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Abstract Landmine threats play a crucial role in the design

of armored personnel carriers. Therefore, a reliable blast

simulation methodology is valuable to the vehicle design

development process. The first part of this study presents

a parametric approach for the quantification of the important

factors such as the incident overpressure, the reflected over-

pressure, the incident impulse, and the reflected impulse for

the blast simulations that employ the Arbitrary Lagrangian-

Eulerian formulation. The effects of mesh resolution, mesh

topology, and fluid-structure interaction (FSI) parameters are

discussed. The simulation results are compared with the cal-

culations of the more established CONventional WEaPons

(CONWEP) approach based on the available experimental

data. The initial findings show that the spherical topology

provides advantages over the Cartesian mesh domains. Fur-

thermore, the FSI parameters play an important role when

coarse Lagrangian finite elements are coupled with fine

Eulerian elements at the interface. The optimum mesh topol-

ogy and the mesh resolution of the parametric study are then

used in the landmine blast simulation. The second part of the

study presents the experimental blast response of an armored

vehicle subjected to a landmine explosion under the front

left wheel in accordance with the NATO AEP-55 Standard.

The results of the simulations show good agreement with the

experimental measurements.
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1 Introduction

Undercarriage landmine blasts cause a significant threat to

occupant safety in armored personnel carriers. The blast wave

interaction with armored plates in the undercarriage is an

important factor in the design process.

Experimental studies provide valuable insight to the per-

formance of armored vehicles subjected to landmine blast.

Some measures of performance include the resistance of

the undercarriage against tearing of the armor plates, fail-

ure of the structural welds, and high accelerations of the

footrest plate used by the occupants. Landmine blast exper-

iments that involve the testing of the full vehicle are costly

and time consuming, while numerical simulations provide a

faster alternative to measure the vehicle performance under

blast loads. The blast resistant undercarriage armor design is

an iterative process that is shaped by the successive use of

numerical simulations.

There are two major approaches for modeling blast loads.

The first approach involves the use of empirical equations

obtained from blast experiments. This is referred to as the

CONWEP method (CONventional WEaPons). This tech-

nique is suitable for simulating structural members directly

exposed to the blast wave, without any obstructions or

shadowing effects. The second approach is the Arbitrary

Lagrangian-Eulerian (ALE) technique that requires the mod-

eling of the surrounding air with a volumetric mesh around

the target structure. It allows the application of the Navier-

Stokes fluid dynamics equations for simulating the blast wave
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propagation. The coupling algorithm provides the interaction

of the blast wave with the target structure. However, the ALE

simulations lead to an increase in computational cost when

compared with the CONWEP method. Furthermore, calibra-

tion of the ALE parameters is a time consuming process.

The first part of the study presents the calibration of the

ALE approach by comparing the overpressure and impulse

results with the CONWEP method for a target flat plate

directly facing an explosive charge. The topology of the sur-

rounding air is modeled using a uniform Cartesian mesh as

well as a spherical mesh.

The advantage of the spherical topology is that the flow

of the mesh lines is perpendicular to the direction of the

blast wave propagation for a spherical charge. This type of

mesh topology yields a higher level of accuracy for the ALE

advection algorithm because the close-in shape of the blast

wave is similar to the geometry of the charge. However, it

should be noted that the blast wave formation will not be

best represented with a spherical mesh topology for non-

spherical shaped charges in the close-in range. The increase

in simulation accuracy due to the employment of higher mesh

resolutions is illustrated for both the Cartesian and the spher-

ical topologies.

The second part of the study presents the experimental

results for a full-scale blast test of an armored personnel

carrier subjected to undercarriage landmine explosion. A

landmine with a cylindrical geometry is encased in a rec-

tangular steel pot planted under the front left wheel of the

vehicle in accordance with the NATO AEP-55 Standard [1].

Displacement, velocity and acceleration data on the crew

compartment are collected. The experimental results are

compared with the numerical LS-Dyna simulation employ-

ing the ALE method. The optimum simulation parameters

obtained from the flat plate study are used in the ALE simula-

tion of the landmine explosion. The spherical mesh topology

is employed for the air surrounding the vehicle. It is evi-

dent that the cylindrical shape of the charge and the blast

wave reflections from the vehicle undercarriage result in a

non-spherical blast wave formation for the close-in range in

the vicinity of the front wheel where the detonation takes

place. However, for the spherical mesh resolution used in the

numerical study the computed displacements in the cabin

nearest to the blast location are in good agreement with the

experimental measurements.

2 Literature review

The most common mesh topology used in ALE type of blast

simulations is the Cartesian geometry in which the Eulerian

domain for the surrounding air is modeled with hexahedral

elements with orthogonal mesh lines. However, there are

a limited number of studies in the literature with spheri-

cal Eulerian mesh topologies. Chafi et al. [2] investigated

the incident overpressure and the reflected overpressure on

a circular armor plate for C-4 and TNT types of explo-

sives by utilizing the ALE formulation of the LS-Dyna code.

Their model reflects a spherical mesh topology. Slavik [3]

employed a mapping technique to couple the CONWEP blast

loads to the ALE domain that utilizes various mesh resolu-

tions. Kwasniewski et al. [4] examined the effects of different

mesh resolutions and standoff distances on the reflected

overpressure, and compared results with the available exper-

iments. They concluded that the ALE simulation is highly

sensitive to the mesh resolution used. Kilic [5] investigated

the effect of the mesh resolution on the blast simulations of

protective perimeter walls using the ALE approach of the

LS-Dyna code. Kilic and Smith [6,7] investigated the blast

response of deformable and rigid structural walls for the pro-

tection of critical buildings by employing the CONWEP and

the ALE approaches of the LS-Dyna code. They used the

CONWEP approach to investigate the response of an indi-

vidual blast wall, and used the ALE approach to simulate

the shadowing effects of blast walls placed between the high

explosive and the target structure for various standoff dis-

tances.

