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Abstract

Calculating the parameters of the ground shock induced by an underground explosion is a complex energy coupling problem. It is
difficult to establish a unified ground shock coupling law from limited test data. This paper summarizes the research results obtained
at home and abroad and systematically analyzes the coupling mechanism of craters formed by an underground explosion and the ground
shock. The differences between the concepts of “closed-explosion critical depth” and “equivalent closed-explosion critical depth” are
clearly explained. The spreading of the ground shock energy is attributed to the explosive expansion of the air cavity, revealing a linear
relationship between the volume of the cavity region (or the volume of the crack region) and the ground shock energy associated with the
underground explosion. The proportionality factor is related to the mechanical properties of the medium and is independent of the mag-
nitude of the explosion equivalent. Based on this, a theoretical calculation formula and conversion method for the ground shock coupling
coefficient were established. Explosion tests were conducted in clay and Plexiglass under varying burial depths. The test results were con-
sistent with the theoretically calculated results. Our study provides a theoretical basis for the design of explosion-resistant structures in

underground engineering.

Keywords: Underground explosion; Ground shock coupling; Coupling coefficient; Equivalent closed explosion; Experimental study

1 Introduction

Earth penetrating weapons developed by some of the
world’s powerful countries rely on the kinetic energy of a
bomb body to invade underground geotechnical bodies
and explode. The ground shock effect produced can cause
serious damage to underground structures in the vicinity
of the impact. To solve this issue, penetration explosion
tests and numerical simulations have been performed at
home and abroad (Shu et al., 2022a, 2022b; Xin et al.,
2023; Lai et al., 2015; Wei et al., 2023; Sun et al., 2021),
producing some useful results.

Compared with an air or surface explosion, an under-
ground explosion generates a greater amount of explosive
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energy that is converted into ground shock. It is then
directly transmitted downward to underground protective
structures, rather than being dissipated in the form of air
shock waves. Underground explosion data measured by
the United States and the former Soviet Union have shown
that the ground shock energy coupled to a rock mass
rapidly increases with the increase in the scaled depth of
burial (SDOB) of the charge ratio; the burial depth often
increases by several meters, and the ground shock energy
coupled to the underground increases by more than ten
times and then gradually decreases. At a critical depth,
the ground shock is fully coupled.

Affected by the free surface, studying ground shocks
generated due to subsurface explosions is a complex cou-
pling problem. The relevant theoretical and experimental
aspects are many, and there is a lack of effective direct cal-
culation methods for this scenario. For surface and closed
underground explosions, a large amount of experimental
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Nomenclature

A Ground shock scale factor

a Acceleration

Cp Longitudinal wave velocity

Cs Shear wave velocity

d Medium displacement

f Ground shock stress coupling coefficient
G, u Lame constants

h Scaled depth of burial (m/kg'? or m/kt'/?)
n Ground shock propagation decay index
Oesr Equivalent of the same effect

Feav Radius of cavity region

Peral Horizontal radius of crack region

Fera2 Vertical radius of crack region

Teff Equivalent radius

SDOB  Scaled depth of burial

St Boundary area

v Ground shock particle velocity

Weosed  Closed-explosion ground shock coupling en-
ergy

Wunclosed Unclosed-explosion ground shock coupling en-
ergy

Uy Boundary radial displacement

o Ground shock stress

or Boundary radial stress

o) Hoop stress

A Ratio of 7 tO Feral

e Ground shock energy coupling coefficient

nQ Ground shock equivalent coupling coefficient

00 Media density

Ts Shear strength

data has been obtained, particularly for closed explosions,
relying on the continuous-medium wave dynamics theory,
which provides more accurate estimates of the explosion
cavity volume, the size of the crack region, and the param-
eters of the ground shock radiated from the boundary of a
damaged area. In the parameter estimation of underground
explosion-induced ground shocks, typically, an unclosed
explosion is made equivalent to a closed explosion using
the equivalent coefficient (or the coupling coefficient) so
that the corresponding formula and parameters can be
used for the calculations. Hence, it is important to reveal
the coupling law of underground explosion-induced
ground shocks and obtain a reasonable and accurate cou-
pling coefficient for calculating the parameters associated
with such ground shocks.

In the use of coupling coefficients for equivalent calcula-
tions, more attention should be paid on two key issues: one
is coupled to the ground shock energy in the subsurface
when to reach or near the closed explosion, that is, how
to determine the critical depth when the ground shock is
fully coupled; the second is how to obtain the ground shock
coupling coefficient. Regarding the ground shock critical
depth, no consistent conclusions have been drawn in cur-
rent protection engineering research. Most of the existing
literature to the ground does not produce significant
changes in the depth of the explosion as a closed-
explosion critical depth, such as the depth as the ground
shock energy to reach the critical depth of closure will pro-
duce a large error. For example, for chemical explosions in
soil, domestic and international test results have shown
that a charge SDOB of 2.0 m/kgl/ ? corresponds to a com-
pletely closed explosion condition, whereas the ground
shock parameter data given in Army (1986) indicate that
an SDOB of 0.56 m/kg'/3 is close to a closed explosion.
Regarding the ground shock coupling coefficient, there is

no accurate calculation method, the test data have large
errors, and it is difficult to accurately calculate the under-
ground explosion equivalent and coupled ground shock
parameters.

This paper reviews the current research status on the
ground shock coupling law of underground explosions
and introduces several common coupling coefficients.
Based on a systematic analysis of the ground shock cou-
pling mechanism of underground explosions, theoretical
calculation methods for calculating the ground shock cou-
pling coefficient using the explosion volume of craters are
provided. Moreover, a theoretical method for determining
the critical depth of ground shocks and the change law of
the blast energy distribution with the SDOB of the charge
is established. Finally, the results of explosion tests con-
ducted in clay and Plexiglass to experimentally verify the
method are discussed.

