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ABSTRACT 

 

As a result of the September 11, 2001 terrorist attacks against the Twin Towers at the World Trade 

Center in lower Manhattan, both towers suffered independent disproportionate collapse responses 

that resulted in significant loss of life and property. Under the mandate of Public Law 107-231, 

Congress tasked the National Institute of Standards and Technology (NIST) to perform an 

investigation under the National Construction Safety Team Act (NCSTAR), to establish the likely 

technical cause or causes for the building failure and recommend specific improvements to 

building standards, codes, and practices based on its findings.  However, NIST only performed a 

limited investigation and terminated their report at the anticipation of collapse initiation which 

precluded their ability to identify specific structural design issues that may have been responsible 

for the progressive collapses. This paper builds on data contained in the NIST reports and identifies 

a probable structural weakness in the tower design.   

 

INTRODUCTION 

 

This paper describes a probable structural weakness in the design of the Twin Towers 

hypothesized to explain the rapid destruction of these skyscrapers.  Given the limited amount of 

steel that was retained, it is not possible to analyze all the factors and mechanisms that 

contributed to the destruction of the Twin Towers.  However, enough samples have been retained 

and documented that, when combined with the tower’s design, supports a compelling hypothesis.  

As a starting point, this explanation adopts the initiation of progressive collapse hypothesized by 

Zdeněk P. Bažant and his coauthors due to its dominance within the ASCE technical literature. 

 

The hypothesis builds on the observations that the exterior perimeter columns appeared to 

experience simultaneous outward forces below the zone where the progressive collapse initiated. 

The staggered three-story-tall perimeter column design created a unique configuration that 

amplified outward forces onto the structure of the floor immediately below. These tensile forces 

resulted in the separation of the floor trusses from the core at its weakest point.  This weak point 

was where the floor trusses were bolted to the steel channels that surrounded the core. This 

process of tensioning each floor led to a resonance determined by 1) descent of the top block, 2) 

amplified leverage force, 3) failure of interior bolted connections, 4) exterior perimeter columns 

and office areas accelerated outward, and 5) repeat.  It appears that this process proceeded 

downward through most of the height of the towers that was not affected by heat stress. The floor 

truss connections to the exterior perimeter columns were more robust because of welds and other 

connections that were not present in the interior channel seat connections.  

 

Under NCSTAR, NIST was tasked with establishing the likely technical cause or causes of the 

building failure. However, Footnote 2 of the overview report states that the analysis did not 
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attempt to explain the actual destruction of the Twin Towers: “The focus of the Investigation was 

on the sequence of events from the instant of aircraft impact to the initiation of collapse for each 

tower.  For brevity in this report, this sequence is referred to as the ‘probable collapse sequence,’ 

although it does not actually include the structural behaviour of the tower after the conditions for 

collapse initiation were reached and collapse became inevitable. [Shyam-Sundar 2005]” The 

resulting recommendations regarding specific improvements to building standards, codes, and 

practices focused primarily on first responder access, evacuation and some fire protection. 

 

While no specific engineering calculations are presented in this paper, the development of a 

hypothesis underlying the mechanism for the observed cascading failure is an appropriate topic 

for a forensic engineering conference intended to answer the questions: What, Why, Who, and 

How Can We Prevent Failure? 

 

ADOPTION OF BAŽANT COLLAPSE INITIATION HYPOTHESIS 

 

Because the purpose of this paper is to discuss the failure of the core-channel floor-truss seat 

connections, the collapse initiation hypothesized by Zdeněk Bažant and his coauthors has been 

adopted for brevity and is summarized using quotes from two of his papers.  First, “The kinetic 

energy of the top part of the tower impacting the floor below was found to be about 8.4 x larger 

than the plastic energy absorption capability of the underlying story … [and this] was sufficient 

for Bažant and Zhou 2002a to conclude, purely on energy grounds, that the tower was doomed 

once the top part of the tower dropped through the height of one story [Bažant 2007].”  

Secondly, “… two important features of the WTC collapse should be noted: (1) at collapse 

initiation, the crush front formed across the whole width of tower and continued as such all the 

way down, which meant that during the entire collapse process, the motion of the crush front can 

be idealized as one-dimensional … [Le 2022].” Then, “The collapse of WTC towers is a very 

complex process involving numerous nonlinear and random phenomena with only fragmentary 

information, and so a direct and detailed numerical simulation is not feasible. [Le 2022]” and 

Finally, “Because of the shroud of dust and smoke, these histories can be identified from the 

videos of the collapsing WTC towers only for the first few seconds of collapse, and so little can 

be learned in this regard from that collapse. [Bažant 2007]” 

 

For the purposes of this paper, the key takeaways of this summary are that a collapse initiation 

event occurred at the beginning, whereby the entire office area and core structure encompassing 

the top 30 to 50 stories were destroyed.  However, after this initial destruction the core of both 

towers remained standing for some moments, thus suggesting the evolution of the mechanism of 

destruction into four symmetric crush fronts each operating independently along each of the 

cardinal direction of the Tower.  They then progressed in a manner consistent with the crush 

front described previously by Bažant et al. The resulting hypothesis is that a structural design 

weakness that was common to these four cardinal directions was present in both towers.   

