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ABSTRACT

The objective of the work describaédthis report was to analyze the global response of WTC 7 to initial
failure events due to fire and to analyze theltiegusequence of component and subsystem failures to
determine the events that led to the global collapse.

The modeling approach began with collapse analgsasnulti-floor subassembly, leading to a global
collapse analysis of WTC 7 using a model of thire@muilding. The floor model was used to test
modeling methods and to test initiating event hypotheses.

Experience from the previous WTC tower modeling fieas utilized to aid in modeling WTC 7. In
particular, steel material models formulated forttheer models formed theabis for those used in WTC
7. Also, meshing and model construction techegwere adapted from the tower models, where
appropriate. A new material modeas developed for the composite slab in WTC 7. Also, the existing
steel models from the WTC 1 & 2 analyses were medifiith thermally dependant properties to predict
damage due to fire induced heating. Conneatiodels were developed for the column-to-column
connections as well as beam framing shear, momedtse@ated connections that were used throughout
the WTC 7 building construction.

The WTC 7 finite element model used in the asafywas developed based on the original structural
drawings as well as construction fabrication sh@witigs for connections. The models included the
primary structural components throughout the bugdincluding exterior and core columns, floor

framing beams and girders, floor slabs, column teartsfiss structures, wind bracing truss members, and
penthouse structures. A uniform finite element mesh was used throughout to provide the same level of
fidelity in the entire structure. The global modehtained approximatelyillion nodes and required
approximately 8 weeks to process 25 seconds of sietutame, while using 12 processors in parallel.

A model initialization sequence wasvaéoped to sequentially apply (1) gravity loads, (2) WTC 1 impact
debris damage, and (3) fire induced temperatures on the structure prior to model analyses.

Several load cases were considered with thiéifftmor subassembly including damage effects from
heating alone and with additional imposed cotioadailures. Most subassembly analyses were
performed with a two floor model, however, a largestigty subassembly was used to test the effect of
debris damage application and load redistribution within the structure.

Global analyses were conducted to study the progre&sim initial localized failures leading to global
collapse. The sequence of events within tleelehwere documented andmpared to observable
behavior from photographic evidence.

Keywords: WTC 7, progressive collapse, finite element analysis.
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METRIC CONVERSION TABLE

To convert from

to

AREA AND SECOND MOMENT OF AREA

square foot (f)
square inch (if)
square inch (if)

square yard (YA

ENERGY (includes WORK)
kilowatt hour (KW* h)

quad (1015 BtulT)

therm (U.S.)

ton of TNT (energy equivalent)
watt hour (W* h)

watt second (W s)

FORCE

dyne (dyn)

kilogram-force (kgf)

kilopond (kilogram-force) (kp)
kip (1 kip=1000 Ibf)

kip (1 kip=1000 Ibf)
pound-force (Ibf)

FORCE DIVIDED BY LENGTH
pound-force per foot (Ibf/ft)

pound-force per inch (Ibf/in)

HEAT FLOW RATE

calorieth per minute (calth/min)
calorieth per second (calth/s)
kilocalorieth per minute (kcalth/min)

kilocalorieth per second (kcalth/s)
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square meter @n
square meter @n
square centimeter (ém

square meter @n

joule (J)
joule (J)
joule (J)

joule (J)

joule (J)

joule (J)

newton (N)
newton (N)
newton (N)
newton (N)
kilonewton (kN)

newton (N)

weton per meter (N/m)

newton per meter (N/m)

watt (W)

watt (W)

watt (W)

watt (W)

Multiply by

9.290 304 E-02
6.4516 E-04
6.4516 E+00
8.361 274 E-01

3.6 E+06
1.055 056 E+18
1.054 804 E+08
4.184 E+09

3.6 E+03

1.0 E+00

1.0 E-05

9.806 65 E+00
9.806 65 E+00
4.448 222 E+03
4.448 222 E+00
4.448 222 E+00

1.459 390 E+01

1.751 268 E+02

6.973 333 E-02
4.184 E+00
6.973 333 E+01
4.184 E+03
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To convert from

LENGTH
foot (ft)
inch (in)
inch (in)
micron (m)

yard (yd)

MASS and MOMENT OF INERTIA

kilogram-force second squared
per meter (kgf * §m)

pound foot squared (tbft?)
pound inch squared (tin?)
ton, metric (t)

ton, short (2000 Ib)

MASS DIVIDED BY AREA
pound per square foot (It

pound per square inch
(notpound force) (Ib/if)

MASS DIVIDED BY LENGTH
pound per foot (Ib/ft)

pound per inch (Ib/in)

pound per yard (Ib/yd)

to

meter (m)
meter (m)
centimeter (cm)
meter (m)

meter (m)

kilogram (kg)
kilogram meter squared (kgn?)
kilogram meter squared (kgn?)
kilogram (kg)
kilogram (kg)

kilogram per square meter (kgjm

kilogram per square meter (kdjm

kilogram per meter (kg/m)
kilogram per meter (kg/m)

kilogram per meter (kg/m)

PRESSURE or STRESS (FORCE DIVIDED BY AREA)

kilogram-force per square centimeter (kgffzm pascal (Pa)

kilogram-force per square meter (kgfjm
kilogram-force per squamaillimeter (kgf/mnf)
kip per square inch (ksi) (kipfn

kip per square inch (ksi) (kipfn
pound-force per square foot (Ibfjft
pound-force per square inch (psi) (Ibfin
pound-force per square inch (psi) (Ibffin

psi (pound-force per square inch) (Ibfjin

psi (pound-force per square inch) (Ibfjin

XX

pascal (Pa)
pascal (Pa)
pascal (Pa)
kilopascal (kPa)
pascal (Pa)
pascal (Pa)
kilopascal (kPa)
pascal (Pa)

kilopascal (kPa)

Multiply by

3.048 E-01
2.54 E-02
2.54 E+00
1.0 E-06
9.144 E-01

9.806 65 E+00
4.214 011 E-02
2.926 397 E-04

1.0 E+03
9.071 847 E+02

4.882 428 E+00

7.030 696 E+02

1.488 164 E+00
1.785 797 E+01
4.960 546 E-01

9.806 65 E+04

9.806 65 E+00

9.806 65 E+06

6.894 757 E+06
6.894 757 E+03
4.788 026 E+01
6.894 757 E+03
6.894 757 E+00
6.894 757 E+03
6.894 757 E+00
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Metric Conversions

To convert from

TEMPERATURE
degree Celsiuse)
degree centigrade
degree Fahrenheitdf)
degree Fahrenheitdf)
kelvin (K)

TEMPERATURE INTERVAL
degree CelsiusC)

degree centigrade

degree Fahrenheitdf)

degree Fahrenheitdf)

degree Rankine®)

VELOCITY (includes SPEED)
foot per second (ft/s)

inch per second (in/s)

kilometer per houtkm/h)

mile per hour (mi/h)

mile per minute (mi/min)

VOLUME (includes CAPACITY)
cubic foot ()

cubic inch (iff)

cubic yard (yd)

gallon (U.S.) (gal)

gallon (U.S.) (gal)

liter (L)

ounce (U.S. fluid) (fl oz)

ounce (U.S. fluid) (fl 0z)
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to

kelvin (K)

degree Celsi@® (
degree Celsiusff)
kelvin (K)
degree Celsiusff)

kelvin (K)

degree Celsi@® (
degree Celsiugff)
kelvin (K)
kelvin (K)

rrex per second (m/s)

meter per second (m/s)
meter per second (m/s)

kilometer per hour (km/h)

metger second (m/s)

cubic meter (f)

cubic meter (f)

cubic meter (M
cubic meter {n
liter (L)

cubic meter (f)
cubic meter {m

milliliter (mL)

Multiply by

TIK =t + 273.15

t/ ¢ | t/deg. cent.

t/ € = (t 6 232)/1.8
TIK = (t/ & + 459.67)/1.8
t/q¢ =T/ K2273.15

1.0 E+00
1.0 E+00
5.555 556 E-01
5.555 556 E-01
5.555 556 E-01

3.048 E-01
2.54 E-02
2777 778 E-01
1.609 344 E+00
2.682 24 E+01

2.831 685 E-02

1.638 706 E-05

7.645 549 E-01

3.785 412 E-03
3.785 412 E+00

1.0 E-03

2.957 353 E-05
2.957 353 E+01
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PREFACE

Genesis of This Investigation

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the
Federal Emergency Management Age(FEMA) and the American Society of Civil Engineers began
planning a building performance study of the disastére week of October 7, as soon as the rescue and
search efforts ceased, the BuildingfBenance Study Team went to the site and began its assessment.
This was to be a brief effort, as the study teamistat of experts who largely volunteered their time

away from their other professional commitmentse Building Performance Study Team issued its

report in May 2002, fulfilling its godto determine probable failure memhisms and to identify areas of
future investigation that could le&d practical measures for improvingetlamage resistance of buildings
against such unforeseen events.”

