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ABSTRACT 

 A new concept solution for improving survivability of the light tactical military vehicles 

to blast-loads resulting from a shallow-buried mine detonated underneath such vehicles is 

proposed and critically assessed using computational engineering methods and tools. The solution 

is inspired by the principle of operation of the rocket-engine nozzles, in general and the so called 

“pulse detonation” rocket engines, in particular, and is an extension of the recently introduced so-

called “blast chimney” concept (essentially a vertical channel connecting the bottom and the roof 

and passing through the cabin of a light tactical vehicle). 

Relative to the blast-chimney concept, the new solution offers benefits since it does not 

compromise the cabin space or the ability of the vehicle occupants to scout the environment and, 

is not expected to, degrade the vehicle’s off-road structural durability/reliability. The proposed 

concept utilizes properly sized and shaped side-vent channels attached to the V-shaped vehicle 

underbody. The utility and the blast-mitigation capacity of this concept is examined in the present 

work using different (i.e. coupled Eulerian/Lagrangian and coupled finite-element/discrete-

particle) computational methods and tools. 

To maximize the blast-mitigation potential of the proposed solution, standard engineering 

optimization methods and tools are employed for the design of side-vent-channels. It is shown 

that, by proper shaping and sizing of the side-vent-channels, venting of ejected soil and 

supersonically-expanding gaseous detonation products can be promoted, resulting in an increase 

in the downward thrust on the targeted vehicle. 

Furthermore, it is found that optimization of the geometry and size of the side-vent-

channel solution for the maximum blast-mitigation performance, requires consideration of a 

tradeoff between the maximum reductions in the detonation-induced total momentum transferred 
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to, and the acceleration acquired by, the target vehicle. The results obtained farther confirmed the 

blast-mitigation effects of the side-vent-channels, although the extent of these effects is relatively 

small (3-4%). 
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CHAPTER 1: INTRODUCTION AND BACKGROUND, AND THESIS OUTLINE 

1.1. Introduction and Background 

 In the present work, a new concept and solution for improved survivability of light 

tactical military vehicles to beneath-underbody shallow-buried mine detonation is proposed, 

analyzed (computationally) and geometrically/functionally optimized. Therefore, the main topics 

most closely related to the work addressed in this thesis include: (a) identification of the main 

limitations of recently and currently employed light tactical vehicles; (b) examination of the 

phenomena and processes associated with the interaction of the soil ejecta and gaseous detonation 

products, resulting from the detonation of shallow-buried mines, with the target structure, and 

elucidation/quantification of the resulting impulse loading; (c) a brief overview of the side-vent-

channel-based blast-mitigation concept, and of the computational methods and tools used to 

analyze and validate this concept/solution; and (d) an overview of the computational engineering 

analyses, including mechanical/design optimization analysis, used for validation and optimization 

of the blast mitigation concepts such as the side-vent channel concept. A brief overview of these 

four subjects is given in the remainder of this section. A more detailed description of the same 

will be presented in chapters 2 to 4. 

Limitations of the Current Tactical Vehicles: The High Mobility Multipurpose Wheeled Vehicle 

(HMMWV) is the prototypical light tactical vehicle which has been used by the US military for 

over 20 years. This vehicle was originally developed and deployed for conventional military 

conflicts with well-defined frontlines, and was intended for use behind the frontline. 

Consequently, and not surprisingly, the recent and the ongoing asymmetric warfare, in which the 

distinction between frontline combat and transportation convoys has been severely blurred, has 

revealed the lack of necessary blast and ballistic resistance of the HMMWV. These shortcomings 
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of the HMMWV are the reason that bigger, heavier MRAP (Mine Resistant Ambush Protected) 

vehicles, have mostly replaced HMMWVs in the past conflict in Iraq and the ongoing conflict in 

Afghanistan. However, the improvements in IED (Improvised Explosive Devices) blast-

resistance of MRAP vehicles have come with new limitations, including: (a) reduced tactical 

mobility/utility; (b) limited maneuverability on crowded city streets; (c) inferior fuel economy; 

and (d) significantly reduced deployability (these vehicles are too heavy to be driven over 70% of 

the world’s bridges) and transportability (the MRAP vehicle weight typically exceeds the payload 

capacity of the CH-47 Chinook helicopter). 

Mine-Detonation-Induced Impulse Loading on Target Structures: Landmines buried in or near 

roads have resulted in numerous instances of tactical vehicle destruction and soldier casualties 

incurred by the U.S. military during the recent/ongoing campaigns in Iraq and Afghanistan. When 

these landmines detonate, the impact of the resulting blast waves, ejected soil, mine 

casing/shrapnel, and expanded gaseous detonation products produces large impulsive loads on the 

targeted vehicle/personnel. Development of military vehicles (and general structural platforms) 

with a high-level of resistance/survivability to landmine-/IED-detonation entails at least the 

following: (a) the understanding of and ability to quantify the impulsive loads associated with the 

detonation of landmines buried/deployed in soil of differing compositions/constitutions; and (b) 

the ability to predict the kinematic and structural (including failure) response of the targeted 

vehicles/platforms. Acquiring such understanding and predictive ability, however, is typically 

quite challenging since the detonation-induced loads depend strongly on the deployed mine’s 

shape, size and depth of burial (DOB), the distance between the soil surface and the target (the 

so-called stand-off distance, SOD), and the soil properties (density, particle mean size and 

distribution, presence of inorganic/organic matter, water content, etc.). 
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Due to the sensitive nature of the subject matter, only a few scientific papers and 

technical reports dealing with the problem of detonation of buried (explosive) charges and the 

resulting impulse loading experienced by the target structure are publicly available. A detailed 

overview of these papers/reports which are considered to be most closely related to work 

described the present thesis is given in chapters 2 to 4. 

The Side-Vent-Channel Blast-Mitigation Concept: To address the limitations of light tactical 

vehicles mentioned above, the US military continues to seek innovative concepts and solutions 

which: (a) can improve blast-survivability of these vehicles; and (b) do so without compromising 

vehicle mobility/maneuverability, transportability, deployability or fuel economy. One of the 

concepts currently being used in the light tactical vehicles is the V-shaped vehicle hull (or simply 

V-hull). While the use of V-shaped hull yields blast-mitigation benefits, the extent of these 

benefits is not very high due to the conflicting requirements related to the minimum ground 

clearance of the vehicle and the maximum steepness of the V-hull. 

 The V-hull concept was further advanced in the present thesis by attaching to it a series 

of side-vent-channels. The resulting so-called side-vent-channel solution will be described in 

greater details, analyzed computationally and optimized geometrically and functionally in 

chapters 2 to 4. As will be shown later, this solution utilizes flared tubular side-vent-channels (of 

the appropriate cross-sectional shape and wall thickness) open at both ends. The bottom end of 

each tube is cut parallel to the ground (to promote inflow of the detonation by-products and soil 

ejecta, and to prevent crushing/crumpling of the tube inlet under blast loads) and flush with the 

V-hull bottom. The channels/tubes are intended to function as exhaust nozzles as in the case of 

the pulse-detonation engine and, thus, provide a downward thrust to the vehicle (through the 

gaseous-detonation products supersonic-expansion effects). The additional role of the side-vent-

3 
 



channels is to reduce the blast momentum transferred to the targeted vehicle by improving the 

venting of the gaseous detonation products, soil ejecta and mine-casing fragments. To validate the 

side-vent-channel concept, detailed computational analyses involving detonation of a landmine 

(of a prototypical shape, size and DOB) buried underneath the vent-channel-equipped vehicle, 

and the interaction of the air-blast, soil ejecta, and mine-casing fragments with the vehicle will be 

conducted in chapters 2 to 4. 

Overview of the computational engineering analyses: The computational analysis employed in 

chapter 2 is of a combined Lagrangian/Eulerian fluid-structure interaction (FSI) type, within 

which both the gaseous materials (i.e. air and detonation products) and non-vehicle solid 

materials (i.e. soil and mine fragments) are modeled as a multi-component Eulerian material. 

Consequently, this type of analysis suffered from at least the following two major deficiencies: 

(a) inaccuracies/uncertainties related to the definition of the boundaries between different 

components of the Eulerian material, and between the Eulerian and vehicle-Lagrangian materials; 

and (b) inability to take into account the granular/discrete character of the soil ejecta. Despite 

these deficiencies, the computational analyses carried out in chapter 2 established, at least in 

semi-quantitative terms, that the side-vent-channels: (i) lower the blast impulse transferred to the 

vehicle, by promoting venting of soil ejecta, gaseous detonation products and mine-casing 

fragments resulting from a mine-blast underneath the vehicle; (ii) lower the possibility for the 

vehicle lift-off from the ground, by promoting supersonic expansion of gaseous detonation 

products exiting the channel, and thereby helping to create a downward thrust on the vehicle; (iii) 

do not limit the mobility of the occupants within the vehicle and their ability to survey the 

surroundings, since the vent-channels do not pass through the vehicle cabin; and (iv) do not 

compromise vehicle off-road structural reliability and durability, since the side-vent-channels 
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attached to the V-hull do not considerably increase vehicle-frame rigidity and, thus, do not 

significantly increase the rate of vehicle-frame fatigue-induced failure. 

 The aforementioned deficiencies of the combined Eulerian/Lagrangian analysis employed 

in the computational investigation of the side-vent-channel concept in chapter 2 were addressed 

in chapter 3. In chapter 3, the side-vent-channel concept/solution is re-examined using combined 

Finite-Element/Discrete-Particle computational methods and tools. Within this approach, all non- 

vehicle materials are treated as assemblies of discrete particles. The combined finite-

element/discrete-particle analysis reconfirmed the aforementioned findings (yielded by the 

combined Eulerian/Lagrangian computational analysis) regarding the blast-mitigation utility and 

efficacy of the side-vent-channel solution. 

Geometrical and size optimization of the proposed side-vent-channel concept/solution for 

mitigation of the blast-loads resulting from a shallow-buried mine detonated underneath a light 

tactical vehicle is carried out in chapter 4. By proper shaping and sizing of the side-vent-channels, 

venting of ejected soil and supersonically-expanding gaseous detonation products is promoted in 

order to generate a downward thrust on the targeted vehicle. In the course of the optimization 

procedure, the geometry and size of the side-vent-channel solution are varied in order to attain 

maximum blast-mitigation performance (as defined by a tradeoff between the maximum 

reductions in the detonation-induced total momentum transferred to, and the acceleration acquired 

by, the target vehicle). 
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1.2 Thesis Outline 

The present thesis is organized in the following way:  combined Eulerian/Lagrangian 

computational analysis of the newly proposed side-vent-channel blast mitigation concept is 

carried out in chapter 2. Re-examination of the same solution using combined Finite-

Element/Discrete-Particle computational analysis is carried out in chapter 3. Geometrical and 

shape optimization of the side-vent-channel blast-mitigation solution for maximum blast-

mitigation performance is presented in chapter 4. A summary of the main findings and 

conclusions obtained in the present thesis as well as suggestions for the future work are presented 

in chapter 5.  
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CHAPTER 2: A NOVEL BLAST-MITIGATION CONCEPT FOR LIGHT TACTICAL 

VEHICLES 

2.1. Abstract 

A new concept solution for improving blast survivability of the light tactical military 

vehicles is proposed and critically assessed using computational engineering methods and tools. 

The solution is inspired by the principle of operation of the rocket-engine nozzles, in general and 

the so called “pulse detonation” rocket engines, in particular, and is an extension of the recently 

introduced so-called “blast chimney” concept (essentially a vertical channel connecting the 

bottom and the roof and passing through the cabin of a light tactical vehicle). Relative to the 

blast-chimney concept, the new solution offers benefits since it does not compromise the cabin 

space or the ability of the vehicle occupants to scout the environment and, is not expected to, 

degrade the vehicle’s structural durability/reliability. The proposed concept utilizes side vent 

channels attached to the V-shaped vehicle underbody whose geometry is optimized with respect 

to the attainment of the maximum downward thrust on the vehicle. In the course of the channel 

design optimization, analytical and computational analyses of supersonic flow (analogous to the 

one often used in the case of the pulse detonation engine) are employed.  The preliminary results 

obtained reveal the beneficial effects of the side channels in reducing the blast momentum, 

although the extent of these effects is quite small (2-4%). 
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2.2. Introduction 

 In the present work, a new concept solution for improving blast survivability of the light 

tactical military vehicles is proposed and investigated using computational engineering methods 

and tools.  The solution is an extension of the recently introduced so-called “blast chimney” 

concept [1] and is also inspired by the principle of operation of the rocket-engine nozzles, in 

general and the so called “pulse detonation” rocket engines, in particular [2].  Hence, the main 

topics to be overviewed in this introductory section of the present manuscript include: (a) main 

limitations of the (light) tactical vehicles currently in use; (b) the blast chimney blast- mitigation 

concept; (c) principle of operation of a rocket engine nozzle; and (d) the principles of operation of 

pulse-detonation rocket engines. 

Limitations of the Current Tactical Vehicles: The HMMWV (High Mobility Multipurpose 

Wheeled Vehicle) is the prototypical light tactical vehicle used by the US military. This vehicle 

was designed and developed during the cold war and, not surprisingly, has been found lacking the 

necessary blast and ballistic resistance in the ongoing asymmetric warfare, in which the 

distinction between front line combat and transportation convoys has been severely blurred. Thus, 

in conflicts in Iraq and Afghanistan, HMMWVs have been largely replaced by larger, heavier 

MRAP (Mine Resistant Ambush Protected) vehicles, which have been specifically designed for 

resistance to IEDs (Improvised Explosive Devices) blast [1]. 

 However, the added mass which plays a key role in the superior IED survivability of the 

MRAP, also negatively affects other performance aspects of this vehicle such as: (a) tactical 

utility/mobility is severely compromised relative to that of the HMMWV; (b) diminished 

maneuverability on narrow city streets; (c) poor fuel economy; (d) its weight exceeds the payload 

capacity of the CH-47 Chinook helicopter [1] severely affecting its transportability; and (e) its 
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weight exceeds the load carrying capacity of 72% of the world’s bridges [3] seriously hampering 

its deployment. 

Blast Chimney Concept: To fill the need for lighter, high-mobility/maneuverability, fuel 

efficient, transportable and deployable light tactical vehicles with improved mine/IED 

survivability, HMMWV manufacturer AM General LLC, South Bend, Indiana and DoD 

Contractor Hardwire LLC, Pocomoke City, Maryland are in the process of developing a new 

generation of HMMWVs. While a number of blast mitigation solutions (e.g. energy absorbing 

floor, shock-absorbing seats, a gunner protection system, blast-resistant doors etc.) [1, 4] are 

being utilized in the new HMMWV, the key new concept introduced is the so-called “blast 

chimney”.  The blast chimney is simply a vertical channel which connects the vehicle bottom to 

its roof and enables the venting of soil ejecta, gaseous detonation products and mine casing 

fragments [1, 4] resulting from a mine blast underneath the vehicle. 

 Due to the sensitive nature of the subject matter, relatively little has been reported in the 

open literature regarding the blast mitigation potential of the blast chimney concept. Among the 

ones reported to the public, the following are found to be the most relevant: (a) In eleven tests 

conducted by the Army Test Center, the 16300 pound enhanced HMMWV provided the 

mandatory occupant survivability level required of the smallest MRAPs (M-ATVs, Mine 

Resistant Ambush Protected All-Terrain Vehicles), which weigh approximately 30000 pounds 

[4]. It should be noted that it is not claimed here that the occupant survivability level offered by 

the enhanced HMMWV matches that offered by the M-ATV but that it merely meets the 

occupant survivability level minimal requirements for the M-ATVs; (b) In a DARPA-sponsored 

investigation, an attempt is being made to decouple and assess the contributions of all the blast-

mitigation solutions used in the enhanced HMMWV and to specifically isolate the blast 
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mitigation potential of the blast chimney [4]. The results obtained so far are inconclusive. In 

particular, it is presently unclear, to what extent the observed enhanced blast mitigation 

performance is a consequence of the venting effects offered by the blast chimney and to what 

extent it is the result of an enhanced structural rigidity of the cabin arising from the additional 

bottom to roof connections provided by the chimney[4]; (c) Not surprisingly, it has been found 

that the incorporation of the chimney which runs through the vehicle cabin limits the mobility of 

the occupants within the vehicle and their ability to survey the surroundings [4]; and (d) Off-road 

vehicle-testing performance studies have indicated a loss in the vehicle structural reliability and 

durability which has been currently attributed to the enhanced rate of vehicle-frame fatigue-

induced failure which, in turn, has been linked with the aforementioned increased cabin rigidity 

[4]. 

 While the initial primary function of the chimney was to enable venting of soil ejecta, 

gaseous detonation products and mine casing fragments (and thus lower the blast impulse 

transferred to the vehicle), the aforementioned testing has suggested a two-fold action of the blast 

chimney: (a) the venting effect described above; and (b) a downward thrust imparted to the 

vehicle by the supersonically expanding gaseous detonation products exiting the blast chimney 

[5]. It should be noted that the blast venting effect offered by the blast chimney complements the 

reduced blast-impulse effect offered by the conventional V-shaped vehicle hulls. To demonstrate 

this point, simple schematics of three vehicle hull configurations/geometries are depicted in 

Figures 2-1(a)-(c). The conventional V-hull is depicted in Figure 2-1(a). In this case, the blast 

mitigation performance increases with an increase in the V-hull steepness.  However, constraints 

associated with vehicle ground clearance and height limit the maximum allowable V-hull 

steepness. A truncated V-hull design is depicted in Figure 2-1(b). In this case, the blast mitigation 
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performance is enhanced relative to that offered by the design depicted in Figure 2-1(a) since the 

benefits (decreased blast impulse) offered by the increased steepness of the V-hull outweighs the 

penalty (i.e. increased blast impulse) incurred due to the small flat section. As seen in Figure 2-

1(c), incorporation of a chimney, allows the gaseous detonation products, soil ejecta and mine 

casing fragments under the chimney to be vented, while still permitting highly steep V-hull sides 

[5]. 

11 
 



 

 

 

 

 

 

 

Figure 2–1 Three blast-mitigation vehicle-hull concepts: (a) V-shaped hull; (b) truncated V-shaped 
hull; and (c) same as (b) but with addition of a blast chimney. 
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 As mentioned earlier, the high-pressure supersonically expanding gaseous detonation 

products exiting the chimney provide a down-ward thrust to the vehicle, offsetting some of the 

blast-induced impulse delivered to the vehicle thus lowering the possibility for the vehicle lift-off 

from the ground [5]. The physical principles governing the creation of the down-ward thrust are 

analogous to those encountered in the context of rocket engines and are reviewed below. 

Principle of Operation of a Rocket Engine Nozzle: In the subsonic flow regime, a fluid can be 

accelerated by passing it through a converging nozzle. In this case, to ensure constancy of the 

mass flow rate, the fluid velocity at the nozzle exit must be higher than that at the nozzle inlet. 

The force required to accelerate the fluid in the subsonic regime is derived solely from the higher 

upstream pressure.  The effect of higher upstream pressure is propagated through the advancing 

fluid at the speed of sound. Hence, once the fluid at the nozzle exit reaches the sonic velocity, 

further increase in the fluid upstream pressure will not cause an additional increase in the fluid 

exit velocity. Simply stated, since the fluid at the nozzle exit flows at the sonic speed, the 

information regarding the increased upstream pressure never reaches the exiting fluid. A 

converging nozzle in which the fluid exit velocity is the sonic velocity is referred to as being in 

the “choked-flow” condition. 

 The analysis presented above shows that the fluid cannot be accelerated into the 

supersonic regime by simply pushing-off against the upstream fluid. Consequently, to achieve the 

supersonic flow condition, the fluid should be provided with a forward facing solid surface upon 

which the flow can exert a force. This is the reason that a typical rocket engine nozzle contains 

not only a converging but also a subsequent diverging section.  In this type of nozzle design, the 

converging section accelerates the fluid from subsonic to sonic velocity while the diverging 
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section accelerates the fluid from a sonic to supersonic velocity. The converging-diverging 

rocket-engine nozzle design described here is typically referred to as the “de Laval” nozzle. 

 As the fluid is being accelerated into the supersonic regime, it exerts a force (in the 

direction opposite to the flow) on the walls of the diverging sections of the nozzle. It is this force 

that provides a thrust/propulsion to the rocket. To maximize the amount of thrust for a given level 

of the fluid pressure at the nozzle throat (transition between the converging and diverging 

sections of the nozzle), the exit velocity of the fluid (from the diverging section of the nozzle) 

must be maximized while ensuring that the exiting fluid is at the ambient pressure condition. This 

condition is generally referred to as the “ideally-expanded” fluid flow. If this condition is not 

attained, the fluid flow could be either “under-expanded” (the fluid exit pressure is higher than 

the ambient pressure) or “over-expanded” (the fluid exit pressure is lower than the ambient 

pressure). Both of these conditions are undesirable since they yield a lower value of the 

propulsion thrust. Specifically, in the case of the under-expanded flow, the potential of the 

expanding fluid to push-off the walls of the diverging section of the nozzle has been under-

utilized.  On the other hand, in the case of the over-expanded flow, a stationary shock is formed at 

the nozzle exit which reduces effectively the momentum of the fluid exiting the nozzle. 

 To attain the ideally-expanded flow condition for the given values of the fluid pressure at 

the nozzle throat and the ambient pressure, one typically carries out a one dimensional steady 

(time-invariant) isentropic (no thermal conduction or energy exchange) fluid-expansion analysis. 

The outcome of this analysis is the optimal nozzle exit-to-throat area ratio which provides the 

maximum propulsion thrust. Below, an example of this analysis which utilizes the mass and 

energy (but not linear momentum) conservation equations is provided. It should be noted that the 
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identical final results could be obtained using an analogous analysis which combines the mass 

and the linear momentum conservation equations. 

 For a calorically perfect (i.e. temperature-invariant specific heat), inviscid (i.e. zero 

viscosity), ideal gas undergoing adiabatic, one-dimensional expansion, the conservation of energy 

requires:  

22
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where Cp denotes constant-pressure specific heat, T the absolute temperature, V the fluid velocity 

and subscripts 1 and 2 refer to the nozzle inlet (more precisely the throat) and the exit conditions. 
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 Using the definition of the Mach number M=V/Cs, where Cs (= RTγ , γ is the constant-

pressure to the constant-volume specific-heat ratio, R is the gas-specific gas constant) denotes the 

speed of sound in the fluid, one can show that 22 )1(
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Using the functional relationship for a P-T isentrope, where P denotes pressure, 
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, Eq. (2-3) could be recast as: 

15 
 



1

2
2

2
11

1

2

1

2

)1(
2
11

)1(
2
11

−

















−+

−+
=








=

−

γ
γ

γ

γγ
γ

M

M

T
T

P
P

       (2-4) 

or 

1
2

1
2

1

2

12
12 −

−















+

−
=

−

γγ

γ
γ

P
PMM       (2-5) 

 For the given values of the nozzle throat fluid pressure P1, velocity V1 and temperature T1 

and the nozzle exit fluid pressure P2 (= ambient pressure), Eq. (2-5) enables the calculation of the 

fluid exit Mach number associated with the ideally-expanded flow. However, one would also like 

to know the nozzle exit-to-throat area ratio which should be used to attain this condition. This can 

be done through the use of the mass conservation equation which can be defined as: 
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where ρ  represents mass density and A the nozzle cross-sectional area. Using the functional 

relationship for a P-ρ isentrope, .ConstP
=γρ

, the aforementioned P-T isentropic relation and 

the Mach number definition, Eq. (2-7) can be rewritten as: 
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 Eq. (2-8) shows that once the state of the fluid (including its velocity) at the nozzle throat 

and the ambient pressure are known, one can compute the optimal nozzle exit to throat area ratio 

(associated with the “ideally-expanded” fluid-flow condition) which yields the maximum 

(backward) thrust on the diverging section of the nozzle. 

An example of the results obtained in this type of analysis is depicted in Figure 2-2 for the case of 

air with the following air-material parameters, the nozzle throat material states and the ambient-

air pressure: γ=1.4, P1=3MPa, ρ1= 4kg/m3, V1=900m/s and P2=101.3kPa. The optimal nozzle 

cross-section area ratio is denoted by a solid circle in this figure. It should be noted that the 

functional relationship between exit Mach number and the area ratio, Eqs. (2-5) and (2-8), are 

valid only under the ideal expansion conditions i.e. when the nozzle exit pressure is equal to the 

ambient pressure. When this condition is not met, the exit momentum of the fluid is 

altered/lowered by the presence of a stationary decompression simple wave at the nozzle exit (in 

the case of an under-expanded flow) or by the presence of a stationary (compression) shock (in 

the case of an over-expanded flow). While an analysis involving the contribution of these waves/ 

shocks is beyond the scope of the present work, the exit momentum predictions based on the 

inclusion of the shock effects is also shown in Figure 2-2.  Examination of the results displayed in 

Figure 2-2 shows that the optimum nozzle cross-sectional area ratio is ca. 5.06. 
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Figure 2–2 The effect of the nozzle exit-to-throat area ratio on the exit Mach number (see text for 
details). 
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 To calculate the associated thrust force, Fthrust, the linear momentum conservation 

equation should be employed as: 

thrustFAPAPVAVA +−=− )( 2211
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 The net quantity on each side of Eq. (2-9) represents the total force acting on the fluid 

within the nozzle, FFluid. By combining Eqs. (2-6) and (2-9) with the Mach number definition and 

the P-ρ isentrope, the fluid force per unit nozzle inlet cross-sectional area can be defined as: 
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 For the aforementioned air inlet states and the normal ambient pressure, the fluid force 

per unit nozzle inlet cross-sectional area corresponding to the ideal nozzle cross-sectional area 

ratio was found to be ca. 4.02 MN/m2.  The calculation of the thrust force requires the knowledge 

of the nozzle inlet and outlet cross-sectional areas. 

