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INTRODUCTION
1-1. General.
a.

This series of manuals, entitled Designing Fa-

cilities

Nuclear Weapon Effects,

to Resist

is

or-

plicable to permanent facilities, such as those associated with weapon systems, materiel stockpiles,

command

centers, manufacturing centers, and communications centers.

ganized as follows:

TM
TM
TM
TM
TM

5-858-1

Facilities

5-858-2

Weapon

5-858-3

Structures

5-858-4

Shock Isolation Systems
Air Entrainment, Fasteners,
Penetration Protection,

5-858-5

d.

System Engineering

The nuclear weapon threats considered are

listed below. Biological, chemical,

Effects

A

EMP

A

Weapon

Protective

hundreds of megatons
Weapon delivery by aerial bombing,

Hardness Verification
Facility Support Systems
5-858-8 Illustrative Examples

5-858-6

air-to-surface missile, surface-to-surface
missile, or sattelite-launched vehicle

5-858-7

Detonation (burst) of a weapon in the air, at
the ground surface, or beneath the ground

of references pertinent to each manual is
placed in an appendix. Additional appendixes and
bibliographies are used, as required, for documenlist

surface

Direct-overhead bursts for a deep-buried

tation of supporting information. Pertinent bibliographic material is identified in the text with the
author's name placed in parentheses. Such bibliographic material is not necessary for the use of
this manual; the name and source of publications

related to the subject of this
for information purposes.

manual

is

provided

The purpose of this series of manuals is to
provide guidance to engineers engaged in designing
b.

are required to resist nuclear weapon
has been written for systems, structural,

facilities that

effects. It

mechanical, electical, and test engineers possessing
state-of-the-art expertise in their respective disciplines, but having little knowledge of nuclear

weapon

effects

on

facilities.

While

it is

applicable
as general design guidelines to all Corps of En-

who

in

designing
permanent military facilities, it has been written
and organized on the assumption a systemsengineering group will coordinate design of the

gineers

specialists

participate

facilities.
c.

Technical

Manual 5-858 addresses only the

de-

signing of hardened facilities; other techniques to
achieve survival capacity against nuclear weapon

attacks

are

deception, duplication, dispersion,
nomadization, reconstitution, and active defense. A
facility is said to be hardened if it has been designed to directly resist and mitigate the weapon
effects. Most of the hardening requirements are
allocated to the subsidiary facilities,

to a single super-yield weapon
yields from tens of kilotons to

weapons

Devices

TM
TM
TM

or at

nearby targets
range from many, relatively small-yield

Hydraulic-Surge Protective
Devices,

and conventional

weapon attacks are not considered.
Weapons aimed at the facility itself

which house,

facility

Near-miss bursts for a near-surface facility,
producing peak over-pressures from tens
to thousands of psi at the facility

The designing of facilities resistant to nuclear
weapon effects is an evolving speciality using a
relatively narrow data base that incorporates both
random and systematic uncertainities. The range of
these uncertainties may vary from significant
e.

(order of 1 to 2 magnitudes) to normal (10 to 100
percent variation from average values). The applicable uncertainity value depends on the specific

weapon

the appropriate uncertainty (extent of ignorance)
factor is essential not only for system engineering
trade-offs, but in the utilization of available analysis or test procedures. Studies and experiments are
being conducted to improve methodology, to better
define random uncertainties, and to reduce systematic uncertainties. This manual will be revised as
significant improvements occur in either methodology or data base.

1-2. TM 5-858-6:
verification.

Hardness

This volume presents methodology for verifying
the hardness of the facilities. The methodology
comprises both physical and mathematical simulations.

materiel/personnel (PMMP). This manual

given.

ap-

hardening objective under consid-

Loading uncertainity is generally more significant than resistance uncertainty. Awareness of

support, and protect the prime mission
is

effect or

eration.

A

synopsis of available testing facilities

is

1-1
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2-1. Introduction.

including the use of Boolean algebra

A

hardness verification program for protective
and their systems, subsystems, and elements measures the ability to survive an attack
that has been specified in terms of weapon size,
a.

facilities

range, and burst conditions and of particular site
characteristics. When nuclear test ban treaties precluded atmospheric nuclear testing, alternative
testing techniques and analytical procedures were
developed to assess the probability of a facility

surviving a prescribed attack. Most protective facilities are extremely complex, containing major
systems that require methodical testing at the sub-

and integration of the results; this
analytical methodology is called hardness verificasystem

level

tion.
6.

Hardness verification must be made at regular

intervals during the

facility development/design/construction cycle. Simple
verifications will be

performed during the

initial

design phases. As designs become firm and fabrication begins, more comprehensive verifications will

be made. It is essential that hardness verification
be used periodically to monitor the iterative process of definition, systhesis, design (redesign), analysis, test, and evaluation that transforms mission

requirements to demonstrable and acceptable facility survivability. This will secure continuing integrity between design and construction, will verify
that each element, subsystem, and system has been
combined in a manner that properly accounts for
uncertainties in responses and the interdependence
of various physical parts of the facility.
c.

The analyst must know the failure modes and

recommended. The construction

ties.
6.

The

fault-tree approach provides for the analy-

elements, subsystems, and systems, and
includes every factor that influences the hardness
sis of all

(or failure) of each element and consequently each
subsystem and system. It graphically represents
the logic that relates the failure mode(s) of system
elements to a particular weapon effect(s). That is,

the fault tree organizes failure-mode/weapon-effect
combinations into a logic network, thereby allowing
use of probabilistic information in descriping the

hardness of each element, subsystem, and system.
c. The multilevel system organization views the
protective facility as a hierarchy of systems, subsystems, and elements:

Level
Level
Level
Level
(1)
cility,

1:

2:
3:

4:

Complete Faciltiy
Complete Sytems
Subsystems within Complete Systems
Elements within Subsystems

System Level

1 represents the finished fa-

complete with protective and protected sys-

tems.
(2) System 2 includes complete functional systems that make up a particular facility. Included in
this category are both the protective and the protected systems. There are generally nine protective

systems:
Structure

Shock isolation

system or higher level assemblages, and the local
weapon-effect loads on those points. Whether from
experimental tests or from analyses, the data provided must include uncertainties associated with
each mean value. This volume deals primarily with
procedures to evaluate failure modes and resistances; techniques to deal with the random nature
of the process are discussed in chapters 5 and 6.

Air entrainment

2-2. Identification

and organization of

a.

The

first

task in system hardness verification

to define the physical system. The relationship
of each element to mission critical functions must

is

be accurately defined and the associated local loads
and failure modes must be specified. For complete
examination of a facility, network logic analysis

is strongly
fault trees

within the context of multilevel system organization is a procedure will suited to the solution of
complex problems dealing with verification activi-

resistances for the relevant elements of the sub-

system elements.

of

Anchors, mounts, and fasteners
Penetration
Hydraulic-surge protective devices

EMP

protective devices

Radiation shielding

Thermal shielding and fire
The protected systems include:
Power supply
Power distribution

barrier

Cooling

Heating and ventilation

Water supply
Sewage disposal
Lighting

Communication
Prime-mission materiel
Personnel

2-1
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required by the facility mission, other protected
systems may also exist in the facility.

If

System Level 3 includes the complete functional subsystems that make up a system. For example, the various subsystems of the airentrainment system are:
(3)

Intake structure

Expansion chamber

b.

(chap.

Attachment hardware parts
Actuation components
Sensor elements
d. Typical hardened facilities will include thousands of structure and equipment items. It is impractical and unnecessary to verify the hardness of
each item. The analyst must define some consistent

method for the selection (or screening) of items.
The specifics of the method may differ from system to system, but a fairly universal approach
includes these four basic steps:
(1) Identify those items of equipment that are
critical mission success. (Note: the noncrit-

items must not pose a threat to the
items when damaged or destroyed

critical

during attack.)
(2) Identify

those critical items that are suscept-

ible to the

weapon

effect.

Identify those items that have marginal
hardness. Omit items having a large factor

c. Determining transfer functions is the process
of relating free-field nuclear environments to local
loads in order to assess hardness levels. Transfer

may be determined experimentally; more
an analytical procedure will be employed.

functions
often,

2-4. Quantifying resistances.
a. The resistance
ment is defined as

of a system, subsystem, or ele-

withstand nuclear
weapon-effect loads. The load-resisting characteristics may be quantified by experimental data
(laboratory or field) or by analysis of mathematical
models. Scarcity of experimental data may require
augmentation from computational models to accrue
a statistically significant body of data.
b.

its ability to

Data from either laboratory or

field tests are

preferred for determining resistance. Tests can be
conducted on prototypes or scale models; but in

order to be statistically meaningful, a significant
number of tests must be conducted. (See chap 3 for
the statistical implications of testing; see chap 4
for the types of tests available.) If testing is not
possible because of technical difficulties or lack of
equipment, time, or funds, a computational analysis
will be required.

of safety. List items that obviously will fail

Analytical procedures, especially numeric techniques, are the backbone of many of the verifica-

and must be redesigned.

tion studies applied to hardened systems. Although

From

deterministic analytical procedures have reached
an advanced state of development, probabilistic
analyses that allow for the computation of uncer-

each population of different items remiaining, randomly select a statistically significant sample for test or perform probabilistic computations to verify hardness.

2-3 Weapon-effect loads.
After the items have been selected for veridentify local loads induced by one or
more of the free-field nuclear weapon-effect environments. Identify the total signal path and path
a.

2-2

6).

line

(4) System Level 4 includes the components of
the various subsystems. For example, the blast
valve subsystem of the air-entrainment system
would have components such as:
Valve hardware elements

ification,

^

Identifying the total transmission path is best
logic analysis

Blast valve

ical

M

I

and analytic programs.

performed by applying network

Filtration

(4)

path segment. In some instances, the inputs to be
used for hardness verification will be the same as
those used for design purposes; in other instances,
the inputs will be determined by extensive testing

Blast attenautor

Delay

(3)

segments leading from the free field to the element. Determine the transfer function for each

c.

and survival

problbilities are markedly less
Thus, the performance of verification
analyses according to the guidelines in chapter 6

tainties

familiar.
will

require

lines to the

considerable ingenuity.

Some

guide-

development of probabilistic procedures
that can be applied to real systems are presented
in chapter

5.

m

3

3-1. introduction.

f.

techniques are usually associated
with laboratory testing. Application of these techniques to field testing, and especially to the statisa.

Statistical

tical inferences of calculations, is still in

an early

state of development; consequently, the verificaiton
anslyst will not have the benefit of extensive pre-

vious work.

Hardness verification is performed to answer
two basic survivability questions: (1) How
hard is the system? or (2) Is the system hard to a
specified level? In answering question (1), the re-

The hardness statement must have

statistical

validity regardless of the point of view taken in b
above.
purely deterministic statement will, not

A

be acceptable unless the system, subsystem, or
ment is superhard or supersoft.

ele-

3-2. Probabilistic distribution.
a. Ask the following questions: Is it necessary to
define a specific type of distribution? If so, what
type of distribution should be selected?

b.

either of

sistance to pertinent weapon effects is determined.
This provides a more generally comprehensive and
useful answer. Then, if the mean resistance is determined to be greater than the mean specified
hardness goal, the answer to question (2) is automatically (and deterministically) "yes"; if it is determined to be lower, the answer is "no." In a

properly designed system, however, a deterministic
"yes" is not inconsistent with a probabilistic "no"
and vice versa; there is some probability that a

system will fail (or survive) regardless of
probable behavior.

its

most

For many

(if not all) of the analyses to be
the
definition
of the exact distribution
conducted,
will not critically affect the results. (See AitchisonBrown, 1969; Benjamin-Cornell, 1970.) This is true
for the following circumstances:
If the distribution is not grossly nonlinear
near the mean
-~ is small
If the uncertainty parameter
2 =
b.

(i.e.,

Q2

where
<r

=The

true standard deviation

M =The true mean
These assumptions are equivalent
of the distribution

tails

exceeding, say,
c.
Hardness verification generally is not
conducted to answer Question (1) because it is
much more costly to determine what the resistance
is than it is to determine whether the resistance is
above or below some specified level. If undertaken,
the result will be a mean resistance with a corresponding variance or uncertainty for each
weapon-effect failure-mode combination. By combining the resistance for all t modes of failure, the

mean-resistance/uncertainty for a particular system or subsystem will be determined.
d.

answer question (2)
hardness statement that presents

Verification analysis to

will result in a

the probability of success (probability of the particular failure-mode resistance being equal to or
greater .than the stated hardness goal) with a cor-

responding level of confidence (e.g., there is a 90
percent probability that the resistance is >800 psi,
with a confidence of 70 percent.)
e.

Throughout design and development of the

hardened system,

it is important to acquire redata
to
sponse
identify failure modes. If possible,
avoid "go/no-go" tests restricted to a single level in
order to minimize retesting downstream as elements of the prototype design are changed.
.

M

1.0)

30").

(i.e.,

to ignoring the

at those

responses

These assumptions

most always be acceptable

will al-

for verification analyses.
or log normal distribu-

Furthermore, the normal
will provide an adequate approximation in
most cases. Whether the normal or log normal
model is adopted because of physical considerations
or as an approximation to another distribution, it

tion

will be

sufficiently accurate in practical applica-

tions.
If a normal distribution cannot be adopted,
c.
then either conduct enough tests (usually >30)

that the assumption of a particular distribution
can be defined (using, for instance, a chi square
goodness-of-fit test), or transform the data so that
the normal assumption may be made, or use a
distribution-free analysis. Others may be used, but
only if these are not suitable.
<L

The normal,

or t statistic, distribution

is

the

single most-used model in applied probability analyses (Benjamin-Cornell, 1970). The normal distribu-

tion asymptotically represents the sum of a number of random events. For example, it represents
how a manufactured or constructed item deviates

from a

specified performance value because of
flaws or errors in the many separate components
of the item. Therefore, the normal distribution is a
prime candidate to represent the random

3-1
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deviations of resistance from a specified level, since
this resistance nearly always results from a sum of

contributing components.
e. Adopt the normal distribution whenever assumptions in b above can be accepted. Use it also
whenever adequate tests are available and the assumption of normality is confirmed through a chi2
square (X ) test. (The performance of the chisquare test is described in most of the references

in statistics included in this volume.)

/

If the variables are

known

to result

from the

multiplication of many effects (still assuming b
above), use the lognormal distribution instead of

the normal. However,

when Q 2

1,

there will be

no significant difference between the normal and
lognormal results. In this volume only the normal
distribution

(t)

discussed; a complete discussion

is

of the

lognormal distribution
Aitchison-Brown (1969).
g.

is

presented by

Select the nonparametric distribution instead

normal when assumptions in b cannot be
accepted and another particular distribution cannot
be confirmed.
of the

h.

Select

the binomial

"fail or succeed"

distribution

information

is

only

when

acquired through

Because testing total systems is expensive, the
resistance of a total hardened system must usually
be determined by combining the results of many
element or subsystem tests. The resistance of an
c.

element, subsystem, or system is always related to
one or more weapon-effect/ failure-mode combination^). It is critically important to adequately sim-

weapon effect of interest and accurately
measure the resulting repsonses.
ulate the

d. The use of statistics in testing for resistance is
different than statistics used in calculating resistance. For experimental verification, a number of

performed on the system, subsystem, or
element to define its statistical performance. In
calculated verification, the mathematical model for
the system, subsystem, or element is deterministic
but its constitutive parpameters such as stiffness,
weight, and strength are allowed to have a statistical character so that for each selection of parameters chosen a unique response will be obtained.
The calculations that result will have much the
same character as test data that result from extests are

perimental verification.

Mean and

3-4.

variance by normal,

t,

distribution.

tests at a specified level.

3-3. Analysis for resistance.
a.

Experiments can be designed to determine the

a. Given a sample of n data (such as resistance
measurements), the sample mean value and variance are defined as

resistance of a single weapon-effect/failure-mode
combination for a simple element, or of combined
resistance for a total system or complex subsystem.
In either case, conduct enough independent trials

x==.

(3-1)

or tests to statistically determine the resistance(s)
of interest, usually

>30

samples.

