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Abstract: Among the various blast load equations, the Kingery-Bulmash equation is applicable to
both a free-air burst and a surface burst that enables calculations of the parameters of a pressure-time
history curve. On the other hand, this equation is quite complicated. This paper proposes a modified
equation that may replace the conventional Kingery-Bulmash equation. The proposed modified
equation, which was constructed by performing curve-fitting of this equation, requires a brief
calculation process with a simpler equation compared to the original equation. The modified equation
is also applicable to both types of bursts and has the same calculable scaled distance range as the
conventional equation. The calculation results obtained using the modified equation were similar to
the results obtained from the original equation with a less than 1% difference.
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1. Introduction

Owing to the increasing damage to structures and human life due to blasts, such as terrorist attacks
and gas explosion accidents, social concerns regarding abnormal loads, such as impacts and bursts,
is increasing. Accordingly, many studies have assessed the effects of abnormal loads worldwide [1–3].
In addition, the need for blast resistance design is increasing due to recent international terrorist attacks
and their threat.

The blast load can be estimated using a blast load equation and numerical analysis. The former
method employs an equation established based on the experimental data of various bursts [4].
The method using a blast load equation allows the easy and rapid calculation of a blast load, but it
is applicable only to cases where a blast wave strikes an object directly. The latter method is used to
analyze the behavior of a fluid after a burst and estimates the resulting pressure [5]. This method is
applicable to various cases using a range of numerical analysis models, but requires a long time for the
load calculation. The most extensively used numerical analysis method employs a blast load equation;
these equations are used for explosion-proof design of structures and exterior materials [6–8].

Many studies have been conducted to establish blast load equations in the past. Because blast
loading is challenging to deal with by a theoretical approach, empirical formulae based on experimental
data have been suggested [9–14]. The Kingery-Bulmash equation, which is the most widely used
equation, has been applied to UFC 3-340-02 [15], a manual published by the U.S. Department of
Defense, and Conwep [16], a blast load estimation software developed by the U.S. Army Corps
of Engineers. On the other hand, the Kingery-Bulmash equation includes complicated calculation
processes, which makes a direct calculation of a blast load difficult. Swisdak proposed a simplified
Kingery-Bulmash equation [17], but the application of the equation was limited to a surface burst.
This paper briefly introduces the characteristics of blast loading and various equations for a blast load
estimation, and proposes a modified equation.
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2. Characteristics of Blast Load

Bursts can be classified as free-air bursts, and surface bursts according to the position of detonation.
A free-air burst refers to a burst in the air at a position far away from the ground surface, as shown
in Figure 1a. In the case of a free-air burst, the shock wave generated from the center of the burst
position is propagated spherically and strikes a structure directly without amplification in the process
of propagation. A surface burst refers to a burst that occurs on the ground surface, as shown in
Figure 1b. In this case, the shock wave is amplified from the burst position by reflection on the ground
surface [15].

A shock wave generated by a burst applies air pressure to a structure, and the load by the pressure
may be represented by a pressure-time history curve, as shown in Figure 2.
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Figure 2. Pressure-time curve of a blast load [15].

The maximum pressure is found instantaneously at the moment when the shock wave reaches
an object, and then the pressure is decreased rapidly (positive pressure phase). A negative pressure
that is lower than atmospheric pressure is generated and then converges gradually to atmospheric
pressure (negative pressure phase). On the other hand, only the positive pressure phase is considered
in most burst analyses because the effect of the negative pressure phase is negligible compared to the
positive pressure phase.

As shown in Figure 2, a pressure-time history curve of a blast load may be represented by several
parameters. The following parameters were used to estimate the blast load:

Ps: Maximum incident blast overpressure;
Pr: Maximum reflected blast overpressure;
Is: Impulse by the incident blast overpressure;
Ir: Impulse by the reflected blast overpressure;
Ta: Arrival time of the shock wave;
To: Duration of the positive pressure phase;
U: Velocity of the shock wave at arrival.

The UFC 3-340-02 provides diagrams of these parameters depending on the scaled distance for a
free-air burst and a surface burst (Figure 3) [15].
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Figure 3. Positive phase shock wave parameters [15]: (a) Free-air burst; (b) Surface burst. Figure 3. Positive phase shock wave parameters [15]: (a) Free-air burst; (b) Surface burst.