Principle of Operation of the Pulse-detonation Rocket Engine: The rocket engine nozzle design 

analysis presented above deals with a steady, continuous flow and assumes the existence of sonic 

flow at the nozzle throat.  These flow conditions are generally not encountered in the case of a 

mine-detonation event. That is, the flow is in the transient (not steady) state, it involves a single 

pulse (rather than being continuous) and the gaseous detonation products, from the onset, are 

already in the supersonic flow regime. Thus, a natural question arises as to whether the 

aforementioned analysis is adequate or even relevant to the problem of blast-mitigation system 

design. To address this question, it is first recognized that there are some similarities between the 

so-called “pulse detonation” engine and a prototypical mine detonation event. These similarities 
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pertain to the characteristic times (several hundred microseconds) of the associated blast events 

and in the fact that the fluid in question (detonation by-products and fuel/oxidizer mixture 

combustion products) are, from the onset, in the supersonic flow regime. Consequently, a brief 

overview of the principles of operation of a pulse detonation engine is given in this section. 

 The pulse detonation engine (the subject of active ongoing research and development) is 

an intermittent combustion engine and is a variant of the pulse jet engine, a simple engine with no 

moving parts. The latter engine was famously employed in the German V-1 “buzz bomb” during 

World War II. The main difference between the pulse detonation engine and most of the current 

rocket engines (including pulse jet engines) is that in the former case fuel oxidizer combustion 

(detonation) takes place at a supersonic speed while in the latter case the combustion rate is 

subsonic (i.e. it is in the deflagration regime). As will be discussed below, this difference results 

in an improved thermodynamic efficiency of the pulse detonation engine. 
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Figure 2–3 Pulse detonation engine with an aerodynamic valve. 
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A pulse detonation engine, Figure 2-3, typically consists of a combustion/detonation 

chamber equipped with a fuel-oxidizer inlet valve, a thrust wall (at the front) and a diverging 

exhaust nozzle (at the back). A single engine cycle begins with air/oxidizer mixture entering 

through the inlet valve. The inlet valve is then closed and fuel is injected to create a detonable 

mixture. The mixture is ignited from the front end, resulting in a detonation wave which travels 

rearward and exits through the exhaust nozzle, resulting in a short term, and high-velocity 

outflow of combustion products. This process creates under-pressure in the front portion of the 

combustion chamber and provides the conditions necessary for the intake of the fuel-oxidizer 

mixture for the next cycle. Due to the isentropic expansion of the combustion products exiting the 

exhaust nozzle, intermittent thrust is generated in the forward direction. 

 As discussed earlier, in contrast to most rocket engines, in general, and pulse jet engines 

in particular, which rely upon the rapid deflagration of the fuel-oxidizer mixture, pulse detonation 

engines utilize detonation of the same mixture.  In other words, while in the case of a pulse jet 

engine the combustion front advances relatively slowly (since the rate of combustion is limited by 

heat conduction/convection); in the case of the pulse-detonation engine the combustion front 

advances at a supersonic velocity (since the combustion process is initiated by the arrival of the 

shock/detonation wave). This difference in the rate of combustion gives rise to several important 

advantages for the pulse detonation engine such as: (a) improved thermodynamic efficiency due 

to the fact that combustion takes place under constant volume rather than constant pressure 

conditions [7]. Simply stated, in the case of pulse jet engines, the combustion-induced shock 

wave expels a considerable amount of un-burnt fuel-oxidizer mixture through the nozzle exit 

(while maintaining fairly constant pressure level within the combustion chamber). In the case of 

the pulse detonation engines on the other hand, effectively no expulsion of the un-burnt 
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fuel/oxidizer mixture takes place; (b) as a consequence of (a) significant improvements are 

attained in the specific impulse generated by the engine; and (c) due to a very short cycle time 

(several 100’s of microseconds), the pulse detonation engines run, for all practical purposes, 

continuously, which results in greatly reduced vibrations. 

 When designing a rocket engine, a substantial effort is invested in the optimizing the 

shape of the exhaust nozzle in order to maximize the amount of forward propulsion thrust. It 

should be noted that, due to the intermittent character of the combustion process, the nozzle-

design optimization in the case of pulse detonation engines is more challenging than in the case of 

the conventional (continuous flow) rocket engines.  Specifically, in the case of the continuous 

flow engines, variations in the combustion chamber pressure are relatively small and, hence, the 

exhaust nozzle design is optimized to a relatively narrow range of nozzle inlet-to-outlet pressure 

ratios. In sharp contrast, in the case of pulse detonation engines, the pressure ratio across the 

nozzle peaks with the arrival of the detonation wave at the nozzle inlet and then diminishes as the 

combustion products exit the combustion chamber through the exhaust nozzle. This process is 

typically referred to as “blowdown” [6]. It is this variability of the pressure ratio across the nozzle 

which makes its design and optimization a complicated process. 

 The problem of the optimal design of the exhaust nozzle for the pulse detonation engine 

has been recently addressed by Owens and Hanson [6] who studied the effect of exhaust nozzle 

shapes (a straight tube, a converging-diverging nozzle, and a diverging nozzle) on the specific 

impulse delivered.  They employed a numerical, quasi-one-dimensional analysis in which kinetics 

of the combustion elementary chemical reactions is combined with the mass, momentum and 

energy conservation equations in order to determine the optimal nozzle shape and the area ratios 

for maximum propulsion thrust. The computational results were subsequently validated in a 
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companion experimental investigation. Their investigation yielded two important findings: (a) 

among the nozzle shapes tested, the diverging nozzle produced the maximum propulsion thrust; 

and (b) for each of the three nozzle shapes tested, the optimum area ratio was found to be quite 

close to the one that could be obtained through the use of a steady isentropic expansion-flow 

analysis (of the type discussed in the previous section) in which the (constant) pressure ratio 

across the nozzle is replaced with the time-average of the corresponding variable pressure ratio 

over the duration of a single combustion cycle.  The latter finding is quite interesting since it 

suggests that, despite the fact that many of the conditions associated with the steady isentropic-

expansion analysis are not met in the course of a pulse detonation engine cycle, this analysis may 

still be relevant when carrying out design optimization of a pulse detonation engine exhaust 

nozzle. 

Objective: In the present work, an attempt is made to develop a concept level solution for an 

alternative blast mitigation system, which in contrast to the blast chimney solution, does not 

compromise structural durability or intrude into the interior space of the vehicle, as will be 

discussed in greater detail in the next section.  This alternative solution, utilizes side vent 

channels attached to the V-shaped vehicle underbody.  The main purpose of the channels is to 

direct flow upward at maximum velocity and, thus, maximize the downward thrust on the vehicle.  

Channel shaping was conducted by combining a conventional design optimization methodology 

with the analytical and computational analyses of supersonic flow (analogous to the ones 

overviewed above in the case of the pulse detonation engine). 

Organization:  In Section II, a brief description is provided of the proposed blast-mitigation 

concept. The utility of the continuous-steady isentropic expansion analysis in identifying the 

optimal area-ratio across the channels/tubes which maximizes the downward thrust is addressed 
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in Section III. A simplified two-dimensional mine blast computational analysis is carried out in 

Section IV.  Section V contains a more refined three-dimensional analysis of the same problem.  

The main conclusions resulting from the present work are listed in Section VI. 
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2.3. Concept Description  

In this section, a brief description is provided of the new blast mitigation concept 

proposed in the present work. To prevent potential misuse, of the ideas proposed and the results 

obtained in the present work, the term “vehicle” will be replaced with the term “surrogate box 

structure” (SBS). 

The proposed concept is depicted schematically in Figure 2-4 and involves the use of 

tubes/channels (of the appropriate cross sectional shape and wall thickness) attached to the 

underside of a V-shaped hull and open at both ends. The bottom end of each tube is cut parallel to 

the ground (to promote inflow of the detonation by-products and soil ejecta and to prevent 

structural collapse (crushing) of the tube inlet under blast loads) and flush with the V-hull bottom. 

The channels/tubes are intended to function as exhaust nozzles in the case of the pulse-detonation 

engine and, thus, provide a downward thrust to the vehicle. The secondary role of the 

channels/tubes is to enable the venting of the gaseous detonation products, soil ejecta and mine-

casing fragments. 
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Figure 2–4 Side channels/tubes based blast-mitigation concept proposed in the present work. 
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The concept proposed here is a natural extension of the blast chimney solution which tries 

to address the main short comings of the blast chimney concept (i.e. loss of cabin space, inability 

of the vehicle occupants to scout the environment and a reduction in the vehicle’s structural 

durability/reliability). In addition, the concept proposed here builds on the similarities between a 

mine detonation event and a pulse detonation engine combustion cycle. In particular, explosion of 

a mine is a short duration event which creates shock waves in air and the impingement of these 

waves on to the target structure causes a momentum transfer. Similar events occur in the course 

of a pulse detonation engine cycle except that the shock waves propagate through the fuel-

oxidizer mixture and give rise to mixture combustion. 

The geometry of the channels/tubes is optimized in order to maximize the downward 

thrust resulting from the supersonic expansion of the gaseous detonation products. Specific 

design parameters include variation of tube cross-sectional area along its length and the 

orientation of the tube top-end cut. 

In the channel tube design optimization analysis both the analytical, steady isentropic 

expansion analysis (with the stagnation pressure equal to the time averaged detonation product 

pressure at the channel/tube inlet) and a transient numerical analysis are employed. The analytical 

analysis is identical to the one reviewed in the previous section while the numerical analysis is 

described in greater detail in the next section. 
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2.4. Continuous-Steady vs. Pulsed-Transient Flow Analyses 

The two main objectives of the work presented in this section are: (a) to establish the 

capability of the employed computational methods and tools for reproducing the basic results 

yielded by the continuous-steady isentropic expansion analysis; and (b) to address the question of 

utility of the continuous-steady isentropic expansion analysis in identifying the optimal area-ratio 

across the channels/tubes which maximizes the downward thrust on the SBS (under pulsed-

transient flow, i.e. blast-loading conditions). The steady isentropic analysis was presented in 

Section I, where it was shown that the knowledge of the fluid inlet states and properties as well as 

the ambient pressure is required in order to compute the optimum channel area ratio along with 

the exit Mach number and the thrust force per unit inlet cross-sectional area. Details of the 

numerical pulsed-transient flow analysis are presented below. It should be noted that, in the 

present analysis, the presence of soil within the fluid passing through the channel is not accounted 

for, either explicitly or implicitly. Thus, the analysis may be deemed more relevant to the case of 

ground-laid explosives and less relevant to the buried-mine detonation cases. 
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2.4.1. Steady/Transient Flow Computational Procedure 

Computational Domain: A typical computational domain used in the present analysis is depicted 

in Figure 2-5. It contains a circular cross-section channel in which the end segments have 

constant (but different) radii, and in the middle section the radius transitions linearly along the 

channel length. To take advantage of the symmetry of the model, only one quarter of the channel 

is explicitly analyzed. Typically, the computational domain is meshed using ca. 10000 

hexahedron first order reduced integration Eulerian elements. 
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Figure 2–5 prototypical computational domain used in the transient finite element analysis of the 
fluid flow through the side channel. 
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Computational Analysis Type: The fluid flow through the channel is analyzed using a thermo-

mechanical purely Eulerian formulation within which the mesh is fixed in space while the fluid is 

allowed to flow through it. The flow is assumed to be of a laminar character since the finite 

element program used, ABAQUS/Explicit [8] does not contain any turbulence models. While it is 

beyond the scope of the present work to provide quantitative assessment of the turbulence effects, 

these effects are expected not to have a first-order influence on the results reported later in this 

section. This conjecture is based on the fact that the flow fields in the present case are dominated 

by the strong, uni-directional/axial component of the field variables. 

Initial Conditions: The computational domain is initially filled with different material states, 

depending on the main objective of the computational analysis.  That is, in the analysis in which 

the main objective was validation of the employed numerical methods and tools, the initial 

material state is set equal to that predicted by the continuous-steady isentropic expansion analysis 

for the inlet pressure of 3 MPa, inlet fluid density of 4 kg/m3, inlet particle velocity of 900 m/s 

and the ambient value of the outlet pressure. On the other hand, in the computational 

investigations in which the main objective was establishment of the utility of the continuous-

steady isentropic expansion analysis, the following material states were assigned: (a) the initial 

straight section of the channel is assigned the initial pressure, density, temperature and particle 

velocity consistent with the von Neumann point source approach [22], explosive energy E0=10 

MJ, and the channel-inlet stand-off distance of 1 m [9-12]. Within the point-source approach, the 

explosive charge is shrunken to a point and, under an “ideal-explosion assumption” (i.e. under a 

condition that the ambient pressure is so small in comparison to the detonation pressure that it 

could be neglected), the similarity property of the point-source solution can be taken advantage of 

in order to compute spatial distribution of the material states in the vicinity of the point-source. 
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Clearly, due to a rapid decrease in the detonation pressure with time, the ideal-explosion 

assumption is valid only over a very short post-detonation time. A summary of the point-source 

results generated in the present work, following the procedure described in Ref. [22], is given in 

Figures 2-6(a)-(d). In these figures, a standoff distance (relative to the detonation site) normalized 

by the radial position (also relative to the detonation site) of the blast-wave front is plotted along 

the x-axis. As far as the y-axis is concerned, it displays, in each case, the appropriate material-

state variable normalized by its value at the blast-wave front. The material-state variables 

depicted in Figures 2-6(a)-(d) are respectively: mass density, particle velocity, static pressure and 

absolute temperature. The aforementioned similarity property of the point-source solution simply 

states that the plots shown in Figures 2-6(a)-(d) are time invariant, as long as the ideal-explosion 

condition is satisfied; and (b) the remainder of the channel is filled with quiescent, atmospheric-

pressure air. 

33 
 



 
 
 

Figure 2–6 Point-source solution for: (a) mass density; (b) particle velocity; (c) static pressure; and 
(d) temperature 
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Figure 2-6. Continued. 
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Boundary Conditions: To account for the two-orthogonal-plane symmetry of the computational 

model, the appropriate symmetry (i.e., zero normal velocity) boundary conditions are applied 

along the flat faces (parallel to the symmetry planes) of the quarter model shown in Figure 2-5. 

Zero normal velocity conditions are applied also along the curved face of the channel. The use of 

the last boundary condition indicates that the channel walls are treated as rigid and immobile. In 

our future work, channel walls will be treated as deformable and, hence, an appropriate Fluid 

Structure Interaction (FSI) contact algorithm will be used in place of the boundary condition in 

question. Also, to comply with one of the basic simplifications within the theory of gas dynamics, 

zero-friction boundary conditions are enabled along the curved face of the computational domain.  

The pressure at the channel exit is maintained at the ambient pressure level (101kPa) while the 

inlet pressure is: (a) maintained at 3MPa, in the cases in which the main objective was validation 

of the employed computational methods and tools; and (b) varied in accordance with the point-

source decaying-shock solution mentioned in the initial-condition section, in the computational 

investigations in which the main objective was establishment of the utility of the continuous-

steady isentropic expansion analysis. 

Fluid/Channel-wall Interactions: While the channel walls are not explicitly modeled, the nature 

of the velocity boundary conditions along the curved face of the quarter model described above 

implies that the channel walls are modeled implicitly as being rigid with zero-friction conditions 

along the fluid channel-wall contact surfaces. It should be noted that since the channel wall was 

not modeled explicitly, the thrust force exerted on to this wall cannot be directly calculated. 

Rather, the associated force acting on the fluid within the channel could be assessed from the 

difference in the exiting and the in-coming momentum of the fluid, Eq. (2-9). In addition, since 

no FSI effects are included at the air/channel-wall interface (i.e. the wall is not allowed to expand 
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outward and relieve some of the pressure acting on it), the downward thrust effects (reported later 

in this section) are expected to be somewhat overestimated. 

Material Model: As mentioned earlier, the Eulerian domain was filled with air. Air was modeled 

as an ideal gas and, consequently, its equation of state was defined by the ideal-gas gamma-law 

relation as [13]: 

( ) EP ργ 1−=           (2-11) 

where E (=CvT) mass based internal energy density and Cv is the constant volume specific heat. 

For Eq. (2-11) to yield the standard atmospheric pressure of 101.3kPa and the standard air density 

of 1.19kg/m3 at the standard temperature of 293K with γ=1.4, the corresponding mass based 

internal energy density has to be set to 211.5kJ/kg. 

 Since air is a gaseous material, it has zero shear stiffness. However, shear stresses can be 

developed as a result of a gradient in the flow velocity. A provision is made for viscous shear 

stresses in the present work while assuming a Newtonian fluid–like behavior i.e. the shear stress 

scales linearly with the velocity gradient with the proportionality constant, the viscosity, being set 

at 1.78∙10-5Pa∙s. 

Computational Algorithm: The governing mass, linear momentum and energy conservation and 

heat conduction equations are solved within ABAQUS/Explicit with a second order accurate 

conditionally stable explicit finite element algorithm. Within each time increment, the solution 

procedure for the aforementioned governing equations involves two distinct steps: (i) the 

Lagrangian step within which the computational domain is temporarily treated as being of a 

Lagrangian-type (i.e. nodes and elements are attached to and move/deform with the material); and 

(ii) the “remap” step within which the distorted mesh is mapped onto the original Eulerian mesh 
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and the accompanying material transport is computed and used to update the Eulerian-material 

states and inter-material boundaries. 

Computational Accuracy, Stability and Cost: A standard mesh sensitivity analysis was carried 

out (the results not shown for brevity) in order to ensure that the results obtained are accurate, i.e. 

insensitive to the size of the elements used. 

 Due to the conditionally-stable nature of the explicit finite element analysis used, the 

maximum time increment during each computational step had to be lower than the attendant 

stable time increment. A typical 25ms computational analysis followed by a detailed post-

processing data reduction analysis required on average 30 minutes of (wall-clock) time on a 12 

core, 3.0GHz machine with 16GB of memory. 
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2.4.2. Results and Discussion 

Continuous-steady Flow Analysis: To assess the accuracy of the Eulerian finite element analysis 

carried out in the present work using ABAQUS/Explicit [8], an attempt was made to reproduce 

the key results yielded by the continuous-steady isentropic analysis for the material-state 

boundary conditions specified in the previous section. Examples of the typical results obtained in 

this portion of the work are displayed in Figures 2-7(a)-(c). 

 Figure 2-7(a) shows the temporal evolution of the fluid force per inlet unit area (solid 

curve). This force is obtained by dividing the total fluid force (calculated as a sum, over all the 

Eulerian nodes, of the product of mass allotted to each node and the corresponding nodal (axial) 

acceleration) by the channel inlet area. In the same figure, the fluid force per unit inlet area 

predicted by the analytical steady isentropic expansion analysis is denoted with a dashed 

horizontal line. Examination of the results displayed in Figure 2-7(a) shows that the numerically 

predicted steady force (per unit inlet area) exerted on the fluid in the axial direction is smaller (by 

about 10%) than its analytical isentropic expansion counterpart. 
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Figure 2–7 Temporal evolution of fluid force per unit area obtained using purely Eulerian 
computational analysis (curve) and corresponding value (dashed line) found using the isentropic 

expansion analysis; (b) and (c) effectively steady axial and radial fluid velocities within the channel 
obtained in the same computational analysis. 
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Figure 2–8 Dependence of the impulse exerted on the fluid within the channel (solid line) on the 
cross-sectional area ratio. The ideal area ratio and the associated impulse per unit area (based on the 
time-averaged inlet pressure and the same blast-loading time) are represented by a single black-color 

filled square symbol. 
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 To provide a rationale for the aforementioned discrepancy between the numerical and the 

analytical results, flow fields through the Eulerian domain are examined and compared with their 

analytical counterparts. An example of this comparison is shown in Figures 2-7(b)-(c). In these 

figures, fluid (axial and resultant) velocities are plotted for the analytical case, Figure 2-7(b), and 

for the numerical case, Figure 2-7(c). The axial component of the velocity was represented using 

a contour plot, while arrows are used to denote (the magnitude and the orientation of) the 

resultant velocity. It is seen that the analytical solution assumes that the flow is entirely in the 

axial direction while the numerical results show that the flow contains a significant radial 

component (in the diverging section of the computational domain). It should be noted that the 

observed differences between the analytical and the numerical solutions seen in Figures 2-7(b) 

and (c) do not invalidate the computational procedure used but simply indicate that the flow field 

is not entirely axial, as postulated in the analytical steady isentropic expansion analysis. 

Pulsed-transient Flow Analysis: As mentioned above, the main purpose of this portion of the 

work was to establish if the steady isentropic expansion analysis can be used, in place of a pulsed-

transient flow analysis, to determine the optimum area ratio which maximizes the downward 

thrust on the SBS.  An example of the results obtained in this portion of the work is displayed in 

Figure 2-8 in which the effect of the varying channel cross-sectional area ratio on the (axial) 

impulse exerted onto the fluid within the channel is displayed. A single black-color filled square 

symbol is used, in the same figure, to denote the optimal area ratio and the associated impulse per 

unit area as predicted by the analytical steady isentropic expansion analysis (based on the time-

averaged inlet pressure and the same blast-loading time). Examination of the results displayed in 

Figure 2-8 shows that the optimal area ratio predicted by the present numerical procedure (ca. 

3.24) is approximately 36% smaller than its analytical counterpart (ca. 5.06). In addition, the 

numerically predicted maximum value of the impulse per unit area is substantially lower than its 
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analytical counterpart. These differences between the numerical and the analytical results are 

quite large and are in sharp contrast with the findings of Owens and Hansen [6] and suggest that 

the use of the analytical isentropic expansion analysis in predicting the optimum area ratio of a 

channel may not be very reliable under blast-loading conditions. 
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2.5. Two-Dimensional Mine Blast Fluid-Structure Interaction Analysis 

 In the previous section, a purely Eulerian computational analysis is carried out to study 

the detonation products flow through a prototypical side channel. In that case, detonation of a 

mine buried in soil/sand and the accompanying expulsion of the gaseous detonation products, soil 

ejecta and mine casing fragments was not explicitly modeled. Instead, mine blast was assumed to 

merely generate high-pressure, high-density supersonic velocity gaseous detonation products 

which are vented through the side channels. Clearly, such analysis is over simplified and one 

might question its utility relative to assessing the blast mitigation potential of a new concept. To 

overcome these shortcomings of the aforementioned analysis, in this section, a combined 

Eulerian/Lagrangian finite element analysis of a prototypical buried-mine detonation event is 

carried out. In this analysis, mine detonation products, soil as well as the target structure equipped 

with the blast mitigation side channels are all modeled explicitly. Since the computational cost of 

a fully three-dimensional investigation is quite high and not fully justified at the concept 

validation stage analyzed in the present work, a simpler, computationally more efficient two 

dimensional analysis is first utilized. A more complete three-dimensional analysis of the same 

problem will be presented in the next section. 
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Figure 2–9 A prototypical computational domain used in the two-dimensional transient finite 
element analysis of the mine blast detonation event: SBS-Surrogate Box Structure. 
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2.5.1. Computational Procedure 

 A brief description regarding the computational model and the numerical procedure used 

in this portion of the work is described below. 

Computational Domain: The computational domain used consists of two separate sub-domains, 

one of an Eulerian-type and the other of a Lagrangian-type, Figure 2-9. The Eulerian sub-domain 

(used to model sand/soil, mine/detonation products and the ambient air) is of a parallelepiped 

shape. This sub-domain is typically discretized using hexahedral first order reduced integration 

Eulerian elements. Due to the aforementioned two-dimensional nature of the model, the mesh 

shown in Figure 2-9 extends only one element in the direction normal to the figure. Also, it 

should be noted that due to the inherent symmetry of the problem, only one-half of the 

computational model is explicitly analyzed. 

 As far as the Lagrangian sub-domain is concerned, it contains three hexahedron first 

order, reduced integration Lagrangian elements. One of the elements represents the cabin 

combined with the V-shaped hull. The other two elements define the inclined and the vertical 

segments of the side channel outer wall. The three Lagrangian elements are rigidized and grouped 

into a single rigid body. During the channel-geometry optimization, both the width of the channel 

and the exit cross-sectional area are varied. The width of the channel was varied by displacing the 

inclined and the vertical segments in the horizontal direction. The exit cross-sectional area is 

varied by changing the length of the inclined segment at its upper end. 

Computational Analysis-type: The mine blast event is analyzed computationally using a 

Combined Eulerian Lagrangian and a fully-coupled thermo-mechanical finite-element algorithm. 

Within the Lagrangian sub-domain of the model, the mesh is attached to the underlying material 

and moves and deforms with it. While within the Eulerian sub-domain, the mesh is stationary and 

different (Eulerian) material are allowed to move through it. Heat dissipation associated with 
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plastic deformation (of soil) is treated as a heat-source in the governing thermal equation. On the 

other hand, the effect of temperature on the mechanical response of the attendant materials is 

taken into account through the use of temperature-dependent material properties. 

Initial Conditions: The Eulerian sub-domain is initially filled with soil/sand, mine and the 

ambient air (by prescribing the corresponding material volume fractions), all at their respective 

standard state conditions. The Lagrangian sub-domain is assumed to be initially stationary. 

Boundary Conditions: To account for the planar symmetry of the problem, the appropriate zero 

normal velocity boundary conditions are applied along the symmetry plane. The Eulerian 

boundaries associated with the soil are given non-reflecting out flow boundary conditions to 

prevent unphysical reflection of the shock at these boundaries. On the other hand, the Eulerian 

boundaries associated with the air are given no inflow and free outflow boundary conditions.  

Instead of fixing it fully in space, the Lagrangian portion of the model is allowed to move, but 

only in the vertical direction. This approach enabled capturing of the aforementioned FSI effects.  

