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SECTION I
INTRODUCTION

A. OBJECTIVE

The research objective of this SBIR Phase I effort was to demonstrate the feasibility
of developing a more balanced and effective tool for designing protective structures to
conventional weapons effects which: (1) can take into account the natural random
variability of quantitative design parameters; (2) can assess uncertainty in nonrandom
issues such as modeling and boundary condition assumptions; and (3) can accommodate
flexibility in modeling structure behavioral changes (different physics of response) caused
by evolutions in the weapons environment.

The flowchart in Figure | illustrates, conceptually, the scope of the SBIR project
goal to develop an integrated design system. The areas within the dashed zone highlight
the part of the overall problem which was addressed in Phase I to show feasibility of the
overall project. Figure | indicates that the overall design issue involves more than just the
manncr in which the uncertainty in the pertinent design variables is quantified (be it random
or nonrandom), but it also involves the way in which the results of the numerical analyses
are interpreted (automated reasoning) and with the larger problem of incorporating
nonnumeric information (expertise, judgment, local design practices, etc.) into the design.

B. BACKGROUND
1. The Design Problem

Protective structures designed to withstand the effects of conventional {nonnuclear)
munitions are built primarily according to deterministic design procedures. These
- procedures assume precise knowledge about the parameiers that play a significant tole in =
- the structure’s final design. Real-world variabilities in site characteristics, structural -

~ autributes like strength and stiffness, and weapon delivery characteristics are generally not =~

L7 wedounted for in current design schemes. In fact, current design procedutes are overly.

conservative in that, io ensure high confidence in sustaining the facilities’ mission, they
© presume a "worst-case scenario” in selecting values for design parameters. For example,
“some typical “worst-case” présumptions would involve underestimating structura! strength,
- pverestimating the loading imparted to the structure, ignoring complex details like three-
dimenstonal and nonlinear effects, gverestimating joint stiffness, and jgnoning issues that
~ typically are riot quantitative in natsie. Examples of the latter would include construction
~ quality control, weather conditions during construction, ad-hoc construction changes and
shont-cuts, and the validity of the design procedure to emulate real-world situations. '

'The problem is compounded by the fact that the loading is caused by a weapon
environment whose effects on a structurse are highly varable, and wheee significant
_changes {n some parameters can require a complete change in the design model. For
example, peak interface pressure ata soil-structure interface is inversely proportional to the
. distance from the explosive source. But at some point when the explosive source gets very -
. close to a structural element, the response behavior can change from a forced-vibration

problem (o a wave-gropagation, breaching, or penetration problem. A simple Monte-Carlo
simulation of the range versus pressure function would completely miss this change in
behavior unless the correci phenomena are captured within the design framework. '

1.
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Furthermore, current design procedures are based on a deterministic set of
parameters describing loadings based on standard and documented weapons
configurations. If the problem of interest requires knowledge about potential future
weapons configurations, or if the configuration is not documented, then the designer’s only
recourse is to interpolate between, ot, worse, extrapolate beyond existing situations.

Based on the problem described here it is evident that a balanced (in the sense of
accornmodating various sources of data, knowledge, and design methods) and effective
design tool is needed. This new tool would address random and nonrandom variability and
would be flexible in use and adaptable to changes in user requirements.

2. Extent of Uncertainty in Design

Consider a typical problem of designing a facility to survive a conventional
weapons threat which might be vaguely specified, to be built in a NATO-based country,
and to be sized according to an unknown budget. The designer must consider several real-
world "nonalgorithmic” issues. Some of these issues might include: local material
availability, constructability (things are built according to different practices in Germany
and Turkey, for cxample), local restrictions on architectuml, esthetic, planning, zoning and
environmental concems, and built-in flexibility to future threats. It is easy to ignore these
non-algorithmic issues, but the development of a new design algorithm should be adaptive
to changing requircments if it is to achieve acceptability, » '

‘Another issue is that there are at least five types of designs which meet a specified
threat. Thesc design types are: (1) hardened (usually for nuclear theeats), (2) protective
(usually for a ditect impact from a conventional threat), (3) semi-hardened (usually

~ designed to some stand-off distance from a conventional threat), (4) splintering (expected

~ fragment damage), and (S) collateral (damage based on proximity to a higher.priority
target). It is not uncommon for a client (USAFE, NATO, etc.) to want a structure to be
- designed to suevive a combination of the theeats mentioned above.

After decidingwhich design type is to be considered for a particular structure (or a
‘modification to an existing structure, for that matter), one must consider the variability -
(uncertainty) in the parameters of the threat, the loading mechanism, the structurai
tesponse, and the survivability of the structuee contents. It is also necessary 10 ¢stimate the -
- uncertainty in the design algorithm itself (e.g, an empirical relation, a finite clement mode!,
- boundary conditions, etc.), which currently is rarely considered.

B In the determination of the threat there ave numerous options and, within each threat
~ option, tseveral paraméters. should be considered in terms of their own uncertainty
[Reference 1] There are several kinds of projectile weapons such as small arms, divect fire
‘weapons, armor piercing (AP) solid shot and capped projectiles, HE shells, mortar shells

N (such as the lacge Soviet 240 mm used against R/C structures), and grenades, Several

. kinds of bombs exist: general purpose (GP), AP and semi-AP, fucl-air explosives, light-
- case, fire and incendiary, special-purpose (chemical), and dispensev/cluster types, Rockets
- and missiles exist as wactical and battlefield (U. S. LANCE, Soviet SCUD and FROG)
- ‘types. . Special purpose weapons such as fuel-air munitions, shaped.charges, cratering.
charges, and heat-gas types are prevalent. And if these categories aren’t enough to contend

. with, the new and evolving weapon theeats are more accurate and “smarter”. Smart

. .weapons include such features as target hardness sensors which alier the fuzing option

_.according to target rigidity, and damage mechanism sensing where a iwo-stage weapon will -

- first penetrate with a shape-charge, then detonate at depth with an HE warhead. The newer
. threats make it increasingly important to consider the synergistic effects of airblast,




fragmentation, breaching, spall, etc. as the expected miss distance decreases for these
threats.

Another factor to be considered is the uncertainty in the propagation of these
weapon effects through the medium surrounding the structure. For above-ground
structures this would include a characterization of the airblast, the fragmentation and
thermal (and/or chemical) patterns, penetration mechanisms, and the ncar-surface ground
shock propagation. For buried structures this would include a characterization of coupling
issues, ground shock, cratering, ejecta, and sub-surface munitions fragmentation
characteristics. For example, for airblast the uncertainty in explosive type, in cube-root
scaling, in blast-wave phenomena, and in the nature of pressure increases internal to the
structure all should be considered.

After propagation effects are considered the resulting loads on the structure must be
computed. This is a critical point in a typical design, because the structural loads are a
function, not only of the propagation path of the disturbance (airblast, shock, penetration)
but also, of the physics of the phenomenon. The physics of a pressure-force relation are
different from those of a fragment-penetration relation and the specification in the load

environment should accommodate changing physics due to the uncertainty in_some
parameters: for example, in the miss-distangce. _

The structural response and associated internal component response is generally
decoupled from the specification of the external loads in most design algorithms. Thisisa
mistake since it ignores the interaction ¢ffect, The assumption of a flexuml response of a
- slab due to an air-blast pressure might be appropriate for a deterwministic design, but in the

* stochastic case the variability in the miss-distance could produce a situation where a direct.
* shear failure near the slab support is the governing failure mechanism (Reference 2J. In
this phase of the design, special attention needs to be focused on the fact that most design

~ criteria in Europe and the Pacific basin do not account for dynamic phenomena divectly, but -

rather use design “factors” to account for such things as dynamic material propertics,
higher-mode response, and the relation between the frequency content of the disturkance

- and the frequency and non-linearity of the response. The response of internal objects is -

also based on assumptions of rigid-body response without considecation due 1o the
‘uncentainty in local behavioe, joint behavior, and the influence of damage locations on
“rigid-body behaviot, - ST "
3. Stochastic Methods

Figure 2 shows there aic three general classes of probabilistic approaches used in

