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Antiknock research of reinforced concrete (RC) slabs is often carried out with spherical or nearly spherical explosives, although
many explosives used in engineering and military are cylinder shaped. It is known that the shock wave caused by cylindrical
explosives varies in different directions, which is quite different from the spherical charge. In this paper, the shock wave
propagation characteristics of spherical and cylindrical explosives with different aspect ratios are compared and analyzed. )e 2D
numerical results show the peak overpressure from the cylindrical explosive is significantly affected by the L/D (length/diameter)
ratio. Subsequently, the damage features of RC slabs under spherical and cylindrical explosives with a certain L/D ratio are
investigated through an explosion experiment. Finally, the influence of the L/D ratio on the dynamic response of RC slabs under
cylindrical explosives is studied by the fully coupled Euler–Lagrangemethod.)e accuracy and reliability of the coupledmodel are
verified by comparing the numerical with experimental results. Based on the experimental and numerical studies, it can be
concluded that the explosive shape directly determines the shape of upper surface crater damage, and the spall damage area of RC
slabs becomes larger as the L/D increases. For the L/D increases to a certain value, the cylindrical explosive will induce larger spall
damage than that induced by spherical charge with the same amount of explosives. Hence, the effect of the cylindrical charge
should be considered in the antiknock design of the RC structure.

1. Introduction

)e design manuals for blast-resistant design are largely
based on data of spherical free-air bursts [1]. For example,
the UFC 3-340-02 [2], TM 5-1300 [3], and the ASCE/EI 59-
11 [4] are largely based on the test results of spherical ex-
plosives, ignoring the influence of explosive shape on the
characteristics of the shock wave. However, most military
explosives and packaging of rock emulsion explosives are
cylindrical, such as aerial bomb and 2# rock emulsion ex-
plosive, as shown in Figure 1.

For spherical explosives, the shock wave propagation
characteristics are consistent in all directions due to its
symmetry. However, for the cylindrical explosive, the shock
wave radiates from both ends and sides of the cylinder and
reflects off each other, which makes the pressure histories
exhibit multiple shocks [5, 6]. Moreover, the cylindrical
explosive geometry has a significant effect on blasting shock
waves as compared to spherical explosives [7, 8]. And the
energy distribution in the axial and radial directions of the
cylinder is directly affected by the L/D ratio of the cylindrical
explosive [9, 10]. )e formulas and charts for calculating the
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peak value of shock wave overpressure of cylindrical ex-
plosives have been given [11, 12]. However, although some
researchers [6, 13, 14] have found that the L/D ratio has a
great influence on the blast wave induced by cylindrical
explosives, few equations have been given to explain this
effect. One equation [15] does take into account the L/D to
predict the shock wave overpressure induced by cylindrical
charges, but this formula is only applicable to the axial
direction of cylindrical explosives. To predict peak over-
pressure at any angle around the explosive, Plooster [16]
gave two formulas for explosives shaped in cylindrical with
L/D≥ 1 and L/D< 1. But these equations are explosive de-
pendent and very complex with multiple parameters for
different types of explosives. Hence, the shock wave histories
and peak overpressure equation of cylindrical explosives
with different L/D ratios are still needed for further research.

At present, researches on the dynamic responses and
damage characteristics of concrete slabs subjected to contact
blasting loads mainly focused on cylindrical explosives with
L/D being 1/1 [17–20] or 1/2 [21–23], which are nearly
spherical explosives [24]. However, for the cylindrical ex-
plosive with a certain L/D, a significant difference in damage
features was observed when the orientation of the explosive
with respect to the slab was different [25]. As the principal
engineering structure, RC slab has been widely used in the
fields of hydropower and civil engineering. Moreover,
blasting loads can cause serious damage and failure to the
reinforced concrete structures. Under contact blasting loads,
the reinforced concrete will undergo upper surface crater
damage, overall large deformation, bottom surface spall
damage [26], and even punching damage. With the in-
creasing frequency of terrorist attacks in recent years, more
andmore researchers pay attention to the damage features of
RC slabs under blasting loads. Given that there have been
few published works on the damage modes of RC slabs
subjected to cylindrical explosives, numerical simulation
analysis and explosion tests should be carried out.

In this study, the pressure contours and histories in-
duced by cylindrical explosives are numerically analyzed in a
two-dimensional (2D) air domain.)e influence of L/D ratio
on peak overpressures induced by cylindrical explosives is
comparatively investigated with spherical explosives. )en,

the damage features of RC slabs under spherical and cy-
lindrical explosives are investigated through a contact ex-
plosion experiment. Finally, a 3D fully coupled model is
developed and validated against the blasting testing results.
Using the verified numerical model, the damage features and
dynamic response of the RC slab under spherical and cy-
lindrical explosives with different L/D ratios are compared
and discussed.