In experimental verification it will not be possible to "exactly" identify the resistance of interest.
6.

The

best that can be done

is

n

to bracket the resis-

tance. Ideally, bracketing is done by starting the
testing at a level where design analysis has shown

(3-2)

or

there will be a high probability of success, and
then increasing the level in small increments- until

n

The resistance then lies between the
where failure occurred and the level just be-

failure occurs.
level

J-

n

X.

T
1 'y

/

^

\

(XX)

(3-3)

fore failure. Obviously, the smaller the incremental
change in load level, the more accurately the resistance can be bracketed for the item.

Generally,

where sucess occurred. If, however, large increments
greater than */4 of the resistance) must be used
ecause of costs, a higher level might be taken. But
ever specify a level more than one-half of the
icrement above the last level of success; and suport such a resistance level by rigorous analysis.
pecify the resistance as the last level

3-2

where
n
2

s ,s

x
Xj

2

= Number of samples
= Sample variances
= Sample mean
= Individual sample values

Equation 3-3 is presented as a better estimate of
the variance for n :<30.

TM 5-858-6
Table

(Table of t a v
.

3-1.

Percentage Points of the

t

Distribution

the 100 a percentage point of the t distribution
for v degrees of freedom [v = n - 1])

\

U.S. Army Corps of Engineers

TM

5-858-6

b.

The optimum procedure

pothesis that the

mean

of a

has some specified value M

for testing the hynormal distribution

=^

is

)

based on the

t

test statistic, where:

(3-4)

For resistance verification analysis, a should range
between 0.05 and 0.10. The smaller the value of a,
the larger the confidence interval. In the extreme
case it would be possible to have a probability of
a ) that the true mean falls in an
0.9999 (1
interval so large as to be meaningless. This is
particularly true for small n.

/ A

second probability

is

called

the Type

II

error, which is denoted by /3. The analyst selects /3
to represent the probability of accepting the hyc:

The acceptance region

dure (where the hypothesis

for a two-sided proceis

=

stated as

)

is

pothesis when it is considered important to detect
the value of the ratio (^ l
where cr= true
fJL Q /cr,
standard deviation of the population and is unknown. In other words, /3 is the probability of

M = /a when actually
accepting the hypothesis
The
must
choose values of ^i and cr
)LC=/X!.
analyst
such that the ratio (^ -^ ) is meaningful to the

H

3-5

:

analysis.
calculated from equation 3-4 with

where t is
and a is the
there

& =^

level of significance for the test; i.e.
a probability of I a of accepting the

is

hypothesis M = ^o when it is true. The values of
t statistics such as
V2,n-i are taken from tables of
table 3-1.

x

3-4

By combining equations

to/2,

and

3-5,

n

g.

Once

and the ratio MI =M> O /O- have been

/3

selected, operating characteristics curves such as
those shown in figures 3-1 and 3-2 can be used to
determine n. This procedure is illustrated by the
following example, for which three problems and
solutions are presented.

Example:

Item

Air-entrainment port
closure

xt

The values
are the confidence
/2,n-rV5~
limits and bound the confidence interval. Equation
3-6 states that

/x

lies

within the given confidence

interval. This statement will be true 1

In

many

Failure

Mode

= 0.002

= 1000
= 1000

-

acceptance region

is accepted if equation 3-7 is satisis
but
fied,
rejected otherwise. This procedure also
has the probability of 1 - a of accepting the hypoth-

As stated

-

a is

(

o

psi, e.g.)
(t d )

1:

The closure was designed to resist
1000 psi. Can the design be considered
successful at a level of significance of,
say, a. =0.05? Four resistance values

the confidence level or

the probability of accepting the hypothesis when it
is true. Conversely, the probability of rejecting the
hypothesis when it is true is given by a. This is
called a Type I error. The value of a is selected by
the analyst, using input from the systems manager.

3-4

Problem

true.

above, 1

psi

=0.100 sec (time
to decay to P m /2)

t^-t.n.1

e.

sec

Decay time

is

The hypothesis

it is

Pressure wave:
Rise time (t r )

Max. pressure (Pm )

value? This allows use of the one-sided procedure
based on the hypothesis: ^ = /x
I n this case, the

when

Stress

Resistance Design Goal
instances the analysis to determine

the resistance will require answering this question:
Is the resistance equal to or greater than a specific

esis

AirblaSt

-a fraction

of the time.
<L

Effect

Weapon

have been determined.
Calculate

x (mean value of sample)
x (variance of sample)
C.I.

(confidence interval)

TM 5-858-6
=900 psi
=1100 psi
x3 =950 psi
x4 =1000 psi

Test Data

From

xx

x2

t

the example:
=-0.29

a

0.05

n-1

3

900 + 1100+950 + 1000

From
(using equation 3-1)

>

Since -0.29
2.353, the hypothesis
a =0.05.

-X-

C.I.

=

Ln

1

V

~^

=2.353

.o 5 ,3

is

accepted at a

level of

987.5 psi

2

table 3-1: t

to

2

(Xi-x) (using eq. 3-3)

Or

can be considered that the

it

C.I.

has a lower

limit only:

=1 /(900-987.5)
3

2

+(1100-987.5)

2

+(950-987.5)

2

{

-

=987.5
s=85.4 psi

(3-6,

987.5-1000

X2 =-0.29

85.4

=887

(using eq. 3-4)

psi

It can be stated that the mean resistance of the
population is equal to or greater than 88 psi, with
a confidence of 95 percent.

a/2=0.05/2=0.025

n-l=3
From

table 3-1,

t^, 3 = 3.182

Problem

C.I.

is

<-0.29 <3.182,
accepted at a =0.05

=987.5- 3.182

to 1123 psi.

to
X~2

is

the value of

/8

for the above

sample of n =4?

Since -3.182

M = 1000

What

3:

the hypothesis that

Two-Sided Procedure:

987.5

+ 182x-^=852
Z

Let

d=

If it is

=2.0 (from

assumed that

is

/ above)
a reasonable estimate of

a, then

Therefore, it can be stated that the mean resistance of the population lies between 852 psi and
1123 psi, with a confidence of of 95 percent that
the statement

is

true.

(Had

then

it

a:

=0.10 been selected

could be stated that the
mean resistance of the population lies between 887
psi and 1088 psi, with a confidence of 90 percent
that the statement is true; and for a =0.20, the
C.I. =918 to 1057 psi.)

for the analysis,

Problem

2:

Can the mean resistance be considered
equial to or greater than 1000 psi with

a =0.05?

= 85.4

Since MO =1000
= 1171 psi.
/3

psi.
psi,

then

AC

i

=2 X

85.4

+1000

gives the probability of accepting the hypothesis

that

M =1000 when

actually

M =1171

(or 829).

/3

is

found by using figure 3-1. The intersection of the n
=4 curve and the d =2 value shows that /? would
be approximately 0.244. Therefore, for the sample
a probability of 0.244 of accepting
actually is could be as low as
829 psi or as high as 1171 psi.

tested there

is

M=1000

when

psi,

One-Sided Procedure:

One-Sided Procedure:

The acceptance region

or

Let d
is t >:

t ain _!

Again,

=2.0

cr=85.4 psi

3-5
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A4 =829 psl

a =The confidence

I

level (a is the level of

significance)
is seen to be
found by using figure 3-2.
equal to approximately 0.25. Therefore, for the
sample tested there is a probability of 0.25 of accepting /x>:1000, when actually it could be as low
j8

is

Equation 3-9
values of

as 829 psi.

is

P =1

plotted in figure 3-3 for selected
a.

*The interval between any two observations

may

a confidence interval, but here only the sample
cussed, of Sample Size

3-5. Nonparametric distributions*

p

6. Use of nonparametric methods requires the
same kinds of tests as the t statistic described
above. These tests would result in a measurement o
the resistance level. The nonparametric results as-

sert that a particular proportion (p) of the population has failure thresholds falling within a certain

range. The statement has an associated confidence
level (P). Procedures for calculation of the mean

= i_(i_ p )n

the probability that in a future very
large sample, the proportion p or less of the ob*
servations will fall below the minimum value
observed in a trial sample of size n. (It is also the

where P

can be stated with the
probability (P) of being correct that no less than a
particular proportion (p) of the population has failure thresholds between the maximum and minimum value of the failure levels observed in a sample of n tests. As before, the probability (P) is the
level of confidence. The range between the maximum and minimum is analogous to the confidence

proportion that will exceed the maximum value
observed in the sample.) Equation 3-10 is plotted in
figure 3-4 for selected values of n.

*For the rth smallest value, P

it

distribution is continuous

Xi

and that x denotes the proportion of the population
values that falls within the maximum and minivalues of any random sample of size n, the

x3
x5

mum

distribution of x (see Fisz, 1963)

=n(n-l)x

n-2

is

X min

given by

(l-x)

x2
x4
x6

(3-8)

Then

=1

P

1

-HP*-

+(N-l)p

-6

n

approximation for n from equation 3-8

n

^ 0.24

~
1-p

is

+0.5

(3-9)

p =The proportion of the population that
fall within the sample range
of

3-6

The solution can be calculated from equation 3-9

will

chi-square distribution for 4 degrees

freedom

What proportion of the population can
be expected to have resistance levels
in the range from 850 to 1100 psi with
a confidence level of 80 percent?

with
n =6
a =0.2

where

Xj4 =The

\l-

= 850 psi
= 900 psi
= 1050 psi
= 850 psi
= HOG pSi
= 1100 psi
= 1000 psi
= 950 psi

Problem:

An

p

Data:

n

Assuming that the

= 2

Example:

interval.*

f(x)

is

defined.

Using this method,

<L

dis-

Analyses can also be performed based on the
distribution of exceedances. Some significant inferences can be made from limited sample sizes. Harris (1952) develops the equation

other recognizable distribution.

c.

is

e.

a. Distribution-free methods are utilized when
the conditions specified in paragraph 3-26 do not
apply or if the data set does not readily fit any

and variance are not

be used as

range

Xl 4 = 5.989 (from
or

table 3-2)

can be found from the curves of
figure 3-3.
either approach it is found that
p =57 per-

From

TM
Figure

3-2.

Operating Characteristics Curves for Different
Values of n
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Figure

3-1.

Operating Characteristics Curves for Different

Values of n
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Figure

3-3.

Percentage of Population Within Sample Range as a
Function
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it can be asserted with a confidence of
80 percent that 57 percent at least of the population will have resistances falling in the range from
850 psi to 1100 psi. No inferences can be made for
the remaining 43 percent. (Harris, 1952)

cent. Thus,

/.

Inferences using distribution of exceedances
made using the same data presented above.

can be

with the designer and system manager. If tests or
calculations are to be performed at levels other
than the design goal, the level must be related to
the design goal through analysis that is performed
separately from the verification analysis presented
in this volume (i.e., a full quantal response analysis).

Acquisition of resistance data and the analysis
whether the resistance is at least
the specified hardness level will follow basically
the same sequence of steps as for the resistance
d.

Problem:

With a confidence
is

maximum

the

of 80 percent, what
proportion of a fu-

ture very large sample which could be

below the 850-psi
minimum of the sample of 6 observaexpected to

fall

tions?

The answer can be

calculated

above by solving for p with n

from equation 3-10

=6

P =0.80
Or the curves

in

figure 3-4 can be

used.

From

level itself (para. 3-4). The hardness compliance
data will almost always be composed of fewer than
30 samples. However, as previously stated, the statistical inferences will be made from a binomial
distribution because of the "go/no-go" or
"pass-fail" nature of the data. The basic information required for the verification analysis is provided below.
e.

The confidence intervals can be determined

for

two conditions:

either approach,

p

for determining

~ 23.5percent

Thus, no more than 23.5 percent of a large sample
from the population can be expected to have resistances below 850 psi with a confidence of 80 per-

n!

P(s=r|n,p) =

r

P q

n

(3-11)

r!(n-r)!

cent.

which gives the probability of realizing exactly s=r
successes in n trails (where the probability of suc-

3-6. Binomial distribution.

any one trial is p, [q =1
p]; p can take
any value from to 1; 0<p<l. Alternatively,

cess for

a. As stated previously (para. 3-1), the verification of whether the resistance of a system is equal

to or greater than a specified hardness level requires a somewhat different approach than deter-

mining the

n
n!

p'q"

P(s>r|n,p)

This approach
uses the statistical inferences of a binomial dislevel of the resistance.

s=r

s!(n-s)!

(3-12)

tribution.

The data that

will be

used in the analysis will
be "failure-success" type of information: Did the
system, subsystem, or element fail or succeed under
test or in the calculation when subjected to the
specified environment? When performing verification testing this does not eliminate the need to
fully instrument the test item to acquire all pertinent response data. Comprehensive instrumentation becomes more important as the specimen and
b.

test costs increase.

Verification tests or analyses for this type of
investigation are conducted at a specified hardness
c.

level, usually the design hardness goal. However,
tests or calculations can also be conducted at levels

exceeding the hardness goal. Such a decision is
made by the verification analyst in conjunction

3-10

which gives the probability of realizing
(s>r) successes in n trials.
/.

r or

more

Both equations 3-11 and 3-12 can be evaluated

directly or tables may be used. Extensive tables are
included in Abramowitz-Stegun (1972), and for val-

ues up to n
appendix A.

=10

are included for convenience in

g. Generally, equation 3-12 will be used in the
verification analysis, since the question usually
posed to the verification analyst is: "Is the resis-

tance equal to or greater than r, where r =r/n?",
rather than, "Is the resistance exactly equal to r?"
In the population being considered (the total
of like elements, subsystems, or systems in
the total deployed system), an unknown proportion
h.

number

TM 5-858-6
Table

3-2.

The a? Distribution

Q
W
Q
hH
CO
I

PJ

O
PL,

0)

.

PL,

O
CO
PJ
nJ

>
PJ

PJ
HM
PL,

O
O
II

HH

Q

5

W
O
P^ O
CO
W CJ
> HH
P< PU
^D HH
UZ
U
CO M
CO
O
CO O
PJ PJ

CJ PJ

<

3

O
E- CO
<v pi
PJ

O

-P

CN
I

H

9Nlld333V JO

3-n

TM 5-858-6
Figure

10

3-4.

Percentage as a Function of Sample Size and

20

Probability

30

PERCENT, p
of
(Proportion
population falling below minimum sample value)
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items will withstand the imposed environment
lesign goal environment). This proportion will al-

:

ays remain unknown unless the entire population
tested. However, this unknown proportion (p)
in be bounded by confidence limits for a specified
mfidence coefficient (P) (e.g., 90 percent such that

Then

H
H
Reject

Accept

:

:

p >:p
p >:p

+nm.

>:h

if s

if s

<h +nm.
x

.

f

<p

Conduct an additional

-fnm

hi

test

if

=<s <h =nm

<p^or p >p^in which p^and p^are the lower

ad 90 upper bounds, respectively.

The discussion in paragraphs 3-4 e and / reirding a and /3 are also applicable to binomial
istributions. The basic approach (Mace, 1964) is
immarized below.
i.

j.

The hypothesis

to be tested is

H,,:

p

>p

,

where

the true but unknown proportion of successes
the population and p is the least favorable value

Example:
Problem:

H :p

Test the hypothesis:
for a =0.10.

Let p!=0.70 and

/3

<(p =0.90)

=0.30

is
L

lat is
'

rejecting
le

As before, a
H^ when actually it

acceptable.

probability of accepting p>:p

:p b

where p x
n

et:

s

is

the probability

is true,

when

and

j8

is

actually p

<p

/3 =0.30 implies that there is not much
(Note:
concern about accepting p>0.90 when actually p
=0.70. If there is concern, choose
<0.05.)

