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INTRODUCTION
Within three weeks of the collapse of
the World Trade Center (WTC) towers,
the Federal Emergency Management
Agency (FEMA) and the American
Society of Civil Engineers (ASCE)
established a Building Performance
Assessment Team, composed mainly of
volunteers, to investigate the structural
engineering and ﬁre aspects of the collapse. This team completed and issued
its report in May 2002. Congress directed
the National Institute of Standards and
Technology (NIST) to conduct a more
in-depth analysis and on August 21,
2002, NIST initiated its investigation.
The charge to the investigation team
22

Figure 1. The locations of the recovered exterior wall columns surrounding the aircraft
impact hole in WTC 1.
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On August 21, 2002, on the direction
of the U.S. Congress, the National Institute of Standards and Technology (NIST)
initiated an investigation into the collapse of the World Trade Center (WTC)
towers. In support of the overall investigation goals, the NIST Metallurgy and
Materials Reliability Divisions pursued
three objectives: assess the quality of
the steel used in the construction of the
towers, determine mechanical properties
of the steel for input to the ﬁnite element
models of the building collapse, and
assess the failure mechanisms of the
recovered steel components. This article
describes the major ﬁndings of the metallurgical part of the NIST WTC investigation and shows how the ﬁndings were
integrated into the investigation.
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Figure 2. The ratio, R, of the measured yield strength to the speciﬁed yield as a function of
speciﬁed yield strength for the 123 room-temperature tension tests.
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Figure 3. Strain rate sensitivities of the yield
strength of core- and exterior wall-column
steels compared to literature data on
structural steel.

Figure 4.The thickness of exterior wall column
plates near their fracture surfaces. Sections
are from recovered columns M2 and S9 (see
Figure 1), which were struck by the aircraft.
Extensive necking demonstrates ductility
even at high strain rate.
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comprised four major parts.
v “Determine why and how WTC 1
and WTC 2 collapsed following
the initial impacts of the aircraft
and why and how WTC 7 collapsed.
v Determine why the injuries and
fatalities were high or low depending on location including all technical aspects of ﬁre protection,
occupant behavior, evacuation,
and emergency response.
v Determine what procedures and
practices were used in the design,
construction, operation, and maintenance of WTC 1, 2, and 7.
v Identify, as speciﬁcally as possible, areas in current building and
ﬁre codes, standards, and practices that warrant revision.”
The metallurgical analysis of the steel,
described here, supported the modeling
effort of the investigation. In support of
the overall investigation goals, the NIST
Metallurgy and Materials Reliability
Divisions pursued three objectives:
assess the quality of the steel, determine
mechanical properties of the steel for
input to the ﬁnite element models of the
building collapse, and assess the failure
mechanisms of the recovered steel components.
The body of this manuscript describes
the major ﬁndings of the metallurgical
part of the NIST WTC investigation and
shows how the ﬁndings were integrated
into the investigation. Sidebars describe
the construction of the towers, the modeling of building performance, and the
probable collapse sequences, which were
primary outputs of the investigation.
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Figure 5. The high-temperature yield strength, normalized to the room-temperature
value, of WTC steels compared to literature data for structural steels.

THE METALLURGICAL
INVESTIGATION
The Recovery Effort and the
Structural Steel Elements
During the recovery effort after September 11, and before NIST began its
collapse investigation, volunteers from
FEMA, ASCE, NIST, the National Science Foundation (NSF), and the Structural Engineers Association of New York
(SEAoNY) worked at the four steel
recycling facilities to identify and collect
steel members important to the investigation. They focused on identifying pieces
that the aircraft struck or were obviously
burned, as well as pieces from the ﬁre
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Figure 6. The chemical composition of exterior wall columns.
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and impact zone. The National Institute
of Standards and Technology arranged
to have these pieces shipped to its facility in Gaithersburg, Maryland. The
National Institute of Standards and
Technology investigation team members
cataloged the items and attempted to
identify their original locations in the
towers, using their dimensions and markings.
In all, NIST cataloged 236 structural
steel elements:
v Ninety exterior column panels, of
which 42 were unambiguously
identiﬁed. Of those identiﬁed, 26
came from the ﬁre and impact
ﬂoors, and four of these had been
struck by the airplane that hit
WTC 1.

v Fifty-ﬁve core columns, of which
12 were unambiguously identiﬁed. Four of the identiﬁed columns came from the ﬁre and impact zones.
v Twenty-three pieces of ﬂoor truss.
Unfortunately, these elements had
no identifying marks, so their
original location in the towers is
unknown.
v Twenty-ﬁve pieces of the channel
that supported the ﬂoor trusses at
the core; all are of unknown location.
v Forty-three miscellaneous pieces
including bolts, pieces of aluminum facade, and elements from
WTC 5.
Although many of the individual

