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Abstract 
Blast analysis using numerical techniques has become increasingly relevant to 

anticipate the material response of protective structures. Improvised explosive devices and 

land mines pose a significant threat to the occupants of armoured vehicles, it’s therefore 

important to increase the accuracy of the numerical analysis by incorporating more 

sophisticated material models whilst maintaining mathematical tractability. The current 

research employs an Arbitrary Lagrangian Eulerian (ALE) numerical technique in the 

hydrocode LS-DYNA for the analysis of the blast event. Further, incorporation of a soil 

model was carried out for the analysis of a TNT mine blast on a mild steel plate. The primary 

goals of the research are the implementation of an appropriate soil model and the use of 

multi-physics finite element analysis to model fluid structure interaction. The agreement with 

experimental result is very good and the methodology employed captured some important 

aspects of the blast-structure interaction.   

 

Introduction 
Earlier studies by the current authors [1] investigated the use of a hydrocode for the 

analysis of both ballistic and blast events; primarily Largnagian based analysis of kinetic 

energy impactors and ALE (Arbitrary Lagrangian Eulerian) analysis of blast events. The 

current study presents a further iteration of the blast analysis initiated in that study through 

the implementation of a modified Mohr-Coulomb soil model in lieu of the test steel pot used, 

as per the NATO standard [2].  The study aims to numerically analyse the high explosive 

(HE) detonation test carried out by Weckert and Andersen [3] and correlate the current 

numerical study with their experimental results. In the process the authors developed a 

computational model where the detonation of the explosive, stress propagation in the soil, the 

soil- structure interaction and the material response of a steel plate are computed within the 

same analysis. The material parameters for prairie type soil were deduced for the current 

analysis along with a brief parameter sensitivity study  

 

A CONWEP blast model was previously employed [1] based on the work of Kingery and 

Bulmash [4] and the blast resistant design  manual TM5-855-1 [5]. The implementation of 

the CONWEP blast model in LS-DYNA [6] was done by Randers-Pehrson and Bannister [7] 

as a hemispherical or spherical type blasts. It was previously found [1] that for the case of 

landmine detonation the CONWEP model fails to account for charge shape, shadowing, soil 

composition or confinement effects. The model also largely fails to accurately predict both 

peak pressures and impulse for near field blast regimes. This led the current authors to the 

implementation of the ALE numerical analysis for the simulation of detonic blast event.  FSI 

(fluid structure interaction) coupling was additionally used to evaluate the material response 

of a solid structure to a blast event. Similar published studies by Souli et.al [8] and Chafi et.al 
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[9] have demonstrated the successful use of the ALE method in air blast analysis but few 

studies are published in open literature for the analysis of blasts in prairie type soil.  

 

The need for such analysis stems from the complexity of the blast event where by the 

chemical energy stored within the explosive is transformed into a shock wave and a hot-high 

pressured gas by-product.  In the thermodynamic sense, a large, rapid increase in entropy 

does ‘work’ on the system. This work can be the propagation of discontinuities, shock waves, 

through the air, liquefaction and cratering of the soil, or structural damage to surrounding 

object or injuries to nearby persons. It’s thus pertinent to ensure that an accurate rheological 

model is utilised to best capture the prevailing physical aspects of the blast event. 

 

Methodology 
A high explosive detonation causes a strong shock to propagate freely into the 

surrounding medium/atmosphere. This blast wave is inherently a discontinuous condition 

where pressure, density, temperatures etc. increase. The Friedlander [4,5] formulation is 

generally used to describe the shock pressure: 
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Where, 

soP = Peak incident pressure 

t0    = positive phase duration  

ta    = arrival time  

B    = decay coefficient  

 

The parameters for this model are computed from the data published by Kingery and 

Bulmash [4]. The Friedlander formulation generally fails to accurately represent the static 

overpressure for distances less than 10 charge radii.  As such its application for detonic blast 

regimes is limited. Figure 1 shows a graphical representation of the pressure-time history of 

an air blast.  For the analysis of blasts in soils there are generally two camps of thought: the 

continuum type soil models [13] and the discrete particle camp where inter-granular 

interactions are treated explicitly [12]. The analysis here focuses on the former with particular 

attention to the accurate application of the ALE method to the analysis of the landmine  

explosion.  