Data:

=5
=4

n

= Number
= Number

s

of tests in sample

0.1

of successful tests

m

0.3
=

-1.0986

-1.0986

=0.814

efine:

-1.3497

-0.2513+(-1.0986)
-1.0986

=0.814

1-Po

m=

1-Pi

-

-

0.1

-

+nm
+nm

hi

h

2.68

<s

1.9459

-1.442

+(5 x

an additional

the hypothesis at

1-

a

IL +
PC +

0.814)

=0.814 +(5 x 0.814)
=4 <4.884

=nm <s

The data show that h x
fore,

_ _ 1442

-1.3499

1.3499

1-Pi

PC

0.7

,
(3-13)

1-Po

PI

-1.3499

-1.3499

=2.628
4.884

h

+nm. There-

must be conducted to verify
the
and ]8 probabilities se-

test

lected.
1 "" p

(3-14)

For

n
s

1-Pl

h

=9
=8

+nm

=0.814 +(9 x 0.814) =8.140

s

<h +nm

s

<hi H-nm

n =10

For

s

I- ft

h

=9

+nm

=0.814 +(10 x 0.814) =8.954

s<h +nm
(3-15)

Accept

Thus

it

H :p>:0.90
would take 10

tests with 9 successes to be

3-13

TM

5-858-6

able to assert that p >0.90, with a confidence of 90
when
percent, that the hypothesis will be accepted
it is true,

Problem:

with a probability of 0.3 of accepting

and

actually p could be as low as

when

the hypothesis

What

is the proportion (p) of systems
that will survive the design-goal test
environment with an associated con-

fidence coefficient of 90 percent? Thus
we must find p such that p >:P with

0.70.

a confidence of 90 percent.

Figure 3-5 shows plots of the functions (h x/n)
for values of n for p =0.90,
and (h /n)
<*
=0.10, and j8 =0.25. The curves are developed
from equations 3-10 and through 3-14 and can be

n

Data:

=3

(tests

conducted at the design-

k.

goal level)

+m

+m

used as follows.

=2 (minimum number

of successful

tests)

table A-2, column (n =3, r =2), find the
value nearest to 0.10 (0.10 =1.0 - 0.90). The value is
0.104. In the p column read the corresponding
value, which is 0.20. (Note: the table values can be
interpolated if desired to get the value of p for

From

Select a value of p a that is desired for the
analysis and calculate pj/po. From the (h /n)
set of curves, find the value of s/n required for

L

+m

acceptance of

r

H :p>p

for the desired n.

From

the

+m

set, find the value of s/n that would
(hx/n)
for the desired n.
require rejection of

H

exactly 0.10.) This value (0.20) is p The confidence
interval is p >0.20 with an associated e confidence
coefficient of 0.90. The statement can now be made
.

(based on the test data) that the proportion of
successes to be expected in the population is
greater than or equal to 0.20 and there is a 90
percent confidence that this is true.

Example:

Let Pi=0.70
Pl /p

Accept

=0.78 (P =0.90)

H :p >:0.90

Reject

H :p

>0.90

when

when

m. When the system manager assumes a priori,
what constitutes an acceptable confidence interval
and when the computed interval seems too low, two
alternatives exist: Conduct more tests with the expectation that some of those tests will be successful,

or decrease the expectation of the confidence
and accept the greater risk. For example, if

limit

n
10

n

s/n>
0.91 (10 10)

s/n<

10 0.66(6/10)

two or more tests are conducted and both are
successful, then
n =5

=4

r

7

0.94 (7/7)

7

0.60(4/7)

5

1.00 (5/5)

5

0.52 (2/5)

4

1.05-

4

0.44(1/4)

3

1.12-

3

0.32(0/3)

From

table A-2, the 90 percent confidence limit

no additional tests could be conducted, a lesser
confidence must be accepted to decrease the interval or increase p. For

If

n
r

The above data show the following:
For PO =0.90, px =0.70,
=0.10 and
=0.25,

it is

ft

impossible to verify the

hypothesis with fewer than 5 tests, i.e.,
it is impossible to have s>n.
For a sample of 5, all tests must be successful

H

As

to accept
:p>:0.90
tests are conducted, the criteria for

rejection can be constantly monitored;
for example, if after 4 tests, 3 have
failed (s =1, s/n =%), the hypothesis
must be rejected for the parameters

selected above.

3-14

is:

p>0.42

=3
=2

and a 70 percent confidence, the confidence limit
p>0.37
For 50 percent confidence, the confidence limit
p>0.50

The

results of this

is:

is:

example support the observa-

tions of the previous section,

i.e., it is impossible to
confidence statements with a meaningfully narrow confidence interval without conducting
a significant number of tests (even if all tests are
successful). This is further demonstrated by the
curves in figure 3-6.

make high

TM

5-858-t

Figure 3-5 Determination of Minimum Sample Size
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1-1. Introduction.

6. The transmission of the primary weapon-effect
loads from the free field to the input points of the

In verifying whether systems will survive a
>ostulated nuclear attack, both experimental and

systems is highly dependent on the threat (weapon
size and number, height or depth of burst), the
siting conditions (geology), and the configuration of

a.

(mathematical) methods may be required.
methods to be implemented is
he responsibility of the systems manager and the
erification analyst. The decision is based on sysem design and mission requirements as well as on:

Analytic

?he selection of the
r

Accuracy of mathematical models
Cost of calculations

Accuracy of experimental simulation of
environments

the

facility.

The general characteristic of the freeweapon effects are presented in TM

field nuclear

Although it is not practical to present a
comprehensive discussion of the methods for simulating the transmission of the particular weapon
effect from the burst point to the hardened target,
a recommended methodology is presented in chap-

5-858-2.

ter

6.

Cost of experiment
of items available for analysis

Number

c.

The system/weapon-effect combinations

of

Although protective and protected systems
nust be capable of withstanding the 13 weapon

protective system for which hardness assessment
must be accomplished are presented in table 4-1. It

described in TM 5-858-2. each system will be
nore susceptible to some effects than to others. If
:he facility and its contents are resistant to par:icular effects, the system is defined as super-hard

must be recognized that each of these systems will
contain numerous subsystems and elements. In

6.

jffects

regard to those effects, and verification will
lot be required. Conversely, some systems may be
tfith

/ery susceptible to some effects, and redesign
rather than verification is required. It is primarily
:oward those systems whose survivability is marginal that the verification

program

is

directed.

must consider the freeweapon-effect load, the local load at the system, subsystem, or element level via the transmission path between the free field and the local load
point, and the resistance of the system in question.

instances

it

will be necessary to

perform the

For each separate item to be analyzed, sperequirements and methods will need to be
defined. Simulation requirements and techniques
must be fully developed, evolving finally into a
level.
cific

comprehensive test and analysis plan
conduct of the analysis.

to guide the

Verification studies

c.

field

System managers must define the free-field
weapon-effect load, the transmission path characteristics, and the system resistance probabilistically,

many

verification analysis at the element or subsystem

i.e.,

in

<L Protected systems must also be subjected to
hardness verification. These systems are not separately addressed in this manual. However, in most
cases they must be hardened only to the local
environment within the protective structure or on
the shock-isolation system.

terms of their mean values and their

coefficients of variation (COV's). In general, a deterministic assessment of hardness will not be ac-

ceptable.

Experimental techniques are used to generate
input that simulates the overpressure, ground
e.

shock, and

4-2. Simulation requirements.

EMP

nuclear weapon effects for ver-

ification analyses. Exclusion here of techniques for
the other effects presented in
5-858-2 does not

TM

a.

Definition of the local environments that ex-

subsystems, and elements is a significant effort that must be accomplished to provide
input to the verification analysis. Although it may
not always be the case, the verification analysts

cite systems,

likely will inherit responsibility for defining local
loads, since they have access to the data from

which input loads would be derived and they are in
the best position to understand the true nature of
those environments.

imply that these effects can be ignored. The susceptibility of each subsystem to all effects must be
determined and verification testing conducted if
necessary. However, in general the subsystem design(s) will be governed by these three weapon

The

GE-TEMPO

(1972) and Bednar (1968)
detailed
information for some of
reports present
the techniques that were in use in 1972 and 1967,
effects.

respectively. Excerpts
appendix B.

from both are presented in

4-1

IM 5-858-6
Table 4-1 Protective Systems: Requirements for Weapon-Effect
Hardness verification
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-3.

Simulating

and

plitude in the cavity to decay. It is this process
that produces the fast rise and exponential decay
to simulate the nuclear overpressure.

testing

trerpressure.
Design. The airblast environments will have exerne variations. Surface/flush structures/ systems
the surface elements of air-entrainment systems

ay be designed to survive peak overpressures of

and greater, whereas aboveground

'00

psi

3s

may
No

3S.

facili-

only be required to survive tens of psi or
single technique or tool is adequate to

oviding the simulation-testing capabilities
quired for verification throughout this range.
(1) Because large field tests usually are proded by a central agency, involve numerous other
^encies, and may be available only once during
ie total verification process for a particular fality, the opportunity should be optimized. This
eans that the resistance of all critical elements of
ie
system or subsystem to be tested must be

stimated beforehand with corresponding
Furthermore, the incorporation of
tese resistances into a complete system, as de:ribed in chapter 6, must show a high probability
lat the system will survive. The system is then
elded such that the design environments are simicertainties.

.ated

as closely as possible.

Replication of the

system at different ranges from ground zero
very desirable in order to acquire data above and
slow the design environment.
isted

most important that the actual local
>ad inputs and the failure-mode responses be acirately measured to provide results of high statis(2) It is

support a final
DSt-test verification statement. Depending on the
Bgree of simulation achieved for the environments
f
interest, it may be necessary (as discussed
bove) to base the final verification statement on a
ilculation from a verified mathematical model.
cal confidence that will credibly

b.

ists.

High-exp^sive simulation technique (REST)
The basic configuration of a HEST test is

lustrated in figure 4-1. A cavity is constructed
ver the test item. The amplitude of the peak overis controlled by the density of explosives,
enerally Primacord, in the cavity. The positivehase duration is governed by the depth of the
iircharge, and the propagation velocity is governed

ressure

y the wrap angle of the Primacord.
(1)

Combustion products of the Primacord are
proportional to the
These products act as a

a rate that

eleased
'rimacord wrap angle.
iston to drive a shock wave into the undisturbed
avity volume. As the generated pressure acts
.gainst the overburden, the cavity volume increases
,s the overburden rises,
causing the prssure amat

is

(2) A HEST test can be configured to produce
a blast wave that provides, for short durations,
good simulation of the overpressure from weapons
that extend up to the megaton range. Because of
the limited duration that can be simulated, stress
attenuates in the ground more rapidly with depth
than for the nuclear event and the displacements
will be smaller. Hence, the early dynamic responses
of the tested system will approach those that
would be induced by the nuclear event, and good
simulation of peak accelerations and velocities is
achieved; but late-time rigid body motions are not
well simulated.

The technique is applicable primarily for
and shallow-buried structures
surface-flush
testing
where the principal failure mode considered is di(3)

rectly

related to

HEST

test,

overpressure loading. Dynamic
pressure effects are not well simulated by the

and failure modes related

to this effect

must be

tested separately. Because the peak overis
essentially the same over the entire test
pressure
area, specimens of large dimensions can be realisti-

HEST test. Both full-scale and
model structures can be tested in the HEST test
cally loaded in a

bed.
(4) Even though the positive-phase duration
does not simulate the nuclear event at late times,
the duration is usually sufficient to provide ade-

quate loads for direct verification when the overpressure impinges directly on the test item. Thus,
good verification data can be obtained for most
deformational failure modes for surface-flush systems such as structures and closures. Further information on HEST is available in D'Arcy et al.
(1965), D'Arcy-Clark (1966), GE-TEMPO
ble Traindafilidis-Zwoyer (1968).

(1972),

and

c. High explosive (HE) field tests. Many HE tests
have been conducted to provide overpressure and
ground-motion environments in sizes varying from
a few hundred pounds to hundreds of tons of equivalent TNT. For overpressure studies the explosives

are placed in spherical or hemispherical arrange-earth surface, typically as

ments at or above the
shown in figure 4-2.
(1)

The

blast

wave produced

in an

HE

test

provides good simulation of the peak amplitude for
both the overpressure and dynamic pressure. The
peak pressure amplitudes from an HE burst decay
more rapidly with distance from the center of the
charge than do nuclear bursts because usually less
weapon yield is available. Because of this, only the

4-3
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Figure

4-4

4-1.

Sketch of HEST Facility

TM
-ger tests (e.g., 500 tons) are

adequate for testing

elements. For large systems, the system;e/peak-pressure combination of interest will
nerally dictate that testing be performed on
ll-scale

of subsystems. Certain elements such as
sures and blast valves may be subjected to good
nulation of peak loads for direct verification.
)dels

HE tests provide an airblast environment
comparable" to the nuclear environment escially at peak overpressures below 300 psi. Good
nulation of overpressure is provided for a wide
age of yields but particular attention must be
-ected to proper scaling. The yield dependence is
^cussed in chapter 7 of TM-5-858-2. Further formation on HE tests is available in Kingery
(2)

at is

)68)
d.

ale

and

in Reisler et

al.

(1975).

Airblast simulators. In addition to the largefield tests described above, there are fixed

^ilities

ate to
ent.

designed

to

produce blast waves that sim-

some degree the

Many

B and
sting. Two
<

blast

wave from a nuclear

of these facilities are listed in appenare useful for component or element
of the larger facilities of this type are

ABS and LBLG,

described below.

conduct verification tests on full-scale elements and
models of elements and subsystems. One of the
largest of such facilities is the Large Blast Load
Generator (LBLG) located at the U.S. Army Engineer Waterways Experiment Station (WES). The
basic configuration of the LBLG is shown in figure

Further information on LBLGs is available in
Albritton (1965) and in Kennedy et al (1966).

4-4.

(1) A soil bed of up to 10 ft deep can be loaded
emplacement of specimens to simulate buried
conditions. Peak pressure and positive phase dura-

for

tions can

be controlled within the range of the
Durations equal to or exceeding those from megaton nuclear events can be
achieved.

facility capabilities.

(2) Airblast loads for elements and subsystem
models can be provided to accurately simulate nuclear effects. As with the GRABS facility, the test
must be designed such that reflections from the
facility boundaries will not affect the failure mode

g.

are

Giant reusable airblast simulators (GRABS).
facility is located at the Kirkland AFB
d is operated by the Air Force Weapons Labora-

GRABS

ry (AFWL). The basic configuration of the
rlABS facility is shown in figure 4-3. The facility
ovides

for a soil depth of up to 30 feet for
iplacement of the specimen to be tested. The
lount of explosives, cavity volume, and soil surarge depth are selected to produce the pulse de-ed within the range of the facility capabilities.
le mechanism of producing the pulse is similar to
at of the HEST test except that the pressure
Ise does not horizontally traverse the specimen
.t loads are areas of the test bed simultaneously
.d essentially equally. Simulation of the peak
erpressure history is similar to that achieved in

HEST

test.

The

size of the facility allows for

sting of full-scale elements; subsystems

and

Shock

tubes.

listed

in

TEMPO

generally be modeled for testing. The
design must consider the reflecting boundies of the facility. The s response time(s) of the
ilure mode being studied must be such that the
itical parameters have reached peak amplitudes
fore reflected waves reach the location of intert. Further information on GRABS is available in
irtel and Jackson (1973) and Jackson et al. (1973).
st s

Large

blast load

generator (LBLG).

A number

B and
Bednar
and
(1968),
(1972)
and designs have been used to

blast load generators listed in appendix

scussed by

varying

GE-TEMPO

sizes

A

number

appendix

amplitudes

of shock-tube facilities

B and

discussed by

GE-

(1972) and Bednar

facilities provide

a good

characteristics of

(1968). In general, such
simulation of the airblast

a nuclear

event,

namely peak

overpressure, decay rate, positive-phase duration,
and dynamic pressure. Shock tubes are used for
testing subsystem models and small full-scale sys-

tem elements. However, depending on the response
of the failure mode being studied, verification can
be accomplished through scaling. Direct full-scale
testing of the performance of airbreathing equipment can also be accomplished in
shock tubes. Shock tubes have also been used to
perform debris-impact tests. Further information
on shock tubes is available in Lane (1971).
verification

4-4. Simulating
shock.

and

testing ground

Overpressure-induced and crater-induced. The
techniques and facilities that are used to simulate
the ground-shock environment from a nuclear
event are the same whether the shock is induced
from the overpressure or the crater formation. The
environments, motion and stress, created by the
a.

sys-

ms would

f.

maximum

response being studied until
have been reached.

e.

te

5-858-6

two sources are very different as presented in TM
5-858-2, and are dependent on combinations of
weapon nt size, height or depth of burst, and surrounding media. Some of the tests t described
above for simulation of overpressure are also used
for ground shock. It is generally the objective, particularly when testing full-scale subsystems or elements, to simulate the airblast and ground shock
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Figure

4-3.

