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Abstract. The hazard of a shock wave is an important consideration in blasting engineering
design. The scope of effect and extent of damage caused by a shock wave depends on its energy.
In addition to the blasting pressure and the horizontal distance to the blast center, the Mach effect
caused by the ground surface reflection is also an important factor in the analysis of the
transmission pattern of a shock wave. Therefore, the purposes of this study were to investigate the
characteristics of the shock wave effect induced by a surface contact blast, and to analyze the
energy attenuation pattern, as well as the impact distances where the Mach reflection effect might
occur. To accomplish the purposes, this study conducted 0.5 Ib TNT explosive field blasting
experiments and numerical simulation analyses. Experimental results and data from the numerical
simulation were compared with each other to analyze the shock wave transmission and Mach wave
effect. The numerical analysis used an Arbitrary Lagrangian-Eulerian (ALE) algorithm and
fluid-solid interaction method, with eight-node solid elements and three-dimensional solid
structural model to conduct the analysis. Results of this study will enable more accurate and
practical assessments of blasting effects, and provide references for future construction planning,
facility shock-absorption and disaster prevention design, in order to reduce potential shock wave
hazards and ensure facility safety protection, as well as a secure building safe zone.

Keywords: surface blast, shock wave, Mach wave, arbitrary Lagrangian-Eulerian algorithm,
fluid-solid interaction method.

1. Introduction

Blasting techniques have been widely utilized in hydraulics, transportation, mining,
construction, and natural disaster relief. However, when explosive explodes inside a limited space
within a very short amount of time, it releases a huge amount of energy and produces high
temperature and high pressure gases that compress surrounding air and cause it to expand outward
rapidly, forming a shock wave which can cause deformation and damage to the objects it
encounters. This can cause damaging effects to the surrounding environment and pose threat to
the safety of personnel and facility [1, 2]. Therefore, shock wave energy is a phenomenon that
should be carefully investigated in blasting research, and an important issue that should demand
the attention of construction in the department.

When a shock wave travels, it generates a reflection phenomenon when it comes into contact
with obstacles in its path. There are two types of reflection phenomena: the regular reflection and
the Mach reflection [1, 3], as shown in Fig. 1. Analyses of the hazardous effect generated by the
shock wave are done primarily by experiments and numerical methods to study the physical
phenomenon of the explosion, and to develop techniques capable of predicting the shock wave
impact zone. However, because of the high cost, limited facilities, and inherent danger associated
with blasting experiment, and limitations imposed on related field experiments, much research
still needs to be done concerning the reflection phenomenon of shock waves. Therefore, this study
investigated the surface contact blast, as well as the scope and extent of the effect of shock wave
energy, in order to provide references for future disaster relief and prevention.

When explosive explodes, it generates a shock wave in the air. The characteristics of the blast
are often described by peak positive incident pressure, positive incident impulse, duration of
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positive phase, wave length of positive phase, etc. [1]. Research concerning blast effects is
conducted primarily by field experiments and numerical simulation analyses. By comparing the
experimental results to the simulation data, they proved that LS-DYNA finite element program
can effectively simulate the transmission behavior of blast waves aboveground generated by
surface blasts [4, 5]. For near-surface and surface blasts, analyses of their extent of hazard are
mainly based on the transmission characteristics of shock wave and surface vibration intensity.
Goodman [6] concluded from his experiment that blast pressures measured near the blast center
contain greater variations. Better analysis results can be obtained when the ratio of the distance
from the blast center to the measurement point and the radius of the explosive is greater than 8.
The wave form of the blast wave was affected by the reflection and refraction from the ground
surface and showed great variations near the blast center; the wave form farther away from the
blast center was comparatively smoother and the blast pressure extremes were less affected [7].
Kivity et al. used 3D software to simulate a small scale ammunition depot explosion experiment
[8]. The results showed that, free-field peak blast pressure is about 1/3 that of a surface blast. Also,
when simulation data were compared with experimental results, the blast pressure extreme showed
a 15 % relative error. Other researchers also demonstrated that the blast wave near the blast center
is complex in nature [9-11].
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Ground reflected wave