 
Figure 1 Pressure-time variation for free air blast, adapted from [10] 

 

A blast in soil can not generally be characterised in the same fashion as air, rather, three 

distinct phases are generally recognised: 



 

(I) The detonation (as opposed to a deflagration event) transforms the stored chemical 

energy of the solid explosive into a gaseous product. At very small standoff 

distances the soil is crushed by the enveloping shock wave. This process is largely 

independent of the physical properties of the soil. Beyond this initial rupture zone 

the second zone is characterised be irreversible plastic deformation through 

crushing and pore collapse. The last significant response of the soil is in a third 

zone which is elastically loaded by the shock wave with the process being largely 

reversible. Figure 2 shows the graphical representation of the three zones. Often 

it’s during this phase that majority of the chemical energy is imparted as kinetic 

energy of the soil. 

 

(II) As the gas expands the confinement of the soil forces the gas to expand upwards 

towards the surface. The soil cap at this point is ejected in a hemispherical 

fashion; this correlates to the depth of the charge from the surface. As the 

compressive waves travel through the soil towards the surface they are partially 

transmitted into the air as a shock wave but largely reflected back into soil as 

tensile waves. This is due to the large impedance difference between the soil and 

the air.   

 

(III) The final phase sees the soil ejected and in an inverse cone shape forming an 

annulus of ejecta surrounding the detonation products. Generally the angle of the 

soil ejecta is between 60 and 90 [12] degrees depending on the depth of burial and 

the moisture content of the soil. It’s during this phase that the soil impacts 

neighbouring structures causing localised material deformation and possible 

breach of these structures.  

 

 
Figure 2 Soil response to detonation event, adapted from [11]. 

 

 

ALE formulation 



The ALE formulation uses both a Lagrangian and Eulerian formulation and this 

allows for the analysis of Fluid Structure Interaction (FSI). In traditional Lagrangian based 

analysis the spatial and material domains deform in unison, hence no material flow is allowed 

across the discretised elements. The Eulerian description is based largely on the fixed grid 

points and cells that occupy the spatial domain, their positions and volume, respectively, are 

invariant in time, thus allowing material flow across each element boundary. The ALE 

formulation introduces a third domain [20], an arbitrary displacement of the reference 

domain. This has the added complexity and benefit of computing the moving boundaries, free 

surfaces and large deformations using an advection step [8,13]. The inherent strength of the 

ALE formulation is the ability to model events where large element distortions would 

otherwise give frivolous results. The errors generally precipitate out of (a) highly distorted 

elements degrading accuracy (b) severe reduction of the time step since explicit FEA uses the 

Courant-Friedrich-Levy condition, based on element length and wave speed through the 

medium of interest.   

 

The ALE formulation also allows for multi-material treatment and FSI by using a two step 

process to solve the Navier-Stokes equation [8] for fluid flow. The Lagrangain step is 

computed in where by mesh moves with the fluid allowing for the calculation of the changes 

in velocity and internal energy. This is followed by an advection step where mass, 

momentum and energy changes are calculated across the element boundaries. 

 

Soil Material Model 
The ALE analysis model is comprised of a number of material zones with the most 

critical being the soil material as it provides the primary loading on protective structures [12]. 

The soil models initially investigated where the Druker-Prager and the Cap model in LS-

DYNA but ultimately a choice was made to evaluate the *Mat_FHWA_SOIL [14,15] within 

LS-DYNA based on a number of identified strengths: 

 

 Stability with no soil confinement 

 Ability to account for rate dependent strengthening (i.e. Non-linear hardening) 

 Strain softening behaviour 

 Evaluation of pore-water pressure 

 Evaluation of porosity due to air 

 

The FHWA soil model is a second order model based on the first order Mohr-Coulomb, Eq. 

2, material model. The Mohr-Columb soil failure model is a shear stress/normal stress 

relation that uses the maximum and minimum principal stresses to construct a strength 

bounding Mohr circle diagram which is largely based on triaxial stress tests. The cohesion ( 

C= when n =0) and friction angle are parameters of the tangent line to the Mohr’s circles 

as seen in Figure.3. 
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Figure 3. Mohr-Coulomb soil model 

 



Other studies [16, 17] have shown that amount of moisture within the soil has a significant 

effect on soil ejecta, the kinetic energy imparted to neighbouring structures and the formation 

of craters. It’s thus prudent to discuss the way the FHWA model treats pore-water pressure. 

