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that is vuln;:éhée to attack, the structural engineer may be
~

faced with a numbé}\sf options when selecting a final design
for this protective gégélity. Assuming that, due to

operational requirementé}\the options have been narrowed down
to an aboveground cylindrié 1l arch constructed of reinforced

concretey (Figure 1-1), there efskill e variety of

configurations that might be,gbns'dered before making the

final selection., The purpose aof thr§ report 1s to evaluate a

s N
number of designs for- these types of facilities. The results

. N

e

will be compareq/fﬁ an attempt to develop correlations

. N
between aifferent geometric configurations of such arches and

e ~\
betwg;n'the design parameters relevant to weapohs and blast

effects.

1 Scope of Report

The emphasis of this report will be on the methods
available to design and analyze aboveground arches for blast
loads and alsc on the final design results and comparisons
for each case examined. It is not intended to be an in~depth
study on structural dynamics and how it is applied to blast
resistant designy but, will include enough hackground

information on the procedures used herein to provide a basis

for those procedures.
The design method to be used is that curently in use by
i
the United Qtates military seﬁvices as developed at the Air
' /

Weapons Laboratory, Kirtland %ir Force Base, New Mexico,

N
(Reference 1). This design procedure is quite simplified, as
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‘will he shouwns and would be best suited |for an initial or
trial design leading to the mare thorough and precicse methods
available to perform the final designs.\qgnly the aboveground
arch structure will Se studied. The blast effects on
foundations, openings, end wallss and mechanical and
electrical systems will not be considered. The aboveground
portion of the structure is most affected by the various
blast design loads and changes in configuration and, as such,
will have the greatest impact on the data used for the final

comparisons. Airblast and fragmentation will be the only

loads resulting from explosions considered in this reporte Concrele
since these are the primary components acting on an '
aboveground structure. Load components such as ground shock {\

and cratering will be neglected.
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Re = required flexural capacity of the arch, lbs
= distance travelled by primary fragment, ft

Ra = distance from point of detonation or explosion to
nearest point on structures, ft

Rz = actual compressive capacity of reinforced concrete
; arch, psi

R = ac?ual flexural capacity of reinforced conzrete arch,
psi
) s = gpacirg of steel reinforcing bars, in
? S = thrust in arch or ring, lbs
; S’ = critical thrust or buckling load in an equivalent

beam, lbs

Ser = critical buckling thrust in an arch, lbs

T = time ellapsed from detonation to arrival of wave
front at structure, sec or ms

Tupp = approximated time for blast wave to completely pass
over the structure, sec or ms

Te = thickness of bomb casing, in

The = natural period of vibration of a reinforced concrete
arch in the compressive mode, sec or ms

Trer = natural period of vibration of a reinforced concrete
arch in the flexural modes sec or ms

Te. = duration of positive phase of blast wavey sec or is
Ter = fictitious duration aof blast wave,; sec or ms
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u = ductility ratio
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Pe = taotal steel ratio, both feces
gg; B = steel ratio of longitudinal reinforcement
P = gsteel ratio of diagonal reinforcement
a = compressive étress capacity of reinforced concrete, psi
R = curvature correction factor, flexural mode, for

hinged arches

H = curvature correction for natural period of flexural
vibration on a hinged arch

Te = weight of concrete, 1lb/cu ft
? T = weight of steel, lb/cu in
: = pstimated cost of concrete in the structure, %
B = estimated cost of steel in the structure., %
& ~
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CHAPTER ONE
INTRODUCTION

1.1 Background

The world today contains many threats and dangers; some
obvious and some not so obvious. The United States military
services are respaonsible for protecting a large part of the
world from these dangers. One of the primary areas of
concern included in this responsibility is the design and
ctonstruction of protective facilities on military
installations} especially on those perceived to be in hostile
areas.

The major threats for consideration generally fall into
two categories; nuclear weapons and non-nuclear or
conventional weapons. Based on these threats, the protective

facilities required normally fall into two categories,; as

wellj underground and aboveground. As a rule, underground
facilities are more costly to construct while being able to
withstand larger blast loads than are aboveground facilities.
Hence, underground facilities are usually most feasible and

effective against nuclear attacks while aboveground

facilities are most feasible and effective for conventional

attacks.

1.2 Statement of Purpose

Given a known non-nuclear threat and also pre-

established minimum dimensional requirements for a facility
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that is vulnerable to attack, the structural engineer may be
faced with a number of options when selecting a final design
for this protective facility. Assuming that, due to
operational requirements, the options have been narrowed down
to an aboveground cylindrical arch constructed of reinforced
concrete, (Figure 1-1), there are still a variety of
configurations that might be considered before making the
final selection. The purpose of this report is to evaluate a
number of designs for these types of facilities. The results
will be compared in an attempt to develop correlations
between different geometric configurations of such arches and
between the design parameters relevant to weapons and blast

effects.

1.3 Scope of Report

The emphasis of this report will be on the methods
available ¢o design and analyze aboveground arches for blast
loads and alsoc on the final design results and comparisaons
for each case examined. It is.not intended to be an in-depth
study on structural dynamics and how it is applied toc blast
resistant design, but, will include enocugh background
information on the procedures used herein to provide a basis
for those procedures.

Tre design method to be used is that curently in use by
the United Sta.es military services as developed at the Air
Weapons Laboratory, Kirtland Air Force Base,; New Mexico,

(Reference 1). This design procedure is guite simplified, as
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will be showns and would be best suited for an initial or

trial design leading to the more thorough and precise methods

available to perform the final designs. Only the aboveground
arch structure will ge studied. The blast effects on
foundations,s openingss end wallss; and mechanical and
electrical systems will not be considered. The aboveground
portion of the structure is most affected by the various
biast design loads and changes in configuration and, as such,
will have the greatest impact on the data used for the final

comparisuns. Airblast and fraamentation will be the only

loads resulting from explosions considered in this report,

{
since these are the primary components acting on an
i
{
aboveground structure. Load components such as ground shock |

{

1

and cratering will be neglected.
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CHAPTER TWO
@ AIRBLAST AND AIRBLAST EFFECTS

2.1. Components of an Airblast

Airblast and shockwave phenomena resulting from an
explasion impart a total load on a structure comprised of
primarily three compaonents. The first is the peak incident
pressures (P,.), or overpressure, that results from the
instantaneous pressure rise above ambient pressure upon
detoration of the ewxwplosive. This is the actual blast wave

and is at it's peak immediately after the explosion,

expanding radially outward and decaying in intensity from the
center of detonation. The blast wave travels at a
diminishing velocity, (U), and is always in excess of the
speed of sound. The overpressure,; as well as the other two
components to be identified, are generally depicted by a

pressure vs. time load function as shown in Figure 2-1i.

