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Introduction and Failure Scenario structure above this floor can no longer be supported, and so the
upper part starts falling down onto the lower part below the criti-
The 110-story towers of the World Trade Center were designed tocal floor, gathering speed until it impacts the lower part. At that
withstand as a whole the forces caused by a horizontal impact ofmoment, the upper part has acquired an enormous kinetic energy
a large commercial aircraf\ppendix ). So why did a total col-  and a significant downward velocity. The vertical impact of the
lapse occur? The cause was the dynamic consequence of the pramass of the upper part onto the lower p@tage 4 applies enor-
longed heating of the steel columns to very high temperature. Themous vertical dynamic load on the underlying structure, far ex-
heating lowered the yield strength and caused viscopléstep ceeding its load capacity, even though it is not heated. This causes
buckling of the columns of the framed tube along the perimeter of failure of an underlying multifloor segment of the towstage 4,
the tower and of the columns in the building core. The likely in which the failure of the connections of the floor-carrying
scenario of failure is approximately as follows. trusses to the columns is either accompanied or quickly followed
In stage 1(Fig. 1), the conflagration, caused by the aircraft fuel by buckling of the core columns and overall buckling of the
spilled into the structure, causes the steel of the columns to beframed tube, with the buckles probably spanning the height of
exposed to sustained temperatures apparently exceeding 800°Gnany floors(stage 5, at right and the upper part possibly getting
The heating is probably accelerated by a loss of the protectivewedged inside an emptied lower part of the framed t{sibage 5,
thermal insulation of steel during the initial blast. At such tem- at left). The buckling is initially plastic but quickly leads to frac-
peratures, structural steel suffers a decrease of yield strength angure in the plastic hinges. The part of building lying beneath is
exhibits significant viscoplastic deformatidhe., creep—an in-  then impacted again by an even larger mass falling with a greater
crease of deformation under sustained Jodthis leads to creep  velocity, and the series of impacts and failures then proceeds all
buckling of columns(Bazant and Cedolin 1991, Sec),9hich the way down(stage 5.
consequently lose their load carrying capadisgage 2. Once
more than half of the columns in the critical floor that is heated ) . .
most suffer bucklingstage 3, the weight of the upper part of the ~ Elastic Dynamic Analysis

. — — — - The details of the failure process after the decisive initial trigger
The original version with Eqg1) and(2) was originally submitted to  that sets the upper part in motion are of course very complicated
ASCE on September 13, 2001, and an expanded version witBEqas and their clarification would require large computer simulations.

submitted to ASCE on September 22, 2001. The appendices were addeq: ‘L gin . .
. - or example, the upper part of one tower is tilting as it begins to
between September 28 and October 5, 2001; The preliminary réfmit fall (Appendix Il); the distribution of impact forces among the

zant and Zhou 2001on which this article is based was posted on Sep- derlvi | f the f d tub dth db
tember 14, 2001, athttp://www.civil.northwestern.edu/neys¢http:// underlying columns of the framed tube and the core, and between

www3.tam.uiuc.edu/news/200109tc  and  (http:/math.mitedw/  the columns and the floor-supporting trusses, is highly nonuni-
~bazan}. form; etc. However, a computer is not necessary to conclude that

2Walter P. Murphy Professor of Civil Engineering and Materials Sci- the collapse of the majority of columns of one floor must have
ence, Northwestern  Univ., Evanston, IL60208. E-mail: caused the whole tower to collapse. This may be demonstrated by
z-bazant@northwestern.edu the following elementary calculations, in which simplifying as-
SGraduate Research Assistant, Northwestern Univ., Evanston, sumptions most optimistic in regard to survival are made.
IL 60208. For a short time after the vertical impact of the upper part, but
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. . ; R ' after the elastic wave generated by the vertical impact has propa-
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2/ JOURNAL OF ENGINEERING MECHANICS / JANUARY 2002



solutionP =Py, yields the following elastically calculated over-

g’l’::‘b @ {L load ratio due to impact of the upper part:
/:@: Payn/Po=1+1+(2Ch/mg)~31 (1)
/f B whereP,=mg=design load capacity. In spite of the approximate
@ )) nature of this analysis, it is obvious that the elastically calculated
\ forces in columns caused by the vertical impact of the upper part
/ must have exceeded the load capacity of the lower part by at least

an order of magnitude.

