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Abstract

Historical precedent has established progressive collapse as a phenomenon
characterized by the potential for extreme structural damage and loss of life. In an
attempt to mitigate such behavior in conventional structures, several different approaches
for analysis and design have been suggested. These methods include beth threat
dependent and threatdependent procedures. Under the latter, a common approach is to
subject the structure to a notional coluremoval scenario and then check the ability of
the structure to bridge over the removed
circumstances can involve the utilization of cateparyablelike, behavior to resist the
imposed loads once the flexural capacity of the resisting members has baested
and sufficient levels of deflection have been attained.

In this thesis, an analytical investigation of various factors influencing the
response of steel structures during progressive collapse is presénéeithvestigation
consisted of two comp®nts: a baseline studyd a parametric studyhe baseline
studyconsideredhe collapseespons®f a specifically designed, eightory, sixbay,
steelframed structureuringfour distinct first-storycolumnremoval scenarg The
general respons# the structure during each scenaris catenary action demandsyd
connection ductility demands were recorded, discysseticomparedFollowing the
baseline studya parametric study was conducted, whichsmigred the effects of

changing selectedesign parameters on the response of the system during collapse. The

m



investigated parameteirscludedthe building location, the number of stories, the number
of bays in the lateral loagksisting system, and the building aspect rafibe Open
Systemdr Earthquake Engineering Simulatig@penSegs an opersource finite
element(FE) software package, was utilized thie FEsimulations.

The results of thinvestigationshow that each factor can hasignificant

impact on overall system behaviand the development of catenary forces in particular.
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Chapter 17 Introduction

1.1 Overview

For multistory structures, unanticipategtremeloading events can result in
extensive structural damage and significant loss of life. Such was the case for the Alfred
P. Murrah Building (Oklahoma City, OKi 1995 when a boméletonated near a main
column resulted iprogressiveollapse of clee to halfbof the structure (Figure-1). The

death toll was nebr 170 people, with another 800 injured (Agarwal et al. 2012).

Figure 1-1 Alfred P. Murrah Collapse (accessed from: Defenselmagemil)



As a response to an extreme event, progressilapse igdentifiedby:
fda situation where |l ocal failure of a pr
collapse of adjoining members which, in turn, leads to additional collapse. Hence,

the total collapse is disproportionate to the original ca(G8A 2003.

As shown by the bombing of tidfred P. Murrah Biilding, the consequeresof a
structureincurring progressive collapsee substantial and, in the event of occurrence,
pose a serious threat to the safety of the occup&sts& consequenci has been the
focus of nany recent research investigations.

Progressive collapse research has been performed using a variety of analytical
techniques. One of the most prominent méghaf analysis, commonly referred to as
Anoti onal ¢ polrunan Arme nsosvi anl gois adentifiedbptbe s cenar i o,
construdbon of astructural modeandthena subsequent deletion of one of dodumn
elements. Thet ruct ur eds abi lemoved elément &nd distriglead o v e r t
to the other primary lakresisting memberis then investigatedOften concurrent with
this method is the consideration ofikédeée be
behavior (Khandelwal and Hlawil 2007).

Catenary behavior, or A cxibitechbglvegmsavbat i on o,
isdenotech s t h e-s pdau b bwehichodansiblyrefers to theloubling of the
span of the beams directly above the removed column(s). Tuis of response is
concordant witlthe development of large tensile forcesha beams once they are no
longer able to sustain loads using flexurghavior alone. This transition is shown below

in Figure 12.



T iy

Figure 1-2 Transition to Catenary Behavior (Hamburger and Whittaker 2004)

Since the vertical component of this téagorce is what is useth sustain loads
large deflections are necessaryrderto make this an effective method of lead

resistanc€Khandelwal and ETawil 2007)
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1.2 Motivation

While there have been a variety of investigations into various aspgutsgoéssive
collapse, there have been relatively limitédrs to ascertain thiactors influencing
catenary action demands in conventional matlbry steel structures and their overall
effects on the collapse response of those systems.

Consequently tiis the intent of this thesis teelpidentify such factorand determine

their relative impacts on structural behavior during progressive collapse scenarios.

1.3 Research Objectives

Theobjectives of this study are as follows:

1 Evaluate the impacts eablumnremoval location on catenary force
development and overall system response in rstotly, steeframed
structures

91 Determine the effects of specific design and layout considerations on the
development of catenary forces in, and the general coll@sssance of,
multi-story, steeframed structures

1 Definethe consequences of potential connection ductility demands

1 Identify potential areas of revision in prominent design codes

1.4 Tasks
In order to achieve the objectives of this study, the followassfs were performed:

1 Review currentodes andjuidelines pertaining tdesign forprogressive

collapse



1 Reviewrecent research in the area of progressive collapse, with a particular
focus on steel structures

1 Developa realistic multi-story seel structurgbaseline system) and condact
series of nonlineastatic pushdown analysesensideringnultiple column
removal location

1 Developvariants of the bas&le system, modifying several design and layout
characteristicsandperforma secondseries of nonlinar-static puedown
analyses considering only the central coluramoval scenario

1 Analyze the data obitzed from the finiteelement modelddentifying changes
in general collapse response, catenary behaaal potential connection
ductility demands

1 Fromthe trends identified, draw general conclusions regarding the relative

impacts of the factors studi@thd provide recommendations for future study

1.5 Scope and Approach

In order to form the basis for this investigation, it was first necessary tandesig
real i stic structural syst emcouldReslicghfaat e d
the purposes of the parametric stu@ubsequently, the baseline system was used to
study various columinemoval locations Seven additional systems were desigioedise
in the parametric study in order to investigate the impact of the following factors:
building location, the number of stories, the number of bays in the lateraldsiating
system, and building aspect ratio. The analytical results for thdg®rndl systems

were compared against the baseline system, and, if applicable, comparisons were made
5
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between the systems themselv&ased upon these comparisons, conclusions were
drawn about the relative impacts of the factors studied.

Theinvestigations conducted as a part of this thesis research pertain to the behavior
of multi-story steel structures, no other materials were considered.fiSpssumptions
and limitations for each studye provided in sections 3.2 and,Zafbng with déailed
discussions of the specific methodologies employed

All analyses wer@erformed using thénite-element software packa@pen System
for Earthquake Engineering Simulatioor OpenSeegVicKenna et al. 2000). In
addition, he commercial software peage SAP2000 (C012 was used for the design

of all structural systems.

1.6 Organization of Thesis

Chapter 2 provideselevantbackground information, includintpe following
sections a reviewof current design guidelines, a review of recent researtheoretical
background on specific behavioral aspects pertaiirtgisthesis and a discussion on
the finite element (FEnodeling techniques employed. Chapter 3 presents the results
from thebaseline study Chapter 4 presents the results froe plarametric study.
Finally, Chapter 5 providessummary of this investigatioalong with general

conclusions and recommendations for future research endeavors.



Chapter 27 Background

2.1 Overview

Within this chapter, all relevant backgroumaterial related to this thesis research
is outlined and explained. First, a comprehensive review of codes and guidelines
pertaining to progressive collapse analysis and design in the United States (US) is
presented. Second, a concise literature reviawlevant investigations is provided.
Third, the theoretical background utilized as the foundation of this thesis research is
detailed. Finally, the modeling concepts used in the finite element (FE) analyse

presented in Chapters 3 and 4 explained.

2.2 Current Design Guidelines

In this section, relevant design codes and guidelines concerned with the response
of structures to progressive collapse behavior are explained. Since the ultimate goal of
this research program is to provide suggestedions to design standards in the US, this

review is restricted to main codes and guidelines currently applied in the US.

2.2.1 Minimum Design Loads for Buildings and other Structures (ASCE -10)
The American Society dZivil Engineers (ASCE) providegualitative guidance
regarding design for disproportionate collapse in their publicMiommum Design

Loads for Buildings and other Structur@SCE 2010). This document is referred to as
7



ASCE7-10 in this thesis. In Section 1.4 of ASCHO, general strctural integrity is

discussed. Within this section, basic requirements are given regarding establishing a

minimum level of continuity through main structural components and connections. This

is necessary in order to establish an effective load patte tiateral load resisting system.
The commentary to Section 1.4 discusses the general structural integrity

requirements in slightly more detail. However, ASGEG/notes the following:

feaccident s, mi suse and sabotage are n
they cannot be defined precisely. Likewise, general structural integrity is

a quality that cannot be stated in simp
this time, for this standard to establish specific events to be considered

during design or for this staadd to provide specific design criteria to

mi ni mize the risk of progressive coll ap

Within the commentary, ASCET0 discusses the differences between scenarios
of general structural collapse and limited local collapse, provides a lmsttof$ that
could contribute to general collapse, and enumerates a list of general guidelines to
observe in order to produce a more robust design. Some of these guidelines include:
developing a good plan layout, providing internal ties, and providingleldetailing of
structural components (ASCE 2010).

Finally, the commentary provides a classification of design approaches used to
arrest disproportionate collapse. These definitions were originally developed by

Ellingwood and Leyendecker (1978). ASCAM® f i rst cl assifies ADi I
8



as procedures that provide fAexplicit consi
during the design processéo (ASCE 2010).
provide fii mpl i ci tncedogrograssive coldapse adurnng the desige si st a
process through the provision of minimum I
(ASCE 2010).

Finally, in section 2.5 of ASCFE-10, extreme event load combinations are
provided that can be utilized witipecific analysis and design procedures aimed at
arresting collapse. The first of these combinations is used in order to check the capacity
of an existing structural member that has been subjected to an extreme load. This

expression is as follows:

™ol 08 $ ! ™, ™ 3 [2.1]

where
D = Dead load
L = Live load
I = Load resulting from extreme event A

S = Snow load

The second load combination provided by ASCH)7s utilized to check the
residual capacity of an existing structure that has bebjected to an extreme event.

The combination is expressed as follows:



™ol 08 $ ™, ™, | Gl @ [2.2]

where
D = Dead load
L = Live load
0 = Roof live load
S = Snow load

R = Rain load

Adaptations oEquation[2.2] are commonlysed for application with the alternate path

(AP) method within the United States, speafly in UFC 402303 (UFC 201).

2.2.2 International Building Code (IBC 2009)
In the 2009 version of the International Building Code (IBC), basic structural
integrity requirements are specified forthisfir t i me i n t Ginceteinde ds hi
investigation focuses on steel framed structures, only these requirements will be
discussed. The IBC specifies tie force requirements for both columns and eams.

columns, the IBC provides the following:

AEach column splice shalll have the mini mum

dead and live loads tributary to the column between the splice and the splice or

base I mmedil€E€209y bel owo (

10



Notethat this requirement is similar to the vertical tie force requirements

specified in UFC 923-03. For beams, IBC requires the following:

AEnd connections of al|l beams and girde
axial tensile strength equal to the requivedical shear strength for the

allowable stress design (ASD) or ttlurds of the required shear strength

for load and resistance factor design (LRFD) but not less than 10 kips (45

kN) ét he shear force and the axial tensi

act si mullEGa08)ousl yo (

Proposedevisions to these requirements, based on specifications found in the
US and the United Kingdonvere presented to the Structural Code Development

Committee, but were rejected in 2008 (CPNI 2011).

223 Depatment of Defenseds Unifi®2B0Facilities C
The Department of Defenseobesigdofi fi ed Fac
Buildings to Resist Progressive Collagsd-C 4023-03) is one of the more well
reviewed documents on progressive collapssgh in the US. Since its provisions were
used extensively in the course of this thesis research, a more thorough review of this
document is provided.
UFC402303 <cl assifies design approaches as
the corresponding clasications defined within ASCE 7. The direct design approaches

described in the UFC are tA¢ method and the Enhanced Local Resistance (ELR)
11



method. There is one indirect design approach outlined called the Tie Force (TF) method
(UFC 2010.

The currenversion of UFC 423-03, revised in 200, specifies which design
process to utilize based upon Occupancy Categories (OCs). These OCs are correlated to
classifications specified in UFG3)1-01 Structural Engineering Table 21 shows the
correspondingategories from 301-01. Table 2 describes how these categories relate

to the ones outlines in UFGQER3-03.

12



Table 2-1 UFC 3-301-01 Occupancy Categories (UFC 2011)

Occupancy

Category Nature of Occupancy

Buildings and other structures that represent a low
hazard to human life in the event of failure,
including, but not limited to:

« Agricultural facilities

« Certain temporary facilities

« Minor storage facilities

Il Buildings and other structures except those listed
in Categories I, lll, IV and V

Buildings and other structures that represent a
substantial hazard to human life or represent
significant economic loss in the event of failure,
including, but not limited to:

« Buildings and aother structures whose primary
occupancy is public assembly with an occupant load
greater than 300 people

« Buildings and other structures containing elementary
school, secondary school, or daycare facilities with an
occupant load greater than 250

« Buildings and other structures with an occupant load
greater than 500

H « Group |-2 occupancies with an occupant load of 50 or
more resident patients, but not having surgery or
emergency treatment facilities

+ Group |-3 occupancies

« Power-generating stations; water treatment facilities
for potable water, waste water treatment facilities, and
other public utility facilities that are not included in
Categories IV and V

+ Buildings and other structures not included in
Categories IV and V containing sufficient quantities of
toxic, flammable, or explosive substances to be
dangerous to the public if released

« Facilities having high-value equipment, as designated
by the authority having jurisdiction

13



Table 2-1 UFC 3301-01 Occupancy Categories (UFC 2011)

Buildings and other structures designed as essential
facilities, including, but not limited to:

* Group |-2 cccupancies having surgery or emergency
treatment facilities

# Fire, rescue, and police stations, and emergency vehicle
garages

* Designated earthguake, hurricane, or other emergency
shelters

» Designated emergency preparedness, communication,
and operation centers, and other facilities required for
emergency response

+* Emergency backup power-generating facilities required
for primary power for Category [V

* Power-generating stations and other utility facilities
reguired for primary power for Category IV, if emergency
backup power generating facilities are not available

* Structures containing highly toxic materials as defined by
v Section 307, where the quantity of material exceeds the
maximum allowable quantities of Tabkle 307.7(2)

* Aviation control towers and air traffic control centers
required for post earthquake operations where lack of
aystem redundancy does not allow for immediate control of
airspace and the use of altemmate temporary control facilities
is not feasible. Contact the authority having jurisdiction for
additional guidance.

+* Emergency aircraft hangars that house aircraft required
for post-earthquake emergency response; if no suitable
back up facilities exist

+ Buildings and other structures not included in Category WV,
having Dol mission-essential command, control, primary
communications, data handling, and intelligence functions
that are not duplicated at geographically separate locations,
as designated by the using agency

+ Water storage facilities and pump stations reguired to
maintain water pressure for fire suppression

Facilities designed as national strategic military assets,
including, but not limited to:

+ Key national defense assets (e.g. National Miszile
Defense facilities), as designated by the authority having
jurisdiction.

* Facilities involved in operational missile control, launch,
tracking, or other critical defense capabilities

* Emergency backup power-generating facilities required
Ve for primary power for Category V' occupancy

* Power-generating stations and other utility facilities
reguired for primary power for Category V' occupancy, if
emergency backup power generating facilities are not
available

# Facilities involved in storage, handling, or processing of
nuclear, chemical, biclogical, or radiological materials,
where structural failure could have widespread catastrophic
consequences, as designated by the authority having
jurisdiction.

14



Table 2-2 UFC 402303 Occupancy Categories FC 2010

Occupancy

Nature of Occupancy Category

+ Buildings in Occupancy Category | in\1\ Table 2-2 of UFC 3-301-01./1/

» Low Occupancy Buildings" I

+ Buildings in Occupancy Category Il in 1\ Table 2-2 of UFC 3-301-01./1/
+ Inhabited buildings with less than 50 personnel, primary gathering 1]
buildings, billeting, and high occupancy family housing™®

¢ Buildings in Occupancy Category Il in \1\ Table 2-2 of UFC 3-301-01./1/ 1

¢ Buildings in Occupancy Category IV in V14 Table 2-2 of UFC 3-301-01. /1/
« Buildings in Occupancy Category V in\1\ Table 2-2 of UFC 3-301-01./1/

A As defined by UFC 4-010-01 Minimuwm Antiterrorism Standards for Buildings
B Occupancy Category Il is the minimum occupancy category for these buildings, as their
population or function may require designation as Occupancy Category Ill, IV, or V.

As can be seen from the previous tables
related to two aspects: The buildingods | e
Consequently, structures that have higher leveteofipancy or that serve more critical
functions will have a higher OC. Note that substantial economic loss is included as one
of the measures for a structureds | evel of
fact that UFC 4023-03 was developebly the Department of Defense (DOD) for use in
the design of DOD facilities. This correlation between owner and designer could
potentially create a more vested interest in the economic impacts of system failure (CPNI
2011). For each OC specified, UF@2A3-03 stipulates unique design requirements.

These rquirements are shown Table 23.
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Table 2-3 UFC 402303 Design Requirements by Occupancy Category £C 2010

Occupancy

Category Design Requirement

I No specific requirements

Option 1: Tie Forces for the entire structure and Enhanced
Local Resistance for the corner and penultimate columns or
walls at the first story.

OR
Option 2: Alternate Path for specified column and wall removal
locations.

Alternate Path for specified column and wall removal locations;
[ Enhanced Local Resistance for all perimeter first story columns
or walls.

Tie Forces; Alternate Path for specified column and wall
v removal locations; Enhanced Local Resistance for all perimeter
first and second story columns or walls.

From Table 23, it canbe noted that as the OC of a structure increases, the level
of sgphistication in the required design and analysis methods also increases.

For relatively lowrisk structures, UFC-823-03 allows for the use of the-so
called Tie Force method. This Indirect Method attempts to enhance the general integrity
of a structurehrough the use of internal ties. The Tie Force method does not require any
of the detailed analysis inherent in #iB method and is intended to enhance the overall
robustness of the system through a general improvement of continuity and ductility
throudhout the structure. The fundamental concepts behind the Tie Force method were
first proposed by the Institution of Structural Engineers in the United Kingdom in 1971 as

a reaction to the Ronan PoBiilding collapse (IStructE, 1971). Adaptations of this

16



research have been applied to several design codes, including-QEx03 (CPNI
2011).