Erdik et al. [8] examined the effects of landmine explo-

sives detonated in a steel pot placed under the V-shaped

hull of an armored vehicle using the ALE formulation. They

reported that the numerical results were in agreement with

the experimental results.

Yin et al. [9] studied modeling the blast loads on build-

ing structures. They employed the ALE approach with the

spherical mesh topology to model the high explosive and

the surrounding air with one-to-one node transition at the

boundary. They suggested that fine mesh resolutions should

be used in the ALE method to provide accurate results for

the incident and the reflected overpressures.

Zakrisson et al. [10] presented the numerical and experi-

mental results of deformable steel plates subjected to explo-

sives confined in a steel pot. They used the ALE formulation

with different mesh resolutions and compared the results with

the CONWEP approach. They concluded that the CONWEP

approach was not suitable for representing the confinement

effects of the explosive placed in the pot. They concluded

that the CONWEP approach cannot accurately represent the

blast wave formation for explosives with geometries other

than the spherical or the hemispherical shapes.

The CONWEP approach requires the least amount of com-

putational resources and includes the effects of the gaseous

products of the explosion during the afterburning process

after detonation. The CONWEP approach provides more

accurate results in the near field range compared to the ALE

technique; however, it cannot accurately represent the blast

wave formation for non-spherical high explosive geometries.

The ALE approach is computationally intensive but can sim-
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ulate the confinement effect for encased explosives, the effect

of the shape of the high explosive, and can handle the blast

wave reflections on complex target surfaces as well as blast

shadowing effects when obstacles exist between the high

explosive and the target structure. This paper aims to present

the effects of mesh resolution as well as mesh topology on

the blast simulation results using the ALE approach.

3 Methodology

There are two main approaches to simulate the dynamic pres-

sure loading on target structures in the commercial finite

element code LS-Dyna. The first method is based on apply-

ing a pre-defined pressure function directly on the nodes of

the finite element model of the target structure. The pre-

defined pressure-time history loading function is established

upon the empirical equations obtained from experimental

blast studies. Such empirical equations are available in the

U.S. Army Manual TM 5-1300 [11]. A numerical standalone

computer program, CONWEP was developed by the United

States Army Corps of Engineers Protective Design Center

that incorporates the empirical equations of the Army Design

Manual TM 5-855-1 [12]. The same equations of the CON-

WEP program were also implemented in the LS-Dyna code

for simulating blast loading of structures through the use of

the *LOAD_BLAST keyword function [13,14].

The other alternative method available in the LS-Dyna

code is the ALE approach. The medium between the high

explosive and the structure is explicitly modeled with a volu-

metric mesh using the Eulerian approach. The Eulerian mesh

is divided into two parts; the fluid medium and the high explo-

sive that share common nodes. The physical properties of air

and the high explosive are assigned to the elements that repre-

sent the fluid medium and the explosive device, respectively.

When the detonation process takes place, the blast wave

travels at the user-input detonation velocity inside the mesh

domain of the explosive material. The blast wave is induced

in the fluid medium when the wave reaches the shared nodes

of the high explosive-fluid boundary. The blast wave then

travels in the fluid domain. The interaction between the

blast wave and the target structure is provided using the

*CONSTRAINED_LAGR_IN_SOLID keyword function in

the LS-Dyna code. The fluid-structure interaction method is

based on a penalty formulation [15]. The target structure is

modeled by a Lagrangian mesh that does not share nodes

with the Eulerian fluid domain. This allows the analyst to

insert any arbitrary Lagrangian mesh of the target structure

inside the volumetric Eulerian fluid mesh.

The CONWEP method is used for the calibration of the

blast load parameters of the ALE approach for the TNT type

of high explosive material investigated in this study. When

explosives of other types are employed, the approach relies on

Fig. 1 Blast wave pressure-time profile

an equivalent TNT mass. However, the TNT equivalence may

depend on a number of parameters such as charge size, scaled

distance, detonation speed, Chapman-Jouguet pressure; and

for a given explosive the pressure and the impulse calcula-

tions may require different TNT equivalence values [16–18].

Therefore, it is difficult to handle non-TNT types of explo-

sives with the CONWEP approach. In contrast, the ALE

method allows the adjustment of material properties and the

equation of state parameters for various non-TNT explosives.

These parameters are given in the study of Dobratz and Craw-

ford [19].

The incident and reflected blast overpressures of the CON-

WEP loading in the absence of an obstacle or reflections

provide the more accurate solutions available for a TNT type

of high explosive with a spherical geometry. The afterburn-

ing effects are included in the CONWEP calculations due to

the fact that the CONWEP approach utilizes the experimen-

tal measurements through the use of empirical equations.

A parametric validation study is often required in order to

benchmark the ALE results with the CONWEP solutions.

Although the ALE approach allows more complex scenar-

ios to be modeled, it requires more inputs from the analyst

such as fluid-structure interaction parameters, the physical

properties of the high explosive and the fluid medium. The

difference in the mesh resolutions of the Lagrangian and the

Eulerian domains as well as the mesh topologies plays an

important role on the fidelity of the results. In this study, the

incident and reflected overpressure time histories of the ALE

solutions are compared with the CONWEP results.