The Giant Reusable Airblast Simulator (GRABS)
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Figure

4-2.

Typical

HE Field

Test Configuration (Spherical

Charge)
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4-4-

Large Blast Load Generator (LBLG)
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TM
s

iltaneously.

a

.ally

Only in rare circumstances

is

this

accomplished. Usually one environment or
other must be compromised. Whether over-

t

ground shock

most important

p
d

,sure or

a

yst. The decision is based on the susceptibilit
lie failure mode(s) being studied to the particu-

o

sion

1;

t<

t:

3

that must be

is

made by

is

a

the verification

face.

HEST

crater-induced ground-motion weapon effects. To
circumvent this, special configurations of charge
burial are used as shown in figure 4-6. Using finite
element computer codes, the configuration of the

test.

The

HEST

test described above for

n

g

ind

motion over relatively large areas. Howall simulation techniques, a comsatisfactory simulation cannot be achieved.

as with

e

,

p

3ly

t<

Because of the complex geometry of the
facility and the relatively small surface on
ih the pressure load acts, the ground motions
(1)

v

p

HEST test probably are more comthan comparable responses in a nuclear envinent. The HEST test does not simulate all ass of nuclear ground shock; because of the finite

d

ensions of the test cavity "edge effects" distort

i.

measured response.

t.

p
r

occur in a

(2)
i]

p
d
t
e

i.

d
e

C
(;

p

Analyses performed for

HEST

programs

eate that, in some regions beneath the test bed,
c
vertical and horizontal-longitudinal (in the

ction of the blast-wave propagation) acceleraand stresses are reached before
s, velocities,

j-induced (relief wave) responses can influence
pressure-induced responses. Figure 4-5 shows
e regions. The analyses also show that the peak
lacements, which occur late in time and include
effects, do not simulate nuclear responses.
er responses, such as the horizontal-transverse

pendicular to the direction of the blast-wave
and beneath-berm motions, are also

)agation)

d

High
gned

explosive (HE) field tests.

HE

field tests

simulate

t

overpressure also produce
ind shock. However, the limited yield of the HE
ce usually precludes testing of items other than
lents or models. Moreover, ground motion is
Really dependent on the geology, so it is difficult
)cate an HE test site that scales geologically to

a

>perational site.

d
e
c

The familiar

figure

charge

4-2

is

and

yield,

weapon

is

HE

not

test configuration shown
in simulating the

effective

the particular geology,

calculated

for

HOB/DOB

combination of the nuclear

to be simulated. This technique produces

good simulation of the crater-induced motions but
does not simulate the overpressure. At this time
(1976), accurate verification of both effects cannot
be achieved in a single test event. Further information on HE tests is available in GE-TEMPO (1967,
1970, 1973), Stubbs et al. (1974), and Rooke et al.
(1974 and 1976).

HEST-BLEST. The HEST

test is limited in

effectiveness by the size of the test bed/cavity; the
HEST-BLEST concept shown in figure 4-7 was de-

veloped to overcome this deficiency. Here, the

HEST

cavity is constructed over a relatively small
area where it is necessary to produce the overpressure directly on the surface of the structure sys-

tem.

Separate shallow-buried, high-explosive
charges are then placed in a much larger surrounding area. This technique of loading the area is
called a Berm Loaded Explosive Simulation Tech-

j

5T-unique and have no direct relationship with
nuclear problem.

g

(2)

in

d.

t

I-

Overpressure may dominate the acceleration at all
ranges of interest to this volume except deep-based
systems. However, the crater-induced accelerations
may cause larger maximum displacements. In general, overpressure-induced motions will contain
higher frequency components than the craterinduced motions, especially near the ground sur-

design environments. Many times, separate
will be required to achieve complete verificaof the system.

ilation of overpressure is one of the best techtes for studying overpressure-induced vertical

s

5-858-6

to

The predominance of one motion over the
>r (overpressure-induced and crater-induced) deis on the different attenuation rates and conlently on ihe Distance from ground zero where
ion is measured, and on the particular motion
imeter considered and the associated direction.

nique (BLEST).
(1) The BLEST charge array is designed to
simulate the stress environment in the upper surface of the test area that would result from nuclear
overpressure loading. This loading combined with
the direct air-bias from the HEST cavity simulated
the overpressure from a nuclear s event over a
much larger area and for much larger times than

in a simple

HEST

test.

edge of the

HEST

cavity.

The peak displacements are
not influenced by the unloading waves from the

(2)

This test does not simulate crater-induced

ground shock. Further information on HEST-

BLEST

is

available in Schrader et

al.

(1976).

(1)

c
li

s

r
1

e.

HEST-DIHEST. As

discussions on

HEST

evidenced by the above
HE tests, there is no

and

single technique that produces a totally satisfactory simulation of both the overpressure-induced
ground shock and the crater-induced ground shock
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effects.

have been designed that

tests

Therfore,

HEST

test with DIHEST
(Direct-Induced High-explosive Simulation

combine the

field test and the large-scale laboratory
the mechanical test will generally be the most
used tool in the verification process.

unwieldy
test,

Technique) to produce both effects simultaneously.
(1)

basic configuration of a typical HESTtest is shown in figure 4-8. This test is

The

DIHEST

designed to combine overpressure and limited
ground shock from the HEST test with craterinduced ground shock from the DIHEST test. The
DIHEST test uses a buried array, usually planar,

of high

explosives that are detonated

simultaneously, to produce a predominately horizontal shock wave on a test system. Timing of the
detonation of HEST and DIHEST explosives sys-

DIHEST array require
extensive pretest experiments and calculations.

some of the most applicable facilities is presented in appendix B and in GE-TEMPO (1972) and
Bednar (1968). However, in many instances it will
be necessary to apply basic force-producing equipof

ment such

(2) Tests have been conducted in both rock and
media. The size of the HEST cavity, as well as
the design of the DIHEST array, influences the
duration over which the ground motion is simulated. Generally acceptable simulation of acceleration, velocity, and stress peak amplitudes are ac-

heived.

as shakers or rams, in a

manner that is
unique
requirement combination being addressed, and no existing fixed facility
would be adequate.
to the element-input

tems and location of the

soil

There are numerous techniques and faciliused to conduct mechanical tests. A discussion

(3)

ties

(4)

In

many

instances

it

will be required

to

perform a verification

test of a large subsystem in
a full-scale operational mode (e.g., of critical con-

trol

and communication equipment supported on a

shock-isolated floor or platform). In such cases,
where fixed-facility tests are prohibitively costly,
pulse-train simulation tests have been conducted
for verification. This technique applies specifically
designed force-pulse trains at the required number
locations, directly on the platform structure,
such that the platform response simulates the response experienced by the total shock-isolated system as a result of the motion induced in the protective structure by the ground shock. The technique uses measurements of impedence and transfe
functions on the as-built, in-place subsystem to
transfer the motion from the attachment point of
the protective structure to critical locations on the
platform. With the equipment elements in place,
these motions are then simulated on the platform

of

(3)

Further information on

available in Schlater (1972)

HEST-DIHEST

and Blouin

is

(1969).

/ Mechanical tests. The tests discussed for the
simulation of overpressure and ground shock apply
to scale model

and

full-scale testing of systems

and

subsystems. However, before field or large-scale
laboratory tests are conducted, and before a system
has been fabricated, comprehensive testing will be
performed on elements and small subsystems.
These tests, conducted to obtain data for basic
development and verification, are mechanical tests,
in which the excitation force is applied directly to
the specimen through a known mechanical connec-

by application of the force-pulse
(5)

trains.

Further information on mechanical tests is

available in Safford and

Walker (1975a and

b).

tion.
(1)

Mechanical tests are generally the simplest

and

least expensive to conduct; the specimens are
relatively small (i.e., measured in feet rather than

and the test equipment is
Because
of these factors, this
readily
type of testing is popular, and most of the statistical data to determine the mean resistance and
uncertainty associated with a particular failure
mode will be acquired with these tests.
tens or hundreds of feet),
available.

(2)

The greatest limitation of the mechanical

test is that

not directly comparable to the
free-field weapon-effect ground shock. Therefore, it
is necessary that
supporting analyses and tests
(often very complex and costly) be conducted to
translate the free-field ground shock to the local
input environment. Nevertheless, compared to the
it

is

4-5. Simulating

and

testing

EMP.

Uniqueness. The waveform and corresponding
frequency spectrum for a nuclear EMP differ siga.

from other man-made electromagnetic
disturbances or from natural phenomena such as
nificantly

lightning. The pulse rises very rapidly
(nanoseconds) to the
kilovolts per

maximum

meter for the

level

(hundreds of

electric field)

and then

decays exponentially. The frequency range is extensive, varying from UHF to VLF. Also, the
field is widely distributed, whereas g lightning is
localized. Because of these characteristics and differences, designing to protect against EMP or to
simulate for verifying hardness requires EMP-

EMP

unique approaches. The verification of EMP hardness will us both analysis and testing techniques.
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Figure

J>-8.

Typical

HEST/DIHEST

Test Array.
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Verification analysis. The analysis techniques
presently available are sophisticated enough to
6.

weakness in the system design, to
test
selection/design, and to confirm the acguide
of
test data. However, specific points of
curacy
weakness and specific quantitative levels of hardidentify areas of

ness cannot be calculated.

Experimental analysis. The analysis of the
system can be accomplished using computer codes
that model the many elements of the system. An
experimental analysis can also be performed that

A continuous wave
applied to the system. The wave may be swept
across a broad frequency range or applied at discrete frequency steps.
(3)

(4) Direct injection: Any of the above signals
can be directly applied at one or more parts of the
systems.
(5)

c.

of measuring the impendance
and transfer functions between critical system

consists primarily

junctions and then involving these functions in
time, or multiplying them in the frequency domain
with the postulated threat environment inputs. The
predicted total response will be very accurate as
long as the responses of all elements in the measured path remain in the linear range.

tion for hardness assessment.

EMP may

/
the

Threat

volume that

weaknesses, and to provide bounds for final verification testing.

Subthreat-level

Threat-level testing requires that
the threat be applied over a

of

is

verification

is accomplished through observation of
system responses, the threat-level test environment

must accurately simulate

at least the following:

Propagation direction of both the electric
and the magnetic fields
The pulse shape and frequency spectra of
both fields
Peak amplitudes greater than the threat

magnitude
Relative magnitudes of electric and magnetic
fields

The above requirements must be satisfied
which hardness is to
be verified, and the electric and magnetic fields
must be developed over a volume larger than the
volume of the system to be tested. The arrival
direction and polarization must be addressed if
(1)

for each threat scenario for

total hardness is to be verified. It is also necessary
that the on-line operation of the system be ac-

EMP

curately defined such that the simulation can be
imposed at the time(s) of maximum susceptibility.

item and to expose weaknesses that were not discovered in the analysis. Techniques used for
subthreat-level testing are the following:
(1)

Small items are subjected

testing.

Subthreat-level tests
performed on elements or on systems to define the
manner in which the
field couples to the test
c.

field:

large relative to the total system
being analyzed. When this is accomplished, the
hardness (or lack of hardness) is verified by observing selected critical system responses. Since the

Hardness evaluation
and component

laboratory prior to being included in a system or
subsystem test, the test data being integrated.
Testing is used to verify calculations to confirm
general hardness of the design and identify specific

level.

simulation

also use scale-model

testing; however, these tests are generally not used
for final verification analysis. In general, all system components will be separately tested in the

Stationary

to field-coupling tests.

d. Verification testing. Both laboratory and field
tests are conducted to provide the required simula-

for

Continuous wave (CW):

is

Low-level transient: The threat time hissimulated but the amplitudes are below the

tory is
threat level.

(2) Repetitive pulse: A train of pulses (10 to
100 per second) is applied. The threat time history
may not be simulated, but the frequency range
must be the same as that of the threat pulse.

High-level transient field tests are required
However, some degree
of verification can be accomplished at threat level
(2)

for total threat-level testing.

using direct injection.

Simulation facilities. There are numerous fathat have been developed to provide EMP
simulation for various systems and components.
g.

cilities

of these facilities are listed in appendix B. A
design and vercomprehensive treatment of

Many

EMP

ification can be

Whitson

(1973),

found in COE (1974) IITRI
and Schlegel, et al. (1972).

(1973),
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5-1. Introduction

then using first-order linear approximations

an important and
well-established tool to support hardness verification. In situations where a physical system does
not yet exist or, if it does, cannot be tested, the
analytical approach may be the only way to assess
a.

The analytical approach

is

survivability, vulnerability, etc. Unlike
experimental verification which naturally lends it-

(Ang-Cornell, 1974)
(5-3)

and

N

hardness,

a

to

statistical

computational
verification almost always depends on deterministic
tools to provide system response to nuclear weapon
effects. These deterministic tools generally produce
sophisticated information of the most probable response of the system (the mean), but quantifying
uncertainty will involve a laborious selection of
values for the random nature of system paramself

N N

Q$=Q|
n=l'

presentation,

where
f

= Total

coefficient of variation associated

with the functional form of

X

eters.

= Total

Although the design load for a system, subsystem, or element will sometimes be the input for
b.

n

with

coefficient of variation associated

Y

n

analyses or tests, it may also occur
that updated information will be available to better
define the local load environment. Thus, the verification analyst may not only be responsible for
assessing the survivability of the system to its
design loads, but he may also be required to reassess the local design load to reflect more realistic
conditions. Part of the reassessment will come
about as a natural consequence of verification studies because the response of one system may be the
load to another. Verification of the first system
may indicate that the load to subsidiary system is
different than expected. If the verification analyst
is also charged with the responsibility for deter-

The subscript

mining system survivability, he must be prepared
view the verification study from a system engineering point of view, since he will be the one
most likely to intelligently assess the adequacy of

vivability allocation.

verification

to

Correlation coefficient of

Yn

and

V

denotes that <5f/SY n is to be
values of the variables. Implicit in equations 5-3 and 5-4 are the assumptions
that fiY n
and nonlinearity in f near the
mean values is not large.

evaluated at the

mean

21

TM

b. Survival probability. Consult chapter 9 of
5-858-1 for a description of survivability models
and chapter 11 therein for a presentation on sur-

5-3. Types of analytic techniques.

previously established design criteria.

5-2.

Computing uncertainties and

survivability.
Uncertainties.The total coefficient of variation
random variable X, designated by fl x is obtained from
a.

of a

(5-1)

Here,

5X

whereas

models the natural randomness of X,
represents the uncertainty arising from

Ax

errors in estimation. If
several

random

X

itself is

a function of

variables,

a. In performing verification calculations the outstanding problem stems not from finding a suitable
deterministic model, but rather once having selected a model from interpreting results probabilistically. There have been attempts to produce
compendia of the many analytical techniques that
have been applied to calculating the response of
systems undergoing nuclear attack (AE WES,
1972). There is almost never an obviously "best"
technique to solve a particular problem. The "best"

depends on understanding all available
techniques; the time frame and cost constraints;
the accuracy desired, i.e., whether the assessment
solution

preliminary of final; the relative elegance of
concomitant analyses; and the state of the art.
is

X =f(Y

1

,Y 2 ,Y 3 ,...,Y n ,...,Y N )

(5-2)

5-1
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b. To be meaningful, verification analyses must
be performed probabilistically, i.e., local loads and
system responses must be expressed in terms of
uncertainties, and system survivability must be expressed as a probability. Uncertainty is defined as
the standard deviation of the load and response
normalized to the mean. It usually occurs that the
the best estimate of the calculated mean response
is obtained with the most complete (and usually

most expensive) mathematical models. However,
the more complicated the models, the more difficult it is to estimate variations in the response
due to variations in model parameters.
c.