Within UFC 4023-03, several different types of ties are specified. These
classifications include: vertical ties, transverse ties, longitudinal ties and peripgeral

A depiction of these tie locations is shown below in Figule 2

Internal
Longitudinal and
Transverse Ties
(dotted lines)

=
Peripheral Tie Vertical
(dashed lines) Tie

22 II
Figure 2-1 Classification of Ties UFC 2010
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In earlier versionef UFC 4023-03, tie forces were allowed to be developed
through either the structural members themselves or through the floor systémeskat
members suppartHowever, the Tie Force method is intended to take advantage of
catenary behavior in order tievelop the reserve capacity necessary to arrest collapse. In
order to make this transition within structural elements from flexural to catenary
behavior, large deflections and rotations are necessary. Due to the lack of established
research on the rotahal capacity of connections subjected to a combination of axial
force and moment under monotonic conditions, there is a lack of confidence in the ability
of these connections to undergo the rotations necessary to sustain a large degree of
catenary force Consequently, in the current provisions of URG28-03, transverse,
longitudinal, and peripheral tie forces are primarily intended to be carried within the floor
system (Stevens 2008). Utilization of the primary structural members to develop these tie
forces is still allowed provided that the designer demonstrates that the members in
guestion, and their associated connections, can carry the required amount of force while
undergoing a rotation of 0.2 radiah$HC 2010.

The load combination used by UEB23-03 to determine the required tie forces
for a structure is the extreme event load combination from ASCE 7 without consideration
for snow and wind load effects (Stevens 2008). Note that the required tie forces resulting
from this load combination aret considered additive with those forces obtained from
standard design. The combination for a uniform floor load is shown belBguation

[2.3] (UFC 2010.

0 pRO T@D [2.3]
18



where
0 = Floor load (Ib/ff or kN/n)
D = Dead load (Ib/ftor kN/n¥)

L = Live load (Ib/ff or kN/nT)

In addition to a uniform floor load, there are also provisions for concentrated
loads, variable loads and loads resulting from components and cladding.

For framed structures, the magnitude of the requirednalée force
(longitudinal and transverse ties) in the current UF2303 is given byEquation[2.4]

(UFC 2010.

0 o0 O [2.4]

where
"O= Required internal tie strength (Ib/ft or KN/m)
0 = Floor load (Ib/ff or kN/n)
0 = Greater of the distances between the centers of the columns, frames or walls
supporting any two adjacent floor spaces in the direction under consideration

(ft or m)

Equation[2.4] was formulated using membrane theory for uniformly loaded slabs

devdoped by Park and Gamble (2000). A central deflection having a magnitude of 10%

19



of the short span direction was implicitly assumed. This value was selected based upon
the results of various experimental investigations relating to the tensile membrane
respnse of reinforced concrete slabs. This equation also includes an implicit 20%
increase to account for inertial effects. This increase was selected based upon the results
of the accompanying finite element analyses (Stevens 2008).

UFC 4023-03 has sepate requirements for peripheral tie forces due to the
assumptions inherent in the theory. [2.5] shows how the required peripheral tie force

may be calculate(UFC 2010.

0 @ DO [2.5]

where
"O = Required peripheral tie strength (Ib or)kN
0 = Floor load (Ib/ff or kN/n)
0 = Greater of the distances between the centers of the columns, frames or walls
supporting any two adjacent floor spaces in the direction under consideration
(ft or m)

0 =3 (ft)or0.91 (m)

The value o) chosen for use iBquation[2.5] was selected as the delineating
di stance between what is considered an #fin
023-03 and is related to a similar distance used in British standaele(S 2008). Note

that theconstant present iBquation[2.4] has twice the value of the constant present in

20



Equation[2.5]. The reason for this difference relates to the assumed value of central
deflection. When the peripheral tie strength was low, the analytical models showed
results with values of deflection exceeding the assumed value (10% of the short span). In
order to prevent violation of this assumption, the required peripheral tie force was
restricted to twice what would be obtained from udtggation[2.4] with a
corresponding width of 3 feet (Stevens 2008).

In addition to internal and peripheral ties, UFO2B-03 also outlines
requirements for vertical tie forces. These forces are intended to be tensile forces carried
by the surrounding columng&quation[2.6] shows the equation for the required vertical

tie force.

"0 0B [2.6]

where
"O = Required vertical tie force (Ib or kN)
0 = Floor load (Ib/ft or kN/n)

& = Tributary area of column ¢for nt)

In addition to specifying tie foromagnitudes, UFC-823-03 also outlines tie

force spacing requirements. Figur@ Bepicts these limitations for framed structures.
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Figure 2-2 Spacing Limitations for Internal and Peripheral Ties UFC 2010

Per UFC 4023-03 requirements, internaés must be anchored by peripheral ties

at each end. The spacing of these internal ties must be less than 20% of thi-center

center spacing of the columns in the direction perpendicular to the ties. Moreover, there

are special restrictions in UFC0O23-03 relating to those structures without internal

beams between column locations. For these types of structures, no more than twice the

required tie strength may be placed within the column areas indicated in FHE{H-£Z

2010.

In addition to the T@ Force method, UFG@2303 also incorporates two other

design methodologies. These two methods, the Specific Local Resistance method and the

AP method, are considered Direct Design Methods since they explicitly consider the

effects of disproportionateottapse on system behavior (CPNI 2011).
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In situations where the provided vertical tie strengths are inadequate,-OF& 4
03 allows the AP method to be utilized in order show that the structure has adequate
strength to resist collapse. The AP methodss eequired to be implemented in the
analysis and design of structures with a higher OC category. There are three different
classifications of analysis that may be utilized in the AP method: Linear Static (LSP),
Nonlinear Static (NSP), and Nonlinear 2ynic (NSP). These analysis procedures are
adaptations of the ones outlined in ASCEa#hitihave been modified to account for the
differences between seismic applications and progressive collapse scanbGaz0(10.

An AP analysis is conducted by remayikey vertical structural elements and
using one of the three analysis procedures previously mentioned to prove the ability of
the structure to provide an fdnalternate pat
removed element using other primary stunial elements. UFC-@23-03 defines a
Apri maryo structural el ement as one that ¢
structure. All other elements that do not contribute to this resistance, such as gravity
beams with pinned ends, are classifis@condary. When modeling a structure using
the AP method, only the strength and stiffness of the primary structural members are
accounted for in the model. For vertical elements with insufficient tie forces, the column
itself will be the element remouen the AP analysis. When used as a general design
procedure in lieu of the TF method, column removal locations are specified. In this case,
corner columns and external columns near the middle of the short and long sides of the
structure shall be remogten addition to columns located at abrupt changes in plan
geometry or loading. A separate AP analysis shall be conducted for the following plan

locations: The first story above grade, the story directly below the roof, the story-at mid
23



height and the ety above the location of a column splice or change in column$iZz€ (

2010. External column removal locations are depicted below in Fig@re 2
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Figure 2-3 External Column Removal Locations YFC 2010

Internal columns are also removed for strucgurewi t h
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Figure 2-4 Internal Column Removal Locations JFC 2010

When columns are notionally removed for AP analysis, there is no assumed
damage to the joint. Consequently, as shown in FigireoRly the clear distance

between the story above and below the vertical element will be remd#212010.
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Figure 2-5 Column Removal for AP Method UFC 2010

The loading and design criteria for the AP method depend on the type of action
being considered. UFG@R303 cl assi fies certain-types of
control |l edo -coorn tirdoel floerdwa.t i oflnhi s del i nheat i on
in ASCE 41. Stated simply, deformatioontrolled actions are those that exhibit
considerable deformations prior to failure. Correspondingly, foocdrolled behavior is
characterized by extremely brittle failure modes (ASCE 2006). Tablpravides

examples of these classifications for various types of structural behavior.
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Table 2-4 Examples of DeformationControlled and Force-Controlled Actions (UFC

2010
Component Deformation- Force=- Controlled
P Controlled Action Action

Moment Frames

+ Beams Moment (M) Shear (V)

» Columns M Axial load (P), V

- Joints - V!
Shear Walls M,V P
Braced Frames

» Braces P -

- Beams - P

» Columns - P

» Shear Link A P. M
Connections P, V, M? P,V, M

1. Shear may be a deformation-confrolled action in steel moment frame
construction.

2. Axial, shear, and moment may be deformation-controlled actions for certain steel
and wood connections.

Once behaviors have been classified, the AP method allows for the use of the
LSP, tre NSP or the NDP in order to determine the sufficiency of the structure to resist
collapse for both deformatiecontrolled and forceontrolled actions. As with the TF
method, the load combination used with the AP method is the modified version of the
extreme event load combination from ASCE 7 that is provided in [2.3]. When
applicable, appropriate modification factors are also used to amplify this load in order to
account for dynamic and nonlinear effects. Additionally, appropriate LRFD strength
reducton factors are intended to be implemented when strength is the limiting criteria for

design.
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In the AP method, failure is defined differently depending on the type of analysis
being conducted and the type of action being considered. For the LSP,ieapacit
modified to include the effects of ductility (where applicable) are compared against
member forces for both force and deformatoamtrolled behavior. As previously
mentioned, these capacities are intended to be modified with LRFD strength reduction
factors. Forceontrolled actions are similarly checked for both nonlinear analysis types.
However, unlike the LSP, both nonlinear analysis types use inelastic deformation limits
as the limiting criteria for deformatiecontrolled actions. These limitseaprovided in
ASCE 41 and UFC-92303 (UFC 2010.

Since substantial member ductility and system nonlinearity will influence the
accuracy of the LSP, UFG@R3-03 has implemented a limitation on its usability. In
section 32.11.1.1 of UFC 492303, strictural irregularities are outlined that are
perceived to influence the accuracy of the LSP. In the event that the structure in
consideration has one of these irregularities, a Der@apécity Ratio (DCR) must be
determined for all deformatiecontrolled ations and compared against the UFC
specified limit of 2.0. For the contingency when the structure does not satisfy this
limitation, one of the nonlinear procedures must be applied in order to explicitly account
for the significant nonlinearitydFC 2010.

The loading arrangement utilized for an anslyssing the AP method is shown

Figure 26.
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Figure 2-6 Load Arrangement for the AP Method UFC 2010

As can be seen in Figure&? amplified loads (&, G.r and Gy) are applied to the

29

bays adjacent tthe lost column. Each bay above those bays also experiences amplified
loads. Loads without any increase factors are applied to the rest of the structure. The
level of amplification of loads depends on the type of analysis being conducted. The
three cass where modified loads are utilized are as follows: Linear and-¢ordeolled

(Gip), linear and deformatieoontrolled (Gp), and nonlinear (. The nonlinear



amplification is only applied for the NSP and does not differentiate between force
controlled or deformatioftontrolled behavior. The reason for this uniformity is that the
NSP, by explicitly accounting for nonlinearity, only requires modification for dynamic
effects. Since the NDP explicitly accounts for both nonlinear and dynamic efferstss it
the unmodified load combination (G) for all bays. In the linear static procedure, load
amplification factors must be implemented that account for both nonlinear and dynamic
effects. However, this modification differs between components with duesinses

and those that behave in a more brittle manner. For deforr@idrolled behavior,

both inertial effects and expected ductility are accounted for in the load modifier.
However, for forcecontrolled behavior, only inertial effects are taketoiconsideration
(Stevens 2008). In addition to gravity loads, lateral loadgrflare applied to every

story and each side of the structure, one side at a time. This lateral load is, in effect, a
notional load to account for the effects of stabilitgl dhe influence of the inherent eut
of-plumbness that is present in all structures. This lateral load is defined in-OEE 4

03 as follows UFC 2010:

0 8t T [2.7]

where
0 = Applied lateral load
&t Tt = Notional lateral load applied at each floor.
+0 = Sum of the gravity loads (both dead and live) acting on only the floor

considered. No increase factors are applied.
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The other direct design method described in URI2303 is the Enhanced Local
Resistance method. The ELR method, unlike the previous two methods described, is
considered a threa@ependent approach. In other words, the effectiveness of the ELR
method is directly derived from the initial event that causes damage to one (or more) of
the columns. Furthermore, the ELR method arrests collapse by hardening columns to
prevent failure. A structure designed in this manner may or not be able to redistribute
loads upon the potential failure of a column. For these reasons, the ELR metbbd is
looked upon favorably as a primary design measure (CPNI 2011). Subsequently, as can
be seen from Table-2, the ELR method is only applied in UFE23-03 as a

supplementary method in conjunction with either the TF method or the AP method.

2.2.4 Gereral Services Administration Progressive Collapse Analysis and Design
Guidelines (GSA 2003)

One of the two initially prominent design guidelines that arose ik 8
address the issue of progressive collapse was the General Services Administratipn (GSA
documenProgressive Collapse Analysis and Design Guidel(G3A 2003) GSA
(2003) was developed for use in federal office buildings, but not those associated with the
Department of Defense (here UF@23-03 applies). GSA (2003) differs from UFC 4
023-03 in that it features a more direct and comprehensive method of assessing the risk
factors involved in whether or not a structure should be considered for progressive
collapse analysis and design (CPNI 2011). However, this document hagma\bsed
and updated in the manner of UF@23-3. It has been noted that certain principals and

concepts from this document, such as denrgaphcity ratios, have begun manifesting in
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updated versions of UFGER3-03 (CPNI 2011). Since this trend is currentlglicative
of GSA (2003) ultimately being replaced by UFD23-03, further details of this

document will not be discussed in this thesis.

2.2.5 Blast and Progressive Collapse (AISC)

In order to clarify the behavior of steel structures under extraordiaayng
conditions and discuss appropriate design congidasfor these circumstanceket
American Institute of Steel Construction (AISC) has released Facts for Steel Buildings
#2: Blast and Progressive Collapseveloped by Marchand and Alfawakh({i2i004).
The document is divided into eight sections: general behavior of blast loading, threats and
acceptable risk, resistance of steel structures to extreme loads, mitigation of progressive
collapse, best practices to mitigate blast load effects, badiqes to mitigate
progressive collapse, a history on blast and collapse, and a discussion on current research
and future needs (Marchand and Alfawakhiri, 2004). Since this study is concerned with
the behavior of steel structures under progressivepsalacenarios, the fourth and sixth
sections are of particular interest. The fourth section presents the guidelines relating to
structural integrity available in ASCE 7 and discusses the basic concepts behind both the
TF and the AP methods. Also providedhis section is a discussion on the importance
of connection capacity and ductility when subjected to a combination of moment and
axial force. The sixth section goes into more detail regarding the specific design guides
(GSA and UFC) available atthei me of t he documentds public
Alfawakhiri, 2004). However, since the releas@t#st and Progressive CollapsdFC

4-023-03 has undergone several major revisions. Consequently, the main use of this
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document lies in its ability to imtduce the basic concepts of progressive collapse as it
applies to steel structures and to orient its reader with the available design guides used in

the mitigation of this type of behavior.

2.3 Review of Recent Research

Although the area of progressiuellapse research is still relatively new, there
have been several recent investigations that have significantly contributed to the body of
knowledge surrounding the topic. This section will contain a concise review of those
investigations pertaining tdeel structures that connect more clearly with the direction of
this thesis.

Of primary interest in the area of progressive collapse is the behavior and
resiliency of steel connections during collapse. The reason for this is that much of the
informationrelated to connection behavior published in design codes was obtained under
seismic loading conditions (Sadek et al. 2009). Since progressive collapse conditions are
characterized by monotonic loading and the potential for substantial axial force
developnent in affected beams, connection behavior might be significantly influenced.
Consequently, several investigations have been carried out that have attempted to clarify
this behavior.

Kim and Kim (2009) conducted an analytical investigation into thepsd
potential of moment frames with a variety of seismic connections: The reduced beam
section connection (RBS), welded cover plated flange (WCPF) connection, and the
welded unreinforced flangeelded web (WUFRN) connection. Within this study,

structures were analyzed that had been designed for both moderate and high seismicity.
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The results of the investigation indicated that while the RBS connections analyzed had a
larger ductility capacity than the other connection types, there was also a substantial
increase in the ductility demand in the models which included RBS connections.
Moreover, while the WCPF and WUW connections performed in a similar manner for
their respective structures, the WCPF connection, by virtue of its larger ductility capacity,
was deemed more resilient for progressive collapse applications (Kim and Kim 2009).

As part of an extensive and ongoing research effort by the National Institute of
Standards and Technology (NIST) into structural robustness, Sadek et al. (2009)
conductedhn experimental and analytical investigation into the behavior of two steel
beamcolumn assemblies under the monotonic loading conditions typical of a column
removal scenario. The two connections studied were a welded, unreinforced flange,
bolted web conection (WUFB) and an RBS connection. The major finding of the study
was that these connections exhibited greater rotational capacity under the loading
conditions sustained in the experiment than anticipated by existing design provisions
(Sadek et al. 2().

A study similar to Sadek et al. (2009) was conductediby &t al. (201Dinto the
collapse resistance of WUB- moment connections designed to resist gravity loads. Two
identical connections were tested: one for monotonic testing and one fortegthg.

As in the study by Sadek et al. (2009), it was shown that the tested connection design
exhibited greater rotational capacity under monotonic conditions. However, in this
experiment, the influence of a potential axial load in the beamrmatasmsidered (Kim

et al. 2010.
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Investigations into senrigid and simple shear connection behavior under
progressive collapse conditions have also been pursued. Examples of such investigations
include: Gong (2010), Pirmoz (2011), Pirmoz et al. (2011) Xandnd Ellingwood
(2011).

Due to the inherent complexity involved in progressive collapse behavior, many
researchers utilize threbmensional, nonlinear, dynamic micro models when analyzing
structural systems. However, this approach is-toresumingand computationally
expensive. Consequently, there have been many attempts to create and validate macro
model based approaches that might be more easily employed. Examples of such attempts
are seen in the work of Main et al. (2009) and Alashker et al1j2@nce such
approaches are validated, they may be used to explore the influence of various factors on
progressive collapse behavior.

Khandelwal et al. (2008Ainvestigated the behavior of seismicallgsigned steel
structures subjectdd columnlossscenarios using twdimensional finite element macro
models. Two 1&tory structures were considered: One designed with intermediate
moment frames (IMFs) located in Atlanta (GA) and one designed with special moment
frames (SMFs) located in Seattle (WA3oth structures were designed by NIST for
progressive collapse investigations. The study concluded that the structure designed for
high-seismic activity exhibited larger potential to resist progressive collapse through its
general layout and system stgéimrather than the activation of improved seismic
detailing(Khandelwal et al. 2008/ A separate investigation was contid by
Khandelwal et al. (20088or the same two structures with braced frame systems, one

with special concentrically braced fras¢SCBFs) and one with eccentrically braced
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frames (EBFs). The study concluded that the EBF system designed for high seismic
activity showed greater potential to resist progressive collapse when compared to the
SCBF system. Similar to the investigatiowalving the structures with moment frames,
the conclusion in this study was that this additional resiliency was primarily due to the
improved layout of one system versus the other rather than from the utilization of ductile
detailing (Khandelwal et al. ZIBB).