On August 21, 2002, with funding from the U&ngress through FEMA, the National Institute of
Standards and Technology (NIST) announced its imgjldnd fire safety investigation of the WTC
disaster. On October 1, 2002, the National Caotitn Safety Team Ac¢Public Law 107-231), was
signed into law. (A copy of the Public Law ixinded in Appendix A). The NIST WTC Investigation
was conducted under the authority of Megional Construction Safety Team Act.
The goals of the investigation of the WTC disaster were:
X To investigate the building construction, thetenels used, and the technical conditions that
contributed to the outcome of the WTC disaster.
X To serve as the basis for:
Improvements in the way buildings are dgsid, constructed, maintained, and used,;
Improved tools and guidance for industry and safety officials;
Recommended revisions to current esdstandards, and practices; and

Improved public safety.
The specific objectives were:
1. Determine why and how WTC 1 and WTC 2 cp#lad following the initial impacts of the

aircraft and why and how WTC 7 collapsed;

2. Determine why the injuries and fatalities weehigh or low depending on location,
including all technical aspects of fire pgotion, occupant behavior, evacuation, and
emergency response;

3. Determine what procedures and practices wseal in the design, construction, operation,
and maintenance of WTC 1, 2, and 7; and

4. ldentify, as specifically as possible, areas imext building and fire codes, standards, and
practices that warrant revision.
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NIST is a nonregulatory agency of the U.S. Department of Commerce. The purpose of NIST
investigations is to improve the safety and structimtalrity of buildings in the United States, and the
focus is on fact finding. NIST investigative temare authorized to assess building performance and

emergency response and evacuation

procedures in Keeoivany building failure that has resulted in

substantial loss of life or that posed significant po&éati substantial loss of life. NIST does not have
the statutory authority to make findings of fault negligence by individuals or organizations. Further,
no part of any report resulting from a NIST investigatinto a building failure or from an investigation
under the National Construction Saféiigam Act may be used in any suit or action for damages arising
out of any matter mentioned in such ref@f USC 281a, as amended by Public Law 107-231).

Organization of the Investigation

The National Construction Safety Team for thisdstgation, appointed by the then NIST Director,

Dr. Arden L. Bement, Jr., was led by

Dr. S. Shy@under. Dr. William L. Grosshandler served as

Associate Lead Investigator, Mr. Stephen A. Cauffman served as Program Manager for Administration,

and Mr. Harold E. Nelson served on the team as a prsgttor expert.

interdependent projects whose leade

The Investigation included e
rs comprisectthainder of the team. A detailed description of

ight

each of these eight projects is available at http://stcgov. The purpose of each project is summarized

in Table P-1, and the key technical c

omponents are illustrated in Fig. P-1.

Table P—1. Federal building and fire safety investigation of the WTC disaster.

Technical Area and Project Leader

Project Purpose

Analysis of Building and Fire Codes ang
Practices; Project Leaders: Dr. H. S. Le
and Mr. Richard W. Bukowski

Document and analyze the code ps@mns, procedures, and practig
wused in the design, construction, operation, and maintenance of
structural, passive fire prttion, and emergency access and
evacuation systems of WTC 1, 2, and 7.

es
the

Baseline Structural Performance and
Aircraft Impact Damage Analysis; Proje
Leader: Dr. Fahim H. Sadek

Analyze the baseline performance of WTC 1 and WTC 2 under
ctdesign, service, and abnormal loads, and aircraft impact damags
the structural, fire protéion, and egress systems.

2elp

Mechanical and Metalhgical Analysis of
Structural Steel; Project Leader: Dr. Fra
W. Gayle

Determine and analyze the mecltahiand metallurgical properties
n&nd quality of steel, weldments, and connections from steel
recovered from WTC 1, 2, and 7.

Investigation of Active Fire Protection
Systems; Project Leader: Dr. David
D. Evans; Dr. William Grosshandler

Investigate the performance of thetive fire protection systems in
WTC 1, 2, and 7 and their role in fire control, emergency respon
and fate of occupants and responders.

Reconstruction of Thermal and Tenabili
Environment; Project Leader: Dr. Richa
G. Gann

yReconstruct the time-evolving temperature, thermal environmen
dand smoke movement in WTC 1, 2, and 7 for use in evaluating t
structural performance of the buildings and behavior and fate of
occupants and responders.

Structural Fire Response and Collapse
Analysis; Project Leaders: Dr. John
L. Gross and Dr. Térese P. McAllister

Analyze the response of the WTQwvers to fires with and without
aircraft damage, the response of WTC 7 in fires, the performanc
composite steel-trussed floor sysis, and determine the most
probable structural collapse sequence for WTC 1, 2, and 7.

e of

Occupant Behavior, Egress, and
Emergency Communications; Project
Leader: Mr. Jason D. Averill

those who survived and those who did not, and the performanceg
the evacuation system.

Analyze the behavior and fate of occupants and responders, both

of

Emergency Response Technologies an
Guidelines; Project éader: Mr. J. Randa

d Document the activities of the emergency responders from the ti
| of the terrorist attacks on WTC 1 and WTC 2 until the collapse o

me
f

Lawson

WTC 7, including practices followed and technologies used.

XXiV
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NIST WTC Investigation Projects

Video/
Photograp hic
Records

Oral History Data
Emergency
Response

Records

Recovered
Structural Steel

Figure P—1. Technical components of the federal building and fire safety
investigation of the WTC disaster.

National Construction Safety Team Advisory Committee

The NIST Director also established an advisomygittee as mandated under the National Construction
Safety Team Act. The initial members of the commitivere appointed following a public solicitation.
These were, with their terms in parentheses:

x Paul Fitzgerald, Executive Vice President (est)r FM Global, National Construction Safety
Team Advisory Committee Chair (2002-2009)

x John Barsom, President, Bars@uonsulting, Ltd. (2002-2011).
x John Bryan, Professor Emeritus, University of Maryland (2002)
x David Collins, President, The Preview Group, Inc. (2002-2010)

X Glenn Corbett, Professor, John Jay College of Criminal Justice (2002- )

x

Philip DiNenno, President, Hughes Associates, Inc.(2002- )
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X Robert Hanson, Professor Emeritus, University of Michigan (2002-2009)

X Charles Thornton, Co-Chairman and MamagPrincipal, The Thornton-Tomasetti Group,
Inc. (2002-2011)

x Kathleen Tierney, Director, Natural HazardssRarch and Applications Information Center,
University of Colorado at Boulder (2002- )

x Forman Williams, Director, Center for Energgsearch, University of California at San
Diego (2002-2011)

This National Construction Safety Team Advis€ommittee provided technical advice during the
Investigation and commentary on drafts of the Ingasibn reports prior to their public release. NIST
has benefited from the work of many people ingheparation of these reports, including the National
Construction Safety Team Advisory Committééhe content of the reports and recommendations,
however, are solely the responsibility of NIST.

