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Abstract: With increasing stockpiles of nuclear warheads, it has become essential to fortify critical infrastructure against nuclear blast.
Therefore, a reliable estimation of nuclear-blast load is crucial for design of such hardened facilities. Several previous studies analyzed
nonnuclear explosion scenarios without specific attention to nuclear explosions. In this paper, a standard nuclear-blast model from the liter-
ature is compared with the declassified nuclear test data, and it is observed that the standard model reasonably captures the mean trend of the
decay portion of the air-overpressure history. This study accounts for the uncertainties associated with (1) the standard model, (2) occurrence
of an explosion, and (3) inherent variability of nuclear-attack parameters (range, yield, and height of burst) by (1) comparing the field data
with the model estimates, (2) developing a probabilistic threat scenario model, and (3) assigning appropriate probability distributions to the
nuclear-attack parameters, respectively. The incorporation of these uncertainties into the standard model leads to the probabilistic charac-
terization of nuclear-blast loads. For direct use in design, two simple equations are proposed for peak overpressure and positive phase duration
in terms of probability of exceedance, and an equation is proposed that represents a normalized air-overpressure history. DOI: 10.1061/
(ASCE)ST.1943-541X.0002597. © 2020 American Society of Civil Engineers.
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Introduction

With current modernization of nuclear warheads and increasing
risk of terrorism, it has become essential to fortify critical infra-
structure against nuclear explosions. The major effects produced
by a nuclear blast are (Glasstone and Dolan 1977; Krauthammer
2008) (1) fireball, (2) radioactive and condensation cloud, (3) radi-
ation (thermal and nuclear), (4) ejecta, fragments, and debris fall,
(5) cratering, (6) moving air shock fronts, (7) ground shocks, and
(8) electromagnetic pulse (EMP). All these effects produced by a
nuclear detonation are critical for the design of protective struc-
tures. However, debris impact and moving air shock waves are usu-
ally of special concern to the civil engineering community.

Debris generally consists of radioactive particles, dust, dirt,
weapon residue, and damaged parts of the structures during the ex-
plosion. Debris dispersion and debris throw are serious concerns be-
cause the flying debris moves along with the shock front and reaches
farther locations, which may cause severe damage to structures and
personnel on the way (Rempel 1981; Janser 1982; Kummer 1997;
Van Der Voort and Weerheijm 2013; Rolph et al. 2014). In addition,
debris may also be a limiting factor during postevent rescue opera-
tions (Edmunds et al. 1964).

Nuclear explosions release a vast amount of energy that causes a
considerable increase in ambient temperature (up to a few 1,000°C)
and ambient pressure (up to a few 1,000 kPa) within a very short time
duration. These extreme conditions convert the surrounding air into

highly compressed hot gases, which expand rapidly in form of high-
pressure air shock waves (Fig. 1) and cause damage to the surround-
ing structures. Most of the surface structures may get destroyed at an
incident air overpressure of the order of a few tens of kPa [reported in
PCI-DN-14 (PCI 2004)]. Therefore, a reliable estimation of nuclear-
air-blast-induced air overpressure is crucial for the design of nuclear-
protective structures and is main focus of the present study.

Because nuclear-blast-resistant design is not a routine engineering
problem, the classically decaying air-overpressure history caused by
nonnuclear, or conventional high-explosive (HE) and chemical explo-
sions, is mostly discussed in the current literature. The amount of en-
ergy released during a nuclear explosion may be significantly higher
(a thousand to million times) compared with a conventional HE blast,
due to which tremendous air overpressure is produced, which results
in a comparatively longer positive phase duration (Glasstone and
Dolan 1977). Unlike conventional HE explosions, in the case of nu-
clear explosions, an initial pressure disturbance usually arrives before
the main shock wave, which is known as a precursor. In addition, the
rapidly moving shock wave gets reflected when it strikes the ground
surface, and these reflected waves interfere with incident wave, caus-
ing the Mach effect as shown in Fig. 1 (Glasstone and Dolan 1977).
Therefore, in case of nuclear explosions, the combination of precursor
and Mach effects generates various non-classically-decaying air-
overpressure histories (Swift et al. 1960).

The air-overpressure histories during the positive phase duration
of a typical nuclear air-blast and a typical conventional HE blast are
shown in Fig. 2, and important characteristics such as rise time,
peak overpressure, positive phase duration, and positive phase im-
pulse are also explained in the figure. It can be observed from Fig. 2
that a typical conventional HE blast is associated with a shorter
positive phase and lower peak overpressure compared with a typ-
ical nuclear explosion. However, in case of nuclear explosion, a
significant rise time may be observed due to a precursor phenome-
non. Detailed discussions on comparisons between nuclear and
conventional HE blasts have been presented by Baker (1973),
Command UAM (1974), Glasstone and Dolan (1977), Beshara
(1994), and Krauthammer (2008).

In the literature, various models are available for defining air-
overpressure history [pðtÞ] such as (1) the linear decay model
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(Flynn 1950), (2) two-parameter nonlinear model (Ethridge 1965),
(3) three-parameter modified Friedlander model [as discussed by
Baker (1973)], and (4) other nonlinear models with more than three
parameters (Brode 1955, 1956, 1964). For the linear decay model,
Crawford et al. (1974) provided empirical relations and charts to
estimate the model parameters, but such a simple model does
not capture the nonlinearity of the blast wave. On the other
hand, the most popular nonlinear model (modified Friedlander’s
model) has been widely used for chemical (nonnuclear) explosions
(e.g., Henrych 1979; Kingery and Bulmash 1984; Kinney and
Grahm 1985; Bajić 2007; Teich and Gebbeken 2010).

Among these models, the empirical polynomial equations and
charts developed by Kingery and Bulmash (1984) are quite popular
(for example, UFC 2008; Karlos et al. 2016; Al-Rifaie and Sumelka
2017; Masi et al. 2019; Michaloudis and Gebbeken 2019) for

estimation of air-blast parameters (i.e., peak overpressure, arrival
time, and positive phase duration and impulse). These empirical re-
lationships are based on a large database of several trinitrotoluene
(TNT) explosions and are also used in a modern conventional
weapon effects calculation tool, CONWEP (Geringer et al. 2013).
Recently, the use of the CONWEP (Hyde 1991) blast-loading model
[based on Kingery and Bulmash (1984) and/or TM 5-855-1 (US
Army 1986)] has gained popularity due to its inclusion in the ad-
vanced numerical tools such as ABAQUS (e.g., Mougeotte et al.
2010; Lahiri and Ho 2011; Markose and Rao 2017) and
Dyna2D and Dyna3D (Randers-Pehrson and Bannister 1997). A
similar empirical blast model is also implemented in LS-DYNA
(e.g., Neuberger et al. 2007; Gilson et al. 2012; Tabatabaei and
Volz 2012). However, researchers (e.g., Le Blanc et al. 2005) also
realize that even such empirical tools have significant limitations and
are applicable to only nonnuclear weapons.

