC/BD-00/06, Round Robin Testing of Ultrasonic Testing Technicians, by R. E. Shaw, Jr.

SAC/BD-00/07, Dynamic Tension Tests of Smulated Welded Beam Flange Connections, by J.
M. Ricles, C. Mao, E. J. Kaufmann, L.-W. Lu, and J. W. Fisher

SAC/BD-00/08, Design of Seel Moment Frame Model Buildingsin Los Angeles, Seattle and
Boston, by P. Clark

SAC/BD-00/09, Benchmarking of Analysis Programs for SMRF System Performance Studies, by
A. G. and H. Krawinkler

SAC/BD-00/10, Loading Histories for Seismic Performance Testing of SMRF Components and
Assemblies, by H. Krawinkler, A. Gupta, R. Medinaand N. Luco

SAC/BD-00/11, Development of Improved Post-Earthquake Inspection Procedures for Steel
Moment Frame Buildings, by P. Clark

SAC/BD-00/12, Evaluation of the Effect of Welding Procedure on the Mechanical Properties of
FCAW-Sand SMAW Weld Metal Used in the Construction of Seismic Moment Frames, by
M. Q. Johnson

SAC/BD-00/13, Preliminary Evaluation of Heat Affected Zone Toughness in Structural Shapes
Used in the Construction of Seismic Moment Frames, by M. Q. Johnson

SAC/BD-00/14, Evaluation of Mechanical Propertiesin Full-Scale Connections and
Recommended Minimum Weld Toughness for Moment Resisting Frames, by M. Q. Johnson,
W. Mohr, and J. Barsom

SAC/BD-00/15, Smplified Design Models for Predicting the Seismic Performance of Seel
Moment Frame Connections, by C. Roeder, R.G. Coons, and M. Hoit

SAC/BD-00/16, SAC Phase 2 Test Plan, by C. Roeder

SAC/ BD-00/17, Behavior and Design of Radius-Cut, Reduced Beam Section Connections, by
M. Engelhardt, G. Fry, S. Johns, M. Venti, and S. Holliday

SAC/BD-00/18, Test of a Free Flange Connection with a Composite Floor Sab, by M. Venti
and M. Engelhardt

SAC/BD-00/19, Cyclic Testing of a Free Flange Moment Connection by C. Gilton, B. Chi, and
C. M. Uang

SAC/BD-00/20, Improvement of Welded Connections Using Fracture Tough Overlays, by James
Anderson, J. Duan, P. Maranian, and Y. Xiao

SAC/BD-00/21, Cyclic Testing of Bolted Moment End-Plate Connections, by T. Murray and E.
Sumner

SAC/BD-00/22, Cyclic Response of RBS Moment Connections: Loading Sequence and Lateral
Bracing Effects, by Q.S. Yu, C. Gilton, and C. M. Uang
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SAC/BD-00/23, Cyclic Response of RBS Moment Connections. Weak Axis Configuration and
Deep Column Effects, by C. Gilton, B. Chi, and C. M. Uang

SAC/BD-00/24, Development and Evaluation of Improved Details for Ductile Welded
Unreinforced Flange Connections, by J.M. Ricles, C. Mao, L.W. Lu, and J. Fisher

SAC/BD-00/25, Performance Prediction and Evaluation of Steel Special Moment Frames for
Seismic Loads, by K. Leeand D. A. Foutch

SAC/BD-00/26, Performance Prediction and Evaluation of Low Ductility Steel Moment Frames
for Seismic Loads, by S. Yunand D. A. Foutch

SAC/BD-00/27, Steel Moment Resisting Connections Reinforced with Cover and Flange Plates,

by T. Kim, A.S. Whittaker, V.V. Bertero, and A.S.J. Gilani
SAC/BD-00/28, Failure of a Column K-Area Fracture, by JM. Barsom and J.V. Pellegrino
SAC/BD-00/29, Inspection Technology Workshop, by R. E. Shaw, Jr.

Acronyms.

