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Abstract: This paper summarizes the primary structural systeateomprised World Trade
Center 1, World Trade Center 2, and World Trade Centehichwere destroyed in the terrorist
attacks of September 11, 200here werefour major structural subsystems in the towers: the
exterior wal, the core, the floor system, and the hat trliee major structural systems within
WTC 7were thefoundation exterior moment frame$loor systeminterior columns and

column trasfer trusses andrders At the time of design and constructioneWWorld Trade

Center WTC) towers were innovative in many ways, and resulted in a tremendous increase of
openplan commercial office space in downtown Manhatfesithe first offour papes, this
papersummarize thestructural and passive fire protectif@aturesof each building, and focuses
on the structural systems which played a critical role irtheome of the attacks of September
11, 2001 Three companion papers addrasseffecs of aircraft impact damage on erC
towersand debris damage on WTCtfie effects of fire on the three buildings, and how these
events contributed to building collapsg describinghe contribution of key structural systems

to the overall building betvior and collapse, such as the floor systems and hat trusses in WTC 1

and WTC 2 and the floor connections around Column 79 in WTC 7

Keywords: World Trade CenteFailure Investigations; Building Collapse; Structural Design;

" This is a publication of the National Institute of Standards and Technology and is not subject to copyright in the
United States.

A Corresponding Aut h averl@disi.gpTelepbme: (30V) 6742595, Fax: Ba13975 :

4052


mailto:averill@nist.gov

Accepted Manuscrift Not Copyedited
Fire Technologydoi:10.1007/s1069012-02856.

1. Introduction

On Septerber 11, 2011, two airplanes struck the World Trade Center (WTC) tawers
New York, U.S.A Within hours, the three tallest buildings on the site were destroyed, along with
damage to or destruction of numerous nearby buildfBgssequentlythe National Istitute of
Standards and TechnologyIST) conducted a technical investigation of iNg C towers and
building 7 collapses and issued final reports in 2005 an@20@]. This paper, part of a series
in this Special Issue, describes the structural systmehpassive fire protectiaf the 110 story
twin towers (WTC 1 and WTC 23] and the 47 story WTC 7 building [4]

This paper focuses on aspects of the structural design of the WTC buildings which played
a critical role in the outcome of the attacks epmber 11, 2001, such as the floor system in
WTC 1 and WTC 2 and the floor connections around Column 79 in WTGe/structural
systemf each building are described to provide a foundation for understaihéiafects of
the aircraft impact, growthna spread of fires, and ultimately, the collapse of each building

These events adescribedn thethreecompaniornpapery5s,6,7].

2. The Site

By 2001, the WTC complex had become an integral pdavegr ManhattanIt was
composed of seven buildingsefle referred to as WTC 1 through WTC 7) on a site toward the
southwest tip of Manhattan Island (Figure 1 and Figur&i®) two towers, WTC 1 (North
Tower) and WTC 2 (South Toweg,o mp | et ed b yereeadh L1 stdri@highd s ,
dwarfing the otherlg/scrapers in lower ManhattaWTC 7 was a 4-&tory office building on
landowned by the Port Authority of New York and New Jersey (PANYa¢dpss Vesey Street
on the north side of the Plaza complBxilt over the Con Edison substation serving the WTC
conplex, it was completed in 1987.

Below the 11 western acres of the site, underneath a large portion of the Plaza and WTC
1, WTC 2, WTC 3, and WTC 6, was astory underground structur€he structure was
surrounded by a wall that extended from ground lde@in21.3 m {0 ft) to bedrockHolding
back the waters of the Hudson River, this wall enabled rapid excavation for the foundation and
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continued to keep groundwater from flooding the underground levels.
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Figure 1. The World Trade Center site in lower Manhattan [1].

Figure 2. Lower Manhattan and the World Trade Center site viewed from the

west [8].
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3. World Trade Center 1 and 2 Structural System

3.1. Overview of WTC 1 and 2 (WTC Towers)

In anycollapseinvestigation, the greater the degree of damage, the more difficult it is to
reconstruct the condition of the building at the time of the att&kaew of recordsot
destroyedn the building collapsanterviewswith hundreds of people involved in the design,
operation, tenancy, and maintenance of the buiJdind analysisf photographs taken prior to
and during the events of September 11, 24l6&d the investigain teans To the best of our
knowledge, thenaterial presented herein providibe best description of the structural systems
of thetowers prior to the attacks on September 11, 200 following paragraphs are a
summary of the historical context for the arctiteal and structural design, as well as a
description of the primary structural systems in each tower.