2 Classification of ground shock coupling coefficients

The coupling coefficients related to ground shocks com-
monly used at home and abroad can be broadly divided
into three categories: equivalent coupling coefficient,
ground shock parameter coupling coefficient, and energy
coupling coefficient.

2.1 Equivalent coupling coefficient

The equivalent coupling coefficient is defined as the ratio
of the equivalent closed-explosion trinitrotoluene (TNT)
equivalent to the actual unclosed-explosion TNT equiva-
lent within the same medium and at the same scaled dis-
tance that produces the same damage effects. Damage
effects include, but are not limited to, blast shock
waves, ground motion effects, and structural response. By
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definition, the equivalent coupling coefficient 1, can be
expressed as follows:

Qeff
Mg = 6 )

where Q. represents the equivalent of the same effect; O
represents the original explosion equivalent.

(1)

2.2 Ground shock stress coupling coefficient

The concept of the coupling coefficient has been intro-
duced for calculating the ground shock parameters of
underground explosions (Army, 1986). The coupling coef-
ficient f is defined as the ratio of the magnitude of the
ground shock parameters in the case of an unclosed under-
ground explosion to that in the case of a fully closed explo-
sion in the same medium:

(Gv Uvdvlv a)unclosed (2)
(0,v,d,1,a) '

f=
closed

The ground shock parameters include the ground shock
stress o, ground shock particle velocity v, medium displace-
ment d, impulse 7, and acceleration a. The stress ¢ is more
widely used; therefore, the coefficient is also known as the
ground shock stress coupling coefficient. The authors in
Army (1986) provided a relationship between the variation
in the f'values of soil and concrete and the SDOB based on
chemical explosion test data (as shown in Fig. 1).

Since f'is well defined and the relevant parameters can be
easily measured, a large number of field tests and numerical
simulations have been conducted at home and abroad to
accurately determine the coefficient. Adushkin and
Spivak (2015) conducted explosion tests on aluminum,
hard aluminum alloys, and Plexiglass under variable burial
depths; the coupling coefficients f for the ground shock par-
ticle velocity, displacement, and positive pressure time were
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Fig. 1. Relationship between the stress coupling coefficient and SDOB in
concrete and soil.

obtained. Mu et al. (2021, 2020a, 2020b) conducted under-
ground explosion tests on concrete, soil, and saturated soil
via ground shock tests, and in accordance with the test
data, the coupling coefficient f at different burial depths
was determined; however, the coupling coefficient for the
concrete medium and the result reported in literature
(Army, 1986) differed significantly (as shown in Fig. 1).
Mu et al. attributed this difference to the various definitions
adopted for a closed explosion. Shi et al. (2006a, 2006b)
numerically simulated the explosion phenomenon of a
group charge in soil using the DYNA program, and the
calculated coupling coefficients were in good agreement
with the existing results (Army, 1986).

2.3 Ground shock energy coupling coefficient

In 1991, the US Defense Nuclear Agency (DNA)
defined another coupling coefficient: the ground shock
energy coupling coefficient (National Research Council,
2005). This coeflicient is based on the ground shock energy
generated by a near-ground explosion (SDOB = —0.05 m/
kt" 3). Based on some real test data and combined with
numerical calculations (the blue segment in Fig. 2 shows
the numerical calculation results), the variation curve of
the complete ground shock coupling energy was obtained.
As shown in Fig. 2, the coupling energy increases with the
increase in the SDOB, and when the SDOB reaches a cer-
tain critical depth (call it the “equivalent closed explosion
critical depth”, it will be described in detail in Section 3),
the coupling energy no longer changes.

The stress coupling coefficients in Section 2.2 are based
on closed explosion, and for the sake of uniformity of the
coefficients, taking the ground shock energy at the final clo-
sure as the reference value, the energy coupling coefficient
can be defined as follows:

Wunclosed (3)

1/]6 = )
Wcloscd

where W ucosea 18 the ground shock coupling energy of the
unclosed explosion, and W g is the ground shock cou-
pling energy of the closed explosion. After transformation
of the base value, the energy coupling coefficient in Fig. 2
can be calculated as

—1—0.106 —
0.0146 x ’h’ h< —005
ne =14 0.059 x 45| 005<h<005, (4
—0.36 —
min <0.504 xXh 1) h > 0.05

where 4 is the SDOB, with a unit of m/kt'?. A negative
SDOB implies that the burst center is above the surface,
and e is the natural constant. Combining the curve shape
shown in Fig. 2 and Eq. (4), the ground shock energy cou-
pling curve can be considered to take the form of a
Boltzmann-like function. Similarly, the Soviet Union scho-
lar Adushkin (Adushkin & Spivak, 2015) provided the vari-
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Fig. 2. Relationship between the energy coupling coefficient and the
SDOB.

ation curve of the ground shock coupling energy with
respect to the SDOB by fitting the measured ground shock
data (Fig. 2). Due to the impact of test errors, the two
curves exhibited a significant difference. The closed-
explosion ground shock energy obtained by the Defense
Nuclear Agency was approximately 17 times the value cor-

responding to the contact explosion (A =0 m/ktl/ 3),
whereas the data provided by Adushkin showed a differ-
ence of 11 times; even in the fully coupled scenario, the crit-
ical depths of the two literatures were considerably
different, making it difficult to obtain accurate results in
engineering practice.

In summary, several ground shock coupling coefficients
have been measured experimentally, and large errors have
been observed between coupling coefficients of the same cat-
egory. The definition of the critical depth is also controver-
sial, and there is no unified theoretical calculation method.

