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After the unprecedented events of Septem-
ber 11, 2001, questions were raised about the 
safety of tall steel buildings during fire. The 
National Institute of Standards and Technol-
ogy (NIST) embarked on a comprehensive 
study to reconstruct the collapse of the tow-
ers and to determine, among other goals, how 
did the aircraft impacts and subsequent fires 
contribute to their collapse, and are there parts 
of current building and fire codes or practice 
standards that warrant revision?  
NIST retained Simpson Gumpertz & Heger 

Inc. (SGH) to develop computer models that 
would simulate the structural response of the 
towers to aircraft impact and subsequent fires. 
Several existing studies, conducted by NIST 
and its consultants, provided input for the 
SGH study, including aircraft impact analy-
sis, fire dynamics and heat transfer models.  
NIST also conducted tests on structural steel 
recovered from the WTC site to determine 
its mechanical and metallurgical proper-
ties including temperature-dependent ther-
mal expansion, modulus, plastic flow, and  
creep properties.  

SGH first developed models of components, 
connections, and subsystems of the WTC 
towers and studied their structural response to 
the fire-induced temperatures over time. Using 
the results of such studies, SGH then developed 
computationally efficient global models of the 
towers and performed FE analyses from initial 
impact through the collapse of each tower.  

Innovative Aspects of Modeling
To accurately model the towers’ collapse 

and to represent the post-failure response of 
the towers while maintaining computational 
efficiency of the FE models, SGH developed 
temperature-dependent “break elements.” 
These elements allow numerical modeling of 
failure of components and connections during 
the computation process, and load redistribu-
tion pursuant to the failure of the member of 
those components and connections.  Break el-
ements proved to be a useful tool for capturing 
ultimate strength of steel, plastic buckling of 
truss web diagonal members, loss of truss end 

support, column splice failure, and spandrel 
splice failure in the subsystem analyses.
SGH also implemented temperature-depen-

dent, nonlinear material properties including 
plasticity, thermal expansion, and creep in 
the FE models. The use of temperature–de-
pendent coefficients of thermal expansion, 
modulus, and yield strength for steel had been 
tried before in analysis of structures subjected 
to fire, but the use of temperature-dependent 
creep models for steel was unprecedented.  

Progressive Failure of Towers  
in Fire

In absence of fire, gravity loads in the struc-
tural members of a tower are influenced only 
by construction sequence. The aircraft impact 
damage and the high temperature caused by 
fire, especially in excess of 400 deg C, results 
in (1) redistribution of the loads among struc-
tural members (e.g., fire-induced thermal ex-
pansion, and dimensional changes due soften-
ing, plasticity, and creep), and (2) weakening 
of members and subsystems due to reduction 
of material strengths and of moduli that leads 
to buckling instability. In a well-designed 
structure with many redundancies, significant 
load redistribution takes place as the capacities 
are exceeded and excessive deformations result 
in load redistribution and progressive failure 
of new members.  

Method of Approach
There were two main challenges: the creation 

of computationally-efficient FE models for 
subsystem and global analyses, and the need to 
reduce the margin of error caused by cognitive 
uncertainties. SGH began investigating the 
performance of connections and components 
in fire with smaller, extremely detailed mod-
els, capturing all failure modes and associated 
nonlinearities, followed by subsystem models 
(full floors and parts of exterior walls) and fi-
nally, global models. With progressively larger 
pieces of the towers’ structures modeled, SGH 
reduced the level of structural details included 
in the FE models without compromising the 

Computer Modeling Of Collapse of World 
Trade Center Towers 
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Figure 1- Calculated sagging of a main roof truss subjected to a 700 deg C fire.  Failure of connections,  
welds, knuckles that provide shear connection between the truss and concrete floor slab was modeled with  
“break elements.” 
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ability of the model to capture, with numeri-
cal efficiency, the important failure modes and 
collapse sequences.  
Global analyses of the WTC towers were 

also guided by observations from the photos 
and videos taken during the collapse process. 
During the analysis of temperature time his-
tories, the observed damages were employed 
to correct the model at different times. This 
approach reduced the error margin due to 
epistemic uncertainties in modeling and load 
estimation, and increased the accuracy of  
the results.

Sequence of Collapse of Towers
The finite element models demonstrated: 
• floor sagging caused by the failure of  

  thermally-weakened truss members,  
  which caused pulling in of the exterior  
  wall, and in some cases, disconnections; 

• weakening of the core due to aircraft  
  impact damage or severely damaged  
  columns, and fire-induced temperature  
  effects where thermal insulation was  
  damaged; 

• bowing and buckling of the exterior walls  
  caused by the pull-in forces from the  
  sagged floors; and 

• continual redistribution of gravity loads  
  among the columns, both locally among  
  the exterior wall columns and globally  
  between the exterior walls and the core  
  until the collapse was initiated.  

This study showed that the combined effects 
of the aircraft impact damage to the structure 
and fire-proofing insulation, and the subse-
quent intense fires, caused the tower collapses. 
SGH concluded that the impact damage to 
the structure alone did not cause the collapse, 
as each tower stood for a period of time after 
impact, but collapsed after fire weakened the 
cores, floor systems, and exterior walls.  
Moreover, this study demonstrated the 

critical importance of fire-proofing insulation.  
The dynamics of the fires did not allow the 
temperatures of heavier steel members with 
fire-proofing to exceed about 400°C, and 
thermal weakening and creep effects become 
significant.   In the absence of impact damage, 
there would have been no fire-proofing 
damage.  Without damage to the fire-proofing, 
the core columns and the exterior wall would 
not have been significantly weakened, the 
floors would not have sagged significantly, and 
the likelihood of the exterior wall buckling 
would have been small.▪ 

Figure 2 – Deformed shape of a floor in WTC1.  Note the excessive sagging of the floor and disconnection of the 
floor trusses from the exterior wall on the South side, opposite the aircraft impact face.

Figure 3 – FEM of WTC2 above the impact zone.  Note aircraft impact damage on South wall and buckling 
of the east wall just before the collapse.  Load redistribution between the core columns and the exterior walls 
kept the structure stable.  Collapse occurred when the core columns weakened by impact and fire, South wall 
weakened by aircraft impact and East wall weakened by buckling as they reached their capacities.  The tower 
hence tilted toward Southeast corner as it started to collapse.
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