For nuclear explosions, the ASCEManual 42 (ASCE 1985) pro-
vides a model for predicting air-overpressure histories as a function
of height of burst (HOB), yield (W), and ground range (R) for an
ideal ground surface. The model is based on the studies of Speicher
and Brode (1981) and Brode (1983) and consists of a long sequence
of mathematical expressions that are appropriate for calculation of
peak overpressures over a range of 7 kPa to 70 MPa (ASCE 1985).
Further details are available in the manual itself. The present study
is carried out with three main objectives: (1) compare the ASCE
(1985) model with declassified nuclear test data, (2) characterize
the epistemic uncertainties associated with the model, and (3) make
the model directly usable in design by combining it with an appro-
priate probabilistic threat scenario model that also accounts for
uncertainties of the ASCE model and inherent variability of nuclear-
attack parameters (R, W, and HOB).

Comparison with Experimental Records: Air-Blast
Parameters

For comparison purposes, the relevant experimental data are col-
lected from various declassified atmospheric nuclear-test reports,

Fig. 1. Representation of nuclear-air-blast-induced precursor, reflected wavefronts, Mach stem, and moving air overpressure (shock waves) on
ground surface.
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Fig. 2. Typical representation of conventional HE and nuclear-blast-
induced air-overpressure histories.
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and a summary of all compiled data is given in Table 1. The data
belong to (1) Operation Hardtack (Swift et al. 1958), (2) Operation
Plumbbob (Flathau et al. 1959; Albright et al. 1960; Bowen et al.
1960; Bultmann et al. 1960; Deeds et al. 1960; Swift et al. 1960;
Perret 1960; Albright et al. 1961; Bryant and Keefer 1962), (3) Op-
eration Redwing (Perret 1956; Kingery et al. 1960), (4) Operation
Tumbler (Salmon and Hornig 1953), and (5) Operation Upshot-
Knothole (Perret and Gentry 1955). In a few cases, the data were
collected with multiple recording gauges at the same distance from
ground zero (GZ) (Table 1). The difference between such multiple
measurements shows the inherent and spatial variability of the air
overpressure.

A comparison of recorded and predicted air-blast parameters,
namely, shock arrival time, peak overpressures, positive phase im-
pulse, and positive phase duration, is shown in Fig. 3. The predicted
and recorded values match reasonably well. The error is calculated
as follows:

Errorð%Þ ¼ Recorded data − Predicted data
Recorded data

× 100 ð1Þ

The respective histograms of percentage errors (excluding a few
outliers) are also shown in Fig. 3, and the following are observed:
• In the case of shock arrival time, errors vary between −45%

(overestimated) to þ10% (underestimated), with maximum fre-
quency in the range of −10% to þ10%. On average, it is ob-
served that ASCE model tends to predict a slightly late arrival
(by 11%) of the air shock front at a given range.

• In the case of peak overpressure, the errors vary between
−134% (overestimated) to þ38% (underestimated), with max-
imum frequency in the range of −30% to þ5%. On average, the
ASCE model tends to predict higher (conservative) peak over-
pressures (by 27%).

• In the case of positive phase impulse, the errors vary between
−69% (overestimated) to þ33% (underestimated), with maxi-
mum frequency in the range of −10% to þ10%. On average,
the ASCE model tends to predict a marginally higher (conser-
vative) positive phase impulse (by 2%).

• In the case of positive phase duration, the errors vary between
−59% (overestimated) to þ48% (underestimated), with maxi-
mum frequency in the range of −10% to þ20%. On average,
the ASCE model tends to predict a slightly shorter (by 7%)
positive phase duration compared with the recorded data.

Comparison with Experimental Records: Air-
Overpressure History

In this section, the recorded air-overpressure histories are compared
with those predicted from the ASCE (1985) manual. For this pur-
pose, 24 legible air-overpressure histories were digitized from vari-
ous reports mentioned in section “Comparison with Experimental
Records: Air-Blast Parameters.” To decide an appropriate method-
ology for comparison, a preliminary study was carried out,
as shown in Figs. 4 and 5, for Shot Cactus and Shot Koa (Operation
Hardtack), respectively. The two cases indicate that the ASCE
model assumes a zero rise time, i.e., a sudden rise to peak over-
pressure, and captures the decay portion of the history reasonably
well. However, the perturbations present in the recorded histories
are not captured by the ASCE model. In view of this, it was decided
to compare only the decay portion of the recorded histories with the
predicted histories by assuming that the shock wave arrives (pre-
dicted as well as recorded) at t ¼ 0, as shown in Figs. 4(b, d, and f)
and 5(b, d, and f).

During quantitative comparison of recorded and predicted peak
overpressures, it is observed that, in some cases, the percentage
errors may be as high as approximately −140% [Fig. 3(d)]. There-
fore, it is found convenient to evaluate the error [eðtiÞ] at time in-
stant ti in terms of the ratio of recorded value PrðtiÞ to predicted
value PmðtiÞ as follows:

ei ¼
PrðtiÞ
PmðtiÞ

ð2Þ

Here, it must be pointed out that (1) the comparison is being
carried out only for the decaying portion of the recorded histories,
and (2) the comparison can be carried out only for a length of the
history that is the minimum of the two durations, namely (1) decay
portion of recorded history, and (2) positive phase of the predicted
history. To be consistent, the comparison is carried out at 100
equally spaced time instants, and the histograms of the error are
obtained (Fig. 6). This comparison procedure is further applied
to the remaining 18 histories, as shown in Fig. 7, and the errors
from all 24 histories are combined in a single histogram as shown
in Fig. 8. Based on this combined analysis, mean error is found to
be 1.24, which indicates a reasonable match between the model and
the field data. However, a significantly high standard deviation
(1.56) compared with the mean error value is also observed, which
indicates that the error varies significantly for different time instants
and different nuclear tests.

Characterization of Uncertainties

For design purposes, the ASCE manual (ASCE 1985) can be used
to estimate the air-overpressure history at a distance R from GZ
caused by a nuclear explosion of known yield (W) at a known
HOB. However, the estimated design load would be subject to three
main types of uncertainties: (1) model uncertainties associated with
ASCE model, (2) uncertainty of occurrence of an explosion with
particular expected values ofW, R, and HOB, and (3) inherent var-
iations in expected values of W, R, and HOB.

It is worth mentioning here that (1) in a comprehensive risk
analysis wherein all types of weapons (nuclear, chemical, and bio-
logical) are considered, the relative probability of nuclear attack
would be usually low because these are highly controlled and pos-
sibility of a random attack is very low, and (2) the inherent vari-
ability of nuclear-attack parameters shall be limited because those
are mostly well defined. However, it is quite possible that there
would be very limited and fuzzy information available for design
purposes. Hence, it is necessary to consider the inherent variability
in nuclear-attack parameters.

Model Uncertainties

The engineering models are simple conceptualizations of various
complicated real-life events and developed based on various sim-
plifying assumptions, which are the main source of model uncer-
tainties (e.g., Devooght 1998; Ang and Tang 2007). The model
uncertainty is generally characterized (e.g., Netherton and Stewart
2010) by evaluating the statistics of the model uncertainty factor
(β), defined as follows:

β ¼ Ye

fðx1; : : : ; xnÞ
ð3Þ

where Ye = value of the experimental observation; fð·Þ represents
the model; and fx1; : : : ; xng ¼ n model input parameters.