The second phenomena producing loads on the structure
arrises when the wavefront, (Figure 2-3), makes contact with
the structure. This results in a reflected wave as the
initial wave ’bounces off’ the structure and is overlapped
and magnified by itself. As implied, the reflected pressure,
(P.)y is actually greater and produces a larger load on the
structure than does the peak overpressure, (Figure 2-2).

The magnitude of the reflected wave is largely

depenagent on the angle at which it impinges on the structure.

i e T I B S A S T o RSP ™ i = S

In the case of a cylindrical arch, the reflected pressure

becomes a function of the angle of incidence (x)s or slope of
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the arch wall at its? base. It follows that the largest
reflected pressure generally occurs on a surface

perpendicular to the ground or to the direction that the

blast wave is traveliing, (e« = 0), and decreases in magnitude
as the angle of incidence increasess (up to « = 30°, Figure
e-4),

The third and final component of the total blast
load is the dynamic pressure, (.). A blast wave most
closely resembles and is accompanied by an extremely strong
wind. As is the case in wind load designs this results in an
inward pressure on the windward side of a structure and an
outward pressure on the leeward side of a structure. The
dynamic pressure is dependent on the peak incident pressure,
(Figure 2-5), and is used in conjunction with a drag
coefficient, (Cy)s as in wind design, (total dynamic pressure
= @.Ca). Obviously, all three of these airblast components
will be acting on an aboveground structure, and it must be

designed accordingly.

2.2 Effects of Blast Loads on Structures

The resulting magnitudes and distributions of loads on a
structure due to the combined effects of these three load
components are largely dependent on four factors; they are:
(1) the type and size of weapon or explosive that is used;

(2) the location of the weapon or explosive relative to the
structure at detonation; (3) the amount of reflection and

reinforecment of the blast wave as it reacts with other
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surfacesy also a function of the weapon’s location at
detonations and (4) the geometric configuration of the
structure. The primary purpose of this report is to study
the effects of varyigg this fourth and final factor.

Structures subjected to these blast loads, or any
dynamic loads, have a much different response than those
sub jected to static loads. Whereass; a static load produces
a constant deflection in the structural element, a dynanmic
load produces deflections that vary over time, (vibrations).
If this deflection vs. time function can be described by one
coordinate, the element is said to vibrate in only one mode
and it is a one degree-of~freedom system. It follows, that
if two coordinates ar variables are required to describe the
motiony it is a two degree-of-freedom system, and so on.
Vibrations may actually occur in an infinite number of modes
resulting in infinite numbers of deflected shapes, however,
only a few of the lower modes normally have responses that
are of any significance for practical purposes.

In the case of an aboveground arch, only the first two
modes are usually considered to be significant. These two
modes are defined as the compressive or ’breathing’ modes
which is symmetrical, and the flexural cor bending mode, which
is asymmetrical, (Figure 2-6). The peak overpressure is
assumed to act uniformly across the entire arch creating a
radially uniform compressive stress in the arch. The
reflected pressure, being the largest at the windward base of

the arch, and the dynamic pressures being positive on the

10
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windward side and negative on the leeward side, are assumed
ggb to work in conjunction with one another to produce an
asymmetrical flexural vibration in the arch, resulting in
bending stresses. Aéain, this implies a dynamic system with
two degrees—-of—-freedom or two primary modes of vibration.
Another impartant parameter when considering dynamic
systems and vibrations is the frequency or period cf the
respective vibrations. A structural element placed in some
initial deflection and then released,; without being affected
by any external forces, exhibits a motion known as free
vibration. If this wotion is sinuscidal with respect to time
it is said to be ’harmonic’. 1re natural period of this
vibration is the time it takes for the element to return to
its’ initial position or to go through one complete cycle.
It follows that the natural frequency is the number of these
cycles completed in one second. Each structural element and,
hences each structure has its’ own inherent nctural period or
frequency of vibration. Each mode of vibration alsoc has a
natural period or frequency. Natural periods of vibration

are largely dependent on the structure’s mass and stiffnescs

properties as will be shown later.
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If the load applied to an element aor structure has the
same ov nearly the same frequency or duration as the natural
frequency of the stchture itselfs a phenomenon known as
’resonance’ -~esults. Obviously, this is an undesireable
situation and must be avoided to prevent excessive motians
from occuring within the structure. A specific step is
included in most dynamic design and analysis methods to
ingure that ’resonance’ does not occur, as will be shown in

Section 3.4.4.
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CHAPTER THREE
@ METHODS USED

3.1 Introduction

3

Thére are three general categories of airblasts, as
defined by their relative position to the protective
structure, that are of major concern when designing for blast

loads. They are az follows:

(1), Free ARir-Burst: The explosion takes place above
or adjacent to the struture in such a manrer that
the wavefront impinges directly on the structure
with no reflection or amplification occurring in
between.

(2). Air-Burst: The explosion occurs above the
ground surface, but, at such a distance from the
structure that the blast wave is reflected off the
ground prior to arriving at the structure itself.
This sets up a reflected wave front that is used
for the respective load calculations.

(3). Surface Burst: The explosion occurs at or so
close to the ground surface that the blast wave
is immediately reflected off the ground surface

setting up a reflected/reinforced wave front.

The surface burst will be the only category evaluated in
this report since it normally creates the most critical

pressure loads. The reflected wave fraont produced by a

14
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surface burst is assumed to be essentially hemispherical in
qﬂi shape and is treated as a vertical plane at the point of

contact with the structures (Figure 2-3).

3.2 Dynamic Design Process - General

As is the case in most structural design, the process
used here is a trial and error method and iterative in
nature. An initial assumption normally made is that the
blastwave moves across the structure in a direction
perpendicular to the longitudinal axis of the cylinder,
(Figure 2-3)s producing the worst load case for the ensuing
designs. The engineer’s goal is to design a structure having
an adequate ultimate strength to survive a transient dynamic
load with properties as described in Section 2.1. A brief
ovei'view of the iterative process employed in the design

method used in this report follows:

(1). Having defined line threat,; estimate
appropriate pressure vs. time load functions.