Virtually

all

analytical

methods have been de-

veloped to solve differential equations or to represent solutions of those equations. For most real
systems, the solution of differential equations is
accomplished via numerical techniques, using differencing techniques. Alternatively, the computer is
used to numerically evaluate integral solutions or
closed-form solutions. Volumes TM 5-858-3 and -4,

GE-TEMPO

(1974b),

and

AE WES

computer programs pertaining

(1972) reference

to various

weapon

effects as well as descriptions of the phenomenology computer codes that calculate the free-field

loadings, which the verification analyst

may

find

important that the verification analyst
that
recognize
using more sophisticated computational tools is equivalent to the reduction of (or the
It

attack:

Explicit solutions of differential equations

Numerical solutions of differential or
integral equations
Semi-empirical relationships developed from
regression analyses applied to
experimental and calculated data
last technique is most often applied to the
design of systems and the first method is usually
too idealized to be much pratical usefulness; the
second approach offers the greatest potential to
generally address the verification problem.

The

to those methods available for calthe
mean
culating
response of a system, estimating
the expected randomness due to natural variations
in material properties and in geometries is grossly
more difficult, a task for which little experience
g.

Compared

and few tools have been developed. Although
awakening of interest in the probabilistic
of
aspects
system response, most of the current
statistical work is too fundamental to be of much
direct application to hardened-facilities

exists

there

is

what is lacking in formal
computational procedures must be compensated for-

verifications. Therefore,

useful.
d.

/. The verification analyst may avail himself of
the following techniques for determining the mean
response of systems that are subject to nuclear

is

with a resourceful application of those analytical
tools that are available.

attempt to reduce) systematic uncertainties. In
other words, these techniques are designed to minimize bias in the results. This reduces the ignorance
factor and the uncertainties. An obvious consequence is the saving of dollars spent avoiding fa-

h. The deterministic methods previously outlined
genrally involve the solution of differential equations with variable coefficients, whereas deriving
the probabilistic response of systems involves the

cility

overdesign that otherwise would occur due to
use of poor computational tools. The analyst should
also recognize that bias and random uncertainty
can be reduced by using better data, i.e., more

and stochastic

accurate loads and specifications of material prop-

fundamental techniques for calculating the randonn

erties.

response of systems:
Monte Carlo methods

e. Another resource available to the analyst are
functional relationships derived from regression
equations applied to experimental or computed
data in which the response of systems is defined in

terms of the important parameters of the system.
These solution techniques often are empirical or
semi-empirical, and are found in various sources,
such as Crawford et al. (1974) and TM 5-585-3. The
verification analyst will find most of this informa-

same equations with both variable
The latter property
sharply limits the methods for calculating the response as a random variable. In verification analy-

solution of those

sis

coefficients.

there are, for

all

practical purposes, only

three

Engineering judgment

Use

of simplified uncertainty analyses

generally involving sensitivity (changes
in response due to changes in system
parameters such as stiffness, strength,
etc.)

tion unsuitable for performing deterministic verification analyses; i.e., for calculating the mean

The most versatile and reliable of these techniques
is the Monte Carlo method, which can be applied to
almost any problem that can be solved deterministically. However, there are certain negative aspects

response. Nevertheless for the probabilistic analyses discussed subsequently, these techniques may

to this technique that should be considered (para,
5-4). Due to cost and time constraints or simply

be quite useful.

because no better alternative seems to

5-2

exist,

the

TM 5-858-6
system response may be simply
estimated by applying the judgment of acknowledged experts (para 5-5). On the other hand, if it is
possible to explicitly and functionally express the
relationship between the input and the response of
a system, then direct differentiation of the function
may provide a direct means for calculating uncertainties, and subsequently the survival probabilities
probabilities of the

of the systems (para 5-6).

5-4. The

Monte Carlo method.

The correspondence between the experimental
techniques described elsewhere in this volume and
the mathematica approaches that seek to simulate
the experimental method is achieved by a procedure called "mathematical experimentation." The
form most widely used is called "Monte Carlo" or
the Monte Carlo simulation.

A

simple application of the Monte Carlo prorandom variable

cess consists of the selection of

from an appropriate probability-density distribution that describes the loading function and the
geometrical and constitutive parameters of a system, and subsequently calculating the deterministic
response for each of the

random

dom

response

is

relatively insensitive to this tech-

nique.
/. When Monte Carlo calculations are performed,
the phenomenological relationship between the random variations in the system parameters and the
random nature of the response may be obscured.

Auxiliary sensitivity studies using simpler models
can help in understanding the parent Monte Carlo
calculations.

a.

b.

but the improvement in accuracy of the ran-

tions,

selections.

c. More complicated
applications of the Monte
Carlo technique involve multiple systems interrelated to each other. By linking the results of various Monte Carlo solutions together, verification
analyses of large complex systems can be

The Monte Carlo method requires that the

g.

parameters of the system be defined statistically.
These statistical data are obtained experimentally
or are estimated. Errors can be reduced by conducting more extensive tests to determine the true
nature of the system variables.
h.

The

verification analyst will

want

to study the

specialized techniques that have been developed for
the practical implementation of the Monte Carlo

method. One such well-known technique

is

Rowan

(1974).

A

modified Monte Carlo approach can be
adopted in which the partial derivatives in equation 5-4 can be numerically obtained by randomly
varying the independent variables Y n in the vicinity
of the mean value to obtain the corresponding variation in the function f. The rpocedure is a fori.

malization of the method discussed in paragraphs
and / of TM 5-858-2, and noted in paragraph

4-2 e

5-6 c below.

performed.

5-5. Engineering judgment.
d.

in

Although the Monte Carlo method can be used

many

applications, there are disadvantages that
loss of visibility, and

must be considered: Cost,

requirement for statistical input. In order to control

costs,

the verification

analyst

may

select

a

sophisticated analytical procedure for computing
the mean response of the system (to reduce bias
errors), and select an "equivalent" but simpler

mathematical model for producing Monte Carlo t
solutions (to provide information on the random
nature of the response).
e. In linked analyses, in which the results of the
Monte Carlo problem are used as input to another
Monte Carlo problem, the uncertainties in the final
calculation may be governed by errors in the assumed nature of the randomness of the system
parameters. To minimize costs it is desirable to
reduce the number of Monte Carlo solutions as
much as possible, but the use of a crude Monte
Carlo mesh introduces further uncertainties. These
can be mitigated by increasing the number of solu-

a. In many cases, especially during the early
phases of hardness verification, it will be judged
not feasible to embark on a Monte Carlo approach
or to use the approach discussed in paragraph 5-6.
It may be necessary to estimate the probabilistic
nature of the system response whose mean value
was obtained by deterministic computations. Because of his or her familiarity with the solution
technique and a grasp of the range of system parameter variations, the analyst will often estimate
the distribution of responses around the mean
value. This estimate will draw almost exclusively
on experience, coupled perhaps with auxiliary cal-

culations that provided insight into the sensitivity
of the parametrs in the analysis. When using this

method, the analyst should avoid selecting the
most adverse condition of each parameter to assess
the severest system response. The probability of
uniformly encountering the most detrimental extremes of each parameter is very remote and corresponds to a very small probability of

5-3
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occurrence much less than the probabilities of
each independent parameter selection.

5-6. Direct

When

uncertainties can be calculated by evaluating the
partial derivatives in equation 5-4. For example,

the atmospheric transmission of thermal energy
often expressed in the simple equation

As a

pratical matter, the simplified relationmay not yield the

ships in the response equations

best prediction of the mean response, since other
important variables may be overlooked or not com-

of functions.

the solutions to differential equations
can be expressed in a functional form, then the
a.

6.

is

where
is a coefficient and R s is the slant range.
The total uncertainty will then be

Most such simple relationships
are probably more useful for estimating
uncertainty than for calculating the mean response.
It would be more appropriate to calculate the mean
response by using one of the more complete deter-

pletely represented.

ministic procedures referenced in paragraph 5-2.

c. For systems that are not grossly nonlinear,
equation 5-4 may be solved numberically by varying the parameters of the system in small increments to evaluate the various partial derivatives,

df/dXj. Usually, each independent parameter
would be varied at least once above and once below

where fi is the total uncertainty
form of equation 5-5, and l a and
f

uncertainties of

5-4

cr

and

R

s

of the functional
fl Rs

respectively.

are the total

its

mean

value so that the derivatives could be
fitted to the response

computed from polynomials
calculations.
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6-1. Introduction*

cL

tree

In order to perform a verification analysis, the
analyst must define the extent of the system to
which the verification procedures will be applied.
The "system" to be verified may be a complete
facility or a functional unit that forms part of the
facility, or a submit, subsystem, or element.
a.

b.

Most

facilities

are so complex that

it is

neither

practical nor desirable to consider independently
all elements or even all subsystems or systems in a
verification analysis. Usually, many parts of a facility will not be susceptible to every nuclear
effect or, occasionally, some parts will not
be susceptible to any nuclear weapon effect. Thus,
it is necessary to select (based on estimate of design loads and resistances) which parts of the com-

weapon

Fault

tree.

shown

is

An example
in

figure

of a generalized fault

6-2.

It

is

diagrammatic

representation
interrelationships between
the various failure modes of a system and the
environments that potentially could induce failure.
Generally, it can be said that a fault tree for a
the

of

complete facility consists of N systems, each of
which has M subsystems, each of which is in turn
composed of Q elements. An element will have z
functional failure modes, each of which is excited
by S loads. In reality, each functional failure mode
may have contributory components either in parallel to each other or in series. Also, the fault tree
is

expanded to show the resistances that

often

react against the loads. The analyst may construct
a tree for any point in the system, ranging from
the entire facility to any element within a sub-

plete facility are susceptible and, of these, which
are most prone to failure under a specified attack.
Those parts that are neither susceptible nor threat-

facility.

ened will not need further analysis. The remaining
parts will then be subjected to a verification analysis as subsequently described.

included in the fault tree have been identified and

6-2. Diagrams, network logic, fault
trees, and Boolean algebra.
a. Procedure. Applying the various techniques
described in previous sections of the manual is

facilitated by following this procedure:

Construct functional block diagrams
Construct network logic or fault-tree diagrams
Write and simplify Boolean equations
Determine resistances and compute element
uncertainties
Define loads and uncertainties

Compute subsystem and system uncertainties
and compute survival probabilities where

system. Figure 6-2

(1)

When

all

is

a fault tree for an entire

of the elements that are to be

to show their relationship to each
other (this information is obtained from the functional block diagram discussed in b above), then
the failure modes for each element should be identified if they bear some positive relationship to the
mechanical, radiative, thermal, and other thermonuclear elements. The local environment, i.e., the

diagrammed

loads exciting each response leading to a failure
mode, should also be identified. The failure modes

and loads are then added to the fault tree as shown
More than one element, subsystem, or
system can be considered in the analysis. The larger the physical system involved, the more complete will be the fault tree. However, the tree will
also become more complex. Initially, the fault trees
in figure 6-2.

constructed without regard to simplification
because their primary purpose is to provide a complete (and perhaps redundant) description of the
system, its failure modes, the loads acting on it,
are

required.

Functional block diagram. The functional block
diagram is prepared to orient the analyst to the
interrelationships between the physical or
functional parts of a system. It is most commonly
exemplified by schematic diagrams, which are then
used to construct logic diagrams.
b.

and the

When

constructing the fault trees, the overcomplexity may be minimized by removing
(2)

all

resistances.

c.
Network logic and fault-tree diagrams. Network and tree diagrams, both of which can be

superhard or supersoft systems, subsystems, or elements from consideration; and by beginning at the

useful in hardness-verification programs, are depicted in figure 6-1. However, for complete facilities, systems, subsystems, and even elements, the

lowest level of the tree that is practicable, i.e., at
the element level. Nevertheless, for a system, sub-

tree

most often

since there is

diagram
used,
usually no complicated logic that would require
network diagrams. Only tree analyses are discussed
in this volume.
is

system, or element of any real complexity, it is
inevitable that the first construction will contain

redundancies and interdependencies that would not
be immediately obvious. A simplifying procedure is
required.

TM

5-858-6

Figure

(a)

6-1.

Tree

U.S. Army Corps of Engineers

6-2

Types of logic diagrams.

(b)

Network

TM 5-858-6
Figure

6-2.

Typical generalized fault

tree.
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e. Boolean equations. Fortunately, the fault tree
can be used to develop Boolean equations that will
reveal interdependencies and eliminate redundancies. This is accomplished by writing the Boolean
equations for the original fault tree and then reducing the equations to their simplest form. A new
fault tree can then be constructed from the new
Boolean equations, and this revision will be void of
redundant information.

(1) In

order to implement Boolean algebra, the

fault trees are usually presented in the particular
form typified in figure 6-3. The symbols are called
"gates;" the Boolean logic depends on the type of
gate involved. Hammer (1972) describes the specialized fault tree and Boolean algebra. An application
to hardened systems is presented by Collins (1975).
(2)

An

extremely important feature of Boolean

that the equations can be used to designate the survival or failure probability of the
system under study. (See Collins, 1975.)

algebra

is

6-3. Elements of verification analysis.

Transfer functions. Transfer functions link the

c.

primary nuclear weapon-effect loads to the local
loads acting on the system, subsystem, or element
under study. When performing an actual verification analysis of a system, the general procedure is
first to complete verification of critical elements,

then progress to subsystems, systems, and finally
the facility, in building-block fashion. In so doing,
however, defining the loads at the element level
becomes more difficult, since the analyst will not

have determined how the primary nuclear
weapon-effect loads have been modified by the actual intervening systems and subsystems. Thus, the
verification analyst either must utilize the existing
design loads or must develop transfer functions.
yet

(1)

Whichever method

is

used depends on the

particulars of the problem under investigation. For
example, if the design-load specification represents

the most advanced (best) estimate of the load, the
analyst may continue to use this as the load speci-

the outgoing verification analindicate that the original estimate was in

fication.

yses

However,

if

error, a better estimate of the local loads

would be

of the principal purposes of
to establish that resistance is

required. Later, as progress is made by solving the
fault tree equations, the transfer functions can be

the resistance are expressed as uncertainty factors
that are defined as a measure of scatter (variance)

corroborated by analyses; also new verification at
less comprehensive levels can be conducted whenever the ongoing analyses indicate that the transfer functions were erroneously or incompletely

a.

this

a

One

Resistance.

volume has been
variable. The character of the load and

random

normalized to the mean-squared response. Moreover, uncertainty is generally composed of a random component (a reflection of natural variation)
and a systematic component (an expression of ignorance). How these uncertainties can be determined and how survival probabilities can be computed were discussed in paragraph 5-2.
b.

Local load environment. The nuclear weapon
system usually can be considered

effects exciting a

random

variables, since free-field weapon effect
loads are transmitted through the parts of a fa-

cility

whose transmission characteristics,

geometrical and material propare
at
best
erties,
only statistically known. Hence,
the local environments are probabilistic, and are

determined by

its

modifications (amplification or attenuation) of one
more of the free-field, nuclear weapon-effect
loads. If only the primary environment is known,
or

than either the local environment must be arbitrarily specified or it must be determined. If it is
to be determined, the values must be derived by
the use of transfer functions, which relate freefield environments to local-load environments. Because of the nature of the real systems, the transfer functions are also random variables. The relationship
6-4.

6-4

among

these variables

is

shown

in figure

specified.
(2) It is

again emphasized that transfer func-

own uncertainties, consisting of
random and systematic components. These uncer-

tions have their
tainties

add another variation to the

local

load

environment, beyond the variations (if any are assumed) existing in the free-field nuclear-weapon
effect loads themselves.

6-4. Correlations.
a.

An

additional factor to be considered

is that
on a system, subsystem, or elebe transmitted via one or more transfer

local loads acting

ment may

functions, in series or in parallel, that may be
correlated with each other. The simplest configura-

from Boolean equations derived from
the fault tree. Note that the Boolean algebra automatically accounts for serial and parallel connections. However, it will not account for the degree
of correlation between transfer functions; these
tion comes

must be

calculated separately.

b. A given system may be suceptible to a number
of nuclear-weapon-effect loads. At the particular
point where verification is being performed, there

be some degree of correlation between local
environments, transfer functions, or resistances.

may

TM 5-858-6
Figure

6-3.

