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The paper investigates the explosion characteristics of a below ground event of an explosive charge in

proximity to a rigid cylindrical obstacle. The two-dimensional study simulates a line explosive and a par- 

allel long cylindrical structure. The investigation shows that the unloading branch has a negligible effect

on the peak pressure envelope whereas shear behavior and explosives burning have a considerable effect

and should not be disregarded. The effect of the soil’s equation of state and especially the full locking

parameter on the pressure distribution on an obstacle has been studied. At a short standoff distance

where a steep pressure growth beyond the full compaction point is developed, the pressure distributions

envelope shows three maxima values that are located at some distance away from the axis of symme- 

try. It is different than the common single peak along the axis, in the case of a distant explosion. This

effect is more pronounced for a medium having sharper pressure growth in the EOS beyond the full com- 

paction point and for smaller charge standoff distances. The pressure distributions analysis indicates that

the appearance of second (absolute-primary) and third (secondary) peaks are caused by the Mach stem

effect appearing in a soil medium with full locking. The secondary peak pressure envelope maximum

corresponds to the secondary Mach stem phenomenon that does not appear in the case of a planar wall,

where the incident angle depends on the wave front curvature only.

© 2016 Civil-Comp Ltd. and Elsevier Ltd. All rights reserved.
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1. Introduction

The problem of an underground explosion near a buried struc-

ture is of much interest and of great complexity [1–3] . It com-

bines the shock wave propagation and its interaction with a buried

structure, as well as the accompanied rather large soil deforma-

tions and the formation of an explosive cavity in soil [4,5] and the

structures dynamic response. The shock wave propagation in soil

is rather complex, and should follow on a highly nonlinear con-

stitutive model [4,6,7] . Commonly rather simple models are used

to represent the soil medium behavior, such as elastic [8,9] or

elastic plastic with elastic volumetric deformation [10–12] . How-

ever, proper representation of the soil behavior should account for

the bulk irreversible compaction [6,13] . When the explosive source

is placed at a large distance from the buried structure, the inci-

dent shock wave action on the structure may be approximated

by a plane wave [14] . For this simple case an analytical solution

may be provided [1,5] . When the explosive is placed closer to

the structure, the incident wave front must be considered as a

spherical or a cylindrical wave, depending on the explosive’s and

the problem’s geometry [15,16] and when the explosive is placed
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ery close to the structure the interaction of the explosive cav-

ty with the obstacle (i.e. the shock wave front distortion) must

e taken into account [17,18] . The interaction problems of soils

nd structures are commonly solved by utilizing numerical meth-

ds such as finite element [9–11] , finite difference [19] , finite vol-

mes [20] , variational difference [21] and various coupled methods

12–22 , 23] . 

In earlier studies [17,18] the authors presented the variational

ifference method and its application to the analysis of an explo-

ion in an infinite medium [18] and inside a buried lined cavity

17] . In recent works [24,25] this approach was implemented to

nalyze a deeply buried explosion of cylindrical charges in a com-

ressible elastic plastic soil that occurs in proximity to a vertical

igid wall and found that when the explosion is relatively close

o the wall, the envelope of the pressure distributions (connect-

ng the maximum stress values of the pressure distributions at

ll times) shows a maximum value that is located at some dis-

ance away from the plane of symmetry and not along the plane

f symmetry as is commonly the case in a distant explosion. It

as been sown that this phenomenon is caused by the Mach

tem effect appearing in a soil medium with significant harden-

ng. The present paper considerably extends the investigation of

24,25] to shaped obstacles and is based on the original conference

aper [26] . 

http://dx.doi.org/10.1016/j.advengsoft.2016.01.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advengsoft
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Fig. 1. The problem. 

Fig. 2. Pressure–density relationship. 
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Fig. 3. Yield stress–pressure relationship. 
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. The model 

Consider a line-charge explosion near a shaped (circular cross

ection) rigid obstacle ( Fig. 1 ) that is buried in a homogeneous

sotropic irreversibly compressible soil medium. 

The pressure–density relationship is schematically shown in

ig. 2 . The bulk behavior of this material starts with a linear elastic

egment ( A 1 A ) that is small and generally can be disregarded, es-

ecially when high pressures are considered. This elastic segment

s followed by a zone of elastic plastic bulk compaction (segment

BC ) with stiffening caused by the closure of the internal pores.

 linear or non-linear elastic model (segments B 1 B , C 1 C ) ABC rep-

esents unloading and reloading at this stage. The unloading line

s uniquely determined by the maximum soil density ρ∗ that is

ttained in the process of active loading. This irreversible process

ccurs as long as the density is smaller than the full compaction

alue ρFC (point C ) corresponding to the full closure of the internal

ores. Thereafter the pressure varies with the density according to

 non-linear elastic behavior (segment CD ). This zone corresponds

o a constant ρ∗ equal to a full compaction density and therefore

uring the entire process ρ1 ≤ ρ∗≤ ρFC . The model allows describ-

ng the range of pressure values from low pressures (for the case

f a far explosion) to very high pressures (for the case of a nearby

xplosion). 