2. Effects of Aspect Ratio on the Shock Wave
Propagation Characteristics Induced by the
Cylindrical Explosive

In this section, a two-dimensional model is employed to
investigate the shock wave propagation characteristics and
peak overpressure induced by cylindrical explosives with
different L/D ratios and compared with spherical explosives.

2.1. Geometry Model. In order to analyze the influence of
aspect ratio on the shock wave propagation induced by the
cylindrical explosive, a free field air explosion is simulated
based on the 2D model. One spherical and five cylindrical
explosives are used with the weight of 1.5 kg; the L/D ratios
of the cylindrical explosives are 0.2, 0.6, 1.0, 2.0, and 5.0,
respectively, as shown in Figure 2. )e initiation point is set
in the center of the explosive in all of the charges. )e
explosive is modeled by the central symmetric, and the
symmetric axis is the axis of the cylindrical explosive, as
shown in Figure 2.

Studies have shown that the exact value of the blast wave
overpressure at a small standoff distance is difficult to
measure, from either numerical simulations or blasting tests
[27]. Furthermore, the maximum scaled distance that could
cause damage to RC structures is taken to be 1.6m/kg1/3.
Hence, the range of the scaled distance for shock wave
analysis in the present paper is limited to be from 0.4 to
1.6m/kg1/3. )e overpressure from the explosive is moni-
tored by 21 target points, as shown in Figure 2. Among them,
target points 1–7 are all arranged along the radial direction
of the cylindrical explosive, target points 8–14 are all
arranged in the 45° direction, and target points 15–21 are all

(a) (b)

Figure 1: Shapes of the military charges and rock emulsion explosive in construction site. (a) Aerial bomb. (b) Rock emulsion explosive.
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arranged in the axial direction. )e termination time is
selected to be 2ms, in which the shock wave has passed the
farthest measuring point. Both of the TNT and air are
modeled by the Euler mesh; in this mesh the space grid is
fixed but the materials can flow free through it. )e non-
reflection boundary is applied at all the boundaries of the air
to eliminate the impact of shock wave reflection on the
calculation results.

2.2. Material Models for Air and Explosive. )e JWL (Jones-
Wilkins-Lee) EOS is widely used to model the explosive, such
as TNTand rock emulsion explosive, in numerical studies [28].
To compare the numerical results with Kinney Formula and
blasting test results, TNTand rock emulsion explosive are used
in this section and Section 4, respectively. Referring to the
research by Sanchidrian et al. [29], the parameters of rock
emulsion explosives used in this paper are given in Table 1.)e
parameters for TNT are available in AUTODYN, which have
been verified by comparing with dynamic tests.

)e ideal gas expression of state is used to model the air
material in this paper, and the pressure is related to the
energy by

P � (c − 1)ρe, (1)

where constant-pressure to constant-volume specific heat
ratio c � 1.4; specific internal energy e � 2.068×105 kJ/kg;
ρ� ρc/ρ0, ρc represents the current density, and initial density
ρ0�1.225 kg/m3 [28].

2.3. Influence of the Cylindrical Explosives on Shock Wave
Propagation Characteristics in Air. )e contours of the
shock wave pressure for both the spherical and cylindrical
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Figure 2: Geometry models of the cylindrical and spherical explosive simulation.

Table 1: Material parameters for rock emulsion explosive.

Parameters Rock emulsion explosive
ρ (g/cm3) 1.05
D (m/s) 3850
A (GPa) 209.7
B (GPa) 3.50
PCJ (GPa) 3.7
R1 5.76
R2 1.29
ω 0.39
e0 (GPa) 4.20
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explosives with different L/D ratios (i.e., L/D� 0.2, 0.6, 1.0,
2.0, and 5.0) at t� 0.5ms, t� 1.0ms, and t� 1.5ms are shown
in Figures 3–5. )ese graphs show the qualitative infor-
mation of the shock wave pressure and the overall shape of
the shock wave, enabling comparisons of the spherical ex-
plosive with the cylindrical explosives.

Figures 3–5 show that the shock wave induced by the
spherical explosive is the same in all directions. However, for
the cylindrical explosives, the L/D ratio has a significant
impact on the overall shape of the shock wave and the peak
pressure.)e peak shock wave pressures from the cylindrical
explosives are greater than those from the spherical ex-
plosive. Moreover, the shock wave is concentrated more in
the axial direction for the cylindrical explosives with
L/D� 0.2 and L/D� 0.6. As the aspect ratio increases, more
blasting energy is concentrated in the radial direction. When
the L/D ratio increases to 2.0, the shock wave propagating
along the radial direction is significantly greater than that
propagating along the axial direction, as shown in
Figures 3–5.

