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Abstract

The roof line of the North Tower of the World Tra@enter is shown to
have been in constant downward acceleration urditappeared. A
downward acceleration of the falling upper bloclplies a downward net
force, which requires that the upward resistivedéowras less than the
weight of the block[Newton’s second law of motion says that a net
force acting on a body will cause it to accelerateThe net force and
the resulting acceleration will be in the same dirgtion. In this case,
since the measured acceleration is downward, the ti@rce is also
downward. Since the net force in this case is madg of gravity
(acting downward) and structural resistance (actingupward), the
upward resistance must be weaker than the gravitatinal force.
However the gravitational force on the upper blocks simply its

weight, so we conclude that the resistive force lisss than the weight



of the upper block.] Therefore the downward force exerted by the falling
block must also have been less than its we[tl@wton’s third law of
motion says that forces come in pairs. Two bodiesill always exert
equal but opposite forces on each other. Therefotbe downward
force of the upper block on the lower section of t building is equal

to the upward resistive force, which we have showis less than the
weight of the upper block.]Since the lower section of the building was
designed to support several times the weight otifhpeer block, the
reduced force exerted by the falling block was ffisient to crush the
lower section of the building. Therefore the fadlinlock could not have
acted as a "pile driver." The downward acceleratibthe upper block
can be understood as a consequence of, not the cguke

disintegration of the lower section of the building



Introduction

The destruction of the World Trade Center on Septrm1, 2001 was, by any assessment, a
momentous turning point in world affairs. More theight years after the event, the causes of the
collapses of the three largest World Trade Ceniédings (WTC 1, WTC 2, and WTC 7) remain hotly
contested despite official reports by governmeehages, first by FEMA then by NIST, attempting to
lay the matter to rest. A "9/11 Truth Movement" laaisen, including over 1000 architects and
engineers who are calling for a new investigatidme NIST investigators constructed an elaborate
computer model of the buildings which they usecthtmlel the airplane crashes, but strangely they did
not model the actual collapses of the Twin Tow&hey took their analysis only up to the point of
initiation of collapse, relying, as we shall seepn a much more simplistic model proposed by Zken

Bazint[4, 5, 6, 7], which concluded that once the qudlawas initiated, total collapse was inevitable.

What follows here is an analysis that follows threifying assumptions laid out by Bazt. Using
measurements and a level of analysis accessille ittroductory physics class, undergraduate
students have it within their power to evaluatedalequacy of the NIST-Baat model. Their physics

background, even at this stage, equips them feliggnt participation in a significant civic debat

The Pile Driver

The twin towers of the World Trade Center were g®d in a top-down manner. More particularly,
the section of the building from about thé"d®or upward to the roofline appeared to decowpié

accelerate downward through the loweirl68rs. The mechanism of this process has beenegba



both among those limiting their search to a striothitural explanation of the catastrophe (plane
impacts, fire, and gravity) and among those williogvaluate all possible explanations (includingrp
planted explosives). The destruction of a buildsg complex process, but simple physics applied to
the observed motion of the roofline can constraendhoices among proposed theories. We will focus
here on the details of the destruction of the Ndiver. It was the first building to be hit by ape

and the second building to fall on September 10,12G can be identified as the tower with the é&arg
antenna on its roof. The theory published by ThoWwa&agar and Christopher Musso in JOM in
December 2001,[1] and adopted by the Federal Emeygdanagement Agency (FEMA) study,
postulated that the floor connections broke du&égleading to a "pancaking” collapse of the flmo
This theory does not provide an explanation for Wie/core structure also failed, and it was repkcte
by the National Institute of Standards and TechgwIdNIST) study. Instead, the NIST report focuses

on column failure. On the FAQ page of NIST's websgite read:

NIST's findings do not support the "pancake theofyollapse, which is premised on a progressive
failure of the floor systems in the WTC towers. €ldomposite floor system, that connected the core
columns and the perimeter columns, consisted odssed grid of steel trusses integrated with a
concrete slab.) Instead, the NIST investigationctaed that the collapse was caused by sagging floo
trusses pulling on the south wall perimeter colurenssing them to bow inward and eventually fail.
This mechanism requires that the floor trusses eatéached to the perimeter columns, so pancaking

is ruled out.[2]

In NIST's view, fire caused a critical number ofeand perimeter columns to weaken and eventually

fail near the impact zone. The following is fromljp1 of their summary document, NIST NCSTAR 1.