 

RESONANT PROGRESSIVE COLLAPSE 

 

Assuming that the collapse initiation began as hypothesized by Bažant et al, where the top block 

begins the crush-down by descending inside the lower section due to catenary action of the 

sagging floor trusses, the structure may have behaved as shown in the following sequence of 
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illustrations.  Figure 1 shows the floor trusses for 8 floors in the preinitiation configuration with 

the exterior perimeter columns shown on the left and a partial representation of the core on the 

right side. The upper floors that will descend are shown in blue while the lower section that will 

be crushed is shown in green and yellow.  Each floor-truss is shown as an upper and lower chord 

with an open web design where the web strut extends from the lower chord, through the upper 

chord and into the concrete slab to create a knuckle that ties the truss to the concrete, thus 

performing the function of shear studs.   
  
Figure 2 shows that once the initiation began, the perimeter columns in the lower section were 

pushed opened as the descending section, foreshortened due to catenary action of the sagging 

floor trusses, began settling inside. Also, the greater structural integrity of the core would have 

allowed the exterior to descend slightly faster than the interior thus creating a rhomboid shape 

ensuring the top would remain inside, thus creating outward forces in all four cardinal directions. 

This paper defers the explanation of the symmetric crush front initiation to Bažant et al. 

 

 
Figure 1:  Schematic of an 8-floor section 

showing the exterior perimeter columns and 

interior core. 

 
Figure 2: Initial stage showing the opening up 

of exterior perimeter columns and the 

descending block in compression. 

 

The exterior perimeter columns would act like levers and place the floor below in a state of 

tension.  For a force of 1x exerted at the top of a three-story perimeter column from the inside, 

the force would be amplified by a factor of 6x at floor truss “c.” This would then exert an 

outward force to pull the office areas outward and away from the core as shown by blue arrows.  

Because the knuckles will distribute the forces throughout the concrete slab and share the mid-

span stress on the floor-truss chords, the most stressed areas would be at either end. These 

connections at either end would then be the most vulnerable to these tensile forces.   

 

Unlike the concrete in the tensioned floor below, the concrete in the upper descending floors 

would be in compression and thus would be more likely to resist deformation and retain the 

shape shown in the following illustrations throughout the crush-down phase. 

 

Figure 3 shows a further progression of the top block descending into the lower floors.  The blue 

arrow in Figure 3 shows the interior floor-truss seat separating from the core structure at 
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connection “A.”  The floor-truss and office areas would then be accelerated toward the exterior.  

Figure 4 shows the continuing progressive collapse with the increased angle of descent of the 

upper block that adds to the leveraging effect. The interior floor-truss seat is shown separating 

from the core at “B” which allows this floor to be also accelerated toward the exterior. The angle 

shown is 22 degrees, which is the maximum observed tilt of the top block of the South Tower.  

This configuration is of particular interest because of the significant observed horizontal velocity 

imparted to a large section of the east face as a result of this mechanism.   

 

To be consistent with Bažant et al, the descending top block is assumed to remain intact during 

the entire crush-down phase even though entanglement is shown in these figures between the 

descending upper floors and the crushed lower floors that are being cleaved away from the core.     

 

 
Figure 3: The interior floor-truss seat at 

connection “A” separates from the core 

structure and is accelerated outward.  

 
Figure 4: As the top block descends, tension 

from the leveraging of the exterior perimeter 

columns causes connection “B” to separate. 

 

Figure 5 shows the continued descent of the top block into the lower floors.  Two mechanical 

phenomena can be observed from this motion.  First, this hypothesized mechanism would create 

predominately horizontal forces that would either shear the seat-truss bolts or pull the upper 

chord until the steel separates due to necking and ductile fracturing. Both failure modes are 

documented in the interior seat trusses.  None of the interior core-channel seats in the crush-

down zone are documented to be bent downward.  By contrast, the truss seats of the exterior 

perimeter columns do show downward bending which is consistent with the mechanism 

illustrated in Figure 4 and Figure 5.  While less pronounced, floor-truss seats of the exterior 

perimeter columns in the upper block tend to show upward bends. 