3.1 Blast wave

Typical blast wave pressure variation with respect to time

has a steep rise followed by an exponential decay region as

shown in Fig. 1. The rise of pressure to Py and its drop below

the atmospheric pressure Px in a finite amount of time show

that this behavior cannot be expressed as a simple logarith-

mic decay. The overpressure p0 is defined as the difference
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Table 1 JWL equation of state

parameters for TNT
ρ0 (kg/m3) D (m/s) PCJ (GPa) E0/V (GPa) A (GPa) B (GPa) R1 R2 W

1630 6930 21.0 7.0 371.213 3.231 4.15 0.95 0.30

between the pressures Py and Px . An empirical correction

factor is added to the logarithmic decay in order to ensure a

quasi-exponential form as given in (1) [20]:

p = p0

(

1 −
t

td

)

e
−α

(

t
td

)

(1)

The decay parameter is represented by α, t is time, p is the

instantaneous overpressure at time t , p0 is the maximum

overpressure, td is the time duration, and e is the base of nat-

ural logarithms. Kinney [20] provides the decay parameters

for different
p
p0

and t
td

values. The relationship between blast

impulse and decay parameter is then obtained by integration

of (2):

I =

∫ td

0

p dt = p0 td

[

1

α
−

1

α2

(

1 − e−α
)

]

. (2)

3.2 High explosive

The NATO AEP-55 Vol. II [1] describes test conditions for

NATO member countries to determine the protection level of

logistic and light armored vehicles subjected to blast effects

arising from grenade and landmine threats. The analysis pro-

cedure involves the detonation of the high explosive such

as C4 or TNT at the center of the landmine by the use of

applicable material models. TNT is used in this study as the

high explosive material. The detonation velocity in the high

explosive material determines the detonation time of a parti-

cle [20].

The evaluation of the explosive after ignition is described

by the Jones-Wilkins-Lee (JWL) equation of state, defined

with the keyword *EOS_JWL in the LS-Dyna code [15]. The

JWL equation of state defines the pressure as a function of

the relative volume V and initial internal energy per volume

E0 as given in (3) [15]:

p = A

[

1 −
W

R1V

]

e−R1V
+B

[

1 −
W

R2V

]

e−R2V
+

W E0

V

(3)

The input parameters are represented by A, B, R1, R2, W ,

and E0. A and B have dimensions of pressure, while the

dimensionless parameters are R1, R2, and W . E0 represents

the initial internal energy. The volumetric ratio is expressed

by V =
v
v0

, where vo is the initial volume. The exponential

terms are the high-pressure small-volume terms, and usually

the user chooses R1
R2

∼= 4 to make the two terms important in

different regions.

The parameters of the JWL equation of state for the TNT

high explosive material provided by Dobratz and Craw-

ford [19] are given in Table 1. The detonation velocity is

given by D, PCJ is the Chapman-Jouguet detonation pres-

sure, and ρ0 is the initial density. The detonation process is

modeled by the programmed burn approach available in the

LS-Dyna code. Detonation is activated at the center of the

high explosive at the beginning of the simulation. The reac-

tive wave travels at a constant speed of D inside the domain

of the high explosive material [21]. After the completion of

the detonation process the interaction with the air domain

begins and the pressure wave is generated in the air medium.

When a high explosive has insufficient oxygen to react

with the available carbon and hydrogen in its chemical forma-

tion, the explosive is classified as oxygen deficient. Oxygen

deficient explosives tend to react with the ambient oxygen

in the surrounding air medium after the formation of the

shock wave by the ignition process. The afterburning reaction

and the subsequent release of its chemical energy depend on

reaching a threshold pressure and a threshold temperature as

well as the availability of sufficient oxygen in the surrounding

medium. Afterburn is a difficult phenomenon to model due

to the fact that the initial detonation and the afterburn energy

release on the timescale are in the order of microseconds

and milliseconds, respectively [22]. The afterburning effect

in a blast simulation is a time-delayed release of energy that

corresponds to a secondary shock. The afterburning effect

may increase the total impulse exerted on the target structure

rather than increasing the peak overpressure [23,24]. There-

fore, the exclusion of the afterburning effect may lead to an

underestimation of the total impulse in the blast simulation.

Some computer codes allow the modeling of the afterburn

process using a modified form of the JWL equation of state.

However, this option is not currently available in the LS-Dyna

code. In contrast with the ALE technique, the CONWEP

approach is based on experimental results. Therefore, the

afterburning effect is included in the calculations carried out

with the empirical CONWEP equations. The results using the

ALE approach presented in this study for the flat plate simu-

lations and the full-scale landmine blast simulation exclude

the afterburning effect.

3.3 Calculation domain

The fluid-structure interaction (FSI) calculations are carried

out in the Eulerian domain, which consists of the high explo-

sive and the surrounding volume of air. The Lagrangian target

structure is inserted into the Eulerian domain. However, the
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nodes of the Lagrangian mesh do not share common nodes

with the Eulerian domain. The movement of the Lagrangian

finite element mesh of the structure becomes independent of

the movement of the material flow of fluids in the Eulerian

domain when the ALE approach is used; thus, a greater flexi-

bility is obtained in modeling the blast scenario. The Eulerian

domain of the high explosive and the air volume is meshed

with eight-node hexahedral elements.

The linear polynomial equation of state used for the air

domain is given in (4) [21]. The coefficients C0 through C6

are the parameters supplied by the analyst. The variable µ

depends on the volumetric ratio V as given in (5):

p = C0 + C1µ + C2µ
2
+ C3µ

3
+

(

C4 + C5µ + C6µ
2
)

E

(4)

µ =
1

V
− 1 (5)

In expanded elements the coefficients of µ2 are set to zero;

thus, the coefficients C2 and C6 in (4) vanish. The linear

polynomial equation of state may be used to model an ideal

gas by setting the coefficients C0, C1, and C3 to zero, and

using the value given in (6) for the coefficients C4 and C5.

The ratio of specific heats is expressed by γ with a value

of 1.4 used for the air medium. Inserting the values of the

parameters C0 through C6 into (4), the pressure is finally

obtained in (7). The internal energy per unit volume is given

by E . The initial and current densities of air are represented

by ρ0 and ρ, respectively.

C4 = C5 = γ − 1 (6)

p = (γ − 1)
ρ

ρ0
E . (7)

4 Rigid reflecting surface study

Element size is a crucial factor that affects the results of blast

simulations. Therefore, mesh resolution and mesh topology

should be given special care in constructing the finite ele-

ment model. However, factors such as time step marching

algorithm, fluid-structure coupling methods, and finite ele-

ment code capabilities may limit the accuracy of the blast

simulations even when fine mesh resolutions are used.

