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Preface

MCEER is a national center of  excellence dedicated to the discovery and development of  new knowl-
edge, tools and technologies that equip communities to become more disaster resilient in the face of  
earthquakes and other extreme events. MCEER accomplishes this through a system of  multidisciplinary, 
multi-hazard research, in tandem with complimentary education and outreach initiatives. 

Headquartered at the University at Buffalo, The State University of  New York, MCEER was originally 
established by the National Science Foundation in 1986, as the fi rst National Center for Earthquake 
Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center for Earth-
quake Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of  researchers and industry partners from numerous disciplines and institutions 
throughout the United States, MCEER’s mission has expanded from its original focus on earthquake 
engineering to one which addresses the technical and socio-economic impacts of  a variety of  hazards, 
both natural and man-made, on critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science Foundation, 
Federal Highway Administration, National Institute of  Standards and Technology, Department of  
Homeland Security/Federal Emergency Management Agency, and the State of  New York, other state 
governments, academic institutions, foreign governments and private industry.  

The overarching goal of  the research described in this report is to characterize the effects of  detonations 
of  high explosives, inside and in the immediate vicinity of  the fi reball. A computational fl uid dynamics 
code is verifi ed in 1D and validated in 2D for air blast calculations. The code is used to develop rec-
ommendations for modeling the effects of  explosions in the near fi eld, to generate new design charts 
appropriate for near-fi eld air-blast calculations, and to update design charts for refl ection coeffi cients 
for peak overpressure and for scaled impulse as a function of  angle of  incidence. Recommendations 
are provided for calculating values of  erosion strain for fi nite element analysis of  reinforced concrete 
components subjected to near-fi eld air-blast loadings. 
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ABSTRACT 

The effects of detonations of high explosives are the focus of this report. Analyses are performed 

using computational fluid dynamics (CFD) and finite element codes, theoretical formulations and 

empirical data.  

The effects of detonations of high explosives are characterized in terms of incident and reflected 

overpressures and impulses. Calculations are performed to verify and validate a CFD code in 1D 

and 2D; estimate blast effects using 1D models; predict incident overpressures and impulses; 

provide guidance on the use of reflecting and transmitting boundaries in 2D and 3D models, and 

provide recommendations on cell size for CFD analysis. The complex wave field in the Mach 

stem region is studied.  

Air-blast parameters, including incident and reflected peak overpressures and impulses, and 

shock-front arrival times, are typically estimated for protective design using charts developed by 

Kingery and Bulmash. The charts underpredict incident and normally reflected peak 

overpressures and incident impulse near the face of the charge. Numerical analyses of 

detonations of spherical charges of TNT in free air are performed to understand the shortcomings 

of current approaches and to provide data for the development of new equations and design 

charts for incident and normally reflected overpressures and impulses and for shock-front arrival 

time.  

Reflection coefficients are often used to transform incident to reflected peak overpressures for 

varying angles of incidence. Values for the reflection coefficient are available in textbooks and 

technical manuals but these values vary by document, especially in the region of Mach reflection. 

Numerical studies are presented to resolve differences between the documents. The 

corresponding reflected scaled impulses are also evaluated. Recommendations for design 

practice are provided.  

Material erosion is often used for simulations of extreme damage to structural components, and 

elements are eroded from a finite element mesh based on user-specified criteria. Single element 

simulations of concrete are performed to establish reliable values of concrete erosion strain as a 
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function of strain rate, compressive strength, element size and loading condition. Numerical 

simulations of a sample reinforced concrete column subjected to blast loadings are undertaken to 

demonstrate the utility of the proposed erosion criteria and to characterize, for a single case, the 

importance of concrete compressive strength, transverse reinforcement, and axial load on 

estimations of damage.  
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  SECTION 1

BLAST ANALYSIS OF STRUCTURES 

1.1 Introduction 

The effects of air-blast loadings are routinely considered for the design of mission-critical 

buildings, bridges and infrastructure. Textbooks and technical manuals for blast-resistant design 

are available (e.g., Smith and Hetherington 1994, FEMA 2003, DOD 2008, Krauthammer 2008, 

Cormie et al. 2009, Dusenberry 2010), but most of the guidance was written around large far-

field loadings. Empirical charts are provided in some of these documents to compute air-blast 

loadings (incident and reflected overpressures and impulses) but these charts have not been 

validated in the near field because either the target is within the fireball or the overpressures are 

too high to be measured by commercially available transducers. Some of the mid-field data used 

to generate the charts were inferred and not measured directly.  

The empirical charts return values of incident and reflected peak overpressure, incident and 

reflected (specific) impulse, arrival time, positive phase duration and shock front velocity. 

Overpressure histories are calculated using the Friedlander equation (e.g., Smith and 

Hetherington 1994): 
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 (1-1) 

where sp  and rp  are incident and reflected overpressures, respectively; sP  and rP  are incident 

and reflected peak overpressures, respectively; t is time; ot  is positive phase duration, and b is a 

waveform parameter. The parameter b in Equation 1-1 can be back-calculated using the peak 

overpressure, positive phase duration, and the impulse calculated using the charts for a given 

scaled distance and charge weight.   

Over the past decade, the rapid development of computational fluid dynamics (CFD) codes has 

enabled the simulation of complex blast phenomena. CFD codes are deployed in LS-DYNA 

(LSTC 2013) and AUTODYN (ANSYS 2009). Air3D (Rose 2006) is a CFD code written 
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specifically for the calculation of air-blast loadings. These codes, once verified and validated, 

enable a critical review of empirical design charts and approaches, with a focus here on the most 

common threat, namely, small-to-medium weight weapons and a small stand-off distance: near-

field detonations.  

1.2 State of Practice 

The practice of blast-resistant design is bimodal; namely, 1) CFD simulations and finite element 

analysis, and 2) empirical charts, simplified loading functions, and single degree of freedom 

analysis. The former should inform the latter. The latter were developed in the 1950s, with a 

focus on design of above-ground military infrastructure against the threat posed by far-field 

thermonuclear detonations. The seminal texts of Biggs (1964) and Norris et al. (1959) enabled 

design against these threats. Loadings were calculated using first principles calculations of 

idealized detonations (e.g., Brode 1955, Henrych 1979, Kinney and Graham 1985) and charts 

presented in government manuals (e.g., TM-5-1300 (Department of the Army, Navy and Air 

Force 1990) and text books (e.g., Smith and Hetherington 1994, Cormie et al. 2009, Dusenberry 

2010).  

The blast-resistant design of a structure or a component thereof first involves modeling the 

effects of the detonation. Traditional practice in the United States, United Kingdom, Australia 

and elsewhere involves the use of empirical charts developed by Kingery and Bulmash (1984), 

as presented in US government documents such as UFC 3-340-02 (DOD 2008). Computer codes, 

such as CONWEP (Hyde 1992), implement the Kingery and Bulmash (KB) polynomials. The 

charts provide estimates of incident and normally reflected overpressures for spherical TNT 

explosions in free air and hemispherical TNT explosions on a rigid reflecting surface. Other 

charts are available in textbooks and government manuals to estimate reflected overpressures and 

impulses for angles of incidence other than 0 degrees (the so-called normal reflection).  

For large far-field detonations of high explosives, one pressure history can represent the load 

effect over the height and width of a component or structure.  The typical history is characterized 

by an instantaneous rise in pressure to a peak value and a linear decay to ambient pressure. This 

loading history is a simplification of the true loading history that shows an exponential decay in 
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overpressure to ambient (the positive phase) and a period of underpressure, which may be 

interrupted by the arrival of a secondary shock front. The Friedlander curve describes the 

exponential decay to ambient pressure, noting that values for the parameters that define the curve 

must be determined by curve fitting to a dataset.  

For near-field detonations, the expansion of the detonation products and afterburning affect the 

amplitude and shape of the overpressure histories. Charge shapes different from a sphere or 

hemisphere are not addressed in sufficient detail, and the point of detonation within the charge is 

assumed to be the middle of the sphere. Alternate trigger points for the detonation, which can 

significantly influence the overpressure histories in the near-field (Sherkar 2010), cannot be 

considered.  

Detonations can be modeled numerically using the finite difference method, which is well suited 

for fluid dynamics and can solve the Euler equations (e.g., Rose 2006), but the chemistry of a 

detonation is rarely modeled. Many equations of states (EOS) have been developed to model 

expanding explosives (e.g., Becker-Kistiakowsky-Wilson (BKW) EOS, Jones-Wilkins-Lee 

(JWL) EOS, Kihara-Hikita-Tanaka (KHT) EOS, Lennard-Jones-Devonshire (LJD) EOS). The 

EOS defines the relationships between state variables of thermodynamics such as pressure, 

volume, density and internal energy. The JWL EOS is the most widely used EOS for explosives 

due to its ease of implementation in hydrodynamic calculations. For air, the ideal gas EOS is 

typically adopted in the modeling scheme.  

Components of structures, and indeed structural systems, can be modeled in great detail (e.g., a 

micro-level finite element model) or simplistically using single-degree-of-freedom systems, 

wherein the mechanical properties of continuous systems are transformed using shape and 

resistance functions for idealized boundary conditions. For detailed analysis, the finite element 

(FE) method can be used. Constitutive models, which define the relationships between stress, 

strain, strain rate, and temperature have been developed for different materials (e.g., Johnson and 

Cook 1983, Malvar and Simons 1996, Murray 2007a) and are deployed at the element (brick) 

level for FE analysis. For single-degree-of-freedom analysis, strain-rate effects are addressed 

using dynamic increase factors, which have been developed for concrete (e.g., Malvar and Ross 
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1998, Hao and Zhou 2007) and metals (e.g., Johnson and Cook 1983, DOD 2008), for 

compressive, tensile, and shearing forces. 

When concrete structures are subjected to close-in detonations of high explosives, material 

failure may occur with the associated fragmentation (damage) of concrete. The effect of damage 

can be simulated in FE models using erosion algorithms, which eliminate material from a model 

to avoid the numerical errors associated with highly distorted FE meshes. Erosion has been 

implemented in FE codes (e.g., ABAQUS, AUTODYN, and LS-DYNA) using erosion 

parameters or damage algorithms. Erosion cannot be addressed with single-degree-of-freedom 

analysis.  

1.3 Goals of the Report 

The primary goals of this report are to characterize the effects of detonations of high explosives 

and their influence on structures, for the purpose of informing blast-resistant design. The specific 

objectives are,  

1. to verify and validate a CFD code for calculating air blast effects in the near and far fields, 

2. to develop validated methodologies and guidance for modeling detonations, 

3. to update the Kingery and Bulmash charts and polynomials for incident and normally 

reflected overpressures and impulses, and shock front arrival times, with an emphasis on 

the near field, 

4. to reconcile differences between the US government technical manuals for reflection 

coefficients as a function of angle of incidence and to evaluate the corresponding 

reflected scaled impulses, and  

5. to provide a technical basis for selecting values of erosion strain suitable for the blast 

analysis of reinforced concrete components.  
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1.4 Notation and Definitions 

A number of terms are used throughout this report and are defined here: 

Notation Definition 

b Wave form parameter of the Friedlander equation 

wb   Width of the stem (web) of a concrete 

rC   Reflection coefficient 

c  Speed of sound 

fluidc   Speed of sound in fluids 

pc   Specific heats at constant pressure 

solidc   Speed of sound in solids 

vc   Specific heats at constant volume 

D Detonation velocity 

ed   Effective depth from the top of a reinforced concrete beam to the centroid of 
the compressive steel 

( )cd   Damage parameter for compression; CSCM model 

( )td   Damage parameter for tension; CSCM model 

E Young’s modulus  

e Specific internal energy 

Fc Hardening cap function; CSCM model 

Ff Shear failure surface function; CSCM model 

cf   Compressive strength of concrete 

lf   Effective confining pressure 

nf   Natural cyclic frequency 

G Shear modulus 

Gf Fracture energy 
vp
fG  Viscoplastic fracture energy 

h   Enthalpy 

Ir Reflected impulse 

Is Incident impulse 

J1 First invariant of the stress tensor 

J2 Second invariant of the deviatoric stress tensor 

J3 Third invariant of the deviatoric stress tensor 

K Bulk modulus 
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Notation Definition 

Kf Material constant for the Tuler-Butcher failure criterion 

K Stiffness 

M Mach number 

m   Mass 

rP  Reflected peak overpressure 

sP   Incident peak overpressure 

rp   Reflected overpressure 

sp   Incident overpressure 

p Pressure 

0p   Ambient pressure 

CJp  CJ detonation pressure 

tp   Hydrostatic tensile pressure 

sq   Dynamic pressure 

R Standoff distance 

r  Radial distance from the center of detonation 

r  Radial expansion of a shock front normalized by charge radius 

dr  Radial expansion of a front of detonation products normalized by charge radius 

0r   Damage threshold; CSCM model 

sr   Initial damage threshold; CSCM model 

ijS  Deviatoric stress tensor 

s Entropy 

Tm Melting temperature 

Tn Period 

Tr Room temperature 

t Time 

at   Arrival time 

ot   Positive phase duration 

U Shock front velocity 

u Velocity 

pu   Particle velocity 

V Relative volume 

nV   Nominal shear strength of concrete 

v  Particle velocity 

sv  Particle velocity for incident shock 
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Notation Definition 

W Weight of an explosive 

w  Adiabatic constant; JWL EOS 

nw   Natural circular frequency 

X0 Initial location of a cap; CSCM  model 

Y Common (base 10) logarithm of a blast parameter 

Z Scaled distance; 1/3R W   

  Angle of incidence 

D  Angle of incidence for the detachment criteria 

N  Angle of incidence for the von Neumann criteria 

  Angle of reflection 

   Strain 

  Strain rate 

0  Reference strain rate 

1   First principal strain 

3  Third principal strain 

eff  Effective strain 
dev
eff  Effective deviatoric strain  
p

eff  Effective plastic strain 

f  Accumulated plastic strain to failure 

ij  Components of the strain tensor 
ft

ij  Components of  the failure strain tensor 

ij  Components of the strain-rate tensor 
p

ij  Components of the plastic strain-rate tensor 

p  Equivalent plastic strain 

incr  Incremental geometric strain 

inst  Instantaneous geometric strain 

jj  Volumetric strain  

p   Equivalent plastic strain 

p  Equivalent plastic strain rate 

p   Increment of accumulated effective plastic strain 
p

v  Plastic volume strain 

  Specific heat ratio 

0   Gruneisen coefficient 

  Strain-rate effect parameter; CSCM model 
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Notation Definition 

  Cap hardening parameter; CSCM model 

   Wave length 

  Compression ratio 

   Poisson’s ratio 

    Density 

0   Initial density 

s  Density for incident shock 

  Stress 

0   Specified threshold stress for the Tuler-Butcher failure criterian 

1  First principal stress 

3  Third principal stress 

eff  Effective stress 
dev
eff  Effective deviatoric stress 

ft
ij  Components of the failure stress tensor 
vp
ij  Components of the viscoplastic stress tensor 

m  Hydrostatic stress 

y  Yield stress 

c  Ductile damage; CSCM model 

t  Brittle damage; CSCM model 

  Rubin three-invariant reduction factor; CSCM model 

1.5 Report Organization 

This report consists of eight chapters and six appendices. Chapter 2 verifies and validates a CFD 

code for analysis of air blast effects, discusses the modeling of close-in (near field) detonations, 

and develops an understanding of the characteristics of incident and reflected overpressures in 

the near field.  

Chapter 3 summarizes past studies on air-blast parameters, including those that underpin US 

government documents, presents results of CFD analysis for air-blast parameters across a very 

wide range of scaled distance, and compares CFD results to the predictions of Kingery and 

Bulmash (1984).  
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Chapter 4 mines the CFD data of Chapter 3 and presents recommendations for a family of 

polynomials to be used for air-blast calculations across the range of scaled distance 0.0553 ≤ Z ≤ 

40 m/kg1/3 (0.139 ≤ Z ≤ 100 ft/lb1/3). 

Chapter 5 examines incident and reflected overpressures and impulses from the detonation of a 

high explosive as a function of angle of incidence. A chart and a table to enable the calculation 

of reflection coefficients and reflected scaled impulses as a function of the angle of incidence are 

presented. 

Chapter 6 discusses erosion strain for blast analysis of concrete components for the purpose of 

providing a technical basis for the choice of a value of erosion strain. Single element simulations 

are performed to develop recommendations. Blast analysis of a sample reinforced concrete 

column is performed to identify the importance of correctly assigning a value of erosion strain 

for analysis. A step-by-step procedure is provided to compute a value of concrete erosion strain 

for blast analysis of concrete components.  

Chapter 7 summarizes the technical contributions of this report and presents key conclusions. A 

list of references is presented in Chapter 8.  

Six appendices supplement this report. Appendix A introduces the speed of sound and its 

calculation in solids and fluids. Appendix B describes the relationships between the Chapman-

Jouguet (CJ) condition, Hugoniot equations, Rayleigh line and the von Neumann spike. 

Appendix C assesses incident and reflected overpressures very close to the face of a charge. 

Appendix D presents the Kingery and Bulmash charts used in Chapters 3 and 4. Appendix E 

presents values of parameters for the constitutive model of concrete used in Chapter 5. Appendix 

F describes the single-degree-of-freedom (SDOF) calculations for strain rate to validate the LS-

DYNA single element simulations in Chapter 6.  



 

 

 

 

 

 

 

 

 

 



11 

 

SECTION 2  

MODELING NEAR-FIELD DETONATIONS OF HIGH EXPLOSIVES 

2.1 Introduction 

The need to accurately quantify blast pressure loadings in the near field is important because 

near-field detonations represent a common threat for the security design of buildings, bridges and 

critical infrastructure. Incident and reflected overpressures in the near-field region are too high to 

be measured directly by available pressure transducers, or indirectly using air density, because of 

the presence of the fireball, requiring a verified (and validated if possible) computational fluid 

dynamics (CFD) code to be used to predict the near-field overpressures.  

This chapter examines numerical modeling techniques for detonations of spherical high 

explosives and characterizes their effects in the near field. The near-field region is defined here 

as the region within which the shock wave is affected by local phenomena (e.g., expansion of 

detonation products, afterburning) that are insignificant in the far field. These studies are 

intended to provide a) confidence in the numerical modeling tools, and b) estimates of incident 

and reflected overpressure histories. 

Studies are performed using the CFD codes AUTODYN (ANSYS 2009) and Air3D (Rose 2006). 

The early expansion of the detonation products is simulated using radial symmetry in one 

dimension (1D) before the model is re-mapped into two (2D) and three dimensions (3D) 

immediately prior to a boundary being encountered. The Jones-Wilkins-Lee (JWL) Equation of 

State (e.g., Fickett and Davis 1979, Needham 2010) is used to model the expanding explosive; 

air is modeled as an ideal gas. The JWL Equation of State (EOS) is described in Section 2.2. 

AUTODYN is verified for 1D near-field calculations, and 1D and 2D far-field calculations, in 

Sections 2.3.2 and 2.3.3, respectively. AUTODYN is validated for 2D near-field calculations and 

2D far-field calculations in Sections 2.3.4 and 2.3.5, respectively. Results of one-dimensional 

(1D) propagations of blast waves are presented in Section 2.4 to characterize incident 

overpressures in the near field. The influences of mesh size, expansion of detonation products 
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and afterburning on pressures and impulses are investigated. AUTODYN and Air3D predictions 

are also contrasted.  

Two- and three-dimensional simulations are performed in Sections 2.5 and 2.6, respectively, to 

study the influence of alternate boundary conditions (or modeling assumptions), to characterize 

incident and reflected overpressures, and to confirm the efficacy of reflecting and transmitting 

boundaries in AUTODYN. Results of 1D, 2D and 3D simulations are compared to ensure 

consistency. The complexity of the wave field in the Mach stem region is identified. The 

applicability of the traditional Friedlander waveform (e.g., Baker 1973, Smith and Hetherington 

1994, Cormie et al. 2009), namely, an instantaneous rise to peak overpressure followed by an 

exponential decay to the ambient condition, to describe near-field pressure loadings is discussed. 

Three-dimensional air blast analysis of sample square and circular rigid columns is performed in 

Section 2.7 to evaluate reflected overpressures on the surfaces of the columns and the effects of 

column shape on the reflected overpressures. 

2.2 Modeling Detonations in AUTODYN 

AUTODYN is a general-purpose hydrocode used for a wide variety of applications. It uses finite 

volume and finite element methods to solve the governing conservation equations. Outputs are 

remapped from 1D to 2D/3D and 2D to 3D. The remapping feature allows use of higher 

resolution grid in the analysis of the initial stages of the shock wave expansion (ANSYS 2005). 

Remapping in AUTODYN is manual and requires user intervention.  

Detonation modeling in AUTODYN is two-step process. The first step involves the early time 

expansion of the explosive products in 1D using radial symmetry, which continues until a 

reflecting surface is reached. The output of the 1D analysis is then transmitted to the 2D/3D 

domain that is generated separately. The analysis is the run until a termination time. Although 

modeling detonations in AUTODYN is similar to Air3D, the AUTODYN and Air3D solution 

methodologies and capabilities differ. Air3D addresses air-blast only.  

Analysis of detonations requires the choice of equations of state. For the analyses described in 

this report, TNT is modeled using the JWL EOS and air is modeled as an ideal gas. Although 
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AUTODYN has its own material library with default values for the various EOS parameters, the 

values of the JWL EOS parameters listed in column 2 of Table 2-1 are used. These values are 

identical to those presented by Dobratz and Crawford (1985). The multi-material Euler-Godunov 

solver (Godunov 1959) is used for the 1D calculations. (The Euler-FCT solver cannot be used for 

radial (1D) calculations.) 

Table 2-1 JWL EOS parameters for TNT (Dobratz and Crawford 1985) 

Parameter Value 

Density (kg/m3) 1630 

A (GPa) 371.2 

B (GPa) 3.231 

1R   4.15 

2R  0.95 

Adiabatic constant, w  0.30 

Detonation velocity, D (m/s) 6930 

Energy per unit volume, E0 (GPa) 7 

CJ pressure, CJP  (GPa) 21 

 

The JWL EOS is a pressure-volume relationship: 

1 2

1 2

1 1RV R Vw w w
p A e B e e

RV R V V
    

       
   

  (2-1)  

where p is the pressure, V is the relative volume, e is the specific internal energy and A, B, 1R , 

2R , and w are constants obtained by calibration of test data. 

Air is modeled as an ideal gas with an initial pressure of 101.3 kPa by specifying an initial 

energy of 0.204 106 J/kg. The initial temperature, density and adiabatic constant (specific heat 

ratio) γ were set to 288 K (15oC), 1.225 kg/m3, and 1.4, respectively. The multi-material Eulerian 

solver is used for both the explosive and air.   
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One-dimensional analysis is performed until the blast wave reaches the end of the 1D domain. 

The analysis is typically interrupted when the explosive has expanded to approximately 10 times 

its original volume. At this point in the expansion, the value of the compression ratio,  , 

presented in Equation 2-2 is approximately -0.99. AUTODYN uses the compression ratio to 

calculate the density of the detonation products; see Equation 2-3. The density of the detonation 

products becomes very small if   falls below -0.99 and this can lead to numerical difficulties. 

0

1



   (2-2) 

0 (1 )   
 

(2-3) 

where  and 0   are the current density and initial density, respectively. At large volumetric 

ratios, the first two terms on the right side of the JWL EOS (Equation 2-1) become negligible 

and the EOS collapses to that of an ideal gas EOS, namely: 

0

( 1)p e



   
 

(2-4) 
 

where all terms have been previously defined. Equating Equation 2-4 with Equation 2-1,   = 

1+w = 1+0.3 = 1.3 for large volumetric ratios. When the compression ratio reaches a value of      

-0.99, the EOS for the expanding detonation products is replaced by the EOS for an ideal gas 

with   = 1.30 and 0 = 1 10-4 gm/cm3 (ANSYS 2009) and the compression ratio is 

correspondingly increased to avoid possible numerical instabilities. No change is made to the 

EOS for the gas (air) beyond the detonation products. Defining the reference density of a 

material associated with the EOS transition is described below based on a personal 

communication (ANSYS 2013). 

1. When users fill a material to a part in AUTODYN, they will be always asked 

about the initial conditions: density, specific internal energy and initial 

velocity. The initial material density defaults to the reference density. The 

specific internal energy is calculated automatically from the internal energy 

per volume. The reference density is equal to the material density in most 

cases.  



15 

 

2. When TNT detonates, its specific internal energy decreases and the element 

pressure increases. Internal energy per volume is not used in the EOS 

calculations and thus the reference density does not play a key role in the EOS 

calculations. 

3. When the reference density is changed by converting the JWL EOS to the 

ideal gas EOS, AUTODYN will not change the material density, specific 

internal energy, pressure, and other physical variables. The program only 

changes the compression ratio, . 

Figure 2-1 presents the JWL EOS for TNT using linear and log scales. The legend in each panel 

of the figure identifies the terms on the right hand side of Equation 2-1: “A, JWL” is the first 

term, “B, JWL” is the second term and “Gas, JWL” is the third term. The line “Total” is the sum 

of these three terms. The contributions of the first two terms, A and B, are significant for relative 

volume of 3 and smaller, and insignificant for relative volumes of 5 and greater, where the 

relative volume is the ratio of the volume of the expanding explosive to its original volume. 

 

a. Pressure versus relative volume, linear scale 

Figure 2-1 JWL and ideal gas EOS for TNT 
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b. Pressure versus relative volume, log (base 10) scale 

Figure 2-1 JWL and ideal gas EOS for TNT (cont.) 

2.3 Verification and Validation of AUTODYN 

2.3.1 Introduction 

Verification and validation of numerical codes is standard practice in computational solid 

mechanics. Verification is the process of determining that a computational model accurately 

represents the underlying mathematical model and its solution. Validation is the process of 

determining the degree to which a model is an accurate representation of the real world, as 

determined by physical experiments, from the perspective of the intended uses of the model. 

Numerical codes, such as the computational fluid dynamics code AUTODYN, should not be 

used unless they have been verified and validated. ASME (2006) presents guidance on 

verification and validation for computational solid mechanics and that guidance is applied to 

AUTODYN. 

In this section, AUTODYN is 1) verified using independent numerical predictions and analytical 

calculations reported by Needham (2010) for 1D analysis in the near and intermediate fields 
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(Section 2.3.2), 2) verified by cross-code comparisons for 1D and 2D analysis in the far field 

(Section 2.3.3), 3) validated in 2D using measurements of normally reflected scaled impulse 

reported by Goodman (1960) and Huffington and Ewing (1985) in the near field (Section 2.3.4), 

and 4) validated in 2D using measurements of reflected peak overpressures and impulses 

reported by Frost et al. (2008) in the far field (Section 2.3.5). Data are not available in the open 

literature for either verification in 2D or validation in the near field in 1D. Calculations of 

overpressure history cannot be validated in the near field at this time1 and the 2D near-field 

validation uses measurements from impulse plugs (e.g., Huffington and Ewing 1985). 

The 1D verification study for near-field detonations and the 1D and 2D verification study for far-

field detonations are performed using a spherical charge of TNT. The 2D validation study for 

near-field detonations is performed using a spherical charge of Pentolite because the only near-

field test data that could be found are measurements of normally reflected scaled impulse 

reported by Goodman and Huffington and Ewing for detonations of this explosive. There are no 

(reliable) test data (in the open literature) on reflected peak overpressure in the near field. There 

are no near field data for detonations of TNT. The 2D validation study for far-field detonations is 

performed using measurements of reflected peak overpressure and impulse reported by Frost et 

al. for detonations of spherical charges of C4.   

2.3.2 Verification of AUTODYN in 1D for Near-Field Detonations 

Needham (2010) reports the results of an analysis of a charge of 18000 kg of TNT, with a radius 

of 140 cm. The density of the packed TNT was 1570 kg/m3. The analysis was performed using a 

Lagrangian finite difference code, detonation products were modeled using the LSZK Equation 

of State (EOS) and air was modeled using the Doan Nickel EOS (Doan and Nickel 1963). The 
                                                 
1 Incident and reflected overpressures cannot be measured in the near field (including inside the fireball) using 
commercially available pressure transducers because the temperatures are too high. Transducers capable of 
measuring very high pressures operate at temperatures less than approximately 600 K: a) the OMEGA PX1009 
sensor can measure pressure up to 34 MPa but at a maximum temperature of 616 K (www.omega.com), b) the PCB 
PIEZOTRONICS 112A05 sensor can measure pressure up to 34 MPa but at a maximum temperature of 589 K 
(www.pcb.com), and c) the PAINE 211-55-010 sensor can measure pressure up to 206 MPa but at a maximum 
temperature of 589 K (www.paineelectronics.com). CFD analysis of an explosion in free air predicts that the fireball 
expands to a scaled distance of approximately 0.8 m/kg1/3 (2 ft/lb1/3), or a shock front radial expansion of 
approximately 15, or an incident overpressure of approximately 2 MPa. The predicted temperature at a scaled 
distance of 0.8 m/kg1/3 is greater than 1000 K, with much higher temperatures predicted at smaller values of scaled 
distance. 
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results presented in Needham were digitized to enable a direct comparison with results computed 

using AUTODYN. Needham reported results using centimeters for distance. This unit is adopted 

in this chapter where comparisons of Needham and CFD data are made. 

A 1D AUTODYN model of the charge described above is prepared using the JWL EOS for the 

detonation products and the ideal gas EOS for air. The values of the parameters used for the JWL 

EOS, presented in Table 2-1, are those reported in the LLNL Explosives Handbook (Dobratz and 

Crawford 1985). (Needham did not report the values he used for the EOS.) The LLNL density 

for packed TNT is 1630 kg/m3, and that is 4% greater than that assumed by Needham. To use a 

consistent set of properties for the JWL EOS, and a charge shape identical to that of Needham to 

enable reporting at the same values of radial expansion provided in Needham, the TNT weight 

for the AUTODYN analysis is 18735 kg. The 4% increase in weight will have a minor effect on 

the overpressure histories but small differences between AUTODYN predictions and results 

reported by Needham are inevitable. 

Needham (2010) reported hydrodynamic parameters at different values of shock front radial 

expansion, r : 1.1, 2.4, 2.6, 4.5, 11.7, 26 and 34. Needham and AUTODYN results are presented 

in Figures 2-2, 2-3, 2-4, 2-5, 2-7, 2-9 and 2-10. Additional data are presented in Figures 2-6 and 

2-8 for shock front radial expansions of 8 and 18 because the hydrodynamic parameters vary 

greatly between shock front radial expansions of 4.5 and 11.7, and 11.7 and 26, respectively. The 

hydrodynamic parameters reported in each figure are relative overpressure ( 0/ 1p p  ), relative 

over density ( 0/ 1   ), and particle velocity, v, in units of km/second. Relative overpressure is 

presented as the total pressure, p, normalized by the ambient air pressure ( 0p =101.3 kPa) minus 

1, and relative over density is presented as the total density normalized by the ambient 

atmospheric density ( 0 = 1.225 kg/m3) minus 1. The AUTODYN calculations were performed 

using an Eulerian solver and a mesh with a cell dimension of 20 mm.  
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-2 Hydrodynamic parameters at r = 1.1 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-3 Hydrodynamic parameters at r = 2.4 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-4 Hydrodynamic parameters at r = 2.6 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-5 Hydrodynamic parameters at r = 4.5 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-6 Hydrodynamic parameters at r = 8 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-7 Hydrodynamic parameters at r = 11.7 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-8 Hydrodynamic parameters at r = 18 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-9 Hydrodynamic parameters at r = 26 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-10 Hydrodynamic parameters at r = 34 for a 20 mm mesh 
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Needham reported that the detonation velocity, composed of a sound speed (see Appendix A) at 

the detonation front of 5.2 km/sec and a peak material velocity of 1.8 km/sec, was 7 km/sec, 

immediately prior to completion of the detonation (i.e., shock front radial expansion, r , of 1.0). 

Figure 5.1 of Needham shows that the material velocity at this time instant decays from 1.8 

km/sec at the shock front to zero at a radius of 65 cm and that the density (1300 kg/m3) and 

pressure (4.7 MPa) are constant for a radial distance of less than 65 cm where the particles are 

stationary. 

At a shock front radial expansion of 1.1, the normalized pressures and densities are most similar 

but the AUTODYN peak velocity is substantially smaller than that of Needham of 7.4 km/sec, 

which is attributed to the coarseness of the chosen mesh (see mesh convergence study later in 

this section). The peak material velocity of 7.4 km/sec, which is recovered with a much finer 

mesh (see mesh convergence study later in this section), has increased from 1.8 km/sec at a 

shock front radial expansion of 1.0. The shock front velocity, which is the sum of the sound 

speed (0.34 km/s) in air and the peak material velocity, is 7.7 km/s and greater than the 

detonation velocity. In panel a) of Figure 2-2, it can be seen that the head of the rarefaction wave 

is at approximately r = 130 cm and 10 cm inside the radius of the charge prior to detonation.  

At a shock front radial expansion of 2.4, the AUTODYN and Needham results are similar, with 

the greatest differences observed for relative overpressure in which it is seen that the rarefaction 

wave propagates fastest in AUTODYN. In panel a) of Figure 2-3, it is evident that the head of 

the rarefaction wave has reached the point of detonation (r = 0 cm) in the AUTODYN analysis 

but only r = 35 cm in the Needham analysis. 

At a shock front radial expansion of 2.6, the hydrodynamic parameters for pressure and density 

are similar for distances of r ≥ 80 cm and at all distances for particle velocity.  

At shock front radial expansions of 11.7, 26 and 34, the differences between the AUTODYN and 

Needham results are by-and-large small. A difference is observed in the relative overdensity at a 

distance of 1400 cm at a shock front radial expansion of 11.7 (i.e., shock front at 1638 cm from 

the center of the charge), where a 20 mm mesh cannot resolve the sharp density spike. 
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Figure 2-11 is provided to observe the relationship between the pressure, density and velocity for 

shock front radial expansions of 4.5, 8, 11.7, 18 and 26.  For a shock front radial expansion of 

4.5, the local increase at approximately r = 550 cm is due to the front of the detonation product, 

at which the pressure history is discontinuous. The peak particle velocity is at r ≈ 500 cm, 

immediately behind the front of the detonation products. The tail of the rarefaction wave is at the 

point of the peak particle velocity. Similar observations are made for all other shock front radial 

expansions. For a shock front radial expansion of 26, the velocity at the front of the detonation 

products (located by an open circle) is nearly zero, which is associated with the discontinuities at 

r ≈ 2200 cm in the pressure and density profiles, respectively, also shown with open circles.  

 
a. r = 4.5 

 
b. r = 8 

Figure 2-11 Hydrodynamic parameters for a 20 mm mesh in AUTODYN 
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c. r = 11.7 

 
d. r = 18 

 
e. r = 26 

Figure 2-11 Hydrodynamic parameters for a 20 mm mesh in AUTODYN (cont.) 



31 

 

Needham estimated the acceleration of the air immediately beyond the face of the charge at the 

time the detonation is complete using 

0

1dv dp

dt dr
   (2-5)  

where v  is the particle velocity, 0  is the ambient density of air, p is pressure and r is radius. For 

p equal to the average of the detonation pressure2 (approximately 21000 MPa) and ambient air 

pressure, an ambient air density of 1.225 kg/m3, and a value of dr equal to 0.01 m (1 cm), the 

particle acceleration is approximately 8.6 1011 m/sec2, or 8.6 1010 g. Figure 2-12 plots 

acceleration histories calculated using a cell size of 1 mm at five distances from the center of the 

explosive; a radius of 140 cm represents the face of the charge. The calculated peak accelerations 

are smaller than those computed using Equation 2-5, in part due to cell size, as noted above. 

Figure 2-12 Acceleration histories at discrete points along the 1D expansion 

Needham also showed the process of the formation of a secondary shock wave. The (expanding) 

rarefaction waves moving toward the center of the charge reduce the pressures and densities 

behind the front of the expanding detonation products. The particle velocity behind the front of 

the expanding detonation products also decreases and becomes negative. At this time, particles 

moving at negative velocities lead to shock waves propagating toward the center of the charge. 

These shock waves are shown in Figure 2-9, where the front of the shock waves is at about r ≈ 

                                                 
2 The calculation of the detonation pressure is discussed in Appendix B. 
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1000 cm and 1200 cm in the AUTODYN and Needham analyses, respectively. The shock wave 

moving inward is then reflected outward from the center of the charge, which is typically 

described as the secondary shock wave. The formation of this secondary shock wave is seen in 

Figure 2-10 for the shock front radial expansion of 34. The secondary shock front is at r ≈ 650 

cm and 900 cm in the AUTODYN and Needham analyses, respectively.  

In summary, the Needham and AUTODYN results are close but not identical. This is attributed 

to differences in meshing, the choice of solvers and equations of state, and initial choice of TNT 

density. The fact that the relative overpressures, overdensities, and particle velocities are similar 

provides confidence in the use of AUTODYN. The importance of choice of cell size, especially 

for small values of shock front radial expansion, is discussed below in this section and Sections 

2.3.3, 2.4, 2.5 and 2.6. 

Figures 2-13 through 2-21 present histories of the hydrodynamic parameters at different values 

of shock front radial expansion. The normalized density history in Figure 2-14 shows three peaks 

at 0.59 msec, 0.65 msec, and 1.5 msec, which are associated with the arrival of the shock front, 

arrival of the front of the detonation products, and the peak outflow of detonation products 

(affected by rarefaction waves moving toward the center of the charge), respectively. The peak in 

the normalized pressure history in Figure 2-14 (and Figures 2-13, 2-15, 2-16, 2-17, 2-18, 2-19, 2-

20, 2-21) is associated with the arrival of the shock front and not the expanding detonation 

products.  
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-13 Histories of hydrodynamic parameters at r = 1.1 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-14 Histories of hydrodynamic parameters at r = 2.4 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-15 Histories of hydrodynamic parameters at r = 2.6 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-16 Histories for hydrodynamic parameters at r = 4.5 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-17 Histories of hydrodynamic parameters at r = 8 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-18 Histories of hydrodynamic parameters at r = 11.7 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-19 Histories of hydrodynamic parameters at r = 18 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-20 Histories of hydrodynamic parameters at r = 26 for a 20 mm mesh 
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a. Pressure ( 0p = 0.1 MPa) 

 
b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-21 Histories of hydrodynamic parameters at r = 34 for a 20 mm mesh 
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A mesh (cell size) convergence study is performed for small values of shock front radial 

expansion: 0.5, 0.9, 1.1, 2.4 and 2.6. Results are presented in Figures 2-22 through 2-26, 

respectively. For values less than 1, the shock front lies within the explosive. Data from 

Needham (2010) are presented here for shock front radial expansions of 1.1, 2.4 and 2.63. The 

cell (mesh) sizes chosen for AUTODYN analysis were 20 mm (see Figures 2-2 through 2-10), 10 

mm, 5 mm and 1 mm. A comparison of results for the radial expansions greater than 1 shows 

that the finer the AUTODYN mesh, the closer the results are to those reported by Needham. The 

influence of cell size is pronounced for particle velocity at a shock front radial expansion of 1.1. 

The speed of propagation of the rarefaction wave is better resolved with the finer meshes as seen 

in Figure 2-25a. For the mesh with 20 mm cells, AUTODYN predicts the rarefaction wave has 

reached the point of detonation at a shock front radial expansion of 2.4. For the 1 mm cell size, 

AUTODYN predicts that the rarefaction wave has reached a distance, r, equal to 25 cm from the 

point of detonation at a shock front radial expansion of 2.4, which correlates better with the 

Needham prediction of r = 35 cm.  

The importance of cell size for the correct modeling of the propagation of the shock front 

through the explosive is seen clearly in Figures 2-22 and 2-23. The rapid changes in pressure, 

density and particle velocity across the shock front are not captured with the meshes constructed 

with 10 mm and 20 mm cells. 

In Figures 2-22 and 2-23, the detonation fronts are identified at r ≈ 68 cm and 125 cm, 

respectively. The peak relative overpressure at the detonation front is approximately 180000 for 

the 1 mm mesh. The relative overdensity of the charge near its center after detonation is 1090, 

which is 18% less than that of a cold (unreacted) TNT (≈ 1330 (= 1630 kg/m3/1.225 kg/m3 – 1, 

where 1630 and 1.225 are the TNT packing density and ambient air density, respectively). At the 

detonation front, the relative overdensity is approximately 1650, which is 24% greater than that 

of cold TNT, which shows that the detonation products are not very compressible because the 

                                                 
3 Numerical studies to investigate incident peak overpressure and reflected peak overpressure in very 
close proximity to the face of a charge, 0.981 ≤ r  ≤ 1.034, are presented in Appendix C. Those studies 
are not integrated into this presentation because Needham did not report results in this region. A charge 
with a radius of 150 mm is used in Appendix C and results are reported at distances of 147 ≤ r ≤ 155 mm, 
namely, 0.981 ≤ r  ≤ 1.034 and 0.517 ≤ Z ≤ 0.545 m/kg1/3. 
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pressure at the detonation front (≈ 180 kbars) is extremely high. The peak velocity is 

approximately 1.6 km/sec for the finest mesh of 1 mm in panel c) of Figure 2-23, which is 

similar to that in the Needham analysis (=1.8 km/sec).  

A mesh convergence study for overpressure and impulse is also performed for the 18735 kg 

charge used in this section at shock front radial expansions of 1.025, 1.1, 2.4, 4.5 and 11.7; Z = 

0.054, 0.058, 0.13, 0.24 and 0.62 m/kg1/3, respectively, where Z is the scaled distance, defined in 

Section 1.4. The radial expansion of r = 1.025 is chosen in preference to r = 1.0 because the 

particle acceleration and velocity very close to the face of the charge change rapidly but both 

stabilize at a radial expansion r  = 1.025 (see Section 3.5). Cell sizes of 400, 200, 100, 40, 20, 10, 

5 and 2 mm are considered. Results are presented in Figures 2-27 and 2-28. For the five shock 

front radial expansions of 1.025, 1.1, 2.4, 4.5 and 11.7, the overpressure histories converge for 

cell sizes of 5, 5, 10, 20 and 200 mm, respectively, (r/287, r/308, r/336, r/315 and r/82), where 

convergence is defined as a result within 20% of the “true” result calculated with the smallest 

cell size (2 mm here). For impulse, the results converge for cell sizes of 10, 10, 10, 40 and 400 

mm, respectively (r/144, r/154, r/336, r/158 and r/41). The overpressure histories, especially for 

Figures 2-27c and 2-27d are quite different from the Friedlander curve (described in Section 2.1) 

due to the influence of expanding detonation products, which are discussed in more detail in 

Sections 2.4 and 2.5.  

We thus consider AUTODYN to be verified for 1D calculations of overpressure and impulse for 

near-field detonations. 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-22 Mesh convergence study at r = 0.5 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

c. Particle velocity, v 

Figure 2-23 Mesh congervence study at r = 0.9 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-24 Mesh convergence study for r = 1.1 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-25 Mesh convergence study for r = 2.4 
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a. Pressure ( 0p = 0.1 MPa) 

b. Density ( 0 = 0.001225 g/cm3) 

 
c. Particle velocity, v 

Figure 2-26 Mesh convergence study for r = 2.6 
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a. r = 1435 m (35 mm from face of charge); Z = 0.054 m/kg1/3; r =1.025 

b. r = 1540 mm (140 mm from face of charge); Z = 0.058 m/kg1/3; r =1.10 

Figure 2-27 Overpressure histories at distance, r, from the center of a spherical charge of 
18735 kg of TNT; JWL EOS 



50 

 

c. r = 3360 mm (1960 mm from face of charge); Z = 0.013 m/kg1/3; r =2.4 

d. r = 6300 mm (4900 mm from face of charge); Z = 0.24 m/kg1/3; r =4.5 

Figure 2-27 Overpressure histories at distance, r, from the center of a spherical charge of 
18735 kg of TNT; JWL EOS (cont.) 
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e. r = 16380 mm (14980 mm from face of charge); Z = 0.62 m/kg1/3; r =11.7 

Figure 2-27 Overpressure histories at distance, r, from the center of a spherical charge of 
18735 kg of TNT; JWL EOS (cont.) 
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a. r = 1435 m (35 mm from face of charge); Z = 0.054 m/kg1/3; r =1.025 

b. r = 1540 mm (140 mm from face of charge); Z = 0.058 m/kg1/3; r =1.10 

Figure 2-28 Impulse histories at distance, r, from the center of a spherical charge of 18735 
kg of TNT; JWL EOS 
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c. r = 3360 mm (1960 mm from face of charge); Z = 0.013 m/kg1/3; r =2.4 

d. r = 6300 mm (4900 mm from face of charge); Z = 0.24 m/kg1/3; r =4.5 

Figure 2-28 Impulse histories at distance, r, from the center of a spherical charge of 18735 
kg of TNT; JWL EOS (cont.) 
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e. r = 16380 mm (14980 mm from face of charge); Z = 0.62 m/kg1/3; r =11.7 

Figure 2-28 Impulse histories at distance, r, from the center of a spherical charge of 18735 
kg of TNT; JWL EOS (cont.) 

