1440. Simulation and experimental validation of the
dynamic pressure of shock wave under free-field blast
loading

Iau-Teh Wang

Department of Civil Engineering, R.O.C. Military Academy, Kaohsiung City, Taiwan, R.O.C.
E-mail: itwangroc@gmail.com

(Received 13 August 2014, received in revised form 11 October 2014, accepted 30 October 2014)

Abstract. Shock wave energy generated by a blast can cause severe damage to buildings, as well
as result in the loss of lives and properties. As explosive becomes increasingly powerful, the
damaging effects generated by blast waves have become a weapon, not only on the battle field.
Even explosions of gas utilized in various industries can be a source of great threat and destruction.
Therefore, the study of the blast stress wave under the dynamic loading effect of an explosion is
a subject to be carefully considered before construction planning and design, and research in this
field is urgently needed. This study adopts the methods of field blasting experiment and numerical
simulation analysis to analyze the shock wave energy and its attenuation characteristics by
comparing the experimental results with data from the numerical simulation. The numerical
analysis utilizes the Arbitrary Lagrangian-Eulerian algorithm with a 3-dimensional (3D) solid
structural model and 8-node solid elements. The results show an increasing trend for blast pressure
as the amount of explosive increases. With the same amount of explosive, the blast pressure
extreme shows a decreasing trend as the distance from the blast center increases. The results of
this study can facilitate accurate analysis of shock wave energy of a blast, assess its destructive
power and provide references for the calculation of blast safe quantity-distance for the human
body, as well as for the planning of building safety zones, facility shock absorption measures and
disaster prevention, in order to reduce the potential danger of blast waves and ensure the safety of
human lives and properties.
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1. Introduction

Blast hazard can severely damage buildings and result in losses of properties. Because of the
lack of shock-resistant and blast-resistant structural design requirements in their general design
specifications, existing buildings have limited blast-resistant capability. Therefore, the shock
wave is a phenomenon that should receive close attention in blast research. Improved
shock-resistant protection in structural design is also an important topic in construction
engineering, concerning situations such as high-speed collision and explosion, in order to ensure
the safety of the population when disasters strike. Research in related fields is urgently needed.

An explosion is a process of fast release of physical or chemical energy, a phenomenon caused
by the fast release of energy inside a limited space within a short amount of time. When an
explosion occurs, the surrounding air will instantly be filled with high-pressure and
high-temperature gases. A blast wave travels outward at an extremely high speed. When a shock
wave comes into contact with other objects during its transmission process, it produces a shock
pressure upon the objects. When an object is subjected to a blast effect, a strong stress wave occurs
within it and affects its internal stability [1-5]. A blast wave causes damage to objects primarily
by its impact force. Damage to facilities, buildings and various objects caused by the impact of a
blast wave is called direct damage [2]. Near the blast center, an air shock wave has high speed and
strength. These are key parameters in determining the effect of destruction caused by an explosion
[1, 2, 6]. Scholars have adopted the energy conversion viewpoint, along with the theories of mass,
energy and momentum conservation as the basis for discussing the blast wave parameters.
According to the characteristics of shock waves, the effect of a blast can be analyzed by its
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vibration speed, acceleration, stress, displacement, etc. Therefore, analysis of the extent of hazard
of near-ground and surface blasts is primarily based on the characteristics of the air shock wave
[7, 8]. Kivity et al. [9] simulate an ammunition depot explosion experiment. The results indicated
that, with same amount of explosive, the free-field blast pressure extreme was about 1/3 that of a
surface blast. Also, when the simulation data were compared with the experimental results, the
blast pressure extreme showed a 15 % relative error. Related research showed that the simulation
results had higher errors near the blast center, and that the relative errors were smaller farther away
from blast center [1, 4, 6, 10].

Because of its specificity and complexity, research concerning the shock wave phenomenon is
conducted primarily by experiments and numerical methods to analyze the physical phenomenon
of the blast. The execution of experiments can be time consuming, dangerous and costly, while
numerical methods focus on obtaining parameters, as well as understanding and controlling errors.
This study mainly focused on investigating explosions in the free air by analyzing the shock wave
energy and the transmission characteristics of the pressure wave generated by the blast. The results
can be used as a reference for rescue operations and safety protection engineering.