(2). Select a trial section, based upon some static
design principle or criteria.

(3). Determine the actual compressive and flexural
capacities of the section using conventional static
design and analysis methods.

{4), Determine the two natural periods of vibration
(compressive and flexural); of the section.

QEQ (3). Using these natural periods of vibration, determine

- 15
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‘ the ultimate dynamic strength resistance that is J
@ required in the two modes, or the reqgquired
capacities; based on the estimated load function.
(&), Depending 6n the outcome, revise the section as
necessary to develop the ultimate strength.
{7). Having revised the section, reiterate steps (3)
through (6) until a final satisfactory design has

been achieved.

3.3 Load Calculation Method

The parameters required for establishing the actual
loads and resulting stresses on a structure can normally be
obtained from a graph similar to Figure 3-1. This particular
plot uses a scaled ground distance, (2,), based on the actual
ground distance, (R;)s and the explosive charge weight, (W).

Anaother important load parameter that must be
established is the rate of decay of each blast pressure
component. This is a function of the peak incident pressure
and the magnitude of the detonation. In the simplified
method being used, the actual incident pressure is
approximated by an equivalent triangular pressure time pulse,
(Figure 3-2). The actual time duration of the positive
portion of the blast waves, (T, from Figure 2-1), is replaced
by a fictitious duration, (Toe). The impulse, (I.)s of this

fictitious wave is defined as the integrated area under the

positive portion of the triangular curve. If the curve has
ﬁﬁ; been approximated by the triangular function shown in Figure
16
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3-8, the expression for I, becomes:

Im = ‘é(Pmr.:)(T(:--f") (3-1)

and rearranging:

T(:"f" = aIm/p»np (3.8)

A simplified loading function, such as this one, is
then substituted for each of the three pressure companents
presented in Section 2.1, (Pons Py and B.)y and are used for
the ensuing designs. Their respective theoretical curves are
replaced with triangular functions, as described in the
previous paragraphsy having initially peaked values which
decay to zero in time T.,, (Figures 3-2, 3-3, and 3-4).

Another important parameter used in this design method
is the time that it takes for the blast wave to completely
pass aover and clear ivself from the arch, (Figure 3-5).
Defined as the approximate transit time, (T,..)y it follows
that this equals the time required to travel over the span
width of the arch plus the time it takes to travel one of
its’ own wavelengths, (L, ), or:

Tapp = Ter + D/U, sec or ms (3.3)

Given the simplified load vs. time functions just

established for each pressure component and their

corresponding values, the next step would be to evaluate how
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Figure 3-5. Blast Wave Passing Over an Arch

(Ref. 1) g
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they act on the structure. This has also been greatly
‘g? simplified in the referenced procedure.

The maximum reflected pressure; being dependent on the
slope of the arch, ié assumed to act uniformly inward on the
windward side of the arch. This pressure includes the peak
incident and peak dynamic pressures at that point. The peak
incident pressure,; which was assumed to be a uniform
compressive force engulfing the entire facility, would also
be included as a uniform inward pressure on the leeward side
of the arch. In addition, the dynamic pressure, acting as a
wind force, is assumea to contribute a uniform outward
pressure on the leeward side of the arch since it’s
corresponding drag coefficient would be negative aver that
region, (Figure 3-46). These uniform pressures; as described,
are then assummed to be symmetric or assymetric depending on
the governing criteria established during the design prccess.

The approximated load vs. time functions in
conjunction with this simplified structure loading are now
used to establish one equivalent load or combined pressure,
(Po)s comprised of all three pressure components. Again, bv
defining the impulse as before and by using the previous
simplificationsy an overall equivalent impulse,s; (1,), can be
calculated. Assuming inward as being positive and outward as

being negative leads to:

I = (B)(P- % To+)s (Figure 3-4) (3.4)
% Ivc- = (%) {(Ppo x To')) (Figure 3-2) (3.9)
21
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Figure 3-6. Components of Pressure Loading on an
Arch (Ref. 1)
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Iy = (%) {Qulu % Tes)y (Figure 3-3) (3.6)

where " ., I.,.s and I, equal the reflected, incident, and
dynamic impulses reséectively.

Since each of these is assumed to be acting over anly
one half of the archs they would again be divided in half

and combining Equations 3.4, 3.5, amd 3.6, would give:

-
3
|

(%11, + 1,0 + 1I,)

(,/4)(P1" + P-.mr:- - Qctcld)(Tc-'F') (3.7

The actual loads do not act on all points of the
structure at once which makes evaluation difficult under
those conditions. This is why the actual loads are
simplified and converted into one equivalent load. This
conversion also allows the use of equations and charts which
have been developed specifically for such simplified systems.
The equivalent load is then assumed to have the duration,
Tauepms previously introduced, (ﬁigure 3-7). The eguivalent
impulse based on this assumption, along with the principles

established in develaping Equation 3.1, would be:

le = (%) {Pa % Tapep)s (Figure 3-7) (3.8)

Combining Equations 3.7 and 3.8 and solving for

P.s leads to the following expression:

&
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Ptn = ("é)(pr- + Pmo - chcd)(Tc-f/Tmpp), DSl (309)

3.4 Design and Analysis Method

The intent of tsis section is to review the design
method selected faor use in this reports step-by-step,
primarily as presented in Reference 1. As implied in Section
1.2 it is not intended to derive each and every equatiocn,
but, only to present encugh background aon each step to

clarify the reason for its’ use.

3.4.1 Trial Section

Assuming that the threat has been adequately defined
and the appropriate loading conditions have been established,
as outlined in Section 3.3y a trial secticn may be selected
and the design process begun. In the method used, the
selection of a trial section includes the choice of the )
thickness of the concrete, (h), and the amount of steel
reinforcement aor steel ratio, (p), to be used in the

rainforced concrete arch. It is common to select the trial

section based on some static loading analysis method which

will be explained just prior to beginning the actual designs.