The pore water pressure is calculated with respect to the volumetric compression strain as 

shown in Equation 3. 
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 It can be seen that the pressure in monotonically increasing with respect to the volumetric 

compression strain, v . Thus this is  a first order treatment of saturated soil and may be 

become deficient at high saturation rates The increase of pore- water pressure beyond the 

initial pressures will result is disassociation between neighbouring soil particles. The load 

carrying capacity of the soil diminishes rapidly with the water becoming the main load 

carrying material entity. This is a sign of soil liquefaction and of macroscopic soil softening. 

Soil parameters for prairie type soil with 10% moisture were deduced and calculated from a 

number of different studies [3, 14, 15, 18]: 

 

MID  Material ID*  4 RO  Density of soil  1480  

kg/m
3 

NPLOT  Plotting option*  3 SPGRAV Specific gravity  2.65 

RHOWAT  Density of water  1000 

kg/m
3 

VN  Viscoplasticity 
parameter  

(Strain-rate enhanced 
strength)  

0.0 

GAMMAR  Viscoplasticity 
parameter  

(Strain-rate enhanced 
strength)  

NA INTRMX Maximum number of 
plasticity iterations  

5 

K  Soil’s bulk modulus  80 MPa G  Soil’s shear modulus  45  MPa 

PHIMAX  Peak shear strength 
angle  

(friction angle) in 
radians  

0.1619  

rad 

AHYP  Coefficient A for 
modified Drucker-
Prager Surface  

35 

kPa 

COH  Cohesion or shear 
strength at zero 
confinement 
(overburden)  

114 kPa ECCEN  Eccentricity parameter 
for third invariant 
effects  

0.7 

 

AN  

 

Strain hardening % of 
phimax where non-
linear effects start  

 

NA 

 

ET  

 

Strain hardening 
amount of non-linear 
effects  

 

NA 

MCONT  Soil’s moisture 
content (0 - 1)  

0.1 PWD1  Parameter for pore 
water effects  

NA 



PWKSK  Skeleton bulk 
modulus  

(set to zero to 
eliminate effects)  

NA PWD2  Parameter for pore 
water effects on 
effective pressure 
(confinement)  

NA 

PHIRES  Min. internal friction 
angle  

residual shear 
strength in radians 

NA DINT  Volumetric strain at 
initial damage 
threshold  

5E-4 

VDFM  Void formation 
(fracture) energy  

5 DAMLEV Level of damage 
resulted in element 
deletion (0 – 1)  

1 

EPSMAX  Maximum principal 
failure strain  

0.05 

Table1.  FHWA material Parameters for prairie soil. 

 

Steel, Air and Explosive model      
The material parameters for the steel used are reproduced from [3]. The material is 

modelled as an isotropic elastic-plastic material. The model was not run with a strain rate 

sensitive constitutive model. 

variable Value 

  (density) 7816 kg/m
3 

G (shear modulus) 80 GPa 

y (yield stress) 350 MPa 

ET (plastic hardening 

modulus) 

450MPa 

K (bulk modulus) 160GPa 
Table 2. Isotropic elastic-plastic material parameters for steel plate 

    

The solid explosive is modelled using a *MAT_HIGH_EXPLOSIVE_BURN 

previously employed [1] for the TNT charge. TNT parameters are   =1632 kg/m
3
, D=7070 

m/s and Chapman-Jouget pressure of 20.5 GPa. .  The explosive product is modelled using 

the Jones, Wilkins and Lee (JWL) EOS with the pressure term given by: 

 

V

E
e

VR
Be

VR
AP

VRVR 




















 21

21

11             (4) 

Where,  

A,B, R1,R2,   are material constants  usually derived from cylindrical explosive testing or 

thermo chemical kinetic simulations. V=relative volume and E= energy per initial unit 

volume. The first term of the JWL is the high pressure term where the relative volume is 

close to 1. The second intermediate pressure term applies when V is close to 2. As  V 

becomes larger in the expanded state the EOS reduces to the last term, 
V

E
 [19]. The JWL 

parameters are analogous to those used in [1].  

 

The Air is modelled using a *MAT_NULL material model specifying only density and a 

linear polynomial EOS with the pressure term given by: 

ECCCCCCCP )( 2

654

3

3

2

210       (5) 

Where,  

6543210 ,,,,,, CCCCCCC are material parameters. 