The soil pressure–density relationship takes the form (see

ig. 2 ): 

p = f ( ρ, ρ∗) 

= 

{
f L ( ρ) for the active loading ( A 1 ABCD) 
f U ( ρ, ρ∗) for unloading and reloading ( B 1 B , C 1 C) 

(1) 

here ρ is the soil current density. 
The functions f L and f U of Eq. (1) depend on the type of the soil

nd may be obtained from dynamic compression tests. 

The paper examines the medium having a full locking branch

 C - D ) with the following functions of equation of state [24] : 

f L ( ρ) = ρ0 c 
2 
0 

ε V 

( 1 − βε V ) 
2 
;

f U ( ρ, ρ∗) = f L ( ρ
∗) + c 2 U ( ρ

∗)(ρ − ρ∗) ;
 U ( ρ

∗) = c F C + 

ρF C − ρ∗

ρF C − ρ0 

( c 0 − c F C ) (2) 

Here ρ0 and c 0 are the initial density and sound velocity, ε V =
 − ρ0 /ρ is the bulk strain (0 ≤ ε V < 1/ β), c 0 is an initial sound ve-

ocity, 1/ β is a full locking bulk strain ( Fig. 2 ), c U ( ρ
∗) is the cur-

ent sound velocity and c F C = 

√ 

d f L (ρ) /dρ| ρ= ρF C 
is the sound ve-

ocity at the state of full compaction. The model assumes that the

oil has no tensile resistance. Therefore, if during unloading from

 compression state of stress the soil density reaches a permanent

ensity ρp ( Fig. 2 ), that corresponds to a zero hydrostatic stress, a

iscontinuity in the soil occurs and all the stresses (both spherical

nd deviatoric components) drop to zero. This type of equation of

tate is typical for soils with high level of bulk hardening at for

igh pressures (such as clay or clay loam) [4,16,18,23,24] . 

The Lundborg model [18] is used to describe the yield condition

see Fig. 3 ): 

 i j S i j = 

2 

3 

σ 2 
Y ( p ) ; σY ( p ) = Y 0 + μY p / ( 1 + μY p / ( Y max − Y 0 ) ) (3) 

here Y 0 is the shear cohesion, μY is an internal friction coeffi-

ient and Y max is the shear strength. 

The calculations have been performed using either a home-

ade program that is described in detail in [18,24] and the

ommercial software AUTODYN-13. Both programs show similar

esults. 

. The charge explosion in proximity to cylindrical obstacle 

Consider the response of a rigid cylindrical obstacle of radius

 L = 0.5 m ( Fig. 1 ). The obstacle is buried in soil and subjected to

n external explosion of a line TNT charge of radius R 0 = 10 cm

hat is placed at a depth of H = 3.6 m below the soil top surface,

nd at a distance L E from the lining front (point A, Fig. 1 ) . Note,

hat both the obstacle and the charge are buried deep enough in

he soil to avoid any free surface effects including the free surface

ratering. 

A recent study [25] examined the peak pressure distribution for

oth planar and cylindrical obstacles (peak pressure envelop). It

hows that for a nearby explosion the maximum value of the peak

ressure envelope is developed somewhat away from the plane of
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Fig. 4. Peak pressure envelope for a nearby explosion ( L E = 5 R 0 ) (a) planar obstacle (b) cylindrical obstacle. 

Fig. 5. Scaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Effect of unloading. 
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symmetry for both planar and cylindrical obstacles ( Fig. 4 ). This

phenomenon is more pronounced for larger values of the full lock-

ing parameter β (see Eq. (2 )). 

However the shapes of the peak pressure envelopes of the two

obstacles are qualitativly different: the planar obstacle envelope

has one peak only ( Fig. 4 a), whereas the shaped obstacle enve-

lope has three peaks ( Fig. 4 b): the primary peak is developed at

about 0.25 rad and 2 secondary peaks are developed at about 0.2

and 0.5 rad. The present paper aims at analyzing and explaining

that 3-peak observation. 

A comprehensive account of Mach reflection over a 2D cylindri-

cal convex surface is given in Ref. [27] . This account is limited to

Mach reflections in gases and doesn’t deal with soils or any other

solid. It is shown that a shock reflection over a cylindrical sur-

face undergoes consecutively the following regimes: regular reflec-

tion (RR), double Mach (DMR), transitional Mach (TMR) and single

Mach (SMR). 

