
 

 

Abstract: High-velocity impact on structures has 
been studied for over half century. Most of the 
earlier work concentrated on stiff structures 
impacted by aircraft as safety of nuclear power 
plants near airfields was the primary focus. 
Following the attacks on September 11, 2001, 
several studies on response of flexible structures 
impacted by aircraft commenced. At Purdue 
University extensive experimental and numerical 
simulation-based research projects have been 
carried out in the last 15 years to build an 
understanding of response of flexible structural 
elements (beams, walls) as well as building 
structural systems (beam-column-slab systems) 
under high-velocity fluid impact. It has been found 
that the behavior of simple structural elements 
under such loads can be estimated reasonably 
well using engineering expressions or calibrated 
simulation tools. However, in the case of building 
structural systems, with World Trade Center Tower 
I and the Pentagon building as the examples 
studied extensively, estimating the response to 
high-velocity fluid impact reliably remains elusive. 

 
Index Terms: fluid impact, high performance 

computing, high velocity, impact experiments, 
simulation, structural response 
 

1. INTRODUCTION 

 
ESPONSE of structures impacted by objects 
traveling at high speed has been studied for 

over half-century. Riera [22] proposed an 
approach to estimate the load on rigid planar 
elements, modeling the stiff containment shell 
structure of nuclear power plants, impacted by 
aircraft, modeled as an elastic-perfectly plastic 
solid, flying at high speed. Sugano et al. [24] 
reported results from a full-scale impact 
experiment in which a military aircraft (F4-
Phantom) impacted on a massive rigid target. 
Since the September 11, 2001 attacks where 
large civilian aircrafts (Boeing 757 and 767) were  
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crashed into buildings, various research groups 
have been studying the response of flexible 
targets (building structural elements or systems) 
impacted by aircraft flying at high-velocity. Here, 
experimental and numerical simulation based 
research on high-velocity fluid impact on flexible 
structures carried out at Purdue University over 
the last 15 years are summarized. Focus has 
been on the fluid-structure interaction as the 
massive amount of jet fuel present in commercial 
aircrafts is critical in the impact process (Fig. 1).   
 

 
Fig. 1. Distribution of the solid, jet fuel, and total mass along 

the length of Boeing 767-200ER numerical model used in 
World Trade Center-I impact simulations at Purdue Un. [4]. 

 

2. SIMULATION OF AIRCRAFT IMPACT ON 

PENTAGON AND WTC-I BUILDINGS 

2.1 Pentagon Building Simulation 

Following the September 11, 2001 attacks, 
researchers from Purdue University were involved 
first in forensic investigation [15] and then 
computational simulation of the impact loading 
and response of the Pentagon building [18]. LS-
DYNA [12] simulation platform which allows finite 
element (FE) representation for solid elements 
and smoothed particle hydrodynamics (SPH) for 
fluid element was used in the simulations (Figs. 2 
and 3).  

Output from the Pentagon simulation was 
processed and rendered into realistic 
visualizations of the impact and response process 
[3, 18, 19]. 
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Fig. 2. Simulation of Boeing 757 impacting the reinforced 

concrete columns in the Pentagon building [17]. 

 

 
Fig. 3. Finite elements for concrete column and SPH for fluid 

are used in LS-DYNA impact simulations [18]. 

2.2 World Trade Center-I (WTC-I) Building 
Simulation 

Extensive simulations of the response of WTC-
I to the Boeing 767 impact were carried out at to 
investigate possible mechanisms that resulted in 
the total collapse of the building. Top twenty 
stories of the 110-story building as well as the 
aircraft were modeled in detail. Model parameters 
were calibrated so that the simulation-based 
estimate of damage to the exterior of the WTC-I 
matched closely with the observed damage (Fig. 
4) [4,5]. Engineering simulation results were used 
to generate realistic visualizations of the impact 
and response [3,23]. 

Following the findings in an associated study at 
Purdue University on behavior of steel structural 
elements under thermal loads (fire) [13], the study 
focus was on estimating the damage to the 
structural system at the core of the building (Fig. 
5). It was found that the estimated number of 
damaged core steel columns were very sensitive 
to material failure strain value used in the model. 
Purdue simulations resulted in a best estimate of 
23 (out of 47) core columns having lost their 
ability to transfer loads from the portion of the 
building above the impacted floors. 