The CONWEP calculations are well documented in

the available literature [11–13]. The empirical equations

employed by the CONWEP program are based on the mea-

surements obtained from various blast experiments. There-

fore, it is essential to compare the CONWEP calculations

with the ALE simulation results in order to validate the

numerical studies. The peak incident overpressure and the

peak reflected overpressure of the ALE simulations con-

verge to the CONWEP calculations for fine mesh resolutions.

However, ALE simulations with coarse mesh resolutions sig-

nificantly underestimate the incident overpressure and the

reflected overpressure of the CONWEP results. The compar-

isons of the incident impulse and the reflected impulse show

a similar trend.

The blast response of a rigid reflecting surface placed

opposite to an explosive charge is investigated in order to

assess the influence of mesh resolution and mesh topology

effects on the ALE simulations. The parametric study uti-

lizes Cartesian and spherical topologies with varying mesh

resolutions. The purpose of the parametric study is to build

a basis for blast simulations that involve complex geometric

configurations.

4.1 Mesh topologies: cartesian and spherical meshes

The parametric ALE studies are classified in accordance

with the ratio of the element sizes of the Eulerian and the

Lagrangian domains at the region of interest. Since the fluid-

structure interaction plays a major role on the fidelity of the

blast simulations, the region of interest is at the coupling

interface of the Eulerian and the Lagrangian domains.

For instance, the C6 simulation refers to the Cartesian

type Eulerian mesh with the C designation and it consists

of 6 Eulerian elements interfacing with a single Lagrangian

shell element at the coupling region. The Cartesian meshes

used in this study have a cubical mesh topology and the mesh

resolutions are C1, C2, C4, C6, C8, and C10.

Similarly, the S6 simulation utilizes the spherical topol-

ogy (S designation) for the Eulerian domain with 6 elements

interfacing with a single Lagrangian shell element at the cou-

pling region. It should be noted that the size of the Eulerian

elements increases in the radial direction for the spherical

mesh topology. The spherical mesh resolutions used in this

study are S1, S2, S4, S6, S8, and S10. The spherical mesh

domain is in the shape of a complete sphere. Table 2 shows

the number of elements and the number of nodes for the rigid

reflecting surface parametric study.

Figure 2a and b provides the setup of the Cartesian

and spherical blast simulations. The target Lagrangian plate

structure is placed at a distance of 500 mm to the high

explosive charge. The airburst of a TNT charge of 1 kg is

investigated for a scaled distance Z value of 0.5 m/kg
1
3 .

The model consists of the high explosive, the surrounding

volume of air, and the rigid reflecting surface. The Cartesian

topology of the high explosive consists of cube elements with

an edge length of 8.5 mm. For the spherical topology, the high

explosive geometry is a sphere with a radius of 5.27 mm. The

volume of the mesh domain of the high explosive material

is 614 mm3 in both topologies in order to obtain a charge

mass of 1 kg. The high explosive charge and the surrounding

air are modeled with hexahedral Eulerian elements, whereas
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Table 2 Parametric study mesh details for the Cartesian and spherical

topologies

Model No. of elements (×106) No. of nodes (×106)

C1 0.005 0.006

C2 0.039 0.043

C4 0.314 0.329

C6 1.061 1.093

C8 2.515 2.571

C10 4.913 5.000

S1 0.007 0.007

S2 0.056 0.057

S4 0.451 0.454

S6 1.521 1.528

S8 3.604 3.617

S10 7.040 7.060

the target plate structure is modeled with a single four-node

Lagrangian shell element.

Figure 3 illustrates the finite element meshes for the C1

and the S1 simulations, respectively. Close-up views of the

mesh region around the high explosive domains are also

shown in Fig. 3. The size of the surrounding air elements

is constant in the entire Eulerian mesh for the C1 Cartesian

mesh simulation. However, the size of the surrounding air

elements increases in the radial direction away from the high

explosive device for the S1 spherical mesh simulation. The

size of the surrounding air and the high explosive elements

are the same at the coupling boundary for both simulations.

The detonation is initiated at the centroid of high explosive

domain in the Cartesian and the spherical mesh topologies

using the programmed burn option in the LS-Dyna code.

As the C1 simulation has a single hexahedral element used

to model the high explosive, the detonation takes place at

the centroid of the element shown in the close-up view in

Fig. 3(a). The S1 simulation has multiple hexahedral ele-

ments to model the spherical shape of the high explosive

domain as illustrated in Fig. 3(b).

4.2 Incident and reflected overpressures

One of the crucial steps in measuring the reflected overpres-

sure is to choose an appropriate number of integration points

in the quadrature rule used in the ALE fluid-structure interac-

tion algorithm of the LS-Dyna code. The NQUAD parameter

refers to the number of quadrature points for the fluid-

structure interaction. In order to couple a single Lagrangian

element to multiple Eulerian elements, the NQUAD parame-

ter defines a grid of n-by-n integration points at the fluid-

structure coupling surface. If the Lagrangian and Eulerian

element edge lengths are similar, a value of 2 is sufficient for

Fig. 2 Schematic drawing

Fig. 3 Mesh discretization of

(a) Cartesian (C1) and

(b) spherical (S1) Eulerian mesh

topologies consisting of

surrounding air and high

explosive
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Table 3 Spherical free-air burst CONWEP calculation of a 1 kg TNT

charge

Equivalent weight of TNT (kg) 1.00

Range to target (m) 0.50

Time of Arrival (msec) 0.1541

Peak incident overpressure (kPa) 3885.0

Peak normally reflected overpressure (kPa) 30360.0

Positive phase duration (msec) 0.3196

Incident impulse (kPa-msec) 141.3

Reflected impulse (kPa-msec) 1454.0

Shock front velocity (m/sec) 1953.0

the NQUAD parameter. For the combination of fine mesh res-

olution in the Eulerian domain and coarse mesh resolution in

the Lagrangian domain, the value of the NQUAD parameter

should be increased.

The body of armored vehicles is modeled with Lagrangian

shell elements. Computational fluid dynamics equations gen-

erally require fine mesh resolutions in the Eulerian domain.