Computation 2017, 5, 41 5 of 14

3. Equations of a Blast Load

Various equations for estimating the blast loads have been suggested. These equations, which have
various forms, are empirical equations built on experimental data, because the blast loads are difficult
to deal with through a theoretical approach, such as the Sadovsky equation, the Brode equation,
the Kingery-Bulmash equation, etc. [9–14]. Most equations commonly employ a scaled distance as a
parameter, which is calculated using Equation (1):

Z = R/W1/3 (1)

where, Z: Scaled distance; R: Distance to the burst position; W: TNT weight.
Kingery and Bulmash provided equations for calculating all the parameters together for a

free-air burst or a surface burst in addition to the maximum incident blast overpressure, as shown in
Equations (2a) and (2b) [14]:

U = K0 + K1 × log Z (2a)

Y = 10(C0+C1×U+C2×U2+···+CN×UN) (2b)

where, Y: Shock wave parameters (Ps, Pr, Is/W1/3, Ir/W1/3, Ta/W1/3, To/W1/3, U); K: Constants.
The Kingery-Bulmash equation enables calculations of the free-air burst parameters in a scaled

distance range of 0.05 to 40 m/kg1/3 (0.132 to 100 ft/lb1/3) and the surface burst parameters in a scaled
distance range of 0.06 to 40 m/kg1/3 (0.167 to 100 ft/lb1/3). The constants, K and C, are dependent
on the type of burst, the range of scaled distance, and the parameters to be calculated. The number
of the constant K is 2, while that of the constant C ranges from 4 to 15. For example, Table 1 lists the
constants K and C used to calculate the maximum incident overpressure in a free-air burst.

Table 1. Constants for the Incident Peak Overpressure (Kingery-Bulmash Equation for a
Free-Air Burst) [14,18].

Incident Peak Overpressure, Ps (Unit: kPa(psi))

Z K0 K1 K2

0.05~40
(0.132~100)

(Unit: m/kg1/3

(ft/lb1/3))

−0.214362789151
(−0.756579301809)

1.35034249993
(1.35034249993)

C0 C1 C2
2.661368669

(1.77284970457)
−1.69012801396

(−1.69012801396)
0.00804973591951

(0.00804973591951)

C3 C4 C5
0.336743114941

(0.336743114941)
−0.00516226351334

(−0.00516226351334)
−0.0809228619888

(−0.0809228619888)

C6 C7 C8
−0.00478507266747

(−0.00478507266747)
0.00793030472242

(0.00793030472242)
0.0007684469735

(0.0007684469735)

In addition, the simplified Kingery equation for an air-blast calculation suggested by Swisdak
(hereinafter called Swisdak equation) is expressed in Equation (3) [17]:

Y = e(A+B×ln Z+C×(ln Z)2+···+G×(ln Z)6) (3)

This Swisdak equation, which built on the Kingery-Bulmash equation, includes two to seven
constants. The error rate of the equation compared to the conventional equation is less than 1%,
indicating that the Swisdak equation is considerably accurate. On the other hand, this equation is
applicable only to a surface burst, and the range of scaled distances that can be calculated using this
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equation does not incorporate the range of conventional equations. For example, Table 2 lists the
constants used to calculate the maximum incident overpressure.

Table 2. Constants for the Incident Peak Overpressure (Swisdak Equation) [17].

Incident Peak Overpressure, Ps (Unit: kPa(psi))

Z A B C D E F G

0.2~2.9
(0.5~7.25)

7.2106
(6.9137)

−2.1069
(−1.4398)

−0.3229
(−0.2815)

0.1117
(−0.1416)

0.0685
(0.0685) 0 (0) 0 (0)

2.9~23.8
(7.25~60)

7.5938
(8.8035)

−3.0523
(−3.7001)

0.40977
(0.2709)

0.0261
(0.0733)

−0.01267
(−0.0127) 0 (0) 0 (0)

23.8~198.5
(60~500)

6.0536
(5.4233)

−1.4066
(−1.4066) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

4. Modified Equation of the Blast Load

As described above, the Kingery-Bulmash equation is applicable to both a free-air burst and a
surface burst and enables calculations of all the parameters of the pressure-time history curve of a blast
load. In addition, this equation is the most widely used as it has been applied to UFC 3-340-02, a manual
published by the U.S. Department of Defense, and Conwep, blast load estimation software developed
by the U.S. Army Corps of Engineers (commercial software programs used frequently for explosion
analysis, including Abaqus [19], Autodyn [20], and LS-Dyna [21], are equipped with the Conwep
model for a blast load estimation). On the other hand, the equation has a long calculation process
including three stages. In addition, it is complicated and requires many constants for calculations.
Therefore, the present article proposes a modified equation based on the Kingery-Bulmash equation.