3 Determination of the equivalent closed-explosion critical
depth

According to Egs. (1)—(3), the calculation of the cou-
pling coefficient is based on the ground shock parameters
at the time of a closed explosion. Hence, it is essential to
determine the critical SDOB at this time. Mu et al. (2021)
considered that an underground explosion occurs after
the ground surface without significant uplift; there is no
excess energy leakage to the atmosphere in the case of a
closed explosion; and the SDOB at this time is the ground
shock coupling coefficient critical depth. The definition of
confinement provided in Army (1986) is relative to a
nuclear explosion, and it is considered that the confinement
is reached when there is no nuclear radiation above the
earth’s surface, while shock waves continue to propagate
into the air.

3.1 Critical depth of closed-explosion

Under the action of an explosive charge, the area near the
explosion exhibits a complex response, including the propa-

gation of compression waves, the destruction of the medium,
and the formation of an explosion cavity. The size of the cra-
ter is one of the main parameters of underground explosion
mechanics. Based on the shape of the crater formed after the
explosion and the type of energy transferred to the under-
ground half-space, explosions can be categorized in terms
of the depth of burial of the explosive core into the following

types: near-earth explosion (SDOB < Om/ktl/ 3), contact
explosion (SDOB :0m/ktl/ 3), shallow buried explosion

(SDOB > 0 m/kt]/ %), deep buried explosion, and closed
explosion (Fig. 3).

When the explosion equivalent to a certain crater size grad-
ually increases with the increase in the depth of burial, in
reaching a certain optimal depth of burial, the crater volume
reaches the maximum. If the burial depth is further increased,
the cratering effect of the explosion is weakened, and the cra-
ter diameter visible to the surface gradually decreases; at this
time, the explosion produces only a subsurface cavity; in the
formation of a closed underground explosion, the diameter
of the cavity and the charge and the mechanical properties
of the medium are related. Most existing studies have consid-
ered the depth at which there is no significant change in the
ground after an explosion as the critical depth of a confine-
ment explosion, also known as the “macro explosion critical
depth” or “minimum closed-explosion depth.”

Taking the soil medium as an example, the variation in
the surface-visible crater size with the charge burial depth
for three different soil types under chemical explosion con-
ditions has been given in literature (Army, 1986) (Fig. 4);
the closed-explosion critical depth of a group charge in soil
was approximately 2.0 m/kg!/. Shi et al. (2006a) per-
formed a soil explosion test, confirming that for an explo-
sion in soil with a charge ratio burial depth of 2.0 m/kgl/ 3,
the ground surface will not form any craters. Soviet scholar
Lyakhov (1974) obtained the same value for the critical
depth of explosion for a group charge, i.e., 2.0 m/kg1/3.
From the critical depth of the closed explosion based on
macroscopic damage, it can be confirmed that domestic
and foreign understanding is consistent.

3.2 Equivalent closed-explosion critical depth

Figure 1 shows the variation in the ground shock
parameter coupling coefficient with the SDOB provided
in Army (1986). Evidently, with the increase in the charge
burial depth, the amplitude of the ground shock compres-
sion wave transmitted to the subsurface medium shows a
sharp increasing trend. In the case of a subsurface explo-
sion in a soil medium, the ground shock will be in a satu-
ration state for a charge ratio burial depth of 0.56 m/
kgl/ 3 after which the ground shock effect no longer
increases with the charge burial depth to produce signifi-
cant changes.

Call coupled to the ground shock effect in the rock and
soil, there is no significant changes in the explosion depth
for the equivalent closed-explosion critical depth. Clearly,
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Near-earth Contact Shallow buried Buried explosion Closed
explosion explosion explosion explosion

Fig. 3. Types of underground explosions.

this depth of burial and the closed-explosion critical depth
of burial exhibit a significant difference: the soil equivalent
closed-explosion critical depth was approximately 0.56 m/
kgl/ 3 whereas the closed-explosion critical depth was
approximately 2.0 m/ kgl/ 3. In terms of a quantitative com-
parison, the critical depth at which the ground shock effect
reached the equivalent closure was significantly lower than
the critical depth at which the macroscopic damage
reached closure.

Coupled to the geotechnical medium in the ground
shock energy originated from the expansion—compression
work of the explosion cavity, when the cavity expansion
stops, the ground shock stress wave propagates to a dis-
tance, and the explosion energy completes the process of
coupling into the medium. When the explosion into the
cavity is completed before the throw into the pit, the effect
of the free-surface impact energy coupling can be
neglected, and the minimum SDOB that satisfies this con-
dition is approximately equal to the radius of the closed-
explosion cavity r.,,. The actual full coupling depth should
be slightly greater than the cavity radius due to the charge
closure, as well as the free surface in the shock wave action
layer cracking damage.

The same conclusions have been drawn from several
underground cratering explosion tests. For example, Mu
et al. (2010b) performed a soil explosion test and provided
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Fig. 4. Relationship between the apparent crater size and the ammunition
burial depth.

a relationship between the crater size generated by a chem-
ical explosion in soil and the burial depth, as shown in
Fig. 5. The red line in the figure is the compression size
below the burst core. When the SDOB reached 0.6 m/
kg!/? after the burst core below, the compression size curve
flattened, has been close to saturation (burst core below the
compression size close to the size of the closed explosion
cavity), which is essentially the same result as that of the
equivalent closed-explosion critical depth in the previous

soil, i.e., approximately 0.56 m/kg1/3.