Public Outreach

During the course of this Investigation, NIST held lpbriefings and meetingdisted in Table P-2) to
solicit input from the public, present preliminargdings, and obtain comments on the direction and
progress of the Investigation from theblic and the Advisory Committee.

NIST maintained a publicly accessible Web site duringlthisstigation at http://te.nist.gov. The site
contained extensive information on treckground and progress of the Investigation.

NIST's WTC Public-Private Response Plan

The collapse of the WTC buildings has led to bresagkamination of how tall buildings are designed,
constructed, maintained, and used, especially withrdegamajor events such as fires, natural disasters,
and terrorist attacks. Reflecting the enhancedastan effecting necessary change, NIST, with support
from Congress and the Administration, has put atela program, the goal of which is to develop and
implement the standards, technology, and practieedad for cost-effective improvements to the safety
and security of buildings and building occupantsluding evacuation, emergency response procedures,
and threat mitigation.
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Table P—2. Public meetings and briefings of the WTC Investigation.

Date Location Principal Agenda
June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the
pending WTC Investigation.
August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigafion.

December 9, 2002 Washington, DC | Media briefing on release of the Public Update and NIST reqliest
for photographs and videos.

April 8, 2003 New York City, NY | Joint public forum with Columbia University on first-person
interviews.

April 29-30, 2003 Gaithersburg, MD | NCST Advisory Committee meeting on plan for and progress|on
WTC Investigation with a public comment session.

May 7, 2003 New York City, NY| Media briefing on release of May 2003 Progress Report.

August 26-27, 2003 | Gaithersburg, MD| NCST Advisory Committee meeting on status of the WTC
investigation with a public comment session.

September 17, 2003 New York City, N)YMedia and public briefing on initiation of first-person data
collection projects.

December 2-3, 2003, Gaithersburg, MD | NCST Advisory Committee meeting on status and initial results
and release of the Public Updatéh a public comment session

February 12, 2004 New York City, NY Public meeting on progress and preliminary findings with public
comments on issues to be considered in formulating final
recommendations.

June 18, 2004 New York City, N Media/public briefing on release of June 2004 Progress Report.

June 22-23, 2004 Gaithersburg, MO NCST Advisory Committee meeting on the status of and

preliminary findings from the WTC Investigation with a public
comment session.

August 24, 2004 Northbrook, IL Public viewing of standard fireesistance test of WTC floor
system at Underwriters Laboratories, Inc.

October 19-20, 2004  Gaithersburg, MO NCST Advisory Committee meeting on status and near compfete
set of preliminary findings with a public comment session.

November 22, 2004 Gaithersburg, MD| NCST Advisory Committee discussion on draft annual report fo
Congress, a public comment session, and a closed session tp
discuss pre-draft recommendations for WTC Investigation.

April 5, 2005 New York City, NY| Media and public briefing on lease of the probable collapse
sequence for the WTC towers andftlireports for the projects o
codes and practices, evacuation, and emergency response.

=

June 23, 2005 New York City, NY Media and public briefing on redse of all drafteports for the
WTC towers and draft recommetigas for public comment.

September 12-13, | Gaithersburg, MD | NCST Advisory Committee meeting on disposition of public

2005 comments and update to draft reports for the WTC towers.
September 13-15, | Gaithersburg, MD | WTC Technical Conference fgtakeholders and technical
2005 community for dissemination of findings and recommendations

and opportunity for the public to make technical comments.

December 14, 2006 Teleconference | NCST Advisory Committee meeting on status of WTC 7
investigation and draft annual report to Congress, with a publ|c
comment session.

December 16, 2007 Teleconference | NCST Advisory Committee meeting on status of WTC 7
investigation and draft annual report to Congress, with a publjc
comment session.
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The strategy to meet this goal is a three-part, NEIT public-private response program that includes:

x A federal building and fire safety investigation to study the most probable factors that
contributed to post-aircraft impact collapse of the WTC towers and the 47 story WTC 7
building, and the associated evacoatand emergency response experience.

X A research and development (R&D) programnga) facilitate the implementation of
recommendations resulting from the WTC Investigation, and (b) provide the technical basis
for cost-effective improvements to national bisitgland fire codes, standards, and practices
that enhance the safety of buildingsittoccupants, and emergency responders.

X A dissemination and technical assistance program (DTAP) to (a) engage leaders of the
construction and building community in ensuring timely adoption and widespread use of
proposed changes to practices, standarabcades resulting from the WTC Investigation
and the R&D program, and (b) provide practigaldance and tools to better prepare facility
owners, contractors, architects, engineemsergency responders, and regulatory authorities
to respond to future disasters.

The desired outcomes are to make buildings, occapant first responders safer in future disaster
events.

National Construction Safety Team Reports on the WTC Investigation

This report documents the global collapse analysi$fdC 7. A summary report of the investigation

into WTC 7 appears as NIST NCSTAR 1A, presenting the reconstruction of the collapse of WTC 7, the
principal technical findings, and the NIST recommendations. A support document, NIST NCSTAR 1-9,
presents the techniques and technologies by which thes@dal results were achieved. The titles of the
full set of Investigation publications are:

NIST (National Institute of Stalards and Technology). 200bederal Building and Fire Safety
Investigation of the World Trade Center Disasteinal Report on the Collapse of the World Trade
Center Towers.NIST NCSTAR 1. Gaithersburg, MD, September.

NIST (National Institute of Stalards and Technology). 200Bederal Building and Fire Safety
Investigation of the World Trade Center Disastéinal Report on the Collapse of World Trade Center
Building 7. NIST NCSTAR 1A. Gaithersburg, MD, October.

Lew, H. S., R. W. Bukowski, and N. J. Carino. 206®deral Building and Fire Safety Investigation of
the World Trade Center Disaster: Design, Constmuttiand Maintenance of Structural and Life Safety
SystemsNIST NCSTAR 1-1. National Institute &tandards and Technology. Gaithersburg, MD,
September.

Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 2@@&leral Building and Fire Safety

Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.
NIST NCSTAR 1-1A. National Institute of &dards and Technology. Gaithersburg, MD,
September.
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Ghosh, S. K., and X. Liang. 2005ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Building Code Structural Requiremisifss.
NCSTAR 1-1B. National Institute of Standarawlalechnology. Gaithdosirg, MD, September.

Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 20®&deral Building and Fire Safety
Investigation of the World Trade Center Disastdiaintenance and Modifications to Structural
SystemsNIST NCSTAR 1-1C. National Institute 8tandards and Technology. Gaithersburg,
MD, September.

Grill, R. A., and D. A. Johnson. 200%ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Protection and LBafety Provisions Applied to the Design and
Construction of World Trade Center 1, 2, andnd Post-Construction Provisions Applied after
Occupancy NIST NCSTAR 1-1D. National Institute 8tandards and Technology. Gaithersburg,
MD, September.

Razza, J. C., and R. A. Grill. 200bederal Building and Fire Safety Investigation of the World
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EXECUTIVE SUMMARY

E.1l INTRODUCTION

As part of the National Institute of Standards @aedhnology (NIST) investigation into the collapse of
World Trade Center (WTC) 7, NIST worked witpplied Research Associates, Inc. (ARA) under
contract to conduct global collapse analyses of th&€V@building. The purpose of this work was to
analyze the global response of WTC 7 to initial failewents due to fire and to analyze the resulting
component and subsystem failures to determieetents that led to the global collapse.

The nonlinear dynamic collapse arsdg were performed using LS-DYN#hich is capable of explicitly
modeling sequential failures, fallirdgbris, and debris impact on other structural components. LS-DYNA
is well suited for this type of analysis sincedin model the dynamic sequential failure processes,
including nonlinear material properties, nonlineavrgetric deformations, material failures, and contact
between the collapsing structural componentsadidition, LS-DYNA has capabilities to include thermal
softening of materials and thermal expansion.