2. Research methods

The dynamics of the blast effect is extremely complex and should be treated as one of the
geometric nonlinear, material nonlinear and contact nonlinear dynamic analysis problems.
Because of the difficulty in carrying out a precise analytical analysis, research on blast effects is
mostly conducted by mutual comparison and verification of experimental results and numerical
analysis data. In this study, shock wave energy generated by free-field blasts was analyzed, field
blasting experiments and numerical analyses were conducted and the experimental results and
simulation data were mutually compared and further verified by the empirical equations of
TMS-1300 [2] specifications.

2.1. Free-field blasting experiment

To provide a reference for comparison with data from the numerical analysis and the empirical
equations, this study planned field experiments of free-field blasts. Blast pressure values were
measured by a PCB 137A23 blast pressure gauge and retrieved by an Agilent oscilloscope; the
data acquisition system included a signal conditioner and a power supply. Explosive was
positioned 115 cm above the ground; blast pressure gauges were placed at 200 cm and 300 cm,
respectively, from the blast center. Blast pressure values generated by 0.25 1b (113.389 g), 0.5 1b
(226.796 g) and 1.0 1b (453.593 g) of TNT explosive were measured. The layout of the experiment
site is shown in Fig. 1.

Fig. 1. Field conﬁguratioﬁ st:ﬁeme of blastihg experiménts
2.2. Numerical simulation method

This study employed hydrodynamic finite element code LS-DYNA to analyze the dynamic
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mechanical behaviors of a high-speed blast load. The program uses explicit time integration to
process dynamic time integration problems. It also uses continuum dynamics theory as the basis
for its hydrodynamic program.

2.2.1. Element type

LS-DYNA'’s element types include mass element, beam element, link element, flat shell
element, solid element, spring damping element, etc. This study used the Arbitrary
Lagrangian-Eulerian algorithm with 3D solid elements to conduct the analysis. Elements are
defined by 8 nodes. Eq. (1) is the shape function of the element [11, 12]. This type of element was
used to simulate the three types of materials: soil, air and dynamite:

1
¢; =5 (1 +85) (1 +m;)(1+), M

where ¢, 17;, and {; are =1 depending on different node positions.
Egs. (2) and (3) are the stable conditions of the solid element. Eq. (4) is the characteristic
length (L, ) of an 8-node solid element:
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The wave transmission speed of common elastic material is shown in Eq. (5), and the wave
transmission speed of elastic material of a fixed volume modulus is shown in Eq. (6). The smallest
time step is calculated automatically by the program during the calculation, as shown in Eq. (7):
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where Q is the function of volume viscosity coefficients C, and C,; L, is the characteristic length;
Ekr 1s the strain rate tensor; v, is the element volume; A, is the area at the longest side; ¢, is
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.

2.2.2. Time integration

For transient finite element problems, it is better to utilize explicit time integration in the
calculation process of the non-linear iterative method to avoid the convergent problem of
non-linear numerical solutions. Because it uses smaller time steps, the calculation will take a
relatively longer amount of time; however, because the duration of an explosion is short, smaller
time steps can be used to meet its convergent conditions. Time step control, as described above,
uses the smallest element to decide its value. If a time step scale factor is not set, LS-DYNA uses
the smallest time step of all elements to perform the calculation; this is the conditional stability in
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explicit time integration. It uses the speed matrix of a known time moment in Eq. (8) to calculate
its acceleration matrix, then uses Egs. (9) and (10) to calculate the speed and displacement
matrices [11, 12]:

U(tn) = M_l[P(tn) - F(tn) + H(tn) - CU(tn)]: (8)

) e .. Aty + Aty

U <tn+%) =U (tn_%) + U(t,)At,, Atn% = Q)

Uty = U(t) +U (tn+l> At 1, (10)
2 2

where U(t,) is the nodal acceleration matrix at t,,; U(t,,) is the nodal velocity matrix at t,; M is
the mass matrix; P (t,) is the matrix of external force vector; F(t,,) is the sum of element internal
force and contact force; C is the damping matrix and H(t,,) is the hourglass resistance force.