Incident pressure *

Reflected pressure I \ \
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Fig. 1. Schematic diagram of irregular reflection of shock wave
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Demand for blast research currently comes mainly from construction, mining and the military.
Most researches focus on methods to control blasts and investigate the transmission characteristics
of a shock wave and its attenuation pattern. Because of the complex behavior of the Mach effect,
there is currently no theory that can accurately calculate the characteristics of its flow field;
therefore the best protective design and safety distance reference cannot be provided. This study,
from a safety perspective, investigated the surface reflection effect and safety protection distance.
Field experiments and numerical analyses were conducted to investigate, in order to provide a
reference for the planning of safe blasting operations.

2. Research methods

This study investigated the Mach reflection effect of a shock wave induced by a ground surface
blast, utilizing field experiment and numerical analysis method. The reliability of the analysis was
ensured by comparing experimental results with data from numerical simulation. Details of the
blast experiment planning and numerical simulation analysis method are described below,
respectively.

2.1. Blast experiment planning

The purpose of the blast experiment was to obtain free-field air shock pressure and ground
reaction data, in order to verify the accuracy of the numerical analysis. This study conducted a
surface contact blast experiment and analyzed the surface shock wave, in order to facilitate
cross-verification of the data from numerical analysis.
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The surface contact blast experiment used 0.5 1b (226.796 g) TNT explosive, and measured
the near-surface shock pressures at distances of 300, 400, 500, 600, 700, 800, 900, 1,000 and
1,100 cm from the blast center. The layout of the field is shown in Fig. 2. Equipment used in the
experiment included a pressure gauge, oscilloscope, signal conditioner, power supply and data
acquisition system. The blast pressure gauge is a 40.6 cm long pen-shaped metal rod with a sensor
located 1/3 of the way down. The signal is generated by voltage and transmitted through the signal
conditioner and oscilloscope.

» Fig. 2. Field féot surface coact blast experiment
2.2. Numerical analysis method

The numerical simulation used LS-DYNA finite element analysis software to simulate the
shock wave effect of an explosion. It uses continuum dynamics theory as the basis for its fluid
dynamics program, and utilizes explicit time integration to process dynamic time integration
problems. It is capable of describing the hydrodynamic behavior of gases generated by an
explosion and effectively analyzing the non-linear large deformation behavior of
three-dimensional (3D) structure; it is especially suitable for solving non-linear dynamic problems
such as high-speed collision and explosion.

2.2.1. Arbitrary Lagrangian-Eulerian algorithm

The Arbitrary Lagrangian-Eulerian (ALE) algorithm solved the equations of mass
conservation Eq. (1), energy conservation Eq. (2), and momentum conservation Eq. (3). When
mesh velocity equals zero, it becomes the Eulerian description method; when mesh velocity equals
material speed, it becomes the Lagrangian description method; when mesh velocity is arbitrary, it
becomes the ALE algorithm [12, 13]:

d

i jpdv =— J p(u—1v,) - nds, (1)
s(t) as(t)

d

T jpudv =— j pu(u —v,) -nds — f V - pdv, Q)
s(t) as(t) s(t)

d

i fpldv =— f pl(u—v,)  -nds — fpu - pdv, 3)
s(t) as(t) s(t)