Kim and An (2008) investigated the impact of including catenary behavior in
analytical models of structures with steel moresisting frames. The analysis was
conducted according to the AP method outlined in GSA (2003); both nonlinear static and
nonlinear dynamic analyses were included. The study found that those models which
allowed catenary behavior to occur in the beams formed an upper bound in terms of load
resistance to those models which did not consider catenary behavior. Moreovsr, it wa
also concluded that the degree of catenary force development increased with a
corresponding increase in those variables which improved lateral restraint. However, the
same correspondence was not seen as the number of stories was varied. The
investigaton was qualified by the statement that the analyses conducted assumed the
joint conditions were such that full catenary force development would be allowed to
occur (Kim and An 2008).

Kim et al. (2009) investigated the impact of various factors on thegssige
collapse resistance of steel moment frames usingitmensional nonlinear static finite
element analysis; however, only flexural behavior in the beams was considered. Loads
were applied in the pustiown analysis according to GSA (2003) guidelinébe

primary factors studied included: the number of bays in the lateral load resisting system,
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the number of stories, the span length of the beams, and the level of design earthquake
load. The results of the nonlinear static pdskwn analysis indicatthat the progressive
collapse resistance of the systems seemed to increase with the number of bays and the
number of stories. Conversely, the collapse resistance seemed toaledtieas
increasing span length.hé& collapseesistance of the studiedwsttures was higher for
those that were designed for higher earthquake loads. Finally, the study concluded that,
when compared to nonlinear dynamic analyses, the nonlinear static pushdown analysis
seemed to overestimate the collapse resistance of stsudtine et al. 2009).

Khandelwal and ETawil (2011) compared a variety of pudbwn methods for
the evaluation of progressive collapse resistance for structures designed for moderate and
high seismic activity. The methods included in the investigatienr@the uniform
pushdown method, the bay pushdown method and the incremental dynamic pushdown
method. In the first method, gravity loads are increased uniformly throughout the
structure. The bay pushdown method increases the gravity loads in the dféeqged
alone. The incremental dynamic method conducts a series of dynamic analyses while
increasing the gravity loads in the bays of interest. A variety of conclusions were drawn
from this investigation. First, it was determined that while the increrngyriamic
analysis produced the most realistic results, the bay pushdown method produced results
which closely agreed with the former. Second, it was concluded that the development of
catenary forces in certain parts of the structure resulted in theogeweat of
compressive forces in other parts of the structure associated with frame action. Finally,
the investigation proposed the concept of

propagation of collapse in the event that the structure in question losagatsty to
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bridge over a damaged element (Khandelwal arntlailil 2011). These concepts will be
explored further in the development of the investigations present in this thesis.

Many of the analytical techniques used to investigate structures foepsog¥
collapse, such as the AP method specified URIR303, use the extreme event load
combination detailed in ASCE 7 [2.2]. Consequently, these methods ignore the potential
impact of a ceexisting wind load. The influence of this was examined by $t@rdis
and Baniotopoulos (2011). The conclusion of this investigation was that, while
negligible for relatively lowrise structures, the presence of wind load could influence the
behavior of taller structures significantly. However, the nature ofrifii;ence depends
heavily on the specific structural system being considered (Gerasimidis and
Baniotopoulos 2011).

In addition to the publications discussed above, there have been many other
investigations into various aspects of progressive collapsee 8iase investigations
relate somewhat more remotely to the direction of this thesis, they will be discussed in
brief. For more information relating to these topics, the reader is encouraged to seek out
the corresponding source(s) provided in the refageisection. In order to better
understand the behavior of actual structures, Song et al. (2010) conducted two
experimental and analytical investigations of-kdhle buildings undergoing collapse.

Quiel and Marjanishvili (2011) discussed the impadtaictural fires associated with
extreme events on the progressive collapse resistance of structures. Vlassis et al. (2009)
explored the consequence of falling floors (from higher stories) on the progressive
collapse of multistory structures. The influea of random imperfections on the load

transfer response under a column removal scenario was explored by Szyniszewski
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(2010). Finally, in order to quantify the effect of variability in desparameters, Kim et
al. (2012 conducted a sensitivity analysia a variety of parameters including: yield

strength, live load, elastic modulus and damping ratio.

2.4 Theoretical Background

In this section, the theoretical concepts supporting the ideas being developed in
this thesis are explained. Since understamthe crossectional behavior of Vgections
under combined axial force and moment is necessary for developing theories and
discussions related to the catenary response of ductile steel beams, this behavior is
examined briefly first. In the second pafithis section a discussion is presented on the
behavior of ductile steel beams transitioning to catenary behavior with idealized
boundary conditions. The latter was the work of Alp (2009) and formed the fundamental

basis behind the concepts being disewkin later chapters.

2.4.1 MkN Interaction at the CrossSectional Level
Steel beams subjected to transverse loads initially resist the applied loads through
the use of flexural action. However, under large displacements, significant axial
components i@y developwh i ¢ h  wi | | infl uence the member
vertical loads. Structures subjected to the notional collmsmscenarios indicative of
progressive collapse analyses will contain beams under the ekpdiecondition. The
reailt of this increase in span length is a corresponding increase in moment demand
within the steel beams. Consequently, there is a significant possibility that one or more

of these beams will reach flexural capacity under the imposed loading. Subsedhently
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beams must make use of catenary behavior in order to provide the reserve capacity
necessary to sustain the loadster flexural yielding the beams achieve this through a
ductile transition from moment (M) to axial force ((Marchand and Alfawakhi 2004).
Details regarding the specific nature of this transition will differ depending on the type of
crosssection being considered. However, for the sake of brevity, the formulas being
presented in this section will be limited to those applicablstiel Wsections.

At the crosssectional level, the distributions associated with the various states of
stress may be integrated over the cigsgion in order to obtain the corresponding
moments and axial forces. Total yielding of the cissstion nay be achieved under a
variety of combinations of axial force and moment. Since the-fladge W-sections
conventionally used in steel structures are symmetric, the plastic neutral axis (PNA)
location associated with full yielding of the cresection uder conditions of pure
moment will be through the centroid of the crssstion. However, the presence of an
axial force will cause a migration of the neutral axis away from the centroid and towards
one of the outer flanges (depending on the orientatitimecdssociated moments and
axial forces). For \Asections, MN interaction equations describing the yield surface,

obtained from Horne (1979), are showrEiquationg2.7] and [2.8].

When the PNA is located in the web,

When the PNA is located in the flange,
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- . . CAA ¢ [2.8]

where:
- = Applied moment
- o = Plastic moment
. = Applied axial force
. o = Plastic axial force
I = Crosssectional area
Q = Web thickness

: = Plastic section modulus

2.4.2 Behavior of Ductile Steel Beams Transitioning to Catenary Action (Alp 2009)

Alp (2009) conducted a rigorous investigation on the behavior of dutgdélsams
as they transition from flexural to cable behavior. Since this thesis discusses the behavior
of these beams in actual steel framed structures, Alp (2009) served as a foundation for the
major investigations presented in the remaining chapiers.following topics were

addressed by this document:
1 Development of theoretical models to predict the response of beams transitioning

from flexural to catenary behavior for rectangular andhdped crossections

1 Verification of theoretical models throlad-E analysis techniques
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1 Development of equations to predict the raghn deflection at the onset of
catenary behavior
1 Investigation on the effect of elastic boundary conditions on beam behavior

i Correlation of beam models to full steel framed structures

In this study, theoretical models were developed to establish thelédledtion
and forcedeformation responses of various idealized systems. The following cases were
examined: a simphkgupported beam with a concentrated load atspah, a fully fixed
beam with a concentrated load at msjghn, and a fully fixed beam with a uniformly
distributed load applied along the length. A unique approach was utilized in the
development of these relationships that considered two bounding theoriesplagid
theory and cabkheory.

Rigid-plastic theory assumes that there is no deformation response associated with
elastic behavior. In other words, the beam does not begin to deflect until yielding begins
to occur. Since an idealized, elagtierfectly plastt momentcurvature relationship was
assumed concurrently, the beam exhibited no flexibility until the plastic moment capacity
had been reached. Conversely, cdi#havior assumes that the beam has no flexural
rigidity. According to this assumption, thedm is unable to develop moment capacity
and all vertical loads must be carried by the development of axial tension within the
member. These two types of behavior are ideal and indicative of either infinitely short or
infinitely long beams. Figure-2, dsplayed below, depicts the-M response for the two
idealizations in conjunction with curves illustrating the potential behavior of actual steel

beams (Alp 2009).
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Figure 2-7 M-N Relationshps for Actual Steel Beams (Alp2009)

From Figure Z7, it canbe seen that actual steel members will exhibit some
amount of axial force development prior to reaching the yield surface. However, once
full yielding of the crosssection has been achieved, the beam will follow along the yield
surface as it continues tieflect until it reaches a state of pure cable behavior (N = Np).
After developing theoretical models to predict the response of the various systems
under the two bounding theories, Alp (2009) verified these models with analytical results.
The principalof superposition was then applied with results from the two theories in
order to develop equations to predict the onset of catenary action for various systems.
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However, in order to restrict this discussion to topics more explicitly relevant to this
thesis a full review of these topics will not be provided.

Alp (2009) also investigated the influence of elastic boundary conditions on the
behavior of ductile steel beams under combined moment and axial force. The
investigation considered the effects oftbtranslational and rotational restraint and their
combined effects. The three idealized beam models used in this study are shown below

in Figures 28, 29 and 210.
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Figure 2-8 Beam with Translational Springs Only (Alp 2009)
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Figure 2-9 Beam with Rofational Springs Only (Alp 2009)
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Figure 2-10 Beam with Combined Springs (Alp 2009)

Through the course of this study, Alp (2009) found that significant axial restraint
profoundly influenced the beamdslewlbofl i ty t
deflection. This result is shown below in Figur&é®2 Note that in this figure, the load is
normalized with the equivalent plastic collapse load of a fikesti beam (B and the
mid-span deflection underneath the concentrated load is naedaliith respect to the
beam depth (d). Levels of axial restraint increase from the lowest level (TR1) to the

highest level (TR10).
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Figure 2-11 LoadDeflection Plot for Beams with Translational Springs (Alp 2009)

Moreover, beams with higher axial nesht were shown to transition from

flexural to cable behavior faster and at lower levels of deflection. Correspondingly, the

deflection at the onset of pure cable behavior was seen to be lower in these beams (Alp

2009).

However, Alp (2009) found that wang the level of rotational restraint yielded

results significantly more complicated than the case with translational springs alone. The

outcome was that the deflection at the onset of catenary behavior initially increased with

increasing rotational resint up until a specific level of resistance. For lower levels of

restraint, hinge formation at the ends could occur under a predominantly flexural

response and significant axial force needed to be allowed to develop in order for a hinge

to form under @ombination of moment and axial force. Consequently, prior to hinge
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formation, these systems exhibited a response more indicative of a-smpplgrted
beam. Once hinge formation occurred, these beams approached the behavior exhibited
by the fixedfixed case (Alp 2009).

In comparing the influence of both types of restraint, it was discovered that the
level of axial restraint was significantly more influential on the behavior of the beam at
the onset of catenary action. Tabl& 2hows the results ofé¢hnvestigation containing
beams with both types of springs with respect to thegpah deflection at the onset of

catenary behavior (W).

Table 2-5 Results for Beam Models with Combined Springs (Alp 2009)

Group No| Name |ka (kip/in) i’; }’rg;) W (in) | Weontd
K11 7 1 34567] 2487
: K12 1 5000 35358]  25.44
K13 1 500000 | 349.90] 2517
K1d 1 50000000 | 349.85]  25.17
K21 24 ] 147.66]  10.62
, K22 24 5000 15480 11.14
K23 24 500000 | 152.40]  10.96
K24 24 50000000 | 15227]  10.95
K31 200 1 49.27 3.54
: K32 200 5000 56.69 4.00
K33 200 | 500000 54.70 3.94
K34 400 | 50000000 | 54.23 3.90
K&l | 25600 1 20.34 211
, K&2 | 25600 | 5000 39.11 281
K43 | 25600 | 500000 36.92 2.66
K44 | 25600 | 50000000 | 36.12 2.60
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From Table 25, it can be seen that the rsgdan deflection at the onset of
catenary behavior varies significantly with changes in the translational spring stiffness.
The level of rotational restraint provided smaller variations within each of the groups.
Figures 212, 213 and 214 show the noratlized loaddeflection, axial forcedeflection

and momenteflection plots for each group.

GROUP1 [ 4

0 |v T T T
0 5 10 15 W/d 2o

—K11 —K12 K13 K14 — K21 —K22 — K23 — K24
- K31 K32 —K33 ——K34 K41 K42 K43 K44

Figure 2-12 Normalized LoadDeflection Plot for Combined Spring CasegAlp
2009)
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Figure 2-14 MomentDeflection Plot (Mid-span) for Combined Spring Case$Alp
2009)
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Similar to the behavior indicated in Tablé2it can be seen from Figurel2
that the | evel of transl at i on abllityto sustdinr ai nt
higher levels of load at correspondingly lower levels of-spdn deflection. The level of
rotational restraint provided relatively small variations in the-deftiection response
within each group. Moreover, from Figured2 and 214, it can be seen that it is
primarily translational restraint that influences the rate at which a beam transitions from
flexural to pure cable behavior. This faster transition corresponds to the increased
capacity at relatively lower deflection levelsiaihwas previously mentioned.
After investigating the behavior of beams with idealized support conditions, Alp (2009)
then provided some correlation of these results with an FE analysis of a simple steel
framed structure. The structure used for this corspa is shown below in Figure15

in conjunction with the idealized beam.
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Figure 2-15 Beam and Frame Models used in Comparison (Alp 2009)

As noted in Figure 45, the side frames that correlate with the translational and
rotational springs were regted to lineatelastic behavior. Sources of material and
geometric nonlinearity in the structure were limited to the beam transitioning from
flexural to catenary behavior. The stiffness values associated with the side frames were
obtained by taking #slope of the loadeflection curve resulting from @penSees
analysis of an individual frame with a unit force or moment applied. These values were

then used to quantify the spring constants for the beam model. The behavior of the beam
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was then monit@d as it transitioned into full catenary action under the applied
concentrated load (Alp 2009).

The results of the study showed an excellent correlation between the beam and
frame models. The normalized leddflection plot produced from the analysisi®wn

below in Figure 216.

5
4 _
3 _
Q
.
Q 5 |
1 _
0 Beam in Frame — - -Beam Model
0 5 10 15
wW/d

Figure 2-16 Load-Deflection Plot for the Beam and Frame Models (Alp 2009)

As indicated by Figure-26, there were some small differences between the beam
and frame models, but there was a very close overall correlattmse ifferences can
be attributed to the development of initial compressive forces in the elastic region for the

beam in the full frame model (Alp 2009).
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2.5 FE Modeling

All finite element analyses performed as a part of this study were conducted using
theOpen System for Earthquake Engineering Simulgt@pen®es) finite element
software package (McKenna et al. 2000). This software was selected based upon its
historic use here at Auburn University and its applicability to the problems being
consideredn thisstudy. While Open&eshas the capability to produce three
dimensional (3D)nockls, its use was restricted to tslomensional (2D)nacremodels
for the purposes of this research. Within this finite element modelitigrseihe basic
aspects of OgnSees are discussed with a particular focus on the components that were

the most essential for this investigation.

2.5.1 Material Models

OpenSeekas the capability to integrate a variety of material models into each
analysis. However, the two most iorfant for this thesis research were the lirsastic
and elastigperfectly plastic material models. These models are depicted below in

Figures 217 and 218.
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Figure 2-17 Linear-Elastic Material Model (McKenna et al. 2000)
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Figure 2-18 Elastic Perfetly-Plastic Material Model (McKenna et al. 2000)

From the preceding figures, it can be seen that all that is required to define these

two materials irDpenSeess the specification of an elastic modulus ($E), and for the
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elastic perfectlyplastic material model, the inclusion of a strain that defines the onset of
plastic behavior in tension and compression ($epsP, $epsN). Note that the inclusion of an

initial elastic strain ($eps0) is optional and was not utilized inrésearch study.

2.5.2 Element Types

Among the variety of elemenypes available for use in Opees, beartolumn
elements are pacular useful for fastunning, 2Dframe analyses. Consequently, this
general element type was used for all frame models. The specifiedodamn elements
utilized in this study were the elastic beanlumn element and the ndinear, force
based bearsolumn element.

For simplicity, tre elastic bearsolumn element may be utilized in lieu of
defining an elastic section with the nonlinear beasiumn element. Defining this
element type only requires inputting a modulus of elasticity, €sess8onal area and
moment of inertia (about thraajor axis of bending). Due to its simplicity, this element
was utilized to define members for areas where lhadsstic behavior was desired.

When notinear material behavior must be considered, the two best options
available inOpenSeeare the displaamentbased bearmolumn and the forebased
beam column. The difference in these two element types is inherent in their
formulations. In other words, the formulation of the displacerbased bearsolumn is
based upon expressions of displacement, whénea®rmulation of the forecbased
beamcolumn is based upon expressions of force (this may be iterative -tterative).
The behavior of these two element types differs significantly. The displacement beam

column is based upon a cubic shape functids.a result, its curvature distribution is
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linear within an element. Consequently, the displacement-seammn will yield results
that show greater element stiffness than its ftw@sed counterpart. Because of this
behavior, in order to obtain ressilbf a reasonable level of accuracy, it is necessary to
utilize more elements than if the force beaatumn was used. Additionally, using a
substantial amount of displacement beastumns in an analysis will occasionally cause
complications with global sfem convergence. However, this element type has an
advantage over the force beaaiumn in that it rarely has difficulties with compatibility
between forces and deformations at the local element level. Both element types consider
the spread of plastigitalong the element and are capable of considering equilibrium in
the deformed shape, which is important for progressive collapse applications.

Unlike the elastic bearoolumn element, it is necessary to specify a section in the
definition of a displacemm-based or forcéased bearsolumn. This is essential in
order to consider the effects of plasticit
must also be specified in order to numerically evaluate the integrals associate with the

element using GasLobatto quadrature.

2.5.3 Section Definitions
Secton definitions are used in Opees in conjunction with certain element
types in order to ascertain the properties of a specific element and/or its general response.
There are several options avaikafor doing this. For the purposes of this investigation,
it was determined that an approach involving fiber sections was optimal.
Utilizing fiber-sections in a2 analysis is imperative for capturing the transition

from flexural to catenary behavioihe reason for this is that, by definition, beam
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elements are not able to capture the spread of plasticity through @ectiss.