Collapse Initiation



* The bowed south wall columns buckled and were ntabtarry the gravity loads.
Those loads shifted to the adjacent columns viapiaadrels, but those columns
quickly became overloaded as well. In rapid segegthgs instability spread all the

way to the east and west walls.

e The section of the building above the impact zovea( the 98th floor), acting as a

rigid block, tilted at least 8 degrees to the south

* The downward movement of this structural block wese than the damaged

structure could resist, and global collapse bef§n.

A series of papers by Zd&nBazint,[4, 5, 6, 7] with various co-authors, descrideathas become

known as the "pile-driver" hypothesis, which apgeaarhave been relied upon by the NIST
investigation. Baint describes a scenario in which the top assentlityecbuilding remains rigid as it
crushes the lower sections of the building intdotabOnly when the lower section has been crushed
into a compact debris pile does the top assembishcitself. This proposed process has become known
as "Crush-Down" followed by "Crush-Up." His claisithat once collapse is initiated, it becomes
inevitable. Using Baint's analysis as a rationale, the NIST report 8rg own investigation to the
events leading up to the "initiation" of collapsiiming that everything thereafter was inevitedohel
required no further investigation. NIST therebyesittps any consideration of what actually happened
during the collapse itself, including evidence tmaght bring the correctness of Bat's analysis into

doubt.



The Accelerating Destruction

The roofline of the North Tower appears to dropdamdy in what some observers loosely describe as
"free fall" or "near free fall." To measure thewatmotion of the roof line, a high quality copyaf
video by Etienne Sauret (similar to a version aldé on YouTube[8]) was used. The Sauret video
shows the North Tower's north face, which is idetile by the presence of the aircraft impact httle.

is a particularly good video for our purposes beeatishows a nearly level, nearly perpendiculavwvi
of the face of the tower taken from a distant steiry camera. A number of software packages allow
the placement of markers frame-by-frame on a vdigofor kinematic analysis[Kinematics is the
study of motion.] One such program is Tracker,[9] which is part & @pen Source Physics
project.[10] The frame rate of the Sauret videp,alvhich is the standard NTSC rate of 30,000 frames
per 1001 s, or approximately 29.97 fisames per secondlserves as the time base. The vertical scale
was calibrated by the floor spacings which, aparfthe sky lobby and the mechanical floors, are
known to be 12 ft 0 in apart.[11]The calibration process converts the distances dhe video,
measured in pixels, to distances in the real worldneasured in meters. A meter is 39.37 in, a

little more than 3 ft.] The vertical position of the roof line was markeegy six frames (0.2 s

intervals) and the data was exported to a spreatifbreanalysis. (See Table 1.)

Frame # T (sec) y (m) vy (m/s)
216 0.00 82.397
222 0.20 82.399 0.010
228 0.40 82.401 0.010
234 0.60 82.403 -0.562
240 0.80 82.176 -1.708
246 1.00 81.720 -2.665
252 1.20 81.110 -3.400
258 1.40 80.360 -4.520
264 1.60 79.302 -5.860
270 1.80 78.016 -7.165
276 2.00 76.436 -8.485
282 2.20 74.622 -10.005




288 2.40 72.434 -11.505
294 2.60 70.020 -12.648
300 2.80 67.375 -13.968
306 3.00 64.433 -15.285
312 3.20 61.261 -16.240
318 3.40 57.937 -17.358
324 3.60 54.318 -18.300
330 3.80 50.617 -19.443
336 4.00 46.541

Table 1: Video Measurement Data--Frame numbersatelievery 6th frame relative to
the start of the video clip. The frame rate oflteo is NTSC standard, 29.97 fps,
yielding a measurement interval of 0.20 s. The lp@sare the height of the roof line
relative to an arbitrary origin. Velocities are qmued by the symmetric difference

differentiation algorithm.