where S(t) is the area of spatial movement, ds(t) is the boundary, v, is the velocity of ds(t).
The ALE algorithm method has the advantages of both the Lagrangian and Eulerian algorithm
methods. The Lagrangian algorithm method can effectively track the movement of the boundary
in the analysis of structure boundary movement; in dividing the internal mesh, the Eulerian
algorithm method allows the internal element mesh to be independent of the material being
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analyzed, to enable the numerical analysis of severely twisted and deformed mesh. For a dynamic
analysis of coupled fluid and solid materials, the Eulerian algorithm method can be applied to the
fluid material to fix the nodes of the element mesh in space and allow only material particles to
flow in space; the Lagrangian algorithm method can be applied to the solid material to allow
material particles to move with the deformation of the continuum. The ALE algorithm takes into
consideration characteristics of both the fluid and solid materials, which facilitates the analysis of
deformation problems [14-16]. This study used an ALE algorithm with eight-node solid elements.
The element is a 3D solid structural model. Its shape function is shown in Eq. (4) [17]. It was used
to simulate the three types of material: soil, air and TNT explosive:

1
8y =5 (L £6)(1+ m1,)(1+65), @
where &, 1;, and {; can be =1 depending on the node position value.

2.2.2. Time step and time integration

Blast analysis is a transient dynamic problem. A small time step is required in the analysis.
LS-DYNA uses explicit time integration, which is a conditional stable calculation method. When
LS-DYNA analyzes blast, penetration and impact problems, its transient time dynamic non-linear
dynamic equation uses the central difference method to perform explicit time integration.
However, when using explicit time integration, the time step (At) has to be smaller than the critical
time interval. Any element types in the equation can be made stable by a scale factor of 0.1-0.9.
To avoid large errors in the calculation, conditional stability and computation time of explicit time
integration depend on time step. There are different calculation methods for different types of
elements as well. For the same type of element, the time step is determined by the smallest mesh.

For solid elements, the stability conditions for At, are shown in Egs. (5) and (6). Characteristic
length (L,) of the eight-node solid element used in this study is shown in Eq. (7). Wave
propagation speed for common elastic material is shown in Eq. (8); and in Eq. (9) for fixed bulk
modulus elastic material. The minimum time step is calculated by Eq. (10) to maintain the
program’s stable analysis. As shown, the precision of the element mesh determines the accuracy
and stability of the calculation, as well as the computation time. The LS-DYNA user manual
suggests that the time step scale factor should be smaller than 0.67 when analyzing blast
phenomena, in order to increase the calculation stability of the program [18]:

L,
At, = : 5
o+ @+ ']} ©
_ (Cac + CpLelépil,  Exx <0,
0={; b > 0, (6)
Le=— ©)
¢ Aemax
4G dp 2
¢ = [(—+—) ] , ®)
3po  Op/
E(1—-v
¢, = U-v) _ ©)
1+v)A-2v)p
At"! = o - min{At,, At,, Ats, ..., Aty), (10)

where @ is the function of volume viscosity coefficients C, and Cy; L, is the characteristic length;

&gy 18 the strain rate tensor; v, is the element volume; A, max 18 the area at the longest side; ¢, is
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the sonic velocity in materials; p is the mass density; E is Young’s modulus; G is shear modulus;
v is Poisson’s ratio; and N is the number of elements.

3. Numerical model and calculation

Numerical analysis was conducted to calculate the shock wave of the surface contact blast
using TNT explosive. A coupled fluid-solid ALE algorithm was used in the analysis. TNT
explosive and air were set up as Eulerian mesh; soil was set up as Lagrangian mesh. A coupled
fluid-solid numerical analysis model was built to analyze the shock wave and surface Mach
reflection effect caused by a blast.

3.1. Finite element model
Fig. 3 show the simplified 1/2 model used in the numerical analysis. Sizes of the finite element

mesh of air, TNT explosive and soil were 3.28 cm, 3.28 cm, and 6.56 cm, respectively. The time
step scale factor was set at 0.3 [19].