Analyses of the LS-DYNA model of the 47 story WTC 7revased to evaluate the global response of the
building to initial failure events due fire, including component andissystem failures, to determine the
events that led to the global collapsenree global analyses were performed:

X Analysis of the building response to debris impact damage, temperature effects (Case B, 4.0 h
temperatures), and fire induced damage basdtie 16 story ANSYS analysis (Case B, 4.0 h
damage).

X Analysis with earlier fire induced damage (C8s8&.5 h) to determine if a lesser degree of
induced damage state was sufficient to initiate a global collapse of WTC 7.

X Analysis with temperature effects (Case B, 4.0 h temperatures), and fire induced damage based
on the 16 story ANSYS analysis (Case B, 4.0 h damage) but without the debris impact damage.
The purpose of this analysis was to determieectimtribution of debris impact to the global
collapse sequence and whether WTC 7 would havepsalthsolely due to the effects of the fires.

The key aspects of the model and the resiltee three global analyses are summarized.

E.3 GLOBAL MODEL DEVELOPMENT

The model of WTC 7 for the global collapse analyiseshown in Figure E-1. The building was modeled
primarily with shell elements. Beam elements wesed to model the diagonal framing elements in the
structural frame as well as for the frame of thetpeuse structures. The nonlinear discrete elements
were used for details of the connection componeBit&k elements were used for some rigid masses
representing large equipment. A summary of thedizke global collapse model of WTC 7 is presented
in Table E-1.
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Figure E-1. Global tower model for WTC 7. View from southwest.

Table E-1. Summary of the global collapse model for the WTC 7 tower.

WTC 7 Tower Model
Number of Nodes 3,593,049
Hughes-Liu Beam Elements 3,190
Belytschko-Tsay Shell Elements 3,006,910
Constant Stress Solid Elements 2,461
Nonlinear Discrete Elements 33,364

A key aspect of modeling the structural integof WTC 7 for global collapse was the strength
characteristics of the various structural connectinribe building. The structural frame for WTC 7
contained a variety of structural connection typ&kese connection modeling efforts were a significant
part of the WTC 7 model generation effort. The striesgind damage tolerancetbé& connections varied
based on details such as whether the connection Hdd arebolts. Similarly, the relative strength of
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different connections would vary basew the directionality of the log@.g. the ability of connections to
resist vertical and lateral loads).

Models of the various conneatis were developed based onféigrication shop drawings and
incorporated into the subassembly and global modelse example was the seated connection between
exterior columns and interior framing beams.e Tonnections included plates welded between the
column flanges above and below the framing memivef tlde beam was bolted to the plates. The seated

connection model develogdor LS-DYNA is shown in

Discrete spring element (1 each
side) to represent bolted
connection

Plate edges tied to column flanges,
no failure

Contact defined between beam end
and bearing plates

Discrete spring element (1 each
side) to represent bolted
connection

Figure E-2. Bolts in the LS-DYNA model were represeinwith discrete elements. The properties of the
discrete elements were tailored to match the beitifipations in the actual construction. By including
these details the relative strength in both verteal lateral loading could be reproduced.

Wind bracing trusses were added to the lower core and exterior. Belt truss bracing at mid-height of the
building was also included. The belt truss at Floors 22 to 24, which was part of the exterior framing, was

also included as beam elements mergjeekctly into the columns.

A simplified model of the penthouse structures wase gkenerated using beam elements. The penthouse
structures are shown in red in Figure E-1. Attaeht of the penthouse structure to the global WTC 7
model was achieved by merging the beam endssimpporting columns or other framing in the roof
structure. In addition, the global model accountedHtervarious load transfer mechanisms at the lower

floors of WTC 7.
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Discrete spring element (1 each
side) to represent bolted
connection

Plate edges tied to column flanges,
no failure

Contact defined between beam end
and bearing plates

Discrete spring element (1 each
side) to represent bolted
connection

Figure E-2. Seated connection model overview.

E.5 MODEL INITIALIZATION AND LOADING SEQUENCE

The LS-DYNA model was initiated as follows to minzaiany undue dynamic effects associated with
loading sequence. First, gravity was applied slowly to the 47 floor structure over 4.5 s of elapsed
simulation time to damp residual vibrations and &late dynamic response. Then the debris impact
damage from the collapse of WTC 1 was applied éosthucture instantaneously by removing damaged
elements from the model that were no longer capaitidearing their loads. The structure was then
allowed to damp residual vibrations for 2 s. Néxg structural temperatures were applied at the same
time as the damage data from the ANSYS simulatioratlodied to damp residual vibrations for 2 s.
Last, the fire-induced damage obtained from the 16 story ANSYS analysis, including damage to floor
beams, girders, and connections, was applied itastaausly. The heated, damaged structure was then
free to react. The time at which the east penthouse began to descend was defined as 0.0 s, i.e., the
beginning of the collapse of WTC 7. A chart slmoyvthe initialization sequence with the load curve
profiles used is shown in Figure E-3.

Live load (LL) was distributed evenly in the corterslabs and steel structure. This was accomplished by
multiplying the modeled material densities with a camnrscale factor to achieve the desired total load.

A 25 percent live load was used, based on estimatestfi@hesign live loads ithe building at the time

of collapse.

x| NIST NCSTAR 1-9A, WTC Investigation



Draft for Public Comment Executive Summary

Figure E-3. Initialization sequence for global model.

After gravity initialization, debris impact damafjem the collapse of WTC 1 was applied to the global
model instantaneously to approximate the dynamic eveme. damage applied was isolated to two zones
on the southern side of the buildinghe first zone is on the south face of the tower and southwest corner
extending over Floors 5 to 16 of WTC 7. The othene had much less damage and was on the south
face near the top of the tower on Floors 44 to the rdbke analysis demonstrated that the remaining
structure was able to redistribute the loads froendamaged zone and that the tower developed a new
equilibrium state.

Temperatures applied in the global model analysie Wiase B temperatures at either 3.5 or 4.0 hours
(NCSTAR NIST 1-9, Chapter 10). Elevated temperatures occurred between Floors 7 and 14. Temperature
profiles were mapped onto the LS-DYNA model as hpdaperties and followed the sinusoidal load

curve shown in Figure E-3.

The final step in the initialization process waspply fire-induced damage from the 16 story ANSYS
analysis. The ANSYS analysis estimated the darttejeoccurred as the fires grew and spread on Floors
7,8, and 9 and Floors 11, 12, and 13. The LS-DYNA analysis, by comparison, considered only a
temperature profile at the time when thermally-induced damage was transferred from the ANSYS
analysis. The damage was added to the LS-DYNA maxl#ie final step before simulating the structural
response to the temperatures and damage.
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E.6 GLOBAL COLLAPSE ANALYSES

Global Collapse Results with Debris Impact Damage

The 47 story model calculation showed that thmhmioation of debris-impact damage, fire-induced
damage, and thermal loads resulted in the global salapWTC 7. The key events that occurred in the
global analysis are summarized below.

x -16.0to -7.5 (0 to 8.5) s: Model was initializéd.

(0]

(0]

Gravity, WTC 1 debris impact damage, dachperatures were applied to the LS-DYNA
model.

The structure sustained damage developead fre load redistribution due to debris
impact damage and Case B, 4.0 h temperatures.

The structure was stable at end of initialization.

X -7.5(8.5) s: Fire-induced floor damage from the ANSYS analysis was added.

(0]

Sections of Floors 13 and 14 collapsethia northeast region around Columns 79, 80,
and 81.

Floor areas below, also weakened bgdijrcollapsed from the falling debris until
Columns 79 and 80 were unsupported leemvFloors 5 and 15. Column 81 was
unsupported between Floors 7 and 15.

x -1.3 (14.7) s: The Initial Failure Event ccurred and started the Vertical Progression.

(0]

(0]

Column 79 buckled between Floors 5 and 14.