Another estimate, which gives the initial overload ratio that
exists only for a small fraction of a second at the moment of
impact, is

Payn/Po=(A/Pg)V2pgEeth~64.5 2

1 2 3 4 5 _ o _ _

whereA= cross section area of building,¢= cross section stiff-

Fig. 1. Stages of collapse of the buildinfoor height exaggerat¢d  ness of all columns divided b¥; andp = specific mass of build-
ing per unit volume. This estimate is calculated from the elastic
wave equation which yields the intensity of the step front of the

For our purpose, we may assume that all the impact forces godownward pressure wave caused by the impact if the velocity of

into the columns and are distributed among them equally. Un- the upper part at the moment of impact on the critical floor is

likely though such a distribution may be, it is nevertheless the considered as the boundary conditi@azant and Cedolin 1991,

most optimistic hypothesis to make because the resistance of theSec. 13.1 After the wave propagates to the ground, the former

building to the impact is, for such a distribution, the highest. If the estimate is appropriate.

building is found to fail under a uniform distribution of the impact

forces, it would fail under any other distribution. According to

this hypothesis, one may estimate titxt 71 GN/m (due to un- Analysis of Inelastic Energy Dissipation

availability of precise data, an approximate design of column

cross sections had to be carried out for this purpose The inelastic deformation of the steel of the towers involves plas-
The downward displacement from the initial equilibrium posi- ticity and fracture. Since we are not attempting to model the de-

tion to the point of maximum deflection of the lower pécbn- tails of the real failure mechanism but seek only to prove that the

sidered to behave elasticallis h+ (P/C) where P=maximum towers must have collapsed and do so in the way $&das-
force applied by the upper part on the lower part rdheight of sive” 2001; American2001), we will here neglect fracture, even
critical floor columng =height of the initial fall of the upper part though the development of fractures, especially in column con-
~3.7 m. The energy dissipation, particularly that due to the in- nections, is clearly discerned in the photographs of the collapse.
elastic deformation of columns during the initial drop of the upper Assuming the steel is to behave plastically, with unlimited ductil-
part, may be neglected, i.e., the upper part may be assumed tdty, we are making the most optimistic assumption with regard to
move through distancle almost in a free fallindeed, the energy  the survival capacity of the towef@ reality, the plastic hinges,
dissipated in the columns during the fall is at most equalte 2 especially the hinges at column connections, must have fractured,
the yield moment of columnss the number of columns, which is  and done so at relatively small rotation, causing the load capacity
found to be only about 12% of the gravitational potential energy to drop drastically.

release if the columns were cold, and much less than that at The basic question to answer is: Can the fall of the upper part
800°0. So the loss of the gravitational potential energy of the be arrested by energy dissipation during plastic buckling, which
upper part may be approximately equated to the strain energy offollows the initial elastic deformation? Many plastic failure
the lower part at maximum elastic deflection. This gives the equa- mechanisms could be considered, for exam(llgthe columns of

tion mgh+ (P/C)]=P?/2C in which m=mass of the upper part  the underlying floor buckle locall{Fig. 1, stage 2 (2) the floor-

(of North Towe) ~58x 10P kg, andg = gravity acceleration. The  supporting trusses are sheared off at the connections to the framed
tube and to the core columns and fall down within the tube, de-
priving the core columns and the framed tube of lateral support,
and thus promoting buckling of the core columns and of the
framed tube under vertical compressiéfig. 1, stage 4, and Fig.
2(c)]; or (3) the upper part is partly wedged within the emptied
framed tube of the lower part, pushing the walls of the framed
tube apartFig. 1, stage b Although each of these mechanisms
can be shown to lead to total collapse, a combination of the last
two seems more realistithe reason: multistory pieces of the
framed tube, with nearly straight boundaries apparently corre-
sponding to plastic hinge lines causing buckles on the framed
tube wall, were photographed falling down, “Massive 2001”;
American2001].