No reflection boundary condition (NRBC)

Air = g
NRBC

250 em

Fig. 3. Schematic view of simplified 1/2 surface blast model

The mathematical and physical models for the numerical analysis were constructed according
to the conditions of the surface blasting experiment. The simulation was conducted using 3D solid
elements, and the unit system used was cm-g-ps. The surrounding air dimensions were
1250%250%250 cm, with boundary defined as non-reflective boundary; the rectangular TNT
explosive had dimensions of 6.56x3.28x9.3 cm, with a density of 1.63 g/cm® and weight of 0.5 1b
(226.8 g), placed at the center of the model in contact with ground surface; soil dimensions were
1250%250%200 cm. Because the model was symmetric, only 1/2 of the model was used to conduct
the numerical simulation.

3.2. Material constitutive and equation of state

The model for describing the constitutive law of the material's internal phenomenon was
defined by the relationship between stress tensor and strain tensor. Equation of state (EOS)
described the relationships among material constitutive law pressure, volume or density, and
temperature or specific internal energy. The high-speed, high-temperature and high-pressure
conditions of an explosion required corresponding EOS analysis to simulate the real dynamic
responses, in order to analyze the material’s volume change and behavioral pattern when subjected
to external forces.

Table 1 shows the material parameters of TNT explosive and air, material models and
corresponding EOS. The MAT HIGH EXPLOSIVE BURN material model provided in
LS-DYNA was used to simulate high explosive. In order to effectively simulate the high-speed,
high-temperature, high-pressure and fast-energy-release condition of an explosion, corresponding
Jones-Wilkins-Lee (JWL) EOS was used to describe the behaviors of the material. The EOS is
shown in Eq. (11) [18]. The MAT NULL corresponding EOS_LINEAR POLYNOMIAL was
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used to describe air material behaviors. The EOS is shown in Eq. (12) [17]:

w _ W _ wE,
P=A(1——)E Fav 3(1——)5 foV y ——2 11
RV ™ + R,/ ™ + %4 (an
P = CO + Cl + Czllz + 63#3 + (C4 + Cs‘u. + C6MZ)E0, (12)

with g = 1/V — 1, where A, B, R,, R, and w are constants representing characteristics of the
explosive, V is the relative volume, E the initial energy of a unit volume, and E,,, the material
internal energy, u is the coefficient of dynamic viscosity, C;, Cy, C3, C4, Cs, and Cg are constants
and V is the relative volume.

Table 1. Explosive and air model parameters for the analysis

Element | Material and equation of state parameters (unit system: g, cm, p-second)
MAT HIGH EXPLOSIVE BURN
P D PCJ BETA K G SIGY
1.63 0.693 0.21 0.0 0.0 0.0 0.0
INT EOS JWL
A B R, R, OMEGA | E, A
3.712 0.03231 | 4.15 0.95 0.3 0.07 1.0
MAT NULL
o P. u [ TEROD [ CEROD [ v, [ Pg
Air 0.00129 0.0 0.0 0.0 0.0 0.0 0.0
EOS LINEAR POLYNOMIAL
Cy Cy, Cy, C3, Cq C,, Cs E, Vo
—1.07E-06 0.0 0.4 2.53-06 1.0

In the Table 1: p is the mass density, D is the detonation velocity, PCJ is the Chapman-Jouget
pressure, BETA is the beta burn flag, K is the bulk modulus, G is the shear modulus, SIGY is the
yield stress, P is the pressure cutoff, i is the dynamic viscosity coefficient, TEROD is the relative
volume for erosion in tension, CEROD is the relative volume for erosion in compression, Yy, is
the Young’s modulus, Py is the Poisson’s ratio, E, is the initial internal energy per unit reference
specific volume, Vj, is the initial relative volume.

Table 2 shows the material parameters of soil used in this study. The selection of the soil
composition model should consider the porosity and the crushing or compacting behaviors of the
material; because the material is compressible and plastic. Based on the material properties, this
study chose the MAT SOIL _AND FOAM material model [18] to simulate the stress and strain
behaviors of soil. Before the field blasting experiment, soil samples were taken from the
experiment site to have their physical and mechanical properties analyzed. Soil samples were also
categorized according to the Unified Soil Classification System (USCS). The experimental results
show that the engineering classification of the soil at the blasting experiment site was sand clay
(SC), with a density of 1.78 (g/cm?).

