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Preface
MCEER is a national center of excellence dedicated to the discovery and development of
new knowledge, 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 first National
Center for Earthquake Engineering Research (NCEER). In 1998, it became known as the
Multidisciplinary Center for Earthquake 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 socioeconomic 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 most common method used in blast-resistant design models structural members as singledegree-of-freedom (SDOF) systems and characterizes the blast loading using a peak reflected overpressure and a reflected impulse calculated from empirical design charts such as those provided in
UFC-3-340. In this report, a comprehensive survey of different strategies to model detonations in
finite element codes LS-DYNA and AUTODYN and the computational fluid dynamics code Air3D
was conducted. Significant differences in results calculated using the three models and between the
models and UFC-3-340 were identified. A numerical study was performed using AUTODYN to
study the influence of charge shape, charge orientation and point of detonation within the charge
on overpressure distributions. Results were compared with those involving a baseline analysis of a
spherical charge. A significant dependence on the charge shape and charge orientation was observed.
SDOF assumptions are shown to be inappropriate for blast-resistant design against detonations of
improvised explosive devices at small standoff distances.

iii

Abstract
Blast-resistant design has traditionally been performed using simplified methods. The most widely used
method models structural members such as columns and beams as single-degree-of-freedom (SDOF)
systems and characterizes the blast load using a peak reflected overpressure and a reflected impulse,
where both are calculated using empirical design charts such as those provided in UFC-3-340. A uniform
loading over the height (length) of the component is assumed. Moreover, the empirical design charts
assume either a spherical (free-air) burst or a hemispherical (surface) burst and do not consider variations
in charge shape, charge orientation and point of detonation within the charge.
A comprehensive survey of different strategies to model detonations in commercially available finite
element (FE) codes LS-DYNA and AUTODYN and the computational fluid dynamics (CFD) code Air3D
was conducted. A robust modeling strategy capable of modeling different charge shapes and fluidstructure interaction was identified in LS-DYNA and the use of remapping capabilities of AUTODYN
and Air3D was demonstrated. A near-field detonation of a spherical charge of TNT and the subsequent
fluid-structure interaction with a rigid column was modeled using the three codes. The resulting peak
reflected overpressure and impulse monitored on the face of the column were compared with those
computed using the empirical design charts in the UFC. There were significant differences between the
results of the FE and CFD analysis, and between these results and the predictions of UFC-3-340. The
reasons for the differences include the change in the value of the constant specific heat ratio, γ , of air at
high temperatures, the effect of afterburning on the reflected impulse, and the effect of blast-wave
clearing on both the reflected peak overpressure and impulse.
A numerical study was performed using AUTODYN to study the influence of charge shape, charge
orientation and point of detonation within the charge on the overpressure distributions and the response of
an A992 Grade 50 W14 × 257 column. A set of analyses was performed with cylindrical charges with
different aspect ratios. Results were compared with those involving a baseline analysis of a spherical
v

charge. The resulting peak incident overpressure and impulses, and the pressure contours were compared
in the near-, mid- and far-fields. In the near-field, Z < 1.5 m/kg 0.33 , the overpressure distributions are

influenced significantly by charge shape and the point of detonation in the charge. The influence of these
variables diminishes with distance. The loading and subsequent response of the W14 × 257 column to a
detonation of 1000 kg of TNT at a standoff distance of 3 m showed significant dependence on the charge
shape and charge orientation and clearly demonstrated that SDOF assumptions are inappropriate for blastresistant design against detonations of improvised explosive devices at small standoff distances.
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SECTION 1

INTRODUCTION
1.1 Design of Blast-Resistant Structures
Technical manuals and design standards such as UFC-3-340 (DoD, 2008) and the ASCE Blast Standard
(ASCE, forthcoming) can be used to design blast tolerant buildings and other structures. UFC-3-340
includes analysis and design procedures for different types of construction materials and structural
framing systems. Guidance is provided for the calculation of the load effects due to internal and external
detonations of chemical explosives. Empirical design curves are provided for the calculation of incident
overpressure histories for free-air and surface detonations for which the explosive charge shape is
assumed to be spherical (free-air detonation) or hemispherical (surface detonation). The empirically
derived curves are based on regression analysis of field test data collected by the US Department of
Defense over the course of many decades. Load effects (reflected overpressures) on structural
components are computed by multiplying incident overpressures (pressure above ambient) by reflection
coefficients.
Demands on structural components are generally computed using the load effects and single-degree-offreedom representations of structural components. Norris et al. (1959), Biggs (1964), Baker (1973), Smith
and Hetherington (1994) and other texts provide the technical basis for the calculation of the singledegree-of-freedom properties of a structural component or structural framing system. The resistance of a
structural component is computed using materials standards such as the American Institute of Steel
Construction, AISC Steel Construction Manual (2005) and the American Concrete Institute, ACI-318-08,
Building Code Requirements for Structural Concrete (2008). These materials standards assume quasistatic loading of structural components and framing systems, which is appropriate for gravity, wind and
earthquake loading. The rate of loading of components and systems subjected to the effects of detonations
of chemical explosives is one or more orders of magnitude greater than that due to more conventional
1

extreme loadings such as earthquakes and high winds. Materials such as steel and concrete exhibit greater
strength when loaded at high rates and standards and manuals for blast-resistant design allow nominal
component strengths to be increased by Dynamic Increase Factors to account for rate effects. Table 1-1,
which is adapted from UFC-3-340, provides sample information on Dynamic Increase Factors (DIFs) for
3 grades of structural steel. In this table, factors are provided to compute the yield and tensile strength of
components subjected to flexure or axial loading. The DIF for yield strength is a function of the loading
pressure (high, low) that is assumed to depend on the distance between the target and the point of
detonation (near-field, far-field). (Further information is provided in the UFC and Chapter 4 of the
Handbook for Blast Resistant Design of Buildings (Dusenberry, 2010))
Table 1-1: Dynamic Increase Factors (DIFs) for structural steels (adapted from DoD, 2008)

Yield strength for flexure
ASTM
grade

Minimum
yield stress

High

Low
1

Yield strength for axial load
Low

1

High
1

Tensile
1

pressure

pressure

pressure

pressure

strength

(ksi)
A36

36

1.29

1.36

1.19

1.24

1.10

A588

50

1.19

1.24

1.12

1.15

1.05

A514

100

1.09

1.12

1.05

1.05

1.00

1. Low and high pressures correspond to far-field and near-field detonations, respectively; see UFC-3-340 (DoD,
2008) or Handbook for Blast Resistant Design of Buildings (Dusenberry, 2010) for details.

1.2 State-of-the-Practice for Computing Blast-Load Effects
The state-of-the-practice for computing load effects due to detonations of chemical explosives ranges
from the use of the empirical design charts developed by the US Department of Defense (and the UK
Ministry of Defense) to calculations using computational fluid dynamics (CFD) codes. Nearly all loadeffect calculations are performed using the empirical charts that are presented in a number of resource
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documents, including UFC-3-340. Charts are provided to compute key blast wave parameters such as
peak incident overpressure, incident impulse, time of arrival, and positive phase duration, for free-air
bursts of spherical charges and surface bursts of hemispherical charges. The point of detonation is
assumed to be the middle of the sphere. Figure 1-1 and Figure 1-2, which are reproduced from UFC-3340, present data for (spherical) free-air and (hemispherical) surface bursts, respectively as a function of
scaled distance, where the scaled distance Z (= R / W 0.33 ) is a function of the mass of the explosive, W,
and the distance between the target and the point of detonation, R.

Figure 1-1: Blast-wave parameters for a free air spherical TNT burst (from UFC-3-340, (DoD,
2008))
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Figure 1-2: Positive phase blast-wave parameters for a hemispherical TNT surface burst (from
UFC-3-340, (DoD, 2008))

Figure 1-3, which is also reproduced from the UFC, shows the assumed shape of the pressure history. In
these three figures, po is the ambient pressure, t A , is the arrival time of the shock wave, U s is the shock
−
front velocity, pso , pso
, is , is− , to and to− are the positive and negative phase peak overpressures

(pressure with respect to ambient), impulses, and durations respectively. The reflected overpressure and
impulse at a point of normal incidence are denoted by pr and ir , respectively. For design, the true
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pressure history that decays exponentially is often replaced by a simplified history that decays linearly
from the peak incident overpressure to ambient in a time, td , that preserves the incident impulse.

Figure 1-3: Incident pressure history at a point due to a blast (from UFC-3-340, (DoD, 2008))

Blast load effects on structural components and framing systems are generally computed using a peak
reflected overpressure (the product of the peak incident overpressure and a reflection coefficient, which
varies as a function of the angle of incidence of the blast wave on the component) and a reflected impulse.
The angle of incidence α is defined in the inset of Figure 1-4, where an angle of 0 degrees is associated
with a normal reflection for which the coefficients are maximized. Peak reflected overpressures and
reflected impulses are presented in Figures 1-1 and 1-2 for normal reflections. The coefficients for peak
overpressure vary as a function of the peak incident overpressure. Figures 1-4 presents charts for
reflection coefficients for peak overpressure and Figure 1-5 presents the scaled reflected impulse as a
function of the angle of incidence and peak incident overpressure. The reflected overpressure history is
generally assumed to decay linearly from the peak reflected overpressure to ambient in a time to preserve
the reflected impulse.
5

Figure 1-4: Reflected pressure coefficients as a function of angle of incidence (from UFC-3-340,
(DoD, 2008))
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Figure 1-5: Scaled reflected impulse as a function of angle of incidence (from UFC 3-340, (DoD,
2008))

1.3 Calculation of Blast-Load Effects using Computational Fluid Dynamics
There are many computer codes available in the marketplace for calculating fluid loadings on structures.
Some of these codes are stand-alone computational fluid dynamics (CFD) codes such as FLUENT
(FLUENT Inc., 2003), STAR (CD Adapco Group, 2001) and Air3D (Rose, 2006). Air3D was developed
specifically for the calculation of blast load effects. Other CFD codes are embedded in general purpose
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finite element (FE) codes (hydrocodes) such as LS-DYNA (LSTC, 2007) and AUTODYN (Century
Dynamics, 2009b). Some of these codes (e.g., LS-DYNA and AUTODYN) permit the calculation of
pressure fields for the detonation of chemical explosives of arbitrary shapes and sizes, where the point of
detonation within the charge can be varied.

1.4 Report Objective and Organization
The key objectives of this report are three-fold, namely, 1) present a comprehensive survey of detonation
modeling strategies available in commercially available FE and CFD codes, 2) study the influence of
charge shape and the point of detonation in the explosive on the resulting overpressure distributions, 3)
investigate the effect of charge shape and orientation on the response of a structural steel column
subjected to a near-field blast loading, and 4) provide recommendations for blast-resistant design.
This report consists of 5 chapters including this introduction. Chapter 2 discusses the underlying physical
and chemical processes involved in the detonation of chemical explosives and presents a literature review
on the numerical modeling of detonations using FE and CFD codes. Chapter 3 presents the results of
numerical analyses of a near-field detonation performed using LS-DYNA, AUTODYN and Air3D. Issues
related to modeling detonations are discussed. Chapter 4 presents the results of a numerical study on the
influence of charge shape, charge orientation and point of detonation in the charge on the overpressure
distributions and the response of a structural steel column located in the near-field. Chapter 5 summarizes
the studies, lists the key conclusions of the studies and presents recommendations for future research. A
list of references follows Chapter 5. Appendix A provides charts that supplement information in Chapter
4.
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SECTION 2

LITERATURE REVIEW
2.1 Introduction
The literature review presented in this chapter addresses a number of topics: chemistry of explosives
(section 2.2), classification of explosives (section 2.3), detonation physics (section 2.4), techniques for
modeling detonations (section 2.5), and the effect of charge shape on the near-field pressure distributions
(section 2.7).

2.2 Chemistry of Explosives
Modeling explosive detonations requires a good understanding of chemistry because the chemical
composition of an explosive governs its physical properties like detonation velocity (Sundararajan and
Jain, 1982). Explosive detonations are products of complex chemical and physical processes within and in
the immediate vicinity of the explosive and are accompanied by a near-instantaneous release of a large
amount of energy in the form of heat, sound and light. The chemical reactions involved in a detonation
are thus exothermic1 and oxidation reactions because the reactants are oxidized to give a mixture of hot
gaseous products.

2.2.1

Oxidation

There are two major types of oxidation reactions involved in a detonation. In the first type, there are two
reactants, an oxidizer and a fuel, that react to form the products of the explosion. The second type of
reaction, which is more common in explosives, involves a single reactant where the oxidizer and the fuel

1

A chemical reaction that is accompanied by the release of heat: the energy required for the reaction to proceed is
less than the energy released.
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are contained in the same molecule, which decomposes during the reaction and is transformed into
oxidized products.
The majority of the explosives consist of single molecules made up of Carbon (C), Hydrogen (H),
Nitrogen (N) and Oxygen (O). These are called CHNO explosives and can be represented by the general
formula CcHhNnOo, where c, h, n, o are the number of carbon, hydrogen, nitrogen and oxygen atoms,
respectively, contained in one molecule of the explosive. During the decomposition2 reaction, the reactant
molecule breaks down into its individual component atoms as follows
CcHhNnOo →cC + h H + nN + oO
These individual atoms then recombine to form the final products of the reaction. The typical products
formed are
2N → N2
2H + O → H2O

Order in which the products are formed
depending upon the availability of oxygen

C + O → CO
CO + O → CO2
If oxygen remains after the formation of carbon dioxide, then the explosive is called over-oxidized. Any
oxygen left after the formation of CO2 forms O2. However most explosives, with the exception of
nitroglycerine and ammonium nitrate, do not have sufficient oxygen to convert all of the carbon to CO2
and these are called under-oxidized explosives. For such explosives, the products of the reaction extract
oxygen from the surrounding air as they expand freely. While doing so, these products mix with oxygen
and may burn to form CO2. These secondary reactions are part of a process known as afterburning.

2

A decomposition reaction is a chemical reaction in which a compound is separated into individual elements or
simpler compounds.
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Afterburning is discussed in section 2.4.4. The relative amount of oxygen in an explosive is therefore an
important factor in determining the nature and reactivity of the detonation products; it is quantitatively
expressed as oxygen balance. The heat generated by an oxygen-deficient explosive (such as
trinitrotoluene (TNT)) is less than that generated by an explosive that oxidizes completely.

2.2.2

Oxygen balance

Oxygen Balance (OB) is a method of quantifying how well an explosive provides its own oxidant (Zukas
and Walters, 1998). There are various ways to define oxygen balance. Oxygen can be balanced by having
one oxygen atom for every carbon atom (balanced for CO) or by having two oxygen atoms for every
carbon atom (balanced for CO2). Generally, the oxygen balance is expressed in terms of the weight
percent of excess oxygen compared to the weight of the explosive. Oxygen balance is a useful parameter
in many applications and can be correlated to the explosion properties such as gas volume produced and
the heat of explosion.
The general formula to calculate the OB for an explosive is (Cooper and Kurowski, 1996);

OB = 100

AWo
MWexp

⎡
h ⎞⎤
⎛
⎢o - ⎜ 2c + 2 ⎟ ⎥
⎝
⎠⎦
⎣

(2-1)

where
AWo

=

Atomic weight of oxygen

MWexp

=

Molecular weight of explosive material

o

=

Number of oxygen atoms

c

=

Number of carbon atoms

h

=

Number of hydrogen atoms

As the atomic weight of oxygen is 16

→

OB (%) =
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1600
MWexp

⎡
h ⎞⎤
⎛
⎢o - ⎜ 2c + 2 ⎟ ⎥
⎝
⎠⎦
⎣

(2-2)

Based upon the general formula for a CHNO explosive, CcHhNnOo, the molecular weight of an explosive
can be determined as
MWexp = 12.01c + 1.008h + 14.008n + 16.000o

(2-3)

and the OB for the benchmark explosive, trinitrotoluene or TNT (C7H5N3O6) for which MWexp = 227.13
(from eq. 2-3) is;

OB (%) =

1600 ⎡
5 ⎞⎤
⎛
6 - ⎜ 2 (7) + ⎟ ⎥ = - 74 %
⎢
227.13 ⎣
2 ⎠⎦
⎝

A negative sign indicates a deficiency of oxygen. The explosive TNT is therefore highly under-oxidized.
Consider the explosive Nitroglycol, C2H4N2O6, whose molecular weight is 152.07. Its oxygen balance is

OB (%) =

1600 ⎡
4 ⎞⎤
⎛
6 - ⎜ 2 (2) + ⎟ ⎥ = 0 %
⎢
152.07 ⎣
2 ⎠⎦
⎝

which indicates that Nitroglycol is a perfectly-balanced explosive.
Consider a third explosive, Nitroglycerine, C3H5N3O9, for which MWexp = 227.09. Its oxygen balance is

OB (%) =

1600 ⎡
5 ⎞⎤
⎛
9 - ⎜ 2 (3) + ⎟ ⎥ = 3.52 %
⎢
152.07 ⎣
2 ⎠⎦
⎝

which indicates that that it is over-oxidized.

2.3 Classification of Explosives
Explosions can be divided in three major groups; 1) physical explosions such as that of an overpressurized steam boiler, 2) chemical explosions as described previously, and 3) atomic/nuclear
explosions. The focus here is chemical explosions. Explosives are categorized into two groups according
to their chemical compositions: substances that are explosive, and substances that are explosive mixtures,
12

such as blackpowder. In substances that are explosive, it is the molecular groups that have explosive
properties. Examples of such molecular groups are (Akhavan, 2004):
1. Nitro compounds
2. Nitric esters
3. Nitramines
4. Derivatives of chloric and perchloric acids
5. Azides
6. Compounds capable of producing an explosion that include fulminates, acetylides, nitrogen-rich
compounds such as tetrazene, peroxides and ozonides.
This classification of explosives on the basis of the certain molecular groups is crude and does not
provide much information on the likely performance of the explosives. A better way to classify explosives
is on the basis of their performance, uses and sensitivity. As shown in Figure 2-1, in this type of
classification, explosives are parsed in three classes (Akhavan, 2004);
1. Primary explosives,
2. Secondary explosives and
3. Propellants

2.3.1

Primary explosives

A distinctive feature of primary explosives (also called primary high explosives) is that they undergo a
very rapid transition from burning to detonation and can transmit the detonation to less sensitive
explosives. They generally detonate when subjected to heat or shock. Detonation of such explosives
results in their molecules dissociating and producing tremendous amounts of heat and/or shock, which is
why they are often used in initiating devices for secondary explosives. They are very sensitive to
initiation by shock, friction, electric spark or high temperatures and their detonation velocities are in the
range of 3500-5500 m/s. Examples of primary explosives are lead azide, lead styphante
13

(trinitroresorcinate), lead mononitroresorcinate (LMNR), potassium dinitrobenzofuran (KDNBF) and
barium styphnate.

Chemical
Explosives

High
Explosives

Primary
Explosives

Low
Explosives

Secondary
Explosives

Propellants

Figure 2-1: Classification of explosives according to performance and sensitivity (adapted from
Akhavan (2004))

2.3.2

Secondary explosives

Unlike primary explosives, secondary explosives cannot be detonated easily by heat or shock. They are
less sensitive than primary explosives and can only be detonated by a shock produced by a primary
explosive. For example, the explosive RDX (C3H6N6O6)3 explodes violently when triggered by a primary
explosive. The intermediate product of the reaction is a disorganized mass of atoms that combine to give
predominantly gaseous products in addition to heat. The detonation velocities of secondary explosives
range from 5500 to 9000 m/s. Some examples of secondary explosives are TNT (Trinitrotoluene), tetryl,
picric

acid,

nitro-cellulose,

nitroglycerine,

nitroguanidine,

RDX,

HMX

(octogen),

PETN

(Pentaerythritoltetranitrate) and TATB (triaminotrinitrobenzene).

3

RDX forms the basis of a number of military explosives such as Composition A, B and C, Tempex, and the plastic
explosives C-4 and Semtex.
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2.3.3

Propellants

Propellants are combustible materials containing sufficient oxygen required for their combustion.
Propellants burn and do not explode. Their burning is violent, accompanied by flame or sparks and a
hissing or crackling sound. They can be initiated by a flame or spark and change from a solid to a gaseous
state relatively slowly. Examples of propellants are blackpowder, smokeless propellant, blasting
explosives and ammonium nitrate explosives, which do not contain nitro-glycerine or other aromatic nitro
compounds.

2.4 Detonation Physics
2.4.1

Introduction

To understand the physics of detonation of an explosive, consider a physical model with the following
simplified assumptions (Zukas and Walters, 1998):
1. The model consists of a uniaxial planar wave front with no lateral boundaries that travels in a
direction perpendicular to the wave front.
2. The wave front is discontinuous and is handled in a similar way to the jump-discontinuity in
simple nonreactive shock waves.
3. The gaseous products behind the detonation front are in chemical and thermodynamic equilibrium
and the chemical reaction is complete, that is, the product gases expand as an inert 4 flow.
4. The chemical reaction is completed instantly and the reaction zone length is zero.
5. The detonation process is steady state, that is, the wave velocity is constant and the detonation
products are in the same state, regardless of the position of the wave in distance and time.

4

An inert flow is a flow that is non-reactive, that is, no more reactions can occur within the flow.
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The physical model is presented in Figure 2-2. Note that the reaction zone behind the shock front is
shown only for explanatory purposes and its length is assumed to be zero. A rarefaction wave is shown
behind the shock front reaction zone and represents the expansion of the detonation products from a
region of higher density to a region of lower density.

Chemical reaction
zone

Rarefaction

Unreacted
explosive

Shock front

Figure 2-2: A physical model of a detonation wave depicting the jump-discontinuity, rarefaction
wave and the reaction zone (adapted from (Davis, 1982))

The detonation process can be viewed as a shock wave moving through an explosive. As the shock front
moves ahead, it compresses and thereby raises the temperature of the adjacent unreacted explosive above
its ignition point5. The heating of the explosive initiates a chemical reaction within a small region just
behind the shock front known as the reaction zone. This reaction is exothermic and is completed
instantaneously. The energy released by the reaction drives the shock front forward. At the same time the
gaseous products of the reaction expand and form a rarefaction wave that moves towards the detonation
front. The shock front, chemical reaction and the leading edge of the rarefaction wave are all in
equilibrium, and hence are moving at the same speed, which is defined as the detonation velocity.

5

The ignition point is the minimum temperature at which a substance will spontaneously ignite in a normal
atmosphere without an external ignition source
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Detonation is a steady-state process and the shock front does not change shape (i.e., pressure remains
constant) and the detonation velocity does not change with time. The shock front is basically a
discontinuity between moving material and stationary material. Pressure, velocity and density change
significantly across a shock front and this phenomenon is known as the detonation jump.

2.4.2

Detonation wave profile and the Chapman-Jouget state

To understand the detonation jump condition from the unreacted explosive to the gaseous products,
consider the idealized profile of a detonation wave in Figure 2-3. The spike at the front of the detonation
wave is called the Von Neuman spike and is the shock state that initiates the reaction. The thin region
behind the Von Neuman spike is the reaction zone where all of the chemical reaction takes place. In the
model discussed in section 2.4.1, the Von Neuman spike is ignored and the reaction zone thickness is
assumed to be zero (Zukas and Walters, 1998) (In most explosives, the width of the reaction zone is
approximately 1 mm (Cooper and Kurowski, 1996)). The tail end of the reaction zone is termed
Chapman-Jouget (C-J) plane and its state (pressure, density, shock velocity) is characteristic of an
explosive material with given initial density. The rarefaction wave that is responsible for bringing the
gaseous products from the C-J state to the fully expanded state at ambient pressure is called the Taylor
wave.