. the treatment. of stochastic processes, - The first class is related to direct statistical

situlation. This procedure, often called the Monte Carlo (dirctt) method, simply takes the
“deterministic design algorithm, assumes several of the parameters to be described by any of

. afamily of probability distributions (Gaussian, Beta, exponential, Poisson, lognormal,

©ete.), usually assumes independence among the components of the system, and generates
- {through a step-by-step invocation of 8 random number generation) a probability
~disteibution of the cuiput parameters of the designa process. Moreover, direct simulation

- . often ignores the vanability in the uncertainty of 2 parmeter with time and it can account -
.. {or the cotrelation among components (as opposed to parameters} of the design system if
- suitable correlation information is available {Reference 3. This method is poweeful but wan

-consume considerable computational time on complex problems involving hundreds or
- "move degrees of freedom. Monte Carlo simulation is intuitively appealing, in the scase that

-~ - its process does not alter the structure of the detemministic design algorithm. In fact the
- 'mean values of Monte Carlo simulations gencrally converge to the quantities of a

e . deterministic analysis. However, these simulations make extensive use of some limiting -
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assamptions on physical behavior. Despite these limitations, direct simulation provides a
convenient benchmark for the comparison of other proposed probabilistic methods,
especially in the absence of precise analytic solutions as benchmarks.

Tke second class of methods shown in Figure 2 can be generically described as
point estimate procedures. These methods attempt to describe the underlying uncertainty in
a design by exercising the design model a limited number of times (or at a few points in the
n-dimensional Euclidean space described by the "n” parameters of the model) to yield some
information about the first and second moments (generally, the mean and variance) of the
process. If one only knows the moments of the basic parameters, these linear methods
allow the propagation of these moments through the design process. Examples of these
methods include the first-order, second-moment (FOSM) methods, partial difference
methods, the point estimates by probability moments (PEPM) methods, and the response-
surface methods [Reference 4]. The other methods make assumptions of independence and
the general Gaussian character of design results because of the strong influence of the Law
of Large Numbers (for problems with numerous random variables).

The third class of stochastic methods (see Figure 2) could be described, generally,
as random differential equations. A subset of these consists of the stochastic differential
equations based on their association with "white-noise” processes. This class of methods
is predicated on the assumption that the design paradigm is known well enough to be
described analytically with differential calculus. These methods are general in the sense
that they can accommcdate random parameters, random boundary conditions, and random
forcing functions [Reference S]. Their disadvantage is that exact solutions exist only for
exceedingly simple physical systems (simple linear, first-order equations) [Reference 6}.

One approach to the solution of this class of methods is to approximate the
differential equations with difference equations. There are numerous approaches to the
solution of these equations, including stochastic finite-element methods, finite difference
methods, markov chains (discrete and continuous), renewal processes (Poisson and
Markov), queuing models and others. Previous studies [Reference 5] have shown that
finite difference soluticns to general random equations are valuable because of their ability
to provide solutions to non-linear equations and because exact solutions do not exist for
most problems. Furthermore, the error duc to replacing the differential operator with the
difference approximation algorithm is small compared to the sample-to-sample variation
(which is usually due to the noise in the random number generation scheme). Although
these difference methods do require a significant sample size for the computation of the
actual response process (the sample paths of the equations), the calculation of the first and
sezond moments of the response is less laborious.

In summary, numerous methods are available for the solution of protective structure
design problems. Several of these methods are reviewed as a function of their class in the
attached table, These classes of methods differ according to the desircd sophistication of
the solution, to the difficulty of the design algorithm (i.e., a simple equation, an empirical
relation, the exact differential formulation, or a finite element approximation), and to the
uncertainty characterization of the parameters of the design.

C. SCOPE

This Phase I feasibility study considers three main points that are considered in the
development of stochastic procedures to account for random variability in design. These
points are: 1) the identification of the kind of uncertainty, 2) the characterization of this
uncertainty and, 3) the propagation of this uncertainty through the design process. The
first point is quite a difficult task given that so many variables and changing requirements

6



make the identification process a continuously evolving task. The second point emphasizes
that not all uncertainty can be correctly characterized as being random. Maay of the issues
which are important in the design process are not random, such as construction quality,
local design standards, budget and footage constraints and many others. The third point
discussed above has to do with the formalisms used to numerically describe the uncertainty
in the design parameters and the design model (i.e., design algorithms) and to
computationally propagate this uncertainty through the design. Once the uncertainty in the
final design outcome is determined, due to the random variability in the parameters and
procedures, it is possible to address the critical issue concemning the relationship between
construction or rehabilitation cost and expected survivability.

-




SECTION II
PHASE I RESEARCH
A. TECHNICAL TASKS

Task | - Review current stochastic procedures for their applicability to protective
structure design. This task will review currently available stochastic models. Develop and
specify an n-dimensional domain of possible loadings, geoiogies, interaction-effects,
structures, failure modes, and design procedures and the possible uncertainty ranges for all
these parameters. This domain will then be "down-sized” for focus within the Phase I
effort. Identify what parameters and procedures are random and which might be

nonrandom. For the non-random uncertainties consider possibie characterizations. -

Task 2 - Illustrat+ some of the statistical/stochastic procedures to verify accuracy,
complexity, efficiency, and validity. Select the candidate design paradigms for Phase |
from the results of Task 1. Conduct comparison studies and critique the approaches.

‘Task 3 - Extend the procedures from Task 2 to address a specific design problem
associated with conventional weapons effects. - Develop the framawork for an integrated
design approacn for conventional weapons protective facilities. Focus on the utility to the
user and the ability to conduct design-cost trade-off studies.

B. RESULTS AND FEASIBILITY

In the following discussion of the Phase I research results and the demonstration of
the feasibility of the development concept, the results of the three research tasks mentioned
above are presented. In addition, the significance of these resu’s in determining the
gcasibilitg of the overall goal of developing a balanced and integrated design tool is also

iscussed. ' :

I. Task 1 - Review Procedures and Devclop Uancertainty Space
a. Stochastic Methods

. The designs encountered in this Phase I rescarch were restricted to the Class
. I and Class 2 procedures shown '~ Figure 2. The procedures characterized as Class 3
- were particularly difficult because of the special structure required for the particular -

problems they solve. For example, stochastic differential equations are used to aualyze
~problems that have a white noise input process. Also the Markov chains require problems
- which show one-step dependency. Because of the special problem-structure required of
these methods reference is made to them here only for completeness. For some special
. problems and situations the Class 3 procedures may be used {Reference S). o

. The Phase I research considered the following four stochastic methods,as .

~ they are representative of both Class 1 and Class 2 methods and they are readily adapted to
'dqign-typc problems, where parametric uncertainty plays a key role. -

- *Monte Carlo simulation
“- - % Partial Derivative - 3
~ * Poim Estimates by Probabitity Momsnts (PEPM)
~ ® Response Surfaces ‘ -

[ 4]



The last three methods are all considered as first order, second moment

methods (FOSM) as described in Reference 4. The Direct Monte Carlo method involves a
large number of theoretical realizations of the design model and the results are generally
analyzed in terms of the mean and variance of parameters of interest within the model. The
partia! decivative method (also known as the Taylor’s series expansion method) involves
the expansior of the design equation in a power series about the mean value of a parameter
or interest. This method is valid only for analytically described processes (such as an
equation) and for small excursions of the variables away from their mean values. The first
and second moments of this parameter are then computed directly from the polynomial
describing the expansion.

The PEPM method is based on the assumption that the first three moments
of all independent variables are known prior to the determination of the first two momen:s
(mean and variance) of the dependent variatle. This method approximates the true density
function of a random variable as Dirac-delta functions located one standard deviation
(points) from the mean for all the variables. These delta functions therefore approximate
the actual random realizations of the process at these points. The response surface method
is similar to the PEPM method in that it approximates the true response at only a few
discrete points in the solution space, but the response surface method can sample a random
variable at mote th- . two discrete points. Both the PEPM and response surface methods
can be used to estimate the correlation among random variables and, unlike the partial
derivative method, are both well suited to problems which do not require analytic solutions
but rather require numeri~al treatments,

The four stochastic methods are compared numerically to one another for 4
specific design exampl. in Task 2. A cornparison of the value of each of the methods and
their impact on the overall design goal is also assessed in Task 2.