4 Calculation of the coupling law between crater formation
and ground shock

4.1 Underground closed-explosion ground shock energy
analysis

When an underground explosion occurs, the high-
temperature and high-pressure gaseous blast products in
the burst cavity push the surrounding media to expand,
generating shock waves that propagate outward. The
kinetic energy of the explosion in the rock and soil can
be calculated from the radial forces in the crack region with
the work done by the boundary displacement (Haskell,
1967):

ur(00)
W = Sr/ o.du,, (5)
0

where S, is the boundary area, o, is the boundary radial
stress, and u; is the boundary radial displacement.

Figure 6 shows the closed-explosion calculation sketch.
Here, in particular, for underground explosions, the
ground shock energy radiated from the burst center
spreads, and underground protective structures are gener-
ally located below the burst center; for the effective ground
shock energy, typically, only the burst center below the
half-space region is considered. Therefore, the ground
shock energy referred to in this paper is the effective ground
shock energy.

For a subsurface confinement explosion (Fig. 6), the
inelastic zone boundary is considered the propagation
boundary for the ground shock energy, and the wave equa-
tion for spherical boundary expansion is as follows:

Pu, 2 0u,  2uy 1 &u,

o T ror 2 :CIZ)W’ (6)
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Fig. 5. Relationship between the explosion pit size and SDOB in soil.

where C, is the longitudinal wave velocity, ¢ is the time
from the beginning of the explosion, and r is the distance
from the burst center coordinates.

The potential function ¢(t) is used to express the radial
displacement of the boundary particle:

ty = —2 [(pg >} :LQ i %p drgm

7 T , (7)

where 7 represents the time scale of the expansion process
of medium particles.

Haskell has provided a specific expression for the poten-
tial function ¢(t) (Haskell, 1967):

{ @) = p(00) - [1 —e /" f(z/ty)]
f(x/to) =1+ 1/tg +5(t/ts)* +L(x/t0)* — B(r/to)*

where ¢(oco) represents the total displacement potential
energy of the medium particle after the explosion has stabi-
lized. Integrating Eq. (7) and taking t — oo will yield
u;(00) = @(c0)/r?, where u,(c0) is the total displacement
of the particle at the end of the explosion; #) = r¢,/C, is
the characteristic time, 7., is the radius of the crack region.
The parameter B in Eq. (8) is a dimensionless constant
determined by test, and it depends on the density, porosity,
rock compressive strength, and other properties of the sur-
rounding medium, which is only a function of the Poisson’s
ratio v of the elastic model. As an approximation, it can be
considered that B = v.

In polar coordinates, according to the generalized
Hooke’s law, the radial and circumferential stresses acting
on the microelements in the elastic zone can be expressed as
follows:

o= (u +2G)‘M+2,uﬂ
oy = d”'—|—2(,u—|—2G) U

®)

©)

In the formula, u 4+ 2G = pOCé, G = pon, and C; repre-
sent the shear wave velocities, and p and G are the Lame
constants. Equation (7) is substituted into Eq. (8) to obtain
the stress field in the elastic zone, as follows:

pséz _ —17[4))2 f(j/;o) + 4y2f'(;£to) _’_f"(fi/tn)}

oy __ n[zysz/to —|—2)12f (t/to) (1 _ 23) ) (T/fo)} ’ (10)

nCp

or=0y _ _ |32 L(t/) M2 (/) 2 f"(t/t)
2P4»Ce '/’[3/ ;30 +3 ;20 t r O}

where y, #, and r are dimensionless physical quantities:
y=Cs/Cp, = qo(oo)/(Cpto)3, and r = r/(Cpty).

Substituting the boundary radial stress o, and the
boundary displacement u, into Eq. (5), the energy of the
complete ground motion radiated from a sphere of radius
r can be expressed as follows:

2C u: (00 fo

=4 . 11
w P, pe Cp (11)

Evidently, only the first term in Eq. (11) is related to r,
the value of which depends on the static displacement
u;(00) of the explosion stabilization phase and is indepen-
dent of the velocity parameter. This term indicates the
strain energy stored in the elastic medium by the extrusion
of the explosion cavity outside the crack region. The latter
term does not contain r, representing the clastic wave
energy radiated from the boundary of the crack region. If
the medium has no boundary and has good elasticity, the
radiated energy will be transmitted to infinity, i.e., the
ground shock energy.

The second-order derivative of Eq. (7), after integrating
into the second term of Eq. (11), the ground shock energy
can be expressed as follows:

We = monpoCop(c0). (12)

In the formula, o = %

At the boundary between the crack and cavity regions,
the Tresca yielding condition is satisfied: gy — o, = 21s.
By substituting into the third term of Eq. (10), the dimen-
sionless parameter 1 can be transformed into the following

equation:
(o) T
(o)’ G 3G

where 7, is the shear strength of the rock medium. Since
Cplo = Fera, the following equation holds at that boundary:

n= (13)

Ts 3

—7r . 14

3GrCI'3. ( )
Substituting o and Eqgs. (13) and (14) into Eq. (12), the

expression for the ground impact energy can be obtained

as follows:

(p(OO) - rczzrauf(oo) =

2
ats C 4Tcr3

12G 2 37 e

C2
ATs “p . 4TCV2 . ur(oo) —

ikl 1
12 CS cra ( 5)

e|r:rcm -
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Fig. 6. Calculation diagram of a closed underground explosion (1. Cavity
region, 2. Crack region).

where 4mr2 - u,(co) represents the volume of the medium
expelled by the expansion of the cavity at the boundary
of the crack region, which should be approximately equal
to the volume of the cavity formed by the explosion;
4nr /3 represents the volume of the wrapping within the
boundary of the crack region. This means that the ground
shock energy radiated at the crack region boundary is pos-
itively related to the volume of the blast cavity or the vol-
ume enclosed by the crack region boundary, and the
scaling factor is only related to the mechanical properties
of the medium, irrespective of the type or equivalent size
of the blast.