Figure 2-3: The pressure-distance curve showing the profile of a detonation wave (Zukas and
Walters, 1998)
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2.4.3

Rankine-Hugoniot jump equations

The calculation of the changes (jumps) in pressure, velocity and density across a shock front leads to a set
of equations known as the Rankine-Hugoniot jump equations that are based on the conservation of mass,
momentum and energy. The Rankine-Hugoniot jump equations are derived below. How these equations
are then used to find a solution for a shock problem is then presented.
Consider a moving shock wave. The material in the region in front of the shock is at an initial density ρ o .
As the shock wave moves through this region, the material is compressed and the density increases from

ρ o to ρ . Let a be the area of a region swept by the shock wave. The law of conservation of mass requires
that the mass of the material in the region before and after the passage of the shock wave remain the
same. This yields the mass balance equation:

ρ o a U t = ρ a (U − u ) t

(2-4a)

ρ
U
=
ρo
U - u

(2-4b)

where U is the detonation velocity, and u is the particle velocity.
The passage of the shock wave through a region changes the velocity of the material in the region from 0
to u. This results in a change of momentum of the material equal to ( ρ o aUt )u . By definition, the change
in momentum is the impulse, namely, the product of force and time. If the pressure generated by the
shock-wave compression in the material is p and its initial pressure is po , the force exerted on the material
is equal to ( p − po ) a . The law of conservation of momentum requires the change in momentum to be
equal to force multiplied by time, namely,
(p - po ) a t = ρo aUut
p - po = ρ oUu
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(2-5a)

(2-5b)

The third quantity that is conserved is energy. Energy balance requires that the change in kinetic energy
of the material should be equal to the change in its internal energy. The change in kinetic energy of the
material is 0.5ρo aUtu . If Eo and E are the initial and final specific internal energies6, the change in
2

internal energy is ( E - Eo )ρ o aUt . Conservation of energy yields the third Rankine-Hugoniot equation,
1

( E - Eo )ρo aUt =

E - Eo =

2

1
2

ρo aUtu 2

⎡ p + po ⎤
⎥
⎣ p − po ⎦

u2 ⎢

(2-6a)

(2-6b)

The Rankine-Hugoniot jump equations, 2-4, 2-5 and 2-6, involve five variables ( ρ , p, E , u ,U ) . As the
number of equations available is less than the number of unknowns by two, the solution of the problem
requires two more equations. A fourth equation can be an Equation of State (EOS) that represents the
behavior of the expanding gases generated by the detonation. An EOS relates the pressure p with the
density ρ and the specific energy E of the material. An EOS is calibrated based on experimental data and
is discussed in section 3.2. The fifth equation is a known value of one of the variables.

2.4.4

Afterburning of detonation products

Section 2.4.2 discussed the process of detonation and the propagation of the detonation wave through an
explosive. The discussion 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. This
energy-release mechanism becomes clearer by investigation of the chemistry involved after the detonation
of an under-oxidized explosive. Consider TNT, an under-oxidized explosive that does not have sufficient

6

Internal energy is the sum of all forms of energy of a system and is a function of the molecular structure and the
degree of molecular activity of the particles of the system.
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oxygen to completely oxidize. As the shock wave moves away from the explosive and passes through the
surrounding air, the detonation products consume oxygen from the air and oxidize. This process is termed
afterburning (Donahue, 2009). 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 micro-seconds, 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 fuels being Carbon (C), Carbon Monoxide (CO),
Hydrogen (H2), and Methane (CH4). These species undergo combustion reactions when the respective
ignition temperatures Tig are reached. The combustion reactions with their associated heats of reaction
ΔH r 7 and ignition temperatures Tig are presented in Table 2-1.

Table 2-1: Combustion reactions occurring during afterburning (Donahue, 2009)

Oxidation reaction

Ignition

Moles of

temperature

fuel/moles of

o

Heat of
reaction ΔH r

Afterburn energy

(kJ/mole

ΔH ab

of fuel1)

(kJ/mol-TNT)

( K)

TNT

CO + 0.5O2 → CO2

880

2.233

282.80

631.49

H2+ 0.5O2 → H2O

850

0.3516

241.80

85.02

C + O2 → CO2

975

3.410

393.60

1342.18

CH4 + 2O2 → CO2 + 2H2O

850

0.2656

800.00

212.48

Total energy of afterburning combustion:

2271.17 kJ/mol-TNT
= 10.01 MJ/kg-TNT

1. Fuel is the species reacting with oxygen

7

Heat of reaction, ΔH r , is the amount of heat added or removed during a chemical reaction. A positive value of

ΔH r means that heat is released and a negative value of ΔH r means heat is absorbed during the reaction.
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From the information presented in Table 2-1, if the temperature is around 1000 oK and sufficient oxygen
is present then all the combustion reactions occur and energy is released. If all of the fuel is depleted, the
released afterburn energy (10.01 MJ/kg) is more than twice the detonation energy of 4.3 MJ/kg (Donahue,
2009).

2.5 Modeling Detonation
Experimental studies of blast problems require special and expensive instrumentation given the highly
dynamic or impulsive nature of the loading. Large-scale blast tests can cost millions of dollars (Zukas,
2004). Numerical simulation of blast experiments can avoid the need to conduct such experiments if the
mathematical models are robust. Numerical modeling of detonations includes modeling of the shockwave propagation through the explosive and its subsequent passage through the surrounding medium.
Closed-form solutions of blast wave propagation from a spherical charge were developed by Brode
(1959). However, for complex problems involving non-spherical charges, fluid-structure interaction, and
multiple reflections of blast waves, analytical solutions are unavailable and numerical simulations are
required. Explicit modeling of the detonation process can be undertaken using finite element (FE) codes
and hydrocodes8 such as LS-DYNA (LSTC, 2007) and AUTODYN (Century Dynamics, 2009b). Indirect
methods to model detonations, such as the balloon analog of Ritzel and Mathews (1997), have been
developed and implemented in some analysis codes.

2.5.1

Explicit modeling

Explicit modeling of the detonation process involves creating a physical finite element (FE) model of the
explosive and the surrounding air. The first task involves generating FE meshes for the air and explosive
and applying the appropriate boundary conditions. The FE model consists of a Lagrangian mesh for solids
and an Eulerian mesh for gases or fluids. The Arbitrary Lagrangian-Eulerian (ALE) formulation, a

8

A hydrocode is a computer program for the study of very fast, very intense loading on materials and structures
(Zukas 2004). For information on the development and theory of hydrocodes, see Zukas (2004).
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formulation that combines both the Lagrangian and Eulerian techniques can also be used for modeling
detonations and fluid structure interaction (Chafi, et al., 2009). More information on these formulations is
presented in sections 3.3, 3.4 and 3.5. The second task is to assign material properties and initial
conditions by specifying the initial energy, mass of the explosive and the initial temperature and pressure
of the surrounding air. An EOS representing the relation between the pressure p, specific internal energy
E and the density ρ is assigned to both the air and the detonation products. Equations of state are

discussed in more detail in section 3.2. Using this information (EOS, material properties and initial and
boundary conditions) and the conservation laws for mass, momentum and energy, a hydrocode solves the
differential equations governing the dynamic problem at hand. Such explicit modeling of the detonation
process not only allows detailed modeling of the detonation process and the wave propagation through the
explosive but also the subsequent passage of the shock wave through the surrounding air and resultant
fluid-structure interactions, if any. The advantage of modeling the detonation event explicitly is that no
simplifying assumptions are made and the analyst has complete freedom to model any charge shape, size,
geometry and point of detonation within the explosive, which should allow an accurate assessment of the
blast overpressures. LS-DYNA and AUTODYN are two non-restricted codes used for modeling
detonations. These two codes implement finite element, finite difference and/or finite volume techniques
but differ in their solution methodology, modeling options and usability.

2.5.2

Indirect modeling

The calculation of overpressure9 fields remote from the point of detonation can be accomplished by
replacing the explosive with an unconfined balloon or sphere with pressurized gas at high temperature.
The blast event is initiated by the rupture of the balloon. This can be seen as a shock-tube problem where
the balloon represents the driver gas (Ritzel and Mathews, 1997). The methodology is based on the

9

Overpressure is pressure above ambient atmospheric pressure (101.3 kPa).
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seminal work of Brode (1956). The specific internal energy of a pressurized volume of an ideal gas is
given by (Brode, 1956);
E =

(p

- po ) v

γ - 1

(2-7)

where E is the specific internal energy, p is the initial static pressure in the balloon, po is the ambient
pressure, v is the specific volume of the balloon, and γ

10

is the ratio of specific heats for the balloon gas.

The blast waveform can be manipulated by keeping the total energy constant and varying the balloon
pressure p, temperature T, γ , and molecular weight M, of the gas. The advantages of this method
include (adapted from Ritzel and Mathews, 1997)
1. Simple and adjustable explosion-source models can be used in CFD codes to simulate blast wave
flows in the mid- and far-fields from explosive sources.
2. The only assumption required is that of an ideal gas with a constant specific heat ratio, γ .
3. The model can be adjusted to provide a good approximation of blast waves from real explosive
sources that cannot be energy-scaled11.
4. The analog can be used in computer codes that allow prescribed heat flux to materials to simulate
explosive afterburning of under-oxidized explosives like TNT.
The balloon analog can also be used to model cylindrical charges by keeping the aspect ratio of the
balloon the same as that of the explosive. The shortcoming of the balloon analog, which was identified by
its authors, is that it yields good results only in the mid- and far-fields. A comparison of this modeling

10

The specific heat ratio γ = C p / Cv , where Cp and Cv are specific heats at constant pressure and constant volume,

respectively.
11

Energy based scaling (also called Sachs blast scaling) is used for scaling blast parameters. The Sachs scaling law

1/3
states that pressure, time, impulse can be expressed as a function of the scaled distance given by R = R p1/3
o /ξ
where R is the radial distance from the explosive charge, ξ is the total charge energy, and po is the ambient pressure.
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methodology with field experiments (Anderson, et al., 2002) illustrated the limitation of the balloon
analog in the near-field.

2.5.3

Modeling afterburn

As afterburning involves chemical reactions and time-dependent energy release, it is very difficult to
include it in the analytical solution of even a simple detonation problem. The modeling of afterburn
energy release using CFD codes is also a challenge, but there have been some developments in the past
few years. Ritzel and Mathews (1997) demonstrated the effect of afterburning simulation with the IFSAS
(Integrated Fluid Structure Analysis Software) CFD code and the balloon analog. Half of the initial total
explosive energy was stored as detonation or the balloon energy and half was released as afterburn
energy. Their results indicated that the addition of afterburn energy resulted in the gases expanding more
rapidly, and to a much higher temperature, compared to the case where afterburn is not considered.
Afterburning also had an effect of reducing the near-field peak overpressure and increasing the impulse in
the far field.
Other computer codes like CHEETAH (Fried, et al., 1998) and CHINOOK (Martec Limited, 2008) have
been used to model phenomena like afterburning and the related chemical reactions but these codes are
export-controlled by the US government and are not commercially available. Commercial hydrocodes
like LS-DYNA model only the physics of the explosive detonation and not the associated chemistry.
Afterburning cannot be modeled using LS-DYNA. There is a provision in AUTODYN to model the
release of afterburn energy but not the actual chemical reactions. Given the limited capabilities of the
commercially available codes to model afterburning and the uncertainty of its role in enhancing the
effects of a detonation, afterburning has generally been ignored.

2.6 Modeling Detonations in LS-DYNA, AUTODYN and Air3D
Detonation of high explosives and the resulting blast waves present a highly complex problem that can be
analyzed with hydrocodes or codes that use finite element and finite difference techniques. Hydrocodes
24

like LS-DYNA (LSTC, 2007) and AUTODYN (Century Dynamics, 2009b) are designed specifically for
dynamic and highly non-linear problems like impact, penetration and blast events. Computational fluid
dynamics (CFD) codes like Air3D (Rose, 2006) and FLUENT (FLUENT Inc., 2003) are also used for
fluid dynamics simulations. Although all these computer codes model detonation and blast wave
propagation, their modeling strategies differ and each has its advantages and disadvantages for modeling
a particular blast problem. Although LS-DYNA has alternate techniques to model a detonation and is
capable of simulating fluid-structure interaction, it is not as user-friendly as AUTODYN. AUTODYN has
remapping capabilities with which higher mesh resolution can be achieved without much increase in
computational cost. Air3D is a CFD code that is based on the balloon analog of Ritzel and Mathews
(1997). To understand and apply the best modeling strategy for a given problem, it is worthwhile to
review the different modeling techniques implemented by each code.

2.6.1

Modeling detonations in LS-DYNA

LS-DYNA was developed initially as an explicit12 numerical analysis code and has since been widely
used to solve high strain-rate problems or dynamic and impulsive problems with its advanced Eulerian,
Lagrangian and Arbitrary Lagrangian-Eulerian (ALE) solvers. A detonation problem with shock wave
propagation can be modeled in a number of ways in LS-DYNA. Three methods are discussed here.
As noted in section 2.5.1, explicit modeling of an air-blast problem requires the generation of two
separate meshes, one for the explosive and another for the surrounding air. The first modeling technique
involves modeling both the explosive and the air elements using multi-material ALE formulations. The
multi-material ALE formulation is appropriate for air-blast simulations as an element can contain two or
more different materials, such as the air and gases generated by the explosion. It allows the finite element

12

Explict refers to the numerical method used to solve the time derivatives in the momentum and energy equations.
It is a time step procedure where the unknowns at a timestep are calculated using information at previous steps only.
Explicit methods are computationally fast but only conditionally stable.
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mesh to move independently of the material flow. The ALE formulation is particularly well suited for
problems involving fluid-structure interactions. This modeling strategy has been found to model correctly
the blast-structure interaction and wave propagation through a medium such as air (Chafi, et al., 2009).
Another way to model an explosion in LS-DYNA requires only a mesh of the air domain. The explosive
can be contained within the air mesh by specifying an initial fraction of the air volume occupied by the
explosive through the *INITIAL_VOLUME_FRACTION_GEOMETRY option in LS-DYNA. This
option is used in conjunction with the ALE multi-material formulation. The explosive geometry can be
specified to be of a sphere, a cylinder or a cube.
The third modeling technique is semi-empirical. This technique uses the CONWEP (Hyde, 1988)
algorithm built in LS-DYNA to generate pressure histories that can be imposed on a component of a
structure. The CONWEP algorithm is based on the empirical data of Kingery and Bulmash (1984) and
predicts incident and reflected pressure histories for a given explosive mass and stand-off. This method
can model two types of detonations: 1) free-air blast of a spherical charge, and 2) surface blast of a
hemispherical charge. This modeling technique reduces substantially the computational cost for blast
analyses in the mid and far-field by avoiding the explicit modeling of the detonation process. Another
modification to this modeling technique involves the application of pressure histories computed by
CONWEP algorithm on the ALE air domain surrounding the structure instead of directly imposing it on
the structure (Slavik, 2009). Although this modeling technique reduces the computational cost
significantly, empirical expressions cannot be applied with confidence for near field problems because of
the complexity of the flow processes involved in the formation of a blast wave (Luccioni, et al., 2006). As
CONWEP is based on empirical data, it should be applied to near-field problems with caution because the
code has likely not been validated by pressure readings from field experiments involving small scaled
ranges and charges of tens to hundreds of kg of TNT-equivalent explosive.
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2.6.2

Modeling detonations in AUTODYN

AUTODYN is an explicit analysis program designed for highly nonlinear dynamic problems. Alternate
solvers can be used to model different regions of a problem. These solvers include a Lagrangian solver,
used for solid continua and structures and the Eulerian solver for modeling gases, fluids and solids that
undergo large deformations. AUTODYN also has an efficient and fast single material high resolution
Euler Flux Corrected Transport processor for 2D and 3D blast problems. A feature of AUTODYN is its
remapping technique where the output of a high resolution initial detonation stage is remapped as initial
conditions for the subsequent calculation stage. This allows modeling of the detonation process with very
high grid resolution without increasing the computational demand. Similar to LS-DYNA, a large library
of material models with different Equations of State is available in AUTODYN to model a wide range of
blast problems (Fairlie, 1998).

2.6.3

Modeling detonations in Air3D

Air3D is a CFD Eulerian code that uses the balloon analog of Ritzel and Mathews (1997) to model
detonations. It is based on the Advection Upstream Splitting Method (Wada and Liou, 1997) and uses the
MUSCL-Hancock time integration method (Toro, 1997) to solve the Euler equations and provide a
solution that is second-order13 accurate in space and time. The input needed for the program is the mass,
initial energy and density of the explosive. Using this information and equation 2-7, Air3D models the
explosive as a balloon with high pressure and temperature. Applying this bursting sphere analog as
discussed in section 2.5.2, Air3D calculates the pressure histories at locations specified by the user. It
can model 1D (radial symmetry), 2D (cartesian coordinates) and 3D problems and has remapping
capabilities. The key advantages of modeling detonations in Air3D are that it requires limited input and is
user friendly. The disadvantages of the code are its inability to model blast-structure interaction and that it

13

The approximation to a solution is second order accurate if the term ∂t 2 in the Taylor series expansion of the
solution is correctly reproduced http://www.ipp.mpg.de/~rfs/comas/Helsinki/helsinki04/compphys/node5.html).
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should not be used to characterize overpressures in the immediate vicinity of the explosive: issues clearly
identified by the author of the code. Air3D models structures as rigid blocks that function as perfect
reflectors, which is a reasonable assumption in many instances (e.g., Ballantyne, et al., 2010).

2.7 Effect of Charge Shape and Orientation on Overpressure Distributions
Design manuals and guidelines such as UFC-3-340-02 (DoD, 2008) and the ASCE Blast Standard
(ASCE, forthcoming) compute incident and reflected overpressure histories as a function of the scaled
distance, Z (= R / W 0.33 ) , and the angle of incidence. They typically assume either a spherical free air
burst or hemispherical surface burst. The assumption of spherical or hemispherical charge shape is
consistent with a point source detonation and was the basis of early calculations of pressure histories from
blast loading (e.g., Brode, 1959). Experimental and numerical studies in recent years have explored the
influence of charge shape, charge orientation and the point of detonation within the charge on the
overpressure distributions. All have been shown to have a significant effect, especially in the near-field.
Blast waves generated from a cylindrical charge are very complex compared with a spherical charge and
multiple shocks are evident from the resulting pressure histories (Ismail and Murray, 1993). The complex
interaction of shock waves generated from a cylindrical charge is shown in Figure 2-4. Spherical waves
are generated in both radial and axial directions upon detonation of the cylindrical charge and are denoted
as primary waves in the figure. The waves emanating in the radial direction of the cylindrical charge are
denoted as primary side waves while those in the axial direction are denoted as primary end waves. As the
waves propagate they overlap resulting in “bridging” of the waves that distorts their spherical shape. The
bridging here represents the constructive interference between the primary waves resulting in the
formation of new reinforced wave denoted as the bridge wave in the figure. The resultant shock waves are
non-spherical with geometry that depends upon the orientation of the charge and the point of detonation
within the charge.
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Figure 2-4: Shock wave development due to detonation of a cylindrical charge (Reisler, 1972)

The peak overpressure and overpressure histories depend on the aspect ratio (L/D) of the cylinder where L
is length and D is diameter. Numerical studies validated with experimental results by Zimmerman et al.
(1999) and Wu et al. (2010) have shown that the aspect ratio governs the amount of energy directed in the
radial and axial directions. For larger aspect ratios, more energy is directed in the radial direction whereas
for smaller aspect ratios, more energy is directed in the axial direction. The differences increase with
increasing aspect ratio. The pressure distributions in the near field are affected by the shape of the charge,
the orientation of the charge, horizontal or vertical (Adamik, et al., 2004), and the point of detonation
within the charge.
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SECTION 3

MODELING THE EFFECTS OF DETONATIONS
3.1 Introduction
This chapter discusses finite element modeling of detonations with an emphasis on modeling tools
available in the finite element codes LS-DYNA (LSTC, 2007) and AUTODYN (Century Dynamics,
2009b), and the computational fluid dynamics (CFD) code Air3D (Rose, 2006). Section 3.2 introduces
Equations of State and their application to analysis of detonations. Sections 3.3, 3.4, 3.5 and 3.6 introduce
the theory and solution algorithms in LS-DYNA, AUTODYN and Air3D for modeling detonations. The
advantages and disadvantages of the solution algorithms (or formulations) for applications to detonation
problems are identified.
Each of these codes requires the user to select material properties and Equations of State (EOS) to solve
the following conservation equations (e.g., Baker, 1973; Aquelet and Souli, 2006)

Conservation of mass:

Conservation of momentum:

Conservation of energy:

∂ρ
K
K K
+ ρ div(u ) + (u − w).grad( ρ ) = 0
∂t

(3-1)

ρ

K
K
∂u
K
K K
+ grad(u ) ρ (u − w) = div(σ ) + b
∂t

(3-2)

ρ

∂E
K K
K K K
+ ρ (u − w).grad( E ) = σ .grad(u ) + b.u
∂t

(3-3)

where b, ρ , u, w, σ and E are the body forces, density, particle velocity, mesh velocity, stress, and specific

internal energy, respectively. (In these equations, “.” denotes an inner product that produces a scalar
quantity; the gradient [grad] of a vector field is a tensor field; the divergence [div] of a tensor field is a
vector field; and the double overbar implies a tensor.)
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An understanding of the analysis strategies in each code is important because their incorrect application to
a particular detonation problem could lead to significant errors. Section 3.7 presents a sample problem
that is used as the basis for comparing results of CFD analysis. Benchmark data from UFC-3-340, Design
of Structures to Resist the Effects of Accidental Explosions (DoD, 2008) are presented in section 3.8.

Sections 3.9, 3.10 and 3.11 present results of the analyses of the sample problem of section 3.7, using LSDYNA, Air3D, and AUTODYN, respectively. Mesh sensitivity studies are performed. Results obtained
in sections 3.8, 3.9, 3.10 and 3.11 are compared and discussed in section 3.12. The effects of clearing are
discussed in section 3.13.

3.2 Equations of State for Explosives and Air
The Rankine-Hugoniot equations represent equilibrium among the state variables across the detonation
front as discussed in Chapter 2. The Taylor wave shown in Figure 2-3 represents the isentropic14
expansion of the detonation product gases from the Chapman-Jouget (C-J) state. The Taylor wave cannot
be constructed from the C-J parameters alone. An Equation of State (EOS) or empirical data for the
expansion of gases is required for a solution. For detonation problems, the EOS is a thermodynamic
relation between the state variables of pressure p, density ρ and the specific internal energy E of the
material. The EOS must be specified together with the material properties of the explosive and the
surrounding air to model blast wave propagation through air.

3.2.1

Equation of State for air

Unlike nuclear explosions for which the air surrounding the explosive and detonation products is heated
to extremely high temperatures (of the order of 1,000,000 oK) (Glasstone and Dolan, 1977), chemical
explosions generally only heat the surrounding air to much lower temperatures (of the order of 3000 oK)
and hence the dissociation of O2 and N2 molecules in air does not occur. It is therefore customary in

14

In an isentropic process, the entropy of the system remains constant.
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numerical analyses to treat the air surrounding a chemical explosion as an ideal gas with a constant
specific heat ratio γ . The polytropic EOS is a generalized EOS with a linear variation in the specific
internal energy E and is given by (Woodruff, 1973).

(

p = C0 + C1μ + C2 μ 2 + C3 μ 3 + E C4 + C5 μ + C6 μ 2

)

(3-4)

where C0 , C1 , C2 , C3 , C4 , C5 , C6 are constants and μ = ρ / ρo − 1 , where ρ and ρ o are the current and
initial densities of air. The polytropic EOS can be used to represent an ideal gas EOS by setting
C0 = C1 = C2 =

C3 = C6 = 0 and C4 = C5 = γ − 1 . Substituting these values in equation 3-4, the EOS for

an ideal gas is:
p = ( γ - 1)

ρ
E
ρo

(3-5)

Note that the implementation of the polytropic EOS as an ideal gas EOS presented here is that used in LSDYNA. In AUTODYN, an ideal gas EOS can be specified directly using equation 3-5 and nominating the
values of E and γ .