The following conditions were established for the modified equation:

1. The modified equation should be based on the Kingery-Bulmash equation.
2. The modified equation should incorporate the entire range of scaled distances provided in the

conventional equation. (The range of scaled distances is 0.05 to 40 m/kg1/3 for a free-air burst
and 0.06 to 40 m/kg1/3 for a surface burst).

3. The calculation of the variable, U, included in the conventional equation should be omitted.
4. The basic form of the function should be an exponential function, and the exponent should be

expressed as a polynomial using the common logarithm of scaled distance (log Z) as a variable.
5. The number of constants used for the modified equation should be less than or equal to five,

and the constants should have five significant figures.
6. The error rate with the conventional equation should be less than or equal to 1% over the entire

range of scaled distance.

According to the conditions described above, the calculation process of the modified equation
was established as follows:

Step 1. Calculate the scaled distance, Z
Step 2. Calculate the parameters

Y = 10(C0+C1×log Z+C2×(log Z)2+C3×(log Z)3+C4×(log Z)4) (4)

The curve fitting algorithm based on the values of the original equation was used to determine the
constant, C, of the modified equation. The curve fitting algorithm was used by Levenberg-Marquardt,
and it enables relatively stable and rapid convergence to the solution [22,23]. This method, which is
a representative method of solving a nonlinear least square problem, combines the Gauss-Newton
method and the gradient descent method. Tables 3 and 4 present the constant, C, determined by curve
fitting for a free-air burst and a surface burst, respectively.
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Table 3. Constant of the Modified Equation for Free-Air Burst.

Units

Z Ps, Pr Is/W1/3, Ir/W1/3 Ta/W1/3, To/W1/3 U

m/kg1/3

(ft/lb1/3)
MPa
(psi)

MPa·ms/kg1/3

(psi·ms/lb1/3)
ms/kg1/3

(ms/lb1/3)
m/ms
(ft/ms)

Peak Incident Overpressure, Ps

Z C0 C1 C2 C3 C4

0.05~0.67
(0.132~1.69)

−6.6628 × 10−2

(2.9274)
−2.5691

(−1.6466)
−1.4213

(−9.0652 × 10−1)
−5.0355 × 10−1

(−3.5118 × 10−1)
−9.4865 × 10−2

(−9.4865 × 10−2)

0.67~10
(1.69~25.21)

−2.8310 × 10−2

(2.8735)
−2.2324

(−1.2134)
−4.3379 × 10−1

(−2.2395)
1.1615

(1.8364)
−4.2023 × 10−1

(−4.2023 × 10−1)

10~40
(25.21~100)

−1.0569 × 10−1

(1.1642)
−4.1582 × 10−1

(1.3928 × 10−1)
−6.1361 × 10−1

(−7.6880 × 10−1)
1.2882

(1.2882)

Peak Reflected Overpressure, Pr

Z C0 C1 C2 C3 C4

0.05~1.05
(0.132~2.64)

6.9758 × 10−1

(3.8543)
−2.9928

(−2.0054)
−1.3840

(−1.0750)
−2.5645 × 10−1

(−2.5645 × 10−1)

1.05~10
(2.64~25.21)

6.9699 × 10−1

(3.5885)
−2.8246

(−1.9300 × 10−1)
−1.1613

(−5.7824)
2.8654

(4.8069)
−1.2088

(−1.2088)

10~40
(25.21~100)

−2.4954 × 10−1

(2.4663)
−1.3806

(−1.3806)

Incident Impulse, Is/W1/3

Z C0 C1 C2 C3 C4

0.05~0.79
(0.132~1.99)

−5.8967 × 10−1

(1.1833)
1.2467

(−7.9338 × 10−2)
7.2584 × 10−1

(2.2043)
−2.1542

(−3.0039 × 10−1)
−1.1542

(−1.1542)

0.79~3.99
(1.99~10.07)