- b. N-Dimensional Space of Parameters

The variability in all of the parameters discussed in the review section above
could be mathematically equivalant 0 an n-dimensional space of parameters and issues for
consideration in the design. This n-dimensional sp..e can be loosely described as the

- mapping of numerous variables onto the domain of design parameters. For example the
following equation, - -~ - -

b= (v, w, .;..,gl._az,......’p,: gz,.'..‘.._..R-:. R:,...._..,Q[. uz)‘? ) (n.'.p.' ..... )

- can represent this n-dimensional mapping, as the fu.. tion @, which is specified in terms of

"a functional on the algbrithmic parameters of the design pacadigm, B, and a functional on

- the non-aigorithmic issues of the des'gn paradigm (local codes, local constructability,

~ - ete.), 8. For the algorithmic parameters uncenta nty can be considered in the threat, w, the

» _a!:blast. a, the penetration, p, the ground shock, g, the various pertinent response modes,

" R, and internai component (equipment, people) response=, «. The uncertainties on the

" nonalgorithmic parameters, n, @, x, (which are ot be considered in Phase I) could be

- prescribed with a logic such as evidence theory or fuzzy set theory, and could be

incorporated in a-general probabilistic framework similar to works reported carlier

* [Reference 7). - ; . -

— Obvidusly the design problem can be made hopelessly intractabie by
- considering ail possibilities in the n-dimensional ‘domain of design parameters and issues.

e - ——
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The task in Phase I was to specify a reasonably reduced scope, or subset, of this large n-
dimensional space and address the parameters of the subset to show feasibility of the
| approach. Figure 3 provides an overview by showing six major design areas involved in
1' determining the survivability of protective structures to conventional munitions effects.
; Many of the parameters in these six areas have been discussed above. Each of the six areas
shown in Figure 3 are detailed in the form of six tables in Appendix A. These tables
(Tables A.1 to A.6 in Appendix A) provide the pertinent variables of importance in the
design of protective facilities and the kind of uncertainty generally apparent in these
variables.

The first "box” in the flowchart in Figure 3 involves the choice of a design
model. The type of modcl introduces some uncertainty because the modet is the engineer’s
abstraction of the real world and his choice of a model is based on certain implicit
assumptions about the validity of such things as material behavior and boundary
conditions. Model selection is primarily nonrandom where the uncertainty is a combination
of ignorance, judgment, imprecision and the use of linguistic values. For Phase I, the
models were deterministic, hence there was no attempt to assess modeling uncertainty.
This issue, however, will be addressed in Phase II. The flowchart in Figure 3 also
highlights the parameters addressed in Phase I. By focusing Phase I at just the random
uncertainties (stochastic treatment) portion of the numerical design algorithms the feasibility

, of the overall (Phases I and II) approach has been demonstrated by tackling pethaps the
; "toughest” part of the flowchart.

A significantly reduced domain of the uncertainty space of the "n-
dimensional domain” was developed for Phase I to illustrate the overall feasibility of the
Phase I ideas. Centainly, not all of the parameters, design models, and various failure
modes have to be addressed in Phase I to demonstrate feasibility. I Phase I the "n-
dimensional” character of the uncertainty space was reduccd to a more physically intuitive
*Three-dimensional space™(see Figure 4). Each of the three axes in this figure represents a
scale of uncertainty for the three issues considered important for demonstrating feasibility
in Phase I. The first axis needs no explanation, and represents the uncertainty in the
parameters of a design. Examples of parameters would include airblast shock velocity,
standofT distance, weapon explosive yield, concrete strength, steel rebar strength, wall
:ihickncs‘si. etc. and four possible methods to address parameter uncertainty have been

iscussed.

; The second axis in Figure 4, called model sophistication, illustrates the
‘ uncertainty involved in choosing among different design modeling procedures, each having

o - adifferent level of sophistication and different assumption requirements. The four models

! : chosen for Phase [ are shown in Figure S

¢ Simple static design algorithm (Fig. 5a)

* Dynamic Single-degree-of-freedom (SDOF) model (Fig. 5b)
* Dynamic Four-degree-of-freedom (4-DOF) model (Fig. 5c)
* Dynamic continuum model (Fig, 5d)-

The third axis in Figure 4 involves an attempt to account for various model
physics in the same design paradigm. As discussed in the review section, sometimes the
physics of the design algorithm changes for the same structure when nne or more of the
parameters in the model change to certain magnitudes. For example, if the standoff
distance between a weapon and a structure approaches zero, the structural response physics

- will change from a forced-vibration response to a penetration response to a breaching
.~ failure. For thiseffort three model physics are explored: - :

10
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* forced vibration failure from airblast
* penetration failure (perforation and spall damage frem fragmentation)
* breaching failure (from a near-direct hit)

The uncertainty space shown in Figure 4 can still be quite large. Figure 6

shows how, for a given set of parameters, the two-dimensional space of model

sophistications and model physics could be visualized as different combinations of models
in the analysis. This space can be thought of as a two-dimensional plane through the solid
in Figure 4 for a fixed parameter. In Figure 6, the complexity is reduced somewhat by
choosing 4 models of sophistication (n=4) and 3 physics models (m=3), as discussed
above.

To further reduce the computational burden, but to keep the essential and
pertinent features of the two-dimensional space, the following series of simulations was
developed. In the description of these computations (simulations) a great deal of emphasis
is placed on the use of empirical design relations whenever possible. These empirical
relations are just as useful as sophisticated relations in showing the feasibility of the Phase [

- work and, more important, are primacily the types of relations normally encountered in real
design situations.

c. Series | Simulations

Use the ACI shear-strength criteria [References 8 and 9} for a hypothetical
beam model and compare static strength results for the four stochastic methods discussed -

above. The ACI criteria will involve several parameters which shall be considered as
random variables. The comparison of the four stochastic methods will be conducted by
comparing the resulting probability density functions (PDFs) of shear strength, This will
illustrate some features of the parameter uncertainty space as well as some differences in the
stochastic methods.

d. Series 2 Simulations

Using the recently successful direct shear-strength criteria [Reference 10]
- and one stochastic method {(Monte Carlo simulation), compare probability of failure results
for the four degrees of model sophistication for a specific design example. This will
highlight uncertainties introduced when using different kinds of models. The specific
design example is a reinforced concrete one-way wall section from a typical, partially
buried Air Force facility, as provided by AFESC/RDC. This wall section is shown in
Figure 7, and is modeled as a beam, which constitutes a slice out of a one-way slab. The
loading on this wall will be modeled as a free-air burst of a 1000-pound General Purpose
(GP) bomb. The dynamic load will be assumed to act uniformly across the wall height and
“it will be modeled in the time-domain as an initially peaked triangular loading. The peak
pressure of the load triangle will be the peak reflected pressure, denoted Py, and the
- duration of the load will be a function of the air-shock speed and the wall height. The peak
reflected pressure is determined from the charge weight and range of the weapon and the
-load duration, tg, is determined from the relation, td = 4*S/U, where S is the wall height in
feet and U is the shock velocity in feet per millisecond. Both Py and t4 are functions of the
. charge weight and miss-distance {range), aad can be determined from Figure B.1 in
A&%endix B. In these computations the physics of forced vibration from airblast will be
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. of the shear strength, again are:

¢. Series 3 Simulations

Using one stochastic procedure (Monte Carlo simulation) compare
probabilities of failure to the specific wall section, shown in Figure 7, for the three different
model physics mentioned above. Two of the physics, forced vibration and breaching, will
compare pressure-induced shear stress in the structure to the direct shear failure criteria.
The physics of penetration will compare penetration depth from perforation or spalling to
the thickness of the wall. These comparisons, which are based on simple empirical design
algorithms, will serve to illustrate the necessity of considering different physics in the
stochastic design approach. :

f. Nonrandom Uncertainties

In the consideration of non-random uncertainties it becomes obvious that
numerous assumptions in the design process are candidate nonrandom variables. For
example, when the load distribution on a slab is modeled assumptions are made about the
spatial distribution (uniformly distributed or some other well.posed shape) of the blast
pressure or the ground shock, or about the boundary conditions (fixed, simple, etc.) of the
structural clement. Some treatment of the influence of the variability of these kinds of
uncertainty is important in design, but because the uncertainty in not random it would seem
that stochastic treatment is unwarranted. However, there are procedures such as evidence
theory, fuzzy set theory, and a rule-based approach that seem particularly appropriate for
these kinds of uncertainties. The ability to incorporate nonrandom uncertainty in a
balanced, integrated design framework is essential if realistic variability in needed in the
modeling process. Such an incorporation of random and nonrandom uncertainty in an
integrated system has already been developed by this project’s Principal Investigator on
another project {Reference 11]. Because of this previous demonstration, the risk involved
in integrating random and nonrandom uncertainty is negligible. That it is beneficial to a
designer is an issue which will be discussed in the Phase II proposal.