A, acceleration response

ACAG, air carbon arc gouging

ACIL, American Council of Independent
Laboratories

AISC, American Institute for Steel
Construction

ANSI, American National Standards Institute

API, American Petroleum Institute

ASNT, American Society for Nondestructive
Testing

ASTM, American Society for Testing and
Materials

ATC, Applied Technology Council

A2LA, American Association for Laboratory
Accreditation

AWS, American Welding Society

BB, Bolted Bracket (connection)

BFP, Bolted Flange Plates (connection)

BOCA, Building Officials and Code
Administrators

BSEP, Bolted Stiffened End Plate
(connection)

BUEP, Bolted Unstiffened End Plate
(connection)

CAC-A, air carbon arc cutting

CAWI, Certified Associate Welding Inspector

CJP, complete joint penetration (weld)

CP, Collapse Prevention (performance level)

CUREge, Cdifornia Universities for Research
in Earthquake Engineering

CVN, Charpy V-notch

CWI, Certified Welding Inspector

D, displacement response

DST, Double Split Tee (connection)

DTI, Direct Tension Indicator

EGW, electrogas welding

ELF, equivalent lateral force

ESW, electroslag welding

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

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

FEMA, Federal Emergency Management
Agency

FF, Free Flange (connection)

FR, fully restrained (connection)

GMAW, gas metal arc welding

GTAW, gas tungsten arc welding

HAZ, heat-affected zone

IBC, International Building Code

ICBO, International Conference of Building
Officials

ICC, International Code Council

IMF, Intermediate Moment Frame

IO, Immediate Occupancy (performance
level)
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SO, International Standardization
Organization

IWURF, Improved Welded Unreinforced
Flange (connection)

L, longitudinal

LDP, Linear Dynamic Procedure

LRFD, load and resistance-factor design

LS, Life Safety (performance level)

LSP, Linear Static Procedure

MCE, Maximum Considered Earthquake

MMI, Modified Mercalli Intensity

MRS, modal response spectrum

MRSF, steel moment frame

MT, magnetic particle testing

NBC, National Building Code

NDE, nondestructive examination

NDP, Nonlinear Dynamic Procedure

NDT, nondestructive testing

NEHRP, National Earthquake Hazard
Reduction Program

NES, National Evaluation Services

NSP, Nonlinear Static Procedure

NVLAP, National Volunteer Laboratory
Accreditation Program

OMF, Ordinary Moment Frame

PGA, peak ground acceleration

PJP, partial joint penetration (weld)

PIDR, pseudo interstory drift ratio

PQR, Performance Qualification Record

PR, partially restrained (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

RBS, Reduced Beam Section (connection)

RCSC, Research Council for Structural
Connections

RT, radiographic testing

SAC, the SAC Joint Venture; a partnership of
the Structural Engineers Association of
Cdlifornia, the Applied Technology
Council, and California Universities for
Research in Earthquake Engineering

SAW, submerged arc welding

SBC, Sandard Building Code

SBCCI, Southern Building Code Congress
International

SCWI, Senior Certified Welding Inspector

SEAQC, Structural Engineers Association of
Cdlifornia

SFRS, seismic-force-resisting system

SMAW, shielded metal arc welding

SMF, Special Moment Frame

SP, Side Plate (connection)

SUG, Seismic Use Group

SW, Slotted Web (connection)

T, transverse

TIGW, tungsten inert gas welding

UBC, Uniform Building Code

UT, ultrasonic testing

VI, visual inspection

WBH, Welded Bottom Haunch (connection)

WCPF, Welded Cover Plate Flange
(connection)

WFP, Welded Flange Plate (connection)

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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SAC Phase |l Project Participants

FEMA Project Officer FEMA Technical Advisor

Michael Mahoney Robert D. Hanson

Federal Emergency Management Agency Federal Emergency Management Agency
500 C St. SW, Room 404 DFO Room 353

Washington, DC 20472 P.O. Box 6020

Pasadena, CA 91102-6020

Joint Venture M anagement Committee (JVMC)

William T. Holmes, Chair Christopher Rojahn

Rutherford and Chekene Applied Technology Council

303 Second St., Suite 800 North 555 Twin Dolphin Dr., Suite 550

San Francisco, CA 94107 Redwood City, CA 94065

Edwin T. Huston Arthur E. Ross

Smith & Huston, Inc. ColelY ee/Shubert & Associates

8618 Roosevelt Way NE 2500 Venture Oaks Way, Suite 100

Seattle, WA 98115 Sacramento, CA 95833

Robert Reitherman Robin Shepherd

California Universities for Research in Earthquake Damage Analysis Corporation
Earthquake Engineering 40585 Lakeview Drive, Suite 1B

1301 South 46th St. P.O. Box 1967

Richmond, CA 94804 Big Bear Lake, CA 92315

Project Management Committee (PM C)

Stephen A. Mahin, Project Manager William T. Holmes, VMC
Pacific Earthquake Engr. Research Center Rutherford and Chekene
University of California 303 Second St., Suite 800 North
Berkeley, CA 94720 San Francisco, CA 94107
Ronald O. Hamburger, Project Director for Christopher Rojahn, VMC