Euler-Lagrange Contact Conditions: Since the Eulerian and Lagrangian domains do not possess 

conformal meshes, the contact interfaces between the two could not be defined using mesh-based 

surfaces. Instead, contact interfaces between the Lagrangian and the Eulerian sub-domains are 

determined using the so-called “immersed boundary method” [8] which identifies, during each 

computational time increment, the boundary of the Eulerian sub-domain region which is occupied 

by the Lagrangian sub-domain. Eulerian-Lagrangian contact constraints are enforced using a 

penalty method, within which the extent of contact pressure is governed by the local surface 

penetrations (where the default penalty stiffness parameter is automatically maximized subject to 

stability limits). As far as the shear stresses are concerned they are transferred via a “slip/stick” 

algorithm, that is shear stresses lower than the frictional shear stress are transferred without 

interface sliding (otherwise interface sliding takes place). The frictional shear stress is defined by 
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a modified Coulomb law within which there is an upper limit to this quantity (set equal to the 

shear strength of the Lagrange sub-domain material). The frictional shear stress is then defined as 

a smaller of the product between the static/kinetic friction coefficient and the contact pressure, on 

one hand, and the Lagrangian sub-domain material shear strength, on the other. It should be 

recalled that the Lagrangian portion of the model is rigidized so that the shear strength is 

effectively made infinitely large. 

 In addition to the Eulerian-Lagrangian contacts, interactions (of a “sticky” character) also 

occur between different Eulerian materials. This type of interactions is a consequence of the 

kinematic constraint which requires that all Eulerian materials residing in a single Eulerian 

element are subjected to the same strain. The Eulerian-Eulerian contacts allow normal (tensile 

and compressive) stresses to be transferred between adjoining materials while no slip at the 

associated material boundaries is allowed. 

Material Model(s): As mentioned earlier, the Eulerian domain was filled with air, mine and the 

soil. Also, the Lagrangian portion of the model is rigidized. A material model for air was 

presented in the previous section. The Lagrangian (rigid) material is fully defined by its density. 

Hence, in this section material models for the remaining two materials, mine/C4 high-energy 

explosive and soil, is presented. 

 Material models typically define the relationships between the flow variables (pressure, 

mass-density, energy-density, temperature, etc.) in a computational analysis. These relations 

typically involve: (a) an equation of state; (b) a strength equation and (c) a failure equation for 

each constituent material. These equations arise from the fact that, in general, the total stress 

tensor can be decomposed into a sum of a hydrostatic stress (pressure) tensor (which causes a 

change in the volume/density of the material) and a deviatoric stress tensor (which is responsible 

for the shape change of the material). An equation of state then is used to define the 
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corresponding functional relationship between pressure, mass density and internal energy density 

(temperature). Likewise, a (constitutive material) strength relation is used to define the 

appropriate equivalent plastic strain, equivalent plastic strain rate, and temperature dependencies 

of the material’s yield strength. This relation, in conjunction with the appropriate yield-criterion 

and flow-rule relations, is used to compute the deviatoric part of stress under elastic-plastic 

loading conditions. In addition, a material model generally includes a failure criterion, (i.e. an 

equation describing the hydrostatic or deviatoric stress and/or strain condition(s) which, when 

attained, cause the material to fracture and lose its ability to support (abruptly in the case of brittle 

materials or gradually in the case of ductile materials) normal and shear stresses. Such failure 

criterion in combination with the corresponding material-property degradation and the flow-rule 

relations governs the evolution of stress during failure. 

Mine/C4 High-energy Explosive: To model the hydrodynamic response of C4 high-energy (HE) 

explosive, both the ideal gas and the Jones-Wilkins-Lee (JWL) [13] EOS relations are used (in 

separate analyses). These two types of EOS are the preferred choice for the equation of state for 

high-energy explosives in most hydrodynamic calculations involving detonation. The results 

obtained for the two EOS models are found to be qualitatively and quantitatively quite similar 

and, hence, only the results obtained using the JWL EOS for the C4HE are presented in this 

section. 

 The JWL equation of state is defined as [13]: 
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where the constants A, R1, B1, R2 and w for the C4 high-energy explosive are can be found in the 

AUTODYN materials library [13] and v is the specific volume of the material. Within a typical 

hydrodynamic analysis, detonation is modeled as an instantaneous process which converts 
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unreacted explosive into gaseous detonation products and detonation of the entire high-explosive 

material is typically completed at the very beginning of a given simulation. Consequently, no 

strength and failure models are required for high-energy explosives such as C4. 

Soil: Soil is a very complicated material whose properties vary greatly with the presence/absence 

and relative amounts of various constituent materials (sand particles, clay, silt, gravel, etc.), and 

particle sizes and particle size distribution of the materials.  In addition, the moisture content and 

the extent of pre-compaction can profoundly affect soil properties. To account for all these 

effects, Clemson University and the Army Research Laboratory (ARL), Aberdeen, Proving 

Ground, MD jointly developed [14] and subsequently parameterized (using the results of a 

detailed investigation of dynamic response of soil at different saturation levels, as carried out by 

researchers at the Cavendish Laboratory, Cambridge, UK [15, 16]) the new soil model [14, 17-

20]. This model (used in the present work) is capable of capturing the effect of moisture on the 

dynamic behavior of soil and was named the CU-ARL soil model. In the remainder of this 

section, a brief qualitative description is provided of this material model. In addition, in Appendix 

A, key functional relations constituting this model are presented and explained. 

 For the CU-ARL soil model, a saturation-dependent porous-material/compaction 

equation of state is used which, as shown in our previous work [17] is a particular form of the 

Mie-Gruneisen equation of state [13]. Within this equation, separate pressure vs. density relations 

are defined for plastic compaction (gives rise to the densification of soil) and for unloading or 

elastic-reloading. Within the CU-ARL soil strength model, the yield strength is assumed to be 

pressure dependent and to be controlled by saturation-dependent inter-particle friction. In addition 

to specifying the yield stress vs. pressure relationship, the strength model entails the knowledge 

of the density and saturation dependent shear modulus. Within the CU-ARL soil failure model, 

failure is assumed to occur when the negative pressure falls below a critical saturation-dependent 
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value, i.e. a “hydro” type failure mechanism was adopted. After failure, the failed material 

element loses the ability to support tensile or shear loads while its ability to support compressive 

loads is retained. 

Mine Detonation: The mine is detonated at time equal to zero, over its entire bottom face. The 

detonation of the remainder of the mine and the associated release of the explosive energy are 

then governed by the arrival of a planar detonation front, moving at a constant speed. 

Computational Algorithm: The governing mass, linear momentum, energy conservation and heat 

conduction equations are solved within ABAQUS/Explicit with a second order accurate 

conditionally stable explicit finite element algorithm. The same computational algorithm, as the 

one described and used in the previous section, was employed in this portion of the work. 

Computational Accuracy, Stability and Cost: A standard mesh sensitivity analysis was carried 

out (the results not shown for brevity) in order to ensure that the results obtained are accurate, i.e. 

insensitive to the size of the elements used. 

 As in the previous analysis, due to the conditionally-stable nature of the explicit finite 

element analysis used, the maximum time increment during each computational step had to be 

lower than the attendant stable time increment. A typical 10ms computational analysis followed 

by a detailed post-processing data reduction analysis required on average 30 minutes of (wall-

clock) time on a 12 core, 3.0GHz machine with 16GB of memory. 

2.5.2. Results and Discussion 

Examples of typical results obtained in this portion of the work are displayed in Figures 

2-10(a)-(b). In Figure 2-10(a), percent reduction (relative to the SBS case without side channel) in 

the total blast momentum resulting from the use of the side vent channel is plotted as a function 

of channel width, at two different exit-to-inlet cross-sectional area ratios of the channel and a 

constant value (0.03m) of the charge Depth Of Burial (DOB).  The results displayed in this figure 
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show that: (a) the downward thrust is capable of reducing the blast momentum transferred to the 

SBS; (b) the effect is, however, quite small (maximum around 4%); (c) the case associated with 

the larger area ratio yields slightly higher percent momentum reduction; (d) at each of the cross-

sectional area ratios considered, there appears to be a range of channel widths which yield 

maximum momentum reduction effects; and (e) at very small lower channel widths, the presence 

of the side channels could be detrimental since it increases the blast momentum transferred to the 

SBS. 
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Figure 2–10 Two-dimensional fluid-structure interaction results pertaining to: (a) the effect of the 
channel width and the tube exit-to-inlet area ratio on the percent reduction in the blast momentum 

transferred to the SBS, at a constant depth of burial of 0.03m; and (b) the effect of the channel width 
and depth of burial on the same percent momentum reduction, at a constant tube exit-to-inlet area 

ratio of 1.6. 
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 The results displayed in Figure 2-10(b) show the effect of channel width on the percent 

reduction in the total blast momentum at three different (0.03m, 0.06m and 0.09m) explosive-

charge DOBs and at a constant value (1.6) of the exit-to-inlet cross-sectional area ratio of the 

channel. The results presented in this figure show that the beneficial effect of the channel is still 

present (but, somewhat lower) in the case of larger DOBs. These results are consistent with the 

fact that, as the DOB increases, larger fraction of the soil is present in the fluid passing through 

the channel. This in turn, reduces the extent of air-based isentropic expansion effects responsible 

for the observed momentum reduction. 
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2.6 Three-Dimensional Mine Blast Fluid-Structure Interaction Analysis 

 In the previous section, a two-dimensional fluid structure interaction analysis was carried 

out in order to assess the potential of the side channels in lowering the blast momentum 

transferred to the SBS through the downward thrust effects.  The results obtained revealed the 

beneficial effects of the side channels but the magnitude of these effects was quite small. Since 

the analysis presented in the previous section does not consider the role of all three-dimensional 

effects, a more complete three-dimensional analysis of the mine blast and the associated fluid 

structure interactions is presented in this section. 
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2.6.1. Computational Procedure 

 The computational procedure used in this portion of the work is almost identical to the 

one employed in the previous section. Hence, details regarding this procedure will not be repeated 

here.  Instead, only the aspects of the analysis which differ from their counterparts presented in 

the previous section will be overviewed.   

Computational Domain: The computational domain used again consists of two separate sub-

domains, one of an Eulerian-type and the other of a Lagrangian-type, Figure 2-11.  The Eulerian 

sub-domain is again filled with sand/soil, mine/detonation products and the ambient air and is of a 

parallelepiped shape.  This sub-domain is discretized using hexahedral first order reduced 

integration Eulerian elements.  It should be noted that due to the inherent symmetry of the 

problem, only one-quarter of the computational model is explicitly analyzed. 
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Figure 2–11 A prototypical computational domain used in the three-dimensional transient finite 

element analysis of the mine blast detonation event: SBS-Surrogate Box Structure. 

SBS  

Channels 

V-hull 
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 As far as the Lagrangian sub-domain is concerned, it consists of the SBS, V-hull and side 

channels. The Lagrangian sub-domain is meshed using quadrilateral shell elements and rigidized 

to form a single rigid body. During the channel-geometry optimization, the channel inlet cross-

sectional area and the outlet-to-inlet area ratio are varied. 

Computational Accuracy, Stability and Cost: A standard mesh sensitivity analysis was again 

carried out (the results not shown for brevity) in order to ensure that the results obtained are 

accurate, i.e. insensitive to the size of the elements used. A typical 10ms computational analysis 

followed by a detailed post-processing data reduction analysis required on average 60 minutes of 

(wall-clock) time on a 12 core, 3.0GHz machine with 16GB of memory. 
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2.6.2. Results and Discussion 

 In order to assess the full blast-mitigation potential of the proposed venting system, and 

to shed additional light onto the blast-chimney concept, several distinct SBS configurations were 

examined. The main among these configurations are shown in Figures 2-12(a)-(d). The SBS 

configuration shown in Figure 2-12(a) has no side vent-channels (or the vertical “through-the-

cabin” vent channel). The SBS configuration shown in Figure 2-12(b) contains constant-radius 

side vent-channels (but no vertical “through-the-cabin” vent channel). The SBS configuration 

shown in Figure 2-12(c) is very similar to that shown in Figure 2-12(b) except for the flaring of 

the side vent-channels (in their exit section). The SBS configuration shown in Figure 2-12(d) has 

the same side-vent channel configuration as that shown in Figure 2-12(c), but, in addition, also 

contains a vertical vent channel. The basic configuration analyzed in the present work is that 

shown in Figure 2-12(c) and configuration shown in Figures 2-12(a)-(b) enable respectively 

assessment of the blast-mitigation effects arising from the presence and from flaring of the side-

vent channel. Configuration shown in Figure 2-12(d) on the other hand, enabled assessment of the 

blast-venting role of the “blast chimney” (as utilized in the HMMWV). 

 The computational analyses carried out in this portion of the work yielded the results 

pertaining to the temporal evolution and spatial distribution of various field quantities such as 

material-particle velocities, Euler-materials volume fraction, pressure, density, etc.  In addition, 

results pertaining to the explosive-charge detonation-induced loading experienced by and the 

subsequent response of the SBS structure (modeled as a rigid body) were obtained.  In the 

remainder of this section, few prototypical results are presented and discussed. 
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Figure 2–12 Main SBS configurations analyzed in the present work: (a) the baseline v-hull 
configuration; (b) same as (a), but with constant-radius side vent channels; (c) same as (b), but with 

channel flaring; and (d) same as (c), but with a vertical vent channel. 

60 
 



 

 

 

 

Figure 2-12. Continued. 
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 A comparison of the prototypical Eulerian-domain total-velocity results for (a) the SBS 

configuration without channels; (b) the SBS configuration with constant cross-section channels; 

(c) the SBS configuration with flared channels; and (d) the SBS configuration with flared 

channels and a vertical blast-chimney is shown in Figures 2-13(a)-(d), respectively. In these 

figures, the outline of the SBS structure is denoted using heavy solid black lines.  In the same 

figures, arrows are used to show the projected direction (onto the display/projection planes) of the 

total-velocity vector while contours are used to denote the magnitude of the total-velocity vector. 

Examination of the results displayed in Figures 2-13(a)-(d) reveals that: (a) the presence of side-

vent channels helps guide the flow of the gaseous detonation products, soil-ejecta and air along 

the direction parallel with the side of the V-Hull. Specifically, in the no side-vent channel case, 

Figure 2-13(a), there is plenty of evidence of the impact and reflection of the gaseous detonation 

products, soil-ejecta and air from the V-Hull side. Consequently, one would expect (and the 

computational results confirmed) that the largest amount of momentum is transferred to the SBS, 

in the absence of side-vent channels; (b) flow of the Eulerian material through the side-vent 

channel is seen to result in an increase in the material-particle velocity, the phenomenon which is 

particularly pronounced in the flared-section of the side-vent channels, Figure 2-13(c). This 

phenomenon, as discussed earlier in this manuscript, leads to the development of a downward 

thrust to the side-vent channels and, in turn, to the SBS; (c) the presence of the blast-chimney 

promotes venting of  gaseous detonation products, soil-ejecta and air;  and (d) when analyzing the 

results displayed in Figures 2-13(a)-(d), it should be recalled that the arrows represent only the 

projection of the total-velocity vector onto the displayed plane while the contours pertain to the 

total-velocity vector overall magnitude. In other words, the fact that there are fewer and shorter 

arrows in Figure 2-13(a) relative to that in Figure 2-13(c) indicates that a substantial component 

of the flow takes place in a direction normal to the display plane. This observation re-emphasizes 
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the previously made point regarding the role of side-vent channels in guiding the flow in a 

direction parallel with the v-hull side. 
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Figure 2–13 A comparison of the typical flow-field (velocity magnitude, in the present case) results 
for (a) the SBS configuration without channels; (b) the SBS configuration with constant cross-section 

channels; (c) the SBS configuration with channel flaring; and (d) like (c) but with a vertical-vent 
channel. 
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Figure 2-13. Continued. 
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 Spatial distributions of the soil-material volume fraction at four (0µs, 20µs, 40µs and 

60µs) post-detonation times within a vertical section passing through the axis of one of the flared 

side-vent channels are shown in Figures 2-14(a)-(d), respectively. In these figures, the Eulerian 

material with a high volume fraction of soil is represented in red, while the soil-free Eulerian 

material is displayed in blue. Examination of the results displayed in these figures clearly 

confirms the previously mentioned role of the side-vent channels in guiding the detonation 

products, soil-ejecta and air along the v-hull side. Specifically, in Figure 2-14(a), a well-defined 

planar interface is observed between the soil and the air. In Figure 2-14(b), it is seen that the 

ejected soil has reached the side-vent channel inlet. The soil (along with the detonation products) 

then enters the side-vent channel, travels through it and reaches the channel exit at the post-

detonation time corresponding to Figure 2-14(c). Subsequently, as shown in Figure 2-14(d), the 

soil which has exited the channel flows upwards (parallel with the vertical side of the SBS cabin). 

 Examples of the typical results obtained in this portion of the work, which relate to the 

assessment of the blast-mitigation potential offered by the proposed side vent-channel concept are 

displayed in Figures 2-15(a)-(c).  These results are discussed below. 
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Figure 2–14 Spatial distributions of the soil-material volume fraction at: (a) 0µs; (b) 20µs; (c) 40µs 
and (d) 60µs post-detonation times within a vertical section passing through the axis of one of the 

flared side-vent channels. 

(a) 

(b) 
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Figure 2-14. Continued. 
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(d) 

68 
 



 
 
 
 
 
 
 
 
 

Figure 2–15 Percent reduction (relative to the SBS case without side-vent channels) in: (a) total blast 
momentum; (b) the maximum kinetic energy acquired by the SBS; and (c) the maximum SBS 

acceleration as a function of channel inlet-area and inlet-to-outlet area ratio. 
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 In Figure 2-15(a), the total transferred-momentum percent reduction (relative to the SBS 

case without side channels) resulting from the use of side vent-channels is plotted as a function of 

channel inlet-area and inlet-to-outlet area ratio. The results displayed in this figure show that 

there is a region in the channel inlet area/channel outlet-to-inlet area ratio design space which is 

associated with reductions in the blast momentum transferred to the SBS. However, these 

reductions are even smaller (maximum 3.1%) than the ones found in the two-dimensional 

analysis (reported in Section IV).  It should be noted that the SBS mass is not constant within the 

design space but increases both with the channel inlet area and outlet-to-inlet area ratio. In the 

portion of the design space in which the transmitted impulse takes on the lowest values, the SBS 

mass is ca. 1.8 % larger than that of the SBS without side channels.  

 In Figure 2-15(b), the percent reduction in maximum kinetic energy acquired by the SBS 

(relative to the SBS case without side channels) resulting from the use of side vent-channels is 

plotted as a function of channel inlet-area and inlet-to-outlet area ratio. The results displayed in 

this figure show that there is a region in the channel inlet area/channel outlet-to-inlet area ratio 

design space which is associated with ca. 5 % reductions in the kinetic energy acquired by the 

SBS.  This region of the design space nearly coincides with the one identified in Figure 2-15(a) in 

which maximum reductions in the transmitted impulse were observed. 

 In Figure 2-15(c), the percent reduction in the maximum acceleration acquired by the 

SBS (relative to the SBS case without side channels) resulting from the use of side vent-channels 

is plotted as a function of channel inlet-area and inlet-to-outlet area ratio. The results displayed in 

this figure show that the largest reduction in the maximum SBS acceleration is obtained in the 

portion of the design space in which both the channel inlet area and channel outlet-to-inlet area 

ratio acquire the largest values.  In this region, the SBS mass also acquires the largest values.  The 

results displayed in Figure 2-15(c) are consistent with the fact that the SBS acquires a maximum 
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acceleration during the earlier stages of the blast/SBS interaction when the downward thrust 

affects are minimal or not present.  Under such conditions, the (rigid) SBS response to the blast is 

dominated by the SBS mass. 

 It should be recalled that, in the case of the blast chimney, it has not been yet established 

to what extent the benefits offered by this blast-mitigation solution are the result of the blast-

venting effect and to what extent they could be attributed to the downward thrust effect.  To help 

shed some light on this problem, a series of computational analyses is carried out in the present 

work using a redesigned SBS with a vertical channel through it, Figure 2-12(d). These analyses 

also show quite small (2-3%) reduction in blast impulse due to the downward thrust effects.  On 

the other hand, depending on the size of the vertical channel cross-sectional area, reduction in the 

momentum transfer to the SBS due to the venting effects could be several times higher (but still 

far short of the claims reported in the context of the blast chimney).  It is, hence, speculated that 

the observed blast mitigation effects in the case of the blast chimney modified HMMWV are not 

solely the result of the presence of the blast chimney but that they are greatly influenced by the 

use of additional aforementioned blast-mitigation solutions (i.e. energy absorbing floor, shock-

absorbing seats, a gunner protection system, blast-resistant doors etc.[1, 4]). 
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2.7. Summary and Conclusions 

 Based on the work presented in the manuscript, the following main summary remarks and 

conclusions can be drawn: 

 1. A new blast mitigation solution based on the use of side-vent channels/tubes attached 

to the v-hull is critically assessed. The solution is an extension of the recently introduced so-

called “blast chimney” concept and is inspired by the principle of operation of the “pulse 

detonation” rocket engines. 

 2. Relative to the blast-chimney concept, the proposed solution offers, at least, the 

following three benefits: (a) it does not compromise the ease of movement within the cabin space; 

(b) it does not interfere with the ability of the vehicle occupants to scout their surroundings; and 

(c) it is not expected to, degrade the vehicle’s structural durability/reliability. 

 3. A comprehensive series of transient nonlinear dynamics finite element fluid-structure 

interaction analyses under supersonic flow conditions is carried out in order to assess the blast 

mitigation potential of the new solution. 

 4. The results obtained show that the side-vent channels reduce the blast momentum by 

creating a downward thrust.  The extent of blast momentum reduction (relative to an identical 

structure without side-vent channels) is ~3%.  The accompanying reduction in kinetic energy 

acquired by the SBS is ca. 5 %, while the maximum reduction in the SBS acceleration is less than 

1.5 % (and is dominated by the SBS mass rather than by the geometrical details of the side-vent 

channels). 

 5. In our future work, neglected turbulence, non-Newtonian fluid and soil granularity 

effects will be investigated to obtain a more accurate assessment of the blast momentum 

reduction. 
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2.8. Appendix A 

 In this section, a brief overview is provided of the key functional relations defining the 

CU-ARL soil material model [17-19].   

 Within the CU-ARL material model, soil is considered to generally have a complex 

structure consisting of mineral solid particles which form a skeleton.  The pores between the solid 

particles are filled with either: (a) a low-moisture air (this type of soil is generally referred to as 

“dry soil”); (b) water containing a small fraction of air (“saturated soil”); or (c) with comparable 

amounts of water and air (“unsaturated soil”).  The relative volume fractions of the three 

constituent materials in the soil (the solid mineral particles, water and air) are generally quantified 

by the porosity, α, and the degree of saturation (Saturation Ratio), β, which are respectively 

defined as: 
V
V p=−= ρα 1  and 

p

w

V
V

=β , where Vp is the volume of void (pores), Vw is the 

volume of water and V is the total volume. 

 The three main components of the CU-ARL soil model are overviewed in the following 

three sub-sections.   

A.1 Equation of State 

 For the CU-ARL soil model, a porous-material/compaction equation of state is used 

which is a particular form of the Mie-Gruneisen equation of state: 

( )HH EEPP −Γ+= ρ         (2-A.1) 

in which the internal energy density dependence of the pressure is neglected. In Eq. (2-A.1), the 

following nomenclature is used: P is pressure (a sum of the pore pressure and effective stress in 

the soil skeleton), ρ the (current) mass density, Γ the Gruneisen gamma parameter, E the internal 

energy density and the subscript H is used to denote the reference shock-Hugoniot level of a 

given quantity. 
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 By assuming a linear relationship between the shock speed, Us, and the particle velocity, 

Up [24], the Hugoniot pressure, PH, is defined using the following expression for a stationary 

shock [13]: 

( )2

2
00

1 η
ηρ

s
CPH −

=          (2-A.2) 

Where ( ) wref ρβαραρ 0000 1 +−=  is the initial soil material mass density, where C0 is the y-p 

equal to zero intercept in the Us vs. Up plot, for the homogenized soil medium [15], 
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11  the compressibility ratio, ρw the density of water 

and the parameter s represents a rate of increase of the (average) material-particle (not to be 

confused with soil particle) velocity, Up, with an increase in the shock velocity, Us and is defined 

by fitting Us  vs. Up experimental data with the following linear function: 

ps sUCU += 0          (2-A.3) 

 In the CU-ARL soil-model equation of state, the aforementioned relations for ρ0 and η are 

substituted in Eq. (2-A.3) to get: 
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and  

( ) ( ) compcompcompH CPPP ρρρρρ >−+== ,2
0              (2-A.4b) 

where wrefcomp ρ
βαα
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 is the density of the soil at full 

compaction. 
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To account for the effect of saturation/hydration on the values of material parameters C0 

and s, the results obtained in Refs. [15,17] are fitted to a low order polynomial in which the 

coefficients are set to depend on the initial level of porosity and the reference density.  These 

relations in conjunction with Eqs.( 2-A.4a) and (2-A.4b) define the dependence of pressure on 

ρref, α0, β0 and ρ.  

 The P vs. ρ relation just derived is valid only during loading and only when such loading 

gives rise to irreversible/plastic compaction of the porous material.  It should be noted that the 

term loading implies an event within which the pressure is increased (and, in the case of plastic 

loading, a decrease in material porosity takes place). Conversely, unloading is associated with a 

decrease in pressure. As shown in our previous work [20], during unloading/elastic-reloading, the 

P vs. ρ relationship is defined as ( )00
2
0 ,, βαρ

ρ refC
d
dP

= , where the ( )000 ,, βαρrefC  relation can 

be found in Ref.[17]. 