2. Task 2 - Illustrate Stochastic Proccdures
a. Stochastic Simulations
‘ In Series | calculations were compared for four stochastic methods to
compute the variability of the strength of a hypothetical reinforced concrete beam with

sticrups regularly spaced along the beam. The beam system is represented by the ACI
Committee 426 Design equation: '

Vaci*B*D*[2*(FQV2 + *Fy

‘where Vacy = the shear strength of the cross-section (Vacp was divided by the nominal
‘cross-sectional arca to get the shear strength per unit area), B = width of beam, D =

eflective depth of beam, i.e., depth to tensile flexural reinforcement, Fie= concrete strength

~ in psi, Fy = yield strength of stirrup rebars in psi, r = Aw(B*S) where Ay is the total
'ctioss-scct‘ional area cf the stirrups (2 x bar acea), and S is the longitudinal spacing of the .
. stitrups, e

' © The shear strength is random because the parameters B, D, F'¢ and Fy are
random (the reinforcement ratio, r, was set to be deterministic to keep the number of
random variables to4). The four stochastic methods used to compute the random variation
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(1) Direct Monte Carlo method, in which a large number of theorstical
realizations of the beam are generated, and their shear strengths analyzed for mean and
variance.

(2) Partial derivative method, in which the system dependence and
variability are approximated by the first and second partial derivatives. The mean and
variance of the shear strength are related directly to the mean and variance of the parameters
through these derivatives.

(3) Point estimate for probability moment method, or PEPM, in which
point estimates of the shear strength are made within the parameter variation space.
Approximate expressions for the mean and variance of shear strength are computed based
on the point estimates [Reference 12].

(4) Response surface, in which an approximation to the shear strength
response within the parameter variation space is obtained, based on a limited number of
point estimates of the strength. This method is also cailed the statistical sensitivity, or
factorial sampling method.

The shear strength problem addressed in Phase [ is defined in Figure 8,
which shows a schematic of the hypothetical beam cross-section investigated, and in Table
1 which lists the paramcterts and their uncertainties considered in the exercise. The results
of this Series I study are summarized in Table 2, which compares the mean and standard
deviation of the shear strength computed by the four methods, Typical histograms and
probability curves are shown for the Moate Carlo and 4-factor Response surface methods
in Figure 9 and Figure 10 displays a comparison of the means and standard deviations for
all four methods. For this system, which is fairly well-bechaved and continuous, the results
obtained by the four methods compared very well. There is no significant difference and,
hence, one method is as good as the others. Given this situation, the most expedient
method is the PEPM method which requires only 16 point estimates of the shear strength
plus some very simple arithmetic operations. '

b. Task 2 Findings

As seen for a simple design computation, the four stochastic methods '

’_ provide similar results, so that those used in an integrated design framework might include
an assessment not only of accuracy (just illustrated) but also the complexity, efficiency, and
validity. Itis entirely possible that each of the four methods could be more appropriate for

the type of design encountered, so that a generalized design paradigm might want to include

~ all four. In fact, the sottware for each method is so trivial that to have each available ina
generalized design software creates no special burden. _ ,

The Monte Catlo method is certainly the most flexible, and most inwitive.

ts powet and utility is especially useful for simple empirical formulations. The other three

first order, second moment procedures attempt to do two things: simplify the design

. functional relationship, and propagate the moments through the design based on the
-simplified functional relationship. The PEPM method occupies an intermediate position -

- - beiween the pactial derivative and the response surface methods; point estimates are
- computed as in the latter, and used in a manner which can be loosely interpreted as the

- finite difference equivalent of the former, On the other hand the PEPM method is unique in

- - - the sense that it does not attempt to simplify the design functional relationship first. An

- equation between the moments of the response and the point-estimates is sought using the

- . mathematical convenience of the Dirac delta function. o i :
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Table 1.

Hypothetical Beam

PARAMETERS AND UNCERTAINTIES

Geometry/Reinforcement Location

D eff.depth
B width

s spacing

mean standard
deviation
18"-3/16" 1/2"
12"¢3/732" 3/16"
. 8" 17/732"

Stirrup Geometry and Properties

mean

standard

deviation

digtribution

normal
normal

normaj
{assmed det,)

distribution

AV cs ares £2 .08 sq.in 0. ‘assan. determ.
cs area 5 -+ 31 sq.in’ 0, -agsm. deternm.
rz2EAV/(Bss) : B . v
i5 L0088 (ND) 0. ' agso. determ.
Fy . grades0 steel  48.8 ksi . 107 (eov) beta
L - T 5,82 (s3g) | assm. noynal
ggpcte;e.ﬂrgpﬁrtigg-':
nean standard . distribution
K B  deviation ' e
Fc' Skei concrete  4.028 ksi .18 (cov) ‘trun. normal -
I R ' 0.6 (sig) assa. noranl
)




Table 2. Hypothetical Beam

COMPARISUN OF RESULTS
({Shear Strength of Beam Cross~-Section in ksi)

Method - mean standard deviation
direct

monte carlot 4.03168 0.323485
partial deriv.

{fosm) 4.07060 0.327372

pepm

{Rosenblueth) §.07060 0.327371
response ‘surf.% +.02307 0.325738

t based on 100 samples

b RTC R At i e o
eI daT R T
&7
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Variability of Shear Strength of Beam
mean (ksi} = .403168E+0!
st.dev, (ksi)= . 323485€+00

100 monte carlo samples

Frequency/Probabiltiy

1.2
1'0 ...........................................
.8 )

0.6

ch e = ey c—

......... Praoant l t‘:'

L G B fr=quancy

-3.00-2.20 -1.40 -.6C .20 1.00 1.80 2.&0
-2.60-1.80 -1.00 -.20 .60 1.40 2.20 3.00

(*/-Vmean)/Vsig

‘ Figure 9a. Histogram and Probability for Monte Carlo Methoa

Varightlity of Shear Strength o Seam
mean ‘ks1) = .402307€+0!
st.dev. (ksi)= . 329738E+00