MODELING AND UNDERSTANDING THE COLLAPSE
The National Institute of Standards and Technology (NIST) Building and Fire Research
Laboratory and its contractors created a complex model to understand the collapse of
the towers. Three semi-independent parts comprised the model: a model of the aircraft
LPSDFW DQG LQLWLDO GDPDJH D PRGHO RI WKH G\QDPLF VSUHDG RI UHVXOWLQJ ¿UHV DQG WKH
thermal environment they produced, and a structural model of the resulting deformation
DQGHYHQWXDOFROODSVHRIWKHWRZHUV7KHRXWSXWRIWKHLPSDFWDQG¿UHPRGHOVIHGLQWRWKH
structural collapse model.
The aircraft impact model enabled investigators to determine the damage to the interior
of the building, which was not visible to witnesses outside, and to determine the dispersion
RIMHWIXHO7KLVPRGHOLQFOXGHGDERXWQLQHÀRRUVRIHDFKEXLOGLQJDQGDKLJKO\GHWDLOHG
model of the aircraft and its fuel. It used about two million elements, employed time steps
RIDERXWPLFURVHFRQGDQGPRGHOHGDIUDFWLRQRIWKH¿UVWVHFRQGRIWKHGLVDVWHU7KH
output of the model was the structural state of the building after the impact, but before
WKH¿UHVEHJDQ,WLQFOXGHGHVWLPDWHVRIWKHSDWKDQGGLVWULEXWLRQRIWKHGHEULVDQGIXHO
WKHDUHDVZKHUHWKHVSUD\DSSOLHG¿UHUHVLVWLYHPDWHULDOZDVVWULSSHGIURPWKHFROXPQV
DQGÀRRUWUXVVHVDQGHVWLPDWHVRIWKHQXPEHUDQGORFDWLRQRIVHYHUHGRUGDPDJHGFRUH
columns. The aircraft impact model used material models of the deformation behavior of
the structural steels, both at quasi-static and at high strain rate.
 7KH¿UHPRGHOHPSOR\HGWKH1,67)LUH'\QDPLFV6LPXODWRU )'6 DFRPSXWDWLRQDO
ÀXLGG\QDPLFVPRGHOWKDWQXPHULFDOO\VROYHVDIRUPRIWKH1DYLHU±6WRNHVHTXDWLRQVWR
PRGHO WKHUPDOO\ GULYHQ ÀRZ7KH 1DWLRQDO ,QVWLWXWH RI 6WDQGDUGV DQG7HFKQRORJ\ KDV
XVHG)'6IRUIRUHQVLFUHFRQVWUXFWLRQRI¿UHVEHIRUHWKH:7&LQYHVWLJDWLRQ7KHEXLOGLQJ
PRGHO RI WKH ¿UHV ZKLFK XVHG DFWXDO WHQDQW ÀRRU OD\RXW LQIRUPDWLRQ FRQWDLQHG HLJKW
UHOHYDQWÀRRUVDURXQGWKHLPSDFWVLWH(DFKÀRRUZDVGLYLGHGLQWRDFRPSXWDWLRQDOJULG
RIFHOOVDSSUR[LPDWHO\PRQDVLGH7KHRXWSXWRIWKH¿UHPRGHOZDVWKHFRPSOHWH
WKHUPDO KLVWRU\ RI HDFK ÀRRU ZKLFK ZDV WKHQ XVHG WR SUHGLFW WKH WHPSHUDWXUHV RI WKH
beams and columns.
The structural models of the two towers were used to understand the collapse
K\SRWKHVHV7KHJOREDOPRGHOH[DPLQHGDEDVHFDVHDVZHOODVDVHYHUHGDPDJHDQG¿UH
FDVHIRUHDFKWRZHUDQGWRRNDVLQSXWWKHVWDWHRIWKHGDPDJHGEXLOGLQJVSUHGLFWHGE\
WKHLPSDFWPRGHODQGWKHWKHUPDOKLVWRU\RIWKHÀRRUVSUHGLFWHGE\WKH¿UHPRGHO7KH
global structural model, which necessarily employed simplifying assumptions because
of its computational size, was based on more detailed component models that analyzed
WKHUHVSRQVHRILQGLYLGXDOFRPSRQHQWVVXFKDVWKHÀRRUWUXVVHVWKHLUFRQQHFWLRQVDWWKH
VHDWVDQGWKHVKHDUNQXFNOHVWKDWSURYLGHGVKHDUWUDQVIHUEHWZHHQWKHFRQFUHWHÀRRUDQG
the truss assemblies. The behavior of the exterior wall column panels was also modeled
in greater detail. The results of the more detailed component models indicated which
failure and deformation modes could be neglected in the global model. The structural
models employed steel material models of the room and elevated-temperature stressstrain behavior, and the elevated-temperature creep behavior.
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recovered elements are rather large, the
collection represents less than 0.5 % of
the more than 200,000 tons of steel used
in the buildings. It does include, however,
representative samples of all the relevant
steels necessary for estimating properties
for the impact and collapse models.
Given the difﬁculties in locating, identifying, and safeguarding elements in the
ﬁeld, the extent of the collection is
impressive. As an example of the coverage, Figure 1 shows the location of the
recovered exterior columns surrounding
the impact hole in WTC 1.
Room-Temperature Strengths
and Standards
The sidebar “The Construction of the
Towers” (page 26) describes the construction of the three relevant building
subsystems: the exterior columns, the
massive core columns, and the trusses
that spanned the opening between the
exterior wall and the core and supported
the ﬂoors.
Because of their high strength, the
steels used in the exterior wall columns
are not ordinary construction steels. A
typical high-rise building might use steel
of only three strength grades, based on
minimum yield strength (FY). In contrast, the WTC structural plans speciﬁed
steels that began at a minimum yield
strength FY = 36 ksi and increased from
FY = 40 ksi to FY = 85 ksi in 5 ksi
(34.5 MPa) increments. Corner elements
in the exterior wall often used FY =
100 ksi steels. Contemporaneous construction documents indicate that the
lowest strength exterior wall column
steels were supplied to the ASTM A 36
standard, but all the steels with strengths
above that value conformed to proprietary grades that the Port Authority of
New York and New Jersey, the building
owner, authorized. Yawata Iron and Steel,
now Nippon Steel, supplied most of the
steel plate for the exterior wall columns.
The plate that faced the interior of the
building usually came from a domestic
mill, however.
Japanese and British mills supplied
most of the steel for the core columns.
These plates and hot-rolled, wide-ﬂange
shapes were mostly FY = 36 ksi ASTM
A 36. Little information survived about
which steel mills supplied the core
beams.
The ﬂoor truss angles and webs were
JOM • November 2007