 

The mechanics described in Figures 1 to 5 are hypothesized to explain the near constant rate of 

destruction that was observed because the mass of the crushed floors is accelerated outward and 

debris does not accumulate to then increase the overburden of the descending mass. Therefore, 

the rate of descent would be relatively independent of which floor is being cleaved away.  Figure 

6 shows the symmetric guillotining effect in two of the four cardinal directions of the tower.  The 

symmetry where the upper descending floor trusses and concrete floors are in compression is 

strongly suggested from the symmetric crush-down mechanism proposed by Bažant et al.  
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While referring to this mechanism as “guillotining the floors away” may not be technically 

accurate, the description is evocative of the observed cleaving of the floors away from the core 

of the towers.  It is assumed that after the top 30 to 40 stories, the crush-down effect could have 

separated into independent crush-down fronts proceeding along each cardinal direction.  This 

would have allowed the office area to be cleaved and accelerated away allowing the core to 

remain upright for a significant number of floors. Thus explaining why the core columns of both 

the towers remained visible for some time after the office areas were accelerated away. 

   

 
Figure 5: As the top block descends, tension 

from the leveraging of the exterior perimeter 

columns causes connection “C” to separate, 

 
Figure 6: Side view showing approximate 

symmetry in two of the cardinal directions on 

opposite sides.  

 

The accelerated external perimeter columns and office areas resulted in a symmetric debris field 

with the largest concentration of debris located in the four cardinal directions, as described in the 

2002 FEMA report [Corley 2002].  This supports the presence of four independent crush-down 

zones in each tower that can be assumed to have been symmetric and created by this mechanism. 

 

As shown in Figure 7, an outer circle indicates the approximate radius of aluminum cladding and 

other lighter debris.  An inner circle around each tower indicates the approximate radius of 

exterior steel columns and heavy debris.  The hash-marked areas around the four cardinal 

directions indicate the predominant locations of exterior steel columns – which is consistent with 

the acceleration of exterior perimeter columns away from the core, as shown in Figures 1 to 5. 

 

FLOOR-TRUSS DESIGN 

 

Central to the progressive collapse mechanism is the design of the floor-truss connections and 

the limited number of these potentially vulnerable connections.  Figure 8 shows the points of 

intersection of the floor-trusses to the core along the perimeter at the core-channel.  Each seat is 

secured with only two 5/8-inch bolts. The short side of the core has 14 floor-truss seats (28 5/8-

inch bolts per side per floor), while the long side of the core has 20 interior seat trusses (40 5/8-

inch bolts per side per floor). On the long side, the floor trusses also extend on either side of the 

core and a transfer truss has an additional five floor-truss seats each.   
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Figure 7: FEMA documentation of the 

epicenter of destruction of each tower and 

direction of materials. [Corley 2002)] 

 
Figure 8: Floor -truss connections [Lew 2005 

(NIST NCSTAR 1-1)] 

 
Figure 9: Floor-truss connections to perimeter 

columns (left) and core-channel (right). 

[Gross 2005 (NIST NCSTAR 1-6)] 

 
Figure 10: Perimeter connection to floor-truss 

showing viscoelastic damper. [Shyam-Sunder 

2005 (NIST NCSTAR 1)] 

 

 

Figure 9 shows the floor-truss connections between the exterior perimeter columns on the left 

and the interior core-channel on the right (e.g., to the core column). Historical photographs of the 

construction show the locations of these interior core-channel seats on a piece of core-channel 

steel [see example at ref. PhotoUnknown1]. Table 5-5 of NCSTAR 1-6C [Zarghamee 2005] 

shows the capacity of the interior seat to horizontal tensile forces to be approximately 44 kip. 

 

While the connection of the floor-truss to the interior core-channel consisted of only two bolts, 

the connection to the outer perimeter columns was more substantial.  As shown in Figure 10 in 

addition to two 5/8-inch bolts, there was a gusset plate that was welded between the exterior 

perimeter column and the upper chord of the truss.  Additionally, there was a viscoelastic damper 

that connected the lower chord of the truss to the perimeter column. Finally, there were also two 

diagonal straps per truss that were welded to the left and the right side at about a 45-degree angle 

to provide additional horizontal/lateral stability.  These straps were identified in Figure 8. 
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REVIEW OF STEEL DEBRIS 

 

A review of the steel pieces that were preserved and analyzed show evidence that the channel-to-

floor-truss connections failure was due to horizontal forces – not vertical forces.  Figure 11 and 

Figure 12 show post-collapse channel-to-floor-truss connections.  Excepting deformations at the 

unprotected corners, these samples show relatively intact seats with no significant downward 

bends that would suggest downward forces during the collapse.  Figure 12 shows the three seats 

on the sample marked C-118.  The seat image “a” shows a horizontal rip of the bolt-hole in the 

seat with no evidence of a vertical component to the destructive force. The seat image “c” shows 

one bolted connection with a straight stub of a floor-truss chord (e.g., no bent lip) still attached.  