Regardless of the precise failure mode, experience with buck-
ling indicates that while many elastic buckles simultaneously co-
exist in an axially compressed tube, the plastic deformation local-
izes(because of plastic bifurcatipmto a single buckle at a time

Fig. 2. (a) Model for impact of upper part on lower part of building;
(b) Plastic buckling mechanism on one column lif@; Combination
of plastic hinges creating a buckle in the tube wall
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[Fig. 1, stage 4, and Fig.(®], and so the buckles must fold one aircraft and the fuel sideways, but regardless of cost, who would
after another. Thus, at least one plastic hinge, and no more tharwant to work in such a building?

four plastic hinges, per column line are needed to operate simul- The problems appear to be equally severe for concrete col-
taneously in order to allow the upper part to continue moving umns because concrete heated to such temperatures undergoes
down[Fig. 2(b)] (Bazant and Cedolin 1991 (This is also true if explosive thermal spalling, thermal fracture, and disintegration

the columns of only one floor are buckling at a tiim&t the end, due to dehydratior{Bazant and Kaplan 1996 These questions
the sum of the rotation angles (i=1,2,...) of thehinges on arise not only for buildings supported on many columns but also
one column lineX 6;, cannot exceed2[Fig. 2(b)]. This upper- for the recent designs of tall buildings with a massive monolithic

bound value, which is independent of the number of floors concrete core functioning as a tubular mast. These recent designs

spanned by the buckle, is used in the present calculations since, iruse high-strength concrete which, however, is even more suscep-

regard to survival, it represents the most optimistic hypothesis, tible to explosive thermal spalling and thermal fracture than nor-

maximizing the plastic energy dissipation. mal concrete. The use of refractory concretes as the structural
Calculating the dissipation per column line of the framed tube material invites many open questiofBazant and Kaplan 1996

as the plastic bending momeht, of one column(Jirassek and Special alloys or various refractory ceramic composites may, of

Bazant 2002 times the combined rotation angk9;=2x [Fig. course, function at such temperatures, but the cost would increase
2(b)] and multiplying this by the number of columns, one con- astronomically.
cludes that the plastically dissipated enewy is, optimistically, It will nevertheless be appropriate to initiate research on ma-

of the order of 0.5 GN ntfor lack of information, certain details  terials and designs that would postpone the collapse of the build-
such as the wall thickness of steel columns, were estimated bying so as to extend the time available for evacuation, provide a
carrying out approximate design calculations for this builging hardened and better insulated stairwell, or even prevent collapse
To attain the combined rotation angt®; =2w of the plastic in the case of a less severe attack such as an off-center impact, or
hinges on each column line, the upper part of the building must the impact of an aircraft containing less fuel.
move down by the additional distance of at least one floor below  An important puzzle at the moment is why the adjacent 46-
the floor where the collapse started, and so the total release ofstory building, into which no significant amount of aircraft fuel
gravitational potential energy iSVg=mg-2h~2X2.1GNm could have been injected, collapsed as well. Despite the lack of
=4.2GNm. To arrest the fall, the kinetic energy of the upper data at present, the likely explanation seems to be that high tem-
part, which is equal to the potential energy release, would have toperatures(though possibly well below 800 9Cpersisted on at

be absorbed by the plastic hinge rotations, \é,,would have to least one floor of that building for a much longer time than speci-
be larger tharW, . Rather, fied by the current fire code provisions.
W, /W,~8.4 (3)

So, even under the most optimistic assumptions by far, the plasticAppendix I. Elastic Dynamic Response to
deformation can dissipate only a small part of the kinetic energy Aircraft Impact
acquired by the upper part of building.

When the next buckle with its group of plastic hinges forms, A simple estimate based on the preservation of the combined
the upper part has already traveled many floors down and hasmomentum of the impacting Boeing 767-200- {79,000 kg
acquired a much higher kinetic energy; the percentage of the ki- x 550 km/h) and the momentum of the equivalent miss of
netic energy dissipated plastically is then of the order of 1%. The he interacting upper half of the tower-(L41x 10° kgx v,) indi-
percentage continues to decrease further as the upper part movegates that the initial average velocity imparted to the upper part
down. If fraCtUring in the pIaStiC hinges were Considered, a still of the tower was Only about 0.7 km#0.19m/s. The response
smaller (in fact much smallerenergy dissipation would be ob-  may be assumed to be dominated by the first free vibration mode,
tained. So the collapse of the tower must be an almost free fall. of period T,. Then the maximum deflectiony=uv,T,/2m. Ap-