speciﬁed to a mixture of ASTM A 36
and ASTM A 242. The latter is a highstrength, low-alloy (HSLA) steel, though
the composition limits in the WTC construction era differ from those of the
standard today. Even when the plans
called for A 36, the mill often supplied
an HSLA steel with substantially higher
yield strength.
The investigation team characterized
the room-temperature tensile behavior
for examples of all relevant strength
levels. Figure 2 shows the ratio, R, of
the measured yield strength of the material to speciﬁed yield strength as indicated by the design drawings as a function of speciﬁed yield strength for the
123 room-temperature longitudinal tension tests conducted as part of the investigation. The tests are subdivided by the
type of structural element: exterior wall
columns, core columns, truss seats, and
truss components. Each structural element is further subdivided into relevant
components, such as truss angles and
webs, exterior wall columns and spandrels, and core column plates and wideﬂange (WF) shapes. Multiple specimens
from each plate or shape were tested.
In general, the measured yield
strengths are about 15% higher than
speciﬁed. This extra strength is consistent
with the results of WTC-era studies on
the expected strengths of structural steel.
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Figure 7. Optical micrographs showing
ferrite morphologies. (a) Polygonal and
irregular ferrite in FY = 36 ksi plate, (b)
Widmanstätten ferrite in FY = 42 ksi ﬂoor
truss web.
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The measured strength almost always
exceeds the speciﬁed strength, so that
variations in processing do not produce
heats that must be scrapped. Several of
the tests, however, produced R < 1. The
appearance of these tests that produced
yield strengths less than the speciﬁed
minimum cannot be interpreted as meaning that the steel was defective, however.
The mill-test-report strength for a heat
of steel is a quality control check. It is
not a guarantee that all regions in the
heat will have the minimum strength.
Extensive statistical studies (Alpsten,
AISI) have demonstrated that variability
within the heat is small enough that the
usual factor of safety in design is adequate. Furthermore, in the case of the
tests of the core column steels, specimens
were harvested out of necessity from
deformed areas of the recovered columns. The existing deformation, calculated from the radius of curvature, was
more than sufﬁcient to remove any yield
point behavior under which these A 36
steels would have been qualiﬁed. The
existence of a yield point, which most
of the tests of the steels with R < 1 lacked,
could add up to 10% to the measured
and reported strengths. The original,
undeformed steels would likely have had
yield strengths above the speciﬁed FY
= 36 ksi.
In summary, the strengths of the
recovered steels measured at NIST are
consistent with the speciﬁcations under
which they were delivered. The tests
produced no evidence that the steels were
in any way defective, and their NISTmeasured chemical compositions were
in almost all cases consistent with the
chemical requirements of the standards
under which they were delivered.
High-Strain-Rate Properties
Understanding and correctly modeling
the high-strain-rate properties of the steel
in the exterior wall and core columns
was critical to estimating the amount of
structural damage that the aircraft impact
caused, which was one of the goals of
the impact model. To this end, the investigation focused on the exterior wall and
core columns using conventional highrate tensile tests to estimate the strain-rate
sensitivity of the strength and to examine
the effect of strain rate on the ductility.
The tests employed strain rates up to
500 s –1, which were similar to the
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Figure 8. Optical micrographs showing
pearlite morphologies. (a) Lamellar
structure in FY = 45 ksi plate, (b) mottled
appearance in FY = 60 ksi plate.

maximum rates predicted by the aircraft
impact models. The investigation team
used the experimentally measured stressstrain curves to provide a generic model
of the strength as a function of strain rate
to the team modeling the aircraft
impact.
The measured strain rate sensitivities
were similar to those of other structural
steels reported in the last 25 years. Figure
3 shows the strain-rate sensitivity of the
yield strength for selected exterior wall
and core columns, overlaid on reported
data for similar structural steels. Signiﬁcantly, none of the 13 exterior wall
and core column steels tested exhibited
any brittle behavior, even at the highest
strain rates tested. In general, the ductility increased slightly with increasing
strain rate.
Macroscopically, all the exterior wall
column failures due to aircraft impact
that NIST examined were also ductile.
In WTC 1, the aircraft severed several
of the columns, often at the level of the
concrete ﬂoor. Figure 4 shows that the
web plates from panels struck by the
aircraft (see Figure 1 for panel locations)
necked over a distance of about 12 mm,
reducing the plate to less than half of its
original thickness due to the deformation,
which indicates ductile failure. Had the
failures been brittle, the exterior wall
columns would have absorbed less of
the impact energy; consequently more
25