−7.5978 × 10−1

(1.0167)
−7.4416 × 10−1

(3.1232)
−1.4680

(−9.1754)
3.8777

(8.9187)
−3.1385

(−3.1385)

3.99~40
(10.07~100)

−7.7508 × 10−1

(1.6001)
−8.4083 × 10−1

(−7.9357 × 10−1)
−5.8847 × 10−2

(−5.8847 × 10−2)

Reflected Impulse, Ir/W1/3

Z C0 C1 C2 C3 C4

0.05~40
(0.132~100)

−2.5256 × 10−1

(2.3590)
−1.3067

(−1.5154)
2.2166 × 10−1

(2.9812 × 10−1)
−6.3474 × 10−2

(−6.3474 × 10−2)

Arrival Time, Ta/W1/3

Z C0 C1 C2 C3 C4

0.05~0.71
(0.132~1.79)

−2.4704 × 10−1

(−1.0917)
2.1318

(1.5792)
9.9500 × 10−1

(4.4200 × 10−1)
6.1033 × 10−1

(3.0779 × 10−1)
1.8836 × 10−1

(1.8836 × 10−1)

0.71~10
(1.79~25.21)

−2.7471 × 10−1

(−1.0583)
1.8687

(1.3245)
1.9437 × 10−1

(1.2385)
−6.7341 × 10−1

(−1.0601)
2.4074 × 10−1

(2.4074 × 10−1)

10~40
(25.21~100)

6.9208 × 10−2

(−6.1494 × 10−1)
1.3812

(1.4563)
−9.3519 × 10−2

(−9.3519 × 10−2)

Positive Phase Duration, To/W1/3

Z C0 C1 C2 C3 C4

0.14~0.75
(0.37~1.89)

6.6547 × 10−1

(−7.6352 × 10−1)
6.0191

(1.1073)
8.2785

(3.9538)
3.5900

(3.5900)

0.75~1.15
(1.89~2.9)

2.5418 × 10−1

(−4.4026)
2.4840 × 10−1

(31.294)
−5.3442

(−71.972)
55.310

(55.310)

1.15~2.93
(2.9~7.4)

2.3966 × 10−1

(−6.2696)
8.4271 × 10−1

(44.413)
−11.795

(−111.94)
45.212

(121.06)
−47.224

(−47.224)

2.93~40
(7.4~100)

8.4367 × 10−2

(−6.4031 × 10−1)
1.0610

(2.0744)
−9.2091 × 10−1

(−1.6381)
5.0765 × 10−1

(6.8306 × 10−1)
−1.0921 × 10−1

(−1.0921 × 10−1)

Shock Velocity, U

Z C0 C1 C2 C3 C4

0.05~1.16
(0.132~2.94)

5.2658 × 10−3

(8.8776 × 10−1)
−1.0266

(−7.8511 × 10−1)
−2.3754 × 10−1

(−3.4040 × 10−1)
1.4415 × 10−1

(2.6631 × 10−2)
7.3166 × 10−2

(7.3166 × 10−2)

1.16~10
(2.94~25.21)

1.1060 × 10−2

(1.0003)
−1.0765

(−1.1540)
5.0854 × 10−1

(−4.3675 × 10−1)
4.8259 × 10−1

(1.0868)
−3.7621 × 10−1

(−3.7621 × 10−1)

10~40
(25.21~100)

−4.2546 × 10−1

(1.0090 × 10−1)
−2.5850 × 10−2

(−2.5850 × 10−2)
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Table 4. Constant of Modified Equation for a Surface Burst.

Peak Incident Overpressure, Ps

Z C0 C1 C2 C3 C4

0.06~1.13
(0.167~2.84)

1.3295 × 10−1

(3.0002)
−2.1712

(−1.4636)
−1.3878

(−4.9427 × 10−1)
−1.0401

(−4.4345 × 10−1)
−3.7148 × 10−1

(−3.7148 × 10−1)

1.13~10
(2.84~25.21)

1.3067 × 10−1

(2.7741)
−2.0672

(1.1608 × 10−1)
−1.1750

(−4.5313)
2.1159

(3.4564)
−8.3460 × 10−1

(−8.3460 × 10−1)

10~40
(25.21~100)

7.8363 × 10−1

(5.2611)
−4.5738

(−7.0786)
2.6834

(3.5545)
−7.2311 × 10−1

(−7.2311 × 10−1)