3.4.2 Actual Compressive Capacity

Once a trial section has been chosen, it’s capacity in
both the compressive and flexural modes may be determined
using well-established engineering principles in the design

@ and analysis of reinforced concrete structures. Many of
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these methods are as ocutlined in the ACI Code, (Reference 6&).
d!b The compressive capacity is defined as the arch’s
ability to adequately resist the axial thrust that is
produced by the unifarm inward pressures acting on the
structure. Tne basis for the static analysis in the
compressive mode is the equation used for determining hoop
stresses in circular rings. This equation states that the
allowable or ultimate compressive capacity in a circular
ring, (P,}), is the useable compressive strength capacity of
the material being used in the ring, (o), over the ring’s

cross—sectional areas (A.), or:
P. = ¢ x Ay lbs (3.10)
For reinforced concrete the useable compressive strength

is comprised of L(th that contributed by the conecrete and that

contributed by the total reinforcing steel in the concrete.

From reinforced concrete design, the concrete contribution is
based on it’s compression blocks (0.85f’°:.), and the

reinforcement’s contribution equals (p.){f.)s where:

f’. = compressive strength of concrete, psi
f, = vield strength of steel reinforcement, psi
P = total steel ratio in pramary direction, both faces
s0:
& ¢ = (.B5)(F' ) + (po)(fur, psi (3.11)
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q@; Throughout this report a 1" wide strip of concrete is
assumed for evaluation purpaoses, (b = 1"), unless otherwise
noted, hence, substituting Equation 3.11 intoc Equation 3.6

for this circular ring, gives:

Po = (0.85f’c + (ped(f.))ALy lbs/in of width (3.12)

where:
A, = (h)Y(b) = hy in™
In order to convert this to a uniform radial pressure,
Equation 3.12 is divided by the radius of the ring or arch,
(r)}s resulting in the actual compressive capacity or
resistance provided by the given structure; (R...). which is:

Rnn:': = (O-BS'F’C: + (p..)(f,))h/r, pSl (3.13)

3.4.3 Actual Flexural Capacity

In determining the flexural or bending capacity of an

archs (with hinged supports),; the member is normally treated {
as a simply supported reinforced concrete beam and the
results obtained from that evaluation are then corrected for

the curvature of the arch. The length of this equivalent

beam is assumed to be one half the developed arc length of

the archy (L,), or:
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@ where:

= interior angle of arch from crown tao support in radians,

Lbw=1r % 3y in (3.14)

(Figure 1-1).

The equivalent beam will have the same cross-sectional

J properties of the arch member where h is the thickness, b is
the width, (1"}, and p, is the total steel ratio. The
correction for curvature factor used for hinged arches, (H,),

is as follows:

Re =1 = (1/n (3.13)

where:

From basic flexural design for reinforced concrete.

the ultimate moment, (M,), that a rectangular reinforced

concrete beam can resist is based on two criteria. At this
ultimate moment the steel reinforcement in tension reaches
it’s yield strength and the compression block, (0.85f°.)s in

the concrete has a certain height, (a), where:

a = (A,f )/(0.85f” . b), in (3.16)

and:
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A, = pbd, in™ (3.17)
@ﬁ? S0
M. = (ALf ) {d - %a), in-1b (3.18)
where:
d = distance from compression face of beam to centroid

of tensile reinforcement, in
and:

d - %a = the moment arm, in

Equating the internal and external work on this beam,
loaded to M.y will yield an expression for the flexural
resistance of the beam, (8M,/L.). Correcting for the
curvatures (Eg. 3.15), gives the following expression for the

actual flexural capacity of the arch, (R, +):

Roe = (BML/LadHey lbs (3.19)

It must now be determined if the capaciti=s in each of
the two modes will be adequate to resist the applied loads
and their resulting stresses in each mode. There are two
major considerations in determining the required resistances.
The first is the actual dynamic load applied as converted to
the effective load, (Eq. 3.9). The secend is the natural
frequency or period of vibration of the arch as designeds and

Qgg as discussed in Section 2.2.
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3.4.4 Required Compressive Capacity

In the compression modes the actual dynamic compressive
thrust applied and tHe natural period of vibration are used
to determine the required compressive resistance. A common
expression used to determine the natural period of vibration,

(Te:)s in the uniform compressive mode is:
The = 2urim/E-A)" 5, sec or ms (3.20)

In this expression, 2w establishes one cycle, (2w
radians = 360 degrees),; and r establishes a radial mode of
vibration. The modulus of elasticity of concrete, (E.), and
the concrete cross-sectional areas (A:), establish the

stiffness of the arch. The arch mass contribution, m, is tre

mass per unit of arch area and is determined as follows:

m = (bhlr./gy lb-in®/sec?® (3.21)

where:

T. = weight per cubic foot of concrete, lb/cf

g = acceleration due to gravity

The natural period of the compressive vibration is now

compared to thes duration of the loads (T. = T.ue)s using the
ratio T./T.c. Obviously, if this ratio is close to 1,

meaning the two time perioc.s are nearly equal, ’resonance’
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will occur and structural changes will be necessary.

@gﬁ It is now possible to use a response chart toc obtain
the remaining information required in this part of the
analysis. A response chart is a chart showing many important
response variables which characterize a dynamic system and
lgads. It provides a very rapid means for determining those
variables. This is one of the benefits of having converted
to a simplified system. Response charts have been compiled
for many different systems and loading functions. Figure 3-8
is one that may be used for triangular load functions such as
the one approximated in Section 3.3 and used in this
application.

A variable vhat requires introduction at this

paint is the ductility ratio, (u), which is expressed as
Xw/ X, on the response chart. X, is the deflection at a point
when the moment applied equals the ultimate moment, (M.},
resulting in the development of and full rotation of a

plastic hinge. X, is the deflection at this same point under

fully elastic conditions. The.subject of ductility ratios
will be addressed more in the flexural portion of thea

n analysis. For now,; full elastic design, (u = 1), will pe
assumed in the compression mode. This is because the entire
arch section is considered to be under a uniform stress
intensity equal to P/A. WuWhen the material being used is

reinforced concrete, these stresses approach the ultimate

i capacity of the concrete and the possibility of a sudden
!
Qﬁ& failure over large areas of the arch is quite great. ]
)
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Having now established values for u and T./Tmes & value

Qg? of Pn/Rn is determined using the response chart where:

Pn = P, = the actual thrust applied to the arch, psi

i)
3
i
&
[l

the required compressive capacity of the arch, psi

The required compressive capacity of the arch as
designed can ncw be soclved for using the following
expression:

Re = P./{PWw/Run)s psi (3.227

A quick check of the actual compressive capacity is now

possible by the following:

Rae: /Ra &1 (3.23) !