© ASCE 04020055-3 J. Struct. Eng.
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Table 1. Summary of recorded blast parameters from various atmospheric nuclear tests

Operation Shot R (m) W (kT) HOB (m) ta (s) Po (kPa) Ip (kPa-s) tp (s)

HardTack Cactus 124 18 Surface 0.014 1,131 50.49 N/A
HardTack Cactus 198 18 Surface 0.057 1,455 56.63 N/A
HardTack Cactus 256 18 Surface 0.116 717 39.87 N/A
HardTack Koa 610 1,300 Surface 0.1205 6,745 345.06 N/A
HardTack Koa 958 1,300 Surface 0.359 1,648 177.32 N/A
HardTack Koa 1,204 1,300 Surface 0.64 630 121.39 N/A
Plumbbob Priscilla 137 37 213 N/A N/A N/A N/A
Plumbbob Priscilla 168 37 213 0.116 N/A N/A N/A
Plumbbob Priscilla 198 37 213 0.131 2,358 84.12 0.149
Plumbbob Priscilla 229 37 213 0.146 1,579 69.64 0.164
Plumbbob Priscilla 259 37 213 0.163 1,524 N/A 0.197
Plumbbob Priscilla 320 37 213 0.201 717 N/A 0.314
Plumbbob Priscilla 411 37 213 0.268 407 45.64 0.357
Plumbbob Priscilla 503 37 213 0.35 256 34.61 0.375
Plumbbob Priscilla 610 37 213 0.475 220 40.47 0.57
Plumbbob Priscilla 762 37 213 0.716 78 N/A 0.774
Plumbbob Priscilla 914 37 213 1.046 75 25.23 0.789
Plumbbob Priscilla 1,067 37 213 1.445 53 11.51 0.49
Plumbbob Priscilla 1,372 37 213 N/A N/A N/A N/A
Plumbbob Priscilla 107 37 213 N/A N/A N/A N/A
Plumbbob Priscilla 107 37 213 N/A 7,107 N/A N/A
Plumbbob Priscilla 137 37 213 N/A 5,244 N/A N/A
Plumbbob Priscilla 137 37 213 N/A 5,175 N/A 0.175
Plumbbob Priscilla 198 37 213 N/A 3,312 N/A 0.95
Plumbbob Priscilla 198 37 213 N/A 2,760 N/A 0.162
Plumbbob Priscilla 259 37 213 N/A 1,553 N/A 0.236
Plumbbob Priscilla 259 37 213 N/A 1,421 N/A N/A
Plumbbob Priscilla 320 37 213 N/A 863 N/A 0.233
Plumbbob Priscilla 320 37 213 N/A 952 N/A 0.195
Plumbbob Priscilla 411 37 213 N/A 414 N/A 0.343
Plumbbob Priscilla 411 37 213 N/A 428 N/A 0.28
Plumbbob Priscilla 503 37 213 N/A 214 N/A 0.467
Plumbbob Priscilla 610 37 213 N/A 112 N/A N/A
Plumbbob Priscilla 686 37 213 N/A 86 N/A 0.687
Plumbbob Priscilla 762 37 213 N/A 63 N/A 0.852
Plumbbob Priscilla 914 37 213 N/A 63 N/A 0.727
Plumbbob Priscilla 1,067 37 213 N/A 68 N/A N/A
Plumbbob Priscilla 1,219 37 213 N/A 61 N/A 0.818
Plumbbob Priscilla 1,372 37 213 N/A 51 N/A N/A
Plumbbob Priscilla 1,524 37 213 N/A 41 N/A 0.916
Plumbbob Priscilla 1,829 37 213 N/A N/A N/A N/A
Plumbbob Priscilla 232 37 213 N/A 1,622 N/A N/A
Plumbbob Priscilla 232 37 213 N/A 1,553 N/A 0.178
Plumbbob Priscilla 232 37 213 N/A 1,449 N/A 0.126
Plumbbob Priscilla 317 37 213 N/A 773 N/A 0.307
Plumbbob Priscilla 317 37 213 N/A 794 N/A 0.253
Plumbbob Priscilla 317 37 213 N/A 759 N/A 0.256
Plumbbob Priscilla 317 37 213 N/A 725 N/A 0.285
Plumbbob Priscilla 415 37 213 N/A 414 N/A 0.404
Plumbbob Priscilla 415 37 213 N/A 276 N/A N/A
Plumbbob Priscilla 262 37 213 N/A 1,207 N/A 0.26
Plumbbob Priscilla 317 37 213 N/A 814 N/A 0.254
Plumbbob Priscilla 415 37 213 N/A 387 N/A N/A
Plumbbob Priscilla 296 37 213 N/A 1,000 N/A 0.254
Plumbbob Priscilla 317 37 213 N/A 841 N/A 0.206
Plumbbob Priscilla 351 37 213 N/A 676 N/A 0.332
Plumbbob Priscilla 351 37 213 N/A 690 N/A N/A
Plumbbob Priscilla 415 37 213 N/A 483 N/A N/A
Plumbbob Priscilla 415 37 213 N/A 386 N/A 0.361
Plumbbob Priscilla 619 37 213 N/A 90 N/A 0.01
Plumbbob Priscilla 695 37 213 N/A 95 N/A 0.661
Plumbbob Priscilla 832 37 213 N/A 62 N/A 0.737
Plumbbob Priscilla 1,198 37 213 N/A 61 N/A 0.825
Plumbbob Priscilla 1,454 37 213 N/A 43 N/A 0.92
Plumbbob Priscilla 1,865 37 213 N/A 34 N/A N/A
Plumbbob Priscilla 381 37 213 N/A 462 N/A 0.422
Plumbbob Priscilla 418 37 213 N/A 393 N/A 0.374
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Table 1. (Continued.)

Operation Shot R (m) W (kT) HOB (m) ta (s) Po (kPa) Ip (kPa-s) tp (s)