Peak Reflected Overpressure, Pr

Z C0 C1 C2 C3 C4

0.06~0.42
(0.167~1.05)

1.3953
(3.9425)

3.0058 × 10−1

(−1.6500)
4.8121

(5.4353 × 10−1)
4.7833

(2.3036)
1.5439

(1.5439)

0.42~3.45
(1.05~8.70)

9.0962 × 10−1

(3.9373)
−2.6898

(−1.6802)
−1.2237

(−8.0819 × 10−1)
8.5625 × 10−1

(−1.5461)
1.4957

(1.4957)

3.45~40
(8.70~100)

1.2511
(5.8327)

−4.7950
(−7.3773)

2.7741
(3.6569)

−7.3282 × 10−1

(−7.3282 × 10−1)

Incident Impulse, Is/W1/3

Z C0 C1 C2 C3 C4

0.06~0.95
(0.167~2.40)

−6.0247 × 10−1

(1.2919)
1.1143

(−4.6629 × 10−1)
1.3760

(2.2169)
−1.5534

(1.5728 × 10−1)
−1.0651

(−1.0651)

0.95~5.97
(2.40~15.04)

−6.3226 × 10−1

(9.1008 × 10−1)
−4.1419 × 10−1

(3.8403)
−2.2475

(−9.0634)
3.8761

(7.4402)
−2.2190

(−2.2190)

5.97~40
(15.04~100)

−6.0392 × 10−1

(1.7753)
−8.4947 × 10−1

(−8.0503 × 10−1)
−5.5334 × 10−2

(−5.5334 × 10−2)

Reflected Impulse, Ir/W1/3

Z C0 C1 C2 C3 C4

0.06~40
(0.167~100)

−5.3169 × 10−2

(2.5759)
−1.3466

(−1.5622)
2.3258 × 10−1

(3.0429 × 10−1)
−5.9534 × 10−2

(−5.9534 × 10−2)

Arrival Time, Ta/W1/3

Z C0 C1 C2 C3 C4

0.06~1.46
(0.167~3.68)

−3.3217 × 10−1

(−1.1143)
1.8061

(1.5414)
4.3653 × 10−1

(2.7387 × 10−1)
2.6277 × 10−1

(7.2986 × 10−3)
1.5906 × 10−1

(1.5906 × 10−1)

1.46~10
(3.68~25.21)

−3.5217 × 10−1

(−1.2759)
1.9914

(2.0109)
−1.3049 × 10−1

(8.1866 × 10−2)
−1.7628 × 10−1

(−1.7628 × 10−1)

10~40
(25.21~100)

−7.4315 × 10−2

(−8.4388 × 10−1)
1.5680

(1.6950)
−1.5812 × 10−1

(−1.5812 × 10−1)

Positive Phase Duration, To/W1/3

Z C0 C1 C2 C3 C4

0.17~0.69
(0.45~1.73)

4.3227 × 10−1

(−7.4649 × 10−1)
6.1103

(4.6710 × 10−1)
12.418

(2.8829)
11.021

(4.8098)
3.8670

(3.8670)

0.69~1.00
(1.73~2.52)

2.4242 × 10−1

(−9.1900 × 10−1)
3.6673

(1.5475)
2.6397

(2.6397)

1.00~2.88
(2.52~7.25)

2.4255 × 10−1

(−6.0473)
2.1849

(37.322)
−14.917

(−80.281)
35.106

(73.416)
−23.852

(−23.852)

2.88~10
(7.25~25.21)

−3.2552 × 10−1

(−2.0520)
2.7174

(5.4865)
−2.7949

(−4.1014)
1.0846

(1.0846)

10~40
(25.21~100)

2.7214 × 10−1

(−4.9182 × 10−2)
4.8449 × 10−1

(5.4593 × 10−1)
−7.6501 × 10−2

(−7.6501 × 10−2)

Shock Velocity, U

Z C0 C1 C2 C3 C4

0.06~1.28
(0.167~3.23)

7.9911 × 10−2

(9.2426 × 10−1)
−9.7917 × 10−1

(−7.0069 × 10−1)
−5.3612 × 10−1

(−2.0469 × 10−1)
−3.9288 × 10−1

(−1.5738 × 10−1)
−1.4662 × 10−1

(−1.4662 × 10−1)