One prominent feature in the fringe plot of cylindrical
charge is the bridge wave (Figure 3). )is is because after the
cylindrical explosive is detonated, the spherical waves ra-
diate out from the sides of the cylinder explosive as well as
the ends of the cylinder explosive, propagating along the
axial and radial directions. In the process of propagation and
interaction of these blast waves, bridge waves are generated
in the area of axial and radial intersection. With the increase
of the propagation distance of the shock wave, the bridge
wave grows in size and the overall shape of the shock wave
gradually becomes a circle, as shown in Figure 5.

To investigate the influence of the L/D ratio on the
blasting pressure propagation characteristics, the pressure
histories of target 5, target 12, and target 19 are given in
Figure 6. It should be noted that target 5 is arranged in the
radial direction, target 12 is arranged in 45° direction, target
19 is arranged in the axial direction (Figure 2).

As can be seen from Figure 6, the shock waves from
cylindrical explosives with different L/D ratios are all
characterized by a sudden pressure rise to the peak value at
the shock front and followed by a quasi-exponential decrease
back to ambient value. )e rising and amplitude charac-
teristics of the shock wave are consistent with those from
spherical explosives as shown in Figure 6. However, the peak
value of shock waves and the arrival time of the peak
pressure from spherical and cylindrical explosives are quite
different. )e shock wave histories in radial direction decay
more rapidly as the L/D ratio increases, as shown in
Figure 6(a). Opposite to the radial direction, the shock wave
histories in axial direction decaymore slowly as the L/D ratio
increases, as shown in Figure 6(c). Due to the bridge wave,
the L/D ratio of the cylindrical explosives has little influence
on the attenuation of the shock wave in the 45° direction
(Figure 6(b)).

)e peak overpressure produced by the spherical and
cylindrical explosives with different L/D ratios is presented
in Figure 7. Figure 7(a) shows the peak overpressure from
cylindrical explosive increases with the increases of L/D in
the radial direction. At scaled distance� 0.4m/kg1/3, the

cylindrical explosive with L/D� 5.0 produces a 116% greater
peak overpressure than that induced by the cylindrical ex-
plosive with L/D� 0.2. However, as the scaled distance in-
creases to 1.6m/kg1/3, the difference of the peak
overpressure between cylindrical explosives with different
L/D decreases.

For the 45° direction, the influence of the L/D ratio on the
peak overpressure from cylindrical explosives becomes
smaller than the radial direction, as shown in Figure 7(b). All
of the cylindrical explosives with L/D increases from 0.2 to
5.0 produce peak overpressure smaller than that produced
by the spherical charge. When the scaled distance> 1.6m/
kg1/3, the difference of peak overpressure between the
spherical and cylindrical charges in the 45° direction can be
ignored.

)e peak overpressure produced by the spherical and
cylindrical explosives in the axial direction is presented in
Figure 7(c). )e peak overpressure from cylindrical ex-
plosives increases with the decrease of the L/D ratio. And at
scaled distance� 0.4m/kg1/3, the cylindrical explosive with
L/D � 0.2 produces a 126% greater peak overpressure than
the cylindrical explosive with L/D � 5.0. )e cylindrical
explosive with L/D> 1.0 produces greater peak overpres-
sure than spherical explosive. At a scaled distance between
0.4m/kg1/3 and 1.6m/kg1/3, the cylindrical explosive with
L/D � 1.0 produces nearly the same peak overpressure as
the spherical explosive (Figure 7(c)).

Figure 8 presents the arrival time of peak overpressures
from spherical and cylindrical explosives to the target points
in the three directions. Figure 8(a) shows the shock pressure
propagates faster with the increases of L/D ratio in the radial
direction. )e shock wave arrival time to the scaled distance
of 1.6m/kg1/3 induced by the cylindrical explosive with
L/D� 5.0 is around 0.6ms, which is faster than the cylin-
drical explosive with L/D� 0.2. However, for the axial di-
rection, the shock wave propagates slower with the increases
of L/D ratio (Figure 8(c)). And for the propagation time to
the scaled distance of 1.6m/kg1/3, the cylindrical explosive
with L/D� 5.0 is around 1.0ms slower than that induced by
the cylindrical explosive with L/D� 0.2. )is is because, in
the axial direction, the distance traversed by the shock wave
increases with the L/D ratio. Hence, for the given scaled
distance, the smaller the L/D ratio, the greater the distance
traversed by the shock wave in the air. And as is well known,
the shock wave travels slower in the air than in the explosive.