Columns 80 and 81 buckled quickly in succession, both within 1 second of Column 79
buckling.

Following buckling of Columns 79, 80, and 81, the remaining column section above the
buckled lengths began toove downward, and the floosgctions above were pulled
downward, first by Column 79, then by Columns 80 and 81.

A global southward sway developed and grewthe upper floors, emanating from the
collapsed east floor area.

X 0.0-1.5+ (16.0-17.5+) s: Kink in east penthouse roofline appeared.

(0]

0 (16.0) s: The floor collapse progressed uplwand a kink appeared near the middle of
the east penthouse roofline on the north side.

0.7+ (16.7+) s: The east face near the top of the building deflected westward as floors
surrounding Columns 79 to 81 pulled the exterior wall inward .

X 2.0 (18.0) s: The east penthouse fell below the WTC 7 roofline.

(0]

The east penthouse fell completely below the WTC 7 roofline.

X 2.7-5.3+ (18.7-21.3+) s: Thdorizontal Progression started.

! The times are presented as followfy), where 1 is the time following the first obsertian of the descent of the east penthouse
(NIST NCSTAR 1-9, Section 5.7) angi$ the elapsed time from the start of the simulation.

xlii
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0 2.7 (18.7) sThe Truss 2 eastern diagonal member buckled due to the impact of falling
debris, compromising the support of Columns 77, 78, and 78A.

o 3.3t03.7(19.3t019.7) s: Columns 77 and 78 buckled as a result of the Truss 2 failure.
Column 76 buckled due to the load redigition and impact of falling debris.

0 3.9t06.1(19.9to 22.1) s: The remaining interior columns buckled sequentially, as loads
transferred from adjacent buckled columnd as they were impacted by falling debris.

0 4.3+ (20.3+) s: West core columns buckled between Floors 9 and 13.

X 5.5-7.4 (21.5-23.4) s: Exterior Collapse occurred.

0 5.5(21.5) s: Exterior column buckling began at the southwest corner Column 14,
adjacent to the debris impadre, between Floors 10 and 12.

0 5.5-7.4 (21.5-23.4) s: Exterior columns kiled along the south and west faces between
Floors 7 and 14. The buckling of exterior columns rapidly spread to the north, and then
east, faces.

0 7.4 (23.4) s: All interior and exterior columns were buckled in the lower floors.
X 5.7t07.7 (21.7 to 23.7) s: West Penthouse and Screening Wall fell below the WTC 7 roofline.

o Collapse in the western core caused the westhouse and screening wall to fall below
the building roofline.

X 6.2108.5(22.2 to 24.5) s: Global Vertical Motion began.

0 6.2106.3(22.2 to 22.3) s: The easkesof the north face roofline began moving
downward.

0 6.51t07.5(22.5to 23.5) s: Global vertical motion spread across to the west side of the
north face roofline.

0 7.5+ (23.5+) s: The entire buildingaw falling and the upper floors continued
accelerating downward.

0 At8.5(24.5)s: The roof was falling with velocity of approximately 10 m/s to 15 m/s.
x 8.59 (24.59) s: The calculation was terminated.

Figure E-4 shows the progression of collapse as viewed from the northwest. The figures present contours
of vertical displacement of the structure withaage between -2.0 m and 0 m (-80 in. to 0 in.).

At-1.1 (14.9) s, floor segments had started psitag around Columns 79, 80, and 81 between Floor 5
and Floor 14. The floor collapses were due to firduced structural damage obtained from the ANSYS
analysis.

At 2.3 (18.3) s, Columns 79 to 81 had buckled the floor sections above were pulled downward by the
unsupported columns, resulting in a vertical progogsef collapse up to the east penthouse on the roof.

At 7.3 (23.3) s, column buckling had spread horizZibntcross the entire core. As the core columns fell
downward, buckling of the exterior columns desd as the floors attached to the west face pulled
inward at the lower floors. There were no fires aooF$ 9 to 14 on the west floor area, so the floors were
not thermally weakened in this area. Note thantivéh exterior wall appears generally intact, while most
of the structure behind the north face is collapsingciMaf the interior structure and the south wall was
falling downward at that point. By 8.6 (24.6) s, buregglhad occurred in all the exterior columns, and
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global downward vertical movement had startece €alculation was stopped after the building had fallen
downward approximately 10 floors, as global collapse occurred.

Initial Failure Event and Vertical Progression of Collapse

The initial failure event was the buckling of Coluif@ This event was quickly followed by the buckling
of adjacent Columns 80 and 81.

The floor framing structure was thermally weakeneBlabrs 8 to 14, with the most substantial damage
occurring in the east region of Floors 12, 13, aAd During the LS-DYNA temperature application
cycle, combined thermal expansion and thermallyralded material properties resulted in beam and
girder connection damage throughout the heateut 8tructures. The connection damage and buckled
beam data transferred from the 16 story ANSY Syaimlwvere then applied. The LS-DYNA analysis
calculated the dynamic response of the floor faguaind resulting impact on the surrounding structure.
After the fire-induced ANSYS damage was apglifoor sections surrounding Columns 79 to 81 on
Floors 13 and 14 collapsed to the floors below.

The thermally weakened floors below could not wi#tmd the impact from the collapsing floors, and
resulted in progressive floor collapses, which rerddaéeral support to Columns 79 to 81 over several
floors. Eventually, critical conditions developed émiumn buckling due to a large unsupported length.
Once Columns 79, 80, and 81 buckled, the columtises above Floor 14 began to descend downward
and pulled the floor structures downward with thémereby creating a vertical progression of floor
collapses. The floors pulled on adjacent Columng76and 79 until their connections failed. The east
penthouse, which was supported by Columns 79, 80, and 81, fell downward.
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Figure E-4. Global response: vertical displacement contours (-2 to 0 m). View from NW.

Figure E-5 is a cutaway view that illustrates the structural condition surrounding Columns 79, 80, and 81
when they buckled. Included the figure are resultant lateral displacements and column axial stress
histories for the three columns. Note that a rdguielral displacement developed, indicating buckling.
Likewise, the column stresses indicated a rapid lostre$s at the time, signifying column buckling.

The buckling of Column 80 and 81 was preceded &lijght increase in compressive stress due to load
redistribution and tensile forces from floor systemisgp@ulled downward by Column 79, and then by
Column 80.

Figure E-6 illustrates the girder-to-column conratttatus at the time of buckling for Columns 79
through 81. The figure indicates large unsupported cigig supported (in one direction) lengths for
each column at the time of buckling for each columraddition to axial compressive loads that could
have caused buckling, the columns were in a dyo@mvironment where lateral loads from falling debris
and failure of girder connectiomgcurred frequently. These lateral perturbations aided the onset of
column buckling.
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Figure E-5. Column 79 to 81 stress and displacements.
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Figure E-6. Column 79-81 lateral supports at buckle initiation.

Horizontal Progression of Collapse

After the vertical progression of failure around Gohs 79, 80, and 81, the failures continued to

propagate across the interior columns in the tdfleers. As the vertical progression of failures

progressed, floor system and column debris fell fioenupper floors, impacting adjacent intact columns
and floors, including Truss 1 and Truss 2. The lateral support for Columns 76 to 78 was lost on the east
side, when the floor connections failed. The accutimraf debris and debris impacts eventually caused
Truss 2 to fail, as noted in Figure E-7.

The failure of Truss 2 precipitated the bucklingdailumns 77 and 78, which along with Column 76 had
already lost lateral support. Column 76 buckled due to the load redistribution from Columns 77 and 79
and from the impact of falling debris.

Column buckling progressed westward and the weakiedor columns continued to deflect due to

load redistribution and global motion of the floatsove. Eventually all core columns buckled between
Floors 9 and 14. The occurrence of this westwandngssion indicates that the failure of Truss 2 was not
essential to the failure of Columns 77 and 78, ag thould have buckled like the other columns.

