Advances in Engineering Software 101 (2016) 98-105

Contents lists available at ScienceDirect RS g A Wtose_a.1in
ENGINEERING
SOFTWARE
3 3 ] 7 4
Advances in Engineering Software
journal homepage: www.elsevier.com/locate/advengsoft »
The Mach stem phenomenon for shaped obstacles buried in soil @ Crosshark
Y.S. Karinski, V.R. Feldgun, E. Racah, D.Z. Yankelevsky*
National Building Research Institute, Technion-Israel Institute of Technology, Haifa 32000, Israel
ARTICLE INFO ABSTRACT
ATIiFle hfoOf}{-‘ The paper investigates the explosion characteristics of a below ground event of an explosive charge in
Available online 9 February 2016 proximity to a rigid cylindrical obstacle. The two-dimensional study simulates a line explosive and a par-
Keywords: 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

gﬁg;ﬁtngre interaction and should not be disregarded. The effect of the soil’s equation of state and especially the full locking
Mach stem parameter on the pressure distribution on an obstacle has been studied. At a short standoff distance
Nearby explosion where a steep pressure growth beyond the full compaction point is developed, the pressure distributions
Shaped obstacle 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.
1. Introduction very close to the structure the interaction of the explosive cav-
) . ity with the obstacle (i.e. the shock wave front distortion) must
The problem of an underground explosion near a buried struc-  pe taken into account [17,18]. The interaction problems of soils
ture is of much interest and of great complexity [1-3]. It com-  3pq structures are commonly solved by utilizing numerical meth-
bines the shock wave propagation aqd its interaction Wl'th a buried ods such as finite element [9-11], finite difference [19], finite vol-
structure, as well as the accompanied rather large soil deforma- umes [20], variational difference [21] and various coupled methods

tions and the formation of an explosive cavity in soil [4,5] and the [12-22,23].

structures dynamic response. The shock wave propagation in soil In earlier studies [17,18] the authors presented the variational

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 tance away from the plane of symmetry and not along the plane
the structure, the incident wave front must be considered as a of symmetry as is commonly the case in a distant explosion. It
spherical or a cylindrical wave, depending on the explosive’s and has been sown that this phenomenon is caused by the Mach
the problem’s geometry [15,16] and when the explosive is placed stem effect appearing in a soil medium with significant harden-
ing. The present paper considerably extends the investigation of

* Corresponding author. Tel.: +972 48293187; fax: -+972 8324535, [24,25] to shaped obstacles and is based on the original conference

E-mail address: karinski@tx.technion.ac.il (D.Z. Yankelevsky). paper [26].

difference method and its application to the analysis of an explo-
sion in an infinite medium [18] and inside a buried lined cavity
[17]. In recent works [24,25] this approach was implemented to
analyze a deeply buried explosion of cylindrical charges in a com-
pressible elastic plastic soil that occurs in proximity to a vertical
rigid wall and found that when the explosion is relatively close
to the wall, the envelope of the pressure distributions (connect-
ing the maximum stress values of the pressure distributions at
all times) shows a maximum value that is located at some dis-
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Fig. 1. The problem.
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Fig. 2. Pressure-density relationship.
2. The model

Consider a line-charge explosion near a shaped (circular cross
section) rigid obstacle (Fig. 1) that is buried in a homogeneous
isotropic irreversibly compressible soil medium.

The pressure-density relationship is schematically shown in
Fig. 2. The bulk behavior of this material starts with a linear elastic
segment (A;A) that is small and generally can be disregarded, es-
pecially when high pressures are considered. This elastic segment
is followed by a zone of elastic plastic bulk compaction (segment
ABC) with stiffening caused by the closure of the internal pores.
A linear or non-linear elastic model (segments B;B, C;C) ABC rep-
resents unloading and reloading at this stage. The unloading line
is uniquely determined by the maximum soil density p* that is
attained in the process of active loading. This irreversible process
occurs as long as the density is smaller than the full compaction
value pgc (point C) corresponding to the full closure of the internal
pores. Thereafter the pressure varies with the density according to
a non-linear elastic behavior (segment CD). This zone corresponds
to a constant p* equal to a full compaction density and therefore
during the entire process pq < p*< ppc. The model allows describ-
ing the range of pressure values from low pressures (for the case
of a far explosion) to very high pressures (for the case of a nearby
explosion).

The soil pressure-density relationship takes the form (see
Fig. 2):

p=f(p. p)
) fip) for the active loading (A;ABCD) 1)
“ ) fu(p, p*) for unloading and reloading (B{B, C;C)

where p is the soil current density.
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Fig. 3. Yield stress—pressure relationship.