b 100 monte carlo sancles, 44 resp-surface

1.2 Freauency/Probabi ) 1ty

1.0
0.8
06k N
| a 0.2
Y .1 S '
- —- 300022 014 06

l.t“rt“[“[‘lliik'[.l!{ﬁ

~~~~~~~~ prayasiley
. ran,zacy

0.6 1422 3.0

~ (V-Vmean)/Vsig

B » Flgurc% Histogram and Probability for Response Surface Method.
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The major difference between the PEPM and the response surface methods
is in the end-products the methods provide. In the response surface method, the end-
product is an approximation to the true response function of the design within a limited
region of interest. The moments of the response are then computed based on this
approximate response, using numerical means. In the PEPM method, the probability
moments of the response, and not the response itself, is the only product. Hence, no new

_information on the response other that the statistics of its uncertainty is derived.

. The demand for more realistic engineering design modeling and the
- availability of sophisticated computer techniques renders the partial derivative method less
" useful, except for the most simple, perhaps preliminary, designs. The PEPM and response
surface methods become attractive in more complicated design situations because of their -
compatibility with modern numerical techniques such as norraal-mode decomposition or
finite element methods. In the final analysis, the efficiency and validity of the PEPM and
response surface methods when compared to direct Monte Carlo simulation will be
predicated on the hardware available to the designer, since these-three methods differ only
in the degree of number crunching required for a particular-design. It is suggested that any
balanced design framework include all four methods described for purposes of flexibility
and comparability. Moreover, it is suggested that the design framework would use the
Monte Carlo procedure as the default procedure for assessing the influence of uncertainty in
design for user convenience. ' - :

3. Task 3 - Design Problem Case Study

a. Series 2 Simulations

[n Series 2 simulations probability of direct-shear failure is compared for
four diffevent kinds of model sophistication. In these calculations the Monte Carlo
simulation is used to sample from the probability density functions of all the tandom
variables of the static model and the three dynamic models. Failure in each Monte Carlo
loop is defined to occur when the maximum shear-stress (in the time-domain) induced in
the beam from the loading exceeds the shear-strength. The simulation simply counts the
proportion of cycles in which a failure is indicated. Since the simulation is for dynamic

.models the maximum shear-stress can occur at any time during or after the triangular load is
applied to the beam. The beam is assumed to be fixed at the supports and to exhibit linear
propecties through the simulation process.

: For direct shear the following formulation [Reference 10] is used for direct-
shear resistance, Vy:

Vu=[8*(fc)l/2 +0.8psfy] < 0.350c (psi)

These strength relations are functions of the concrete compressive strength,

fc, the percentage of longitudinal steel, ps, and the yield strength of the steel, fy, in the
slab. In the dynamic simulations the strength properties of the concrete and steel are
- - enhanced by 30% to crudely account lor strain rate effects. All these parameters can be
~_random. Table 3 shows the variability of each of the random variables in the static and
dynamic models. Again these models are abstractions of the actual wall design shown in

~ Figure 7. In the case of Caussian (Normal) random variables the mean and standard
- deviation are expressed and in the case of Beta-distcibuted random variables the end-points

L “(min, max) ate specified along with the two parameters of the Beta: a and B. In the Beta
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' Table 3 Random Variables for Simulations

Gene
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ST ' - Slab Thickness (inches) 25.5
o R Unit Thickness (inches) 5.0
«  Concrewe Strength (psi) 4028
-+ =Steel Stréngth: (psi) - 48800

"~ Charge Weight (pounds) 555 -
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Parameter
Stirrup steel ratio

- Longitudinal steel ratio

Beam Length
Miss-distance (range)

‘Dynamic Random Variables

Parameter

Damping

Longitudinal steel ratio

Mass Density
Miss-distance (range)
Wall height

 Benatration and Breaching Random Variables

. Bammstes

7"-*?".,_Casmg'rtuckness o

" “Bomb Weiglit

O Casing inside diameter
( - - Longitudinal steel ratio-

i+ ol - Miss-digtance (range)
e : Fugmcn: w.g_igh! (.Wn'; .

Deterministic

Deterministic
Normal
Beta

Type
Deterministic
Deterministic
Deterministic
Beta

Normal

o Determ@n@sqc .
: __,Demmngsqc. ‘
- Deterministic
~ - Deterministic -
. --Beta- .

Beta -

24

Values

0.0026
0.0066

Mean = 156 in.; ¢ = 12 in.
4 ftcR<d0 ft; 01=2, B=2

Values

2%
0.0066

0.0002247 #-sec2/in®
4 ft<Red0 ft; =2, B=2
Mean = 15,25 ft; o = 1.52ft.

Valyes

0.5 in,
1000-#

178 in.
- 0.0066

0<R<d0 ft; =22, P=18

0 2 oz<Wf<meax. a=1 B-3
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distribution, when a=f the distribution is symmetric; when a=p=1 the distribution
becomes the uniform distribution; and when a<p the distribution is skewed to the right.

. ‘ For the static Monte Carlo simulation Figure I 1a shows a comparison of
' - probability density functions (PDFs) for the ACI shear strength (VAcy) vs. the static shear
4 “response. The area where the PDFs overlap indicates the relative likelihood of failure; i.e.,
. o where the response exceeds the resistance. Figure 11b shows the same comparison as’
i “Figure 11a except the PDFs are for the direct shear strength (Vy) vs. the static shear
response. In both Figures 11a and [1b the static shear response is simply a calculation of
the shear at the support of a fixed-fixed beam subjected to a static pressure normal to the
axis of the beam. This pressure is simply assumed to be the peak pressure from the
" weapon at a given range, assumed to act statically on the beam. In both Figures 11a and
11b the histograms from response are generally higher than those for resistance, hence
these particular curves indicate a beam geometry and material properties that will usually
fail for most miss distances of the weapon (see Table 3 under static parameters). Figure 12
displays the probability of failure (Pf) curves for the ACI and direct-shear (Vy) criteria. As
can be seen, a significant decrease in miss-distance (range) for the same Pf can be realized
by using the less-conservative direct shear criteria. This translates to a significant cost
savings for the same survivability if the designer elects to use a less-conservative shear-
failure criterion, o

In the dyramic simulations, Figure 13 plots the histograms (PDFs) of
direct-shear resistance (strength) vs. shear response. Again, the overlapping area between
the two PDFs gives an indication of the probability of failure. Also seen in the curves is
the fact that the variance in the resistance is much "tighte” than the variance in the
response. This is because the response.is very sensitive to the variance in the miss-distance
(range) which is significant as seen in Table 3. Figure 14 shows the same kinds of PDFs
of direct shear resistance vs, shear response for a continuum model with seventeen (17)
degrees of freedom. Again, the same phenomena is seen in.Figure 14 as in Figure 13.
Finally, Figure 15 compares the probability of failure (Pf) curves for the four models: (1)
static response, (2) SDOF response, (3) 4-DOF response and (4) continuum model with
many degrees of freedom. From a design point-of-view the static calculation is the least
conssrvative (for a given range, the static simulation provides the lowest Py) for this
particular problem, but the interesting feature is that there is not much significant difference
between the simulations among the dynamic models. More specifics of dynamic models as
specified in terms of a normal-mode superposition solution approach is given in Appendix
B. The power and efficiency of the normal-mode approach cannot be overemphasized for a
design tool. The same code can be used to calculate one, two, or any number of modes of
a given structure up to the limit of the discretization in the model (i.c., the number of
elements in the model). . .

b, Series 2 Findings

Cos [t may be to premature to make many conclusions about these Series 2 -
- - comparisons, but the case for a simpler design model is compelling, at least in preliminary
S g ‘'stages. In fact, the uncertainty in major variables such as the miss-distance or the strength
, :+ 7 criterion obscures the minor differences between models of varying degrees of

* sophistication. ~ .
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c. Series 3 Simulations

In Series 3 simulations probability of direct-shear failure is compared for
three different kinds of model physics. In these calculations the Monte Carlo simulation is
used to sample from the probability density functions of all the random variables of the
three physics models. These models all attempt to address the question of whether
different physical responses can govern the probability of failure if a framework is develop
to exercise them. The three physics (response modes) models are: (1) failure from forced-