It is very tempting to identify the three peaks of Figs. 4 b

and 5 with the three different Mach reflections DMR, TMR

and SMR. One should be careful, however, because in order

to get a positive identification with these definitions in soils,

much more refined numerical simulations are needed. Such re-

fined simulations should be able to distinguish the different

branches of DMR and TMR and are beyond the scope of this

paper. 
. Parametric study 

.1. Geometric scaling 

To validate the geometric scaling, the analysis has been car-

ied out for different values of the full locking parameter ( β = 4,

 and 10 that represent minimum, average and maximum val-

es of the investigated problem – Fig. 4 a) and for the follow-

ng charge and obstacle radii : R 0 = 10 cm, R L = 50 cm (reference

ase), R 0 = 5 cm, R L = 25 cm (geometric scaling factor is 0.5) and

 0 = 2 cm, R L = 10 cm (geometric scaling factor is 0.2). The mesh

ize for the numerical analysis was reduced proportionally to the

eometric scaling factor. Fig. 5 shows the computed results for the

hree scales and very good correspondence is observed (the maxi-

um difference is less than 1%). 

.2. Unloading branch 

Unloading/reloading strongly affects the behavior much after

he shock wave front meets the obstacle. However, the peak pres-

ure envelope is formed by interaction of the wave shock front

ith the obstacle and therefore is not likely to be affected by the

hape of the unloading curve. To examine this aspect, a comparison

s carried out between two equations of state: an elastic–plastic re-

ationship, with unloading/reloading that is different from the ac-

ive loading line (as is fully described by Eqs. 2 ) and a non-linear
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Fig. 7. Effect of shear behavior ( L E = 5 R 0 ) (a) β = 9 (b) β = 2. 

Fig. 8. Effect of explosion imitation – vertical wall (a) L E = 5 R 0 (b) L E = 10R 0 . 

Fig. 9. Effect of explosion initiation – cylindrical obstacle. 
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lastic relationship, for which the unloading/reloading curve coin-

ides with the active loading (according to the first of Eq. (2) ). The

omparisons were perfomed for the same three values of full loc-

ng parameters: β = 4, 7, 10. Fig. 6 shows the results of the analysis

nd the negligible efffect of the unloading branch on the evalua-

ion of the peak pressure envelope is clearly shown (the maximum

rror does not exeed 5%). 

.3. Deviatoric behavior 

In contrary to a gas dynamics where the Mach stem effect is

ell known, the soil medium response is characterized not only

y the equation of state but also by the medium shear behav-

or. To examine the effect of the shear (deviatoric) behavior on

he peak pressure envelope two models are examined in the fol-

owing: a complete model that is described above ( Eqs. (2 ) and

 3 )) and a “plastic gas” model which takes into consideration only

he equation of state ( Eq. (2 )). Fig. 7 shows comparisons for two

alues of the full locking parameter: a large value ( β = 9), corre-

ponding to 3-peak type envelope, and a small value ( β = 2), for

hich a single peak value is obtained at the axis of symmetry. A
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Fig. 10. Contact pressure field, β = 4 – Triple point. 
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significant quantitative difference between the results is observed,

although there exists a qualitative similarity. The relative differ-

ence of the peak pressure magnitude varied from 6% for β = 2

to 15% for β = 9. Similar results were obtained for other values

of the full locking parameter and of the charge-obstacle standoff

distance. 
Fig. 11. Contact pressure field β = 9. (a) Primary Mach stem
.4. Modeling of the explosion 

Distant explosions are often simulated by an initial internal

ressure in a representative explosive’s cavity [28] . In this case the

nitial fields of the gas dynamics parameters (density ρH , pressure

 H and velocities u H ) are obtained by solving the detonation prob-

em described by the Chapman–Jouget model [29] . The following

ressure p D ( t ) is calculated as: 

p D = p H 

(
ρD 

ρH 

)3 

(4)

here ρD is the current density of the explosive products obtained

y using the charge mass conservation law: 

 D (t) ρD (t) = πR 

2 
E ρH , (5)

A D is the current charge cross section area. 

This is an oversimplified approach to describe a nearby ex-

losion and the JWL equations of state of the explosive should

e used instead including consideration of the explosives burning

30] . A study of these two alternative representations of similar

roblems has been carried out for several different scaled distances

that measure that distance between the explosive and the obsta-

le by explosive’s radii). It was found that for a relatively distant

harge ( L E > 30 R 0 ) the results are identical. However for a nearby

xplosion the results are considerably different from each other as

own in Figs. 8 and 9 . The simplified approach predicts well the

ontact pressure at the frontal point (located at the axis of symme-

ry) as well as along the distant parts of the obstacles ( h / R 0 > 12

or the rigid wall and θ > 60 ° for the rigid cylinder). For a
, t = 0.12 ms. (b) Secondary Mach stem, t = 0.13 ms. 
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Fig. 12. Peak pressure distribution for various distances; β = 2 . 
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lanar obstacle ( Fig. 8 ) the peak pressure predicted using a simpli-