energy would have been available to
damage the core columns.
In three of the four columns recovered
from WTC 1 that the airplane hit, the
columns split along the joints between
the individual plates, speciﬁcally in the
heat-affected zone (HAZ) in the web
plate, but there was no evidence that the
failure was due to lamellar tearing.
High-Temperature Mechanical
Properties
Structural steel becomes progressively
weaker with increasing temperatures
above about 300°C. For temperatures up
to about 500°C and the short times relevant to ﬁres in structures, the stressstrain behavior can be treated as independent of time. At higher temperatures,
time-dependent deformation, or creep,
contributes to the deformation, even over
these short times. Because creep deformation is generally thought of as a longtime phenomenon, it has often been
neglected in ﬁre calculations. The WTC
collapse models included creep deformation of the core columns, however.
Figure 5 compares the measured
0.02% offset yield strength of the relevant
recovered WTC steels to literature data
on similar construction steels from both
before and after the WTC construction
era. The yield strengths are normalized
by their room-temperature values to
collapse the behavior onto a single master
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curve. The response of the normalized
yield strength of the WTC steels is
similar to the behavior of the other
structural steels. It supports the commonly held rule of thumb that the yield
strength at 538°C is about one-half that
at room temperature.
Figure 5 reports only the yield
strength, but the investigation team
provided a methodology for modeling
the shape of the true stress-strain curve
as a function of temperature and roomtemperature tensile strength for all the
relevant steels.
In a parallel effort, the team characterized the creep behavior of the steels used
for the ﬂoor trusses. The impact probably dislodged their fireproofing.
Because their cross section was the

smallest, they were the most likely to
heat quickly. Based on the measured
creep response of ﬂoor truss steels, the
team developed a methodology for estimating the creep properties of the
uncharacterized steels by scaling against
the room-temperature tensile strength.
Chemistry and Microstructure
Figure 6 displays the chemistry of
steels from the exterior wall columns as
a function of speciﬁed yield strength.
For each element, the plot is further
divided by origin of the steel plate within
the column. In general, the plots support
the historical evidence that the inner web
plate that faced the interior of the building (denoted by green, ﬁlled circles)
came from a different mill than the plates

THE CONSTRUCTION OF THE TOWERS
6HYHQ VWHHO FRPSDQLHV VXSSOLHG VWUXFWXUDO VWHHO WR WKH :RUOG 7UDGH &HQWHU :7& 
FRQVWUXFWLRQ$ERYHWKHVHYHQWKÀRRUWKHVWUXFWXUHRIWKHWRZHUVFRPSULVHGIRXUPDLQ
VXEV\VWHPVDGLIIHUHQWVWHHOIDEULFDWRUVXSSOLHGHDFK3DFL¿F&DUDQG)RXQGU\RI6HDWWOH
:DVKLQJWRQ IDEULFDWHG WKH FORVHO\ VSDFHG H[WHULRU ZDOO FROXPQ SDQHOV WKDW JDYH WKH
EXLOGLQJVWKHLULQVWDQWO\UHFRJQL]DEOHVKDSH6WDQUD\3DFL¿FRI/RV$QJHOHV&DOLIRUQLD
IDEULFDWHGWKHHQRUPRXVER[DQGZLGHÀDQJHFROXPQVWKDWPDGHXSWKHFRUH/DFOHGH
6WHHORI6W/RXLV0LVVRXULIDEULFDWHGWKHWKRXVDQGVRIÀRRUWUXVVHVWKDWVSDQQHGWKH
opening between the core and the perimeter tube. Finally, Montague-Betts of Lynchburg,
9LUJLQLDIDEULFDWHGDOOWKHEHDPVDERYHWKHQLQWKÀRRU
Exterior Wall Columns
The closely spaced exterior columns formed a stiff tube that resisted all the wind loads
and a portion of the gravity load. The individual columns were roughly 14 in. square, and
were fabricated by welding individual plates into box columns. Three adjacent columns,
HDFKWKUHHVWRULHVKLJKZHUHMRLQHGE\GHHSKRUL]RQWDOVSDQGUHOSODWHVDWHYHU\ÀRRUWR
form a panel. Figure A shows a three-story tall, three-column wide exterior wall panel
EHLQJ OLIWHG LQWR SODFH DQG LGHQWL¿HV WKH PDMRU VWUXFWXUDO FRPSRQHQWV LQ WKH H[WHULRU
wall.
Once in place, the panels were bolted on the end butt plates and at splice plates that
connected adjacent spandrels. Nearly every panel assembly was unique, and each was
LQWHQGHGIRUDVSHFL¿FORFDWLRQRQDJLYHQIDFHRIRQHEXLOGLQJ,QWKHORZHUÀRRUVWKH
LQGLYLGXDOSODWHVWKDWPDGHXSWKHSHULPHWHUFROXPQVZHUHXSWRLQWKLFNEXWWKRVHLQ
WKH¿UHDQGLPSDFWÀRRUVRILQWHUHVWZHUHW\SLFDOO\LQWKLFN<DZDWD,URQDQG6WHHO
(now Nippon Steel) supplied most of the steel for the perimeter columns.
The design of the towers was also unusual in that the original plans called for 14
GLIIHUHQW VWUHQJWK JUDGHV RI VWHHO DV ORZ DV NVL DQG DV KLJK DV NVL 2UGLQDU\
EXLOGLQJ FRQVWUXFWLRQ PLJKW RQO\ XVH WZR RU WKUHH VWUHQJWK JUDGHV (DFK FROXPQ LQ D
three-column, exterior wall column panel could be fabricated from a different grade of
steel as could the three spandrels. Because the wind loads differed between the different
FRPSDVVGLUHFWLRQVWKHGLVWULEXWLRQRIFROXPQVWUHQJWKVDQGWKLFNQHVVHVRQHDFKIDFH
RIHDFKEXLOGLQJZDVXQLTXHWKHWZRWRZHUVZHUHQRWLGHQWLFDOFRSLHV,QWKHÀRRUVRI
LQWHUHVWIRUWKHFROODSVHPRGHOIRU:7&WKHSHULPHWHUFROXPQSODWHVZHUHW\SLFDOO\ )<
NVL
Core Columns