This conclusion is supported by the observation that the duration proximately, T,=14 s, based on estimatingery roughly the
of the collapse of each tower, reported as roughly 10 s, was aboutyending stiffness of the tower and approximating it as a vibrating
the same as the duration of a free fall in a vacuum from the tower cantilever of a uniform mass distribution. This g|\m§: 0.4 m,
top H=416m to the top of the heap of debrisi{=25 m), which is well within the range of the elastic behavior of the tower.
which is t=y2(H—H,)/g=8.93s. It further follows that the  So it is not surprising that the aircraft impact per se damaged the
brunt of vertical impact must have gone directly into the columns tower only locally.
of the framed tube and the core, and that the front of collapse of  The World Trade Center was designed for an impact of a Boe-
the floors could not have advanced substantially ahead of thejng 707-320 rather than a Boeing 767-200. But note that the
front of collapse of the framed tube, since otherwise the collapse maximum takeoff weight of that older aircraft is only 15% less
of the framed tube would have had to take significantly longer than that of a Boeing 767-200. Besides, the maximum fuel tank
than 9 s. capacity of that aircraft is only 4% less. These differences are
well within the safety margins of design. So the observed re-
sponse of the towers proves the correctness of the dynamic de-
Closing Comments and Problems of sign. What was not considered in design was the temperature that
Disaster Mitigation can develop in the ensuing fire. Here the experience from 1945
might have been deceptive. That year, a two-engine bortiber
Designing tall buildings to withstand this sort of attack seems 25), flying at about 400 km/h, hit in fog the Empire State Building
next to impossible. It would require a much thicker insulation of (381-m tall, built in 1930 at the 79th floor(278 m above
steel with blast-resistant protective cover. Replacing the rectangu-ground—the steel structure suffered no significant damage, and
lar framed tube by a hardened circular monolithic tube with tiny the fire was confined essentially to one flgbevy and Salvadori
windows might help to deflect much of the debris of impacting 1992.
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a. I I b.
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Fig. 4. Scenario of tilting of upper part of buildingSouth Towey
C. d. Fmax= sMg= 3Po~320 MN (5)
where, for the upper part of South Tower~87x 10 kg.
Could the combined plastic shear resistaRgef the columns
of one floor[Fig. 3(f)] sustain this horizontal reaction? For plastic
shear, there would be yield hinges on top and bottom of each
M, resisting column; Fig. @ (again, aiming only at an optimistic
“~ F upper bound on resistance, we neglect fragtufdie moment
'f | Sl F, equilibrium condition for the column as a free body shows that
e. / f A each column can at most sustain the shear féigce 2M,/h,
hi / whereh;~ 2.5 m=effective height of column, ant¥,~0.3 MN
}_ / m=estimated yield bending moment of one column, if cold. As-
_._V suming that the resisting columns are only those at the sides of
Fir the framed tube normal to the axis of rotation, which number
Mp about 130, we gef ,~130F;~31 MN. So, the maximum hori-

zontal reaction to pivoting would cause the overload ratio
Fig. 3. Pivoting of upper part of tower about its baga,b with and

without horizontal shear at bas&) Model for simplified analysis; Fmax/Fp~ 10.3 (6)

(d) Free-body diagram with inertia forcesd,e Plastic horizontal if the resisting columns were cold. Since they are hot, the hori-

shearing of columns in critical floor at base zontal reaction to pivoting would exceed the shear capacity of the
heated floor still much moréand even more if fracture were
considerefl

Appendix II. Why Didn’t the Upper Part Pivot About
Its Base?