4.2 Ground shock energy analysis of unclosed underground
explosion

For contact explosions and shallow buried explosions
(calculation sketch is shown in Fig. 7), similarly, the effec-
tive impact energy radiated from below the burst core can
be expressed using Eq. (15):

2

ats G,
=——=-8- . 1
We‘r:rcm 12 Cf Sr ur(oo) ( 6)
However, the boundary area S, of the crack and cavity

regions is no longer a regular hemispherical surface but a
semi-ellipsoidal surface, and the equivalent radius
Feft = v/T2 Fera2 €an be obtained by the volume equivalence
principle. Therefore, for contact explosions and shallow
buried explosions, the expression form of the ground
impact energy is consistent with Eq. (15):

0T Cg
e = T2 C2

C? 1 4
it 2 B N V)

/4 S |
el 12¢1G 3

. 47'El’§ff - u(00)

4.3 Energy coupling coefficient calculation for underground
explosion-induced ground shock

The ground shock energy coupling coefficient is the ratio
of the shallow-buried-explosion coupling ground shock
energy to the closed-explosion ground shock energy,
according to Eq. (15). The ground shock energy coupling
coefficient can be expressed as a ratio of the cater volume,
that is:

) _v(i) N

- b
Wclose Vclose

where V(iz) is the cavity/crack region volume below the

burst center when SDOB = £; Vs 1s the volume of the
cavity/crack region below the closed-explosion burst
center.

Experiments and numerical simulations showed that the
evolution trajectory of the energy coupling coefficient is
similar to the form of the Boltzmann function. Therefore,
the energy coupling coefficient can be expressed as follows:

_26‘] +GZ/CZ — 1 B
el 41

_2(1 —C1)

- , (19)
eh/e +1

where ¢ is the initial value of the ground shock energy cou-
pling coefficient at the time of contact explosion

(h=0 m/kt1/3), which can be calculated using Eq. (18).
Based on the characteristics of the Boltzmann function,

1. can be equated to 1 only when his infinite, but in fact,

when h = ry, 1. 1s very close to 1. Therefore, n,= 0.99
can be considered the value of the coefficient when the crit-
ical depth of burial is reached, and by substituting it into
Eq. (19), the expression for ¢, can be obtained as follows:

1 = FeayIn ' (199 — 200c) ). (20)

In summary, the calculation of the ground shock energy
coupling coefficient only contact explosion and closed
explosion cavity/crack region radius of which a set of
parameters can be, using Eq. (19) can be convenient for
coupling coefficient calculations.

The authors in Shishkin (2007) provided a set of crack
region size parameters associated with subsurface explo-
sions in granite media. For a closed explosion, the crack
region below the burst center was found to be hemispheri-

cal, with ry, = 68 m/ktl/ 3. For a contact explosion, the
crack region below the burst center was ellipsoidal, with

Feral = 21 m/ktl/3 for the horizontal direction and

Fera2 = 2Feral = 42 m/ktl/ 3 for the vertical direction.
According to Eq. (18), the ratio of the ground shock cou-
pling energy corresponding to the contact and closed
explosions can be obtained as follows:
(2/3)mr? 1
=p(0)=——Lea 21
C1 ne( ) (2/3)7'[1"2 Ferm 17 ( )

cral
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(2)

(b)

Fig. 7. Calculation diagrams of two types of underground explosions (1. Cavity region, 2. Crack region). (a) Contact explosion, and (b) shallow buried

explosion.

This is consistent with the calculation of the ground
shock coupling energy provided by Defense Nuclear
Agency in Eq. (4). Based on the parameters of the granite
material properties provided in literature (Shishkin, 2007),
the radius of the cavity formed by a closed explosion in
granite can be estimated to be r,, ~ 8.9 m/ kt'3. By substi-
tuting it into Eq. (20), ¢, = 1.72. By substituting ¢; and ¢,
into Eq. (19), the complete ground shock energy coupling
curve can be obtained (Fig. 8). The theoretically calculated
curve is generally between the two curves, and the coupling
coefficient is consistent with the test data provided by
Adushkin for SDOB < 2.0 m/kt"/ 3. after which, it is more
consistent with the curve obtained by the Defense Nuclear
Agency.

5 Underground explosion coupling coefficient conversion

5.1 Energy coupling coefficient and equivalent coupling
coefficient

For all types of underground explosions, the distance
from the burst center for r, which is the radial velocity of
the particles, can be expressed as follows:

o) = v (22)

rcr

where v, is the boundary particle velocity in the crack
region, and r., is the crack region boundary distance from
the burst center. For a closed explosion, the crack region
below the burst center is a regular hemisphere,

Fera = kO'3; therefore, Eq. (22) can be rewritten as follows:

Here, A = v.,k", where k is the scale factor, which depends
on the mechanical properties of the medium.

For shallow buried explosions, the crack region below
the burst center is semi-ellipsoidal; the vertical radius 7.,

of the crack region can be assumed to be i(ﬁ) times the

horizontal radius ry,;. With the increase in the burial
depth, )(h) gradually converges to 1, that is, with the

increase in the burial depth of the charge, the crack region
shape gradually changes from ellipsoidal to hemispherical.
A 1s a function of / and is also related to the medium prop-
erties and charge type. According to the previous analysis,
the ground shock energy is positively correlated with the
enclosing volume of the crack region. Therefore, an
unclosed explosion is equivalent to a closed explosion
according to the principle of volume equivalence:

2 2 Fera2 2
gﬂ:}’sz = gﬂ:l"craz( 2 2) . (24)

Substituting the above into Eq. (22), the ground shock
particle velocity below the burst center can be obtained:

e
—

— — -National Research Council (2005)
—-—- Adushkin & Spivak (2015)

Energy coupling coefficient 7,

— This paper
001 1 1 1 1 1
0 2 4 6 8 10
SDOB(m/kt!?)