3.4.5 Reguired Flexural Capacity |

In determining the resistance required in the flexural
mode, the arch is agein treated as a simply supported beam !
with length L, (Egq. 3.14), as before. The natural frequency
of this equivalent beam, in the bending mode, is determined
and is then corrected for curvature using the following :

corvrection factor, (H):

B o= (n" 4+ 1.5)/(n™ - 1) (3.24)

33

A AT S S A NAO K VIS A IO TN U N TN TR IR U T R PN TP R TN 70 0% M M PR AT 74 "o A VU RO Cof il i



P8 s ¢ 80,0 5V F7 S CLT RPN Iy ICI P LR GESBETEI'LEARa A )a's 8 5 8T 8%a EVe S0y &F- RNy SV SN2 SR oo 2o 2o S Lb 2 oh Aod AEa A tidhbandbite iy

K]

An equation that has been derived for the natural

flexural period,; (T,.«)s of a simply supported beam is:

Tee = 2W((XLM % M) /K)® v B, sec or ms (3.23)

where 2w again establishes one complete cycle, K is the
stiffness of a simply supported beam, and M. is the mass
per unit arch length, (mbL,). XLM is a transformation factor
that requires further discussion at a later point. These

components are determined as follows:

K = 384E. 1./5L%, 1b/in {3.26)

where:

I. = the effective moment of inertia, using the average
of the uncracked and cracked transformed sections

and:

I.= (bd®2)(5.5p + 0.083), in™*/in (3.27)

XLM is a locad-mass factor originating from the concept
of transformation factors. Transformation factors are used
to convert systems of two or more degrees of freedom into
egquivalent one degree of freedom systems, (another
simplification). They are aobtained from an assumed deformed
shape of the member that results when the dynamic load is

stetically applied. From this statically deflected shape of
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the beam comes an equivalent mass, (M,), and an equivalent
force, (F,). These are used to determine the mass factor,

{XM)s and the load factors (XL), where:

M = M./My (3.28}
XL = F,/Fs (3.29)
and:
Fe. = the static distribution of the dynamic load over the

length of the beam, 1lb/ft

The load-mass factor can then be expressed as:

XLM = XM/XL (3.30)

Tables containing these transformation factors have
been produced for beams and slabs having different boundary
and loading conditions. Table 3-1 shows the transformation
factors for a simply supported beam with a uniformly
distributed locad. These tables only include values for the
fully elastic conditions (u = 1); and for the fully plastic
condition, (u = 20). Values corresponding to ductility
ratios between one and twenty may be linearly interpolated.

The subject of the ductility ratioc and a short
discussion on elasto-plastic design in the flexural mode is
now necessary. Plastic behavior is not generally permiscsible

under continuous operating conditions, but, is quite
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appropriate for structures subject to a severe dynamic load
Q§§ only once or twice during it’s lifetime. This is normally

the case in blast-resistant design. Elasto-plastic design

allows a greater poréion of the energy absorbing capacity of

the structure to be utilized resulting in a more economical

design., The ductility ratio selected ultimstely depends on
the facility’s function and the amount of damage that mav be
tolerated. A ductility ratio of three would allow moderate
damage to occur,s indicating that the steel would probably
vield and concrete probably crack, however, ther2 would be no
significant impairment of the structure’s resistance to
future loading. For the purposes of this report, basic and
initial survival will be the assumed criteria and a ductility
ratio of ten, (H = 10), will be used in the flexural mode.
The actual load duration,; (T, = Ta.ww)s is again compared
to the natural period of vibration in the flexural mode
insuring that ’resonance’ will not be a problem. It should
be noted that the duration of blast waves resulting from non-

nuclear explosions are usually quite short with respect to

the natural period of flexural vibrations. As a rules when
! the ratio of T,/T.¢ is less than or equal to one fifth, the
shape of the load function is not an important factor and

response charts such as Figure 3-8 may not be used. In that

event, P,/R, is determined through the following expression:

Prn/Rpn = (T /0T ) (2u - 1)% (3.31)

@ where:
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R« = the required flexural capacity of the structure, lbs

The required flexural capacity of the arch can now be

solved by:

Ry = Po/{Puw/PRm) % Lby 1bs (3.32)
A quick check of the adequacy of the flexural

capacity provided by the structure as designed would again be

performed using:

R(n~F/R4" i 1 (3-33)

3.4.6 Combined Loading Capacity

The assumption, in Figure 2-6, that the compressive and
flexural modes occur simultaneocuslys {(combired axial anrd
bending), dictate that an interaction check must be
performed. For reinforced concrete this leads tao the use of
an interaction diagram, (Figure 3-9).

Figure 3-9 represents two possible modes of failure. A

compression or concrete crushing failure is indicated along
the straight portion of the curves, whereas, a tension or
tensile yielding of steel failure is indicated along the
curved portion. The location on the curve reveals whether
the flexural or axial loading condition predominates within
the structure. Furthermore, if the given design is located

! @g? on the curved portion,; additional compressive axial loads
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increase the allowable bending capacity of the member or
structure.

Again, it is known that non-nuclear explasions usually
result in very short.and intense peak overpressures sc that
the shock waves are acting on the structure for extramely
short periods of time. With this in mind, the most severe
flexural loading will probably occur before the arch is
entirely engulfed by the blast and this potential increase in

allowable bending capacity cannot be fully taken advantage

of.

3.4.7 Dynamic Reactions and Shear

Of great importance to the loading conditions that will
result on supports and foundations and to the design of these
parts of the structure, is the dynamic reaction. This is the
dowrward force produced at the base due to the dynamic lgads
applied. Since the design of the foundation has not besen
ircluded in the scope of this projects these reactions will
only be used to check for shear problems.