Global Collapse

The buckling of the interior columns in the LS-DYN¥halysis was followed by the buckling of the
exterior columns.
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Figure E-7. Core lateral displacement. Time: 2.5 (18.5) s, Columns 77 and 78 buckle when
Truss 2 fails from debris loads.

As the core columns buckled across the building gixterior columns were impacted by falling debris

and load redistribution from the interior columAd.exterior columns buckled between approximately
Floors 7 and 14. The south and west columns buckled first around 6 (22) s, followed by the north and
east face columns. Once column support was lostitother floors, the remaining structure above began
to fall vertically as a single unit. Views of thenler floor exterior column buckle modes are shown in
Figure E-8.

Figure E-8. Lower floor exterior column buckling (slabs removed from view).
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Comparison with Observables

Observed collapse events (NIST NCSTAR 1-9, Chaptare compared to the results of the LS-DYNA
analysis. Table 4-1 lists events with correspondiings from observed events and from the analysis.

Table E-2. Comparison of collapse analyses with observable events.

Observation Time (s) Collapse Analysis Time (s Event
N/A (not observable) -1.3 Col 79 buckles, quickly followed by Cols 80 and 81
0 0 East penthouse begins to move downward
2.0 2.4-2.7 East penthouse falls below roofline
N/A (not observable) 4.7-6. Buckling of core colummacross core taking place
6.9 6.2-6.3 Global coIIapse_ initiateq, (.initial downward motion
of eastern section of building)
8.5 7.3-7.7 East end of screening wall falls below roofline
9.3 6.9-7.3 West penthouse falls below roofline

Given the complexity of the modeled behaviog simulation closely matched the observed behavior.

Global Results with Lower Fire-induced Damage

The global analysis with fire-induced damage obtained from the 16 story ANSYS analysis at 3.5 h instead
of 4.0 h (as before) indicated that the level of dgenaas not sufficient to initiate global collapse of the
building. The structure remained stable due todbk bf an initiating event (i.e., buckling of an interior
column).

Global Results without Debris Impact Damage

The global analysis without debris impact damagenvad that WTC 7 would have collapsed solely due
to t he effects of the fires. The initiation of cobapwvas virtually the same as for the global analysis with
debris impact damage.

The initial failure event, vertical progression of fauand early stages of the horizontal progression of

failure occurred in the same order and at essentiallyahme times. The progression of horizontal failure
in both analyses (with and without impact damaga$ due to loss of lateral support as floors failed and
to debris impact from adjacent failing floors and columns.

As the horizontal progression moved from east to veeshe differences began to occur relative to the
analysis with impact damage. Some floors fadechid-height of the building around Columns 73 to 75,
leading to the buckling of some interior columns & thcation, rather than at lower floors. The buckling
at lower floor elevations in the analysis with impdamage was influenced by the damage around the
west core columns when the debris impact damage was applied.

Additionally, the screenwall fell downward prior tcettvest penthouse, which was consistent with the
observed sequence of events. In the analyifiimut impact damage, the horizontal progression
continued to move westward after Columns 70 throi@gjbuckled. In the analysis with impact damage,
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the horizontal progression moved westward until @wis 70 to 72 buckled, after which the damaged
west core columns also buckled.

For the analysis without debris impact damagetithig of the exterior column buckling and onset of
global collapse occurred at a slightly later time thvas calculated for the analysis with impact damage.
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Chapter 1
INTRODUCTION

11 BACKGROUND

As part of the National Institute of Standards @edhnology (NIST) investigation into the collapse of
World Trade Center (WTC) 7, Applied ReseaAdsociates, Inc. (ARA) conducted global collapse
analyses of the WTC 7 building under contract toiardose collaboration with NIST. The purpose of
this work was to analyze the global response of WTE an initial failure event due to fire and to
analyze the resulting component and subsystem failomstermine the events that led to the global
collapse.

The nonlinear dynamic collapse analyses were padd using LS-DYNA (User’s Manual, 2007), which
is capable of explicitly modeling geential failures, falling debris, amgbris impact on other structural
components. LS-DYNA is well suited for this typeasfalysis since it can model the dynamic failure
processes, including nonlinear material propertieslinear geometric deformations, material failures,
and contact between the collapsing structuraimanents. In addition, LS-DYNA has capabilities to
include thermal softening of materials and thermal expansion.

The WTC 7 model was developed with sufficient fiigeto accurately capture the progressive failure
modes, while maintaining computational efficiendy similar approach was used previously in the
analysis of the aircraft impacts into the WTC tow@®EST NCSTAR 1-2B). The approach used in that
study, which was focused on assessing the effects oafaiimpact prior to collapse initiation, was to
refine the model only in the regions where damageimed, and to use reduced models elsewhere with
damage and failure modes that captured the behaivibe refined models. The WTC 7 model, which
was focused on capturing the eatiollapse initiation and collapse propagation process of the building,
required a more uniform mesh with sufficient fidelidycapture failure modes throughout the structure as
it collapsed, while maintaining computational efficiency.

The modeling approach began with collapse analgsasnulti-floor subassembly, and was followed by

a global collapse analysis of WTC 7 using a model of the entire building. The multi-floor model was used
to test modeling methods and to test initiating évgpotheses. Lessons learned from the floor modeling
effort were incorporated into the global an&ysExperience from the previous WTC tower modeling

effort was utilized to aid in modeling WTC 7. In particular, steel material models formulated for the WTC
tower models formed the basis for those us@TC 7. Also, meshing and model construction

technigues were carried over from the @/fower models, where appropriate.

1.2 REPORT ORGANIZATION

Chapter 2 describes the material models anthoastused in the WTC 7 global analyses. Models
developed specifically for the WTC 7 analyses agcdbed in more detail, including modeling of
thermal effects and composite slabs.
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Chapter 3 describes the WTC 7 LS-DYNA model construction and development process. Model
organization and preprocessing are detailed in tapteh Connection models developed for the LS-
DYNA analyses are described. Featwithin the floor subassembly and global response models are
discussed. The model initialization process that waeldped and the resulting states prior to conducting
the collapse analyses are presented.

Chapter 4 describes the modeling results from tiwr fubassembly and global collapse analyses. The
floor modeling section shows the primary results @escribes the process leading up to the global model
analysis. The global collapse modeling results desdhib collapse events and the associated details. A
summary of the report is included in Chapter 5.

1.3 UNITS OF MEASUREMENT

All models were developed using the Sl systenarofs. The S| system measures length in meters (m),
mass in kilograms (kg), and time in seconds (sides this system, stresses are measured in Pascals (Pa),
loads in Newtons (N), and temperatures in Ked\ik)/degrees Celsius (°C). All building dimensions

from the structural drawings were converted ® $h system during model generation. The simulation
results presented are in these units. Material m@adeldiscussed primarily in English units (Ib-f-in-s),
since material testing data that was used torgém¢he models was in English units, but material
properties were converted to Sl units for cauitglity within the LS-DYNA model. Some model
construction details are discussedimglish units as well since the drawings and specifications are in
English units. All units were convertéd S| for the LS-DYNA analyses.
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Chapter 2
MATERIAL CONSTITUTIVE MODELING

2.1 INTRODUCTION

Constitutive models available in LS-DYNA were calgabf reproducing a wide range of response,

damage, and failure of structural materials un@eious loading conditions. The primary materials
modeled were the structural steel used in the framing of WTC 7 and the composite floor slabs, including
the reinforced concrete slab and metal deck. cBmstitutive models for the steel framing and floor slab

are described in Sections 2.1 and 2.3, respectively.