Consequently, they are unable to represent the upward migration of the neutral axis that
occurs during the transition tatenary behavior. By discretizing a crsggtion into

local "fibers" that will be integrated to determine the ci®sstional response and using

this section definition for the beam elements, it is possible to obtain element forces and
deformations comgrable to what would be obtained from a more sophisticated micro
model comprised of elastastic shell elements. The main advantage of this approach
is that a significant amount of computational effort is saved by using a simplified macro
model with bam elements. Additionally, an appreciable amount of time can be saved
during construction and optimization of the model. Finally, macro models are
substantially easier to modify in the event that multiple analyses need to be conducted for
comparison purses.

In Open®es, fiber sections can be constructed using several different methods.
Individual fiber locations may be specified, or fibers may be specified using layer or
patch commands. In this particular analysis, the patch command was utilized for
simplicity. This approach involves specifying four nodal locations for the quadrilateral
patch and the number of element subdivisions for beghane directions over the cress

section. Figure-19 shows a depiction of a general quadrilateral patch.
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Figure 2-19 General Quadrilateral Patch (McKenna et al. 2000)

For the Wsections used in this investigation, three quadrilateral patches were utilized to

represent each crasgection: one for the web and one for each flange. 200 fiber
divisions werautilized for each vertical inch of the cressction in order to achieve

reasonable accuracy. Note that this approach ignores the contribution of the fillets to the

crosssectional behavior. This was accounted for throughout this thesis research.

2.5.4Geometric Transformations

In addition to material and section definitions, a geometric transformation type is
also specifiedn Open®&es when defining elements. These transformations change
element stiffnesses and their associated forces from the tmaralicate system to the

global coordinate system. Depending on how this transformation is accomplished, it is

possible to include the effects of geometric-haearity on the element being
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constructed. Throughout the course of this research, three geamasmsformations

were utilized: the Alinear transfo+rmati on
delta transformation. o The information co
was developed by De Souza (2000).

The first translabn type, the linear transformation, assumes simplifications with
respect to the behavior of the element in order to convert stiffness and resisting force
from one reference frame to the other. These simplifications include infinitesimal
displacements anatations and small values of strain within the element. Consequently,
this transformation type is only useful for applications where large displacements and
deformations are not anticipated.

The second transformation type, the corotational transformattmounts for
arbitrarily large rotations and displacements by attaching a coordinate system that will
displace and rotate along with the element. Rigid body motion is then separated from
element deformations. Due to the nature of the formulation, #neneo limitations on
the range of these rigid body motions. Consequently, using the corotational
transformation, it is possible to consider problems that include large rotations and
displacements. However, this approach does not account for largs siaig an
element. This contingency may be bypassed by using proper finite element
discretization.

The third transformation type, thedelta transformation, performs a linear
transformation of stiffness and force, but considers the influence of secdedeffects.

This transformation type was utilized in lieu of the corotational transformation with

beams not expected to experience catenary behavior in the situation where element loads
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were being implemented. This was because the formulation obtb&tonal

transformation ignores the influence of element loads.

2.5.5 Loads
Loads may be applied in Opes3 according to a variety of load patterns and
types. For the purposes of the research contained in this thegisptheai no | oad pa
from Open&es was sufficient. This load pattern allows for the application of nodal
loads, element loads and singleint constraints. Within a single pattern, multiple loads
of different (or identical) types may be specified. Enlemds are then applied according
to a specified time series, which defines the relationship between the load factor and the
ti me domai n. The Alinearo time series was
as a part of this thesis. This speciiioe series increases the load factor linearly

according to a specified slope. The default slope of 1.0 was maintained for each model.

2.5.6 Analytical Methodology

Following construction of a model, in addition to designation of the analysis type,
it is necessary to specify information that will determine how the analysis will be
conducted. Topics associated with these parameters are as follows: constraint
enforcement, numbering of degrees of freedom;lm@ar solution procedure, the
method of storig and solving the system of equations, the method of advancement for
each timestep and the convergence criterion.

In all Open®es models contained within this investigation, constraints were

enforced using Lagrange multipliers. For efficiency, the ns€uthiltMckee
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numbering algorithm was utilized to reduce the bandwidth of the matrices. The non
linear solution method chosen for all models in this investigation was the Newton
Raphson method. The system of equations were stored and solved alshgeea
matrices. For simplicity in pogirocessing, each time step was advanced according to an
incremental displacement. Finally, convergence of each solution was determined

according to an energy increment test.
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Chapter 37 Baseline System

3.10verview

In this chapter, the study of the baseline system is described in detail. First, the
concept of the baseline system is explained and its pertinence to this thesis is clarified.
Following this, a brief outline of the frame design procedureasiged. Next, details of
the FE model are given. Finally, the results offReanalyses are provided fiour
columnremoval scenarios; discussions of points of interest are supplied throughout the
presentation of results with a more comprehensivaiggson given at the end of the

chapter.

3.2 Concept

The baseline system was developed in order to investigate the effects of multiple
perimeter columytemoval scenarios on the behavior of a realistic structural system
considering varying levels of nonkarity in the lateral loatesisting system (LLRS).
The baseline system also served as a control for the parametric study presented in
Chapter 4. Of primary interest in this investigation alee effect of the model type
(level of nonlinearity consided in the LLRS) on the system behavior, the effect of
catenary behavior on the loadrrying capacity of the structure, and the potential impact
of connection ductility demands. Due to the nature of catenary behavior in steel beams,

each analysis was camcted as notinear static; appropriate load modifiers were
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implemented from UFC-023-03 to account for inertial effects. Plan and elevation

views of the structure and one of its perimeter moment frames are shown below in

Figures 31 and 32 respectively
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Figure 3-1 Plan View of the Baseline System
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As seen in Figures-B and 32, the structure was designed as an esghrty, twe

bay steeframed structure. Bay wihs wereauniformly taken as 24 ft The bottom sty

height was selected to be 15dther stories have a height of 12 fhe footprint of the

structure has dimensions of 144 ft x 48 The toal height of the building is 99.ftThe

structure was dimensioned reflect a realistic, but not necessarily typical, mstidiry

office building. Moreover, the dimensioning allows for variations in several

characteristics that were investigated as a part of the parametric study, such as the

number of bays included the LLRS and the number of stories. Further details relating

to these effects are discussed in Chapter 4. Finally, as indicated in Fijuiiee3

baseline system utilizes perimeter moment frames along the longer sides and braced

Syst

frames along the shortsides for stability considerations. Internal bays were designed to
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resist gravity loads alone. The focus of this thesis is on the response within the perimeter
moment frames. As such, all discussions herein relate to the calégistance of these
frames.

A major part of the baseline study was exploring the influence of various
perimeter columiiemoval scenarios on the response within the corresponding moment
frame. Four different columremoval locations were considered, in the following order:
The central column, the column directly adjacent to the central column, the penultimate

column, and the corner column. These locations are shown below in FHgure 3

Figure 3-3 Column-Removal Scenarios Considered in the Baseline Study

65



All columns wereaemoved notionally, as discussed in URO028-03. In addition to

assumptions relating to the manner and location of coltemoval, several other

simplifying assumptions were used throughout the course of the baseline study:

1 Non-composite action was assadfor all beams in both the design &l
analysis procedures.

1 The presence of the floor slab was ignorethenFE analysis models, but its
weight was accounted for.

1 Fully-ductile connection behavior was assumed in each model. However, the
implicationsof potential connection ductility limitations are discussed throughout
this thesis.

1 The beams were assumed to be sufficiently bracedfeplane such that lateral
torsional buckling was not a concern. Local buckling was also not considered as
a limit gate in the FE analyses.

1 The influence of shear deformations and inelastic panel zone behavior were not
considered.

1 3-D Effects were not considered.

1 All modeled structures were assumed to have fixed bases.

3.3 Design

In this section, the load selectiondadesign procedure for the baseline system is

explained in further detail.
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3.3.1 Loading
As previously mentioned, the baseline system was designed as-stonyltffice
building; the building location was chosen to be Atlanta, GA. Loads el@aened from

ASCE 705. The vertical (gravity) loads chosen for the structural design are as follows:

1 Concrete Slab Weight50 psf
1 Superimposed Dead Load (Floorp0 psf
1 Superimposed Dead Load (Roof$p0 psf

1 Live Load (Floor and Roof) 50 psf

Additionally, the baseline system was designed for both wind and seismic loads,

chosen based upon the buildingds | ocation.

3.3.2 Member Selection

The commercial software package SAP2008I 2012yvas utilized for the
design of the structure, which was coneuwlcaccording to the specifications in AISC
(2005). In the design process, all beams were restricted to the same section for simplicity
in the comparisons of catenary force development. Column sections were restricted by
floor location, with one exceptionthe two outermost column sections at each floor were

allowed to differ. The moment frames were designed as ordinary moment frame (OMF)
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systems, since this produced the most economical design. The resulting sections are

shown in Figure 2.

3.4 FE Model Description

Within this section, details related to the development of the baseline frame FE
model are discussed. General modeling concepts and considerations were described in
Chapter 2.

In order to capture the influence of catenary behavior ibhéaens directly above
the removed columns, an approach was utilized that was previously developed by Scott et
al. (2008) and implemented by Alp (2009). In this approach,-8betion discretization
is utilized in conjunction with the foredeased beam cahn and the corotational
transformation. The contributions of each to developing catenary behavior were
described in the corresponding sections in Chapter 2. To account for the influence of
large strains, 100 element divisions were used along the lehg#tio beam being
considered for this type of behavior.

Loads for each pushdown analysis were applied according to the NSP outlined in
UFC 4023-03, but without consideration for the notional lateral load. Since the
consideration of initial imperfectiongas not included in the scope of this study,
exclusion of this notional lateral load was desired in order to prevent its influence from
obscuring the results of the analyses. The loading arrangements utilized for each column

removal scenario are shown &elin Figure 34.
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Figure 3-4 Loading Arrangements for FE Analyses

Note: Q\=1.13

The NSP dynamic amplification factor from UF&23-03, labeledmy in Figure
3-4,was applied to loads in the bays directly above the removed column. This factor was

determined by usinthe following equation:

& @

T ™0

Where
m = Dynamic increase factor for nonlinear static analysis
| =Plastic rotation angle
| =Yield rotation angle

69



The value of y in [3.1] was calculated from equatiorl5n ASCE 4106 and
found to be 0.0134 (rad). UFG023-03 TF requirements state that the steel beams and
their connections must be capable of a total rotation capacity of 0.2 (rad) in order to be
considered for TEevelopment. Therefore, since there has been insufficient research on
fully-restrained connection behavior under these loading conditions, and since the
consequences of potential connection fracture were not considered implicitly in the
models, 0.2 (radyas selected as the total rotation capacity for-leeldulation purposes.
Subsequentlyf, pra Was determined to be 0.1866 (rad); the loaatease factor applied to
the amplified baysy),, was then found to be 1.13. Details related to implementation of
the load patterns into Opensees and the analytical methodology used in all analyses were
described in sections 2.5.5 and 2.5.6 respectively.

Each columrremoval scenario contained three distinct analyses. In the first
analysis, the columns and beams infthenes adjacent to the beams in the dogblan
condition, hedfeameeér beaimsednidsicoéumns, wer
linear geometric transformation and elastic material model discussed in Chapter 2. The
second analysis considered mater@ilmearity in the siddrames. To model this, an
elastic perfectiyplastic material model was used for the pertinent members. Since A992
steel was used in the structural design, a yield stress of 50 (ksi) was defined in the
material model; this correspded to a yield strain of .001724 (in/in). In the third
analysis, both material and geometric nonlinearity were considered in tHeass.

As in the second analysis, the elastic perfegtistic material model was utilized for all

beams and columnagithin the sideframes. Geometric nonlinearity in the columns was
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accounted for by using the corotational geometric transformation. Since the beams in the
sideframes were being subjected to distributed loading along the element length, the
corotationakransformation could not be used to account for geometric nonlinearity.
Instead, the jglelta transformation was implemented to consider this effect. However, in
preliminary analyses, it was determined that, unlike for the columns, the consideration of
geometric nonlinearity for the beams in the sfd@messhouldnot significantly influence

the system behavior.

3.5 FE Model Results

In this section, the results of each coluremoval scenario are discussed
sequentially, in the following order: The central column (scenario 1), the column directly
adjacent to the central column (scenario 2), the penultimate column (scenario 3), and the

corner column (scenario 4).

3.5.1 Presentation of Results

Results are presented in a format that most clearly highlights the concepts being
investigated in this thesis. The following topics are addressed within the subsections of
each scenario: Thefluence of the model type, the general response of the system, the
response of the beams exhibiting catenary behavior, and the development of connection
ductility demands.

As previously discussed, in order to ascertain the effects of consideringainateri
and geometric nonlinearity in the sifteme models, three different model types were

developed. For simplicity, the three model types are classified in the following manner
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for the remainder of this thesis: linegastic (includes no geometric or taaal
nonlinearity in the sidédrames), lineafnelastic (accounts for material nonlinearity
alone), and nonlineanelastic (accounts for both material and geometric nonlinearity).

In all columnremoval scenarios, the results indicated that both geanaetd
material nonlinearity significantly influenced both the behavior of thefsaaees and the
behavior of the beams developing catenary behavior. Thus, in order to draw conclusions
more representative of a realistic structural response, all det&tdsions in the
sections involving the general response, catenary action demands, and connection
ductility demands for all columremoval scenarios are developed using the nonlinear
inelastic siddrame model. For clarity, all plots associated with ¢hgiscussions have
been truncated at the point of maximum load factor (LF).

In all plots, load is represented in terms of a LF, the vertical load applied at a
specific time step of the analysis normalized with the total vertical load. As previously
descrbed in section 2.5.6, all increases in load corresponded to an incremental increase in
displacement located at the rggdan of the firstloor beam, for convenience in pest
processing. In the case of coluimemoval scenario 4, this location was movech® t
unsupported external end of the fiflstor beam.

Hori zontal and vert,ana)amgpdseoinirciches.ons at
Values of vertical deflection in all plots correspond todb#ection of the beam for the
floor being consideredt thelocation directly above the removed colunamegative
value of vertical deflection indicates downward movement. Values of horizontal

deflection in all plots correspond to the movement of the nodes at the interface between
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the beam for that floor and issdeframes; a positive value of horizontal deflection
indicates inward movement.

Beam section forces are shown normalized with respect to the plastic moment or
the plastic axial force for the section. Ingtory drift is described as a drift index ths
normalized with respect to the story height under consideration. Finally, connection
ductility demands are shown in terms of plastic rotation at the beam ends. Rotations
associated with the joint and with elastic behavior were accounted for ialthdation
of these values.

For columnremoval scenarios with asymmetric sid@mes (scenarios 2 and 3),
the values of force and horizontal deflection presented are associated with the side that
contains fewer frames, since the stiffness and strengbiabside controlled the collapse
resistance of the system. Moreover, with the exception of scenario 4, it was also seen
that the level of catenary force development on this side was greater. This was primarily

due to the orientation of the column fosdaeing transmitted from the higher stories.

3.5.2 Scenario 1
The first columrAremoval scenario considered the reaction of the system to the
notional removal of the central column in one of the perimeter moment frames. In this

scenario, both sidfameshad identical stiffness characteristics and strength levels.

3.5.2.1 Effect of Model Type
Load-deflection plots comparing the results of the three model types for scenario

1 are provided below in Figures53and 36; a comparison of axial force developmnt
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with LF is shown in Figure-3. These figures show results for the fitsbr beam only.
This was allowed for brevity, since the most relevant behavioral differences can still be

explained using these simplified plots.
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Figure 3-5 Comparison of LFvs. Vertical Deflection by Model Type (Scenario 1)
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The trends for each model show a p@ihtvhich the system needed to deflect
more substantially in order to increase the LF. This is the point at which the flexural
plastic collapse load was reached for all beams in the dgphle condition. In each
model run under this colura@moval scenaw, this threshold corresponded to a LF near
0.6, verified by using the uppéound theory of plastic analysis. After the point of
flexural plastic collapse, catenary force development began to occur in the associated
beams. This is indicated by a sharprease in axial force development, shown in Figure
3-7.

Comparing the trends shown above, it can be seen that significant differences in
load-carrying behavior existed between the three model types. By including successively
higher levels of nonlineasitin the sideframes, successively lower LFs were maintained
for similar values of deflection. For exampléglire 35 show that at about 75 of
vertical deflection, the LF for the lineatastic case was near 1.0. However, for this
same leel of deflection, it lowered td.77 when material nonlinearity was modeled in
the sideframes. When both geometric and material nonlinearity were jointly considered,
the corresponding LF dropped again to 0.73. The same trend can be seen in-Eigure 3
for values ohorizontal displacement. Additionally, as deflections increased, the
influence of higheorder effects became increasingly profound. The ultimate result was
that thenonlinearinelastic siddrames seemed to exhatiseir capacity comparatively
early arl began to drop load, indicating failure.

Maximum catenary force development was generally more influenced by the
effects of material nonlinearity. From Figur& 3it can be seen that without any level of

nonlinearity considered in the sifimmes, tle firstfloor beam reached its plastic axial
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force. However, by including inelastic behavior in the Srdenes, flexibility in the
boundaries associated with plasticity caused significant slowing of catenary force
development. When the siflmmes adjaent to the firsfloor beam neared fuliplastic
behavior, the beam began to partially transition back into flexural behavior. Concurrent
with this response, slightly more catenary force development began to occur in the upper
floor beams as the structureed to avert collapse. This response will be described in

more detail in section 3.5.2.3. Allowing the influence of highreler effects caused the
sideframes adjacent to the firlbor beam to reach their capacities more quickly.

Consequently, theehavior previously described occurred at an accelerated pace.

3.5.2.2 General Response
The loaddeflection response of the baseline system to coltemoval scenario 1
is shown below in Figures8and 39. Plots of base shear and drift index versasite

shown in Figures-30 and 311 respectively.
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In Figures 38 through3-11, it can be seen that the maximum LF achieved under
the central columimemoval scenario was about 0.74. Additionally, as seen in FigtBes 3
and 39, the maximum vertical midpan deflection of the beams and maximu
horizontal sidérame displacement weebout 90 in and 15 imespectively.

Figure 311 indicates that the maximum relative drift occurred in the first story of
the sideframes. Past the point of flexural plastic collapse in the beams at a LF near 0.6,
the amount of vertical and horizontal deflection required to sustain addlitbeda
substantially increased.

Figure 310 indicates that the base shear, the sum of the lateral forces being
imposed on the sidigames by the adjacent beams, increased quickly past the point of
flexural plastic collapse to a maximum value of aboukip$. However, once a LF near
0.7 was reached, the base shear demand began to drop until the point of system failure
when the LF began to droghis is a result of the behavioral change in the-fiostr
beam identified in the previous section.