The equations for dynamic reactions, (V),s included in
Table 3-1 were arrivea at by the following method. The arch
is again assumed to be acting as a simply supported beam. An
equilibrium analysis is performad on this beam using the
applied dynamic loads in addition to an inertia force acting
upward on the beam. This inertia force has a distribution
equal to the previously assumed deflected shape. Any static

loads are then added, as appropriate, to arrive at the total
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Figure 3-9. Interaction Diagram for Rein-
forced Concrete Beam~Columns
{Ref. 1)

@; Figure 3-10. Buckling in Aboveground Arches
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reaction at the supports. The twis variables in this dynamic

@ reaction equation are:
R = the maximum required dynamic resistance of the structure
F = the load acting on the structure when the maximum

deflection occcurs or when the system goes plastic.

In short duration lcads created by nor-nuclear explosionsy it
can generally be assumed that the load has already passed, (F
= 0)y by the time plasticity or maximum deflecticon conditions
occur.

This dynamic reaction will then be compared to the
allowable vertical shears (V,;3.)y and the allowable diagonal

shears (VT.:i:)s values; they are:

Vawra = (d/h)0.2F° .bd, lbs {3.34)

Tm2a = bd(24F* . + p.f,),s lbs (2.39)

where:

p. = steel ratio of diagonal reinforcement, (stirrups)

3.4.8 Buckling

Arch facilities such as the cones being considered,
normally have relatively high slenderness ratics. This
necessitates a stability or buckling check to be performed.

Buckling in erches occurs as an inward deflecticn on one side

@ and an outward deflecticen an the other side, (Figqure 3-10).
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Basic relations from static principles are again used in this
gﬁb evaluation. An arch or ring subject to a uniform radial

loady (P.)y has a thrust, (5), where:

S =P. xr, lbs/in of width (3.36)

The critical buckling value, (5°}), for the equivalent beam

that has been used elsewhere in the analysis is as follcws:

S'= n?EI/I®, lbs/in of width (3.37)
Using the curvature correction factor from the flexural

analysis the following critical value, (S..), is obtained for

the arch:

8«.:\" = Hoe X S,) 1bs/in (3.38)

Converting this into a critical pressure; (P.,.), is

accomplished hy:

Pc:r' = Sc:t-/r’ pEi (3-39)

and combining the last three equations gives:

Paw = (EI/r®) (nt ~ 1), psi (3.40)
ﬂ&i This value is then compared against the required compressive
42
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capacity to check for potential buckling failures as follows:

Re: /Pey- £01 (3.41)

At this point, depending on the cutcome of the various
checks, the section may need to be revised and analyzed
again. It should not require many iterations for the
designer to realize which area(s) are going to be governing
throughout the process and, knowing this, use them to arrive

at a final design much more quickly.

TN Y A o Tty

- voe Sy B 1

E

43

N
[}
L]
»

8 (U Figk i Mt GV eV PP T R E Pl 81 5 5% BT AT TS L UL IS LIS W P e ATt At



r.‘n“-- AT Y A SN AP LT WO AT A I 3 SRR WS P SN R BT IGAURET X2 G AR L I LAST A LA SOOI LN I LS U WUV WL O AT WA

oY '

CHAPTER FOUR
@ LOTUS 1-2-3 STUDENT EDITION

4,1 Brief Description

LOTUS 1-2-3, Student Edition, (SE), is primarily a
smaller version of the widely used LOTUS 1-2-3 software
package; smaller me2aning that the worksheet or spreadsheet is
not as large as in the main package. The student edition was
introduced as a teaching tool for the larger edition. The
three main features of these products are the worksheet, the
graphics capabilitiesy and database management. The student
edition worksheet was used for this report and, even with
its’ reduced capabilities, proved to be more than adequate

for the intended purpose.

4.2 UWhy Used

As discussed and established earlier, these
designs are no different than most in that they are performed
by trial end error using an iterative process. Even using a
simplified method, the process becomes extremely time
consuming after only a few iterations. Since a total of
eight different arch configurations will eventually be
examined in this report, a more expedient method of carrying
out these iterations was scught. The LOTUS 1-2-3, S&,

software package was the means chosen to accomplish this.
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% 4.3 How Used

The LOTUS SE software turned out to be ideal for the
scope of work invclvéd in these designs. The many equations,
constants, and variables used in the design process were
input onto the LOTUS SE spreadsheet. The variables that
changed from iteration to iteration and case to case
primarily involved the physical configuration of the
structure, (ds hy 'y ry By Ppes Dy and H);, and the loading
conditions, (P, and T.). It was simply a matter of changing
these values, as appropriate, for each design case and
revision. Immadiate results of the structural analysis could
then be obtained, including all stepss, evaluations, and
checks previously discussed.

The calculations far the information that will be used
in the final comparisons were also performed on LOTUS SE.
These are such quantities as total volume of cancrete
required, (V..), total weight of concrete required, (WT.),
total weight of steel reguired, (WT,), total structural
weight, {(TOTWT), estimated cost of concrete required,s (%$.),
estimated cost of strel required, (%,); and total estimated

structural cost, (TOT$). These will be explained further 1in

CHAPTER SIX.
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CHAPTER FIVE
@ DESIGN SETUPR

5.1 Case 1 — & through D

The scenario for Case 1 is to design a protective
structure for an aircraft to be parked on the airfield apron
at Air Force Base X which is in a location that may be
evxpected to come under some form of aerial attack. The size
of the aircraft is such that the minimum dimensions of the

facility will be as follows:

Height(H)--60 Feet
Width(D)---30 Feet

[ Length(L)--100 Feet

Having already decided to use an aboveground arch, the
four configurations selected for evaluation are shown in
Figure 3-1. As evidenced by Figure 5-1, the structure
becomes larger as the angle of'incidence increases. It was
alsa explained in CHAPTER TWO that the applied 1load
decreases, (due to the reflected pressure), as the angle of
incidence increases. This raises the question of whether the
benefits extending fraom the smaller apnlied load are enough
to overcome the disadvantages of increasing the size of the

facility.
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5.2 Case 2 - A through D

For the second set of comparisons, (Case 2); an
alternate aircraft required protection which dictated the

following minimum required dimensions:

Height(H)--20 Feet
Width{D)---60 Feet

Length(Lt)-100 Feet

These limitations led to the four configurations shown in
Figure S-2.