A graph of the height of the roof line vs. timed#iie 1) displays the characteristic shape of abodaa
indicating a downward acceleratidiihe graph in Figure 1 can be thought of as a picte of the
height of the roofline spread out over time. Thelepe of this kind of graph gives the velocity.
Note that the slope gets increasingly steep as dllfs, indicating the building is picking up speed,

or accelerating.]

The vertical component of velocity was computechgsi symmetric difference numerical

differentiation algorithm,

— Yo1 " Yo
v =2l ol 1
; oAt 1)

[Velocity is similar to the ordinary concept of sped. To compute the speed, you would measure



the distance traveled divided by the time it tooka travel that distance. To get the velocity for a
particular time in the table by this method, we cosider the prior position and the next position.
Subtracting gives the distance traveled in two timéntervals. We therefore divide by 2 times the
time interval to get the velocity. This is a standrd method for deriving velocity information

from position data.] A graph of velocity vs. time (Figure 2) shows neaiformity of the downward
acceleration from the 6th computed velocity pomivard. When the roof line begins to fall, it quigkl

transitions to nearly uniform downward acceleration

Height vs Time for Roofline of WTC1
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Figure 1: Graph of the height of the roof line (m@@d from an arbitrary origin) vs. time

at 0.2 second intervals. Note that once it begrfalt the path appears approximately

parabolic.



[If we graph the velocity vs. time, an object movig with constant acceleration will have a straight
line graph. This is because its velocity increasé&y equal amounts in equal intervals of time. The
slope of this kind of graph gives the acceleratiorwhich is the rate of change of velocity. In this
case the fact that the velocity vs. time graph iseentially a straight line indicates a constant

downward acceleration.]

Velocity vs Time for Roofline of WTC1
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Figure 2: Velocity is here plotted as a functiortiofe for the roof line of WTC1. The
regression lindi.e. the straight line that best fits the datajis computed for the 6th
computed velocity onward. The slope, in this coptiexthe acceleration: -6.31 risith
an R value of 0.997[Since acceleration tells how many m/s the velociipcreases
each second, the unit of acceleration is (m/s) psy abbreviated as m/s The

negative sign indicates downward acceleration. ThR? value is a measure of how



well the straight line fits the data; very well inthis case.]

Observations

For the current analysis we follow Bawt's simplifying assumptions [4, 5, 6, 7] by tregtthe upper
section of the building as a solid block with massThe only two relevant forces acting on the figjli
block are gravityrfg) and an upward normal forcH)(due to its interaction with the lower section of
the building.[‘Normal” in a mathematical context indicates “perpendicular.” The forces between
two surfaces perpendicular to the surfaces are cadl normal forces.]JApplying Newton's Second

Law and solving foN, we get

mg-N=ma (2)
[Newton’s second law can be writterFng=ma. The gravitational and normal forces combine to
form the net force on the left and the mass of thepper block and its acceleration are shown on
the right.]

SO

N =mg-ma 3)
[Turning Eq. 2 around algebraically we can determire the normal force: the force the lower
section of the building exerts on the upper block.]
Our data shows that from the sixth computed vefatdta point onward, the upper block is
accelerating uniformly (with an’Rralue of 0.997) a& = -6.31 m/$, or in other words, 64% of the

acceleration of gravity. For this valueaf



N =mg -0.64mg = 0.36ng (4)
Therefore the upward-acting normal force is 36%hefweight of the upper block, as illustrated in
Figure 3.[mg is the weight of the upper block. By plugging intie measured acceleration of the
roofline we can see that the normal force is 0.8@Q, or 36% of the weight of the upper block. We

don’t need to know the actual weight of the upper lock to make this calculation.]