3.2.2

Equations of State for explosives

A number of empirical EOS have been developed for high explosives, including BKW (BeckerKistiakowski-Wilson) (Mader, 1963, 1967), JCZ (Jacobs-Cowperthwaite-Zwisler) (Cowperthwaite and
Zwisler, 1972), LJD (Lennard-Jones-Devonshire) (Fickett, 1962) and JWL (Jones-Wilkin-Lee) (Kury,
et al., 1965). The use of each EOS is limited to the range of the experimental data from which it was
constructed (Zukas and Walters, 1998). It is therefore essential that an EOS be chosen carefully and
calibrated appropriately. Of the EOS identified above, JWL is the most popular and is easily calibrated.
Most explosives can be modeled using this EOS (e.g., Alia and Souli, 2006; Mader, 2007).
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3.2.2.1

BKW Equation of State

The Becker-Kistiakowski-Wilson EOS is similar to an ideal gas EOS ( p v =

T ) except that it has a

dominant imperfection term added to it that denotes its deviation from the ideal gas EOS. The BKW EOS
is (Zukas, 2004):

pv
= 1 + Xe βX
T
where X = b / v (T + θ )α , v is the specific volume, T is the temperature in oK, p is the pressure, and

(3-6)
is

the universal gas constant (= 8.314 J/oK-mol). The constants α (exponent), b (covolume) and θ
(temperature correction term) are adjusted to match the experimental data. The term Xe βX is the
imperfection term and has a value between 10 and 15 for most explosives (Zukas, 2004). It is to be noted
that the BKW EOS is used for explosives and not air, which explains the magnitude of the imperfection
term and the large deviation from the ideal gas EOS. The derivation of this EOS is presented by Mader
(2007) with a detailed discussion of its implementation in computer codes. The BKW EOS is convenient
in the sense that it can calculate the state of detonation products (C-J pressure, detonation velocity and
temperature) once the chemical composition of the explosive, density and heat of formation are known
but its use in hydrocodes can be computationally expensive (Hamashima, et al., 2003).
3.2.2.2

JWL Equation of State

The JWL equation is the pressure-volume relationship on the expansion isentrope (the Taylor wave in
Figure 2-3) and is given by
⎛
ω
p = A ⎜⎜ 1 R1V
⎝

⎞ - R1V
⎛
ω ⎞ - R2V
ω
+
E
+ B ⎜1 ⎟⎟ e
⎟ e
R2V ⎠
V
⎝
⎠

(3-7)

where p is the pressure, V is the relative volume, E is the specific internal energy and A, B, R1, R2, and ω
are constants obtained by calibration of test data. These parameters are determined from the detonation of
a cylinder of explosives confined by copper-like metal (Mader, 2007).The C-J pressure is a function of
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the kinetic energy and hence velocity of the expanding copper cylinder. The velocity of the expanding
copper is measured until the wall of the copper cylinder fractures. Its correlation with the C-J pressure is
then used to determine the constants. For a complete derivation of the JWL EOS, the reader is directed to
Zukas and Walters (1998) and Alia and Souli (2006), among others. A table of constants for the JWL
EOS for many explosives is available in the LLNL Explosives Handbook (Dobratz and Crawford, 1985).

3.3 Lagrangian Analysis
Most of the structural dynamics codes used nowadays perform Lagrangian analyses to develop a solution.
In a Lagrangian analysis, the material in an element remains in the element and does not flow in or out of
it. The numerical mesh deforms according to the material flow such that no material transport takes place
between two elements as shown in Figure 3-1. The coordinates x, velocities u, forces F, and masses m in a
mesh are associated with the corner nodes, while stresses σ , strains ε , pressures p, energies e and
densities ρ are centered within the cells (Birnbaum, et al., 1999). In a Lagrangian analysis, the mesh
velocity is equal to particle velocity (w = u) in the conservation equations 3-1 to 3-3. A schematic
representation of a calculation step in a Lagrangian analysis is shown in Figure 3-2.

Figure 3-1: Grid deformation in a Lagrangian analysis (Birnbaum, et al., 1999)

35

Figure 3-2: A typical computation step in a Lagrangian analysis (Century Dynamics, 2009a)

A distinguishing feature of a Lagrangian analysis is that free surfaces and material interfaces occur at cell
boundaries in the numerical mesh and remain so throughout the analysis. Fine details of material flow can
be tracked and time series of material properties (e.g., velocity and pressure) can be obtained easily as the
material remains in the original element. Lagrangian analysis is well suited for computing the response of
solids.
The main disadvantage of a Lagrangian analysis is that its use in problems involving large angular
distortions such as those shown in Figure 3-3 can lead to erroneous results or termination of an analysis.
As element size is one of the criteria for determining the timestep in an explicit analysis, very small
element sizes lead to very small timesteps. This can even lead to termination of the analyses if the
timestep drops below a specified minimum value. This problem can be overcome by a technique called
rezoning where the variables of a highly distorted mesh are conservatively remapped into an undistorted

mesh, repairing the mesh and allowing the analysis to continue. Such techniques are described by Zukas
(2004). As this process is manual, the user must determine where and when rezoning should be applied.
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Figure 3-3: A highly distorted mesh due to impact of a projectile (Birnbaum, et al., 1999)

Another shortcoming of Lagrangian analysis is the computational cost associated with the solutions of
contact and impact problems. Often complex logic is applied to detect void opening and closing, material
interactions and sliding contacts and these processes tend to use most of the CPU time (Zukas, 2004).
Given the two shortcomings of Lagrangian analyses described here, their applicability to blast problems
involving large mass flow and fluid-structure interaction is limited. However, Lagrangian solvers can be
used with Eulerian solvers or Arbitrary Lagrangian-Eulerian (ALE) solvers to analyze fluid-structure
interaction: see Section 3.4.

3.4 Eulerian Analysis
In contrast to a Lagrangian analysis where the mesh deforms as the material flows, an Eulerian analysis
involves material flow through a stationary mesh as shown in Figure 3-4. As the material moves from one
element to the other, the time series of material properties, material interfaces and free surfaces cannnot
be tracked as accurately as in a Lagrangian analysis. The material flow also necessitates the use of
advection15 algorithms in Eulerian solvers, thus making them more complex and more computationally

15

In fluid flow, the term ‘advection’ means transportation of fluid material
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expensive than Lagrangian solvers. An Eulerian solver is well suited for modeling the behavior of fluids
and gases, because the mesh remains fixed in space. In an Eulerian solver, all variables are cell centered
in a mesh, which facilitates coupling with other solvers required to address fluid-structure interaction
problems.

Figure 3-4: Material flow through a stationary grid in an Eulerian analysis (Birnbaum, et al., 1999)

Most Eulerian solvers use a control volume method to solve the governing conservative equations of
mass, momentum and energy. The mesh velocity is set to zero (w = 0) in equations 3-1 to 3-3. Eulerian
solvers tend to use a two-step procedure for every calculation timestep. The first step is a Lagrangian
computational step in which the mesh moves with the fluid thereby conserving mass. The mesh velocities
and displacements are calculated and nodal characteristics are updated. This process continues until the
mesh deformation is acceptable or the mesh is not too distorted, after which a rezoning step is performed
resulting in an undistorted mesh. Material is then advected from one element to another, which is
determined by the amount of mesh rezoning. At the end of each calculation timestep of an Eulerian
analysis, only the material moves from one location to another while the mesh remains stationary.
In some situations, such as the air and detonation product gases generated by an explosion, an element
can have more than one material in it at the same time. In such cases, multiple materials are handled by
Eulerian solvers by either using the volume fraction technique or the interface technique developed
originally by Youngs (1982). Consider a material interface that cuts through an Eulerian cell. The
interface is constructed by using the information on volume fractions in the neighboring cells and
performing a series of geometry-related tasks. These tasks include detection of line intersections, creation
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of a polygon containing one of the fluids, and determining its area and volume. A number of volumetracking methods have been developed. The simple linear interface calculation (SLIC), volume of fluid
(VOF) and piecewise linear interface calculation (PLIC) methods have been implemented in many finite
element and CFD codes. More information on these methods is available in Rider et al. (1998).

3.5 Arbitrary Lagrangian-Eulerian Analysis
Numerical modeling of detonations involves both fluid and structural dynamics; shock wave propagation
through the air being the fluid part, and interaction with a structure and its response being the structural
part. As seen in sections 3.3 and 3.4, Lagrangian and Eulerian solvers are suitable for modeling solid and
fluid behavior, respectively. In recent years, a new solver has been developed that combines the features
of Lagrangian and Eulerian solvers: the Arbitrary Lagrangian-Eulerian (ALE) solver. It is capable of
addressing both the structural and fluid dynamics aspects of a detonation problem. Unlike a purely
Eulerian solver, where the nodes are rezoned to their original location in a mesh, the ALE solver rezones
the nodes to an optimal position. An advection step is much more computationally expensive than a
Lagrangian calculation step and most of the time is spent in calculating the material to be transported
between elements. An optimum is sought by the rezoning algorithm of the ALE solver between the mesh
distortion and the computational expense needed for the material advection calculation (Kim and Shin,
2008). The ALE solver handles large distortions (a shortcoming of the Lagrangian solvers) but preserves
the ability to clearly identify interfaces (a shortcoming of the Eulerian solvers).

Figure 3-5: Optimal mesh rezoning using the ALE formulation (Birnbaum, et al., 1999)
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The ALE solver can behave more like a Lagrangian or an Eulerian solver during a computational step,
depending upon the user input and the physics of the problem. Different mesh rezoning and advection
algorithms are used by different codes. The advection algorithms track the material flow from one
element to the other and are usually stable, monotonic and conservative. Mass, momentum and energy are
advected in fluid elements. More information on the ALE mesh rezoning and advection algorithms
implemented in LS-DYNA can be obtained from Webster (2007) and the LS-DYNA Theory Manual
(LSTC, 2006).
Another feature of the ALE solver is that it can handle multiple materials in an element. In the vicinity of
the detonation of an explosive, an element can contain multiple materials such as air and the gaseous
products of the detonation. The multi-material ALE solver solves the same governing equations as that of
the single material ALE solver except that they are solved iteratively for each material group. However,
this increases the computational cost of an ALE calculation timestep as additional data is needed to
specify the presence of multiple materials in a single element that should be updated in the rezoning
algorithm.

3.6 Coupled Eulerian-Lagrangian Analysis
When a blast wave that is propagating through a medium such as air or water reaches a solid surface, it is
reflected, resulting in fluid-structure interaction and a transfer of energy from the wave to the surface. To
properly model this behavior, the solvers must be coupled to capture the fluid and structure responses. In
the coupling methods, mass, energy and momentum are transferred from the Eulerian grid to Lagrangian
grid and vice-versa, in the form of boundary conditions. In LS-DYNA, fluid-structure interaction (FSI) is
handled using an ALE solver for the fluid and a Lagrangian solver for the structure. The fluid mesh with
the ALE solver is termed the master mesh and the structure mesh with the Lagrangian solver is termed the
slave mesh. Two coupling algorithms are available in LS-DYNA: constrained-based and penalty-based.
These two algorithms are well established for applications to impact and blast problems. The constrainedbased algorithm modifies the velocities and/or accelerations of the solid element nodes and forces them to
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follow each other. This coupling method conserves mass and momentum but not energy (LSTC, 2006).
The more popular penalty–based algorithm tracks the relative motion between the nodes of the fluid
(ALE) and structure (Lagrangian) meshes and applies penalty forces that resist the penetration of the ALE
material through the Lagrangian mesh. If d is the relative displacement between a Lagrangian node and
the ALE material location, the coupling force:
F = -Kd

(3-8)

is applied where K is the spring constant that is based on the constitutive material properties of the model
(Webster, 2007). This force is applied to both the slave nodes and the master segment to satisfy
equilibrium. It is important to note that for fluid-structure interaction to take place, the structure
(Lagrangian) mesh should spatially overlap the fluid (ALE) mesh. Guidelines on coupling input
parameters, relative resolution between the ALE and Lagrangian meshes and other related issues can be
obtained from the LS-DYNA Keyword User’s Manual (LSTC, 2007).
Euler-Lagrange coupling is simpler to implement in AUTODYN than in LS-DYNA. Consider a structure
(Lagrangian) interface that “cuts” through a fixed fluid (Eulerian) mesh in an arbitrary manner. In
AUTODYN, the Eulerian cells intersected by the Lagrangian interface act as a pressure boundary for the
Lagrangian grid while the Lagrangian grid acts a geometric boundary on the material flow in the Eulerian
mesh. The Eulerian cells adjacent to the Lagrangian interface boundary may be partially covered by the
Lagrangian grid and their control volumes and face areas change continuously. In a large-displacement
problem, as the Lagrangian grid distorts, it might cover an Eulerian cell that was not covered initially.
Similarly a cell that was initially covered can become uncovered. As the Lagrangian mesh distorts and
some Eulerian cells are covered, their control volumes can become very small and disappear when fully
covered. AUTODYN tackles this problem dynamically by combining the small control volume of an
almost-covered cell to the control volume of the adjacent cell to form a single large control volume
(Century Dynamics, 2009a).
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3.7 Sample Problem
To demonstrate the different detonation modeling techniques available in LS-DYNA, AUTODYN, and
the CFD code Air3D, a sample problem involving a detonation of 1000 kg of TNT interacting with a rigid
element of finite width is analyzed with each of these codes. The problem consists of 3 parts: 1)
detonation of a spherical explosive and wave propagation through the explosive, 2) subsequent
propagation of the detonation wave through the air, and 3) interaction with a rigid column and the
propagation of the reflected wave along the height of the column. The problem geometry is presented in
Figure 3-6.
0.416 m

0.406 m

Rigid column

1000
1000kg
kgofofTNT
TNT
(spherical
charge)
(spherical
10 m

5m
Ground

3m
Figure 3-6: Detonation of a spherical TNT charge in free air with a rigid column at a standoff
distance of 3m
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For the 1000 kg of TNT-equivalent explosive and the stand-off distance of 3m, the scaled distance,
Z (= R / W 0.33 ) is 0.3. Although there is no consensus in the blast community on what constitutes a near-

field detonation, detonations involving scaled distances less than 0.5 m/kg0.33are near-field. After the
explosive is detonated, the shock wave propagates first through the explosive and then into the
surrounding air, which is initially at atmospheric pressure (101.3 kPa). The wave is reflected when it
strikes the face of the column. A normal (0o) reflection is shown in Figure 3-7. The incident pressure
waves are reinforced giving rise to peak reflected overpressures that can be an order of magnitude higher
than the peak incident overpressures.
Rigid reflecting surface

Figure 3-7: Reflection of pressure waves generated by a free-air blast at a rigid surface (Glasstone
and Dolan, 1977)

In this problem, the column is assumed to be rigid, resulting in a perfect reflection and instant
reinforcement of the incident wave. Although this assumption is reasonable in many cases, (e.g.
Ballantyne, et al., 2010) for a detonation of thousands of kilograms of an explosive, the peak reflected
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overpressures on a target located in the near-field can exceed the failure strength of most structural
materials. Such high pressures can deform or damage the target and lead to non-perfect reflections. In
such a scenario, correct material modeling of the target structure is necessary to obtain the correct
overpressure distributions on the target. Given that the only consequence of assuming a rigid target in
such situations is conservative estimates of peak reflected overpressure and reflected impulse, and that the
primary objective here is to analyze pressure distributions in the near-field and not structural response, the
column in Figure 3-6 is assumed to be rigid. The results of the analysis are presented in terms of reflected
overpressure histories at three monitoring points on the vertical centre-line of the front face of the rigid
column: near the middle (point A), quarter section (point B) and near the top boundary (point C). The
locations of the three monitoring points are shown in Figure 3-8.
Note that even though the ground is shown at the bottom of the column in Figure 3-6, it was modeled as a
transmitting surface in these numerical analyses since the objective was to monitor the reflected pressure
distributions along the height of the column due to reflection from the column alone. The inclusion of the
ground as a reflecting surface in the numerical models would have complicated interpretation of results.
The column can therefore be considered to be suspended in midair and the detonation problem
characterized as a free-air burst.
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0.203 m

C

10m
5m

4.5 m

B

2.5 m
Face of column
A
0.5 m
Left quarter face of column
Figure 3-8: Location of the monitoring points on the face of the column

3.8 UFC-3-340-02 Calculations
Before discussing the LS-DYNA, Air3D and AUTODYN numerical models of the detonation problem
introduced in section 3.7 and presenting key results, it is worthwhile to benchmark results against those
computed using the industry-standard procedures presented in UFC-3-340 (DoD, 2008). The values of
peak incident overpressure, peak incident impulse, arrival time, peak reflected overpressure and the
reflected impulse at the three monitoring points are used for this purpose. Note that the scaled distance,
angle of incidence and the standoff at the three monitoring points are different. The UFC-3-340 charts for
these blast-wave parameters are based on the empirical relations of Kingery and Bulmash (1984) and
were presented previously in Figures 1-1, 1-4 and 1-5.
Figure 1-1 is used for calculating the peak incident overpressure, peak incident impulse, peak reflected
overpressure and other blast-wave parameters at a point whose scaled distance, Z, is known. A straight
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line is drawn on the x-axis corresponding to the Z value. Wherever the straight line intersects a curve,
another straight line is drawn from the point of intersection to the y-axis. The corresponding value on the
y-axis is the value of the blast parameter at that point. Except for the incident and reflected overpressures,

all other blast-wave parameters need to be scaled, that is, the value of the blast parameter obtained from
the y-axis must be multiplied by W 0.33 , where W is the mass of the explosive.
Figure 1-1 can only be used for calculating reflected overpressures and reflected impulses at points that
experience normal reflection (0o). For points where the angle of incidence is greater than 0o, Figures 1-4
and 1-5 are used to calculate the reflected values. The values above each curve in the figures are the
incident overpressure. The reflected overpressure coefficient is obtained from Figure 1-4 for values of the
angle of incidence and the incident overpressure. The reflected overpressure is then obtained by
multiplying the reflected pressure coefficient by the incident overpressure. The values of blast-wave
parameters at the three monitoring points obtained using the charts in Figures 1-1, 1-4 and 1-5 are
presented in Table 3-1.
Table 3-1: Blast-wave parameters at the 3 monitoring points in Fig 3-7 calculated using UFC-3-340

Point A Point B Point C
Height (m)

0.50

2.50

4.50

Standoff distance, R (m)

3.04

3.91

5.41

Scaled distance, Z (= R / W 0.33 ) (m/kg0.33)

0.30

0.39

0.54

Angle of incidence (degrees)

9.46

39.8

56.3

Peak incident overpressure (MPa)

9.0

6.0

3.0

Cr (from Figure 3-10)

8.80

6.0

3.70

Peak reflected overpressure (MPa)

79.2

36.0

11.1

Incident impulse (MPa-msec)

1.70

1.50

1.70

Reflected impulse (MPa-msec)

32.0

14.0

5.40

Time of arrival (msec)

0.65

1.0

1.90
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3.9 LS-DYNA Modeling and Pressure Distributions
Different finite element (FE) models of the problem described in the section 3.7 were created and
analyzed using the general purpose non-linear finite element analysis code LS-DYNA. These FE models
used different modeling strategies. The following sections address the associated numerical modeling
issues and present the results from analyses performed with each model. Preprocessing of the FE models,
including mesh generation and application of boundary conditions, was performed using PATRAN (MSC
Software Corporation, 1999) and the preprocessor in ANSYS (ANSYS Academic Research, 2009).

3.9.1
3.9.1.1

Cuboid-shaped explosive
Modeling and analysis

A FE model of the sample problem was generated using cuboid-shaped meshes for the air domain and the
explosive. Although charge shape can have a significant effect on the overpressure distributions in the
near-field, this analysis was preliminary in nature and the generation of cuboid meshes for both the air
and explosive was much simpler than generating a spherical mesh for the explosive and a cuboid-shaped
mesh for the air. A one-to-one mapping of the mesh nodes at the explosive-to-air boundary was used. The
implications of choosing such a mesh configuration are discussed later. In LS-DYNA, different parts of a
FE model are defined by the ‘*PART’ keyword and each part can be assigned different materials,
Equation of States, and solution formulations. Three parts were defined in this FE model: air, explosive
and the rigid column. Eight-noded solid elements (HEX-8) were used for all parts. The 1-point multimaterial Arbitrary Lagrangian-Eulerian (ALE) solver (ELFORM = 11) that is available in LS-DYNA was
used for both the air and the explosive, while the default constant-stress solid formulation was used for
the column elements.
To reduce the size of the FE model, symmetry was applied in x, y and z directions and only 1/8 of the air
domain and explosive and 1/4 of the column were modeled. The FE model is presented in Figure 3-9. The
size of the FE model was 4m × 1.5m × 6m and it was assumed that the boundaries of the air domain were
sufficiently far removed so as to not affect the results of the analysis. No boundary conditions were
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applied at these boundaries (referred to as upper xy-, xz- and yz- planes henceforth). The default ‘off’
option was used for Euler boundary condition (EBC) under the ‘Control_ALE’ keyword. The ‘off’ option
allows unconstrained velocities at the Eulerian mesh boundaries. The consequences of not using
boundaries conditions at the upper planes of the air domain are discussed in the following section. The
use of symmetry requires applying boundary conditions to the lower xy-, xz- and yz- planes. The
translational degrees-of-freedom of all the nodes in these planes were constrained in their normal
directions. Three meshes with decreasing element size were analyzed and the details of each mesh
configuration are shown in Table 3-2. The mesh for the air domain was created such that the element size
increased gradually away from the explosive.

Figure 3-9: Symmetric FE model with cuboid-shaped meshes for air (red), explosive (blue) and the
rigid column (green); mesh configuration 1
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Table 3-2: Mesh configurations used in the LS-DYNA cuboid explosive model

Number of elements

Element size (mm)

Mesh configuration
Total

Explosive

Air

Column

Explosive

Air

1 (Coarse)

23,985

125

23,500

360

85

90-130

2 (Fine)

361,256

4,096

353,000

4,160

27

30-75

3 (Very fine)

504,000

10,000

474,000

20,000

17

43-58*

* Element aspect ratio was approximately varied from 1 to 2

The ‘high-explosive-burn’ material model available in LS-DYNA was used for the explosive along with
the JWL EOS presented in equation 3-5. The ‘BETA’ flag was set to the default ‘beta + programmed
burn’ option. This option calculates the burn fraction F using equations 3-10a, 3-10b and 3-10c and
multiplies it by the pressure calculated by the EOS, peos , to give the effective pressure in the explosive;
see equation 3-9. This option controls the release of chemical energy in the detonation (LSTC, 2007).
(Different hydrocodes apply alternate burn models like the LUND model (Mandell, et al., 1998) used in
the Lagrangian code FLAG (Burton, 1992, 1994).)
p = F peos

(3-9)

F = max( F1 , F2 )

F1

⎧
⎪
⎪
= ⎨
⎪
⎪⎩

2(t − tl )UAe max
3ve

1−V
1 − VCJ

where
U

=

t > tl

(3-10b)
t < tl

0

F2 = β =

(3-10a)

Detonation velocity
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(3-10c)

=

tl

Lightning or ignition time of an element (distance of the element from the initiation
point divided by the detonation velocity)

V

=

Relative volume

ve

=

Element volume

Aemax

=

Area of the largest side of an element

The air was modeled as an ideal gas using the ‘NULL’ material model and the ‘Linear Polynomial’ EOS
presented in equation 3-6. The air domain was initialized to atmospheric pressure by specifying the initial
energy of air in the ‘NULL’ material model (LSTC, 2007). The material constants and the EOS
parameters used in the analysis are listed in Tables 3-3 and 3-4. The initiation point was the center of the
explosive (the origin of the FE model) and was specified through the ‘*Initial_Detonation’ keyword.
The advection method used in the analyses was the 2nd order Van-Leer algorithm (LSTC, 2006) and is
preferred over the donor cell algorithm (1st order accurate) for blast problems for its higher order
accuracy. The advection method is selected under the ‘*Control_ALE’ keyword. The number of time

steps between advection cycles (NADV) was set equal to 1 as recommended in LS-DYNA Keyword
User’s Manual (LSTC, 2007). The value of NADV determines how frequently the advection calculations
are performed. The higher the value of NADV, the smaller the number of advection calculations
performed.
Table 3-3: Material model parameter values for explosive and air
High explosive burn material model for explosive

NULL material model for air

Parameter

Value

Parameter

Value

Density ( kg/m3)

1600

Density ( kg/m3)

1.225

CJ pressure (GPa)

21

CJ pressure (GPa)

0

Detonation velocity (m/s)

6730
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Table 3-4: JWL and ideal gas EOS parameter values for explosive and air
JWL EOS for explosive

Linear polynomial EOS for air

Parameter

Value

Parameter

Value

A (GPa)

373.8

C0

0

B (GPa)

3.747

C1

0

R1

4.15

C2

0

R2

0.90

C3 = C6

0

ω

0.35

C4 = C5

0.4

Eo (GPa)

7

Eo (GPa)

0.00025

The termination time for the analysis was determined by trial and error. It was found that a time of 4 msec
was sufficient to completely capture the overpressure histories at the three monitoring points. The initial
timestep for the analysis was set arbitrarily to 1 × 10−4 sec (0.1 msec). If the initial timestep is not
specified, LS-DYNA calculates the timestep on the basis of the smallest element size in the FE model. As
the analysis proceeds the timestep is calculated such that the stability criterion, also known as the Courant
condition, is satisfied (LSTC, 2006). To avoid numerical instabilities, the Courant condition restricts the
timestep, Δt , to a value calculated by equation 3-11a, where c is speed of sound and Δx is the
characteristic length of the element. The characteristic length is calculated using equation 3-11b where ve
is the volume of the element and Aemax is the area of the largest face of the element. The timestep is
calculated for each element using equations 3-11a and 3-11b. The minimum value of all these timesteps is
then multiplied by a safety factor, SF, to produce the timestep for the next calculation as presented in
equation 3-11c, where N is the number of elements. Although the safety factor has a default value of 0.9,
its value is generally reduced to 0.67 for analyses involving high explosives (LSTC, 2007).