This suggests tensile forces operating in horizontal directions.   

 

 
Figure 11: Truss seats do not exhibit the 

downward bending. [Banovic 2005 (NIST 

NCSTAR 1-3C)] 

 

 
Figure 12: Truss seat connections on channel 

steel piece identified as NIST C-118, 

currently located at River Front Peace Park in 

Appleton, Newfoundland. [Banovic 2005 

(NIST NCSTAR 1-3C Appendices A-G)] 

 

 

According to the hypothesis, the connections between the floor trusses and exterior columns 

remained intact as the perimeter columns and floor assemblies accelerated outward.  As shown in 

Figure 4 and Figure 5, this would have resulted in forces that would bend the seats, gusset plates 

and other connections downward in the crush-down zone.  In the top block, the bends may tend 

to be upward as interior ends of the floor trusses encounter dragging resistance along the interior. 

“Damage to the truss seats on perimeter panels differed above and below the impact zone.  The 

majority of perimeter panel floor-truss connectors (perimeter seats) below the impact floors were 

either missing or bent downward.  Above this level, the failure modes were more randomly 

distributed.  This trend was observed for both towers. [Banovic 2005 1-3C p. xlvii]” 

 

Figure 13 shows the resulting connections from a 94th floor sample of the North Tower where 

the welded gusset plate is bent upwards. Figure 14 shows the resulting connections from a 91st 

floor sample in the South Tower where the welded gusset plate remains, but is bent upwards. 

Figure 15 shows the resulting connections from a sample taken from the crush-down zone of the 

North Tower where the seat remains with both bolt-holes intact – and is shown bent downward. 

Figure 16 shows the resulting connections from a sample taken from the crush-down zone of the 

South Tower where the gusset plate remains – and is bent downward. 

 



Preprint 
 

 – 8 –   

 
Figure 13: A perimeter column floor-truss 

connection indicates upward forces that bend 

the seat upward [Banovic 2005 (NIST 

NCSTAR 1-3C Appendices A-G)] 

 
Figure 14: A perimeter column to floor-truss 

connection indicates upward acting forces that 

bent the seat upward [Banovic 2005 (NIST 

NCSTAR 1-3C Appendices A-G)] 

 
Figure 15: A perimeter column floor-truss 

connection indicates forces bent the gusset 

plate and seat downward. [Banovic 2005 

(NIST NCSTAR 1-3C Appendices A-G)] 

 
Figure 16: A perimeter column floor-truss 

connection from floor 71 of the South Tower 

indicates downward bend. [Banovic 2005 

(NIST NCSTAR 1-3C Appendices A-G)] 

 

 

DOCUMENTATION OF THE CLEAVAGE IN PHOTOS AND VIDEOS 

 

This section will describe some observations that support the guillotining mechanism, where the 

interior floor-truss seats were cleaved from the core and accelerated outward. The most 

spectacular example of this guillotining is associated with the east face of the South Tower.  The 

observed cleaved area is comprised of nearly the entire width of the exterior perimeter column 

wall that was located under the top block as it tipped to an angle of approximately 22 degrees at 

the initiation of destruction.   

 

Figure 17 (left) shows floors 75 to 89 of the east face of the South Tower with floors 77 to 82 

highlighted. The video “Skidmore, Owens & Merrill – from Dean Reviere” [Skidmore 2001] 

captures these highlighted columns emerging from the fire smoke in an upright orientation as 

shown on the right.  Seven columns are identified in both the left and right sides of the figure by 

a corresponding number from 1 to 7.  This sheet of columns was cleaved as a mostly cohesive 

entity and photographs show that this large section extended approximately a dozen or more 

floors in height, as seen in photos by Mark Stetler and Caroline Knopf [Stetler 2001] and Noe 
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Dewitt & Carrie Hunt [Dewitt 2001].  In photos of the descent of the east face, these perimeter 

columns are shown to be in a relatively upright orientation after being cleaved away. 