In 1962, the firm of Minoru Yamasaki & Associates was hired to perform an architectural
design for a grand economic engine for lower Manhattan, whisHivea unveiled in 1964The
team involved Emory Roth & Sons, P.C., as the architect of re€bedstructural enginegr
wereWorthington, Skilling, HelleandJackson (WSHJYSome time after completion of the
construction, Skilling, Helle, Christianseannd Robertson, and then Leslie E. Robertson
Associates (LERA) assumed that role.) Jaros, Baum & Bollesre®ieedas the mechanical
engineers, and Joseph R. Loring & Associates were the electrical engingamsan
Construction Corporation was thengeal contractorin 1966, the formal groundbreaking for the
towers took placeConstruction began in 1968, with the first occupancy in 19fA8se dates
establish the historical context for the building codes and the state of practice under which the
compex was designed and constructed

Thetwo towerswere thefocus ofthe WTC complex,and werdaller than any other
building in the world at that tim&he roof of WTC 1 wad17 m (368 f) above the Concourse
Level,1.8 m 6 ft) taller than WTC 2, and spprted al10 m @60 fi) tall antenna mast for

ASources included The Port Authority of New York and New Jersey and its contractors and consultants; Silverstein Properties
and its contractors and consultants; the City of New York and its departments; thachaeu$ and fabricators of the
building components; the companies that insured the WTC tommaguilding tenants.
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television and radio transmissioW.TC 2 was also designed to support an anteviieh was
never built The footprint of each tower was a square, albduin 10 fi) on a side
(approximately an acre), withevded corners. Internally, each floor was a square, ab8uh
(206 f) on a side.

Tenant floorsn the towerswvereintended to offean operplan office spacevirtually
uninterrupted by columns or wallBhis called for an innovative structural designiimimize
the total mass of 110 storiesdyetbestrong enough to support the huge building with all its
furnishings and peopl&tructural engineers refer to the building weight as the dead load; the
people and furnishings are called the live ld2dllectively, these are referred to as gravity
loads

The buildings also needto resist lateral loads and excessive swaying, principally from
hurricane force winds that periodically strike the eastern seaboard of the UnitedEtimesive
and detailed sidies were conducted in wind tunnels, instead of relying on prescriptive building
code requirements, to estimate the wind loads for the design of these builtisggpproach
was based othe allowance by most state and local building codes for alteenddisigns and
construction if evidence were presented that ensured equivalent performance.

An additional load, not required by any building codes, but stat&Ab)¥YNJto have
been considered in the design of the towers, was the impact of a commdic&l Biocuments
obtained from PANYNJ indicated that the impact of a Boeing 707 or DC 8 aircraft flying at a
speed of 268 m/s (600 mph) was analyzed during the design stage of thieWer€The life
safety considerations following such impaare also ddressedOne document stated that
AéAnal ysis indicates that such collision woul
cause collapse or substantial damage to the building and would not endanger the lives and safety
of occupants not in the immediader ea of | mpact . 0 No ot her docul
aircraft impact analysis was available to review the criteria and methods used in the analysis of
the aircraft impact into the WT@wers or to provide details on the ability of the Wib@ers to
withstand such impac{9].

There were four major structural subsystems in the towers: the exterior wall, the core, the
floor system, and the hat tru$&ie structural design team incorporated a fratobeé concept

for theexteriorstructural systentColumns sipporting the building were located both along the
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external faces and within the cofldne core also contained the elevators, stairwells, and utility
shafts The dense array of columns along the building perimetered$dgéeralwind loads, while
alsosuwpportingthe gravity loads about equally with the core coluniime floor system provide
stiffness and stability to the fram#abe system in addition to supporting the floor loads

The firstmajor structural subsystem widee exterioframing, which was vertical
square tube that consisted of 236 narrow columns, 59 on each face from the 10th floor to the
107th floor (Figure 3)There were fewer, widespaced columns below the 7th floor to
accommodate doorway§here were also columns on alternate ssoaeeach of the beveled
corners, but thesdid not carrygravity loadsEach columron floor 10 to 10%vas fabricated by
weldingfour steel plateto form a tall box, nominall$.36 m (4 in) on a sideThe space
between the steel columns wag6 m @6 in), with aframed plate glass window in each gap
Adjacent columns were connected at each floor by steel spandrel plates52 in) high. The
upper parts of the buildings had less wind load and building mass to sdppaton higher
floors, the thigness of the steel plates making up the columns decreased, becoming a6 thin as
mm (/4 in) near the toglown from as thick as 76 mm (3 in) at the lower floditsere were 10
grades of steel used for the columns and spandrels, with yield strengths remgid48 MPa
(36 ksj to 690 MPa 100 ks). The grade of steel used in each location was dictated by the
calculated stresses due to the gravity and wind Igsltithe exterior columns and spandrels
were prefabricated into welded panels, three storieartdlthree columns wid&he panels,
each numbered to identify its location in the tower, were then bolted to adjacent units to form the
walls (Figure 4)Field panels were staggered so thagrgthird panelwas spliced at eadtoor
level. The use of idetically shaped prefabricated elements was an innovation that enabled rapid
construction