1
1


V
 , V=relative volume 

E= Energy per initial unit volume 

 

The cut-off pressure and viscosity where set to zero to ensure the pressure stays positive and 

the viscosity was found to be negligible. The polynomial EOS can be reduced to an ideal gas 

type relation by setting C0, C1, C2, C3=0 and  C4=C5 = -1=0.4. To initialise the atmospheric 

pressure of 101 kPa, the relation below can be used: 

  EP
0

)1(



       (6) 

Hence E= 253kPa 

 

Simulation setup  
The ALE domain was constructed from an 8 node, 1 point integration ALE multi-material 

elements. Since the computational domain is finite a non reflecting boundary condition was 

imposed to ensure the stress waves propagating through the soil and the air do not reflect 

back into the computational domain. Further, the ALE model was meshed with a mesh 

density bias towards the detonation point, with the element size increasing radially outwards 

in the cylindrical coordinate system. The steel plate is modelled using 8 node, single point 

integration solid element to avoid ‘locking’ of the elements in the high strain rate 

deformation. Fluid-structure coupling was achieved through the 

*CONSTRAINED_LAGRANGE_IN_SOLID keyword. 

 

An artificial bulk viscosity was used to model the possible shock waves. In order to resolve 

these discontinuities in the mesh and preserve the Hugoniot jump condition a term is added to 

the pressure in order to smear the shock across a transition region. The default values for the 

bulk viscosity were lowered for this analysis. 

Analogous to the experimental setup in [3] the plate was placed 400 mm above the soil 

surface with the 6 kg cast TNT explosive buried 50 mm below the surface at a central 

distance from all plate edges. The detonation was initiated at time 0 and the simulation was 

allowed to run for 144 hours on an 8CPU 64G RAM computing cluster.  

 

Results and discussion    
The aim of the simulation was to apply a soil model for the analysis of the multi physics 

problem of a landmine detonation. The results, were hoped, would capture the prevailing 

physical attributes of the detonation event namely: 

 Detonation of the explosive and the formation of the high pressure gas products 

 Interaction between the expanding detonation products and the surrounding air 

 Successful implementation of the FSI structure algorithm 

 Interaction between the expanding gas products and the soil  

 Interaction of the soil-gas mix with the steel plate. 

 Formation of a crater due to the displacement of the soil 

 Capture the soil ejecta phenomena. 

 
The model successfully captured these and the results were in good agreement with some of 

the metrics outlined in [3]. Figure 4 shows the interaction between the detonation products, 

the soil and the steel plate. The model captured the inverted cone phenomena mentioned 

earlier, with the soil forming an annulus around the detonation products.   



     

 
 

 

 
Figure 4 Isosurafce plot of the detonation products (left) and the soil (right) interacting with the plate. 

 

In the absence of experimental measurements of incident overpressure, the authors compared 

the pressure computed in the ALE simulation to a CONWEP simulation carried out 

previously [1]. The CONWEP simulation was for a scaled charge of TNT, 14 kg , as outlined 

in [3] used to achieve the same vertical plate displacements. Figure 5 shows a pressure-time 

history plot of the CONWEP and ALE simulations. Of note, the peak incident pressures in 

the CONWEP simulation are higher at point A and almost equal at point B. There are 

obvious discrepancies in the decay of both models as with the arrival time of the incident 

pressures.  Figure 6 shows a pressure and impulse time history plot. The shape of both 

pressure and history plots are consistent with those reported in other studies [21].        



 
Figure 5 Comparison of incident pressures for the ALE and CONWEP models. 

 

 
Figure 6 Pressure- Impulse time history of explosion event. 

 

Another metric used for the analysis was the crater shape and size. The double crater reported 

in [3] and shown in Figure 7 was less apparent in the numerical study but generally the model 

was able to correlate well to the overall depth of the crater, H2, and the diameter of the small 

crater, D2. Figure 8 shows a comparison of the height the plate attained in the experiment [3], 

earlier studies [1] and the current study. The current unscaled ALE simulation provides a 

good correlation with the experimental data. The study in [3] also reported the distorted 

profile of the initially flat plate owing to the explosive event. The plate distortion observed in 

the numerical study did not match those reported experimentally; this can be largely 

attributed to the lack of a high strain rate formulation to better describe the test plate.           



 
Figure 7 Structure of the blast crater due to a 6 kg TNT charge. 

 

 
Figure 8 Comparison of experimental and numerical result for plate heights 

 

Conclusion 
The ALE model, while considerably more labour intensive in its application and carrying a 

heavy computational time penalty, does provide good quantitative and qualitative results. The 

implementation of the soil model was successful and the coupling of the solid structure to 

fluid domain provided a viable solution to a multiphysics problem. Further iteration would 

likely involve better soil characterisation, further mesh sensitivity studies and the 

implementation of a high strain rate constitutive model to better describe the deformation of 

the steel plate. Further work will aim to implement other soil types within the FHWA soil 

model framework.   