 

In a video by Ono DeJong [DeJong 2001], the top of this same large sheet of perimeter columns 

from the east face is seen emerging from the fire smoke nearly 200 feet from the side of the 

tower where it originated.  The upper part of the columns remains visible for approximately 1.33 

seconds which allowed its horizontal and vertical trajectory to be estimated with reasonable 

accuracy.  Figure 18 shows five data points from this video that allowed both the horizontal 

velocity and vertical acceleration to be quantified.  During this time interval, the horizontal 

velocity is estimated at 90 ft/sec and its vertical acceleration is estimated at approximately 30 

ft/sec/sec – consistent with the section having been cleaved and accelerated away from the core 

while falling in a mostly vertical orientation at approximately 1g (nominally 32 ft/sec/sec). 

 

 
Figure 17: Cleaved perimeter columns 

emerging from dust cloud can only be 

explained by the cleavage of the floor-truss to 

core-channel and outward acceleration of the 

office areas. [Modified based on Shyam-

Sundar 2005 (left) and author (right)] 

 
Figure 18: Observed trajectory of the top of 

cleaved perimeter columns from the Ono 

DeJong video with position marked at steps 

of 1/30th of a second. 

 

In the video, “Skidmore, Owens & Merrill – from Dean Reviere,” [Skidmore 2001] there is also 

a few seconds of the video which shows the remaining core of the South Tower after the office 

area had been cleaved away.  While the video is not clear enough to see the core-channels to 

floor-truss seats in any detail, the core is clearly seen standing after the perimeter columns and 

office areas had been accelerated away.  There do not seem to be any floor trusses dangling that 

are still attached to their seats.  A photograph taken by Aman Zafar from the New Jersey side 

[Zafar 2001] documents the standing South Tower core after the office area was cleaved away. 

 

The North Tower has similar evidence for the cleavage of the office areas at the floor-truss to 

core-channel seats.  The aerial photographs of NYPD Detective Greg Semendinger 

[Semendinger 2001] show the cleavage of the exterior perimeter columns and office areas away 

from the core in the four cardinal directions.  Although the actual guillotining of the floor-truss 

to core-channel seats is obscured by the fire smoke, the effect can be seen by the indentations 

along the four cardinal directions. While Semendinger’s aerial views are compelling, many 

photographs show the core remaining for a few minutes after the office area was cleaved away, 

without floor trusses bent and hanging from their interior seats.  This strongly supports the 

horizontal cleavage of the tower at the weaker interior floor-truss to core-channel seats. Images 

of the standing core do not suggest floor-truss chords hanging from the structure [Bartlett 2001]. 
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BUILDING STANDARDS, CODES, AND PRACTICES 

 

Under the mandate of NCSTAR, Congress tasked NIST with performing investigations to 

improve the safety and structural integrity of buildings in the United States.  While the initiating 

attack was very dramatic, NIST’s limited investigation precluded identification of specific 

structural design issues that may have been responsible for the disproportionate collapse 

response that resulted in significant loss of life and property. After their investigation was 

completed, NIST published 30 recommendations that are broadly classified as follows:  

 

• Recommendation 1 addresses a need to better understand progressive collapse 

• Recommendations 2 and 3 address wind and sway issues;  

• Recommendations 4 to 11 address fire insulation and related fire performance 

• Recommendations 12 to 30 address first responders and evacuation  

 

As shown in the August 2011 Status of NIST's Recommendations Following the Federal 

Building and Fire Investigation of the World Trade Center Disaster [NIST 2011] only 

Recommendation 1 addressed the issue of progressive collapse through the area of the building 

not affected by thermal weakening. It recommended, generically, further study.  

 

Absent from the NCSTAR reports were clues about how changes to building standards, codes, 

and practices might have prevented the observed progressive collapse.  This is especially 

significant in the floors that were not affected by fire and thus the recommendations that address 

fire insulation and related performance do not apply.  

 

There were no findings to support the key Congressional mandate of “recommend, as necessary, 

specific improvements to building standards, codes, and practices, [Shyam-Sundar 2005]” except 

where improved fire ratings might have delayed the collapse initiation. None of the 

recommendations address the most spectacular characteristic, which was the progressive collapse 

of the 80 or 90 stories beneath the collapse initiation zone which were free of fire and heat stress. 

 

CONCLUSION 

 

As a result of the September 11, 2001 terrorist attacks against the Twin Towers at the World 

Trade Center in lower Manhattan, both towers suffered independent disproportionate collapse 

responses that resulted in significant loss of life and property.  Due to their nearly identical 

design and construction, a common flaw should be identifiable to enable improvement of 

building codes and standards to avoid latent problems in existing buildings and potential 

problems in future structures. This paper identifies such a structural design issue that may affect 

building standards, codes, and practices.  It is hoped that this paper, proves useful in the quest to 

better understand disproportionate collapse response.    
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