The functions f; and fy of Eq. (1) depend on the type of the soil
and 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]:

o2 &
fi(p) = pocs A= ey
fu(p. p*) = fi(p*) + G (p*)(p — p*):
cy(p™) = Cpc + %(Co — Crc) (2)

Here pg and ¢y are the initial density and sound velocity, &, =
1 — po/p is the bulk strain (0 <&y < 1/8), cg is an initial sound ve-
locity, 1/8is a full locking bulk strain (Fig. 2), cy(p*)is the cur-
rent sound velocity and cpc = /dfi(0)/dp|p=ps is the sound ve-
locity at the state of full compaction. The model assumes that the
soil has no tensile resistance. Therefore, if during unloading from
a compression state of stress the soil density reaches a permanent
density pp (Fig. 2), that corresponds to a zero hydrostatic stress, a
discontinuity in the soil occurs and all the stresses (both spherical
and deviatoric components) drop to zero. This type of equation of
state is typical for soils with high level of bulk hardening at for
high 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):

2
SijSij = §ng (p); ov(p) =Yo+ pyp/(1 + pyp/(Ymax — Y0))  (3)

where Yy is the shear cohesion, py is an internal friction coeffi-
cient and Ymayx is the shear strength.

The calculations have been performed using either a home-
made program that is described in detail in [18,24] and the
commercial software AUTODYN-13. Both programs show similar
results.

3. The charge explosion in proximity to cylindrical obstacle

Consider the response of a rigid cylindrical obstacle of radius
R, =0.5m (Fig. 1). The obstacle is buried in soil and subjected to
an external explosion of a line TNT charge of radius Ry=10cm
that is placed at a depth of H=3.6m below the soil top surface,
and at a distance Lz from the lining front (point A, Fig. 1). Note,
that both the obstacle and the charge are buried deep enough in
the soil to avoid any free surface effects including the free surface
cratering.

A recent study [25] examined the peak pressure distribution for
both planar and cylindrical obstacles (peak pressure envelop). It
shows that for a nearby explosion the maximum value of the peak
pressure envelope is developed somewhat away from the plane of



100 YS. Karinski et al./Advances in Engineering Software 101 (2016) 98-105

23000 20000
21000 3{p= sﬁ =8 | 18000 | [p=10 F“f\\{ﬁﬂ
19000 (=7 =9 1 (e
17000 \\ 16000 s 11ANV Iﬁ‘=5 {
15000 §p=6 ™ |B=5 l 14000 \_[E: 77{ “A//l = ‘
13000 p=d] 12000 - h g
5 11000 :— \x 10000 ,A‘ ), /\%‘ [p=4]
& 9000 1/ FAVAN s P PN\
S 7000 /e N\ & 8ooo Iz 4
1 \ ] N
Z v N 6000
5000 Z2 — o]
3000 4000 = ~ A —TN
1000 F——T— TN : 2000
-1000 |BAEAS ERSAK RABAS AR ) bas i
0 10 20 30 40 50 60 70 80 90 100110120130140 0 drrrrrrrrr T ———————eee
0 0.1 0.2 03 04 05 06 07 0.8
h (cm) 6 (rad)
a) planar obstacle b) cylindrical obstacle
Yy
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Fig. 5. Scaling. Fig. 6. Effect of unloading.

symmetry for both planar and cylindrical obstacles (Fig. 4). This
phenomenon is more pronounced for larger values of the full lock-
ing parameter 8 (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. 4a), whereas the shaped obstacle enve-
lope has three peaks (Fig. 4b): the primary peak is developed at
about 0.25rad and 2 secondary peaks are developed at about 0.2
and 0.5rad. 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. 4b
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.

4. Parametric study
4.1. Geometric scaling

To validate the geometric scaling, the analysis has been car-
ried out for different values of the full locking parameter (8 =4,
7 and 10 that represent minimum, average and maximum val-
ues of the investigated problem - Fig. 4a) and for the follow-
ing charge and obstacle radii : Ry=10cm, R, =50cm (reference
case), Rp=5cm, R;=25cm (geometric scaling factor is 0.5) and
Rop=2cm, R, =10cm (geometric scaling factor is 0.2). The mesh
size for the numerical analysis was reduced proportionally to the
geometric scaling factor. Fig. 5 shows the computed results for the
three scales and very good correspondence is observed (the maxi-
mum difference is less than 1%).

4.2. Unloading branch

Unloading/reloading strongly affects the behavior much after
the shock wave front meets the obstacle. However, the peak pres-
sure envelope is formed by interaction of the wave shock front
with the obstacle and therefore is not likely to be affected by the
shape of the unloading curve. To examine this aspect, a comparison
is carried out between two equations of state: an elastic-plastic re-
lationship, with unloading/reloading that is different from the ac-
tive loading line (as is fully described by Eqgs. 2) and a non-linear
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15

elastic relationship, for which the unloading/reloading curve coin-
cides with the active loading (according to the first of Eq. (2)). The
comparisons were perfomed for the same three values of full loc-
ing parameters: 8 =4, 7, 10. Fig. 6 shows the results of the analysis
and the negligible efffect of the unloading branch on the evalua-
tion of the peak pressure envelope is clearly shown (the maximum
error does not exeed 5%).