For 45° direction, the difference of the arrival time of
peak overpressure between the spherical and cylindrical
explosives with different L/D ratios decreases, but it does still
exist (Figure 8(b)). )e arrival time of peak overpressure
from the spherical explosive is almost the same as that from
the cylindrical explosive with L/D� 1.0, especially in the
axial direction, as shown in Figure 8(c). Overall, as the aspect
ratio of the cylindrical explosives changed, not only is more
blasting energy concentrated in the axial or radial directions,
but also the shock wave propagates faster in a specific
direction.

)e value of peak overpressure is an important pa-
rameter in the antiknock design of concrete structures.
Hence, it is necessary to produce a simple and convenient
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Figure 3: Pressure contours from spherical charge and cylindrical explosives at t � 0.5 ms. (a) Spherical. (b) Cylindrical, L/D � 0.2.
(c) Cylindrical, L/D � 0.6. (d) Cylindrical, L/D � 1.0. (e) Cylindrical, L/D � 2.0. (f ) Cylindrical, L/D � 5.0.

Pressure (kPa)
5.750e + 02

5.175e + 02

4.600e + 02

4.025e + 02

3.451e + 02

2.876e + 02

2.301e + 02

1.726e + 02

1.151e + 02

5.767e + 01

1.918e – 01

(a)

Pressure (kPa)
7.609e + 02

6.849e + 02

6.089e + 02

5.329e + 02

4.568e + 02

3.808e + 02

3.048e + 02

2.288e + 02

1.527e + 02

7.673e + 01

7.022e – 01

(b)

Pressure (kPa)
5.949e + 02

5.355e + 02

4.760e + 02

4.165e + 02

3.571e + 02

2.976e + 02

2.381e + 02

1.787e + 02

1.192e + 02

5.973e + 01

2.649e – 01

(c)

Figure 4: Continued.
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Figure 4: Pressure contours from spherical charge and cylindrical explosives at t � 1.0 ms. (a) Spherical. (b) Cylindrical, L/D � 0.2.
(c) Cylindrical, L/D � 0.6. (d) Cylindrical, L/D � 1.0. (e) Cylindrical, L/D � 2.0. (f ) Cylindrical, L/D � 5.0.
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Figure 5: Pressure contours from spherical charge and cylindrical explosives at t � 1.5 ms. (a) Spherical. (b) Cylindrical, L/D � 0.2.
(c) Cylindrical, L/D � 0.6. (d) Cylindrical, L/D � 1.0. (e) Cylindrical, L/D � 2.0. (f ) Cylindrical, L/D � 5.0.
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formula to predict the peak overpressure induced by the
cylindrical explosive. )e results presented in Figure 7 in-
dicate that the peak overpressures induced by the cylindrical
explosives are sensitive to the L/D ratio in the close-in ex-
plosion. Based on the Kinney equation [30] and above
numerical results, an equation is produced for predicting the
peak overpressure induced by a cylindrical explosive in the
radial direction, 45° direction, and axial direction:

Pcylinder � K∗Pspherical, (2)

K �

0.32 ln
L

D
+ 1.05, radial direction,

−0.09 ln
L

D
+ 0.83, 45∘direction,

−0.50 ln
L

D
+ 1.25, axial direction,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where Pcylinder is the peak overpressure produced by cy-
lindrical explosive, Pspherical is the peak overpressure

produced by spherical charge, K is a constant determined by
L/D, L is the length of the cylinder, and D represents the
diameter of the cylinder.

)e peak overpressure from spherical explosives and
equation results of cylindrical explosives with different L/D
ratios equal to 0.2, 0.6, 1.0, 2.0, and 5.0 are given in Figure 9.
For scaled distances 0.6–1.6m/kg1/3, the equation produces a
good prediction of the peak overpressure from all of the
three directions.

3. Experimental Testing of the RC Slabs under
Spherical and Cylindrical Explosives

3.1. Test Setup. In this study, two RC slabs
(500mm× 500mm× 60mm) are tested under contact
blasting explosives in free air.)e reinforcement diameter of
the RC slab is 6mm, the spacing is 100mm, and the cover
depth is 20mm (Figure 10). Young’s modulus of the rein-
forcement steel is 200GPa, and the yield strength of the
reinforcement steel is 600MPa. )e compressive strength of
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Figure 6: Comparison of pressure histories from spherical and cylindrical explosives. (a) Target 5 in radial direction. (b) Target 12 in 45°
direction. (c) Target 19 in axial direction.
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the concrete is 39.5MPa. To provide a fixed boundary
condition to the slab, a steel frame was welded, and the gap
between the slab and the steel frame is filled with triangle
steel and a special wedge iron piece (Figure 11).