vibration from airblast in direct shear (this model has been addressed in the Series 2
simulations); (2) failure from penetration of bomb casing fragments; and (3) failure from
breaching (punch-through) of the R/C wall due to a near-direct hit. In the stochastic
analysis the range of detonation of the 1000-pound GP bomb from the wall slab is a
random variable. If a single realization of this variable makes it very close to the wall,
penetration or fragmentation may govern. If a realization of the random variable for range
makes it far from the wall slab, a forced-vibration shear failure may govern. Table 3
displays all the random variables and their distribution type and statistical parameters.
Details on the empirical and theoretical developments of the last two response modes
(penetration and breaching) are provided in Appendix B.

Figure 16 shows the PDFs of the equivalent resisting radius and equivalent
breaching radius of the breaching physics model, as developed in Appendix B. This
punch-through phenomenon essentially computes the radius of a disk of the wall slab that
is necessary to cause breaching (rp) and compares it to the radius of a disk that is sufficient
to resist failure in direct shear (rg) and then compares the two. Failure in breaching occurs
when p > r.. Figure 17 shows the PDFs of wall thickness and the penetration depth of a
casing fragment in the penetration model. Figure 18 shows the probability of failure (Pf)
curves for perforation (Pp) and for spalling (Ps). As developed in Appendix B, Pf = Pp +
Ps. These curves are quite erratic because of the crude number of iterations in the Monte
Carlo simulation. Note in Figure 18 that the perforation curve approaches asymptotically a
value for Pf = 0,38 when the range approaches 20 feet. This is because the fragment
velocity is considered to approach a maximum value (the break-up velocity) at R = 20 feet
(see Appendix B). Finally, Figure 19 compares the probability of failure curves of the
three physics models.

d. Series 3 Findings

Figure 19 reveals some very interesting phenomena relating to the need for
design models to account for uncertainties in weapons and structural parameters. From a
design point of view the physics of breaching would impose the least conservative
constraint on structural requirements while the physics of forced- tbration from airblast
would impose the highest constraints (i.e., for this example design the wall would fail due
to airblast before it would fail due to breaching). Failure due to penetration also seems to

be abnormally high at larger ranges (ranges above 35 feet; scaled rar ges above about A =

~"4). This is because the probability of a given fragment even hitting the wall was not
- -addressed in the simulation. This uncertainty is a function niot only of miss-distance, but
also the azimuthal location between the bomb and the structural element. Perhaps the

. biggest conclusion from Figure 19 is the fact that synergistic effects between the various

modes of physics are clearly revealed but have not been accounted for explicitly in the

~'physics models! For example, at a range of about 30 feet fragmentation and airblast would
" produce combined effects on a wall and at a range of about 1§ fect fragmentation, airblast,

and breaching would all come into play. Not only should uncertainties be accounted for in

~  this case, but tesearch into the true physics of synergistic effects is wamanted.
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¢. Integrated System for Protective Structure Design (ISPSD)

Some exploratory work has been done on the feasibility of an Integrated
System for Protective Structure Design (ISPSD). There appears to be no specific technical
reason which, on its own merits, would prevent the development of an ISPSD. Indeed,
the development of this system with capabilitics to gather, in one framework, design
information, codes and practices may provide an important impetus to significant savings in
design time and construction costs and in realistic expectations of survivability to advancing
* threats. The production of such a system is feasible since most of the technical problems
have been solved and demonstrated in two previous studies on projects related to
commercial software. One of these [Reference 13] combines conventional numerical codes
with advanced symbolic codes (such as expert systems) within the same framework on a
microcomputer. The other study [Refercnce 14] uses a novel graph-structure consisting of
nodes where "evidential-knowledge” (such as design rules-of-thumb, local code
provisions, etc.) is manipulated in an automated reasoning framework (see Figure 1).

The Integrated Syste.a for Protective Structure Design (ISPSD) will be
briefly described in this Phase [ report in a graphical representation (fault-tree format)
which portrays a number of "slides” which serve as the interface between a microcomputer- -
bascd system and the user. More details of this approach are provided in a previous Phase

I progress report [Reference 15] and will be proposed as part of the Phase II proposal
plans. These "slides" would be interlaced with "PC-screen image” dialog sessions which
interactively guide the user through the ISPSD (these interactive dialog sessions are omitted
here for brevity, but appear as examples in {Reference 15)), :

: The following graphical representation shows possible approaches to the
ISPSD. Handbook and design codes give procedures and equations to use for the design,
- but they do not give the many fine points associated with the design procedures and
equations. An integrated system methodolagy (ISPSD) can enhance the codes’ procedures

by interjecting expen experience and proper usage which are not explicitly stated in the
~  algornithms. The power of the system is further enhanced by making stochastic techaiques

~ (such as the engineering programs developed for Serfes 1 simulations) an integral part of
- the system, so that the variability of the design strength can be determined. Furthermore, it

. .gives some idea as 1o the magnitude of the difference between the analytic predictions and:

- the actual strength and variability of real bca_ms.'f -

T The following “stides™ for aprotective structure design (caled PSDesign)
-follow only one of the many paths possible in a full integeated system (the subject of Phuse

~_1U) and this path is indicated by the heavy line in the flow diagrams. The heavy linc in this

* exainple is intended to lead to the design of beams against dingonal tension, by designing |
the web reinforcement, This is done to highlight the calculations conducted on “Sedes 1¥

. simulations. Figure 20 shows a schematic where the user is questioned about the type of
~, - struciural element to be designed, and whea beam is selected is questioned further about the -
- ¢ failure mode of interest. Tn a general and flexible system a “help-lacility” or witorial would

- be available for novice or infrequent users. IF the user selects “A” for a diagonal tension

 mode in Figure 20 he then is exposéd 1o "web-design” issucs as shown in Figure 21, and

“the design session continues on through "B, Figure 22 on web-reinforcement, thento
“C*, Figure 23 fov diagonal»t;nsicn. then finally o D" in Figute 24 wheie parametric

S N In a previous Phase { progress report lRei‘c:&nce 15] (and in the Fr‘oposed ‘
~ Phase Il work) it was shown how: (1) information from design hand-books, (2) lindings -
-of vecent Air Force research eflonts, {3) any expert knowledge, 2nd (4) stochastic methods,

- _could be collected together in one place. A short witorial could be used to bring the novice

L user up todate.  For the inltcquent user, the design procedures guide him along paths -
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wkich he may have forgotien. For the experienced user, the system offers another level of
sophistication in the form of the stochastic module; uncertainties in the design strength and
how it relates to real-world behavior are important in protective structures design but yet
not readily obvious from the design equations. The unique feature of an ISPSD, as
previously described, is that it can incorporate many sources of information and different

kinds of information about the design process.
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SECTION III
FUTURE R & D (PHASE II)

The framework of the proposed integrated system for protective design
(ISPSD) would irnclude the effects of variability in random parameters as well as the
variability in non-random parameters. The integrated approach should be user-friendly,
should minimize the need for knowledge in stochastic processes, should allow for design-
cost trade-off studies, should accommodate English-language or menu-driven input (as
opposed to formatted numerics), should conform to local design standards and codes, and
should provide for mid-run explanations to the user. The focus on this framev ork will be
on its utility to designers at the Air Base level, or contractor level, who are not experts in

stochastic design or in computer software or in assessing different kinds of uncertainty and |

their impact on a final design. : \

The ISPSD (which will be called PSDesign in Phase IT) will be predicated on the
notion that a design will have four primary constraints, as shown in the schematic in Figure
