
This work is funded through the U.S. Air Force San Antonio Military Medical Center, Major Adam M. Willis M.D., principal investigator, under contract number 
F2MTW86106GW02. 

Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly 
owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA-0003525.
SAND2017-XXXX

In Silico Investigation of Fluid Cavitation as a Potential 
Damage Mechanism in Blast-Induced Traumatic Brain Injury

Candice F. Cooper, Chad B. Hovey, Paul A. Taylor

SAND2017-12150C



Acknowledgements

We would like to acknowledge the project PI, Major Adam Willis 
M.D., Ph.D., and project partners, Scott Miller Ph.D., Ricardo 

Mejia-Alverez Ph.D., and Michaelann Tartis, Ph.D.

2



Blast-Induced Traumatic Brain Injury
 Motivation

 Over 370,000 US military service members have been diagnosed with a 
first time traumatic brain injury since 2000 [1]. A significant portion of 
these may be attributed to non-penetrating, blast induced injuries.

 Identifying the damage mechanism, or mechanisms, which lead to blast-
induced traumatic brain injury (bTBI) allows for development of 
improved mitigation technologies. 

 Recent neuropathology studies have identified unique features of bTBI
injury [2].
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Unique Blast-Induced TBI Pathology

 Neuropathology studies have found astroglial scarring at intracranial 
interfaces including sub-pial, gray-white matter interface, perivascular, 
and periventricular regions [2]. 

 It is hypothesized that fluid cavitation may occur at intracranial interfaces 
consisting of two or more materials of differing mechanical impedance 
which may lead to tissue damage. 
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Computational Model and Methodology

 The computational test object is comprised of 5 explicit materials 
including the gray matter, white matter, intracranial fluid (cerebrospinal 
fluid/blood), blood vessel walls, and bone.

 Simulations conducted utilizing Sandia National Laboratories Eulerian 
shock wave physics code, CTH, with a computational mesh size of 1mm3.
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Material Representations

 Advanced equation-of-state (EOS) and constitutive models 
represent each individual test object material. 

 Tillotson-Brundage EOS captures the susceptibility of fluid 
cavitation under isotropic tension (tensile pressure)
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Material Component Volumetric Response Deviatoric 
Response

Density
(g/cc)

Bulk Modulus 
(MPa)

Shear Modulus

Bone Mie-Gruneisen EOS Von Mises 1.21 4672 3270 Mpa

Cerebrospinal 
fluid/Blood

Tillotson-Brundage EOS - 0.9998 1960 -

White Matter Tillotson-Brundage EOS Viscoelastic 1.04 2371 41 kPa-�0 , 

7.8 kPa-�∞, 
� = 40 s-1

Gray Matter Tillotson-Brundage EOS Viscoelastic 1.04 2371 34 kPa-�0 , 

6.4 kPa-�∞, 
� = 40 s-1



Simulations

 Frontal blast impact simulations conducted at 260 kPa, 150 
kPa, and 70 kPa overpressures to understand where 
cavitation is predicted to occur and to identify a lower 
overpressure threshold for cavitation prediction. 

 Lateral and posterior blast impact simulations conducted at 
260 kPa to understand the effects of blast direction on 
cavitation predictions. 
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Frontal Blast Simulations
 360kPa (260kPa over pressure) frontal blast impact
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The Vapor Fraction variable describes the fraction of each computational cell (cell size 1mm3) that has undergone a phase transformation to 
vapor (cavitation), a transient phenomenon. Maximum Vapor Fraction is the peak value of the vapor fraction variable, describing the greatest 
fraction of each computational cell that has transformed to vapor up to that point in time. 
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Frontal Blast Simulations
 250kPa (150kPa over pressure) frontal blast impact
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Frontal Blast Simulations
 170kPa (70kPa over pressure) frontal blast impact
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Frontal Blast Simulations
 260 kPa, 150 kPa, 70 kPa overpressure cavitation prediction 

comparison

 Greatest cavitation predicted at the skull-CSF-gray matter interfaces near the 
coup-contrecoup regions

 Cavitation predicted at fluid-tissue interfaces (e.g. perivascular and 
periventricular) at 260kPa, minimal at lower overpressures. 



Lateral Blast Simulation
 360kPa (260kPa over pressure) lateral blast impact
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Posterior Blast Simulation
 360kPa (260kPa over pressure) posterior blast impact
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Directional Blast Simulations
 360kPa (260kPa over pressure) frontal, lateral, and 

posterior blast impact cavitation prediction comparisons

LateralFrontal Posterior

 Similar cavitation predictions for frontal and posterior blast impact directions 
with greatest cavitation occurring near coup/contrecoup regions.

 Significant increase in cavitation predictions in lateral blast impact direction.



Conclusion
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 High fidelity simulation methods are advantageous in the 
analysis of  subtle wound injury mechanics, provide guidance 
in the design of field tests, and add valuable insight toward 
the interpretation of experimental results.  

 Cavitation appears to be somewhat dependent on blast 
direction. This is likely due to the influence of the skull 
geometry on the intracranial wave interactions. 

 Cavitation is predicted to occur near material interfaces such 
as the skull-CSF-gray matter interface, gray-white matter 
interface, perivascular, and periventricular interfaces which is 
in agreement with the unique neuropathology recently 
identified by Shively et al. 

cfcoope@sandia.gov



Current & Future Work
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 Collect and interpret recent blast-tube experiment results.

 Utilize experimental results to refine computational 
methodology and provide guidance for future experimental 
design.

 Explore coupled Lagrangian-Eulerian computational code 
methodology.

 Integrate information from M&S results and experimental 
results for better understanding of bTBI injury mechanisms 
and the development of improved mitigation techniques. 



Supplemental Slides
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Simulated Blast Pulse (Similar 
to classical Friedlander 

waveform)



Supplemental Slides
 360kPa (260kPa over pressure) frontal blast impact with 

greater mesh refinement

 Simulation not yet complete (1.82msec of 3.0msec) 

0.5mm3
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1mm3 mesh 
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New EOS for Shock-loaded Metastable Fluids

 Extend Tillotson EOS to capture 
tension and cavitation in fluids

 EOS fit to general form in 
compression, expansion, and 
tension
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