2.2.3. Arbitrary Lagrangian-Eulerian (ALE) algorithm

The LS-DYNA program provides a Lagrangian algorithm, n Eulerian algorithm and an
Arbitrary Lagrangian-Eulerian (ALE) algorithm. A Lagrangian algorithm is suitable for analyzing
the deformation process of the material and tracking the substance particle’s time history. It can
accurately describe displacements and deformation and is mainly used to analyze the stress and
strain of solid structures. Its disadvantage is that the mesh will produce a severe twist deformation
or negative volume in large displacement and large deformation problems and cause the
calculation to stop because of numerical error. In an Euler algorithm, the mesh is independent of
the object being analyzed; thus, the mesh system is fixed and will not produce a severe twist
deformation. An Euler algorithm can effectively analyze the flow of fluid as well as the diffusion
and mixing of gases. The disadvantage of an Euler algorithm is that the physical ratio taken up by
the material in the mesh cannot be obtained easily, and that the element mesh has to cover the
whole material space being described. The ALE algorithm uses Egs. (11), (12) and (13) for the
mass conservation equation, momentum conservation equation and energy conservation equation.
This overcomes the disadvantages of the Lagrangian and Eulerian algorithms while keeping their
advantages, i.e., improving the problem of interrupted numerical calculation caused by mesh
deformation, as well as effectively controlling and tracking the movement of the boundary of the
structure. It is often utilized in the dynamic real time analysis of coupled fluids and solids [13-16]:

d

R fpdv = - f p(u—wv,) - nds, (11)

p s(t) as(t)

= pudv = — f pu(u —v,) - nds — fV - pdv, (12)

p s(t) as(t) s(t)

o pldv = — j pl(u—v,)  nds— fpu - pdv, (13)
s(t) as(t) s(t)

where S(t) is a spatial region with unitary activities; ds(t) represents the region boundary; and
v, is the velocity of ds(t).

3. Implementation of numerical simulation
A numerical analysis was conducted to analyze the dynamic responses of the blast waves. The

scenario being considered was a free-field TNT explosive explosion, which formed a point blast
center and transmitted energy outward in wave form. The actual situation was quite complicated.
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In the dynamic analysis, the stresses were the dynamic stresses generated by the explosion. In the
analysis of free-field blast pressure extreme and its attenuation pattern, explosive and air were set
up using Eulerian mesh, soil was set up using Lagrangian mesh and the ALE algorithm was used
to construct the fluid-solid coupled numerical analysis model to analyze the shock wave generated
by the blast. The simulation data was compared to the blast pressure duration curves from the
experiment and mutually verified with data from the empirical equations of the TM5-1300
specifications.

3.1. Numerical model

Fig. 2 show the simplified 1/4 model used in the numerical analysis. Mathematical and
physical models of the free-field blast numerical analysis were planned according to the conditions
of the field blasting experiment. The analysis used the ALE algorithm, with 3D Solid 164 solid
elements, to conduct the simulation. The surrounding air dimensions were 260x260x180 (cm),
with a non-reflective boundary to simulate a blast in unlimited space. The TNT had dimensions
of 6.56x6.56x9.3 (cm), with a density of 1.63 g/cm’;, dimensions of the soil were
260%260%20 (cm). The finite element mesh sizes for air, explosive and soil were 1.64 cm, 1.64 cm
and 3.28 cm, respectively. The time step scale factor was set at 0.3 [11]. Numerical simulation
models constructed as described above were used to analyze the free-field blast pressures at
horizontal distances of 50, 100, 150 and 250 cm from the blast center, respectively, as well as the
blast pressure duration curve.

No reflection b

—f

9.3cm

Y

b 2

Fig. 2. Schematic diagram of simplified 1/4 model of free-field blast
3.2. Material parameters and equation of state (EOS)

An explosion is a highly non-linear problem with complex mechanical behaviors. The material
constitutive law of the parameters is represented by the relationship between stress and strain. If
the material contains a large deformation, a corresponding EOS (equation of state) should be
adopted to describe the behavior of its volume change in order to realistically simulate its dynamic
responses and ensure the accuracy of the analysis. EOS describes the relationships between the
pressure, volume, density, temperature, volume change, material internal energy or specific
internal energy of the material constitutive law.