ed approach is smaller by ∼40% from the peak pressure obtained

y exact burning simulation, although both envelopes are qualita-

ively similar. 
Fig. 13. Secondary Mach stem for β = 2 (a) L E =
In the case of a shaped obstacle the simplified approach pre-

icts the first pressure peak only (the predicted pressure is ∼35%

maller than the pressure prediction using the JWL equation of

tate). The second (absolute) and third maxima are not predicted

y the simplified approach ( Fig. 9 ). Therefore for the pressure en-

elope prediction along a shaped obstacle due to a nearby explo-

ion only the exact model of explosive burning should be used. 

. Examination of the primary and secondary Mach stems 

The following will investigate whether the Mach stem produces

hese maxima values. Calculations of the contact pressure fields

t various time instants were performed using AUTODYN Euler

olver with JWL EOS for the TNT domain, “Shock” type of EOS and

rucker–Prager model for shear (strength) simulation. 

As stated in Ch. 3, also in AUTODYN, the limited numerical reso-

ution does not allow us to identify the triple points shown in Figs.

0 , 11 , 13 , and 14 with the specific kind of Mach reflection specified

n Ref. [27] . 

Fig. 10 shows the typical for Mach stem triple point in the pres-

ure fields when the parameters of the equation of state produce

he three-peak envelope shape. This Mach stem is developed at the

oint corresponding to a second (primary) peak of the pressure en-

elope (see Fig. 4 b). 
 5 R 0 , t = 0.24 ms (b) L E = 2 R 0 , t = 0.08 ms. 
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Fig. 14. Stress concentration at the point of first peak. 
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To study the phenomenon of secondary peaks, an analysis of

the pressure fields at larger time was carried out. Fig. 11 shows

that the Mach stem is first developed at the point, that corre-

sponds to the primary maximum ( Fig. 11 a) and later it is devel-

oped at the point, corresponding to the second secondary maxi-

mum ( Fig. 11 b). Therefore, it may be concluded that this secondary

maximum of the peak pressure envelope corresponds to the sec-

ondary Mach stem phenomenon that does not appear in the case

of a planar wall, where the incident angle depends on the wave

front curvature only. 

The gauge points (1–19) in Figs. 11,13,14 were used to find the

pressure peaks as in Fig. 12. 

Decrease of the charge-obstacle distance leads to increase of

both the primary and secondary maxima even for relatively small

β as may be observed in Fig. 12 . The corresponding contact pres-

sure fields are shown in Fig. 13. 

The first secondary peak is not accompanied with the Mach

stem. At early time some pressure concentration develops at this

point ( Fig. 14 ) and disappears at later times. The fact, that the

point at which this first maximum is developed is the only point

that is predicted by the simplified model ( Fig. 9 ) and that it is

not developed for relatively small values of β ( Fig. 12 ), leads to

an assumption that this peak is caused by the detailed explosion

processes occurring within the explosive cavity. However this phe-

nomenon requires further studies that is beyond the scope of this

paper. 

6. Conclusions 

An investigation of the explosion characteristics of a charge-line

explosive in soil in proximity to a rigid cylindrical obstacleburied

in soil has been carried out. The soil is modeled as an irreversible

compressible medium with full bulk locking and dependence of

the current deviatoric yield stress on the pressure. 

The parameters study for a nearby explosion shows that the

loading branch of the equation of state has a dominant effect on

the evaluation of the peak pressure envelope. Consideration of the

soil shear behavior and explosives equation of state including the

burning pocess have a major effect and should be taken into consi-

daration to obtain a reliable quantitative prediction of the envelope

shape. 

The pressure distribution along an obstacle has been studied for

various values of the medium’s full locking parameter. For a short

standoff distance and a steep growth of pressure beyond the full

compaction point, the envelope of the pressure distributions shows

three maximum values that are located at some distance away

from the axis of symmetry opposed to a single peak at the axis

of symmetry, as is the case for a distant explosion. This effect is
ore pronounced for the medium having sharper pressure growth

n the EOS beyond the full compaction point and for smaller charge

tandoff distance. 

The pressure distributions analysis reveals that the second

absolute-primary) and third (secondary) peaks are caused by the

ach stem effect appearing in a soil medium with full locking. The

ach stem is first developed at the point, that corresponds to the

rimary maximum and later it is developed at the point, corre-

ponding to the secondary maximum. Therefore, it may be con-

luded that this secondary maximum of the peak pressure enve-

ope corresponds to the secondary Mach stem phenomenon that

oes not appear in the case of a planar wall, where the incident

ngle depends on the wave front curvature only. 

The development of the first peak requires further studies that

re beyond the scope of this paper. 
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