2.3.3 Verification of AUTODYN in 1D and 2D for Far-Field Detonations 

Browning et al. (2013) simulated an 8000 lb (3629 kg) detonation of TNT in 2D using LS-

DYNA (LSTC 2013) and CTH (McGlaun et al. 1990). Three cell sizes were used for the 

simulations: 1, 2 and 3 in. (25.4, 50.8 and 76.2 mm, respectively). They reported results at scaled 

distances of 3, 4 and 5 ft/lb1/3 (1.190, 1.587 and 1.987 m/kg1/3, respectively) as noted in Table 2-

2. The Browning et al. calculations of incident peak overpressure, incident impulse, and arrival 

time were repeated using AUTODYN. Table 2-3 presents the values of the JWL parameters for 

modeling TNT used by Browning et al. and in this verification study. (The values are essentially 

identical to those provided in Table 2-1.) Values for modeling air are presented in Table 2-4. 
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Table 2-2 Monitoring locations used by Browning et al. (2013) 

Range, ft [m] Scaled distance, ft/lb1/3 [m/kg1/3] 

60 [18.3] 3.00 [1.190] 

80 [24.4] 4.00 [1.587] 

100 [30.5] 5.00 [1.984] 

 
Table 2-3 JWL EOS parameters for modeling TNT used by Browning et al. (2013) 

Parameter Value 

Charge radius (in) [mm] 31.89 [810] 

Density (lb/in3) [kg/m1/3] 0.058887 [1630] 

A (psi) [GPa] 5.384 107 [371.2] 

B (psi) [GPa] 4.685 105 [3.230] 

1R   4.15 

2R  0.95 

Adiabatic constant, w  0.3 

Detonation velocity, D (in/s) [m/s] 2.728 105 [6929] 

Energy per unit volume, E0 (psi) [GPa] 1.015 106 [6.998] 

CJ pressure, CJP  (psi) [GPa]  3.046 106 [21] 

 
Table 2-4 Values of input parameters for modeling air for far-field verification 

Parameter This study Browning et al. (2013) 

EOS Ideal gas Linear polynomial (ideal gas) 

Density (lb/in3) [kg/m1/3] 4.426 10-5 [1.225] 4.420 10-5 [1.223] 

Specific heat ratio,    1.4 1.4 

Energy per unit volume, E0 (psi) [kPa] 36.738 [253.3] 36.740 [253.3] 

 Figure 2-29 presents AUTODYN histories of incident overpressure and impulse in 1D at scaled 

distances of 3, 4 and 5 ft/lb1/3 and cell sizes of 1, 2 and 3 in. The incident overpressure and 

impulse histories are effectively independent of cell size. Figure 2-30 enables a comparison of 
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the AUTODYN predictions of incident peak overpressures, incident impulses and arrival times 

for the three cell sizes. The influence of cell size on these results is not significant.  

Figures 2-31 and 2-32 summarize numerical results from the 1D AUTODYN, 2D LS-DYNA 

(Browning et al.) and 2D CTH (Browning et al.) simulations for cell sizes of 1, 2 and 3 in. 

Incident peak overpressures are provided in Tables 2-5, 2-6 and 2-7 for cell sizes of 1, 2 and 3 in, 

respectively. Maximum values of incident impulse are provided in Tables 2-8, 2-9 and 2-10. The 

LS-DYNA and CTH calculations presented in Tables 2-5 through 2-10 are from Browning et al.  

AUTODYN, LS-DYNA and CTH provide comparable values of incident peak overpressure and 

impulse in the far field. Small differences are expected, even in the far field and for the same cell 

size, because different algorithms and solvers are employed in these codes.  

We thus consider AUTODYN to be verified for 1D and 2D calculations of overpressure and 

impulse for far-field detonations. 

Table 2-5 Results for incident peak overpressure; cell size of 1 in; units of psi 

Z (ft/lb1/3) AUTODYN LS-DYNA CTH 

3 94.1 86.2 79.9 

4 46.6 42.8 39.0 

5 27.8 25.8 23.2 

Table 2-6 Results for incident peak overpressure; cell size of 2 in; units of psi 

Z (ft/lb1/3) AUTODYN LS-DYNA CTH 

3 88.3 82.7 79.3 

4 44.3 41.7 38.0 

5 26.7 25.3 22.6 
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Table 2-7 Results for incident peak overpressure; cell size of 3 in; units of psi 

Z (ft/lb1/3) AUTODYN LS-DYNA CTH 

3 83.8 80.0 76.2 

4 42.5 40.7 37.5 

5 25.8 24.9 22.4 

Table 2-8 Results for incident impulse; cell size of 1 in; units of psi-ms 

Z (ft/lb1/3) AUTODYN LS-DYNA CTH 

3 264 236 215 

4 206 191 175 

5 176 164 151 

Table 2-9 Results for incident impulse; cell size of 2 in; units of psi-ms 

Z (ft/lb1/3) AUTODYN LS-DYNA CTH 

3 259 236 214 

4 203 191 175 

5 174 164 151 

Table 2-10 Results for incident impulse; cell size of 3 in; units of psi-ms 

Z (ft/lb1/3) AUTODYN LS-DYNA CTH 

3 255 237 214 

4 201 191 174 

5 172 164 151 
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Incident overpressure  Incident impulse  

(a) Z = 3 ft/lb1/3 

(b) Z = 4 ft/lb1/3 

(c) Z = 5 ft/lb1/3 

Figure 2-29 Incident overpressure and impulse histories from AUTODYN; Z = 3, 4 and 5 
ft/lb1/3; cell sizes = 1, 2 and 3 in 
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(a) Incident peak overpressure 

(b) Incident impulse 

(c) Arrival time 

Figure 2-30 Incident peak overpressure and impulse from AUTODYN; Z = 3, 4 and 5 
ft/lb1/3; cell sizes = 1, 2 and 3 in
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(a) 1 in cell size 

(b) 2 in cell size  

(c) 3 in cell size  

Figure 2-31 Summary of AUTODYN (this study) and LS-DYNA and CTH (Browning et 
al.) results for incident peak overpressure 
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(a) 1 in cell size  

(b) 2 in cell size  

(c) 3 in cell size 

Figure 2-32 Summary of AUTODYN (this study) and LS-DYNA and CTH (Browning et 
al.) results for incident impulse 
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2.3.4 Validation of AUTODYN in 2D for Near-Field Detonations 

Two-dimensional (2D) numerical analysis is performed to validate AUTODYN for calculations 

of reflected overpressure and impulse in the near field. There is a limited body of well- 

documented test data with which to validate computational fluid dynamics codes.  

This validation exercise uses measured values of normally reflected scaled impulse reported by 

Goodman (1960) and Huffington and Ewing (1985) for detonations of spherical charges of 50/50 

Pentolite. No peer reviewed data were found in the open literature for TNT. Goodman compiled 

and presented experimental data for incident (side-on) and normally reflected overpressure and 

impulse for detonations of spherical 50/50 Pentolite in free air. No data were reported for 

incident impulse and normally reflected overpressure for Z < 0.4 m/kg1/3. Data for incident peak 

overpressure were reported for small values of scaled distance but these were inferred from 

optical measurements of shock front velocity and not measured directly.  The values of normally 

reflected scaled impulse were measured using an impulse plug (e.g., Johnson et al. 1957, 

Huffington and Ewing 1985) and are used here to validate AUTODYN. Goodman presented 

normally reflected scaled impulse data for Z = 0.0742, 0.0869, 0.127, 0.150, 0.174 and 0.198 

m/kg1/3 (0.187, 0.219, 0.320, 0.378, 0.438 and 0.500 ft/lb1/3, respectively), based on 9, 9, 7, 26, 8 

and 37 tests, respectively (see Table II of the appendix in Goodman). The values of normally 

reflected scaled impulse for Z = 0.08, 0.12, 0.16 and 0.20 m/kg1/3 were interpolated from these 

data for comparison with AUTODYN predictions.   

Huffington and Ewing report measured normally reflected impulses for spherical charges of 

50/50 Pentolite from 57 experiments at scaled distances between 0.06 and 0.20 m/kg1/3 (0.15 and 

0.50 ft/lb1/3, respectively). The masses of the charges used for these experiments were 0.5, 1 and 

2 lbs (0.227, 0.454 and 0.907 kg, respectively). Huffington and Ewing presented 13, 16, 15 and 

10 test results for Z = 0.08, 0.12, 0.16 and 0.20 mkg1/3, respectively (see Table 1 in Huffington 

and Ewing), and the mean results at each value of scaled distance are used to validate 

AUTODYN. 

Pentolite is modeled using the JWL EOS and air is modeled as an ideal gas. Four charge weights 

of 0.5, 1, 22.68 and 18735 kg, with a packing density of 1700 m/kg1/3, are analyzed to observe 
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the effect of charge weight; see Table 2-11. The JWL parameters for 50/50 Pentolite used in the 

AUTODYN simulations are those reported in Dobratz and Crawford (1985); see Table 2-12. 

Table 2-11 Properties for 50/50 Pentolite and C4 

Parameter Pentolite C4 

Weight (kg) 0.5 1.0 22.68 18735 1 0.5 

Radius (mm) 41.25 52.00 147.13 1380.5 53 42 

Density (kg/m3) 1700 1700 1700 1700 1601 1601 

Table 2-12 JWL EOS parameters for 50/50 Pentolite and C4 (Dobratz and Crawford 1985) 

Parameter Pentolite C4 

Density (kg/m3) 1700 1601 

A (GPa) 540.94 609.77 

B (GPa) 9.3726 12.95 

1R   4.5 4.5 

2R  1.1 1.4 

Adiabatic constant, w  0.35 0.25 

Detonation velocity, D (m/s) 7530 8193 

Energy per unit volume, E0 (GPa) 8.1 9.0 

CJ pressure, CJP  (GPa) 25.5 28 

 One-dimensional (1D) radial analysis for the 1kg Pentolite is performed using AUTODYN until 

the shock wave reaches a reflecting boundary. Five cell sizes of r/125, r/250, r/500, r/1000 and 

r/2000 are used for all four scaled distances, where r is the distance of a monitoring location 

from the center of the charge. Note that these five cell sizes produce differences of 4.8%, 1.0%, 

1.0%, 0.13% and 0.13%, respectively, from the exact charge weight (= 1 kg), but these will have 

a minor effect on the overpressure histories. The 1D analysis results calculated using the r/2000 

cell size are mapped into a 2D air domain at (x, y) = (0, 0) for analysis using three cell sizes: 

r/125, r/250 and r/500. The dimension of the 2D domain is r  r, where the lower horizontal 

boundary is axially symmetric, the left vertical and the top horizontal boundaries are transmitting 
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planes, and the right vertical boundary is perfectly reflecting plane. Energy will seldom escape 

across the left transmitting (upstream) boundary because the pressure waves initially propagate 

radially from the source and away from this boundary. The monitoring location is on the right 

perfect-reflecting boundary, at (x, y) = (r, 0).  

Figure 2-33 presents simulation results for 1kg of Pentolite at Z = 0.08 m/kg1/3. Figures 2-33a 

and 33b show the converged 1D results using a cell size of r/2000. The reflected overpressure 

and impulse histories in Figures 2-33c and 2-33d, respectively, are similar for all three (2D) cell 

sizes. Identical observations are made for Z = 0.12, 0.16 and 0.20 m/kg1/3, as shown in Figures  

2-34, 2-35, and 2-36, respectively. Analyses for Pentolite masses of 0.5, 22.68 and 18735 kg are 

also performed using 1D and 2D cell sizes of r/2000 and r/500, respectively. 

Figure 2-37 enables a comparison of the AUTODYN-calculated normally reflected scaled 

impulses, with the smallest cell sizes for four scaled distances and four charge weights, and the 

measurements of Goodman and of Huffington and Ewing. See Table 2-13. For all four scaled 

distances, the AUTODYN calculations are in good agreement with the measured data. The effect 

of charge weight on scaled impulse is insignificant.  

We thus consider AUTODYN to be validated for 2D calculations of reflected overpressure and 

impulse for near-field detonations. 

Table 2-13 Normally reflected scaled impulse from AUTODYN calculations and 
measurements of Goodman (1960) and Huffington and Ewing (1985); units of 
MPa-ms/kg1/3 

Z (m/kg1/3) 
AUTODYN 

Goodman 
Huffington 
and Ewing 0.5 kg 1 kg 22.68 kg 18735 kg 

0.08 38.95 38.95 38.93 38.94 41.76 42.25 

0.12 18.16 18.15 18.11 18.13 19.49 18.92 

0.16 10.53 10.54 10.52 10.54 11.47 10.81 

0.2 6.880 6.882 6.873 6.84 7.14 7.21 
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(a) Incident overpressure (b) Incident impulse 

(c) Reflected overpressure (d) Reflected impulse 

Figure 2-33 Incident and normally reflected overpressure and impulse histories calculated 
using AUTODYN for 50/50 Pentolite of 1 kg; Z = 0.08 m/kg1/3; (Z = 0.20 
ft/lb1/3); r= 1.52 
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(a) Incident overpressure (b) Incident impulse 

(c) Reflected overpressure (d) Reflected impulse 

Figure 2-34 Incident and reflected normally overpressure and impulse histories calculated 
using AUTODYN for 50/50 Pentolite of 1 kg; Z = 0.12 m/kg1/3; (Z = 0.30 
ft/lb1/3); r= 2.28 
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(a) Incident overpressure (b) Incident impulse 

(c) Reflected overpressure (d) Reflected impulse 

Figure 2-35 Incident and normally reflected overpressure and impulse histories calculated 
using AUTODYN for 50/50 Pentolite of 1 kg; Z = 0.16 m/kg1/3; (Z = 0.40 
ft/lb1/3); r=3.04 
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(a) Incident overpressure (b) Incident impulse 

(c) Reflected overpressure (d) Reflected impulse 

Figure 2-36 Incident and normally reflected overpressure and impulse histories calculated 
using AUTODYN for 50/50 Pentolite of 1 kg; Z = 0.20 m/kg1/3; (Z = 0.50 
ft/lb1/3); r= 3.80 

Figure 2-37 Comparison between AUTODYN calculations and measurements of Goodman 
(1960) and Huffington and Ewing (1985) for normally reflected scaled impulses 
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2.3.5 Validation of AUTODYN in 2D for Far-Field Detonations 

Two-dimensional (2D) numerical analysis for far-field detonations is performed to validate the 

code for the calculations of reflected overpressures and impulses in the far field. This validation 

study uses measurements of normally reflected peak overpressures and impulses reported by 

Frost et al. (2008) for spherical charges of C4. AUTODYN Analysis is performed and values of 

normally reflected peak overpressures and scaled impulses at scaled distances, Z, of 1.2 and 1.51 

m/kg1/3 are reported and compared. 

Frost et al. presented measured data of reflected peak overpressures and impulses for normal 

incidences and angles of incidence for detonations of spherical charges of 1 kg and 0.5 kg of C4, 

1.2 m from the center of the charge (Z = 1.2 and 1.51 m/kg1/3, respectively). The weight, radius 

and packing density of both C4 charges are presented in Table 2-11. The results presented by 

Frost et al. for normal incidence were digitized to enable a direct comparison with results 

computed using AUTODYN.  

The JWL parameters for C4, from Dobratz and Crawford (1985), are used for the AUTODYN 

simulations, and are presented in Table 2-12. Cell sizes of r/1200 and r/2400 (1 mm and 0.5 mm, 

respectively) are used for 1D radial analysis because these enable exact modeling of the charge 

radii of 53 mm and 42 mm, for the C4 weights of 1.0 kg and 0.5 kg, respectively, and the 

packing density of 1601 kg/m3. The 1D analysis results calculated using the r/2400 cell size are 

used for 2D analysis, where four cell sizes of r/125, r/250, r/500 and r/1000 are considered. 

Modeling of the 2D domain is similar to that described in the previous section. 

Figure 2-38 presents simulation results for Z = 1.2 m/kg1/3 (1 kg C4). The incident overpressure 

and impulse histories are virtually identical for the two cell sizes, as shown in Figures 2-38a and 

2-38b, respectively. For normally reflected peak overpressure, the use of cell sizes of r/500 and 

r/1000 lead to similar results, as shown in Figure 2-38c, where the difference is less than 10%. 

Figure 2-38d shows the normally reflected impulse histories, which are essentially identical for 

all four cell sizes. Identical observations are made for Z = 1.51 m/kg1/3 (0.5 kg C4), as shown in 

Figure 2-39.  
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Figure 2-40 enables a comparison between AUTODYN results calculated using the r/1000 cell 

size and Frost et al. predictions. The calculated reflected peak overpressure for 1.51 m/kg1/3 is 

somewhat (32%) smaller than that predicted by Frost et al., but the value for 1.2 m/kg1/3 is close 

to that predicted by Frost et al. Further, the calculated reflected scaled impulses for both scaled 

distances and the Frost et al. predictions are in good agreement.  

We thus consider AUTODYN to have been validated for 2D calculations of reflected 

overpressure and impulse for far-field detonations. 

(a) Incident overpressure (b) Incident impulse 

(c) Reflected overpressure (d) Reflected impulse 

Figure 2-38 Incident and normally reflected overpressure and impulse histories calculated 
using AUTODYN for C4 of 1 kg; Z = 1.2 m/kg1/3 (r = 1.2 m) 
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(a) Incident overpressure (b) Incident impulse 

(c) Reflected overpressure (d) Reflected impulse 

Figure 2-39 Incident and normally reflected overpressure and impulse histories calculated 
using AUTODYN for C4 of 0.5 kg; Z = 1.51 m/kg1/3 (r = 1.2 m) 

 

Figure 2-40 Comparison between AUTODYN calculations and Frost et al. measurements 
(2008) for normally reflected peak overpressure, Pr, and scaled impulse, Ir/W

1/3; 
Z = 1.2 and 1.51 m/kg1/3 
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2.4 One-Dimensional Blast Wave Propagation  

2.4.1 Introduction 

A series of 1D studies is performed using AUTODYN and Air3D (Rose 2006). The purpose of 

the 1D studies is to characterize the incident overpressure histories in close proximity to the face 

of a spherical weapon of 22.68 (50 lb) of TNT. A 22.68 kg weapon is a typical hand-delivered 

threat for security design of buildings and infrastructure. The influences of mesh size, 

afterburning, and equations of state (EOS) on overpressure history, and temperature in the 

vicinity of the face of the charge are studied.  

A charge radius of 149 mm corresponding to the 22.68 kg TNT is modeled in 1D and is meshed 

with 4, 2, 1, 0.5 and 0.25 mm cells. A TNT packing density of 1636.8 kg/m3 is used to recover 

the weight of 22.68 kg with a charge radius of 149 mm. The JWL EOS is used to model the TNT 

products and air is modeled as an ideal gas. The multi-material Euler-Godunov solver is used for 

the 1D calculations.  

2.4.2 Mesh Sensitivity Study 

A mesh sensitivity study is performed for simulating 1D wave propagation using the 22.68 kg 

charge of TNT. Afterburning is not considered. An h-refinement of the mesh is performed using 

five cell sizes: 4 mm, 2 mm, 1 mm, 0.5 mm and 0.25 mm. The choice of cell size influences the 

results, over the range considered, for a distance r of less than seven times the charge radius (= 

1043 mm), or a radial expansion of 7. Results are presented in Figures 2-41 and 2-42 as a 

function of distance, r, from the center of the charge. For distances greater than 416 mm (Z = 

0.147 m/kg1/3), results are also compared with data from CONWEP (Hyde 1992) as implemented 

in LS-DYNA (LSTC 2013). CONWEP data are available only for Z > 0.147 m/kg1/3. The rate of 

decay in overpressure is described by the Friedlander curve (see Equation 1.1) and the waveform 

parameter (b in that equation) is back-calculated from the CONWEP values for peak 

overpressure, impulse, and positive phase duration. At distances of 152.7 mm, 164 mm, 200 mm 

and 250 mm (Z = 0.054, 0.058, 0.071 and 0.088 m/kg1/3, respectively; r = 1.025, 1.1, 1.34 and 

1.68, respectively), the overpressures are resolved sufficiently well, as measured by the small 
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differences of generally less than 10% in results for cell sizes of 0.5 mm and 0.25 mm. Consider 

Figure 2-41c. The 0.5 mm and 0.25 mm cells capture the spike associated with the arrival of the 

shock front (peak overpressure of approximately 40 MPa; see open circle) and the expanding 

detonation products (peak overpressure of approximately 77 MPa for the 0.5 mm cell size), 

immediately behind the initial peak. Similar observations are made for Figure 2-41d although the 

relative amplitudes of the peaks in the overpressure histories have changed because the meshes 

are better able to resolve the initial shock front. At a distance of 500 mm (Z = 0.177 m/kg1/3; r = 

3.36; Figure 2-41e), the calculated overpressure histories are quite different from CONWEP due 

to the effect of the expanding detonation products. At a distance of 1000 mm (Z = 0.353 m/kg1/3; 

r = 6.71; Figure 2-41f), the five meshes generated similar results. The distance of 1000 mm 

(Figure 2-41f) represents a volume expansion of 302. The shock front dominates the 

overpressure history at this radial expansion. The differences between the calculated results and 

CONWEP predictions at t = 0.3 to 0.4 ms are also due to the effect of the expanding detonation 

products. At distances of 152.7, 164, 200, 250, 500 and 1000 mm ( r = 1.025, 1.1, 1.34, 1.68, 

3.36 and 6.71, respectively), the overpressure histories converge for cell sizes of 0.5, 0.5, 0.5, 0.5, 

1.0 and 2.0 mm, respectively (or r/306, r/328, r/400, r/500, r/500 and r/500). For the total 

impulse, the results converge at larger cell sizes, namely, r/153, r/164, r/100, r/125, r/250 and 

r/250, respectively. None of the pressure time series presented in Figures 2-41c through 2-41f are 

similar in shape to the widely adopted Friedlander equation. The time series in Figures 2-41a and 

2-41b are different because at these small radial expansions (1.025 and 1.10, respectively), the 

effect of the expanding detonation products on the shape of pressure history is not significant 

because the distance between the shock front and the front of the expanding detonation products 

is small. 

Figure 2-43 plots the arrival time of the shock front at distances of r equal to 148 mm (1 mm 

inside the face of the charge) and 250 mm (101 mm from the face of the charge) as a function of 

cell size. The arrival times are insensitive to the choice of cell size, of the four considered. 
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a. r = 152.7 m (3.7 mm from face of charge); Z = 0.054 m/kg1/3; r =1.025 

b. r = 164 mm (15 mm from face of charge); Z = 0.058 m/kg1/3; r =1.10 

Figure 2-41 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning 
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c. r = 200 mm (51 mm from face of charge); Z = 0.071 m/kg1/3; r =1.34 

d. r = 250 mm (101 mm from face of charge); Z = 0.088 m/kg1/3; r =1.68 

Figure 2-41 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning (cont.) 
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e. r = 500 mm (351 mm from face of charge); Z = 0.177 m/kg1/3; r =3.36 

f. r = 1000 mm (851 mm from face of charge); Z = 0.353 m/kg1/3; r =6.71 

Figure 2-41 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning (cont.) 



77 

 

a. r = 152.7 mm (3.7 mm from face of charge); Z = 0.054 m/kg1/3; r =1.025 

b. r = 164 mm (15 mm from face of charge); Z = 0.058 m/kg1/3; r =1.10 

Figure 2-42 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning 
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c. r = 200 mm (51 mm from face of charge); Z = 0.071 m/kg1/3; r =1.34 

d. r = 250 mm (101 mm from face of charge); Z = 0.088 m/kg1/3; r =1.68 

Figure 2-42 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning (cont.) 
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e. r = 500 mm (351 mm from face of charge); Z = 0.177 m/kg1/3; r =3.36 

f. r = 1000 mm (851 mm from face of charge); Z = 0.353 m/kg1/3; r =6.71 

Figure 2-42 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning (cont.) 
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Figure 2-43 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT; JWL EOS; no afterburning (cont.) 

2.4.3 Temperature in the Vicinity of the Charge Face 

In the vicinity of the face of the charge, the temperature is extremely high, and these high 

temperatures can enable afterburning as discussed in Section 2.4.4. Temperatures for the 22.68 

kg charge of TNT are monitored using a cell size of 0.5 mm at Z = 0.054, 0.058, 0.071, 0.088, 

0.177 and 0.353 m/kg1/3, used in the mesh convergence study of Section 2.4.2. Afterburning is 

not considered.  

Histories of temperature for the range considered are presented in Figures 2-44 through 2-49, 

together with those of overpressure and density. Very close to the face of the charge (i.e., Z = 

0.054 m/kg1/3; Figure 2-44), the peak temperature is approximately 200000 K. The temperature 

rises nearly instantaneously with the arrival of the shock front but the peak temperature occurs at 

the front of the expanding detonation products. Consider Figure 2-47 (Z = 0.088 m/kg1/3). In the 

density history, the first (shown with open circle) and the second peaks near t = 0.04 ms indicate 

the arrival of the shock front and the front of the expanding detonation products, respectively. 

The peak temperature shown in Figure 2-47c is associated with the second peak in the density 

history, which is also observed in Figures 2-48 and 2-49 (Z = 0.177 and 0.353 m/kg1/3, 
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respectively). The relationship between the peak temperature and the expanding detonation 

products cannot be seen for Z = 0.054, 0.058 and 0.71 m/kg1/3, as shown in Figures 2-44, 2-45 

and 2-46, respectively, because the distances between the shock front and the front of the 

expanding detonation products cannot be resolved at this scale.  

Figure 2-50 shows peak temperature as a function of radial expansion of the detonation products 

for three charges of TNT of 22.68, 960 and 18735 kg. The influence of the charge weight on the 

results is insignificant. These data inform the afterburning study that is presented next. 
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a. Overpressure 

 
b. Density 

 
c. Temperature  

Figure 2-44 Overpressure, density and temperature histories at Z = 0.054 m/kg1/3; 
spherical charge of 22.68 kg of TNT; JWL EOS; 0.5 mm mesh 
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a. Overpressure 

 
b. Density 

 
c. Temperature  

Figure 2-45 Overpressure, density and temperature histories at Z = 0.058 m/kg1/3; 
spherical charge of 22.68 kg of TNT; JWL EOS; 0.5 mm mesh 
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a. Overpressure 

 
b. Density 

 
c. Temperature  

Figure 2-46 Overpressure, density and temperature histories at Z = 0.071 m/kg1/3; 
spherical charge of 22.68 kg of TNT; JWL EOS; 0.5 mm mesh 
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a. Overpressure 

 
b. Density 

 
c. Temperature  

Figure 2-47 Overpressure, density and temperature histories at Z = 0.088 m/kg1/3; 
spherical charge of 22.68 kg of TNT; JWL EOS; 0.5 mm mesh 
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a. Overpressure 

 
b. Density 

 
c. Temperature  

Figure 2-48 Overpressure, density and temperature histories at Z = 0.177 m/kg1/3; 
spherical charge of 22.68 kg of TNT; JWL EOS; 0.5 mm mesh 
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a. Overpressure 

 
b. Density 

 
c. Temperature  

Figure 2-49 Overpressure, density and temperature histories at Z = 0.353 m/kg1/3; 
spherical charge of 22.68 kg of TNT; JWL EOS; 0.5 mm mesh 
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Figure 2-50 Variation of temperature with radial expansion of detonation product 

2.4.4 Afterburning 

To date, the analysis has assumed that all the energy of the explosive is released upon detonation 

and used to drive the shock front forward. However, for under-oxidized explosives, this 

assumption is not necessarily correct. For such explosives, there exists an additional energy-

release mechanism. TNT is an under-oxidized explosive that does not have sufficient oxygen to 

completely oxidize. As the shock wave expands into the atmosphere, the detonation products 

consume oxygen from the surrounding air and oxidize; the process is called afterburning 

(Donahue 2008). Afterburning involves combustion reactions that release energy and increase 

the temperature of the affected region, enhancing the effects of detonation. Unlike detonation, 

where the release of energy takes place in microseconds, afterburning is a process that can last 

milliseconds to seconds. There are two requirements essential for afterburning to occur: 1) the 

temperature in the region should be high enough for combustion reactions to take place, and 2) 

there must be enough oxygen in the ambient air. TNT is a fuel-rich explosive, with the main 
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fuels being Carbon, Carbon Monoxide, Hydrogen, and Methane. These fuels undergo 

combustion reactions at their respective ignition temperatures. If the temperature is 1800+ K, 

sufficient oxygen is present, and the oxygen is well mixed with the fuels, then all the combustion 

reactions can occur (e.g., Souers et al. 2001, McNesby et al. 2010). The temperatures computed 

by analysis exceed 10000 K during the initial stages of the expansion beyond the original surface 

of the charge. Given that afterburning should occur, AUTODYN is used to model it. The 

additional energy to be released due to afterburning and the duration of the release can be 

specified in AUTODYN in the definition of the JWL EOS. 

In Figure 2-50, the temperature decreases to 1800 K at a radial expansion of the detonation 

products, dr , of 13.4 (Z = 0.71 m/kg1/3), where the radial expansion of the shock front, r , is 17.2 

(Z = 0.91 m/kg1/3). For a charge weight of 22.68 kg, the volume of air between the original 

surface of the charge and at a radial expansion, dr , of 13.4 is 33.3 m3. Donahue (2008) reported 

that 3.18 kg of air is required per 1 kg of TNT to release the maximum afterburning energy. For 

a volume of air of 33.3 m3, the maximum afterburning energy is 129 MJ (5.67 MJ/kg  22.68 kg) 

(132% of the detonation energy, 96 MJ (4.23 MJ/kg  22.68 kg)). In the very early stages of the 

expansion, afterburning does not significantly affect the blast wave (e.g., Cullis and Huntington-

Thresher 2007, McNesby et al. 2010), which is due to a lack of available oxygen (air) and 

incomplete mixing with air. Assuming that the fuels are completely mixed with the available 

oxygen, the afterburning energy of 129 MJ is divided into six intervals, as noted in Table 2-14 

and Figure 2-51. The front of the detonation products reaches the radial expansions, dr , of 1, 4, 6, 

8, 10, 12 and 13.4 at t = 0.0215, 0.123, 0.245, 0.406, 0.610, 0.897 and 1.15 msec, respectively. 

The density of air at room temperature is assumed to be 1.225 kg/m3. The maximum afterburning 

energy is 10.01 MJ per 1 kg of TNT (Donahue 2008). The weight of TNT for an amount of air to 

produce the maximum afterburning energy is the weight of air divided by 3.18 kg-air/kg-TNT. 

The total afterburning energy is the weight of TNT multiplied by 10.01 MJ/kg-TNT. The specific 

afterburning energy is thus calculated by dividing the total afterburning energy by the weight of 

TNT (= 22.68 kg) and is then added to the AUTODYN analysis. 
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Table 2-14 Calculations for the afterburning energy at each interval between radial 
expansions of detonation products for a spherical charge of 22.68 kg of TNT. 

Range of radial 

expansion, dr 
1 to 4 4 to 6 6 to 8 8 to 10 10 to 12 12 to 13 Total 

Volume of air (m3) 0.87 2.1 4.1 6.8 10.1 9.4 33.3 

Weight of air (kg) 1.07 2.58 5.02 8.28 12.4 11.5 40.8 

Weight of TNT for an 
available air to produce 

the maximum 
afterburning energy 

(kg) 

0.336 0.811 1.58 2.60 3.89 3.62 12.8 

Total afterburning 
energy (MJ) 

3.37 8.12 15.8 26.1 38.9 36.2 129 

Specific afterburning 
energy (MJ/kg) 

0.148 0.358 0.697 1.15 1.71 1.60 5.67 

Percentage of the 
detonation energy 

3.5 8.4 16.3 26.9 40.1 37.3 132 

Figure 2-51 Input of afterburning energy with time for 22.68 kg of TNT 
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The afterburning energy is released from a problem time of 0.0215 msec (radial expansion of 

detonation products, dr = 1.0) to 1.15 msec ( dr = 13.4). Figure 2-51 presents the afterburning 

energy with time, which is released at a constant rate (uniformly) in each interval of the 

simulation, as noted in the third last row of Table 2-14. Figure 2-52 describes the relationship 

between the weight of TNT and the available volume of air to release the maximum afterburning 

energy. Figure 2-53 describes the available volume of air as a function of the radial expansion of 

detonation products, dr , where the available volume of air is computed as the volume between 

the face of the charge and the spherical surface corresponding to dr .  

Figures 2-54 and 2-55 present the results of an analysis for a mesh of 0.5 mm cells, assuming a 

total afterburning energy of 129 MJ (132% of the detonation energy; see Figure 2-51). For this 

explosive, the effect of afterburning (as modeled) is insignificant at a distance of 200 mm 

(corresponding to dr = 1.34) due to a lack of available oxygen, but an increase in impulse is 

evident at the greater distance of 250 mm ( dr = 1.68). This increase is an upper bound on the 

effect of afterburning because perfect mixing of the available fuel and oxygen is assumed. 
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Figure 2-52 Weight of TNT for volumes of air to release maximum afterburning energy 

 

Figure 2-53 Available volumes of air for radial expansion of detonation products 
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a. r = 200 mm (51 mm from face of charge) 

b. r = 250 mm (101 mm from face of charge) 

Figure 2-54 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT for a 0.5 mm mesh; JWL EOS; 129 MJ afterburning 
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c. r = 500 mm (351 mm from face of charge) 

d. r = 1000 mm (851 mm from face of charge) 

Figure 2-54 Overpressure histories at distance, r, from the center of a spherical charge of 
22.68 kg of TNT for a 0.5 mm mesh; JWL EOS; 129 MJ afterburning (cont.) 
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a. r = 200 mm (51 mm from face of charge) 

b. r = 250 mm (101 mm from face of charge) 

Figure 2-55 Impulse histories at distance, r, from the center of a spherical charge of 22.68 
kg of TNT for a 0.5 mm mesh; JWL EOS; 129 MJ afterburning 



96 

 

c. r = 500 mm (351 mm from face of charge) 

d. r = 1000 mm (851 mm from face of charge) 

Figure 2-55 Impulse histories at distance, r, from the center of a spherical charge of 22.68 
kg of TNT for a 0.5 mm mesh; JWL EOS; 129 MJ afterburning (cont.) 
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2.4.5 Blast Wave Propagation in AUTODYN and Air3D 

One-dimensional blast wave propagation is studied using Air3D to contrast the predictions of 

Air3D and AUTODYN. Air3D (Rose 2006) is a computational fluid dynamics (CFD) code 

developed specifically for blast applications. The input data is specified via a text file, which is 

then run in batch mode. In a 3D analysis, there are three sections of the input file that are 

executed sequentially: spherical (1D), radial (2D) and main (3D). When the spherical input 

section is executed, the calculations proceed with spherical symmetry until the blast wave 

reaches a reflecting surface. The output of the 1D analysis is then remapped into 2D (the x, y 

domain) and then to a 3D domain.  

Air3D uses the balloon analog of Ritzel and Matthews (1997) and assumes a constant γ for air. 

There are two versions of Air3D: ideal gas EOS and JWL EOS. The ideal gas version is used 

here. The input needed for the 1D section of the input file is initial weight (= 22.68 kg), density 

(= 1637 kg/m3) and energy (= 4.3 106 J/kg) of the explosive, the cell size for the 1D calculations 

(= 0.5 mm) and the radius for the 1D calculations (= 2 m).  In the 2D input section, the radial and 

axial boundaries for the 2D domain are specified by ‘rmax’ (= 3 m) and ‘hmax’ (= 3 m). The 

boundary conditions are specified by ‘bru’ (-1) and ‘hru’ (+1) in the input file; ‘-1’ represents a 

‘stop’ boundary and ‘+1’ represents a ‘transmit’ boundary. The Air3D User Guide (Rose 2006) 

recommends a maximum cell size based on scaled distance; i.e., the cell size should represent 

roughly a scaled radial distance of 1 mm/kg1/3. If the mass of the explosive is 22.68 kg, the cell 

size should be less than 1 22.681/3 or 2.82 mm. For a packing density of 1637 kg/m3 and a 

charge radius of 149 mm, the initial pressure in the balloon is 2816 MPa. 

Figure 2-56 presents fringe plots of pressure from the 1D AUTODYN analysis of the detonation 

of a 22.68 kg charge of TNT at time instants after detonation. The location of the shock front is 

identified by a fine line that is initially at a distance r = 149 mm at t = 0.015 and 0.020 msec, and 

r = 480 mm at t = 0.1 msec. The detonation front reached the face of the charge at a time 

between 0.020 msec and 0.025 msec. The shock wave then propagates continuously outward 

from the face of the charge and a rarefaction wave begins to propagate toward the center of the 

charge. Before the head of the rarefaction wave reaches the center of the charge, the peak 
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pressure at the center is approximately 4.2 GPa. The head of the rarefaction wave arrives at the 

center of the charge near t = 0.060 msec and the pressure at the center decreases rapidly. 

Figure 2-57 presents results of the 1D Air3D analysis for the same problem used in the 

AUTODYN analysis. The assumed detonation wave speed for the TNT is 6730 m/second (Rose 

2006) and so the starting time for analysis is 0.02214 msec (= 0.149/6730) and shortly following 

the time associated with the first panel in the figure (= 0.022 msec). The initial pressure of the 

gas in the balloon is 2816 MPa, as noted previously. At t = 0.095 msec, the head of the 

rarefaction wave has just reached the point of detonation. The shock front is clearly observed at  

t = 0.146 msec, at which the tail of the rarefaction wave is near the front of the detonation 

products. The region between the shock front and the tail of the rarefaction wave is compressing, 

whereas the region behind the tail of the rarefaction wave is expanding. The pressures behind the 

tail of the rarefaction wave continuously decrease and become small enough to ignore at t = 

0.500 msec. 
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0.020 

0.025 

0.030 

Figure 2-56 Overpressure histories as a function of time after detonation at distance x (= r) 
from the center of a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; 
JWL EOS; no afterburning 
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Figure 2-56 Overpressure histories as a function of time after detonation at distance x (= r) 
from the center of a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; 
JWL EOS; no afterburning (cont.) 
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Figure 2-56 Overpressure histories as a function of time after detonation at distance x (= r) 
from the center of a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; 
JWL EOS; no afterburning (cont.) 
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Figure 2-56 Overpressure histories as a function of time after detonation at distance x (= r) 
from the center of a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; 
JWL EOS; no afterburning (cont.) 
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Figure 2-56 Overpressure histories as a function of time after detonation at distance x (= r) 
from the center of a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; 
JWL EOS; no afterburning (cont.) 
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Time (msec) Overpressure with distance 

0.022 

 

0.059 

 

0.095 

 

Figure 2-57 Air3D overpressure histories as a function of distance and time after 
detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; ideal 
gas EOS  
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Time (msec) Overpressure with distance 

0.103 

 

0.111 

 

0.128 

 

Figure 2-57 Air3D overpressure histories as a function of distance and time after 
detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; ideal 
gas EOS (cont.) 
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Time (msec) Overpressure with distance 

0.146 

 

0.173 

 

0.229 

 

Figure 2-57 Air3D overpressure histories as a function of distance and time after 
detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; ideal 
gas EOS (cont.) 
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Time (msec) Overpressure with distance 

0.287 

 

0.392 

 

0.493 

 

Figure 2-57 Air3D overpressure histories as a function of distance and time after 
detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh; ideal 
gas EOS (cont.) 



108 

 

2.4.6 Equations of State 

To evaluate the ideal gas EOS in Air3D for modeling near-field detonations, the simulation 

results are compared with those using both the ideal gas EOS and the JWL EOS implemented in 

AUTODYN. Figure 2-58 presents the results of 1D analysis using a) AUTODYN, JWL EOS for 

the explosive and the ideal gas EOS for air, b) AUTODYN and the ideal gas EOS ( 1.4  ) for 

both explosive and air, and c) Air3D and the ideal gas EOS ( 1.4  ) for explosive and air. 

Results are presented for r = 148 mm, 1 mm inside the face of the charge (panel a), r = 200 mm 

(panel b), r = 250 mm (panel c), r = 500 mm (panel d), and r = 1000 mm (panel e). Significant 

differences are observed for each value of r between the JWL EOS and the ideal gas EOS. At 1 

mm inside the face of the charge, there are differences between all three models: the AUTODYN 

ideal gas EOS incident peak overpressure is dramatically smaller than that predicted using the 

JWL EOS, and the use of the Air3D balloon analog results in a higher incident overpressure at 

the face of the charge than AUTODYN using the ideal gas EOS.  At r = 200 mm (radial 

expansion of 1.34, volume expansion of 2.42), the AUTODYN and Air3D calculations using the 

ideal gas EOS provide similar predictions of peak pressure associated with the shock front (20 

MPa) and the expanding detonation products (120 MPa). Both ideal gas computations 

underpredict the incident peak overpressure of the JWL EOS (40 MPa) and predict a greater 

value of peak overpressure associated with the expanding detonation products and a greater 

incident impulse. Note that the scale of overpressure in panel a is approximately two orders of 

magnitude higher than in panel b. An analysis of panel c (r = 250 mm, radial expansion = 1.68, 

volume expansion = 4.72) leads to similar observations. At a distance of r = 500 mm (351 mm 

from the face of the charge, radial expansion = 3.36, volume expansion = 37.8), the AUTODYN 

JWL computations predict a greater value of incident peak overpressure than the ideal gas 

computations. (The AUTODYN implementation of the JWL EOS collapses to an ideal gas EOS, 

default 1.3  , at a volume expansion = 10, radial expansion = 2.15.) The differences between 

the three overpressure histories and incident impulses at r = 1000 mm (radial expansion = 6.71, 

scaled range = 0.353 m/kg1/3) are relatively small.  

The ideal gas EOS should not be used for air-blast calculations at small values of scaled distance, 

say r ≤ 7 based on the simulation results presented here.  
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a. r = 0.148 m (1 mm inside face of charge) 

b. r = 0.200 m (51 mm from face of charge) 

Figure 2-58 Influence of EOS on overpressure histories as a function of distance and time 
after detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh 
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c. r = 0.250 m (101 mm from face of charge) 

d. r = 0.500 m (351 mm from face of charge) 

Figure 2-58 Influence of EOS on overpressure histories as a function of distance and time 
after detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh 
(cont.) 
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e. r = 1.000 m (851 mm from face of charge) 

Figure 2-58 Influence of EOS on overpressure histories as a function of distance and time 
after detonation for a spherical charge of 22.68 kg of TNT for a 0.5 mm mesh 
(cont.) 

2.5 Two-Dimensional Blast Wave Propagation 

Two-dimensional blast wave propagation is simulated to predict reflected overpressures in the 

near field. The effects of boundary conditions, optimal cell sizes in 2D, consistency between 1D 

and 2D, and near-field effects on reflected overpressure histories are investigated.  

Three 2D models are evaluated to examine the effect of boundary conditions on overpressure and 

impulse histories. The first two models include one quarter of the charge and a varied vertical 

boundary condition at the centerline of the (spherical) charge. The third model includes one half 

of the charge and places a transmitting (TR) vertical boundary away from the charge. Each 

model is described below. 

Consider first the 2D Model I-I shown in Figure 2-59a. A quarter of the charge is modeled in a 

2D domain with dimensions of 300 200 mm (horizontal  vertical). The spherical charge is 

22.68 kg of TNT with a packing density of 1630 kg/m3 and a charge radius of 149 mm. The left 
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vertical boundary condition in this model is set as transmitting. The other two models investigate 

the use of alternate left vertical boundary conditions. 

Figure 2-59 examines the effect of the left vertical boundary in Model I-I on incident 

overpressure and impulse histories. Energy should not escape across a left transmitting boundary 

because the pressure wave initially propagates radially from the source and away from this 

boundary. The left vertical TR boundary is replaced by a (mirrored-symmetric) reflecting (RE) 

boundary. Incident overpressure histories are calculated at monitoring points 1, 2 and 3 (see 

Figure 2-59a) using both left TR and RE boundaries. The coordinates of monitoring points 1, 2 

and 3 are at (x, y) = (200, 0), (0, 80) and (0, 160), respectively. A cell size of 0.5 mm is used for 

the analysis because the 1D analysis results converged at a distance of 200 mm for the 0.5 mm 

cell size (see Figure 2-41c). Overpressure and impulse histories are presented in Figures 2-59b, 

2-59c and 2-59d at the three monitoring points. The histories are identical at each monitoring 

point. The differences are less than 1%.  

 

a. Model I-I 

Figure 2-59 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-I 
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b. Overpressure and impulse histories at monitoring location 1 

c. Overpressure and impulse histories at monitoring location 2 

d. Overpressure and impulse histories at monitoring location 3 

Figure 2-59 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-I (cont.) 
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Figure 2-60 enables a comparison of results of 1D (radial) and 2D analysis for the 2D Model I-I 

with the left transmitting boundary. Results of the two analyses are presented for a 0.5 mm mesh 

at monitoring location 1. The overpressure histories are identical, which is not surprising given 

the use of radial (axial) symmetry in both cases. 

Figure 2-60 AUTODYN analysis results for 1D and 2D (I-I with the left transmitting 
boundary) models; spherical charge of 22.68 kg of TNT; 0.5 mm mesh; 
monitoring location 1; 

Another 2D model, I-II, is presented in Figure 2-61a. One half of the spherical charge is modeled 

using a lower axially symmetric boundary. The left transmitting boundary of Model I-I is moved 

to the left at distance of two charge radii. The monitoring locations are same as those used in 

Model I-I. One might argue that this model is better than Model I-I with a left vertical 

transmitting boundary but it is computationally more expensive. Figures 2-61b, 2-61c and 2-61d 

enable a comparison of overpressure and impulse histories calculated using 1) Model I-I with a 

left vertical transmitting boundary, and 2) Model I-II, at monitoring locations, 1, 2 and 3, 

respectively. The histories are identical for all three monitoring locations.  

Models I-III and I-IV, as shown in Figures 2-62a and 2-62b, respectively, are constructed from 

Models I-I and I-II, respectively, to study the effect of choice of boundary condition on reflected 

overpressure histories. The right vertical transmitting boundaries of Figures 2-59a and 2-61a are 

replaced by reflecting boundaries. Overpressure and impulse histories are calculated at five 

monitoring locations, where monitoring locations 1, 2 and 3 were identified previously and 
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monitoring locations 4, 5 and 6 are on the right reflecting boundary, 0, 80 and 160 mm, 

respectively, from the lower horizontal boundary.  