Plumbbob Priscilla 457 37 213 N/A 276 N/A 0.51
Plumbbob Priscilla 488 37 213 N/A 235 N/A N/A
Plumbbob Priscilla 524 37 213 N/A 193 N/A 0.492
Plumbbob Priscilla 564 37 213 N/A 149 N/A 0.573
Plumbbob Priscilla 579 37 213 N/A 107 N/A 0.629
Plumbbob Priscilla 646 37 213 N/A 79 N/A 0.679
Plumbbob Priscilla 698 37 213 N/A 76 N/A 0.731
Plumbbob Priscilla 768 37 213 N/A 72 N/A 0.83
Plumbbob Priscilla 832 37 213 N/A 59 N/A 0.808
Plumbbob Priscilla 875 37 213 N/A 69 N/A N/A
Plumbbob Priscilla 991 37 213 N/A 55 N/A 0.781
Plumbbob Priscilla 1,381 37 213 N/A N/A N/A N/A
Plumbbob Priscilla 1,622 37 213 N/A 37 N/A N/A
Plumbbob Priscilla 198 37 213 0.141 1,863 97.94 0.211
Plumbbob Priscilla 259 37 213 0.194 1,290 66.9 0.245
Plumbbob Priscilla 320 37 213 0.255 828 53.8 0.307
Plumbbob Priscilla 411 37 213 0.38 408 44.83 0.442
Plumbbob Franklin 122 0.14 91 N/A 172 N/A 0.09
Plumbbob Franklin 122 0.14 91 N/A 179 N/A N/A
Plumbbob Franklin 213 0.14 91 N/A 81 N/A 0.1
Plumbbob Franklin 213 0.14 91 N/A 77 N/A 0.1
Plumbbob Franklin 244 0.14 91 N/A 53 N/A 0.09
Plumbbob Franklin 244 0.14 91 N/A 59 N/A 0.17
Plumbbob Franklin 274 0.14 91 N/A 50 N/A 0.08
Plumbbob Franklin 305 0.14 91 N/A 44 N/A 0.15
Plumbbob Franklin 366 0.14 91 N/A 33 N/A 0.15
Plumbbob Franklin 396 0.14 91 N/A 24 N/A 0.12
Plumbbob Franklin 549 0.14 91 N/A 17 N/A N/A
Plumbbob Wilson 183 10.3 152 N/A 966 N/A 0.14
Plumbbob Wilson 183 10.3 152 N/A 966 N/A 0.17
Plumbbob Wilson 305 10.3 152 N/A 262 N/A 0.28
Plumbbob Wilson 305 10.3 152 N/A 290 N/A 0.31
Plumbbob Wilson 351 10.3 152 N/A 214 N/A N/A
Plumbbob Wilson 381 10.3 152 N/A 166 N/A 0.3
Plumbbob Wilson 433 10.3 152 N/A 83 N/A 0.33
Plumbbob Wilson 461 10.3 152 N/A 73 N/A 0.5
Plumbbob Wilson 480 10.3 152 N/A 87 N/A 0.48
Plumbbob Wilson 503 10.3 152 N/A 62 N/A 0.44
Plumbbob Wilson 518 10.3 152 N/A 64 N/A 0.43
Plumbbob Wilson 549 10.3 152 N/A 62 N/A 0.49
Plumbbob Wilson 594 10.3 152 N/A 67 N/A 0.48
Plumbbob Wilson 640 10.3 152 N/A 70 N/A 0.48
Plumbbob Wilson 671 10.3 152 N/A 64 N/A 0.49
Plumbbob Wilson 732 10.3 152 N/A 54 N/A 0.53
Plumbbob Wilson 792 10.3 152 N/A 46 N/A 0.55
Plumbbob Wilson 914 10.3 152 N/A 43 N/A 0.61
Plumbbob Hood 305 71 488 N/A 593 N/A 0.41
Plumbbob Hood 305 71 488 N/A 635 N/A 0.49
Plumbbob Hood 461 71 488 N/A 359 N/A 0.54
Plumbbob Hood 518 71 488 N/A 328 N/A 0.71
Plumbbob Hood 671 71 488 N/A 127 N/A 0.84
Plumbbob Hood 732 71 488 N/A 117 N/A 0.81
Plumbbob Hood 914 71 488 N/A 59 N/A N/A
Plumbbob Hood 1,219 71 488 N/A 46 N/A N/A
Plumbbob Hood 1,219 71 488 N/A 47 N/A N/A
Plumbbob Hood 1,399 71 488 N/A 47 N/A 1.15
Plumbbob Hood 1,524 71 488 N/A 43 N/A 1.17
Plumbbob Hood 1,676 71 488 N/A 41 N/A 1.19
Plumbbob Hood 1,829 71 488 N/A 37 N/A 1.23
Plumbbob Hood 1,829 71 488 N/A 38 N/A 1.27
Plumbbob Hood 2,012 71 488 N/A 32 N/A 1.33
Plumbbob Hood 2,134 71 488 N/A 28 N/A N/A
Plumbbob Hood 2,438 71 488 N/A 23 N/A N/A
Plumbbob Hood 2,438 71 488 N/A 23 N/A N/A
Plumbbob Kepler 274 10.3 152 N/A 400 N/A 0.18
Plumbbob Kepler 320 10.3 152 N/A 255 N/A 0.22
Plumbbob Kepler 320 10.3 152 N/A N/A N/A 0.24
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Table 1. (Continued.)

Operation Shot R (m) W (kT) HOB (m) ta (s) Po (kPa) Ip (kPa-s) tp (s)

Plumbbob Kepler 366 10.3 152 N/A 262 N/A 0.26
Plumbbob Kepler 427 10.3 152 N/A N/A N/A 0.35
Plumbbob Kepler 518 10.3 152 N/A 138 N/A 0.38
Plumbbob Kepler 594 10.3 152 N/A 101 N/A 0.44
Plumbbob Kepler 640 10.3 152 N/A 97 N/A N/A
Plumbbob Kepler 671 10.3 152 N/A 79 N/A N/A
Plumbbob Kepler 716 10.3 152 N/A 74 N/A N/A
Plumbbob Kepler 762 10.3 152 N/A 70 N/A N/A
Plumbbob Kepler 792 10.3 152 N/A 66 N/A N/A
Plumbbob Kepler 853 10.3 152 N/A 60 N/A N/A
Plumbbob Owens 152 9.7 152 N/A 1,552 N/A 0.26
Plumbbob Owens 183 9.7 152 N/A 793 N/A N/A
Plumbbob Owens 183 9.7 152 N/A 707 N/A 0.15
Plumbbob Owens 244 9.7 152 N/A 428 N/A 0.23
Plumbbob Owens 305 9.7 152 N/A 255 N/A N/A
Plumbbob Owens 305 9.7 152 N/A 245 N/A 0.28
Plumbbob Owens 351 9.7 152 N/A 186 N/A 0.35
Plumbbob Owens 433 9.7 152 N/A 92 N/A 0.27
Plumbbob Owens 461 9.7 152 N/A 76 N/A 0.44
Plumbbob Owens 480 9.7 152 N/A 80 N/A 0.42
Plumbbob Owens 503 9.7 152 N/A 59 N/A 0.46
Plumbbob Owens 518 9.7 152 N/A 60 N/A 0.46
Plumbbob Owens 549 9.7 152 N/A 63 N/A 0.45
Plumbbob Owens 549 9.7 152 N/A 65 N/A N/A
Plumbbob Owens 914 9.7 152 N/A 41 N/A N/A
Plumbbob Owens 2,012 9.7 152 N/A 16 N/A 0.84
Plumbbob Shasta 305 16.5 152 N/A 379 N/A N/A
Plumbbob Shasta 457 16.5 152 N/A 178 N/A 0.41
Plumbbob Shasta 610 16.5 152 N/A 97 N/A 0.45
Plumbbob Shasta 762 16.5 152 N/A 69 N/A 0.56
Plumbbob Shasta 914 16.5 152 N/A 55 N/A 0.62
Plumbbob Shasta 5,486 16.5 152 N/A 8 N/A 1.22
Plumbbob Galileo 183 11.1 152 N/A 1,104 N/A N/A
Plumbbob Galileo 320 11.1 152 N/A 252 N/A 0.26
Plumbbob Galileo 366 11.1 152 N/A 172 N/A 0.32
Plumbbob Galileo 427 11.1 152 N/A 164 N/A 0.32
Plumbbob Galileo 518 11.1 152 N/A 114 N/A 0.4
Plumbbob Galileo 594 11.1 152 N/A 84 N/A 0.44
Plumbbob Galileo 640 11.1 152 N/A 72 N/A 0.46
Plumbbob Galileo 671 11.1 152 N/A 74 N/A 0.48
Plumbbob Galileo 716 11.1 152 N/A 68 N/A 0.51
Plumbbob Galileo 762 11.1 152 N/A 69 N/A 0.48
Plumbbob Galileo 792 11.1 152 N/A 63 N/A 0.5
Plumbbob Galileo 843 11.1 152 N/A 57 N/A 0.58
Plumbbob Galileo 1,433 11.1 152 N/A 29 N/A 0.75
Plumbbob Charleston 335 11.5 457 N/A 121 N/A 0.41
Plumbbob Charleston 335 11.5 457 N/A 119 N/A 0.33
Plumbbob Charleston 457 11.5 457 N/A 100 N/A 0.43
Plumbbob Charleston 457 11.5 457 N/A 103 N/A N/A
Plumbbob Charleston 701 11.5 457 N/A 84 N/A 0.52
Plumbbob Charleston 701 11.5 457 N/A 90 N/A 0.49
Plumbbob Charleston 914 11.5 457 N/A 59 N/A N/A
Plumbbob Charleston 914 11.5 457 N/A 58 N/A 0.58
Plumbbob Charleston 1,676 11.5 457 N/A 26 N/A N/A
Plumbbob Charleston 1,676 11.5 457 N/A 26 N/A 0.74
Plumbbob Charleston 2,438 11.5 457 N/A 14 N/A 1.06
Plumbbob Charleston 4,877 11.5 457 N/A 8 N/A N/A
Plumbbob Charleston 7,886 11.5 457 N/A 7 N/A N/A
Plumbbob Charleston 7,886 11.5 457 N/A 6 N/A 1.25
Plumbbob Charleston 1,5611 11.5 457 N/A 2 N/A N/A
Plumbbob Charleston 22,250 11.5 457 N/A 1 N/A 1.58
Plumbbob Morgan 183 8 152 N/A 655 N/A N/A
Plumbbob Morgan 305 8 152 N/A 228 N/A 0.28
Plumbbob Morgan 381 8 152 N/A 138 N/A 0.4
Plumbbob Morgan 671 8 152 N/A 53 N/A 0.46
Plumbbob Morgan 914 8 152 N/A 39 N/A 0.57
Plumbbob Morgan 1,524 8 152 N/A 19 N/A 0.68
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Model Uncertainty in Peak Overpressure and Positive
Phase Duration