A 0.36mg 0.36mg

0.36mg

a = 0.64g

mg

Figure 3: Consider the upper section of the bugdmbe a block of weight mg. Since the
acceleration of the block is measured to be dowdwtf.64g, the net force acting on it
must be 0.64mg. The gravitational force is mg,h&upward normal force must be
0.36mg. The upper and lower sections of the bujl@ixert equal but opposite forces on
each other, so the load on the lower section obthleling is 36% of the weight of the

upper block.



Explicitly invoking Newton's Third Law puts thisgelt in another lighfNewton’s third law of

motion says that forces come in pairs. Two bodiesill always exert equal but opposite forces on
each other.]Since the forces in the interaction are equalapubsite, the falling block exerts a force
of only 36% of its weight on the lower section lbétuilding. In other words, as long as the falling
block is accelerating downward we have the couintieiitive result that the force it exerts on thevéy
section of the building is significantly less th&nstatic weight. It is difficult to imagine howaipper
block exerting a force of only 36% of its staticigig could crush the larger, stronger, undamaged
lower section of the building to the ground, whiea building, at any level, was designed to support
several times the weight above it. Assuming a gdéattor of between 3 and 5 [12], the observed
acceleration implies that close to 90% of the gjtierof the lower section of the building must have
been eliminated by forces other than the suppagséal driver,” suggesting that some sort of con&oll

demolition was at work.

One might argue, in terms of the strength of thréous elements, that the impact of the falling kloc
might crush the lower section of the building (alilgh this assertion has been challenged [13])it but
cannot crush the lower block while it maintainsdésvnward acceleration. Prof. Graeme MacQueen
and Tony Szamboti have made a parallel observatmsed on a similar measurement, in their paper,
"The Missing Jolt: A Simple Refutation of the NISBazint Collapse Hypothesis."[14] They point out
that any increased force on the lower section @hihlding must be accompanied by a decrease in the
momentum of the falling blockMomentum is mass times velocitymv. The rate of change of
momentum is mass times the rate of change of velogior in other words ma. Since Newton’s
second law say$=ma, force can be thought of as a rate of change of m@ntum. If the falling

block exerts a force on the lower block greater thaits weight, the excess force must be coming

from a transfer of momentum.] The transfer of momentum (which implies a lossnoimentum for



the upper block) is what gives rise to the impulsepulse is the force times the time during which
the force acts. It can be shown that the impulse equal to the change in momentum.The falling
block can lose momentum only to the extent thdedelerates. It should therefore experience a'"jolt
[a loss of speed; i.e. an upward acceleratiomjhich we should be able to see in the video amalys
But from the fact that the upper block continuesitmve downward without deceleration, it is cleatth

there was no jolt despite the significant deforomabf the building in the first three seconds.

The fact that a downward accelerating block wouwlerea force less than its own weight on the target
block may be difficult to accept intuitively, butét is because our experience suggests the tdogét b
would resist the crushing blow. A rapidly movingimraer head driving a nail into a solid block of
wood typically exerts a force on the nail many tntiee weight of the hammer head. But that is true
only if the nalil resists the blow. The large fotbat drives the nail into the wood is matched ligrae
that simultaneously decelerates the hammer headhwhwhy multiple blows are typically required.
If, however, the nail is placed on a block of Stgieom it will not significantly resist the blow. Will be
driven into the block with very little force. Thaliing hammer head will meet so little resistaritat it
will be able to accelerate the whole time. In tasecof WTC1, the falling block acts like the hammer
head driving the nail into Styrofoam, but, chanding picture a little, it is the interface betweba

two blocks that is "soft." Something other than fildéng block (explosives?) must be destroying the
structural integrity of the interface zone so tihafffers only a small fraction of the resistante/as

designed to provide.