As 1s evident from Figure 5-2, this case leads to a
different type of comparison. The structures are increasing
in size as the angle of incidence is decreasing. In
addition, the larger structures are ’growing up’ as opscsed
to ’growing out’ as in Case 1. It seems obvious here that
Case 2A would be the best configuration to use since it has
both the benefit of being the smallest structure and of
having the largest angle of incidence., This will lead to &
comparison of the resulting equivalent load functions based
more on facility dimensons, (between Cases 1 and 2); as

opposed to a load vs. angle of incidence comparison.
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éﬂb 5.3 Actual Threat Defined

Through intelligence procedures it has been determined

that the ’worst—-case’ threat that will be faced by these

structures is the detonation of a 1000 1lb, GBeneral Purpose
Bomb, detonated at the ground surface 25 feet from the
structure, (Figure 5-3). General Purpoce Bambs, (GP), are a
high - explosive type or class of bomb, (Figure 5-4).

The metal casing on GP bombs is generally thicker than on a
Light-Cased Bamb, but, thinner than on armor--piercing type
bombs. The casing is strong enough to withstand direct
impact nn most industrial construction. They are also able
to penetrate soil without defarmation or rupture, but, will
normally break up if driroed on a heavy concrete slab. These
bombs can be used with delayed fusiny as well as fuses that
are set to activate on curtact wi.» the 2ir or ground. The
explosive charge weight to overo:l weigi* ratio is usually
around fifty percent. The primary concs-"ns in vosigning
aboveground protective facilities against th,s weapon a:
blast effects, fragmentation, and penetration. O0Only blast
effects and fragmentation will be considered in these cases
as a direct hit is not assumed to be probable.

In order to determine the eventual loading conditions
that will result from this threat, some preliminary
calculations are required using the specifications on this
particular type of weapon, (Table S-1), Figure 5-5 is used

@ to evaluate the equivalent bare charge weights for both the

50

kHﬁGmWﬂRmGNﬁ6WwﬁH&ﬁﬁﬁﬂﬁﬂﬂﬂkﬁﬁkﬁﬂX@ﬁ&ﬂﬁﬁ%ﬁk&&Rﬁﬂkﬁﬂ?ﬁﬂ?D&M&Yﬁ&ﬂn&ﬂ&kﬁ%ﬂﬂ%HVﬂNVthVﬁMV



~ AN M BUN WUEBIR AN LTSNS NN MANME

at

1000-1k.

\
Sc&

Figure 5-3.

G? bomb

Arch Design Conditions
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(Ref. 1)
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Figure 5-4.

1000 1b. General-Purpose Bomb
(Ref. 1)
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@8& Table 5~1. Characteristics of Typical Bombs (Ref. 1)

Case Case
Total Charge Maximum | Thickness
Weagon We.,1p We.,1b 9.D0.,in in.

LIGET~-CASZ BOMBS

4000 e | 4331 | 3690 ¢

3
3
.-0
o

onal) 34.0 0.37

GENZRAL-PURPCSZ 3CMBS

100~ G2

119.5 57 (TNT) 3.2 0.15
25¢° @2 263 127 (TNT) 16.9 5.27
300° @ | s4% 266 (TNT) 14.2 ¢.30

19007 2p | 1064 553 (TNT) 1g.3 6.30

2005° e | 2212 1220 (Tritonal) 23.3 0.50

40007 G2 | 4229 2002 (Tritonal) 28.9 0.83

SIMI-ARMOR PIZRCING 30MEBS
30C7 sap | 434 162 (TNm 11,8 0.353
2002° saP | 1040 115 (TN 5.1 1.50
20007 SaP | 20490 338 {TNT) 18,7 1.3
APMOP~PIZDCING 20MBS
1000° sap | 1623 140 (Exglosive D) 12.0 1.1
z \
16007 s5aP | 1520 223 (Explesive L) 14.0 1.3 ;
FRAGMENTATION SOMBS g
43 T 3.2 0.5 (TNT) 3.0 .25 %
204 T 20.0 2.7 (7TNT) 3.5 C.36 :
9cE 7 g0 I (Comp 3) 8.0 .94 ;
2262 7 213 47 {Comp 3) 8.0 Z.00 i
260= T 2 32 {(Comz 3) 2.0 2.23 a
b
}
0
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/ [—IMPULSE
i —
/

Note: r

W = Wt, of Explosive Chg.
wc- We. of Metal Casing

! !

Wt. of Cased Charge

Equiv. Bare Charge Wt. of TNT

0.2 0.4 0.6 0.8

o
1-
L]
o

te /e
A = N/\vq ol Wc)

Figure 5-5. Equivalent Bare TNT Weight for Peak

Pressure and Impulse for Cased Charges
(Ref. 1)
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peak incident pressures and impulsess (W, and W,), accounting
for the effects of the bomb casing and cthe type of explosive

used. Hence, from Figure 5-5 and Table 5-1:

W. = bomb casing weight = 1064 - S55 = 3509 lbs

and:

A= W (W + W)

= 555/(355 + 509) = Q.52

n

ands from Figure 5-5:

We/W = 0.615 and W, = (W) {(WL/W) = (533)(0.&18)= 341 1bs TNT
Wa/W = 0.48B6 and W, = (W) (W,./W) = (555)(0.485)= 269 1bs TNT

It is normal to add 3 20% safety factor to these charge

weights which leads to:

(3411 (1.2)

{1

,F
1

409 lbs TNT

(2692(1.2)

b
°
"

U

323 _1bs TNT
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Q§§ 5.4 Actual Loads Established
The weiqghts calculated in Section 3.3 are now used to

determine the various loading parameters to be resisted by

these structures. Converting the above weights into the

scaled distances used in Figure 3-1 gives:

25/409

H
()
)
~

RO /bjﬂ LRtS |

J\J
]

N
]

= Ry /Wy v 77 = 25/3a3'""!