1.28~10
(3.23~25.21)

8.9984 × 10−2

(1.0476)
−1.1228

(−8.9939 × 10−1)
3.1104 × 10−1

(−1.0146)
7.3402 × 10−1

(1.4670)
−4.5634 × 10−1

(−4.5634 × 10−1)

10~40
(25.21~100)

−4.1168 × 10−1

(1.1798 × 10−1)
−3.4073 × 10−2

(−3.4073 × 10−2)
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To compare the modified equation proposed in the present article and the conventional
Kingery-Bulmash equation, the error between the two equations was calculated at 500 points with
respect to the entire range of scaled distances (Tables 5 and 6). The results showed that the maximum
error rate is less than or equal to 1% and the mean error rate is less than or equal to 0.3%, indicating that
the modified equation proposed in the present article is consistent with the conventional equation
(Figure 4).

Table 5. Error of Modified Equation for Free-Air Burst (Unit: %).

Z Ps Pr Is/W1/3 Ir/W1/3 Ta/W1/3 To/W1/3 U

0.05 1.0000 −0.6233 −0.0173 0.0094 −0.9737 - 0.7402
0.0507 0.8495 −0.3839 −0.0171 0.0094 −0.8162 - 0.6219
0.0514 0.7015 −0.1752 −0.0170 0.0093 −0.6707 - 0.5143

...
...

...
...

...
...

...
...

38.9426 −0.5361 −0.4636 0.3466 −0.0100 0.3874 −0.1778 −0.4767
39.4678 −0.7038 −0.5553 0.4245 −0.0100 0.4875 −0.2451 −0.5038

40 −0.8895 −0.6500 0.5116 −0.0101 0.5976 −0.3224 −0.5274

Max 1.0000 0.7570 0.7789 0.0094 0.7212 0.8797 0.7402
Min −0.8895 −0.9505 −0.5554 −0.0101 −0.9737 −0.9885 −0.8507

Average 0.2010 0.2890 0.0817 0.0050 0.1454 0.2257 0.1750

Table 6. Error of Modified Equation for Surface Burst (Unit: %).

Z Ps Pr Is/W1/3 Ir/W1/3 Ta/W1/3 To/W1/3 U

0.06 −0.92708 0.0770 −0.0113 −0.0041 0.3295 - −0.0534
0.0608 −0.7746 −0.0300 −0.0110 −0.0041 0.2186 - −0.0583
0.0616 −0.6314 −0.1094 −0.0108 −0.0041 0.1214 - −0.0653

...
...

...
...

...
...

...
...

38.9710 −0.4031 −0.2315 0.3666 0.0088 0.0459 −0.3395 −0.4721
39.4822 −0.5827 −0.3792 0.3885 0.0089 0.0522 −0.4155 −0.5101

40 −0.7908 −0.5575 0.4079 0.0089 0.0578 −0.4982 −0.5540

Max 0.4894 0.9687 0.9954 0.0089 0.8658 0.9571 0.4769
Min −0.9904 −0.5806 −0.8132 −0.0041 −0.6057 −0.9520 −0.8051

Average 0.1737 0.2279 0.1208 0.0033 0.1867 0.1872 0.1985
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5. Verification of the Modified Equation

In order to verify the modified equation, two types of simple plate models with properties
as shown in Table 7 were set up, and the residual displacements were compared by applying the
Kingery-Bulmash equation and the modified equation.

Table 7. Properties of Plate Models.

Burst Plate Model Size Young’s Modulus, E Yield Stress, Fy

Free-air 10 m × 10 m × t mm
200, 000 MPa 400 MPaSurface 10 m × 5 m × t mm

The location of the explosion is shown in Figure 5; both the free-air burst and the surface burst are
located 5 m from the surface of the plate. The thickness (t) of the plate was set differently for each blast
load case to compare the residual displacements after plastic deformation.
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Table 8 presents the conditions of the blast load.

Table 8. Blast Load Conditions for Simulations.