Table 1 shows the material parameters of the TNT explosive, air and soil used in this study.
According to the EOS provided in the explosive manual of the U.S. Lawrence Livermore National
Laboratory (LLNL) [17], the MAT HIGH EXPLOSIVE BURN material model was used to
simulate the high explosive model, together with the Jones-Wilkins Lee (JWL) EOS, to describe
the material behaviors of the explosive model. The equation is shown in Eq. (14). The air model
also required EOS to describe its material behaviors. This study used the MAT NULL material
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model, together with the EOS_LINEAR POLYNOMIAL, to describe the air material, as shown
in Eq. (15) [18]:

w _ W _ wE,
P=A(1——>E ReV B(l——)E RV 2 14
R1V m + RZV m + % ( )

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:

P=Cy+C;+ Cou?+ Csud+ (Cyp + Csu + Cou®)E,, p= % -1, (15)
where E| is the initial internal energy in unit volume, u is the coefficient of dynamic viscosity, C;,
C,, C3, Cy, Cs, and Cg are constants and V is the relative volume.

The selection of the soil composition model should consider the porosity and its crushing and
compacting behaviors, because the material, such as soil, rock or concrete, is compressible
According to the above description, the MAT SOIL _AND FOAM was selected as the material
model for the free-field blast numerical analysis [19].

Table 1. Material parameters of TNT explosive, air, and soil

Element Material and equation of state parameters (unit system: g, cm, p-second)
MAT NULL
p P u TEROD | CEROD Yy Py
Air 0.00129 0.0 0.0 0.0 0.0 0.0 0.0
EOS _LINEAR POLYNOMIAL
Cy Ci,Cy, C3 Cy Cs Ce Ey Vo
—1.07E-06 0.0 0.4 0.4 0.0 2.53-06 1.0
MAT HIGH EXPLOSIVE BURN
p D Pg; BETA K G SIGY
1.63 0.693 0.21 0.0 0.0 0.0 0.0
TNT EOS_JWL
A B Ry R, OMEGA E, Vo
3.712 0.03231 4.15 0.95 0.3 0.07 1.0
MAT SOIL AND FOAM
Soil p G BULK Ay Ay A, P
1.8 0.000639 0.3 3.40E-13 | 7.03E-07 0.3 —6.9E-08

In the Table 1: p is the mass density, P, is the pressure cutoff, u 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, Ej is the initial
internal energy per unit reference specific volume, V, is the initial relative volume, D is the
detonation velocity, P, 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.

4. Results and discussion
4.1. Blasting experiment

The purpose of the free-field blasting experiment was to obtain the blast pressure extreme and
the attenuation characteristics of the blast wave to be used in the mutual verification of the
numerical analysis and the TM5-1300 specifications’ empirical equations. Fig. 3-6 show the
free-field blast pressure duration curves. The experimental results indicated a growing trend of the
blast pressure as the amount of explosive increased. With the same amount of explosive, the blast
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pressure extreme decreased as the distance from the blast center increased. It can also be seen in
the figures that the peak blast pressure showed a faster attenuation pattern with an increasing
amount of explosive, and a slower attenuation pattern with an increase in distance.
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Fig. 3. 0.25 (Ib) TNT blast pressure duration curve at Fig. 4. 0.25 (Ib) TNT blast pressure duration curve at
300 cm from the blast center, maximum peak 200 cm from the blast center, maximum peak
pressure 18.00 kPa pressure 43.12 kPa
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Fig. 5. 0.5 (Ib) TNT blast pressure duration curve at Fig. 6. 1.0 (Ib) TNT blast pressure duration curve at
200 cm from the blast center, maximum peak 200 cm from the blast center, maximum peak
pressure 60.44 kPa pressure 114.01 kPa

4.2. Dynamic finite element method

Peak blast pressures at horizontal distances (cm) of 50, 100, 150, 200 and 250 from the blast
center were measured to analyze the transmission pattern of the blast wave. Fig. 7 shows the
free-field blast pressure duration curves. Peak blast pressure values (kPa) were 586.77, 199.89,
133.00, 100.82 and 64.77, respectively. As can be seen in the figure, the peak blast pressure value
showed a decreasing trend as the transmission distance increased.

Figs. 8(a)-(f) show the free-field blast pressure wave transmission duration curves. The blast
pressure wave pushed outward at a fast speed and its energy attenuation cycle was completed in
several milliseconds. The blast pressure was not interfered with by a reflection wave while
traveling in the air; a dynamic pressure similar to the wind pressure formed behind the blast
pressure wave.