Figures 2-62c through 2-62n enable a comparison of the overpressure and impulse histories 

calculated using models I-III and I-IV. In the legends, TR and RE identify the left transmitting 

and reflecting boundaries, respectively, for model I-III. The overpressure histories are plotted at 

two ranges on the y (overpressure) axis, full and part, where the part-range plots enable analysis 

of small differences in the histories. Analysis using Model I-III TR and Model I-IV produce 

identical results. The effects of multiple reflections from the model with two vertical reflecting 

boundaries (Model I-III RE) are clearly seen in the impulse histories at monitoring locations 1, 3, 

4, 5 and 6.  

In summary, analysis of a model that incorporates a left vertical transmitting boundary at the 

centerline of the charge produces identical overpressures and impulses to analysis of a model of 

one-half of the charge with a left transmitting boundary placed two charge radii from the center 

of the weapon. Hereafter, computationally more efficient models involving a vertical 

transmitting boundary at the center of the charges are analyzed.  

 

a. Model I-II 

Figure 2-61 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-II 
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b. Overpressure and impulse histories at monitoring location 1 

c. Overpressure and impulse histories at monitoring location 2 

d. Overpressure and impulse histories at monitoring location 3 

Figure 2-61 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-II (cont.) 
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a. Model I-III 

b. Model I-IV 

c. Overpressure histories in full (left) and part (right) ranges at monitoring location 1 

Figure 2-62 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-III and Model I-IV 
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d. Impulse history at monitoring location 1 

e. Overpressure histories in full (left) and part (right) ranges at monitoring location 2 

f. Impulse history at monitoring location 2 

Figure 2-62 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-III and Model I-IV (cont.)
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g. Overpressure histories in full (left) and part (right) ranges at monitoring location 3 

h. Impulse history at monitoring location 3 

i. Overpressure histories in full (left) and part (right) ranges at monitoring location 4 

Figure 2-62 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-III and Model I-IV (cont.)
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j. Impulse history at monitoring location 4 

k. Overpressure histories in full (left) and part (right) ranges at monitoring location 5 

l. Impulse history at monitoring location 5 

Figure 2-62 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-III and Model I-IV (cont.)
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m. Overpressure histories in full (left) and part (right) ranges at monitoring location 6 

n. Impulse history at monitoring location 6 

Figure 2-62 Effect of boundary condition; spherical charge of TNT of 22.68 kg; 0.5 mm 
cells; Model I-III and Model I-IV (cont.) 

Figure 2-63 presents the results of 2D AUTODYN analysis with Model II, as shown in panel a. 

The radius of the charge is 149 mm. For this 2D analysis, 1D results using a cell size of 0.5 mm, 

chosen for the same reason described previously, are remapped into 2D. Cell sizes of 4, 2, 1 and 

0.5 mm are used in the 2D analyses. The TNT packing density is 1636.8 kg/m3, resulting in a 

charge weight of 22.68 kg (50.00 lb). The JWL EOS is used for analysis. Afterburning is ignored 

because the afterburning energy is less than 5% of the detonation energy due to the availability 

of oxygen. Figure 2-63a presents the AUTODYN model, the remaining boundary conditions and 

the locations of monitoring locations 2, 3 and 4 on the right hand boundary. The other panels in 

the figure present reflected overpressure histories at monitoring locations 2, 3 and 4. Monitoring 

locations 2, 3 and 4 are associated with angles of incidence of 0º, 36.7º and 56.1º, respectively, 
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and Z = 0.071, 0.088 and 0.13 m/kg1/3. The results presented at monitoring locations 2, 3 and 4 

are essentially identical for all four cell sizes; the effect of cell size on the results is insignificant. 

The jagged nature of the overpressure history at monitoring location 4, which may be 

counterintuitive, is studied using the pressure fringes presented in Figure 2-64. Two ranges of 

pressure are provided: full range (capturing the entire range of pressure) and fixed range 

(intended to capture the propagation of the shock front and the expanding detonation products). 

It is evident that the pressure histories at the monitoring locations are complex, which is due 

primarily to the expanding detonation products. At 0.029 msec, the shock front impinges on the 

vertical reflecting surface; the initial reflection of the shock front is captured in the panels at 

0.030 msec, noting that the reflected pressure at monitoring location 2 increases to a maximum 

value of 2500 MPa at a later time. The presence of the expanding detonation products is 

observed immediately behind the shock front, as shown in the fixed range (second column) of 

Figure 2-64, but the distance between the front of the expanding detonation products and the 

shock front is so small that the arrival of the expanding detonation products cannot be identified 

in the overpressure histories at monitoring location 2 (see Figure 2-63b) at the scale presented. 

At 0.037 msec, the shock front impinges on the reflecting surface at monitoring location 3. The 

arrival of the expanding detonation products is not seen in the overpressure histories at 

monitoring location 3 (see Figure 2-63c) but it is observed behind the shock front in the fixed 

range of Figure 2-64. At 0.054 msec (fourth row of Figure 2-64), the incident shock wave has 

reached monitoring location 4 and the Mach stem has formed (between monitoring locations 2 

and 3). At monitoring location 4, the arrivals of the shock front and of the front of the expanding 

detonation products can be distinguished in the overpressure histories of Figure 2-63d at 

approximately t = 0.5 ms and 0.7 ms, respectively. The pressure fringes immediately behind the 

Mach stem are complex and irregular and provide an explanation for the jagged nature of the 

pressure history seen in Figure 2-63d. 
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a. Model II 

b. Monitoring location 2 

Figure 2-63 Reflected overpressure histories on a vertical reflecting surface; Model II; 
spherical charge of 22.68 kg of TNT; JWL EOS; varying mesh size 
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c. Monitoring location 3 

d. Monitoring location 4 

Figure 2-63 Reflected overpressure histories on a vertical reflecting surface; Model II; 
spherical charge of 22.68 kg of TNT; JWL EOS; varying mesh size (cont.) 
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0.030 

  

Figure 2-64 Pressure fringes as a function of time; Model I; spherical charge of 22.68 kg of 
TNT; JWL EOS; TNT density = 1636.8 kg/m3; 1.0 mm mesh 
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Figure 2-64 Pressure fringes as a function of time; Model I; spherical charge of 22.68 kg of 
TNT; JWL EOS; TNT density = 1636.8 kg/m3; 1.0 mm mesh (cont.) 
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Figure 2-64 Pressure fringes as a function of time; Model I; spherical charge of 22.68 kg of 
TNT; JWL EOS; TNT density = 1636.8 kg/m3; 1.0 mm mesh (cont.) 

Figure 2-65a presents Model III that is similar to Model II (Figure 2-63) except that the upper 

boundary is extended to a height of 1500 mm above the detonation point. Results are presented 

at three additional monitoring locations on the vertical reflecting surface: 5 (500 mm above the 

detonation point, panel b, angle of incidence = 68.2º), 6 (1000 mm above the detonation point, 

panel c, angle of incidence = 78.7º), and 7 (1500 mm above the detonation point, panel d, angle 

of incidence = 82.4º). Two cell sizes are used to generate results at monitoring locations 5 and 6; 

namely, 1 mm and 0.5 mm. The reflected pressure history at monitoring location 7 is computed 

using 1 mm cells. The jagged pressure histories are a result of wave reflection and Mach stem 

formation, as noted previously.    
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a. Model III 

b. Monitoring location 5 

Figure 2-65 Reflected overpressure histories on a vertical reflecting surface; Model III; 
spherical charge of 22.68 kg of TNT; JWL EOS; varying mesh size 
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c. Monitoring location 6 

d. Monitoring location 7 

Figure 2-65 Reflected overpressure histories on a vertical reflecting surface; Model III; 
spherical charge of 22.68 kg of TNT; JWL EOS; varying mesh size (cont.) 
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2.6 Three-Dimensional Wave Propagation 

Three-dimensional blast wave simulations enable evaluation of reflected overpressure histories 

in complex environments with multiple reflecting boundaries (e.g., explosion in free air with 

buildings and ground).  

Three-dimensional meshes of Model II are constructed with different mesh sizes and different 

values of the perpendicular (y) dimension, noting that the plane of Model II (and IV) shown in 

Figure 2-63a is x (horizontal) and z (vertical). Model II data are used because 2D axial symmetry 

results are available to verify the 3D models. The 3D variant of Model II denoted as Model IV 

with y = 200 mm is shown in Figure 2-66a. The vertical planes through the center of the 

explosive are modeled as transmitting and reflecting boundaries in the yz and xz planes, 

respectively. Similar to the 2D analyses of Section 2.5, results of 1D analyses performed using 

the 0.5 mm cell size are remapped into the 3D meshes. Afterburning is not modeled for the 

reason given in Section 2.5. Figure 2-66 presents reflected overpressure histories at monitoring 

locations 2, 3 and 4, located 200 mm from the centerline of the charge at x = 200, 200 and 200 

mm; z = 0, 149 and 298 mm; and varying y. Because of concerns regarding the transmissibility 

of the boundary in the perpendicular (y) direction if the dimension was small, six values of the y 

dimension in Model IV are studied: 8, 12, 48, 100, 149 and 200 mm. Computational cells of 4 

mm (4.027 mm for y = 149 mm) are used to construct each mesh. Analysis of the three panels b, 

c and d in Figure 2-66 makes the influence of the choice of perpendicular dimension clear, with 

results stabilizing for a value of 48 mm (R/4) and greater for peak overpressure and a value for 

149 mm (3R/4) and greater for impulse, where R is the shortest distance from the point of 

detonation (center of the charge) to the vertical reflecting surface (= 200 mm in this case), 

namely, the standoff distance. The increase in overpressure at 0.2 msec at each monitoring 

location for the 100 mm perpendicular dimension (y) is due to reflections from the transmitting 

perpendicular boundary. Figure 2-67 (2-68) presents the results of an analysis of mesh size for y 

= 100 mm (200 mm). Results of 2D analysis invoking radial (axial) symmetry are presented to 

inform the choice of cells size. For a given perpendicular dimension, 100 mm or 200 mm, the 

overpressure histories are identical for the 2 mm and 4 mm cells at monitoring location 3 and 4; 

the reflected peak overpressure is underestimated by approximately 10% at monitoring location 2 
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with the 4 mm cells. Both 3D meshes overestimate the reflected overpressure at 0.2 msec for y = 

100 mm. Figure 2-69 enables conclusions to be drawn regarding cell size and the minimum 

required perpendicular dimension for 3D analysis. Each panel in Figure 2-69 presents 

overpressure histories at a given monitoring location for 2D radial analysis (2 mm mesh) and 3D 

analysis (2 mm mesh) for perpendicular (y) dimensions of 100 mm and 200 mm. The histories 

for 2D analysis (2 mm mesh) and 3D analysis (2 mm mesh, y = 200 mm) are essentially identical. 

Transmitting boundaries do not function perfectly and a fraction of the pressure is reflected, 

causing both the overpressures and impulses to be over-predicted if the transverse (y) dimension 

is too small. On the basis of this study, the transverse dimension should be always specified to be 

greater than the charge radius to avoid significant boundary effects. 

Figure 2-70 presents Model V that is similar to Models II and IV except that the lower boundary 

is extended down to the ground and one-fourth of the explosive is modeled. The lower boundary 

is modeled as a reflecting surface. The vertical planes through the center of the explosive are 

modeled as transmitting and reflecting boundaries in the yz and xz planes, respectively. Two-

dimensional radial (axial) symmetry cannot be used to solve this problem and three-dimensional 

models must be used. Alternate three-dimensional models are considered for the purpose of 

monitoring overpressure histories on the centerline of the charge at monitoring locations 1, 2, 3 

and 4 per Figure 2-66.  

On the basis of the data presented in Figures 2-66 through 2-69, Model V is meshed with 1, 2 

and 4 mm cells and a perpendicular (y) dimension of 200 mm and uses 1D results for a cell size 

of 0.5 mm and a distance of 149 mm, which is adopted because 1D simulations should be 

performed before reflection occurs and the shock front is first reflected at the distance of 149 mm, 

on the lower reflecting boundary. Figure 2-71 presents reflected overpressure histories at 

monitoring locations 1, 2, 3 and 4, with all data presented in panel a (4 mm mesh) and histories 

for individual monitoring locations presented in panels b, c, d and e. The results are effectively 

identical for the cell sizes of 1, 2 and 4 mm. Results for the 1 mm cell size are not included at 

monitoring location 4 because the runtimes were excessive. The reflected overpressure at the 

vertical reflecting surface at the ground is 3.8 GPa (2 mm mesh) and approximately twice that at 

monitoring location 2 (2.1 GPa, 2 mm), 149 mm above monitoring location 1. The reflected peak 
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overpressure at monitoring location 2 calculated using Model V and a 2 mm mesh is 

approximately 10 percent less than that calculated using Model II, axial symmetry and a 1 mm 

mesh. The reflected peak overpressure at monitoring location 3 is similar for Model II (1 mm 

mesh) and Model V (2 mm mesh). The local increase in the overpressure history at monitoring 

location 2 at t = 0.15 msec is due to the formation of a Mach stem. None of the Model V pressure 

histories resembles the shape of the Friedlander equation.  

 

 
a. Model IV; 3D variant of Model II; perpendicular (y) dimension = 200 mm 

Figure 2-66 Reflected overpressure histories on a vertical reflecting surface; Model IV; 
spherical charge of 22.68 kg of TNT; JWL EOS; 4 mm mesh (4.027 mm for y = 
149 mm); varying perpendicular dimension, y 
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b. Monitoring location 2 

c. Monitoring location 3 

Figure 2-66 Reflected overpressure histories on a vertical reflecting surface; Model IV; 
spherical charge of 22.68 kg of TNT; JWL EOS; 4 mm mesh (4.027 mm for y = 
149 mm); varying perpendicular dimension, y (cont.) 
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d. Monitoring location 4 

Figure 2-66 Reflected overpressure histories on a vertical reflecting surface; Model IV; 
spherical charge of 22.68 kg of TNT; JWL EOS; 4 mm mesh (4.027 mm for y = 
149 mm); varying perpendicular dimension, y (cont.) 
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a. Monitoring location 2 

b. Monitoring location 3 

Figure 2-67 Reflected overpressure histories on a vertical reflecting surface; Model II and 
Model IV; spherical charge of 22.68 kg of TNT; JWL EOS; y = 100 mm for 3D 
analysis 
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c. Monitoring location 4 

Figure 2-67 Reflected overpressure histories on a vertical reflecting surface; Model II and 
Model IV; spherical charge of 22.68 kg of TNT; JWL EOS; y = 100 mm for 3D 
analysis (cont.) 

 



137 

 

a. Monitoring location 2 

b. Monitoring location 3 

Figure 2-68 Reflected overpressure histories on a vertical reflecting surface; Model II and 
Model IV; spherical charge of 22.68 kg of TNT; JWL EOS; y = 200 mm for 3D 
analysis 
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c. Monitoring location 4 

Figure 2-68 Reflected overpressure histories on a vertical reflecting surface; Model II and 
Model IV; spherical charge of 22.68 kg of TNT; JWL EOS; y = 200 mm for 3D 
analysis (cont.) 
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a. Monitoring location 2 

b. Monitoring location 3 

Figure 2-69 Reflected overpressure histories on a vertical reflecting surface; Model II and 
Model IV; spherical charge of 22.68 kg of TNT; JWL EOS; 2 mm mesh 
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c. Monitoring location 4 

Figure 2-69 Reflected overpressure histories on a vertical reflecting surface; Model II and 
Model IV; spherical charge of 22.68 kg of TNT; JWL EOS; 2 mm mesh (cont.) 
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Figure 2-70 Reflected overpressure histories on a vertical reflecting surface; Model V; 
spherical charge of 22.68 kg of TNT; JWL EOS; y =  200 mm  
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a. All monitoring locations (4 mm mesh) 

b. Monitoring location 1 

Figure 2-71 Reflected overpressure histories on a vertical reflecting surface; Model V; 
spherical charge of 22.68 kg of TNT; JWL EOS; 2 mm and 4 mm meshes 
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c. Monitoring location 2 

d. Monitoring location 3 

Figure 2-71 Reflected overpressure histories on a vertical reflecting surface; Model V; 
spherical charge of 22.68 kg of TNT; JWL EOS; 2 mm and 4 mm meshes 
(cont.) 
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e. Monitoring location 4 

Figure 2-71 Reflected overpressure histories on a vertical reflecting surface; Model V; 
spherical charge of 22.68 kg of TNT; JWL EOS; 2 mm and 4 mm mesh meshes 
(cont.) 

2.7 Air-Blast Loadings on Sample Reinforced Concrete Columns 

2.7.1 Introduction 

The studies of the prior sections are extended here to the calculation of near-field air-blast 

loadings on the perimeters of a square column and a circular column similar in size to those used 

in buildings and mission-critical infrastructure. The goals are to compare and contrast the 

reflected overpressures as a function of monitoring location on each column, and to establish the 

importance of column shape on net air-blast loadings.  

The dimensions of the square column are 1000 mm  1000 mm. The diameter of the circular 

column is 1000 mm. Both columns are assumed rigid for the purpose of the analysis. The weight 

of the TNT charge is 22.68 kg; the packing density of the TNT is 1636.8 m/kg1/3, and the radius 

of the charge is 149 mm. The shortest clear distance between the face of the charge and each 

column is 51 mm per Models II, III, IV and V. The centerline of each column aligns with the 
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centerline of the charge. The spherical charge is placed on a rigid reflecting surface. Symmetry is 

invoked on the centerline of the charge and column. Air is modeled using an Eulerian grid and 

the columns are modeled using a Lagrangian grid. The Lagrangian grid serves as a flow 

constraint for the Eulerian grid. 

2.7.2 Square Column, Model VI 

Figure 2-72 presents a plan view and an elevation of Model VI. The x-y-z coordinate system is 

shown. The transmitting y-boundary is set at y = 700 mm: 200 mm beyond the face of the 

column. The transmitting z-boundary is set at z = 600 mm because reflected overpressures were 

expected to be a factor of 25+ smaller at z = 600 than z = 0 on the centerline of the column. 

Figure 2-73 presents the monitoring locations. Monitoring locations 1, 2, 3 and 4 are evenly 

spaced at 160 mm across the front face of the column. Monitoring locations 5, 6, 7 and 8 are 

evenly spaced at 250 mm along the perpendicular face of the column. Monitoring location 10 

aligns with Monitoring location 1 and Monitoring location 9 is midway (250 mm) between 

monitoring locations 8 and 10. Monitoring locations 11 through 20, 21 through 30, and 31 

through 40 align vertically with Monitoring locations 1 through 10, respectively, but are 149 mm, 

298 mm and 447 mm above the ground surface, respectively. A cell size of 4 mm is used based 

on the 3D analysis of Model V presented in Section 2.6. 

Figure 2-74 presents reflected overpressure histories at all 40 monitoring locations. As expected, 

the reflected overpressures are greatest on the front face and (relatively) insignificant elsewhere. 

A comparison of the reflected peak overpressure histories at monitoring locations 11 (opposite to 

the center of the charge) and 34 [31], on the front face of the column, shows a difference of a 

factor greater than 50 [15], which is due to differences in scaled distance and angle of incidence. 

Figure 2-75 presents net loading and impulse histories on the lower 600 mm of the front face of 

the column calculated using a) overpressure history at locations 1, 11, 21 and 31, applied across 

the width of the column using tributary heights, and b) overpressure history at all monitoring 

locations on the front face, applied using tributary areas. The peak load (impulse) calculated 

considering all locations is 3.7 (2.3) times smaller than that calculated based on pressure histories 

at locations 1, 11, 21 and 31 only. At a distance of 200 mm (Z = 0.071 m/kg1/3), discretization of 
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the front face of a square column will result in significantly smaller net loads (73% reduction 

here) and impulses (57% reduction here). 

Panels a through d of Figure 2-76 enable a comparison of the overpressure histories from Model 

V (Figure 2-71a, locations 1, 2, 3 and 4) and Model VI (Figure 2-74i, locations 1, 11, 21 and 31), 

noting that locations 1, 2, 3 and 4 in Model V are identical to 1, 11, 21 and 31 in Model VI. The 

two models yield identical results.  
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Figure 2-72 Model VI; spherical charge of 22.68 kg of TNT; square column 1000 1000 mm 
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a. View 1 

 

 
b. View 2 

 

Figure 2-73 Monitoring locations for Model VI; spherical charge of 22.68 kg of TNT; 
square column 1000 1000 mm 
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a. Monitoring locations 1, 2, 3 and 4 

b. Monitoring locations 5, 6, 7, 8, 9 and 10 

Figure 2-74 Reflected overpressure histories; Model VI; spherical charge of 22.68 kg of 
TNT; JWL EOS 
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c. Monitoring locations 11, 12, 13 and 14 

d. Monitoring locations 15, 16, 17, 18, 19 and 20 

Figure 2-74 Reflected overpressure histories; Model VI; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 
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e. Monitoring locations 21, 22, 23 and 24 

f. Monitoring locations 25, 26, 27, 28, 29 and 30 

Figure 2-74 Reflected overpressure histories; Model VI; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 
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g. Monitoring locations 31, 32, 33 and 34 

h. Monitoring locations 35, 36, 37, 38, 39 and 40 

Figure 2-74 Reflected overpressure histories; Model VI; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 
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i. Monitoring locations 1, 11, 21 and 31 

Figure 2-74 Reflected overpressure histories; Model VI; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 

 
  



153 

 

 

a. Net loading 

b. Impulse history 

Figure 2-75 Net loading and impulse histories; Model VI 
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a. Monitoring locations 1 (Model V) and 1 (Model VI) 

b. Monitoring locations 2 (Model V) and 11 (Model VI) 

Figure 2-76 Comparison of reflected overpressure histories from Models V and VI 
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c. Monitoring locations 3 (Model V) and 21 (Model VI) 

d. Monitoring locations 4 (Model V) and 31 (Model VI) 

Figure 2-76 Comparison of reflected overpressure histories from Models V and VI (cont.) 
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2.7.3 Circular Column, Model VII 

Figure 2-77 presents a plan view and an elevation of Model VII. The x-y-z coordinate system is 

shown. The transmitting y-boundary is set at y = 700 mm: 200 mm beyond the face of the 

column. The transmitting z-boundary is set at z = 600 mm. Figure 2-78 presents the monitoring 

locations. There are eight monitoring locations around the half-perimeter of the column. The y 

coordinates of monitoring locations 1 through 8 are 0, 160, 320, 480, 480, 320, 160 and 0 mm. 

Monitoring locations 9 through 16, 17 through 24, and 25 through 32 align vertically with 

monitoring locations 1 through 8, respectively, but are 149 mm, 298 mm and 447 mm above the 

ground surface, respectively. A cell size of 4 mm is used for the analysis per Section 2.7.2. 

Figure 2-79 presents reflected pressure histories at all 32 monitoring locations. The pressures are 

greatest on the lines 1 through 25 and 2 through 26 (see Figure 2-78a), and (relatively) 

insignificant elsewhere, as expected. A comparison of the reflected peak overpressure histories at 

monitoring locations 9 (opposite to the center of the charge) and 28 [25], on the front face of the 

column, shows a difference of a factor greater than 245 [13], which is due to differences in 

scaled distance and angle of incidence. 

Figure 2-80 presents net loading and impulse histories on the front face of the column calculated 

using a) overpressure history at locations 1, 9, 17 and 25, applied across the width of the column 

using tributary heights, and b) overpressure history at all monitoring locations on the front face, 

applied using tributary areas. For the calculations of the net loading and impulse histories for the 

circular column, Model VII, only translational (x) loads in the direction of blast waves are 

considered. The peak load (impulse) calculated considering all locations is 4.7 (3.5) times 

smaller than that calculated based on pressure histories at locations 1, 9, 17 and 25 only. Similar 

to the analysis of the square column, Model VI, and at the scaled distance of 0.071 m/kg1/3, 

discretization of the front face of a circular column will result in significantly smaller net loads 

(79% reduction here) and impulses (72% reduction here). These differences in the reflected 

overpressures and impulses are more substantial for the circular shape of column than that of the 

square shape. 
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Figure 2-77 Model VII; spherical charge of 22.68 kg of TNT; 1000 mm diameter column 
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a. View 1 
 

 
 

b. View 2 
 

Figure 2-78 Monitoring locations for Model VII; spherical charge of 22.68 kg of TNT; 
1000 mm diameter column 
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a. Monitoring locations 1, 2, and 3 

b. Monitoring locations 4, 5, 6, 7, and 8 

Figure 2-79 Reflected overpressure histories; Model VII; spherical charge of 22.68 kg of 
TNT; JWL EOS 
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c. Monitoring locations 9, 10 and 11 

d. Monitoring locations 12, 13, 14, 15 and 16 

Figure 2-79 Reflected overpressure histories; Model VII; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 
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e. Monitoring locations 17, 18 and 19 

 

f. Monitoring locations 20, 21, 22, 23 and 24 

Figure 2-79 Reflected overpressure histories; Model VII; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 
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g. Monitoring locations 25, 26 and 27 

h. Monitoring locations 28, 29, 30, 31, and 32 

Figure 2-79 Reflected overpressure histories; Model VII; spherical charge of 22.68 kg of 
TNT; JWL EOS (cont.) 
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a. Net loading 

b. Impulse history 

Figure 2-80 Net load and impulse histories; Model VII; spherical charge of 22.68 kg of 
TNT; JWL EOS 
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2.7.4 Influence of Target Shape on Air-Blast Loadings 

Figures 2-81, 2-82, 2-83 and 2-84 enable a comparison of pressures on the front faces of the two 

columns at 0, 149, 298 and 447 mm, respectively, above the ground surface, and at y = 0, 160, 

320 and 480 mm, respectively. As expected, the overpressure histories at identical locations on 

the centerline of the two columns are very similar, as shown in Figures 2-81a, 2-82a, 2-83a and 

2-84a. Panels c through d of Figures 2-81 through 2-84 show that the column shape has a 

significant effect on the reflected peak overpressure, with large reductions of the circular shape 

for a given height and y dimension, due in part to the increased scaled range and increased angle 

of incidence.  

 

a. Monitoring locations 1 (Model VI) and 1 (Model VII) 

Figure 2-81 Reflected overpressure histories at 0 mm above the ground surface; Models VI 
and VII; spherical charge of 22.68 kg of TNT; JWL EOS 
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b. Monitoring locations 2 (Model VI) and 2 (Model VII) 

c. Monitoring locations 3 (Model VI) and 3 (Model VII) 

Figure 2-81 Reflected overpressure histories at 0 mm above the ground surface; Models VI 
and VII; spherical charge of 22.68 kg of TNT; JWL EOS (cont.) 
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d. Monitoring locations 4 (Model VI) and 4 (Model VII) 

Figure 2-81 Reflected overpressure histories at 0 mm above the ground surface; Models VI 
and VII; spherical charge of 22.68 kg of TNT; JWL EOS (cont.) 
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a. Monitoring locations 11 (Model VI) and 9 (Model VII) 

b. Monitoring locations 12 (Model VI) and 10 (Model VII) 

Figure 2-82 Reflected overpressure histories at 149 mm above the ground surface; 
Models VI and VII; spherical charge of 22.68 kg of TNT; JWL EOS 
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c. Monitoring locations 13 (Model VI) and 11 (Model VII) 

d. Monitoring locations 14 (Model VI) and 12 (Model VII) 

Figure 2-82 Reflected overpressure histories at 149 mm above the ground surface; 
Models VI and VII; spherical charge of 22.68 kg of TNT; JWL EOS (cont.) 
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a. Monitoring locations 21 (Model VI) and 17 (Model VII) 

b. Monitoring locations 22 (Model VI) and 18 (Model VII) 

Figure 2-83 Reflected overpressure histories at 298 mm above the ground surface; 
Models VI and VII; spherical charge of 22.68 kg of TNT; JWL EOS 
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c. Monitoring locations 23 (Model VI) and 19 (Model VII) 

d. Monitoring locations 24 (Model VI) and 20 (Model VII) 

Figure 2-83 Reflected overpressure histories at 298 mm above the ground surface; 
Models VI and VII; spherical charge of 22.68 kg of TNT; JWL EOS (cont.) 
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a. Monitoring locations 31 (Model VI) and 25 (Model VII) 

b. Monitoring locations 32 (Model VI) and 26 (Model VII) 

Figure 2-84 Reflected overpressure histories at 447 mm above the ground surface; 
Models VI and VII; spherical charge of 22.68 kg of TNT; JWL EOS 
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c. Monitoring locations 33 (Model VI) and 27 (Model VII) 

d. Monitoring locations 34 (Model VI) and 28 (Model VII) 

Figure 2-84 Reflected overpressure histories at 447 mm above the ground surface; 
Models VI and VII; spherical charge of 22.68 kg of TNT; JWL EOS (cont.) 
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SECTION 3  

INCIDENT AND NORMALLY REFLECTED OVERPRESSURE AND 

IMPULSE FOR DETONATIONS IN FREE AIR 

3.1 Blast-Resistant Design 

Typical blast-resistant design practice, in the United States, United Kingdom, Australia, Canada, 

and elsewhere involves the use of empirical air-blast relationships developed by Kingery and his 

co-workers (Kingery and Pannill 1964, Kingery 1966, Kingery and Bulmash 1984). These 

relationships are presented as charts for spherical free-air and hemispherical surface bursts of 

TNT. The Kingery and Bulmash (KB) charts4 are based on high order polynomials (Kingery and 

Bulmash 1984) that express incident and normally reflected overpressures, incident and normally 

reflected impulses, arrival time and other blast wave parameters as a function of scaled distance, 

Z. 

3.2 Air-Blast Parameter Studies 

3.2.1 Kingery and Pannill, 1964: Hemispherical TNT Surface Bursts 

Kingery and Pannill (1964) compiled and processed incident overpressure measurements from 

surface detonations of hemispheres of TNT with weights of 5, 20 and 100 tons. The tests were 

performed at the Suffield Experimental Station (SES), Alberta Canada. The 5, 20 and 100 ton 

shots were executed in 1959, 1960, and 1961, respectively.  

Kingery and Pannill noted that the raw data (which is not readily available) was reported in 

Groves (1961), a 1961 SES internal report, Kingery et al. (1962), James (1962) and internal 

correspondence between Kingery and his SES colleagues. Information on the instrumentation 

used is not described by these authors beyond “…overpressure versus time gages and [a] photo-

optical shock front velocity technique…” The gages and the photo-optical technique enable a 

calculation of the shock front arrival time and the shock front velocity. The calculated velocity 

                                                 
4 The Kingery and Bulmash charts are reproduced in Appendix D in SI and US units. The air-blast 
parameters identified in the legend are defined in Section 1.4. 
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was input to the Rankine-Hugoniot equations to estimate incident peak overpressure. It is not 

clear if any direct measurements were made of incident peak overpressure. The authors do not 

report the range of scaled distance over which shock front velocities were measured. 

Kingery and Pannill developed an equation for the relationship between incident peak 

overpressure and scaled distance. Two hundred and seventy three data (likely indirect 

measurements of peak overpressure) were used to develop an eighth order polynomial: forty five 

data from the 5-ton shot, one hundred and forty data from the 20-ton shot, and eighty eight data 

from the 100-ton shot. The authors performed a rudimentary statistical analysis of the proposed 

polynomial to characterize its ability to recover the inferred values of incident peak overpressure. 

The polynomial is provided for Z ≥ 0.5 ft/lb1/3 (0.198 m/kg1/3) but no information is available on 

the accuracy of calculation at the low end of the range where the shock front velocity changes 

rapidly.  

3.2.2 Kingery, 1966: Hemispherical TNT Surface Bursts 

In 1966, Kingery extended the presentation of Kingery and Pannill (1964) to more complete 

describe blast wave parameters, including shock front arrival time, incident peak overpressure 

and impulse, and positive phase duration. Data from the three TNT hemispherical surface bursts 

discussed in Kingery and Pannill (1964) and from a 500-ton hemispherical surface-burst shot at 

SES in 1964 were evaluated.  

Kingery reported the size of the blocks of TNT used to build the hemispherical 500-ton weapon 

(305 305 102 mm); the packing density of the TNT (1560 kg/m3), the soil at the site (glacial 

silt with gravel, sand and clay at depth) and the methods used to calculate values of the blast 

wave parameters. These methods are summarized below to a) support the presentation of Section 

3.2.1, and b) provide insight into the possible uncertainty and variability in the inferred values of 

the blast wave parameters. 

Shock front arrival times were measured in the 500 ton shot by photo-optical techniques, blast 

switches, overpressure gages and slifer (coaxial) cables. The photo-optical technique, which 

involves high-speed cameras and angled black-and-white striped (zebra) boards, takes advantage 
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of the differences in density, overpressure and temperature across a shock front. Tracking the 

arrival of the shock front at points along the zebra boards enabled a calculation of shock front 

velocity and incident peak overpressure. Blast switches produce an electric signal when struck by 

a shock front and enable the direct measurement of shock front arrival. Information on the 

overpressure gages is not provided and so their operating range and accuracy is unknown. 

Seventy-eight data are reported for arrival time in the range 0.208 ≤ Z ≤ 316 ft/lb1/3 (0.083 ≤ Z ≤ 

126 m/kg1/3).  

Kingery noted that incident peak overpressure was recorded directly by pressure transducers and 

inferred from measurements of shock front arrival. The data from the 500 ton shot was generally 

supportive of the polynomial described in Kingery and Pannill (1964) except for Z < 1.8 ft/lb1/3 

(Z < 0.71 m/kg1/3). Positive phase duration was described as difficult to measure because the 

pressure transducers were prone to malfunction after the arrival of the shock front. The decay in 

some of the pressure histories was extrapolated to ambient. One hundred and thirty-four values 

of positive phase duration were reported in the range 0.49 ≤ Z ≤ 428 ft/lb1/3 (0.194 ≤ Z ≤ 170 

m/kg1/3); only two points were provided for Z < 1.0 ft/lb1/3 (Z < 0.397 m/kg1/3).  

Ninety-four values of incident impulse were computed using pressure histories and information 

on incident peak overpressure, positive phase duration and rate of decay behind the shock front, 

over the range 0.49 ≤ Z ≤ 428 ft/lb1/3 (0.194 ≤ Z ≤ 170 m/kg1/3). Only four data points were 

provided for Z < 3.0 ft/lb1/3 (Z < 1.19 m/kg1/3).  

Hand drawn curves were generated as a function of scaled distance to best fit the available data 

for arrival time, incident peak overpressure and impulse, and positive phase duration. A 

rudimentary statistical analysis was performed to characterize the relative errors associated with 

the use of the curves, noting that the accuracy of the underlying data is unknown. 

3.2.3 Kingery and Bulmash, 1984: Spherical Free Air and Hemispherical Surface Bursts of 

TNT 

Kingery and Bulmash (1984) compiled, analyzed and documented airblast parameters for 

spherical free-air bursts and hemispherical surface bursts of TNT in support of a revision to the 
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tri-service manual TM 5-1300 (Department of the Army, the Navy, and the Air Force 1969). 

They developed polynomials to express the airblast parameters of arrival time, shock front 

velocity, incident peak overpressure and impulse, positive phase duration, and normally reflected 

peak overpressure and impulse as a function of scaled distance. The derived polynomials were 

reproduced in the form of design charts, which have been published in many government 

documents, design standards, and textbooks. The design charts are widely labeled as the 

Kingery-Bulmash (KB) charts. 

Kingery and Bulmash compiled airblast data from many sources, which although identified in 

their Ballistics Research Laboratory report, are generally unavailable and so are not listed here. 

The raw data were corrected for charge weight and atmospheric conditions to enable calculations 

for a kilogram mass of TNT at atmospheric pressure at sea level (= 101.3 kPa, 14.7 psi).  

Kingery and Bulmash described the methods used to measure airblast parameters and this 

provides insight into the likely uncertainties in the raw data used to generate the KB polynomials 

and charts. Arrival time and incident peak overpressure were measured using the methods 

described in Section 3.2.2. Impulse was determined by integrating overpressure over the duration 

of the positive phase. The duration of the positive phase was determined from overpressure 

histories (and described as “…one of the more difficult blast parameters to measure with 

consistency and repeatability”). Reflected overpressure was calculated a) indirectly using theory, 

measurements of incident overpressure, and the specific heat ratio, which is affected by 

overpressure and temperature, or b) directly from ground measurements of the effects of free-air 

bursts. Little information is provided on methods used to calculate reflected impulse although the 

authors note “…there is a lack of specific measurements of this blast parameter.” 

3.2.3.1 Polynomial Data for TNT Spherical Free-Air Bursts 

The figures presented in Kingery and Bulmash, together with an understanding of how data were 

collected and processed, enable an assessment of the likely accuracy of the KB polynomials over 

the scaled range considered here. Considerable data are provided for incident peak overpressure 

but the scatter at small values of scaled distance is significant, which is not surprising given that 

the data were inferred and not measured directly. Data for incident peak overpressure are 
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reported in the range 0.134 ft/lb1/3 ≤ Z ≤ 100 ft/lb1/3 (0.0531 m/kg1/3 ≤ Z ≤ 40 m/kg1/3). Much less 

data were available for incident impulse, with only 3 data points below Z = 0.3 ft/lb1/3 (0.119 

m/kg1/3). Kingery and Bulmash noted “At scaled distances less than 1 [ft/lb1/3] the measured 

values of incident impulse are very few and sometimes of suspect quality.” Values of normally 

reflected peak overpressure were typically calculated using theory and values of incident peak 

overpressure, as noted previously. There were no reflected overpressure data below Z = 0.25 

ft/lb1/3 (0.1 m/kg1/3). There were little data for reflected impulse.  

3.2.3.2 Polynomial Data for TNT Hemispherical Surface Bursts 

Kingery and Bulmash used the incident airblast data of Kingery (1966) to generate polynomials 

and a design chart for hemispherical surface bursts of TNT. Values of reflected peak 

overpressure were calculated using theory and values of incident peak overpressure. Reflected 

impulse was calculated using the spherical free-air burst data and a factor on charge weight of 

1.8.   

3.2.4 Implementation in UFC 3-340-02 using Design Charts 

The KB charts are presented in UFC 3-340-02 (DoD 2008) and are widely used for the protective 

design of structures. The incident and normally peak reflected overpressures and impulses 

obtained from the KB charts are combined with reflection coefficients that vary as a function of 

the angle of incidence to describe the pressure loading history on a surface. Reflection 

coefficients are discussed in Chapter 5. Swisdak (1994) and Bogosian et al. (2002) evaluated the 

utility of the KB charts, and those studies are described next. 

3.3 Studies by Swisdak and Bogosian et al. 

Swisdak (1994) reviewed Kingery (1966) and Kingery and Bulmash (1984) for hemispherical 

surface bursts of TNT for the purpose of developing alternate equations that would 1) be simpler 

to apply than those presented in Kingery and Bulmash (1984), and 2) recover the values of the 

KB airblast parameters within 1%. The scope of the Swisdak study did not include a re-

evaluation of the data used by Kingery and Bulmash to establish their polynomials. Swisdak 

provided polynomials for arrival time, incident peak overpressure, normally reflected peak 
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overpressure, positive phase duration, incident impulse, reflected impulse, and shock front 

velocity.  

Bogosian et al. (2002) sought to 1) compare results from widely used airblast codes (CONWEP, 

SHOCK and BlastX) with KB predictions, 2) compare KB predictions with experimental data, 

and 3) quantify the uncertainty in test data and make recommendations regarding the use of the 

KB charts/predictions. The CONWEP predictions recovered the KB curves for incident and 

reflected peak overpressure and impulse exactly, which is expected because CONWEP 

implements the KB polynomials. The experimental data assembled by Bogosian et al., across 

eleven test series, represented a significant expansion of the dataset available to prior researchers. 

The data set comprised a wide range of charge weights, charge geometries, types of explosives, 

and heights of burst.  Three hundred and three gage records were assembled and analyzed. 

Values of scaled distance ranged from approximately 2.5 ft/lb1/3 to 60 ft/lb1/3 (1.0 m/kg1/3 to 24 

m/kg1/3) for incident peak overpressure and impulse and from 3.5 ft/lb1/3 to 40 ft/lb1/3 (1.4 m/kg1/3 

to 16 m/kg1/3) for reflected peak overpressure and impulse. For incident peak overpressure, the 

KB curve recovered the experimental observations well for Z > 10 ft/lb1/3 (4.0 m/kg1/3) but 

substantially underpredicted the recorded data for Z < 6 ft/lb1/3 (2.4 m/kg1/3). For incident 

impulse, the KB curve overpredicted the recorded data by 15% to 20% across the range 3.0 ≤ Z ≤ 

60 ft/lb1/3 (1.2 ≤ Z ≤ 24 m/kg1/3). For reflected peak overpressure, the KB curve recovered the 

mean of the experimental data reasonably well. For reflected impulse, the KB curve recovered 

the measured results well for Z < 7 ft/lb1/3 (2.8 m/kg1/3) but overpredicted the measured results by 

a wide margin for Z > 10 ft/lb1/3 (4 m/kg1/3). Bogosian attributed the overprediction of reflected 

impulse by the KB curves for Z > 7 ft/lb1/3 (2.8 m/kg1/3) to clearing.  

3.4 Evaluation of the KB Charts  

The pressure inside an ideal high explosive after detonation is defined by the Chapman-Jouguet 

(CJ) point, which describes the minimum propagation velocity of the detonation front for the 

reacting gases to reach sonic velocity within the material. The CJ detonation pressure is 

associated with this condition, which is 21 GPa for the detonation of TNT of normal packing 

density (1630 kg/m³) in air at ambient pressure (Baker et al. 1983).  
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At the face of a spherical TNT charge (Z = 0.0527 m/kg1/3) in free air, the KB chart predicts an 

incident peak overpressure of 50 MPa for a spherical free-air burst. This overpressure is a very 

small fraction (= 1/420) of the CJ pressure of 21 GPa, suggesting a discontinuity in the flow field, 

which is physically impossible. The lack of direct measurements of overpressure, impulse, 

arrival time and positive phase duration in the near field, as described in prior sections of this 

chapter, and the significant discrepancy at the face of the charge noted above, calls into question 

the accuracy of the KB charts, especially in the near field. 

The remaining sections of this chapter examine incident and normally reflected overpressures 

and impulses and shock-front arrival time for spherical free-air bursts of TNT. The near field is 

emphasized because many of the threats considered nowadays for security design are associated 

with small standoff distances. The near field is (loosely) defined here as the zone within 

approximately 7 charge radii ( r ≤ 7, Z < 0.4 m/kg1/3) of the point of detonation, where the blast 

wave has not yet fully formed and the expansion of the products of combustion has a significant 

effect on the blast wave parameters. In this region, direct measurement of pressure and impulse 

using commercially available transducers is not possible for the reasons given in Section 2.2.  

Analysis is performed using the verified and validated computational fluid dynamics (CFD) code 

AUTODYN 5  (ANSYS 2013a) to 1) determine incident and normally reflected peak 

overpressures and impulses, and arrival time of the shock front, and to 2) judge the accuracy of 

the KB charts. 

3.5 Numerical Studies 

3.5.1 Spherical Charges used for Numerical Analysis 

A two-phase fluid is modeled numerically, comprising the explosive (combustion products) and 

the surrounding air. The ideal high explosive TNT is used for the CFD computations. Air is 

modeled as an ideal gas. Radial symmetry is used for analysis of the early expansion of the 

combustion products. The Jones-Wilkins-Lee (JWL) Equation of State (EOS) is employed for 

this purpose using the properties described in Dobratz and Crawford (1985); see Table 2-1.  The 

                                                 
5 AUTODYN was verified and validated in Section 2.3. 



180 

 

chemistry of the explosion is not modeled. Afterburning is not modeled because afterburning 

energy may not be realized for explosions of unconfined TNT due to incomplete mixing of fuel 

with available oxygen, and temperature less than the ignition temperature of the TNT fuels (≤ 

1800 K) (McNesby et al. 2010).  

Three TNT charge weights (18735 kg, 960 kg and 23 kg) are used for the simulations. The TNT 

charge weight of 18735 kg is based on the charge radius of 1.4 m used for the Needham analysis, 

presented in Chapter 2, and a TNT packing density of 1630 kg/m3. Twenty-three kilograms is 

equally to approximately 50 pounds, which is a typical satchel-type weapon considered in 

security design. The 960 kg (2116 pounds) charge could be representative of a vehicle-borne 

weapon. The packing density for the 960 and 23 kg charges is 1630 kg/m3, and the 

corresponding charge radii are 0.520 m and 0.150 m, respectively. Simulations are performed 

with three charge weights to determine the effect, if any, of charge weight on the normalized 

blast wave parameters. 

Preliminary analysis and a review of the literature (e.g., Needham 2010) showed that 

overpressure, particle velocity and particle acceleration change very rapidly close to the face of a 

charge. The following section provides an assessment of overpressures and hydrodynamic 

parameters close to the face of a charge and establishes a minimum value of scaled distance for 

the subsequent CFD analyses.  

3.5.2 Overpressures, Particle Velocities and Accelerations Near the Charge Face 

Incident peak overpressure changes rapidly in close proximity to the face of a charge, as seen in 

Chapter 2 and Appendix C. To explore these changes, and to help frame the presentations later in 

this chapter and in Chapter 4, incident overpressures, particle velocities and particle accelerations 

are calculated for two cell sizes (0.05 mm and 0.1 mm) and two charge weights (23 kg and 960 

kg). Results are plotted as a function of scaled distance in Figures 3-1, 3-2, 3-3, 3-4, 3-5 and 3-6 

to examine changes in the immediate vicinity of the face of the charge, namely, 0.9 ≤ r ≤ 1.1 

(0.0474 ≤ Z ≤ 0.0580 m/kg1/3), where r = 1 at Z = 0.0527 m/kg1/3. Finer meshes are needed to 

resolve particle velocity and acceleration than for overpressure. Particle velocity is a function of 

differential pressure. Particle acceleration is derived from particle velocity. The calculated 
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particle acceleration and particle velocity very close to the face of the charge are dependent on 

cell size and change rapidly. Values stabilize at Z = 0.0553 m/kg1/3 ( r = 1.05) and are similar for 

the two charge weights. Peak particle accelerations at the face of the charge, where the pressure 

differential is greatest, are on the order of 1011 g (≈ 1012 m/s2), which was noted in Section 2.2 

and  is consistent with the range reported by Needham (2010).  