)e explosive type used in the experiment is emulsion
explosive; the density and brisance are 1.05 g/cm3 and
12mm. In the experiment, 20 g emulsion explosives in
spherical and cylindrical shape with L/D� 4.0 are placed on

the upper surface center of the RC slabs, respectively
(Figure 11). )e emulsion explosive is detonated by the
inserted electric detonator, and the emulsion explosive
equivalent of the electric detonator is 1 g [22].

3.2. Test Results. After the explosion, concrete crater and
spall damage are observed under both the spherical and
cylindrical explosives, and no flexural damage is observed, as
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Figure 7: Comparison of the peak overpressure from spherical and cylindrical explosives. (a) Radial direction. (b) 45° direction. (c) Axial
direction.
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shown in Figures 12 and 13. Moreover, no concrete cracking
is observed in either of the RC slabs; this is because the
reinforcement steels can effectively prevent the cracking of
the RC slab and improve the overall antiknock performance
of the RC slab.

As shown in Figures 12(a) and 13(a), the shapes of concrete
crater damage under spherical and cylindrical explosives are
circle and rectangular, respectively, which are keeping the same
shape as the explosives. )e crater diameter of the RC slab

upper surface under spherical explosive is approximately 7 cm.
)e length of the damage on the upper surface of the slab under
cylindrical explosive is approximately 9.5 cm. Figures 12(b) and
13(b) show that both of the RC slabs suffer circle shape spall
damage on the bottom surface. )e diameters of the spall
damage subjected to spherical and cylindrical explosives are
18 cm and 17 cm, respectively. Moreover, comparing with
cylindrical explosive, it is clear that the RC slab suffers deeper
spall damage under the spherical explosive.
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It can be concluded from the above test results that the
shape of the explosive has a significant effect on the damage
modes and spatial distribution characteristics of the RC slabs
under air contact explosion. Besides, the aspect ratio of the
explosive will straight decide the shape of concrete crater
damage on the upper surface of the RC slab.

4. Numerical Simulation of the RC Slabs under
Cylindrical and Spherical Explosives

4.1. Numerical Model. In the numerical simulation, a fully
coupled Lagrangian-Eulerian method is used to model the
dynamic response of the RC slab under contact spherical

6

5

4

3

2

1

0

Pe
ak

 o
ve

rp
re

ss
ur

e (
M

Pa
)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Scaled distance (m/kg1/3)

Equation results, L/D = 0.2
Spherical charge

Equation results, L/D = 0.6
Equation results, L/D = 1.0
Equation results, L/D = 2.0
Equation results, L/D = 5.0

(a)

6

5

4

3

2

1

0

Pe
ak

 o
ve

rp
re

ss
ur

e (
M

Pa
)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Scaled distance (m/kg1/3)

Equation results, L/D = 0.2
Spherical charge

Equation results, L/D = 0.6
Equation results, L/D = 1.0
Equation results, L/D = 2.0
Equation results, L/D = 5.0

(b)

6

5

4

3

2

1

0

Pe
ak

 o
ve

rp
re

ss
ur

e (
M

Pa
)

10

9

8

7

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Scaled distance (m/kg1/3)

Equation results, L/D = 0.2
Spherical charge

Equation results, L/D = 0.6
Equation results, L/D = 1.0
Equation results, L/D = 2.0
Equation results, L/D = 5.0

(c)

Figure 9: Comparison of peak overpressure between the spherical explosive and empirical results of the cylindrical explosives. (a) Radial
direction. (b) 45° direction. (c) Axial direction.
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explosion load, as well as the cylindrical explosives. )e
structural configuration, charge weight, element size, and
boundary of the model for cylindrical explosive are assumed
the same as the model for spherical explosive. Hence, the
geometry and numerical models of the RC slab under

contact explosion are only shown with the spherical ex-
plosive, as shown in Figure 14. In the numerical model,
concrete is described by the Lagrange grid, and concrete
materials deform and move with the grid. )e explosive and
air are described by the Euler grid, in which the grid is fixed,
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Figure 10: Geometry and reinforcement of the RC slab. Note: all dimensions are in millimeters.
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Figure 11: Air contact blast tests setup. (a) Spherical explosive. (b) Cylindrical explosive.
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Figure 12: Test results of the spherical explosive. (a) Upper surface. (b) Bottom surface.
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and the material could flow through the grid (Figure 14).)e
steel bars are described by the beam element and assumed to
be perfectly bonded with the concrete Lagrange grid. )is
assumption is reasonable because there is not enough time
for the activation of bond-slip between bars and concrete
under contact blasting loads. Moreover, comparing with
quasi-static loading, it is deemed that dynamic bond at
failure is 70–100% higher [31].