Typical Fault Tree with Network Logic Symbols
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Figure

6-4.

Loads, Transfer Functions, and Resistance.
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The degree

of correlation is specified by the correlation coefficient p^. Correlation coefficients vary
in the range of
l<p<l. If strong positive cor-

relation occurs, the system is more likely to survive
than if the variables were not correlated at all. On

the other hand,

if strong negative correlation ocis
the
less likely to survive than if the
curs,
system
variables were not correlated at all. Therefore, in
evaluating equation 5-9 the correlation coefficients
between various elements of the local loads and the
resistance must be determined.
c.

The covariance (which

is

a more general quan-

tity to be used in equation 5-4) is defined as

N
n

1

^nm Y n Y m =
O\T

O"xr

responding

Ym

-/^
n=l
m=l

l

JN

where Y n and

s

/A
\/ A
\
(yn -yn)(ym-ym)

N

are any two of

variables cor-

to the resistance function or the load

function. The notation y indicates selected values of
the model representing the random variable Y, and

y

is

the

tity o y

is

mean

of those selected values. The quanthe standard deviation of the variable Y.

Equation 5-7 is evaluated by randomly selecting
values for the variables yn and ym For example, yn
may represent random values for the stiffness of
.

concrete, and y m may represen random values for
the damping properties of the same concrete. If the
stiffness and damping are totally uncorrelated (i.e.,
totally independent of each other), the quantity
within the summation of equation 5-7 will tend to
zero as N becomes large and Pnm0; on the other

hand,

if

the stiffness and

correlated

(i.e.,

if

damping are negatively
of yn >7m are more

selections

often than not produce the condition that ym <ym
then the quantity within the summation will tend
toward a negative number and Py will be a nega,

number for large values of N. Coversely, positive correlation (p nm >0) would indicate that as the
concrete stiffness increases, the damping also intive

The limiting conditions for the correlation
coefficient are -1
nm <1.

creases.

<p
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APPENDIX A
BINOMIAL DISTRIBUTION
This appendix contains two tables in support of
Chapter 3. Use Table A-l in

statistical analysis,

determining the probability of s=r successes
trials, table A-2 for s>:r successes in n trials.

in

n

A-l

TM 5-858-6

TABLE A-l.

INDIVIDUAL TERMS

PROBABILITY OF REALIZING

s

=
j^

>

PJ

r (n
I

U.S. Army Corps of Engineers

A-2

r SUCCESSES IN n TRIALS
T n ~"v
^

t

-

r)

!

*
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(CONTINUED)
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TABLE A- 2.

PROBABILITY OF REALIZING

PARTIAL SUMS

s

> r

SUCCESSES IN n TRIALS

n

E,/..

s

n-s

p]
S

U.S. Army Corps of Engineers
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(CONTINUED)
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(CONCLUDED)

A-19

B
FR
B-l. Simulofioii techniques.

tulated nuclear burst.

The catalog of techniques that follows was
compiled primarily from two sources. "Nuclear
Blast and Shock Simulators," a report
(GE-TEMPO, 1972) by Panel N-2 of the Tripartite
a.

Technical Cooperation Programme (whose member
nations are the United States, Canada, and the
United Kingdom), contains descriptions of tests
from which summaries have been tabulated herein.
The second source was Rowan (1974) which tabulates other items besides airblast and ground motion that are common to the TTCP report. Specifically, there are sections relating to simulation of
nuclear radiation, spallation impulse, thermal radi-

EMP, and

ation,

it

cases,

is

debris.

still

While a

bit dated in

some

compilation from
proceed. Additional re-

a worthwhile

which future work may

ferences are listed in the bibliography, appendix D,
grouped into categories pertinent to testing for nuclear

weapon

effects.

B-2. High-explosive simulation

technique
The HEST concept has been used four times
Minuteman sites. The tech-

a.

for tests on operational

nique had been
tests in a rock

cepts range from laboratory and simple in-plant
tests to numberous field tests that can stimulate

environment experienced by major components and subsystems of a
all or portions of the nuclear

Laboratory and in plant test concepts.
However, experience with field tests is limited; the
cost of field tests will generally be high.

facility.

c.

The important

test

comcepts considered are as

(HEST)
Direct-Induced High-Explosive Simulation

Technique (DIEHEST)
High-Explosive Contact Surface Burst
Underground Nuclear Tamped Burst
Underground Nuclear Tunnel Test
Giant Reusable Air-Blast Simulator

(GRABS)

EMP

Simulation Testing

Blast Simulation Technique for Testing Air
Entrainment Systems and Blast
Closures.

The following subsections discuss these critical test
concepts in greater detail than is possible in the
catalog presented as tables. More detailed evaluation and development of each of these test conis necessary in order to select the appropriate
hardness verification test procedures for a pos-

cepts

high-overpressure

HEST

whether

to

determine

to

his application.

A

recent tests have relevance

summary

ments from 1964 to 1974
6.

of

is listed in

The objective of the technique

the overpressure

HEST experitable B-ll.
is to

simulate

and

superseismic air-induced
ground shock from a nuclear detonation
Operational and small scale tests have
demonstrated the feasibility of simulating over(for about the first 200 msec) from yields
Mt and for overpressures up to 3000 psi.

pressures

up

to 10

HEST

uses

a confined detonation

of explosive

fuse (Primacord) to produce a pressure pulse designed to travel over the ground surface at the
same velocity as an air shock wave of equal intensity, and to have a timedecay shape similar to the
early part of the pressure pulse produced by a

A

nuclear detonation.
HEST facility consists of a
above the surface of
structure
constructed
platform
the ground over the installation to be tested. (See
figure 4-1 for facility configuaration.) The platform
supports an overburden of earth and forms a cavity
between the bottom of the overburden and the

follows:

High-Explosive Simulation Technique

for

Periodically, variations of
test are utilized for special applications.
the
The reader is urged to review the current literature

c.

An

extensive catalog of techniques is presented
in tables B-l through B-10. Recommended test con6.

expanded

medium.

ground.

An earthen embankment

the perimeter

is built around
of the platform. Primacord is

wrapped on wooden racks that are suspended in
the cavity. Since Primacord detonates at a velocity
greater than the shock front velocity to be simulated, the cord is

wrapped at an angle
The intensity of

tion of propagation.

to the direc-

the pressure

pulse depends primarily on the loading density
(amount of explosives per unit cavity volume). The
overburden placed over the HEST platform is compressed and accelerated upward when the overpressure acts on its base, and this upward motion of

the overburden causes the volume of the cavity to
expand, with a corresponding decrease in pressure.
d.

Operational

HEST

tests

have used a cavity

normally 300 ft. sq. For HEST III the
was
5.5 ft deep and the overburden was
cavity
about 10 ft thick. Primacord charge density was
0.070 Ib of explosive per cubic foot of cavity, and
the Primacord weave angle was 8 deg 27 min.

that

is

B-l
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Table B-l.

TABLE B-l.

Dynamic Pressure

Shock Tubes

to

Simulate Airblast Effect

DYNAMIC PRESSURE TESTS USING SHOCK TUBES TO SIMULATE
AIRBLAST EFFECT

U.S. Army Corps of Engineers

B-2

Tests Using

TM

TABLE B-l.

5-858-6

(CONTINUED)
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TABLE B-l.

B-4

(CONCLUDED)
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Table B-2. Ground Shock Using Blast Load Generators to Simulate Airblast Effect

TABLE B-2.

GROUND SHOCK USING BLAST LOAD GENERATORS TO SIMULATE
AIRBLAST EFFECT

U.S. Army Corps of Engineers
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Table B-3.

TABLE B-3.

Dynamic Loading of Material Using

DYNAMIC LOADING OF MATERIAL USING SPECIAL TEST MACHINES
TO SIMULATE AIRBLAST EFFECT

U.S. Army Corps of Engineers

B-6

Special Test Machines to Simulate Airblast Effect

TM

TABLE B-3.

5-858-6

(CONCLUDED)
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Table B-4. Full-Scale Soil Loading Tests ofAirblast Effect During Field Tests

TABLE B-4.

FULL-SCALE SOIL LOADING TESTS OF AIRBLAST EFFECT DURING
FIELD TESTS

U.S. Army Corps of Engineers
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I

Dynamic Water Wave and Shock

Tests,

5-858-6

Simulating Airblast o Direct Shock

Table B-6. Blow-Off Response Using Sheet Explosives to Simulate Nuclear Radiation Effect

TABLE B-5.

TABLE B-6.

DYNAMIC WATER WAVE AND SHOCK TESTS, SIMULATING AIRBLAST
ON DIRECT SHOCK
U.S. Army Corps of Engineers

BLOW-OFF RESPONSE USING SHEET EXPLOSIVES TO SIMULATE
NUCLEAR RADIATION EFFECT
u%s Army corps of Engineers
.
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Table B-7. Tests of Nuclear Radiation Effects

Table B-8. Tests of Thermal Radiation Effects

TABLE B~7.

TABLE B-8.

TESTS OF NUCLEAR RADIATION EFFECTS

TESTS OF THERMAL RADIATION EFFECTS
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Table B-9. Tests

ofEMP Effects

I
TABLE B-9.

TESTS OF EMP EFFECTS
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TABLE B-9.
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(CONCLUDED)
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Table B-10. Chronology of HEST and

TABLE B-10.

B-14

DIHEST

Tests

CHRONOLOGY OF HEST AND DIHEST TESTS
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TABLE B-10.

(CONCLUDED)

U.S. Army Corps of Engineers

/.

BLEST (Berm Loaded

Technique)

is

Explosive Simulation
a technique to supplement the HEST

method by using an array

a

In the testing

community the validity of the
to
equipment
produce simulated airblast-induced
motions
is much debated. The HEST loadground
a moving pressure over a bed with finite
ing
width and length. The true nuclear-induced loading
is

more

correctly resembles a line load with a step
pulse behind the front. The fact that the HEST is
loading only a small area creates an outward and

upward motion adjacent
clear is essentially a

to the bed; the true nuone-dimensional motion. This

outward and upward motion in

HEST may

signifi-

cantly alter the vertical component of motion near
the center of the bed and consequently there may

be a low validity for

HEST

induced ground motions.

to simulate airblast-

of

shallow-buried

HEST structure,
HEST Event,

charges in the area adjacent to
initiated in proper sequence with the

generates an extended downward loaded area,
minimizing, for a while, the undesired outward and
upward motion in the vicinty of the HEST area
itself. The design permits simulation detonations
that allow the test structure to react fully to the
primary stimulus before boundary effects distort
the loading. A relatively new addition to the simulation techniques, it holds promise of reducing the
size of the HEST structure itself while improving
simulation. For further information on the theory
it

and on

test results, see

on the
used the method.
test reports

al. (1976) and
test series that

Schrader et

HARDPAN

I
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Table B-ll. Chronology of High-Explosive Tests

TABLE B-ll.

CHRONOLOGY OF HIGH-EXPLOSIVE TESTS

1

U.S. Army Corps of Engineers

B-16

TM 5-858-6
B-3. Direct-induced high-explosive
simulation technique (DIHEST).
a.

The DIHEST development began

DIHEST

of

in 1967

and

uses a buried array of high explosives to produce a
specified particle velocity history in the soil at a
given range from the array. Because of time con-

DIHEST

straints, the developmental
study was restricted largely to simultaneous detonation of rec-

tangular, planar, and vertical explosive

testing. A chronology
included in table B-10.

ban on atmospheric nuclear

arrays

(table B-4).

In a buried retangular array of N sperical
charges, one can argue that the peak horizontal

testing

is

B-4. High-explosive surface burst.

When

nuclear experiments in the atmosphere
in May 1963 by a presidential order preceding the nuclear test ban treaty, it was a
crucial time for the suspension because a series of
nuclear and high-explosive experiments were under
a.

were suspended

to compare ground motions from a nuclear
surface burst with ground motions from a highexplosive surface burst.

way

b.

particle velocity from the array can never be
smaller than that obtained from one of the N

sources (for sufficiently close source spacing). Furthermore, this lower bound should be approached

6. Flat Top was a series of 20-ton HE experiments using blocks of TNT with the center of the
spherical mass at the ground surface. Two experiments were conducted at an alluvium site and the

third at a limestone rock

site.

In alluvium, the

as one moves closer and closer to the array. On the
other hand, the peak particle velocity away from

peak radial displacement measured near the sur-

the explosive array should be a function only of the

In

array geometry and total yield, and should be independent of the number of sources involved. In
fact, it is expected that a reasonable upper bound
(approached asymptotically with increasing range)
is given by the peak particle velocity from a single
spherical source of the total array yield.
c.

A

summary

of particle velocity histories

mea-

sured in the vertical symmetry plane at ranges of
30 and 60 ft from the DIHEST array suggests that:
Horizontal particle velocity signatures were
reasonably consistent within the lower
two-thirds of the DIHEST depth.
Horizontal particle velocity signatures were
essentially the same form to be expected
from contained spherical charges (in
particular, no appreciable shear effects

were observed).
Horizontal peak displacements were consistent with those expected from a tamped,
burried, spherical explosive of the
yield as the DIHEST array.

same

Significant upward late-time motions associated with free surface effects would be

produced by the
d.

DIHEST.

The DIHEST technique simulates,

of geological formations, direct-induced

tions

in a variety

ground mo-

expected from a

nuclear device effecting
buried strategic systems or a part of such systems.
DIHEST coupled with HEST provides a capability
of producing airblast as well as direct-induced
ground motions on a variety of test items. Such
6
testing is very expensive ( $2 XlO ), but may be a

good value as the only viable technique under the

face

was 24

at the 500 psi overpressure station.
the displacements were somewhat
less (data were not reliable for the experiment in
in.

limestone,

limestone).
c.

Over the past decade, many

HE

field

tests

using built-up charges of high explosives have been
conducted to satisfy the needs of specific programs.

These

tests often have been conducted in remote
areas over land and water and in an arctic environment. Measurements included transient overpressure, ground shock and ground motion, water shock

and water waves, as well

as crater size and ejecta

distribution.
d.

Charge

up to 500 tons of

sizes

TNT

have been

used. There are certain limitations involved with

even these large-sized HE tests. For example, if the
charge is detonated on or close to a soil surface,
the crater formed interferes with the placement of
buried or surface targets.
e.

Two

installations having

permanent

facilities

HE

tests, 100 to 500 ton, are the
(NTS) located near Las Vegas,
and
Nevada,
operated by the U.S. Atomic Energy
the Defence Research Establishand
Commission;
Suffield
ment,
(ORES) located near Medicine e

to conduct large
Nevada Test Site

Hat, Alberta, Canada, and operated by the Defence
Research Board of Canada. Large HE tests conducted at remote sites other than NTS and Suffield
are expensive, and every effort is made to include
in each test as many of the requirements as possible of the various defense and armed forces agencies.

HE

tests to investigate various effects of airblast and ground shock are tabulated in table B-12.
/.

The tabulation begins with the Flat Top

series

and
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TABLE B-12.

GRABS TESTS;

GIANT REUSABLE AIRBLAST SIMULATOR

TEST DESCRIPTION

TEST

DATE

GRABS tests have been conducted at Kirtland AFB, using a buried concrete
Test objectives
cylinder 18 ft dia. x 30 ft deep, flush with the surface.
were to study structure/media interaction using a stiff structure of
simple geometry within which well-defined soil media could be provided.
The GRABS facility is a blast pressure chamber using a HEST-type
environment.

July 1971
through
1973

D-l

Development test:

to test the facility and obtain soils data.

D-2

Development test:

to test the facility and obtain soils data.

PI-1

Two models, stacked one on top of the other, in a dry sand medium.

PI-3

Single model, 15 ft high, in dry sand medium.

PI-4

Same model as PI-3, in wet sand medium

PII-1

20-ft articulated structure, resting on floor of dry sand medium.

PII-2

20-ft articulated structure, flush with surface, wet sand medium.

PII-3

Upper half of PII-2 structure, resting on floor, dry sand medium.

U.S. Army Corps of Engineers
NOTE:

This series of tests is expected to continue.

goes through the Middle Gust series.