b
50 Mm
Figure 9. Optical micrographs showing
the constituent distribution. (a) Relatively
uniform distribution in FY = 36 ksi ﬂoor
truss seat, (b) banded structure in FY =
65 ksi plate.
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The core of the building, which carried primarily gravity loads, was made up of a
mixture of massive box columns made from three-story long plates, and heavy rolled
ZLGHÀDQJHVKDSHV,QJHQHUDOWKHER[FROXPQVFDUULHGWKHORDGLQWKHORZHUVWRULHV
ZKLOHWKHUROOHGVKDSHVZHUHXVHGLQWKHXSSHUÀRRUVEXWHDFKW\SHH[LVWHGLQWKH¿UH
DQGLPSDFW]RQHV0RVWRIWKHVWHHOZDVVSHFL¿HGDV )< NVL7KHSODWHVIRUWKHER[
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used in the ﬂanges. Evidence is particularly clear for the Si, V, Nb, and Cu
contents.
The plates in the exterior wall columns
and the core box columns were fabricated
by a “controlled rolling” process. By
stringent control of the hot work processing in the austenitic state and the subsequent cooling, this process produces ﬁne
grain size and high-strength as-rolled
steels that require no post processing.
Using this practice, both hot-rolled
(typically FY < 70 ksi) and quenchedand-tempered (FY r 70 ksi) low-alloy
grades were manufactured. The latter
was used where a higher strength-toweight ratio was beneﬁcial, such as for
the exterior wall columns located near
the corners and upper ﬂoors of the build-

ings. Yawata Iron and Steel also manipulated the alloy composition to yield the
speciﬁed plate properties (Figure 6),
leaving the carbon content constant for
nearly all steels (around 0.2% mass fraction), which is low enough for good
weldability.
The hot-rolled steels had ferrite-pearlite microstructures with a variety of
constituent morphologies. Polygonal and
irregular ferrite (Figure 7a) occurred in
all grades; the grain size decreased with
increasing yield strength. This grain
refinement was achieved primarily
through microalloying with vanadium
and niobium additions (see Figure 6).
An intragranular acicular or Widmanstätten morphology occurred in some higher
strength steels with 60 ksi b FY < 70 ksi

columns came from Japanese mills and were fabricated on the west coast and shipped
WR1HZ<RUN-DSDQHVHDQG%ULWLVKVWHHOPLOOVVXSSOLHGPRVWRIWKHZLGHÀDQJHFROXPQV
DQGEHDPVXVHGDERYHWKHVHYHQWKÀRRUZKLFKZHUHGHWDLOHGE\DIDEULFDWRURQWKHHDVW
coast.

as well as in steels that contained signiﬁcant vanadium additions (e.g., steels
used for the ﬂoor truss components), as
shown in Figure 7b. This morphology
formed due to the continuous cooling
practices that dictated the degree of
undercooling during fabrication of the
plates. Similarly, the morphology of the
pearlite constituent of the hot-rolled
steels varied. Pearlite colonies in lowerstrength steels were large, with a dense
but distinguishable lamellar structure
(Figure 8a). Pearlite colonies in higherstrength steels were smaller and appeared
mottled. The lamellar spacing could not
be resolved using optical microscopy,
and the cementite phase (Fe3C) appeared
granular at times (Figure 8b). The difference in pearlite appearance is associated with the alloy chemistry and
deoxidation practices in use at the
time.
Steels with low manganese content
that were also aluminum-killed prefer-

Floor Trusses
 /LJKWZHLJKWÀRRUWUXVVHVVXSSRUWHGWKHFRQFUHWHÀRRUVWKDWVSDQQHGWKHRSHQVSDFH
between the conventionally framed core and the exterior wall columns. The chords of
WKHÀRRUWUXVVHVZHUHIDEULFDWHGIURPLQRULQ/DQJOHVZKLOHWKHLUZHEV
ZHUHW\SLFDOO\PDGHIURPDVLQJOHOHQJWKRILQURXQGEDU/DFOHGH6WHHOUROOHGWKH
shapes from steel made in its own electric-arc furnace. It also welded the individual
truss sections, and then shipped them by rail to New Jersey, where the erection company
DVVHPEOHG WKHP LQWR ÀRRU SDQHOV WKDW ZHUH OLIWHG E\ FUDQH LQWR SODFH )LJXUH$ DOVR
VKRZVDFRPSOHWHGÀRRUSDQHOEHIRUHWKHFRQFUHWHÀRRUZDVSRXUHG7KHWUXVVHVZHUH
bolted and welded to seats on the spandrels
of the exterior wall column panels. The
truss seats on the opposite end at the core,
not visible in Figure A, were similar. The
webs projected above the level of the truss
WRSFKRUGDQGIRUPHGDNQXFNOHWRSURYLGH
a composite action that tied the concrete
ÀRRUWRWKHÀRRUWUXVVHV

Figure A. Images of the exterior wall columns
and ﬂoor truss assemblies during construction
of the towers. The ﬁgure shows the major
structural components and how they were
assembled (Source unknown).
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Figure 10. Optical micrographs showing
structures of quench-and-tempered plates.
(a) Widmanstätten or bainitic structure in
FY = 70 ksi plate, (b) tempered martensite
in FY = 75 ksi plate, and (c) tempered
martensite in FY = 100 ksi plate.