Δt ≤
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Δx
c

(3-11a)

Δx =

ve
Ae max

Δt N +1 = SF * min(Δt1 , Δt 2 , Δt 3 ........Δt N )

(3-11b)

(3-11c)

Fluid-structure interaction is modeled in LS-DYNA using the ‘*CONSTRAINED_LAGRANGE_
IN_SOLID’ option. Using this option, the column mesh (the Lagrangian part) is specified as the slave and
the air mesh (ALE part) is the master. Note that the column mesh and the air mesh overlap and the
relative resolution of the meshes decides the value of the coupling points (NQUAD) between them. The
LS-DYNA Keyword User’s Manual (LSTC, 2007) recommends at least 2 or 3 coupling points (2 or 3
Lagrange nodes) per ALE element length. The mesh configurations were generated accordingly.
However, the results with this type of coupling were not promising as shown in section 3.9.1.1. From the
contour plots of pressure it was clear that leakage occurred, where leakage is defined here as noncomplete reflection of the pressure wave, that is, the coupling between the ALE and Lagrangian parts of
the model was not perfect. A different coupling approach was therefore used in the models with finer
meshes. A merged-nodes contact was defined between the column and air domains. The nodes at the aircolumn interface were merged. This type of contact is the most economical and efficient way of coupling
the air (fluid) and column (solid) meshes. The results obtained from both coupling methods are presented
in the following section.
3.9.1.2

Results and discussion

The reflected overpressure distributions at the 3 monitoring points are presented in Figures 3-10 to 3-12.
The pressure contours for the very fine mesh at a time of 0.6 msec are shown in Figure 3-13. There are
two important observations to be made from these overpressure distributions. First, the results of the LSDYNA analysis are highly mesh-dependent. The peak values of reflected overpressure for the very fine
mesh increased by a factor of 2 at points A and C compared with the fine mesh. Both analyses used the
merged-nodes contact between the air and the column. The variation in peak reflected overpressure at
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point B with mesh refinement is small. Second, the pressure contours of Figure 3-13 clearly show that
non-spherical pressure waves are generated by the cuboid explosive. The pressure wave is not uniform
and is rather concentrated along the principal axes (x and z directions) of the explosive: the incident
overpressures are higher at 0o and 90o than at 45o. The comparison between peak reflected overpressures
and reflected impulses at the three monitoring points obtained from the analysis and those calculated
using UFC-3-340 is presented in Table 3-5. It is clear from the overpressure histories that the
overpressure distributions were not affected by the absence of boundary conditions at the xz-, xy- and yzupper planes as no reflections were observed from these boundaries during the analysis runtime of 4
msec.
The coupling algorithm used for the analysis with the coarse mesh was not able to correctly model the
fluid-structure interaction because perfect coupling was not achieved between the ALE (fluid) and
Lagrangian (structure) meshes. The contour plots of pressure, not presented here, showed that a
percentage of the pressure wave passed through the column instead of being reflected. As a result, the
input parameters used in the ‘*CONSTRAINED_LAGRANGE_IN_SOLID’ keyword and the mesh
resolutions were reviewed for the purpose of improving the coupling. The second method used to
implement ALE-Lagrangian coupling, namely, merging the nodes at the air-column boundary, was a
better choice for coupling. The pressure contours showed that no part of the pressure wave passed through
the column indicating perfect coupling between the pressure waves. The air and column domains were
meshed with cuboid-shaped elements with common nodes at the interface. However, this is not always
possible as will be seen in section 3.9.3, and in such situations, the coupling algorithm is the only
available option for treating Eulerian-Lagrangian interaction.
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Figure 3-10: Reflected overpressure histories at point A
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Figure 3-11: Reflected overpressure histories at point B
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Figure 3-12: Reflected overpressure histories at point C

Figure 3-13: Isosurfaces of pressure showing a non-spherical distribution resulting from the
cuboid shape of the explosive.
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Table 3-5: Comparison between results of UFC-3-340 calculations and the cuboid explosive model
in DYNA with the very fine mesh

Monitoring location

Point A

Point B

Point C

3.9.2

Blast-wave parameter

LS-DYNA UFC-3-340

Peak reflected overpressure (MPa)

240.1

79.2

Reflected impulse (MPa -msec)

67.2

32.0

Time of arrival (msec)

0.80

0.65

Peak reflected overpressure (MPa)

18.5

36.0

Reflected impulse (MPa -msec)

8.47

14.0

Time of arrival (msec)

1.50

1.0

Peak reflected overpressure (MPa)

14.1

11.1

Reflected impulse (MPa -msec)

4.25

5.4

Time of arrival (msec)

2.10

1.90

Circular explosive with radial mesh

The results of the analysis of the cuboid explosive model showed that the shape of the explosive had a
significant effect on the overpressure distributions. A model consisting of a spherical explosive mesh was
generated to further study the effect of explosive geometry. The air domain was also spherical and is
shown in Figure 3.14a. A radial mesh was generated using PATRAN (MSC Software Corporation, 1999)
such that it became coarser further away from the origin. The nodes at the air-explosive boundary were
merged. A radial mesh is suitable for simulating the detonation of spherical explosive but creates
problems near the origin. The element aspect ratio increases substantially and tends to infinity as the mesh
collapses near the origin. This problem was tackled by beginning the mesh a small distance (1 mm) from
the origin as shown in Figure 3-14b. The resultant loss of explosive mass is negligible. However, this
solution does not solve the problem completely as the element aspect ratios near the origin are still great,
which can result in very small timesteps because LS-DYNA calculates the initial timestep on the basis of
the smallest element size. To check the computational efficiency of this model, a trial run was conducted
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with a coarse mesh of 54,000 elements. The rigid column was not modeled for this trial. The materials
and EOS used for the explosive and air and the boundary conditions were the same as those of the cuboid
explosive model.

a) Explosive (blue) and air (red) domains

b) Explosive mesh near the origin

Figure 3-14: Radial meshes for the spherical explosive and the air domains

The analysis runtime for this model was long. Another analysis was then performed with a fine mesh but
with the elements beyond y = 1m deleted. The modified model, shown in Figure 3-15, had approximately
65,000 elements.

Figure 3-15: Reduced FE model with fine mesh with elements deleted beyond y = 1m
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3.9.3
3.9.3.1

Circular explosive with mesh transition
Modeling and analysis

To reduce the computational cost of the FE model used in section 3.9.2, it was necessary to reduce the
aspect ratio of the elements near the origin. This was achieved by using rectangular elements near the
origin for the explosive and transitioning to a radial mesh within the explosive. Such a mesh configuration
was created using the preprocessor in ANSYS (ANSYS Academic Research, 2009) and then using the
element and node definitions in the LS-DYNA input file. The modified FE model is shown in Figure
3.16a with elements beyond y = 1m deleted to reduce the size of the model. In the modified FE model, the
use of a radial mesh for the air domain put a constraint on the type of coupling method that could be used
between the ALE-Lagrangian meshes. With a radial mesh for the air domain and cuboid elements for the
column, the nodes at the air-column boundary could not be merged. This necessitated the use of the
coupling algorithm (CONSTRAINED_LAGRANGE_IN_SOLID). Improved computational efficiency
and better accuracy was anticipated with this mesh as the explosive was now modeled with a large
number of elements with aspect ratios of approximately 1. The boundary conditions and material
properties in this model were the same as those used previously. Two mesh configurations were used, the
second being a refined version of the first. See Table 3-6 for details.

a) Explosive, column and air meshes

b) Transition from cuboid to radial mesh

Figure 3-16: Finite element models generated using ANSYS preprocessor
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Table 3-6: Mesh configurations for the modified spherical explosive FE model

Number of elements

Approximate element sizes (mm)

Mesh configuration
Total

Explosive

Air

Column

Explosive

Air

1 (Coarse)

104,236

32,000

70,796

1,440

10 to 18

31 to 103

2 (Fine)

521,426

171,500

329,962

20,000

8

251

1. Aspect ratios ranged from 1 to 3.

3.9.3.2

Results and discussion

The reflected overpressure distributions obtained at the three monitoring points for the modified spherical
explosive model are shown for both mesh configurations in Figures 3-17 to 3-19. There is a 25% to 30%
increase in the peak reflected overpressures at monitoring points A and B if the finer mesh is used. The
peak reflected overpressure at point C does not change. The critical blast wave parameters obtained from
the analysis and those calculated using UFC-3-340 are presented in Table 3-7. The peak reflected
overpressure at points B and C obtained from LS-DYNA are less than 50% of the UFC-3-340 values. The
contour plots of pressure showing the incident pressure wave (at t = 0.7 msec) and the reflected pressure
wave (at t = 1.6 msec) are shown in Figures 3-20 and 3-21, respectively. From Figure 3-21 it can be seen
that a part of the pressure wave passes through the column, especially in the upper half of the column,
which indicates incomplete reflection or leakage. Perfect coupling cannot be achieved when a radial mesh
is coupled with a rectangular mesh because there are always some elements at the boundary that are
partially within the column and partially outside in the air domain. By adjusting the coupling input
parameters in the ‘CONSTRAINED_LAGRANGE_IN_SOLID’ option and the relative mesh resolutions
of the air and column, the coupling can be improved to an acceptable level.
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Figure 3-17: Reflected overpressure histories at point A with mesh refinement
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Figure 3-18: Reflected overpressure histories at point B with mesh refinement

60

4

6,000

Coarse
Fine

Reflected overpressure (kPa)

5,000

4,000

3,000

2,000

1,000

0

0

0.5

1

1.5

2
Time (msec)

2.5

3

3.5

Figure 3-19: Reflected overpressure histories at point C with mesh refinement
Table 3-7: Comparison between results of UFC-3-340 calculations and modified spherical
explosive model in LS-DYNA

Monitoring location

Point A

Point B

Point C

Blast-wave parameter

LS-DYNA UFC-3-340

Peak reflected overpressure (MPa)

50.0

79.2

Reflected impulse (MPa -msec)

21.9

32.0

Time of arrival (msec)

0.70

0.65

Peak reflected overpressure (MPa)

15.5

36.0

Reflected impulse (MPa -msec)

8.63

14.0

Time of arrival (msec)

1.10

1.0

Peak reflected overpressure (MPa)

4.98

11.1

Reflected impulse (MPa -msec)

3.94

5.40

Time of arrival (msec)

1.80

1.90

61

4

Figure 3-20: Contour plot of pressure when the blast wave reaches the column (at t = 0.7 msec)

Figure 3-21: Contour plot of pressure as the reflected blast wave as it propagates along the height
of the column (at t = 1.6 msec)
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Based on the analyses presented in sections 3.9.1, 3.9.2 and 3.9.3, it can be concluded that the two most
important requirements for modeling the sample problem are 1) an ability to model a spherical explosive,
and 2) a robust coupling method. The cuboid explosive model had nodes merged at the air-column
boundary that provided excellent coupling between the ALE and Lagrangian meshes but the resulting
pressure waveforms were non-spherical. Conversely, the modified spherical explosive model did not
enable good coupling. There was a need to combine the best features of both FE models.

3.9.4

Initial_Volume_Fraction_Geometry option

3.9.4.1

Modeling and analysis

To have a one-to-one connection between the nodes at the air-explosive boundary, the shape of the
elements in the meshes of the explosive and air domains have to be similar: see sections 3.9.1 and 3.9.3. If
the shape of the explosive is cuboid, the shape of the air domain has to be cuboid or if the explosive is
spherical, the air domain has to be spherical. This section discusses a modeling technique that removes
this constraint. With this modeling technique, the shape of the air domain is independent of the shape of
the explosive. Moreover, perfect coupling can be achieved using a cuboid-shaped mesh for both the air
and the column and merging the nodes at the common boundary.
A new model was generated using PATRAN, consisting of two cuboid-shaped meshes: one for the air,
and

one

for

the

rigid

column.

The

explosive

was

initialized

using

the

option

‘INITIAL_VOLUME_FRACTION_GEOMETRY’, in which the explosive was specified to occupy
initially a certain volume or portion of the air mesh. A spherical explosive was defined by specifying its
origin and radius. Shapes other than a sphere (cylinder, box or a plane) can also be modeled using this
option. This method is powerful as it allows the user to model different shapes for the explosive without
changing the air mesh. In the FE models of sections 3.9.1, 3.9.2 and 3.9.3, if the shape or radius of the
explosive

was

changed,

new

meshes

had

to

be

generated.

However,

with

the

option

‘INITIAL_VOLUME_FRACTION_GEOMETRY’, only the radius or the shape has to be redefined.
Additionally, with this option, a cuboid-shaped mesh can be used for the air and the nodes can be merged
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at the air-column boundary, thereby providing perfect coupling. The resulting FE model is shown in
Figure 3-22.

Figure 3-22: Pressure contour plot at t = 0; the air is initialized to atmospheric pressure and the
explosive is modeled using the option ‘INITIAL_VOLUME_FRACTION_
GEOMETRY’

The material models, EOS and boundary conditions for the model shown in Figure 3-22 are the same as
those used in the prior FE models except for the addition of non-reflecting boundaries at the outer planes
of the air domain. The non-reflecting boundaries prevent reflections of shock waves back into the air
domain. In LS-DYNA, this is achieved by computing an impedance matching function for all the nonreflecting boundary segments assuming linear material behavior. Viscous normal and shear stresses are
applied to these boundary segments internally and are given by equations 3-11 and 3-12.

σ normal = - ρ cd unormal

(3-11)

σ shear = - ρ cs utan

(3-12)

where

ρ

= Material density

cd, cs

= Dilatational and shear wave speed of the transmitting media
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unormal ,utan

= Particle velocities in the normal and tangential directions

The analysis was run for 4 msec. A mesh sensitivity analysis was also performed. The mesh configuration
details are shown in Table 3-8 and the results are presented in the following section.
Table 3-8: Mesh details for the ‘INITIAL_VOLUME_FRACTION_GEOMETRY’ model

Number of elements
Mesh configuration

Approximate element sizes

Total

Air

Column

for air (mm)

71,680

70,240

1,440

48-971

2 (Fine)

147,000 143,850

3,150

39-841

3 (Very fine)

762,272 747,672

14,600

21-591

1 (Coarse)

1. Aspect ratio ranged from 1 to 2.

3.9.4.2

Results and discussion

The reflected overpressure distributions at the three monitoring points are shown in Figures 3-23 to 3-25.
As the mesh was refined, the peak reflected overpressures at points A and B increased monotonically. No
such trend was observed at point C. The peak reflected overpressure at point B increased gradually
whereas the increase was sudden at point A with the peak reflected overpressure rising sharply with the
2nd refinement. There are two plausible reasons for such a sudden increase: 1) the mesh refinements were
not uniform (the percent change in the element size was greater in the 2nd refinement); and 2) the peak
reflected overpressures at point A are more sensitive to changes in peak incident overpressures than at
points B and C because of the smaller scaled distance and the angle of incidence (almost normal
reflection). The values of the blast-wave parameters obtained from the FE analysis together with those
calculated using UFC-3-340 are presented in Table 3-9. The peak reflected overpressures, reflected
impulses and the times of arrival from LS-DYNA and UFC-3-340 are in good agreement. The reflected
impulses at points B and C obtained from the LS-DYNA analysis are slightly greater than those
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calculated using UFC-3-340. The introduction of the non-reflecting boundary conditions had no impact
on the results. Regardless, such boundary conditions were adopted for all subsequent analyses.
Table 3-9: Blast-wave parameters calculated using UFC-3-340 and the ‘INITIAL_VOLUME_
FRACTION _GEOMETRY’ model in LS-DYNA

Monitoring location

Point A

Point B

Point C

Blast-wave parameter

LS-DYNA UFC-3-340

Peak reflected overpressure (MPa)

78.1

79.2

Reflected impulse (MPa -msec)

28.1

32.0

Time of arrival (msec)

0.72

0.65

Peak reflected overpressure (MPa)

37.7

36.0

Reflected impulse (MPa -msec)

15.6

14.0

Time of arrival (msec)

1.05

1.0

Peak reflected overpressure (MPa)

9.41

11.1

Reflected impulse (MPa -msec)

6.18

5.40

Time of arrival (msec)

1.70

1.90

66

80,000

Coarse
Fine
Very fine

Reflected overpressure (kPa)

70,000
60,000
50,000
40,000
30,000
20,000
10,000
0

0

0.5

1

1.5

2
Time (msec)

2.5

3

3.5

4

Figure 3-23: Reflected overpressure histories at point A with mesh refinement
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Figure 3-24: Reflected overpressure histories at point B with mesh refinement
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Figure 3-25: Reflected overpressure histories at point C with mesh refinement
3.9.4.3

Variation in JWL EOS parameters and timesteps between advection cycles

Of all the finite element (FE) models considered so far in LS-DYNA, the model using the option
‘INITIAL_VOLUME_FRACTION_GEOMETRY’ provided the best results as judged by comparison
with those values calculated using UFC-3-340. In this section the effect of varying the values of the
constants used in the JWL EOS on the results is studied. The JWL EOS, presented by equation 3-7,
consists of a number of constants whose values are determined by the copper cylinder test described in
section 3.2.2.2. The values of these constants were changed to those reported in the LNLL Explosives
Handbook (Dobratz and Crawford, 1985) because this source is commonly cited in the literature. The
values of the updated JWL parameters are presented in Table 3-10 and differ from those presented in
Tables 3-3 and 3-4. The updated values are used in all subsequent analyses with LS-DYNA, Air3D
(density, energy and detonation velocity only) and AUTODYN.
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The radius of the spherical explosive was changed in the FE model as the density of the explosive
changed slightly. The material properties and the EOS for air were not changed. The overpressure
distributions with the altered JWL EOS parameters are shown in Figures 3-26 to 3-28 and a comparison
with UFC-3-340 values is enabled by Table 3-11. It is clear that minor changes in the JWL parameters do
not significantly affect the results except for the peak overpressures at point A (reduced by 23%) and at
point C (increased by 30%).

Table 3-10: LNLL JWL EOS parameters (Dobratz and Crawford, 1985)

JWL EOS parameter

Value

A (GPa)

371.2

B (GPa)

3.231

R1

4.15

R2

0.95

ω

0.30

Eo (GPa)

7.0

ρ (kg/m3)

1630

U (m/s)

6930
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Figure 3-26: Reflected overpressure histories at point A with updated JWL EOS parameters
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Figure 3-27: Reflected overpressure histories at point B with updated JWL parameters
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Figure 3-28: Reflected overpressure histories at point C with updated JWL parameters
Table 3-11: Blast wave parameters calculated using UFC-3-340 and the ‘INITIAL_VOLUME_
FRACTION_GEOMETRY’ model in LS-DYNA with updated JWL parameters

Monitoring location

Point A

Point B

Point C

Blast-wave parameter

LS-DYNA UFC-3-340

Peak reflected overpressure (MPa)

60.7

79.2

Reflected impulse (MPa -msec)

24.7

32.0

Time of arrival (msec)

0.81

0.65

Peak reflected overpressure (MPa)

38.4

36.0

Reflected impulse (MPa -msec)

15.6

14.0

Time of arrival (msec)

1.10

1.0

Peak reflected overpressure (MPa)

12.5

11.1

Reflected impulse (MPa -msec)

6.33

5.40

Time of arrival (msec)

1.77

1.90
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A parametric study was conducted to observe the effect of variation in timesteps between advection
cycles (NADV) under the ‘CONTROL_ALE’ keyword. The finest mesh configuration was used for these
analyses. The parameter NADV determines the amount of material advected between adjacent elements.
In finer meshes, using a small number of timesteps between advection cycles results in a higher peak
pressure than using a lower NADV. By decreasing the number of timesteps between advection cycles
(i.e., by increasing the advection calculations), a relatively large amount of material is advected through
the fine mesh in a given timestep. A greater number of advection calculations are required to properly
capture the amount of material transported from one element to another (Webster, 2007).
The number of timesteps between advections cycles was increased from 1 to 5 to 10. The results of the
analysis are shown in Figures 3-29 to 3-31. As NADV was increased from 1 to 5, the peak reflected
overpressure at point A increased by 10% but did not increase further when the number of advection
cycles was increased to 10. At point B, there was almost no change in the peak reflected overpressure or
the overpressure history with a change in advection cycles. At point C, the peak reflected overpressures
decreased gradually with increase in NADV. There was little change in overpressure history as NADV
was increased from 5 to 10. However, an irregular (and unexpected) pressure distribution was observed
with NADV = 10. These results do not show a definite dependence on NADV, which is contrary to the
observation of Webster (2007). The values of the blast-wave parameters are presented in Table 3-12.
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Figure 3-29: Effect of variation in NADV on the overpressure history at point A
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Figure 3-30: Effect of variation in NADV on the overpressure history at point B
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Figure 3-31: Effect of variation in NADV on the overpressure history at point C
Table 3-12: Results of UFC-3-340 calculations and the ‘INITIAL_VOL….’ model in LS-DYNA
with different values of NADV

LS-DYNA

Monitoring
location

Point A

Point B

Point C

NADV

Blast-wave parameter

UFC-3-340

1

5

10

Peak reflected overpressure (MPa)

60.7

66.4

66.0

79.2

Reflected impulse (MPa -msec)

24.7

25.5

24.1

32.0

Time of arrival (msec)

0.81

0.80

0.80

0.65

Peak reflected overpressure (MPa)

38.4

39.2

39.5

36.0

Reflected impulse (MPa -msec)

15.6

16.0

14.7

14.0

Time of arrival (msec)

1.10

1.10

1.11

1.0

Peak reflected overpressure (MPa)

12.5

11.4

11.1

11.1

Reflected impulse (MPa -msec)

6.33

6.44

4.77

5.4

Time of arrival (msec)

1.77

1.77

1.75

1.90
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3.10 Air3D Modeling and Pressure Distributions
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 3 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.