4.3. Comparison of numerical results and experimental results

Fig. 9 shows a comparison of the blast pressure duration curves from the blasting experiment
and simulation at a measuring point 200 cm from the blast center. The figure indicates that the
transmission pattern of the free-field blast pressure matched the trend of the ideal blast pressure
wave curve. The simulation’s peak blast pressure value of 100.82 kPa had a relative error of
—11.57 % when compared to the experiment’s peak blast pressure value of 114.01 kPa. Relative
error percentage (%) = (Blast pressure of numerical analysis — blast pressure of experiment) /
Blast pressure of experiment x 100 %. At 200 cm from the blast center, the peak blast pressure of
109.6 kPa based on the TM5-1300 specifications’ empirical equations had a relative error of
—3.87 % when compared to the peak blast pressure of the experiment. Relative error percentage
(%) = (Blast pressure of the empirical equations — blast pressure of the experiment) / Blast
pressure of the experiment x 100 %. Results from the numerical analysis were consistent with
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related literature and validated the accuracy, as well as the applicability, of the analysis and
physical models in this study.

A comparison between the blast pressure duration curves from the experiments and the
numerical analyses indicated that the blast pressure diffusion behavior of the explosions controlled
by the EOS matched that of the experiments. The peak blast pressure had a relative error of
—11.57 % and was within a reasonable range. This showed that the ALE algorithm could be used
in the numerical analysis of the free-field blast to effectively analyze the pressure changes at
various points during the pressure wave’s transmission process.
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Fig. 7. Free-field blast pressure duration curves
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Fig. 9. Blast pressure duration curves of experiment and simulation at 200 cm from the blast center

4.4. Comparison with TM5-1300 specifications

Fig. 10 shows a comparison of the peak blast pressure value between results from the
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simulation and the TM5-1300 empirical equations. Relative error percentage (%) = (Blast pressure
of numerical simulation — blast pressure of empirical equations) / Blast pressure of empirical
equations x 100 %. At a distance of 50 cm from the blast center, the peak blast pressure value of
586.77 kPa from the simulation had a relative error of —74.887 % when compared with the peak
blast pressure value 0of 2,336.5 kPa from the empirical equations. When the distance was increased
to 250 cm, the relative error (of peak blast pressure 69.3 kPa) dropped to only —6.537 %, which
showed that the blast pressure from the simulation near the blast center could contain large errors.
While the results from the simulation did not match that of the empirical equations exactly, they
were basically consistent with the objective facts. The difference was caused mainly by the
complexity of the explosion and the experimental conditions of the empirical equations. The
overall trend was consistent with the attenuation characteristics of the shock wave energy.

2.5E+03
E —a—TM5-1300 empirical equations
2.0E+03
[ —2— Numerical simulation data

L5E+03 |

L.OE+03 |

Peak pressure (kPa)

5.0E+02 [

0.0E+00 ©
0 50 100 150 200 250 300
Distance (cm)
Fig. 10. Peak blast pressure values from numerical analysis and empirical equations

As described above, the results of this study showed that the free-field blast pressure at 200 cm
from the blast center had an experimental value of 114.01 kPa, an empirical equation value of
109.6 kPa and a numerical analysis value of 100.82 kPa. The field experiment produced the
highest pressure value and the numerical analysis produced the lowest pressure value. Therefore,
it is recommended that data values from the numerical analysis should be adjusted by a proper
magnification factor when used as a reference in blast-resistant engineering planning and design.

5. Conclusions

When explosions occur, the powerful shock wave transmitted to target objects by the flow of
air affects the surrounding environment, facilities and personnel differently. This study, from the
perspective of safety and disaster prevention, analyzed the transmission characteristics and
attenuation pattern of the free-field blast wave and examined the shock wave effect and
corresponding safety distance. Results of this study could be applied in determining safety
distance and serve as a reference in safety protection design. The numerical simulation can
eliminate the dangers associated with the blasting experiments. The use of a reasonably
constructed numerical analysis model and a physical model, verified by the mutual verification of
experimental results and simulation data as the basis for the blast analysis.

The results of this study confirmed that numerical analysis using the Arbitrary
Lagrangian-Eulerian algorithm, with a 3D solid structural model and 8-node solid elements, could
effectively analyze the shock wave energy generated by a blast. The results indicated that the blast
pressure showed an increasing trend with an increasing amount of explosive; with same amount
of explosive, the blast pressure extreme showed a decreasing trend as the distance from the blast
center increased. However, data values from the numerical analysis should be adjusted by a proper
magnification factor according to specific requirements when used as a reference in the design
and planning of blast-resistant engineering and blast safe quantity-distance in order to minimize
potential hazards caused by explosive.
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