Table 2. Soil model parameters for the analysis

Element Material parameters (unit system: g, cm, p-second)
MAT SOIL AND FOAM
Soil | p G BULK [ 4, A A, P. VCR [ REF
1.8 | 0.000639 0.3 3.40E-13 | 7.03E-07 | 0.3 | =6.9E-08 | 0.0 0.0

In the Table 2: p is the mass density, G is the shear modulus, BULK is the bulk modulus, 4,
A4, A, is the yield function constant for plastic yield function below, P, is the pressure cutoff,
VCR is the volumetric crushing option, REF is the use reference geometry to initialize the
pressure.
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Fig. 4. Blast pressure duration curves of surface contact blast from the blast experiment

4. Discussion of experimental and numerical validation

4.1. Blast experiment results

Fig. 4 show the blast pressure duration curves of surface contact blasts at a height of 20 cm
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above the ground surface. Experimental results indicate, with the same amount of TNT explosive,
within a 500 cm range from the blast center, that the peak blast pressure values show a decreasing
trend as the distance increased. However, at 600 cm from the blast center, the peak blast pressure
was 47.08 kPa; greater than the peak blast pressure of 18.83 kPa inside the 500 cm range from the
blast center. The peak blast pressure jumped up at 600 cm and showed an increasing trend. At
700 cm from the blast center, the peak blast pressure extreme started to decrease again. As the
distance from the blast center increased to 1,000 cm, where the peak blast pressure extreme was
15.21 kPa, the phenomenon of peak blast pressure jump happened the second time. The results
indicate that the peak blast pressure at 600 cm and 1,000 cm from the blast center were affected
by the blast pressure superposition effect due to surface reflection pressure. The main reason is
that when TNT explodes, a shock wave travels outward in a spherical shape; after a certain amount
of time, the radius of the spherical surface of the wave increases and touches the ground surface.
The transmission direction of the incident wave forms an angle with the ground surface; as the
distance from the blast center increases, the incident angle increases too, but the angle between
incident wave and reflection wave decreases; when incident wave and reflective wave
superimpose onto each other, they form a single compound wave called the Mach wave.

The results indicate that the peak blast pressure within 500 cm distance from the blast center
decreased as the distance grew, because the speed of the surface reflection wave is slower than the
speed of the incident wave; thus, the shock wave was not affected by the reflection wave. When
the distance from the blast center increased to 600 cm and 1,000 cm, the blast pressures generated
by the explosion were affected by the surface reflection wave, and the shock wave would interfere
with the reflection wave coming from the ground surface and form the Mach wave. The incident
pressure and the reflection pressure overlap and travel outward, thus causing the jump of the peak
blast pressure called Mach reflection phenomenon.

4.2. Comparing numerical data with the experimental results

Fig. 5 shows the blast pressure duration curves of surface contact blasts at a height of 20 cm
above the ground surface from the simulation analysis. The figure shows that the peak blast
pressures decreased as the transmission distance grew; however, the wave form exhibited
distinctly different behaviors at certain ranges compared to the previous portion due to the effect
of surface reflection pressure. The blast pressure superposition effect occurred at 600 cm and
1,000 cm from the blast center and caused the peak blast pressure to jump.

First, to verify the reliability of the analytical and mathematical models in this study, peak
blast pressures at 300 cm from the blast center. Fig. 6 shows the blast pressure duration curves
from both the experiment and the simulation, at a measuring point 300 cm from the blast center
and 20 cm from the ground surface. The figure shows that the peak blast pressure of the experiment
was 40.29 kPa and the simulation was 38.99 kPa. Relative error percentage (%) = (Simulation
analysis data — Experiment data) / Experiment data x 100 %. The relative error of the peak blast
pressure value between the simulation and the experiment was —3.27 %. The relative error
between the experimental results and simulation data fell within a reasonable range, and complied
with related literature [7]; thus, the accuracy and applicability of the numerical analysis model and
physical model in this study were verified.