3.10.1 Modeling and analysis
As described in section 2.6.3, Air3D uses the balloon analog of (Ritzel and Mathews, 1997) and assumes
a constant γ for air. Air3D was used to model the problem described in section 3.7. The input needed for
the 1D section of the input file is initial mass (1000 kg), density (1630 kg/m3) and energy (4.3 J/kg)16 of
the explosive, the cell size for the 1D calculations and the radius for the 1D calculations (3m in the
problem). 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. For
modeling the detonation problem described in section 3.7, there is no need to execute of the radial (2D)
input because the output of the spherical (1D) calculations can be directly remapped to the 3D domain.
However, remapping to the radial (2D) domain is usually necessary for height-of-burst problems. As the
additional computational cost of remapping output from 1D to 2D to 3D was negligible, this sequence
was used.
In the 3D section of the input file, the origin of the remapping was the origin of the problem domain

16

Energy used in Air3D is the same as that used in the LS-DYNA analyses: 7 GPa = (4.3 J/kg) * ( 1630 kg/m3)
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(0, 0, 0). The size of the 3D domain was specified to be 4m × 1.5m × 6m . The symmetry conditions in the
3D domain were similar to those used in the LS-DYNA analyses. The lower x, y, and z boundaries of the
air domain were set to reflect to represent 3D symmetry whereas the upper x, y, and z boundaries were set
to transmit. The rigid column was specified through the ‘obstacle definition’. Obstacles are defined in
Air3D by declaring the cells to be either ‘true’ (air) or ‘false’ (solid). The types of obstacles that can be
defined in Air3D are cuboids, spheres, cylinders, and extruded triangles (wedges). A three-dimensional
array of logical variables is used by Air3D to determine if a cell is ‘unused’, that is, occupied by a solid,
or ‘used’ if occupied by air. The ‘unused’ cells act as reflecting boundaries and are not included in the
numerical flux calculations (Rose, 2006).
Three analyses were performed with mesh refinements (or cell-size reduction). The cell sizes used in
these analyses are given in Table 3-13. The Air3D User Guide (Rose, 2006) recommends a maximum cell
size based on scaled distance: the cell size should represent roughly a scaled radial distance of 1 m/kg0.33.
If the mass of the explosive is 1000 kg, the cell size should be no greater than 10 mm:
Maximum cell size = 1 × (1000)0.33 = 10 mm
The cell size could be reduced further in the spherical and radial calculations without a huge increase in
computational cost. However, the recommended cell size of 10 mm could not be achieved in the 3D
calculations due to computational constraints, but this cell size is needed only at small scaled ranges. At
large distances from the point of detonation, there is an increase in the wavelength of the shock wave and
the cell size required to produce accurate results increases accordingly. The reflected overpressure history
data is obtained at monitoring points on the face of the column by specifying their co-ordinates in the
Air3D input file.

76

Table 3-13: Cell sizes used in 1D, 2D and 3D Air3D calculations

Element size in the each section of the input file (mm)

Approximate number

Analysis

Spherical

Radial

Main

of cells

1 (Coarse)

2

10

40

570,000

2 (Fine)

1

5

20

4,500,000

3 (Very fine)

0.5

2

15

10,680,000

3.10.2 Results and discussion
The Air3D overpressure histories at the three monitoring points are presented in Figures 3-32 to 3-34.
Although the peak reflected overpressures increase moderately, there is no significant change in the
reflected overpressure histories with mesh refinement. The cell sizes used in the analyses are less than or
equal to the required cell size recommended by the Air3D User Guide (Rose, 2006). A comparison of the
Air3D and the UFC-3-340 calculations presented in Table 3-14 show that the peak overpressures are
much less than those of the UFC-3-340, especially at point B (by 44%). A similar trend is seen in the
reflected impulse. The Air3D arrival times differ slightly from those calculated using UFC-3-340.
An advantage of Air3D is its computational efficiency. Unlike LS-DYNA, the inbuilt parallel processing
capability in Air3D allows use of multiple processors resulting in lower runtimes, even for very high
resolution analyses.
Table 3-14: Comparison of Air3D results and UFC-3-340 calculations

Point A

Point B

Point C

Air3D UFC-3-340 Air3D UFC-3-340 Air3D UFC-3-340
Peak reflected overpressure (MPa)

65.2

79.2

25.4

36.0

7.13

11.1

Reflected impulse (MPa-msec)

23.4

32.0

9.24

14.0

3.41

5.40

Time of arrival (msec)

0.86

0.65

1.21

1.0

1.83

1.90
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Figure 3-32: Air3D reflected overpressure histories at point A as a function of cell size
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Figure 3-33: Air3D reflected overpressure histories at point B as a function of cell size
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Figure 3-34: Air3D reflected overpressure histories at point C as a function of cell size

3.11 AUTODYN Modeling and Pressure Distributions
Modeling detonations in AUTODYN is different than from LS-DYNA but similar to Air3D. AUTODYN
uses finite volume and finite element methods to solve the governing equations presented in equations 3-1
to 3-3. Similar to Air3D, AUTODYN remaps output from 1D/2D to 3D. The remapping feature allows
use of higher resolution grid in the analysis of the initial stages of the shock wave expansion. However,
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 3D domain that is generated separately. The analysis is the run until the
termination time. Although this process is very similar to that used in Air3D, the AUTODYN and Air3D
solution methodologies and capabilities differ. AUTODYN is a general purpose hydrocode used for a
wide variety of applications but Air3D addresses air-blast only.
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3.11.1 1D analysis
The input required in AUTODYN to model the problem described in section 3.7 is similar to that required
in LS-DYNA. The explosive was modeled using the JWL EOS and the air was modeled as an ideal gas.
Although AUTODYN has its own material library with default values for the various EOS parameters,
the values of the JWL EOS parameters listed in Table 3-10 were used for analysis. The air was modeled
as an ideal gas with an initial pressure of 101.3 kPa by specifying an initial energy of 2.068 × 105 mJ/mm3.
The initial temperature, density and adiabatic constant (specific heat ratio) γ were set to 288 oK (15 oC),
1.225 mg/cm3, and 1.4, respectively. The multi-material Eulerian solver was used for both the explosive
and the air. For the 1D analysis, a ‘wedge’ of length approximately equal to 3 m (2.990 m) was defined
with radial symmetry (AUTODYN-2D); see Figure 3-35. The wedge was filled with explosive and air.
The radius of the explosive was 0.527 m. The start point for the wedge was 5 mm from the origin to avoid
a zero thickness element at the origin. Although this correction reduced the volume of the explosive, the
percent reduction was negligible.
One dimensional analysis was performed until the blast wave reached the end of the 1D domain.
However, the analysis was interrupted when the explosive expanded to approximately 10 times its
original volume. At this stage the value of the compression ratio, μ presented in equation 3-13a is
approximately -0.99. AUTODYN uses the compression ratio to calculate the density of the detonation
products; see equation 3-13b. If the value of μ decreases below -0.99, the density of the detonation
products can become very small and lead to numerical difficulties.
μ=

ρ
−1
ρo

ρ = ρo (1 + μ )

(3-13a)

(3-13b)

Moreover, at large volumetric ratios, the first two terms of the JWL EOS (eq. 3-14) become negligible
and the EOS collapses to that of an ideal gas EOS, namely
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p =

⎛
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⎝
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ω ⎞ -R V
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ω
+ B ⎜1 +
E
⎟e
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R1V ⎠
R2V ⎠
V
⎝
1

2

(3-14)

Equating equation 3-14 with equation 3-7, γ = 1 + ω = 1 + 0.3 = 1.3 for large volumetric ratios. When the
compression ratio reached a value of -0.99, the JWL EOS was changed to an ideal gas EOS with γ = 1.3
and ρ = 1 × 10−4 gm/cm3 (Century Dynamics, 2005). The 1D analysis was then continued until the blast
wave reached the boundary at 3 m. The termination time for the 1D analysis was specified as 0.6 msec
and was determined by trial and error. The results of the 1D analysis were then stored in a ‘.fil’ file.

Figure 3-35: 1D wedge filled with TNT and air and modeled with multi-material Eulerian
formulation

To verify that changing the JWL EOS to the ideal gas EOS after the explosive had expanded to 10 times
its initial volume did not change the overpressure distribution, two trial 1D analyses were performed: one
in which the JWL EOS was changed to the ideal gas EOS and the other in which the JWL EOS was
retained. The incident overpressure histories at a standoff of 3.04 m were computed. It can be seen from
Figure 3-36 that the two methods provide almost identical overpressure histories.
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Before proceeding to the 3D analyses, a grid sensitivity analyses was performed in the 1D domain by
reducing the cell sizes and monitoring the peak overpressures at a radial distance of 3.04 m (distance to
point A). Three cell sizes were used: 1 mm, 0.5 mm, and 0.25 mm. The peak overpressure converged with
a cell size of 0.25 mm. The results of the 1D analysis with a cell size of 0.25 mm were remapped to the
3D domain. The overpressure histories for the three cell sizes and the pressure contour plot at the end of
the 1D analysis are shown in Figure 3-37 and Figure 3-38, respectively.
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Figure 3-36: Incident overpressure histories at a distance of 3.04 m with different EOS used for the
detonation products
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Figure 3-37: Incident overpressure histories at a distance of 3.04 m with different cell sizes

Figure 3-38: Contour plot of pressure at the end (t = 0.6 msec) of the 1D analysis
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3.11.2 3D analysis
For the 3D analysis, a 3D cuboid-shaped air domain was created in another AUTODYN file. Air was
modeled as an ideal gas. The air domain had dimensions of 4m × 0.6m × 6m . The range of the air domain
in the y-direction was reduced from that of the LS-DYNA and Air3D models so that finer meshes could
be used. This reduction in the y-range of the air-domain should not have any effect on the results if
appropriate boundary conditions are applied. Similar to LS-DYNA, symmetry in 3 directions was
considered and only 1/8 of the air domain and 1/4 of the column were modeled. AUTODYN has a fast
and efficient Euler Flux Corrected Transport (FCT) solver that was developed for blast applications
(Fairlie, 1998). AUTODYN also offers a multi-material Euler-Godunov solver that can be used for
solving fluid and gas dynamics problems but it is generally used for blast-wave modeling because it
computes lower peak overpressures and less accurate solutions than the Euler-FCT solver (see Borve, et
al., 2008 for details).
The output of the 1D analysis was transformed into the 3D domain and the start time of the 3D analysis
was set equal to the end time of the 1D analysis. The pressure contours at the beginning of the 3D
analysis are shown in Figure 3-39; the monitoring points are also shown. The output of 1D analysis
included multiple materials: air and explosion product gases. When the output was remapped to the single
material 3D Euler-FCT domain, the explosion gases had to be converted to air defined in the 3D domain.
As the column was to be defined as rigid, there were three ways of coupling the pressure wave and the
column. Similar to Air3D, ‘unused’ cells can be defined in AUTODYN, thereby eliminating the cells
occupied by the column geometry. In AUTODYN, Eulerian boundaries are set to reflect by default unless
a boundary condition is specified. Thus the ‘unused’ cells created reflecting boundaries at the column
surfaces for the air domain. Another method by which coupling can be achieved is to model the column
with a Lagrangian mesh as a rigid material, and define ‘Fully Coupled’ coupling, making the Lagrangian
mesh interact dynamically with the Eulerian mesh. The column could also be defined as a ‘Fill’ part and
‘RIGID’ coupling could be used that automatically defines rigid boundaries for the Eulerian mesh.
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Figure 3-39: Pressure contours just after the remapping of 1D output to the 3D air domain

The first method was used to define the rigid column (i.e., by defining ‘unused’ cells) for its simplicity
and efficiency. In AUTODYN, the cell grid is defined in I-J-K format. The ‘flow out’ boundary
conditions are applied at the upper I, J, K boundaries so that the pressure waves do not renter the air
domain due to reflection. It should be noted that ‘flow out’ or ‘transmit’ boundaries don’t transmit all the
waves and there can be some reflection back into the domain. These boundaries should not be assigned
close to the regions of interest.
Similar to the 1D analyses, the effect of grid refinement on the 3D analysis results was studied. Four grid
configurations were considered. Each time the 1D analysis results with 0.25 mm cell size were remapped
to the 3D grid and the analysis was run until the termination time of 4 msec. In the initial analyses, the
default timestep in the analyses was used. The analysis results with the default timestep showed that
instead of a single peak overpressure at monitoring point A, two peaks were observed, clearly indicating
the possibility of numerical errors in the analyses. AUTODYN uses the Courant condition and two other
stability criteria to determine the timesteps of an analysis. Even though the calculated timestep guarantees
stability of the solution, it does not guarantee accuracy. To improve the accuracy, smaller timesteps
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should be considered. Moreover, if the grid size is reduced, the timestep must also be reduced. The
timesteps required for the grid configurations were determined by trial-and-error and are presented in
Table 3-15.
Table 3-15: Grid details for the AUTODYN analyses

1.

Grid

Total number of

Approximate cell size

Timestep required to maintain

configuration

cells

(mm)

accuracy1 (msec)

1 (Coarse)

115,200

50

7.5 × 10 −4

2 (Fine)

571,200

30

1 × 10−4

3 (Very fine)

1,490,400

20

5 × 10 −5

4 (Finest)

2,954,880

15

2.5 × 10 −5

Accuracy is defined here by the disappearance of the second peak in the overpressure distributions.

3.11.3 Results and discussion
The overpressure histories at the three monitoring points obtained from AUTODYN are presented in
Figures 3-40 to 3-42. As the cell size is reduced from 50 mm (coarse) to 20 mm (very fine) the peak
reflected overpressures at points A and B increased by 19% and 12%, respectively. The peak reflected
overpressure at point C decreased by 15%. A comparison of peak reflected overpressures obtained from
AUTODYN with the results from UFC-3-340 that are presented in Table 3-16 shows that the
AUTODYN-computed values are significantly less. The arrival times of the blast waves are similar to
those calculated using UFC-3-340 except at point C where the blast wave arrived earlier in the
AUTODYN analysis.
The analysis for the finest grid was not run for the complete problem time of 4 msec. The peak reflected
overpressures at points A and B did not increase significantly from those obtained using the coarser grids.
The analysis was terminated at about 1.1 msec and results are not presented here.
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Figure 3-40: Reflected overpressure histories at point A with mesh refinement
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Figure 3-41: Reflected overpressure histories at point B with mesh refinement
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Figure 3-42: Reflected overpressure histories at point C with mesh refinement
Table 3-16: Comparison of blast-wave parameters obtained from AUTODYN and UFC-3-340
calculations

Monitoring location

Point A

Point B

Point C

Blast-wave parameter

AUTODYN UFC-3-340

Peak reflected overpressure (MPa)

46.8

79.2

Reflected impulse (MPa -msec)

20.5

32.0

Time of arrival (msec)

0.70

0.65

Peak reflected overpressure (MPa)

26.8

36.0

Reflected impulse (MPa -msec)

8.43

14.0

Time of arrival (msec)

0.95

1.0

Peak reflected overpressure (MPa)

8.33

11.1

Reflected impulse (MPa -msec)

3.73

5.40

Time of arrival (msec)

1.61

1.90
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The process of propagation of the spherical detonation wave in air, its reflection from the column and the
subsequent propagation of the reflected wave along the height of the column can be seen in the contour
plots of Figure 3-43. The rigid column and the location of the three monitoring points are shown in the
figure. The 3D analysis began at t = 0.6 msec when the spherical detonation wave front was still
propagating through the air, immediately before striking the column. At t = 0.6 msec, the shock front
pressure is much smaller (9 to 13 MPa) than the pressures near the point of initial detonation (40 to 44
MPa), which was of the order of 18 GPa (see section 3.11.4) as the reaction front was advancing through
the explosive. In panel b), the shock wave has struck the wall and is reflected, increasing the pressures in
that region to about 37 MPa. In the following four panels, the reflected wave propagates up the height of
the column. At t = 1 msec the pressure wave has reached the 2nd monitoring point (B).
The shape of the reflected wave is worthy of note. As shown in Figure 3-7, upon reflection from a rigid
surface, the reflected wave retains its hemispherical shape. In the contour plots presented in Figure 3-43,
the shape of the reflected wave is not hemispherical but rather that of a flattened curve.
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a) t = 0.6 msec

b) t = 0.68 msec

c) t = 0.76 msec

d) t = 0.84 msec

e) t = 0.92 msec
f) t = 1.0 msec
Figure 3-43: Contour plots of pressure showing the reflection and propagation of the shock wave
along the height of the column
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3.11.4 Afterburning
3.11.4.1 Modeling and analysis

The temperatures in the AUTODYN analyses were monitored to consider the possibility of afterburning
in the problem described in section 3.7. The temperatures reached as high as 18,000 oK at the shock front
during the initial expansion. However, it is important to note that most of the afterburning occurs at lower
pressures than the detonation pressure (18 GPa) (Donahue, 2009) and so the temperatures must be
computed after the initial stages of the expansion. Therefore temperature at the shock front was monitored
just before it struck the column and was found to be approximately 4000 oK. This temperature is higher
than that required for the afterburning reactions to occur given sufficient amount of oxygen; see Table 21. Donahue (2009) and Ripley et al. (2009) note that as the shock waves reflect from a rigid surface (a
column in this case), the shape of the fireball is distorted, reheating the detonation products and
promoting their mixing with the surrounding air. Favorable conditions are therefore created for
afterburning near the surface of the column. The temperature histories at the three monitoring points are
shown in Figure 3-44 and indicate that the peak temperatures are well above the temperatures required for
the combustion reactions to take place.
Given that afterburning should occur, AUTODYN was used to model the afterburn energy. The additional
energy to be released due to afterburning and the duration of the release can be specified in AUTODYN
in the JWL EOS definition. However, in the AUTODYN 1D model discussed in section 3.11.1, the JWL
EOS was replaced with an ideal gas EOS after the explosive had expanded to approximately 10 times its
initial volume. This modeling methodology therefore restricts the addition of afterburn energy release to
the initial stages of the detonation-product expansion where the afterburn process does not occur in
practice. The detonation products and air were modeled using an ideal gas EOS in the 3D model and the
effect of afterburning on the reflection of the pressure wave at the surface of the column could not be
modeled using this method. The only strategy to model afterburning was to replace the single material
Euler-FCT solver with the multi-material Euler-Godunov solver.
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Figure 3-44: Temperature histories at the three monitoring points obtained using AUTODYN

It was necessary to retain the JWL EOS throughout the 1D and 3D analyses to model afterburning with
the Euler-Godunov solver. The numerical model used in section 3.11.2 was used for this analysis with the
solver changed from Euler-FCT to Euler-Godunov. The JWL EOS was retained and the additional energy
due to afterburning was specified. The coarse mesh in Table 3-15 was adopted for the analysis. With the
Euler-FCT solver, the analysis with the coarse mesh produced lower peak overpressures than the analyses
using the finer meshes. Assuming a similar trend with the Euler-Godunov solver, a coarse mesh was
chosen to minimize the computational effort but understanding that the peak reflected overpressures
would be underestimated. Four analyses were performed with varying amounts of afterburn energy
release: 0%, 25%, 50%, and 100% of the detonation energy. (Fifty percent afterburn is afterburn energy
equal to 50% of the initial explosive energy.) The afterburn energy was released from a problem time of
0.3 msec to 3 msec. This release time was chosen keeping in mind that most of the afterburn occurs after
the initial stages of expansion of the detonation products and that the positive phase durations of the
reflected pressure waves were within this interval.
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3.11.4.2 Results and discussion

The overpressure histories at the three monitoring points are summarized in Table 3-17 and presented in
Figures 3-45 to 3-47. It is evident from the overpressure histories that the addition of afterburn energy has
little effect on the peak reflected overpressures except at point C where the peak reflected overpressure
increased by 26% with addition of afterburn energy equal to 100% of the detonation energy. However,
there is a significant increase in the reflected impulses at the three points with increasing afterburn energy
with a 46% increase at point C. From the last column in Table 3-17, it is clear that the percentage
increase in peak reflected overpressures and reflected impulse are greater at Point C than at Point A. This
observation can be explained on the basis of the varying amount of afterburn energy added to the incident
pressure wave before it reaches each of the three points. In the JWL EOS (eq. 3-7) the last term dominates
at large volumetric ratios, where the incident overpressure becomes directly proportional to the internal
energy E. The additional afterburn energy (ΔE ) is added uniformly during the release interval (0.3 to 3
msec). The incident pressure wave reaches point A at 0.7 msec and point C at 1.7 msec. More energy is
added to the incident wave before it reaches point C than at point A. Therefore, the percentage change in
the incident overpressure due to the addition of afterburn energy at point C is more than that at point A. A
higher peak incident overpressure results in a higher peak reflected overpressure. Greater differences are
seen in the peak reflected overpressures and reflected impulses at point C with the addition of afterburn
energy than at the other two monitoring points.
Each of the overpressure histories presented in Figures 3-45 and 3-46 includes a hump after the peak
reflected overpressure is reached. Similar humps were observed in the analyses with the Euler-FCT
solver. These humps are timestep related and disappeared when the timestep was reduced to the values
presented in Table 3-15. However, with the Euler-Godunov solver, these humps did not disappear with a
reduction in the timestep.
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Table 3-17: Results of analyses with varying afterburn energies

Afterburn energy as a % of the

from 0%

detonation energy

Monitoring

Blast-wave parameter

point

% increase
afterburn to
100%

0

25

50

100

Peak reflected overpressure (MPa)

32.2

32.6

33.1

33.9

5

Reflected impulse (MPa-msec)

18.2

19.0

19.8

21.2

16

Peak reflected overpressure (MPa)

16.9

17.3

17.8

18.6

10

Reflected impulse (MPa-msec)

7.95

8.47

8.95

9.84

24

Peak reflected overpressure (MPa)

5.55

5.91

6.27

7.0

26

Reflected impulse (MPa-msec)

3.30

3.68

4.04

4.83
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Figure 3-45: Effect of addition of afterburn energy on the overpressure history at point A
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Figure 3-46: Effect of addition of afterburn energy on the overpressure history at point B
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Figure 3-47: Effect of addition of afterburn energy on the overpressure history at point C
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3.11.4.3 Comparison of Euler-FCT and Euler Godunov analysis results

A comparison of the Euler-FCT and Euler-Godunov analyses with the coarse mesh are presented in
Figures 3-48 to 3-50. The Euler-Godunov results presented here do not include afterburning. The EulerGodunov solver predicted much lower peak reflected overpressures than the Euler-FCT solver for the
same mesh (see Section 3.11.2). The analysis runtimes were longer with the Euler-Godunov solver.
However, the Euler-Godunov solver can accommodate multiple materials in a single element (e.g., air and
detonation product gases) and TNT can be modeled with the JWL EOS in both the 1D and 3D analysis.
Afterburning can be modeled only if the JWL EOS is retained for the entire analysis. Thus, even though
the FCT solver is more efficient, its inability to model afterburning may curb its utility.
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Figure 3-48: Overpressure histories at Point A obtained using the two Euler solvers
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Figure 3-49: Overpressure histories at Point B obtained using the two Euler solvers
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Figure 3-50: Overpressure histories at Point C obtained using the two Euler solvers
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3.12 Comparison of Analysis Results Obtained Using LS-DYNA, Air3D,
AUTODYN and UFC-3-340
The detonation problem described in section 3.7 was modeled with three codes: LS-DYNA, Air3D and
AUTODYN. Results were presented in sections 3.8, 3.9 and 3.10 in the form of reflected overpressure
histories at the three monitoring points on the face of the column. The most robust solution for each FE
code is presented in Figures 3-51 to 3-53. The LS-DYNA results are for the analysis that used the
‘*INITIAL_VOLUME_FRACTION_GEOMETRY’ option. The Euler-FCT solver was used for the
AUTDOYN analyses and therefore afterburning was not considered.
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Figure 3-51: Reflected overpressure histories at point A obtained by numerical analyses
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Figure 3-52: Reflected overpressure histories at point B obtained by numerical analyses
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Figure 3-53: Reflected overpressure histories at point C obtained by numerical analyses
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There is significant variation in the peak reflected overpressures, the overpressure histories and the arrival
times at the three monitoring points. Although Air3D produced greater peak reflected overpressure at
point A, the peak reflected overpressures at points B and C were lower than those obtained from LSDYNA and AUTODYN. The peak reflected overpressures at points B and C from Air3D and AUTODYN
are similar, whereas those obtained from LS-DYNA are significantly higher. A similar trend is seen with
reflected impulses. The data presented in Tables 3-18 to 3-20 enables a comparison of the FE results with
those of UFC-3-340; clearing was not addressed in the UFC calculations. The UFC tends to predict
greater values of peak reflected overpressure and reflected impulse than the FE/CFD codes.
Table 3-18: Blast-wave parameters at point A from numerical analyses and UFC-3-340