Some might object to oversimplifying the model guhis much. It has been argued that the crushed
material at the interface of destruction is acadtethe upper section so the mass of the falllogko
grows as it falls, producing an avalanche effebi.Jwould argue, from the fact that a major fraati

of the mass landed outside the footprint of thédmyg, that accretion was at most partial, butket



consider the effect of any such accretion. NewtBe'sond Law applied to a system of variable mass

can be stated

dp dpj
F +| — = — ’ 5
& ( dt jaccreted ( dt system ( )

wherep is momentum anée represents the net external force acting on teesy.

[Think of a collection of objects surrounded by anmaginary boundary as a “system.” The term
on the right represents the rate of change of moméwmm of the system. This change can be
brought about by external forces acting on the systm or by new material coming into the system
bring their own momentum with them.]

The accreted mass is initially at rest, so it lsing new momentum into the system:

dp _
(Ejaccreted -0 (6)

[In the current situation the accreted material, the crushed building materials at the interface
between the two sections of the building, is initlfy at rest, so it brings no new momentum into
the system.]

Since p=mv we can write[p, strange as it may seem, is the symbol for momemt

d
F@(t = (@j = (rn\/) = mﬂ +Vd_m . (7)
dt ) gem

[Here we are expanding the terms using the rules @@lculus.]

In our situation (letting the downward direction fiesitive),



Fm:m_N (8)

whereN is the normal force, as in our earlier analyseccﬁgnlzmg% as simply the acceleratioa,

[the rate of change of velocity is by definition tle acceleration]

we can write
(mg—N):ma+v@. (9)
dt
[Algebra: making some substitutions into Eq. 7 ]
Solving forN, we have
N =( —ma)—v‘jj—rt". (10)

[More algebra]

Note that this is the same as our previous reBugjt [3]) except the normal force is reduced even
. dm .
further, since both anda are positive.

[We are taking the downward direction to be positie. Since the velocity is in the positive
(downward) direction and the mass is increasingosthe rate of change of mass is positive, the

last term represents subtracting a positive number.Thus the normal force, taking accretion into
account is even less than when accretion is ignorégd

Therefore, perhaps counter-intuitively, any acaretaterial reduces the effectiveness of an assumed
pile driver. This result may become reasonablyiiivieionce one recognizes that the falling blocksinu

transfer some of its momentum to the accreted nealssng it up to speed.



Summary

The fact that the roof line of the upper sectiomhaf North Tower continued to accelerate downward
through the collision with the lower section of tha@lding indicates that the upper section coult no
have been acting as a pile driver. As long asdbélme was accelerating downward, the upper hlock
exerted a force less than its own static weighthenower section of the building. Any accretion of
material into the upper block would have actedramartial brake, reducing the force of interaction
even further. The undamaged lower section of thielibg was built to support several times the
weight of the material above it, but whether or wettake the safety factor into account, the reduce
force exerted by the falling mass could not havenb&hat caused the violent destruction of the
building seen in numerous videos. The persistetglacation of the top section of the building is
strong confirmation that some other source of gner@s used to remove the structure below it,

allowing the upper block to fall with little res#sice.

Having assumed the existence of an indestructélied block, with or without accretion, we have
demonstrated that, given the observed acceleratiar, a block could not possibly have destroyed the
lower section of the building. When we turn to theeo evidence we see that even the hypothesized
existence of a persistent upper block is a fictideos show that the section of the building abihee
plane impact point was the first section to diginée. It was significantly reduced in size priothe
onset of destruction of the lower section of théddaug. Once the roof line descends into the debris
cloud there is no further evidence even of its ic@d existence. Whether or not it was completely
destroyed early in the collapse is a moot point.N&& shown that even if it continued to existatta

it could not have played a significant role in thesstruction of the building. A small section of a

structure, consisting of a few floors, cannot oreswrush-down a significantly larger lower sectain



same structure by gravity alone.
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