A.2 Strength Model 

Within the dry-soil rendition of the CU-ARL soil model, material strength (a quantity 

which quantifies material’s resistance to inelastic distortive deformation) is assumed to be 

pressure dependent, controlled by inter-particle friction and to be defined by the following 

relation: 
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MCdryMC
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drydrydryy PPP
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In the case of saturated soil, the CU-ARL soil model defines pressure-dependent material 

strength as: 
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where the yield-stress-to-pressure proportionality coefficient, φsat, is defined as: 
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The term PMC (=1.864.105 kPa) appearing in Eqs. (2-A.5)-(2-A.7) is the Mohr-Coulomb 

pressure (a pressure threshold beyond which the material strength is pressure insensitive).  It 

should be noted that none of the Eqs. (2-A.5)-(2-A.7) include the effect of strain rate on the soil 

material strength.  This was justified in our previous work [17], where it was shown that as long 

as the model is used at high deformation rates (ca. >1.0.102s-1), the strength and failure behavior 

of soil can be considered rate independent. 

Within the CU-ARL soil strength model, the strength vs. pressure relationship for 

unsaturated soil is defined using a linear combination of the strength/pressure proportionality 

coefficients in dry and the saturated soils as: 





>
≤≤

=
MCunsatMCunsat

MCunsatunsatunsat
unsaty PPP

PPP
φ
φ

σ
0

,       (2-A.8) 

where  

 ( ) satodryounsat φβφβφ +−= 1         (2-A.9) 

Defined in this way, Eqs. (2-A.8) and (2-A.9) can be also used for dry soil (β0 = 0.0) and 

saturated soil (β0 = 1.0).  

In addition to specifying the strength vs. pressure relationship, the compaction strength 

model entails the knowledge of the density dependent shear modulus.  Since water has no ability 

to support shear stresses, the shear modulus, G, of unsaturated soil is dominated by the shear 

modulus of the solid skeleton of the soil.  However, the presence of water changes the density of 

the soil.  Therefore, the original compaction shear modulus vs. density relationship for dry soil 
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was appropriately modified by: (a) correcting density with a -α0β0ρw term and (b) introducing a 

moisture-level dependent maximum shear modulus in order to obtain a (deformation-rate 

independent) shear modulus vs. density relationship for soil at different saturation levels. This 

procedure yielded the following shear modulus vs. density functional relationships: 

( )
( )
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0000
36
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14
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1)/()(102175.5
)(        (2-A.10) 

where GBulk (=3.73470.107) denotes the shear modulus of fully compacted dry soil. Eq. (2-A.10) 

correctly accounts for the fact that, at full compaction, the soil density is equal to 

( ) wref ρβαρβα 00001 +− . 

It should be noted that in the strength model developed in this section, the contribution of 

water to the material strength was neglected.  This can be justified by recognizing the fact that 

viscosity of water is typically around 0.001 Pa.s and that even at very high deformation rates 

(1.0.105 s-1), the contribution of water to the shear strength of the soil is merely around 100Pa. 

A.3 Failure Model 

It is well established that the presence of moisture in soil increases the soil’s cohesive 

strength [21]. Therefore, the magnitude of the (negative) failure pressure for soil is expected to 

increase with the degree of saturation (β). Also, the moisture content should be substantial 

(β>0.7) before its effect on the cohesive strength of soil becomes significant [21].  To account for 

these two observations, within the CU-ARL soil failure model [17], the following expression was 

proposed for the magnitude of the (negative) failure pressure in unsaturated soil; Pfail,unsat: 

satfailunsatfail PP ,
5
0, β=                      (2-A.11) 

where Pfail,sat (set equal to 70kPa) is the failure pressure in saturated soil [21].  The relationship 

given by Eq. (2-A.11) correctly predicts that the cohesive strength of unsaturated soil with a 

degree of saturation of 0.7 is around 10-15% of that in the saturated soil. 
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CHAPTER 3: A COMBINED FINITE-ELEMENT/DISCRETE-PARTICLE ANALYSIS OF A 

SIDE-VENT-CHANNEL-BASED CONCEPT FOR IMPROVED BLAST-SURVIVABILITY 

OF LIGHT TACTICAL VEHICLES 

3.1. Abstract 

 The recently proposed concept solution for improving blast-survivability of the light 

tactical military vehicles is critically assessed using combined finite-element/discrete-particle 

computational methods and tools. The proposed concept involves the use of side-vent-channels 

attached to the V-shaped vehicle underbody. The solution involves extension and modification of 

the so-called “blast chimney” concept, which consists of a vertical channel connecting the bottom 

and the roof and passing through the cabin of a light tactical vehicle. However, in contrast to the 

blast-chimney solution, the side-vent-channel solution is not expected to: (a) reduce the available 

cabin space; (b) interfere with the vehicle occupants’ ability to scout the surroundings; and (c) 

compromise the vehicle’s off-road structural durability/reliability. Furthermore, the concept 

solution attempts to exploit ideas and principles of operation of the so-called “pulse detonation” 

rocket engines in order to create a downward thrust on the targeted vehicle. To maximize the 

downward thrust effects and minimize the extent of vehicle upward movement, standard 

engineering optimization methods and tools are employed for the design of side-vent-channels. 

The results obtained confirmed the beneficial effects of the side-vent-channels in reducing the 

blast momentum, although the extent of these effects is quite small (3–4%). 
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3.2. Introduction 

 In the present work, the recently proposed side-vent-channel-based blast-mitigation 

concept [1] for increasing soil-buried mine-blast survivability of light tactical vehicles (e.g. the 

High Mobility Multipurpose Wheeled Vehicle, HMMWV) has been investigated using a 

combined finite-element/discrete-particle computational analysis. Hence, the main topics to be 

overviewed in this introductory section of the present manuscript include: (a) main limitations of 

the (light) tactical vehicles currently in use; (b) detonation of shallow-buried mines; (c) impulse 

loading resulting from the interaction of soil ejecta and gaseous detonation products with a target 

structure; and (d) the side-vent-channel blast-mitigation concept. As far as a review of the 

computational methods used in the analysis of various mine-blast scenarios is concerned, it will 

be presented in Section II. 

Limitations of the Current Tactical Vehicles:  The HMMWV is the prototypical light tactical 

vehicle used by the US military. This vehicle was designed/developed during the Cold War and, 

not surprisingly, has been found lacking the necessary blast and ballistic resistance in the recent 

and the ongoing asymmetric warfare, in which the distinction between front line combat and 

transportation convoys has been severely blurred. Thus, in the past conflict in Iraq and the 

ongoing conflict in Afghanistan, HMMWVs have mostly been replaced by larger, heavier MRAP 

(Mine Resistant Ambush Protected) vehicles, which have been specifically designed for 

resistance to IEDs (Improvised Explosive Devices) blast [2]. However, the added mass which 

plays a key role in the superior IED survivability of the MRAP, also negatively affects other 

performance aspects of this vehicle. Specifically: (a) tactical utility/mobility of the MRAP is 

severely compromised relative to that of the HMMWV; (b) diminished maneuverability of the 

larger vehicle on narrow city streets; (c) poor fuel economy; (d) the MRAP weight exceeds the 
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payload capacity of the CH-47 Chinook helicopter [2] severely affecting its transportability; and 

(e) its weight exceeds the load carrying capacity of over 70% of the world’s bridges [3] seriously 

reducing the extent of its deployment. 

Detonation of Shallow Buried Mines: Detonation is a high-rate chemical reaction in which 

condensed matter explosive is converted into high-pressure, high-temperature expanding gases 

(commonly referred to as gaseous detonation products). Expansion of the gaseous detonation 

products against the surrounding medium is associated with exchange of linear momentum and 

various energy components (e.g. potential, thermal, kinetic, strain, etc.). In the case of detonation 

of soil-buried land-mines, two extreme scenarios are generally identified: (a) the so-called 

“camouflet” scenario in which the mine depth of burial is so large that the high potential energy 

of the detonation products is almost exclusively transformed into inelastic and elastic strain 

energy of the soil as well as into surface energy of fractured soil particles. In this case, attenuation 

of the detonation-induced shock waves within the soil is so prevalent that no significant blast 

wave is generated at the air/soil interface and no soil ejection takes place. In addition, gaseous 

detonation products remain trapped within the soil. Therefore, in the case of camouflet, structures 

located at or above the ground are not exposed to any significant threat while underground 

structures in close proximity can be threatened; and (b) the ground-laid mine detonation scenario 

in which the impulse energy carried by air-borne shock waves and the kinetic energy of the 

detonation products pose the main threat to an above-the-ground target structure. 

 In the majority of situations, mines are shallow-buried in soil and, hence, neither of these 

extreme scenarios is encountered. While blast waves and detonation products still pose a threat to 

the target structure, the soil ejecta pose a greater threat.  Consequently, the detonation of shallow-

buried mines is of main concern to the designers and developers of targeted structures with high 
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blast survivability (e.g. vehicle hull).  That is the reason that this regime of mine deployment is 

discussed in greater detail in the remainder of this section. 

 The shallow-buried mine detonation process can be described in terms of three well 

defined temporal phases, Figures 3-1(a)–(f): 
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Figure 3–1 Various phases of detonation of a landmine shallow-buried in soil. Please see text for 

details. 
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 (a) The initial phase, which is characterized by the interaction of high-pressure, high-

temperature expanding gaseous detonation products with the surrounding soil. Within this phase, 

one can typically identify three distinct zones within the soil, the sizes of which scale with the 

mine characteristic dimension (e.g. radius, Re).  The innermost zone, commonly referred to as the 

“zone of crushing”, extends ca. 2Re– 3Re.  Within this zone the pressures and temperatures are so 

high that the soil melts/evaporates, rendering knowledge of the material constitutive response 

irrelevant. The intermediate zone extends between ca. 3Re and 6Re, and the soil response to 

detonation-induced shock loading is dominated by irreversible compaction and 

crushing/fracturing of the soil particles. The outermost zone extends beyond ca. 6Re and the 

(attenuated) shock-induced soil response within this zone is dominated by reversible/elastic 

deformation of the soil.  It is generally believed that the initial phase of shallow-buried mine 

detonation controls the amount of energy available for conversion into soil kinetic energy and, in 

turn, the extent of threat posed to the targeted structure (e.g. [4]).  Furthermore, the magnitude of 

the energy available for conversion is affected by factors such as mine shape, mine depth-of-

burial, soil properties, etc.; 

 (b) The initial phase ends, and the next phase (commonly known as “soil-overburden 

bubble initiation phase”) begins, at the moment of arrival of the soil-borne shock wave to and the 

interaction with the soil/air interface. Due to a large shock-impedance mismatch between soil and 

air, this interaction results in a weak transmitted compressive shock to air and a very strong 

reflected tensile-shock/release-wave.  Under the influence of the tensile-shock/release-wave and 

the expanding high-pressure detonation products, the soil overburden begins to expand outward, 

forming (initially) a hemi-spherical dome. This phase typically lasts for a few milliseconds and 
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ends with the moment of rupture of soil overburden and the onset of venting of the detonation 

products; and 

 (c) The final phase of shallow-buried mine detonation is characterized by gaseous 

detonation product venting and pronounced soil ejection. Typically, the soil overburden 

represents only a minor fraction of the total ejected soil. The remaining major portion of the 

ejected soil is the result of the erosion of the cavity walls by the swirling gaseous detonation 

products, still residing within the cavity. This interaction gives rise to the formation of a soil 

crater with a volume many times larger than the volume of the detonated charge. The trajectory of 

the ejected soil falls within an inverted cone with an included angle (between 60–90°).  Typically, 

the included angle varies inversely with DOB and soil initial density. 

Detonation-induced Impulse Loading Experienced by the Target Structure: Numerous 

instances of soldier casualties and tactical vehicle destruction incurred by the U.S. military during 

the recent/ongoing campaigns in Iraq and Afghanistan have been caused by buried and roadside 

landmines. Detonation of these landmines produces large impulsive loads on the targeted 

vehicle/personnel through impact by the resulting blast waves, ejected soil and expanded gaseous 

detonation products. Development of military vehicles (and general structural platforms) with a 

high-level of blast-survivability entails: (a) the understanding of and ability to quantify the 

impulsive loads associated with the detonation of landmines deployed in soil of differing 

compositions/constitutions; and (b) the ability to predict the kinematic and structural (including 

failure) response of the targeted platforms.  Acquiring such understanding and predictive ability, 

however, is typically quite challenging since the detonation-induced loads depend strongly on the 

deployed mine’s shape, size and depth of burial (DOB), the distance between the soil surface and 
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the target (the so-called stand-off distance, SOD), and the soil properties (density, particle size 

and distribution, presence of inorganic/organic matter, water content, etc.). 

 An examination of the public-domain literature conducted for the present work revealed a 

number of scientific papers and technical reports pertaining to the problem of detonation of 

buried (explosive) charges. Most of the reported studies, however, are focused on the 

investigation of soil cratering processes (with emphasis on the efficient utilization of explosives 

for excavation) and not on the elucidation of blast phenomena and characterization of landmine 

blast output or on the survivability of structures subjected to blast-loading [4]. 

 Among the reported experimental studies dealing with mine-detonation loading and 

kinematic/mechanical response of the targeted structure, the following appear to be the most 

closely related to the subject matter of the current study: (a) Westine et al. [5] conducted a series 

of experiments using a plate fixtured and centered above a (Anti-Tank landmine-simulating) 

buried charge. The plate was perforated at different radial distances and plugs of known mass 

were placed in the holes.  Under the influence of the mine detonation-induced blast loads, the 

plugs were forced out of the plate and the local impulsive loading on the plate was quantified by 

measuring the plug velocity; (b) based on the results of Westine et al. [5],  Morris [6] developed a 

computer code for design of mass-efficient, blast survivable vehicles/structures; (c) in the work of 

Bergeron et al. [7], an instrumented ballistic pendulum was utilized to investigate mine 

detonation-induced  loads experienced by a target structure.  In addition, this work quantified: (i) 

the time-dependent pressure and impulse at several locations in air directly above the mine; (ii) 

the time-dependent pressure and impulse at several locations in the sand surrounding the mine; 

and (iii) x-radiographs and high speed photographs of the associated soil cratering and ejection 
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phenomena; and (d) the work of Bergeron et al. [7] was subsequently extended by Braid [8] who 

incorporated improved instrumentation along with different charge sizes and soil types. 

The Side-Vent-Channel Blast-Mitigation Concept: Due to the aforementioned inadequate blast-

survivability of the light tactical vehicles, the US military is in constant search of new and 

effective blast-mitigation concepts which do not compromise vehicle mobility/maneuverability, 

transportability, deployability or fuel economy. One of such concepts is the integration of the so-

called blast chimney into the conventional HMMWV. The blast chimney is simply a vertical 

channel which connects the vehicle bottom to its roof and enables the venting of soil ejecta, 

gaseous detonation products and mine casing fragments [2, 9] resulting from a mine blast 

underneath the vehicle. 
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Figure 3–2 Three blast-mitigation vehicle-hull concepts: (a) V-shaped hull; (b) truncated V-shaped 

hull; and (c) same as (b) but with addition of a blast chimney. 
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 Due to the sensitive nature of the subject matter, relatively little has been reported in the 

open literature regarding the blast-mitigation potential of the blast chimney concept. 

Nevertheless, it is suggested that the blast chimney improves the blast-survivability of light 

tactical vehicles beyond the level offered by the V-shaped hull of the vehicle in two ways: (a) by 

enabling venting of soil ejecta, gaseous detonation products and mine casing fragments (and thus 

lowering the blast impulse transferred to the vehicle); and (b) by creating a downward thrust on 

the vehicle via the promotion of supersonic expansion of gaseous detonation products exiting the 

blast chimney [10] (and thus lowering the possibility for the vehicle lift-off from the ground). To 

highlight the additional blast-mitigation effect offered by the blast chimney, simple schematics of 

three vehicle hull configurations/geometries are depicted in Figures 3-2(a)–(c). The conventional 

V-hull is depicted in Figure 3-2(a). In this case, the blast mitigation performance increases with 

an increase in the V-hull steepness.  However, constraints associated with vehicle ground 

clearance and height limit the maximum allowable V-hull steepness. A truncated V-hull design is 

depicted in Figure 3-2(b). In this case, the blast mitigation performance is enhanced relative to 

that offered by the design depicted in Figure 3-2(a) since the benefits (decreased blast impulse) 

offered by the increased steepness of the V-hull outweighs the penalty (i.e. increased blast 

impulse) incurred due to the small flat section.  As seen in Figure 3-2(c), incorporation of a 

chimney, allows the gaseous detonation products, soil ejecta and mine casing fragments under the 

chimney to be vented, while still permitting high-steepness V-hull sides [10]. 

 While the blast-chimney concept offers benefits relative to the reduction in the blast 

momentum transferred to the target vehicle, it is also associated with at least two major 

shortcomings: (a) Not surprisingly, it has been found that the incorporation of the chimney which 

runs through the vehicle cabin limits the mobility of the occupants within the vehicle and their 
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ability to survey the surroundings [9]; and (b) Off-road vehicle-testing performance studies have 

indicated a loss in the vehicle structural reliability and durability which has been currently 

attributed to the enhanced rate of vehicle-frame fatigue-induced failure which, in turn, has been 

linked with the aforementioned increased cabin rigidity [9]. 
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Figure 3–3 Side channels/tubes based blast-mitigation concept originally proposed in Ref. [1]. Note 

that the abbreviation SBS stands for “surrogate box structure”. 
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 To address the aforementioned limitations of the blast-chimney concept related to the loss 

of cabin space, ability of the vehicle occupants to scout the environment and degradation of the 

vehicle’s structural durability/reliability, a new blast-mitigation concept (the so-called “side-vent-

channels concept” [1]) has been recently proposed and investigated computationally. As shown 

schematically in Figure 3-3, this concept utilizes side vent tubes/channels (of the appropriate 

cross sectional shape and wall thickness) attached to the V-shaped vehicle underbody and open at 

both ends. The bottom end of each tube is cut parallel to the ground (to promote inflow of the 

detonation by-products and soil ejecta and to prevent structural collapse, crushing, of the tube 

inlet under blast loads) and flush with the V-hull bottom. The channels/tubes are intended to 

function as exhaust nozzles as in the case of the pulse-detonation engine and, thus, provide a 

downward thrust to the vehicle.  The secondary role of the channels/tubes is to reduce the blast 

momentum transferred to the targeted vehicle by enabling the venting of the gaseous detonation 

products, soil ejecta and mine-casing fragments. The geometry of the side-vent-channels is 

optimized with respect to the attainment of the maximum downward thrust on the vehicle by 

coupling an optimization algorithm with a computational analysis (analogous to the one often 

employed in the case of design of pulse detonation rocket engines). It should be noted that in 

order to prevent potential misuse, of the ideas proposed and the results obtained in the present 

work, the term “vehicle” has been replaced in Figure 3-3 as well as in the remainder of the 

manuscript with the term “surrogate box structure” (SBS). 

 The computational analysis employed in Ref. [1] was of a combined Lagrangian/Eulerian 

fluid-structure interaction (FSI) type and, hence, suffered from at least the following two major 

deficiencies: (a) difficulties in defining the Eulerian material (e.g. detonation products, soil and 

air) interfaces and Lagrangian/Eulerian contact surfaces; and (b) inability to fully account for the 
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granular nature of the soil ejecta. These deficiencies of the combined Eulerian/Lagrangian 

analyses employed in the computational investigation of the side-vent-channel concept are 

addressed in the present work. 

Main Objectives:  The main objective of the present work is to address the aforementioned 

deficiencies of the computational analyses of the side-vent-channel concept reported in Ref. [1] 

by employing a combined finite-element/discrete-particle computational algorithm. Within this 

purely Lagrangian algorithm, difficulties associated with the definition of the material surfaces 

and contact interfaces are avoided while soil (as well as the detonation products and air) is given 

a discrete-particle character. 

Paper Organization: A brief description of the problem analyzed in the present work and a brief 

overview of the computational methods and tools used are provided in Section II.  The main 

results obtained in the current work are presented and discussed in Section III.  The main 

conclusions resulting from the present work are summarized in Section IV. 
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3.3. Problem Description and Computational Analysis 

 As mentioned earlier, the main objective of the present work is to re-examine the new 

side-vent-channels blast-mitigation concept using a novel coupled finite-element/discrete-particle 

computational analysis. In this section, details are presented regarding the basic problem 

formulation as well as regarding the computational procedure utilized. 
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3.3.1. Problem Description 

 The basic problem analyzed in the present work involves a prototypical buried-mine 

detonation event followed by the interaction of gaseous detonation products, soil ejecta and blast 

waves with the target structure, a mock-up of an SBS equipped with a V-shaped vehicle hull 

underbody and side-vent-channels. Details regarding the computational model and the numerical 

procedure employed in the present work to investigate the blast-mitigation potential of the side-

vent-channel concept are presented in subsequent sections. 
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3.3.2. Computational Domain 

 The computational domain used consists of two separate sub-domains, one of the 

continuum Lagrangian-type and the other of a discrete-particle type.  The Lagrangian sub-domain 

comprises the SBS equipped with the V-hull and side channels, and is modeled as a finite-

element structure consisting of 61,348 three-noded shell elements. In most of the analyses, the 

SBS structure is rigidized while in a few other analyses flexibility/deformability and 

damage/structural failure of the SBS was taken into account. During the vent-channel-geometry 

optimization, the inlet cross-sectional area and the outlet-to-inlet area ratio were varied.  

 As far as the discrete-particle sub-domain is concerned, it comprises mine/detonation-

products, sand/soil, and the ambient air. The discrete-particle sub-domain is of a rectangular 

parallelepiped shape which encloses the SBS. Details regarding the discrete-particle modeling 

and simulations will be presented in the next section.  

 It should be noted that the SBS structure possesses two vertical planes of symmetry, 

suggesting that only one-quarter of the computational domain has to be analyzed explicitly. 

However, due to random distribution of the discrete (detonation-products, soil and air) particles, 

the entire computational domain was analyzed. By analyzing the entire computational domain, 

rather than one of its quarters, potential rotation of the SBS is also enabled. Figure 3-4 shows an 

initial configuration of the prototypical computational domain analyzed. 
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Figure 3–4 A prototypical computational domain used in the combined three-dimensional finite-
element/discrete-particle analysis of the buried-mine detonation event and the subsequent 

interactions of the detonation products, soil ejecta and air blast with the SBS equipped with a V-hull 
and side vent channels. Please note that the mine is shallow-buried and its view is obstructed by the 

surrounding soil. 
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3.3.3. Discrete-Particle Formulation 

 As mentioned above, the behavior of high-explosive (HE) gaseous detonation products, 

soil and air, following detonation, and during their collision with the SBS is modeled in the 

present work using the discrete-particle (also known as the “corpuscular”) approach proposed 

recently by Olovsson et al. [11]. Within this approach, HE gaseous detonation products, soil and 

air are all represented as assemblies of discrete, rigid, spherical, interacting particles which 

exchange momentum and kinetic energy during their collisions/contact with each other and/or the 

SBS. To make the computational cost manageable, each particle is defined to represent a 

collection of 1015–1020 molecules. 

 As explained by Børvik and co-workers [12, 13], the discrete-particle method has the 

following three main advantages over the commonly used combined Lagrangian-Eulerian 

approaches: (a) due to its Lagrangian (material-based) character, the method does not require the 

calculation of the material advection through the mesh and, hence, does not suffer from errors 

associated with such calculation; (b) numerical detection and quantification of the contacts and 

interactions between HE detonation products, soil and air and complex-geometry Lagrangian 

target structures, which are quite challenging within the combined Lagrangian-Eulerian 

framework, is greatly simplified and accelerated; and (c) within the same computational model, 

HE detonation products, soil and air (all modeled using the discrete-particle approach) can be 

combined with continuum-Lagrangian-type target structures to analyze various scenarios related 

to detonation of shallow-buried mines and the interactions of  the detonation products, soil ejecta 

and air-borne blast-waves with the structures. 

 In the remainder of this section, details are presented regarding the discrete-particle 

models for the HE detonation products, air and soil (with different levels of hydration). It should 

be noted that, as explained by Olovsson et al. [11], discrete-particle models for the HE detonation 
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products and air are essentially an extension of the kinetic molecular theory of gases, as 

formulated in 1860 by Maxwell [14]. Specifically: (i) discrete particles used in the numerical 

model represent a collection of a large number of atoms constituting the material in question; and 

(ii) inter-particle collisions are assumed to be purely elastic (i.e. kinetic-energy-preserving). 

Kinetic Molecular Theory of Gases  

 The kinetic molecular theory is a theory which successfully relates molecular-level 

events such as collisions to the macroscopic properties, e.g. pressure or temperature of an ideal 

gas. Within the theory, the system of interacting gas molecules is assumed to have the following 

four properties: (a) the size of the molecules is much smaller than the average inter-molecular 

distance. Consequently, the volume of the molecules is negligible in comparison to the volume of 

the space within which the gas resides; (b) the system is in the state of thermodynamic 

equilibrium, i.e. there is no net flux of mass, linear momentum or energy through the system; (c) 

particle dynamics is governed by Newton’s laws of motion; and (d) inter-molecular and 

molecule/structure interactions are perfectly elastic and, thus, not only the linear momentum but 

also the total kinetic energy is preserved. 

 The kinetic molecular theory was originally proposed by Bernoulli [15, 16] and further 

developed by Maxwell [14]. By carrying out a detailed statistical analysis of molecular-level 

interactions, Maxwell was able to derive the following (often referred to as the Maxwell-

Boltzmann) expression for the equilibrium molecular velocity distribution function, f (v):  
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where M is the molar mass, R is the universal gas constant and T is the absolute temperature. 

 Based on Eq. (3-1), Maxwell derived the root-mean-square (rms) molecular velocity, vrms 

, as: 
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 Under a condition that the gas molecules, modeled as spherical particles, possess a finite 

radius rp, additional important quantities characterizing molecular-level interactions within an 

ideal gas include the mean-free-path, l, and frequency of collisions, fc, defined as: 
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where n  is the number of molecules per unit volume. 

 Within the kinetic molecular theory of gases, the pressure is the result of the collisions of 

the molecules with the surroundings. By computing an average rate of change of the momentum 

per unit area of the surroundings, Maxwell was able to derive the following expression for 

pressure, p: 
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where et is the translational kinetic energy per unit volume, m is the molecular mass, V is the 

volume of the system and N is the number of molecules in the system. 