 

Acknowledgment 
The authors acknowledge the support of the Defence Materials Technology Centre, which 

was established and is supported by the Australian Government’s Defence Future Capability 

Technology Centre (DFCTC) initiative. 

 



References 

 
[1] Saleh, M; Edwards, L “Evaluation of a hydrocode in modelling NATO threats against 

steel armour” Proceedings of the 25th International Symposium on Ballistics. (2010) 

 

[2] NATO AEP-55, Volume 2 “ Procedures for evaluating the protection level of logistic and 

light armoured vehicles” (2006) 

 

[3] Weckert, S, Andersen, C “A preliminary comparison between TNT and PE4 Landmines” 

Report No. DSTO-TN-0723. Defence Science and Technology Organisation. Edinburugh, 

SA, Australia. (2006) 

 

[4] Kingery, C.N; Bulmash, G “Airblast Parameters from TNT Spherical Air Burst and 

Hemispherical Surface Burst” Report ARBRL-TR-02555, U.S. Army BRL, Aberdeen 

Proving Ground, MD, (1984) 

 

[5] TM 5-855-1 “Fundamentals of Protective Design for Conventional Weapons” US Army 

Waterways Experimental Station, US Army, (1986) 

 

[6] Hallquist, J “LS-DYNA Users Manual-Version 971 (R4 Beta)” Livermore software 

technology corporation, Livermore, CA, (2009) 

 

[7] Randers-Pehrson, G; Bannister, K.A “Airblast loading model for DYNA2D and 

DYNA3D” ARL-TR-1310, Army Research Laboratory. (1997)  

 

[8] Souli, M; Ouahsine, A; Lewin, L “ALE formulation for fluid- structure interaction 

problems” Computer Methods in Applied Mechanical Engineering Vol.190 pp.659-675 

(2000) 

 

[9] Chafi, M.S; Karami, G; Ziejewski, M “Numerical analysis of blast-induced wave 

propagation using FSI and ALE multi-material formulations” International Journal of Impact 

Engineering. Vol. 36 pp.1269-1275 (2009) 

 

[10] Department of Defence “Structures to resist the effects of accidental explosions” Report 

No. UFC 3-340-02. (2008) 

 

[11] Bangash , M.Y.H  “Shock, Impact and Explosion: structural analysis and design” 

Springer Publishing. 2009  

 

[12] Deshpande, V.S; McMeeking, R.M; Wadley, H.N.G; Evans, A.G “Constitutive model 

for predicting dynamic interactions between soil ejecta and structural panels” Journal of the 

mechanics and physics of solids. Vol.57 pp.1139-1164 (2009) 

 

[13] Alia, A; Souli, M “High explosive simulation using multi-material formulation” Applied 

Thermal Engineering. Vol.26 pp.1032-1042 (2006) 

 

[14] Federal Highway Administration “Manual for LS-DYNA soil material model 147”   

Report FHWA-HRT-04-095. US department of transport (2004)  

 



[15] Federal Highway Administration “Evaluation of LS-DYNA soil material model 147”  

Report FHWA-HRT-04-094. US department of transport (2004)  

 

[16] Hlady, S.L Effect of soil parameters on land mine blast” 18th Military Aspects of Blast 

and Shock (MABS) Conference, Germany (2004) 

 

[17] Gruijicic, M; Pandurangan, B; Cheeseman, M.A “A computational analysis of 

detonation of buried mines” Multidiscipline Modeling in Materials and Structures Vol.2  pp. 

363–387 (2006) 

 

[18] Fišerová, D “ Numerical analyses of buried mine explosions with emphasis on effect of 

soil properties on loading” PhD thesis. Cranfield University (2006) 

 

[19] Zukas, J.A;  Walters, W.P (Eds) “Explosive effects and applications” Springer-Verlag, 

New York. (1998) 

 

[20]Hughes, T.J.R; Liu, W.K; Zimmerman, T.K  “Lagrangian Eulerian finite elemnt 

formulation for viscous flows” Journal of computer methods in applied mechanics Vol.21 

pp.329-349 (1981)  

 

[21] Bouamoul, A; Nguyen-Dang, T.V “High explosive simulation using arbitrary 

Lagrangian-Eulerian formulation” Defence R&D Canada- Valcartier (2008)  

 
 
 

 

 

 

      

View publication statsView publication stats

https://www.researchgate.net/publication/262451253