Failure in this columfremoval scenario was defined by the formation of a plastic
sway mechanism in the adjoining silames. This failure mode is shown below in

Figure 312.
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Figure 3-12 Baseline System Failure Mode (Scenario 1)

3.5.2.3 Catenary Action @mands

Figures 313through3-17 show the catenary action demands in thd femthth
floor beams. In the figures below, point A identifies the painére alexural plastic
mechanism formeith the beams and point B identifies the point of maximum eagen

force development in the firgloor beam.
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Figure 3-17 N/Np vs.Horizontal Side-Frame Displacement (Scenario 1)

When beams transition from flexural to catenary behavior and develop axial
tension, they resist additional load by using the vertical component of the axial force.
This method of resistance is shown cleamnl{rigure 310. Moreover, when catenary
behavior isdevelopedit requires a ductile response in the beam and is accompanied by
relatively large vertical displacements compared to flexural behavior; this correlation is
shown in Figure 45.

The lateral 6rces associated with catenary behavior impose both force and
ductility demands on the sideames. The ductility demands associated with this
scenario are indicated by the substantial increase in horizontal displacement from point A
to the point of failve, shown in Figure-32. Alp (2009) showed that these demands

depend on the strength and stiffness levels of both the anchoring systefmafsies)
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and the beam itself. As shown in Figure$43 3-17, the majority of catenary force
development priorat failure occurred in the firdtoor beam. This corresponded to a
maximum catenary force of 117 kips (31% of Np). Subsequently, the majority of the
base shear demand shown in FiguEO3vas contributed by the lateral force being
transferred to the sideames by this beam. This increased level of catenary force
development can be attributed to the higher level of restraint offered to tHéobrst
beam by the adjoining sideames and the additional portion of load transferred to the
beam from highestories.

As the lateral force demands on the didenes increased with load, they began to
cause yielding and plasticity in the siftame members. This loss of stiffness, coupled
with geometric effectseemedo cause a distinct change in the resgegoof the various
beams (identified by point B) that was initially mentioned in section 3.5.2.1. At this
point, the levels of deflectiocould have beesubstantial enough that the vertical
component oforce in the firstfloor beam was able to resist theplied loads without
further catenary force development. As deflections increased, successively lower levels
of catenary force were needed. This caused thefliat beam to partially transition
back into flexural behavior prior to system failureefidified by the region from point B
to the point of failure). This response was not seen from the beams in higher floors,
where significantly smaller portions of axial tension were developed.

As the structure reached various limit states and approacheé fa attempted
to redistribute load among the various floors. This process is best observed by examining
the portion of the total floor load applied to the amplified bays that was resisted by each

beam as the LF increased. This distribution is simolrgure 318.
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Figure 3-18 Normalized Beam Floor Load vs. LF (Scenario 1)

Figure 318 shows that prior to plastic hinge formation in all beams, larger
portions of load were resisted by the beams closer to ground level.thftrmation of
aflexurd plasticmechanismwhen the firsfloor beam began to develop considerable
levels of axial tension, significantly more load was resisted by this beam. This trend
continued until system failure, when a very small amount ofteditribution was seen

among the various beams just prior to collapse.

3.5.2.4 Connection Ductility Demands
The levels of plastic rotation developed in each beam resulting from column
removal scenario 1 are shown in Figur#8 The maximum plastic rotation demands

prior to falure are shown in Table-B.
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Table 3-1 Plastic Rotation Demands at Maximum LF (Scenario 1)

Beam Location “ LI 6 NI R
1st Floor 0.240
2nd Floor 0.292
3rd Floor 0.297
4th Floor 0.298
5th Floor 0.297
6th Floor 0.296
7th Floor 0.294
8th Floor 0.291

Figure 319 indicates that plastic rotation demands were generally consistent
among all beams. Howevenost likelydue to large joint rotations at the ends of the
first-floor beam resulting from plasticity induced by catenary forces, maximum plastic

rotation demands at these locations were smaller.
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3.5.3 Scenario 2

The second columremoval scenario con®ded the reaction of the system to the
notional removal of the column directly adjacent to the central column. In this scenario,
the left side of the system had fewer sidames, which resulted in lower overall strength

and stiffness levels.

3.5.3.1 Efect of Model Type

Load-deflection plots comparing the results of the three model types for scenario
2 are provided below in Figures2® and 321; a comparison of axial force development
with LF is shown in Figure-22. As with the previous scenario, skeigures show

results for the firstloor beam only.
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Figure 3-20 Comparison of LF vs. Vertical Deflection by Model Type (Scenario 2)
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The results for all three models in scenario 2 closely mimic the trends described
for the central columinemoval scenario. As seen previously, pheposecdoint of
flexural plastic collapse seemedturnear a LF of 0.6. Significant catenary force
development began after this point.

Near the maximum capacity of the nonlingaglastic system, at 64 of vertical
deflection, the LF was 0.67. The LFs at this same level of vertical deflection wére 0.
and 0.84 for the lineanelastic and lineaelastic models respectively, showing the same
reduction in strength identified in scenario 1.

Maximum catenary force development, shown in Figu22 3was even more
severely influenced by the effects of nr&knonlinearity in this calmnremoval
scenario. This was most liketipe to the decreased strength and stiffness levels of the
sideframes to the left of the beams, which resulted in failure of the system prior to
significant catenary force developmermespite this, the general behavioral influence of
material and geometric nonlinearity on catenary force development remained consistent
for scenario 2.

Overall, the influence of both types of nonlinearity was more apparent in this column
removal scenawithan in the case where the central column was removed. This can be
correlated with the lower stiffness and strength levels of thefisdees on the left side

of the beams.
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3.5.3.2 General Response
The loaddeflection response of the baseline systegotomnremoval scenario 2
is shown below in Figures33 and 324. Plots of base shear and drift index versus LF

are shown in Figures-35 and 326 respectively.
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Figure 3-23 LF vs. Vertical Deflection (Scenario 2)
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Figure 3-26 Drift Index vs. LF (Scenario 2)

Figures 323 through3-26 show that the maximum LF achieved under coumn
removal scenario 2, approximately 0.67, is lower tharctirresponding LF from the
central columrremoval scenario. The amount of vertical deflection required to fail the
system, approximately @4, is also somewhat lower. However, the maximum values of
horizontal displacement at failure were ostensiblyiegdent to the values associated
with columnremoval scenario 1. This can be attributed to the lower stiffness and
strength levels of the system, which result in larger deformations at lower levels of force,
but limit the amount of force and deformatidwat can be sustained.

Figure 326 indicates that, similar to the preceding scenario, the maximum
relative drift occurred in the first story of the siitames where catenary development

was highest. Past the point of flexural plastic collapse, the @robuartical and
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horizontal deflection required to sustain additional load, shown in Fige28sa8d 324,
substantially increased.

The maximum base shear developed in this scenario was 55 kips. FRfure 3
shows that the base shear followed the smemel that was established in scenario 1: it
increased quickly past the point of flexural collapse, but began to drop prior to failure.
As described previouslyhis most likely resulteéfom the response of the firBbor
beam to excessive flexibiliy the sideframes associated with plasticity.

Unlike the failure mode observed in scenario 1, system failure in this column
removal scenario was defined by instability in the column adjacent to the notionally
removed column; some plasticity was exhitite the sidéframes prior to collapse. This

failure mode is illustrated in FigureZ¥.
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Figure 3-27 Baseline System Failure Mode (Scenario 2)

3.5.3.3 Catenary Action Demands
Figures 328 through3-32 show the catenary action demands in theifiesghth
floor beams for scenario 2. Points A and B correspond to the same points defined

previously.
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Figure 3-31 N/Np vs. VerticalDeflection (Scenario 2)
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Figure 3-32 N/Np vs. Horizontal SideFrame Displacement (Scenario 2)

Correlative with the general response, the response of the beams in the baseline
system to colummemoval scenario 2 mirrored the results from the centrahuo!
removal scenario, with minor differencelskely due to the decreased strength and
stiffness levels of the system, which were limited by the-Bml®@es to the left of the
beams, the maximum catenary force in the-fimtr beam was reduced to 79.p&
(about 21% of Np). However, since almost all catenary force development occurred in
the firstfloor beam, the general trend for this development remained unchanged.
Likewise, the same behavior associated with plasticity and large deflections,
shownin Figures 331 and 332, was observed between the three key points (A, B, and
the point of failure). This behavior remained consistent despite the somewhat smaller

values of deflection concordant with the reduced LF at collapse.
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3.5.3.4 Connection Ductity Demands
The levels of plastic rotation developed in each beam resulting from column
removal scenario 2 are shown in Figured33and 334. The maximum plastic rotation

demands prior to failure at the ends of each beam are shown in Table 3
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Figure 3-33 Plastic Rotation Demands (Scenario 2 Left End)
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Figure 3-34 Plastic Rotation Demands (Scenario R Right End)

Table 3-2 Plastic Rotation Demands at Maximum LF (Scenario 2

Beam Location L3> [ ST 9YIRZ 6 Wk RE U
1st Floor 0.15 0.203
2nd Floor 0.205 0.206
3rd Floor 0.204 0.206
4th Floor 0.205 0.205
5th Floor 0.204 0.204
6th Floor 0.203 0.203
7th Floor 0.201 0.203
8th Floor 0.197 0.199

The beams in scenario 2 are anchored by three bays to thanthbhe to the

100

left. This asymmetric restraint, combined with plastic behavior in thestiosy columns
to the left of the beams, resulted in large joint rotations at the left end of thiéofarst

beam. The outcome of this was that the plasticiostatemands at this end of the beam




were substantially smaller than the values seen at the opposing end. Okelsatue
to the lower load levels at failure, the plastic rotation demands associated with scenario 2

were smaller than those associatethwcenario 1.

3.5.4 Scenario 3

The third columraremoval scenario considered the reaction of the system to the
notional removal of the penultimate column. As in scenario 2, the left side of the system
had fewer siddrames, which resulted in lowewerall strength and stiffness levels.
Moreover, as shown in Figures33and 34, the left set of sidéames in scenario 3

only one firststory column.

3.5.4.1 Effect of Model Type

Load-deflection plots comparing the results of the three modektigrescenario
2 are provided below in Figures3% and 336; a comparison of axial force development
with LF is shown in Figure-37. Consistent with the previous methods of presentation,

these figures show results for the fiflstor beam only.
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Figure 3-37 Comparison of N/Np vs. LF by Model Type (Scenario 3)

The resultsrom the three models in scenario 3 show similar behavioral
differences to what was previously established in scenarios 1 and 2, with slight
differences. As seen before, a LF near 0.6 marked a distinct change in the behavior of the
system; namely, the &tfloor beam began to develop more significant levels of axial
tension. However, in the models that allowed plasticity in thefsihees for scenario 3,
the eighthfloor beam did not form a plastic hinge at its left end. Instead, a hinge was
formed atthe top of the column framing into this beam. This was a consequence of the
eighthstory column being weaker than the eigfitor beam.

Near the maximum capacity of thentinearinelastic system, at 56 of vertical
deflection, the LF was 0.62. The & &t this same level of vertical deflection were 0.63
and 0.70 for the lineanelastic and lineaelastic models respectively, once again

showing the same downward trend of resistance identified in the previous scenarios.
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However, the relative magnitudé difference between the LFs for the three models is
notably smaller in this columremoval scenario, due to the early onset of failure in the
nonlinearinelastic model.

Compared to the trend observed in scenario 2, the maximum catenary forces
developed dring scenario 3 diminished more significantly with successively higher
levels of nonlinearity. The left side of the system in scenario 3 consisted exclusively of
corner columns which framed directly into the ends of the beams. By implementing
material onlinearity and establishing a strength level for this side of the system, catenary
development became severely restricted. Moreover, since this side of the system had
only one firststory column, including highesrder geometric effects seemed to result
the system promptly failing by instability in this column. These impacts are discussed

further in the ensuing discussions.

3.5.4.2 General Response
The loaddeflection response of the baseline system to colkemoval scenario 3
is shown below in Figres 338 and 339. Plots of base shear and drift index versus LF

are shown in Figures-80 and 241 respectively.
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Figure 3-38 LF vs. Vertical Deflection (Scenario 3)
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Figure 3-39 LF vs. Horizontal SideFrame Displacement (Scenario 3)
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The analytical results from scenario 3 show that the maximum LF achieved by the
system was approximately 0.62. The maximum verticalspah deflection of the
beams andhaximum horizontal sidérame displacement were about 56 in and 12 in
respectivel y. These values augment the tr
left side of the baseline system became weaker, despite the increased flexibility, overall
deflection levels went down.

The levels of horizontal drift exhibited by the system, shown in Figur&, 3vere
notably smaller than what was seen prior. However, the same deflections associated with
the onset of catenary behavior are seen in FiguB8sahd 339.

The maximum base shear developed in this scenario was about 11.5 kips. The
trend for base shear, provided in Figuré® shows little deviation from the other
columnremoval scenarios. However, the difference between the LF at the maximum
level of base shear (0.616) and the LF at failure (0.62) is somewhat smaller.

Failure in columraremoval scenario 3 was characterized by instability in the first
story column within the left sidfame. As indicated by Figure&, system failure

coinciled with plastic hinge formation at the
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point of failure by instability.

Figure 3-42 Baseline System Failure Mode (Scenario 3)

3.5.4.3 Catenary Action Demands
Figures 343through3-47 show the catenary action demands in theifiesghth
floor beams for scenarf® Points A and B correspond to the same points defined

previously.
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Figure 3-46 N/Np vs. Vertical Deflection (Scenario 3)
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Figure 3-47 N/Np vs. Horizontal SideFrame Displacement (Scenario 3)

Several conclusions can be drawn from examining FigudStBrough3-47 in
detail. In this scenario, the firloor beam developed a maximum value of 40 kips
(about 10.6% of Np) in axiaénsion. This value is significantly smaller than the
corresponding maximums from both preceding scenarios. Additionally, the-8igth
beam only formed plastic hinges at its right end and at its center. Moreover, this beam
remained in axial comprdass throughout the entire analysis. A similar behavior, with a
slight difference, was exhibited by the secdlodr beam. While this beam also
remained in compression for the duration of the analysis, it formed all plastic hinges

contributing to flexuraplastic collapse within its span, as identified in Figu43
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In scenario 3, the difference between the LF at which the maximum catenary

force was achieved (point B) and the LF at total collapse is fairly negligible; as seen

before, this outcome can mentified by a similar trend for base shear.

3.5.4.4 Connection Ductility Demands

The levels of plastic rotation developed in each beam resulting from column

removal scenario 3 are shown in Figure483and 249. The maximum plastic rotation

demandst each beam end prior to failure are provided in Talde 3
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Figure 3-48 Plastic Rotation Demands (Scenario BLeft End)
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Figure 3-49 Plastic Rotation Demands (Scenario BRight End)

Table 3-3 Plastic Rotation Demands at Maximum LF (Scenario 3)

Beam Location LI [ STOG PYRLIDNWRBKIG
1st Floor 0.121 0.180
2nd Floor 0.174 0.181
3rd Floor 0.177 0.18
4th Floor 0.176 0.179
5th Floor 0.175 0.179
6th Floor 0.174 0.178
7th Floor 0.168 0.178
8th Floor 0 0.175

The maximumplastic rotation demands associated with scenario 3 were

113

comparatively smaller than the values attained in the previous two scenarios. However,

these demands still remained relatively constant among the beams. Once again, an




exception was seen at the left end of the-flesir beam attributed to joint flexibility

associated with plasticity in the firstory column anchoring this end.

3.5.5 Scenario 4

The fourth columfremoval scenario considered the reaction of the sy8idhe
notional removal of the corner column. In this scenario, theffast beam had no
column anchoring its left end; this lack of restraint noticeably influenced the behavior of
the system. Due to its significant departure from the catenarynsspeahibited in the
other three scenarios, which is the main focus of this thesis, the analysis of-column

removal scenario 4 is limited and recommended for future study.

3.5.5.1 Effect of Model Type

Load-deflection plots comparing the results of the ¢hmeodel types for scenario
4 are provided below in Figures5® and 351; a comparison of axial force development
with LF is shown in Figure-52. Consistent with the previous methods of presentation,

these figures show results for the fiflstor beam oty.
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Figure 3-50 Comparison of LF vs. Vertical Deflection by Model Type (Scenario 4)
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Type (Scenario 4)
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Figures 350through3-52 show noticeable differences from the trends identified
in the previous columrnemoval scenarios. Specifically, the behavior of each model is
nearly identical. The only perceivable variation between the three models can be seen in
the trends for the lineaglastic model. This model, having no strength limitations
associated with it, is able to show a more extended range of behavior.

Additionally, Figure 352 indicates that the firdloor beam remained in
compression throughoute entire analysis, butdlexhibit some reduction in the

magnitude of thigorce following the point of flexural collapse.
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3.5.5.2 General Response

The loaddeflection response of the baseline system to coltemoval scenario 4

is shown below ifFigures 353 and 354. Plots of base shear and drift index versus LF

are shown in Figures-35 and 356 respectively.
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Figure 3-53 LF vs. Vertical Deflection (Scenario 4)
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Figure 3-54 LF vs. Horizontal SideFrame Displacement (Scenario 4)
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Figure 3-56 Drift Index vs. LF (Scenario 4)

The results from columremoval scenario 4 indicate different behavioral trends
than what has been previously discussed. Of primary interest is that the baseline system
achieved a maximum LF of 0.66 in this scenario before divergence occurred, a level
closer to what the system achieved in scenario 2 than the lower level sustained during
scenario 3.

Moreover, past the point of flexural plastic collapse, the trends dejrickegures
3-53through3-56 show that the levels of load increased with deflection despite the lack
of any significant development of base shear, which is not suggestive of catenary
behavior. Examining FigureB6 in greater detail, it can be seen thatsystem showed

some small fluctuations in base shear just prior to failure. Since the magnitudes of these
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fluctuations were relativg negligible, this behavior mightte attributed to numerical

instability or small amounts of loa@distribution prioito failure.

3.5.5.3 Catenary Action Demands

The individual responses of the fiesighth floor beams to colurmemoval
scenario 4 are shown Figures 357 through3-61. Since the results indicate tnattrue
catenary forces developed in reaction taookremoval scenario 4, the behavioral
trends shown in these figures cannot accurately be associated with catenary behavior.
Consequently, the points designated on the corresponding plots from sceriados 1

not utilized in this section. For consistgnthe results depicted in these figures are from

the beamsdé | eft ends.
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Figure 3-57 N/Np vs. M/Mp (Scenario 4)
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Figure 3-59N/Np vs. LF (Scenario 4)
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Figure 3-61 N/Np vs. Horizontal SideFrame Displacement (Scenario 4)
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Figures 357 through3-61 show that while a change in behavior occurred past the
point of flexural plastic collapse, it is not outwardly indicative of catenary behavior. This
can be cocluded by the development of both tension and compression in the beams,
depending upon the member location. The net result was a base shear of negligible
magnitude. This trend continued until the simulation failed to converge at vertical and

horizontaldeflections in the firstloor beam of about 12 and 30in respectively.