High-Explosive Gaseous Detonation Products 

 The constitutive and the dynamic response of HE gaseous detonation products is 

represented using the discrete-particle material model proposed by Olovsson et al. [11]. Since a 

detailed overview of this model could be found in Ref. [11], only a brief account of it is given 

below. Complete parameterization of the HE discrete-particle model requires specification of the 
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following four quantities: (i) initial mass density, ρ0,HE; (ii) initial volumetric internal energy 

density, E0,HE ; (iii) constant-pressure to constant-volume heat-capacity ratio γΗΕ = Cp,HE/Cv,HE; 

and (iv) fraction of the total volume occupied by the discrete particles, bHE . The four parameters 

are used to set up a discrete-particle computational model in the following way: (a) once the 

number of molecules per particle Nmpp is selected, ρ0,HE is used to determine the number of 

particles in the computational volume Np; (b) since γΗΕ controls partitioning of the total specific 

kinetic energy (E0,HE/V=et,HE+es,HE) into its translational, et,HE , and rotational/vibrational, es,HE , 

components as: 
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et,HE  and es,HE could be determined from the given E0,HE and γΗΕ for a system of a given volume 

V; and (c) the extent of the so-called “co-volume” effect (discussed below) is controlled by the 

magnitude of bHE. 

 Børvik et al. [13] pointed out that the kinetic molecular theory-based expression for 

pressure, Eq. (3-5), typically under-predicts pressure levels at extremely high densities 

encountered in HE detonation products. The reason for this breakdown is the fact that at such 

high density levels, the volume of the molecules (the so-called “co-volume” effects) could not be 

neglected (as is done in the case of the kinetic molecular theory). To account for the co-volume 

effects [17, 18], the radius/size of the HE discrete particles is adaptively increased within the 

present computational approach. This correction is similar to the van der Waals co-volume 

correction of the ideal gas pressure, Eq. (3-5), which involves division of the right-hand side of 

Eq. (3-5) by a factor (1 – bHE). In addition to the aforementioned inability of the kinetic molecular 

theory to accurately predict pressure at high densities, this theory also fails to account for the 

104 
 



experimentally observed sharp drop in pressure during adiabatic expansion of the HE detonation 

products. To overcome this problem, Olovsson et al. [11] suggested that γHE be changed from its 

prototypical value of 7/5 for a di-atomic gas to its maximum theoretical value of 5/3 (i.e. to the 

value found in a mono-atomic gas). The effect of adiabatic expansion from state 1 to state 2 is 

described by the following ideal gas relation: 

γ−









=

1

2

1

2

V
V

p
p

          (3-7) 

This relation reveals how increasing γHE  from 7/5 to 5/3 increases the rate of adiabatic expansion 

pressure drop. It should be noted that, as pointed out above, γHE  controls the HEtHEs ee ,,   ratio 

and according to Eq. (3-6), for γHE = 5/3 this ratio becomes zero. In other words, the total internal 

energy becomes equal to the kinetic/translational energy (i.e. zero rotational/vibrational kinetic 

energy is assigned to the HE discrete particles). 

 In order to parameterize the discrete-particle model for the HE, one must first choose the 

type/grade of HE. In the present work, C-4 high explosive is selected. For the discrete-particle HE 

model to be considered realistic, it must reproduce some of the basic findings obtained using 

experimental and/or purely continuum-type computational approaches. Within the continuum 

framework, the behavior of HE detonation products is commonly represented using the so-called 

“equation of state” (EOS), a function relating the pressure to the material mass-density/specific-

volume and mass-based internal-energy-density/temperature. Typically, either the Jones-Wilkins-

Lee (JWL) or the ideal gas EOS is used. 

 As pointed out by Børvik et al. [13], parameterization of the C-4 discrete-particle model 

can be carried out by stipulating that the aforementioned requirement is fulfilled. Specifically, 

Børvik et al. [13] systematically varied the C-4 discrete-particle model parameters within an 
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optimization scheme in order to match the experimental (as well as the continuum-level 

modeling) results of the so-called “cylinder test” [19, 20]. Within the cylinder test, an oxygen free 

high conductivity (OFHC) copper pipe is filled with an HE and the explosive is detonated at one 

end. This causes the formation of a (transverse) detonation wave and its propagation along the 

length of the pipe. By monitoring the temporal evolution of the pipe radial displacement/velocity 

and its spatial distribution along the pipe length, properties of the explosives can be determined 

and quantified as the parameters of the postulated EOS. For example, for C-4 and the assumed 

JWL EOS in the form: 

HE
VR

HE

VR

HE

Ee
VR

Be
VR

Ap HEHE ωωω
+








−+








−= −− 21

21

11     (3-8) 

where p is the pressure, VHE=ρHE/ρ0,HE, EHE/V is the volumetric internal energy density, there are 

five JWL EOS material-model parameters (A, B, ω, R1, R2). These parameters were determined 

by Børvik et al. [13] using an optimization algorithm coupled with the combined Lagrangian-

Eulerian finite-element analysis of the cylinder test and the experimental cylinder-test data by 

Souers et al. [19]. A list of the values for these parameters can be found in Table 1 of Ref. [13]. 

 To parameterize the C-4 discrete-particle material model, Børvik et al. [13] carried out 

combined finite-element/discrete-particle simulations within which the OFHC pipe is treated as a 

continuum-Lagrangian finite-element discretized component (modeled using the Johnson-Cook 

linear-elastic/strain-hardening/rate-dependent/thermally-softenable-plastic constitutive equation 

[21]) while C-4 is represented as an ensemble of 1,000,000 discrete particles. Next, within an 

optimization study, the discrete-particle model parameters are varied systematically until the 

resulting temporal evolutions and spatial distributions of the pipe radial displacement/velocity 

(caused by the explosive detonation initiated at one end of the pipe) match the same experimental 

results as those used for parameterization of the C-4 JWL EOS. The procedure employed by 
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Børvik et al. [13] yielded the following C-4 discrete-particle material-model parameters: (i) 

ρ0,HE=1601 kg/m3; (ii) E0,HE/V=8.7 GJ/m3; (iii) γΗΕ = 7/5 ; and (iv) bHE = 0.35. It should be noted 

that the values for ρ0,HE and E0,HE / V, as well as the detonation velocity D = 8190 m/s, were taken 

directly from the JWL-EOS C-4 parameterization carried out by Souers et al. [19]. In other 

words, parameter-optimization was carried out only for γΗΕ and bHE. 

 

Air 

 Air surrounding the target structure and located above the soil is treated as a diatomic 

ideal gas initially at the ambient pressure (101.3 kPa) and reference temperature (298 K). 

Following Børvik et al. [13], the four basic discrete-particle model parameters are assigned the 

following values: (a) ρ0,air  = 1.184 kg/m3; (b) E0,air / V = 0.25325 MJ/m3; (c) γair = 7/5; and (d) bair 

= 0 (no co-volume effects considered). Following the same procedure as in the case of HE 

detonation products, these parameters are used to determine, at the onset of simulation, the 

number of the air discrete particles and partitioning of the total internal energy into its kinetic 

translational and kinetic rotational/vibrational parts. It should be noted that in this case, 

32,, =airtairs ee  and es,air is not zero any longer. However, while in an ideal-gas molecular 

system, airtairs ee ,,  acquires this equilibrium value only in a statistical sense, within the present 

discrete-particle model, the ratio is imposed on each individual particle to reduce the 

computational cost. It should be further noted that, within the present discrete-particle model for 

air, es,air is treated as a scalar variable, i.e. no explicit consideration is given to the 

rotational/vibrational degrees of freedom of the particles. Since the collision of two air particles is 

of an elastic character, the momentum and the total kinetic/internal energy are conserved, as well 

as the airtairs ee ,,  ratio. These conditions are used to determine particle velocities following 
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collision. As far as the collision between an air particle and a movable/deformable structure is 

concerned, the exchange of the kinetic translational energy between the particle and the structure 

causes the airtairs ee ,,  ratio to depart from its equilibrium value until the particle in question 

collides with another particle. 

 It is important to recognize that the constancy of airtairs ee ,,  ratio corresponds to the 

assumption of thermal equilibrium within air. This assumption is justified for air prior to 

detonation. However, upon detonation, linear momentum transfer from the HE detonation 

products to air causes the air-molecules/discrete-particles to acquire very large values of their 

kinetic translational energy (i.e. the condition of thermal equilibrium does not hold any longer). 

Soil 

 While the soil is also modeled using a discrete-particle approach, the soil discrete-particle 

model differs from those used for the HE gaseous detonation products and air in that soil particle 

collisions are modeled using a penalty rather than an elastic (or, more precisely, kinematic-

elastic) collision algorithm. This was done in order to account for the effects such as: (i) soil-

particle finite stiffness; (ii) rate-dependent dissipative/damping nature of the inter-particle 

collisions; and (iii) the inter-particle frictional effects. 
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Figure 3–5 A schematic of the contact-mechanics model involving two interacting equal-sized/mass 
spherical particles of soil. 
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The essential features of the penalty contact used are depicted schematically in Figure 3-5 

which shows a two-particle contact model. Within this model, particle normal interactions are 

accounted for by a linear spring (with a spring constant k) and a linear dashpot (with a damping 

coefficient c) connected in parallel. As far as the tangential interactions are concerned, they are 

modeled using a linear spring (also of stiffness k) and a Coulomb frictional element (which is 

characterized by a friction coefficient µ and which limits the tangential-spring force). It should be 

noted that soil-particle fracture processes are not considered since they are associated with minor 

energy absorption/dissipation effects and, hence, are not expected to significantly affect the 

computational results. Furthermore, it should be noted that the soil-particle stiffness is not 

accounted for explicitly since the particles are of a rigid type. Rather, through the proper selection 

of the stiffness constants of the normal and tangential contact springs, particle stiffness is 

accounted for implicitly. 

 As in the case of the HE/air discrete-particle models, only the translational degrees of 

freedom are considered in the case of the soil discrete-particle model (in order to reduce the 

computational cost). A limited number of computational analyses in which the rotational degrees 

of freedom were included show that the results obtained are not greatly affected by the inclusion 

of soil-particle rotations while the computational cost was greatly increased. 

 In the present work, both the cases of dry and saturated soil/sand are considered. In the 

remainder of this section, details are presented regarding the discrete-particle model 

parameterization for the cases of dry and saturated soil. 

Dry Soil: Dry soil is represented using constant radius rigid spherical particles with the particle-

material density of 2700 kg/m3 and the initial particle volume fraction of 0.6 (yielding the soil 

initial density of 1620 kg/m3). To fill the soil sub-domain with the particles and to parameterize 

the contact model, the following three-step procedure is used: (i) the soil sub-domain is first 
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assumed to be a three-dimensional array of identical unit cells with the periodic boundary 

conditions being applied across the faces of the unit cells. To determine the initial distribution of 

the soil particles within the unit cell, the number of particles required to attain a volume fraction 

of 0.6 are placed in the unit cell while ensuring that no inter-particle penetration takes place. An 

example of a prototypical soil unit cell is displayed in Figure 3-6; (ii) next, the unit cell is 

subjected to volumetric compression, and the particle contact stiffness k and the contact damping 

coefficient c are varied in a systematic manner (while holding the inter-particle friction 

coefficient at a constant level of µ = 0.15 [22, 23]) until a good match is obtained between the 

experimentally measured (for prairie sand containing high level of silt and clay) pressure vs. 

density and the computed pressure vs. density functional relations. More details of this procedure 

can be found in our recent work [24]. This procedure yielded k = 4 GN/m, c = 0.0 MN.s/m, and µ 

= 0.15. The hydrostatic pressure within the unit cell is computed by dividing the average force 

experienced by the unit cell faces by the face surface area; and (iii) the soil sub-domain is 

constructed by partitioning it into a three-dimensional array of unit cells and filling each cell 

identically using the particle configuration obtained in (i). 
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Figure 3–6 Prototypical soil unit cell used in the present combined finite-element/discrete-particle 
computational analysis of mine detonation and interaction of the detonation products, soil ejecta and 

air blast with the SBS. 
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Saturated Soil: In the case of saturated soil, water is not modeled explicitly. Instead, its effect on 

the distribution and the mechanical response of the soil-particle assembly is accounted for 

implicitly. Specifically: (a) while keeping the soil-particle size uniform and the particle volume 

fraction (= 0.6) the same as in the case of the dry soil, the weight of water is accounted for by 

increasing the saturated-soil density to (0.6 x 2700) + (0.4 x 1000) = 2020 kg/m3 (yielding the 

saturated soil-particle effective material density of 2020 / 0.6 = 3367 kg/m3); (b) to account for an 

increase in the fully-compacted soil density typically observed in saturated soil, increased particle 

packing (particle volume fraction = 0.64) was achieved by allowing ±2.5% variations in the soil-

particle diameter and by taking advantage of the fact that higher densities are obtained in a system 

containing particles of non-uniform size. Using the same procedure as above, this yielded the 

saturated-soil density of (0.64 x 2700) + (0.36 x 1000) = 2088 kg/m3 and the saturated soil-

particle material density of 2088 / 0.64 = 3262 kg/m3; and (c) inter-particle contact stiffnesses, 

damping and friction coefficients were adjusted to account for the effect of water by utilizing the 

aforementioned procedure [24]. Specifically, the damping coefficient 

mkc ξ2=           (3-9) 

is adjusted (by varying the damping ratio ξ, i.e. the ratio of the damping coefficient and the 

critical damping coefficient) to match the experimental observations [25] that in wet sand, 

reflection of a compressive shock wave from the soil/air interface does not produce a loose spray 

of soil particles (an indication of a weaker reflected tensile shock and an increased inter-particle 

cohesion). This procedure in conjunction with the saturated soil experimental pressure vs. density 

data [26, 27] yielded k = 40 GN/m, ξ = 0.025 and µ = 0.01. 

Selected Discrete-Particle Size-Based Scaling: While keeping the number of soil particles per 

unit cell constant, the total number of soil particles in the model can be adjusted by changing the 
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unit cell size. However, it should be noted that the discrete-particle model parameters for soil are 

particle-/unit-cell-size dependent and, hence, changes in the particle size have to be accompanied 

by the appropriate changes in the discrete-particle model parameters. Specifically: (a) the 

particle-particle contact stiffness k scales (linearly) with the particle-/unit-cell-size or dimensions; 

and  (b) under the assumption that the damping ratio is particle-size independent, the damping 

coefficient c, in accordance with Eq. (3-9), is seen to scale with the squared particle size. 
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3.3.4. Computational Analysis-Type 

 The mine blast event and the subsequent interactions between the detonation products, 

soil ejecta and air blasts with the SBS are analyzed computationally using a finite-

element/discrete-particle algorithm. It should be noted that both the discrete-particle and the 

continuum portions of the computational domain are of a Lagrangian character (i.e. the particle 

geometry and the finite-element mesh are each attached to the underlying material). Heat 

dissipation associated with plastic deformation and damage/failure of the SBS is treated as a heat-

source. Due to the extremely short duration of the mine-blast detonation event (ca. tens of 

milliseconds), heat conduction analysis is not carried out.  Rather, the purely mechanical analysis 

is conducted under adiabatic conditions. The effects of local changes in temperature due to 

adiabatic heating are accounted for through the use of temperature-dependent SBS-material 

properties. 

115 
 



3.3.5. Initial Conditions 

 Prior to the beginning of the computational analysis, the continuum-Lagrange sub-

domain is occupied by the SBS, while the respective parts of the discrete-particle sub-domain are 

filled with HE detonation products, soil and the ambient air. The continuum-Lagrangian SBS sub-

domain is assumed to be initially stress-free and stationary.   

 Filling of the discrete-particle sub-domains with air, soil and detonation products was 

done in the following way: Air: for the selected number of air molecules per discrete particle, 

Nmpp,air , and the known values of ρ0,air and Vair, the number of air discrete particles, Np,air, is 

computed.  These particles are placed randomly within the air computational sub-domain.  Next, 

random velocities are initially assigned to the air particles by sampling the Maxwell-Boltzmann 

distribution function, Eq. (3-1), with Mair = 29 g/mol and Tair = 298 K, while ensuring that the vrms  

of the air discrete-particle model is identical to that found in the ideal gas, ca. 506 m/s, as 

modeled by the kinetic molecular theory, Eq. (3-2). This condition ensures that the discrete-

particle air pressure (=101.3 kPa) is consistent with E0 / V = 0.25325 MJ/m3 and γair = 7/5, in 

accordance with the ideal gas law; Soil: As far as the soil sub-domain is concerned, it is 

constructed, as mentioned earlier, by partitioning it into a three-dimensional array of unit cells 

and filling each unit cell identically while ensuring that no “penetration” (other than the one 

caused by gravity) exists between the neighboring particles; and HE detonation products: In the 

case of HE, initially stationary particles of undetonated explosive charge are placed randomly 

within the HE discrete-particle sub-domain following a procedure identical to that used in the 

case of air particles. Next, the explosive charge is detonated. Within the discrete-particle 

framework, HE detonation is simulated in the following way. At t=0 (the detonation time), with 

the exception of the HE located at the detonation point(s), the explosive is assumed to be in the 

solid state and, as mentioned above, the HE discrete particles are assumed to be at rest (more 
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precisely, to have a zero average translational velocity). As the detonation front expands, 

increasingly more HE is detonated, i.e. converted into the gaseous state due to arrival of the 

detonation front. Once this solid-gas conversion takes place in a region, the HE particles are 

assigned a velocity by randomly sampling the Maxwell-Boltzmann thermal velocity distribution 

function, Eq. (3-1) [14], consistent with the ρC-4 = 1.82 g/cm3,  MC-4 = 222 g/mol and TC-4 = ca. 

3500 K, where detonated C-4 is treated as monoatomically decomposed RDX, C3H6N6O6. The 

sampled velocities are next corrected by dividing them with (1 – bC-4)1/2 in order to account for 

the aforementioned co-volume-induced pressure increase. 
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3.3.6. Boundary Conditions 

 Over the portions of the computational-domain external surfaces initially associated with 

air and soil, an external/ambient pressure of 101.3 kPa is applied so that particles arriving at the 

boundary and associated with a local pressure exceeding the external pressure are allowed to 

leave the computational domain. On the other hand, particles which arrive at the external 

boundary and are associated with a sub-ambient local pressure are reflected back into the domain. 
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3.3.7. Contact Algorithm(s) 

 As mentioned earlier, soil/soil particle interactions are modeled using a 

(viscoelastic/frictional normal/tangential) penalty contact algorithm. On the other hand, HE/HE, 

air/air, HE/air, soil/HE and soil/air particle interactions are modeled using an elastic/kinematic 

contact algorithm. 

 As far as discrete-particle/SBS interactions are concerned, they are modeled using a 

penalty-contact algorithm. Within this algorithm, contact kinematic constraints are enforced by 

ensuring that the extent of contact pressure is governed by the local surface penetrations (where 

the default penalty stiffness parameter is automatically maximized subject to stability limits). As 

far as the shear stresses are concerned, they are transferred via a “slip/stick” algorithm, that is, 

shear stresses lower than the frictional shear stress are transferred without interface sliding 

(otherwise interface sliding takes place).  The frictional shear stress is defined by a modified 

Coulomb law within which there is an upper limit to this quantity (set equal to the shear strength 

of the continuum-Lagrange SBS sub-domain material). The frictional shear stress is then defined 

as the smaller of the product between the static/kinetic friction coefficient and the contact 

pressure, on the one hand, and the Lagrangian sub-domain material shear strength, on the other. 
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3.3.8. Material Model(s) 

 As mentioned earlier, selected portions of the discrete-particle sub-domain are filled with 

HE detonation products, soil and air. The constitutive models for these three materials, within the 

discrete-particle framework, have been presented in Section II.3. It should be recalled that while 

discrete-particle representation of these three materials is based on rigid particles, material’s 

deformability has been recovered through the use of the appropriate contact algorithms. As far as 

the continuum-Lagrangian SBS sub-domain is concerned, it was modeled either as a rigid 

structure or a deformable structure. In the cases when the SBS was modeled as a rigid structure, 

the material’s constitutive model is fully-defined by the mass density (=7850 kg/m3, for steel). 

When the SBS was modeled as a deformable structure, it was assumed to be made of 

conventional AISI 4340 steel whose deformation and failure constitutive response could be 

represented using the Johnson-Cook material model [28]. A detailed overview of this material 

model including its AISI 4340 parameterization can be found in our recent work [28, 29]. 
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3.3.9. Computational Algorithm 

 The governing mass, linear momentum and energy conservation equations are solved 

with a second-order accurate explicit combined finite-element/discrete-particle algorithm. All the 

calculations in the present work are carried out by combining a general-purpose mathematical 

program MATLAB [30] with a customized version of YADE (Yet Another Discrete Element), an 

extensible, open-source discrete-element method (DEM) computer program [31]. MATLAB was 

used to create the geometrical/meshed models and Python scripts which control YADE-

simulation structure and execution, as well as input/output communications. 
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3.3.10. Computational Accuracy, Stability and Cost 

 A standard particle-size and mesh-refinement sensitivity analysis was carried out (the 

results not shown for brevity) in order to ensure that a convergence of the key results is reached 

with respect to the further variations of these geometrical/mesh parameters. Due to the 

conditionally-stable nature of the explicit finite element analysis used, the maximum time 

increment during each computational step had to be kept lower than the attendant stable time 

increment. A typical 50 ms computational analysis followed by a detailed post-processing data 

reduction procedure required on average 24 hours of (wall-clock) time on a 12-core, 3.0 GHz 

machine with 16 GB of memory. 
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3.4. Results and Discussion 

 The three-dimensional combined finite-element/discrete-particle computational model 

and analysis presented in the previous section are utilized in the present section to reassess the 

potential of the side channels in lowering the blast momentum/kinetic energy transferred to, and 

the maximum associated acceleration acquired by, the SBS through the operation of venting and 

downward-thrust effects. The results obtained are analyzed while comparing them with their 

combined Eulerian/Lagrangian computational counterparts reported in our recent work [1]. 
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3.4.1. SBS Configurations Analyzed 

 In order to assess the full blast-mitigation potential of the proposed venting system, and 

to shed additional light onto the blast-chimney concept, several distinct SBS configurations were 

examined. The main four among these configurations are shown in Figures 3-7(a)–(d). The SBS 

configuration shown in Figure 3-7(a) has a V-hull, but no side vent-channels (or the vertical 

“through-the-cabin” vent channel). The V-hulled SBS configuration shown in Figure 3-7(b) 

contains constant-radius side vent-channels (but no vertical “through-the-cabin” vent channel). 

The V-hulled SBS configuration shown in Figure 3-7(c) is very similar to that shown in Figure 3-

7(b) except that the side-vent channels are flared (in their exit section). The V-hulled SBS 

configuration shown in Figure 3-7(d) has the same side-vent channel configuration as that shown 

in Figure 3-7(c), but, in addition, contains a vertical vent channel. Comparison of the 

corresponding results obtained for the four configurations are used to establish the blast-

mitigation effects offered by different components of the SBS structure. For example, comparison 

of the results associated with Figures 3-7(a)–(b) reveals the blast-mitigation effect offered by the 

side-vent channels, while the corresponding results associated with Figures 3-7(b)–(c) reveal the 

additional effect provided by channel flaring.  Lastly, a comparison of the results associated with 

Figures 3-7(c)–(d) may offer an insight into the relative blast-mitigation effectiveness of the 

vertical and side-vent channels. It should also be noted that the configuration displayed in Figure 

3-7(c), containing a V-hull and flared side vent channels, is considered as the baseline SBS 

configuration in the present work. 
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Figure 3–7 Main SBS configurations analyzed in the present work: (a) the plain V-hull 
configuration; (b) same as (a), but with constant-radius side-vent channels; (c) same as (b), but with 

channel flaring; and (d) same as (c), but with the addition of a vertical vent channel. 
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Figure 3-7 Continued. 
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3.4.2. Prototypical Results 

 The computational analyses employed yielded the results pertaining to the temporal 

evolution and spatial distribution of various particle-state and continuum-field quantities such as 

particles’ position, (translational and rotational) particle velocities, particle/particle and 

particle/continuum-structure interaction forces and moments, etc.  In addition, results pertaining 

to the explosive-charge detonation-induced loading experienced by, and the subsequent response 

of, the SBS structure were obtained.  In the remainder of this section, a few prototypical results 

are presented and discussed. 

Material Distribution and Temporal Evolution - SBS Baseline Case 

 Spatial distribution of three constituent materials (steel, HE detonation products and soil) 

at four (2 ms, 4 ms, 6 ms and 8 ms) post-detonation times in the case of the baseline SBS 

configuration (i.e. the configuration displayed in Figure 3-7(c), containing a V-hull and flared 

side-vent channels) is shown in Figures 3-8(a)–(d).  In these and subsequent figures, for improved 

clarity, air is removed while the detonation-products and soil-particles are displayed as spheres 

with the soil-particles having a smaller radius. Furthermore, for the same reason, initial positions 

of the soil and landmine particles are regularized while the SBS structure is shown as a 

wireframe. Examination of the results displayed in Figures 3-8(a)–(d) clearly reveals that the 

presence of side-vent-channels helps guide the flow of the gaseous detonation products and soil-

ejecta (as well as air) along the direction parallel with the side of the V-hull. Closer examination 

of the distribution of the soil and the detonation products within the side-vent-channels reveals 

that the channels closest to the mine play the dominant role in the blast-venting process. 