27

entially form this mottled pearlite morphology. The elevated aluminum levels
suggest an effort to signiﬁcantly deoxidize the steel.
The spatial distribution of these microstructural constituents was frequently
not uniform. In general, the ferrite and
pearlite were uniformly distributed in
the lower strength plates (FY < 55 ksi),
ﬂoor truss components (chords and
webs), and ﬂoor truss seats (Figure 9a).
In contrast, ferrite and pearlite in the
higher-strength plates were distributed
into bands that were elongated in the
rolling plane, which resulted in a laminated structure in cross section (Figure 9b). For some plates, regions near
the centerline were more heavily banded
than those near the surface. Constituent
banding in low-carbon steels is common
in hot-rolled plates and is caused by
chemical segregation through the thickness of the plate. The surplus or deﬁciency of alloying elements in the bands
determines the transformation products
that form on cooling from the processing
temperature.
Quench-and-tempered plates exhibited two morphologies. Ferrite grains in
steels with FY = 70 ksi were shaped like
broad needles or leaves and were surrounded by coarse cementite precipitates
(Figure 10a). The morphology of the
ferrite constituent and distribution of the
cementite phase indicates either a coarse
Widmanstätten or bainitic structure.
Tempered martensite occurred in steels
with FY r 75 ksi (Figure 10b and 10c).
As the strength of the plate increased,
the remnants of ferrite lath boundaries
became more distinct, but the carbides
at the prior austenite grain and ferrite
lath boundaries became less discernible.
To strengthen and improve the hardenability of the plates, chromium and
molybdenum were added.
CONCLUSION
Based on the metallurgical investigation of the steel recovered from the WTC
collapse site, it was determined that the
mechanical properties and chemistry of
the steels used in the World Trade Center
towers were consistent with the speciﬁcations called for in the building plans.
Microstructurally, the lower-strength
exterior wall and core-column steels
were ferrite-pearlite control-rolled steels.
Higher-strength steels in the exterior
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wall columns were quenched and tempered. Measured mechanical properties
at high strain rates, necessary for model-

ing the impact of the aircraft, were
similar to other ordinary construction
steels. Neither high-rate tests nor recov-