Fig. 7 shows the peak blast pressure values from the experiment and the simulation analysis.
The figure indicates that the peak blast pressure show a decreasing trend, but because of the effect
of the continuous accumulation of energy from surface reflection wave, a shock wave jump
phenomenon called the Mach phenomenon occurred at certain distances. According to the analysis
of the blast pressure values from the experimental result and simulation data, because of the fast
loading effect of the blast wave, the shock wave closer to the blast center rises fast, has short action
time and high peak value; on the other hand, the shock wave farther away from the blast center
rises slower, has longer action time and lower peak value. The overall trend is consistent with the
blast wave energy attenuation trend; however, because of the surface reflection pressure, blast
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pressures closer to the ground surface produced the Mach reflection phenomenon due to the
superposition of incident pressure and reflection pressure. This indicates that the ALE analysis
method used in this study can effectively analyze the phenomenon of a blast and the pressure
variations at various locations.
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Fig. 5. Blast pressure duration curve of surface contact blast from the simulation analysis

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2015, VOLUME 17, ISSUE 3. ISSN 1392-8716

LOE+04

1421



1603. NUMERICAL SIMULATION AND EXPERIMENTAL VALIDATION OF THE MACH REFLECTION EFFECT OF SHOCK WAVE UNDER GROUND SURFACE
BLAST. IAU-TEH WANG

S.0E+01

4.0E+01 - —— Blast experimental ~ ------ Simulation analysis
3.0E+01 - B
2.0E+01 ro

1.OE+01 | \

OEH00 had e\ S

OEH00 W % T o

\ .

-LOE-02 0.0E+00 T0E-02 0E-02 " 3.0E-02 4.0E-02 5.0E-02
Hotzor | ROE-02/

N\

M/(

Overpressure (kPa)

-2.0E+01 -

-3.0E+01 L
Time (Sec)
Fig. 6. Blast pressure duration curves of 300 cm from the blast center

5.0E+01 - 47.08
r —a— Blast experiment data
4.0E+01 - o Simulation analysis

30E+01 |

20E+01 |

Peak pressure (kPa)

1.0E+01 |

OAOEﬂ)O’HH“‘H\‘H‘\HH\HH\H"\HH\HH\HH\HH\
200 300 400 500 600 700 800 900 1000 1100 1200

Distance (cm)
Fig. 7. Peak blast pressure values from the experiment data and simulation analysis

5. Conclusions

The behaviors of a blast induced Mach reflection phenomenon are extremely complex. To
analyze the surface shock wave effects and investigate the Mach reflection phenomenon, this
study conducted both field experiment and numerical analysis. The field experiment conducted
surface contact blast using TNT explosive to investigate the reflection phenomenon of an incident
wave at various distances, and to assess the locations where the Mach reflection effect would
occur. Experimental results showed the occurrence of the superposition effect of incident and
reflection blast pressures, called the Mach phenomenon, due to the interference of surface
reflection pressure, at 600 cm and 1,000 cm from blast center, using 0.5 Ib of TNT explosive, at a
site containing sand clay. The simulation analysis used a fluid-solid coupled ALE algorithm
analysis model to analyze the Mach reflection flow-field phenomenon, with its finite element
model adjusted and its data verified using the experimental results. The results showed that this
method can sufficiently describe the fluid dynamic behaviors of a blast and adequately analyze
the coupling effect with solid to solve geometric non-linear, material non-linear and contact
non-linear types of dynamic analysis problems. This indicated the danger zones subjected to Mach
reflection phenomenon, and provided assessments of blast safe quantity-distance and protective
wall placement distance, to be used as references in facilitating the adoption of shock absorption
measures in safety protection design and construction.
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