Furthermore, it is seen that the ejected soil initially retains its cohesion and relatively high 

density, Figure 3-8(a), while at later post-detonation times, ejected soil breaks up into non-bonded 

particles and acquires a low density, Figures 3-8(c)–(d). 
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Figure 3–8 Spatial distribution of soil, HE detonation products and steel used to make SBS in the 
case of the rigid baseline SBS configuration at post-detonation times of: (a) 2 ms; (b) 4 ms; (c) 6 ms; 

and (d) 8 ms. 
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Figure 3-8 Continued. 
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The Effect of SBS Configuration on Post-Detonation Material Distribution 

 To further reveal the role of the side-vent channels in mitigating the effect of buried 

landmine detonation, material spatial distributions at a fixed (12 ms) post-detonation time are 

shown, respectively, in Figures 3-9(a)–(d) for the case of (a) the SBS configuration without 

channels; (b) the SBS configuration with constant cross-section channels; (c) the baseline SBS 

configuration with flared channels; and (d) the SBS configuration with flared channels and a 

vertical blast-chimney. To help interpretation of the results displayed in these figures, a single 

double-headed arrow is used in each case to denote a vertical distance of the SBS top from a fixed 

reference elevation. Examination of the results displayed in Figures 3-9(a)–(d) clearly reveals that 

the introduction of side-vent-channels, their flaring and ultimate addition of the vertical blast-

chimney all help reduce the momentum transferred to the SBS (as visually quantified by the 

extent of the SBS liftoff). This finding is the result of the increased venting provided by the 

(flared) side-channels and the blast chimney. 
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Figure 3–9 Spatial distribution of soil, HE detonation products and steel used to make rigid SBS at a 
fixed (12 ms) post-detonation time for the case of (a) the SBS configuration without channels; (b) the 

SBS configuration with constant cross-section channels; (c) the baseline SBS configuration with 
flared channels; and (d) the SBS configuration with flared channels and a vertical blast-chimney. 
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Figure 3-9 Continued. 
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Particle-Velocity Spatial Distribution and Temporal Evolution - SBS Baseline Case 

 Spatial distribution of the particle and SBS velocities at four (2 ms, 4 ms, 6 ms and 8 ms) 

post-detonation times in the case of the baseline SBS configuration is shown in Figures 3-10(a)–

(d).  Examination of the results displayed in Figures 3-10(a)–(d) clearly reveals: (a) formation of 

a “hump” on the top surface of the soil above the detonated mine, Figure 3-10(a); (b) the onset of 

formation of a crater within the soil, Figure 3-10(c)–(d); and (c) non-uniform distribution of the 

particle velocities over the constant-z section of the channels. The velocity non-uniformity is 

characterized by smaller particle velocities (indicated by the blue or adjacent spectrum colors) in 

the portions of the channels closer to the V-hull and higher particle velocities (indicated by the 

red or adjacent spectrum colors) in the portions of the channels farther away from the V-hull. 

This finding can be rationalized as follows. Interaction of the ejected particles with the portions of 

the channel walls which are adjacent to the V-hull gives rise to a transfer of upward momentum 

to the SBS and an associated reduction in the particle (upward) velocities. On the other hand, 

interaction of the ejected particles with the portions of the channel walls which are away from the 

V-hull gives rise to a transfer of a downward momentum to the SBS and the associated increase 

in the particle (upward) velocities. 
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Figure 3–10 Spatial distribution of the velocities of the soil and mine-detonation-product particles 
and rigidized-SBS in the case of the baseline SBS configuration at post-detonation times of: (a) 2 ms; 

(b) 4 ms; (c) 6 ms; and (d) 8 ms. 
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Figure 3-10 Continued. 
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The Effect of SBS Configuration on Post-Detonation Particle-Velocity Distribution 

 To further reveal the role of the side vent channels in mitigating the effect of buried 

landmine detonation, velocity spatial distributions at a fixed (12 ms) post-detonation time are 

shown, respectively, in Figures 3-11(a)–(d) for the case of (a) the SBS configuration without 

channels; (b) the SBS configuration with constant cross-section channels; (c) the baseline SBS 

configuration with flared channels; and (d) the SBS configuration with flared channels and a 

vertical blast-chimney. Examination of the results displayed in Figures 3-11(a)–(d) clearly reveals 

that the introduction of side-vent-channels, their flaring and ultimate addition of the vertical blast-

chimney all help reduce the momentum transferred to the SBS (as visually quantified by the 

color-coded SBS velocity). This finding can again be attributed to the increased venting provided 

by the (flared) side-channels and the blast chimney. 
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Figure 3–11 Spatial distribution of the velocities of the soil and mine-detonation-product particles 
and rigidized-SBS at a fixed (12 ms) post-detonation time for the case of (a) the SBS configuration 
without channels; (b) the SBS configuration with constant cross-section channels; (c) the baseline 
SBS configuration with flared channels; and (d) the SBS configuration with flared channels and a 

vertical blast-chimney. 
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Figure 3-11 Continued. 
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The Effect of SBS Deformability 

 All the results presented so far pertain to various cases of rigid SBSs. While the present 

computational model and simulations enable the inclusion of a deformable SBS, a detailed 

examination of the effect of the SBS deformability is beyond the scope of the work described in 

the present manuscript. This topic will be undertaken in our future communication. Nevertheless, 

in this section we show one of the results that can be obtained by incorporating SBS 

deformability. Temporal evolutions of the SBS steel material and the associated von Mises stress 

at four (2 ms, 4 ms, 6 ms and 8 ms) post-detonation times are shown respectively in Figures 3-

12(a)–(d). For clarity, discrete particles of the gaseous detonation products, soil and air are not 

shown in these figures. It is seen that, as a result of the interaction between the gaseous 

detonation products and soil ejecta with the SBS, the SBS in general and the side-vent-channels, 

in particular, can undergo severe permanent deformation/distortion and damage/fracture. These 

phenomena are found to negatively affect the extent of momentum transfer to the SBS and the 

blast-mitigation efficiency of the side-vent-channel concept and, as mentioned earlier, will be the 

subject of our future communication. 
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Figure 3–12 Temporal evolutions of the SBS steel material and the associated von Mises stress at 
post-detonation times of: (a) 2 ms; (b) 4 ms; (c) 6 ms; and (d) 8 ms. 
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Figure 3-12 Continued. 
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3.4.3. Blast-Mitigation Efficiency of the Vent-Channel Concept 

 The results presented in the previous section suggested that the presence of flared side-

vent channels may have a positive role in reducing the effect of buried-landmine detonation on 

the SBS.  In this section, more quantitative results pertaining to this blast-mitigation effect of the 

side-vent channels are presented and discussed.   

SBS Velocity and Acceleration Temporal Evolution 

Examples of the typical SBS velocity vs. time and SBS acceleration vs. time results 

obtained in the present work are shown in Figures 3-13(a)–(b), respectively. In both cases, the 

quantity plotted along the y-axis is normalized by its maximum value while the time is 

normalized by its value corresponding to the SBS maximum velocity. Examination of the results 

displayed in these figures shows that the SBS velocity initially experiences a sharp rise, reaches a 

peak value and then gradually decreases under the influence of gravity. As far as acceleration is 

concerned, it reaches its peak value much earlier than the velocity and then sharply drops as the 

additional momentum transfer to the SBS from the detonation products and soil ejecta decreases.  

 It should be noted that the (non-normalized) results corresponding to the ones displayed 

in Figures 3-13(a)–(b) are used within a flared-channel design-optimization analysis, presented 

below, to determine the optimal flared-channel size-geometry which maximizes their blast-

venting efficiency.  
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Figure 3–13 Examples of the typical: (a) SBS normalized-velocity vs. time; and (b) SBS normalized-
acceleration vs. time results obtained in the present work. 
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Momentum Transfer 

The results of a side-vent channel design-optimization analysis, in which channel inlet 

area and the channel inlet-to-outlet area ratio are used as design variables, while the total 

transferred-momentum percent reduction (relative to the SBS case without side channels) is 

treated as the objective function (to be maximized), are shown in Figures 3-14(a)–(b).  The results 

displayed in Figure 3-14(a) are obtained using the present coupled finite-element/discrete-particle 

formulation while the ones displayed in Figure 3-14(b) were obtained using the combined 

Eulerian-Lagrangian formulation, as originally reported in Ref. [1].  The results displayed as 

contour plots in these figures reveal that: (a) there is a region in the channel inlet area/channel 

outlet-to-inlet area ratio design space which is associated with positive reductions in the blast 

momentum transferred to the SBS; (b) both sets of results, however, indicate that these reductions 

are relatively small (maximum 3.2–3.5%); and (c) the two sets of results are relatively 

comparable with each other with the present coupled finite-element/discrete-particle formulation 

predicting somewhat larger (3.5% vs. 3.2%) blast-mitigation effects offered by the side-vent 

flared-channel concept. 
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Figure 3–14 Percent reduction (relative to the SBS case without side-vent channels) in total blast 
momentum for the baseline SBS configuration as a function of channel inlet-area and inlet-to-outlet 

area ratio: (a) present combined finite-element/discrete-particle analysis; and (b) combined 
Eulerian/Lagrangian analysis presented in Ref. [1]. 
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It should be noted that, due to the changing geometry and size of the side-vent channels, 

the SBS mass is not constant within the design space but rather increases both with the channel 

inlet area and outlet-to-inlet area ratio. Variation of the SBS mass throughout the design space is 

depicted in Figure 3-15 using a contour plot. A comparison of the results displayed in Figures 3-

14(a)–(b) with those displayed in Figure 3-15 reveals that in the portion of the design space in 

which the transmitted impulse takes on the lowest values, the SBS mass is ca. 9–11% larger than 

that of the SBS without side channels.  
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Figure 3–15 Percent increase (relative to the SBS case without side-vent channels) in the mass of the 
baseline SBS configuration as a function of channel inlet-area and inlet-to-outlet area ratio. 
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 It should be noted that the results displayed in Figures 3-14(a)–(b) correspond to the case 

of a series of rigid SBSs. In the case of a deformable SBS, the results obtained (but not presented 

for brevity) show that the fluid-structure interaction effects associated with the SBS deformability 

initially amplify the blast-mitigation effect. However, the overall reduction in the total 

momentum transferred to the SBS is not significantly lowered in the case when SBS 

deformability is taken into account. 

Kinetic Energy Transfer 

The results of a side-vent channel design-optimization analysis, in which channel inlet 

area and the channel inlet-to-outlet area ratio are used as design variables, while the total 

transferred-kinetic energy percent reduction (relative to the SBS case without side channels) is 

treated as the objective function (to be maximized), are shown in Figures 3-16(a)–(b).  The results 

displayed in Figure 3-16(a) are obtained using the present coupled finite-element/discrete-particle 

formulation while the ones displayed in Figure 3-16(b) were obtained using the combined 

Eulerian-Lagrangian formulation, as originally reported in Ref. [1].  The results displayed as 

contour plots in these figures reveal that: (a) there is a region in the channel inlet area/channel 

outlet-to-inlet area ratio design space which is associated with positive reductions in the kinetic 

energy transferred to the SBS; (b) both sets of results, however, indicate that these reductions are 

relatively small (maximum 5.1–5.5%); and (c) the two sets of results are relatively comparable 

with each other, with the present coupled finite-element/discrete-particle formulation predicting 

somewhat larger (5.5% vs. 5.1%) blast-mitigation effects offered by the side-vent flared-channel 

concept. 
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Figure 3–16 Percent reduction (relative to the SBS case without side-vent channels) in total kinetic 

energy for the baseline SBS configuration as a function of channel inlet-area and inlet-to-outlet area 
ratio: (a) present combined finite-element/discrete-particle analysis; and (b) combined 

Eulerian/Lagrangian analysis presented in Ref. [1]. 
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A comparison of the results displayed in Figures 3-14(a)–(b) and Figures 3-16(a)–(b) 

reveals that regions in the design space that contained maximum reductions in the transmitted 

impulse and maximum reductions in the kinetic energy, nearly coincide. 

It should be again noted that the results displayed in Figures 3-16(a)–(b) correspond to 

the case of a series of rigid SBSs.  The corresponding results (not shown for brevity) obtained for 

the deformable SBS case show that the overall reduction in the kinetic energy transferred to the 

SBS, offered by the side-vent channel concept, is not significantly lowered in the case when SBS 

deformability is taken into account. 

SBS Acceleration 

The results of a side-vent channel design-optimization analysis, in which channel inlet 

area and the channel inlet-to-outlet area ratio are used as design variables, while the maximum 

SBS acceleration percent reduction (relative to the SBS case without side channels) is treated as 

the objective function (to be maximized), are shown in Figures 3-17(a)–(b).  The results displayed 

in Figure 3-17(a) are obtained using the present coupled finite-element/discrete-particle 

formulation while the ones displayed in Figure 3-17(b) were obtained using the combined 

Eulerian-Lagrangian formulation, as originally reported in Ref. [1].  The results displayed as 

contour plots in these figures reveal that: (a) the largest reduction in the maximum SBS 

acceleration is obtained in the portion of the design space in which both the channel inlet area and 

channel outlet-to-inlet area ratio acquire the largest values.  This finding is consistent with the 

fact that: (i) the SBS mass also acquires the largest values in this portion of the design space; and 

(ii) the SBS acquires a maximum acceleration during the earlier inertia-controlled stages of the 

blast/SBS interaction; (b) both sets of results, however, indicate that these reductions are 

relatively small (maximum 1.4–1.6%); and (c) the two sets of results are relatively comparable 

with each other, with the present coupled finite-element/discrete-particle formulation predicting 
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somewhat larger (1.6% vs. 1.4%) blast-mitigation effects offered by the side-vent flared-channel 

concept. 
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Figure 3–17 Percent reduction (relative to the SBS case without side-vent channels) in maximum 
acceleration for the baseline SBS configuration as a function of channel inlet-area and inlet-to-outlet 

area ratio: (a) present combined finite-element/discrete-particle analysis; and (b) combined 
Eulerian/Lagrangian analysis presented in Ref. [1]. 
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It should be again noted that the results displayed in Figures 3-17(a)–(b) correspond to 

the case of a series of rigid SBSs.  The corresponding results (not shown for brevity) obtained for 

the deformable SBS case show that the overall reduction in the acceleration transferred to the 

SBS, offered by the side-vent channel concept, is not significantly lowered in the case when SBS 

deformability is taken into account. 
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3.4.4. Additional Effect Offered by Blast Chimney 

 It should be recalled that the present side-vent channel concept was initially proposed in 

order to eliminate some of the shortcomings associated with the blast chimney solution. The 

present results show that relatively small blast-mitigation effects are offered by the side-vent 

channel concept. On the other hand, some early reports suggested that the blast-chimney concept 

can yield significant blast-mitigation effects. These reports, however, did not contain technical 

details and it was not clear to what extent the improved blast-survivability offered by the retro-

fitted HMMWV can be attributed to the venting effects offered by the blast chimney and to what 

extent it is the result of other blast-mitigation solutions (i.e. energy absorbing floor, shock-

absorbing seats, a gunner protection system, blast-resistant doors etc.). To assess the blast-

mitigation efficacy of the blast chimney, the present coupled finite-element/discrete-particle 

analysis is extended to the SBS configuration containing a blast chimney, Figure 3-7(d). The 

results obtained showed that, at a comparable level of the cross-sectional area of the blast 

chimney and the side-vent channels, reduction in the momentum transferred to the SBS is larger 

only by a factor of ca. 2 in the case of the SBS configuration shown in Figure 3-7(d), relative to 

that displayed in Figure 3-7(c).  It should be noted that the results reported here correspond to the 

case when landmine detonation occurred right beneath the blast chimney (the condition which 

highly favors the blast chimney concept). In a few cases analyzed in which the landmine was not 

placed right beneath the blast chimney, the blast-mitigation benefits offered by the blast chimney 

were substantially lower and, in some cases, even lower than those provided by the use of the 

geometrically optimized flared side-vent-channels. This finding is highly encouraging 

considering other aforementioned advantages of the side-vent-channel concept over the blast-

chimney concept. 
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3.5. Summary and Conclusions 

Based on the results obtained in the present work, the following main summary remarks 

and conclusions can be drawn: 

1. A recently proposed blast mitigation solution based on the use of flared side-vent 

channels attached to the V-hull is critically assessed using advanced coupled finite-

element/discrete-particle computational methods and tools. The solution is motivated by the so-

called “blast chimney” concept, which consists of a vertical channel connecting the bottom and 

the roof and passing through the cabin of a light tactical vehicle. 

2. Relative to the blast-chimney concept, the proposed solution offers, at least, the 

following three advantages: (a) it does not compromise the ease of passenger movement within 

the cabin space; (b) it does not interfere with the ability of the vehicle occupants to scout their 

surroundings; and (c) since it does not alter the key structural layout of the vehicle, it is not 

expected to degrade the vehicle’s structural durability/reliability. 

3. To fully assess the blast-mitigation potential of the side-vent channel solution, transient 

nonlinear dynamics finite-element/discrete-particle analyses of buried landmine detonation and 

interactions of the soil ejecta, detonation products and air blast with a target structure is combined 

with a channel-design optimization analysis.  

 4. The results obtained show that when the side-vent channels are properly optimized 

(with respect to their inlet area and outlet-to-inlet area ratio) they can increase the reduction in the 

total momentum transferred to the target structure, and in the total kinetic energy transferred to 

the target structure, (relative to an identical structure without side-vent channels) by up to 3% and 

5%, respectively.  As far as the reduction in the maximum acceleration is concerned, it is found to 

be less sensitive to the design of the side-vent channels, but more sensitive to the overall mass of 

the target structure. 
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CHAPTER 4: SHAPE/SIZE OPTIMIZATION OF SIDE-VENT-CHANNELS SOLUTION FOR 

IMPROVED LIGHT-TACTICAL-VEHICLE SURVIBABILITY TO BENEATH-UNDERBDY 

SHALLOW-BURIED MINE DETONATION 

4.1. Abstract 

The subject of the present work is a design-optimization analysis of our recently 

proposed side-vent-channel concept/solution for mitigation of the blast-loads resulting from a 

shallow-buried mine detonated underneath a light tactical vehicle. The concept/solution involves 

the use of side-vent-channels attached to the V-shaped vehicle underbody, and was motivated by 

the ideas and principles of operation of the so-called “pulse detonation” rocket engines. By 

proper shaping and sizing of the side-vent-channels, venting of ejected soil and supersonically-

expanding gaseous detonation products is promoted in order to generate a downward thrust on the 

targeted vehicle. The utility and the blast-mitigation capacity of this concept were examined in 

our prior work using different (i.e. coupled Eulerian/Lagrangian and coupled finite-

element/discrete-particle) computational methods and tools. In the present work, an attempt is 

made to optimize the geometry and size of the side-vent-channel solution for the maximum blast-

mitigation performance (as defined by a tradeoff between the maximum reductions in the 

detonation-induced total momentum transferred to, and the acceleration acquired by, the target 

vehicle). 
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4.2. Introduction 

 In the present work, the recently proposed side-vent-channel-based solution [1, 2] for 

improved survivability of light tactical military vehicles to beneath-underbody shallow-buried 

mine detonation has been analyzed within a design-optimization framework. Therefore, the main 

topics to be overviewed in the remainder of this section include: (a) identification of the main 

limitations of recently and currently employed light tactical vehicles; (b) examination of the 

phenomena and processes associated with the interaction of the soil ejecta and gaseous detonation 

products, resulting from the detonation of shallow-buried mines, with the target structure, and 

elucidation/quantification of the resulting impulse loading; and (c) a brief overview of the side-

vent-channel-based blast-mitigation concept, and of the computational methods and tools used in 

our prior work [1, 2] in order to establish the blast-mitigation utility and capacity of the solution. 

As far as the engineering-analysis and design-optimization methods and tools used during 

identification of an optimal design of the side-vent-channels solution are concerned, they will be 

presented in Sections II and III, respectively. 

Limitations of the Current Tactical Vehicles: The High Mobility Multipurpose Wheeled Vehicle 

(HMMWV), Figure 4-1(a) [3], is the prototypical light tactical vehicle which has been used by 

the US military for over 20 years. This vehicle was originally developed and deployed for 

conventional military conflict with well-defined frontlines, and was intended for use behind the 

frontline. Consequently, and not surprisingly, the recent and the ongoing asymmetric warfare, in 

which the distinction between frontline combat and transportation convoys has been severely 

blurred [4, 5], has revealed the lack of necessary blast and ballistic resistance of the HMMWV. 

These shortcomings of the HMMWV are the reason that bigger, heavier MRAP (Mine Resistant 

Ambush Protected) vehicles, Figure 4-1(b) [6] have mostly replaced HMMWVs in the past 
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conflict in Iraq and the ongoing conflict in Afghanistan. However, the improvements in IED 

(Improvised Explosive Devices) blast-resistance of MRAP vehicles have come with new 

limitations, including: (a) reduced tactical mobility/utility; (b) limited maneuverability on 

crowded city streets; (c) inferior fuel economy; and (d) significantly reduced deployability (these 

vehicles are too heavy to be driven over 70% of the world’s bridges [7]) and transportability (the 

MRAP vehicle weight typically exceeds the payload capacity of the CH-47 Chinook helicopter). 
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Figure 4–1 Typical light tactical vehicles currently used by the US military: (a) High Mobility 
Multipurpose Wheeled Vehicle (HMMWV) [3]; and (b) Mine Resistant Ambush Protected (MRAP) 

vehicle [6]. 
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Mine-Detonation-Induced Impulse Loading on Target Structures: Landmines buried in or near 

roads have resulted in numerous instances of tactical vehicle destruction and soldier casualties 

incurred by the U.S. military during the recent/ongoing campaigns in Iraq and Afghanistan. When 

these landmines detonate, the impact of the resulting blast waves, ejected soil, mine 

casing/shrapnel, and expanded gaseous detonation products produces large impulsive loads on the 

targeted vehicle/personnel. Development of military vehicles (and general structural platforms) 

with a high-level of resistance/survivability to landmine-/IED-detonation entails at least the 

following: (a) the understanding of and ability to quantify the impulsive loads associated with the 

detonation of landmines buried/deployed in soil of differing compositions/constitutions [8–14]; 

and (b) the ability to predict the kinematic and structural (including failure) response of the 

targeted vehicles/platforms [15–19]. Acquiring such understanding and predictive ability, 

however, is typically quite challenging since the detonation-induced loads depend strongly on the 

deployed mine’s shape, size and depth of burial (DOB), the distance between the soil surface and 

the target (the so-called stand-off distance, SOD), and the soil properties (density, particle mean 

size and distribution, presence of inorganic/organic matter, water content, etc.). 

Due to the sensitive nature of the subject matter, only a few scientific papers and 

technical reports dealing with the problem of detonation of buried (explosive) charges and the 

resulting impulse loading experienced by the target structure are publicly available. Among these 

reports, the following appear to be the most closely related to the work described in the present 

manuscript: (a) Westine et al. [17] conducted a series of experiments in which an anti-tank 

landmine was simulated using a buried charge, above which a plate was fixtured and centered. 

The plate was perforated at different radial distances and plugs of known mass were placed in the 

holes. These plugs were expelled under blast-loading resulting from detonation of the charge, 
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with the local impulsive loading on the plate determined from the plug (maximum) velocity; (b) 

the experimental approach and findings of Westine et al. [17] were used by Morris [18] as a basis 

for the development of a computer code aimed at assisting the design of mass-efficient, blast-

survivable vehicles/structures; (c) Bergeron et al. [19] constructed an instrumented ballistic 

pendulum and employed it to quantify mine-detonation-induced  loads experienced by a target 

structure as a function of the detonation-event parameters such as: (i) mine size and shape; (ii) 

detonator location/type; (iii) DOB; (iv) SOD; and (v) soil constitution/moisture-content, etc. In 

the work of Bergeron et al. [19], the following impulse-loading-related quantities were 

determined/quantified: (i) the time-dependent pressure and impulse at several locations in air 

directly above the mine; (ii) the time-dependent pressure and impulse at several locations in the 

soil surrounding the mine; and (iii) the time-evolution of the associated soil cratering and ejection 

phenomena (as revealed by the use of x-radiographs and high speed photographs); (d) Braid [20] 

improved the instrumented ballistic pendulum of Bergeron et al. [19], and used it to quantify 

impulse loading over substantially larger ranges of the aforementioned detonation-event 

parameters; (e) Taylor et al. [21] employed the so-called vertical impulse measurement fixture 

(VIMF) to carry out large-scale experiments aimed at accurately measuring the vertical impulse-

loads produced by the detonation of explosive charges (weighing up to 8 kg) buried, to different 

DOB, in soil of different constitution/moisture-content. The VIMF is a structural mechanical 

device that enables direct experimental determination of the imparted blast-loading impulse via 

measurements of the vertical displacement of a known fixed-mass vertical guide rail that is 

capped with a witness plate, which serves as a momentum trap (i.e. a trap which captures the blast 

loading of the buried charge); and (f) Wenzel and Hennessey [22] carried out a multi-scale 

experimental investigation of models of military-vehicle-hull floor-plates (of various sizes) 
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subjected to impulse and high-pressure loads associated with detonation of charges shallow-

buried in soil under the (properly-scaled) vehicle hull. The results obtained were used by Wenzel 

and Hennessey [22] to conduct a dimensional analysis based on the so-called Buckingham Π-

theorem [23]. This type of analysis is commonly employed in situations in which full-scale 

structures/prototypes are designed and sized based on the results yielded by small-scale model 

tests. 

The Side-Vent-Channel Blast-Mitigation Concept: To address the limitations of light tactical 

vehicles mentioned above, the US military continues to seek innovative concepts and solutions 

which: (a) can improve blast-survivability of these vehicles; and (b) do so without compromising 

vehicle mobility/maneuverability, transportability, deployability or fuel economy. One of the 

concepts currently being used in the light tactical vehicles is the V-shaped vehicle hull (or simply 

V-hull). The two most common renditions of the V-hull are depicted schematically in Figures 4-

2(a)–(b). In the case of the standard V-hull solution, Figure 4-2(a), the blast-mitigation 

performance (as measured by the reduction in the momentum transferred to the vehicle by the 

gaseous detonation products, soil ejecta and mine casing) is improved as the V-hull is made 

steeper. However, the maximum steepness is constrained by the requirements related to the 

minimum acceptable vehicle ground clearance and the maximum acceptable cabin-floor height. 