Much of the material modeling techniques used i ithvestigation was originally developed for the
aircraft impact damage assessment of the WTCro@MST NCSTAR 1-2B and 1-3D). However, in
addition to the mechanical response of the structneérials at room temperatures, the effects of
thermal loading were also important for the globdlagse initiation. As a result, additional constitutive
models were used that included the relevaatial effects (e.g., thermal expansion and thermal
softening). These constitutive modale described in Section 2.1.3

2.2 STEEL CONSTITUTIVE MODELS

Various constitutive models were available in LS-DY Mt captured the nonlinear behavior and failure
of the steel. The primary constitutive model applied the Piecewise Linear Plasticity model (material
type 24 in LS-DYNA). This model was sufficientriwodel the nonlinear deformation and failure of the
steel structures. A tabular effective stress versest@fe strain curve was used with a pre-defined strain
at failure.

The constitutive model parameters for the steel frareie developed previously as part of the NIST
Federal Building and Fire Safety Investigatiorttuf World Trade Center Disaster (NIST NCSTAR 1-
2B). The material parameters were developed for geaffe of steel used in the construction of the WTC
towers based on engineering stress-strain datadad by Project 3 of the NIST Investigation,
Mechanical and Metallurgical Analysis of Struictl Steel (NIST NCSTAR 1-3). A summary of the
constitutive model development amterial properties is provided here for completeness.

The approach to developing the constitutive nhpdeameters for each grade of steel was:

x Convert the engineering stress-strain curvettoestress versus true strain curve. The
conversion process is valid up to the onset of necking in the specimen.

X Extrapolate the true stress-straim@ibeyond the point of necking onset.

x Perform iterative finite element analyses of tdwasile test and adjust the true stress-strain
curve extrapolation and failure strain uritie necking behavior and failure point were
accurately captured. The primary criterioasathe quantitative agreement of the measured
and calculated engineering stress-strain behavior in the softening region beyond maximum
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stress. These analyses required a fine mess¥lution in the specimen to accurately model
the large strain deformation response during necking.

x Perform a final finite element analysis of thaterial test using a coarser mesh resolution
(referred to here as a ‘Medium Mesh’). Adjus thilure criterion (strain at failure) to obtain
failure at the same engineering strain level.

The advantage of this approach was that the medswnlinear material behavior up to failure was
accurately captured in the constitutive model. Initamg the simulation of the material testing provided
a validation that the constitutive model parametenewefined accurately and that the model could
reproduce the measured response for the test conditions.

The tensile tests performed by NIST appliedAlsaM 370 test standard (ASTM Designation A 370-03a,
2003). Example finite element models of the robadspecimen models used for testing of the WTC
core column steels are shown in Figure 2-1. Vpiél element length used in the gage section for the
fine meshes was approximately 0.015 in (0.381 rauna)) for the medium meshes was approximately 0.10
in (0.254 mm).

Grip Test Sample

Fine Mesh

Medium Mesh

Figure 2-1. Example finite element models of the ASTM 370
round bar tensile specimen.

221 36, 42, and 50 ksi (248, 290, and 345 MPa) Steel Models

The steels used to construct WTC 7 were ASTM &ra8l6 (nominal yield strength of 36 ksi), ASTM
A572 Grade 50 (nominal yield strength of 50 ksi), and steel plates for connections produced by Algoma
Steel (nominal yield strength of 42 ksi).

In this section, examples are provided to illusttheemethodology for developing constitutive models of
the WTC 7 steels, as well as typical results. Figure 2-2 shows an example of the measured engineering
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stress-strain behavior for the 50 ksi (345 MPa) steel. Four tests were performed by NIST (NIST
NCSTAR 1-3) on this grade of steel, and the data inelictitat there was little anisotropy in the behavior
introduced by the roll forming process (longitudinal téstsand L2 versus transverse tests T1 and T2 in
the figure). The primary effect of the anisotrapgs the greater ductility for specimens aligned with the
rolling direction.

Figure 2-2. Test data and true stress-strain conversion for the 50 ksi (345 MPa) steel.

The first step in the constitutive model developmeatess was to obtain a true stress-true strain curve.
The typical approach was to select a representativaridgberform the data conversion process. In this
example, the data from test L1 was used to createubestress-strain curve shown in Figure 2-2. This
true stress-strain curve was then approximated jmgcewise linear curve in tabular form as shown in
Figure 2-3. This tabular curve was the input usespexify the mechanical behavior in the constitutive
model.

The final step was to apply the tabular true stressdtehavior in the constitite model to simulate the
tensile test as shown in Figure 2-4. If necessaeyesftrapolation of the true stress-strain behavior was
adjusted until the simulation matched the measungiheering stress-strain response, including necking

and failure (the portion of the stress-strain curve beyond the maximum engineering stress). A comparison

of the calculated and measured engineering stress-s&havior for the 50 ksi (345 MPa) steel is shown
in Figure 2-5. The agreement in the calculated measured tensile test behavior was good. The
ductility of the material was selected to be an avebai@een the longitudinal and transverse properties.

The procedure used to develop the 36 ksi anks#i248 MPa and 290 MPa) material parameters was
identical to that for the 50 ksi (345 MPa) materiagdatbed above, and the cortada with test data was
similar. The true stress-strainreas used in the constitutive models for the (36, 42, and 50) ksi (248,
290, and 345 MPa) WTC 7 steels are summarized in Figure 2-6.
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Figure 2-3. Tabular true stress-strain constitutive model curve for the 50 ksi (345 MPa)
steel.

Figure 2-4. Calculated tensile test response with necking for the 50 ksi (345 MPa) steel.
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Figure 2-5. Comparison of measured and calculated engineering stress-strain curves
for the 50 ksi (345 MPa) steel.

Figure 2-6. Tabular true stress-strain constitutive model curves.

2.2.2 Algoma Steel Plate Model Description

An additional material used in WTC 7 that was p&viously modeled for the WTC Towers was steel
plates produced by Algoma (CSA G40.21-44W) fooflframing connections (NIST NCSTAR 1-9,
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Chapter 2). The properties obtained for the Algorealstere a yield strength of 44 ksi (303 MPa) and
an ultimate tensile strength of 75 ksi (517 MPa) occurirg true strain of 16 percent. With this limited
information, a bilinear constitutive model was gener#tatl had a yield strength of 44 ksi (303 MPa) and
a plastic hardening modulus of 194 ksi (1.34 GPa).

2.2.3 Temperature-Dependent Material Models

For the regions of WTC 7 subjected to elevated teatpers due to fires, temperature-dependent material
models were needed that included the effectharimal softening in the structural steel and the
deformations and stresses produced by the thermahsigpeof the structural components. The material
model selected to define the thetmesponse of the structural steels is the Elastic-Viscoplastic Thermal
(Type 106) model in LS-DYNA. This model used g@mne parameters to define nonlinear material
behavior as in the Type 24 models, but included additisaameters to define temperature dependence.

The temperature-dependent material propertiesanstitutive model parameters were developed by

NIST (NIST NCSTAR 1-3D and NIST NCSTAR 1-9, Appendix E). Examples of the stress-strain curves
for the 36 ksi and 50 ksi (248 MPa and 345 MPa) stdalarious temperatures are shown in Figure 2-7
and Figure 2-8, respectively. In these models, thle wtrength, the elastic modulus, Poisson’s ratio, and
thermal expansion coefficient were defined as a fanatf temperature. The same strain failure criterion
was applied at room temperature and at elevated temperatures.

For the temperature-dependent version of Algoma,dteethermal data was interpolated between the
36 ksi and 50 ksi (248 MPa and 345 MPa) Type 106 maddeyet a 44 ksi (303 MPa) version. The same
procedure was used to develop a temperaturenrdepé model for the few components in WTC 7 made
of 42 ksi (290 MPa) steel.

Addition of the thermal behavior added significanthpaitational complexity to the material model and
increased the run time requirements. As a resesetthermal constitutive models were only applied in
the regions where elevated temperatures were signiisaatresult of the fire effects preceding the initial
failure event.
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Stress
(ksi)

Figure 2-7. Stress-strain curves of the 36 ksi (248 MPa) structural steel as a function of
temperature.