Air3D LS-DYNA AUTODYN UFC-3-340
Peak incident overpressure (MPa)

6.57

7.81

9.19

9.0

Peak reflected overpressure (MPa)

65.2

60.8

46.8

79.2

Time of arrival (msec)

0.86

0.80

0.70

0.65

Incident impulse (MPa-msec)

1.11

1.22

1.56

1.70

Reflected impulse (MPa-msec)

23.4

25.1

20.5

32.0

Table 3-19: Blast-wave parameters at point B from numerical analyses and UFC-3-340

Air3D LS-DYNA AUTODYN UFC-3-340
Peak incident overpressure (MPa)

5.20

5.66

6.24

6.0

Peak reflected overpressure (MPa)

25.4

38.4

26.8

36.0

Time of arrival (msec)

1.21

1.10

0.95

1.0

Incident impulse (MPa-msec)

1.12

1.31

1.62

1.50

Reflected impulse (MPa-msec)

9.24

15.6

8.43

14.0
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Table 3-20: Blast-wave parameters at point C from numerical analyses and UFC-3-340

Air3D LS-DYNA AUTODYN UFC-3-340
Peak incident overpressure (MPa)

3.53

3.51

3.52

3.0

Peak reflected overpressure (MPa)

7.13

12.5

8.33

11.1

Time of arrival (msec)

1.83

1.77

1.61

1.90

Incident impulse (MPa-msec)

1.37

1.26

1.92

1.70

Reflected impulse (MPa-msec)

3.41

6.33

3.73

5.40

One of the reasons for the differences in the pressures and impulses is likely the solution methodologies
used in the three codes. Air3D has been known to predict the overpressures incorrectly in the near-field
(e.g., Anderson, et al., 2002). The balloon analog on which Air3D is based gives good results in the mid
and far-field but is not intended to model the physics of the complex near-field flows as described by its
developers.
The LS-DYNA results are very mesh dependent. The peak reflected overpressures and the overpressure
histories at the monitoring points changed slightly with variations in the JWL EOS parameters and
timesteps between advection cycles (NADV). The coupling algorithm of LS-DYNA was unable to
properly simulate the fluid-structure interaction between the blast-wave and the column. Unlike the
results of the AUTODYN and Air3D analysis, an irregular overpressure distribution was observed at the
3rd monitoring point in the LS-DYNA analysis.
Table 3-21 summarizes analysis results at a point of normal reflection on the column. Data from
CONWEP (Hyde, 1988) are also provided. Normal reflection will occur at the centre of the front face of
the column. CONWEP provides similar values of peak reflected overpressures and reflected impulses to
those obtained from UFC-3-340, which is an expected result because CONWEP uses the same empirical
relationships (Kingery and Bulmash, 1984) used to derive the charts in UFC-3-340.
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Table 3-21: Comparison of blast-wave parameters at a point of normal reflection (centre of the face
of the column)

CONWEP Air3D LS-DYNA AUTODYN UFC-3-340
Peak incident overpressure (MPa)

8.80

6.65

7.81

9.20

9.0

Peak reflected overpressure (MPa)

81.5

69.7

74.6

48.2

82.0

Time of arrival (msec)

0.70

0.85

0.90

0.79

0.70

Incident impulse (MPa-msec)

1.50

1.12

1.22

1.48

1.60

Reflected impulse (MPa-msec)

31.0

24.6

35.8

21.4

31.0

An issue that warrants discussion here is the application of the ideal gas EOS that assumes a constant ratio
of specific heat, γ , given that the temperatures in the region are very high. In the numerical models, it
was assumed that the temperatures generated by the explosion were sufficiently low so that the ideal gas
law would be appropriate to represent the behavior of ambient air. This assumption was violated because
the computed temperatures were in the range of 4000 oK to 18,000 oK. Molecules of Oxygen and
Nitrogen in the air start to dissociate when the temperatures reach 2500 oK and 4000 oK, respectively, and
the air becomes reactive (Anderson and Anderson, 2002). At higher temperatures, γ is not constant. As
the temperature and pressure increases, the value of γ decreases from the value of 1.4 at 293 oK to 1 at
very high temperatures. Decreasing the value of γ has the effect of increasing the reflected overpressure
for a given incident overpressure (Courant and Friedrichs, 1948). Not considering the variation of γ in
the numerical analyses likely results in an under-prediction of the reflected overpressures at the three
monitoring locations. However, the percentage reduction could not be estimated from the available data
and further study of this topic is warranted.
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3.13 Clearing Effects
One observation that can be made from analysis of the data in Tables 3-18 to 3-20 is that the computer
codes, with the exception of LS-DYNA, produced much lower reflected impulses than those calculated
from UFC-3-340. One likely reason is that the UFC-3-340 charts assume a reflecting surface of infinite
size whereas the reflecting surface in the numerical analyses was of finite width; clearing could have
reduced the reflected impulse in the numerical analyses.
Texts by Norris et al. (1959), Baker (1973) and Smith and Hetherington (1994), among others, discuss
clearing. Clearing occurs when a shock front encounters an obstacle of finite size and diffracts around it.
At the instant of diffraction, adjacent regions of high pressure (reflected overpressures at the point of
reflection) and low pressure (side-on overpressures of the incident shock wave) are created; see Figure 354. A rarefaction wave, which propagates from the low pressure region at the side of the obstacle to the
high pressure region on its front face, reduces (clears) the reflected overpressure to the stagnation
pressure.

Figure 3-54: Shock front interaction with a structure of finite dimensions (Norris, et al., 1959)
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Ballantyne et al. (2010) have shown that clearing can significantly reduce the reflected impulse on the
front face of a structure of finite width. To verify the effect of clearing on the reduction of the reflected
impulse in the present study, an analysis was performed using AUTODYN with the coarse grid described
in Table 3-15. A 3D air domain was modeled in AUTODYN with dimensions 3m × 4m × 7m and a
reflecting boundary condition was applied at the upper yz-plane so that it represented a reflecting surface
of a size that could be considered infinite: sufficiently large for clearing to have no effect on the reflected
impulse values at the monitoring location. The analysis procedure was identical to that followed in
sections 3.11.1 and 3.11.2. A total of six gauges were added at the same heights as those of the points A,
B and C, separated by a distance of 97 mm, across the half-width of the front face of the column: A1, A2,
B1, B2, C1, and C2. The values of the reflected overpressure and impulse with and without clearing at the
9 monitoring gauges are presented in Table 3-22 for the detonation of 1000 kg of TNT at a standoff
distance of 3 m from point A (see Figure 3-8). The data that includes clearing is reproduced from the
analysis results of section 3.11.3 with the addition of data from the additional monitoring points.
Table 3-22: Effect of clearing on peak reflected overpressure and reflected impulse

Monitoring

Peak reflected
overpressure (MPa)

Reflected impulse
(MPa-msec)

Percent reduction due to
clearing

location

Clearing
included

Clearing
ignored

Clearing
included

Clearing
ignored

Reflected
overpressure

Reflected
impulse

Point A

39.4

47.1

20

25.5

16

22

Point A1

39.1

47.1

20

25.5

17

22

Point A2

37.8

47

18.8

25.4

20

26

Point B

23.9

25

8.48

12.2

4

30

Point B1

23.3

25

8.45

12.2

7

31

Point B2

19.1

25

7.75

12.2

24

36

Point C

9.54

10.4

3.79

5.51

8

31

Point C1

9.6

10.4

3.82

5.51

8

31

Point C2

9.26

10.3

3.62

5.51

10

34
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From analysis of the data in the table, it is clear that both the reflected impulse and the peak reflected
overpressure are affected by clearing at the monitoring points. Significant reductions in the reflected
impulse are seen at all 9 monitoring locations, with the greatest percent reductions at a given height
occurring at the monitoring locations closest to the flange outstand (i.e., A2, B2, and C2). The reductions
in overpressures on the front face of the column range from small to moderate. Although the reductions in
reflected impulse were anticipated, the reductions in peak reflected overpressure were not because the rise
time from ambient to peak reflected overpressure has traditionally been assumed to be zero (see Figure 14, taken from UFC-3-340). The reflected overpressure histories presented previously in this chapter show
a finite rise time to the peak values. A plausible explanation for the reductions in overpressures is that the
rarefaction wave, which propagates at the speed of sound in the higher pressure region, reduces the
overpressure before the peak value is reached. The speed of sound at point A was calculated using
equation 3-15 (Anderson and Anderson, 2002), where c is the speed of sound in air,

is the universal gas

constant, T is temperature and M is the molecular weight of air.

c=

γ

T
M

(3-15)

From Figure 3-44, the temperature at point A at the instant when the blast wave reflects from the column
was approximately 11,000 oK. Substituting the values of γ (= 1.4),

(= 8.314 J/oK-mol), M (29) and

T (= 11000 oK), the speed of sound at point A is approximately 2100 m/s (Mach 6)17. The time required

by the rarefaction wave to travel across the half-width of the front face of the column is equal to 203/2100
= 0.1 msec, if the sound speed remains constant, which is a reasonable assumption for the purpose of this
analysis.
The overpressure histories at points A2, A1 and A, with and without clearing, are presented in Figures 355, 3-56 and 3-57, respectively. The overpressure histories are shown only for the time interval between

17

Multiples of sound speed are generally denoted as Mach. Mach 2 means the speed is equal to twice the speed of
sound.
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the arrival of the shock wave and a time shortly after the peak overpressure has been reached. The
purpose here is to enable greater resolution of the overpressure profile near its peak. In each of these
figures, the two pressure profiles deviate at some time after the arrival time, but before the peak
overpressure is reached. The deviation occurs at different instants in time for the 3 points: t = 0.65 for A2,
t = 0.67 for A1, and t = 0.68 for A. This deviation is attributed to the propagation of the rarefaction wave

across the half-width of the column. The propagation of the rarefaction wave from the side of the column
to the centre of the front face starts at the arrival time of the shock front (t = 0.6 msec). The rarefaction
wave reaches point A2, which is closest to the edge of the front face, at t = 0.65. In Figure 3-55, the
overpressure history starts to deviate from that of the column of infinite width (clearing is ignored)
because of the arrival of the rarefaction wave, resulting in a smaller value of peak reflected overpressure.
The arrival of the rarefaction wave at points A1 and A can also be identified by the instant at which the
overpressure histories start to deviate. The greatest reduction in peak overpressure is at point A2 because
the rarefaction wave reaches at A2 first, followed by A1 and finally A, where the effect of clearing on the
peak reflected overpressure is the least.
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Figure 3-55: Reflected overpressure histories at point A2 with and without clearing
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Figure 3-56: Reflected overpressure histories at point A1 with and without clearing
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Figure 3-57: Reflected overpressure histories at point A with and without clearing
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1

A widely used analytical expression for calculating the clearing time, tc, is presented in equation 3-16
(from UFC-3-340, (DoD, 2008)) where, S is the shortest distance from the point to a free edge, and Us is
the shock front velocity. Clearing time is defined in the UFC as the time required for the rarefaction wave
to reduce the reflected overpressure to the stagnation pressure18.

tc =

3S
Us

(3-16)

The clearing time is used in blast-resistant design to reduce the reflected impulse to account for the finite
size of structural components but not to reduce the peak reflected overpressure. Clearing has a significant
effect on both the peak reflected overpressures and reflected impulses on near-field targets with finite
dimensions. It is unclear whether the analytical procedure described in the UFC-3-340 is appropriate for
blast-resistant design in the near-field and the procedure must be used with caution for such problems.
Further study of rarefaction-wave propagation, clearing and its effect on the response of structural
components for near-field detonations is warranted and is underway (Venkateshan, 2011).

18

Stagnation pressure = Ambient pressure + CD × dynamic pressure, where CD is the drag coefficient.
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SECTION 4

INFLUENCE OF CHARGE SHAPE, ORIENTATION
AND POINT OF DETONATION
4.1 Introduction
This chapter presents the results of numerical analyses performed using AUTODYN (Century Dynamics,
2009b) to study the effect of charge shape, orientation and point of detonation on overpressure
distributions. A cylindrical shaped charge is used for this purpose and results are benchmarked using the
industry-standard spherical shape. The effect of varying the aspect ratio of a cylindrical charge on the
overpressure distributions in the radial and axial directions is discussed in section 4.2. A scaled distance
beyond which the effect of charge shape can be ignored is sought next, where the analysis is based on
both the peak overpressure and impulse at different scaled distances, and contour plots of overpressure.
The effect of point of detonation within the cylindrical charge is studied in section 4.3. The effect of
charge shape on the response of a steel column is examined in section 4.4. Results are reported using
reaction histories, maximum displacements and fringe plots of plastic strain. The purpose of this study is
to learn whether attention should be paid to charge shape and orientation when analyzing the response of
structural components subjected to air-blast effects.

4.2 Influence of Charge Shape on Overpressure Histories
4.2.1

Sample problem

To investigate the effect of charge shape on distributions of overpressure, a free-air burst of 10 kg of
TNT-equivalent explosive was analyzed. A baseline analysis was performed with a spherical charge. The
incident overpressures and impulses were monitored at every charge diameter in the range of 5 (Z = 0.53
m/kg0.33) to 40 (Z = 4.22 m/kg0.33) from the point of detonation. A set of analyses was then performed
with cylindrical charges of the same mass but with varying ratios of length, L, to diameter, D
(L/D = 1 to 5). Similar to the analysis of the spherical charge, the incident overpressures and impulses
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were monitored at distances up to 40 charge diameters19 but in both the radial and axial, directions. A
central detonation was assumed for these analyses.

4.2.2

AUTODYN analyses

Only 1D and 2D analyses were performed as the problem described in 4.2.1 allows the use of radial
(spherical charges) and axial symmetry (cylindrical charges). All analyses were performed in two stages:
1) initial expansion of the explosive until the blast wave reached 3 charge diameters, and 2) subsequent
propagation of the blast-wave through to the analysis termination time. This approach was adopted to
allow the use of finer meshes in the initial stages of the blast-wave expansion.
4.2.2.1

10 kg spherical charge

For the spherical charge analysis, the first stage consisted of a 1D wedge analysis using radial symmetry.
The explosive was modeled with the JWL EOS and the air with an ideal gas EOS ( γ = 1.4 ). The radius of
the 10 kg TNT spherical charge is 0.227 m. An element size of 0.5 mm was used for both the explosive
and the air. The procedure for performing a 1D wedge analysis in AUTODYN, described in section
3.11.1, was then followed and the analysis was run until the blast wave reached a distance of 3 charge
diameters (0.681 m).
The output of the 1D analysis was then mapped into an axially-symmetric 2D air domain with dimensions
of 10m × 10m . As the charge was centrally detonated, x = 0 is a plane of symmetry. Therefore, only 1/2 of
the axially symmetric charge and air domain was modeled. The 2D domain consisted of air modeled as
an ideal gas and initialized at atmospheric pressure. The air was modeled with 800 × 800 elements,
resulting in an element size of 12.5 mm. The single material Euler-FCT solver was used for the air. The
pressure contours at the beginning of the 2D analysis are presented in Figure 4-1. The monitoring gauges
are also shown. A 1D wedge analysis with radial symmetry and smaller elements would have resulted in

19

Charge diameter is defined here as the diameter of the spherical charge.
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more accurate results. However, because radial symmetry cannot be used for analysis of the cylindrical
charges, and to use similar grid sizes, 2D analysis was performed for the spherical charge. The
termination time for the analysis was set such that it was sufficient to capture the overpressure history at
the last monitoring gauge. According to the UFC-3-340 chart of Figure 3-9, the time of arrival of the blast
wave at a scaled distance of 4 m/kg0.33 is 13 msec and the positive phase duration is 7 msec. Based on this
information, the analysis was terminated at a t = 25 msec.

Figure 4-1: Pressure contours (kPa) at the beginning of the 2D analysis with the spherical charge
4.2.2.2

10 kg cylindrical charges

Two dimensional analyses were performed in both stages for the cylindrical charge. A similar modeling
procedure to that described in section 4.2.2.1 was used. The axially symmetric models for the cylindrical
charges with aspect ratios 1 and 3 used in the first stage of the analysis are presented in Figures 4-2a and
4-2b, respectively. The detonation point, which is also the origin of the model, is the centre of the
cylindrical charge and is identified by a red dot in the figure. For the cylindrical charges, the x- and y-axes
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are the axial and radial directions, respectively. Only 1/2 of the axially symmetric charge and the air
domain was modeled, similar to the model of the spherical charge. The element sizes near the origin were
altered to suit the dimensions of the cylindrical charge. The dimensions of the cylindrical charges in the
models differed from the target values by very small percentages due to modeling constraints.
The first stage analyses were run until the blast-wave had expanded to a distance of 3 charge diameters.
The output was then remapped to a larger 2D domain, similar to the spherical charge domain of Figure 41. The size of the air domain, element sizes and the termination time were the same as those used for the
analysis of the spherical charge. Monitoring gauges were located in both radial and axial directions as
shown in Figure 4-3. Table 4-1 lists the notation used for the 5 geometries of cylindrical charge. The
dimensions of the charges are also listed.

a) Cylindrical charge with L/D = 1

b) Cylindrical charge with L/D = 3

Figure 4-2: AUTODYN 2D models for the first stage of the analyses
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Table 4-1: Notation for the cylindrical charges

Aspect ratio of
cylindrical charge

Dimensions
Notation
L (mm)

D (mm)

1

Cyl_I

198.4

198.4

2

Cyl_II

315.0

157.5

3

Cyl_III

412.8

137.6

4

Cyl_IV

500.1

125.0

5

Cyl_V

580.3

116.1

Figure 4-3: Monitoring gauges in the radial and axial directions of the cylindrical charges (second
stage of analysis)

4.2.3

Results and discussion

The incident overpressure histories produced by the cylindrical and spherical charges at distances of 10,
20, 30 and 40 charge diameters in the axial direction are presented in Figures 4-4 to 4-7. Additional plots
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are presented in Appendix A, including one for a distance equal to 5 charge diameters. The important
observations that can be made from these figures include:
1. Charge shape has a significant effect on peak overpressure. At a distance of 10 charge diameters,
all of the cylindrical charges produced a greater peak incident overpressure than that generated by
the spherical charge. The difference decreased with increasing aspect ratio (with the exception of
Cyl_I, which produced slightly lower peak overpressure than Cyl_II) and scaled distance. The

peak overpressures generated by Cyl_I and Cyl_II are greater than those generated from the
spherical charge even at a distance of 20 charge diameters (Z = 2.10 m/kg0.33).
2. The overpressure history decays more rapidly (or impulse decreases) as the aspect ratio is
increased, which implies that less energy is directed in the axial direction for higher aspect ratios.
This observation is consistent with the results of experimental and numerical studies cited in
section 2.7. This effect is more apparent at 10 charge diameters than at 20 or 30 charge diameters
due to the difference in arrival times of the primary blast waves.
3. For the cylindrical charges, the arrival time of the shock front at a distance of 10+ charge
diameters increases with increasing aspect ratio. For distances of 5- charge diameters, the
opposite is the case as seen in Figure A-1. In the axial direction, the length of the charge and thus
the distance traversed by the shock front in the explosive increases with aspect ratio. For a given
distance, the greater the aspect ratio, the smaller the distance traversed by the shock front in air.
The shock front travels faster in the explosive than in air. Once in air, the velocity of the shock
front is a function of the incident overpressure (Courant and Friedrichs, 1948), which is greater
for lower aspect ratios at distances of 10+ charge diameters.
4. The overpressure histories generated by the cylindrical charges include secondary and tertiary
shocks. At a distance of 10 charge diameters, these secondary shocks are only clearly visible for
Cyl_I and Cyl_II. As the scaled distance increases (1.05 m/kg0.33 to 4.20 m/kg0.33), these shocks

become significant and beyond a distance of 30 charge diameters, the peak overpressures and
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impulses associated with these secondary shocks exceed those associated with the primary
shocks. At a distance of 40 charge diameters a clear trend is seen in the strength20 of these shocks.
The secondary shocks become more significant than the primary shocks. This effect increases
with increasing aspect ratios. No significant secondary shocks are seen in the overpressure
histories generated by the spherical charge. Although the secondary shocks are more pronounced
at greater scaled distances, it is important to note that the amplitude of the peak overpressure is
reduced by a factor of between 40 and 50 with an increase in the scaled distance of a factor of 4.
Brode (1959) provided a thorough treatment on the origin and propagation of secondary and tertiary
shocks generated by a spherical charge. According to Brode, when the primary shock wave crosses the
spherical explosive-air boundary (contact surface), a rarefaction wave is generated in the explosive
followed by a secondary shock (compression) wave. Both the rarefaction and compression waves travel
back towards the origin (point of detonation). The compression wave arises from the need to match the
negative pressure gradient across the rarefaction wave to the positive pressure gradient across the primary
shock wave. The secondary shock is initially weak but grows in strength as it moves towards the origin
where it implodes. The secondary shock is then reflected and propagates outwards until it reaches the
expanding contact surface. A second set of rarefaction and compression waves are generated and the
process proceeds as above until all the energy of the detonation product gases (N2, CO and CO2) is
exhausted.
This explanation is applied now to the cylindrical charges. Multiple shocks are seen in the overpressure
histories generated by the cylindrical charges in Figures 4-5 and 4-6. These shocks are the result of
multiple reflections and constructive interferences occurring with the explosive-air boundary (contact
surface) and the inward-moving shock waves. Unlike the spherical charges, where the inward-moving

20

Shock strength is defined here using peak incident overpressure and impulse.
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shocks are uniform along a radius and travel at the same velocity, the inward-moving shock waves in the
cylindrical charges have different strengths, sizes and arrival times. These differences increase with
aspect ratio. This observation may explain why the secondary shock waves are more significant for
cylindrical charges than spherical charges. The cylindrical charge Cyl_I warrants a separate treatment
because the arrival times of the inward-moving shocks in the radial and axial directions are similar,
although their shapes and sizes will differ because the contact surfaces in the radial and axial directions
are different. Some constructive interference in Cyl_I is expected but the interference is greater in Cyl_II
as seen in the overpressure histories.
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Figure 4-4: Overpressure histories at an axial distance of 10 charge diameters (Z = 1.05 m/kg0.33)
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Figure 4-5: Overpressure histories at an axial distance of 20 charge diameters (Z = 2.10 m/kg0.33)
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Figure 4-6: Overpressure histories at an axial distance of 30 charge diameters (Z = 3.15 m/kg0.33)
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Figure 4-7: Overpressure histories at an axial distance of 40 charge diameters (Z = 4.20 m/kg0.33)

The overpressure histories from the spherical and cylindrical charges at radial distances of 10, 20, 30 and
40 charge diameters are presented in Figures 4-8 to 4-11, respectively. The important observations that
can be made from analysis of these figures are:
1. Charge shape has an effect on the peak overpressure histories in the radial direction. The peak
overpressure increases with aspect ratio although the effect is less pronounced than in the axial
direction.
2. Few secondary and tertiary shocks are seen in the radial direction overpressure histories for the
cylindrical charges. Secondary shocks are clearly seen in the overpressure histories at a distance
of 40 charge diameters but are small compared with the primary shocks and are insignificant from
a design perspective. One reason for the absence of secondary shocks may be the curved shape of
the contact surface in the radial direction, which makes the surface somewhat similar to a
spherical charge.
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3. In the radial direction, the shock fronts from the cylindrical charges arrive sooner than that from
the spherical charge, although the differences in the arrival time are small, which is due in part to
the overpressures. (Appendix A provides additional overpressure histories, including a history at
a radial distance of 5 charge diameters)
Figures 4-12 through 4-15 present incident overpressure and impulse data as a function of distance that is
measured in multiples of (spherical) charge diameter. Figure 4-16 and text below describe the calculation
of peak incident overpressure and incident impulse for detonations that generate secondary and tertiary
shocks. For the cylindrical charges, the impulse increases (decreases) with aspect ratio in the radial (axial)
direction.
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Figure 4-8: Overpressure histories at a radial distance of 10 charge diameters (Z = 1.05 m/kg0.33)
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Figure 4-9: Overpressure histories at a radial distance of 20 charge diameters (Z = 2.10 m/kg0.33)
100
Spherical
L/D = 1
L/D = 2
L/D = 3
L/D = 4
L/D = 5