25. Typically, a designer is given the location of the new facility, its approximate budget,
and an idea of the floor space requirements due to the facilities’ function. The conventional
weapon threat is something that may not be given directly to thie designer, depending on the
circumstances. Perhaps some broad loading environments are all that a desig. .c sees, but
threat is mentioned for generality because of its importance as a real design constraint and
because a flexible ISPSD should be able to accommodate advances in the enemy threat,
Then the design problem is: enhancing the survivability of the facility while minimizing
costs (this could also mean minimizing construction or post-attack rehabilitation time, for
the Air Force situation). v :

In designing structural elemeats to the lcading envircaments from conventional
weapons, assumptions concerning the strength of materials and the influence of combined
loading states create large uncertainties. These assurmptions are typicat of those made under
conventional civil designs as recommended by the AISC and ACI and as adopted by the U.
S. armed services’ design manuals. The AISC and ACI design formulae typically come
from a hybrid of simple analyses and iests canducted under "simiiar” conditions to those
expected in the field. The problem heie is that data under conventional weapons
environments are not typical of those implied in the use of the AISC and ACI codes.
Hence, the ISPSD will also accommodat= "local” code practices and more advanced
information from Air Force resenrch laboratories, This information would generally be ina
non-numeric form, similar to expert knowledge. -

- From the results aiscussed in this re{;on fe;r Tisks 2and 3, probability of failure (or
survival) curves, such as those shown in Figure 19 for the effects of different response
modes (physics), can be compared directly to see which parameters effect facility hardness

- the most. However, to tie tihese curves in with design constraints such as cost, each critical
- design parameter or issue should be weighted by cost (and pechaps by its influence on the
- other conatraints in Figure 25). The proposed ISPSD would then be capable of
determining an overall facility cost vs. urvivability relation. This relation is the goal of the
- designer, who could then relate to the decision-maker the balance between cost and
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SECTION IV
- CONCLUSIONS AND RECOMMENDATIONS

Stochastic simulations for a simple design example show that uncertainty in major
variables such as the miss-distance or the strength criterion iends to obscure the minor
differences between models of varying degrees of sophistication. Other results show that,
from a design point of view, the physics of breaching would impose the least conservative
constraint on structural requirements while the physics of forced-vibration from airblast
would impose the highest constraints. Failure due to penetration also seems to be

abnormally high at larger ranges (ranges above 35 feet; scaled ranges above about A = 4),
This is because the probability of a given fragment even hitting the wall was not addressed

in our simulation. This uncertainty is a function not only of miss-distance, but also the
azimuthal location between the bomb and the structural element.

Perhaps the biggest conclusion is the fact that synergistic effects between the
various modes of physics are clearly revealed but have not been accounted for explicitly in
the physics models! For example, at a range of about 30 feet fragmentation and airblast
would produce combined effects on a wall and at a range of about 15 feet fragmentation,
airblast, and breaching would all come into play. Not only should uncertainties be
accounted for in this case, but research into the true physics of synergistic effects is
warranted and worthy of closer scrutiny in future design packages.

Some exploratory work has been concluded on the feasibility of an Integrated
System for Protective Structure Design (ISPSD). There appears to be no specific technical
reason which, on its own merits, would prevent the development of an ISPSD. Indeed,
the development of this system with capabilities to gather, in one framework, design
information, codes and practices may provide an important impetus to significant savings in
design time and construction costs and in realistic expectations of survivability to advancing
threats. The production of such a system is feasible since most of the technical problems
have been solved and demonstrated in two previous projects using commercial software,

This report has discussed the considerable breadth and depth of variability in

-parameters and models involved in protective structure design. The technical overview can

take on an added perspective when the importance of how protective structure design, and a
consideration of the design uncertainties, is related to the overall air base operability issue.
There are many general philosophical, but realistic, issues associated with protective

_ structure design on an air base overseas which could be resolved through the use of an

integrated design system. One question to ask is "Given the uncertainty in the threat,
the propagation of effects through air and soil, the structural response mode, and the
behavior of components, how does one decide to expend funds on a particular design? In

- other words how does one know where to put the money to enhance survivability? Does
- one buy tougher materials, bury the structure underground, use a different geometry? The

answer to these questions, at the air base lcvel, may also help to understand decisions in

L the research community about which programs to fund in support of the operational Air
- Force needs in the area of survivability and operability. '

An integrated design approach, such as that described here, could benefit the

- commercial design community since the methods will reduce design and construction costs
< - by optimizing structural performance under the influence of uncertain loadings and the
~.. uncertain degradation of properties with time. These reduced costs will be balanced with

- improved assessmeats of the risks of hazardous load eavironmeats. - . :
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Appendix A |

.7 N.DIMENSIONAL DOMAIN OF PERTINENT
""" VARIABLES AND PARAMETERS

There are six major design areas involved in determining the survivability of
protective structures to conventional munitions effects. These areas are the: Source
Characteristics, Propagation Chamcterization, Sotl-Media Interacticn (SMI), Structural
Response, Content Response, and Damage Assessment. The tables shown below for each
of these six areas details the pertinent variables of importance in the design of protective
facilities and the kind of uncertainty generally apparent in these variables. The uncertainty
is assessed as being random or nonrandom. For random unceriainties a specific
distribution type is suggested and. for nonrandom uncertainties potential quantification
methods (evidence thieory, fuzzy set theory, interval theory) is suggested. The tables also
point out the parameters that were considered in the Phase I effort. :

The choice of a design medel could also be considered a major design area.
Certainly the type of model introduces some (often significant) uncertainty because the
model is the engineer’s abstraction of the real world and his choice of a model is based on
certain implicit assumptions about the validity of such things as material behavior and
boundary conditions. Model selection is primarily nonrandom where the uncertainty is a
combination of ignorance, judgment, imprecision and the use of linguistic values. For
Phase I the models were deterministic. -

T Table A.] Saurce Characicristics
Environment: Parymetet . Unceaainty, - LypeMethod
Alr Burst ' :
HOB : Random © Gamma
Peak Alir Blast® : Rasdom - Normal
Range* .. . -Rendom . - Bem
Fragmenation® - . - - Rapdom - - Beta _
Surface Burst A T
Contact; Proximity . Random Gamma
Peak Alrblass . Randam - . " Nomal
Range o - Random - - - Normal -
Frgmenaticn - - . - Random -~ Bivariate.-Nommal
B«m N :, = - ;‘\‘.4- . . ) .
D rundSies - Random Nl
Peak Ground Steess o 3 ~ :.vNe
Coupiing - - - - Nonraadom vidence The:
ImpactVelocly ~~ °~ - ‘Randoin ... - DBews K
AngleofIncidence .- ° - Random - - . - Bew
Yaw ST Repdom oo 0 Bew
Projectiles, bombs, DR IR
- Charge welght® c._ Ragdom. - " o Noemal
Accuracy o7 Rasdem - 0 <. Bivadate-Noamal -
. Fuzing - Nowmadomi - . Evidente Theory. .
SlendemessRatlo =~ = - Dewrminme - - . - .
Dstenninaie - ‘
STfma addressed In Phase 1 .
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~Table A.2" Propagation Characteristics

*Items addressed in Phase 1 |

Environment; Parameter Uncertainty ethod
: . Shock Velocity* Random Normal
Density , _ Determinate
Shock Conditions . - Nonrandom Fuzzy Theory
Surface and Buried
Media Coupling Nonrandom Evidence Theory
-Soil type (rock, etc.) . Nonrandom Fuzzy Theory
Density Random Normal
Porosity Random Nomal
Stiffness (load/unload) Random Beta
Water Content Nonrandom Evidence Theory
Layering Nonrandom Fuzzy Theory
Shock Conditions Nonrandom Fuzzy Theory
*[tems addressed in Phase [
Table A.3 Structurc-Mcdia Interaction (SMI)
nvi t; Pa t Uncertainty Type/Method
Reflected Pressure® Random Nomal
Fragmentation* Random Beta