As shown in Figure 14, the boundary condition of the air
is set as a nonreflection boundary outflow. Moreover, upper
and bottom supports are created in the supporting area of
the RC slab, and all the displacements of the supports are
fixed. After grid sensitivity analysis, the mesh size of 5mm is
used in the current numerical model for all of the materials,
and the concrete slab zone contains 120000 elements. A
spherical and five cylindrical charges are used; the L/D ratios
of the cylindrical charges are 0.2, 0.6, 1.0, 2.0, and 5.0, re-
spectively, as shown in Figure 15.

4.2. Material Models for Concrete and Reinforcement Bar.
)e Riedel, Hiermaier, and )oma (RHT) [32] model is
widely used to model the dynamic response of brittle

materials, such as concrete and rock [33–35]. )e model can
reflect the characteristics of the concrete material behavior at
a high strain rate. And this model contains many features,
such as strain hardening, pressure hardening, strain rate
hardening, cumulative damage, and third invariant de-
pendence for compressive and tensile meridians. )e RHT
model can be used in combination with the existing tensile
crack softening algorithm. )e influence of strain rate de-
pendence is considered by expanding the failure surface in
the stress space where the degree of expansion depends on
the hydrostatic stresses; i.e., the dynamic increase effect is
larger for tensile than compressive states of stress. )e
dependence of the third invariant takes into account the
influence of the loading path on the yield surface.)is model
uses three strength surfaces (elastic limit surface, failure
surface, and remaining strength surface) for the crushed
material, and a cap often exists on the elastic strength surface
(Figure 16). Hence, the RHTdynamic damage model is used
to model the concrete material in this study.

)e material constants [28, 36] adopted in this study are
based on the typical data for concrete, where density
ρ � 2.55 g/cm3, shear modulus G � 16.7GPa, compressive
strength fc � 39.5MPa, tensile strength ft � 8.2MPa, the

(a) (b)

Figure 13: Test results of the cylindrical explosive. (a) Upper surface. (b) Bottom surface.

Reinforcement bar

Concrete

Air

Explosive

Fixed
Fixed

Nonreflection boundary

Nonreflection boundary

Figure 14: Geometry model of the RC slab subjected to air contact blast.
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failure strain is 0.001, and failure surface constant A� 1.6;
failure surface exponent N� 0.61; residual failure constant
B� 0.7; residual failure surface exponent M� 0.8; damage
constants D1 and D2, which are used to describe the effect
strain to fracture as a function of pressure, are 0.015 and 1.0,
respectively; minimum strain to reach failure εmin

f � 0.0008.
In order to simulate the large deformation of the postfailure
area such as concrete spall damage and avoid premature
corrosion of components, this study chooses the large
principal strain (i.e., 2.0) recommended by the material li-
brary in AUTODYN as the corrosion criterion.

In the present study, the John-Cook model [37] is used to
model the steel bars, which is widely used tomodel the strength
behavior of materials under dynamic loads. Moreover, this
model takes into account the strain rate effect on the material
strength. )e model defines the yield stress Y as

σ � A + Bεn
p  1 + CIn

_εp

_ε0
  1 − T

m
H , (4)

where εp is the effective plastic strain; _ε∗p � _ε/_ε0 is the
normalized effective plastic strain rate for _ε0 � 1S−1; and
TH � (T − Troom)/(Tmelt − Troom), where Troom is the room
temperature and Tmelt is the melting temperature; and A, B,
C, n, and m are material constants. )e constant A is the
basic yield stress at low strain, whereas B and n represent the
effect of strain hardening. )e second and third brackets in
(3) represent the effects of strain rate and temperature,
respectively.)e steel bars material constants adopted in this
study are based on steel 4340 of AUTODYN [28]; the
material parameters are as follows: reference density
ρ � 7.83 g/cm3, shear modulus G� 81.8GPa, bulk modulus
K� 159GPa, reference room temperature Troom � 300K,
melting temperature Tmelt � 1793K, and the material con-
stants A� 792MPa, B� 510MPa, C� 0.014, n� 0.26, and
m� 1.03.

4.3. Validation of the Numerical Model. )e final numerical
damage profiles of the RC slabs under 20 g rock emulsion
explosive are shown in Figures 17 and 18. )e contour value
0-1 means the concrete material ranges from undamaged to
fully damaged. Contact explosion, unlike close-in explosion
or far explosion, produces extremely high shock wave
pressure. Hence, it is difficult to obtain quantitative data
(such as pressure and velocity) during the experiment be-
cause the equipment installed on the test slab can be easily
destroyed and separate from the test slab under such a high
shock wave. Consequently, many researchers have used the
damage modes to verify the accuracy and reliability of the
numerical model in comparison with the experimental re-
sults [38, 39]. It should be noted that since the deformation
and strain data of the test slab are not obtained, only the
failure characteristics and failure dimension are compared
between the test slabs and the numerical results in this paper.