A minimum value of Z = 0.0553 m/kg1/3 ( r = 1.05) is used for the CFD calculations presented in 

the remaining sections of this chapter and in Chapter 4. The effect on design practice of not 

reporting pressures and impulses closer to the face of the charge than a radial expansion of 1.05 

is insignificant, as discussed in Section 4.5.  
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Linear scale Log scale 

(a) Overpressure 

(b) Particle velocity 

(c) Particle acceleration 

Figure 3-1 Incident overpressures and particle velocities and accelerations near the face of 
the charge ; TNT weight of 23 kg; 0.1 mm cells 
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Linear scale Log scale 

(a) Overpressure 

(b) Particle velocity 

(c) Particle acceleration 

Figure 3-2 Incident overpressures and particle velocities and accelerations near the face of 
the charge ; TNT weight of 23 kg; 0.05 mm cells 
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Linear scale Log scale 

(a) Overpressure 

(b) Particle velocity 

(c) Particle acceleration 

Figure 3-3 Incident overpressures and particle velocities and accelerations near the face of 
the charge ; TNT weight of 23 kg; 0.1 and 0.05 mm cells 
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Linear scale Log scale 

(a) Overpressure 

(b) Particle velocity 

(c) Particle acceleration 

Figure 3-4 Incident overpressures and particle velocities and accelerations near the face of 
the charge; TNT weight of 960 kg; 0.1 mm cells 
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Linear scale Log scale 

(a) Overpressure 

(b) Particle velocity 

(c) Particle acceleration 

Figure 3-5 Incident overpressures and particle velocities and accelerations near the face of 
the charge; TNT weight of 960 kg; 0.05 mm cells 
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Linear scale Log scale 

(a) Overpressure 

(b) Particle velocity 

(c) Particle acceleration 

Figure 3-6 Incident overpressures and particle velocities and accelerations near the face of 
the charge; TNT weight of 960 kg; 0.1 and 0.05 mm cells 

 



188 

 

3.5.3 Mesh Sensitivity Analysis 

Mesh sensitivity analysis for the simulations of incident and normally reflected overpressures 

and impulses is performed using h-refinement (Cook 2002) to a) determine a reasonable balance 

between solution accuracy and computational effort, and b) provide guidance to an analyst on the 

required cell size for CFD analysis of detonations. Mesh convergence is assumed when the 

results obtained using a cell size reduced by a factor of two change by less than 10%.   

Simulations of incident overpressure and impulse are performed in a 1D domain using axial 

symmetry and the multi-material Euler-Godunov solver (Godunov 1959). The Euler-FCT solver 

(e.g., Boris and Book 1971) is not available in AUTODYN for 1D calculations. The fluid is 

modeled as described in Section 3.5.1. When the products of combustion have expanded to 

approximately 10 times their original volume, the JWL EOS is replaced by the ideal gas EOS to 

prevent possible numerical errors, as discussed in Section 2.2.1.  

Table 3-1 summarizes the analyses that comprise the AUTODYN dataset for incident peak 

overpressure, impulse, and arrival time, subdivided into twenty-six intervals of scaled distance 

between 0.0553 ≤ Z ≤ 40.0 m/kg1/3, where the basis for lower limit on Z of 0.0553 m/kg1/3 is 

provided in Section 3.5.2. The intervals correspond to the log-scaled distances seen in the KB 

charts that are reproduced in UFC 3-340-02. Each interval listed in Table 3-1 has data at no less 

than ten monitoring locations (different values of scaled distance) to enable accurate 

interpretation of the numerical data over the full range of scaled distance considered here.  
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Table 3-1 AUTODYN dataset for incident calculations 

i jZ Z Z   (m/kg1/3) Number of monitoring locations 

0.0553 ≤ Z < 0.060 10 

0.060 ≤ Z < 0.070 20 

0.070 ≤ Z < 0.080 20 

0.080 ≤ Z < 0.090 20 

0.090 ≤ Z < 0.10 20 

0.10 ≤ Z < 0.20 20 

0.20 ≤ Z < 0.30 20 

0.30 ≤ Z < 0.40 20 

0.40 ≤ Z < 0.50 10 

0.50 ≤ Z < 0.60 10 

0.60 ≤ Z < 0.70 10 

0.70 ≤ Z < 0.80 10 

0.80 ≤ Z < 0.90 10 

0.90 ≤ Z < 1.0 10 

1.0 ≤ Z < 2.0 10 

2.0 ≤ Z < 3.0 10 

3.0 ≤ Z < 4.0 10 

4.0 ≤ Z < 5.0 10 

5.0 ≤ Z < 6.0 10 

6.0 ≤ Z < 7.0 10 

7.0 ≤ Z < 8.0 10 

8.0 ≤ Z < 9.0 10 

9.0 ≤ Z < 10.0 10 

10.0 ≤ Z < 20.0 10 

20.0 ≤ Z < 30.0 10 

30.0 ≤ Z < 40.0 10 
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The 960 kg charge is used for the mesh sensitivity study of incident peak overpressure and 

impulse. The influence of charge size on the results is investigated at selected scaled distances 

using 18735 and 23 kg charges. Tables 3-2, 3-3 and 3-4 present the cell sizes in each interval 

used for analysis of incident peak overpressures and impulses, for charge weights of 960, 18735 

and 23 kg, respectively. Each interval is defined by bounds on the scaled distance, Z. The upper 

bound on Z in a given interval is transformed to a distance in mm, jR . Four cell sizes are 

selected for each interval. Three meshes with cell sizes smaller than jR /500 are analyzed 

because a cell size of jR /500 is expected to provide converged solutions based on the studies 

presented in Section 2.2. One mesh with a cell size equal to or greater than jR /500 is analyzed 

for the first twenty-four intervals because jR /500 does not enable exact modeling of the 

geometry (radius) of the charge. The smallest cell size in last two intervals, 20.0 ≤ Z < 40.0 

m/kg1/3, is less than jR /500 because the distance jR /500 exceeds the charge radius and the 

charges must be modeled explicitly.  

Simulations of normally reflected peak overpressure and impulse are performed in a two-

dimensional (2D) domain using the Euler-FCT solver, which is preferred to the Euler-Godunov 

solver for reasons of accuracy (Borve et al. 2008). The results from 1D analysis are remapped 

into a one-quarter of the 2D air domain, as shown in Figure 3-7, to reduce the computational 

expense of the reflected peak overpressure and impulse calculations. For the reflected peak 

overpressure and impulse calculations reported here, the 1D results calculated using the smallest 

cell size in the interval considered are used as input to the 2D domain. The vertical dimension of 

the 2D plane is set equal to the horizontal dimension to avoid spurious reflections from the upper 

transmitting boundary as noted in Section 2.5. Normally reflected peak overpressure and impulse 

are calculated at monitoring location 1, as identified in Figure 3-7. 

  



191 

 

Table 3-2 Cell sizes for incident peak overpressure and impulse; 960 kg charge with a 
radius of 520 mm 

i jZ Z Z   (m/kg1/3) 1/3
j jR Z W   (mm) jR /500 (mm) Cell size (mm) 

0.0553 ≤ Z < 0.060 592 1.18 1.18, 1, 0.5 and 0.25 

0.060 ≤ Z < 0.070 691 1.38 1.38, 1, 0.5 and 0.25 

0.070 ≤ Z < 0.080 789 1.58 1.58, 1, 0.5 and 0.25 

0.080 ≤ Z < 0.090 888 1.78 1.78, 1, 0.5 and 0.25 

0.090 ≤ Z < 0.10 986 1.97 1.98, 1, 0.5 and 0.25 

0.10 ≤ Z < 0.15 1480 2.96 2.97, 1, 0.5 and 0.25 

0.15 ≤ Z < 0.20 1973 3.95 3.97, 1, 0.5 and 0.25 

0.20 ≤ Z < 0.25 2466 4.93 4.95, 1, 0.5 and 0.25 

0.25 ≤ Z < 0.30 2959 5.92 5.98, 1, 0.5 and 0.25 

0.30 ≤ Z < 0.40 3946 7.89 8.00, 1, 0.5 and 0.25 

0.40 ≤ Z < 0.50 4932 9.86 10.00, 8, 4 and 2 

0.50 ≤ Z < 0.60 5919 11.8 12.1, 8, 4 and 2 

0.60 ≤ Z < 0.70 6905 13.8 14.1, 8, 4 and 2 

0.70 ≤ Z < 0.80 7892 15.8 16.3, 8, 4 and 2 

0.80 ≤ Z < 0.90 8878 17.8 17.9, 15.8, 8 and 4 

0.90 ≤ Z < 1.0 9865 19.7 20.0, 15.8, 8 and 4 

1.0 ≤ Z < 1.2 11838 23.7 24.8, 15.8, 8 and 4 

1.2 ≤ Z < 1.5 14797 29.6 30.6, 15.8, 8 and 4 

1.5 ≤ Z < 2.0 19730 39.5 40.0, 15.8, 8 and 4 

2.0 ≤ Z < 3.0 29595 59.2 65.0, 40, 20 and 10 

3.0 ≤ Z < 4.0 39459 78.9 86.7, 40, 20 and 10 

4.0 ≤ Z < 5.0 49324 98.6 104, 65, 32.5 and 16.25 

5.0 ≤ Z < 6.0 59189 118 130, 65, 32.5 and 16.25 

6.0 ≤ Z < 7.0 69054 138 173, 65, 32.5 and 16.25 

7.0 ≤ Z < 8.0 78919 158 173, 65, 32.5 and 16.25 

8.0 ≤ Z < 9.0 88784 178 260, 65, 32.5 and 16.25 

9.0 ≤ Z < 10.0 98648 197 260, 65, 32.5 and 16.25 

10.0 ≤ Z < 20.0 197297 395 520, 65, 32.5 and 16.25 

20.0 ≤ Z < 30.0 295945 592 520, 65, 32.5 and 16.25 

30.0 ≤ Z < 40.0 394594 789 520, 65, 32.5 and 16.25 
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Table 3-3 Cell sizes for incident peak overpressure and impulse; 18735 kg charge with a 
radius of 1400 mm 

i jZ Z Z   (m/kg1/3) 1/3
j jR Z W   (mm) jR /500 (mm) Cell size (mm) 

0.0553 ≤ Z < 0.060 1594 3.19 3.19, 2, 1 and 0.5 

0.060 ≤ Z < 0.070 1859 3.72 3.72, 2, 1 and 0.5 

0.070 ≤ Z < 0.080 2125 4.25 4.26, 2, 1 and 0.5 

0.080 ≤ Z < 0.090 2390 4.78 4.79, 2, 1 and 0.5 

0.090 ≤ Z < 0.10 2656 5.31 5.32, 2, 1 and 0.5 

0.10 ≤ Z < 0.15 3984 8.00 8.00, 2, 1 and 0.5 

0.15 ≤ Z < 0.20 5312 10.6 10.7, 2, 1 and 0.5 

0.20 ≤ Z < 0.25 6640 13.3 13.3, 2, 1 and 0.5 

0.25 ≤ Z < 0.30 7968 15.9 16.1, 2, 1 and 0.5 

0.30 ≤ Z < 0.40 10624 21.2 21.5, 2, 1 and 0.5 

0.40 ≤ Z < 0.50 13280 26.6 26.9, 20, 10 and 5 

1.0 ≤ Z < 1.2 31871 63.7 66.7, 50, 25 and 12.5 

1.2 ≤ Z < 1.5 39839 79.9 82.4, 50, 25 and 12.5 

1.5 ≤ Z < 2.0 53119 106 108, 50, 25 and 12.5 

5.0 ≤ Z < 6.0 159356 319 350, 200, 100 and 50 

6.0 ≤ Z < 7.0 185916 372 467, 200, 100 and 50 

7.0 ≤ Z < 8.0 212475 425 467, 200, 100 and 50 

8.0 ≤ Z < 9.0 239034 478 700, 200, 100 and 50 

9.0 ≤ Z < 10.0 265594 531 700, 200, 100 and 50 

10.0 ≤ Z < 20.0 531188 1062 1400, 200, 100 and 50  

20.0 ≤ Z < 30.0 796781 1594 1400, 200, 100 and 50 

30.0 ≤ Z < 40.0 1062375 2125 1400, 200, 100 and 50 
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Table 3-4 Cell sizes for incident peak overpressure and impulse; 23 kg charge with a radius 
of 150 mm 

i jZ Z Z   (m/kg1/3) 1/3
j jR Z W   (mm) jR /500 (mm) Cell size (mm) 

0.0553 ≤ Z < 0.060 171 0.34 0.34, 0.3, 0.15 and 0.075 

0.060 ≤ Z < 0.070 199 0.40 0.40, 0.3, 0.15 and 0.075 

0.070 ≤ Z < 0.080 228 0.46 0.46, 0.3, 0.15 and 0.075 

0.080 ≤ Z < 0.090 256 0.51 0.51, 0.3, 0.15 and 0.075 

0.090 ≤ Z < 0.10 284 0.57 0.57, 0.3, 0.15 and 0.075 

0.10 ≤ Z < 0.15 427 0.85 0.86, 0.3, 0.15 and 0.075 

0.15 ≤ Z < 0.20 569 1.14 1.15, 0.3, 0.15 and 0.075 

0.20 ≤ Z < 0.25 711 1.42 1.43, 0.3, 0.15 and 0.075 

0.25 ≤ Z < 0.30 853 1.71 1.72, 0.3, 0.15 and 0.075 

0.30 ≤ Z < 0.40 1138 2.28 2.31, 0.3, 0.15 and 0.075 

0.40 ≤ Z < 0.50 1422 2.84 2.88, 2, 1 and 0.5 

1.0 ≤ Z < 1.2 3413 6.83 7.14, 5, 2.5 and 1.25 

1.2 ≤ Z < 1.5 4266 8.53 8.82, 5, 2.5 and 1.25 

1.5 ≤ Z < 2.0 5688 11.4 11.5, 5, 2.5 and 1.25 

5.0 ≤ Z < 6.0 17063 34.1 37.5, 25, 12.5 and 6.25 

6.0 ≤ Z < 7.0 19907 39.8 50, 25, 12.5 and 6.25 

7.0 ≤ Z < 8.0 22751 45.5 50, 25, 12.5 and 6.25 

8.0 ≤ Z < 9.0 25595 51.2 75, 25, 12.5 and 6.25 

9.0 ≤ Z < 10.0 28439 56.9 75, 25, 12.5 and 6.25 

10.0 ≤ Z < 20.0 56877 114 150, 25, 12.5 and 6.25 

20.0 ≤ Z < 30.0 85316 171 150, 25, 12.5 and 6.25 

30.0 ≤ Z < 40.0 113755 228 150, 25, 12.5 and 6.25 
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Figure 3-7 AUTODYN 2D simulation using 1D remapped data for Z = 1.0 m/kg1/3 

Fewer data are calculated for normally reflected peak overpressure and impulse, as shown in 

Table 3-5, because a) one 2D simulation is required to calculate reflected peak overpressure and 

reflected impulse at a monitoring location (e.g., point 1 in Figure 3-7) whereas a family of 

incident peak overpressures and impulses can be derived from a single 1D analysis, and b) 

evaluation of the results of the incident peak overpressure and impulse analysis indicated that 

fewer simulations are needed to develop robust conclusions. For Z < 0.4 m/kg1/3, calculations are 

performed at no less than five values of scaled distance in each interval.  For Z ≥ 0.4 m/kg1/3, 

simulations are performed at the boundaries of the intervals of scaled distance identified in Table 

3-1.  

Tables 3-6, 3-7 and 3-8 present the cell sizes used to calculate reflected data for the 960, 18735 

and 23 kg charges, respectively. The results of the 1D analysis for the smallest cell size are used 

as input to the 2D analysis. (For example, the smallest cell size used for the 1D analysis of the 
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960 kg charge for 0.0553 ≤ Z < 0.060 m/kg1/3 is 0.25 mm; see row 2 of Table 3-2.) Results of this 

1D analysis are mapped into the 2D domain for analysis using the four cell sizes (4.36, 2.18, 1.09 

and 0.546 mm) shown in row 2 of Table 3-6. Identical to the simulations of incident overpressure 

and impulse, most of the simulations are performed with the 960 kg charge. Square cells with 

side dimensions of jR /125, jR /250, jR /500 and jR /1000 are used for the 2D calculations.   

For Z < 0.4 m/kg1/3 and the 960 kg charge, four cell sizes are considered for analysis at 

boundaries of the intervals, and two cell sizes are considered at the monitoring locations within 

the interval. Of the four cell sizes at the boundaries of the intervals, the largest three are used to 

compute reflected impulse and reflected peak overpressure (e.g., 4.36, 2.18 and 1.09 mm for Z = 

0.0553 m/kg1/3) and the smallest (e.g., 0.546 mm) is used to compute reflected peak overpressure 

only. This choice of cell sizes is driven by the observation that the largest three cell sizes in each 

interval produce nearly identical values of reflected impulse, whereas only the smallest two cell 

sizes produced values of reflected peak overpressure within 10% of the other, with the smallest 

cell size assumed to produce the true (or correct) result. In the intervals for Z < 0.4 m/kg1/3, 

reflected impulse is calculated for the larger of the two cell sizes (taken from the converged 

solution at the lower limit of the interval) and reflected peak overpressure is calculated for the 

smaller of the two cell sizes (taken from the converged solution at the lower limit of the interval). 

Consider Z = 0.0553 m/kg1/3 in Table 3-6. The reflected impulse converged for a cell size of 

larger than 2.18 mm and the reflected peak overpressure converged for a cell size greater than 

1.09 mm.  In the interval with Z = 0.0553 m/kg1/3 as the lower limit, cell sizes of 1.09 and 0.546 

mm are used for the impulse and overpressure calculations, respectively, thereby ensuring a 

converged solution.  

The influence of charge size on the reflected peak overpressure and impulse is investigated at 

selected scaled distances using the 18735 and 23 kg charges, as shown in Tables 3-7 and 3-8, 

respectively. Identical to the analysis of the 960 kg charge, of the four cell sizes listed at each 

scaled distance in Tables 3-7 and 3-8, the largest three ( jR /125, jR /250, jR /500) are used to 

compute reflected impulse and reflected peak overpressure and the smallest ( jR /1000) is used to 

compute reflected peak overpressure only.   
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Table 3-5 AUTODYN dataset for reflected calculations 

j kZ Z Z   

or jZ Z  (m/kg1/3) 
Number of monitoring locations 

0.0553 ≤ Z < 0.060 5 

0.060 ≤ Z < 0.070 5 

0.070 ≤ Z < 0.080 5 

0.080 ≤ Z < 0.090 5 

0.090 ≤ Z < 0.10 5 

0.10 ≤ Z < 0.20 5 

0.20 ≤ Z < 0.30 5 

0.30 ≤ Z < 0.40 5 

Z = 0.40 1 

Z = 0.50 1 

Z = 0.60 1 

Z = 0.70 1 

Z = 0.80 1 

Z = 0.90 1 

Z = 1.0 1 

Z = 2.0 1 

Z = 3.0 1 

Z = 4.0 1 

Z = 5.0 1 

Z = 6.0 1 

Z = 7.0 1 

Z = 8.0 1 

Z = 9.0 1 

Z = 10.0 1 

Z = 20.0 1 

Z = 30.0 1 

Z = 40.0 1 
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Table 3-6 Cell sizes for reflected peak overpressure and impulse; 960 kg charge with a 
radius of 520 mm 

j kZ Z Z   

or jZ Z  (m/kg1/3) 
1/3

j jR Z W   (mm) jR /500 (mm) Cell size (mm) 

Z = 0.0553 546 1.09 4.36, 2.18, 1.09 and 0.546 
0.0553 < Z < 0.060 546 1.09 1.09 and 0.546 

Z = 0.060 592 1.18 4.74, 2.37, 1.18 and 0.592 
0.060 ≤ Z < 0.070 592 1.18 1.18 and 0.592 

Z = 0.070 691 1.38 5.52, 2.76,  1.38 and 0.691 
0.070 ≤ Z < 0.080 691 1.38 1.38 and 0.691 

Z = 0.080 789 1.58 6.31, 3.16, 1.58 and 0.789 
0.080 ≤ Z < 0.090 789 1.58 1.58 and 0.789 

Z = 0.090 888 1.78 7.10, 3.55, 1.78 and 0.888 
0.090 ≤ Z < 0.10 888 1.78 1.78 and 0.888 

Z = 0.10 986 1.97 7.89, 3.95, 1.97 and 0.986 
0.10 ≤ Z < 0.20 986 1.97 1.97 and 0.986 

Z = 0.20 1973 3.95 15.8, 7.89, 3.95 and 1.98 
0.20 ≤ Z < 0.30 1973 3.95 3.95 and 1.98 

Z = 0.030 2959 5.92 23.7, 11.8, 5.92 and 2.96 
0.30 ≤ Z < 0.40 2959 5.92 5.92 and 2.96 

Z = 0.40 3946 7.89 31.6, 15.8, 7.89 and 3.95 
Z = 0.50 4932 9.87 39.46, 19.7, 9.87 and 4.93 
Z = 0.60 5919 11.8 47.4, 23.7, 11.8 and 5.92 
Z = 0.70 6905 13.8 55.2, 27.6, 13.8 and 6.90 
Z = 0.80 7892 15.8 63.1, 31.6, 15.8 and 7.89 
Z = 0.90 8878 17.8 71.0, 35.5, 17.8 and 8.88 
Z = 1.0 9865 19.7 78.9, 39.5, 19.7 and 9.87 
Z = 2.0 19730 39.5 158, 78.9, 39.5 and 19.7 
Z = 3.0 29595 59.2 237, 118, 59.2 and 29.6 
Z = 4.0 39459 78.9 316, 158, 78.9 and 39.5 
Z = 5.0 49324 98.6 395, 197, 98.6 and 49.3 
Z = 6.0 59189 118 474, 237, 118 and 59.2 
Z = 7.0 69054 138 552, 276, 138 and 69.0 
Z = 8.0 78919 158 632, 316, 158 and 78.9 
Z = 9.0 88784 178 710, 355, 178 and 88.8 
Z = 10.0 98648 197 789, 395, 197 and 98.7 
Z = 20.0 197297 395 1578, 789, 395 and 197 
Z = 30.0 295945 592 2368, 1184, 592 and 296 
Z = 40.0 394594 789 3157, 1578, 789 and 395 
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Table 3-7 Cell sizes for reflected peak overpressure and impulse; 18735 kg charge with a 
radius of 1400 mm 

jZ Z  (m/kg1/3) 1/3
j jR Z W   (mm) jR  /500 (mm) Cell size (mm) 

Z = 0.0553 1469 2.94 11.8, 5.88, 2.94 and 1.47 

Z = 0.060 1594 3.19 12.7, 6.37, 3.19 and 1.59 

Z = 0.080 2125 4.25 17.0, 8.50, 4.25 and 2.13 

Z = 0.10 2656 5.31 21.2, 10.6, 5.31 and 2.66 

Z = 0.20 5312 10.6 42.5, 21.2, 10.6 and 5.31 

Z = 0.40 10624 21.2 85.0, 42.5, 21.2 and 10.6 

Z = 1.0 26559 53.1 212, 106, 53.1 and 26.6 

Z = 5.0 131797 266 1062, 531, 266 and 133 

Z = 10.0 265594 531 2125, 1062, 531 and 266 

Z = 40.0 1062375 2125 8500, 4250, 2125 and 1062 

Table 3-8 Cell sizes for reflected peak overpressure and impulse; 23 kg charge with a radius 
of 150 mm 

jZ Z  (m/kg1/3) 1/3
j jR Z W   (mm) jR /500 (mm) Cell size (mm) 

Z = 0.0553 157 0.315 1.26, 0.629, 0.315 and 0.157 

Z = 0.060 171 0.341 1.37, 0.683, 0.341 and 0.171 

Z = 0.080 228 0.455 1.82, 0.910, 0.455 and 0.228 

Z = 0.10 284 0.569 2.28, 1.14, 0.569 and 0.284 

Z = 0.20 569 1.14 4.55, 2.28, 1.14 and 0.569 

Z = 0.40 1138 2.28 9.10, 4.55, 2.28 and 1.14 

Z = 1.0 9865 5.69 22.8, 11.4, 5.69 and 2.84 

Z = 5.0 14217 28.4 114, 56.9, 28.4 and 14.2 

Z = 10.0 28439 56.9 228, 114, 56.9 and 28.4 

Z = 40.0 113755 228 910, 455, 228 and 114 
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3.6 Incident Overpressure and Impulse 

3.6.1 Results and Observations 

Figures 3-8, 3-9, 3-10, 3-11 and 3-12 present results of calculations for incident peak 

overpressure and impulse. Figures 3-8 and 3-9 present the ratios of incident peak overpressure 

for the different cell sizes of Tables 3-2, 3-3 and 3-4. The legends in the panels identify three 

ratios that involve the jR +/500 (largest, greater than jR /500), coarse (second largest), medium 

(third largest) and fine (smallest) meshes. The coarse, medium and fine meshes involve cells 

smaller than jR /500. The ratios of incident peak overpressure for the coarse-to-fine and 

medium-to-fine meshes are less than 10% at all scaled distances, namely, 0.0553 ≤ Z < 40 

m/kg1/3, as seen in Figure 3-8. The ratios for the jR /500-to-fine meshes are mostly less than 10% 

for Z < 8.0 m/kg1/3. For incident impulse, the three ratios are less than 10% at all scaled distances 

as seen in Figure 3-9. Figure 3-10 presents the ratios of incident peak overpressure and scaled 

incident impulse for the three charge weights (18735, 960 and 23 kg) and the smallest cells used 

for its analysis. The effect of charge weight is clearly insignificant.  

The incident peak overpressures calculated for the three charge weights, using the smallest cells 

in the intervals of Table 3-2, 3-3 and 3-4, are presented in Figure 3-11. The KB predictions and 

the data of Needham (2010) are included in the figures. Figure 3-11a presents data across the 

range 0.0553 ≤ Z ≤ 40 m/kg1/3. Figures 3-11b through 3-11f present data across smaller ranges of 

scaled distance to aid interpretation. Figures 3-11g and 3-11h present the ratios of the 

AUTODYN-calculated to the KB-predicted values of incident peak overpressure for 0.0553 ≤ Z 

≤ 40 m/kg1/3, where the truncated y axis of Figure 3-11h allows the reader to judge the range over 

which the ratio is between 0.9 and 1.1. Figure 3-12 presents information for incident impulse, 

which are also calculated using the smallest cell size in the intervals of Tables 3-2, 3-3, and 3-4. 
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(a) 18735 kg charge 

(b) 960 kg charge 

(c) 23 kg charge 

Figure 3-8 Ratios of incident peak overpressure for different cell sizes; 0.0553 ≤ Z < 40.0 
m/kg1/3 
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(a) 18735 kg charge 

(b) 960 kg charge 

(c) 23 kg charge 

Figure 3-9 Ratios of incident impulse for different cell sizes; 0.0553 ≤ Z < 40.0 m/kg1/3 
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(a) Charge weights of 18735 and 960 kg 

(b) Charge weights of 960 and 23 kg 

(c) Charge weights of 18735 and 23 kg 

Figure 3-10 Ratios of incident peak overpressure and impulse for the fine meshes; charge 
weights of 18735, 960 and 23 kg; 0.0553 ≤ Z < 40.0 m/kg1/3 
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(a) Incident overpressure; 0.0553 ≤ Z ≤ 40.0 m/kg1/3 

(b) Incident overpressure; 0.0553 ≤ Z ≤ 0.06 m/kg1/3 

Figure 3-11 Incident peak overpressure versus scaled distance 
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(c) Incident overpressure; 0.06 ≤ Z ≤ 0.1 m/kg1/3 

(d) Incident overpressure; 0.1 ≤ Z ≤ 1 m/kg1/3 

Figure 3-11 Incident peak overpressure versus scaled distance (cont.) 
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(e) Incident overpressure; 1 ≤ Z ≤ 10 m/kg1/3 

(f) Incident overpressure; 10 ≤ Z ≤ 40 m/kg1/3 

Figure 3-11 Incident peak overpressure versus scaled distance (cont.) 
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(g) Ratios of AUTODYN calculations to KB predictions 

(h) Ratios of AUTODYN calculations to KB predictions; part range on ratio 

Figure 3-11 Incident peak overpressure versus scaled distance (cont.) 
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(a) Incident impulse; 0.0553 ≤ Z ≤ 40.0 m/kg1/3 

(b) Incident impulse; 0.0553 ≤ Z ≤ 0.06 m/kg1/3 

Figure 3-12 Incident impulse versus scaled distance 
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(c) Incident impulse; 0.06 ≤ Z ≤ 0.1 m/kg1/3 

(d) Incident impulse; 0.1 ≤ Z ≤ 1 m/kg1/3 

Figure 3-12 Incident impulse versus scaled distance (cont.) 
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(e) Incident impulse; 1 ≤ Z ≤ 10 m/kg1/3 

(f) Incident impulse; 10 ≤ Z ≤ 40 m/kg1/3 

Figure 3-12 Incident impulse versus scaled distance (cont.) 
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(g) Ratio of AUTODYN calculations to KB predictions; full range 

(h) Ratios of AUTODYN calculations to KB predictions; part range on ratio 

Figure 3-12 Incident impulse versus scaled distance (cont.) 
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The AUTODYN calculations of incident peak overpressure are significantly greater than the KB 

predictions for Z < 0.08 m/kg1/3 but are within 10% (generally) for Z > 0.08 m/kg1/3. The 

maximum difference is a factor of 14.2 at Z = 0.0553 m/kg1/3. For incident impulse, the ratio of 

the AUTODYN calculations to the KB predictions is generally either greater than 1.1 or less than 

0.9. The maximum difference in incident impulse is a factor of 3.52 at Z = 0.0553 m/kg1/3. In the 

far field, say Z > 1.0 m/kg1/3, the KB predictions of incident impulse are 10% to 25% greater than 

the AUTODYN calculations, which is consistent with the observations of Bogosian et al. (2002), 

(see Section 3.3), and with the analysis of Browning et al. (2013) using the computer codes LS-

DYNA (LSTC 2013) and CTH (McGlaun et al. 1990), as discussed in Section 2.3.  

3.6.2 Cell Size for CFD Analysis 

One goal of this analysis was to provide recommendations on the choice of cell size for CFD 

analysis of detonation of high explosive.  

For incident peak overpressure, a cell size equal to 0.002 times the distance to the monitoring 

location will provide results within 10% of the converged value for Z < 8.0 m/kg1/3, noting that 

the choice of cell size must allow the adequate meshing of the explosive. For Z > 8.0 m/kg1/3, a 

cell size smaller than 0.002 times the distance should be used to provide results within 10% of 

the converged value. (At Z = 8.0 m/kg1/3, the incident peak overpressure is approximately one-

seventh of an atmosphere and the use of CFD tools to predict incident pressure and impulse is 

likely not warranted.) For incident impulse, a cell size equal to 0.002 times the distance to the 

monitoring location will provide results within 10% of the converged value across the range 

0.0553 ≤ Z < 40 m/kg1/3. 

In summary, a cell size of 0.002 times the distance from the point of detonation to the monitoring 

location is recommended for CFD analysis, noting that CFD analysis is likely not warranted for 

blast-resistant design at large values of scaled distance because the incident peak overpressure is 

small. The choice of cell size must accommodate the meshing of the charge and this may dictate 

the use of a smaller cell size than that required for the accurate calculation of values of peak 

overpressure and impulse. 
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3.7 Reflected Overpressure and Impulse 

3.7.1 Results and Observations  

Figures 3-13, 3-14, 3-15, 3-16 and 3-17 present results of calculations of normally reflected peak 

overpressure and impulse. Figure 3-13 presents the ratios of normally reflected peak 

overpressure for the coarse-to-very fine, medium-to-very fine, and fine-to-very fine cells. The 

ratios for jR /500 (fine) to jR /1000 (very fine) range between 0.9 and 1.1 and so a cell size of 

R/500 is considered appropriate for simulating reflected peak overpressure in a 2D domain. 

Figure 3-14 presents the corresponding data for reflected impulse using coarse, medium and fine 

meshes. The ratios range between 0.95 and 1.05 for the three charge weights and all values of 

scaled distance, and so the cell size of R/500 is also considered appropriate for simulating 

reflected impulse in a 2D domain.  

Figure 3-15 presents ratios of normally reflected peak overpressure and scaled reflected impulse 

for the three charge weights (18735, 960 and 23 kg) and the smallest cells used for analysis. The 

effect of charge weight is not significant. 

The normally reflected peak overpressures for the three charge weights, using the jR /1000 cells, 

are presented in Figures 3-16a through 3-16d. The KB predictions are included in the figures. 

Figure 3-16a presents data across the range 0.0553 ≤ Z ≤ 40 m/kg1/3. Figures 3-16b through 3-

16d present data across smaller ranges of scaled distance to aid interpretation. Figure 3-16e and 

3-16f present the ratios of the AUTODYN-calculated to the KB-predicted values of normally 

reflected peak overpressure for 0.0553 ≤ Z ≤ 40 m/kg1/3, where the truncated y axis of Figure 3-

16f allows the reader to judge the range over which the ratio is between 0.9 and 1.1. Figure 3-17 

presents information for reflected impulse, which are also calculated using the jR /500 cell size 

in the intervals of Tables 3-6, 3-7, and 3-8. 

The AUTODYN calculations of normally reflected peak overpressure are significantly greater 

than the KB predictions for Z < 0.30 m/kg1/3 but within 10% (generally) for Z > 0.30 m/kg1/3. 

The maximum difference is a factor of 20 at Z = 0.0553 m/kg1/3. The maximum difference in 

reflected impulse is approximately 10% across the entire range of scaled distance.  
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(a) 18735 kg charge 

(b) 960 kg charge 

(c) 23 kg charge 

Figure 3-13 Ratios of reflected peak overpressure for different cell sizes; 0.0553 ≤ Z < 40.0 
m/kg1/3 
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(a) 18735 kg charge 

(b) 960 kg charge 

(c) 23 kg charge 

Figure 3-14 Ratios of reflected impulse for different cell sizes; 0.0553 ≤ Z < 40.0 m/kg1/3 
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(a) Charge weights of 18735 and 960 kg 

(b) Charge weights of 960 and 23 kg 

(c) Charge weights of 18735 and 23 kg 

Figure 3-15 Ratios of reflected peak overpressure and impulse for the smallest cell sizes; 
charge weights of 18735, 960 and 23 kg; 0.0553 ≤ Z < 40.0 m/kg1/3 
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(a) Reflected overpressure; 0.0553 ≤ Z ≤ 40.0 m/kg1/3 

(b) Reflected overpressure; 0.0553 ≤ Z ≤ 0.1 m/kg1/3 

Figure 3-16 Normally reflected peak overpressure versus scaled distance 
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(c) Reflected overpressure; 0.1 ≤ Z ≤ 1 m/kg1/3 

(d) Reflected overpressure; 1 ≤ Z ≤ 40 m/kg1/3 

Figure 3-16 Normally reflected peak overpressure versus scaled distance (cont.) 
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(e) Ratio of AUTODYN calculations to KB predictions; full range 

(f) Ratios of AUTODYN calculations to KB predictions; part range on ratio 

Figure 3-16 Normally reflected peak overpressure versus scaled distance (cont.) 
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(a) Reflected impulse; 0.0553 ≤ Z ≤ 40.0 m/kg1/3 

(b) Reflected impulse; 0.0553 ≤ Z ≤ 0.1 m/kg1/3 

Figure 3-17 Normally reflected impulse versus scaled distance 
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(c) Reflected impulse; 0.1 ≤ Z ≤ 1 m/kg1/3 

(d) Reflected impulse; 1 ≤ Z ≤ 40 m/kg1/3 

Figure 3-17 Normally reflected impulse versus scaled distance (cont.) 
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(e) Ratios of AUTODYN calculations to KB predictions  

Figure 3-17 Normally reflected impulse versus scaled distance (cont.) 

3.7.2 Cell Size for CFD Analysis 

It is not straightforward to provide code-independent recommendations for 2D CFD analysis of 

the effects of detonations on rigid reflecting surfaces because a) codes employ different 

algorithms to map 1D results into a 2D domain, b) the cell size chosen for the 1D analysis will 

influence the initial conditions for the 2D analysis, regardless of the cell sizes chosen for the 2D 

analysis, c) the choice of perpendicular dimension will affect the accuracy of the results, and d) 

3D analysis is generally required to characterize blast loading effects on components of 

structures. For 2D analysis using re-mapped 1D results as initial conditions, the computational 

time will generally be dominated by the 2D calculations and so as small a cell size as is practical 

should be used for the 1D analysis. For the calculations presented here, a 2D cell size equal to 

0.002 times the distance to the monitoring location on the reflecting surface provided results 

within 10% of the converged value for 0.0553 ≤ Z < 40 m/kg1/3. 
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3.8 Shock Front Arrival Time 

Arrival time is an important parameter for analysis and design when pressure histories are being 

computed across a reflecting surface such as a structural component or a structural system. The 

simulations in Section 3.6 for incident overpressure and impulse are mined here for arrival time 

data. Figure 3-18 presents the results of the AUTODYN simulations and the KB predictions for 

scaled arrival time. The numerical results and the KB predictions are virtually identical for all 

charge weights (18735, 960 and 23 kg) across the considered range of scaled distance, 0.0553 ≤ 

Z < 40.0 m/kg1/3. Figure 3-19 presents the ratio of the AUTODYN-calculated to KB-predicted 

arrival times. The effect of charge weight is insignificant as shown in Figures 3-19 and 3-20. 

 

Figure 3-18 AUTODYN calculations and KB predictions for specific arrival time 
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Figure 3-19 Ratios of AUTODYN calculations and KB predictions of specific arrival time 

Figure 3-20 Effect of charge weight on specific arrival times calculations: 18735, 960 and 23 
kg charges 

  



 



225 

 

SECTION 4  

DESIGN CHARTS AND POLYNOMIALS FOR AIR-BLAST 

PARAMETERS 

4.1 Introduction 

The empirical relationships developed by Kingery and Bulmash (1984) form the basis of design 

charts that are reproduced in textbooks and US government documents, including UFC 3-340-02 

(DoD 2008). These relationships enable air-blast parameters such as incident peak overpressure 

and impulse, normally reflected peak overpressure and impulse, arrival time, and positive phase 

duration to be empirically derived for spherical free-air and hemispherical surface bursts of TNT. 

Pressure-time curves suitable for analysis and design of structural components and systems can 

be constructed using charted values of these air-blast parameters and the Friedlander 

overpressure history (see Section 1.1). 

The accuracy of the Kingery and Bulmash (KB) charts was discussed in Chapter 3. The 

AUTODYN data reported in Chapter 3 are used here to generate a new family of polynomials 

and charts suitable for blast-resistant design. 

4.2 Accuracy of KB and Numerical Predictions of Blast Parameters 

4.2.1 Incident Peak Overpressure and Impulse 

The KB (or UFC 3-340-02) predictions of incident overpressure for spherical free-air bursts were 

compared to AUTODYN CFD calculations in Chapter 3. The AUTODYN calculations of 

incident peak overpressure are more than 10% greater than the KB predictions for Z < 0.08 

m/kg1/3 (see Figure 3-11h) and are more than a factor of 10 greater than the KB predictions close 

to the face of the charge, at Z = 0.0567 m/kg1/3. There is no meaningful difference between the 

AUTODYN calculations and the KB predictions of incident peak overpressure in the range 0.08 

≤ Z < 40.0 m/kg1/3.  
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For incident impulse, the AUTODYN-calculated values in the range Z < 0.1 m/kg1/3 are more 

than 20% greater than the KB predictions (see Figure 3-12g), with the difference being a factor 

of 3.5 at Z = 0.0553 m/kg1/3. For 0.1 ≤ Z < 40.0 m/kg1/3, the differences are between 10% and 

25%, with the KB charts predicting greater values of impulse than AUTODYN. These CFD 

predictions in the far field are consistent with the observations of Bogosian et al. (2002), who 

noted that the KB charts overpredicted incident impulse for Z > 1.19 m/kg1/3 (Z > 3.0 ft/lb1/3) (see 

Section 3.3). 

4.2.2 Normally Reflected Peak Overpressure and Impulse 

The normally reflected peak overpressures calculated by AUTODYN are more than 10% greater 

than the KB predictions for Z < 0.3 m/kg1/3 (see Figure 3-16f). The differences in normally 

reflected peak overpressure are small for Z ≥ 0.4 m/kg1/3. The AUTODYN calculations and KB 

predictions of reflected impulse differ by 10% or less across the range of scaled distance 

considered, namely, 0.0553 ≤ Z < 40 m/kg1/3. 

4.2.3 Shock Front Arrival Time 

There are no meaningful differences in the shock front arrival time between the numerical 

calculations and the KB predictions across the range of scaled distance considered, namely, 

0.0553 ≤ Z < 40.0 m/kg1/3. 

4.3 Updated Polynomials and Charts for Overpressure, Impulse and Arrival 

Time 

4.3.1 Charts for Design 

Revisions to the spherical free-air burst charts in UFC 3-340-02 are proposed based on the 

discussions and AUTODYN simulations presented in Chapters 2 and 3, and in the preceding 

sections of this chapter. Polynomials and charts are generated for incident and normally reflected 

overpressure and impulse, and for arrival time, for 0.0553 ≤ Z ≤ 40.0 m/kg1/3.  
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The lower limit on scaled distance of 0.0553 m/kg1/3 is used because the numerical simulations 

stabilize at this value of scaled distance, Z, as noted in Section 3.5.2. A value of Z = 0.0553 

m/kg1/3 corresponds to a radial expansion of the shock front, 1.05r  . The design implications 

of not providing polynomials and charts for 1.00 1.05r   are insignificant. See Figure 4-1 that 

shows a spherical charge and rigid reflecting surface (hatched) to its right. The dashed, dash-dot, 

and dash-dot-dot lines represent radial expansions of 1.025, 1.050 and 1.100, respectively. For 

design against terrorist threats, a free-air detonation at a radial expansion of less than 1.05 should 

probably be treated as a contact detonation because the gap between the charge and reflecting 

surface is negligible. 

Figure 4-1 Spherical charge and radial expansions, r , of 1.025, 1.050 and 1.100 
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4.3.2 Polynomials 

4.3.2.1 Procedure 

Polynomial functions of the form shown in Equation 4-1 are used to present air-blast parameters 

based on AUTODYN simulations. The functional form of the equations follows that adopted by 

Kingery and Bulmash (1984). Polynomials are derived for incident and normally reflected peak 

overpressures and impulses, and arrival time6. The constants are computed by least squares 

fitting: 

0 1
N

NY C C U C U     (4-1) 

where Y is the common (base 10) logarithm of the blast parameter, 0 1 log( )U K K Z   , C and K 

are constants, and N is the order of the polynomial.  

The AUTODYN data are fitted using high-order polynomials. High-order polynomials are 

required to accommodate the rapid changes in pressure and impulse near the face of the charge. 

The order of each polynomial is selected such that the ratio of the polynomial calculation to the 

AUTODYN calculation lies close 1.0, which is deemed satisfactory for the purpose of design 

and better than the resolution enabled by the charts. Two families of polynomials are presented: 

1) 0.0553 ≤ Z ≤ 40.0 m/kg1/3 describing the complete range of scaled distance considered by 

Kingery and Bulmash, and 2) 0.0553 ≤ Z < 0.5 m/kg1/3 and 0.5 ≤ Z ≤ 40 m/kg1/3, such that the 

KB polynomials may be substituted just in the range Z < 0.5 m/kg1/3 if preferred. 

4.3.2.2 Proposed Polynomials for Spherical Free Air Bursts 

The first family of polynomials are established for the range of scaled distances 0.0553 ≤ Z ≤ 

40.0 m/kg1/3 (1.05 ≤ r ≤ 759) for incident peak overpressure, sP , incident specific impulse, 
1/3/sI W , reflected peak overpressure, rP , reflected specific impulse, 1/3/rI W , and specific 

arrival time, 1/3/at W . The ratios of the polynomial to AUTODYN calculations range between 

                                                 
6  For near-field detonations and reflecting surfaces with the geometry of Figure 4-1, the reflected 
overpressures and impulses will decrease rapidly from the point of normal reflection due to increasing 
scaled distance and angle of incidence. Cormie et al. (2013) extend the utility of the design charts 
provided below to address pressures and impulses on reflecting surfaces in the near field. 
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0.90 and 1.10. The polynomial constants are presented in Table 4-1. A range on ratio of (0.95 to 

1.05) can be achieved but at the expense of an order higher than 25. 

The second set of polynomials are established for subsets of the total range on scaled distance, 

namely, 0.0553 ≤ Z ≤ 0.5 m/kg1/3 and 0.5 ≤ Z ≤ 40.0 m/kg1/3. For these polynomials, the ratio of 

the polynomial to AUTODYN calculations range between 0.95 and 1.05. The polynomial 

constants are presented in Table 4-2. The two equations for each parameter share the same value 

to four significant figures, and very similar slopes at Z = 0.5 m/kg1/3, as presented in Table 4-3.  