3.5.5.4 Connection Ductility Demands
The levels of plastic rotation developed in each beam resulting from column
removal scenario 4 are shown in Figured23and 363. The maximm plastic rotation

demands at each beam end prior to failure are shown in Tdble 3
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Table 3-4 Plastic Rotation Demands aMaximum LF (Scenario 4)

Beam Location L [ STO PYRLID NWRBKI
1st Floor 0.418 0.438
2nd Floor 0.426 0.434
3rd Floor 0.432 0.433
4th Floor 0.431 0.433
5th Floor 0.43 0.432
6th Floor 0.429 0.431
7th Floor 0.427 0.431
8th Floor 0.005 0.427

The plastic rotation demands shown in Figuré&23&and 363 are correlative with
the large deflections undergone by the baseline system during scenario 4. The lowest
demands were observed at the left end of the eiiidh bean, where plastic hinge
formation had occurred in the adjacent column. In general, the plastic rotation demands
exhibited by the system during scenario 4 were significantly larger than the
corresponding maximums from the other scenarios. In additiore wutbstantial levels
of deflection and the lack of any relevant catenary force development, this behavior can

be associated with lower levels of joint rotation.

3.6 Scenario Comparisons

In this section, comparisons are made between the first three cobunowal
scenarios concerning the differences in thedoauying capacity of the baseline system,
potential failure modes of the system, the extent of catenary force development observed
in each case, and the trends for plastic rotation associatedatgtiacy behavior. Due to

the significant behavioral differences previously discussed, cetemoval scenario 4 is
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not included in these comparisons. At the end of the section, a general discussion

emphasizing important concepts from the baseline sgaithen developed.

3.6.1 Comparison of LoadCarrying Capacity

Figures 364 and 365 show levels of deflection with increasing LF (until failure)

for the nonlineainelastic model of each columemoval scenario. Maximum values are

provided below in Tabl8&-5.
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Figure 3-64 Scenario Comparison of LF vs. Vertical Deflection

126



0.8
0.6
0.5 -
LL |
= 04 = Scenario 1
0.3 - =—=Scenario 2
Scenario 3
0.2
0.1 -
0 -+
0 2 4 6 8 10 12 14 16
Ay, (in)

Figure 3-65 Scenario Comparison of LF vs. Horizontal Sidérame Displacement

Table 3-5 Scenario Comparison of Maximum LFs and Deflection Levels

Column Re.moval Maximum LF Maximumnh al E)\ Y ¢z
Scenario (in) (in)
1 0.737 15.2 90
2 0.669 14.8 64
3 0.621 12.2 56

The trends displayed in Figures63 and 365 show the significance of the type of

columnremoval scenario considered to the response of the baseline system. As the

removed column got closer to the corner, the lateral loads associated with progressive

collapse caused significantly largdeflections in both the beam and the adjoining-side

frames at the same level of vertical load. This behavior can be connected to the reduced

levels of stiffness in the left side of the anchoring system. Moreover, the maximum LF
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sustained became considely lower, going from 0.737 in the first scenario to 0.621 in
the third. This allowed the baseline system to reach larger magnitudes of deflection in
scenarios 1 and 2, despite the increased levels of anchoring.

Furthermore, reducing the number of istory columnsn each siddrame
seemed to change the mode of failure exhibited by the baseline system. In the first case,
with equivalent levels of anchoring on either side of the beams, collapse was facilitated
through a plastic sway mechanism. Hoemwn scenarios 2 and 3, reductions in the
number of columns present in tledt side of thdirst-storyseemed to caudailure
modes characterized by instability.

Finally, Table 35 shows that the baseline system failed to reach the design loads
in anyof the columrAremoval scenarios, indicating a potential susceptibility of this
particularstructure to progressive collapse. However, the extent of failure differed
between the three scenarios; scenario 1 resulted in the total collapsé&afevhile

scenarios 2 and 3 resulted in partial collapse of the weaker side of the system.

3.6.2 Comparison of Catenary Force Development

Figure 366 shows a comparison of catenary force development in thédiost
beam with increasing LF for all scenarioshis beam has been chosen for comparison
purposes, since it was the only beam to achieve any significant level of axial tension
attributed to a catenary mode of response. TaBl@@vides the maximum catenary

forces (normalized with respect to NpJ &l scenarios.
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Figure 3-66 Scenario Comparison of N/Np vs. LF

Figure 366 shows that the behavioral patterns associated with catenary force

development, which were discussed in the precgsictions, remained relatively

similar, regardless of the coluanemoval scenario considered. However, Tabée 3

shows that the amount of catenary force developed in each scenario varied significantly.

From scenario 1 to scenario 2, the maximum catefioacg decrease@7.7%. From

scenario 2 to scenario 3décreases3.6%. When compared to the corresponding
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decreases in LF of 8.5% and 7.2%, it can be seen that the loss of anchoring members in
the left sideframe seemed to more substantially influetieecatenary demands. As
previously explained, this difference can be attributed, in part, to the higher levels of
deflection present in scenarios 2 and 3 which resulted in a larger vertical component for

the axial force.
3.6.3 Comparison of Connectin Ductility Demands
Table 37 displays both the location and the value of maximum plastic rotation for

eachcolumnremoval scenario.

Table 3-7 Scenario Comparison of Maximum Plastic Rotation Demands

ColumnRemovd ‘ LJ F G al E .
. Beam Location
Scenario (rad)
1 0.298 4th floor
2 0.206 2nd & 3rd floors
3 0.181 2nd floor

As indicated by Table-3, the maximum values of plastic rotation in the beams
generally decreased as the coluramoval location got successively closer to the corner
of the structure. This wdikely a consequence of the decreased level of force demand
associated with failure in these scenarios. In other words, as the number of members in
the left sideframe decreased, the overall strength level of the system decreased. This
curtailed strength level seemed to resula lower capacity for catenary twr

development and lower deflection and rotation demands related to this type of response.
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Generally, plastic rotation demansisemed to bmost influenced by joint
rotations. These joint rotatiolran beassociated with the natural elastic flexibilitytbé
restraining members (eightftoor) or extreme joint flexibility attributed to plasticity in
the restraining members (firBbor). Consequently, maximum plastic rotation demands

seemed to occur in locations with relatively stiff joints and low laterae demands.

3.6.4 Conclusions

The correlations drawn from the baseline study indicate that a variety of aspects
should be considered in order to investigate or mitigate progressive collapse in
conventionally designed muisitory structures. Thmain conclusions drawn from the

baseline study are summarized below:

1 In all models, the effects of both geometric and material nonlinearity in the
sidef rames considerably influenced the s

significance of both in progrese collapse modeling techniques.

1 The catenary forces developed in each scenario were greatest in tfiedirst
beam Jikely due to the higher level of restraint available at this location. This
highlights thepotentialneed for the lowest | o o r s cbneeztioriis and
anchoring siddrames to be capable of sustaining the increased force demands

associated with collapgesistance.
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1 Principally a result of the high level of lateral force transferred by the first
floor beam, the failure modes in all cola-removal scenarioseemed to be
characterizedby high degrees of plasticity and instability in the fs&iry
columns. In general, the closer the removed column was to the center of the
LLRS, the greater the exhibited capacity for lwadistance; hower, in the

event of failure, the extent of collapse was more severe.

1 Asdiscussed in Chapter 2, the rotation capacities of merasisting
connections under combinations of moment and axial tension have not been
firmly established in published literatir Consequently, depending upon the
columnremoval location being considered, a highly ductile connection type
may result in the propagation of collapse through one of the failure modes
seen in this chapter. Conversely, while utilizing a less ductileesmiion may
result in partial collapse of the structure, it could potentially mitigate the

extent of collapse.

1 The results of columnemoval scenario 4 showed a deviation from the
catenary response observed in the first three scenarios. For concision, th
behavior was not thoroughly investigated and is recommended for future

study.

1 The provisions forthe UFG@2303 TF met hod state that

structural strength or stiffness requirements to be applied to the structural
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members that are anchaggin t hese hori zont al tie forc
preceding conclusions indicate that, precluding the influence of connection

strength and ductility levels, the catenary force demands are directly related to

both the stiffness and strength levels of the rgstrg systems. This

investigation indicates that ignoring these associations could result in more

severe collapse mechanisms.
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Chapter 41 Parametric Study

4.1 Overview

This chapter describes the parametric study, which was conducted to explore the
effects of various design and layout considerations on the collapse response of structural
steel moment frames. First described is the approach used to investigate the chosen
parameters. Next, the results from each portion of the parametric studgsertpd and
compared to the results from the baseline system and any other systems developed in this
chapter suitable for inclusion. Finally, at the end of each section, conclusions are drawn

regarding the potential impacts of the parameter under coasater

4.2 Approach

Four parameters were selected for inclusion in this study: the building location,
the number of stories, the number of bays in the lateralriesigting system, and the
building aspect ratio. These parameters were chosen fop#reeived effects on the
lateral loadresisting capability of the structure and/or the design loads used in analysis
and member selection. Eagghrameter is investigated separately and compared to the
results from the baseline study, which are provideGhapter 3. The studies on the
effect of the number of bays in the lateral loadisting system and the effect of the

number of stories also include a system developed for studying the effect of building
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location. This system is included in order toedmine the relative impact of changing
the associated parameter in different building locations.

All systems designed for use in the parametric study were developed using the
same design process employed for the development of the baseline system. For
consistency, the central column removal scenario was utilized for all analyses included in
this investigation. Based upon the precedent established in Chapter 3, all analyses were
run using the nonlineanelastic model type and with the same analyticelhndology
previously employed.

The results for each parameter investigated are presented and discussed in a
format comparable to what was adopted for use in Chapter 3; the general response is
discussed first, then the catenary action demands, and finalconnection ductility
demands. The locations, sign conventions, and methods of normalization (if applicable)
for all values of deflection and force correspond to what was used for scenario 1 of the
baseline system.

Within each section that discusse particular type of response or behavior, the
results from all systems in consideration are provided on the same figure. Following the
presentation format previously utilized, these trends are truncated at the maximum LF
attained. For concision, ontlge response of the most significant beam or story is
displayed. More detailed sets of plots, depicting the full range of results, are provided in

the appropriate appendi x referenced in t
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4.3 Effect of Building Location

This section investigates the potenti al

progressive collapse response. While many different parameters could be utilized for
such an investigation, this thesis will restrict the scope to two main effectsdeSiga

wind loads and the design seismic forces. Consequently, two locations were chosen for
the purposes of this study: San Francisco (CA) and Miami (FL). The former was chosen
because its location corresponded to high seismic design forces withetglatoderate

design wind loads. Conversely, the latter was chosen because its location corresponded

to sizable design wind loads with relatively minor seismic design forces.

4.3.1 System Descriptions

The systems used in the investigation of this patanveere based on the
dimensioning and layout of the baseline system. Consequently, both structures have the
same plan view identified in Figurel3 The load selection and design process used in
the development of these additional structures was asicdl to the one employed in
the design of the baseline system, with the exception of the design lateral loads.
Minimizing member selveight caused OMFs to be utilized for the structure located in
Miami. In contrast, special moment frame (SMF) systemae used for the structure
located in San Francisco. The resulting elevation view for the building located in San
Francisco is shown below in Figurel4dthe elevation view for the building located in

Miami is shown in Figure 2.
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Figure 4-2 Elevation View of the Structure Located in Miami, FL
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In order to facilitate discussions, pertinent characteristics and classifications for

these structures are provided below in Table 4

Table 4-1 System Classifications (Effect of Building Location)

System . Frame Number of Number of| Seismic |Design Wind
Location Bays Included . ]
Label Type . Stories | Category | Speed (mph]
in LLRS
P1-1 Miami OMF 6 8 A 150
P1-2 San Franciscp SMF 6 8 E 85

4.3.2 FE Model Results and Comparisons
The resultdor systems P and P12 that are most critical for illustration are
presented in this section and compared to the corresponding results from scenario 1 of the

baseline study. Full sets of plots for these additional systems are located in Appendix A.

4.3.2.1 General Response

The general responses of systemslRihd P12 to a central column removal
scenario are shown below in Figure8 through4-6 in conjunction with the results from
the baseline system. Relevant maximums are listed in TghleMiagnitudes of base
shear and deflection at a LF of 1.0 are shown in Tal3léot each system (if applicable).
Values of vertical deflection, horintal deflection, and drift index are for thest-floor

beam eighthstory, andirst story respectively.

138



1.4

=
/"/ 1.2
—— 1
0.8
LL
0.6
=—=Baseline
L 0.4
= P1-1 (Miami)
=P 1-2 (San Francisco) 0.2
! 0
0 -20 -40 -60 -80 -100 -120
A, (in)
Figure 4-3 L F , (ESect of@®uilding Location)
1.4
ﬂ-—-—_-__
1.2 /#-—""'
1 /
V
0.8
Ll [
-
0.6
Baseline
0.4
—P1-1 (Miami)
0.2 P1-2 (San Francisco)
0
0 5 10 15 20 25
4y, (in)

Figure 4-4

139

L F 1 (EBect ofd@®uilding Location)




250
200 /- =
=—==RBaseline / \
—g 150 =—P1-1 (Miami) ‘
= ———P1-2 (San Francisco) /
L o
g 100
£
v
3 N/
@
o 50 / /
0 ———
-50
0 0.2 0.4 0.6 0.8 1 1.2 1.4
LF
Figure 4-5 Base Shear vs. LF (Effeadf Building Location)
0.1
0.09
0.08 = Baseline
0.07 P1-1 (Miami)
= 0.06 ———P1-2 (San Francisco) 1
2 |
— 0.05
/
o 0.04 /
0.03 / /
0.02 / //
0.01
/-
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
LF

Figure 4-6 Drift Index vs. LF (Effect of Building Location)

140




Table 4-2 General Response Maximums (Effect of Building Location)

. Maximum Base Sheai Maximum Drift : : . i
System Maximum LF (kips) Index Ma x i my(m|tda x i my(n)
Baseline 0.737 91.0 0.067 15.2 90.0
P1-1 1.02 88.6 0.051 11.2 78.3
P12 131 216 0.092 22.3 109

Table 4-3 General Response Values at LF = 1.0 (Effect of Building Location)

Base ShearatLF=1.0 , ,
System (Kips) Drift Index at LF = 1.0 | g at LF = 1.0 (in) |qy at LF = 1.0 (in)
Baseline N/A N/A N/A N/A
P1-1 84.0 0.02 5.10 52.7
P1-2 55.0 0.003 1.00 22.5
Note: The baseline system was unable to reach a LF of 1.0

Table 42 shows that system Pland P12, by sustaining LFs greater than 1.0,
seemed tdave sufficient capacity to sustain the full collapse loads. pdtentially
comes as a direct result of the increased level of lateral load used in the desége of th
systems. However, the values of base shear and deflection provided in T2lzled 4
3, in conjunction with the trends depicted in Figuresthrough4-6, show that these
systems have slight differences in their behavioral patterns.

While the fomation of a flexural plastic mechanismthe beamslirectly ebove
the removed column seemed to ocauhigher LFs for both systems, systemZPdas
able to sustain a significant level of lateral force past this point. This is exhibited by the
trend forbase shear, depicted in Figur®4 However, as illustrated in Table24the
maximum base shear sustained by systerh ®As not substantially different than what
was developedithe baseline system. This is likelg@sequence of the design process

used for each structure. Since systen2Rias designed as an SMF in an area with high
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seismic activity, the minimum required ratios of column strength to beam strength in
conjunction with the large seismic design forces and drift requirements, resulted in
substantially larger column sections with only slightly larger beam sections. Because of
the increased level of anchoring, system2Rgas able to generate significant amounts of
catenary force and sustain these forces while undergoing the considevalsef
deflection shown in Figures3, 44, and 46. This response is clarified further in the
next section.

While system P4l was designed for higher levels of lateral force than the
baseline system, it was not required to meet the same seismgtistaad ductility
requirements of system 21 As previously mentioned, this is a result of the structure
being designed for a location with low seismic activity. Consequently, the forces used to
design system P1 produced a structure with substanyiaginaller columns than system
P1-2 with only slightly smaller beamsAfter the formation of a flexural plastic
mechanismin the beams above the removed column, much of the capacityfokthe
story columnseemed to bexhausted. Subsequently, theistrt ur e 6s capabi |l it
any additional load through catenary mechanisms was severely limited. The outcome
was that the amount of lateral force (represented by the base shear) resisted by system
P1-1 mimicked what was exhibited by the baseline system

Finally, by examining Table-8, it can be seen that systemPhad significantly
lower levels of deflection and base shear at a LF of 1.0 than systém A& exphined

in the next section, this can be connectetthédower catenary action demaraighis LF.
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4.3.2.2 Catenary Action Demands

The catenary action demands associated with systerhisaRd P12 are shown
below in Figures 4 i1 4-9, alongside the response from the baseline system. Tdble 4
displays the catenary action demands aptircipal load levels for each system. Results

are shown for thérst-floor beam only.
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Table 4-4 Comparison of Catenary Action Demands (Effect of Building Location)

Percentage of LH
. . . NatLF=1.0 |[N/NpatLF=1.0| Attributedto
System Maximum N (kips) Maximum N/Np (kips) (kips) Catenary
Behavior (%)
Baseline 117 0.310 N/A N/A 18.6
P1-1 115 0.230 114 0.220 12.7
P1-2 256 0.440 83.0 0.140 26.0
Note: The baseline system was unable to reach a LF of 1.0

The catenary action demands shown in Figuréshtough4-9 support the
discussion formulated in the previous section. Systeth édveloped similar
magnitudes of catenary fort@the baseline system, but at lower levels of overall
deflection due to the larger beam and column sections. As previously mentioned, this
behaviorcan be primarily associated withe ratio of column strength to beam strength.
By using a larger beangestion and not significantly increasing the strength levels
of the columns in the anchoring side frames, the residual capacity of these columns will
be minimal aftethe formation of a flexural plastic mechanisnthe adjoining beams.
This can be most edy identified through the comparisons provided in Tabie 4
System P11 only used 23% of the firldt | oor beamdés maxi mum axi al
failure of the side frames; this corresponded to an increase in LF of 12.7%. The baseline
system, faditated through a more ductile response, made use of 31% of its first floor
beamdés maxi mum axial tensile force corresp
However, by implementing appreciably stronger columns, particularly in the first
story wherdt wasindicatedin Chapter 3 that anchoring is most needed, the strucamre
resist more significant portions of load through a&npaty response mechanism. This

seemed to bthe case for system 2% the extensive ductility requirements and relatively
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large seismic design forces resulted in this system being able to utilize about 44% of the
1f |l oor beamés maxi mum axi al tensile force
favorably to the percentages obtained from the baseline study and thecahedgtilts of
system P41.
Finally, unlike system R1, which needed almost all of its maximum catenary
force in order to sustain the full collapse loads, systes@ Rdeded significantly less
catenary force development to reach a LF of 1.0. Despitedteased capability for
employing a catenary response to resist loads, systelroRY needed to develop 83
kips of axial tensile force, or an N/Np ratio of 0.14, to achieve a LF of 1.0. As explained
in the next section, this has implications reldte@otential connection ductility

limitations.