Fig. 8. Comparison between the energy coupling coefficient theories
applied to granite with test results.
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0 =(irn) ()
r) = Ucra\ — = Uera\ 53—
Vera2 )u2/3reff
r —n
Y G (25)
(Ql(?)

This gives the equation for the hemispherical radius of
the equivalent crack region in terms of the equivalent as
follows:

1/3
r _ erI(f 3 erff
eff — )2/3 = off — }2 .

(26)

The left side of Eq. (26) represents the volume, and the
right side represents the equivalent. Therefore, the follow-
ing conversion relationship exists between the energy and
equivalent coupling coefficients:
ne="3. 27)

A

However, the starting boundary of the ground shock
propagation varies during the equivalence of the crack
region from ellipsoidal to hemispherical. If the variation
is neglected, i.e., 4 =1, the energy coupling coefficient is
comparable to the equivalent coupling coefficient. In fact,
typically, 2 > 1, in some studies, the equivalent coupling
coefficient is equivalent to the energy coupling coefficient,
which essentially overestimates the closure equivalent of
the explosion, making the calculation conservative.

5.2 Stress coupling coefficient and equivalent coupling
coefficient

In the design process of protective structures, more
attention is paid to the actual load acting on the under-
ground project. The equivalent coupling coefficient can
be easily converted from a subsurface unclosed-explosion
equivalent to a closed-explosion equivalent, and then the
ground shock parameters can be calculated using proven
algorithms obtained for the case of closed blasts:

. r - — r - — n/3 r -
0=4(g) =lipim) ()

a(r) = pyCpu(r)

Y

where v(r) and o(r) are the ground shock particle velocity
and ground shock stress, respectively, which are propor-
tional to the burst distance r; 4 is the proportionality coef-
ficient; n is the ground shock attenuation coefficient; p, is
the medium density; C, is the medium longitudinal wave
velocity.

Therefore, the conversion relationship between the
equivalent coupling coefficient and the stress coupling coef-
ficient is as follows:

S=ny (29)

The conversion relationship between the three coupling
coefficients is as follows:

n f3/n
),_(2) =1, (30)

Me = 2

N
A

6 Experiment verification for shallow buried explosion

To further verify the relationship between the explosion
into the crater volume and the coupled ground shock,
chemical explosion tests under variable burial depth condi-
tions were conducted in two media, namely clay and Plex-
iglas, which represent an internal friction medium and an
elastic brittle medium, respectively.

6.1 Variable burial explosion experiment in clay

6.1.1 Experiment preparation

The clay used in this experiment was obtained from the
Nanjing Mengmu area. The soil was uniform, placed in an
explosion container tamped in layers. The compacted clay
density was 2.242 x 10° kg/m’, the moisture content was
12.8%, and the longitudinal wave velocity was 1832 m/s.
The source used was a TNT ball with a mass of 10.5 g, a
diameter of 24.4 mm, and a charge density 1.5 g/cm’.
The detonation was performed using an electric detonator.

To obtain the charge burial depth from the ground
shock pressure propagation decay effect law, seven sets of
explosion tests with different burial depths were conducted,
with a layout containing five sets of measurement points in
each test; Table 1 shows each set of charge burial depth and
ground shock pressure measurement point ratio burst dis-

(28) tance; Fig. 9 shows the schematic. An earth pressure sensor

Table 1
Variable burial depth charge package and design burst core distance.
No. SDOB # (m~kg’l/3) Scale distance of measurement points R (m'kg’m)

1# 2# 3# 4# S5#
1 —0.056 0.799 1.427 2.295 3.274 4.000
2 0 0.799 1.427 2.295 3.274 4.000
3 0.14 0.799 1.427 2.295 3.274 4.000
4 0.37 0.799 1.427 2.295 3.274 4.000
5 0.55 0.799 1.427 2.295 3.274 4.000
6 1.19 0.799 1.427 2.295 3.274 4.000
7 1.46 0.479 1.155 2.068 3.046 3.772
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Fig. 9. Schematic of the drug package location and sensor arrangement.

(DNS123-type) was used to obtain the time course of the
normal stress curve of the blast wave at different measure-
ment points. A high-performance dynamic signal test sys-
tem (Donghua Test’s DH8302) was used for ground
shock pressure data acquisition, with a sampling frequency
of 100 kHz.

(c) 1.19 m/kg'3

6.1.2 Analysis of crater results

For explosions in clay, the formation of explosive stress
waves and explosive gas compression bursts around the
source media, at the burst center below the formation of
a compression crater, play an important role. With further
increase in the burial depth, the visible crater volume grad-
ually becomes larger than the compressed one into a crater;
and then with further increase in the burial depth, the
surface-visible crater gradually disappears, and a complete
explosion cavity is gradually formed underground. Fig-
ure 10 shows the visible cratering and compression crater-
ing scenes of the explosion at different burial depths.
Figure 11 shows the three-dimensional morphology of
the crater. Table 2 presents the relevant dimensions.

The results showed that for visible craters, the crater
volume reached its maximum at a charge burial depth of
0.55 m/kgl/3 (Fig. 10(b)). At a charge ratio burial depth
of 1.19 m/kg"?, the visible crater on the ground surface
nearly disappeared, while a significant bulge occurred on
the ground surface (Fig. 10(c)). At a charge burial depth
of 1.46 m/kgl/ 3 the surface bulge nearly disappeared
(Fig. 10(d)). The value of 1.46 m/kgl/3 was less than the
critical depth result of 2.0 m/kg!/® obtained in the case of
the closed explosion in soil. This is because the clay was
compacted for this experiment, which weakened the crater-
ing and cavity-forming effect of the explosion.