THE FAILURE OF THE TOWERS
 $W  WKH ¿UVW DLUSODQH VWUXFN WKH QRUWK ZDOO RI :RUOG7UDGH &HQWHU :7&  
EHWZHHQÀRRUVDQG$ERXWRIWKHMHWIXHOEXUQHGLQWKH¿UHEDOORXWVLGHWKH
EXLOGLQJ$QRWKHUEXUQHGLQVLGHWKHEXLOGLQJLPPHGLDWHO\7KHUHVWIXHOHGWKH¿UHV
WKDWVWDUWHG7KHRYHUSUHVVXUHIURPWKH¿UHEDOOEOHZRXWPDQ\RIWKHZLQGRZVZKLFK
VXEVHTXHQWO\SURYLGHGR[\JHQIRU¿UHV7KHLPSDFWGDPDJHGRUVHYHUHGRIH[WHULRU
FROXPQVRQWKHQRUWKZDOODQGEDVHGRQWKHDLUFUDIWLPSDFWDQDO\VLVRIWKHFRUH
columns. The passage of the impact debris through the tower stripped the insulation from
FROXPQVDQGÀRRUWUXVVHVRQWKHLPSDFWÀRRUV2YHUWKHQH[WPLQWKH¿UHVPRYHG
IURPWKHQRUWK LPSDFW VLGHWRWKHVRXWKVLGH(LJKW\PLQXWHVDIWHULPSDFWWKHVRXWKZDOO
EHJDQWRERZLQZDUG$WPLQLWUHDFKHGLWVPD[LPXPREVHUYHGGLVSODFHPHQWRI
m. Just before collapse, the building section above the impact zone tilted to the south, and
DWPLQDIWHULPSDFW:7&EHJDQWRFROODSVH
 7KH VHFRQG DLUSODQH VWUXFN WKH VRXWK ZDOO RI :7&  DW  EHWZHHQ ÀRRUV 
DQG7KHHIIHFWVRIWKH¿UHEDOOZHUHVLPLODUWRWKRVHLQ:7&7KHLPSDFWGDPDJHG
 RI  H[WHULRU ZDOO FROXPQV DQG EDVHG RQ WKH DLUFUDIW LPSDFW DQDO\VLV  RI 
FRUHFROXPQV$VLQ:7&WKHSDVVDJHRIWKHLPSDFWGHEULVVWULSSHGLQVXODWLRQIURP
FROXPQVDQGÀRRUWUXVVHV8QOLNH:7&WKH¿UHPRYHGTXLFNO\WRWKHHDVWVLGHRIWKH
EXLOGLQJEXWWKHQUHPDLQHGWKHUH:LWKLQWHQPLQXWHVRILPSDFWWKHHDVWZDOOEHJDQWR
bow inward. Just before collapse, the building section above the impact zone tilted to the
HDVWDQGVRXWKDQGDWPLQXWHVDIWHULPSDFW:7&EHJDQWRFROODSVH
The Most Probable Collapse Sequence
The investigation team integrated the photographic record, the eyewitness accounts,
WKHH[SHULPHQWDOUHVXOWVDQGWKHUHVXOWVRIWKHDLUFUDIWLPSDFWDQDO\VLV¿UHVSUHDGDQG
growth analysis, heat conduction analysis, and structural response analysis to determine
the probable collapse sequence for each tower. Report NIST NCSTAR 1-6, from which
WKLVVXPPDU\LVDEVWUDFWHGVXPPDUL]HVWKHREVHUYDWLRQVUHVXOWVDQG¿QGLQJVLQPXFK
greater detail.
The sequences of events leading to collapse initiation were similar, but not identical,
for each tower. Four major structural events were common to both sequences. First, the
ÀRRUVWKDWORVWLQVXODWLRQGXHWRGHEULVLPSDFWVDJJHGDVWKHWUXVVPHPEHUVGHIRUPHG
DQGEXFNOHGXQGHUHOHYDWHGVWHHOWHPSHUDWXUH7KHVDJJLQJÀRRUVSXOOHGLQZDUGDWWKH
column connections and caused the exterior wall to bow inward. Next, the exterior wall
ERZHG DQG SODVWLFDOO\ EXFNOHG XQGHU WKH FRPELQHG HIIHFWV RI WKH UHGXFHG VWUHQJWK DW
elevated temperatures, increased axial loads redistributed from the severed columns,
SXOOLQIRUFHVIURPVDJJLQJÀRRUVDQGORVVRIODWHUDOVXSSRUWGXHWRIDLOXUHRIWUXVVVHDW
FRQQHFWLRQV7KHQWKHFRUHFROXPQVZHDNHQHGXQGHUWKHFRPELQHGHIIHFWVRIVWUXFWXUDO
LPSDFW GDPDJH UHGXFHG HOHYDWHG WHPSHUDWXUH VWUHQJWK DQG SODVWLF EXFNOLQJ RI FRUH
columns. In addition, the loads on the remaining core columns increased as gravity loads
redistributed from the damaged core columns. Finally, the gravity loads redistributed
EHFDXVH RI WKH LPSDFW GDPDJH UHVWUDLQHG WKHUPDO H[SDQVLRQ ZHDNHQLQJ RI WKH FRUH
OHDQLQJRIWKHVHFWLRQDERYHWKHLPSDFWGDPDJHDQGERZLQJDQGEXFNOLQJRIH[WHULRU
walls. The hat truss primarily redistributed the gravity loads from the core to the exterior
walls, but the adjacent exterior walls redistributed load primarily through the spandrels.
 $OOWKUHHPDMRUVXEV\VWHPV²WKHEXLOGLQJFRUHWKHEXLOGLQJÀRRUVDQGWKHH[WHULRU
ZDOOV²SOD\HGDUROHLQWKHVWUXFWXUDOFROODSVHVHTXHQFHIRU:7&DQG:7&
Role of the Building Core
The core columns were designed to carry the building gravity loads and were loaded to
DSSUR[LPDWHO\RIWKHLUFDSDFLW\EHIRUHWKHDLUFUDIWLPSDFW
 7KHFRUHFROXPQVZHUHZHDNHQHGVLJQL¿FDQWO\E\WKHUPDOHIIHFWVDQGE\WKHDLUFUDIW
LPSDFW GDPDJH 7KHUPDO HIIHFWV GRPLQDWHG WKH ZHDNHQLQJ RI :7&  $V WKH ¿UHV
PRYHGIURPWKHQRUWKWRWKHVRXWKVLGHRIWKHFRUHWKH:7&FRUHZDVZHDNHQHGRYHU
WLPH E\ VLJQL¿FDQW FUHHS VWUDLQV RQ LWV VRXWK VLGH$LUFUDIW LPSDFW GDPDJH GRPLQDWHG
WKH ZHDNHQLQJ RI :7&  ,PPHGLDWHO\ DIWHU LPSDFW WKH YHUWLFDO GLVSODFHPHQW DW WKH
VRXWKHDVWFRUQHURIWKH:7&FRUHLQFUHDVHGFPIURPFPWRFP:LWKWKH
impact damage, the core subsystem leaned to the southeast and was supported by the
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ered components gave any evidence of
brittle failure. The high-temperature
mechanical properties, necessary for

modeling the response to the ﬁres, were
consistent with other construction
steels.