4.3.2.3 Connection Ductility Demands

The levels of plastic rotation developed in the beams above the removed column
for systems Pl and P12 are shown below in Figuresld and 411. Comparisons of
valuesof plastic rotation at the principal load levels and their locations in the three

systems at these levels are provided in Tatde 4
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Table 4-5 Comparison of Plastic Rotation Demands (Effect of Building Location)

System dp ?rz: d) Ma x| dp at LF # Bé&amQocdtiana
Baseline 0.298 N/A 4th floor
P1-1 0.257 0.153 3rd floor
P1-2 0.366 0.064 4th floor
Note: The baseline system was unable to reach a LF of 1.0

The trends for maximum plastic rotation are relatively similar for systeris P1
P1-2, and the baseline system (shown in Figuli8B As seen before, the plastic rotation
demandwas the lowest for thiérst-floor beam due to the effects of plasticity in the first
story columns. The plastic rotation demands for the other stories remained relatively
consistent within each individual system. However, the maximum plastic rotation
demands associated with systemIPdere lower than the corresponding maximums
obtained from the baseline system. Conversely, the maximum plastic rotation demands
associated with system lwere higher than what was developed in the baseline system.
Ovenall, these demands directly corresponded to the level of catenary force that was
utilized by the systems as they attempted to resist collapse.

Despite the fact that system-Blvas able to attenuate collapse through a
catenary response, it needed to undergo substantial deformations in order to do so;
potential connection ductility limitations could result in connection fracture and partial
collapse of the structure prior to the full utilization of this resisting mechanism.
Subsequently, at a LF of 1.0, systemZPlad a maximum plastic rotation demand of

0.063 rad; this compares favorably to the .153 rad needed in systémTPE
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implication ofthis is that, by efficiently and sparingly using a catenary response, system

P1-2 could bemore capable of averting both partial and total collapse.

4.3.3 Conclusions
Based upon the preceding discussions, and within the limitations imposed by the
adoptel assumptions, the following conclusions can be drawn from the study of a

structureds | ocation on its progressive co

1 The structures in both locations that required larger design lateral loads had
significantly higher overall resistancefoogressive collapse caused by the
removal of dirst-story column. Moreover, the structure designed to resist large
seismic forces showed greater potential to attenuate collapse than its counterpart
designed for substantial wind loads. This impliesghatst r uct ur ebés | oc:
through the associated design | ater al I
to resist the loading conditions indicative of a collapse scenario.

1 System P22 was able to sustain greater portions of load attributed to catenar
resistance than the baseline system and systein Fhis indicates that the
strength and ductility requirements of SMF systems designed for locations with
high seismic activity can result in structures that more effectively resist additional
load throgh the use of catenary mechanisms.

1 Itwas seen that system-RIneeded to attain large levels of plastic rotation in
order to develop the catenary forces necessary to avert collapse. Sys2em P1

despite its greater potential for catenary behavior,ewsynificantly lower
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levels of plastic rotation in order to sustain the same level of load. This implies
that structures designed for certain locations may have sufficient capacity to resist
collapse in the primary structural members, but be unable $o thecause of
limitations in the rotation capacities of their connections. Conversely, structures
designed for locations with more considerable seismic requirements may be less

affected by such limitations.

4.4 Effect of the Number of Stories

This setion investigates the effect of the number of stories in a particular
structure on its collapse response. By decreasing the number of stories in a structure, its
overall design vertical load, seismic weight, and exposure to wind will all decrease,
potentally resulting in smaller steel sections throughout the structure. Additionally, there
will be fewer beams available for catenary force development. However, the total
vertical load applied in the nonlinear pushdown analysis will decrease in oppadutgon,
to the reduced number of stories supporting load. To investigate the overall impact of
such changes, two thratory variants of the baseline system were laid out and designed:
One in Atlanta (GA) and the other in San Francisco (CA). These twadosatere
chosen since the investigation on building location revealed that thesegyistructure
located in San Francisco was substantially more resistant to collapse than the
corresponding structures in Miami and Atlanta. Consequently, by inclodihgAtlanta

and San Francisco in the study of this parameter, its relative impact might be ascertained.
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4.4.1 System Descriptions

As in the previous section, the systems used in the investigation of this parameter
were based on the dimensioning and layfuhe baseline system. Consequently, both
structures have the same plan view identified in Figute Fhe load selection and
design process used in the development of both structures was also identical to the one
employed in the design of the baselsystem, with the exception of the design lateral
loads, which were altered by the reduction in stories. Minimizing membe~rsight
caused OMFs to be utilized for the structure placed in Atlanta. In contrast, special
moment frame (SMF) systems wersed for the structure placed in San Francisco. The
resulting elevation view for the building located in Atlanta is shown below in Figure 4

12; the elevation view for the building located in San Francisco is shown in Fid3e 4
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Figure 4-13 Elevation View of the ThreeStory Structure in San Francisco

Of particular note is that system-R2etains the same firstory column section
as system R2, but with smaller beams. This wasansequence of seismic compactness
requirements, which limited the selection of W14s. Also of interest is that systdm P2
retains the same beam section as the baseline system, but with smaller columns. This is
primarily a r esuln whahprovides lesb infludna to tatprdlsoads.o ¢ a t
In order to facilitate discussions, pertinent characteristics and classifications for

these structures are provided below in Tab& 4

Table 4-6 System Classifications (Effect of the Number of Stories)

System . Frame Number of Number of| Seismic |Design Wind
Location Bays Included . ]
Label Type . Stories | Category | Speed (mph]
in LLRS
pP2-1 Atlanta OMF 6 3 A 90
P2-2 San Franciscp SMF 6 3 E 85

4.4.2 FE Model Results and Comparisons

The results for systems A2and P22 that are most critical for illustration are

presented in this section and compared to the corresponding results from scenario 1 of the
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baseline study and system-Pbf the paametric study. Full sets of plots for these

additional systems are located in Appendix B.

4.4.2.1 General Response

The general responses of systemslRihd P22 to a central column removal
scenario are shown below in Figure&4ithrough4-17 in conjuntdon with the results
from the baseline system and systeri2PIRelevant maximums are listed in Tablé.4
Magnitudes of base shear and deflection at a LF of 1.0 are shown in Tébde dach
system (if applicable). Values of vertical deflection, honital deflection, and drift index

are for thdirst-floor beam, top story, arst story respectively.
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Table 47 General Response Maximums (Effect of the Number of Stories)

. Maximum Base Shea Maximum Drift . . . )
System Maximum LF (kips) Index Ma x i my (m)|dda x i my ()
Baseline 0.737 91.0 0.067 15.2 90.0
P1-2 1.31 216 0.092 22.3 108.7
P2-1 0.900 96.7 0.106 23.6 109.2
P2-2 1.81 248 0.158 46.8 140

Table 4-8 General Response Values at LF = 1.0 (Effect of the Number of Stories)

Base Shearat LF=1.( _ . . .
System (Kips) Drift Index at LF = 1.0 | g, at LF = 1.0 (in) |qy at LF = 1.0 (in)
Baseline N/A N/A N/A N/A
P1-2 55 0.003 1.00 225
P2-1 N/A N/A N/A N/A
pP2-2 177 0.01 3.50 41.6

Note: System P2-1 and the baseline system were unable to reach a LF of 1.0
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Table 47 shows that the systems located in San Francised,dPtl P2, were
able to sustain LFs greater than 1.0 and were thus able to attenuate collapse.

Similar to what has previously been seen, Figuré4 through4-17 show that the
formation ofa flexural plastic mechanism the beamseemed to occlaround similar
|l evel s of deflection for all systems. The
directly related to the flexural strength levels of tlearns. Since the baseline system and
system P21 had the same beam section, the LF corresponding to flexural plastic collapse
of these systems coincides. However, since the beam section size of sy@¢W F
X 31) was smaller than the one used in syskt2 (W16 X 40), the point of flexural
plastic collapse occurred at a lower LF.

The overall deflection levels at system failure, the total LF resisted, and the
portion of total load resisted by catenary mechanisms appear to be larger for the three
story systems than for the corresponding eigfiory systems. The last two are most
readily seen by examining Figurel$; the trends show that the lateral force demands
imposed by the beams in systems1P2nd P22 were retained, in some relative
magnitudefor substantially larger portions of additional LF compared to the baseline
system or system PA. Also, evident by the difference in LF between the point of
flexural collapse and the point of system failure, in addition to the comparatively larger
maximum base shear, system-P2xhibited the largest extent of catenary response.
Subsequently, this system was able to sustain the highest LF (1.81) of all four systems.

However, by comparing the behavior of system2Rhd P2 at a LF of 1.0,
provided inTable 48, it can be seen that while systemZ2PZached a higher maximum

LF than system R2, it needed to deflect much neato reach a LF of 1.0; this can be
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direcly correlatedwith its increased utilization of catenary mechanisms for load
resistance These increased deflection levels coincided with more significant ductility

demands in the beams.

4.4.2.2 Catenary Action Demands

The catenary action demands associated with systerhsaR@ P22 are shown
below in Figures 4.8 through4-20, alongsid¢he response from the baseline system and
system P12. Table 49 displays the catenary action demands at the principal load levels

for each system. Results are shown forfitise-floor beam only.
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Table 49 Comparison of Catenary Action DemandgEffect of the Number of

Stories)
Percentage of LH
. . . NatLF=1.0 |[N/NpatLF=1.0| Attributedto
System Maximum N (kips) Maximum N/Np (Kips) (kips) Catenary
Behavior (%)
Baseline 117 0.310 N/A N/A 18.6
P1-2 256 0.440 83.0 0.140 26.0
pP2-1 96.7 0.260 N/A N/A 34.8
p2-2 276 0.610 182 0.400 61.3
Note: System P2-1 and the baseline system were unable to reach a LF of 1.0

Similar to the trends for base shear, the catenary action demands shown in Figures
4-18through4-20 indicate that systems R2and P22 sustained catenary behavior longer
than the eighstory structures. This concept can be quantified using Ta®leStstem
P21, the threestory variant of the baseline system, used a catenary response to resist
34.8% of its maximum LF, a percentage substantially larger than the 18.6% used by the
baseline system. Furthermore, systerPR@ed the same response to reéxisB% of its
maximum LF, compared to the smaller 26% used by systeth Flhere are several
factors that could haveontributed to the difference in behavior between the two types of
system layouts.

As described in section 3.5.2&ter the formatiorf a flexural plastic
mechanismthe firstfloor beam will carry the largest portion of additional load.
Consequently, the beams in the first floor of the ttateey structures experienced less
overall vertical load with increasing LF than those in tightestory structures; this was
due to the smaller number of stories transferring load downward. Additionally, the three
story systems had lower levels of lateral stiffness at the first story, where catenary

behavor was primarily concentrated. Likelycansequencef these factorghe first
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floor beams in these systems developed catenary force slower with each additional
increase in LF, needing more deflection in order do so; this is verified by the trends
depicted in Figures-48 through4-20, which slow a variation in slope with system
layout.

The force and deformation demands on the side frames also differed substantially
between the two layouts. The side frame columns in systerisaR@ P22 were
subjected to significantly smaller degrees oficaftforce,potentiallyminimizing the
influence of higher order effects. Despite this reduction, since systednh®@ smaller
first-story columns than the baseline system, it was still unable to sustain larger catenary
forces in the firsfloor beam, agvidenced by a comparison of the maximum values of N,
provided in Table ©. Howeverlikely due to the diminished vertical load levels on the
side frame columns in the first story, which use the same section as the columns in
system P12, system P2 was able to sustain more catenary force development in the
first floor than system R2. This was also due, in part, to the smaller beam section
utilized in system P2, which caused catenary behavior to occur earlier.

Because catenary force developed earh system P2, it utilized a greater
portion ofitsfirstf | oor beamdés maxi mum axial tensile
compared to 0.14 for system-2L However, as identified previously, heavy reliance on

catenary mechanisms can correspond to reigraficant ductility demands.

4.4.2.3 Connection Ductility Demands
The levels of plastic rotation developed in the beams above the removed column

for systems P4 and P22 are shown below in Figures24 and 422. Comparisons of
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values of plastic rotadn at the principal load levels and their locations in the four

systems at these levels are provided in Tatle.4
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Figure 4-21 Plastic Rotation Demands for System P2
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Table 410 Comparison of Plastic Rotation Demandg¢Effect of the Number of

Figure 4-22 Plastic Rotation Demands for System P2

Stories)
M i .
System dp ?rat d) axl dp at LF 3 BéamQocdtiona
Baseline 0.298 N/A 4th floor
P1-2 0.366 0.064 4th floor
P2-1 0.361 N/A 3rd floor
pP2-2 0.460 0.129 3rd floor

Note: System P2-1 and the baseline system were unable to reach a LF of 1.0

The plastic rotation demands shown in TablE)4ndicate that the threstory

structures had higher levels of maximum plastic rotation than theirstigiyt

equivalents. Furthermoras identified in the discussion on catenary action demands,
these structures made more use of catenary mechanisms to resist the imposed loads. This

continues to support the direct correlation between the utilization of catenary behavior
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and plastic rotatin demands. Further, this indicates a potential susceptibility ofdower
rise structures to connection fracture associate with ductility limitations. In order to reach
a LF of 1.0, system P2 required 0.129 rad of plastic rotation, over twice the maximum

plastic rotation developed in system-P.1

4.4.3 Conclusions
Based upon the previous discussions, and within the limitations imposed by the
adopted assumptions, the following conclusions can be drawn regarding the effect of the

number of stories in structure on its overall progressive collapse response:

1 At maximum capacity, systemsR2and P2 achieved LFs higher than their
eightstory versions. This seems to indicate that as the number of stories in a
structure decreases, its overall resistanqaogressive collapse due to a central
column removal scenario will increase. This responsédeassociated with a
lower load demand on the firBbor beam and firsstory columnsdespite the
smaller column section sizes utilized for the shortercttires

1 In the course of this study, it was seen that systerd R&ded to attain higher
levels of axial tension in its firdtoor beam in order to reach a LF of 1.0. This
indicates that having a fewer number of stories in a structure designed for
significant seismic design forces can result in a system with higher overall
collapse resistance, but a greater need to engage catenary behavior in order to

sustain the anticipated loads.
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1 Potentiallydue to the decreased load demands and the curtailed c#loén
higherorder effects on the side frame columns, systerts && P22 made
more use of catenary behavior to increase LF. Consequently, the conclusion can
be drawn that structures with fewer stories are able to make more use of this type
of respons¢o redistribute load.

1 In conjunction with their increased use of catenary mechanisms for load
resistance, systems R2and P22 exhibited higher overall levels of plastic
rotation demand. This implies that lowgse structures may be more susceptible

to the limitations imposed by connection ductility levels.

4.5 Effect of the Number of Bays

This section investigates the effect of reducing the number of bays included in the
LLRS of the baseline system and syster?Rih their associated responses to
progressive collapse. The loss of lateral loasisting bays in the exterior frames will
result in a greater concentration of strength in those bays remaining in the LLRS, which
could profoundly influence the slgastt e mds
redistribution. As such, this investigation shall concentrate the lateratdeting bays
at the center of the structures and remove the central column from those bays. The

influence and response of the gravity bays were not considered invbssigation.

4.5.1 System Descriptions
Two additional systems, based upon the dimensioning and layout of the baseline

system, were developed in order to study the influence of this parameter. As in the
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investigation of the effect of the number of gter two locations were considered in this
study: Atlanta (GA) and San Francisco (CA). Both systems have the same plan view
shown in Figure 4. However, the systems in this investigation restrict the lateral load
resisting bays to the center of thausture. Consequently, in the development of these
structures, only the central sixteen bays were modeled and designed. This approach was
employed for simplification of the design process, since the response of the gravity bays
was not intended to be ingled in this investigation. However, to account for the
presence of the load present on these beams, concentrated loads were assigned to the
appropriate column joints in the LLRS. The magnitude of these loads corresponded to
half the total load on the gtent gravity beams. As previously seen, using OMFs in the
structure located in Atlanta resulted in the most optimal design, whereas SMFs proved
more optimal for the structure located in San Francisco. Elevation views of the final
designs are shown indgtres 423 and 424 for the structures located in Atlanta and San

Francisco respectively.
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Figure 4-24 Elevation View of the Structure Locate in San Francisco with Reduced
Lateral Load-Resisting Bays

In order to facilitate discussions, pertinent characteristics and classifications for

these structures are provided below in Tabld 4

Table 4-11 System Classifications (Effect of the Numbesf Bays)

System . Frame Number of Number of| Seismic |Design Wind
Location Bays Included . |
Label Type : Stories | Category | Speed (mph]
in LLRS
P3-1 Atlanta OMF 2 8 A 90
P3-2 San Franciscp SMF 2 8 E 85

4.5.2 FE Model Results and Comparisons
The results for systems A3and P2 that are most critical for illustration are

presented in this section and compared to the corresponding results from scenario 1 of the
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baseline study and system-Pof the parametric study. Full sets of plots for these

additional systems are located in Appendix C.

4.5.2.1 General Response

The general responses of systemslR®d P2 to a central column removal
scenario are shown below in Figure&%h 4-28, in canjunction with the results from the
baseline system and systemZP1Relevant maximums are listed in Tablg24
Magnitudes of base shear and deflection at a LF of 1.0 are shown in TEblerdeach
system (if applicable). Values of vertical deflentitdiorizontal deflection, and drift index

are for thdirst-floor beam eighthstory, andfirst story respectively.