Since the top part of the South Tower tilt¢Hig. 3@], many
people wonder: Why didn’t the upper part of the tower fall to the
side like a tree, pivoting about the center of the critical floor?
[Fig. 3(b)]. To demonstrate why, and thus to justify our previous
neglect of tilting, is an elementary exercise in dynamics.
Assume the center of the floor at the base of the upper part

[Fig. 3(b)] to move for a while neither laterally nor vertically, i.e., b. C.
act as a fixed pivot. Equating the kinetic energy of the upper part )
rotating as a rigid body about the pivot at its b&Be. 3(c)] to shogtening
the loss of the gravitational potential energy of that gattich is >
here simpler than using the Lagrange equations of mptiae J| pwasTe "
havemg(1—cos6)H, /2= (m/2H 1)fgl(éx)zdx wherex=vertical Heking
coordinateg[Fig. 3(c)]. This provides
i) \/39(1 ), 6 30 ) (4)
=1/ (1-cosh), 6=5-sin

Hy 2H, 0 : , o :
where6 =rotation angle of the upper pati;, =its height; and the ’ wL 1 ’ wlL o
superposed dots denote time derivati{feg. 3(c)]. d e.

Considering the dynamic equilibrium of the upper part as a
free body, acted upon by distributed inertia forces and a reactionFig. 5. (a) Plastic buckling of columng}) Plastic hinge mechanism;
with horizontal componenE at base[Fig. 3(d)], one obtainsF (c) Free-body diagram(d) Dimensionless diagram of lod®, versus
:fgl(m/Hl)é COSBX dx= %Hlmé cosp= gmgsin 2.  Evidently, axial shorteningu of columns of the towers if the effects of fracture

the maximum horizontal reaction during pivoting occurs 6or and heating are ignored; ar{d) Beginning of this diagram in an
—45° and so expanded horizontal sca{@mperfections neglected
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SinceF is proportional to sing, its value becomes equal to  the axial load then i®,=4M /L sin6, while, from the buckling
the plastic limit when sin@=1/10.3. From this we further con-  geometry, the axial shortening is=L(1—cos6), where L
clude that the reaction at the base of the upper part of South=distance between end hinges. Eliminating plastic rotaiione

Tower must have begun shearing the columns plastically alreadyfind that the plastic load-shortening diagram is given by
at the inclination

0~2.8° @) P, AM

P
ivoti LyV1-[1—(u/L)]? ®)

The pivoting of the upper part must have started by an asymmet-

ric failure of the columns on one side of building, but already at which defines the curve plotted in Fig. 5. This curve is an opti-

this very small angle the dynamic horizontal reaction at the basemistic upper bound since, in reality, the plastic hinges develop

of the upper part must have reduced the vertical load capacity offracture(Bazant and Planas 1998and probably do so already at

the remaining columns of the critical floéeven if those were not  rather small rotations.

heated. That must have started the downward motion of the top

part of the South Tower, and afterwards its motion must have

become predominantly verticéfFig. 4). Hence, a vertical impact  Note Added in Proof

of the upper part onto the lower part must have been the dominant

mechanism. An addendum to this paper will be published in the March 2002
Finally, note that the horizontal reactiéf,., is proportionalto  jssue of theJournal of Engineering Mechanicén edited manu-
the weight of the pivoting part. Therefore, if a pivoting about the script containing the information in the addendum was received
center of some lower floor were consideréd,,, would be still by ASCE on October 13, 2001.

larger.
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DISCUSSIONS AND CLOSURES

. . " . duration of around 7-10 s. If the upper part of the South Tower
Discussion of “Why Did the World Trade has to pivot about its base, it should have happened during the

Center Collapse?—Simple Analysis” period of sway, by shifting the center of gravity away by several
by Zdene k P. Bazant and Yong Zhou feet, which is impossible.

January 2002, \Vol. 128, No. 1, pp. 2-6.
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The writers deserve commendation for their lucid analysis of the
World Trade Center collapse. The discusser would like to raise
the following points.

1. The writers have mentioned that the fracture of hinges at the Closure to “Why Did the World Trade
column connections must have caused_ the load capacity to dropCenter Collapse?—Simple Analysis”
dra_tstlcally. More of_ten in many tall bund_mgs the floor-to-floor by Zdene 'k P. Bazant and Yong Zhou
heights are not uniform and differ considerably at the bottom
floors and at certain few top floor levels. Because of the creepJanuary 2002, Vol. 128, No. 1, pp. 2—6.
buckling and differential shortening of the columns the connec- PO!: 10.106{ASCE0733-93992002128:12)
tions give away, as they cannot resist any secondary moments, . . 1 2
Hence, the hinge connections do not influence the failure of the Zd€nek P. Bazant, FASCE,” and Yong Zhou