It is common practice that the blast simulation of an armored

vehicle involves coarse and fine mesh resolutions in the

Lagrangian domain and the Eulerian domain, respectively.

In our study, we found out that the optimum value of the

NQUAD parameter is the number of Eulerian elements that

share a common interface edge with a Lagrangian element.

For example, a single Lagrangian element that is coupled

with six Eulerian elements on the interface edge should uti-

lize a value of 6 for the NQUAD parameter as in the case of

the C6 Cartesian mesh and the S6 spherical mesh simulations.

Table 3 shows the summary of the CONWEP calcula-

tion results for the spherical airburst of a 1 kg TNT charge

with a standoff distance of 0.5 m. For the selected parame-

ters, the peak normally reflected overpressure and the peak

reflected impulse are an order of magnitude higher than the

peak incident overpressure and the peak incident impulse,

respectively.

4.2.1 Comparison of incident overpressure

with the CONWEP calculations

Figure 4 presents the variation of the incident overpressure

over time for the C1–C10 Cartesian simulations. The peak

overpressure is significantly underestimated for the C1, C2,

and C4 mesh resolutions when compared with the CON-

WEP calculation. The arrival times of the shock front for

the C1, C2, and C4 simulations do not match the CONWEP

calculations. For the higher mesh resolutions, the deviation

percentage for the peak overpressure becomes 42, 21, and 2

for the C6, C8, and C10 simulations, respectively. The arrival

time of the shock front also improves for the higher mesh res-

olutions of C6, C8, and C10.

Fig. 4 Incident overpressure for the Cartesian topology

Fig. 5 Incident overpressure for the spherical topology

Figure 5 illustrates the variation of the incident overpres-

sure over time for the S1–S10 spherical simulations. The

arrival time of the shock front is in close proximity with

the CONWEP calculations for all mesh resolutions when

compared with the Cartesian simulations. The deviation per-

centage of the peak overpressure of the S6, S8, and S10

simulations is 16, 11, and 10, respectively.

Table 4 provides the total number of elements, the peak

incident overpressures, and the deviation percentages com-

pared with the CONWEP calculations.
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Table 4 Number of elements, peak incident overpressure, and deviation

percentages compared with the CONWEP calculations

Model Number of

elements (×106)

Peak incident

overpressure

(×10−5Mbar)

Deviation

percentage (%)

C1 0.005 0.41 88

C2 0.039 0.50 86

C4 0.314 1.26 65

C6 1.061 2.07 42

C8 2.515 2.80 21

C10 4.913 3.49 2

S1 0.007 1.80 50

S2 0.056 2.20 38

S4 0.451 2.61 27

S6 1.521 2.99 16

S8 3.604 3.16 11

S10 7.040 3.19 10

4.2.2 Comparison of reflected overpressure

with the CONWEP calculations

The purpose of realistic blast simulations is to investigate the

response of a structural entity when subjected to blast loads.

Reflection of shock waves from structural surfaces requires

the use of complex FSI algorithms. Therefore, simulations

involving the interaction of blast waves with structures are

more challenging than simulating the free expansion of blast

waves in air [20].

Figure 6 illustrates the variation of the reflected overpres-

sure over time for the C1–C10 Cartesian simulations. Similar

to the observations obtained in the peak incident overpres-

sures, the peak reflected overpressure is underestimated for

the C1, C2, and C4 mesh resolutions. There is a signifi-

cant gap between the arrival times of the shock front for the

C1, C2, and C4 simulations and the CONWEP calculations.

The deviation percentage for the peak overpressure gradually

improves to 48, 33, and 19 for the C6, C8, and C10 simu-

lations, respectively. An improvement of the arrival time of

the shock front is also observed for the C6, C8, and C10 sim-

ulations. Table 4 shows 2 % deviation for the peak incident

overpressure for the C10 simulation. However, the deviation

for the peak normally reflected overpressure is 19 % for the

C10 simulation in Table 5. The contrast between the two devi-

ation margins illustrates the difficulty of simulating reflected

shock waves.

Figure 7 shows the variation of the reflected overpres-

sure over time for the S1–S10 spherical simulations. The

arrival times of the shock front are generally in agreement

with the CONWEP calculations with the exception of the S1

simulation. The deviation percentages of the peak reflected

overpressure are in the high ranges for the S1, S2, and S4

Fig. 6 Reflected overpressure for the Cartesian topology

simulations with coarse mesh resolutions. The deviation per-

centage is reduced to 24, 17, and 9 for the S6, S8, and S10

simulations, respectively. The deviation percentage is halved

in the spherical topology when compared with the Cartesian

topology deviation percentages of 48, 33, and 19 of the C6,

C8, and C10 simulations, respectively.

In order to compare the blast wave propagation at similar

intervals for the C6 Cartesian and the S6 spherical simula-

tions, contour plots of pressure are needed. Figures 8, 9,

and 10 show the pressure contour plots of the C6 case for

the time instances of 49.9, 99.9, and 209.7 µsec, respec-

tively. The square shape of the high explosive does not yield

a perfectly spherical blast wave profile at any time instance.

However, the CONWEP approach for the flat plate assumes

that the high explosive charge has a spherical shape. The dis-

crepancies between the C6 ALE simulation results and the

CONWEP calculations are expected for this reason. The flow

of the mesh lines of the C6 Cartesian simulation is not always

perpendicular to the propagation direction of the blast wave.

Figures 11, 12, and 13 show the contour plots of the

pressure of the S6 spherical simulation for the time instances

of 50.0, 110.0, and 209.9 µsec, respectively. Since the high

explosive charge has a spherical shape, the blast wave propa-

gation is spherical as shown by the contour plots of pressure.

Furthermore, the flow of the mesh lines is perpendicular to the

propagation direction of the blast wave, creating an optimum

situation for the advection algorithm of the ALE technique.