I 2.5
Baseline
— =P 1-2 (San Francisco) 5
P3-1 (Atlanta)
———P3-2 (San Francisco)
1.5
LL
/ -
e 1
/‘ 0.5
f 0
0 -20 -40 -60 -80 -100 -120
A, (in)

Figure 4-2 5 L F, (Effect of tg Number of Bays)

168



2.5

| |
Baseline
2 = P1-2 (San Francisco)
== P3-1 (Atlanta)
= P3-2 (San Francisco)
1.5
L
1
0.5
0
0 5 10 15 20 25
4, (in)
Figure 4-2 6 L F (Effect of tqg Number of Bays)
250
/ \ Baseline
— 150 ) ———P1-2 (San Francisco) | |
o
= == P3_1 (Atlanta)
= 100 —
© , = P3-2 (San Francisco)
£
v 50
: |
v
@
e
U = '
\-_\
50 .‘\-___
-100
0 0.5 1 1.5 2 2.5
LF

Figure 4-27 Base Sheavs. LF (Effect of the Number of Bays)

169




Drift Index

0.1

0.09

0.08

0.07

0.06

= Baseline

P1-2 (San Francisco)

P3-1 (Atlanta)

0.05

== P3-2 (San Francisco)

0.04

0.03

0.02 /
0.01

15 2

LF

2.5

Figure 4-28 Drift Index vs. LF (Effect of the Number of Bays)

Table 4-12 General Response Maximums (Effect of the Number of Bays)

. Maximum Base Shearl Maximum Drift . . . i
System Maximum LF (Kips) Index Ma x i my(m)|dda x i my(n)
Baseline 0.737 91.0 0.067 15.2 90.0
P1-2 1.31 216 0.092 22.3 109
P3-1 0.893 -11.0 0.030 6.50 57.6
P3-2 2.08 -50.7 0.020 3.63 46.4

Table 4-13 General Response Values at a LF of 1.0 (Effect of the Number of Bays)

Base Shearat LF=1.( _ . . .
System (Kips) Drift Index at LF = 1.0 | gy, at LF = 1.0 (in) |qy at LF = 1.0 (in)
Baseline N/A N/A N/A N/A
P1-2 55.0 0.003 1.00 22.5
P3-1 N/A N/A N/A N/A
P3-2 -21.4 <0.001 0.027 1.84

Note: System P3-1 and the baseline system were unable to reach a LF of 1.0
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Systems PA and P2, as indicated by Table2, were able to attain higher LFs
than the corresponding systems with lateral Jaesiisting bays distributed across the
entire length of the structure. This is most likely due to the concentratiotecfl lpad
resistance in the immediate vicinity of the removed column, which results in larger beams
and a subsequently larger flexural capacity. However, as in the previous cases, both
structures located in Atlanta were unable to sustain the full cellapsls experienced at
a LF of 1.0.

The loaddeflection trends in Figures2b and 426, in conjunction with the
maximums provided in Table #2 show that systems A3and P32 had significantly
lower levels of deflection at their maximum LFs, which claes with a predominately
flexural response. Moreover, the trends for base shear in Figitesidow little to no
positive base shear development coincident with catenary behavior. This argument is
further supported by the maximum values of base shegable 412, which are
negative. This indicates that the maximum axial forces in these systems are associated
with frame action.

Of the two systems that were able to sustain the full collapse loads, syst@ms P1
and P32, the latter was able to do soilehundergoing significantly lower levels of

deflection due to its use of elastic frame action.

4.5.2.2 Catenary Action Demands
The catenary action demands associated with systerhsaR8 P32 are shown
below in Figures €9through4-31 alongside theesponse fronthe baseline system and

system P22. While system R2 did not make any significant use of catenary behavior,
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and thus did not subsume demands associated with that type of response, its results have
been included for comparison purposes. |&dklL4 displays the catenary action demands

at the principal load levels for each system. Results are shown fostH®or beam

only.

/"‘\

/ = Baseline
'g 150 P1-2 (San Francisco)
X N P3-1 (Atlanta)
2 100 )
/ | === P3-2 (San Francisco)
50 ] J
-50
0 0.5 1 1.5 2 2.5
LF
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Table 4-14 Catenary Action Demand Maximums (Effect of the Number of Bays)

Percentage of LH
. . . NatLF=1.0 |N/NpatLF=1.0( Attributedto
System Maximum N (kips) Maximum N/Np (kips) (Kips) Catenary
Behavior (%)
Baseline 117 0.310 N/A N/A 18.6
P1-2 256 0.440 83.0 0.140 26.00
P3-1 37.2 0.070 N/A N/A 2.20
P3-2 47.2 0.040 21.0 0.020 Negligible
Notes:System P3-1 and the baseline system were unable to reach a LF of 1.0. For system P3-2, the maximum values
found in the seventh-floor beam and are considered a product of frame action.

Apparent by the relatively small values of N/Np in Tablk4dand the extremely
low percentages of maximum load resisted &gwary mechanisms, the systems with
reduced lateral loatksisting bays made little use of catenary behavior. As previously
mentioned, this responsan beattributed to the consolidation of lateral le@s$istance
to the central bays, which increased beam section sizes. This change had somewhat
more of an impact on the structure located in San Francisco, as its overall capacity
utilizing predominately flexural behavior more than doubled. This can be seen by
comparing the curves for systemsPandP3-2 in Figure 429; the onset of catenary
behavior for system P3 almost coincides with its maximum LF.

Finally, when the full collapse loads were applied (LF of 1.0), systeth P3
remained elastic. In order to sustain the same load level, systémdetled to develop
14% of itsfirstf | oor beamdés maxi mum axial tensil e f
4.5.2.3 Connection Ductility Demands

The levels of plastic rotation developed in the beams above the removed column

for systems P and P2 are shown below in Figures32 and4-33. Comparisons of
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values of plastic rotation at the principal load levels and their locations in the four

systems at these levels are provided in Tatlé.4
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Figure 4-32 Plastic Rotation Demands for System RPB
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Figure 4-33 Plastic Rotation Demand for System P32

Table 4-15 Comparison of Plastic Rotation Demands (Effect of the Number of Bays)

System dp ?rat d) Ma xi dp at LF 3 Beamlocdtiona
Baseline 0.298 N/A 4th floor
P1-2 0.366 0.064 4th floor
P3-1 0.184 N/A 2nd floor
P3-2 0.121 0 (Elastic) 6th floor
Note: System P3-1 and the baselne system were unable to reacha LF of 1.0

Concordant with predominately flexural behavior, the maximum plastic rotation
demands developed in systemsPP&nd 32 werelower than the respective values
observed in the baseline system and systet®.P1

Furthermore, at the full collapse load level, syster2P@mained fully elastic, as

indicated in Table45. Consequently, the conclusion can be drawn that systeinty3
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sustaining a LF of 1.0 and remaining elastic, would not be subject to full or partial

disproportionate collapse.

4.5.3 Conclusions

Based upon the previous discussions, and within the limitations imposed by the
adopted assumptions, the following corsotuns can be drawn regarding the effect of
reducing the number of lateral loaglisting bays in a structure with exterior moment

frames:

1 The analytical results showed that systemd RBd P2 were able to reach LFs
higher than what the baseline systand system R2 respectively attained. This
can beattributed to a considerable increase in the flexural capacity of the beams,
which occurred as a result of constraining the number of lateralésésting
bays.

1 The catenary action demands indicated tiggther system R3 nor system R2
developed any significant axial tension attributed to catenary behavior. This
response correlates with the increased beam section size; at the point of plastic
flexural collapse, the columns seemed to rexygended mst of their capacity
and were unable to sustain significant catenary forces.

1 The plastic rotation demands developed in each structure showed that systems P3
1 and P& maintained lower levels of plastic rotation throughout the analysis. In

particular, syeem P32 remained elastic at the full collapse load level. As with

177



the catenary action demands, this rekdlly occurred because the design of

systems P3 and P2 provided larger beam sections.

As previously indicated, these conclusions are onbtable to systems with lateral
loadresisting frames concentrated at the center of each exterior moment frame and

analyses that consider the removal of the central column from the LLRS.

4.6 Effect of Building Aspect Ratio
This section investigates thetpe nt i a | i mpacts of a struct
progressive coll apse response. As a buil d
and exposure to winshduced loads will correspondingly change. As shown in Figure 3
1, the baseline system wasstgned as a long, narrow structure with the short dimension
being perpendicular to the moment frames. The analytical results presented in Chapter 3
revealed that, utilizing a fully ductile response, the baseline system was incapable of
resisting the loaidg conditions associated with progressive collapse and experienced
partial or full collapse, depending on the column removal scenario considered. An
additional system is presented in this chapter; this system was developed to investigate
the impacts of &ving an aspect ratio that increases both the seismic weight of the
structure and the windxposure in the direction parallel to the moment frames. Due to
the structuredés | ocation in Atlanta (GA),
Consequelty, only the impadt of the latterareapplicable for discussiop Since altering
this parameter involved no change in the dimensions of thelitwensional FE model,

but rather changed the magnitude of the design forces, it was not anticipated that
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significantly behavioral differences would be seen between structures in different

locations. Consequently, only one location was considered in the study of this parameter.

4.6.1 System Description
The system presented in this chapter was designed for alogathtlanta, GA.

It was designed for the same gravity loads that were used in the design of the baseline
system and with the same design wind speed. However, unlike the baseline system, this
system has two additional bays in the direction perpenditutae moment frames. The
plan view of this structure, called systemPB4s shown in Figure-3 4 . The struci
elevation view, including the resulting sections utilized in the moment frames, is depicted

in Figure 435.
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Figure 4-35 Plan View of Structure with Alternate Aspect Ratio

As indicated by Figure-85, system P4 contains two additional interior frames
in the direction parallel to the OMFS hese framewere designetb resist gravity loads
alone. Consequently, the only influence the changed aspect ratio had on the structural
design process was in the magnitude of the lateral loads. In order to facilitate
discussions, pertinent characteristics and classificatioriBifostructure are summarized

below in Table 416.

Table 4-16 System Classification (Effect of Building Aspect Ratio)

System . Frame Number of Number of| Seismic |Design Wind
Location Bays Included .
Label Type . Stories | Category | Speed (mph
in LLRS
P4-1 Atlanta OMF 6 8 A 90
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4.6.2 FE Model Results and Comparisons
The results for system Péthat are most critical for illustration are presented in
this setion and compared to the corresponding results from scenario 1 of the baseline

study. Full sets of plots for this additional system are located in Appendix D.

4.6.2.1 General Response

The general response of system1P#% a central column removal scendas
shown below in Figures-36 through4-39 in conjunction with the results from the
baseline system. Relevant maximums are listed in Table 4/alues of vertical
deflection, horizontal deflection, and drift index are forfir&-floor beam eighthstory,

andfirst story respectively.
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Table 417 General Response Maximums (Effect of Building Aspect Ratio)

Svstem Maximum LE Maximum Base| MaximumDrift |Ma x i my|Max i my
y " Shear (kips) Index (in) (in)

Baseline 0.737 91.0 0.067 15.2 90.0
P4-1 0.894 112 0.067 15.3 90.5

Figures 436 through4-39 display a consistent behavior that can be identified
with system P4L: Overall strength levels areincreased er t he basel i ne
maximum levels with no change in the magnitudes of deflection experienced by the
structure at the corresponding locations of these maximums. Moreover, while the
maximum LF that was resisted by systemIP#rovided in Table-47, was larger than
what was sustained by the baseline system, it was still lower than 1.0; this indicates that,

much like the baseline system, systemlPRalas not able to avert collapse.

4.6.2.2 Catenary Action Demands

The catenary action demands assedatith system R4 are shown below in
Figures 440through4-42 alongside the response from the baseline system. T-aBle 4
displays pertinent maximums for each system. Results are shown fiostfieor beam

only.
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Table 4-18 Catenary Action Demand Maximums (Effect of Building Aspect Ratio)

Percentage of LH
System | Maximum N (kips) [Maximum N/Np Attributed to
Catenary
Behavior (%)
Baseline 117 0.310 18.6
P4-1 141 0.320 18.4

Supporting what was establishedsgction 4.6.2.1, the catenary action demands

associated with system Hdincreased in absolute magnitude over the baseline system,

but not in relative responsdhus, as indicated in Tablel®, the maximum ratio of

N/Np developed in thérst-floor beamremained comparatively unchanged and the

amount of additional load resisted by catenary mechanisms was identical. Moreover,

Figures 441 and 442 show that the maximum values of catenary force were attained at
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nearly identical values of deflection in batystems. By resisting higher levels of load
utilizing a similar catenary response at matching deflection levels, systdnshtld be

less susceptible to potential connection ductility limitations than the baseline system.

4.6.2.3 ConnectiorDuctility Demands

The levels of plastic rotation developed in the beams above the removed column
for system P4L are shown below in Figure4B8. Comparisons of maximum values of
plastic rotation at the peak LF and their locations are provided in Tdl8daf system

P41 and the baseline system.
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Figure 4-43 Plastic Rotation Demands for System P4

187



Table 419 Maximum Plastic Rotation Demands (Effect of Building Aspect Ratio)

System dp at Ma Beam Location
(rad)
Baseline 0.298 4th floor
P4-1 0.300 5th floor

From Figure 443, it is seen that the distribution of plastic rotatiemdnd among

the beams in system Pl4dremained comparatively unchanged from the values obtained

from the baseline system. Similarly, as can be seen in Tal8ethhe maximum values

of plastic rotation at the peak LF in both systems are identical.

4.6.3Conclusions

The comparisons between the baseline system and syst&raHedv that

structures designed for similar levels of vertical load, but with different aspect ratios, can

perform differently when subjected to the loss fifst story column in théateral load

resisting system. In particular, the results indicate that, for structures controlled by wind

loads, increasing exposure in the direction of lateral load resistance for a specific exterior

moment frame can correspondingly increase thatfbamme c ol | ap s e

subjected to the loss of & &tory column. This increase can occur without substantially

alteringthe type of response utilized.
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Chapter 57 Summary, Conclusions, and Recommendations

5.1 Summary

Historical precedent has established progressive collapse as a phenomenon
characterized by the potential for extreme structural damage and loss of life. In an
attempt to mitigate such behavior in conventional structures, several different approaches
for analysis and design have been suggested. These methods include beth threat
dependent and threatdependent procedures. Under the latter, a common approach is to
subject the structure to a notional coluremoval scenario and then check the ability of
thestructure to bridge over the removed memb
circumstances can involve the utilization of catenary or dédtdebehavior to resist the
imposed loads once the flexural capacity of the resisting members has beeneexhaust
and sufficient levels of deflection have been attained.

Due to the unique combination of behavior displayed during progressive collapse,
and the scale of such events, current research efforts have been aimed at a variety of
topics. Foremost among geare analytical studies of various aspects of structural
behavior exhibited during progressive collapse and experimental investigations aimed at
guantifying the resiliency of structural elements and their associated connections.

Current design codes agdidelines within the United States, including ASCE 7
(2010), IBC (2009), GSA (2003), and UFC (2009), provide varying degrees of

information and guidance regarding progressive collapse design. The most developed of
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these, UFC (2009), includes a combiaatof threatdependent methods (SLR method),
prescriptive procedures (TF method), and analytical approaches (AP method).

In this thesis, an analytical investigation of various factors influencing the
response of steel structures during progressive cellaps conducted using the FE
programOpenSeeand the loading conditions of the AP method, as outlined in UFC
(2009). First, a baseline study was performed, which considered the response in the
LLRS of a specifically designed, eigstory, sixbay, steeframed structure. The
notional removal of columns in 4 distinct locations throughout one of the perimeter
moment frames was considered. Subsequently, the general response of the structure
during each scenario, its catenary action demands, and conrdkatidity demands
were recorded, discussed and compared. Following this, a parametric study was
conducted, which considered the effects of changing various design parameters on the
response of the system during collapse. The parameters investigatdddncline
building location, the number of stories, the number of bays in the lateraldsiating
system, and the building aspect ratio. $hely found that each parameter can reave
significant impact on overall system behavior and the developrmeatenary forces in

particular.

5.2 Conclusions

Based upon the research presented in this thesis, and within the limitations

imposed by the adopted assumptions, the following general conclusions can be drawn:
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In general, it was seen that the behavidrileited by the beams was directly

related to the characteristics of the adjacent side frames.

When catenary mechanisms were used to resist load, the largest forces associated
with this type of response were consistently found in theffost beam. Tis
wasbelieved to bgrimarily associated with thedher level of restrairdt this
location. This implies that, in order to sustain these forces, the beams in the lower
stories of structural systems need to be properly anchored biyandes and

connetions capable of resisting the imposed force demands.

The columaremoval scenarios simulated during the investigation revealed that
columnremoval locations closer to the center of structures can result in higher
resistance to collapse, but more extemfailure modes in the event that the

capacity of the sidérames is exhausted.

It was seen that greatetilization of catenary behavior in the structures studied
directly coincided with substantially increased ductitigmands.Potential
limitationson the ductile response of the moment connections could result in
partial collapse. However, should the scenario under consideration result in the
failure of the adjoining sid&dames, such limitations could serve to prevent the

propagation of collapse.

191



1 The parametric study indicated that structures designed for locations with larger
design lateral loads are more resistant to progressive collapse. This was also
found to be true for structures with fewer stories, fewer bays in the {aiachl
resistng system, and structures with aspect ratios that increase the design lateral
loads. These conclusions are only applicable for central cetamaval

scenarios within the LLRS.

1 It was seen that structures with fewer stories, more bays included in ti& LLR
and those designed for highly seismic regions all displayed greater propensities
for utilizing catenary behavior in order to avert collapse. However, the structures
designed for larger seismic forces demonstrated less of a need to take advantage

of such behavior.

1 Many current design guidelines, such as the UFBR2303 TF method, do not
specify any strength or stiffness requirements for anchoring systems. The
findings of this investigation indicatepatentialneed for the development of such

provisions.

5.3 Recommendations

Because of the limitations associated with the assumptions used in this research,

several topics and areas of investigation are recommended for further study:
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91 Due to the large forces and deformations observed duringpti@stigation,
which were associated with catenary behavior, it is recommended that detailed
analytical and experimental investigations be conducted into the resiliency of steel

connections during conditions indicative of progressive collapse

1 Itis recomnended that studies explicitly considerihg effect(s) of floor slabs,
dynamic effects, strathardening, D effects,andinelastic panekone behavior,
be conducted to ascertain the relative impacts of such factors analyses

presented in this thiss

1 Itis recommended that theoretical relationships be established which predict the
distribution of catenary force development in msttry structures by story

location.

1 Finally, it is recommended that further study be conducted to verify the @btenti

need to implement strength and stiffness considerations associated with anchoring

systems into the UFG-@23-03 TF requirements.
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Appendices

Appendix AT Supplementary Plots for Systems P1 and P12
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Appendix BT Supplementary Plots for Systems P2 and P22
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