Because peak overpressure and positive phase duration are the two
key parameters of blast load, this paper focuses on the uncertainties
in the model estimates of these two parameters. To evaluate the
factor β in Eq. (3), the data from Figs. 3(c and g) can be directly
used in case of peak overpressure and positive phase duration, re-
spectively, which consist of experimental observations as well as
model estimates. Based on this data set, the model uncertainty fac-
tor corresponding to (1) the peak overpressure (βPo), and (2) the
positive phase duration (βtp) are evaluated, and the corresponding
histograms are obtained as shown in Fig. 9.

It is observed that both βPo and βtp follow a normal distribution,
and the hypothesis of normal distribution is evaluated by chi-squared

goodness-of-fit test. It is found that at a 5% level of significance, the
chi-square test does not reject the hypothesis of a normal distribution.
The parameters of normal distribution of βPo are obtained as 0.84 (μ)
(95% confidence interval is [0.81,0.86]) and 0.21 (σ) (95% confi-
dence interval is [0.19,0.23]), which represent, respectively, the mean
and standard deviation of the distribution. Similarly, the parameters
of normal distribution of βtp are obtained as 1.1027 (μ) (95% con-
fidence interval is [1.0674, 1.1380]) and 0.2231 (σ) (95% confidence
interval is [0.2015, 0.2517]).

Parametric Uncertainties

The inherent variability of blast parameters and uncertainty asso-
ciated with unknown threat scenarios are important issues in the
design of structures against blast loading (Stewart et al. 2006;

Table 1. (Continued.)

Operation Shot R (m) W (kT) HOB (m) ta (s) Po (kPa) Ip (kPa-s) tp (s)

Plumbbob Morgan 2,012 8 152 N/A 14 N/A 0.83
Plumbbob Morgan 2,438 8 152 N/A 10 N/A 0.84
Plumbbob Morgan 4,572 8 152 N/A 8 N/A N/A
Plumbbob Morgan 6,438 8 152 N/A 6 N/A N/A
Plumbbob Morgan 7,886 8 152 N/A 5 N/A 0.99
Plumbbob Morgan 7,620 8 152 N/A 2 N/A 1
RedWing Lacrosse 210 37.8 5 N/A 2,931 N/A N/A
RedWing Lacrosse 280 37.8 5 N/A 1,062 N/A N/A
RedWing Lacrosse 344 37.8 5 N/A 931 36 0.371
RedWing Lacrosse 427 37.8 5 N/A 379 N/A N/A
RedWing Lacrosse 485 37.8 5 N/A 388 N/A N/A
RedWing Lacrosse 594 37.8 5 N/A 248 28 0.547
RedWing Lacrosse 762 37.8 5 N/A 123 24 0.661
RedWing Yuma 46 0.188 61 N/A 738 N/A N/A
RedWing Yuma 77 0.188 61 N/A 233 2 0.038
RedWing Yuma 111 0.188 61 N/A 166 N/A N/A
RedWing Yuma 122 0.188 61 N/A 145 3 0.092
Tumbler Shot 1 51 1.05 242 N/A 185 N/A N/A
Tumbler Shot 1 107 1.05 242 N/A 157 N/A N/A
Tumbler Shot 1 179 1.05 242 N/A 100 N/A N/A
Tumbler Shot 1 253 1.05 242 N/A 69 N/A N/A
Tumbler Shot 1 328 1.05 242 N/A 75 N/A N/A
Tumbler Shot 1 404 1.05 242 N/A 67 N/A N/A
Tumbler Shot 1 480 1.05 242 N/A 54 N/A N/A
Tumbler Shot 1 556 1.05 242 N/A 46 N/A N/A
Tumbler Shot 1 632 1.05 242 N/A 36 N/A N/A
Tumbler Shot 1 783 1.05 242 N/A 24 N/A N/A
Tumbler Shot 1 935 1.05 242 N/A 17 N/A N/A
Tumbler Shot 2 46 1.15 338 N/A 89 N/A N/A
Tumbler Shot 2 192 1.15 338 N/A 68 N/A N/A
Tumbler Shot 2 419 1.15 338 N/A 43 N/A N/A
Tumbler Shot 2 648 1.15 338 N/A 32 N/A N/A
Tumbler Shot 2 876 1.15 338 N/A 24 N/A N/A
Tumbler Shot 3 51 30 1,051 N/A 77 N/A N/A
Tumbler Shot 3 202 30 1,051 N/A 81 N/A N/A
Tumbler Shot 3 429 30 1,051 N/A 70 N/A N/A
Tumbler Shot 3 657 30 1,051 N/A 60 N/A N/A
Tumbler Shot 3 885 30 1,051 N/A 52 N/A N/A
UpshotKnothole Shot 9 250 26 739 1.097 146 N/A 0.703
UpshotKnothole Shot 9 390 26 739 1.237 115 N/A 0.663
UpshotKnothole Shot 9 440 26 739 1.2988 112 N/A 0.66
UpshotKnothole Shot 9 517 26 739 1.4 96 N/A 0.74
UpshotKnothole Shot 9 654 26 739 1.613 77 N/A 0.767
UpshotKnothole Shot 10 131 14.9 160 0.0915 1,655 N/A 0.188
UpshotKnothole Shot 10 280 14.9 160 0.1915 493 N/A 0.269
UpshotKnothole Shot 10 342 14.9 160 0.2482 253 N/A 0.313
UpshotKnothole Shot 10 431 14.9 160 0.351 99 N/A 0.457
UpshotKnothole Shot 10 585 14.9 160 0.596 56 N/A 0.671

Note: N/A = not available.
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Fig. 3. Comparison between (a and b) recorded and predicted shock arrival time; (c and d) peak overpressures; (e and f) positive phase impulse;
and (g and h) positive phase duration.
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Stewart and Netherton 2008; Netherton and Stewart 2010). Because
the effect of these uncertainties reflect directly on the blast-load or
nuclear-attack parameters, namely distance from GZ, height of
burst, and yield of explosion, these are referred here as parametric
uncertainties.