B-5. Underground nuclear
burst.
a.

periment to experiment, however, the data scatter
scaled can differ by an order of magnitude;

when

tamped

Since the test ban treaty, two important un-

derground nuclear experiments have been
performed. HARDHAT and PILEDRIVER. These
experiments were performed in the granite rock in
Nevada, at depths of about 1500 ft. A series of
tunnel liners were located at varying ranges from
ground zero (GZ), all in the high stress region, 0.5
kb to 4 kb. (Various liner concepts were used, such
as liners with backpacking and rockbolting, and
concrete liners poured directly against the rock.) A
great deal has been learned about the cavity liner
design for direct-induced motions.

testing a prototype facility for defined criteria
could be very difficult. This data scatter in test
results

may show

the uncertainties in present-day

design criteria.

c. Tamped nuclear experiments have been recommend for testing Air Fence Launch Control Facility
and Launch Facility structures, and may produce

the best simulation of direct-induced motions.
Since calculations substantiate test results for peak
stress, it is reasonable to expect that tests can be
designed to produce specified peak stress levels at

specified structure locations.

must be considered

The experiments have also demonstrated the
capability to produce large ground motions
expected from megaton surface bursts. From ex-

The uncertainty

in the design of the test.

b.

B-18

in ex-

pected ground motion (primarily displacement)

B-6.

Underground nuclear tunnel

experiments.
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a.

Underground

tests of nuclear

weapon

effects

require the construction of a tunnel complex for
installation of the weapon and the test specimens

and apparatus, combining several experiments to
get maximum use of the site. For moderate incremental program cost, structural testing experiments are added to events primarily designed for
other experiments. The MIGHTY EPIC/DIABLO

HAWK

pair of events is such

an instance.

MIGHTY EPIC

event at NTS was deto
evalulate
the radiation physics
signed primarily
of a nuclear device using a line-of-sight (LOS) pipe.
An LOS pipe is a conical tube aligned with its
projected apex at the center of the nuclear device
6.

The

and extending radially outward for as much as a
thousand feed or more. An LOS pipe is an expenin addition

sive device to fabricate;

to

requiring
safety closures and test stations in various locations, it must also be capable of sustaining a hard
vacuum on the inside (required to prevent attenuation of radiation along the interior of the pipe).
MIGHTY EPIC is a landmark event to designers of

e.

DIABLO HAWK,

EPIC planned

for the

a

follow-on

same

to

test bed,

is

MIGHTY
designed

and

will be located to provide a repeat loading of
the structure tested in the
EPIC event.

MIGHTY

This second loading of the structures will provide a
stress wave propagating approximately 90 deg to
the original MIGHTY EPIC stress wave direction.

Such cyclic loading is rare in dynamic testing, outside of small-scale models in laboratories. Access to
the structures was gained by retunneling into the
test bed and opening the access ports. Extensive
photographic coverage and dimensional mapping
were performed after the MIGHTY EPIC event and

have become "pretest measurements" for the DIABLO
event, scheduled for some time in

HAWK

1978.

B-7. Giant reusable airbiast simulator

(GRABS).

GRABS

a. The
is a cylindrical silo, 18-ft dia. by
48-ft deep and lined with reinforced concrete, constructed in a massive limestone formation at Kirt-

hardened structures because of other programs
that were conducted at the same time.

New Mexico. It was developed to provide
two-dimensional zxisymmetric test facility for
evaluating the computational predictions of the
vertical motions of missile silos from overpressure.

For the structures program, several types of
cylindrical and spherical structures were tested.
Three separate drifts were constructed at ground
ranges from the nuclear device that would produce
the design stress level, one-half design level, and

preselected amount of soil (up to 30 ft) is
the lower portion of the facility along
placed
with instrumentation and model structures, and a

land AFB.
a

c.

twice design level. One of the novel features of this
experiment was the placement of nine copies-as
identical

as

could be

constructed

reinforced concrete structure.

of

a

spherical

They were installed

was expected
the mid-range
models would sustain moderate damage, and the
distant units would be unscathed. In general, the

in sets of three at

each stress

level. It

that the close-in models would

fail,

actual test results followed theory,

and the

tion of test structures at each stress

replica-

range gave a

data base for evaluating the random variations of
design parameters. Additional benefits will accrue
from the DIABLO
event (see e below).

HAWK

d.

was

Another objective of the

MIGHTY EPIC

to test theory that structures sited in a

event

hard

medium overlaid by an extensive layer of more
porous medium would experience a more moderate
environment than if they were sited at an equal
depth in an all-hard medium. MIGHTY EPIC was
sited in a quartzite bed overlaid with tuff. A useful
amount of data was collected with which it is
possible to evaluate the concept. The serious researcher is encouraged to seek out the data in the
classified

MIGHTY EPIC

progress reports.

6.

A

in

modified HEST is used to generate overpressure
within the facility. This technique has the demonstrated ability to reproduce reasonably the air
pressure history up to the -1800 psi overpressure

from a 1-Mt surface burst. For a predetermined time, the technique confines within the falevel

cility

a high-explosive detonation in a finite vol-

ume. This is done by using soil as a surcharge
above an explosive cavity. The peak pressure, initial decay, and late-time decay can be controlled by
variations in explosive charge density, initial explosive cavity volume, and the height and density of

the surcharge material, respectively. The detonation projects the surcharge into the air, thereby
eliminating the need for reaction devices. The sur-

charge support system

is

designed so that no

braces extend to the test-bed; thus only the detonation shock is transmitted to the test-bed. Table
B-12 is a list of tests conducted in the GRABS
facility.

B-8.

BMP

simulation methods.

a. The EMP associated with a nuclear explosion
can be considered an insidious effect, for it can do

damage to unprotected systems at distances from
the blast where other effects are not bothersome

B-19
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(high-altitude bursts, for instance). However, its
effects can be guarded against, and its consideration should be carried throughout the design and

construction phase to achieve the best results for
the least cost. Retrofitting EMP protective devices
to a finished facility can be very expensive. Testing
for design and hardness verification should be done
at each significant step of the way. A summary of

and techniques

available facilities
b.

follows.

In the last decade, a large amount of research

has gone into EMP and its cause, effects, and mitigation. Three documents of major significance to
designers of hardened facilities summarize the
state of the art quite well: GE-TEMPO, 1974 a;
Schlegel, 1972; Bridge-Emberson, 1974.

The

judgment, but even rough approximations are useful. Analysis is extremely difficult if it attempts to
achieve high accuracy; even a transferfunction prediction for a real system can prove to be a challenging exercise. However, gross estimates must be
made to determine feasibility in reasonble time and
cost; these are based on generic groupings of the
system and parametric analysis of these groupings.
In this type of analysis, there is no substitute for
experience; the experienced analyst has at his fingertips a storehouse of analytical tools, experimental data, and knowledge of what has and has not
succeeded in the past. This perspective is a vital
factor in achieving reasonably analytical results in
a short time.

follow-

EMP

ing sections are extracted from the DNA EMP
Handbook because it sets forth cogently the idea
that attitude and prior analysis are so vital to the

tests, nothing is precise. Neither the
nor
the instrumentation, nor the data
simulation,
nor
the
reduction,
system behavior itself is ab-

conduct of meaningful tests;
becomes mere busy work.

less dedicated testing

solute. All vary, and many introduce errors. It is
essential that this be recognized early in the program. The fact that precision is impossible should

expensive, time
pitfalls that make it

not be interpreted as an excuse for carelessness. To
the contrary, every reasonable effort should be
made to minimize errors everywhere so that at the
end of the program an assessment can be made
that is as free from uncertainty as possible.

c.

In general,

consuming, and

EMP
filled

testing is

with

difficult to obtain credible results. Factors involved

in deciding whether to engage in a test
and how to set it up include:

program

Priority of assessing vulnerability of the system under consideration

Simulation requirements based on system

defi-

nition and postulated threat

Costs involved
Real-time requirements

Once the decision

to test has been made, its success
or failure depends, to a great degree, on the experience and attitude of the individuals directing it. A

good test is one that:
Is viewed with a hypothesis at hand, derived
by analysis;
Includes within its concept of accomplishment
a statistical view of the problem;
Is conducted by experimenters who are constantly prepared to reject their hypothesis
during the test, based on the evidence at

who are willing to develop and
investigate a new hypothesis if required.

hand, and

d.

A

test

should constantly be monitored by

analysts. For large-scale tests the analysts should be on-site as well as off -site to assess
the progress of the test as it proceeds, redirect it if

qualified

necessary, and see that the results are credible.
The importance of analysis before the test cannot

e.

In

/. The problem must also be viewed statistically,
because the system under test may vary from unit
to unit. Early recognition of this system variation
will permit a more orderly pursuit of the end goal.

and system variability are not bounded,
the assessment of vulnerability can be totally in
error. If errors and uncertainties are not minimized, the system may be penalized by excessive
If errors

hardening requirements to cover not only the EMP
effect but the large errors and uncertainties associated with the assessment of that effect.
g. It is important to think carefully at the beginning of test planning about what is desired as an
output of the test and exactly how that result will
be used in the assessment. Voltage and current
waveforms might be collected (time domain) at low
level with the idea of using linear extrapolations in
time domain are invalid if the system is nonlinear.
To cover this uncertainty, a high-level simulation
using a reasonable pulse waveform is mandatory.
At the same time, an analytical model of the system is highly desirable. Alternatively, transfer

functions from external fields to voltages (for currents) in critical locations might be obtained

be overstressed, because it forms the necessary basis for continuous evaluation in terms of success or

(frequency-domain) with the idea of using these in
analytical predictions. However, accurate transfer
function determnation may require a simulation

failure as the experiment proceeds. The required
depth and extent of this analysis are matters of

experiment different from that used in voltage or
current determinations, and again the validity of a
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transfer function depends on system linearity.
Thus, obtaining both representative timedomain re-

sponses and system transfer functions with
simulation may not be compatible goals, and

one
it is

important to know what is needed and to have an
alternative if the system proves to be nonlinear.
h. If the system behavior is truly nonlinear at
the higher levels, then probably the only way to

predict this behavior is by developing an analytical
system model, including models of the characteristics of

the important nonlinear devices or system
From this model, valid time-domain pre-

segments.

dictions can be

made on

a computer.

at the circuit, why it looks as it does, and how it
can best be eliminated. This type of premature
assessment of systems is hazardous.

is

ceptions, this procedure

How much

EMP

confusion, and delays.

The two approaches that can be used in attempting to establish criteria for what should be
j.

measured are

Work

to:

on circuits believed to be most
and measure the input voltages of
these circuits (a hazardous approach)
Work into the system from the outside, measuring first what the EMP induces on the
exterior of the system, then systematically
directly

critical

tracing the current flow from there to cabies, and along these cables to subsystem

black boxes

The direct circuit approach
many traps. Voltage at the input
k.

is

plagued by

of a particular

EMP may

be comin
a
on
different
wire
circuit-interface
such as
ing
or
some
other
or
lead.
To
evaluate
ground
power
the "input" of EMP to that circuit, it would be
necessary to measure the current or voltage on
every wire leading to it. This may so load down the
circuit (probes have capacitances that may not be
circuit ignores the fact that the

negligible in their effects at these frequencies) that
the data are useless. Connecting several probes into

EMP

a circuit without bringing in some
also a difficult matter. One of

currents is
the greatest

weaknesses of this approach, however, is that it
may provide the semblance of data assessment
without any real understanding of why the signal

is

usually best.

m. What should be instrumented are those
things that will answer these key points:
How much current is induced on the exterior
of the system.

i. In
general, the problem of assessing a system's
is not unlike a massive
vulnerability to
trouble-shooting problem in which the system may

have several faults that must be located and corrected. The process is inherently an iterative one in
which the experimenter learns, little by little, what
the causes and effects are in the system and how
detrimental effects can be prevented. Results toward this end will be achieved sooner if the data
are collected carefully right from the beginning,
since poor data can lead to erroneous conclusions,

When

a system is worked into from the outan overall understanding of system behavior
is obtained sooner. At the same time, enough data
can be obtained at subsystem or black-box interfaces to permit more detailed investigations to begin in the laboratory. Though there are some exI.

side,

of this external current gets inside

the system.

How

this energy gets inside.
this energy goes and

Where

how

it is

distrib-

uted.

What

How

this energy does to each subsystem.
any detrimental effects can be elimi-

nated.

These questions should guide the selection of
points to be measured. Having selected all of the
n.

desired measurement points, it is probable that
there will be too many to instrument at one time
because of internal space limitations or other considerations. In this case, the measurements are
best performed a few at a time, because instrumentation does load the system and change current

amplitudes and distributions to a certain extent,
and thus should be kept to a minimum.
o. Electromagnetic scale modeling is an important alternative to full-scale testing under the fol-

lowing conditions:
Test facilities or available equipment are at a

premium.
The system to be tested is very
The system dedication cost for
ing

is

large.

full-scale test-

high. In

addition to the advantages of modeling under these
conditions, benefits can be derived as follows:

Sensors can perhaps be better placed during
full-scale testing as a result of

model ex-

periments.

Design modifications or cable reroutes can be

made

prior to fullscale testing.
Electromagnetic angles-of -arrival can be deter-

mined for worst- and best-case conditions.
Effects of change in the conductivity of surrounding media can be explored to an extent not possible in full scale.
Estimates can be made of some of the

sponses of a

complex system

re-

prior to full-

B-21

TM

5-858-6
For example, when a 300-ft long structure

scale testing.

Quantitative data can be obtained to validate
analysis.

should be pointed out that because of the
difficulty in introducing minute openings or poor
bonds into models, and since these often control
inferior fields, the usefulness of modeling is ordinarily limited to the measurement of limited
It

p.

M

can often yield internal

field

quantities of

interest.

The

s.

relations between scaled and actual quan-

tities are:

D =
w =
<T =
=
e
=

Model Size
Frequency
Conductivity

and are generally appropriate only in confirming previous analysis. However, once the exterior fields, voltages, and currents are known for a
lysis

scaled

to a 30-ft long model, this 1/10 scale model
10.
has a modeling factor

value,

complex structure, perhaps having cable runs, ana-

is

down

Dielectric Constant

Permeability

s

d a /M

(B-2)

s

Mo> a

(B-3)

S

Mcra

(B-4)

s

ea

(B-5)

j^ a

(B-6)

y" s

A plane wave propagating in the positive z
t.
direction in an imperfect dielectric can be char~ z)
zej(wt
acterized by
(B-7)
m eH(z,t)

=H

In actually setting up a scale model

q.

test,

the

following should be kept in mind.
(1)

Broadband pulse response determination

much more than

volves

frequency response

in-

where H m is the wave amplitude at z 0, a describes
the wave attenuation in the dielectric, and B is the
phase constant, a and B are real and given by:

does a steady-state, single-

-l

test.

1/2

(B-8)

(2) Special electromagnetic illumination sources are required that are coherent, have uniform

time delay, and use antennas with constant
height.

The wavelength,

(3) Special modeling techniques are required
for studying exposed conductors passing over or
within a lossy dielectric, such as earth. A pulsetype waveform can theoretically be replaced by a

continuous wave (CW) source with a sensing system that references the sensed CW signal to a
reference phase from the source. Complex Fourier
transfer functions can be developed by computer
processing the recorded data. However, long sweep
times are required to ensure that all narrow band
responses are adequately explored, and the actual
physical implementation of such an approach in
the microwave band poses additional difficulties.
On the other hand, the use of scaled real-time

waveforms allows quick development of actual responses, from which complex Fourier transfer functions can also be developed with the aid of computers.

Scaling relationships are derived from the theory of electrodynamic similitude. We define the
r.

modeling

M

factor,

M,

by:

=

D

(B-9)

effectiv

s

A.