Table 5 shows the total number of elements, the ratio of

the Eulerian elements interfacing with a single Lagrangian

shell element, the value used for the NQUAD parame-

ter in the LS-Dyna code, the peak reflected overpressures,

and the deviation percentages compared with the CONWEP
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Table 5 Number of elements,

Euler/Lagrange element ratio

(E/L), value of the NQUAD

parameter, peak reflected

overpressures, and deviation

percentages compared with the

CONWEP calculations

Model Number of

elements (×106)

Ratio of Eulerian

elements to

Lagrangian

elements

NQUAD Peak reflected

overpressure

(×10−4Mbar)

Deviation (%) Simulation

Run-time (total

CPU-seconds)

C1 0.005 1 1 0.11 96 3

C2 0.039 2 2 0.47 83 13

C4 0.314 4 4 0.97 66 40

C6 1.061 6 6 1.47 48 128

C8 2.515 8 8 1.91 33 388

C10 4.913 10 10 2.32 19 909

S1 0.007 1 1 1.08 62 6

S2 0.056 2 2 1.70 40 20

S4 0.451 4 4 1.90 33 220

S6 1.521 6 6 2.18 24 3455

S8 3.604 8 8 2.35 17 3823

S10 7.040 10 10 2.57 9 7614

Fig. 7 Reflected overpressure for the spherical topology

Fig. 8 Contours plots of pressure at t = 49.9 µsec for the C6 simula-

tion

Fig. 9 Contours plots of pressure at t = 99.9 µsec for the C6 simula-

tion

Fig. 10 Contours plots of pressure at t = 209.7 µsec for the C6 sim-

ulation

calculations. The simulation run-times are also provided in

Table 5. The simulations were carried out on the Windows

HPC Server 2008 computing cluster with 36 processors and

216GB of RAM memory at the OTOKAR Otomotiv ve

Savunma Sanayi A.S. Corporation.
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Fig. 11 Contours plots of pressure at t = 50.0 µsec for the S6 simu-

lation

Fig. 12 Contours plots of pressure at t = 110.0 µsec for the S6 sim-

ulation

Fig. 13 Contours plots of pressure at t = 209.9 µsec for the S6 sim-

ulation

4.3 Incident and reflected impulses

The blast response of a structure is sensitive to the reflected

overpressures applied on the surfaces exposed to the shock

wave. However, the peak reflected overpressure is not suffi-

cient to express the dynamic response of the structure. The

duration of the overpressure as well as its time variation plays

important roles in determining the structural response [25].

The integration of the reflected overpressure variation with

respect to time yields the reflected impulse. In blast scenarios

that involve close proximity to the high explosive the struc-

Fig. 14 Incident impulse for the Cartesian topology

tural response is extremely sensitive to the impulse levels.

Therefore, this section provides the results for the incident

impulse and the reflected impulse for the rigid reflecting sur-

face parametric study.

4.3.1 Comparison of incident impulse

with the CONWEP calculations

Figure 14 shows the time variation of the cumulative incident

impulse for the C1–C10 Cartesian simulations. Only the C6,

C8, and C10 simulations fall in the proximity of the CON-

WEP calculations with deviation margins of 17, 11, and 8,

respectively. Both the shock wave arrival time and the peak

incident overpressure of the C6 simulation show significant

variation when compared with the CONWEP calculations.

The peak incident overpressure is underestimated for the C8

simulation. The positive phase duration of the C10 simulation

is shorter when compared with the CONWEP calculations.

Mesh resolution improves the incident impulse in the simu-

lations.

Figure 15 shows the time variation of the cumulative

incident impulse for the spherical mesh topology. The S6

simulation underestimates the CONWEP calculation with a

deviation margin of 1 %. The S8 and S10 simulations over-

estimate the CONWEP calculation by 1 % and 2 %, respec-

tively. For lower mesh resolutions, there is a significant gap

between the simulation results and the CONWEP calculation.

Table 6 provides the cumulative incident impulse and the

deviation percentages compared with the CONWEP calcula-

tions for the Cartesian and spherical topologies. The spherical

topology provides an advantage over the Cartesian topology

for all mesh resolutions in the parametric study.
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Fig. 15 Incident impulse for the spherical topology

4.3.2 Comparison of reflected impulse

with the CONWEP calculations

Figure 16 shows the comparison of the reflected impulse time

variation for the Cartesian mesh topology. The maximum and

the minimum deviation margins are 90 and 25 % for the C1

and C10 simulations, respectively. It is clear from the results

of the parametric study that the Cartesian topology has a

significant disadvantage for simulating the reflected impulse.

Figure 17 presents the time variation of the cumulative

reflected impulse for the spherical mesh topology. The devi-

ation margins of the S6, S8, and S10 simulations are 19, 20,

and 15 %, respectively. Although the coarse resolution mesh

topologies of S1 and S2 yield low deviations for the reflected

Fig. 16 Reflected impulse for the Cartesian topology

impulse, they have high deviations in terms of the reflected

overpressure, and their pressure-time profiles do not reflect

the typical blast wave profile as illustrated in Fig. 1.

Table 7 shows the cumulative reflected impulse for the

Cartesian and spherical topologies and the deviation per-

centages compared with the CONWEP calculations. The

Cartesian mesh topology shows a consistent trend of decreas-

ing deviation percentages for the reflected impulse and

overpressure as the mesh density increases. For a given mesh

resolution with matching pairs such as C4 and S4, the spher-

ical mesh topology provides better results for both quantities

for the entire parametric study.