For the design of nuclear-weapon-resistant facilities, usually a
target analysis study is carried out that assists in the prediction of
expected design air overpressures and radiation effects (Newmark
and Haltiwanger 1962; Krauthammer 2008). Deciding threat sce-
narios along with their probabilities is an essential part of target

Fig. 4. Comparison of predicted air-overpressure histories from ASCE manual with recorded data at distances of (a and b) 124 m; (c and d) 198 m;
and (e and f) 256 m from GZ of Shot Cactus without and with modified time axis, respectively.

Fig. 5. Comparison of predicted air-overpressure histories from ASCE manual with recorded data at distances of (a and b) 610 m; (c and d) 958 m;
and (e and f) 1,204 m from GZ of Shot Koa without and with modified time axis, respectively.
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Fig. 6. Histogram of ratios of recorded overpressures to predicted overpressures at distances of (a) 124 m; (b) 198 m; and (c) 256 m from GZ of Shot
Cactus; and (d) 610 m; (e) 958 m; and (f) 1,204 m from GZ of Shot Koa.

Fig. 7. Comparison of predicted and recorded air-overpressure histories at distances: (a) 107 m; (b) 137 m; (c) 198 m (from two gauges); (d) 232 m
(from two gauges); (e) 259 m; (f) 320 m (from two gauges); (g) 411 m (from three gauges); (h) 503 m; (i) 686 m; (j) 914 m; (k) 1,219 m from GZ of
Shot Priscilla during Operation Plumbbob; (l) 436 m from GZ of Shot 9; and (m) 341 m from GZ of Shot 10 during Operation Upshot-Knothole.
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analysis studies. In current practice, design-basis threats (DBTs)
are used for the determination of the blast load for protective de-
signs (e.g., CSA 2012; ASCE 2011). The DBTs are established by
the stakeholders based on risk assessment, threat assessment, and
available intelligence. The DBT is specified in terms of yield, nature
(chemical or nuclear), and location of the explosion, along with the
likelihood of an explosion within the targeted zone. Once DBTs are
decided, the designs are developed considering the corresponding
loading environments. Thus, in view of the aforementioned factors,
first of all, an appropriate probabilistic threat scenario model is de-
veloped as presented in the following section.

Proposed Probabilistic Threat Scenario Model
The threat analysis is an integral part of terrorism risk analysis
(e.g., FEMA 2005; Willis et al. 2006). Previously, probabilistic
threat assessment of nonnuclear explosions has been discussed
by Stewart and Netherton (2008), Stewart (2010), and Stewart et al.
(2012). They considered explosive weights and stand-off distances
as the two parameters to decide multiple threat scenarios such that a
low-level threat (or highly probable threat) is considered to be as-
sociated with low yield and long stand-off, whereas, a high-level
threat (or less probable threat) is taken to be associated with high
yield and reduced stand-off. This paper addresses only a nuclear
air-blast; therefore, the proposed threat assessment procedure in-
cludes three parameters, namely distance from GZ (R), HOB,
and yield (W). If L, M, and N are the number of possible ranges,
heights of burst, and yields, respectively, then there shall be a total
of L ×M × N threat scenarios such that

XN
k¼1

XM
j¼1

XL
i¼1

PrðΘijkÞ ¼ 1 ð4Þ

where PrðΘijkÞ = relative threat probability associated with the threat
scenario Θijk, which corresponds to a range Ri, height of burst
HOBj, and yield Wk. It is assumed that the three parameters W,
R, and HOB are mutually independent, and their probability mass
functions (PMFs) are represented as P1ðWÞ, P2ðRÞ, and P3ðHOBÞ,
respectively. Thus, the probabilities of occurrence of Ri, HOBj, and
Wk can be written as

PrðRiÞ ¼ P1ðRÞjR¼Ri

PrðHOBjÞ ¼ P2ðHOBÞjHOB¼HOBj

PrðWkÞ ¼ P3ðWÞjW¼Wk
ð5Þ

Now, the threat scenario probability can be written as

PrðΘijkÞ ¼
PrðRiÞ × PrðHOBjÞ × PrðWkÞP

N
k¼1

P
M
j¼1

P
L
i¼1fPrðRiÞ × PrðHOBjÞ × PrðWkÞg

ð6Þ

Let a facility of critical importance (such as a nuclear power plant,
army base, nuclear shelter, or weapon storage facility) be designed
to resist a nuclear air-blast. For design purposes, the nuclear air attack
would be expected to occur within a certain horizontal and vertical
range defined by the minimum ðRmin;HOBminÞ and maximum
ðRmax;HOBmaxÞ limiting values. Thereafter, the expected attack lo-
cations (expected R and expected HOB) within the aforementioned
limiting range can be decided by the security agencies or owner. In a
general case, each coordinate can be associated with a probability of
threat. However, to explain the developed procedure in a simplified
way, it is assumed that all possible values of R and HOB are equally
probable. With these assumptions, following can be written:

Fig. 8. Combined histogram of the ratio of recorded to predicted air-
overpressure histories from all the reported events.

Fig. 9. Histogram and probability density function (PDF) of model
uncertainty factor: (a) βPo; and (b) βtp.
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P1ðRminÞ ¼ P1ðR2Þ ¼ P1ðR3Þ ¼ : : : ¼ P1ðRL−1Þ ¼ P1ðRLÞ ¼ P1

ð7Þ

P2ðHOBminÞ ¼ P2ðHOB2Þ ¼ P2ðHOB3Þ ¼ : : : ¼ P2ðHOBM−1Þ
¼ P2ðHOBMÞ ¼ P2 ð8Þ

Because the total probability is equal to 1, P1 and P2 can be
obtained as follows:

XL
i¼1

P1ðRiÞ ¼ LP1 ¼ 1 ⇒ P1 ¼ 1=L

XM
j¼1

P2ðHOBjÞ ¼ MP2 ¼ 1 ⇒ P2 ¼ 1=M ð9Þ

The probability mass functions of the parameters R and HOB
are shown in Figs. 10(a and b). In the case of parameter W, a suit-
able PMF is chosen such that the probability of a nuclear threat

reduces with increasing yield in a way that the highest probable
yield is Wmin and least probable (zero probability) yield is Wmax
[Fig. 10(c)]. If the probability of yield Wmin is P3, then the prob-
ability of other intermediate yield values are assigned in a way that
probability reduces equally with each increment in yield value until
Wmax. If there are N such cases, then

P3ðWminÞ ¼ P3; P3ðWN ¼ WmaxÞ ¼ 0 ð10Þ
Thus, there shall be N − 1 equal decrements of P3=ðN − 1Þ and,

hence, PMFs for other intermediate yields can be written as

P3ðW1Þ ¼ P3ðWminÞ ¼ P3

P3ðW2Þ ¼ P3 − P3

N − 1
¼ P3 ×

N − 2

N − 1

P3ðWkÞ ¼ P3 − P3

N − 1
ðk − 1Þ ¼ P3 ×

N − k
N − 1

P3ðWNÞ ¼ P3ðWmaxÞ ¼ 0 ð11Þ

Because the total probability is equal to 1, P3 can be obtained as
follows:

XN
k¼1

P3ðWkÞ¼ 1

XN
k¼1

P3×
N−k
N−1

¼ P3

N−1

XN
k¼1

N−k¼ P3

N−1

"
N2−XN

k¼1

k

#
¼NP3

2
¼ 1

⇒P3 ¼ 2=N ð12Þ

Using Eq. (6), the probability of various threat scenarios can be
written as

PrðΘijkÞ ¼
2ðN − kÞ

LMNðN − 1Þ ð13Þ

The selection of PMFs is a subjective procedure. However, the
proposed procedure can be used to develop a variety of threat sce-
nario models for different sets of probability mass functions.