Da = A

dimension of the actual system to be
modeled
D s =The same dimension of the scaled system

B-22

in the dielectric is given

X=27r//3

,

by
(B-10)

and from equations B-8 through B-10,
and X scale as follows:
/3

it is

seen that

,

(B-ll)

(B-12)

X s =X a/M

(B-18)

A summary of EMP simulation test facilities
shown in table B-9. The listing is not allinclusive by any means but does give an indication
u.

is

of the types of fixed facilities (relative) that are
available. In the extensive literature available,

methods are discussed

for establishing test arrays

at the facility to te tested.
v. Note that in the tables the simulator type
includes stationary or fixed simulators, and portable ones. The only simulator listed that can be

moved about and
where

,

is

not fixed

is

RES-I, which

is

helicopter-transportable. Pulse variability figures
represent uncertainties in amplitude and decay

and jitter represents the uncertainty in the
time.
firing
Cycle time is the time between pulses.
times,
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B-9. Blast simulation techniques for
testing air-eotroiiiment systems and
blast closures.
are limited to methods available
for testing overpressure on the performance of hardened air entrainment systems and blast closures
a.

Comments

under conditions simulating a nuclear attack. Tests
intended for the assessment of debris
effects do not presently exist; therefore, comments
in this area are directed to desirable tests and

specifically

Shock-tube, implosion driver, and underground
have been instrumented to test overpressure effects on blast valves and air-entrainment
systems (tables B-l through B-4). The blast simula6.

field tests

WES is capable of producing environments with an upper pressure limit of 1000 psi; the
tor at the

physical size of the test chamber requires subscale
models. The current pressure rise time is much too
for

meaningful air-entrainment system

tests,

not considered a useful facility for testing
present or future air-entrainment systems.
it is

Surface debris entering air-entrainment sysc.
tems during a nuclear attack will come from four
sources:

material entrained in the air
shock flow
Surface material from cratering moved past
the entrance
Particulate

Crater ejecta descending from aerial trajectories

Particulate fallout

lead to tests that might accurately assess the
of this material in air entrainment

distribution

systems (table B-10).
Cratering causes most of the debris impinging

e.

on

For sufficiently large weapons and
close detonations, the air-entrainment system surface entrance may be engulfed in debris material
facilities.

from

may

A

substantial amount of this debris
cratering.
collect in the debris pit of the air entrainment

systems, but very

little

should enter the blast-valve

trigger or delay lines.

possible test techniques.

low
and

may

from the nuclear cloud

Surface debris from overpressure flow will be
relatively small particles carried into the air end.

trainment systems by the flow velocity behind the
air shock. This material will be distributed
throughout the air entrainment system, although
very little material should reach the vicinity of the
blast valve. Test simulation of this debris will be
very difficult because a method of entraining the
proper particle size and velocity distributions is not

/

Simulation of this debris flow

is

complicated

by lack of test data from nuclear blasts, and lack
of adequate scaling principles from HE to nuclear
blast. Tests of some value could be performed by
using large chemical explosives in close proximity
to full or scale models of air-entrainment systems.
Similarity of test site media to that of proposed
facility locations would be important, since scaling
of explosive effects between various types of soils is
not well understood. Tests of this type would be of
use in determining the likely distribution of various sizes of debris particles, the nature of bloc-

kages of the surface entrances, and methods of
eliminating such blockages. To reduce the expense
of these tests, combine them with other large HE
programs, such as those conducted at DRES, Alberta.
g. Debris from the nuclear cloud will settle into
the facility for some time after an attack, but will
be concentrated primarily in the debris pit. Fallout
distribution was studied in some detail at the time

of surface nuclear tests,

with some assurance.

A

and can now be predicted
test that might be ap-

plicable for assessing the distribution of fallout
material in an air-entrainment system could be

performed by allowing equivalent

size particles to

settle into the entrance while the ventilation system was operating at a level appropriate to postat-

tack conditions.

the facility during the negative overpressure phase,
and it is not expected that the residue will con-

h. The distribution and importance of initial attack debris could be significantly altered by subsequent blasts. If multiple attacks are part of the
design threat, place debris equivalent to that from

a threat to the facility. Future improvements in the analysis of two-phase shock flows

prior to performing a blast simulation

available.

stitute

Some

of this debris will be

removed from

an

initial

attack in

an

air

entrainment system
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Acceptance

The range

Region:

text, the t-statist ic) for

of a statistic (in this

which

Confidence

The range within which an

Interval:

timate will

accepted as

Accomplishes a continous or pe-

the time the difference between
the mean of a normal population and the mean of an nnumber sample will fall

riodic transfer of air (gas) be-

between

the

hypothesis

is

true.

Air-Entrainment

System:

es-

for a specified
level of confidence, e.g., 90% of
fall

1.96oY\/n.

tween the atmosphere and the
facility.

Continuous
Bias Errors:

Systematic errors resulting
from imcomplete or inaccurate
modeling, measurement errors,

Wave:

A

0,

1,

...,

N

or

impulsive

Frequency sweep or
frequency stepping may be used
to cover the broad frequency
excitation.

range of interest.

distribution where the values

r/n for r

Distribution:

steady state excitation signal,
e.g., cos cot, as opposed to a

transient

etc.

Binomial

A

have the

frequencies
Correlation
n!
r

P (l-p)

Coefficient:

n-r

The ratio of the covariance of
two random variables to the
square root of the product of

r!(n-r)!

their variances,

where p

is

i.e.,

the probabilty occur-

rence.
Blast Attenuator:

A

device for reducing in an air

entrainment or exhaust duct.
Wall friction, flow restriction,
and expansion chambers are often used

A

Blast Valve:

valve that prevents entry of

cilities.

That portion of an airentrainment system between a

A

sensor and blast valve that allows valve closure before over-

overpressure into hardened fa-

Burst Conditions:

2
)

Goodness-of-Fit
Test:

Coefficient:

Deterministic:

having an assigned value; without uncertainty.

DIHEST:

Direct-Induced High-Explosive

A

means of measuring the discrepancy between the Probability Density Function (PDF) exhibited by a data set and that
for Gaussian, i.e., normal, or
other hypothetical distribution.

Confidence

pressure arrival.

to the tar-

get.

Square (X

Line:

description of the location of
point of burst relative to the

ground surface and

Chi

Delay

The confidence

level associated

with the confidence

interval.

Simulation Technique. A
method using a buried array

of

high-explosives to producje a
specified particle velocity timehistory in the soil a given distance from the array. Coupled

with

HEST

it

can produce air

blast and direct-induced ground
motions on various targets.
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Direct Injection:

Excitation of a system or sys-

tem element by
tion

Fault Trees:

direct applica-

of

force,

electromagnetic signal,
or displacement rather

elements such as protective
structures and shock-isolation

system

A

Diagram:

operating relationship between

Establishment, Suffield.

GRABS:

in

Associated primarily with the
high intensity radiation and
conduction fields induced by nuclear explosions. Can produce
extremely high currents in con-

large Cylindrical

silo

Mexico. Designed to provide a
2-dimensional axisymmetrical
test bed for air blast overpressure stimulus.

sive tests.

Pulse.

A

massive limestone at Kirt-

land Air Force Base, New

quiring extensive land area can
be conducted. Site of previous
100 ton and 500 ton high explo-

Electromagnetic

Giant Reusable Air-Blast Simulator.

semi-remote research facility
near Medicine Hat, Alberta,
Canada, where experiments re-

EMP:

pictorial presentation of the

system elements.

Research
A

Defense

levels.

Functional Block

system or shielding.
ORES:

graphical presentation of the
relationship between loads and
failure modes and of their relation to system composition from
the element through overall

than by the application of such
loads that pass through and are

modified by intermediate

A

HARDHAT:

A

code

name

for
an
underground tamped nuclear
event to evaluate hardened
structural designs.

Hardness

Satisfaction of hardness

Compliance:

requirement.

Hardness

The process

ducting element, disrupting or

electronic

distroying
components.

Verification:

Expansion

Chamber:

A

type of blast attenuator for
air entrainment/ exhaust

systems which relies on the
pressure-averaging effect of
chamber fill time to mask or
attenuate

the

maximum

at

HEST:

Hydraulic Surge:
Identifiable

tem

mechanisms

of sys-

or system element failureks

tematic error in measuring the

phenomena, the uncertainty not
related to the truly random
natur of the phenomena.
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etc.

An

analysis that examines
occurrence/ nonoccurrence of
capable of preventing

mission function.

of that portion of

incomplete knowledge of the
or from bias or sys-

burnout of transmitter,

failures

measure

phenomena

shock and vibration damage to

Analysis:

Water hammer.

A

nout of antenna lead, groundshock damage to antenna lead,

Failure-Oriented

High-Explosive Simulation

the uncertainty resulting from

g.,

transmitter, power outage,

it.

Factor:

failure

EMP

resistance

Ignorance

communication system
modes may include blast
damage to antenna, EMP Bure.

the

Technique. A method for simulating nuclear air-blast-induced
ground motion.

over-

peaks

Modes:

least

(hardness) claimed for

pressure associated with sharp

Failure

of determining that
a system or system element has

impendence:

Mechanical impendance, the
tio of

ra-

the acceleration of a me-

chanical

system

to

sinusoidal force exciting

it:

the

I

TM
Intake Structure:

That portion

of

an air-

entrainment system where air

Network

Logic

Diagrams:

enters the system.
Level of
Significance:

a, the chance of rejecting a true
hypothesis; the complement of

5-858-6

A

graphical means of presenting the functional relationships
of system elements, loads, and
failure modes; similar to flow

diagrams used in computer programming.

the level of confidence.

Lognorma!
Distribution:

A

distribution in
which the logarithm x of the

Nonparametric:

statistical

variable y

uted;

its

Used here to denote those situations where either (1) the distribution

normally distribprobability density
is

is

not a member

of a

known

class (normal, lognormal,
binomial, etc.) or (2) there are

functions:

not enough data to allow identification of the distribution.

Under these conditions
:

estimates of parameters such as
the mean and variance cannot

exp

be

obtained.

However,

confidence intervals for quantities can be obtained.

where oy ny is the standard deviation of n y and my is the

median value
Low-Level
Transient:

Normal

Distributed in a Gaussian man-

Distribution:

ner;

of y.

having the probability

i.e.,

density function

Excitation by a transient signal
simulating the threat time his-

exp -(x-/z)

tory but at amplitudes below
those specified for the threat

2

2

/(2o-

)

level.

Minimum Sample

The smallest sample from

where

Size:

which a valid statistical
ence can be made.

rance.

infer-

NTS:
Mission

Critical

Functions:

sary to the execution of a sys-

Monte Carlo
Method:

One-Sided
Procedure:

tistical

sampling.

and

Site,

o-

2

=va-

under the

DOE.

A statistical test wherin the hypothesis will be accepted if the
statistic satisfies a one-sided
condition of the form

A

technique that obtains probabilistic approximations to
problems by executing a large
number of simulation problems
with parameters defined by sta-

=mean

Nevada Test
control of

Those functions that are neces-

tem primary mission.

u

x.

t

Overburden:

Overlying

Penetration:

An opening that pierces the
protective shell of a hardened
facility, such a a conduit for

soil or rock.

.

.

Mounts and

The mechanical components

Fasteners:

used to connect equipment to
protective structures, platforms,
racks, shock-isolation systems,
etc.

communication or power
PILEDRIVER:

cables.

Code name for an underground

tamped nuclear event

to evalu-

ate concepts of hardened structure design.
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TM
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Population:

The

set of objects or measur-

able effects having

mon

Random

Errors:

some com-

observable properties; for

example,

all

Minuteman Launch

facilities, or all thermo-nuclear

Random
Uncertainties:

explosions.

methodology for addressing the

Assessment:

influence

of

uncertainties

in

loads and resistances when assessing the hardness and

A

Repetitive Pulse:

its

ran-

facilities.

the frequency of occurrence of
possible values of a random
variable (see, for example, Nor-

Excitation

by a pulse train

range of the threat environment
but may not simulate the time
history of the threat pulse.
Resistance:

Ability to withstand nuclear
weapon-effect loads.

Resistance
Design Goal:

The

mathematical statement of

mal

attribute resulting from
nature.

which covers the frequency

of

survivability /vulnerability

hardened

Uncertainties in the value of an

dom

Probabilistic

Probability
Density Function:

Errors distributed according to
chance, as opposed to bias or
systematic errors.

Distribution).

level of resistance to be
achieved to satisfy survivability
requirements. Often stated in
terms of local free-field nuclear

weapon-effect environment amProbability
Distribution:

A function that assigns to each
possible value of a random variable the probability of its occurrence.

For continuous rando

the integral of the
probability density function,
also known as the cummulative

plitudes.

Shock-Isolation

System:

variables,

A

system

mechanical, hydraupneumatic, or hybridthat
attenuates the shock and vibration environment transmitted
lic,

throug

its

elements.

distribution function.

Stationary Field:
Probability of
Success:

In this text, probability that a
resistance exceeds its

corresponding load,

sensitive to the

transient nature of threat

EMP

pulses.

probability that failure will not
Survivability:

occur.

simulation for small

components not

the

i.e.,

An EMP

The probability that a
facility/Subsystem/component
failure-mode will functionally
survive a nuclear-weapon attack

Protective
Facilities:

Facilities

whose function

is

protect material, equipment,
personnel, and mission capability from the harmful effects of
nuclear weapons.
Pulse-Train

A

Simulation Test:

is

test in

and retain

its physical integrity
the
during
specified endurance

to

period.

Survival

The probability that system or

Probability:

system element resistances exceed their corresponding loads.

which system response

excited by a train of pulses

designed to simulate the threat

System:

driving forces.

A

combination of elements, sub-

systems, or pieces of equipment
integrated to perform a specific
function.

Radiation
Shielding:

Material that prevents penetration or reradiation of nuclear

System

radiation environments

Engineering:

a,

(3

,

and Y-radiations from nuclear
weapons.
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A

science dealing with the design and performance of inter-

connected components, subsystems, and systems.

I

TM 5-858-6
for

Two-Sided

A

system retains

Procedure:

hypothesis

System Hardness

The maximum load

Level:

which

a

level

statistical

statistic

functional capability at a prescribed level of confidence.

i.e.,

ti

test

wherein the
the

is

accepted

if

falls

between

limits,

<t <t2

,

in contrast to a

one-sided procedure where the

must satisfy an

statistic
Systematic

Error:

An

inequality of the form

from bias in
not from
and
measurement,
error resulting

t

>t2

t

<ti (or

).

chance. In this text, ignorance
or imcompleteness of

knowledge
treated as a systematic
(nonrandom) error.

is

due to unknown

Systematic

Uncertainties

Uncertainties:

systematic errors or ignorance
(incomplete knowledge).

Type

I

Error:

ing a hypothesis
i.e., an a error.

Type

I!

Error:

1

tap

=

when

it is

true,

Acceptance of a hypothesis as
true on statistical grounds when
it is false, i.e.,

Uncertainty:

Tap:

Statistical probability of reject-

a

B

error.

The amount (estimated) by
which the predicted value may

1

dyne-sec/cm

2

vary from the observed or true
value.

1

ubar-sec

14

XlO~

The square

Variance:

of the standard de-

viation; for a finite sample the
2
variance (S ) is defined by

6

psi-sec

N
Thermal

Material that provides protec-

Shielding:

tion from the thermal
environment radiation and
immersion

fireball

weapon

of

nuclear

N-l
i=n

Weapon

Range:

The horizontal distance from
burst point to the target
point, also called the "offset."
the

explosions.

The distance between burst
TTCP:

Tripartite Technical

tion

Coopera-

Programme. Member

point and target point
slant range.

is

the

nations are Canada, the United

Kingdom, and the United
States,

Threat Scenario:

s.

A

description of the expected
nuclear attack, including number of weapons, their yields,

burst conditions, and timing of
their detonation.

Transfer

A

Function:

nuclear

function relating free-field

weapon-effect

environments to local loads on a
system or system element.

t Statistic:

for comparing the
and
population means
sample

A

statistic

when the standard

deviation

is

unknown.
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QUESTIONNAIRE

1.

If

you want to receive future changes to this manual or to correct your address, return

this page to:

Commander

US Army Corps of Engineers
ATTN: DAEN-ECE-T
Washington, B.C. 20314

2.

Do you have any other
Form 2028)

questions, comments, or suggestion? (Department of

3.

Your Address; (Attach marked mailing label with corrections indicated)

4.

Your Telephone Number:

Army

respondents: Use

DA