)e numerical results (Figures 17(a) and 18(a)) show
that there is crater damage on the upper surface of the slabs;
the shapes of the crater are consistent with the explosion test
results, as shown in Figures 12(a) and 13(a). On the bottom
center surface of the RC slabs, there is spall damage due to
the low resistance of concrete material to tension; see
Figures 17(b) and 18(b). Similarly, Figures 12(b) and 13(b)
show the same spall damage on the bottom surface of the RC
slabs in the experimental tests. However, in the numerical
simulation, the damaged area of the slab upper surface is
larger than the experimental results. )is is because the
position of the gravity center of the charge in the test is lower
than the position of the designed center of gravity due to
gravity. As a result, the explosive is closer to the upper
surface of the RC slab in the experiment test than in the
numerical simulation. Another reason is the boundary
condition in the field tests is relatively “softer” than that
during the numerical simulation. For the second reason, the

Cylindrical charge

Spherical charge L/D = 2.0L/D = 1.0L/D = 0.6L/D = 0.2
L/D = 5.0

Explosive

Concrete

Reinforcement bar

Reinforcement

Beam

Concrete

Lagrangian meshEulerian mesh

Air Explosive

Figure 15: Finite element numerical model of the RC slab under contact blast.

Advances in Materials Science and Engineering 13



support locations of the RC slabs suffer higher damage in the
numerical simulation than the experiment results; see Fig-
ures 17 and 18.

By comparing the current results with the blast tests, the
differences are insignificant; it may be concluded that the
numerical results show a favorable agreement with the
experimental results in terms of crater and spall damage,
which means the computed results are credible.

4.4. Influence of the L/D Ratio of the Cylindrical Explosives on
the Damage Features of the RC Slabs. To study the influence
of the L/D ratio on the damage features of RC slabs under
cylindrical explosives, simulations are conducted again with
L/D equal to 0.2, 0.6, 1.0, 2.0, and 5.0.

Figure 19 shows the damage process of the RC slabs
under contact spherical and cylindrical explosives with
different aspect ratios. It can be seen from Figure 19(a) that
larger circular crater damage is present on the upper surface
of the RC slab under spherical explosive compared with
cylindrical explosives. Under the cylindrical explosives, the
shapes of the crater damage vary depending on the L/D ratio,
as shown in Figures 19(b) ∼ 19(f). For L/D� 1.0, the shape of
the crater damage approached a circle (Figure 19(d)), but
when L/D increases to 5.0, the shape of the crater damage is
rectangular (Figure 19(f)). However, as shown in Figure 19,
the shapes of the spall damage on the slab bottom surface are
the same circular under the spherical charge as well as the
cylindrical explosives with different aspect ratio.

It is well known that spall damage and fragmentation may
bring a significant threat to the equipment and personnel back
side of the RC structure. )erefore investigation upon spall
damage on the bottom surface of the RC slabs is important and
essential.)e comparisons between the spall damage area (fully
damaged) under spherical and cylindrical explosives with
different L/D ratios are shown in Figure 20. For the cylindrical
charge, the spall damaged area becomes larger as the L/D ratio
is increased, as shown in Figure 20.)is is because the center of
gravity of the charge is closer to the slabs as the L/D ratio
increased. Moreover, as the aspect ratio increases, more
blasting energy is concentrated in the radial direction.)e spall
damage area induced by cylindrical charge with L/D� 5.0 is

45% larger than that caused by the cylindrical charge with an
L/D ratio equal to 0.2. For the L/D< 2.0, the cylindrical charges
cause smaller spall damage than the spherical charge with the
same charge mass. However, when the aspect ratio of the
cylindrical charge increased to 5.0, the cylindrical charge will
induce 13% larger spall damage than the spherical charge.

To monitor the distribution of the stress wave in the RC
slabs, nine target points are arranged in the RC slabs to
record the peak pressure, as well as the velocity. All of the
targets are located in a line that is perpendicular to the axis of
the cylindrical explosives and point #5 is right below the
explosive center.

As can be seen from Figure 21, the peak pressures at the
targets become larger as the L/D ratio is increased. When the
L/D ratio increased to 5.0, the peak pressures from cylin-
drical explosives are larger than those from the spherical
explosive, except for point 5#.)e peak pressures at point #5
from spherical explosive are much higher than these from
the cylindrical explosives with different L/D ratios, as shown
in Figure 21. For L/D� 0.2, the peak pressure of target 5#
from the spherical explosive is around double that of the
cylindrical explosive. )is is because point #5 is right below
the explosive center. )e peak of velocity recorded at the
targets showed the same changing rule, as shown in Fig-
ure 22. However, the difference of the peak velocity between
the spherical and cylindrical explosives decreases with in-
creasing scaled distance.