Characterization of Uncertainties in Blast Parameters
A particular threat scenario (say Θijk) provides the expected values
of the three nuclear-attack parameters as Ri, HOBj, andWk, with a
joint probability of occurrence. However, these parameters may be
associated with inherent variability at the time of explosion. Re-
cently, Campidelli et al. (2015) have shown that the uncertainties
associated with the blast parameters result in significant variability
in estimated overpressures. Therefore, the uncertainties associated
with Ri, HOBj, and Wk also need to be accounted for in the design
procedure.
Uncertainties Associated with Ri and HOBj. The parameters Ri
and HOBj are related to the ballistic trajectory of a weapon, which
may be affected by mainly two types of errors/uncertainties
(Peterson 2008): (1) ballistic dispersion error, and (2) aiming error.
The ballistic dispersion error or weapon delivery error (WDE) is
caused by physical inconsistencies of the weapon (weight, center
of gravity, or shape), whereas the aiming error or target location
error (TLE) is caused due to the difference between the actual target
location and the target implemented by the weapon system, which
depends upon the method of target identification [using a map or
global positioning system (GPS)]. Thus, the overall uncertainty as-
sociated with explosion coordinates (Ri, HOBj) would be a com-
bination of WDE and TLE. The two types of errors are typically
normally distributed (Driels 2004; Peterson 2008) and are usually
expressed using the concept of circular error probable (CEP), which

(a)

(b)

(c)

Fig. 10. Assumed probability mass functions for expected: (a) ground
range (R); (b) HOB; and (c) weapon yield (W).
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is defined as the radius of a circle (centered on the actual target
point) that has 50% probability of the weapon hitting (e.g., Pyle
1994). The CEP is more relevant in case of two-dimensional
(2D) problems or surface explosions (e.g., Netherton and Stewart
2010). However, in case of air-blast, the application of the concept
of spherical error probable (SEP) would be appropriate, which is a
three-dimensional (3D) extension of the concept of CEP and de-
fined as the radius of a sphere that has the 50% probability of con-
taining the air-blast hypocenter.

If x, y, and z, are normally distributed independent coordinates
of a random point in three-dimensional space, then their joint three-
dimensional probability density function fðx; y; zÞ is given as

fðx; y; zÞ ¼ 1

ð2πÞ3=2σxσyσz
exp

�
− 1

2

�
x2

σ2
x
þ y2

σ2
y
þ z2

σ2
z

��
ð14Þ

where, σx, σy, and σz = standard deviations of the three ordinates.
Because the probability of finding the point within the sphere of
radius equal to SEP is 50%, the following relation can be written:

1

ð2πÞ3=2σxσyσz

Z
SEP

−SEP

Z ffiffiffiffiffiffiffiffiffiffiffiffiffi
SEP2−z2

p

−
ffiffiffiffiffiffiffiffiffiffiffiffiffi
SEP2−z2

p
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SEP2−z2−y2
p

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SEP2−z2−y2

p exp

�
− 1

2

�
x2

σ2
x
þ y2

σ2
y
þ z2

σ2
z

��
dxdydz ¼ 0.5 ð15Þ

Toma (1962) solved Eq. (15) for a case where the three standard
deviations (σx, σy, and σz) are equal and obtained that they are
equal to SEP/1.5382. For various other conditions, the solutions
to Eq. (15) have been given by Schulte and Dickinson (1968).
A 3D pictorial view of variability in explosion hypocenter is shown
in Fig. 11 for a particular threat scenario, where a location (0, 0, 0)
on the ground is to be analyzed for an explosion at location (xt, yt,
HOBt). For this threat scenario, the mean (or expected) value of Ri
can be written as

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2t þ y2t

q
ð16Þ

However, in view of the preceding discussion, the actual loca-
tion of the explosion is shifted to ðxa; ya;HOBaÞ with the actual
range (Ra) given by

Ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2a þ y2a

q
ð17Þ

It is assumed that standard deviations in all three coordinates are
same and equal to SEP/1.5382. If SEP is assumed to be 30 m [cor-
responding to the inertial navigation system (INS) guidance bomb

as adopted from Netherton and Stewart (2010)], then, the standard
deviation of xa, ya, and HOBa would be 30=1.5382 ¼ 19.50 m.
Now, using a Monte Carlo–simulation technique, random realiza-
tions of normally distributed variables xa, ya, and HOBa are gen-
erated, and for a given random realization of xa and ya, the
corresponding random realization of Ra is also obtained using
Eq. (17). It is worth mentioning here that the random realization
of Ra would always be a positive quantity, whereas a negative reali-
zation of HOBa would correspond to an underground explosion.
Because the analysis of underground explosion is beyond the scope
of present work, the negative realizations of HOBa are ignored.
Uncertainty Associated with Wk. Threat scenario modeling pro-
vides the mean or expected weapon yield, and the actual yield may
vary due to the inherent variability of (1) explosive mass, and
(2) the net equivalent quantity of an explosive in terms of a mass
of TNT. In addition to this, the modern weapons are designed with
a variable yield (dial-a-yield system) system in which the yield can
be modified at any time before the attack. Therefore, such a
variable-yield weapon may be subject to operational uncertainties
as well. No detailed information could be located about the prob-
abilistic distribution of the yield of nuclear weapons. However, Ma-
lik (1982) evaluated the uncertainties in estimated nuclear weapon

Actual explosion centre 
(xa, ya, HOBa)

Target explosion centre
(xt, yt, HOBt)

Target structure 
point (0,0,0)

Rt
Ra

x

y

GROUND MEDIA

Actual
GZ

Target GZ

HOB

Fig. 11. Three-dimensional pictorial view of explosion hypocenter variability.
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yields of the Hiroshima and Nagasaki bombing to be of the order of
20% and 10%, respectively. In view of this, the uncertainty of yield
is accounted for by assuming it to be lognormally distributed (be-
cause yield cannot be negative) with a coefficient of variation of
20% (a conservative assumption for design).

Probabilistic Modeling of Nuclear-Air-Blast Load

Based on the preceding discussion, it is clear that nuclear-blast
loads should be modeled probabilistically for the robust design
of protective structures. To develop such a model, first of all, an
exhaustive set of all the possible threat scenarios is decided by
assuming parameters for the threat scenario modeling to be
Rmin¼100m, Rmax¼500m, HOBmin¼100m, HOBmax ¼ 500 m,
Wmin ¼ 10 kT, and Wmax ¼ 500 kT, and the considered expected
values for each parameter are R ¼ f100; 200; 300; 400; 500g m,
HOB ¼ f100; 200; 300; 400; 500g m, and W ¼ f10; 50; 100; 200;
300; 400; 500g kT. Thus, L ¼ 5, M ¼ 5, and N ¼ 7, and hence
there are a total of 175 threat scenarios for which the probabilities
of occurrence are obtained using Eq. (13).