In the case of the truncated V-hull design, Figure 4-2(b), V-hull steepness is increased at the 

expense of introducing a flat bottom portion of the V-hull. Due to the tradeoff between the 

benefits (i.e. decreased blast impulse) offered by the increased steepness of the V-hull and the 

penalty (i.e. increased blast impulse) incurred due to the introduction of a small flat section, and 

depending on the location of the detonated mine or IED, this design may or may not result in an 
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improved blast-mitigation performance relative to that offered by the standard V-hull design 

(both associated with the same vehicle ground clearance and cabin-floor height). 
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Figure 4–2 Two most common renditions of the V-shaped hull concept/solution: (a) standard V-
shaped hull; and (b) truncated V-shaped hull. 
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 The V-hull concept was further advanced in our recent work [1, 2] by attaching to it a 

series of side-vent-channels. The resulting so-called side-vent-channel solution was subsequently 

analyzed computationally in order to establish its blast-mitigation potential. As shown 

schematically in Figure 4-3, this solution utilizes flared tubular side-vent-channels (of the 

appropriate cross-sectional shape and wall thickness) open at both ends. (It should be noted that 

in order to prevent potential misuse of the ideas proposed and the results obtained in the present 

work, the term “vehicle” has been replaced in Figure 4-3 as well as in the remainder of the 

manuscript with the term “surrogate box structure,” SBS.) The bottom end of each tube is cut 

parallel to the ground (to promote inflow of the detonation by-products and soil ejecta, and to 

prevent crushing/crumpling of the tube inlet under blast loads) and flush with the V-hull bottom. 

The channels/tubes are intended to function as exhaust nozzles as in the case of the pulse-

detonation engine and, thus, provide a downward thrust to the SBS (through the gaseous-

detonation products supersonic-expansion effects). The additional role of the side-vent-channels 

is to reduce the blast momentum transferred to the targeted SBS by improving the venting of the 

gaseous detonation products, soil ejecta and mine-casing fragments. To validate the side-vent-

channel concept, detailed computational analyses involving detonation of a landmine (of a 

prototypical shape, size and DOB) buried underneath the vent-channel-equipped SBS, and the 

interaction of the air-blast, soil ejecta, and mine-casing fragments with the SBS have been 

conducted in Refs. [1, 2]. 
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Figure 4–3 Side channels/tubes-based blast-mitigation concept originally proposed in Ref. [1]. Note 
that the abbreviation SBS stands for “surrogate box structure.” The four design variables used in the 

SBS shape/size optimization analysis are defined; ain and bin are the semi-major and semi-minor 
axes of the channel inlet. 
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 The computational analysis employed in Ref. [1] was of a combined Lagrangian/Eulerian 

fluid-structure interaction (FSI) type, within which both the gaseous materials (i.e. air and 

detonation products) and non-SBS solid materials (i.e. soil and mine fragments) are modeled as a 

multi-component Eulerian material. Consequently, this type of analysis suffered from at least the 

following two major deficiencies: (a) inaccuracies/uncertainties related to the definition of the 

boundaries between different components of the Eulerian material, and between the Eulerian and 

SBS-Lagrangian materials; and (b) inability to take into account the granular/discrete character of 

the soil ejecta. Despite these deficiencies, the computational analyses carried out in Ref. [1] 

established, at least in semi-quantitative terms, that the side-vent-channels: (i) lower the blast 

impulse transferred to the vehicle, by promoting venting of soil ejecta, gaseous detonation 

products and mine-casing fragments resulting from a mine-blast underneath the vehicle; (ii) lower 

the possibility for the vehicle lift-off from the ground, by promoting supersonic expansion of 

gaseous detonation products exiting the channel, and thereby helping to create a downward thrust 

on the vehicle; (iii) do not limit the mobility of the occupants within the vehicle and their ability 

to survey the surroundings, since the vent-channels do not pass through the SBS cabin; and (iv) 

do not compromise SBS off-road structural reliability and durability, since the side-vent-channels 

attached to the V-hull do not considerably increase SBS-frame rigidity and, thus, do not 

significantly increase the rate of vehicle-frame fatigue-induced failure. 

 The aforementioned deficiencies of the combined Eulerian/Lagrangian analysis employed 

in the computational investigation of the side-vent-channel concept in Ref. [1] were addressed in 

our subsequent paper [2]. In Ref. [2], the side-vent-channel concept/solution was re-examined 

using combined finite-element/discrete-particle computational methods and tools. Within this 

approach, all non-SBS materials are treated as assemblies of discrete particles. The combined 
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finite-element/discrete-particle analysis reconfirmed the aforementioned findings (yielded by the 

combined Eulerian/Lagrangian computational analysis) regarding the blast-mitigation utility and 

efficacy of the side-vent-channel solution. In addition, a parametric study for the geometry of the 

side-vent-channels was conducted in Ref. [2] in order to assess the sensitivity of the downward 

thrust on the vehicle (the performance function) to changes in the side-vent-channel geometrical 

parameters. Examples of the results yielded by the parametric study are depicted in Figures 4-

4(a)–(b).  
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Figure 4–4 Percent reduction (relative to the SBS case without side-vent-channels) in: (a) total 
detonation-induced momentum transferred to the SBS; and (b) maximum SBS acceleration for the 

SBS configuration containing flared side-vent-channels, as a function of channel inlet-area and inlet-
to-outlet area ratio [2]. The results are obtained using a combined finite-element/discrete-particle 

computational analysis. (c) The associated percent increase in the SBS mass in the same SBS design 
space. 
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 In the side-vent-channel parametric study, circular-cross-section channel-inlet area and 

the channel outlet-to-inlet area ratio are used as design variables, while the percent reduction in: 

(a) the total momentum transferred to the SBS, Figure 4-4(a); and (b) the maximum acceleration 

acquired by the SBS, Figure 4-4(b) (relative to the SBS case without side channels) are treated as 

the performance functions (to be maximized). 

 The results displayed in Figure 4-4(a) reveal that: (a) there is a region in the channel inlet 

area/channel outlet-to-inlet area-ratio design space which is associated with positive reductions in 

the blast momentum transferred to the SBS; (b) however, the maximum transferred-momentum 

reduction (ca. 3.5%) is relatively small. 

 It should be noted that, due to the changing geometry and size of the side-vent-channels, 

the SBS mass is not constant throughout the design space but rather increases both with the 

channel inlet area and outlet-to-inlet area ratio. Variation of the SBS mass throughout the design 

space is depicted in Figure 4-4(c) using a contour plot. A comparison of the results displayed in 

Figure 4-4(a) with those displayed in Figure 4-4(c) reveals that in the portion of the design space 

in which the transmitted impulse takes on the lowest values, the SBS mass is ca. 2.2% larger than 

that of the SBS without side-vent-channels. This finding is important since an increase in the SBS 

mass (without any change in the SBS configuration) gives rise to an increase in the magnitude of 

the transferred momentum. This increase, for the estimated mass-range of the ejected soil 

interacting with the SBS, has been estimated to be ca. 0.4%. Hence, if the changes in the SBS 

configuration involving the introduction of side-vent-channels and their flaring can be 

accomplished without an increase in the SBS mass (e.g. through the use of armor materials with 

an increased blast efficiency), further reductions in the momentum transferred to the SBS can be 

expected. 
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 The results displayed in Figure 4-4(b) reveal that: (a) the largest reduction in the 

maximum SBS acceleration is obtained in the portion of the design space in which both the 

channel inlet area and channel outlet-to-inlet area-ratio acquire the largest values. This finding is 

consistent with the fact that: (i) the SBS mass also acquires the largest values in this portion of the 

design space; and (ii) the SBS acquires a maximum acceleration during the earlier inertia-

controlled stages of the blast/SBS interaction; (b) however, as in the case of the momentum 

transfer, the largest reductions in the SBS maximum acceleration are found to be quite small (ca. 

3.3%). 

 It should be recognized that a mere increase in the SBS mass results in an acceleration 

reduction. Since SBS configuration modifications involving the introduction of side-vent-

channels and their flaring are accompanied by mass increases, it is important to separate the 

contributions of the increased mass and the lowered transferred momentum to the observed 

reductions in the SBS acceleration. Towards that end, the results displayed in Figure 4-4(b) are 

combined with the results displayed in Figure 4-4(c), in order to first assess the portion of the 

percentage reduction in the maximum SBS acceleration which is the result of the associated mass 

increase. This procedure revealed that the SBS mass increase reduces the SBS maximum 

acceleration by a maximum amount of ca. 2.9%. This finding is fully consistent with the fact that 

the maximum SBS mass increase due to the introduction of flaring of the side-vent-channels is ca. 

2.9%. The remainder in the maximum acceleration reduction (3.3% – 2.9%) can be attributed to 

the reduced momentum transferred to the SBS structure resulting from the introduction and 

flaring of the side-vent-channels. 

 It should be recognized that SBS maximum acceleration is a key blast-variable which 

must be monitored/controlled since it is believed to correlate with the extent of occupants’ injury. 
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Consequently, further reductions in the SBS maximum acceleration are needed through the side-

vent-channel concept refinement and solution optimization. 

Main Objectives:  The main objective of the present work is to carry out a geometrical design-

optimization analysis of the side-vent-channels solution with respect to maximum combined 

reductions in the momentum transferred to, and the maximum acceleration acquired by, the SBS 

subjected to detonation of a mine buried underneath the SBS. Towards that end, the combined 

finite-element/discrete-particle computational method developed and used in [2] to analyze the 

blast-mitigation potential of the side-vent-channel concept will be combined with an optimization 

algorithm. 

Paper Organization: A brief description of the problem analyzed in the present work and a brief 

overview of the computational methods and tools used to analyze the interaction of the air-blast-

ejected soil and detonation products with the target SBS are provided in Section II.  The 

optimization algorithm used in the side-vent-channel shape/size optimization analysis, as well as 

the definition of the design variables, constraining relations, and the objective functions, are 

presented in Section III. The main results obtained in the current work are presented and 

discussed in Section IV.  The key conclusions yielded by the present work are summarized in 

Section V. 
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4.3 Problem Description and Computational Analysis 

 As mentioned earlier, the main objective of the present work is to carry out a geometrical 

optimization analysis of the side-vent-channel solution for the largest combined reductions in the 

transferred momentum and maximum acceleration (the objective function) of the SBS subjected 

to blast-loads resulting from the detonation of a mine buried underneath the SBS. To evaluate the 

objective function, the novel coupled finite-element/discrete-particle computational analysis 

reported in [2] is utilized. In this section, details are presented regarding the basic problem 

formulation and a brief description is provided of the computational procedure used for the 

objective function evaluation. In Section III, details will be presented regarding the optimization 

method used to determine optimum size and shape of the side-vent-channel solution. 
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4.3.1. Problem Description 

The basic problem analyzed in the present work involves detonation of a shallow-buried mine 

underneath the targeted SBS (equipped with the V-shaped hull, with or without side-vent-

channels), and the subsequent interaction of gaseous detonation products, soil ejecta and blast 

waves with the SBS underbody. Details regarding the recasting of this physical problem into the 

corresponding mathematical model and the computational techniques used to investigate this 

problem and to establish blast-mitigation potential of the side-vent-channel solution are presented 

in the following sub-sections. 
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4.3.2. Computational Domain 

 The computational domain used consists of two separate sub-domains, one of the 

continuum Lagrangian-type and the other of a discrete-particle (also Lagrangian) type. The initial 

configuration of the prototypical computational domain analyzed is depicted in Figure 4-5.  The 

continuum sub-domain comprises the SBS equipped with the V-hull and, in most cases, side-

vent-channels, and is modeled as a finite-element structure consisting of between 60,000 and 

80,000 three-noded shell elements (depending on the SBS configuration). While both the cases of 

rigid SBS and deformable SBS were analyzed under the present effort, only the results pertaining 

to the rigid-SBS case will be presented and discussed in this manuscript. 
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Figure 4–5 A prototypical computational domain used in the combined three-dimensional finite-
element/discrete-particle analysis of the buried-mine detonation event and the subsequent 

interactions of the detonation products, soil ejecta and air blast with the SBS equipped with a V-hull 
and side vent channels. Please note that the mine is shallow-buried and its view is obstructed by the 

surrounding soil. 
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 As far as the discrete-particle sub-domain is concerned, it comprises mine/detonation-

products, sand/soil, and the ambient air. The discrete-particle sub-domain is confined within a 

rectangular parallelepiped-shaped region which also encloses the SBS. Details regarding the 

discrete-particle modeling and simulations will be presented in the next sub-section.  

 It should be noted that the SBS structure (as well as the discrete sub-domain) possesses 

two vertical planes of symmetry, suggesting that only one-quarter of the computational domain 

has to be analyzed explicitly. However, since following detonation, discrete particles acquire a 

non-symmetric distribution of their velocities; the entire computational domain was analyzed. By 

analyzing the entire computational domain, rather than one of its quarters, potential lateral 

components of the translation and rotation of the SBS are also enabled. 
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4.3.3. Discrete-Particle Formulation 

 Since this computational procedure was described in great detail in Ref. [2], only a brief 

overview of it will be provided in the remainder of this section. Within this formulation (also 

known as the “corpuscular” approach [24]), high explosive (HE) gaseous detonation products, 

soil and air are all represented as assemblies of discrete, rigid, spherical, interacting particles 

which exchange momentum and kinetic energy during their collisions/contact among themselves 

or with the SBS. To make the computational cost manageable, each particle is defined to 

represent a collection of 1015–1020 molecules. 

 Being of a Lagrangian character, this discrete-particle formulation offers several 

advantages such as: (a) calculation of the material advection through the mesh (one of the main 

sources of numerical inaccuracy) is not required; and (b) there are no major challenges associated 

with locating contact interfaces between HE detonation products, soil and air and (complex-

geometry) Lagrangian targeted-SBS. 

 In the remainder of this section, a brief overview is given of the discrete-particle models 

for the HE detonation products, air and soil. It should be noted that, as explained by Olovsson et 

al. [24], discrete-particle models for the HE detonation products and air are essentially an 

extension of the kinetic molecular theory of gases [25]. Specifically, as in the case of the kinetic 

molecular theory, collisions between HE and air particles are assumed to be of a purely elastic 

(i.e. kinetic-energy-preserving) character. However, in contrast to the kinetic molecular theory, 

the HE and air particles used are not single molecules but rather assemblies of molecules. In the 

case of soil particles, on the other hand, particle collisions are not of an elastic type but rather 

accompanied by energy dissipation due to operation of time-dependent viscous and frictional-

sliding energy-dissipation processes. 

Kinetic Molecular Theory of Gases 
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 The kinetic molecular theory is a theory which successfully relates molecular-level 

events such as collisions to the macroscopic properties, e.g. pressure or temperature of an ideal 

gas. Within the theory, the system of interacting gas molecules is assumed to have the following 

four characteristics: (a) the size of the molecules is much smaller than the average inter-molecular 

distance. Consequently, the volume of the molecules is negligible in comparison to the volume of 

the space within which the gas resides; (b) the system is in the state of thermodynamic 

equilibrium, i.e. there is no net flux of mass, linear momentum or energy through the system; (c) 

particle dynamics is governed by Newton’s laws of motion; and (d) inter-molecular and 

molecule/structure interactions are perfectly elastic and, thus, not only the linear momentum but 

also the total kinetic energy is preserved. 

 Through a detailed statistical analysis of molecular-level interactions carried out within 

the kinetic molecular theory, the basic functional relationships are defined for: (a) equilibrium 

molecular velocity Maxwell-Boltzmann distribution function; (b) root-mean-square (rms) 

molecular velocity, which scales with the square root of the temperature; (c) mean-free-path of 

the molecules (i.e. the mean distance traveled by a molecule between collisions); (d) frequency of 

collisions; and (e) pressure (defined as an average rate of change of the momentum, during 

collisions, per unit area of the surroundings). These functional relations, which can be found in 

Ref. [2], serve as a basis for the corresponding (appropriately modified) functional relationships 

for HE and air. 

High-Explosive Gaseous Detonation Products 

 The constitutive and the dynamic response of HE gaseous detonation products is 

represented using the discrete-particle material model proposed by Olovsson et al. [24].  Since a 

detailed overview of this model could be found in Ref. [24], only a brief account of it is given 
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below.  Complete parameterization of the HE discrete-particle model requires specification of the 

following four quantities: (i) initial mass density, ρ0,HE. Once the number of molecules per 

particle is selected, ρ0,HE controls the number of particles per unit volume; (ii) initial volumetric 

internal energy density, E0,HE/V, a quantity which defines the sum of the initial translational and 

rotational kinetic energies of the HE discrete-particle system; (iii) constant-pressure to constant-

volume heat-capacity ratio γΗΕ = Cp,HE /Cv,HE . This quantity controls initial partitioning of the 

specific kinetic energy into its translational and rotational/vibrational components; and (iv) 

fraction of the total volume occupied by the discrete particles, bHE (the so-called “co-volume 

effect”). This term is used to correct the pressure relationship, as defined by the kinetic molecular 

theory in the high-pressure regime (the regime in which the ideal-gas assumption regarding the 

negligible volume of the particles is no longer valid). 

 The four aforementioned HE discrete-particle model parameters were determined by 

Børvik et al. [26], within an optimization procedure, by matching the model predictions to the 

experimental results of Souers et al. [27], for the so-called “cylinder test”. Within this test, an 

oxygen free high conductivity (OFHC) copper pipe is filled with an HE and the explosive is 

detonated at one end. This causes the formation of a (transverse) detonation wave and its 

propagation along the length of the pipe. During parameterization of the C-4 discrete-particle 

material model, Børvik et al. [26] carried out combined finite-element/discrete-particle 

simulations within which the OFHC pipe is treated as a continuum-Lagrangian finite-element 

discretized component (modeled using the Johnson-Cook linear-elastic/strain-hardening/rate-

dependent/thermally-softenable-plastic constitutive equation [28]) while C-4 is represented as an 

ensemble of 1,000,000 discrete particles. Next, within an optimization study, the discrete-particle 

model parameters are varied systematically until good agreement is obtained between the 
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computed temporal evolutions and spatial distributions of the pipe radial displacement/velocity 

(caused by the explosive detonation initiated at one end of the pipe) and the corresponding 

experimental results. The procedure employed by Børvik et al. [26] yielded the following C-4 HE 

discrete-particle material-model parameters: (i) ρ0,HE = 1601 kg/m3; (ii) E0,HE / V = 8.7 GJ/m3; 

(iii) γΗΕ = 7/5 ; and (iv) bHE = 0.35. 

Air 

 Air surrounding the target structure and located above the soil is treated as a diatomic 

ideal gas initially at the ambient pressure (101.3 kPa) and reference temperature (298 K). 

Following Børvik et al. [26], the four basic discrete-particle model parameters are assigned the 

following values: (a) ρ0,air = 1.184 kg/m3; (b) E0,air / V = 0.25325 MJ/m3; (c) γair = 7/5; and (d) bair 

= 0 (no co-volume effects considered). Since the collision of two air particles (as well as between 

two C-4 HE particles, or between air/HE particles and the rigid SBS) is of an elastic character, the 

momentum and the total kinetic/internal energy are conserved. These conservation conditions are 

used to determine particle and SBS velocities following collision. As far as the collision between 

an air or HE particle and a movable/deformable SBS is concerned, it is associated with an 

exchange of kinetic translational energy between the particle and the SBS. Also, it should be 

noted that particle/particle and particle/SBS interactions are associated with momentum transfer, 

which causes a change in the translational/rotational kinetic-energy-components ratio, i.e. the 

system analyzed is not in thermal equilibrium. 

Soil 

 The soil discrete-particle model differs from those used for the HE gaseous detonation 

products and air in that soil particle collisions are modeled using a penalty algorithm rather than 

an (kinematic) elastic collision algorithm used in conjunction with HE and air particles. This was 
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done in order to account for the effects such as: (i) soil-particle finite stiffness; (ii) rate-dependent 

dissipative/damping nature of the inter-particle collisions; and (iii) the inter-particle frictional 

effects. 

 The essential features of the penalty contact method used are depicted schematically in 

Figure 4-6 which shows a two-particle contact model. Within this model, particle normal 

interactions are accounted for by a linear spring (with a spring constant k) and a linear dashpot 

(with a damping coefficient c) connected in parallel. As far as the tangential interactions are 

concerned, they are modeled using a linear spring (also of stiffness k) and a Coulomb frictional 

element (which is characterized by a friction coefficient µ and which limits the tangential-spring 

force). It should be noted that, in the present formulation, the soil-particle stiffness is not 

accounted for explicitly since the particles are of a rigid type. Rather, through the proper selection 

of the stiffness constants of the normal and tangential contact springs, particle stiffness is 

accounted for implicitly. Also, soil-particle fracture processes are not considered (explicitly or 

implicitly) since they are associated with minor energy absorption/dissipation effects and, as 

shown in our prior work [29], do not significantly affect the computational results. 

 According to Figure 4-6, the discrete-particle model of soil is characterized by three 

parameters: k, c and µ. To this list should be added the mean particle-mass m (particles are 

considered to be rigid and spherical, with a relatively narrow size distribution [2]). For the 

selected particle-size mean and standard deviation, m is determined from the knowledge of the 

soil particle-material density (= 2700 kg/m3) and initial particle volume-fraction/packing-density 

(=0.6). The values of k, c and µ are determined using an optimization procedure within which the 

model predictions pertaining to the unconstrained and laterally constrained compression of a soil 

sample are matched with their experimental counterparts [2, 30]. This procedure yielded the 
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following soil-saturation-dependent values of the soil discrete-particle model parameters: (a) dry 

soil: k = 4 GN/m, c = 0.0 MN.s/m, and µ = 0.15; and (b) saturated soil: k = 40 GN/m, 

mkc 2/=ξ   = 0.025 and µ = 0.01. 
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Figure 4–6 A schematic of the contact-mechanics model involving two interacting equal-sized/mass 
spherical particles of soil. 
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4.3.4. Computational Analysis-Type 

 The mine-detonation event and the subsequent interactions between the detonation 

products, soil ejecta and air blasts with the SBS are analyzed computationally using a finite-

element/discrete-particle algorithm. As mentioned earlier, both the discrete-particle and the 

continuum portions of the computational domain are of a Lagrangian character (i.e. the particle 

geometry and the finite-element mesh are each attached to the underlying material).  In the 

analysis in which the SBS was modeled as a deformable structure, energy dissipation associated 

with plastic deformation and damage/failure of the SBS is treated as a heat-source. Due to the 

extremely short duration of the mine-blast detonation event (ca. tens of milliseconds), heat 

conduction analysis is not carried out.  Rather, the purely mechanical analysis is conducted under 

adiabatic conditions. The effects of local changes in temperature due to adiabatic heating are 

accounted for through the use of temperature-dependent material properties. 
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4.3.5. Initial Conditions 

 Prior to the beginning of the computational analysis, the continuum-Lagrange sub-

domain is occupied by the SBS, while the respective parts of the discrete-particle sub-domain are 

filled with HE detonation products, soil and the ambient air. The continuum-Lagrangian SBS sub-

domain is assumed to be initially stress-free and stationary. 

 Filling of the discrete-particle sub-domains with air, soil and detonation products was 

done in the following way: Air: for the selected number of air molecules per discrete particle, 

Nmpp,air , and the known values of ρ0,air and Vair, the number of air discrete particles, Np,air, is 

computed. These particles are placed randomly within the air-portion of the discrete-particle sub-

domain. Next, random initial velocities are assigned to the air particles by sampling the Maxwell-

Boltzmann distribution function, with the molecular weight of air set to 29 g/mol and the 

temperature set to 298 K, while ensuring that the root-mean-square velocity of the air discrete-

particle model is identical to that found in the ideal gas, ca. 506 m/s, as modeled by the kinetic 

molecular theory. This condition ensures that the discrete-particle air pressure (=101.3 kPa) is 

consistent with E0 / V = 0.25325 MJ/m3 and γair = 7/5, in accordance with the ideal gas law; Soil: 

As far as the soil sub-domain is concerned, it is constructed by partitioning it into a three-

dimensional array of unit cells and filling each unit cell identically while ensuring that no 

“penetration” (other than the one caused by gravity) exists between the neighboring particles; 

and HE detonation products: In the case of HE, initially stationary particles of undetonated 

explosive charge are placed randomly within the HE portion of the discrete-particle sub-domain 

following a procedure identical to that used in the case of air particles. Next, the explosive charge 

is detonated. Within the discrete-particle framework, HE detonation is simulated in the following 

way. At t=0 (the detonation time), with the exception of the HE located at the detonation point(s), 
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the explosive is assumed to be in the solid state and, as mentioned above, the HE discrete 

particles are assumed to be at rest (more precisely, to have a zero average translational velocity). 

As the detonation front expands, increasingly more HE is detonated, i.e. converted into the 

gaseous state due to arrival of the detonation front. Once this solid-gas conversion takes place in a 

region, the HE particles are assigned a velocity by randomly sampling the Maxwell-Boltzmann 

thermal velocity distribution function, [25], consistent with the ρC-4 = 1.82 g/cm3, MC-4 = 222 

g/mol and TC-4 = ca. 3500 K, where detonated C-4 is treated as mono-atomically decomposed 

RDX, C3H6N6O6. The sampled velocities are next corrected by dividing them with (1 – bC-4)1/2 in 

order to account for the aforementioned co-volume-induced pressure increase. 
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4.3.6. Boundary Conditions 

 Over the portions of the computational-domain external surfaces initially associated with 

air and soil, an external/ambient pressure of 101.3 kPa is applied so that particles arriving at the 

boundary and associated with a local pressure exceeding the external pressure are allowed to 

leave the computational domain. On the other hand, particles which arrive at the external 

boundary and are associated with a sub-ambient local pressure are reflected back into the domain. 
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4.3.7. Contact Algorithm(s) 

As mentioned earlier, soil/soil particle interactions are modeled using a 

(viscoelastic/frictional normal/tangential) penalty contact algorithm. On the other hand, HE/HE, 

air/air, HE/air, soil/HE and soil/air particle interactions are modeled using an (kinematic) elastic 

contact algorithm. 