: .
columns and the converse is not true. As such, there is no scope™McCormick School - Professor and W.P.  Murphy ~ Professor of
Civil Engineering and Materials Science, Northwestern Univ.,

for the formgtlon of a plastic meChanlsm' . 2145 Sheridan Rd., Evanston, IL60208. E-mail: z-bazant@
2. The discusser does not agree with the contention of the | uhwestern.edu

writers that the walls of the framed tube are pushed apart during2graduate Research Assistant, Northwestern Univ., Evanston, IL 60208.
the collapse. The structure being a tubular one, there is a complete

void near to the_center of grayity of the tower. Dur_ing collapse the grivakumar’s comments are thought provoking and deeply appre-
core columns will tend to fall inwardly and the perimeter columns  cjated. However, although his five points introduce interesting

also follow suit. Also, the upper part can partly wedge within the connotations, the writers cannot agree with his reservations and
emptied framed tube of the lower part, only when the upper floor gpjections, for the following reasons.

can fall as a single block. The core columns, floor trusses, and the 1|t is not true that “there is no scope for the formation of a

perimeter columns separate out at collapse and fall mostly aspiastic failure mechanism.” Even though the connection is prob-
individual U-nl'[S onto the lower floor and wedging is not possible. ab]y weaker than the column itself, its moment Capacity is not
3. The aircraft had hit the North Tower between the 90 and 96 zero, which means that the failing connection will not act as a

floors and the impact was an almost centered one. But, the Southinge but as a plastic hinger fracturing hingg Moreover, even
Tower was hit by an aircraft between the 75 and 84 floors and thef the connections are weaker than the columns, the plastic hinges
impact was an off-centered one affecting the corner portion of the will not necessarily form at the connections because the connec-
building heavily. The 78th floor of the South Tower had a sky tions might not in general lie at the locations that create the fail-
lobby and could have had a different structural arrangement, with yre mechanism with the lowest energy dissipation requirement.
a load capacity lower than that of the other floors. The off- 2. |t was not stated in the paper that “the walls of the framed
centered impact could have produced a torque, which might havetube are pushed apart during collapse.” What was stated in the
influenced the tilting of the upper part of the South Tower. It is paper is that one may consider thessibilitythat “the upper part
interesting to note that the destroyed floors of the North Tower by is partly wedged within the emptied framed tube of the lower
direct impact of the aircraft had no sky lobby floor. part, pushing the walls of the framed tube apaip’ 2. The

4. The columns in the floor that were directly hit by the aircraft writers cannot agree with the statement that the “wedging is not
lost their capacity to transmit and bear loads any further. Instead, possible.” This possibility cannot be excluded. But the point is
they hung onto the top floors and because of their enormous self-anyway extraneous. The wedging was not considered in the
weight exerted a pulling force on the floors above leading ulti- analysis because the stated aim was to prove that the towers must
mately to a pancake failure of the tower. This is evident in the have collapsed. For that purpose, the most optimistic assumptions
early failure of the South Tower where the number of floors, about the structure resistance had to be made, and the assumption
above the direct hit destroyed floors, is higher than the North of wedging would not be of that kind.
Tower. 3. While it is of course true that the off-center impact of air-

5. The bending rigidity indeXBRI) (Taranath 199B8of the craft into the South Tower must have “produced a torque,” this
towers is 33, implying a greater flexibility. After the impact of the torque could have affected only the initial vibrations of the tower
aircraft, the South Tower because of its flexibility swayed for a lasting less than a minute and could not have had any effect on
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the collapse which occurred much later. The tilting of the upper floors above.” They of course exert some force, but compared to
part observed during the collapse must have been caused byhe load from the upper part this force is negligible.
anoff-center hole in the building but not by the initially produced 5. The writers agree that the pivoting of the upper part of the

torque. South Tower about its base was not possible during the initial
4. It is dubious to say that “the columns in the floor that were period of swaying after the impact. But, what the analysis ad-
directly hit by the aircraft.” ... “hang on top of the floors and dressed was the question of pivoting during the collapse, which

because of their enormous self-weight exert a pulling force on the was shown to have little effect.
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