For compression craters, when the charge h=0 m/kgl/ 3,

the compression crater profile was semi-ellipsoidal, and the
ratio of the crater depth to the crater radius (1) was greater
than 1. With the increase in the charge burial depth, the
sphericity and volume of the crater increased, and its pro-
file gradually evolved from ellipsoidal to hemispherical

(Fig. 10(b)—(d)). When the charge h >0 m/kg1/3, the vol-
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(d) 1.46 m/kg!3

Fig. 10. Overhead view and profile of the crater.
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(a) 0 m/kg'3
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(c) 1.19 m/kg'”

(d) 1.46 m/kg!3

Fig. 11. Three-dimensional morphology of the crater.

Table 2
Size data of craters under different burial depths.
No. SDOB £ (m-kg’l/ 3 Visible crater Effective crater
Radius Depth Volume Radius Depth A Volume
(mkg ') (mkg™") (m*kg ) (mkg ") (mkg ') (m>kg ")
1 —0.056 0.261 0.247 0.0462 0.179 0.251 1.40 0.0563
2 0 0.280 0.292 0.0661 0.184 0.260 1.41 0.0619
3 0.14 0.580 0.539 0.4943 0.289 0.379 1.31 0.2146
4 0.37 0.682 0.685 0.9031 0.340 0.416 1.22 0.3149
5 0.55 0.896 0.776 1.6398 0.459 0.453 0.98 0.5613
6 1.19 0.615 0.502 0.4851 0.478 0.476 0.99 0.6425
7 1.46 0 0 0 0.478 0.478 1.00 0.6466

Notes: / is the ratio of the depth of the effective crater to the radius of the effective crater.

ume of the compressed crater below the burst center
reached the limit of convergence, and its shape was close
to that observed in the case of a completely closed explo-
sion, which also meant that the ground shock was close
to complete coupling.

6.1.3 Analysis of shock stress results
Table 3 presents the peak ground shock stress data for
different charge burial depths, and the ground shock prop-

agation decay index n = 1.14 (Fig. 12) can be obtained by

fitting the data. From the results, when the charge h<0.
55 m/kgl/ 3 the peak ground shock pressure coupled into
the clay increased sharply with increasing burial depth of

the charge; when the charge & > 0.55 m/kgl/ 3, the increase
in the peak ground shock pressure coupled to the clay
tended to level off and reached close to that observed in
the case of a fully closed explosion, a trend that was consis-

Table 3
Subsurface impact stress peak data for different SDOB in clay.
No. SDOB 4 (m'kg’m) Ground shock peak stress p (MPa)
1# 2# 3#H 4# S#
1 —0.056 0.047 0.015 0.019 0.011 0.002
2 0 0.050 0.038 0.021 0.015 0.006
3 0.14 0.141 0.092 0.074 0.054 0.015
4 0.37 0.184 0.100 0.070 0.052 0.014
5 0.55 0.358 0.155 0.115 0.086 0.022
6 1.19 0.334 0.156 0.126 0.115 0.032
7 1.46 1.080 0.196 0.124 0.100 0.024
(0.389) (0.166) (0.047) (0.023) (0.015)

Note: (1) For Nos. 1-6; 1#, 2#, 3#, 4#, and 5#, the scale distances are 0.799, 1.427, 2.295, 3.274, and 4.000; (2) For No. 7; 1#, 2#, 3#, 4#, and 5#, scale
distances are 0.479, 1.155, 2.068, 3.046, and 3.772; (3) The data provided in parenthesis along the rows corresponding to No. 7 are converted data at scale

distances of 0.799, 1.427, 2.295, 3.274, and 4.000.
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Fig. 12. Pressure peak attenuation curve with respect to the design
proportional burst distance.

tent with the trend in the compression crater with the
SDOB.

Using the coupling algorithm established in the previous
section for the ground impact of the formation crater and
with the compression crater size data (Table 2) along with

1.0f 1.0f
0.8F 0.8 n 1#
o 2#
L0.6F 0.6+ ¢ Ay
= . , 4
0.4 m  Effective cavity volume ratio 0.4/ M SC# leul I
Coupling coefficient Boltzmann / aleulate value
US. Army (1986)
0.2 0.2 Mu et al. (2010b)
/] — = Shi et al. (2006)
0 0 :

the peak ground impact stress data (Table 3) for different
burial depths in the medium, we can obtain:

{01 =1.(0) = 0.081

-1 . (31)
¢ = 1.19In" (199 — 200 x 0.081) = 0.228

The ground shock energy coupling coefficient #, curve
(Fig. 13(a)) can be obtained by substituting Eq. (19) and
then using the conversion relationship between the energy

and stress coupling coefficients, f = (/lzne)"/3, the ground
shock stress coupling coefficient f'(Fig. 13(b)) can be calcu-
lated. The calculated and measured values of f were in good
overall agreement and were compared with the test curve
provided in Army (1986), the test curve obtained by Mu
et al. (2010b), and the curve obtained by Shi et al.
(2006a, 2006b) based on numerical simulations (Fig. 13
(b)). The starting point of the calculated f value curve is
between the values reported in literature (Army, 1986;
Mu et al., 2010b; Shi et al., 2006), and when the loading
ratio burial depth was increased to a range of 0.40-
0.60 m/kgl/ 3, the f'value curve was in high conformity with
the existing curve (Shi et al., 2006a, 2006b), after which the
stress parameter coupling coefficient f gradually converged
to 1 with increasing SDOB. The error in Fig. 13(b) is
mainly due to the differences in soil properties, such as
moisture content, density, cohesion, etc.