Project Development Applied Technology Council
EQE International 555 Twin Dolphin Dr., Suite 550
1111 Broadway, 10th Floor Redwood City, CA 94065

Oakland, CA 94607-5500
Robin Shepherd, VMC

James O. Malley, Project Director for Earthquake Damage Analysis Corporation
Topical Investigations 40585 Lakeview Drive, Suite 1B

Degenkolb Engineers P.O. Box 1967

225 Bush St., Suite 1000 Big Bear Lake, CA 92315

San Francisco, CA 94104-1737
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Peter W. Clark, Technical Assistant to PMC
SAC Steel Project Technical Office

1301 South 46th St.

Richmond, CA 94804

Project Administration

Allen Paul Goldstein, Project Administrator Lori Campbell, Assistant to the Project
A.P. Goldstein Associates Administrator
1621B 13th Street 1621 B 13th Street
Sacramento, CA 95814 Sacramento, CA 95628
Lee Adler
Structural Engineers Association of
California

1730 | Street, Ste. 240
Sacramento, CA 95814

Project Oversight Committee (POC)

William J. Hall, Chair John L. Gross

3105 Valley Brook Dr. National Institute of Stds. & Technology

Champaign, IL 61821 Building and Fire Research Lab,
Building 226, Room B158

Shirin Ader Gaithersburg, MD 20899

International Conference of Building

Officials James R. Harris

5360 Workman Mill Rd. J.R. Harrisand Co.

Whittier, CA  90601-2298 1580 Lincoln St., Suite 550
Denver, CO 80203-1509

John M. Barsom

Barsom Consulting, Ltd. Richard Holguin

1316 Murray Ave, Suite 300 520 Kathryn Ct.

Pittsburgh, PA 15217 Nipomo, CA 93444

Roger Ferch Nestor Iwankiw

Herrick Corporation American Institute of Steel Construction

7021 Koll Center Parkway One East Wacker Dr., Suite 3100

P.O Box 9125 Chicago, IL  60601-2001

Pleasanton, CA 94566-9125
Roy Johnston

Theodore V. Galambos Brandow & Johnston Associates

University of Minnesota 1600 West 3rd St.

122 CE Building, 500 Pillsbury Dr. SE LosAngeles, CA 90017

Minnneapolis, MN 55455
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L eonard Joseph
Thornton-Tomassetti Engineers
641 6th Ave., 7th Floor

New York, NY 10011

DuaneK. Miller

The Lincoln Electric Company
22801 st. Clair Ave.
Cleveland, OH 44117-1194

John Theiss

EQE/Theiss Engineers

1848 Lackland Hills Parkway
St. Louis, MO 63146-3572

John H. Wiggins

J.H. Wiggins Company

1650 South Pacific Coast Hwy, Suite 311
Redondo Beach, CA 90277

Team Leadersfor Topical Investigations

Douglas A. Foutch

University of Illinois

MC-250, 205 N. Mathews Ave.

3129 Newmark Civil Engineering Lab
Urbana, IL 61801

Karl H. Frank

University of Texasat Austin
10100 Bornet Rd.

Ferguson Lab, P.R.C. #177
Austin, TX 78758

Matthew Johnson

Edison Welding Institute
1250 Arthur E. Adams Drive
Columbus, OH 43221

Helmut Krawinkler

Department of Civil Engineering
Stanford University

Stanford, CA 94305

Charles W. Roeder
University of Washington
233-B More Hall FX-10
Dept. of Building and Safety
Seattle, WA 98195-2700

L. Thomas Tobin

Tobin and Associates
134 Cdlifornia Ave.

Mill Valley, CA 94941

Lead Guideline Writers

John D. Hooper

Skilling Ward Magnusson Barkshire, Inc.

1301 Fifth Avenue, Suite 3200
Seattle, WA 98101-2699

Lawrence D. Reaveley

University of Utah

Civil Engineering Dept.

3220 Merrill Engineering Building
Salt Lake City, UT 84112

Thomas A. Sabol

Englekirk & Sabol Consulting Engineers
P.O. Box 77-D

Los Angeles, CA 90007

C. Mark Saunders

Rutherford & Chekene

303 Second St., Suite 800 North
San Francisco, CA 94107

Robert E. Shaw

Steel Structures Technology Center, Inc.
42400 W Nine Mile Road

Novi, Ml 48375-4132

Raymond H. R. Tide

Wiss, Janney, Elstner Associates, Inc.
330 Pfingsten Road

Northbrook, IL  60062-2095
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