4.3. Deviatoric behavior

In contrary to a gas dynamics where the Mach stem effect is
well known, the soil medium response is characterized not only
by the equation of state but also by the medium shear behav-
ior. To examine the effect of the shear (deviatoric) behavior on
the peak pressure envelope two models are examined in the fol-
lowing: a complete model that is described above (Egs. (2) and
(3)) and a “plastic gas” model which takes into consideration only
the equation of state (Eq. (2)). Fig. 7 shows comparisons for two
values of the full locking parameter: a large value (8 =9), corre-
sponding to 3-peak type envelope, and a small value (8 =2), for
which a single peak value is obtained at the axis of symmetry. A
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Fig. 10. Contact pressure field, § =4 - Triple point.

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 =2
to 15% for B =09. Similar results were obtained for other values
of the full locking parameter and of the charge-obstacle standoff
distance.
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4.4. Modeling of the explosion

Distant explosions are often simulated by an initial internal
pressure in a representative explosive’s cavity [28]. In this case the
initial fields of the gas dynamics parameters (density py, pressure
py and velocities uy) are obtained by solving the detonation prob-
lem described by the Chapman-Jouget model [29]. The following
pressure pp(t) is calculated as:

3

po=pu(22) @
PH

where pp is the current density of the explosive products obtained

by using the charge mass conservation law:

Ap(t) pp(t) = TRE py. (5)

Ap is the current charge cross section area.

This is an oversimplified approach to describe a nearby ex-
plosion and the JWL equations of state of the explosive should
be used instead including consideration of the explosives burning
[30]. A study of these two alternative representations of similar
problems has been carried out for several different scaled distances
(that measure that distance between the explosive and the obsta-
cle by explosive’s radii). It was found that for a relatively distant
charge (Lg > 30R;) the results are identical. However for a nearby
explosion the results are considerably different from each other as
sown in Figs. 8 and 9. The simplified approach predicts well the
contact pressure at the frontal point (located at the axis of symme-
try) as well as along the distant parts of the obstacles (h/Rg > 12
for the rigid wall and 6 >60° for the rigid cylinder). For a

(a) Primary Mach stem, t=0.12 msec

4.027E+06
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5.753E+05
0.000E+00

mach_shock_clay_cyl s 9

(b) Secondary Mach stem, t=0.13 msec

Fig. 11. Contact pressure field § =9. (a) Primary Mach stem, t=0.12 ms. (b) Secondary Mach stem, t=0.13 ms.
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planar obstacle (Fig. 8) the peak pressure predicted using a simpli-
fied approach is smaller by ~40% from the peak pressure obtained
by exact burning simulation, although both envelopes are qualita-
tively similar.

In the case of a shaped obstacle the simplified approach pre-
dicts the first pressure peak only (the predicted pressure is ~35%
smaller than the pressure prediction using the JWL equation of
state). The second (absolute) and third maxima are not predicted
by the simplified approach (Fig. 9). Therefore for the pressure en-
velope prediction along a shaped obstacle due to a nearby explo-
sion only the exact model of explosive burning should be used.

5. Examination of the primary and secondary Mach stems

The following will investigate whether the Mach stem produces
these maxima values. Calculations of the contact pressure fields
at various time instants were performed using AUTODYN Euler
solver with JWL EOS for the TNT domain, “Shock” type of EOS and
Drucker-Prager model for shear (strength) simulation.

As stated in Ch. 3, also in AUTODYN, the limited numerical reso-
lution does not allow us to identify the triple points shown in Figs.
10,11,13, and 14 with the specific kind of Mach reflection specified
in Ref. [27].

Fig. 10 shows the typical for Mach stem triple point in the pres-
sure fields when the parameters of the equation of state produce
the three-peak envelope shape. This Mach stem is developed at the
point corresponding to a second (primary) peak of the pressure en-
velope (see Fig. 4b).

.862E+0
.453E+0

.635E+0
.227E+0
.818E+05
.409E+05
0.000E+00

(a) Le=5Ro, t=0.24 msec
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(b) Le=2Ro, t=0.08 msec

Fig. 13. Secondary Mach stem for 8 =2 (a) Lg = 5Rq, t=0.24 ms (b) Lg = 2Ry, t=0.08 ms.



104 Y.S. Karinski et al./Advances in Engineering Software 101 (2016) 98-105

8.034E+05
5.356E+05

2.678E+05
0.000E+00

Fig. 14. Stress concentration at the point of first peak.

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. 11a) and later it is devel-
oped at the point, corresponding to the second secondary maxi-
mum (Fig. 11b). 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
B 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 g (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

more pronounced for the medium having sharper pressure growth
in the EOS beyond the full compaction point and for smaller charge
standoff distance.

The pressure distributions analysis reveals that the second
(absolute-primary) and third (secondary) peaks are caused by the
Mach stem effect appearing in a soil medium with full locking. The
Mach stem is first developed at the point, that corresponds to the
primary maximum and later it is developed at the point, corre-
sponding to the secondary maximum. Therefore, it may be con-
cluded that this secondary maximum of the peak pressure enve-
lope 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.

The development of the first peak requires further studies that
are beyond the scope of this paper.
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