SDOB(m/kg"?)
(a)

0 02 04 06 08 10 12 14 16

0 02 04 06 08 1.0 12 14 16
SDOB(m/kg'?)
(®)

0.6

Mq

041

02F

0 02 04 06 08 10 12 14 1.6

SDOB/(m/kg'"?)

Fig. 13. Relationship between the coupling coefficient and SDOB in clay. (a) Energy coupling coefficient, (b) stress coupling coefficient, and (c) equivalent

coupling coefficient.
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The results verify the feasibility and credibility of using
the compressed crater volume to calculate the ground
shock coupling coefficient, which is biased toward safety
in engineering terms.

Finally, to facilitate practical engineering applications,
the ground shock stress coupling coefficient f was con-
verted to an equivalent coupling coefficient 5, (Fig. 13
(c)). The curve expression is as follows:

Mg =1-1091. "%, (32)

6.2 Burial explosion experiment in Plexiglass under variable
burial depths

To verify the relationship between the volume of the
crack region and the ground shock coupling in brittle
media such as rocks, Plexiglas has been selected as the
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Fig. 14. Schematic of the test layout. (Unit: mm).

object of study. As a man-made material with ease of pro-
cessing and good homogeneity, Plexiglass has a wide range
of applications in studying stress wave propagation (Barker
& Hollenbach, 1970; Li et al., 2022). Moreover, the strong
light-transmission properties of Plexiglass make it easier to
obtain the dimensional parameters of a crack region. The
same test idea as that used for the aforementioned clay in
the explosion test was employed here; a miniature TNT
ball was used for the detonation in Plexiglass at different
burial depths, and PVDF sensors were used to measure
the ground shock wave stress peak at different distances
from the burst center. Figure 14 shows the schematic of
the test layout. The distance between the burst center and
the first layer of the sensors was always 50 mm, and each
layer of sensors was spaced 20 mm apart to realize different
variable burial depths by changing H. The density of the
Plexiglass was 1190 kg/m?, the longitudinal wave speed
was 2670 m/s, the tensile strength was 56 MPa, the com-
pressive strength was 130 MPa, and the Young’s modulus
was 8483 MPa; the diameter of the TNT miniature ball was
10 mm, the equivalent was 850 mg, and a miniature electric
detonator was used for the detonation. Figure 15 shows the
damage pattern in Plexiglass. The dimensions of the crack
region were obtained after the test (as shown in Table 4),
and Table 5 presents the peak stresses measured at each
measurement point.

According to the decay law of the measured ground
shock stress data, the value of n was taken as 1.1. After
the test, the ground shock energy coupling coefficient 7,
(Fig. 16(a)) was calculated based on the volume of the rup-
ture region using Eq. (19), and the ground impact stress
coupling coefficient f was calculated using Eq. (30), and
finally, the obtained results were compared with the mea-
sured results (Fig. 16(b)). The calculated f value was in
good agreement with the measured value, thus also verify-

Fig. 15. Characteristics of the crack region in Plexiglass.
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Table 4

Size data of crack under different burial depths.

SDOB (m/kgl/S) Teral (mm) Fera2 (mm)
0 11.6 13.1

0.1 12.9 13.7

0.21 13.8 14.3

0.32 14.7 15.2

0.53 15.2 15.4

Table 5

Subsurface impact stress peak data for each SDOB in Plexiglass.

No. SDOB (m/kg'”?) 1# (MPa) 2# (MPa) 3# (MPa)
1 0 61.171 46.303 32.900

2 0.1 68.546 53.900 34.073

3 0.21 70.350 56.441 36.576

4 0.32 73.078 57.278 38.601

5 0.53 73.103 58.905 39.424

ing the feasibility of using the crack region volume to cal-
culate the ground shock coupling coefficient.

7 Conclusions

This paper reviewed the current status of research on the
coupling coefficient of underground explosion-induced
ground shocks and revealed the coupling mechanism
between cratering and ground shock. A calculation method
for a complete underground explosion-induced ground
shock equivalent was established, and cratering—ground
shock coupling verification experiments were performed
in clay and Plexiglass. The following conclusions can be
drawn from the theoretical and experimental analyses:

(1) A significant difference was observed between the
critical depth associated with the closed explosion
and the critical depth associated with the ground
shock equivalent closed explosion. Coupled to the

1.0
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geotechnical medium of the ground shock energy
from the explosion cavity expansion compression
work, when the cavity expansion stopped, the explo-
sion energy completed the process of coupling into
the medium. The calculation can be closed explosion
cavity radius as the ground shock equivalent closed
critical depth.

(2) The ground shock energy coupled to the geotechnical
soil and the cavity region volume or (crack region
volume) exhibited a linear relationship. The propor-
tionality coefficient was only related to the physical
and mechanical properties of the geotechnical med-
ium, irrespective of the type of explosion or the mag-
nitude of the explosion equivalent. This conclusion
applies to contact explosions, shallow buried explo-
sions, and closed explosions.

(3) The variation in the subsurface-explosion energy cou-
pling coefficient with the SDOB could be described
using the Boltzmann function. calculate the ground
shock energy coupling coefficient only contact explo-
sion and closed explosion cavity/crack region radius
of which a set of parameters can be. The results of
explosion experiments conducted in clay and Plexi-
glass helped confirm the feasibility and credibility of
the method.

(4) Through the volume equivalence principle, a conver-
sion relationship between the equivalent coupling
coefficient, energy coupling coefficient, and stress
coupling coefficient was established. This relationship
can be used to more conveniently determine the
shock effect of underground explosions.
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