Case Distance, R TNT Weight, W Scaled Distance, Z Plate Thickness, t

1
5 m

10, 000 kg 0.2321 m/kg1/3 100 mm
2 1000 kg 0.5 m/kg1/3 20 mm
3 100 kg 1.0772 m/kg1/3 4 mm

The simulations were conducted by LS-Dyna, which is a typical commercial software used for
blast analysis (Figure 6). After the analysis, the residual displacements were measured at a point every
1 m from the center of the model for free-air burst simulations, and from a height of 0.5 m above the
bottom of the plate for surface burst simulations.
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Tables 9 and 10 show the simulation results by two equations. They show that the results of the
modified equation are very similar to those of the Kingery-Bulmash equation.
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Table 9. Results of Free-Air Burst Simulations.

Case Equation Residual Displacement at the Points (mm)

Center 1 m 2 m 3 m 4 m

1
Kingery-Bulmash 1146.2 1115.9 938.51 675.26 363.08

Modified 1144.2 1115.9 940.19 677.3 364.58
(Error, %) (−0.1745) (0.0000) (0.1790) (0.3021) (0.4131)

2
Kingery-Bulmash 892.7 861.37 724.72 518.21 263.94

Modified 872.18 854.01 722.17 515.63 267.59
(Error, %) (−2.2986) (−0.8545) (−0.3519) (−0.4979) (1.3829)

3
Kingery-Bulmash 747.02 726.7 495.26 295.32 211.81

Modified 748.09 724.43 491.51 294.19 215.09
(Error, %) (0.1432) (−0.3124) (−0.7572) (−0.3826) (1.5486)

Table 10. Results of Surface Burst Simulations.

Case Equation Residual Displacement at the Points (mm)

0.5 m 1.5 m 2.5 m 3.5 m 4.5 m

1
Kingery-Bulmash 1146.2 1115.9 938.51 675.26 363.08

Modified 1144.2 1115.9 940.19 677.3 364.58
(Error, %) (−0.1745) (0.0000) (0.1790) (0.3021) (0.4131)

2
Kingery-Bulmash 892.7 861.37 724.72 518.21 263.94

Modified 872.18 854.01 722.17 515.63 267.59
(Error, %) (−2.2986) (−0.8545) (−0.3519) (−0.4979) (1.3829)

3
Kingery-Bulmash 747.02 726.7 495.26 295.32 211.81

Modified 748.09 724.43 491.51 294.19 215.09
(Error, %) (0.1432) (−0.3124) (−0.7572) (−0.3826) (1.5486)

6. Conclusions

Among the various blast load equations, the Kingery-Bulmash equation is applicable to both a
free-air burst and a surface burst and enables calculations of the parameters of a pressure-time history
curve. In addition, this equation is the most widely used equation and is applied to the UFC 3-340-02
and the Conwep model. On the other hand, the calculation using the Kingery-Bulmash equation is
complicated. To simplify the process, Swisdak proposed a simplified version of the equation but the
Swisdak equation is applicable only to a surface burst. Moreover, the range of scaled distances that
may be calculated by using the Swisdak equation does not incorporate the range of conventional
equation. To solve these problems, the present article proposes a modified equation.

The modified equation proposed in this article is applicable to both types of bursts, as is the case
of the Kingery-Bulmash equation. In addition, the range of scaled distance that may be calculated
using the modified equation is the same as that of the original equation. The modified equation
proposed in the present article has a shorter calculation process because the unnecessary calculation
procedures included in the conventional equation are omitted. Moreover, the number of constants has
been reduced to five or less to make the equation simpler. The error rate of the calculation was less than
1% compared to the results calculated from the conventional Kingery-Bulmash equation. Two types of
plate models were simulated by applying the Kingery-Bulmash equation and the modified equation.
As a result, the modified equation has a very similar effect to the Kingery-Bulmash equation.

On the other hand, the modified equation has two limitations. First, the derivation of the modified
equation does not have sufficient theoretical background; this problem is shared by other empirical
equations built on experimental data. Second, the data used to establish the modified equation are
not experimental data but the values calculated using the conventional Kingery-Bulmash equation.
The use of actual experimental data would be better for establishing an equation, but there is insufficient
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experimental data available. Because the purpose of the present study was not to derive a new equation
but rather to develop an equation for simpler calculations that produce similar results to those of
the Kingery-Bulmash equation, the calculation results obtained using the conventional equation may
be used.

Therefore, the modified equation proposed in this article, which can provide the same calculation
results through a simpler calculation process, may supplement or even replace the Kingery-Bulmash
equation if used for appropriate situations with an understanding of the limitations described above.
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