From all the research above, it can be found that the RC
slab suffered the greatest damage under the cylindrical
charge with L/D� 5.0. Hence, the accumulated damage
processes of the RC slabs under spherical and cylindrical
explosives with L/D ratio equal to 5.0 are compared, as
shown in Figures 23 and 24.

It can be seen from Figures 23 and 24 that the crater and
spall damage quickly expand in the first 0.20ms. )e crater
damage is initially observed to occur on the contact region of
the explosive and the slab due to the strike of direct blasting
pressure and detonation products. )erefore, the shapes of
the crater damage are kept the same as the explosive shape,
as shown in Figures 23(a) and 24(a). At t� 0.02ms, the
bottom surface suffers the spall damage due to reflective
tensile stress wave (Figures 23(b) and 24(b)). However, the

Y
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Figure 16: Maximum strength, yield strength, and residual strength surfaces.
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Figure 17: Simulation results under spherical explosive. (a) Upper surface. (b) Bottom surface.
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Figure 18: Simulation results under cylindrical explosive. (a) Upper surface. (b) Bottom surface.
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Figure 19: Continued.
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spall failure shapes of the RC slabs under spherical and
cylindrical explosives are the same circle shape
(Figures 23(d) and 24(d)). )is is because there are

interactions between the incident compressive stress and
reflective tensile stress (i.e., on the upper surface of the slab)
before the stress wave reaches the bottom surface of the slab.
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Figure 20: Spall damage areas at bottom surface of the slabs from the spherical and cylindrical explosives.
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Figure 19: Damage features of the RC slabs under spherical and cylindrical explosives. (a) Spherical explosive. (b) Cylindrical explosive
with L/D� 0.2. (c) Cylindrical explosive with L/D � 0.6. (d) Cylindrical explosive with L/D� 1.0. (e) Cylindrical explosive with L/D � 2.0.
(f ) Cylindrical explosive with L/D � 5.0.
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Figure 22: Comparison of peak velocities at targets from the spherical and cylindrical explosives.
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Figure 21: Comparison of peak pressures at targets from the spherical and cylindrical explosives.
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Figure 23: Continued.
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5. Conclusions

)e objective of this paper is to investigate the effect of the
L/D ratio on the shock wave propagation characteristics and
damage features of RC slabs under air contact cylindrical
explosive. For this purpose, a two-dimensional numerical

model is used to compare the peak overpressure from
spherical explosives with that from cylindrical explosives
with different aspect ratios. Subsequently, two RC slabs are
tested under spherical and cylindrical explosives, respec-
tively. Moreover, the fully coupled Eulerian-Lagrangian
method is verified through comparing with the test results.
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Figure 24: )e damage processes of the RC slab under cylindrical explosive. (a) t� 0.01ms. (b) t� 0.02ms. (c) t� 0.05ms. (d) t� 0.20ms.
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Figure 23: )e damage processes of the RC slab under spherical explosive. (a) t� 0.01ms. (b) t� 0.02ms. (c) t� 0.05ms. (d) t� 0.20ms.
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)en, the simulation failure modes of the RC slabs subjected
to spherical and cylindrical explosives with different L/D
ratios are compared and discussed. )e following conclu-
sions are drawn from this investigation:

(1) )e L/D ratio of the cylindrical explosive has a
significant effect on the shock wave propagation
characteristics and peak overpressure value. As the
aspect ratio increases, more blasting energy is con-
centrated in the radial direction. )e peak over-
pressure from cylindrical explosives increases with
the increase of L/D ratio in the radial direction but
decreases with the increase of L/D ratio in the axial
direction. )e difference of the peak overpressure
between the spherical and cylindrical explosives with
different L/D ratios decreases with increasing scaled
distance. For close-in explosion, an equation is
produced for predicting the peak overpressure from
a cylindrical explosive based on the numerical
results.

(2) In the contact explosion tests, the RC slabs suffer the
same crater and spall damage modes subjected to
spherical and cylindrical explosives. )e shape of the
upper surface crater damage is kept the same as the
explosive shape under contact blasting load. Com-
paring with cylindrical explosive with L/D� 4.0, the
RC slab suffers deeper spall damage on the bottom
surface under spherical explosive.

(3) )e numerical method can predict effectively the
damage profiles of RC slabs under contact explosion.
)e spall damaged area becomes larger as the L/D
ratio is increased. For the L/D ratio increase to a
certain value, the cylindrical explosive will induce
larger spall damage than the spherical explosive.
Hence, the effect of the cylindrical explosive should
be considered in the antiknock design of the RC
structure.
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