VRXWKDQGHDVWÀRRUVDQGH[WHULRUZDOOV
Gravity loads redistributed from the core to the exterior faces primarily through the
KDWWUXVVGXHWRDLUFUDIWLPSDFWDQGWKHUPDOHIIHFWV7KH:7&FRUHFDUULHGOHVVORDG
DIWHULPSDFWEXWOHVVDIWHUWKHUPDOZHDNHQLQJ7KH:7&FRUHFDUULHGOHVVORDG
DIWHULPSDFWDQGOHVVORDGDIWHUWKHUPDOZHDNHQLQJ
Additional axial loads that were redistributed to the exterior columns from the core
ZHUHQRWVLJQL¿FDQW RQO\DERXWWRRQDYHUDJH EHFDXVHWKHH[WHULRUFROXPQV
ZHUHORDGHGWRRQO\DSSUR[LPDWHO\RIWKHLUFDSDFLW\EHIRUHWKHDLUFUDIWLPSDFW
Role of the Building Floors
 7KH ÀRRUV ZHUH GHVLJQHG WR VXSSRUW RFFXSDQF\ ORDGV DQG WUDQVIHU WKHP WR WKH FRUH
and exterior columns. They were also designed to act as horizontal diaphragms when the
buildings were subject to high winds.
 ,Q WKH FROODSVH RI WKH WRZHUV WKH ÀRRUV SURYLGHG LQZDUG SXOO IRUFHV DV WKH\ VDJJHG
VLJQL¿FDQWO\XQGHUWKHUPDOORDGV+RZHYHUWKHVDJJLQJÀRRUVFRQWLQXHGWRVXSSRUWWKHLU
ÀRRUORDGVGHVSLWHWKHGLVORGJHGLQVXODWLRQDQGH[WHQVLYH¿UHV6RPHWUXVVVHDWFRQQHFWLRQV
with dislodged insulation at the exterior columns did fail and disconnect from the exterior
wall under thermal loads. Floor disconnections increased the unsupported length of the
H[WHULRUFROXPQVDQGGLVWULEXWHGÀRRUORDGVWRDGMDFHQWWUXVVVHDWV1RLQZDUGSXOOIRUFHV
H[LVWHGZKHUHWKHÀRRUVZHUHGLVFRQQHFWHG
Role of Exterior Walls
 &ROXPQ LQVWDELOLW\ RYHU DQ H[WHQGHG UHJLRQ RI WKH H[WHULRU IDFH XOWLPDWHO\ WULJJHUHG
the global system collapse, because the loads could not be redistributed through the hat
WUXVV WR WKH DOUHDG\ ZHDNHQHG EXLOGLQJ FRUH ,Q WKH DUHD RI H[WHULRU FROXPQ EXFNOLQJ
loads transferred through the spandrels to adjacent columns and adjacent exterior walls.
$VWKHH[WHULRUZDOOEXFNOHGRQWKHVRXWKIDFHRI:7&DQGWKHHDVWIDFHRI:7&
column instability propagated to adjacent faces and caused the initiation of the building
collapse.
 7KHH[WHULRUZDOOLQVWDELOLW\ZDVLQGXFHGE\DFRPELQDWLRQRIWKHUPDOZHDNHQLQJRIWKH
FROXPQVLQZDUGSXOOIRUFHVIURPVDJJLQJÀRRUVDQGWRDPXFKOHVVHUGHJUHHDGGLWLRQDO
axial loads redistributed from the core.
Conclusions of the Analysis
 )ORRUVDJJLQJDQGLQZDUGERZLQJRIDQH[WHULRUZDOOZHUHQHFHVVDU\EXWQRWVXI¿FLHQW
FRQGLWLRQVWRLQLWLDWHFROODSVH,QERWK:7&DQG:7&VLJQL¿FDQWZHDNHQLQJRIWKH
core due to aircraft impact damage and thermal effects was also necessary. The National
Institute of Standards and Technology considered the observed performance, evidence,
and analysis results for each tower, and reached two conclusions. First, in the absence
RIVWUXFWXUDODQGLQVXODWLRQGDPDJHDFRQYHQWLRQDO¿UHVXEVWDQWLDOO\VLPLODUWRRUOHVV
LQWHQVHWKDQWKH¿UHVHQFRXQWHUHGRQ6HSWHPEHUOLNHO\ZRXOGQRWKDYHOHGWR
WKHFROODSVHRID:7&WRZHU6HFRQGWKHWRZHUVOLNHO\ZRXOGQRWKDYHFROODSVHGXQGHU
WKHFRPELQHGHIIHFWVRIDLUFUDIWLPSDFWDQGWKHVXEVHTXHQWPXOWLÀRRU¿UHVHQFRXQWHUHG
RQ6HSWHPEHULIWKHLQVXODWLRQKDGQRWEHHQZLGHO\GLVORGJHGRUKDGEHHQRQO\
minimally dislodged by aircraft impact.
The existing thermal insulation, had it not been stripped off in the impact, would have
EHHQVXI¿FLHQWWRNHHSWKHVWHHOWHPSHUDWXUHVORZHQRXJKWRPLQLPL]HGHIRUPDWLRQ$OVR
WKHLQYHVWLJDWLRQWHDPQHLWKHUIRXQGQRULQYRNHGDQ\H[WUDRUGLQDU\HYHQWVEH\RQGWKH
WHUURULVW DWWDFN WKDW GDPDJHG WKH VWUXFWXUH DQG UHPRYHG WKH LQVXODWLRQ WKDW OHG WR WKH
collapse of the towers.
 7KHGLIIHUHQFHLQWKHWLPHLWWRRNIRUHDFK:7&WRZHUWRFROODSVHZDVGXHSULPDULO\WR
WKHGLIIHUHQFHVLQVWUXFWXUDOGDPDJHWKHWLPHLWWRRNWKH¿UHVWRWUDYHOIURPWKHLPSDFWDUHD
DFURVVWKHÀRRUVDQGFRUHWRFULWLFDOORFDWLRQVDQGWKHWLPHLWWRRNWRZHDNHQWKHFRUHDQG
H[WHULRUFROXPQV7KHVWUXFWXUDOGDPDJHWRWKH:7&FRUHZDVDV\PPHWULFLQFOXGLQJD
FRUQHUFRUHFROXPQWKDWZDVVHYHUHG7KHGDPDJHWR:7&ZDVPRUHV\PPHWULFDOLWZDV
located in the center portion of the core and extended from the north side to the south side.
7KH¿UHVLQ:7&UHDFKHGWKHHDVWVLGHRIWKHEXLOGLQJPRUHTXLFNO\ ZLWKLQWR
PLQXWHV WKDQWKHWRPLQXWHVLWWRRNIRUWKH¿UHVLQ:7&WRUHDFKWKHVRXWKVLGH
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