Stress
(ksi)

Figure 2-8. Stress-strain curves of the 50 ksi (345 MPa) structural steel as a function of
temperature.
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2.3 FLOOR SLAB CONSTITUTIVE MODEL

The floor slabs in WTC 7 consisted of a corrugatethhteck with a normal weight concrete slab that
had an average thickness of approximately 4 .ibift). The corrugated metal deck resulted in
orthotropic stiffness contributions to the floor stéfis. Welded wire fabric was placed with a 3/4 in.
cover to reinforce the slab. Cross sections ofythieal floor slab construction details are shown in
Figure 2-9 and Figure 2-10. Theveééopment of the composite floor slab model is described in the
following section.

(U.O.N. = unless otherwise noted. W.W.F = welded wire fabric.)
Based on structural design drawings, Irwin G. Cantor, 1985

Figure 2-9. Typical composite floor construction detail (along strong direction).
(Structural Drawing S-24A)

(U.O.N. = unless otherwise noted. W.W.F = welded wire fabric.)
Based on structural design drawings, Irwin G. Cantor, 1985

Figure 2-10. Typical composite floor construction detail (along weak direction).
(Structural Drawing S-24A)
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2.3.1 Composite Concrete & Metal Decking

The primary feature required in modeling the compgosiiab was the different behaviors in tension and
compression. This difference was primarily a restithe concrete behavior. Typical stress-strain
behaviors for concrete in compression and tensiesiaown in Figure 2-11. The specified unconfined
compressive strength for the concrete was 3.5 kdiAR4). However, concrete compressive strength has
been found to increase significantly with age. Lafi94) showed that the strength of concrete aged
four years is approximately 40 percent higher tharstrength at 28 days. As a result, the unconfined
compressive strength for the WTC 7 concrete was astitnat approximately 4.9 ksi (34 MPa). This
compressive stress was reached ataansbf approximaty 0.2 percent.

By comparison, the behavior in tension was initialgsét. However, at very small strains, a tensile
stress of about 500 psi (3.4 MPa) was reachaghigh time a tensile crack formed and the concrete
could no longer support tension.

To offset the tensile deficiencies of concrete, recgarent is added in structural applications to improve
the tensile strength and damagenatee. In this application, the concrete slab reinforcement was
provided by the metal deck and wire mesh. The sttas: behaviors of the metal deck and wire mesh
are provided in Figure 2-12. By comparison, thengjites of the metal reinforcement were an order of
magnitude higher than the concrete compressive stremgl two orders of magnitude higher than the
concrete tensile strength.

Figure 2-11. Concrete stress-strain behaviors in tension and compression.
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Figure 2-12. Stress-strain behaviors for the metal decking and wire mesh.

The constitutive model used in LS-DYNA for thengposite floor slab was material type 124
(Mat_Plasticity_Compression_Tension). This modlemMad the specification of unique tabular plastic
stress-strain curves in compression and tensidre separate tension and compression curves for the
composite slab were obtained by using the rulmiatures, which provides average properties based on
the volume fraction of the concrete and reinforcement.

The ratios of area of concrete, metal deck, amd wiesh in the strong direction (along the deck
corrugation) of the composite slab were

X Aconc= 4.0 in? This is the average camte thickness per inch width
x Adeck= 0.062 in®  Equivalent decking area per inch width - strong direction only
X Ayire = 0.00467in.2 Equivalent wire mesh area per inch width

The composite slab stress-strain curve in the straegtdin is then developed according to the equation:

%ngion( H [Aonc ‘gs::ion( H Aﬂeck |4eck( ’ly Alvire |4vire( M / Aotal

VSZI;)LTIP( A” [A\:onc choonr:;]p( A” Ajeck |4eck( 'Iy A\Nire |4/ire( 6’] / Aotal/\
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The composite slab stress-strain curve in the wigaktion would be deveped by similar equations
except that the contribution from theetal deck is not included sinceethtiffness of the deck in the
direction transverse to the corrugation would be mask than that in the strong direction.

The plots of the composite curves developed ferstinong and weak directions in both tension and
compression are shown in Figure 2-13. LS-DYNAmid have a constitutive model that allowed both
the different behaviors in tension and compressiortlamdrthotropy in the strong and weak directions.
Since the differences in tension and compression gsignéficantly larger than the differences in the
strong and weak direction, the average ofstineng and weak directions for both tension and
compression were used in the model. These avéeag®n and compression stress-strain curves for the
composite slab are indicated by the black curves in Figure 2-13.

Figure 2-13. Composite floor slab curves in compression and tension.

The final stage of the slab constitutive behavior dgaraknt was to generate a model for a material test
specimen and simulate the behavior in uniaxiaéiten and compression. The calculated tensile and
compressive behaviors for the composite slab are shown in Figure 2-14. The calculated stress-strain
curves in Figure 2-14 reproduced the desired mategitsdviors shown by the average curves in Figure
2-13.
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Figure 2-14. Calculated composite slab behaviors in tension and compression.

2.4 FAILURE MODELS AND CAPACITIES

To model the damage and sequence of failures i€ WTollowing the initial failure event, engineering
failure models were used within the frameworkha LS-DYNA finite element analyses. The approach
to modeling failure was identical to that usedha aircraft impact damage assessment (NIST NCSTAR
1-2B) where material failure was calculated for eglement based on the local state, including plastic
strain and stress state. When the specified failtiterion in an element was exceeded, the element was
eroded (deleted) from the calculation. The erosioglerhents allowed for the propagation of failure
through a structure.

Calculation of the failure of structural components\itather complicated by the scale of the model. For
the global collapse analyses of WTC 7, element $iadgo be a few inches on average to maintain a
model size of approximately 3 million elements or aadihder of 10 million degrees of freedom. At this
resolution, the gradients around a fracture could not be accurately resolved, and the damage criteria
required adjustment to obtain the appropriate strength and ductility of the structures. In the following
section, the failure modeling techniques applied to WTC 7 are described.
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24.1 Mesh Refinement Effects (Lessons Learned from WTC Tower Model
Development)

One of the significant modeling issues for the analykarcraft impact damage for the WTC towers was
the effect of mesh refinement on the failure cidte for the steel components. The global impact
analyses of the aircraft impacts into the WTC towesse very large analyses of complex structures and
required the refinement of the model to be redwsigxificantly from the detailed component analyses.
As the mesh refinement was reduced, it was impottagnsure that the damage mechanisms and extent
of impact damage were properly captured.

A preliminary example of the effects of meshmefnent on the response was introduced earlier in the
analysis of the material tests on the WTC tower steElgure 2-1 showed both fine mesh and a coarser
mesh (referred to as medium mesh) versionse™BTM 370 rectangular tensile specimen for plate
material. A comparison of the calculated neckiepavior for the two specimen meshes immediately
preceding failure is shown in Figure 2-15. The fine meak able to better resolve the strain gradients in
the necking region, and as a result, had higher gak values at the same level of specimen
displacement.

(a) Fine mesh necking behavior (red = 75 percent plastic strain)

(b) Medium mesh necking behavior (red = 50 percent plastic strain)
Figure 2-15. Calculated necking response in the 75 ksi (517 MPa) tensile specimen.

The effects of further reductions in mesh refinenregtiired for global analyses was demonstrated with
the ASTM 370 tensile test example used in this sactifo most closely resemble the mesh and element
types used in the global analyses, three full widdél glements were used to model the entire specimen
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gage section, as shown in Figure 2-16. Thissosensile specimen model had a single stress and a
single strain value across the specimen gage sectibdid not have sufficiently independent degrees of
freedom to capture the localization that occurred dureaking. To most closely match the behavior of
the fine-mesh model, a failure strain of 0.18 was eded model failure for this single shell element.
Note that this closely matches the enginggfailure strain of 0.20 for this material.

The calculated engineering stress-strain behavior @ntaiith the three different mesh resoluti