 As far as discrete-particle/SBS interactions are concerned, they are modeled using a 

penalty-contact algorithm. Within this algorithm, contact kinematic constraints are enforced by 

ensuring that the extent of contact pressure is governed by the local surface penetrations (where 

the default penalty stiffness parameter is automatically maximized subject to stability limits). As 

far as the shear stresses are concerned, they are transferred via a “slip/stick” algorithm, that is, 

shear stresses lower than the frictional shear stress are transferred without interface sliding 

(otherwise interface sliding takes place). The frictional shear stress is defined by a modified 

Coulomb law within which there is an upper limit to this quantity (set equal to the shear strength 

of the continuum-Lagrange SBS sub-domain material). The frictional shear stress is then defined 

as the smaller of the product between the static/kinetic friction coefficient and the contact 

pressure, on the one hand, and the continuum-Lagrangian sub-domain SBS-material shear 

strength, on the other. 
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4.3.8. Material Model(s) 

 The constitutive models for the three discrete-particle materials (i.e. HE detonation 

products, soil and air) have been presented in Section II.3. It should be recalled that while 

discrete-particle representation of these three materials is based on rigid particles, the materials’ 

deformability has been recovered through the use of the appropriate contact algorithms. As far as 

the continuum-Lagrangian SBS sub-domain is concerned, it was modeled either as a rigid 

structure or a deformable structure. In the cases when the SBS was modeled as a rigid structure, 

the material’s constitutive model is fully-defined by the mass density (=7850 kg/m3, for steel). 

When the SBS was modeled as a deformable structure, it was assumed to be made of 

conventional AISI 4340 steel whose deformation and failure constitutive response could be 

represented using the Johnson-Cook material model [31]. A detailed overview of this material 

model including its AISI 4340 parameterization can be found in our recent work [31, 32]. 
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4.3.9. Computational Algorithm 

 The governing mass, linear momentum and energy conservation equations are solved 

with a second-order accurate explicit combined finite-element/discrete-particle algorithm. All the 

calculations in the present work are carried out by combining a general-purpose mathematical 

program MATLAB [27] with a customized version of YADE (Yet Another Discrete Element), an 

extensible, open-source discrete-element method (DEM) computer program [28]. MATLAB was 

used to create the geometrical/meshed models and Python scripts which control YADE-

simulation structure and execution, as well as input/output communications. 
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4.3.10. Computational Accuracy, Stability and Cost 

 A standard particle-size and mesh-refinement sensitivity analysis was carried out (the 

results not shown for brevity) in order to ensure that a convergence of the key results is reached 

with respect to the further variations of these geometrical/mesh parameters. Due to the 

conditionally-stable nature of the explicit finite element analysis used, the maximum time 

increment during each computational step had to be kept lower than the attendant stable time 

increment. A typical 50 ms computational analysis followed by a detailed post-processing data 

reduction procedure required on average 24 hours of (wall-clock) time on a 12-core, 3.0 GHz 

machine with 16 GB of memory. 
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4.4. Shape/Size Optimization of Side-Vent-Channel 

In this section, first a brief description is given of the procedure (known as the genetic 

algorithm) used to optimize the side-vent-channel geometrical parameters. Then a list of the side-

vent-channel geometrical parameters (and their constraints) used in the optimization procedure 

(i.e. the design variables) and the goal of optimization (i.e. the objective function) are presented. 
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4.4.1. Genetic Algorithm 

A review of the literature carried out as part of the present work identifies three main 

types of search methods: (a) calculus-based; (b) enumerative, and (c) random methods. While 

generally very fast, calculus-based methods suffer from two main drawbacks: (i) they are local in 

scope, i.e. they typically locate the maximum in the neighborhood of the current search point; and 

(ii) they entail the knowledge of derivatives of the objective function whose evaluation (even 

through the use of numerical approximations) in multimodal and potentially discontinuous 

search/design spaces represents a major limitation.  In addition, the objective function is often 

evaluated using numerical procedures and, hence, the use of a calculus-based method does not 

generally offer any significant advantage. Within enumerative search methods, values of the 

objective function are evaluated at numerous preselected points in the search space. 

Consequently, this class of methods may become prohibitively expensive computationally for 

problems of even moderate size and complexity. 

 Within the random methods, one or more points in the design space are initially selected 

(at random) and the objective function evaluated at each point. Examination of the objective-

function values is then used to guide subsequent selection of the points within the search space. 

Since many of the random optimization methods also suffer from the problem of locating the 

local maximum (rather than the global maximum within the design space), and are not suitable 

for multimodal (i.e. multiple maxima) and potentially discontinuous and/or mixed real/integer-

type design spaces, the so-called genetic algorithm [33] (a method which does not suffer from 

these limitations) is used in the present work. In brief, the genetic algorithm creates a parameter 

string (a chromosome set), through (binary) coding, for each considered point (individual) in the 

search space and utilizes the Darwinian principle of “Survival of the Fittest” to ensure that 
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chromosomes of the fittest individuals are retained (with a higher probability) in subsequent 

generations. 

At the beginning of the Genetic Algorithm search procedure, a random selection of the 

parameters is used to create an initial population of individuals (parameter sets) of size n in the 

search space. The fitness (i.e. the objective function) is next computed for each of the individuals 

based on how well each individual performs (in its environment). To generate the next generation 

of individuals of the same population size, the Genetic Algorithm performs the following three 

operations: (1) selection; (2) crossover, and (3) mutation.  Within the selection process, fitter 

individuals are selected (as parents) for mating, while weak individuals die off. Through mating, 

the parents create a child with a chromosome set that is some mix of the parents’ chromosomes. 

The mixing of parents’ chromosomes during child creation is referred to as crossover. To 

promote evolution, a small probability is used to enable one or more child’s chromosomes to 

mutate (change). The process of child creation and mutation are continued until an entirely new 

population (of children) of size n is generated.  The fitness of each child is determined and the 

processes of selection, crossover and mutation repeated resulting in increasingly fitter generations 

of individuals. A logic flow chart of the genetic algorithm is shown in Figure 4-7. A few 

important details regarding parameter coding, selection, crossover and mutation are given below. 
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Figure 4–7 A flow chart for the genetic-algorithm optimization method. 

Initial Random Population 

Calculate Fitness for Each Individual (i.e. 
for Each Chromosome Set) 

 

Select and Mate the Fittest Parents 

Perform Crossover Operation to 
Obtain Chromosome Set of Child 

Perform Low Probability Mutation Operation 
(Alters Chromosome Set of Child) 

Repeat until Entire Population Size is 
Replenished with Children 

Repeat for New Generation 

Very Fit Individuals are Obtained  
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Binary Parameter Coding: The total number of possible equally-spaced values of each 

parameter (within the selected range) is first defined.  The number of possible values is typically 

set to 2nm, where nm is a positive integer.  Each possible value of a parameter is next coded using 

a binary format.  For example, when the total number of possible values of a parameter is 215 = 

32,768, that parameter is coded using a string of fifteen 0’s and 1’s.  Binary representations of all 

the parameters of an individual (a point in the search space) are then attached to form a long 

string (chromosome set). 

Tournament Selection: Random pairs are selected from the population and the stronger 

individuals of each pair are allowed to mate and create a child.  This process is continued until a 

new generation of size n is repopulated. 

Single-Point Crossover:  Within this process the chromosome set of the first (fitter) 

parent (e.g. 10101010) is mapped into that of the child.  Then a crossover point is randomly 

chosen to the right of which the chromosome set of the second parent (e.g. 11001100) overwrites 

the chromosome of the first parent. For example, if the crossover point is exactly in the middle of 

the chromosome, the child’s chromosome set for the case at hand is 10101100.  The probability 

for the occurrence of crossover Pcross is typically set to 0.6.  This implies that the probability that 

the child would retain the entire chromosome set of the first parent is 1.0– Pcross =0.4. 

Uniform Crossover: In this case, the crossover can take place at any (and all) points of 

the parents’ chromosome sets and the child can end up with any combination of its parents’ 

chromosomes. The probability for uniform crossover is also typically set to 0.6. It should be 

noted that, in this case, it is quite unlikely that the child would inherit the entire chromosome set 

of either of its parents. 
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Jump Mutation: In this process, one or more child’s chromosomes can mutate. If the 

mutation takes place, the child will end up with a chromosome not present in either parent.  

Consequently, the jump mutation can cause one or more parameters to jump from one side of the 

range to the other. The probability of jump mutation is generally set equal to the inverse of the 

population size, Pmut=1.0/n. 

Creep Mutation:  In this type of mutation, the value of one or more (design) parameters 

of the child is changed by a single increment but must remain within the prescribed range. The 

probability for creep mutation is also typically set equal to the inverse of the population size. 

Elitism: This operator is used to prevent a random loss of good chromosome strings 

during evolution. This is accomplished by ensuring that the chromosome set of the best individual 

generated to date is reproduced.  If after the entire population of a new generation is generated 

through the processes of selection, crossover and mutation, the best individual is not replicated, 

then the chromosome set of the best individual is mapped into a randomly selected child in the 

new generation. 
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4.4.2. Design Variables, Constraints and the Objective Function 

All the SBS configurations analyzed in the present work were associated with the 

following geometrical dimensions: (a) box-shaped extended cabin – L x W x H = 4.85 m x 2.2 m 

x 1.4 m; and (b) triangular-prism-shaped V-hull – L x W x H = 3.0 m x 2.2 m 0.5 m. Since the 

width of the cabin and the height of the V-hull are fixed, and side-vent-channels are cut flush with 

the V-hull bottom and top, the total length of the side-vent-channels is also fixed at 

( ) ( ) m21.15.01.1 22 =+ . Furthermore, the side-vent-channels are allowed to possess an 

elliptical cross-section, with a non-constant area (due to flaring). Thus, for a single side-vent-

channel, there are four geometrical parameters (design variables): (a) the side-vent-channel inlet 

area, DV1; (b) the outlet-to-inlet area ratio, DV2; (c) the fraction of the channel length along which 

flaring is carried out, DV3; and (d) the major-to-minor-axes ratio at the side-vent-channel inlet, 

DV4. It should be noted that for the case of side-vent-channels with a circular cross-section, DV4 

takes on a value of 1/cos(α), where α (=67.75°) is the V-hull-apex half-angle. Furthermore, it 

should be noted that the terms “major axis” and “minor axis” are used to denote the elliptical 

cross-section axes which are respectively orthogonal and parallel to the V-hull. Consequently, the 

major axis will be allowed to take values smaller than those of the minor axis. For clarity, the four 

design variables are depicted in Figure 4-3. 

The design variables are subjected to the following nonlinear constraints: (a) the values 

of the vent-channel inlet area and major-to-minor-axes ratio are constrained by the condition that 

the maximum channel minor axis must not exceed a maximum value beyond which channel 

overlap begins to take place; and (b) the side-vent-channel inlet area, the outlet-to-inlet area ratio, 

and the inlet major-to-minor-axes ratio are constrained by the fact that the increase in the SBS 
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width (due to introduction of the side-vent-channels and their flaring) does not exceed a maximal 

allowable value. 

 As far as the objective function is concerned, it is defined as a weighted average of the 

percent reductions in the detonation-induced momentum transferred to, and the maximum 

acceleration acquired by, the SBS. The two weighting factors used in the definition of the 

objective function are not independent, but rather sum to 1.0. Thus, only one weighting factor, the 

weighting factor for transferred momentum, had to be defined and its value varied between 1.0 

(the optimization case in which only the minimization of the momentum transferred is 

considered) and 0.0 (the case in which the optimization is carried out only with respect to 

minimization of the maximum acceleration acquired by the SBS). 
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4.5. Results and Discussion 

 In this section, the key results obtained in this work are presented and discussed. First, 

some prototypical results yielded by the employed three-dimensional combined finite-

element/discrete-particle computational model and analysis are presented and discussed. When 

discussing these results, particular attention is paid to providing insight into the ability of the side-

vent-channels to lower the blast momentum transferred to, and the maximum associated 

acceleration acquired by, the SBS through the operation of venting and downward-thrust effects. 

In the second portion of this section, the results of the genetic-algorithm-based optimization 

analysis are reviewed and critically assessed. 

204 
 



4.5.1. Prototypical Results 

 The computational analyses employed yielded the results pertaining to the temporal 

evolution and spatial distribution of various particle-state and continuum-field quantities such as 

particles’ position, (translational and rotational) particle velocities, particle/particle and 

particle/continuum-structure interaction forces and moments, etc. In addition, results pertaining to 

the explosive-charge detonation-induced loading experienced by, and the subsequent response of, 

the SBS structure were obtained. In the remainder of this section, a few prototypical results are 

presented and discussed. 

Material Distribution and Temporal Evolution for a Typical SBS 

 Spatial distribution of three constituent materials (steel, HE detonation products and soil) 

at four (2 ms, 4 ms, 6 ms and 8 ms) post-detonation times in the case of a prototypical SBS 

equipped with flared side-vent-channels is shown in Figures 4-8(a)–(d).  In these and subsequent 

figures, for improved clarity, air is removed while the detonation-products and soil-particles are 

displayed as spheres with the soil-particles having a smaller radius. Furthermore, for the same 

reason, initial positions of the soil and landmine particles are regularized while the SBS structure 

is shown as a wireframe. Examination of the results displayed in Figures 4-8(a)–(d), as well as 

their comparison with the corresponding results (not shown for brevity) for the SBS configuration 

with the V-hull but no side-vent-channels, established that the presence of side-vent-channels 

helps guide the flow of the gaseous detonation products and soil-ejecta (as well as air) along the 

direction parallel with the side of the V-hull. Closer examination of the distribution of the soil and 

the detonation products within the side-vent-channels reveals that the channels closest to the mine 

play the dominant role in the blast-venting process. Furthermore, it is seen that the ejected soil 
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initially retains its cohesion and relatively high density, Figure 4-8(a), while at later post-

detonation times, ejected soil breaks up into non-bonded particles and acquires a low density, 

Figures 4-8(c)–(d). 

206 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4–8 Spatial distribution of soil, HE detonation products and steel (the SBS material) in the 
case of the rigid SBS configuration equipped with flared side-vent-channels at post-detonation times 

of: (a) 2 ms; (b) 4 ms; (c) 6 ms; and (d) 8 ms. 
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Figure 4-8. Continued. 
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Particle-Velocity Spatial Distribution and Temporal Evolution for a Typical SBS 

 Spatial distribution of the particle and SBS velocities at four (2 ms, 4 ms, 6 ms and 8 ms) 

post-detonation times for the same SBS configuration as the one referred to in conjunction with 

Figures 8(a)–(d), is shown in Figures 4-9(a)–(d).  Examination of the results displayed in Figures 

4-9(a)–(d) clearly reveals: (a) formation of a “hump” on the top surface of the soil above the 

detonated mine, Figure 4-9(a); (b) the onset of formation of a crater within the soil, Figures 4-

9(c)–(d); and (c) non-uniform distribution of the particle velocities over the constant-z section of 

the channels. The velocity non-uniformity is characterized by smaller particle velocities 

(indicated by the blue or adjacent spectrum colors) in the portions of the channels closer to the V-

hull and higher particle velocities (indicated by the red or adjacent spectrum colors) in the 

portions of the channels farther away from the V-hull. This finding can be rationalized as follows. 

Interaction of the ejected particles with the portions of the channel walls which are adjacent to the 

V-hull gives rise to a transfer of upward momentum to the SBS and an associated reduction in the 

particle (upward) velocities. On the other hand, interaction of the ejected particles with the 

portions of the channel walls which are away from the V-hull gives rise to a transfer of a 

downward momentum to the SBS and the associated increase in the particle (upward) velocities. 
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Figure 4–9 Spatial distribution of the velocities of the soil and mine-detonation-product particles and 
rigidized-SBS for the same SBS configuration as that referred to in Figures 8(a)–(d) at post-

detonation times of: (a) 2 ms; (b) 4 ms; (c) 6 ms; and (d) 8 ms. 
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Figure 4-9. Continued. 
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SBS Velocity and Acceleration Temporal Evolution 

 The results presented in the previous section suggested that the presence of flared side-

vent channels may have a positive role in reducing the effect of buried-landmine detonation on 

the SBS.  In this section, more quantitative results pertaining to this blast-mitigation effect of the 

side-vent channels are presented and discussed.   

 Examples of the typical SBS velocity vs. time and SBS acceleration vs. time results 

obtained in the present work are shown in Figures 4-10(a)–(b), respectively. In both cases, the 

quantity plotted along the y-axis is normalized by its maximum value while the time is 

normalized by its value corresponding to the SBS maximum velocity. Examination of the results 

displayed in these figures shows that the SBS velocity initially experiences a sharp rise, reaches a 

peak value and then gradually decreases under the influence of gravity. As far as acceleration is 

concerned, it reaches its peak value much earlier than the velocity and then sharply drops as the 

additional momentum transfer to the SBS from the detonation products and soil ejecta decreases.   
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Figure 4–10 Examples of the typical: (a) SBS normalized-velocity vs. time; and (b) SBS normalized-
acceleration vs. time results obtained in the present work. 
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4.5.2. Side-Vent-Channel Shape/Size Optimization Results 

 The results of the genetic-algorithm-based SBS shape/size optimization procedure are 

displayed in Figures 4-11(a)–(c) and 4-12(a)–(d). In each of these figures, the x-axis is associated 

with the transferred-momentum-reduction weighing factor. When this factor is set to 0.0, 

optimization is completely controlled by the SBS-acceleration-reduction maximization 

requirements. Contrarily, when this factor is set to 1.0, it is the maximization of the transferred-

momentum reduction which controls the optimization process. 
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Figure 4–11 Variation in the optimized values of the: (a) percent momentum reduction; and (b) 

percent maximum acceleration reduction (the two quantities whose weighted sum constitutes the 
objective function) with changes in the momentum-reduction weighing factor. The reference 

configuration corresponds to the V-hulled SBS without side-vent-channels. The associated percent 
change in the SBS mass is depicted in (c). 
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Figure 4–12 Variation of optimum values of the four SBS shape/size design variables as a function of 
the percent-momentum-reduction weight factor: (a) DV1 – inlet area; (b) DV2 – outlet-to-inlet area 

ratio; (c) DV3  – fraction of the channel length along which flaring is carried out; and (d) DV4  – 
major-to-minor-axes ratio at the side-vent-channel inlet. 
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Figure 4-12 Continued. 
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 In Figures 4-12(a)–(d), the optimal values of the four design variables are plotted as a 

function of the transferred-momentum weighing factor. Examination of the results displayed in 

these figures reveals that: 

(a) as the momentum-reduction weighing factor increases, both the inlet area (DV1), 

Figure 4-12(a), and the outlet-to-inlet area ratio (DV2), Figure 4-12(b), decrease in a monotonic 

manner. This decrease is associated with a decrease in the SBS mass and is, hence, expected. That 

is, as more emphasis is placed on the reduction of the transferred momentum to the SBS (through 

an increase in the momentum-reduction weighing factor), the larger is the tendency of the SBS to 

acquire a lower-mass configuration. However, the observed changes in DV1 and DV2 are not only 

the reflection of the accompanying changes in the SBS mass, but also are the result of a delicate 

balance between the competing factors controlling blast-mitigation efficiency of the side-vent-

channel solution. Specifically, as the inlet area is increased, more soil particles are allowed to 

enter the SBS channel. This, initially, increases the blast-mitigation efficiency of the side-vent-

channels. However, increase in the inlet area beyond a critical value gives rise to undesirable 

particle/particle collisions, the collisions which may significantly reduce the blast-mitigation 

efficiency of the side-vent-channel solution; 

 (b) the third design variable, DV3, Figure 4-12(c), which represents the flared fraction of 

the side-vent-channel length, decreases, at a progressively higher rate, as the momentum-

reduction weighing factor increases. This finding can be readily rationalized in terms of the effect 

of the magnitude of DV3 on the side-vent-channel mass (at constant levels of the remaining three 

design variables). That is, as DV3 increases, the side-vent-channel mass also increases. 

Consequently, in the maximum-acceleration-reduction regime associated with low values of the 
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momentum-reduction weighing factor, a larger side-vent-channel mass (i.e. a larger value of DV3) 

is preferred. Alternatively, in the maximum-momentum-reduction regime associated with high 

values of the momentum-reduction weighing factor, a smaller side-vent-channel mass (i.e. a 

smaller value of DV3) is preferred. These requirements for the optimum SBS mass are balanced, 

during the optimization procedure, against the effect of side-vent-channel flaring on its blast-

mitigation efficiency. Specifically, if the flared portion of the side-vent-channels is insufficiently 

long, the beneficial downward-thrust effects are found to be compromised; 

 (c) the fourth design variable, DV4, Figure 4-12(d), is fairly insensitive to the magnitude 

of the momentum-reduction weighing factor. It should be noted that the optimal mean value of 

DV4 (0.95) suggests that the side-vent-channels should be of a non-circular cross-section and 

should have their longer axes aligned with the V-hull. Taking into account the V-hull-apex half-

angle (=67.75°), the side-vent-channel cross-section aspect ratio is determined as 1:0.36. This 

ratio is mainly controlled by the previously defined constraint related to the maximum allowable 

side-vent-channel extension (beyond the SBS width) in the lateral direction. 
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4.6. Summary and Conclusions 

Based on the results obtained in the present work, the following main summary remarks 

and conclusions can be drawn: 

 1. The present work deals with a design-optimization analysis of our recently proposed 

side-vent-channel concept/solution for mitigation of the blast-loads resulting from a shallow-

buried mine detonated underneath a light tactical vehicle.  

 2. The side-vent-channel concept/solution is based on the use of side-vent-channels 

attached to the V-shaped vehicle underbody, and was motivated by the ideas and principles of 

operation of the so-called “pulse detonation” rocket engines. 

 3. To maximize the blast-mitigation potential of the side-vent-channel solution (i.e. the 

capacity of the solution for reduction in the momentum transferred to, and the maximum 

acceleration acquired by, the targeted vehicle), a shape/size optimization procedure is employed. 

Within this procedure, proper shaping and sizing of the side-vent-channels is carried out in order 

to promote venting of ejected soil and supersonically-expanding gaseous detonation products, and 

the generation of a downward thrust on the targeted vehicle.  

 4. The results obtained show that shape/size optimization of the side-vent-channels has a 

limited ability in enhancing the blast-mitigation potential of the solution beyond the level 

reported in our prior work for the case of side-vent-channels with a circular cross-section. 
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CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

5.1. Conclusions 

While each of the chapters 2 through 4 contains a summary of the conclusions resulting 

from the work reported in these chapters, a list of more general conclusions arrived at the end of 

the present work is presented in the remainder of this section. This list includes: 

1. Advanced engineering-analysis methods and tools are continuously improving and 

reaching the level of physical fidelity and accuracy making them valuable tools for design, 

concept validation and performance prediction of complex mechanical systems (e.g. the side-

vent-channel blast mitigation solution, in the present case). 

2. Specifically, in the present work, combined Eulerian/Lagrangian fluid structure 

interaction (FSI) transient non-linear finite-element based method and a combined Finite-

Element/Discrete-Particle transient non-linear finite element method, in conjunction with the 

advanced evolutionary design-optimization methods (like the Genetic algorithm) were found to 

be extremely valuable when assessing the blast mitigation potential of the newly proposed side-

vent-channel blast mitigation solution. 

3. When designing blast protection systems like the flared side-vent channel solution 

proposed in the present work, care should be taken in order to properly define the 

quantities/metrics which capture and quantify the blast mitigation potential of the system being 

investigated. However, due to the intrinsic complexity of the problem involving detonation of a 

shallow buried mine (located underneath a light tactical military vehicle), and the subsequent 

interactions of the air-born blast waves, soil ejecta, gaseous detonation products and mine 

fragments with the target vehicle, this task is quite challenging. 

4. The present work clearly rationalized that when designing and optimizing a blast-

mitigation solution (like the flared side-vent channel solution, proposed in the present work), a 
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trade-off between the conflicting requirements regarding the minimum momentum transfer to the 

target vehicle (promoted by the minimum vehicle mass), and the minimum initial acceleration of 

the vehicle (promoted by the maximum vehicle mass) must be addressed. 

5. While the use of the design optimization analysis to maximize the performance of the 

blast-mitigation solution under specific mine-blast scenarios shows some potential, its general 

utility is questionable considering the stochastic nature of the blast-detonation events (e.g. size 

and shape, depth of burial and relative location of shallow buried mine with respect to vehicle). 

6. While the observed blast-mitigation effects offered by the newly proposed flared-side-

vent-channel solution of 3 to 4 percent may appear relatively small, to designers of blast-resistant 

military vehicles, these effects are generally considered to be noteworthy. 

225 
 



5.2. Suggestions for Future Work 

 The present work can be extended in a number of ways and directions. One of these 

directions is further development of the flared side-vent channel blast-mitigation concept itself. 

For example, the present concept involves a constant V-hull half angle. This constraint can be 

removed and the V-hull be allowed to have a more complex geometry. Also, further 

improvements in the methods and tools used to analyze the potential of the proposed flared-side-

vent channel solution can be made. For example, in chapters 2 and 3 key limitations of the 

utilized combined Eulerian/Lagrangian and the combined Finite-Element/Discrete-Particle 

computational algorithms were identified. Some of these limitations can be removed through the 

utilization of combined finite-element/discrete-particle/fluid-continuum computational approach. 

This approach will enable a more accurate modeling of the interactions between the discreet 

ejected particles of soil and the gas phase (consisting of air and gaseous detonation products). 

  In the majority of the computational analyses carried out in the present work, the vehicle 

structure was assumed to be of a rigid nature. This was done in order to reduce the computational 

cost. To more comprehensively assess the blast-mitigation potential of the present solution, the 

vehicle structure flexibility, deformability and potential damage/failure of the vehicle structure 

should be taken into account. 
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