Figures 4-2 and 4-3 permit an evaluation of the accuracy of the proposed polynomials as 

calculated using the constants of Table 4-2. Data from Needham (2010) are included in Figure 4-

2 for reference. These new polynomial functions are plotted in SI and US units in Figures 4-4 

and 4-5, respectively. 
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Table 4-1 Constants of polynomials for incident and normally reflected peak overpressure, 
impulse and arrival time for 0.0553 ≤ Z ≤ 40 m/kg1/3 

Parameter sP   

(kPa) 

1/3
sI W   

(kPa-ms/kg1/3)

rP   

(kPa) 

1/3
rI W  

(kPa-ms/kg1/3) 

1/3
at W  

(ms/kg1/3) 

K0 -0.1239 0.05671 0.1365 0.2044 -0.1674 

K1 0.8705 0.8363 0.9839 0.6997 0.4994 

C0 2.666 2.21 4.094 3.105 3.351 

C1 -2.769 -0.5499 -2.439 -2.032 3.627 

C2 -0.06247 -2.981 -1.212 1.36 -1.24 

C3 2.676 2.746 -1.301 -1.081 -3.226 

C4 0.06411 9.522 3.953 -2.305 3.144 

C5 -4.994 -13.01 1.69 3.143 6.048 

C6 0.181 -8.244 -4.843 1.151 -3.093 

C7 5.374 12.51 0.2562 -2.901 -5.209 

C8 -0.4159 -0.5068 2.207 1.003  

C9 -2.715 2.939 -0.7651   

C10 -0.05814 1.023 -0.1251   

C11 0.6429 -4.748 0.0638   

C12 0.208 1.028    

C13 -0.1394 -3.996    

C14  1.703    

C15  0.5049    

C16  0.8065    

C17  2.006    

C18  -1.44    

C19  0.6624    

C20  -2.118    

C21  0.08177    

C22  1.678    

C23  -0.6299    

C24  -0.1429    

C25  0.07183    
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Table 4-2 Constants of polynomials for incident and normally reflected peak overpressure, impulse and arrival time for ranges 
of scaled distance 0.0553 ≤ Z < 0.5 m/kg1/3 and 0.5 ≤ Z ≤ 40 m/kg1/3 

 
sP   

(kPa) 

1/3
sI W   

(kPa-ms/kg1/3) 
rP   

(kPa) 

1/3
rI W   

(kPa-ms/kg1/3) 

1/3
at W  

(ms/kg1/3) 

 Z < 0.5 Z ≥ 0.5 Z < 0.5 Z ≥ 0.5 Z < 0.5 Z ≥ 0.5 Z < 0.5 Z ≥ 0.5 Z < 0.5 Z ≥ 0.5 
K0 -1.888 0.165 1.206 -0.5596 1.613 -0.4784 0.2159 0.8609 0.8806 0.267 
K1 -2.603 1.339 1.62 1.175 1.98 0.9222 0.7506 1.265 0.4936 0.7019 
C0 4.225 3.266397 2.30772 1.76 5.74903 2.251 3.0934 3.839 0.36193 2.061 
C1 0.4076 -1.505 -1.136 -0.6897 -1.472 -2.444 -1.892 -2.128 1.932 2.148 
C2 -0.1996 -0.7112 1.322 -0.3701 0.1963 1.752 2.003 1.794 0.3132 1.98 
C3 0.2126 -0.02506 0.7022 -0.1443 1.416 -1.329 2.239 -1.256 0.6178 -2.805 
C4 0.826 1.842 -0.2583 1.512 -1.999 -1.514 0.6488 0.4165  1.121 
C5 -0.1719 -1.865 -0.5376 -0.7939 -2.735 4.729  -0.05467  -0.09299 
C6 -1.779 0.742 -1.223 -1.814 3.556 -3.051  0.0009718   
C7 -0.587 -0.114 0.2194 1.639 1.131 -2.02     
C8 1.192 0.002556 1.198 -0.2572 -0.8315 3.52     
C9 1.346  -0.8426 0.4388 0.5336 -2.843     
C10 0.2694  0.6599 0.1685 -1.676 3.272     
C11 -1.024   -1.029 -0.2248 -1.233     
C12 -0.503   0.5988 1.074 -0.6161     
C13 0.3686   -0.08299 -0.2745 1.211     
C14 0.1284     -3.61     
C15 -0.05418     2.491     
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Table 4-3 Values and slopes at Z = 0.5 m/kg1/3 on the polynomials cures plotted using the 
two ranges of scaled distance 

Parameter 
Value Slope 

Z < 0.5 m/kg1/3 Z ≥ 0.5 m/kg1/3 Z < 0.5 m/kg1/3 Z ≥ 0.5 m/kg1/3 

sP  3.910 MPa -13.43 MPa-kg1/3/m -13.65 MPa-kg1/3/m 
1/3

sI W  0.1522 MPa-ms/kg1/3 0.1496 MPa-ms/m 0.1803 MPa-ms/m 

rP  26.66 MPa -108.1 MPa-kg1/3/m -115.9 MPa-kg1/3/m 
1/3

rI W  1.296 MPa-ms/kg1/3 -3.758 MPa-ms/m -3.620 MPa-ms/m 
1/3

at W  0.1536 ms/kg1/3 0.5130 ms/m 0.5052 ms/m 
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Figure 4-2 Incident peak overpressure impulse and arrival time, spherical free-air bursts 
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Figure 4-3 Reflected peak overpressure and impulse, spherical free-air bursts 
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Figure 4-4 Proposed polynomial charts in SI units, spherical free-air bursts 
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Figure 4-5 Proposed polynomial charts in US units, spherical free-air bursts 
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4.3.2.3 Proposed Polynomials for Hemispherical Free Air Bursts 

It is standard practice to increase the charge weight by a factor of 1.8 to transform a spherical 

free-air burst to a hemispherical surface burst. The factor is less than idealized value of 2.0 for a 

perfectly-reflecting plane, because part of the energy associated with a surface burst is associated 

with ground shock, and in forming the crater. To be consistent with current practice, and in the 

absence of information to the contrary, the charge weight should be increased by a factor of 1.8 

if the charts provided herein are to be used to predict the effects of a hemispherical surface burst. 

4.3.3 Sample Results 

Table 4-4 presents results of sample calculations using the polynomials with constants per Table 4-2. 

Spherical 25 and 1000 kg charges (55 and 2200 lbs, respectively) are considered at scaled distances 

of 0.25 and 1.00 m/kg1/3 (0.63 and 2.52 ft/lb1/3, respectively). All of the parameters in the table were 

defined previously. Results of the calculations are provided in Figure 4-6. 

4.3.4 Use of Design Charts and Considerations of Non-Ideal Explosives 

The polynomials and charts proposed in the prior subsection are intended to provide reasonable 

predictions for peak overpressure and impulse across a very wide range of scaled distance.  

The numerical studies described in Chapters 2 and 3, and in the preceding sections of this 

chapter assumed a spherical charge of TNT with a packing density of 1630 kg/m1/3. Blast wave 

parameters for other ideal explosives such as RDX, PETN and Composition B and non-ideal 

explosives such as ammonium-nitrate-fuel-oil (ANFO) could be estimated by factoring the 

charge weight, with different factors often used for overpressure and impulse.  

Two other assumptions were made for the numerical simulations, namely, 1) the explosive was a 

sphere, and 2) the explosive was detonated centrally. Physical experiments (e.g., Wu et al. 2009) 

and numerical simulations (e.g., Sherkar et al. 2010) have shown that charge shape, charge 

orientation and point of detonation within the charge can substantially affect overpressure and 

impulse, especially in the near field. Importantly, even the detonation of charges of an idealized 
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shape (e.g., sphere, vertical cylinder) will not necessarily produce a uniform wave field along all 

radial directions (e.g., Ngo et al. 2014).  

The blast analyst must carefully consider the effect of these assumptions when calculating blast 

wave pressure histories. It is not practical to address these assumptions by adding variables to the 

polynomials presented previously. 
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Table 4-4 Sample calculations for spherical 25 kg and 1000 kg charges and scaled distances of 0.25 m/kg1/3 and 1.00 m/kg1/3 

  W = 25 kg W = 1000 kg 

  Z = 0.25 m/kg1/3 Z = 1.00 m/kg1/3 Z = 0.25 m/kg1/3 Z = 1.00 m/kg1/3 
  R = 0.73 m R = 2.92 m R = 2.5 m R = 10 m 

Incident overpressure 
U -0.3208 0.1650 -0.3208 0.1650 
Y 4.074 3.000 4.074 3.000 

sP  (MPa) 11.87 0.9994 11.87 0.9994 

Incident impulse 

U 0.2307 -0.5596 0.2307 -0.5596 
Y 2.123 2.161 2.123 2.161 

1/3
sI W  0.1329 0.1450 0.1329 0.1450 

sI  (MPa-ms) 0.3885 0.4239 1.328 1.450 

Reflected 
overpressure 

U 0.4209 -0.4784 0.4209 -0.4784 
Y 5.192 3.759 5.192 3.759 

rP  (MPa) 155.8 5.746 155.8 5.746 

Reflected impulse 

U -0.2360 0.8609 -0.2360 0.8609 
Y 3.624 2.739 3.624 2.739 

1/3
rI W  4.208 0.5477 4.208 0.5477 

rI  (MPa-ms) 12.304 1.602 42.08 5.477 

Arrival time 

U 0.5834 0.2670 0.5834 0.2670 
Y 1.718 2.728 1.718 2.728 

1/3
at W  0.05229 0.5344 0.05229 0.5344 

at  (ms)  0.1529 1.563 0.5229 5.344 



240 

 

(a) Sample results in SI units 

Figure 4-6 Use of the proposed polynomials and charts 
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(b) Sample results in US units 

Figure 4-6 Use of the proposed polynomials and charts (cont.)



 



243 
 

SECTION 5  

REFLECTED OVERPRESSURE AND IMPULSE AS A FUNCTION OF 

ANGLE OF INCIDENCE 

5.1 Introduction 

Air-blast loading in the far field is typically characterized by a near-instantaneous increase in 

overpressure from zero to a peak value followed by an exponential decay to zero: the so-called 

positive loading phase. The pressure loading will then fall below ambient (i.e., underpressure), 

which is called the negative phase. The positive-phase impulse is the integral of the overpressure 

history over the duration of the positive phase. For design using single-degree-of-freedom 

procedures (e.g., Biggs 1964, DoD 2008, Cormie et al. 2009, Dusenberry 2010, ASCE 2011), the 

exponential decay of overpressure is often replaced by a linear decay to zero to enable the use of 

design charts based on triangular loading pulses. The duration of the positive phase for the 

linear-decay representation of the loading is chosen so as to preserve the reflected peak 

overpressure and reflected total impulse. The negative loading phase is often ignored for design.  

Technical guidelines, manuals and textbooks, including TM 5-858-3 (DoA 1984), TM 5-1300 

(Department of the Army, Navy and Air Force 1990), Smith and Hetherington (1994), UFC-3-

340-02 (DoD 2008), Cormie et al. (2009) and Dusenberry (2010), present reflection coefficients 

for overpressure. This coefficient is the ratio of the reflected peak overpressure to the incident 

peak overpressure and it varies as a function of a) angle of incidence and b) the incident peak 

overpressure. Reflected scaled impulse is presented in UFC 3-340-02 as a function of the 

incident peak overpressure and the angle of incidence. Together, the reflected peak overpressure 

and the reflected impulse can describe a loading function for single-degree-of-freedom 

calculations. 

Figure 5-1, which is adapted from Norris et al. (1959), illustrates stages in the propagation and 

reflection of a shock wave from a free-air burst, which include propagation in free air before 

reflection (Figure 5-1a), regular reflection (Figure 5-1b) and irregular or Mach reflection (Figure 

5-1c). At an angle of incidence in the range of 40º and 50º, the incident and reflected waves 
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merge into a single, reinforced shock front, which is widely known as Mach reflection. The 

angle D  in Figure 5-1c is the angle of incidence,  , associated with the initiation of Mach 

reflection.  

 
 

 

(a) Before reflection (b) Regular reflection, 
D    

(c) Mach reflection, 
D    

Figure 5-1 Shock wave reflection phenomena from explosion in free air (adapted from 
Norris et al. 1959) 
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Figure 5-2 presents reflection coefficients, C
r
, for overpressure from TM 5-858-3 (reproduced in 

Smith and Hetherington) and UFC 3-340-02 (superseding TM 5-1300). For overpressure, the 

coefficient is two or greater for an angle of incidence of 0º (normal loading) and unity for an 

angle of incidence of 90º (side-on loading). The coefficients calculated using the two charts of 

Figure 5-2 vary significantly for angles of incidence between 40º and 50º, namely, the range 

associated with the formation of the Mach stem. Figure 5-3 presents reflected scaled impulse 

versus angle of incidence for different values of incident peak overpressure in UFC 3-340-2. The 

influence of the Mach stem is not observed in these curves.  

Kingery and Bulmash (KB, 1984) developed charts and polynomials for incident and normally 

reflected overpressures and impulses as a function of scaled distance, Z, as discussed in Chapter 

3. The KB polynomials are implemented in government codes such as CONWEP (Hyde 1992) 

and form the basis of the charts in UFC 3-340-02 and TM 5-858-3. The reflection coefficients 

are used to compute reflected peak overpressure for non-normal reflection, namely,   greater 

than 0º. The reflected impulse for a non-zero angle of incidence is calculated using the UFC 3-

340-02 charts for reflected scaled impulse and the charge weight. 

Chapter 3 demonstrated that the KB polynomials underestimate incident and normally reflected 

overpressures and incident impulse in the near field. Chapter 4 proposed new equations and 

charts for incident and normally reflected peak overpressure and impulse for 0.0553 ≤ Z ≤ 40 

m/kg1/3 (0.139 ≤ Z ≤ 100 ft/lb1/3), using numerical data reported in Chapter 3. Figures 5-4 and 5-5 

present the charts proposed in Chapter 4 and these are used in the presentation that follows. 

This chapter reconciles the differences between overpressure reflection coefficients in UFC 3-

340-02 and TM 5-858-3 to enable accurate prediction of reflected peak overpressure for all 

angles of incidence and incident peak overpressure in the range from 0.016 MPa to 20 MPa. The 

CFD tool, AUTODYN (ANSYS 2013a), which is verified and validated in Chapter 2, is used for 

the analysis. Reflected scaled impulse is also studied to a) evaluate the charts in UFC 3-340-02 

that are reproduced in Figure 5-3, and b) provide guidance on computational fluid dynamics 

(CFD) modeling of reflected impulse as a function of angle of incidence. 
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(a) TM 5-858-3 (DoA 1984) 

(b) UFC 3-340-02 (DoD 2008) 

Figure 5-2 Reflection coefficient versus angle of incidence 
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(a) 10 ≤ sP  ≤ 7000 psi (0.069 ≤ sP  ≤ 48.3 MPa) 

(b) 0.7 ≤ sP  ≤ 1500 psi (0.0048 ≤ sP  ≤ 10.3 MPa) 

Figure 5-3 Reflected scaled impulse versus angle of incidence (UFC 3-340-02 (DoD 2008))
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Figure 5-4 Incident, sP , and normally reflected, rP , peak overpressures developed by 

Kingery and Bulmash (1984) and in Chapter 4 
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Figure 5-5 Incident, sI /W1/3, and normally reflected, rI /W1/3, scaled impulses developed by 

Kingery and Bulmash (1984) and in Chapter 4 
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5.2 Regular and Mach Reflections 

Figures 5-2a and 5-2b show the value of the reflection coefficient, rC , decreasing with 

increasing angle of incidence,  , until the angle reaches approximately 40o, which is the region 

of regular reflection as illustrated in Figure 5-1b. At greater angles, the reflected wave, which is 

passing through heated and compressed air, and hence propagating faster than the incident wave, 

catches and merges with the incident wave at D  , as shown in Figure 5-1c. The merging of 

the wave fronts gives rise to the Mach stem illustrated in the figure. For angles of incidence 

greater than that associated with the formation of a Mach stem, the reflection is termed a Mach, 

or irregular, reflection. The significant differences between Figures 5-2a and 5-2b are associated 

with Mach reflection. Figure 5-6, which is adapted from Smith and Hetherington (1994), 

provides a simple illustration of regular and Mach reflection. The angle of reflection,  , equals 

the angle of incidence,  , for weak (acoustic) shocks. For strong shocks, Griffith and Bleakney 

(1954) reported that the ratio  :   is greater than 1 and the ratio increases with the intensity of 

the shock. 

(a) Regular reflection (b) Mach reflection 

Figure 5-6 Regular and Mach reflections (e.g., Smith and Hetherington 1994) 

The regions of regular and Mach reflections can be established as a function of the Mach number 

of the incident shock front (shock front velocity divided by sound speed in air) and the angle of 

incidence. Figure 5-7 (adapted from Ivanov et al. 2001) illustrates the relationships between 

these reflections, the Mach number, M, and the angle of incidence,  , for an ideal gas. The 

angles, N  and D , correspond to the von Neumann and detachment criteria, respectively. For   

< N , only regular reflections are possible, and for   > D , only Mach reflections are possible. 

For M less than 2.2, N  and D  are identical. For M > 2.2, the difference between N  and D  
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increases with Mach number. Both regular and Mach reflections are possible in the domain

N D    . In this domain, which is described as the dual solution domain (DSD), reflections 

can transition between regular and Mach as a result of unsteadiness in the flow (Mouton 2007). 

For a steady flow, regular reflection is likely to occur in the DSD and this is assumed herein, 

namely, D , is associated with Mach reflection.  

 

Figure 5-7 Dual solution domain (Ivanov et al. 2001) 

For incident peak overpressures less than 0.34 MPa (50 psi), the Mach reflection angle increases 

as the incident overpressure decreases, as shown in Figure 5-8 and as reported by Courant and 

Friedrichs (1948) and Kinney and Graham (1985). This observation is consistent with the charts 

in TM 5-858-3 and UFC 3-340-02, which are reproduced in Figure 5-2. 

TM 5-858-3 assumes the angle of incidence for Mach reflection to be approximately 40o for 

incident peak overpressures greater than approximately 0.34 MPa (50 psi). The assumption is 

appropriate for an ideal gas with a specific heat ratio of 1.4 (e.g., Courant and Friedrichs 1948, 

Kinney, 1962, Kinney and Graham 1985, Schwer 2008). Figure 5-8 (adapted from Kinney and 

Graham 1985) presents the relationship between the angle of incidence associated with the 

formation of a Mach stem (i.e., onset of Mach reflection) and the Mach number of the shock 

front. For Mach number greater than 2.0, the angle of incidence is approximately 40º; which is 

seen in Figure 5-2a for incident overpressures greater than 50 psi (0.34 MPa). An incident peak 
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overpressure of 0.34 MPa corresponds to a shock front velocity of approximately Mach 2 (see 

Figure 5-9). 

Figure 5-8 Angle of incidence for Mach reflection as a function of Mach number for an 
ideal gas (Kinney and Graham 1985) 

Figure 5-9 Incident overpressure as a function of Mach number for an ideal gas (Kinney 
and Graham 1985)  

In UFC 3-340-02, the effect of Mach reflection is observed in the range 45º <   < 50º for 

incident peak overpressures of 2.8 MPa (400 psi) and greater, which corresponds approximately 

to rC  > 7 at   = 0º (see Figure 5-2b). The angle of incidence associated with Mach reflection 

increases with a decrease in the specific heat ratio that accompanies higher incident 

overpressures (Schwer 2008). Schwer computed angles of incidence for Mach reflection, as a 

function of Mach number from 3 to 18, and reported that for an ideal gas with a specific heat 
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ratio a) of 1.4, the angle was constant at 39.9o between Mach 3 and Mach 18 (supporting the 

value of approximately 40º in TM 5-858-3), and b) of 1.2, the angle increased from 42º at Mach 

3 to 46º at Mach 18 (supporting the increase in angle with increasing incident overpressure seen 

in the UFC).  

The effect of Mach reflection is not observed in the UFC 3-340-02 charts of reflected scaled 

impulse that are reproduced in Figure 5-3, for the reason given below. 

5.3 A Numerical Model for Calculating Reflection Coefficients 

5.3.1 Modeling and Domains 

Reflection coefficients are calculated by simulating the detonation of a 960 kg spherical charge 

of TNT in free air, as described in Chapters 3 and 4. The expansion of the detonation products is 

modeled using the JWL Equation of State (EOS) in 1D multi-material Euler-Godunov grids (see 

Section 2.2.1). The 1D simulation proceeds until the shock wave reaches a reflecting boundary. 

The 1D results are then mapped into 2D Euler-FCT grids, as illustrated in Figure 3-7. After the 

detonation product has expanded to 10 times its original volume, standard practice replaces the 

JWL EOS with the ideal gas EOS to avoid possible numerical instability. The Dobratz and 

Crawford (1985) values of the parameters for the JWL EOS, presented in Table 2-1, are used for 

the simulations described below.  

Calculations are performed for one charge weight only. The results of simulations of incident 

and reflected peak overpressure in Chapter 3 for three very different charge masses (18735, 960 

and 23 kg) showed no influence of weight for a given scaled distance and so calculations are 

performed using only one charge mass.  

In the model depicted in Figure 5-10, axial symmetry is used at the lower boundary and mirror 

symmetry is used at the left boundary; 1/4 of the explosive and air domains are analyzed. The 

mirrored-symmetric boundary is a perfectly reflecting surface. The monitoring location is varied 

by angle,  , and distance, R, to calculate reflected peak overpressures as a function of the angle 

of incidence. The length and height of the air domain are cosR   and ( cosR  + R/4), 
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respectively. The length of R/4 is chosen to eliminate partial reflection7 of overpressure from the 

horizontal transmitting (upstream) boundary on the reflected peak overpressure at the monitoring 

location. Numerical simulations are performed for fourteen scaled distances, 0.16, 0.2, 0.26, 0.3, 

0.4, 0.6, 0.8, 1.2, 1.6. 2.4, 3.2, 4, 6 and 8 m/kg1/3 (0.4, 0.5, 0.65, 0.75, 1, 1.5, 2, 3, 4,  6, 8, 10, 15 

and 20 ft/lb1/3, respectively) and fifteen angles of incidence, 0º, 10º, 20º, 30º, 40º, 42.5º, 45º, 

47.5º, 50º, 52.5º, 55º, 57.5º, 60º, 70º and 80º, to establish the relationships between overpressure 

reflection coefficient, angle of incidence and incident peak overpressure. Smaller intervals are 

used in the range 40º ≤   ≤ 60º to capture the effect of Mach reflection.  For an angle of 90º, the 

reflected overpressure is identical to the incident overpressure. The scaled distances of 0.16, 0.2, 

0.26 and 0.3 m/kg1/3 are not simulated for   = 80º because the perpendicular distance from the 

reflecting surface to the center of the charge is less than the charge radius; see Figure 5-10. For Z 

= 0.3 m/kg1/3 (or R = 2.96 m) and   = 80º, the length of the air domain, cosR   = 0.514 m is 

smaller than the charge radius (= 0.520 m for TNT weight of 960 kg and packing density of 1630 

m/kg1/3). The smallest scaled distance of 0.16 m/kg1/3 enables calculation of reflection 

coefficients with angles of incidence up to 70º. (For cosR   = 0.520 m and   = 70º in Figure 5-

10, R = 1.52 m, which corresponds to Z = 0.154 m/kg1/3.) The maximum scaled distance of 8 

m/kg1/3 used here produces an incident peak overpressure of 0.015 MPa, approximately 1/7 of 

ambient pressure at sea level (= 0.1 MPa), which is a practical lower limit for the blast-resistant 

design of structural components 

                                                 
7 A transmitting boundary does not perfectly pass outgoing pressure. A small fraction of the outgoing 
wave is reflected due to numerical approximations. Although the amplitudes of the partially reflected 
waves are generally small, they can increase both the reflected peak overpressure and impulse if the 
distance of the transmitting boundary from the monitoring location is very small. A distance of R/4 is 
sufficient to eliminate any significant effect of wave reflection; see Section 2.5 for details. 



255 
 

 

Figure 5-10 2D numerical model of air for calculating reflection coefficients  

5.3.2 Cell Size 

One advantage of the remapping procedure described previously is that fine meshes can be used 

for 1D simulations and coarser meshes used for 2D simulations. A cell size of R/1600 is used for 

1D radial analysis of incident peak overpressure, where R is the distance to the monitoring 

location from the center of the charge. Results are then mapped into a 2D domain, with a cell 

size of R/800. These cell sizes for 1D and 2D analysis are smaller than 0.002 times the distance 

to the monitoring location (R/500) deemed appropriate in Chapter 3 for simulations of incident 

and reflected peak overpressures at Z ≤ 8 m/kg1/3.  

5.4 Numerical Models for Calculating Reflected Impulses 

5.4.1 Modeling and Domains 

Reflected impulse is calculated for the 960 kg spherical charge of TNT and scaled distances of 

0.16 to 8 m/kg1/3, used in the analysis of reflection coefficient in Section 5.3, but for fewer (nine) 

angles of incidence of 0º, 10º, 20º, 30º, 40º, 50º, 60º, 70º and 80º because preliminary studies 

indicated that Mach reflection had no significant effect on reflected scaled impulse for angles of 

incidence in the range 40º ≤   ≤ 50º. (This is confirmed in Section 5.8 using reflected 
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overpressure and scaled impulse histories for Z = 0.16, 0.40 and 1.2 m/kg1/3 with   = 30º, 40º, 

45º, 50º and 55º.) For an angle of 90º, the reflected impulse for a given scaled distance is 

identical to the incident impulse. The modeling of the expansion of the detonation products (e.g., 

JWL EOS for TNT, 1D to 2D mapping) is similar to that described in the previous section. 

Three AUTODYN 2D models of air are constructed to calculate reflected impulse as a function 

of angle of incidence; see Figure 5-11. A quarter of the charge is modeled with axial symmetry at 

the lower boundary. Model 1 is similar to that shown in Figure 5-10. The upper transmitting 

boundary in Figure 5-11a should prevent reflection of pressure waves that would affect the 

calculation of reflected impulse. However, as noted in Chapter 2, partial reflection is possible 

from a transmitting boundary, and the boundary must be located a sufficient distance from the 

monitoring locations. (In Chapter 2, the boundary was set 149 mm above the uppermost 

monitoring location: ○4  in Figure 2-49a.) For these calculations, the height of the 2D domain is 

calculated by adding the shortest distance from the detonation point to the right reflecting 

boundary (= cosR  ) to the height of the monitoring location, which is sufficient to make 

accurate calculations of reflected impulse. The left transmitting boundary in Figure 5-11a should 

also prevent the reflection of pressure waves between the vertical boundaries. Energy will not be 

lost across this boundary in the initial phase of the expansion because the shock front propagates 

radially away from the source and thus away from this boundary. However, the wave that is 

reflected from the right boundary may be partially reflected from the left transmitting boundary, 

which would then increase the impulse if the partially reflected wave arrives at the monitoring 

location on the right boundary during the positive phase. This is more likely to occur for higher 

angles of incidence with a relatively small horizontal 2D domain. Models 2 and 3 increase the 

horizontal length of the 2D domain of Model 1 to evaluate the effect of location of the left 

transmitting boundary on reflected impulse for large angles of incidence. Models 1, 2 and 3 have 

horizontal dimensions of cosR  , 1.5 cosR   and 2 cosR  , respectively, as shown in Figure 5-

11. Figure 5-12 illustrates Models 1, 2 and 3 for an angle of incidence of 80º, where reflected 

scaled impulse is calculated at point 1. The use of the three models is discussed further in Section 

5.4.3, noting that analysis of Model 3 is computationally more expensive than analysis of Model 

1. 
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(a) Model 1 (b) Model 2 

 
(c) Model 3 

Figure 5-11 2D numerical models of air for calculating reflected impulses 
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(a) Model 1 (b) Model 2 (c) Model 3 

Figure 5-12 Models 1, 2 and 3 in AUTODYN for angle of incidence of 80º 

5.4.2 Cell Size 

One-dimensional radial analysis is performed using a cell size of R/1600 as discussed in Section 

5.3. The 1D results are then mapped into a 2D domain. Two cell sizes, R/800 and R/400, are 

considered for the 2D analysis because the calculation of reflected impulse converges for larger 

cell sizes than reflected peak overpressure, as reported in Section 3.7. Figure 5-13 presents 

normally reflected overpressure and impulse histories calculated using Model 1 for cell sizes of 

R/400 and R/800 and for Z = 0.16, 0.40 and 1.2 m/kg1/3. The results are essentially independent 

of cell size at each scaled distance. Since the use of the smaller cell size (R/800) is 

computationally more expensive, the larger cell size (R/400) is used to model the 2D domain for 

calculating reflected scaled impulse.  
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Reflected overpressure history Reflected impulse history 

(a) Z = 0.16 m/kg1/3 

(b) Z = 0.40 m/kg1/3 

(c) Z = 1.2 m/kg1/3 

Figure 5-13 Mesh sensitivity study for simulating reflected impulse; Model 1 
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5.4.3 Effect of Transmitting Boundary 

The effect of the location of the left transmitting boundary on the reflected impulse calculation is 

examined using Models 1, 2 and 3 for Z = 0.16, 0.40 and 1.2 m/kg1/3. Figure 5-14 presents results 

calculated using the cell size of R/400 for Z = 0.16 m/kg1/3 with   = 30º, 40º, 50º, 60º and 70º. 

The reflected impulses for Models 1, 2 and 3 are very similar for   = 30º and 40º. For   = 50º, 

60º and 70º, the reflected impulses for Model 1 are significantly greater than those for Models 2 

and 3 due to partial reflection of the shock waves from the left transmitting boundary. This 

outcome is similar for Z = 0.40 and 1.2 m/kg1/3 with   ≥ 70º, as shown in Figures 5-15 and 5-16, 

respectively. Results for Models 2 and 3 are essentially identical. 

The influence of the location of the left transmitting boundary is greater for Z = 0.16 m/kg1/3 than 

for Z = 0.40 and 1.2 m/kg1/3 because a) the shock waves that are partially reflected from the left 

(transmitting) boundary propagate faster at smaller scaled distances, and b) the effect of the 

expanding detonation products can increase the positive phase duration for small values of scaled 

distance as demonstrated in Chapter 2 and discussed further in Section 5.6. Accordingly, for Z = 

0.16, 0.20, 0.26 and 0.30 m/kg1/3, Model 1 is used for 0º ≤   ≤ 40º and Model 2 is used for   > 

40º. For Z ≥ 0.40 m/kg1/3, Model 1 is used for 0º ≤   ≤ 60º and Model 2 is used for   > 60º. 

Model 3 is not used for subsequent calculations. 
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Reflected overpressure history Reflected impulse history 

(a)   = 30º 

(b)   = 40º 

(c)   = 50º 
Figure 5-14 Effect of transmitting boundary on calculation of reflected impulse for Z = 0.16 

m/kg1/3 
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Reflected overpressure history Reflected impulse history 

(d)   = 60º 

(e)   = 70º 

Figure 5-14 Effect of transmitting boundary on calculation of reflected impulse for Z = 0.16 
m/kg1/3 (cont.) 
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Reflected overpressure history Reflected impulse history 

(a)   = 40º 

(b)   = 50º 

(c)   = 60º 

Figure 5-15 Effect of transmitting boundary on calculation of reflected impulse for Z = 0.40 
m/kg1/3 
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Reflected overpressure history Reflected impulse history 

(d)   = 70º 

(e)   = 80º 

Figure 5-15 Effect of transmitting boundary on calculation of reflected impulse for Z = 0.40 
m/kg1/3 (cont.)  
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Reflected overpressure history Reflected impulse history 

(a)   = 40º 

(b)   = 50º 

(c)   = 60º 

Figure 5-16 Effect of transmitting boundary on calculation of reflected impulse for Z = 1.2 
m/kg1/3 
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Reflected overpressure history Reflected impulse history 

(d)   = 70º 

(e)   = 80º 

Figure 5-16 Effect of transmitting boundary on calculation of reflected impulse for Z = 

1.2 m/kg1/3 (cont.) 
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5.5 Incident and Normally Reflected Overpressures 

Incident, sP , and reflected, rP , peak overpressures for different values of scaled distance and 

normal incidence,  = 0º, are calculated using cell sizes of R/1600 (1D) and R/800 (2D). Results 

are presented in Figure 5-17, together with data from polynomials per Table 4-2 of Chapter 4 and 

from UFC 3-340-02. Values are reported in Table 5-1, noting that the polynomials were derived 

from AUTODYN analysis using finer meshes than those used in this chapter. Table 5-2 presents 

ratios of the AUTODYN calculations to a) the predictions of the polynomials of Chapter 4, and b) 

the UFC 3-340-02. (The ratio of AUTODYN-to-polynomials ranges between 0.9 and 1.1 

because ±10% was the limit set for a converged cell size, as noted in Sections 3.6 and 3.7.) For 

the scaled distances considered here (Z ≥ 0.16 m/kg1/3), the AUTODYN-calculated incident peak 

overpressures are very close to the values reported in UFC 3-340-02. The calculated normally 

reflected peak overpressures are also similar to those of UFC 3-340-02 for Z ≥ 0.4 m/kg1/3 (1 

ft/lb1/3). For Z < 0.4 m/kg1/3, the AUTODYN-calculated normally reflected peak overpressure is 

much greater than that in UFC 3-340-02; see Figure 5-4, which is reproduced from Figures 4-5 

and 4-6. Reflected peak overpressures for angles of incidence greater than 0o (normal reflection) 

are studied in the following section. 

5.6 Reflected Overpressure as a Function of Angle of Incidence 

Reflection coefficients, rC , for different angles of incidence,  , calculated using AUTODYN 

are presented in Figures 5-18a, 5-18b8, 5-18c8 and Table 5-3. The effect of Mach reflection is 

identified by local increases in the plots for 40º <  < 50º in all these curves: similar to UFC 3-

340-02 but dissimilar from TM 5-858-3 for incident peak overpressures greater than 2.8 MPa 

(400 psi). 

 

  

                                                 
8 Figures 5-18b and 5-18c present the same data at Figure 5-18a but in a format that is simpler to interpret. 
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Figure 5-17 Incident and normally reflected peak overpressures 
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Table 5-1 Incident and reflected overpressures for normal incidence 

 AUTODYN (ANSYS  2013a) Proposed polynomials (Chapter 4) UFC 3-340-02 (DoD 2008) 

Z  
sP  rP   

sP  rP   
sP  rP  

m/kg1/3 ft/lb1/3 MPa Psi MPa psi MPa psi MPa psi MPa psi MPa psi 

0.16 0.40 19.7 2860 466 67570 19.7 2863 495 71810 19.6 2840 214 31000 

0.20 0.50 15.1 2190 263 38100 15.7 2278 271 39260 15.3 2220 158 22900 

0.26 0.65 10.9 1580 143 20700 11.3 1633 141 20450 11.0 1590 106 15400 

0.30 0.75 8.86 1280 94.7 13700 9.26 1344 96.0 13920 9.00 1300 83.3 12100 

0.40 1.0 5.62 815 45.3 6570 5.84 847 43.2 6269 5.75 833 48.8 7070 

0.60 1.5 2.77 402 19.2 2790 2.84 412 18.5 2689 2.74 398 19.8 2870 

0.80 2.0 1.62 235 10.3 1490 1.63 237 10.3 1493 1.52 221 9.38 1360 

1.2 3.0 0.640 92.8 3.19 463 0.651 94.4 3.31 480 0.620 89.9 2.93 425 

1.6 4.0 0.310 45.0 1.25 182 0.324 47.0 1.31 191 0.322 46.7 1.24 180 

2.4 6.0 0.125 18.1 0.366 53.1 0.127 18.4 0.393 57.0 0.130 18.9 0.387 56.1 

3.2 8.0 0.073 10.5 0.184 26.7 0.071 10.2 0.191 27.8 0.072 10.4 0.184 26.7 

4.0 10 0.048 7.02 0.116 16.8 0.047 6.79 0.118 17.2 0.047 6.75 0.110 16.0 

6.0 15 0.025 3.63 0.055 7.94 0.024 3.50 0.056 8.09 0.023 3.37 0.051 7.32 

8.0 20 0.016 2.39 0.031 4.54 0.016 2.27 0.035 5.05 0.015 2.19 0.032 4.65 
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Table 5-2 Ratios of AUTODYN calculations to proposed polynomial values and UFC 3-340-
02 (DoD 2008) predictions 

Z AUTODYN/polynomials AUTODYN/UFC 3-340-02 

m/kg1/3 ft/lb1/3 sP  
rP  

sP  
rP  

0.16 0.40 0.94 0.94 1.01 2.34 

0.20 0.50 0.96 0.97 0.99 1.66 

0.26 0.65 0.97 1.01 0.99 1.34 

0.30 0.75 0.95 0.98 0.98 1.13 

0.40 1.0 0.96 1.05 0.98 0.93 

0.60 1.5 0.98 1.04 1.01 0.97 

0.80 2.0 0.99 1.00 1.06 1.10 

1.2 3.0 0.98 0.96 1.03 1.09 

1.6 4.0 0.96 0.95 0.96 1.01 

2.4 6.0 0.98 0.93 0.96 0.95 

3.2 8.0 1.03 0.96 0.98 0.99 

4.0 10 1.03 0.98 1.01 1.01 

6.0 15 1.04 0.98 1.05 1.04 

8.0 20 1.05 0.90 1.05 1.01 
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Table 5-3 Reflection coefficients as a function of angle of incidence, , and scaled distance, Z, calculated using AUTODYN 

Z Angle of incidence 

m/kg1/3 ft/lb1/3 0º 10º 20º 30º 40º 42.5º 45º 47.5º 50º 52.5º 55º 57.5º 60º 70º 80º 90º 

0.16 0.40 23.7 23.0 21.3 15.4 11.5 11.4 9.0 7.9 14.5 8.3 7.7 8.3 7.8 2.2  1.0 

0.20 0.50 17.4 17.4 17.2 13.9 9.3 7.7 7.9 10.9 7.5 6.5 5.1 4.6 5.0 2.7  1.0 

0.26 0.65 13.2 12.6 11.3 9.9 6.9 6.8 5.7 5.9 7.3 5.8 4.4 4.2 4.3 2.8  1.0 

0.30 0.75 10.7 10.4 10.1 8.4 6.7 6.7 5.7 5.3 6.7 5.6 4.5 3.6 3.5 2.8  1.0 

0.40 1.0 8.1 7.8 7.2 6.6 6.5 6.3 5.5 4.9 6.3 4.8 4.3 3.7 3.6 2.5 2.1 1.0 

0.60 1.5 6.9 6.7 6.5 6.0 5.9 5.7 4.7 4.4 4.9 5.1 3.3 3.3 3.2 2.4 1.8 1.0 

0.80 2.0 6.3 6.2 6.1 5.7 5.6 5.7 4.4 4.0 3.8 3.7 3.6 3.0 2.8 2.3 1.6 1.0 

1.2 3.0 5.0 4.9 4.8 4.5 4.7 4.9 3.7 3.1 2.8 2.6 2.5 2.5 2.5 2.4 1.8 1.0 

1.6 4.0 4.0 4.0 3.9 3.8 4.0 4.2 3.8 3.0 2.7 2.6 2.5 2.5 2.4 2.3 1.8 1.0 

2.4 6.0 2.9 2.9 2.9 2.9 3.1 3.2 3.4 3.3 2.9 2.7 2.5 2.4 2.3 2.0 1.6 1.0 

3.2 8.0 2.5 2.5 2.6 2.5 2.6 2.7 2.8 3.0 3.1 3.0 2.7 2.6 2.4 2.0 1.7 1.0 

4.0 10 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.6 2.8 3.0 3.0 2.8 2.6 2.0 1.7 1.0 

6.0 15 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.4 2.6 2.8 2.9 2.2 1.7 1.0 

8.0 20 1.9 2.1 2.1 2.1 2.0 2.0 2.1 2.1 2.1 2.2 2.2 2.4 2.5 2.4 1.7 1.0 
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For incident peak overpressures of 0.016, 0.025, 0.048, 0.073 and 0.13 MPa (Z = 8.0, 6.0, 4.0, 

3.2 and 2.4 m/kg1/3; see Figure 5-18), the angle of incidence associated with Mach reflection is 

greater than 40o because the angle increases with decreasing incident peak overpressure below 

0.31 MPa (or Mach number less than 2.0) per Figures 5-8 and 5-9.  

The angles of incidence for Mach reflection for sP  = 0.31, 0.64 and 1.6 MPa (associated with Z 

= 1.6, 1.2 and 0.8, respectively, and the curves with rC  = 4.0, 5.0 and 6.3 for normal reflection, 

respectively, in Figure 5-18) are close to 40º: a result that is in good agreement with Figure 5-8.  

(a) Scaled distances, Z, between 0.16 and 8.0 m/kg1/3 (1 m/kg1/3 =2.52 ft/lb1/3; 1 MPa = 145 psi) 

Figure 5-18 Overpressure reflection coefficients as a function of angle of incidence 
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(b) Scaled distances, Z, between 0.16 and 0.6 m/kg1/3 (1 m/kg1/3 =2.52 ft/lb1/3; 1 MPa = 145 psi) 

Figure 5-18 Overpressure reflection coefficients as a function of angle of incidence (cont.) 
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(c) Scaled distances, Z, between 0.6 and 8.0 m/kg1/3 (1 m/kg1/3 =2.52 ft/lb1/3; 1 MPa = 145 psi) 

Figure 5-18 Overpressure reflection coefficients as a function of angle of incidence (cont.) 

The angles of incidence associated with Mach reflection for sP  ≥ 2.8 MPa (associated with Z ≤ 

0.6 m/kg1/3 and the curves with rC  ≥ 7 for normal reflection) are between 45º and 50º, and 

similar to the values in UFC 3-340-02 (see Figure 5-2b). For these higher incident overpressures, 

the specific heat ratio decreases and the Mach reflection angle increases, which is consistent with 

the observations of Schwer.  

To understand the influence of the expanding detonation products on reflection coefficients for Z 

≤ 0.8 m/kg1/3, Figure 5-19 presents histories of reflected overpressure, ( )rp t , incident 

overpressure, ( )sp t , density, ( )s t , and flow (particle) velocity, ( )s t , for Z = 0.16, 0.4, 0.8 and 
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1.2 m/kg1/3 for a) normal reflection, and b) the angle of incidence for which the peak 

overpressure is the greatest in the region of Mach reflection. The histories are amplitude scaled 

to facilitate presentation in one figure. For Z = 0.16 m/kg1/3, the arrival times of the shock front 

and detonation products are approximately t = 0.26 and 0.29 msec, respectively, as shown in 

Figure 5-19a. The differences between the arrival times of the incident and reflected 

overpressures are caused by the use of different numerical procedures: 1D and Euler-Godunov 

grid for the incident overpressure, and 2D and Euler-FCT grid for the reflected overpressure. The 

reflected peak overpressures in Figure 5-19a are associated with the expanding detonation 

products and not the shock fronts. Two peaks are predicted in the normal reflection overpressure 

history and identified by (*) in the Figure 5-19a. The first is associated with the arrival of the 

front of the detonation products. The second is associated with the peak particle velocity, 

identified by (#) in the figure, at the tail of the expanding detonation products (the second * 

should align in time with # but is offset for the reason noted above). The reflected overpressure is 

a function of the static overpressure (twice the incident overpressure) and the dynamic 

overpressure (related to the air density and particle velocity): the greater density and higher 

velocity of the detonation products produces a larger reflected overpressure for this value of 

scaled distance than at the shock front. The reflected overpressures histories in Figure 5-19a 

fluctuate due to the influence of the expanding detonation products.  

For Z = 0.4 m/kg1/3, the reflected peak overpressure is associated with the arrival of the shock 

front at t = 1.0 msec, as seen in Figure 5-19c. The detonation products arrive at monitoring 

location at approximately t = 1.25 msec. The arrival times of the incident and reflected shock 

fronts are again different for the reason given above. The expanding detonation products lead to 

fluctuations in the overpressure histories, similar to that observed for Z = 0.16 m/kg1/3.  

For Z = 0.8 m/kg1/3, the influence of the detonation products on the overpressure histories is 

negligible, as seen in Figure 5-19e: the shapes of the overpressure histories are similar to the 

Friedlander curve, namely, a smooth exponential decay from the peak overpressure to ambient 

(see Equation 1.1). The Friedlander overpressure history is achieved for incident and reflected 

peak overpressures of Z > 0.83 m/kg1/3, as seen in Figure 5-19g for Z = 1.2 m/kg1/3.  
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(a) Z = 0.16 m/kg1/3,  = 0º (b) Z = 0.16 m/kg1/3,  = 50º 

(c) Z = 0.40 m/kg1/3,  = 0º (d) Z = 0.40 m/kg1/3,  = 50º 

(e) Z = 0.8 m/kg1/3,  = 0º (f) Z = 0.8 m/kg1/3,  = 42.5º 

Figure 5-19 Reflected overpressure histories; Z = 0.16, 0.40, 0.80 and 1.2 m/kg1/3 (1 m/kg1/3 
=2.52 ft/lb1/3; 1 MPa = 145 psi) 
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(g) Z = 1.2 m/kg1/3,  = 0º (h) Z = 1.2 m/kg1/3,  = 42.5º 

Figure 5-19 Reflected overpressure histories; Z = 0.16, 0.40, 0.80 and 1.2 m/kg1/3 (1 m/kg1/3 
=2.52 ft/lb1/3; 1 MPa = 145 psi) (cont.) 