Incident overpressure (kPa)

80

60

40

20

0

-20
5

10

15
20
25
Time (msec)
Figure 4-10: Overpressure histories at a radial distance of 30 charge diameters (Z = 3.15 m/kg0.33)
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Figure 4-11: Overpressure histories at a radial distance of 40 charge diameters (Z = 4.20 m/kg0.33)
The calculation of peak incident overpressures and incident impulses presented in Figures 4-12 to 4-15
warrants discussion. In the radial direction, the calculation of peak overpressure and impulse was
straightforward because the positive phase is easily defined and secondary shocks are insignificant.
However, in the axial direction, the calculation is not straightforward due to the presence of secondary
and tertiary shocks. Beyond a certain scaled distance in the axial direction, the strengths of some
secondary shocks exceed those of the corresponding primary shocks. In some cases, the secondary shock
fronts arrive before the end of the positive phase associated with the primary shock. Consider Figure 4-5
and Cyl_III, where the duration of the positive phase is increased due to the arrival of the secondary and
tertiary shocks. New definitions of peak incident overpressure, positive phase duration and incident
impulse were developed to report data where significant secondary and tertiary shocks were observed.
The positive phase of the primary wave was defined as the time difference between the arrival time and
time t, where t is the smaller of the time when a) the overpressure from the primary wave drops to a very
low value (= 5 kPa) for the first time, or b) the overpressure starts increasing due to the arrival of the
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secondary shock front. The peak overpressure reported here is the maximum value of the primary or
secondary shock fronts. The calculation is illustrated in Figure 4-16 in which the red markers on each
overpressure time series denote the end of positive phase of the primary wave and the blue markers
indicate the peak overpressures.
The values of impulse presented in Figures 4-13 and 4-15 do not include the impulse associated with the
secondary and tertiary shocks. Calculations that include the impulse associated with the secondary and
tertiary shocks are presented in Figures A-9 and A-10. From Figures 4-12 and 4-14, it can be seen that the
peak overpressures from the cylindrical charges are no greater than 110% of that of the spherical charge
at 25 charge diameters (Z = 2.64 m/kg0.33) in the radial and axial directions. The impulse from the
spherical charges equal or exceed those of the cylindrical charges at a distance equal to 20 charge
diameters (Z = 2.10 m/kg0.33) in both the axial and radial directions.
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Figure 4-12: Peak incident overpressure in the axial direction as a function of normalized distance
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Incident impulse (kPa-msec)

1,000

Spherical
L/D = 1
L/D = 2
L/D = 3
L/D = 4
L/D = 5
100

10

5

10

15
20
25
30
Distance normalized by charge diameter

35

40

Figure 4-13: Incident impulse in the axial direction as a function of normalized distance
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Figure 4-14: Peak incident overpressure in the radial direction as a function of normalized distance
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Figure 4-15: Incident impulse in the radial direction as a function of normalized distance

Figure 4-16: Calculation of peak incident overpressure and positive phase incident impulse
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Although this information is instructive, it is not sufficient to identify the scaled distance beyond which
the effect of charge shape can be ignored. Additional information is needed, such as the peak
overpressures and impulses in directions other than the radial and axial directions. Pressure contours
provide qualitative information on the peak overpressures and overall shape of the blast wave. Figures 417 to 4-19 enable a comparison of the (total) pressure contours for the spherical charge and the cylindrical
charges Cyl_I, Cyl_III and Cyl_V, respectively. The pressure contours are presented on the vertical plane
that bisects the charge. The pressure contours for the spherical and cylindrical charges are separated in the
figure by the plane of symmetry (x = 0); the longitudinal axis of the charge is horizontal. The range in
each panel is (+, -) the approximate number of charge diameters21 identified in the corresponding subtitle.
The evolution of the blast waves from the cylindrical charges is traced until they reach the edge of the air
domain (Z = 4 m/kg0.33). One thing that features prominently in these contour plots is the bridge wave,
described in section 2.7. At the beginning of the analysis, spherical waves emanate from the cylindrical
charges in the radial and axial directions. Initially, the pressures in the axial direction are higher than
those in the radial direction: see panels a and b in Figure 4-17. As these waves propagate, they overlap in
the region between the axial and radial directions giving rise to a bridge wave. For Cyl_I, the evolution of
the bridge wave can be seen in panels c and d of Figure 4-17. With further expansion, the bridge wave
grows in size and the overall shape of the blast wave approaches a circle in panels e and f.
In panel c of Figure 4-17, the pressures at the shock front from Cyl_I are within 110% of those of the
spherical shock front. However the blast wave from Cyl_I has traveled a greater distance than the
spherical blast wave in the axial direction. The differences are smaller in panel d than panel c. Based on
peak overpressures, impulses and the pressure contour plots, the effect of charge shape can be neglected
beyond a distance of 26 charge diameters for Cyl_I, that is, beyond a scaled distance of 2.78 m/kg0.33.

21

The diameter of a 10 kg spherical charge of TNT is approximately 227 mm. The (x, y) range in panel a is
( ±1400, ± 1400) mm or ( ±6.5, ± 6.5) charge diameters.
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The contour plots also explain the significant secondary shocks seen in the overpressure histories of the
cylindrical charges at large scaled distances in the axial (x-) direction. The amplitude of these secondary
shocks exceeded those of the primary shocks. From the pressure-contour plots presented in panels e and f
of Figures 4-17, 4-18 and 4-19 it can be observed that the secondary shocks are the bridge waves seen
traveling behind the primary wave in the axial direction. These secondary shocks are designated as the
reflected end waves in Figure 2-7 and become distinct only at large scaled distances.
In the pressure contours for Cyl_III and Cyl_V, presented in Figures 4-18 and 4-19, respectively, the
effect of increasing aspect ratio on the overall shape of the blast wave and pressures can be seen clearly.
The blast wave is concentrated more in the radial (y-) direction than the axial (x-) direction. Similar to
Cyl_I, the bridge wave is seen in the pressure contours for Cyl_III and Cyl_V but it is less pronounced. A

distinct feature in the pressure-contour plots for Cyl_III and Cyl_V is the secondary wave behind the
primary wave in the axial direction seen in panel f of Figures 4-18 and 4-19. The pressures at the
secondary shock front are greater than those at the primary shock front. In panel d of these figures, the
shock front pressures from Cyl_III and Cyl_V are less than 110% of that of the spherical charge. Based on
this observation and the comparison of peak overpressures and impulses presented previously, the effect
of charge shape can be neglected a distance greater than 25 charge diameters for Cyl_III and Cyl_V, that
is, at a scaled distance of 2.64 m/kg0.33. The same conclusion can be drawn for Cyl_II and Cyl_IV. Note
that these conclusions ignore the increase in impulse associated with the secondary and tertiary shocks.
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a) 6 charge diameters (Z = 0.63 m/kg0.33)

b) 15 charge diameters (Z = 1.58 m/kg0.33)

c) 22 charge diameters (Z = 2.32 m/kg0.33)

d) 26 charge diameters (Z = 2.78 m/kg0.33)

e) 32 charge diameters (Z = 3.34 m/kg0.33)

f) 37 charge diameters (Z = 3.94 m/kg0.33)

Figure 4-17: Pressure contours (kPa) for the spherical and Cyl_I charges
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a) 6 charge diameters (Z = 0.63 m/kg0.33)

b) 15 charge diameters (Z = 1.58 m/kg0.33)

c) 20 charge diameters (Z = 2.14 m/kg0.33)

d) 25 charge diameters (Z = 2.64 m/kg0.33)

e) 31 charge diameters (Z = 3.25 m/kg0.33)

f) 41 charge diameters (Z = 4.32 m/kg0.33)

Figure 4-18: Pressure contours (kPa) for the spherical and Cyl_III charges
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a) 6 charge diameters (Z = 0.63 m/kg0.33)

b) 14 charge diameters (Z = 1.48 m/kg0.33)

c) 21 charge diameters (Z = 2.18 m/kg0.33)

d) 25 charge diameters (Z = 2.64 m/kg0.33)

e) 37 charge diameters (Z = 3.90 m/kg0.33)

f) 43 charge diameters (Z = 4.53 m/kg0.33)

Figure 4-19: Pressure contours (kPa) for the spherical and Cyl_V charges
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Figures 4-20 and 4-21 characterize the magnitude of the secondary impulse as a function of normalized
distance (distance divided by charge diameter) in the axial and radial directions, respectively. The
secondary impulse is presented as a percentage of the primary impulse. The secondary impulse is
calculated as the difference between the total impulse and primary impulse (as defined previously). The
calculation of the total impulse includes the positive phase impulses from the secondary, tertiary and later
shocks. In the radial direction, the secondary impulse is less than 10% of the primary impulse at distances
greater than 9 charge diameters (Z = 0.95 m/kg0.33). In the axial direction, the secondary impulse is
significant at all normalized distances. At a distance of 40 charge diameters, the secondary impulse is
about 70% of the primary impulse for Cyl_I and 500+% for Cyl_V.
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Figure 4-20: Secondary impulse in the axial direction as a function of normalized distance
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Figure 4-21: Secondary impulse in the radial direction as a function of normalized distance

4.2.4

Effect of charge mass

Conclusions on the effect of charge shape on overpressure distributions were drawn in 4.2.3 on the basis
of analysis of 10 kg detonations. To judge whether the conclusions drawn to date are a function of charge
mass, a set of companion analyses were performed with a 1000 kg charge. The analyses of section 4.2.2.1
and 4.2.2.2 were repeated for the spherical charge and the Cyl_I, Cyl_III and Cyl_V charges but with a
mass of 1000 kg. The dimensions of the charge, range of the air domain and the termination time were
revised accordingly. The overpressure histories at distances of 10 and 30 charge diameters in the axial and
radial directions are presented in Figures 4-22 through 4-25. The same trends in peak overpressure, decay
rate, and secondary shocks seen previously for the 10 kg charges are seen in the overpressure histories for
the 1000 kg charges.
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Figure 4-22: Overpressure histories at an axial distance of 10 charge diameters (Z = 1.05 m/kg0.33)
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Figure 4-23: Overpressure histories at an axial distance of 30 charge diameters (Z = 3.15 m/kg0.33)
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Figure 4-24: Overpressure histories at a radial distance of 10 charge diameters (Z = 1.05 m/kg0.33)
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Figure 4-25: Overpressure histories at a radial distance of 30 charge diameters (Z = 3.15 m/kg0.33)
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Figures 4-26 and 4-27 enable a comparison of the overpressure histories from the 10 kg and 1000 kg
cylindrical charges, Cyl_I and Cyl_V, at a scaled distance of 2.1 m/kg0.33 in the axial and radial directions,
respectively. The overpressure histories are similar in the radial directions, although there are small
differences in the peak overpressures and arrival times for the two masses. In the axial direction, there are
moderate differences in the peak overpressures for the two charges at the same scaled distance. The
secondary shock in the overpressure history of the 1000 kg Cyl_I charge in the axial direction is
significant compared with that in the overpressure history of the 10 kg Cyl_I charge. The different grid
sizes likely contributed to these differences.
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Figure 4-26: Incident overpressure at a scaled distance of 2.1 m/kg0.33 in the axial direction
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Figure 4-27: Incident overpressure at a scaled distance of 2.1 m/kg0.33 in the radial direction

The peak incident overpressures and impulses in the axial and radial directions are presented in Figures 428 through 4-31. The peak overpressures from the cylindrical charges drop to those from the spherical
charge at 30 charge diameters in the axial direction, whereas the corresponding distance in the radial
direction is 35 charge diameters. However, the overpressures at these distances have dropped to values
less than 1 atmosphere, which are not significant for blast resistant design. The overpressures from the
cylindrical charges values are no greater than 115% of those from the spherical charge at 30 charge
diameters. The impulses from the spherical charge exceed those from the cylindrical charges beyond a
distance of 27 charge diameters. These trends shown by the 1000 kg charges are similar to those shown
earlier by the 10 kg charges, except for a slight increase in the normalized distance beyond which the
effect of charge shape can be ignored. For the 1000 kg charge, the charge shape can be ignored beyond a
distance of 30 charge diameters, that is, a scaled distance of 3.16 m/kg0.33; an 18% increase in scaled
distance for a 100-fold increase in charge mass.
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Figure 4-28: Peak incident overpressure in the axial direction as a function of normalized distance
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Figure 4-29: Incident impulse in the axial direction as a function of normalized distance
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Figure 4-30: Peak incident overpressure in the radial direction as a function of normalized distance
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Figure 4-31: Incident impulse in the axial direction as a function of normalized distance
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4.3 Influence of Detonation Point on Overpressure Histories
4.3.1

Modeling and analysis

In the sample problem described in section 4.2.1, a central detonation was assumed for the spherical and
cylindrical charge. However, cylindrical charges are more easily detonated at an end. Zimmerman et al.
(1999) and Tham (2009) studied the effect of point of detonation on the incident impulse along alternate
ray-paths to the charge axis. Zimmerman et al. used end-detonated cylindrical charges with varying aspect
ratios to demonstrate this effect. Tham used three different initiating strategies for detonating the
cylindrical charges: 1) detonated at one end, 2) detonated at both ends simultaneously and 3) detonated at
both ends with a time delay, to examine the effect on impulse in the near field. Their studies showed that
for the end-detonated charges, the impulse and peak overpressures were significantly different at the two
ends of the charge in the near-field.
In the present study, three charges with aspect ratios 1, 3 and 5 were used to demonstrate the effect of
point of detonation within the charge. An axially symmetric 2D model was generated similar to those
presented in Figure 4-2. The cylindrical charges Cyl_I, Cyl_III and Cyl_V modeled for the AUTODYN
analyses of section 4.2.2.2 were used. However, the point of detonation was moved to the left-hand end of
the charge axis. The centrally detonated charges had a symmetric plane at x = 0 and hence only 1/2 of
these axially symmetric charges were modeled. No such symmetry could be used for the end-detonated
charges. The axially symmetric 2D model for the end-detonated cylindrical charge, Cyl_V, is presented in
Figure 4-32. The analyses for all the charges were performed in two stages, similar to the analyses in
section described in 4.2.2.2. A termination time of 25 msec, used for the analyses with centrally
detonated charges, was adopted. The results of the analysis are presented in the following section in terms
of contour plots that compare the two charges with different detonation points for three aspect ratios: 1, 3
and 5. For convenience, ‘CD’ and ‘ED’ subscripts are added to denote centrally detonated and enddetonated charges, respectively.
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Figure 4-32: 2D axially symmetric model of the end-detonated cylindrical charge, Cyl_V

4.3.2

Results and discussion

Contour plots for Cyl_ICD and Cyl_IED are presented in the upper and lower halves, respectively, in each
panel of Figure 4-33. Data are presented as a function of distance normalized by the diameter of the
spherical charge. The range in each panel is (+, -) the approximate number of charge diameters22
identified in the corresponding subtitle. The shapes of the plots are complex for both points of detonation
and change with an increase in scaled distance.
Panels a and b of Figure 4-33 are plots for the initial stages of the detonation. For reference, the length
and diameter of Cyl_I are 198 mm. The charge is shown in panel a of the figure. The shock front
overpressures in the axial direction (-x, +x) of the end-detonated charge are significantly different but are
similar in the radial direction. The pressure contours are expected to differ in the axial direction because
a) the points of detonation are different, and (b) the shock front propagates through different distances in
the explosive and air domains for the two charges. For values of the scaled range less than approximately

22

Charge diameter is the diameter of the spherical charge and is equal to 227 mm for the 10 kg TNT charge.
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a) 6 charge diameters (Z = 0.64 m/kg0.33)

b) 14 charge diameters (Z = 1.49 m/kg0.33)

c) 21 charge diameters (Z = 2.23 m/kg0.33)

d) 27 charge diameters (Z = 2.87 m/kg0.33)

e) 33 charge diameters (Z = 3.51 m/kg0.33)

f) 38 charge diameters (Z = 4.04 m/kg0.33)

Figure 4-33: Pressure contours for the Cyl_ICD and Cyl_IED charges
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2.0 m/kg0.33, the peak axial overpressures are higher in the direction of propagation of the detonation (+x)
for the end-detonated charge.
For the centrally detonated charge, the peak overpressures in the axial (radial) direction are greater than
those in the radial (axial) direction for values of scaled range less (greater) than approximately 2.5
m/kg0.33. In panel d of the figure, where the range is (±6200, ± 6200) mm, or ±27 charge diameters, the
shapes of the two shock fronts and the magnitude of the peak pressures are virtually identical for the
centrally detonated and end-detonated charges. However, the peak overpressure (total pressure minus
ambient [101 kPa]) in panel d is less than 3% of the peak overpressure in panel a.
Contour plots for Cyl_III and Cyl_V are presented in Figures 4-34 and 4-35, respectively. The increase in
aspect ratio of the centrally detonated charge produces an increase in the peak pressure in the radial
direction for a given scaled distance and changes the shape of the pressure field. At scaled distances of
greater than 3.0 m/kg0.33, the increase in aspect ratio changes the shape of the pressure field from circular
( L / D = 1 ; see Figure 4-33e) to oval with a major axis in the radial direction ( L / D = 5 ; see Figure 435e). For large values of aspect ratio (e.g., L / D = 5 ) and small values of scaled distance (say Z ≤ 2.0
m/kg0.33), the overpressures in the radial direction are significantly greater than those in the axial
direction, regardless of where the charge was detonated.
The overpressure histories at 30 and 40 charge diameters for the cylindrical and spherical charges in the
+x (direction of detonation) and -x directions are presented in Figures 4-36 through 4-39, respectively.
Similar to the centrally detonated charges, the effects of the secondary shocks become significant at these
scaled distances. At 30 charge diameters, both the primary and secondary shocks are clearly seen. At 40
charge diameters, the secondary shocks have caught and reinforced the primary shocks.
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a) 6 charge diameters (Z = 0.64 m/kg0.33)

b) 14 charge diameters (Z = 1.49 m/kg0.33)

c) 20 charge diameters (Z = 2.13 m/kg0.33)

d) 26 charge diameters (Z = 2.76 m/kg0.33)

e) 32 charge diameters (Z = 3.40 m/kg0.33)

f) 41 charge diameters (Z = 4.36 m/kg0.33)

Figure 4-34: Pressure contours for the Cyl_IIICD and Cyl_IIIED charges
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a) 6 charge diameters (Z = 0.64 m/kg0.33)

b) 14 charge diameters (Z = 1.49 m/kg0.33)

c) 20 charge diameters (Z = 2.13 m/kg0.33)

d) 26 charge diameters (Z = 2.76 m/kg0.33)

e) 32 charge diameters (Z = 3.40 m/kg0.33)

f) 41 charge diameters (Z = 4.36 m/kg0.33)

Figure 4-35: Pressure contours for the Cyl_VCD and Cyl_VED charges
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Figure 4-36: Overpressure history in the +x direction at a normalized distance of 30 charge
diameters

50
Spherical
L/D = 1
L/D = 3
L/D = 5

Incident overpressure (kPa)

40
30
20
10
0
-10
-20
10

15

20

25

Time (msec)

Figure 4-37: Overpressure history in the +x direction at a normalized distance of 40 charge
diameters
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Figure 4-38: Overpressure history in the -x direction at a normalized distance of 30 charge
diameters
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Figure 4-39: Overpressure history in the -x direction at a normalized distance of 40 charge
diameters
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25

The definition of positive phase presented in section 4.2.3 cannot be used for calculating the positive
phase impulse for the end-detonated charges because it is not possible to separate the primary and
secondary shocks at some normalized distances. Instead, the total impulse is presented in the axial (+x,-x)
and radial directions in Figures 4-40 through 4-42, respectively. From these figures, it can be seen that the
total impulses from the cylindrical charges drop to values equal to or less than 110% of that of the
spherical charge within 29 ( Z ≤ 3.05 m/kg0.33), 22 ( Z ≤ 2.39 m/kg0.33) and 18 ( Z ≤ 1.89 m/kg0.33) charge
diameters in the +x, -x and radial directions, respectively.
In summary, the shape of the pressure field and the magnitudes of the peak overpressures and impulses
are influenced by the point of detonation within the explosive for scaled distances, Z ≤ 3 m/kg0.33. For
larger values of the scaled distance, the point of detonation becomes less important.
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Figure 4-40: Incident impulse as a function of normalized distance in the +x direction
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Figure 4-41: Incident impulse as a function of normalized distance in the -x direction
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Figure 4-42: Incident impulse as a function of normalized distance in the radial direction
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4.4 Influence of Charge Shape on Structural Response
4.4.1

Sample problem and numerical models

The analyses reported in section 4.2 showed that the charge shape significantly influences the peak
incident overpressures and impulses, especially in the near field. Significant secondary and tertiary shocks
were observed in overpressure histories from the cylindrical charges in the axial direction. For small
values of scaled distance ( Z ≤ 1 m/kg0.33), the impulse added due to the secondary shocks was as great as
that due to the primary shock for some charge aspect ratios.
The influence of charge shape need not be considered in design unless variations in charge shape (for a
given mass) affect substantially the response of structural components. To study the effect of charge
shape on structural response, numerical simulations on a sample structural steel column were performed
using AUTODYN. Although not conclusive, these analyses can inform decisions on modeling, analysis
and design of structural components to resist air-blast loadings.
A baseline analysis was performed first using a spherical charge. The blast loading was generated by a
detonation of 1000 kg of TNT in front of an A992 Grade 50 (350 MPa) W 14 × 257 steel column at a
standoff distance of 3 m to the column flange ( Z ≤ 0.3 m/kg0.33). The numerical analysis was performed
in two steps: 1) 1D analysis that involved detonation of the explosive and the consequent wave
propagation until the blast wave reached the column; and 2) 3D analysis after the results of the 1D
analysis were remapped into a 3D numerical model that consisted of the air and the W 14 × 257 steel
column. The response of the column is reported using reaction histories and fringe plots of deformation
and effective plastic strain.
The 1D analysis of the sample problem was described in section 3.11.1. The results of this analysis were
remapped into a 3D numerical model. The 3D model in AUTODYN consisted of an air domain with
dimensions of 4m × 3m × 6m . The air was modeled with 750,000 elements with an element size of 40 mm
and an aspect ratio 1. The steel column was modeled with 30,000 elements such that there were two
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elements through the thickness of the flanges and across width of the web. The meshes for the air and the
column, and the location of the explosive are presented in Figure 4-43. The coordinate system is shown in
panel a of the figure. The column was 5 m long and was loaded about its strong axis. A fixed boundary
condition was applied at both ends of the column by restraining the translational and rotational velocities
of all boundary nodes. All boundaries of the air domain except the x = 0 plane were set to transmit to
prevent reflection of the blast wave back into the domain. The x = 0 plane was a plane of symmetry and
no boundary conditions were imposed on this plane. AUTODYN sets all the boundaries of an Euler
domain to reflect by default. Air is modeled as an ideal gas with a constant specific heat ratio, γ , equal to
1.4, and was initialized at an atmospheric pressure of 101.3 kPa (1 atm).