The total impulse achieved using the highest mesh resolu-

tions in the C10 Cartesian and the S10 spherical simulations

Table 6 Cumulative incident

impulse values of the

simulations and the deviation

percentages compared with the

CONWEP calculations

Model Cumulative incident

impulse (×104 N.µsec)

Deviation percentage

for incident impulse (%)

Deviation percentage

for incident overpressure

(%)

C1 0.72 47 88

C2 0.75 45 86

C4 1.00 27 65

C6 1.13 17 42

C8 1.21 11 21

C10 1.25 8 2

S1 1.28 6 50

S2 1.21 11 38

S4 1.28 6 27

S6 1.35 1 16

S8 1.38 1 11

S10 1.39 2 10
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Fig. 17 Reflected impulse for the spherical topology

Table 7 Cumulative reflected impulse values of the simulations and

the deviation percentages compared with the CONWEP calculations

Model Peak reflected

impulse (×105

N.µsec)

Deviation percent

age reflected for

impulse (%)

Deviation percent

age for reflected

overpressure (%)

C1 0.14 90 96

C2 0.47 65 83

C4 0.68 50 66

C6 0.80 41 48

C8 0.92 32 33

C10 1.01 26 19

S1 1.22 10 62

S2 1.17 14 40

S4 0.93 32 33

S6 1.10 19 24

S8 1.09 20 17

S10 1.15 15 9

still falls short of reaching the total impulse obtained by the

CONWEP calculations. The ALE simulations do not include

the afterburning effect of the gaseous products released after

the initial detonation process. Therefore, further mesh refine-

ment above the levels used the C10 and the S10 simulations

may not lead to a close match of the CONWEP calculations,

which include the afterburning effects.

The lower mesh density ranges of C1–C4 and S1–S4 have

deviations in the reflected overpressure and impulse in excess

of 30 %. The higher mesh density ranges of C6–C10 and S6–

S10 are more suitable for blast simulations since the reflected

overpressure and the reflected impulse are of main concern

for the response of the target structure. The excessive mesh

densities of the S8 and S10 simulations limit their practi-

cal usage for blast scenarios. The total number of elements

in the S6 simulation is around 1.5 million in contrast to the

3.6 million and 7.0 million elements used in the S8 and S10

simulations, respectively. The C6 Cartesian simulation has

deviations of 41 and 48 % for the reflected overpressure and

the reflected impulse, respectively. In contrast, the devia-

tions for the S6 spherical simulation are 19 and 24 % for

the reflected overpressure and the reflected impulse, respec-

tively. Therefore, it is concluded that the S6 spherical mesh

model provides a reasonable solution without an excessive

overhead of a large mesh size for blast simulations within

the framework of the mesh topologies investigated in the flat

plate parametric study. The S6 mesh topology is adopted in

the next section for building the ALE mesh topology around

the armored vehicle in the landmine blast simulation.

5 Full-scale armored vehicle subjected

to blast loads

A full-scale experiment was conducted by the Otokar Otomo-

tiv ve Savunma Sanayi A.S. Corporation in Turkey in 2010.

The first author participated in the experiment as an observer.

The purpose of the experiment was to assess the response of a

Mine Resistant and Ambush Protected (MRAP) vehicle sub-

jected to landmine blast. Figure 18 shows the experimental

setup. The NATO AEP-55 Standard Vol-II [1] describes the

test conditions in determining the protection level of logis-

tic and light armored vehicles subject to grenade and blast

mine threats defined by the NATO Standardization Agree-

ment 4569. TNT is selected as the high explosive material.

The landmine was placed in a steel pot buried in the ground

beneath the front left tire as illustrated in Fig. 19. The steel

pot has a square footprint of 700 mm by 700 mm, and is

350 mm in height. The material used for the steel pot is

CrMo4. The disc-shaped TNT charge was inserted into the

circular hole in the center of the steel pot. The clearance

between the TNT charge and the steel pot is 50 mm on the

sides as well as the bottom. The TNT charge is placed into the

hole such that it is suspended with the given clearance dis-

tances per the NATO AEP-55 Standard [1]. The TNT charge

has a diameter to height ratio of 3:1. The purpose of the

placement of the high explosive in the steel pot is to maxi-

mize reflections as set forth by the provisions of the NATO

AEP-55 Standard [1].

5.1 Experimental setup

The primary interest of the experiment is to measure the dis-

placements around the footrest plate and the sidewall plates of

the vehicle. Displacements are measured using strain insen-

sitive and crushable lead tubes attached on the metal plates
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Fig. 18 Test vehicle

Fig. 19 Placement of the land mine in the steel pot under the front left

tire

of the cabin. Figure 20 shows the status of the vehicle after

explosion.

5.2 Numerical simulation model

The spherical mesh topology with the medium resolution

of S6 is used in the simulation of the armored vehicle sub-

jected to the landmine blast. The S6 simulation for the flat

plate parametric study produced results with sufficient levels

of accuracy for the arrival time of the blast wave, the blast

overpressure, and the reflected impulse. The higher mesh res-

olutions of S8 and S10 are computationally expensive for the

landmine blast simulation. Therefore, the Eulerian mesh of

the S6 spherical simulation of the flat plate parametric study

is used to model the air medium around the armored vehi-

cle with 1.5 million hexahedral finite elements. The armored

vehicle model consists of 316,000 shell finite elements.

Fig. 20 Vehicle after explosion

The numerical analysis model includes the surrounding

air in a hemispherical dome topology, the high explosive,

and the vehicle. The landmine is placed under the front left

tire. Figure 21 shows the global view of the mesh used in

the simulation. The surrounding air has a diameter of 12 m.

The material model of the landmine is modeled as TNT with

the JWL equation of state. The surrounding air is modeled

as an ideal gas using a linear polynomial equation of state.

The vehicle model contains all the crucial structural compo-

nents such as the armor steel plates, the wheels, the chassis,

the occupant seats, the entry doors, the door locking mech-

anisms, the bolts, and the welds. The entire vehicle body is

modeled with Belytschko–Tsay type of shell elements [26]

with five integration points. The bolts are modeled with beam

elements that allow failure to occur when the load capacity is

reached. A penalty-based algorithm is used to model the con-

tact between the Lagrangian surfaces [21]. If a penetration

is detected between the surfaces, equal and opposite forces

proportional to the penetration depth are applied between the

surfaces. The force calculation is based on the mechanical

properties of the entities in contact. The finite element model

in the vicinity of the front left tire is shown in Fig. 22. The

TNT high explosive material and the steel pot are explicitly

modeled with hexahedral elements. The non-spherical shape

of the high explosive can be modeled by employing the ALE

technique.