Dynamic pressure Random Normal
Penetration* Random Beta
Surface or Buried ‘
Radiation damping Nonrandom Fuzzy Theory
Water content Nonrandom Evidence Theory
Layering Nonrandom Evidence Theory
Soii type Nonrandom Fuzzy Theoty
density, stiffness..... Random Various
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“Table A.4 Structural Response

Environment; Parameter

Geometry
Box*
Arch
Dome
Cylinder
Hybrid

Material
Reinforced Concrete*
Steel
Composites

Constitutive Models
Compressive strength*
Yield strength*
Bulk modulus
Failure surface
Cap Model
Friction

Damping*

Structural Elements

Plates, slabs*
Columns
Beams
Rings
Shells

- Solids
Membranes, cables

Boundary Conditions
Fixed*
Hinged
Free

Impedance

- | Structural Systems

. Joints
~ Fenestrations (windows, etc)
3D effects

Uncertainty

Deterministic
Deterministic
Deterministic
Deterministic
Nonrandom

Random
Random
Random

Random
Random
Random
Nonrandom
Nonrandom
Nonrandom
Nonrandom

Deterministic
Deterministic
Detemninistic
Deterministic
Deterministic
Deterministic
Determninistic

Nonrandom
Nonrandom
Deterministic
Nonrandom

Nonrandom
Nonarandom
Noarandom

Type/Method

Interval Th

Various
Log-Nomal
Log-Normal

Nomal
Normal
Normal

Fuzzy Theory
Interval Theory
Interval Theory

Fuzzy Theory

Interval Theory 2 '_.‘f:':. _'
Interval Theory_ Vel :

Evidence Theory

Various.

" Various
- Various

~ {*Items addressed in Phase [
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~ Table A.5 Content Response®

Environment; Parameter Uncertainty TypeMethod

Rugged Equipment
Acceleration Random Nomal

Sensitive Equipment
Velocity Random Uniform
Acceleration Random Beta

Humans
Acceleration Nonrandom Evidence Theory
Displacement Nonrandom Fuzzy Theory

*Not addressed in Phas_e I

Tablec A.6- Damage (Survivability) Assessmcnt
Environment; Paameter egaint Type/Method

All of these are nonrandom
uncertainties subject to
imprecision, ignorance and the
reliance on some linguistic
vatiables _

Response Modes
' Flexure
Diagonal Tension*
Direct Shear*
Membrane Tension
Penetration
- Acceleration, etc.

-, Failumlevels‘ | - o diuo‘g

- Slight -
Co'lapse
Failure/Suivival®

Repair Considerations , T 3
~ RepaieTime = . dite -
- Facility Value - '

Mission Critical

" |*Ttems addressed in Phase 1




Appendix B

DYNAMIC MODAL ANALYSIS AND
BREACHING/PERFORATION PHYSICS

Dynamic Modal Analysis
Equation of Motion

For a structural system with a stiffness matsix [K], mass matrix [M], proportional
damping matrix [C], and applied forces, *{(t), the equations of motion for dynamic
equilibrium are, in matrix form,

[M] (X1 + [C] [X] + (K1(X] = {f(t)} (1)

where a "dot” over a symbol denotes one dersivative with respect to time.

Modal Superposition
The normal mode solution is obtained from the corresponding ndamp_e_:ﬁ

~ homogeazous form of equation (1) through the following development,

IMIX] + [KIHX] =0
(+w? M] + [KDIX] =0 _
- we lMllxl- (K} {X] | (¥3)

Eq(2) is the standard etgcnvaluc form and its solution produces ;2 (natural fthucnczes)

_ " ' for each mode and the modal matrix [@] (matix whose columas are the nomal mode
- _shapcs) Usingammiizcd (M.thaus : -

- hq(l)mnbercwnucnas

- -Ameon;mpmm!hu;

[0} [@)T - lll |

OITIMIO] (OTTIX] + (BIT(CI 0] (SR (X]
* [OITIKIGNONTX] - (0T (1) '(3> 

"‘t@xf'ln:i m (Mn]
1O (C) (01 [Cal
(W (KI (01~ [Ke]

. age all diagonal mmna.s. hence, thwuse uncouples lhe equaticns of molion.

I.cumg ;0]()(] [Yl,whml\'lisavccm:otdwpnnupalcoodmam.thm
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 the pressure at point B is given by

Ml Y] + [Cal [Y]+ [Kn] [Y] = (@7 {f(t)}
represents n uncoupled SDOF equations of miotions, i.e., for each mode,
Mmi Yi + Cmi Yi + Kmi Yi = fi(t) i = 19 21 ceeg I

A Newmark integration scheme can be used to obtain the modal displacement, velocity,
and acceleration in the principle coordinates, i.e., Y, Y, Y, respectively.

Once [Y] is determined it is usually desirable to return to general coordinates [X], with the
following operation,

(X} = [@][Y].
The maximum shear stress along the beam is then determined by
EI(X]
bh

where a " prime " is a symbol which denotes differentiation with respect to x, and the
product "bh” is the shear area.

v, (x,) = -

Breaching Analysis

When a conventional munition detonatcs ciose to a structural element ( within ¢
scaled range of about 1.5) it imparts a spherical shock front to the element. Hence, the
maximum pressure from the detonation on the element face is proportional to the cube of
the distance between the burst and the element face. In the schematic shown below,

Burst

o R3
B0 = ()R mdR= R+
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where Pr is the peak reflected pressure at point A. The value of Py is a function of R and

the charge wefght, W, as shown in Figure B.1. For a small annulus of area on the face of
the element with a radius of r and a width of dr (see schematic) then the total force on this
annulus from the blast press:ire is given by

R.3
AF(r) = () P, 2mrdr
and the total force on an area of the element face of radius ry is then,

)

r
0
F(r) = JAF(r,t) = 2rmp, R:J‘—% dr = 27p,_ R: rdr
R (Rz ERT

which, through the substitution Y = Ry2 + (2 and dY =2r dr, yields

F(r) = 27 R2P [ 1 _ R ]
Y 0ttt ® + )
0 rO

So F(ro) is the total force on a circular area of radius ry as shown in the figure below.

¢ P(r) F(r,)
: P,
YYIVY = Y = QT yvvy
Y =12 ; =

Normally, the parameter rq is taken to be one-half the slab length (L/2). Now, if the total
force F(rg) on the slab is presumed to be produced by the uniform pressure, pr, the
relationship is determined,

OFD) 11

rL-[
TP,

where 1, is the radius of an equivalent circular area with the same force, F(ro), acting on it
and f =0.57 is a factor accounting for the fact that the peak reflection factor only occurs at
normal incidence (where R = Rg ) and most of the pressure occurs for R > Rg. Now if the
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maximum shear stress capacity of the structural element is set equal to the direct shear
stress, vu, given by

v, = 8(£)" + 08p,f =< 035¢ "

where f¢’ is in psi, rs is the longitudinal steel percentage, and fy is the tensile strength of
the steel, and assume this stress acts on the perimeter of a circular "punched” area of the
clement, as shown below,

fr

ot
T

V=2mrgyt

then the total resisting shear force acts over an area with a radius given by,

L
SFE)

r =

R

2nv t
u

where t is the element thickness and rR_is the radius. Finally, failure occurs for the
condition rr > L.

Penetration Physics

Penetration physics is comprised of two phenomena: perforation and spalling. The
first phenomenon involves a fragment completely passing through a structural element and
the second phenomenon involves a fragment being embedded in a structural element and,
while not completely passing through an element, it gets closc enough to the exit surface to
cause spall damage from reflected tension waves. All of the mathematical and empirical
relations shown below have been obtained from Reference 16.

Pecforation

For the case of perforation the procedure involves estimating the weight of the
largest bomb casing fragment and then estimating the distribution of fragment weights.
Then the velocity of each fragment is determined and finally the perforation depth is
obtained from information about the weight and velocity of fragments.

The largest fragment weight from a GP bomb is given by
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1 2
W, = M, In“[—=] (ounces)

max M2

A

5/6 173 tc
where M, =03() " @) [1+ T 1,
1

and where the following parameters apply for 1000# GP bombs.
Parameters for 1000 Pound GP Bomb

Total weight = 1064 lbs = W

Actual Charge Weight = 555 lbs (INT) = W
Casing Inside Diameter = 17.8 inches = dj
Casing wall thickness = 0.5 inches = t¢
Casing weight = 0.8 (Wt - W) = W¢ (Pounds)

When Wemax is determined ( this is the maximum fragment weight) then general fragment
weight, Wf is given a Beta distribution with a minimum of 2 ounces and a maximum of
Wifmax. The striking velocity Vs of a fragment with weight W¢ is given by

(- 0.004 R /w;”)
V.=V, ¢ in ( ft per second)

where R is the range in feet and where the initial velocity, Vo, is given by

WW, 12
v, = i
0 = 6940 { 153 WIW, } n (fps)

Also note that Vs = Vg when R < 20 feet.

With the striking velocity and fragment weight known the perforation depth in reinforced
concrete (with compressive strength, f'¢, in psi) is denoted as Xf and given by

1.8 [5000 0.5
fl

c

X, = (0162) (10°) W™ (v))

Perforation failure occurs when Xf exceeds the thickness of the reinforced concrete

element.

51

G o, e
e



Spalling
If Xr is less than the element thickness we then check for spall damage. Spall
\ ; | A with? 1
shown in the figure. The parameter C1 is found from,

T + 0348 W," c, |13
= [ 2N )

where Tc = thickness of the concrete element (inches), and where
12
C, = 516 (E) " in (fps)

E, = 57000 ()"

where f is in (psi)

I£ spall failure d hen the st el . ion failure. Note
that the probability of penetrationis Pf = Pp+ Ps where Ppis the probability of
perforation and Py is the probability of spall.

) 104 \\\ 10 '
, u
Pr (psi) \ U (tVsec)
103 e — SO
Pe
102 0.1
10 : \
Y -
o1 v 10 100
Sisied Oistance R
. B wl.n

© Figure 8.1 Peak Rellected Prastute (Pr) and Shock Velocky (U) va. Scaled Raige
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