416 mm

30 mm

406 mm

48 mm

a) Air and column meshes

b) Finite element mesh of the W 14 × 257 column

Figure 4-43: AUTODYN numerical models of the sample problem

The yield stress of steel increases with strain rate. One of the most widely used constitutive material
models for metals is the Johnson-Cook (1983) model. The Johnson-Cook (J-C) model is reproduced in
equation 4-1a. The values of the constants and parameters of the material model for various metals are
provided by Johnson and Cook (1983) and Meyers (1994).
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σ = ( A + B ε n ) (1 + C ln

T* =

ε
) (1 − [T * ]m )
εo

T − Tr
Tm − Tr

(4-1a)

(4-1b)

where
A

=

Minimum yield stress

n

=

Hardening coefficient

m

=

Thermal softening exponent

εo

=

Reference strain rate

T*

=

Normalized temperature

Tm, Tr

=

Melting temperature and reference temperature, respectively

B, C

=

Material constants that are determined by experiments

The values of the parameters for the J-C model are not available for ASTM A992 (Grade 50) structural
steel that is used for rolled steel shapes in the United States. Instead, the values of the parameters for AISI
1006 carbon steel that are listed in Table 4-2 (Meyers, 1994) were used. Figure 4-44 presents the quasistatic stress-strain relationship for A992 Grade 50 steel and the quasi-static stress-strain relationship used
for numerical studies.
The two stress-strain curves are similar to an axial strain of 0.1. The stress-strain relationship for the
ASTM A992 Grade 50 steel is a lower bound on strength because nominal and not expected values are
presented. A reasonable increase in yield strength from the nominal to expected value is 10% (AISC,
2006). Based on this information, it is reasonable to assume that the values of the parameters of the J-C
model used for AISI 1006 steel can be applied to ASTM 992 steel without a significant loss in accuracy.
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Table 4-2: Values of parameters in the J-C model for AISI 1006 steel (Johnson and Cook, 1983)

Parameter

Value

A (MPa)

350

n

0.36

m

1

εo (/sec)

1

Tm (oK)

1811

Tr (oK)

300

B (MPa)

275

C

0.022

600

500

Stress (MPa)

400
AISI 1006 Grade 50 steel with J-C model
ASTM A992 Grade 50 steel

300

200

100

0
0

0.02

0.04

0.06

0.08

0.1
Strain

0.12

0.14

0.16

0.18

Figure 4-44: Stress-strain relationships for AISI 1006 and ASTM A992 steels
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0.2

The reaction histories at only one boundary were monitored because the loading on the column was
symmetric. Gauges were placed at the mid-height, the quarter height and near the top boundary to monitor
the reflected overpressures and temperatures a few millimeters from the surface of the column as shown
in Figure 4-45a. Five gauges were placed through the depth of the column at its mid-height, at the
locations shown in Figure 4-45b, to monitor the change in temperature of the steel column.

a) Gauges near the surface of the column b) Gauges through the depth of the column at mid-height
Figure 4-45: Locations of the monitoring gauges

4.4.2

Results and discussion of the baseline analysis using a spherical charge

The overpressure and temperature histories at the surface of the column at the mid-height, quarter height
and near the top boundary are presented in Figures 4-46, 4-47, and 4-48, respectively. It is clear from
these figures that the temperature is very high on the surface of the column at the three locations.
However, the increase in temperature at gauge no. 4, which is just below the surface of the column at its
mid-height (see Figure 4-45b) is negligible (= 0.2%). There is no discernible increase in temperature at
the other gauges through the depth of the cross-section: 5, 6, 7, 8 and 9. These results are attributed to the
very short duration of the thermal loading on the column. Accordingly, the effect of temperature rise on
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the yield stress of the steel in this column, and thus the response of the column, can be assumed to be
zero.
Figure 4-49 presents the (total) pressure contour plots in a plane at the mid-height of the column as the
shock front propagates across and around the column. In panel a of the figure, the shock front has yet to
reach the column. Although the pressures at the shock front (10 MPa) are much lower than those near the
origin of the explosive (approximately 40MPa), the pressures near the origin are orders of magnitude
smaller than those at the instant of detonation (of the order of 18 GPa; see section 3.11.4). In panel b, the
shock front is being reflected from the front flange of the column. The shock front propagates along the
depth of the section in panels c and d; the reflected overpressures are much greater than the incident (sideon) overpressures. The peak reflected overpressure is greater at the center of the column flange than at the
edge of the outstand.
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Figure 4-46: Reflected overpressure and temperature histories at the mid-height of the column on
its front face
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Figure 4-47: Reflected overpressure and temperature histories at the quarter height of the column
on its front face
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Figure 4-48: Reflected overpressure and temperature histories near the top boundary of the column
on its front face
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a) t = 0 msec

b) t = 0.1 msec

c) t = 0.2 msec

d) t = 0.3 msec

e) t = 0.4 msec

f) t = 0.5 msec

Figure 4-49: Fringe plots of pressure on a horizontal plane at the mid-height of the column
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The shear force history at the boundary and the displacement history at the mid-height of the column are
presented in Figure 4-50. The maximum displacement at mid-height in the web is 33.9 mm and occurs at
a time of 4.6 msec (after the loading phase; see Figures 4-46, 4-47 and 4-48). The maximum reaction
(shear force) is 3.04 MN and is recorded at t = 4.9 msec. The peak displacement and peak shear force
reaction occur at similar times. It is evident from the figure that there is permanent deformation in the
column (= 13 mm at mid-height). The fringe plot of effective plastic strain in the column at the time of
peak displacement (which is approximately equal to the time of peak shear force) at the column midheight is presented in Figure 4-51. The peak effective plastic strain (an indicator of damage) is 0.021 (12
times the yield strain) and is concentrated in the web of column, near the two boundaries. The shear
yielding of the web of the column limits the maximum shear force in the column. (For reference, the
nominal shear yielding strength of a 350 MPa W 14 × 257 column [depth = 416 mm, web thickness = 30
mm] is 2.62 MN, in the absence of strain hardening and strain-rate enhancement of material strength.)
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Figure 4-50: Shear force history at the top boundary and displacement history at the mid-height of
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Figure 4-51: Fringe plot of effective plastic strain at peak displacement

To quantify the effects of strain-rate on the response of the column, a companion analysis was performed
in which the strain-rate effects were ignored. Temperature effects were also ignored for the reasons given
previously. The values of the parameters of Johnson-Cook model were revised accordingly to consider
only the effect of strain hardening. The peak displacement increased from 33.9 mm to 34.4 mm, the peak
reaction (shear force) increased from 3.04 MN to 3.12 MN, and the peak effective plastic strain increased
from 0.021 to 0.023. The response of this column is not affected significantly by strain-rate effects.
Nonetheless, strain-rate effects on yield stress were included in all subsequent analyses described below.

4.4.3

Analysis using cylindrical charges

To study the effect of charge shape on the response of the column, the analyses of section 4.4.2 were
repeated with cylindrical charges Cyl_I and Cyl_V. The analyses were performed in two stages: 1) a 2D
axially symmetric analysis until the detonation products expanded to 3m, and 2) a 3D analysis with the
output of the 2D analysis mapped into a 3D domain that contained the air (initialized at atmospheric
pressure) and the column.
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Four analyses were performed; two for each charge with the charges oriented horizontally and vertically.
The 3D numerical models with the two charge orientations are presented in Figure 4-52. In panel a of the
figure, the longitudinal axis of the charge is parallel to the longitudinal axis of the column, whereas in
panel b, the longitudinal axis of the charge is perpendicular to the longitudinal axis of the column. The
two orientations of the charge are denoted as A (vertical) and B (horizontal). Analyses were performed for
two aspect ratios: 1 and 5. The subscripts A and B are added to the charge names to identify their
orientation.

a) Orientation A with the charge axis vertical

b) Orientation B with the charge axis horizontal

Figure 4-52: Two orientations of the cylindrical charges

4.4.4

Results and discussions of analysis using cylindrical charges

Figure 4-53 presents the reflected overpressure histories at points A, B and C (monitoring gauges 1, 2 and
3, respectively in Figure 4-45a) for the vertically oriented charges and the spherical charge. Figure 4-54
presents the reflected overpressure histories at points A, B and C for the horizontally oriented charges and
the spherical charge. The reflected overpressure histories vary significantly along the height of the
column for each charge (spherical, vertical cylinder ×2 , horizontal cylinder ×2 ) in terms of peak values,
reflected impulses and arrival times. Table 4-3 presents the peak reflected overpressure and reflected
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impulse at points A, B and C. The assumption of uniform loading, which underpins single-degree-offreedom analysis, is clearly inappropriate for near-field detonations.
The shear force and column mid-height displacement histories for the detonations of the vertically
oriented (A) charges are presented in Figures 4-55and 4-56, respectively. The responses for the spherical
charge are included in each figure to enable a direct comparison with the results of the detonations of the
cylindrical charges. The fringe plots of effective plastic strain at the time of peak mid-height displacement
(which is approximately the time of peak shear force reaction) are presented in Figure 4-57; two views of
the column are shown in the figure.
There is little difference between the peak shear forces resulting from the detonation of the vertically
oriented charges and the spherical charge, which is due in significant part to the shear yielding of the
column (evident in the fringe plots of Figure 4-57), that limits the magnitude of the shear force.
The displacement histories presented in Figure 4-56 have similar shapes but different amplitudes.
Although residual (permanent) displacement of the column is evident for all three charges, the maximum
residual displacements is measured for the Cyl_VA charge, which produced the maximum values of peak
shear force and equivalent plastic strain in the web. The maximum transient and residual displacements
increase with aspect ratio. This observation is consistent with the results presented in section 4.2.3, which
show that the impulse in the radial direction increases with aspect ratio. The fringe plots of effective
plastic strain show that the extent of shear yielding in the web of the column also increases with aspect
ratio.

159

Reflected overpressure (kPa)

70,000

Spherical
L/D = 1 vertical
L/D = 5 vertical

60,000
50,000
40,000
30,000
20,000
10,000
0

0

1

2

Time (msec)

3

4

a) point A
Reflected overpressure (kPa)

60,000

Spherical
L/D = 1 vertical
L/D = 5 vertical

50,000
40,000
30,000
20,000
10,000
0

0

1

2

Time (msec)

3

4

b) point B
Reflected overpressure (kPa)

20,000

Spherical
L/D = 1 vertical
L/D = 5 vertical

16,000
12,000
8,000
4,000
0

0

1

2

Time (msec)

3

4

c) point C
Figure 4-53: Reflected overpressure histories for the spherical and vertical (A) cylindrical charges
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Figure 4-54: Reflected overpressure histories for the spherical and horizontal (B) cylindrical
charges
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Table 4-3: Peak reflected overpressure and reflected impulse on the W14 × 257 column

Peak reflected overpressure (MPa) Reflected impulse (MPa-msec)
Charge
Point A

Point B

Point C

Point A

Point B

Point C

Spherical

33.6

26.7

17.2

18.6

14.4

8.72

L/D = 1 vertical

66.3

15.3

5.54

31.1

11.7

5.12

L/D = 5 vertical

48.6

51.4

11.0

34.7

16.8

4.79

L/D = 1 horizontal

172.3

33.4

5.52

61.0

16.0

4.28

L/D = 5 horizontal

144.6

12.8

9.46

28.8

5.15

2.90
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Figure 4-55: Shear force histories for the spherical and vertical (A) cylindrical charges
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Figure 4-56: Displacement histories for the spherical and vertical (A) cylindrical charges

a) L/D = 1 vertical
b) L/D = 5 vertical
Figure 4-57: Fringe plots of effective plastic strain at peak displacement for the vertical (A)
cylindrical charges
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The shear force and column mid-height displacement histories for the detonations of the horizontally
oriented (B) charges are presented in Figures 4-58 and 4-59, respectively. The responses for the spherical
charge are included in each figure for the reason given previously. The fringe plots of effective plastic
strain at the time of peak mid-height displacement (which is approximately the time of peak shear force
reaction) are presented in Figure 4-60.
For the horizontally oriented charges, the peak shear force for Cyl_IB is approximately 25% higher than
that for the Cyl_VB and spherical charges. The plastic strains in the web near the boundaries are much
greater for Cyl_IB than Cyl_VB, which enables the steel to strain harden and increases the shear resistance
of the column. The peak shear force for Cyl_IB occurs some time after that of the other two charges. This
is consistent with the arrival times of shock waves from cylindrical charges in the axial direction in the
near-field as shown in section 4.2.3: see Figure A-1.
The displacement histories for the horizontally oriented charges show that the peak displacement
decreases with increasing aspect ratio. The peak displacements for the Cyl_VB and spherical charges are
almost identical but the peak displacement for Cyl_IB is almost four times that for Cyl_VB. The response
of this column is sensitive to the change in aspect ratio of the cylindrical charge in orientation B (axis
horizontal).
In panel a of Figure 4-60, the effective plastic strain is maximized (  100ε y ) at the mid-height of the
column due to local bending of the flanges. The peak reflected overpressures (impulses) for the Cyl_I
cylindrical charge at point A for the horizontally oriented charges are 2.6 (2.0) times the values for the
vertically oriented charge, which is the reason that more damage is observed at the mid-height of the
column in Figure 4-60a than in Figure 4-57a.
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Figure 4-58: Shear force reaction histories for the spherical and horizontal (B) cylindrical charges
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Figure 4-59: Displacement histories for the spherical and horizontal (B) cylindrical charges
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a) L/D = 1 horizontal
b) L/D = 5 horizontal
Figure 4-60: Fringe plots of effective plastic strain at peak displacement for the horizontal (B)
cylindrical charges

Table 4-4 enables a comparison of the key response parameters for the spherical and cylindrical charges.
The response of the column subjected to a near-field blast loading is significantly affected by charge
shape. The vertically oriented cylindrical charges produce greater peak displacements, peak shear forces
and peak effective plastic strains than the spherical charge. Of the charges considered, the greatest
damage is caused by the horizontal Cyl_I charge. The response of this column is much more sensitive to a
change in the aspect ratio of the horizontally oriented charges than the vertically orientated charges.
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Table 4-4: Comparison of key response parameters for the spherical and cylindrical charges

Peak effective

Charge

Peak x-

Peak shear

displacement at

force reaction

mid-height

at boundary

(mm)

(MN)

plastic strain
Column web

Column flange

(near the

(at the column

boundaries)

mid-height)

Spherical

33.9

3.04

0.002

0.004

L/D = 1 vertical

45.7

3.21

0.031

0.038

L/D = 5 vertical

67.7

3.31

0.036

0.023

L/D = 1 horizontal

122.9

3.87

0.078

0.195

L/D = 5 horizontal

30.9

2.97

0.018

0.058
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SECTION 5

SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS
5.1 Summary
Blast loads on structures and components thereof are determined using either empirical design curves
provided in technical manuals such as the UFC-3-340 or by modeling the detonation using computational
fluid dynamics (CFD). Numerical modeling using CFD codes requires an understanding of the physical
and chemical phenomena involved in a detonation. A literature review on the complex processes involved
in the detonation of high explosives, including shock wave propagation and chemistry, is presented in
Chapter 2. The review includes a discussion on modeling of detonations in the computer codes LSDYNA, AUTODYN and Air3D.
A comprehensive survey of the different strategies available in these computer codes to model
detonations is presented in Chapter 3. The detonation of a spherical charge of TNT and the fluid-structure
interaction with a rigid column in the near-field was modeled and analyzed using these codes. The results
are compared with those computed using the empirical design curves in UFC-3-340. The effects of blastwave clearing and afterburning are also investigated.
Chapter 4 presents the results of a numerical study on the influence of charge shape, charge orientation
and point of detonation on overpressure distributions. The overpressure histories in the axial and radial
direction, resulting from the detonation of 10 kg cylindrical charges and a 10 kg spherical charge are
compared. The influence of point of detonation is investigated by comparing contour plots of pressure for
the end detonated and centrally detonated charges. The effect of charge shape and orientation on the
response of a column in the near-field subjected to a detonation of 1000 kg of TNT is studied. Results are
reported in the form of displacement and reaction histories and contour plots of effective plastic strain.
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5.2 Conclusions and Recommendations for Modeling and Analysis
The scope of the numerical studies reported in Chapters 3 and 4 of this report is broad, ranging from
modeling detonations and detonations effects to computing the response of a structural component for a
near-field detonation of a large explosive. The key conclusions of the studies and recommendations for
modeling and analysis of near-field detonations are:
1. The peak reflected overpressures, overpressure histories and impulses in the near-field obtained
using three widely used codes for blast analysis (LS-DYNA, AUTODYN, and Air3D) are
significantly different than those computed using the industry-standard UFC-3-340. The three
codes estimate different values of the reflected overpressure, impulse and shock-front arrival time
on the face of a rigid column subjected to near-field detonation of a spherical TNT charge of
large size.
2. If LS-DYNA is used to model the effects of detonations of high-explosives in the near field,
element sizes should be small for the explosive (< 10 mm) and the air (< 25 mm). LS-DYNA
results are especially dependent on element size, and vary with time-step and the input parameters
of

the

coupling

algorithm.

Sensitivity

analyses

must

be

performed.

The

‘Constrained_Lagrange_in_Solid’ option in the coupling algorithm should be used with caution if
the meshes for the fluid and structure have different geometries (e.g., radial and cuboid).
3. If AUTODYN is used to model the effects of detonations of high-explosives in the near-field,
remapping capabilities should be used whenever possible. The Euler-FCT solver should be used
for air unless afterburning is to be modeled, in which case the multi-material Euler-Godunov
solver has to be used.
4. If Air-3D is used to model the effects of detonations of high-explosives in the near field, the
results do not vary much with grid refinement. The cell size recommended in the User’s Manual
can be used.

170

5. For a large explosive (say 1000 kg), the temperatures in the vicinity of the explosive after
detonation are much higher than those at which the dissociation of oxygen and nitrogen
molecules in air can occur. The assumption of a constant value for the ratio of specific heats, γ ,
for air is incorrect in this region. The assumption of γ = 1.4 for air is also violated in regions
where very high incident overpressures are reflected, which is indirectly addressed in UFC-3-340
where values of the reflection coefficient can exceed 8. Hard-coded Equations of State that allow
γ to vary should be implemented in LS-DYNA and AUTODYN.

6. Afterburning can significantly increase the reflected impulse in the near field for under-oxidized
explosives such as TNT. AUTODYN is capable of modeling the release of afterburning energy
but guidance on the amount of energy, time of release, and rate of release is lacking. For the
sample problem studied in this report, the effects of afterburning were modest.
7. In the near-field region (as measured by small scaled distance), clearing reduces both the peak
reflected overpressure and the reflected impulse. The rise time to peak reflected overpressure is
not instantaneous. The UFC-3-340 design procedures do not account for the reduction of peak
reflected overpressure on near-field targets of finite dimensions and may overestimate values of
peak reflected overpressure and reflected impulse.
8. Charge shape influences substantially the overpressure distributions in the near- and mid-field
regions. The incident overpressures and impulses generated by a cylindrical charge are
significantly greater than those generated by a spherical charge. Ignoring charge shape in the
analysis and design of structural components and framing systems subjected to near-field
detonations may result in low estimates of response and inappropriate conclusions regarding the
level of performance.
9. For cylindrical charges and a given scaled distance, a) the incident impulse increases (decreases)
in the radial (axial) directions with increasing aspect ratio; b) the peak overpressures are greater
in the axial direction than the radial direction; c) significant secondary shocks are present in the
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overpressure histories at large scaled distances (Z > 3.15 m/kg0.33) in the axial direction; d)
multiple shocks, which are less significant than the primary shocks, are seen at all scaled ranges
(Z = 0.53 to 4.2 m/kg0.33) and increase substantially the total impulse. If the impulses due to
secondary and tertiary shocks exceed 20% of the primary shock, nonlinear response-history
analysis should be performed to estimate the response of structural components and framing
systems. If the impulse due to secondary and tertiary shocks is ignored, the effect of cylindrical
charge shape on the incident overpressures, impulses, and the overall shape of the blast wave,
becomes negligible beyond a scaled distance of 2.64 m/kg0.33; that is a spherical charge can be
used for analysis.
10. The effects of charge shape described in 8) and 9) are substantially independent of the mass of the
explosive. A study of limited scope indicated that the value of scaled distance beyond which the
effect of charge shape effect can be ignored increased by less than 20% for a 100-fold increase in
the charge mass.
11. The effect of point of detonation (center, end) in a cylindrical charge on the overpressure
distributions and the overall shape of the blast wave is important for small scaled distances but
can be ignored for scaled distances greater than 3 m/kg0.33.
12. Charge shape (spherical or cylindrical) and orientation (axis vertical, axis horizontal) affect the
response of a column subjected to a near-field detonation. Horizontally detonated charges (axial
direction of the charge perpendicular to the front face of the structure) produces localized damage
in the column, whereas the damage due to the vertically detonated charges is widespread.
Furthermore, the response of the column is more sensitive to the change in aspect ratio of the
horizontally detonated charges than that in the vertically detonated charges.
13. For the sample problem, which may be representative of many blast-resistant analyses/designs of
building structures in North America in terms of threat (weapon size and standoff), the increase in
temperature of the component under consideration was negligible, and inclusion of thermal
effects in the constitutive model is unnecessary. For the sample problem that involved a heavy
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W 14 × 257 rolled column of Grade A992 steel, the effect of strain-rate on yield stress was
minimal and the inclusion of strain-rate effects in the Johnson-Cook model did not significantly
alter the local or global response of the column. The use of a Dynamic Increase Factor (DIF),
which is provided in UFC-3-340 and other design guidelines for blast-resistant design of
structures subjected to should be reconsidered.

5.3 Recommendations for Future Research
Although the numerical studies described in this report addressed a wide range of topics, much additional
study is needed before definitive conclusions can be drawn for design practice. Topics for further study
include:
1. Afterburning increases the reflected impulse for certain types of explosives. Although
afterburning was studied using AUTODYN, the amount of energy released and its release
duration were assumed on the basis of available information, which is incomplete. Additional test
data are needed. Improved strategies for incorporating afterburning should be developed and
implemented in LS-DYNA and AUTODYN.
2. The assumption of constant γ is violated at very high temperatures. Data relating γ to high
temperature and pressure (e.g., Gilmore, 1955), should be used to calibrate an Equation of State
for implementation in LS-DYNA and AUTODYN.
3. Clearing was shown to affect both the peak reflected overpressure and reflected impulse in the
near field. More work is needed to understand a) the propagation of rarefaction waves across the
front face of a target of finite width, and b) the influence of rarefaction waves on the peak
reflected overpressure and reflected impulse.
4. Technical manuals such as UFC-3-340 focus primarily on detonations of spherical and
hemispherical explosives. Charge shape, charge orientation and point of detonation have a
significant influence on overpressure histories in the near-field. Empirical design charts that
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address these variables should be developed. Experimental data should be collected to validate all
design charts.
5. Near-field detonations of explosives do not generate uniform load effects on structural
components and single-degree-freedom assumptions cannot be made. Simplified, yet robust
procedures should be developed for structural components to resist the effects of near-field
detonations.
6. Split Hopkinson Pressure Bar tests should be performed to determine the parameters of the
Johnson-Cook model in compression and tension for steels used in rolled shapes.
7. A simplified model of a W-shape column was assumed for the numerical studies reported in this
report; the ground at the base of the column was considered to be a transmitting surface; and
explosives were detonated at the mid-height of the column. Further studies are needed to consider
alternate column shapes and boundary conditions, and surface or near-surface detonations.
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Figure A-1: Overpressure histories at an axial distance of 5 charge diameters (Z = 0.53 m/kg0.33)
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Figure A-2: Overpressure histories at an axial distance of 15 charge diameters (Z = 1.58 m/kg0.33)
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Figure A-3: Overpressure histories at an axial distance of 25 charge diameters (Z = 2.64 m/kg0.33)
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Figure A-4: Overpressure histories at an axial distance of 35 charge diameters (Z = 3.69 m/kg0.33)

185

7,000

Incident overpressure (kPa)

6,000

Spherical
L/D = 1
L/D = 2
L/D = 3
L/D = 4
L/D = 5

5,000
4,000
3,000
2,000
1,000
0
-100

0.2

0.3

0.4

0.5
Time (msec)

0.6

0.7

0.8

Figure A-5: Overpressure histories at a radial distance of 5 charge diameters (Z = 0.53 m/kg0.33)
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Figure A-6: Overpressure histories at a radial distance of 15 charge diameters (Z = 1.58 m/kg0.33)
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70
Spherical
L/D = 1
L/D = 2
L/D = 3
L/D = 4
L/D = 5

Incident overpressure (kPa)

60
50
40
30
20
10
0
-10
-20
10

15

Time (msec)

20

25

Figure A-8: Overpressure histories at a radial distance of 35 charge diameters (Z = 3.69 m/kg0.33)
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