Figure 5-20 enables a comparison of data from the AUTODYN simulations and empirical results 

from TM 5-858-3 and UFC-3-340-02. The overpressure reflection coefficients obtained from the 

AUTODYN simulations for Z < 0.4 m/kg1/3 (1 ft/lb1/3) are greater than those reported in both 

UFC 3-340-02 and TM 5-858-3 for angles of incidence less than 40o, as shown in panels a, b, c 

and d of Figure 5-20 (Z = 0.16, 0.20, 0.26 and 0.30 m/kg1/3, respectively) due to the effects of the 

expanding detonation products on the reflected overpressure histories. For Z ≥ 0.4 m/kg1/3 and   

< 40º, the overpressure reflection coefficients calculated with AUTODYN are in reasonable 

agreement with the values reported in both UFC 3-340-02 and TM 5-858-3, as shown in panels e, 

f, g, h, i, j, k, l, m and n of Figure 5-20. For Z ≥ 0.4 m/kg1/3 and   > 40º, the AUTODYN-based 

overpressure reflection coefficients are similar to the values reported in UFC 3-340-02 but are 

quite different from those of TM 5-858-3. 
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(a) Z = 0.16 m/kg1/3 (0.4 ft/lb1/3) (b) Z = 0.2 m/kg1/3 (0.5 ft/lb1/3) 

(c) Z = 0.26 m/kg1/3 (0.66 ft/lb1/3) (d) Z = 0.3 m/kg1/3 (0.75 ft/lb1/3) 

(e) Z = 0.4 m/kg1/3 (1 ft/lb1/3) (f) Z = 0.6 m/kg1/3 (1.5 ft/lb1/3) 

Figure 5-20 Overpressure reflection coefficients with angle of incidence from TM 5-858-3 
(DoA 1984), UFC 3-340-02 (DoD 2008), numerical analyses by AUTODYN; 

sP  

in units of MPa 
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(g) Z = 0.8 m/kg1/3 (2 ft/lb1/3) (h) Z = 1.2 m/kg1/3 (3 ft/lb1/3) 

(i) Z = 1.6 m/kg1/3 (4 ft/lb1/3) (j) Z = 2.4 m/kg1/3 (6 ft/lb1/3) 

(k) Z = 3.2 m/kg1/3 (8 ft/lb1/3) (l) Z = 4 m/kg1/3 (10 ft/lb1/3) 

Figure 5-20 Overpressure reflection coefficients with angle of incidence from TM 5-858-3 
(DoA 1984), UFC 3-340-02 (DoD 2008), numerical analyses by AUTODYN;  

sP  in units of MPa (cont.) 
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(m) Z = 6 m/kg1/3 (15 ft/lb1/3) (n) Z = 8 m/kg1/3 (20 ft/lb1/3) 

Figure 5-20 Overpressure reflection coefficients with angle of incidence from TM 5-858-3 
(DoA 1984), UFC 3-340-02 (DoD 2008), numerical analyses by AUTODYN;  

sP  in units of MPa (cont.) 

For reflection coefficients to be useful for design, the incident and reflected pressure histories 

should follow a standard shape, such as the Friedlander curve, with the same positive phase 

duration. TM 5-858-3 and UFC 3-340-02 present data (see Figure 5-2) for incident peak 

overpressures up to 7000 psi (48.3 MPa) and 5000 psi (34.5 MPa), respectively. Herein 

simulations were performed for incident peak overpressures up to 20 MPa (2900 psi). As seen in 

Figure 5-19, at Z = 0.4 m/kg1/3 and sP = 6 MPa (870 psi), the incident and reflected overpressure 

histories are very different from the Friedlander curve, and values of reflected peak overpressure 

and scaled impulse alone are is of no practical value for blast-resistant design: CFD analysis is 

needed to adequately characterize incident and reflected pressure histories. A practical lower 

limit on the use of reflection coefficients is Z = 0.8 m/kg1/3. 

5.7 Incident and Normally Reflected Impulses 

Incident, sI /W1/3, and normally reflected, rI /W1/3, scaled impulses are calculated using cell sizes 

of R/1600 (1D) and R/400 (2D). Results are presented in Figure 5-21, together with data from the 

polynomials per Table 4-2 of Chapter 4 and from UFC 3-340-02. Values are provided in Table 

5-4. Table 5-5 presents ratios of the AUTODYN calculations to a) the polynomial predictions of 

Chapter 4, and b) the values calculated using UFC 3-340-02. (The ratio of AUTODYN-to-
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polynomial ranges between 0.98 and 1.07.) The AUTODYN calculations and UFC 3-340-02-

based predictions of incident scaled impulse differ by 10% to 20%, which is consistent with 

observations in Chapters 3 and 4. The AUTODYN-calculated normally reflected scaled impulses 

are very similar to those reported in UFC 3-340-02.  

 
Figure 5-21 Incident and normally reflected scaled impulses
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Table 5-4 Incident and normally reflected scaled impulses in SI units of MPa-ms/kg1/3 and US units of psi-ms/lb1/3 

 AUTODYN (ANSYS  2013a) Proposed polynomials (Chapter 4) UFC 3-340-02 (DoD 2008) 

Z 1/3
sI W   1/3

rI W             

m/kg1/3 ft/lb1/3 SI US SI US SI US SI US SI US SI US 

0.16 0.40 0.275 30.7 9.83 1096 0.258 28.7 9.91 1104 0.317 35.3 9.12 1016 

0.20 0.50 0.182 20.3 6.37 710 0.170 19.0 6.43 717 0.226 25.2 6.18 688 

0.26 0.65 0.138 15.4 3.86 430 0.130 14.4 3.91 436 0.168 18.7 3.99 444 

0.30 0.75 0.131 14.6 2.96 330 0.124 13.8 3.01 335 0.151 16.8 3.00 335 

0.40 1.0 0.140 15.6 1.80 201 0.135 15.0 1.83 204 0.137 15.2 2.03 226 

0.60 1.5 0.173 19.3 1.01 112 0.177 19.8 1.02 113 0.155 17.2 1.12 125 

0.80 2.0 0.183 20.4 0.709 79.1 0.177 19.7 0.712 79.3 0.196 21.8 0.752 83.8 

1.2 3.0 0.118 13.1 0.454 50.6 0.120 13.3 0.444 49.5 0.149 16.6 0.442 49.3 

1.6 4.0 0.092 10.3 0.329 36.7 0.092 10.2 0.319 35.5 0.113 12.6 0.309 34.4 

2.4 6.0 0.069 7.64 0.199 22.2 0.068 7.60 0.198 22.1 0.078 8.73 0.190 21.2 

3.2 8.0 0.054 6.01 0.138 15.4 0.055 6.07 0.141 15.7 0.061 6.77 0.137 15.2 

4.0 10 0.044 4.88 0.105 11.7 0.045 4.98 0.108 12.0 0.050 5.55 0.106 11.9 

6.0 15 0.030 3.29 0.065 7.27 0.030 3.36 0.067 7.48 0.034 3.82 0.068 7.62 

1/3
sI W 1/3

rI W 1/3
sI W 1/3

rI W
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Table 5-5 Ratios of AUTODYN calculations to polynomial and UFC 3-340-02 predictions 
for reflected scaled impulse 

Z AUTODYN/polynomials AUTODYN/UFC 3-340-02 

m/kg1/3 ft/lb1/3           

0.16 0.40 1.07 0.99 0.87 1.08 
0.20 0.50 1.07 0.99 0.81 1.03 
0.26 0.65 1.07 0.99 0.82 0.97 
0.30 0.75 1.06 0.99 0.87 0.99 
0.40 1.0 1.04 0.99 1.03 0.89 
0.60 1.5 0.97 0.99 1.12 0.9 
0.80 2.0 1.04 1.00 0.94 0.94 
1.2 3.0 0.98 1.02 0.79 1.03 
1.6 4.0 1.01 1.03 0.82 1.07 
2.4 6.0 1.01 1.00 0.88 1.05 
3.2 8.0 0.99 0.98 0.89 1.01 
4.0 10 0.98 0.98 0.88 0.98 
6.0 15 0.98 0.97 0.86 0.95 
8.0 20 0.98 0.99 0.85 0.95 

 

 

  

1/3
sI W 1/3

rI W 1/3
sI W 1/3

rI W
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5.8 Reflected Impulse as a Function of Angle of Incidence 

Figure 5-22 presents results of AUTODYN calculations of reflected scaled impulse. Values are 

provided in Table 5-6. The effect of Mach reflection on the calculated reflected scaled impulses 

is not seen in these results. To examine why, selected reflected overpressure and scaled impulse 

histories are presented in Figures 5-23, 5-24 and 5-25 for Z = 0.16, 0.40 and 1.2 m/kg1/3, 

respectively, and   = 30º, 40º, 45º, 50º and 55º. Figures 5-23a and 5-23b present reflected 

overpressure histories calculated for Z = 0.16 m/kg1/3 using cell sizes of R/800 and R/400, 

respectively, for 0.24 ≤ t ≤ 0.4 msec to judge the effect of mesh size on the calculated reflected 

peak overpressure. These histories for all five angles are complex with multiple peaks due to the 

effects of Mach reflection and the expanding detonation products. The reflected peak 

overpressures for the two cell sizes are similar. The local increase observed in the reflection 

coefficient curve for Z = 0.16 m/kg1/3 with  = 50º, as shown in Figure 5-18, is also identified in 

these history plots. The fluctuations in the reflected overpressure histories are more pronounced 

for the mesh with R/800 cells. Figure 5-23c presents the reflected overpressure histories for the 

mesh with R/400 cells for the duration of the positive phase. The contribution to the reflected 

peak impulse of the overpressure history in the time window of 0.24 to 0.40 msec, and around 

the time of reflected peak overpressure, is small. Further, given that the duration of the positive 

phase is greatest for  = 30º and smallest for  = 55º, and that the reflected overpressure at 0.40 

msec is greatest for  = 30º and smallest for  = 55º, the effect of Mach reflection on reflected 

peak overpressure is not carried over to reflected peak impulse. The reflected peak impulse 

decreases gradually with an increasing angle of incidence, as seen in Figure 5-23d. Similar 

results are seen for Z = 0.40 and 1.2 m/kg1/3 as presented in Figures 5-24 and 5-25, respectively, 

except that a) the reflected peak overpressures for both scaled distances are associated with the 

arrival of the incident or reflected shock front (depending on  ), and b) there is no effect of the 

expanding detonation products on the reflected overpressure histories for Z = 1.2 m/kg1/3, as 

described in Section 5.6.  
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Figure 5-22 Reflected scaled impulse as a function of angle of incidence (Z in units of 
m/kg1/3) 
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Table 5-6  Reflected scaled impulses as a function of angle of incidence, , and scaled 
distance, Z, calculated using AUTODYN (units: MPa-ms/kg1/3; 1 MPa-ms/kg1/3 = 
111 psi-ms/lb1/3) 

Z Angle of incidence 

m/kg1/3 ft/lb1/3 0º 10º 20º 30º 40º 50º 60º 70º 80º 90º 

0.16 0.40 9.83 9.52 8.78 7.63 5.98 4.15 2.62 1.25  0.275
0.20 0.50 6.37 6.20 5.72 4.970 4.02 2.97 1.81 0.892  0.182
0.26 0.65 3.86 3.76 3.48 3.031 2.49 1.89 1.23 0.624  0.138
0.30 0.75 2.96 2.89 2.67 2.34 1.91 1.48 0.996 0.538  0.131
0.40 1.0 1.80 1.76 1.64 1.45 1.20 0.968 0.690 0.393 0.166 0.140
0.60 1.5 1.01 0.989 0.924 0.829 0.702 0.584 0.466 0.301 0.180 0.173
0.80 2.0 0.709 0.697 0.656 0.596 0.509 0.424 0.348 0.263 0.224 0.183
1.2 3.0 0.454 0.446 0.424 0.386 0.336 0.285 0.234 0.186 0.177 0.118
1.6 4.0 0.329 0.324 0.310 0.287 0.259 0.225 0.184 0.139 0.105 0.092
2.4 6.0 0.199 0.198 0.192 0.182 0.169 0.155 0.135 0.097 0.078 0.069
3.2 8.0 0.138 0.137 0.134 0.130 0.124 0.116 0.103 0.078 0.065 0.054
4.0 10 0.105 0.104 0.103 0.100 0.097 0.092 0.084 0.064 0.058 0.044
6.0 15 0.065 0.065 0.065 0.064 0.062 0.061 0.057 0.044 0.043 0.030
8.0 20 0.048 0.048 0.047 0.047 0.046 0.046 0.044 0.034 0.030 0.022
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(a) Reflected overpressure history for the 
R/800 cell size; part range on time 

(b) Reflected overpressure history for the 
R/400 cell size; part range on time 

(c) Reflected overpressure history for the R/400 cell size 

(d) Reflected impulse history from (c) 

Figure 5-23 Reflected overpressure and scaled impulse histories for cell sizes of R/400 and 
R/800; α = 30º, 40º, 45º, 50º and 55º; Z = 0.16 m/kg1/3
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(a) Reflected overpressure history for the 
R/800 cell size; part range on time 

(b) Reflected overpressure history for the 
R/400 cell size; part range on time 

(c) Reflected overpressure history for the R/400 cell size 

(d) Reflected impulse history from (c) 

Figure 5-24 Reflected overpressure and scaled impulse histories for cell sizes of R/400 and 
R/800; α = 30º, 40º, 45º, 50º and 55º; Z = 0.40 m/kg1/3
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(a) Reflected overpressure history for the 
R/800 cell size; part range on time 

(b) Reflected overpressure history for the 
R/400 cell size; part range on time 

(c) Reflected overpressure history for the R/400 cell size 

(d) Reflected impulse history from (c) 

Figure 5-25 Reflected overpressure and scaled impulse histories for cell sizes of R/400 and 
R/800; α = 30º, 40º, 45º, 50º and 55º; Z = 1.2 m/kg1/3
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Figures 5-23, 5-24 and 5-25 document the differences in arrival time of the shock front for the 

selected angles of incidence. The arrival times for the three scaled distances and   = 30º, 40º 

and 45º are similar. However, the arrival times for   = 50º and 55º are smaller than those for 

other angles. Consider Figure 5-26 that presents pressure fringes at t = 1.0 ms for Z = 0.4 m/kg1/3 

with   = 30º, 40º, 45º, 50º and 55º; R/800 cells are used for analysis. The incident shock fronts 

have radiated to the same monitoring location (point 1) in all cases. For   = 50º and 55º, the 

Mach stems form and arrive at the monitoring locations before the incident waves because the 

Mach stem is a reinforced shock front that propagates faster than the incident wave. Similar 

differences in the arrival times are observed in the reflected overpressures histories for Z = 0.16 

and 1.2 m/kg1/3.  

Figure 5-27 enables a comparison of the AUTODYN calculations and the empirical charts in 

UFC 3-340-02 for reflected scaled impulse as a function of angle of incidence. For each scaled 

distance, Z, considered in the AUTODYN analysis, three curves from UFC 3-340-02 are plotted 

for values of sP  close to the AUTODYN-calculated value of peak incident overpressure. The 

AUTODYN-calculated reflected scaled impulses for scaled distances between 0.16 and 8 m/kg1/3 

( sP = 19.7 and 0.016 MPa, respectively) are similar to the values reported in UFC 3-340-02. No 

changes are recommended to the UFC 3-340-02 charts for reflected scaled impulse.  



 

(a)   = 30º (b)   = 40º 

(c)   = 45º (d)   = 50º 

(e)   = 55º 

Figure 5-26 Pressure fringes at t = 1.0 ms for Z = 0.4 m/kg1/3; R/800 cells 
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(a) Z = 0.16 m/kg1/3 (0.4 ft/lb1/3) (b) Z = 0.20 m/kg1/3 (0.5 ft/lb1/3) 

(c) Z = 0.26 m/kg1/3 (0.65 ft/lb1/3) (d) Z = 0.30 m/kg1/3 (0.75 ft/lb1/3) 

(e) Z = 0.40 m/kg1/3 (1.0 ft/lb1/3) (f) Z = 0.60 m/kg1/3 (1.5 ft/lb1/3) 

Figure 5-27 Reflected scaled impulse as a function of angle of incidence; sP  in units of MPa 
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(g) Z = 0.80 m/kg1/3 (2.0 ft/lb1/3) (h) Z = 1.2 m/kg1/3 (3.0 ft/lb1/3) 

(i) Z = 1.6 m/kg1/3 (4.0 ft/lb1/3) (j) Z = 2.4 m/kg1/3 (6.0 ft/lb1/3) 

(k) Z = 3.2 m/kg1/3 (8.0 ft/lb1/3) (l) Z = 4.0 m/kg1/3 (10 ft/lb1/3) 

Figure 5-27 Reflected scaled impulse as a function of angle of incidence; sP  in units of MPa 

(cont.) 
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(m) Z = 6.0 m/kg1/3 (15 ft/lb1/3) (n) Z = 8.0 m/kg1/3 (20 ft/lb1/3) 

Figure 5-27 Reflected scaled impulse as a function of angle of incidence; sP  in units of MPa 

(cont.) 
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SECTION 6  

MODELING CONCRETE EROSION STRAIN FOR BLAST ANALYSIS OF 

STRUCTURAL COMPONENTS 

6.1 Introduction 

Structural components subjected to extreme loadings such as blast effects, missile impact and 

earthquakes often lose strength and stiffness due to damage and loss of material. Damage can be 

modeled coarsely at the component level using macro-models (e.g., Mehanny and Deierlein. 

2000, Lignos et al. 2011) or more finely using finite elements (e.g., Malvar and Simons 1996, 

Murray 2007b). The latter approach is likely more accurate but computationally expensive.  

Macro-models are best suited for earthquake analysis because all components in a structure 

directly experience the load effect. Macro-models are generally based on regression analysis of 

results of small-scale and large-scale tests and are not component specific. As such, macro 

models are not particularly suitable for analysis of components (and structures) subjected to 

more localized loadings such as detonations of 10s to low 1000s of kilograms of high explosives, 

tornado-borne missile impact, and ballistics including bullets and shoulder-launched missiles. 

For such loadings, detailed finite element (FE) models are preferred provided that robust 

constitutive models are available. Component modeling using finite elements is the subject of 

this study. 

Blast and impact loadings can spall concrete from reinforced and pre-stressed concrete 

components. Blast and missile impact loadings may be considered for the design of mission-

critical and defense-related structures and form part of the design basis for safety-related nuclear 

structures. High rates of straining are often generated in structural components due to the 

impulsive loadings due to blast or impact. Any constitutive model that is used to predict the 

response of structural components to blast and impact loadings should enable the analyst to 

address the effects of loading rate.  
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Fragmentation of concrete may accompany a near-field detonation of high explosives. For 

structural components such as columns that are susceptible to such loadings, the short duration of 

loading (msec) and short period of oscillation of the component (10s of msec) often result in a 

high rate of straining of the extreme fibers of components. Excessive strains will lead to material 

failure and strain rate will affect the threshold strain (termed here as the erosion strain) at which 

material is lost (or eroded) from the component. Erosion strain is usually tensile because strain 

capacity is smaller in tension than compression.  

Erosion algorithms for concrete have been used in numerical simulations of blast and penetration 

events to eliminate material from a model (e.g., Schwer 2004, Luccioni et al. 2004, Teng et al. 

2004, Xu and Lu 2006, Polanco-Loria et al. 2008, Islam et al. 2011). Although both the blast and 

ballistic (penetration) loadings can generate large local deformations, high straining, and damage 

or failure, they cannot be treated similarly because the loading conditions are quite different. 

This study focuses on blast loadings although some techniques used for penetration studies of 

concrete are described to aid in the determination of criteria for concrete erosion. 

The effect of using alternate values of concrete erosion strain and alternate constitutive material 

models (concrete and reinforcement) is investigated in this study by simulating the response of a 

sample reinforced concrete (RC) column subjected to free-air TNT blast loadings using values of 

erosion adopted by Xu and Lu (2006) and Luccioni et al. (2004). The results of these simulations 

are compared with those performed using concrete erosion criterion established in this study. A 

model of the sample RC column is built in a finite element (FE) code, LS-DYNA (LSTC 2013) 

with pin-fixed boundary conditions to approximate a first story column founded in a raft 

foundation. The TNT detonation is modeled using two codes: Air3D (Rose 2006) and 

AUTODYN (ANSYS 2013a), to generate reflected pressure histories on the column. The 

reflected pressure histories are then directly applied to the sample RC column in LS-DYNA.  

To enable the simulation of the response of the column to air-blast loading, trial analyses are 

performed to estimate the magnitude of the tensile stresses on the back face of the column 

resulting from reflection of the incident compressive shock front. The results of the trial analyses 

are described in Section 6.3. The effect of strain rate on material response and alternate material 
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models for concrete and steel reinforcement are described in Section 6.4, including the effects of 

strain rate. Single three-dimensional (3D) solid (finite) element simulations of concrete are 

described in Section 6.5 to evaluate the sensitivity of the values of concrete erosion strains to rate 

of loading, element dimension, loading condition and concrete compressive strength. Various 

dimensions of single elements are considered based on uniform h-refinement (Cook 2002). Each 

element is loaded in pure tension because erosion criteria for concrete are typically formulated 

using a maximum principal tensile strain (e.g., Teng et al. 2004, Xu and Lu 2006, Polanco-Loria 

et al. 2008, Islam et al. 2011), as noted above. LS-DYNA and its implementation of the CSCM 

model are used for the single element simulations. Force control and triangular loading functions 

are used to represent blast loadings.  

6.2 Criteria for Eroding Elements  

Criteria for eroding concrete have been determined by judgment and use of empirical data, 

generally calibrated from but not measured directly in experiments. Luccioni et al. (2004) 

established an erosion strain as an incremental geometric strain of 0.075 for a concrete 

compressive strength of 25 MPa by calibration of AUTODYN simulations of uniformly 

supported concrete slabs subjected to blast loadings. However, incremental geometric strain is 

not an appropriate erosion parameter for brittle materials such as concrete, as discussed later, 

because it is a function of the effective strain rate, a scalar quantity, and the properties of 

concrete vary greatly in compression and tension.  

Erosion strain for concrete should be determined by parameters such as principal stress and 

principal strain. Maximum principal tensile strain and minimum principal compressive strain 

have been used for this purpose (e.g., Schwer 2004, Teng et al. 2004, Islam et al. 2011). Xu and 

Lu (2006) numerically simulated spallation in reinforced concrete walls cast with 40 MPa 

concrete, fixed on four sides, and subjected to blast loadings. They proposed a maximum tensile 

principal strain of 0.010 as a concrete erosion strain on an empirical basis with consideration of 

typical concrete strain at peak tensile stress, strain softening, strain rate and confinement effects. 

Although both Luccioni et al. and Xu and Lu demonstrated good agreement between their 
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simulations and test data, neither provided a technical basis for determining concrete erosion 

strain.  

Relationships among material parameters such as erosion strain, strain capacity and strain rate 

are discussed here first because an understanding of these relationships plays a pivotal role in 

establishing erosion strain for concrete. An erosion strain for concrete should be proportional to 

its tensile strain capacity, which in turn is a function of the stress state, concrete compressive and 

tensile strengths, loading history, and rate of strain. The compressive and tensile strengths of 

concrete increase with increasing strain rate (e.g., Dusenberry 2010). At low rates of strain, say 

510   sec
-1

, the tensile strain capacity of concrete tends to decrease with an increase in 

strength (Wight and MacGregor 2011). One might expect the tensile strain capacity to further 

decrease with increasing strain rate. Fracture energy is introduced below to clarify the 

relationship between the two.  

Tensile strain capacity can be quantitatively measured by fracture energy, which is defined as the 

area under the stress-strain or stress-displacement curves after the peak stress (Xu et al. 2006). 

Fracture energy is used to model softening behavior of brittle materials and is proportional to 

tensile strain capacity. Lambert and Ross (2000), Lu and Xu (2004), Schuler et al. (2006), Brara 

and Klepaczko (2007), and Ruiz et al. (2009) have reported on the basis of test data that fracture 

energy increases with increasing strain rate, which takes into account the increase in the tensile 

strain capacity of concrete with strain rate. Grote et al. (2001), Ragueneau and Gatuingt (2003), 

and Ruiz et al. (2009) showed through compressive and tensile tests that maximum compressive 

and tensile stress, and maximum compressive and tensile strain increase with increasing strain 

rate.   

Most simulations using erosion algorithms have been performed using LS-DYNA and 

AUTODYN. These programs provide multiple erosion parameters. Parameters based on von 

Mises theory (e.g., effective stress, effective strain, effective plastic strain) are well suited for 

isotropic materials like metals (e.g., steel, copper, iron) (e.g., Kurtaran et al. 2003, Fawaz et al. 

2004). For anisotropic materials (e.g., concrete, orthotropic material), parameters such as 
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principal stress and principal strain have been employed (e.g., Schwer 2004, Teng et al. 2004, 

Islam et al. 2011). LS-DYNA supports the following parameters to erode material: 

 Effective plastic strain, 
p

eff   

 Effective strain, 
eff   

 Effective stress, 
eff   

 Failure time 

 Maximum compressive pressure (positive in compression) 

 Maximum principal tensile strain 

 Maximum principal tensile stress 

 Maximum shear strain (= 1 3( ) / 2  ) 

 Minimum principal compressive strain 

 Minimum tensile pressure (positive in compression) 

 Stress impulse 

 Threshold stress 

 Volumetric strain (=
jj ) 

where 1  and 3  are the first and third principal strains, respectively, and 
jj

 
are the components 

of the strain tensor. The effective plastic strain, 
p

eff , effective strain, 
eff , and effective stress, 

eff , are given by 

0

2

3

t
p p p

eff ij ij dt      (6-1) 

2

3

dev dev

eff ij ij  
 

(6-2) 

2

3

dev dev

eff ij ij  
 

(6-3) 

where 
p

ij , 
dev

ij  and 
dev

ij  are the components of the plastic strain-rate tensor, deviatoric strain 

tensor, and deviatoric stress tensor, respectively. When the failure time is exceeded by a problem 

time, material is eroded. The threshold stress is specified with the Tuler-Butcher criterion (Tuler 

and Butcher 1968) as 

2

1 0
0
[max(0, )]

t

fdt K    
 

(6-4) 
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where 1  is the maximum principal stress, 0  is a specified threshold stress (
1 0 0   ), and 

fK  is the material constant for failure. The volumetric strain can be positive or negative 

depending upon whether failure is in tension or compression. LS-DYNA allows the use of one or 

more parameters to erode material in a given analysis (LSTC 2013).  

AUTODYN enables material erosion using one of the following parameters: 

 Effective plastic strain, 
p

eff  

 Hydrostatic tensile pressure, pt 

 Incremental geometric strain, 
incr  

 Instantaneous geometric strain, 
inst  

 Material strain: maximum tensile failure strains (
11

ft , 
22

ft  and 
33

ft ) and maximum shear strains 

(
12

fs , 
23

fs  and 
31

fs )  

 Material stress: maximum tensile failure stresses (
11

ft , 
22

ft  and 
33

ft ) and maximum shear 

stresses (
12

fs , 
23

fs  and 
31

fs ) 

 Material stress/strain: coupling of the criteria of the material strain and material stress failures 

 Principal strain: maximum principal tensile strain and 1 3( ) / 2   

 Principal stress: maximum principal tensile stress and 1 3( ) / 2   

 Principal stress/stress: coupling of the criteria of the principal strain and principal stress 

failures 

 Time step: minimum element time step 

where the effective plastic strain, 
p

eff , is defined in the previous paragraph, 
ft

ij , 
fs

ij , 
ft

ij  and 

fs

ij  are the components of maximum tensile failure strain tensor, maximum shear strain tensor, 

maximum tensile failure stress tensor, and maximum shear stress tensor, respectively, 1  and 3  

are defined previously, and 1  and 3  are the first and third principal stresses, respectively. The 

incremental geometric strain, 
incr , is defined by 

incr
0

2

3

t

ij ij dt     
(6-5) 

where 
ij  are the components of the strain rate tensor. The incremental geometric strain, incr , is 

a non-decreasing cumulative function with time and increases continuously for both compressive 

and tensile stresses of elements, which can lead to erroneous material erosion in the elastic range, 



301 

 

especially for cyclic loading. ANSYS (2013a) introduces an instantaneous geometrical strain, 

inst , in AUTODYN to overcome this shortcoming as 

2 2 2 2 2 2

inst 11 22 33 11 22 22 33 33 11 12 23 31

2
( ) 5( ) 3( )

3
                      (6-6) 

where 
ij  

 
are the components of the strain tensor. Unlike the incremental geometric strain, incr , 

the instantaneous geometrical strain, inst , can decrease for cyclic loading of elements and 

computes the equivalent strain in a similar manner to von Mises strain.  

Material erosion can be also initiated by a limiting value of time step. A local time step is 

computed for each element in a model as a fraction of the time required for the passage of the 

dilatational wave across the minimum element dimension. The global time step for analysis of 

the mathematical model is taken as the minimum value of the local time steps. If elements are 

highly distorted, the minimum dimension of all distorted elements can be very small (indirectly 

suggesting failure), resulting in a very small local time step and a significant increase in 

computational effort. Elements can be eroded or deleted if the local time steps decrease to a user-

specified minimum element time step to manage this effort.   

6.3 Wave Passage Effects in Reinforced Concrete Columns 

Wave passage effects through the cross section of reinforced concrete components are often 

idealized using one-dimensional propagation of impulsive loadings in rods (e.g., Timoshenko 

and Goodier 1970, Kolsky 1953). For a zero-damped rod, impulsively loaded at one end in 

compression, the wave is reflected at the free end as a tensile wave with the same amplitude as 

the incident compressive wave.  

Impulsive loadings are imposed on the front face of a sample reinforced concrete column to 

provide insight into the propagation of stress waves through the column and their subsequent 

reflection from free surfaces: the back and front faces, respectively. The results of these 

numerical analyses are contrasted with one-dimensional wave propagation solutions to 

demonstrate that the classical one-dimensional solutions cannot predict stresses in three-

dimensional structures such as columns.  
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Consider the reinforced concrete column of Figure 6-1 that is 600 mm by 600 mm in plan and 4 

meters in height. For the purpose of this calculation, the material is assumed to be linearly elastic 

and the longitudinal and transverse reinforcement is ignored. (These assumptions are relaxed in 

following sections.) The column is meshed with solid cubic elements with a 40 mm side length. 

The Young’s modulus and Poisson’s ratio were assumed to be 28 GPa and 0.2, respectively. 

 

 

(a) Plan view 

 

 

(b) Elevation 

Figure 6-1 Reinforced concrete column (units in meters) 

To study wave propagation in this column, an impulsive load is applied per Figure 6-2. The 

loaded area is at the midheight of the column and measured 1 meter by 600 mm (width). The 

reflected peak overpressure is 120 MPa, which is similar to that computed later in Section 6.6. 

The loading is imposed at t = 0.1 msec. The duration of the impulse is 0.02 msec, which is the 

shortest possible based on the size of the element and the dilatational wave speed in concrete, c, 

which is 

(1 )
3600

(1 )(1 2 )

E
c



  


 

 
 m/sec (6-7) 
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where E is Young’s modulus,  is Poisson’s ratio and   is the mass density of concrete (= 2400 

kg/m
3
). For a mesh size of 40 mm, the duration of the pulse must be greater than 0.011 msec (= 

40 mm/3600 mm/msec) for the loading to b1e resolved.  

 

Figure 6-2 Rectangular pulse used for the elastic simulation of the sample RC column 

Figure 6-3 is a cross section of the column at its midheight. The coordinate system is shown in 

the figure; loading is in the x direction. Stress histories are generated for seven elements through 

the depth, numbered 1 through 7 in the figure. Figure 6-4 presents histories in the x direction for 

elements 1, 3 and 7, where tensile stress is positive. The travel time for the compression wave 

through the column is 0.16 msec, with the wave arriving at the back face of the column at t = 

0.26 msec and arriving back at the front face at t = 0.42 msec. Figure 6-5 presents stress histories 

for elements 4, 5, 6 and 7. The amplitude in compression diminishes with distance traveled due 

to wave scattering and the Poisson effect. The amplitude of the reflected wave (tensile) in 

element 7 is greater (= 50 MPa) than the amplitude of the incident compressive wave (= 20 MPa). 
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Figure 6-3 Cross section at the mid-height of the sample RC column 

  

Figure 6-4 Stress histories in the x-direction for elements No. 1, 3 and 7 

  

Figure 6-5 Stress histories in the x-direction for elements No. 4, 5, 6 and 7 
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To study the influence of wave reflection for this column, the depth of the column is doubled to 

1.2 m as shown in Figure 6-6 and the loading of Figure 6-2 is applied. Figure 6-7 presents the 

stress histories in elements 1 through 7 in the x direction for both columns. The effects of 

reflection from the free surface are evident in the 600-mm-deep column at t = 0.42 msec 

(element 1), 0.41 msec (element 2), 0.33 msec (element 3), 0.29 msec (element 4), 0.28 msec 

(element 5), 0.27 msec (element 6) and 0.26 msec (element 7). In panel (g), it can be seen that 

the reflected tensile stress wave reduces the amplitude of the incident compressive stress wave, 

which has an amplitude of approximately 60 MPa in panels (d) (element 4), (e) (element 5), and 

(f) (element 6). Figure 6-8 presents the differences in the stress histories for the two columns in 

elements 4, 5, 6 and 7; the differences (in tensile stress) are the result of wave reflection. The 

amplitude of the tensile reflected wave of approximately 60 MPa is approximately equal to the 

peak amplitude of the compressive wave in elements 5, 6 and 7 in the 1.2-m-deep column at t = 

0.27 to 0.30 msec. In this instance, the amplitude of the incident compressive wave in element 7 

of the 1.2-m-deep column (the free or rear surface of the 600-mm-deep column) is approximately 

equal to the amplitude of the reflected tensile wave in the 600-mm-deep column. 

This simple example has demonstrated that the extension of one-dimensional wave propagation 

results to simple two- and three-dimensional shapes leads to erroneous results.  The amplitude of 

the compressive wave diminishes with distance traveled through the column; the reflection of the 

compressive wave from the back face of the column destroys the wave field. The calculation of 

stress histories is further complicated by a) the replacement of the simplified impulsive loading 

on part of the front face of the column with a temporal and spatially varying pressure history 

over the entire surface of the column, which is more representative of air-blast loading, b) the 

substitution of elastic material by a nonlinear concrete model, and c) the addition of longitudinal 

and transverse reinforcement to the column. 
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Figure 6-6 Cross section at the mid-height of the 1.2-m-deep column 

  

(a) Element No. 1 

  

(b) Element No. 2 

Figure 6-7 Comparison of stress histories of elements No. 1 through 7 in the x-direction 

between 0.6-m- and 1.2-m-deep columns 
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(c) Element No. 3 

  

(d) Element No. 4 

  

(e) Element No. 5 

Figure 6-7 Comparison of stress histories of elements No. 1 through 7 in the x-direction 

between 0.6-m- and 1.2-m-deep columns (cont.) 
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(f) Element No. 6 

  

(g) Element No. 7 

Figure 6-7 Comparison of stress histories of elements No. 1 through 7 in the x-direction 

between 0.6-m- and 1.2-m-deep columns (cont.) 

  

Figure 6-8 Differences in the stress histories of elements No. 4, 5, 6 and 7 in the x-direction 

between the 0.6-m- and 1.2-m-deep columns 
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6.4 Material Models 

6.4.1 Concrete 

6.4.1.1 Strain Rate Effects 

Strain-rate effects for concrete are different for tensile and compressive loadings. A Dynamic 

Increase Factor (DIF) is often used to adjust the compressive and tensile strengths of concrete for 

high strain rates, and forms a basis for blast resistant design per UFC 3-340-02 (DoD 2008). 

Different values and equations for DIFs for concrete have been proposed (e.g., CEB 1993, 

Malvar and Ross 1998, Hao and Zhou 2007). For compressive strength, the CEB 

recommendation that is shown in Figure 6-9a is widely used (e.g., Dusenberry 2010, Hao and 

Zhou 2007, Murray 2007, Brannon and Leelavanichkul 2009, Coughlin et al. 2010) and is 

adopted for this study. For tensile strength, Hao and Zhou (2007) proposed DIFs based on 

extensive experimental data (e.g., Malvar and Ross 1998, Schuler et al. 2006). Their formulation 

for tensile strength is shown in Figure 6-9b together with the proposals of the CEB (1993) and 

Malvar and Ross (1998). Note the significant difference between the three curves in panel (b), 

which will inevitably impact the results of the simulations but cannot be addressed here.  

6.4.1.2 Continuous Surface Cap Model (CSCM) 

The Continuous Surface Cap Model (CSCM) (Murray 2007) is used to simulate the response of 

concrete. It was developed for the United States Federal Highway Administration to model the 

crashworthiness of concrete structures. The CSCM model includes a damage formulation, and 

can accommodate strain-rate effects and erosion due to damage accumulation. Strain-rate effects 

are modeled using a viscoplastic formulation. A general shape of the CSCM yield surface is 

shown in Figure 6-10. The yield surface is composed of the shear (failure) surface and hardening 

compaction surface (cap). The cap model smooths the intersection between the two surfaces to 

eliminate the likelihood of numerical instabilities. The yield surface is continuous and symmetric 

about the three principal stress axes and the hydrostatic axis (referred to as the pressure axis) 

serves as its center line. The CSCM model is formulated using equations for the yield surface, 
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strain-rate effects, damage formulation and strain softening, which are sequentially described 

below. 

 

(a) DIF for compressive strength 

 

(b) DIF for tensile strength 

Figure 6-9 Dynamic Increase Factor for compressive and tensile strength of concrete 

 

Figure 6-10 General shape of the CSCM yield surface (Murray 2007) 
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The yield surface of the CSCM model is formulated using three stress invariants (Chen 2007) as 

follows, 

2 2

1 2 3 2( , , , ) f cf J J J J F F    (6-8) 

where 1J  is the first invariant of the stress tens or, 2J  is the second invariant of the deviatoric 

stress tensor, 
ijS , 3J  is the third invariant of the deviatoric stress tensor,   is the Rubin three-

invariant reduction factor, 
fF  is a shear failure surface function, cF  is a hardening cap function, 

and   is a cap hardening parameter. The three stress invariants are defined by using the 

deviatoric stress tensor, 
ijS , and pressure, p, as 

1 3J p  (6-9) 

2

1

2
ij ijJ S S  (6-10) 

3

1

3
ij jk kiJ S S S  (6-11) 

The shear failure surface function, 
fF , is defined as 

1

1 1( ) J

fF J e J      
 

(6-12) 

where  ,  ,   and   are obtained by fitting the model surface to strength measurements from 

triaxial compression (TXC) tests. The Rubin reduction factor is a scaling function that 

determines the strength of concrete for any state of stress relative to the strength for the TXC 

tests (Rubin 1991). The hardening cap function, cF , is used to model plastic volume change 

related to porosity. The function is expressed as 

1 1 1

1 2

[ ( )][ ( ) ( )]
( , ) 1

2[ ( ) ( )]
c

J L k J L k J L k
F J k

X k L k

   
 


 

(6-13) 

where ( )L k  is  

0

( )
k

L k
k





      
0if

otherwise

k k

 

(6-14) 
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where 0k  is the value of 1J  at the initial intersection of the cap and shear surfaces before the cap 

moves. The function of ( )L k  prevent the cap from retracting into its initial location at 0k . The 

intersection of the cap with the 1J  axis is at  

))(()()( kLRFkLkX f
 

(6-15) 

where R is the ellipticity ratio of the major to minor axes of the cap. The cap moves with change 

in plastic volume. The motion of expansion and contraction is based on the hardening rule 

2
1 0 2 0( ) ( )

(1 )
D X X D X Xp

v W e    
   (6-16) 

where p

v  is a plastic volume strain, W is a maximum plastic volume strain, 1D  and 2D  are 

shape parameters, and 0X  is the initial location of the cap. The parameters of the plastic volume 

strain, p

v , are obtained by fitting pressure-volumetric strain curves to data.  

As noted previously (and by many others), the compressive and tensile strength of concrete 

increases with strain rate. The viscoplastic algorithm interpolates the elastic stress, 
T
ij , and the 

elasto-plastic stress, 
p

ij , as follows, 

p
ij

T
ij

vp
ij   )1(

 
(6-17) 
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(6-18) 

where 
vp
ij  is the viscoplastic stress, which addresses strain-rate effects using a parameter,  , as 

0

N





  

 
(6-19) 

where strain-rate effect parameters, 0  and N, are obtained by curve fitting (or calibration) to 

strain-rate data and are fitted to the CEB recommendation for concrete compressive strength and 

the Hao and Zhou recommendation for tensile strength.  

Damage is addressed by considerations of strain softening and modulus reduction. The strain 

softening indicates a decrease in strength after peak strength is reached. Modulus reduction is a 

decrease in the unloading or loading slopes. The stress, 
d
ij , is  
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vp
ij

d
ij d  )1( 

 
(6-20) 

where d is a damage parameter with a value between 0 and 1, and 
vp
ij  is the viscoplastic stress 

tensor without damage. Damage accumulation is either ductile or brittle. Ductile damage 

accumulates when the pressure is compressive and depends on the total strain components, 
ij , 

as 

ijijc 
2

1


 
(6-21) 

where c  is an energy-type term, and ij  are the elasto-plastic stresses. Ductile damage initiates 

when c  exceeds a ductile damage threshold, 0cr , which is associated with the onset of softening.  

Brittle damage accumulates when the pressure is tensile and depends on the maximum principal 

strain, max , as 

2

maxt E 
 

(6-22) 

where t  is an energy-type term, and E is the initial elastic modulus of concrete. Brittle damage 

initiates when t  exceeds the brittle damage threshold, br0 , that shifts as a function of strain-rate 

as follows, 

0 1 s

s

E
r r

r E

 
   
   

(6-23) 

where 0r  is the shifted damage threshold, sr  is the damage threshold before applying 

viscoplasticity, and   is the strain-rate effect parameter introduced in Equation 6-19. The 

damage threshold grows with the increase in strain rate. As damage accumulates, the damage 

parameter, d, increases from a minimum value of zero toward a maximum value of 1.0. The 

damage parameters for compression and tension, ( )bd   and ( )td  , respectively, are computed 

during the softening phase, namely, 

0
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where the parameters, A, B, C and D, are obtained by curve-fitting to stress-strain data, maxd  is a 

maximum damage level, defined as 
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(6-26) 

The maximum damage varies with strain-rate effects as (Murray 2007b) 
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(6-27) 

Elements are eliminated when the damage parameter, d, exceeds 0.99. 

Finite element analyses of models of materials with softening formulations such as concrete have 

been known not to converge due to strain localization (e.g., Bažant 1986, Belytschko et al. 1986, 

Bažant and Chang 1987, Bažant and Pijaudier-Cabot 1988). Consider a cube of concrete 

subjected to normal and shearing tractions, which is modeled with fine and coarse meshes. 

Damage accumulation will be greater in strain-localized elements of the finely meshed model, 

and the elements will then be eroded from this model first, which is a result of fracture energy 

being smaller in the smaller elements. Sandler and Wright (1984) asserted that the strain-

softening models provide incorrect solutions because small differences in loading can lead to 

large changes in response. To remedy this situation, nonlocal formulations have been applied 

(e.g., Bažant and Chang 1987, Bažant and Pijaudier-Cabot 1988). The nonlocal formulation 

eliminates element-to-element variations in softening behavior by controlling fracture energy. 

Murray (2007) showed through simulations of tensile tests of concrete that converged solutions 

can be attained if the fracture energy is independent of mesh size. The fracture energy, fG , is 

expressed as  

0

(1 )f
x

G d f dx


   (6-28) 

where 0x  is a displacement at peak strength, f  , and x is displacement. The fracture energy is 

computed using the damage parameter, d, as given in Equations 6-24 and 6-25, and element 
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dimensions. The CSCM model allows users to specify values of fracture energy for uniaxial 

tensile stress, 
ftG , pure shear stress, 

fsG , and uniaxial compressive stress, 
fcG . The fracture 

energies for uniaxial tensile stress and pure shear stress correspond to the flexural and brittle 

failure modes, respectively. Strain-rate effects on the three fracture energies are formulated in the 

same way, namely, 

repow

sf
vp
f

Er

E
GG 











1  (6-29) 

where 
vp

fG  is the viscoplastic fracture energy, repow is a constant and other parameters were 

defined previously. 

6.4.2 Steel Reinforcement 

Johnson and Cook (1983) proposed a constitutive model for metals subjected to high strain rates 

and high temperature. It is used in this study to model reinforcement in the sample RC column of 

Section 6.6. The basic form of the Johnson and Cook (JC) model is  

0

( )(1 ln )(1 [ *] )
pn m

y pA B C T


 


     (6-30) 

where 
y  is the yield stress, A is the yield stress per a reference strain rate, 0 , B and n are 

material constants that represent the effects of strain hardening, 
p  is the equivalent plastic strain, 

C and m are experimentally determined constants, 
p  is the equivalent plastic strain rate, and T* 

is a normalized temperature, given by 

rm

r

TT

TT
T




*  (6-31) 

where T is the temperature, rT  is the room temperature, and mT  is the melting point. The values 

of the constants for various metals in Equation 6-30 have been reported by Johnson and Cook 

(1983), Zukas (1990), and Meyers et al. (1992), among others. Thermal effects can generally be 

neglected for blast loadings on steel elements because the speed of heat conduction through the 

steel is much slower than the speed of the shock front (Ballantyne et al. 2009).  
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The Johnson-Cook (JC) constitutive model has been used widely for computing the response of 

metals deforming at high rates of strain. The model is available in LS-DYNA. Unfortunately, the 

values of the parameters of the JC model for typical grades of reinforcement (Grades 60 and 75, 

with yield stresses of 420 and 520 MPa, respectively) have not been published, requiring analysts 

and researchers to adopt published values determined for similar metals (e.g., Johnson and Cook 

1983, Gray et al. 1994). Danielson et al. (2008) used the JC model for Grade 40 steel 

reinforcement (yield stress of 280 MPa, 40 ksi) but provided no information on the parameters of 

the model. Zhou et al. (2008) used the JC model for AISI 4340 steel to model steel reinforcement 

although the yield stress for AISI 4340 steel of 792 MPa is much higher than those of all grades 

of ASTM A615 reinforcement, which is routinely used for commercial reinforced concrete 

construction. Børvik et al. (2001) used values of the parameters for Weldox 460E, a high 

strength structural steel, to model Grade 60 rebar. Weldox 460E has minimum specified values 

for yield stress, ultimate stress and minimum elongation of 490 MPa, 580 MPa and 22%, 

respectively, which are reasonably close to the corresponding values of 420 MPa, 620 MPa and 7 

to 9%, for ASTM A615 Grade 60 reinforcement.  Accordingly, the JC parameters are used 

herein for Weldox 460E to model Grade 60 steel reinforcement but 420 MPa is substituted for 

the yield strength parameter, A. The values are tabulated in Table 6-1. The calculated stress-

strain relationship for Grade 60 reinforcement at a reference strain rate equal to 5×10
-4

 s
-1

 is 

shown in Figure 6-11.  