Now, the threat scenarios are selected randomly and corre-
sponding random realizations of (1) coordinates of explosion
center, and (2) yield of explosion are generated as discussed pre-
viously in this paper. Subsequently, the corresponding random
realization of air-overpressure history is generated using the
ASCE model. As discussed previously, the ASCE model is valid
for peak overpressure within the range of 7 kPa to 70 MPa.
Therefore, a random realization of air-overpressure history
is valid if the corresponding peak overpressure falls with in this
range.

Probability Distribution of Peak Overpressure and
Positive Phase Duration

The valid realizations of air-overpressure histories also provide
the valid samples of peak overpressure (Po) and positive phase
duration (tp). However, those valid samples need to be further cor-
rected for their respective model uncertainties (as evaluated pre-
viously in this paper). Following the previously discussed
procedure and using the probability distributions of βPo and
βtp as evaluated in Section 4.1.1., 1,000 Monte Carlo simulations
are run for generating random samples of corrected peak overpres-
sure (βPo × Po) and corrected positive phase duration (βtp × tp).
Based on the valid samples, the resulting histograms of corrected
peak overpressure and positive phase duration are obtained as
shown in Fig. 12. Because βPo, βtp, and tp follow a normal dis-
tribution, their negative realizations are excluded because they do
not represent reality.

It is observed that corrected peak overpressure and positive
phase duration follow a lognormal and normal distribution, respec-
tively. These hypotheses are evaluated using a chi-squared
goodness-of-fit test, and at 5% level of significance, the chi-square
test does not reject the hypotheses. The parameters of lognormal
distribution of corrected peak overpressure are obtained as 6.81
(μ) (95% confidence interval is [6.72, 6.90]) and 1.42 (σ) (95%
confidence interval is [1.36, 1.47]) and those of the normal distri-
bution of corrected positive phase duration are obtained as 0.3551 s
(μ) (95% confidence interval is [0.3469, 0.3632] s) and 0.1318 s (σ)
(95% confidence interval is [0.1263, 0.1379] s). The proposed
probability distributions of corrected peak overpressure and posi-
tive phase duration are utilized to determine the relation of these
two parameters with their corresponding probabilities of exceed-
ance as shown in Fig. 13. Thus, the empirical equations [Eqs. (18)
and (19)] are proposed for determining design peak overpressure

(P0;dgn) and design positive phase duration (tp;dgn) for a range of
probability of exceedance (Prex) from 0.05 to 0.95

Po;dgnðMPaÞ ¼ 8.41 × exp½−4.45 × Prex� ð18Þ

tp;dgnðsÞ ¼ 0.5614 − 0.4127 × Prex ð19Þ

Design Nuclear-Air-Blast History

Because, the statistics of peak overpressure and positive phase
duration have already been analyzed, it would be sufficient to ana-
lyze the normalized air-overpressure histories such that overpres-
sures are normalized by peak overpressure, and time instants are
normalized by positive phase duration. Therefore, as discussed pre-
viously, 1,000 Monte Carlo simulations are run, and the ensemble
of valid normalized histories are shown in Fig. 14(a). Each normal-
ized history represents the shape of the overpressure waveform. To
analyze the statistical distribution of these waveforms, each normal-
ized history is tagged with the corresponding normalized positive
phase impulse (area under the waveform). The histogram of nor-
malized positive phase impulse is shown in Fig. 14(b). Because,
each waveform is a discrete realization associated with a definite

Fig. 12. Histogram and corresponding PDF of (a) logarithm of cor-
rected peak overpressure; and (b) corrected positive phase duration.
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normalized positive phase impulse, it is proposed that the wave-
form corresponding to the 95-percentile (or nearest to it) normal-
ized impulse can be taken as the design waveform for the purpose
of design, as shown in Fig. 14(c). The proposed design waveform
fits well to the following modified Friedlander’s equation

pnðtnÞ ¼ ð1 − tnÞe−btn ð20Þ

where pnðtnÞ = normalized air overpressure (pðtÞ=Po) at normal-
ized time instant tn (¼ t=tp); and b = decay parameter that can be
estimated by regression analysis. In the present case, b is found to
be 1.2978. Thus, with the help of Eqs. (18)–(20), nuclear-air-blast-
induced air-overpressure history can be obtained for the purpose of
design.

Conclusions

It has been discussed that the method given by ASCE Manual 42
is one of the most relevant models of load estimation in case of nu-
clear air-blasts. The ASCE model predicts air-overpressure history in

terms of distance from GZ, height of burst, and yield of the explo-
sion. Comparison of the ASCE model with field data indicated that,
on average, the model predicts (1) late arrival (by 11%) of the air
shock front at a given distance from GZ, (2) conservative estimates

Fig. 13. Variation of the (a) corrected peak overpressure; and (b) cor-
rected positive phase duration with their corresponding probability of
exceedance.

Fig. 14. (a) Ensemble of normalized air-overpressure histories; (b) his-
togram of normalized positive phase impulse; and (c) 95-percentile nor-
malized air-overpressure history.
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(higher by 27%) of peak overpressures, (3) slightly shorter (by 7%)
positive phase duration, and (4) positive phase impulse with excellent
accuracy (average error ∼ 2%). It was noticed that the ASCE model
assumes a zero rise time and captures the mean trend of the decay
portion of the air-overpressure history reasonably well with a mean
value of the ratio of recorded to predicted air overpressure of 1.24.

However, like any other engineering model, the ASCE model
also suffers from model uncertainties. In view of this, the model
uncertainties were characterized, and it was found that model un-
certainty factor of peak overpressure follows a normal distribution
with a mean value of 0.84 and standard deviation of 0.21. Similarly,
the model uncertainty factor of the positive phase duration is found
to follow a normal distribution with mean value of 1.1027 and stan-
dard deviation of 0.2231. Considering the fact that the design loads
must account for relevant threat scenarios, a probabilistic threat sce-
nario model has been proposed such that a particular threat scenario
represents a set of four values: (1) expected R, (2) expected HOB,
(3) expected W, and (4) their joint probability of occurrence. In
addition, the inherent variability caused by ballistic dispersion
error, aiming error, and yield estimation errors are also accounted
for in the estimation of the three parameters.

To propose a probabilistic blast model, the probabilistic threat sce-
nario model was combined with the ASCEmodel, and simulated peak
overpressures and positive phase durations were corrected for corre-
sponding model uncertainties. It was found that the corrected peak
overpressure and positive phase duration follow a lognormal and nor-
mal distribution, respectively. For the direct application of the prob-
abilistic model in design, (1) empirical equations were proposed that
relate the variation of peak overpressure and positive phase duration
with their corresponding probabilities of exceedance, and (2) a
Friedlander-type equation was proposed that represents a normalized
air-overpressure history (pressures are normalized by peak overpres-
sure and time is normalized by positive phase duration). Thus, with the
help of peak overpressure, positive phase duration, and normalized air-
overpressure history, the nuclear-air-blast-induced air-overpressure
history can be obtained for the desired probability of exceedance.
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