(c) Simple model

(b) Detailed model

(a) Observed

(c) Simple model

(b) Detailed model

(a) Observed

 
Fig.4.Observed and simulation-based estimated damage to 

the north (impacted) façade of WTC-I [2,5]. 

 
 

 
Fig. 5. Airplane and fuel penetrating the core region of the 

WTC-I in simulation [14].  

 
This amounted to about 1/3 loss in the load 

carrying capacity. Due to a factor of safety of 
about 3 [13], however, the core structural system 
was able to provide sufficient support immediately 
after the aircraft impact. The story with the worst 
column damage (with 18 columns destroyed) was 
the 95th story [5]. Estimates by other researchers 
for the number of damaged core columns vary 



 

between 7 and 21 [4, 6, 16, 17, 25], indicating 
presence of large uncertainty about the simulation 
results. Sophistication in analysis did not result in 
reduction in uncertainty. Using observations from 
the Pentagon building forensic investigation [15], 
through engineering reasoning it was postulated 
that the core columns in the impact zone had lost 
their thermal protection. Then, it did not matter 
whether or not the exposed columns had 
sustained structural damage; the core structural 
system would be prone to collapse once the 
temperature in the steel columns reached 600°C 
[14]. The decision process was a case of 
engineering reasoning overcoming irresolvable 
uncertainties [5]. 

Later, Brachmann [2] at Purdue University 
developed an approach for efficient modeling of 
high-velocity fluid solid impact, which cut the 
modeling time by up to two factors of magnitude 
and increased the increased the ratio of quality of 
results to labor required immensely. Brachmann 
compared his models and simulation results with 
data from Sugano F4-Phantom [2] test and from 
Purdue WTC-I simulations, and found the results 
to be satisfactory.  

Several other fluid-structural element impact 
simulations have been done at Purdue as part of 
experimental research. These simulations will be 
discussed below as necessary.   

3. LABORATORY EXPERIMENTS 

Different sets of experiments have been carried 
at the Robert L. and Terry L. Bowen Laboratory 
for Large-Scale Civil Engineering Research at 
Purdue University, first, to identify primary 
parameters in fluid-structure interaction during 
high-velocity fluid impact and, second, to gather 
data for calibration and test of numerical 
simulation software.    

During the first set of experiments, in 2007, 
Pujol carried out eight tests to develop a simple 
approach to estimate the energy transfer from 
impacting fluid to a stiff target [18]. Tests involved 
fluid filled cylinders (“missile”) impacting stiff steel 
plates (“target”) at speeds up to 90 m/s (320 
km/hr). The fluid mass amounted to 98% of the 
total mass of the missile. It was found that the 
kinetic energy acquired by the target was equal to 
the kinetic energy of missile scaled by the ratio of 
the mass of the impacting missile and the mass 
of the target when the target had much higher 
mass than the missile (ratio of approximately 1:40 
and 1:80 were considered). Brachmann [2] used 
these data to calibrate the LS-DYNA simulation 
parameters. Following these tests, responses of 
steel and concrete beams under high-velocity 
fluid impact were studied. 

In 2008, Krahn [9] did a series of experiments 
in which 140 cm long, 2.5 cm deep slender steel 
beams (target) were impacted by fluid-filled 

cylinders (missile) 5 cm in diameter. The missiles 
were similar to those used by Pujol earlier. 1.25 
cm and 1.90 cm wide beams were used to vary 
the missile-target contact area. Impact velocity 
range was between 74 m/s (265 km/hr) to 125 
m/s (450 km/hr). The goal was to develop a 
single-degree-of-freedom (SDOF) model 
subjected to impact load representation of the 
process to estimate the mid-span peak 
displacement in the beam [11].  The impact load 
could be estimated using the velocity of the 
missile, density of the fluid, the head-on contact 
area between the missile and the beam. Ignoring 
the loss of speed in the missile during the impact, 
Krahn estimated the loading duration and back-
calculated a coefficient (assumed to be constant) 
appearing in the load expression to vary between 
0.68 and 0.94, with mean value of 0.74 and 
standard deviation of 0.07 (i.e., coefficient of 
variation, COV=0.09). Separately, numerical 
simulations were performed on LS-DYNA to 
estimate the mid-span peak displacements. 
These ratio of the simulation-estimated and 
measured peak displacements had a mean of 
0.99 and a standard deviation of 0.07 (i.e., 
COV=0.07).  