Thesecond structural subsystem was a central service area, ¢Ficomre 3), measuring
approximatelyd1l m by 26.5 mi35 ft by 87 f}, that extended virtually thiaill height of the
building. The long axis of the core in WTC 1 was oriented in thewast direction, while the
long axis of the core in WTC 2 was oriented in the nedhth directionThe 47 columns in this
rectangular space were fabricated using arily 248 MPa (36 ksiagnd290 MPa 42 ks) steels

and decreased in size at the higher stofiee four massive corner columns bore nearly-fiftie
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of the total gravity load on the core columiike core columns were interconnected by a grid of

conventimal steel beams to support the core floors.
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Figure 4. Perimeter column/spandrel assembly and floor structure [1].

The third major structural subsystem was the floors in the tenant dpetee=en the
exterior walls and the cor&hese floors supportegtavity loads, provided lateral stability to the
exterior walls, and distributed wind loads among the exterior Walith the exception of the
mechanical floors (Floors 7, 8, 41, 42, 75, 76, 108, and 109) whitiolled structural steel
shapes, tenant floohed truss system#\s shown in Figur&, each tenant floor consisted 192
mm (4 in) thick, lightweight castn-place concrete on a fluted steel de8kpporting the slab
was a grid of lightweight steel bartrussesh e t op bends (or #fAknuckIl eso
extended’6 mm (3 in) above the top chord and were embedded into the concrete floofIsisab
concree and steel assembly thus functioned as a composite unit, that is, the concrete slab acted
integrally with the steel trusses to carry floor laat¥gthout the presence of the knuckles (or the
shear studs in WTC 7), the floor slab and trusses (or beam#) have acted independently,

resulting in reduced load capacifyhe primary truss pairs were eitl3.3 m 60 ft) or 10.7 m
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(35 ft) long and were spacedam .7 ft). There were perpendicular bridging trusses edary
(13.3ft). The floor trusses ahfluted metal deck were prefabricated in panels that were typically
6.1 m @O ft) wide and that were hoisted into position in a fashion similar to the exterior wall
panels.

Metal Deck

Concrete

\ Knuckle
— =t
- =

Bridging Truss

/ Bottom
Chord Chord

Figure 5. Schematic of composite floor truss system [1].

Main Truss

The bottom chordef the main trussesere connected to the spandrel plaiEthe
exterior wallby viscoelastic dampers. Experiments on motion perception, conducted with human
subjects, shoeda potential for occupant discomfort when the building swayed in a strong wind
Whenthe towemoved under wind loadshese dampers absorbed energy, reducing the sway and
the vibration.

The fourth major structural subsystem was located from the 107th floor to the roof of
each tower. It was a set of steel braces, collectively referr@dto t he @A hat6).lisr usso
primary purposevasto support a tall antenna atop each tower, although only WTC 1 had a tall
antenna installed’he hat truss provided additional connections among the core columns and

between the core and perimeterurohs, providing additional means for load redistribution.
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Figure 6. Computer model of hat truss framing at the roof level of the WTC towers [1].

3.2. Innovations in the World Trade Center Towers

The towers included a number of features that were carsidenovative at the time of

design and constructiomhese innovations are described in the following sestion

3.2.1 Framed Tube System

WTC 1 and WTC 2 were among the first higbe buildings built using the frameadbe
concept to provide resistanceléberal (wind) loadsA framed tube structure consists of closely
spaced exterior coluns tied together at each floor Bgep spandrel beams, thereby creating a
rigid wall-like structure around the building exterior. The behavior of the framed tubeustrisct
hybrid, showing characteristics of both pure tube and pure fsgstems

In the frameetube concept, the exterior frame system resists the force of the iad
exterior columns carry a portion of the building gravity loads, and in the absewaedpaire all
in compression. Under the effect of wind ald¢net including gravity loads)xolumns on the
windward side are in tension and the columns on the leeward side are in compidssion.
overturning moments of lateraind loads are primarily résted bytube action, i.e., axial
shortening (compression) and elongation (tension) of the columns on albstdedube. The
columns on the walls parallel to the wind direction are in tension on the windward side and in
compression on the leeward sidée sheaforce fromthe wind loads is primarily resisted by

frame action (ifplane bending of columns and spandralehgthe twofacesparallel to the