Table 6-1 Assumed model parameters for Grade 6d0 reinforcement (adopted from Børvik 

et al. 2001) 

Parameter Value 

Young’s modulus, E (GPa) 200 

Poisson ratio, v 0.33 

Density,  (kg/m
3
) 7850 

Yield strength, A (MPa) 420 

Strain hardening parameter, B (MPa) 383 

Strain hardening parameter, n 0.45 

Constant, C 0.0114 

Constant, m 0.94 

Reference strain rate, 0  (s
-1

) 5×10
-4
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Figure 6-11 Stress-strain relationship for Grade 60 rebar at a strain rate of 5×10
-4

 s
-1

 

The JC model requires an Equation of State (EOS) as the hydrodynamic models compute only 

deviatoric stresses. The EOS provides a pressure-volume relationship for materials subjected to 

compression or tension. 

The Gruneisen EOS is widely used in numerical simulations for metals to compute pressure 

(Meyers et al. 1992). The pressure, p, for materials in the compressed state is computed as 
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(6-32) 

and for expanded materials as  

2

0 0( )p C a E        (6-33) 

where o  is the initial density, C is the sound speed in the material, 1S , 2S  and 3S  are the 

coefficients of the slopes of a shock speed versus particle speed curve, 0  is a Gruneisen 

coefficient, a is the first order volume correction to 0 , E is the internal energy per initial unit 

volume, and   is given by  

0

1





    (6-34) 



318 

 

where   is the current density. The parameters of the Gruneisen EOS in Equation 6-32 and 6-33 

are obtained by Tan et al. (2009), as shown in Table 6-2.  

Table 6-2 Gruneisen EOS parameters for steel (Tan et al. 2009) 

o (Kg/m
3
) c  (m/s) 1S  2S   3S   0   a   

7896 4569 1.49 0 0 2.17 0.5 

Johnson and Cook expanded their constitutive strength model (1983) to a damage model (1985) 

as follows, 








p

f

D   (6-35) 

where D is a damage index, 
p  is the increment of accumulated effective plastic strain, and f  

is accumulated plastic strain to failure. The damage index D is zero for a virgin material and 

failure occurs when D reaches 1.0. The accumulated plastic strain at failure, 
f , is  

  *
1 2 3 4 5exp 1 ln 1 *m

f p

eff

D D D D D T


 


  
     
    

 (6-36) 

where 1D  through 5D  are material constants, m is a hydrostatic stress, eff  is an effective 

stress, 
*

p  is a  dimensionless strain rate, given by 
0/p  , and 

0  is a reference strain rate. 

Equation 6-36 accounts for the effects of temperature, strain rate, and stress triaxiality. In FE 

simulations, elements are removed when the corresponding damage index equals 1.0. The 

parameters of the JC damage model for Weldox 460 E steel (Børvik et al. 2001) are presented in 

Table 6-3. These values are adopted for the Grade 60 steel reinforcement modeled in the sample 

RC column of Section 6.6. 

Table 6-3 Johnson and Cook damage model parameters for Weldox 460 E steel (Børvik et 

al. 2001) 

D1 D2 D3 D4 D5 

0.0705 1.732 −0.54 −0.015 0 
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6.5 Single Element Simulations 

Single element simulations are performed in LS-DYNA using the CSCM model of Section 

6.4.1.2 to evaluate concrete erosion strain with respect to strain rate, element size, compressive 

strength, and loading condition. The values of the parameters of the CSCM model for 

compressive strengths of 35.5 and 50 MPa
9
 are listed in Appendix E. Values for strain-rate 

effects in compression and tension are obtained based on the CEB and Hao and Zhou 

recommendations, respectively.  

The dimensions of the single elements are first considered to be 20×20×20, 40×40×40 and 

80×80×80 mm based on uniform h-refinement (Cook 2002), noting that the size of the smallest 

element is on the order of a piece of aggregate. Elements sizes of 30×30×30 and 60×60×60 mm 

are also considered for completeness. Figure 6-12 enables a comparison of compressive stress-

strain curves of the CSCM model for different element sizes and the concrete model reported by 

Popovics (1970), all for a compressive strength of 35.5 MPa. The Popovics curve lays between 

the CSCM curves for element dimensions of 20×20×20 and 40×40×40 mm, which is consistent 

with Murray’s description of a reasonable element size (19 to 38 mm). 

 

 

Figure 6-12 Compressive stress–strain curves for concrete models of the CSCM and by 

Popovics (1970) for the compressive strength of 35.5 MPa 

                                                 
9 Normal and high strength concrete, respectively. Murray (2007) reported data for cf  = 35 MPa, and 

some of this data used below.  
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Strain capacity decreases with increasing element size in the CSCM model due to the use of 

constant fracture energy. Since the fracture energy is independent of element size, larger 

elements have less strain capacity per unit volume than smaller elements, as supported by Figure 

6-12.  

The forcing functions for the single element simulations are defined by traction rates between 50 

and 400 MPa/msec, based on the results of simulations that are described in Section 6.6. The 

peak tensile tractions of the loadings are set equal to 10, 20 and 40 MPa based on the product of 

a) quasi-static tensile strength of about 10 percent of the compressive strength, and b) an increase 

associated with strain rate. Erosion did not occur for the peak tensile traction of 5 MPa. The 

duration of each loading is assumed to be 0.5 msec, which is appropriate for the weapon size and 

stand-off distance considered later. Figure 6-13 shows the loading conditions of tensile traction 

histories for a peak tensile traction of 10 MPa. The loadings for the peak tensile tractions of 20 

and 40 MPa are generated in a similar manner.  

 

 

Figure 6-13 Loading conditions used in single element simulations when the peak tensile 

load = 10 MPa 

Alternate restraint conditions (pinned or fixed) on one boundary are considered for the single 

element simulations to understand their impact on the calculated values of the erosion strain. The 

other end of the element is subjected to tensile loading. The values of erosion strain are not 

significantly affected by the choice of boundary condition. Results are presented in Table 6-4. 
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The remaining single element simulations are performed assuming one end of each element is 

fixed.  

Table 6-4 Influence of boundary conditions in the single element simulations for a 

compressive strength of 35.5 MPa at 200 MPa/msec 

Element size 
Peak tensile 

traction 

Erosion strain 

Error (%) Simply 

supported 
Fixed 

20×20×20 mm 
10 MPa 0.0080 0.0074 7 

20 MPa 0.0095 0.0093 2 

40×40×40 mm 
10 MPa 0.0037 0.0034 8 

20 MPa 0.014 0.013 7 

80×80×80 mm 
10 MPa 0.0032 0.0030 6 

20 MPa 0.016 0.016 0 

Erosion is assumed when the damage parameter for tension (Equation 6-25) equals or exceeds 

0.99. Traction rate is used instead of strain rate to observe concrete erosion strains in this study 

for two reasons: 1) strain rate increases with traction rate and is proportional to velocity, which 

changes continuously with time for blast-type loadings (see Figure 6-13), and 2) strain rate 

increases rapidly during the softening phase of the concrete. Given that the purpose of the study 

is to evaluate concrete erosion strain for blast loadings rather than for a particular strain rate, 

parameters that best characterize the loading conditions such as traction rate and peak tensile 

traction are used to present the results of the single element simulations. Three single-degree-of-

freedom (SDOF) calculations are performed to validate the LS-DYNA calculations of strain rate; 

results are presented in Appendix F. 

The maximum time step for explicit analysis is established by the Courant condition: the length 

of the smallest element divided by the sound speed in the material (= 3600 m/sec for concrete). 

The effect of the time step on the results is investigated by performing analysis using time steps 

less than the maximum value: 0.7, 0.5, 0.3 and 0.01 times the maximum value. Analysis is 

performed for the 40×40×40 mm element subjected to the blast-type loadings of Figure 6-13 

with peak tensile tractions of 10 and 20 MPa.  Results are presented in Figure 6-14. “Default” in 
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the legend corresponds to the maximum time step. The five erosion strain versus traction rate 

relationships are similar except for the curve of the maximum time step. A factor of 0.5 on the 

default time step is used hereafter because the results are essentially unchanged for factors less 

than 0.5. 

 

(a) Peak tensile traction = 10 MPa 

 
(b) Peak tensile traction = 20 MPa 

Figure 6-14 Time step convergence analysis for an element size of 40×40×40 mm 

Figures 6-15 to 6-18 present erosion strain versus traction rate for different loading conditions 

and element sizes. Figure 6-15 illustrates the relationships between concrete erosion strain, 

traction rate and peak tensile tractions of 10, 20 and 40 MPa for each size of the single element: 

the assumed compressive strength is 35.5 MPa. Figure 6-16 presents similar data for a 

compressive strength of 50 MPa.  

The erosion strains are similar for a given size of element across traction rates between 50 and 

400 MPa/msec, both compressive strengths and all three peak tensile tractions. Figures 6-17 and 
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6-18 recast the data of Figures 6-15 and 6-16, respectively, to observe the effects of element size 

on erosion strain. The smaller the size of the element, the greater the erosion strain because the 

fracture energy is independent of element size.  

`  

(a) 20 mm element 

 

(b) 30 mm element 

 

(c) 40 mm element 

Figure 6-15 Erosion strain versus traction rate in single element simulations for different 

peak tensile tractions, cf  = 35.5 MPa  
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(d) 60 mm element 

 

 
(e) 80 mm element 

Figure 6-15 Erosion strain versus traction rate in single element simulations for different 

peak tensile tractions, cf  = 35.5 MPa (cont.) 
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(a) 20 mm element 

 

(b) 30 mm element 

 

(c) 40 mm element 

Figure 6-16 Erosion strain versus traction rate in single element simulations for different 

peak tensile tractions, cf  = 50 MPa  
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(d) 60 mm element 

 

 

(e) 80 mm element 

Figure 6-16 Erosion strain versus traction rate in single element simulations for different 

peak tensile tractions, cf  = 50 MPa (cont.) 
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(a) Peak tensile traction = 10 MPa 

 
(b) Peak tensile traction = 20 MPa 

 

(c) Peak tensile traction = 40 MPa 

Figure 6-17 Erosion strain versus traction rate in single element simulations for different 

element sizes, cf  = 35.5 MPa 
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(a) Peak tensile traction = 10 MPa 

 

(b) Peak tensile traction = 20 MPa 

 

(c) Peak tensile traction = 40 MPa 

Figure 6-18 Erosion strain versus traction rate in single element simulations for different 

element sizes, cf  = 50 MPa 
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6.6 Blast Analysis of a Sample Reinforced Concrete Column 

6.6.1 Introduction 

A sample RC column is subjected to air-blast loading to illustrate the differences in damage 

predictions that arise due to the use of alternate models for erosion strain. The column has a 

square cross section with plan dimensions of 0.61 m × 0.61 m (2×2 ft) and a height of 4 m (= 13 

ft). The vertical reinforcement ratio is 2 percent (12×#9 rebar of ASTM A615 Grade 60 

uniformly distributed on all faces of the column; see ASTM 2003). The transverse reinforcement 

is #5 rebar perimeter seismic (or closed) hoops per ACI 318-11 (ACI 2011) with a vertical 

spacing of 10 cm (= 4 in). The 20 kg (= 44.1 lb) TNT explosive charge is spherical and located at 

the half height of the column at a stand-off distance of 0.5 m (= 20 in) as shown in Figure 6-19. 

The scaled distance, Z, is 0.19 m/kg
1/3

: a near-field detonation for which damage is expected.  

  

(a) Monitoring locations of reflected pressures (b) Application of recorded reflected pressures 

Figure 6-19 Blast loading calculations (units: m) 
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The analysis of the column is performed in LS-DYNA (LSTC 2013). Concrete and 

reinforcement are modeled in LS-DYNA using MAT_CSCM and MAT_JOHNSON_COOK, 

respectively. Perfect bond between concrete and reinforcement is assumed. The air-blast pressure 

loadings on the front face of the column are computed using Air3D (Rose 2006), and 

AUTODYN (ANSYS 2013a) and then applied to the model of the sample RC column. A mesh 

convergence study is performed to identify reasonable element sizes for the simulations. Erosion 

strains of concrete are calculated for the element sizes established in the mesh convergence study 

using the single element simulations described in the previous section.  

The blast analysis of the sample RC column is performed using the concrete erosion strains 

calculated in this study. Analysis is also performed using a) the erosion strains of 0.075 and 0.01 

used by Luccioni et al. (2004) and Xu and Lu (2006), respectively, and b) the damage functions 

of the CSCM model that do not require the user to specify an erosion strain. Simulations are 

performed to ensure transportability to other concrete models of the erosion strains computed 

using the CSCM model. The influence of concrete compressive strength, confinement using 

transverse reinforcement, and axial pressure loading on damage to the column are also addressed 

through simulation. 

6.6.2 Blast Loading  

The histories of the reflected overpressures are computed along the height of the sample RC 

column using Air3D and AUTODYN. One-dimensional analysis is performed for the explosion 

in free air before the shock front reaches a reflecting surface (the target or the ground in this 

instance) and the results of the one-dimensional analysis are then mapped into a three-

dimensional domain.  

For the purpose of the simulations, pressure histories or time series are monitored in Air3D and 

AUTODYN on the centerline of the sample RC column at the five locations shown in Figure 6-

19(a). The pressure histories calculated at the monitoring locations 1, 2, 3, 4 and 5 are applied to 

the column modeled in LS-DYNA as loadings 1, 2, 3, 4 and 5, respectively, as shown in Figure 

6-19(b). The reflected peak pressure at monitoring location 3 is approximately 10 times greater 

than at monitoring locations 2 and 4. The reflected pressure histories obtained from Air3D and 
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AUTODYN are similar as presented in Figure 6-20. The reflected peak pressures at monitoring 

location 1 are greater than at monitoring location 5 due to the reflection of the shock front at the 

ground surface. The AUTODYN results are used for the simulations because of concerns 

regarding the accuracy of Air3D for near-field detonations (Anderson 2003) although the 

differences between the AUTODYN and Air3D results are small.  

The use of these pressure histories for analyses will overestimate the loading on the column 

because clearing will reduce the reflected pressure at the edges of the column and pressure 

loading on the back face of the column will reduce the net loading. Axial load will accumulate in 

the column due to pressure loading on the underside of the floor system that the column is 

supporting but this is not considered here. 

6.6.3 Mesh Convergence Study 

A mesh convergence study is performed to determine a reasonable balance between solution 

accuracy and computation expense. Five finite element meshes (20×20×20, 30×30×30, 

40×40×40, 60×60×60 and 80×80×80 mm) of the sample RC column are prepared and 

analyzed using the AUTODYN pressure histories. Erosion is not implemented for these 

calculations.  

The points of reference for the mesh convergence study are the horizontal displacement history 

at the mid-height of the column and the horizontal reaction history at the bottom of the column. 

Results are presented in Figure 6-21. Although the horizontal reaction histories are similar for all 

mesh sizes, the displacement history for the 80×80×80 mm mesh is somewhat different from 

those for the 20×20×20, 30×30×30, 40×40×40 and 60×60×60 mm meshes. Accordingly, the 

four smaller mesh sizes are used for the simulations that included erosion. 

The mesh convergence study provides an initial estimate of the response of the sample column. 

The maximum displacement of the column at its mid-height is on the order of 20 mm, or 

span/200, which is unlikely to produce significant flexural damage. The maximum reaction is 

3000 kN, which greatly exceeds the ACI limit of 
'0.83n c wV f b d =1840 kN (

'10 c wf b d  in US 
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units). Although strain rate effects may substantially increase shear resistance above this ACI 

limit, the magnitude of the peak shearing force indicates that damage near the support is likely. 

  
(a) Monitoring location 1 (b) Monitoring location 2 

  
(c) Monitoring location 3 (d) Monitoring location 4 

 

(e) Monitoring location 5 

Figure 6-20 Reflected pressure histories on the sample reinforced concrete column 
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(a) Horizontal displacement histories at mid-height 

 
(b) Horizontal reaction histories at bottom 

Figure 6-21 Mesh convergence study of the sample RC column 

6.6.4 Values of Concrete Erosion Strain 

If discrete values of erosion strain are to be used to predict damage in a reinforced concrete 

column, the expected tensile pressures (tractions) and traction rates in the regions of the expected 

damage must be established. For the sample column, the greatest damage in terms of eroded 

material is expected on the rear face of the column, near its mid-height. To guide the calculation 

of these tractions and traction rates, two analyses of the column are performed using different 

material models and assuming a concrete compressive strength of 35.5 MPa: 1) elastic finite 

elements with the small-strain values of modulus and Poisson’s ratio, and 2) a composite of 

CSCM and elastic elements. Figure 6-22 shows the second model for the 20×20×20 and 

40×40×40 mm meshes, where the 30 solid filled elements are elastic and the remainder are 

CSCM. The small number of embedded elastic elements will not affect the global response of the 

column. Erosion is not considered. Figure 6-23 presents the maximum principal stress histories 

of an elastic element near the rear face and mid-height of the column for the two analyses. Model 

1 is denoted “Elastic”; model 2, “CSCM” embeds 30 elastic elements in the mesh. The results of 
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the analysis of the “Elastic” models grossly overestimate the expected peak tensile traction and 

traction rates and so the computationally more expensive CSCM model must be used.  

    

Side elevation Rear elevation Side elevation Rear elevation 

(a) 20 mm mesh (b) 40 mm mesh 

Figure 6-22 FE models of the sample RC column to estimate traction rates and peak tensile 

stresses (tractions) for 30 elements near or on the rear face of the column at its 

mid-height 

 

Figure 6-23 Maximum principal tensile stress history of an elastic element in models 1 and 

2, 40 mm mesh 

The maximum (tensile) principal stress histories for the 30 elastic elements in model 2 are 

presented in Figure 6-24. The peak tensile stresses (tractions) range between 15 and 20 MPa and 

the tensile stress (traction) rates are between 150 and 200 MPa/msec. A number of loading pulses 

are evident in these stress histories, which are associated with the arrival of the first incident and 

subsequent reflected shock waves.  
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(a) 20×20×20 mm mesh (b) 40×40×40 mm mesh 

Figure 6-24 Maximum principal tensile stress histories for 30 elements near or on the rear 

face of the column at its mid-height; model 2 

Values of erosion strain can be estimated for concrete compressive strengths of 35.5 and 50 MPa 

from Figures 6-15, 6-16, 6-17 and 6-18. From Figure 6-15, for element sizes of 20×20×20, 

30×30×30, 40×40×40 and 60×60×60 mm, 35.5 MPa concrete, peak tensile tractions between 

15 and 20 MPa, and loading rates between 150 and 200 MPa/msec, the erosion strains are 

approximately 0.01, 0.008, 0.006 and 0.005, respectively. These four values of erosion strains 

are used in the simulations presented in the following section. 

6.6.5 Simulation Results 

Simulations of the blast response of the sample RC column are performed using 20×20×20, 

30×30×30, 40×40×40, and 60×60×60 mm meshes of the column. Calculations are made for 

the four mesh-dependent values of erosion strain identified above, the damage-based erosion 

algorithm of Section 6.4.1.2, and the mesh-independent values of 0.01 (Xu and Lu, 2006) and 

0.075 (Luccioni et al. 2004). 

Figures 6-25 through 6-28  present displacement histories at the mid-height of the column on the 

loading face for the 20×20×20, 30×30×30, 40×40×40, and 60×60×60 mm meshes, 

respectively. Horizontal reaction histories at the bottom of the column are presented in Figures 

6-29 through 6-32. The displacement and reaction are positive in the direction of the loading. 

The displacement histories are essentially independent of mesh size for a given value of erosion 

strain or if the damage-based algorithm is used. The peak displacement and time to peak 

displacement calculated with considerations of erosion are similar to those of Figure 6-21. The 
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implementation of erosion results in substantially greater calculated values of residual 

displacements, and, as expected, the smaller the value of the erosion strain, the greater the 

residual displacement. The displacement history computed using an erosion strain of 0.075 is 

most similar to that of Figure 6-21, where erosion was not considered.  

 

 

Figure 6-25 Displacement histories at the mid-height of the column for the 20×20×20 mm 

mesh 

 

 

Figure 6-26 Displacement histories at the mid-height of the column for the 30×30×30 mm 

mesh 
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Figure 6-27 Displacement histories at the mid-height of the column for the 40×40×40 mm 

mesh 

 

Figure 6-28 Displacement histories at the mid-height of the column for the 60×60×60 mm 

mesh 

 

Figure 6-29 Reaction histories at the bottom of the column for the 20×20×20 mm mesh 
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Figure 6-30 Reaction histories at the bottom of the column for the 30×30×30 mm mesh 

 

Figure 6-31 Reaction histories at the bottom of the column for the 40×40×40 mm mesh 

 

Figure 6-32 Reaction histories at the bottom of the column for the 60×60×60 mm mesh 
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The peak reactions are similar for all meshes and all simulations of erosion. The times to peak 

reactions are smaller than the corresponding times to peak displacement. The reaction is negative 

at approximately 0.75 msec, which is counter-intuitive. The negative reaction at this time instant 

is due to wave propagation, up and down the column, where the wave fields are complex due to 

reflection of compressive and tensile waves from the four free surfaces of the column. Figures 

6-33 through 6-36 present internal energy histories for the 20×20×20, 30×30×30, 40×40×40, 

and 60×60×60 mm meshes, respectively. The internal energy (or deformation energy) is the sum 

of energies computed incrementally based on six components of stress and strain for all elements 

in the mesh. Internal energy is not recorded for eroded elements.  

 

Figure 6-33 Internal energy histories for the 20×20×20 mm mesh 

 

Figure 6-34 Internal energy histories for the 30×30×30 mm mesh 
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Figure 6-35 Internal energy histories for the 40×40×40 mm mesh 

 

Figure 6-36 Internal energy histories for the 60×60×60 mm mesh 

The internal energies for the two simulations using an erosion strain of 0.075 are considerably 

greater than for the other simulations because very few elements are eroded from the model as 

seen in Figures 6-37(a), 6-38(a), 6-39(a) and 6-40(a). For the 20×20×20 mm mesh, the internal 

energy histories associated with the mesh-dependent erosion strain of 0.01 and the damage-based 

erosion algorithm are very similar, with peak values of approximately 60 kJ. Similar trends are 

seen for other meshes. The internal energies do not return to zero after loading because of the 

permanent (residual) deformation of the column, as shown in Figures 6-25 through 6-28.  

Figures 6-37 through 6-40 describe the damage to the sample column using side elevations and 

cross sections at the mid-height of the column for the simulations using the 20×20×20, 

30×30×30, 40×40×40, and 60×60×60 mm meshes, respectively. Information is presented at a 
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time equal to 25 msec. Damage is acute for all meshes and simulations except those using an 

erosion strain of 0.075. Consistent with the internal energy histories of Figures 6-33 through 6-36, 

the extent of the damage to the column is similar for the simulations using the mesh-independent 

erosion strains and the damage-based erosion algorithm: panels (b) and (c) of Figure 6-37 and 

panels (c) and (d) of Figures 6-38, 6-39 and 6-40. Table 6-5 summarizes the percentage of the 

cross section lost at the mid-height of the column for each of the simulations. Axial load was not 

applied to the sample column but would have exacerbated the calculated damage. The effect of 

axial load on the predicted damage is presented in the following section. 

 

 

 

 

 

Table 6-5 Percentage erosion of the cross section at the mid-height of the column 

 20×20×20 mm 30×30×30 mm 40×40×40 mm 60×60×60 mm 

Erosion 

strain 

0.075 7 % 5 % 7% 0 % 

0.01 77 % 55 % 46 % 44 % 

0.008 Not calculated
10

 69 Not calculated Not calculated 

0.006 Not calculated Not calculated 64 % Not calculated 

0.005 Not calculated Not calculated Not calculated 65 

Damage function 73 % 75 % 70 % 69 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.075 

 

 

Side elevation Cross section at mid-height 

(b) Erosion strain=0.01 

 

 

Side elevation Cross section at mid-height 

(c) Damage function  

Figure 6-37 Simulation results for the 20×20×20 mm mesh at time = 25 msec 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.075 

 

 

Side elevation Cross section at mid-height 

(b) Erosion strain = 0.01 

 

 

Side elevation Cross section at mid-height 

(c) Erosion strain = 0.008 

 

 

Side elevation Cross section at mid-height 

(d) Damage function 

Figure 6-38 Simulation results for the 30×30×30 mm mesh at time = 25 msec 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.075 

 

 

Side elevation Cross section at mid-height 

(b) Erosion strain = 0.01 

 

 

Side elevation Cross section at mid-height 

(c) Erosion strain = 0.006 

 

 

Side elevation Cross section at mid-height 

(d) Damage function 

Figure 6-39 Simulation results for the 40×40×40 mm mesh at time = 25 msec 

 



345 

 

 

 

Side elevation Cross section at mid-height 

(a) Erosion strain=0.075 

 

 

Side elevation Cross section at mid-height 

(b) Erosion strain = 0.01 

 

 

Side elevation Cross section at mid-height 

(c) Erosion strain = 0.005 

 

 

Side elevation Cross section at mid-height 

(d) Damage function 

Figure 6-40 Simulation results for the 60×60×60 mm mesh at time = 25 msec 
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6.6.6 Alternate Concrete Material Models, Influence of Concrete Compressive Strength, 

Confinement, and Axial Pressure Loading 

6.6.6.1 Introduction 

The sample RC column is further analyzed to understand 1) the utility of the discrete values of 

erosion strain when used with alternate concrete material models, 2) the influence of concrete 

compressive strength on the volume of eroded material, 3) the effect of confinement in the form 

of transverse reinforcement on the volume of eroded material, and 4) the effect of axial loading 

on the column on residual lateral displacements and damage. Mesh sizes of 20×20×20 mm, 

30×30×30 mm and 40×40×40 mm are used for these analyses. The mesh-independent values of 

0.01 (Xu and Lu, 2006) and 0.075 (Luccioni et al. 2004) are not considered.  

6.6.6.2 Alternate Concrete Material Models 

The CONCRETE_DAMAGE_REL3 model (Malvar and Simons 1996) is used to judge the 

utility of the erosions strains proposed previously to predict damage using material models other 

than the CSCM. A concrete compressive strength of 35.5 MPa is used for the analysis.  

Figure 6-41 shows the maximum principal stress histories for the 30 elastic elements near or on 

the rear face of the column, near its mid-height, which are estimated for the alternate material 

model. The peak tensile stresses and stress rates shown in this figure are very similar to those 

calculated for the CSCM model and shown in Figure 6-24. Accordingly, the values of erosion 

strain used for the analysis of the CSCM model are adopted for analysis of the 

CONCRETE_DAMAGE_REL3 model. Figure 6-42 enables a comparison of the internal energy 

histories for the CSCM model using calculated erosion strains and the damage-based erosion 

algorithm, and the CONCRETE_DAMAGE_REL3 model using calculated erosion strains, for 

the 20×20×20 mm, 30×30×30 mm and 40×40×40 mm meshes. The results are virtually 

identical for all three meshes and the two concrete models. Descriptions of damage are presented 

in Figure 6-43. The eroded zones in the side elevation and cross section at mid-height for all 

three meshes are qualitatively similar to those for the CSCM model; see Figure 6-37b, Figure 

6-38c and Figure 6-39c. The values of erosion strain computed using the CSCM model appear to 

be transportable across concrete material models.  
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(a) 20×20×20 mm mesh (b) 40×40×40 mm mesh 

Figure 6-41 Maximum principal stress histories for 30 elements near or on the rear face of 

the column, near its mid-height, CONCRETE_DAMAGE_REL3 
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(a) 20×20××20 mm mesh 

 

(b) 30×30×30 mm mesh 

 

(c) 40×40×40 mm mesh 

Figure 6-42 Internal energy histories for the concrete material models of the CSCM using 

calculated erosion strains and an erosion algorithm  of damage function, and 

the CONCRETE_DAMAGE_REL3 model using calculated erosion strains 
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Side elevation Cross section at mid-height 

(a) 20×20×20 mm mesh 

 

 

Side elevation Cross section at mid-height 

(b) 30×30×30 mm mesh 

 

 

Side elevation Cross section at mid-height 

(c) 40×40×40 mm mesh 

Figure 6-43 Simulation resutls for the CONCRETE_DAMAGE_REL3 model 
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6.6.6.3 Concrete Compressive Strength 

The influence of concrete compressive strength on damage, measured here using volume of 

eroded material, is characterized by repeating some of the analysis described in prior sections 

using 50 MPa concrete. The average peak tensile stress (traction) and traction rate for elements 

near the rear face and mid-height of the column are approximately 20 MPa and 200 MPa/msec, 

respectively. Per Figure 6-16, the corresponding erosion strains for the 20× 20× 20 mm, 

30×30×30 mm and 40×40×40 mm meshes are 0.14, 0.010 and 0.008, respectively. Figure 6-44 

shows internal energy histories for the 50 MPa concrete. For all three meshes, the internal energy 

histories for the calculated erosion strains are similar to those for the damage-based erosion 

algorithm. The damage, as described by eroded material and calculated using the damage-based 

erosion algorithm (see Figures 6-45, 6-46 and 6-47), discrete values of erosion strain are similar 

for the 30 and 40 mm meshes. The degree of damage is not substantially reduced by the use of 

higher strength concrete; although the influence of concrete strength is likely masked somewhat 

by the presence of transverse reinforcement. 
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(a) 20×20×20 mm mesh 

 

(b)  30×30×30 mm mesh 

 

(c) 40×40×40 mm mesh 

Figure 6-44 Internal energy histories for cf   = 50 MPa 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.014 

 

 

Side elevation Cross section at mid-height 

(b) Damage function 

Figure 6-45 Simulation results for the 20 mm mesh at time = 25 msec, cf   = 50 MPa 

 

 

Side elevation Cross section at mid-height 

(a) Erosion strain=0.01 

 

 

Side elevation Cross section at mid-height 

(b) Damage function 

Figure 6-46 Simulation results for the 30 mm mesh at time = 25 msec, cf   = 50 MPa 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.008 

 

 

Side elevation Cross section at mid-height 

(b) Damage function 

Figure 6-47 Simulation results for the 40 mm mesh at time = 25 msec, cf   = 50 MPa 

6.6.6.4 Confinement 

Confinement of concrete is realized by transverse reinforcement, which is also used in reinforced 

concrete columns to provide shear resistance. The vertical spacing of shear reinforcement in a 

column often ranges between 25% and 50% of its effective depth. The spacing of the transverse 

reinforcement for seismic applications may be as small as 100 mm. Closely spaced transverse 

reinforcement is often specified for blast-resistant columns to better basket the core concrete and 

increase the column’s global and local deformation capacity. 

Analyses are performed on a single cubical element and a model of a concrete cylinder to 

demonstrate that the CSCM model for plain concrete adequately captures the influence of 

passive confinement. An unconfined uniaxial compressive strength of 35.5 MPa is assumed. The 

single element has dimensions of 20×20×20 mm. Figure 6-48 shows the loading and boundary 

conditions; the base of the element is free to expand. Lateral confining pressures, p, of 4, 8 and 

16 MPa are applied to all four sides of the single element. The top of the single element is 

subjected to a compressive, displacement-controlled loading, as shown in Figure 6-49. The 
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bottom of the element is uniformly supported. Figure 6-50 shows that the peak compressive 

stress and ultimate strain increase with increasing confining pressure.  

A standard 6-inch (152.4 mm) diameter by 12-inch (304.8 mm) tall concrete cylinder is analyzed 

using the CSCM model and results are compared with those generated by the widely used 

Mander model (Mander et al. 1988). Figure 6-51 shows the model used for analysis, which 

invoked symmetry, allowing one quarter of the cylinder to be mode1ed; ux, uy and uz denote 

translational displacement, and rx, ry and rz denote rotational displacements, in the x, y and z 

directions, respectively. Uniform support is provided at the base of the model, with the base of 

the model free to expand. An unconfined uniaxial compressive strength of 35.5 MPa is assumed. 

Passive confining pressures of 4 and 8 MPa are imposed on the perimeter of the cylinder; results 

are presented m Figure 6-52. Results of analysis using the Mander model are also presented in 

the figures, where the uniaxial confined stress-strain relationships are calculated by substituting 4 

and 8 MPa for the effective confining pressure, lf  . Although there are differences between the 

CSCM and Mander models, the results are quantitatively similar, and enable the use of the 

CSCM model for considerations of the effect of passive confinement provided by transverse 

reinforcement.  

To understand the effect of transverse reinforcement (passive confinement) on damage, the 

spacing of the transverse reinforcement assumed in prior sections (= 100 mm) is doubled to 200 

mm or approximately 35% of the effective depth of the column. Simulation results for the 

20×20×20 mm, 30×30×30 mm and 40×40×40 mm meshes are presented in Figure 6-53, 6-54 

and 6-55, respectively. As expected, the damage (or volume of eroded elements) increases with 

the significant increase in the spacing of transverse reinforcement, as seen by comparing the 

results in Figure 6-53 with those in panels (b) and (c) of Figure 6-37, the results in Figure 6-54 

with those in panels (c) and (d) of Figure 6-38, and the results in Figure 6-55 with those in panels 

(c) and (d) of Figure 6-39. 
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(a) Plan (b) Elevation 

Figure 6-48 Loading and boundary conditions of the single element for studying the effects 

of confinement  

 

Figure 6-49 Displacement-controlled loading at the top of the single element 
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Figure 6-50 Confinement effects on stress-strain relationships, 20×20×20 mm element 
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Figure 6-51 3D symmetry model of concrete cylinder (units: mm) 
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(a) Confining pressure, lf   = 4 MPa 

 

(b) Confining pressure, lf   = 8 MPa 

Figure 6-52 Compressive stress versus strain relationships 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.010 

 

 

Side elevation Cross section at mid-height 

(b) Damage function 

Figure 6-53 Simulation results for the 20 mm mesh with the spacing of transverse 

reinforcement of 20 cm at time = 25 msec, cf   = 35.5 MPa 

 

 

Side elevation Cross section at mid-height 

(a) Erosion strain=0.008 

 

 

Side elevation Cross section at mid-height 

(b)Damage function 

Figure 6-54 Simulation results for the 30 mm mesh with the spacing of transverse 

reinforcement of 20 cm at time = 25 msec, cf   = 35.5 MPa 
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Side elevation Cross section at mid-height 

(a) Erosion strain=0.006 

 

 

Side elevation Cross section at mid-height 

(b) Damage function 

Figure 6-55 Simulation results for the 40 mm mesh with the spacing of transverse 

reinforcement of 20 cm at time = 25 msec, cf   = 35.5 MPa 

6.6.6.5 Axial Load 

The effect of axial loading due to gravity-load effects on the predicted damage to the column is 

examined by applying axial static pressures of 0.1, 0.2 and 0.4 cf   to the top of the column prior 

to imposing the air-blast loading. A concrete strength of 35.5 MPa is assumed. The transverse 

reinforcement is spaced at 100 mm over the height of the column. Two erosion strategies are 

employed: calculated erosion strain and damage-based erosion algorithm. Results are presented 

in Figures 6-56, 6-57 and 6-58 for the different mesh sizes; the case of zero axial load is included 

for completeness. The column collapsed for all axial loadings and all mesh sizes due to extreme 

damage in the cross section, principally at the mid-height of the column. The time to collapse 

decreases with increasing axial load. It is important to note that if erosion is ignored, failure of 

the column is not predicted, even for the axial pressure of 0.4 cf  , which emphasizes the 

importance of considering erosion when predicting damage to reinforced concrete columns.  
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Time = 25 msec 60 msec 90 msec 

   

(a) Zero axial pressure, erosion strain=0.01 

   

(b) Zero axial pressure, damage function 

   

(c) Axial pressure: 0.1 cf  , erosion strain=0.01 

   

(d) Axial pressure: 0.1 cf  , damage function 

Figure 6-56 Simulation results for the 20 mm mesh with axial pressure loading, cf   = 35.5 

MPa 
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Time = 25 msec 60 msec 90 msec 

   

(e) Axial pressure: 0.2 cf  , erosion strain=0.01 

   

(f) Axial pressure: 0.2 cf  , damage function 

 

   

(g) Axial pressure: 0.4 cf  , erosion strain=0.01 

   

(h) Axial pressure: 0.4 cf  , damage function 

Figure 6-56 Simulation results for the 20 mm mesh with axial pressure loading, cf   = 35.5 

MPa (cont.) 
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Time = 25 msec 60 msec 90 msec 160 msec 500 msec 

     

(a) Zero axial pressure, erosion strain=0.008 

     

(b) Zero axial pressure, damage function 

     

(c) Axial pressure: 0.1 cf  , erosion strain=0.008 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

(d) Axial pressure: 0.1 cf  , damage function 

Figure 6-57 Simulation results for the 30 mm mesh with axial pressure loading, cf   = 35.5 

MPa 
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Time = 25 msec 60 msec 90 msec 160 msec 500 msec 

     

(e) Axial pressure: 0.2 cf  , erosion strain=0.008 

     

(f) Axial pressure: 0.2 cf  , damage function 

     

(g) Axial pressure: 0.4 cf  , erosion strain=0.008 

     

(h) Axial pressure: 0.4 cf  , damage function 

Figure 6-57 Simulation results for the 30 mm mesh with axial pressure loading, cf   = 35.5 

MPa (cont.) 
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Time = 25 msec 60 msec 90 msec 160 msec 500 msec 

     

(a) Zero axial pressure, erosion strain=0.006 

     

(b) Zero axial pressure, damage function 

     

(c) Axial pressure: 0.1 cf  , erosion strain=0.006 

     

(d) Axial pressure: 0.1 cf  , damage function 

Figure 6-58 Simulation results for the 40 mm mesh with axial pressure loading, cf   = 35.5 

MPa 
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Time = 25 msec 60 msec 90 msec 160 msec 500 msec 

    

 

 

(e) Axial pressure: 0.2 cf  , erosion strain=0.006 

     

(f) Axial pressure: 0.2 cf  , damage function 

     

(g) Axial pressure: 0.4 cf  , erosion strain=0.006 

     

(h) Axial pressure: 0.4 cf  , damage function 

Figure 6-58 Simulation results for the 40 mm mesh with axial pressure loading, cf   = 35.5 

MPa (cont.) 
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6.7 Values of Erosion Strain for Near-Field Blast Analysis 

Step-by-step instructions are provided below to implement a unique value of erosion strain for 

the near-field blast analysis of reinforced concrete components. The instructions are based on the 

results of analysis presented in prior sections. 

1. Prepare a numerical model of the component that explicitly models the vertical and transverse 

reinforcement and the concrete. An element size of 40 mm is reasonable for the concrete.  

2. Assign an appropriate constitutive model to the concrete (e.g., CSCM (Murray 2007), 

CONCRETE_DAMAGE_REL3 (Malvar and Simons 1996) and CDP (Lee and Fenves, 1998)) 

and embed a limited number of linear elastic elements on and near the back face of the 

component (expected to experience tensile stress upon wave reflection) to compute the 

traction loading rate and maximum applied tensile stress.  

3. Perform a simulation ignoring erosion to compute representative values of the traction loading 

rate and maximum applied tensile stress on the elastic elements of step 2.  

4. Using the representative values from step 3, select a value of erosion strain based on concrete 

strength (proximity to either 35 MPa or 50 MPa). Set the peak principal tensile strain to the 

erosion strain and perform the blast simulation.   
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SECTION 7  

SUMMARY AND CONCLUSIONS 

7.1 Summary 

Air-blast loadings for security design of geometrically simple, components and structures are 

typically calculated using empirical charts available in textbooks and US government-published 

documents such as TM 5-1300 (Department of the Army, Navy and Air Force 1969 and 1990), 

TM 5-858-3 (DoA 1984), UFC 3-340-02 (DoD 2008), Smith and Hetherington (1994), Cormie et 

al. (2009), Dusenberry (2010) and ASCE (2011). These charts are based on studies performed by 

Kingery and his co-workers (e.g., Kingery and Bulmash, 1984).  Computational fluid dynamics 

(CFD) codes such as CTH (McGlaun et al. 1990), Air3d (Rose 2006), AUTODYN (ANSYS 

2013a) and LS-DYNA (LSTC 2013) can also be used to calculate air-blast loadings on 

geometrically simple shapes but are preferred for complex shapes and geometries such as urban 

environments and streetscapes.  

The empirical charts of Kingery and Bulmash, and their underlying polynomials, were 

constructed around measured and inferred data. These charts have not been validated in the near 

field because pressures and temperatures are very high. Although commercially available 

pressure transducers are now capable of measuring pressures expected in the near field, they 

cannot sustain the co-existing temperatures of thousands Kelvin. The only practical strategy to 

confirm pressures and impulses in the near field, both incident and reflected, is to use verified 

and validated CFD codes.  

The goal of this report was to characterize the effects of detonations of ideal high explosives and 

their influence on geometrically simple structures and components, for the purpose of informing 

blast-resistant design. The near-field region was emphasized because there are virtually no 

measured data available for validation. This report has provided 1) validated methodologies and 

guidance for modeling detonations of high explosives, 2) an assessment of the accuracy of the 

widely used empirical charts for air-blast loading through CFD analysis, 3) new polynomials and 

design charts for air-blast loadings suitable for inclusion in design standards, 4) an assessment of 
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the reflection coefficients presented in government manuals and textbooks for peak overpressure, 

and 5) a detailed discussion of the blast analysis of a sample reinforced concrete column and the 

development of a technical basis for selecting values of erosion strain. 

AUTODYN was verified and validated in Chapter 2 for 1D and 2D air-blast calculations through 

1) 1D simulations and comparisons of results with those presented by Needham (2010), who 

performed numerical and first-principles calculations for near- and intermediate-field detonations, 

2) cross-code comparisons in 1D and 2D using  CTH and LS-DYNA for far-field detonations, 3) 

2D simulations and comparisons of results to measurements reported by Goodman (1960) and 

Huffington and Ewing (1985) for near-field detonations, and 4) 2D simulations and comparisons 

of results to measurements reported by Frost et al. (2008) for far-field detonations. Incident and 

reflected overpressure histories were simulated to examine the influences of mesh size, 

expansion of detonation products and afterburning, temperatures near the charge face, and the 

efficacy of reflecting and transmitting boundaries.  

Chapter 3 presented the results of AUTODYN studies of air-blast parameters over a wide range 

of scaled distance. Incident and normally reflected peak overpressures and impulses, and shock 

front arrival times, were compared with predictions from the Kingery and Bulmash (or UFC 3-

340-02) charts.  

Chapter 4 proposed new polynomials and design charts, based on the CFD calculations of  

Chapter 3, for air-blast parameters over a wide range of scaled distance, namely, 0.0553 ≤ Z ≤ 40 

m/kg
1/3

 (0.139 ≤ Z ≤ 100 ft/lb
1/3

).   

Overpressure reflection coefficients and reflected scaled impulses as a function of the angle of 

incidence for airblast calculations were studied in Chapter 5, using a verified CFD code, 

AUTODYN, and using data reported in TM 5-858-3 (DoA 1984) and UFC 3-340-02 (DoD 

2008). The study was motivated by the significant differences in the coefficients in the Mach 

reflection region between TM 5-858-03 and UFC 3-340-02. Incident and reflected peak 

overpressures and impulses were simulated using AUTODYN for 0.16 ≤ Z ≤ 8 m/kg
1/3

 and 

angles of incidence between zero and ninety degrees. The effects of Mach reflection and 
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expanding detonation product on the reflection coefficient and reflected scaled impulse were 

examined.  

Chapter 6 presented analytical studies performed to characterize erosion strain in concrete for the 

purpose of damage analysis. Single element simulations were undertaken to characterize erosion 

strain as a function of variables such as concrete strength, rate of traction loading, maximum 

traction loading, and size of finite element. Finite element analysis of a sample reinforced 

concrete column was performed using alternate representations of erosion strain and the damage-

based erosion algorithm developed by Murray (2007). Other factors that affect the response of a 

reinforced concrete column, including concrete compressive strength, volume of transverse 

reinforcement, and co-existing axial (gravity) load, were studied. 

7.2 Conclusions 

The key findings and recommendations in this report are: 

1. AUTODYN produces similar predictions of 1) hydrodynamic parameters to those of 

Needham (2010) for near-field detonations, 2) incident overpressure and impulse histories to 

those obtained using CTH and LS-DYNA for far-field detonations, 3) reflected scaled 

impulses to measurements reported by Goodman (1960) and Huffington and Ewing (1985) 

for near-field detonations, and 4) normally reflected peak overpressures and impulses to 

measurements of Frost et al. (2008) for far-field detonations. AUTODYN is verified and 

validated for near- and far-field air-blast calculations in 1D and 2D.  

2. For CFD calculations of incident and reflected overpressure histories, a trial cell size of 

R/500 is sufficient for Z ≤ 8 m/kg
1/3

, where R is the distance from the center of the charge to 

the monitoring location and Z is scaled distance. The choice of cell size must also allow the 

accurate meshing of the charge. 