Ardila-Giraldo [1] studied the initial response of 
beams to high-velocity fluid impact and blast 
loads. In his experiments, Ardila-Giraldo used 2.5 
cm deep prismatic beams, 20 to 30 cm long, with 
width ranging from 5 to 15 cm. The specimens 
had symmetric longitudinal reinforcement layout 
with 0.5% or 1% reinforcement ratio. 350 MPa 
and 830 MPa steel was used as longitudinal 
reinforcement. No transverse reinforcement was 
used. Fluid-filled cylinders, similar to those used 
by Pujol and Krahn, flying at speeds 47 m/s (170 
km/hr) to 147 m/s (530 km/hr) were used to 
impact the beams at mid-span. The focus of the 
investigation by Ardila-Giraldo was to explain how 
the mode of failure for a beam that fails in a 
ductile manner (flexural failure) under slowly 
applied load changes to a brittle one (shear 
failure) when load is applied rapidly. Ardila 
demonstrated that the switch to shear failure 
occurs when the shear demand exceeds the 
shear strength. Calculating the shear strength 
and the shear demand under dynamic conditions 
requires accounting for, for the former, the 
loading rate as the strength of the materials vary 
with strain rate, and for the latter, the deflected 
shape during the initial phase of response as both 
the applied load and the inertial force play a role 
in shear demand. He concluded that shear 
strength of the specimens increased by 50% 
during impact loading. 

Rezaei [21] did several additional experiments 
of high-velocity fluid impact on reinforced 
concrete beams. His test setup and parameters 
were similar to those of Ardila-Giraldo’s with the 



 

exception that Rezaei included transverse 
reinforcement in his beams to obtain a wider 
range of shear strength. Additionally, he 
compared SDOF model estimates with numerical 
simulation estimates (based on LS-DYNA) given 
by other researchers. He used field observations 
made in the Pentagon building following the 
September 11, 2001 attack as the testbed. 
Rezaei found that the ratio of the estimated and 
observed number of severely damaged columns 
in the Pentagon building varied between 1.2 and 
1.5 when SDOF models were used and between 
1.1 and 0.5 when sophisticated numerical 
simulations were used. He concluded that 
sophistication in analysis did not increase the 
accuracy of damage estimates in the Pentagon 
building.  

Korucu [7] tested 32 prismatic reinforced 
concrete beams under static and high-velocity 
fluid impact loads. The specimens were 50 cm 
long beams with rectangular cross-sections (2.5 
cm think with impacted face 5 cm wide) and hoop 
transverse reinforcement and beams with circular 
cross-sections (4 cm in diameter) and spiral 
transverse reinforcement. The fluid-filled cylinders 
were similar to those used in previous studies at 
Purdue University. The impact speed varied 
between 65 m/s (235 km/hr) and 208 m/s (750 
km/hr). Korucu studied the effect of beam shape 
and transverse reinforcement configuration on the 
impact resistance of beams. He found that spiral 
transverse reinforcement provided better 
confinement than hoop transverse reinforcement. 
Spirally reinforced circular cross-section beams 
performed better than hoop reinforced 
rectangular cross-section beams, especially at 
high velocities (Figs. 6 and 8). Korucu also found 
that transverse reinforcement (tie) spacing had 
major influence on the failure mechanism as 
densely installed ties confined core concrete 
better and increased the strength during impact 
loads. Additionally, Korucu did simulations on LS-
DYNA and tested the fidelity of the numerical 
simulations by comparing, first, the estimated 
failure mode with the observed one, and second, 
the estimated mid-span peak displacement to the 
observed one. The numerical simulations were 
successful in estimating the failure mode. In the 
case of mid-span peak displacement, for 
rectangular cross-section beams, the ratio of 
estimated to observed value varied between 0.25 
to 0.78, with a mean of 0.53 and standard 
deviation of 0.17 (i.e., COV=0.32). For the circular 
cross-section beams the ratio of estimated to 
observed mid-span peak displacement varied 
between 1.00 and 1.67, with a mean of 1.29 and 
standard deviation of 0.18 (i.e., COV=0.14). The 
inability to obtain from laboratory material tests all 
of the material properties required in simulations 
and the use of steel reinforcement material 

properties per manufacturer’s standards were 
suggested as the main sources for the 
discrepancy between simulation based 
displacement estimates and the observed ones.  