Strain rate sensitivity is taken into account in order to

accurately represent the plastic behavior of steels [27]. The

Johnson–Cook (J-C) [28] constitutive material model is used

to model the metal components of the vehicle subjected to

large strains and high strain rates. The von Mises stress of

the J-C model is given in (8) [21]:

σ(ε, ε̇, T ) =
[

A+Bεn
]

[

1+C ln
ε̇

ε̇0

] [

1−

(

T − Tr

Tm − Tr

)m]

(8)
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Fig. 21 Illustration of the numerical model involving the vehicle, the

surrounding air, and the high explosive

Fig. 22 Finite element mesh of the high explosive and the steel pot

containment under the front left tire

where ε is the equivalent strain, ε̇
ε̇0

is the dimensionless plas-

tic strain rate, Tr is the room temperature, and Tm is the

melting temperature. A, B, C , n, and m are the material para-

meters. The vehicle body is covered with the Armox500T

type of armor steel and the J-C material model parameters

are obtained from the technical report FOI–R–1068–SE [29].

5.3 Comparison between the experimental results

and the simulation results

Figure 23 demonstrates the behavior of the vehicle and the

propagation of the blast waves during the 40, 200, 5500,

and 7000 microseconds of the landmine blast simulation in

sequence.

Figure 23a shows the detonated landmine and the resulting

shock wave progressing in a hemispherical volume. Fig-

ure 23b illustrates the advance of the shock wave while it

is beginning to engulf the front tire. The shock wave is re-

directed because of the obstruction caused by the front wheel.

Figure 23c shows the flow of the blast wave between the

two front tires. The coupling algorithm is able to capture the

complex 3D flow phenomenon that occurs during the blast

process. The blast wave progression in the Eulerian domain

successfully interacts with the Lagrangian elements of the

vehicle body. Figure 23d illustrates the blast waves engulf-

ing the entire vehicle body. The regions outlined in red color

illustrate the higher concentrations of the reflected overpres-

sures.

Figure 24a provides the sensor locations inside the vehi-

cle body. Figure 24b demonstrates the comparison of the

experimentally measured displacements and the results of the

numerical simulation. Sensor #8 yields the largest displace-

ment and is reported in Fig. 24b with a normalized value

of 100. Displacements at the other sensor locations are pro-

vided as a fraction of the normalized value at sensor #8. In

the post-test evaluation of the vehicle compartment, it was

observed that the coupling links of the displacement sensors

at locations #1 and #10 slipped during the landmine blast.

Figure 24c shows the deviation percentages of the simu-

lation results with respect to the experimental measurements

for each displacement sensor. The largest discrepancies

occurred at the sensor locations #1 and #10. The deviation

in the blast simulation is less than 25 % for all other sen-

sor locations. It was observed after the experiment that the

measurement tubes for monitoring the displacements sepa-

rated from the sidewall during the blast process at the sensor

locations #1 and #10. This fact may have caused an impact

of the measurement tubes with the sidewalls of the vehicle,

resulting in inaccurate measurements of the displacements.

The LS-Dyna simulation does not include the afterburning

effects in terms of the gaseous products of the detonation

reacting with the ambient oxygen in the surrounding air

medium. As a consequence the release of the afterburning

energy is not modeled in the TNT type of high explosive

landmine simulation. However, the displacements calculated

in the LS-Dyna simulation matched well with the experimen-

tal measurements. The simulation run-time on the Windows

HPC Server 2008 computing cluster utilizing 36 processors

is 42,240 seconds.

6 Conclusions

Mesh topology and resolution significantly affect the results

of a blast simulation. The use of a coarse mesh resolution

yields inaccurate results in the computational fluid dynamics

calculations of the blast wave in the Eulerian domain. When

the vehicle body is discretized using a fine mesh resolution,

the shell finite elements of the Lagrangian domain govern

the critical time step of the explicit time integration and

significantly increase the computational expense. Therefore,

a combination of fine Eulerian mesh resolution and coarse

Lagrangian mesh resolution is optimal for the ALE model-

ing approach used in blast simulations. The main goal of the

ALE model is to obtain accurate solutions for the reflected

overpressure and impulse.
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Fig. 23 Illustration of the

progress of the blast wave at

various instances of the

numerical simulation

Fig. 24 a Sensor locations inside the vehicle cabin (top view), b normalized displacement values, c deviation of the simulation results with respect

to the experimental measurements

The Cartesian topology is commonly used in the Eulerian

domain of blast simulations. The spherical topology provides

an alternative solution and may provide better results for the

reflected overpressure and impulse.

A parametric study of a rigid reflecting surface subjected

to a point charge is investigated in this study in order to

determine the effects of mesh resolution and topology for

the incident overpressure, the incident impulse, the reflected

overpressure, and the reflected impulse. The results are

compared with the experimentally verified CONWEP cal-

culations. The Cartesian topology underestimates both the

reflected overpressure and impulse even when higher mesh

resolutions are used. However, the use of a spherical topology

leads to sufficient accuracy in terms of the reflected overpres-

sure and impulse. The shock wave arrival time is also better

estimated in the simulations using the spherical topology.

An experimental study was conducted on an armored per-

sonnel carrier in 2010. A landmine was placed under the front

123



464 A. Erdik et al.

left tire. The results of the experiment are compared with the

blast simulation presented in this study. The rigid reflect-

ing surface parametric study shows that accurate results can

be obtained for the S6 spherical topology simulation with a

level of medium-to-higher mesh resolution. Therefore, the

Lagrangian and Eulerian domains of the armored personnel

carrier are meshed with a spherical mesh topology similar to

the S6 case of the rigid reflecting surface parametric study.

The comparison of the experimentally measured displace-

ments at various locations around the region of interest shows

good agreement with the ALE blast simulation results.
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