3. The widely used Friedlander equation does not capture the shape of the overpressure history 

in the near field due to the expansion of detonation products, afterburning, and Mach stem 

formation. CFD tools must be used to characterize overpressure histories in the near field. 
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The Friedlander equation can be used to characterize incident and normally reflected 

overpressure histories for Z  0.83 m/kg
1/3

. 

4. Afterburning has no effect on peak overpressure but can increase impulse if sufficient 

oxygen is present, the available oxygen mixes well with the fuels, and the temperature is 

greater than 1800 K (for TNT). The effect of afterburning is likely small in the near field.  

5. Transmitting boundaries may partially reflect incident pressures in 3D models. The location 

of a perpendicular transmitting boundary in a 3D problem should be established using a 

process similar to that reported in Section 2.6. A minimum perpendicular dimension equal to 

the charge radius is recommended. 

6. AUTODYN simulations predict values of incident peak overpressure, incident impulse, and 

normally reflected peak overpressure that are much greater than those presented in UFC 3-

340-02 for Z < 0.08, 0.1, and 0.4 m/kg
1/3

, respectively. UFC 3-340-02 overpredicts the 

AUTODYN calculations of incident impulse for 0.1 < Z < 40 m/kg
1/3

 by 10% to 25%, which 

is consistent with the observations of Bogosian et al. (2002).  

7. The design polynomials and charts of Chapter 4 enable good predictions of incident and 

normally reflected peak overpressure and impulse across a wide range of scaled distance, 

namely, 0.0553 ≤ Z < 40 m/kg
1/3

.  

8. For Z < 0.4 m/kg
1/3

, the AUTODYN-calculated reflection coefficients are much greater than 

the values presented in UFC 3-340-02, although this may be of little practical importance 

because CFD tools should be used in the near field to estimate the overpressure histories for 

design.  

9. For Z ≥ 0.4 m/kg
1/3

 (1 ft/lb
1/3

) (or sP  ≥ approximately 5.6 MPa [815 psi]) and   ≤ 40
o
, the 

overpressure reflection coefficients calculated using AUTODYN are similar to those reported 

in both UFC 3-340-02 and TM 5-858-3. For Z ≥ 0.4 m/kg
1/3

 and   > 40
o
, AUTODYN 

calculates similar values of overpressure reflection coefficients to those in UFC 3-340-02; the 

corresponding chart in TM 5-858-3 does not capture the effect of Mach reflection.  
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10. The use of an erosion strain that is independent of concrete strength, rate of traction loading, 

maximum tensile traction and element size is inappropriate for damage and/or failure 

calculations. For 35.5 MPa and 50 MPa concrete, and a 40 mm element size or smaller, the 

erosion strain varies between 0.005 and 0.015 for maximum applied tensile tractions ranging 

between 10 MPa and 40 MPa and loading traction rates of between 50 MPa/msec and 250 

MPa/msec. The use of an unreasonably high value of erosion strain will underestimate the 

volume of eroded material and underpredict the likelihood of gravity-load collapse. 

11. Given that the maximum aggregate size in a reinforced concrete column will typically exceed 

20 mm, an element size of 40 mm appears reasonable for the finite element analysis of a 

reinforced concrete column.  

12. The use of the damage-based erosion algorithm in LS-DYNA resulted in similar predictions 

of damage, including volume of eroded material, to that predicted by analysis using the step-

by-step procedure and a robust value for the erosion strain. There is no benefit to using 

erosion strain for analysis if a robust damage-based erosion algorithm is available.  

 





373 

 

SECTION 8  

REFERENCES 

ACI. 2011. Building Code Requirements for Structural Concrete (ACI 318-11) and Commentary. 

American Concrete Institute, Farmington Hills, MI. 

ASCE. 2011. Blast Protection of Buildings (ASCE/Structural Engineering Istitute (SEI) 59-11). 

American Society of Civil Engineers, Reston, VA. 

ASME. 2006. Guide for Verification and Validation in Computational Solid Mechanics. ASME 

V & V 10-2006, American Society of Mechanical Engineers, New York, NY. 

ASTM. 2003. Standard Specification for Deformed and Plain Billet-Steel Bars for Concrete 

Reinforcement (ASTM A 615/A 615M-03a). American Society of Testing and Materials, 

Philadelphia, PA. 

Anderson, J. D. 2003. Modern Compressible Flow: with Historical Perspective, 3rd edition. 

McGraw-Hill, Boston, MA. 

ANSYS. 2005. Remapping Tutorial, Revision 4.3. ANSYS, Inc., Canonsburg, PA. 

ANSYS. 2013a. AUTODYN User’s Manual Version 15.0. ANSYS, Inc., Canonsburg, PA. 

ANSYS. 2013b. Personal Communication. ANSYS, Inc., Canonsburg, PA. 

Baker, W. E. 1973. Explosions in Air. University of Texas Press, Austin, TX. 

Baker, W. E., Cox, P. A., Westine, P. S., Kulesz, J. J. and Strehlow, R. A. 1983. Explosion 

Hazards and Evaluation. Elsevier Scientific Publishing Company, Amsterdam; Oxford; New 

York. 

Ballantyne, G. J., Whittaker, A. S., Aref, A. J. and Dargush, G. F. 2009. “Air-blast effects on 

structural shapes.” Technical Report MCEER-09-0002, The State University of New York at 

Buffalo, Buffalo, NY. 



374 

 

Bažant, Z. P. 1986. Mechanics of distributed cracking. Journal of Applied Mechanics 39 (5): 

675-705. 

Bažant, Z. P. and Chang, T. P. 1987. Nonlocal finite-element analysis of strain-softening solids. 

Journal of Engineering Mechanics 113 (1): 89-105. 

Bažant, Z. P. and Pijaudier-Cabot, G. 1988. Nonlocal continuum damage, localization instability 

and convergence. Journal of Applied Mechanics 55 (2): 287-293. 

Belytschko, T., Bažant, Z. P., Hyun, Y. W. and Chang, T. P. 1986. Strain-softening materials and 

finite-element solutions. Computers & Structures 23 (2): 163-180. 

Biggs, J. M. 1964. Introduction to Structural Dynamics. McGraw-Hill, NY. 

Bogosian, D., Ferritto, J., and Shi, Y. 2002. Measuring uncertainty and conservatism in 

simplified blast models. Proceedings, 30th Explosives Safety Seminar, Atlanta, Georgia. 

Boris, J. P and Book, D. L. 1971. Flux-correct-transport: I. SHASTA, a fluid transport algorithm 

that works. Journal of Computational Physics 11: 38-69. 

Borve, S., Bjerke, A., Omang, M. and Truslen, J. 2008. A comparative study of ANSYS 

AUTODYN and RSPH simulations of blast waves. Proceedings, 3rd ERCOFTAC SPHERIC 

Workshop on SPH applications, Lausanne, Switzerland. 

Børvik, T., Hopperstad, O., Berstad, T. and Langseth, M. 2001. A computational model of 

viscoplasticity and ductile damage for impact and penetration. European Journal of Mechanics-

A/Solids 20 (5): 685-712. 

Brannon, R. M. and Leelavanichkul, S. 2009. Survey of four damage models for concrete. 

Sandia Report No. SAND2009-5544. Sandia National Laboratories, University of Utah, 

Albuquerque, NM ; Livermore, CA. 

Brara, A. and Klepaczko, J. R. 2007. Fracture energy of concrete at high loading rates in tension. 

International Journal of Impact Engineering 34 (3): 424-435. 



375 

 

Brode, H. L. 1955. Numerical solution of spherical blast waves. Journal of Applied Physics 26 

(6): 766-776. 

Browning, R. S., Sherburn, J. A. and Schwer, L. E. 2013. Predicting blast loads using LS-DYNA 

and CTH. Proceedings, ASCE Structures Congress, Pittsburgh, PA. 

Chen, W.-F. 2007. Plasticity in Reinforced Concrete. J. Ross Publishing Inc., Fort Lauderdale, Fl. 

Chopra, A. K. 2012. Dynamics of Structures: Theory and Applications to Earthquake 

Engineering, 4th edition. Prentice Hall, Upper Saddle River, NJ. 

Comité euro-international du béton (CEB). 1993. CEB-FIP Model Code 1990: Design Code. T. 

Telford, London. 

Cook, R. D. 2002. Concepts and Applications of Finite Element Analysis, 4th edition. Wiley, 

New York, NY. 

Cormie, D., Mays, G. and Smith, P. 2009. Blast Effects on Buildings, 2nd edition. London: 

Thomas Telford.   

Cormie, D., Wilkinson, W., Shin, J. and Whittaker, A. S. 2013. Scaled-distance relationships for 

close-in detonations. Proceedings, 15th International Symposium on Interaction of the Effects of 

Munitions with Structures, Potsdam, Germany. 

Coughlin, A. M., Musselman, E. S., Schokker, A. J. and Linzell, D. G. 2010. Behavior of 

portable fiber reinforced concrete vehicle barriers subject to blasts from contact charges. 

International Journal of Impact Engineering 37 (5): 521-529. 

Courant, R. and Friedrichs, K. O. 1948. Supersonic Flow and Shock Waves. Interscience 

Publishers, New York, NY. 

Cullis, I. G. and Huntington-Thresher, W. 2007. Blast structure interaction and the role of 

secondary combustion. Proceedings, 23rd International Symposium on Ballistics, Tarragona, 

Spain. 



376 

 

Danielson, K. T., O’Daniel, J. L., Akers, S. A. and Adley, M. D. 2008. Numerical aspects and 

procedures for modeling reinforced concrete structures under extreme impulsive loadings. 

Materials under Extreme Loadings - Application to Penetration and Impact. Proceedings, 2nd 

US-France Conference Organized by the International Center for Applied Computational 

Mechanics. Rocamadour, France. 

Davison, L. 2008. Fundamentals of Shock Wave Propagation in Solids. Springer, NY. 

DoA. 1984. Designing Facilities to Resist Nuclear Weapons Effects: Structures (TM 5-858-3). 

Department of the Army, Headquarters, United States. Washington, DC. 

DoA. 1986. Fundamentals of Protective Design for Conventional Weapons (TM 5-855-1). 

Department of the Army, Headquarters, United States. Washington, DC. 

Department of the Army, Navy and Air Force. 1969. Structures to Resist the Effects of 

Accidental Explosions (with Addenda). Army Technical Manual (TM 5-1300), Navy Publication 

(NAVFAC P-397), Air Force Manual (AFM 88-22). Washington, DC. 

Department of the Army, Navy and Air Force. 1990. Structures to Resist the Effects of 

Accidental Explosions (with Addenda). Army Technical Manual (TM 5-1300), Navy Publication 

(NAVFAC P-397), Air Force Manual (AFM 88-22), Revision 1. Washington, DC. 

DoD. 2008. Unified Facilities Criteria (UFC): Structures to Resist the Effects of Accidental 

Explosions (UFC 3-340-02). Departments of Defense, Washington, DC. 

Doan, L. R. and Nickel, G. H. 1963. A subroutine for the equation of state of air. RTD (WLR) 

TN63-2. Air Force Weapons Laboratory. 

Dobratz, B. M. and Crawford, P. C. 1985. LLNL Explosive Handbook, Properties of chemical 

explosives and explosive simulants. Report UCRL-52997, Lawrence Livermore National 

Laboratory, Livermore, CA. 

Donahue, L. K. 2008. Afterburning of TNT detonation in air. M.A.Sc. Thesis. Dalhousie 

University, Halifax, Nova Scotica. 



377 

 

Dusenberry, D. O. 2010. ed. Handbook for Blast-Resistant Design of Buildings. Wiley, Hoboken, 

NJ. 

Fawaz, Z., Zheng, W. and Behdinan, K. 2004. Numerical simulation of normal and oblique 

ballistic impact on ceramic composite armours. Composite Structures 63 (3-4): 387–395. 

Federal Emergency Management Agency (FEMA). 2003. Reference Manual to Mitigate 

Potential Terrorist Attacks against Buildings. FEMA-426, Washing DC. 

Fickett, W. and Davis W. C. 1979. Detonation: Theory and Experiment. Dover Publications Inc., 

Mineola, NY. 

Frost, D.L., Cairns, M., Goroshin, S., Leadbetter, J., Ripley, R., and Zhang, F. 2008. Reflected 

heterogeneous blast. Proceedings, 20th International Symposium on Military Aspects of Blast 

and Shock, Oslo, Norway. 

Godunov, S. K. 1959. A difference scheme for numerical solution of discontinuous solution of 

hydrodynamic equations. Math. Sbornik, 47, 271-306, translated US Joint Publ. Res. Service, 

JPRS 7226, 1969. 

Goodman, H. J. 1960. Complied free-air blast data on bare spherical Pentolite. BRL Report No. 

1092, US Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD. 

Gray, G. T., Chen, S. R., Wright, W. and Lopez, M. F. 1994. Constitutive equations for annealed 

metals under compression at high strain rates and high temperatures. LA-12669-MS. Los Alamos 

National Laboratory, Los Alamos, NM. 

Griffith, W. C. and Bleakney, W. 1954. Shock waves in gases. American Journal of Physics 22 

(9): 597-612. 

Grote, D. L., Park, S. W. and Zhou, M. 2001. Dynamic behavior of concrete at high strain rates 

and pressures: I. experimental characterization. International Journal of Impact Engineering 25 

(9): 869-886. 



378 

 

Hao, H. and Zhou, X. Q. 2007. Concrete material model for high rate dynamic analysis. 

Proceedings, 7th International Conference on Shock and Impact Loads on Structures. Beijing, 

China. p. 753-768. 

Henrych, J. 1979. The Dynamics of Explosion and Its Use. Elsevier Scientific Pub. Co., 

Amsterdam ; New York. 

Huffington, Jr., N. J. and Ewing, W. O. 1985. Reflected impulse near spherical charges. 

Technical Report BRL-TR-2678, US Army Ballistic Research Laboratory, Aberdeen Proving 

Ground, MD. 

Hyde, D. W. 1992. ConWep: Conventional Weapons Effects (Application of TM 5-855-1). US 

Army Corps of Enigneers, Waterways Experiment Station, Vicksburg, MS.  

Islam, M. J., Liu, Z. and Swaddiwudhipong, S. 2011. Numerical study on concrete 

penetration/perforation under high velocity impact by ogive-nose steel projectile. Computers and 

Concrete 8 (1): 111-123. 

Ivanov, M. S., Vandromme, D., Fomin, V. M., Kudryavtsev, A. N., Hadjadj, A., and 

Khotyanovsky, D. V. 2011. Transition between regular and Mach reflection of shock waves: new 

numerical and experimental results. Shock Waves 11: 199–207 

Johnson, G. R. and Cook, W. H. 1983. A constitutive model and data for metals subjected to 

large strains, high strain rates and high temperatures. Proceedings, 7th International Symposium 

on Ballistics. International Ballistics Committee, The Hague, Netherlands. p. 541-547. 

Johnson, O. T., Patterson, II, J. D. and Olson, W. C. 1957. A simple mechanical method for 

measuring the reflected impulse of air blast waves. BRL Memorandum Report No. 1088, US 

Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD. 

Kingery, C. N. 1966. Air blast parameters versus distance for hemispherical TNT surface bursts. 

Report No. 1344, Ballistic Research Laboratories, Aberdeen Proving Ground, MD. 



379 

 

Kingery, C. N. and Bulmash, G. 1984. Airblast parameters from TNT spherical air burst and 

hemispherical surface burst. Report ARBRL-TR-02555, US Army Ballastic Research Laboratory, 

Aberdeen Proving Ground, MD. 

Kingery, C. N. and Pannill, B. F. 1964. Peak overpressure vs scaled distance for TNT surface 

bursts (hemispherical charges). BRL Memorandum Report 1518, Ballistic Research Laboratories, 

Aberdeen Proving Ground, MD.  

Kinney, G. F. 1962. Explosive Shocks in Air. The Macmillan Company, New York, NY. 

Kinney, G. F. and Graham, K. J. 1985. Explosive Shocks in Air. 2nd edition. Springer-Verlag, 

New York, NY. 

Kolsky, H. 1953. Stress Waves in Solids. Clarendon Press Oxford.  

Krauthammer, T. 2008. Modern Protective Structures. CRC Press, Boca Raton, FL. 

Kurtaran, H., Buyuk, M. and Eskandarian, A. 2003. Ballistic impact simulation of GT model 

vehicle door using finite element method. Theoretical and Applied Fracture Mechanics 40 (2): 

113-121. 

Lambert, D. E. and Ross, C. A. 2000. Strain rate effects on dynamic fracture and strength. 

International Journal of Impact Engineering 24 (10): 985-998. 

Lee, J and Fenves, G. 1998. Plastic-damage model for cyclic loading of concrete structures. 

Journal of Engineering Mechanics, 124 (8): 892-900. 

Lignos, D. G., Chung, Y., Nagae, T. and Nakashima, M. 2011. Numerical and experimental 

evaluation of seismic capacity of high-rise steel buildings subjected to long duration earthquakes. 

Computers & Structures 89 (11-12): 959-967. 

LSTC. 2013. LS-DYNA Keyword User's Manual Ver. R7.0. Livermore Software Technology 

Corporation, Livermore, CA. 



380 

 

Lu, Y. and Xu, K. 2004. Modelling of dynamic behaviour of concrete materials under blast 

loading. International Journal of Solids and Structures 41 (1): 131-143. 

Luccioni, B. M., Ambrosini, R. D. and Danesi, R. F. 2004. Analysis of building collapse under 

blast loads. Engineering Structures 26 (1): 63-71. 

Malvar, L. J. and Ross, C. A. 1998. Review of strain rate effects for concrete in tension. ACI 

Materials Journal 95 (6): 735-739. 

Malvar, L. J. and Simons, D. 1996. Concrete material modeling in explicit computations. 

Proceedings, Workshop on Recent Advances in Computational Structural Dynamics and High 

Performance Computing, USAE Waterways Experiment Station, Vicksburg, MS, p. 165-194  

Mander, J. B., Priestley, M. J. N. and Park, R. 1988. Theoretical stress-strain model of confined 

concrete. Journal of Structural Engineering 114 (8): 1804-1826. 

McGlaun, J. M., Thompson, S. L. and Elrick, M. G. 1990. CTH: a three-dimensional shock wave 

physics code. International Journal of Impact Engineering 10 (1-4): 351-360.  

McNesby, K. L., Homan, B. E., Ritter, J. J., Quine, Z., Ehlers, R. Z. and McAndrew, B. A. 2010. 

Afterburn ignition delay and shock augmentation in fuel rich solid explosives. Propellants, 

Explosives, Pyrotechnics 35 (1): 57-65. 

Mehanny, S. S. and Deierlein, G. G. 2000. Modeling and assessment of seismic performance of 

composite frames with reinforced concrete columns and steel beams. Report No. 135. John A. 

Blume Earthquake Engineering Research Center, Stanford, CA. 

Meyers, M. A., Murr, L. E. and Staudhammer, K. P. 1992. Shock-Wave and High-Strain-Rate 

Phenomena in Materials. CRC Press, NY. 

Mouton, C. A. 2007. Transition between regular and Mach reflection in the dual-solution domain. 

PhD. Dissertation, California Institute of Technpology, Pasadena, CA. 



381 

 

Murray, Y. D. 2007a. Evaluation of LS-DYNA Concrete Material Model 159. Report No. 

FHWA-HRT-05-063. Federal Highway Administration, DC. 

Murray, Y. D. 2007b. User’s Manual for LS-DYNA Concrete Material Model 159. Report No. 

FHWA-HRT-05-063. Federal Highway Administration, DC. 

Needham, C. E. 2010. Blast Waves. Springer, NY. 

Ngo, T., Lumantarna, R., Whittaker, A. S. and Mendis, P. 2014. Arena testing using a large high 

explosive, submitted to Journal of Structural Engineering. 

Norris, C. H., Hansen, R. J., Holley, JR. M. J., Biggs, J. M., Namyet, S. and Minami, J. K. 1959. 

Structural Design for Dynamic Loads. McGraw-Hill, New York; Toronto; London.  

Oberkampf, W. L. and Trucano, T. G. 2002. Verification and validation in computational fluid 

dynamics. SAND2002-0529, Sandia National Laboratories, Albuquerque, NM. 

Polanco-Loria, M., Hopperstad, O. S., Børvik, T. and Berstad, T. 2008. Numerical predictions of 

ballistic limits for concrete slabs using a modified version of the HJC concrete model. 

International Journal of Impact Engineering 35 (5): 290-303. 

Popovics, S. 1970. A review of stress-strain relationships for concrete. ACI Journal 67 (3): 243-

248. 

Ragueneau, F. and Gatuingt, F. 2003. Inelastic behavior modelling of concrete in low and high 

strain rate dynamics. Computers & Structures 81 (12): 1287-1299. 

Ritzel, D. V. and Matthews, K. 1997. An adjustable explosion-source model for CFD blast 

calculations. Proceedings, 21st International Symposium on Shock Waves, Great Keppel Island, 

Australia, 1: 97-102. 

Rose, T. A. 2006. A Computational Tool for Airblast Calculations - Air3D version 9 users' guide. 

Engineering Systems Department, Cranfield University, United Kingdom.  



382 

 

Rubin, M. B. 1991. Simple, convenient isotropic failure surface. Journal of Engineering 

Mechanics  117 (2): 348-369. 

Ruiz, G., Zhang, X. X., Tarifa, M., Yu, R. C. and Camara, M. 2009. Fracture energy of high-

strength concrete under different loading rates. Anales de Mecánica de la Fractura 26 2: 513-

518. 

Sandler, I. S. and Wright, J. P. 1984. Summary of strain-softening. Proceedings, DARPA-NSF 

Workshop on the Theoretical Foundations for Large-Scale Computations for Nonlinear Material 

Behavior. Edited by Nemat-Nasser, S. Northwestern University, Evanston, IL. p. 285-315. 

Schuler, H., Mayrhofer, C. and Thoma, K. 2006. Spall experiments for the measurement of the 

tensile strength and fracture energy of concrete at high strain rates. International Journal of 

Impact Engineering 32 (10): 1635-1650. 

Schwer, D. 2008. Regular and Mach reflections to Mach 18 with air and TNT detonation 

products. NRL/MR/6410—08-9132, Naval Research Laboratory, Washington, DC. 

Schwer, L. E. 2004. Preliminary assessment of non-Lagrangian methods for penetration 

simulation. Proceedings, 8th International LS-DYNA Users Conference. Dearborn, MI. p. 8.1-

8.12. 

Sherkar, P., Whittaker A. S. and Aref, A. J. 2010. “Modeling the effects of detonations of high 

explosives to inform blast-resistant design.” Technical Report MCEER-10-0009, The State 

University of New York at Buffalo, Buffalo, NY. 

Smith, P. D. and Hetherington, J. G. 1994. Blast and Ballistic Loading of Structures. 

Butterworth-Heinemann, Oxford; Boston.  

Souers, P. C., Forbes, J. W., Fried, L. E., Howard, W. M., Anderson, S., Dawson, S., Vitello, P. 

and Garza, R. 2001. Detonation energies from the cylinder test and CHEETAH V3.0. 

Propellants, Explosives, Pyrotechnics 26 (4): 180-190. 



383 

 

Swisdak, M. M., Jr. 1994. Simplified Kingery airblast calculations. Naval Surface Warfare 

Center, Indian Head Division, Silver Spring, MD.  

Tan, P., Lee, B. and Tsangalis, C. 2009. FEA modelling prediction of the transmitted 

overpressure and particle acceleration within a frame subjected to shock tube blast loadings. 

Proceedings, 18th World IMACS / MODSIM Congress. Cairns, Australia. p. 1657-1663. 

Teng, T. L., Chu, Y. A., Chang, F. A. and Chin, H. S. 2004. Simulation model of impact on 

reinforced concrete. Cement and Concrete Research 34 (11): 2067-2077. 

Timoshenko, S. P. and Goodier, J. N. 1970. Theory of Elasticity, 3rd edition. McGraw-Hill, NY. 

Tuler, F. R. and Butcher, B. M. 1984. A criterion for the time-dependence of dynamic fracture. 

International Journal of Fracture 26 (4): 322-328. 

Wight, J. K. and MacGregor, J. G. 2011. Reinforced Concrete: Mechanics and Design, 6th 

edition. Prentice Hall, Upper Saddle River, NJ. 

Wu, C., Oehlers, D. J., Rebentrost, M., Leach, J., Whittaker, A. S. 2009. Blast testing of ultra-

high performance fibre and FRP-retrofitted concrete. Engineering Structures 31 (9): 2060-2069. 

Xu, K. and Lu, Y. 2006. Numerical simulation study of spallation in reinforced concrete plates 

subjected to blast loading. Computers & Structures 84 (5-6): 431-438. 

Xu, S., Zhao, Y. and Wu, Z. 2006. Study on the average fracture energy for crack propagation in 

concrete. Journal of Materials in Civil Engineering 18 (6): 817-824. 

Zhou, X. Q., Kuznetsov, V. A., Hao, H. and Waschl, J. 2008. Numerical prediction of concrete 

slab response to blast loading. International Journal of Impact Engineering 35 (10): 1186-1200. 

Zukas, J. A. 1990. High Velocity Impact Dynamics. Wiley, New York, NY. 



 

 



385 

 

APPENDIX A  

SPEED OF SOUND 

A.1 Introduction 

The speed of sound is a pressure disturbance that propagates through a medium. In a solid, stress 

or pressure waves propagate at the speed of sound because particles oscillate around their 

original positions due to strong intermolecular forces (attractions) that hold adjacent particles 

together. In a fluid, materials move with time because intermolecular forces are weak. Pressure 

waves in a fluid propagate at the sum of the speed of sound in the medium (e.g., air) and the 

particle velocity. 

A.2 Determination of Speed of Sound in Solids and Fluids 

For an elastic solid with a constant bulk modulus, the speed of sound, solidc , in the longitudinal 

direction is (Kolsky 1953) 

solid

E
c


  (A-1) 

where E is the Young’s modulus and ρ is density. In a fluid, the speed of sound, fluidc , is given 

by (Kinney and Graham 1985) 

fluid

dp
c

d
  or 

K


  (A-2) 

where p is pressure and K is the bulk modulus, which is volumetric elasticity and an extension of 

the Young’s modulus, E, to three dimensions. The bulk modulus is calculated as  

 or 
dp dp

K v
dv d




   (A-3) 

For an ideal gas, the formula of the speed of sound in a fluid in Equation A-2 is further 

simplified using entropy, which is defined as a measure of disorder or dissipated energy in a 

system. For an idea gas, the entropy, s, remains constant, namely,  



386 

 

1 1
0 ( )v p

dT dT
ds c pd c dp

T T 
      (A-4)  

where vc  is the specific heat at constant volume, pc  is the specific heat at constant pressure, T is 

temperature. Equation A-4 can be rewritten for dT/T as a function of other variables: 

2

p v
c pd c dpdT

T



 
   or 

dp p

d



 
   (

p

v

c

c
  ) (A-5) 

Using Equation A-5, the speed of sound in a fluid for an ideal gas can be simplified:  

fluid

dp p
c RT

d




 
    ( p RT ) (A-6) 

where R is the gas constant.  
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APPENDIX B  

DETONATION WAVE AND PRESSURE 

B.1 Introduction 

The pressure after detonation in a high explosive is well described by the Chapman-Jouguet (CJ) 

conditions (e.g., Fickett and David 1979, Smith and Hetherington 1994), which are a restatement 

of the Rankine-Hugoniot relationships for one-dimensional (1D) steady
11

 and inviscid
12

 flow. A 

detonation (shock) wave propagates at constant velocity through an unreacted high explosive. 

The velocity at the detonation front is equal to the sum of the speed of sound and the local 

particle velocity immediately behind the detonation front. A thin chemical reaction zone follows 

the front of the detonation wave, which is explained by the Zeldovich-von Neumann-Döring 

(ZND) theory (e.g., Davison 2008). The detonation wave compresses the charge to a high 

pressure termed the von Neumann spike, at which the charge is still unreacted. The spike 

indicates the onset of chemical reactions. The chemical reactions terminate with chemical 

equilibrium
13

 immediately behind the reaction zone, which is defined as the CJ plane. The 

pressure measured at the CJ plane is termed the CJ pressure or the detonation pressure. Figure B-

1 shows pressures and other states across the shock front. The ZND theory assumes that the 

reaction zone is steady; thermodynamic states (e.g., pressure, density, internal energy) in the 

reaction zone are maintained constant by the chemical reactions. The region behind the CJ plane 

is unsteady, where the states vary continuously with time. The unsteady flow is described by a 

Taylor wave (e.g., Davison 2008), which is a rarefaction wave centered at the origin of the 

explosive. The centered rarefaction wave expands at the velocity equal to the sum of the sound 

speed and the local flow (particle) velocity and the wave expansion decreases pressures and 

                                                 
11 In steady flow, all conditions at any point are constant with respect to time, whereas in unsteady flow, 

all conditions at any point are not constant with respect to time. 
12 Inviscid flow assumes no viscosity in the flow. The viscous effects can be neglected for a gas in a 

supersonic flow resulted from detonation. 
13 Chemical equilibrium is the state in which the forward and backward reactions proceed at the same rate, 

or reactions halt. There are thus no net changes in the concentrations of reactants and products (Anderson 

2003).  
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temperatures in the region behind the CJ plane. When the detonation wave exits the surface of 

the charge, another rarefaction wave is created and propagates toward the origin of the charge at 

the speed of sound minus the local particle velocity. The relationships of the CJ detonation 

pressure and states across the detonation front are formulated using the Rankine-Hugoniot 

equations in the following section.  

 

Figure B-1 States across a detonation (shock) wave in unsteady flow (adapted from Fickett 

and Davis 1979) 

B.2 Hugoniot Curves and Rayleigh Line for the Detonation Front 

The Rankine-Hugoniot equations in a steady and inviscid flow, conserving mass, momentum and 

energy, are 

1 1 0 0u u   (B-1) 

2 2

1 1 1 0 0 0p u p u      (B-2) 

2 2

1 1 0 0

1 1

2 2
h u h u     (B-3) 

where   is density, u is particle velocity, p is pressure, h is enthalpy, and subscripts 1 and 0 

denote the compressed and undisturbed media, respectively, immediately behind and ahead of 
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the detonation front, respectively. Figure B-1 shows the states across the detonation front in 

unsteady flow, which is transformed to steady flow in Figure B-2. Equations are derived across 

the detonation front using the Rankin-Hugoniot equations, CJ conditions, and steady-state 

variables of Figure B-2. Equation B-1 can be rewritten by replacing 1u  and 0u  by pD u  and 

D , respectively,  

1 0( )pD u D    (B-4) 

where D is the detonation velocity, pu  is particle velocity, in the unsteady flow, immediately 

behind the detonation front. Similar to Equation B-4, Equation B-2 is expressed as 

1 0 0 pp p Du    (B-5) 

The enthalpy, h, is a measure of energy effects for systems and also called total energy. The 

enthalpy is calculated as the sum of the internal energy and the pressure-volume product: 

/h pv e p e      (B-6) 

where v is the specific volume and e is the specific internal energy. Substituting Equation B-6 

into Equation C-3 yields  

2 2

01
1 0

1 0

( )

2 2

pu D pp D
e e

 


      (B-7) 

Equations B-4 and B-5 can be rewritten for pu  as 

1 0

1

( )
p

D
u

 




  (B-8) 

1 0

0

p

p p
u

D


  (B-9) 

From Equations B-5, B-7 and B-8,  

2 1 0 1 0

1 0

( )( )
p

p p
u

 

 

 
   (B-10) 

1 0

0

p

p p
Du




  (B-11) 
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Substituting Equations B-10 and B-11 into Equation B-7 to eliminate the parameters, pu  and D, 

yields 

1 0 1 0 1 0 0 1

0 1

1 1 1 1
( )( ) or ( )( )

2 2
e e p p p p v v

 
       (B-12) 

The p-v diagram using this equation is called the Hugoniot curve for unreacted explosives. To 

produce the Hugoniot curve for the reacted explosives, the energy of chemical reactions, Q, 

should be added to the equation, such that 1e  is replaced by 1e Q .  

The equations of conservations of mass and momentum in Equations B-4 and B-5, respectively, 

are reorganized to give 

 2 2 2 2

1 0 0 0 0 1

0 1

1 1
 or p p D D v v 

 

 
    

 
 (B-13) 

This is the equation of the Rayleigh line, which is a straight line with slope of 
2 2

0 D . The 

Hugoniot curve and the Rayleigh line are illustrated in Figure B-3, where 1p p  and 1v v . The 

point ( 0p , 0v ) is the origin, which is the initial state of an unreacted explosive. The Rayleigh line 

passes through the origin and always has a negative slope of 
2 2

0 D  as shown in Equation B-13, 

such that the regions, in which straight lines passing the origin has positive slopes, in the p-v 

diagram are theoretically impossible, as shown in the figure. The location at which the Rayleigh 

line is tangent to the reacted Hugoniot curve is the CJ plane, which was introduced previously. 

The Rayleigh line intersects the unreacted Hugoniot curve at the von Neumann spike. The 

pressure at the CJ plane, CJp , can be derived from Equation B-5 by replacing 1p  by CJp : 

0 0 0CJ p pp Du p Du     (B-14) 

where 0p  is approximately 0.1 MPa and can be thus ignored (the CJ pressure is approximately 

21 GPa). On the reacted Hugoniot curve, the region above the CJ plane represents strong 

(overdriven) detonations and that between the CJ plane and the location at 0v v  weak 

detonations. The overdriven detonation phenomena can occur in some special conditions such as 

high velocity impacts of a flyer plate and strong detonations with properties higher than the CJ 

values, thereby leading to higher detonation pressures or velocities than the CJ values. The weak 
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detonations are seldom observed but can be caused by multiple chemical reactions such as a 

single reaction with positive heat release but negative volume change, two reactions of one 

exothermic
14

 and the other endothermic
14

, and transport effects, thereby attenuating energy 

release or pressure (Fickett and Davis 1979), but are seldom observed. Materials that detonate at 

supersonic speed are called high explosives (e.g., PETN, Nitroglycerine, RDX, TNT). The speed 

of detonation is controlled by the shock wave, which causes a rapid increase in pressure and 

temperature. The region below the location at 0p p  on the reacted Hugoniot curve represents 

deflagration, which is propagates at subsonic speed, on the order of 1-100 m/s, and the speed is 

governed by heat conduction and diffusion. Deflagration is the characteristic of low explosives 

(e.g., Lead azide, Mercury fulminate).  

 

 

 

Figure B-2 States across a detonation (shock) wave in steady flow flow (adapted from 

Fickett and Davis 1979)  

  

                                                 
14 In thermodynamics, the term exothermic describes a process or reaction in which the system releases energy from 

its surroundings in the form of heat. On the contrary, while the term endothermic indicates a process in which the 

system absorbs energy. 
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Figure B-3 Hugoniot curves and Rayleigh line (adapted from Smith and Hetherington 

1994) 

 

 



393 

 

APPENDIX C  

INCIDENT AND REFLECTED OVERPRESSURES VERY CLOSE TO 

THE CHARGE FACE 

C.1 Introduction 

Numerical studies are performed using AUTODYN (ANSYS 2013a) for incident and reflected 

peak overpressure very close to the face of a TNT charge with a radius of 150 mm. Two cells 

sizes are selected for analysis (0.1 mm and 0.05 mm) based on the studies in Section 3.5.2. Data 

are monitored at 0.33 mm intervals for distances between 149 mm and 151 mm, and at 1 mm 

intervals between 147 mm and 149 mm, and between 151 mm and 155 mm. 

C.2 AUTODYN Results 

Results for CFD analysis are presented over a distance from 3 mm inside (147 mm, Z = 0.0517 

m/kg
1/3

) to 5 mm beyond (155 mm, Z = 0.0545 m/kg
1/3

) the face of the charge. Results for the 

two cell sizes are similar, as seen in Figure C-1. Inside the charge, the incident overpressures are 

close to the CJ pressure (21 GPa) but increase within 1 mm of the charge face and then decrease 

rapidly immediately beyond the charge face. This rapid change is attributed to the many orders 

of magnitude differences in pressure, density and internal energy across the charge face. The 

drop in overpressure at the charge surface is better resolved with the finer cell size of 0.05 mm. 

The reflected peak overpressure at 0.33 mm from the charge surface for the 0.1 mm cells are 

greater than for the 0.05 mm cells because the mesh with the 0.1 mm cells is somewhat coarse 

for the distance of 0.33 mm.  

The reflected overpressures at the charge face are also simulated using five small cell sizes: 1, 

0.5, 0.25, 0.1, 0.05 mm. For each cell size, the reflected peak overpressure is nearly twice the 

incident peak overpressure, as shown in Figure C-2, which indicates that in this case, the 

influence of particle velocity is insignificant for the reflected peak overpressures. The reflected 

overpressure is a combination of static pressures and dynamic (wind) pressures, where the latter 

is a function of particle velocity. For the charge of TNT in direct contact with a reflecting surface,  
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Figure C-1 Incident and reflected peak overpressures near the charge face for cell sizes of 

0.1 mm and 0.05 mm 

 

 

Figure C-2 Incident peak overpressures inside and reflected peak overpressures at the 

charge face as a function of cell size 
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shock wave reflections at the contact location occur within a solid area, before exiting the face of 

the charge into the surrounding air. As particles in a solid are held at their original positions by 

their intermolecular forces, as described in Appendix A, the effect of particle velocity is 

insignificant in the calculation of the reflected pressure. When waves are reflected from a perfect 

boundary, their amplitudes are momentarily doubled (e.g., Kolsky 1953), which is associated 

with the static pressure
15

. For normal reflection, the reflected peak overpressure, rp , is 

calculated by 

2 ( 1)r s sp p q     (C-1) 

where sp  is an incident overpressure,   is the specific heat ratio, and sq  is dynamic pressure. 

The first and second terms correspond to the static and dynamic responses, respectively. The 

particle velocity becomes very important as the shock front exits the face of the charge into the 

surrounding air. Reflection coefficients for distances between 151 and 155 mm are plotted in 

Figure C-3, where the reflection coefficient is the ratio of the reflected to incident overpressures. 

The reflection coefficients vary between 20 and 25 at these distances, which indicates that the 

reflection coefficient is related principally to particle velocity. Immediately after the shock front 

exits the face of the charge, the particle acceleration is on the order of 1.0E10g. The peak particle 

velocities across the charge surface for distances between 147 and 155 mm are presented in 

Figure C-4. The peak particle velocity is approximately 2 km/s inside the charge face and 

increases to 6 to 7 km/s at approximately 1 mm beyond the face of the charge. 

                                                 
15 To explain this, consider a rectangular wave having only a positive compression phase and moving 

through a medium with wavelength,  , velocity, v, and amplitude, A. When the wave reaches a reflecting 

surface, a particle at the front of the wave exerts a force upon a particle of the reflecting surface, which 

also pushes the particle at the wave front with the same force at the same time, based on the Newton’s 

third law. This is reflection. The reflected wave has same wavelength,  , velocity, v, amplitude, A, as the 

incident wave but acts in the opposite direction. The incident and reflected waves consequently merge at 

the boundary during the period of / v  and the amplitude of the merged waves becomes 2A before the 

waves separate completely into single waves. 
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Figure C-3 Reflection coefficients for distances between 151 and 155 mm 

 

Figure C-4 Peak particle velocities for distances between 151 and 155 mm 
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APPENDIX D  

KINGERY AND BULMASH CHARTS 

 

Figure D-1 Air-blast parameters as a function of scaled distance in SI units; spherical free-

air burst of TNT  
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Figure D-2 Air-blast parameters as a function of scaled distance in US units; spherical free-

air burst of TNT 
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Figure D-3 Air-blast parameters as a function of scaled distance in SI units; hemispherical 

surface burst of TNT 
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Figure D-4 Air-blast parameters as a function of scaled distance in US units; hemispherical 

surface burst of TNT 
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APPENDIX E  

CSCM MODEL PARAMETERS IN LS-DYNA 

Values of parameters of the CSCM model for concrete compressive strengths of 35.5 and 50 

MPa used in LS-DYNA are presented in Table E-1. The values were chosen based on 

experimental data reported by Murray (2007). 

Table E-1 CSCM model parameters in LS-DYNA 

Parameter Value 

Compressive strength (MPa) 35.5 50 

Mass density (kg/m
3
) 2400 2400 

Pre-existing damage 0 0 

Shear modulus, G (GPa) 12.2 13.6 

Bulk modulus, K (GPa) 13.3 14.9 

Tri-axial compression surface constant term,   (MPa) 15.2 15.9 

Tri-axial compression surface linear term,    0.3143 0.3651 

Tri-axial compression surface nonlinear term,   (MPa) 10.5 10.5 

Tri-axial compression surface exponent,   (MPa
-1

) 0.01929 0.01929 

Torsion surface constant term, 1  0.7473 0.7473 

Torsion compression surface linear term, 1  (MPa
-1

) 9.95×10
−4

 4.64×10
−4

 

Torsion compression surface nonlinear term, 1  0.17 0.17 

Torsion compression surface exponent, 1  (MPa
-1

) 0.0646 0.04255 

Tri-axial extension surface constant term, 2  0.66 0.66 

Tri-axial extension surface linear term, 2  (MPa
-1

) 1.20×10
−3

 556×10
−4

 

Tri-axial extension surface nonlinear term, 2  0.16 0.16 

Tri-axial extension surface exponent, 2  (MPa
-1

) 0.0646 0.04255 

Cap aspect ratio, R 5 5 
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Table E-1 CSCM model parameters in LS-DYNA (cont.) 

Parameter Value 

Cap initial location, X0 (MPa) 93.3 104 

Maximum plastic volume compaction, W 0.05 0.05 

Linear shape parameter, D1 (MPa
-1

) 2.50×10
−4

 2.50×10
−4

 

Quadratic shape parameter, D2 (MPa
-2

) 3.49×10
−7

 3.49×10
−7

 

Ductile shape softening parameter, B 100 100 

Fracture energy in uniaxial stress, Gfc (N/mm) 7.65 9.72 

Brittle shape softening parameter, D 0.1 0.1 

Fracture energy in uniaxial tension, Gft (N/mm) 0.0765 0.0972 

Fracture energy in uniaxial tension, Gfs (N/mm) 0.0765 0.0972 

Shear-to-compression transition parameter, PWRC 5 5 

Shear-to-tension transition parameter, PWRT 1 1 

Modify moderate pressure softening parameter, PMOD 0 0 

Rate-effect parameter for uniaxial compression, 0c   1.90×10
−4

 1.64×10
−4

 

Rate-effect power for uniaxial compression, Nc 0.57 0.54 

Rate-effect parameter for uniaxial tension, 0t  2.1×10
−4

 2.1×10
−4

 

Rate-effect power for uniaxial tension, Nt 0.71 0.71 

Maximum stress in compression (MPa) 59.5 85 

Maximum stress in tension (MPa) 59.5 85 
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APPENDIX F  

SINGLE-DEGREE-OF-FREEDOM (SDOF) CALCULATIONS FOR 

STRAIN RATE 

F.1 Introduction 

Single-degree-of-freedom (SDOF) calculations of strain rate are performed to validate results 

from LS-DYNA for selected single element simulations presented in Section 6.5. Strain-rate 

histories are generated for three linearly increasing force histories, adapted from the blast-type 

loadings presented in Figure 6-13. The force histories are applied to one end of the 20 mm, 40 

mm and 80 mm cubic elements. The properties of the elements are presented in Table F-1. 

Table F-1 Properties of single elements 

Parameter 20×20×20 mm 40×40×40 mm 80×80×80 mm 

Young’s modulus (MPa) 2.8×10
4
 

Density (tonne/mm
3
) 2.4×10

-9
 

Area (mm
2
) 400 1600 6400 

Length, L  (mm) 20 40 80 

Volume (mm
3
) 8.0×10

3
 6.4×10

4
 5.1×10

5
 

Stiffness, k  (N/mm) 5.6×10
5
 1.1×10

6
 2.2×10

6
 

Mass, m  (tonne) 9.6×10
–6

 7.7×10
-5

 6.1×10
-4

 

Circular frequency, nw  (rad/sec) 2.4×10
5
 1.2×10

5
 6.0×10

4
 

Cyclic frequency, nf  (Hz) 3.8×10
4
 1.9×10

4
 9.6×10

3
 

Period, nT  (sec) 2.6×10
−5

 5.2×10
−5

 1.0×10
−4

 

dt / nT  19 14 4.8 
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F.2 SDOF Calculations  

The equation of motion for linearly increasing force acting on a single-degree-of-freedom system 

is  

o

d

t
mu ku p

t
 

 

(F-1)

 

where m, u, k, op , t and dt  are the mass, displacement, stiffness, peak force, time, and time 

corresponding to the peak force, respectively. The solution of Equation F-1 for 0 dt t   is 

(Chopra 2012)  

sin
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cos1
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d d

p w t
u t

k t t

 
  

   

(F-3) 

where nw  is natural circular frequency.  

Strain-rate histories are plotted using Equation F-3 because strain rate is proportional to velocity. 

The relationship between strain rate,  , and velocity, V , is 

V L   (F-4) 

where L  is the length of an element. Figure F-1 shows that the results of the LS-DYNA analysis 

and the SDOF analysis are in good agreement before the compressive strength of the concrete is 

reached. The CSCM model assumes linear elastic response up to peak compressive strength, and 

the strain-rate histories have similar peak amplitudes and natural periods in this range. The strain 

rates computed by numerical simulations increase rapidly due to strain softening. The SDOF 

analysis results validate the LS-DYNA analysis, albeit over only part of the loading phase.  
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(a) 20×20×20 mm element, peak tensile pressure of 10 MPa, 200 MPa/msec 

 

(b) 20×20×20 mm element, peak tensile pressure of 20 MPa, 200 MPa/msec 

 

(c) 40×40×40 mm element , peak tensile pressure of 20 MPa, 50 MPa/msec 

Figure F-1 Strain-rate histories for three single element simulations 
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