 

 
Fig. 6. A beam with rectangular cross-section and hoop 
transverse reinforcement (1.8% longitudinal and 0.6% 

transverse reinforcement  ratio) after it was impacted by 
water filled cylindrical missile at 106 m/s. Experimental result 

compared with numerical simulation estimate.  

 
Fig. 7. Beam with circular cross-section and spiral transverse 

reinforcement (1.8% longitudinal and 0.7% transverse 
reinforcement  ratio) after it was impacted by water filled 

cylindrical missile at 136 m/s. Test result is compared with 
estimate from numerical simulation.  

 
Korucu also carried out high-velocity fluid 

impact tests on concrete plates [8,9]. Concrete 
plates had mesh reinforcement and between 0% 
and 3% by volume polypropylene fibers. He 
observed the effect of fiber ratio on the impact 
resistance. Twenty tests on 25 cm by 25 cm 
square, 2.5 cm thick specimens were conducted. 
Steel mesh reinforcement (reinforcement ratio of 
0.43%) was used in the specimens. The 
polypropylene fiber ratios of 0%, 1%, 2%, and 
3%, in volume, were used to form four different 
batches of specimens. Korucu also estimated the 
velocity of fluid that would cause scabbing, 
perforation or total disintegration in a given plate 
and found that perforation speed increased from 
115 m/s (0% fiber ratio) to 135 m/s (1% fiber 
ratio) to 180 m/s (2% fiber ratio) before 
decreasing to 145 m/s (3% fiber ratio). He 
identified mesh reinforcement as very important 
for holding the overall integrity of the plates while 
polypropylene fibers preventing disintegration and 
spalling (i.e., reducing scabbing and formation of 
high-velocity projectiles on the back face). Korucu 
found that using numerical simulations, one could 
estimate the crack patterns in the impacted plates 
well. Using numerical simulation, he was able to 
estimate the planar dimensions of the scabbed 



 

area in the rear face of the plates within 10% of 
the observed ones [9, 10]. 

 

 
Fig. 8. Rear face of steel-mesh and 1% fiber-reinforced 

concrete plate impacted by fluid-filled cylinder traveling at 136 
m/s. The plate perforated and had scabbing. Simulation result 

for the rear face, showing the crack patter, is given. [10] 

 

 
Fig. 9. Rear face of steel-mesh and 2% fiber-reinforced 

concrete plate impacted by fluid-filled cylinder traveling at 167 
m/s. The plate sustained scabbing but did not perforate. 
Estimated crack pattern on the rear side is given. [10] 

4. CONCLUSION 

Over the last 15 years, numerous experimental 
and numerical simulation based investigations on 
high-velocity fluid impact on structures have been 
carried out at Purdue University. Always, the 
principle has been to use empirical data as much 
as possible, including calibrating the 
computational tools to the extent possible. Simple 
and efficient engineering expressions and 
representations were developed where possible. 
However, not in all cases empirical data were 
available and data from elsewhere along with 
engineering reasoning were used to make 
estimates or to overcome uncertainties. From the 
detailed study of the response of the Pentagon 
building and the World Trade Center Tower I on 
September 11, 2001, as well as studies on single 
structural elements subjected to fluid impact, the 
following conclusions can be reached: 1) 
sophistication in numerical simulation models do 
not necessarily reduce the uncertainties in 
simulation estimates; 2) efficient and simpler 
models that give results similar to those found 
using sophisticated models and analyses can be 
developed; and, 3) in certain cases, engineering 
reasoning could overcome uncertainties which 
are unavoidable. 
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