]
o)
o~
£

The appropriate loading parameters are now determined usirng
Figures 2-4, 2-3, and 3-1, along with the methods presented
in Bection 3.3, These are then used to establish the

equivalent load functions that will be applied in each case. ‘

o —

&

|
|
|
|
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S.4.1 Case 1 Loads
The load conditions to be resisted by the four arch

configurations of Case | are as follows:

Puwe = 105 psi

B. = 120 psi

I1.= 130
U= 3000 fps or 3 ft/ms
P-(A) = 518 psi, P.(B) = 513 psi
P.{(l) = 503 psiy P-(D) = 485 psi

Tof = 2(130)/105 = 2.5 ms

Tapn (A)= 2.5 + 60/3 = 22.5 ms
Tape(B)= 2.5 +‘68/3 = 25.2 @ms
Tape{(C)= 2.5 + 77/3 = 28.2 ms
Tepw(D)= 2.5 + B7/3 = 31.35 ms

m
9]

Pe{A) = %(105 + S18 ~- 120)(2.5/22.5) = 27.9 psi

Pe(B) = %{105 + 513 - 120)(2.5/25.2) = 24,7 psi

P.(C) = %(105 + 503 - 120){(2.5/28.2) = 21.6 psi

Pe(D) = %(105 + 485 - 1201(2.5/31.5) = 18.6 psi
where C, = 1, (Reference 4)
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S5.4.2 (ase 2 lLoads

&

The load conditions to be resisted by the four

configurations of Case 2 are as follows:

Poe = 105 psi

G. = 120 psi
I. = 130

—

U = 3000 fps or 3 ft/ms

P-(A) = 518 psi, P-(B) = 513 psi
P-(C) = 903 psi, R-(D) = 485 psi
|
{
Ter =2.5 ms !
|
TapntA;By,Chand D) = 22.5 ms
l

P.(A) = %(518 + 105 - 120)(2.5/22.8) = 27.9 psi
P.(B) = %(S13 + 105 - 120)(2.5/82.5) = 27.7 psi
P.(C) = %{(513 + 105 ~ 120)(2.5/22.5) = 27.1 psi
P.(D) = %(483 + 105 - 120)(2.5/22.5) =

2b.1 psi j
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CHARTER SIX
DESIGN AND ANALYSIS

4.1 Preliminaries

Prior to beginning the actual design and analysis process,
there are certain assumptions to be made and certain criteria
to be established. The static material properties are

normally revised into their dynamic counterparts as follows:

f’. = 4000 psi (assumed)

Pl = 1.23 » f7. = 1.25 x 4000 = 5000 psi {(Table 6-1)
fy. = 40000 psi (assumed)

faw = 1o1 x £, = 1.1 x 40000 = 44000 psi (Table &-2)

E. = 33(1x)11-9JFf°,. = 33(145) *-"J4000 = 3.64 % 10 psi

The maximum and minimum steel reinforcement ratios

required to insure ’ductile’ type failures are computed as

they would be for conventional reinforced concrete design and

are as follows:

Pmm = _0_003712

Pmarm = 0.00500

Another assumption to be made will be that the total )
thickness of the concretes (h), eguals 2%" + d. This

usually insures that the required concrete cover limitations

are satisfied.
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Table 6-1. Recommended Dynamic Design Concrete

T, DR ALK SRR LW S DRI LU W L L WAL A RO WAL AL O KM W TN

Stresses
(Ref., 1)
. . 1 1
Dynamic Compressive Strength fdc = l.ZSfc
1
Dynamic Boné Stress (ASTM A303) g = 0.1Sfc
]
Pure Shear Stress de,g O.ZOfc
Dyramic Tensile Sitrangth fd* = 7.5 |2,
[*S >

Table 6-2.
(Ref. 1)

Ry ——

Dynamic Yield Stresses, Reinforcing Steel

Structural Grade £ =

atermediats Grade £ =

~
(1]

A
n
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6.2 Long-Hand lteration - Case 1A

gg& For this case only, one iteration will be performed
long-hand to further present and clarify the design procedure
being used. All othér cases will be performed using the
LOTUS 1-2-3 SE Program as described in CHAPTER FOUR. The
results for the final designs selected for comparison in each
case will be compiled and summarized at the end of this
chapter. The actual inputs and outputs, (LOTUS SE
printouts),; for each case examined are located in APPENDIX A.
Some steel reinforcement details and sections will also be
included as a part of this iteration to indicate how the
final configuration might appear. In additions a check
against the fragmentation that the structure would be subject

to will also be shown to indicate haow it might affect the

final designs.

6.2.1 Design and Analysis

As previously discusseds an initial trial section is o7ten
selected on the basis of some static design criteria. Here,
the critical static buckling load is going to be used to
determine an initial thickness of concrete. From the
previous discussion on bucklingy the equivalent load, Pe(A),
is set equal to the critical buckling stress, which,s; from

Equation 3.40, gives:

P-p = BEI/T-”

Qﬁg and rearranging:
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6&& I =P.r

= 27.9(360)9/3(3640000) = 119 in”/in of width

Using an initial steel ratio of “%pna«s and

rearranging Equation 3.27 to salve for d gives:

d = (21/(b(5.5p + 0.083))) v
= ({2 x 119)/(1(5.5(0.01836) + 0.083)))1-

= 10.87 iny say 11 in

In sum then, the initial trial sectioyw, for Case 1A has

the following characterisitics:

d =11 in
h = 13% in
p =0.0185%°

Ppe = @p = 2(0.01836) = 0.03712, (See Section 6.2.2)

pPr = 0.0025, (See Section 46.2.2)
The actual compressive capacity of this section is:
R‘nc = (O.BS‘F’.,,.,: + pq,(fcgy))h/r
= (0.83(5000) + 0.03712(44000) x (13.5)/360
= 221 psi
Gap The required compressive capacity of this section with
61
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the calculated loads applied comes from the following:

m = bhrt. /1728g

where 1728 is a conversion factor for units, so:

m = (1)(13.3)(145)/(1728)(386) = 0.00293 lb-sec™/in"

and:

Tre: = 2ur{m/EA.;) %

en(360) (0.002923/3&640000 »x 13.3)*
= 0.0175S sec

therefore:

To/The = 0.0225/0.0175 = 1.29

and from Figure 3-8:

resulting in:

R. = 27.9/0.62 = 45 psi

Obviously, compression is not a problem in this

configuration since:

Ra/Rme = 45/221 = 0.2036 <4< 1

The actual flexural capacity of this section is as
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follows, where:

He = 1 = 1/n® =1 - % = 0.75

a = A, (fy, )/0.85f 4 ({b)
= (0.,01856)(1)(13.5)(44000)/0.83(3000)(1) = 2.31 in

and:

Mo = A'.m(fdy)(d - a/2)

= (0.1836}(1)(13.3)(44000) (11 - 2.31/2) = 246478 1lb-in

hence:

Rome = BM./Lu X He = B(96478)/565.3 x 0.75 = 1024 lbs

where: {

360(w/2) = 565.3 in

The required flexural capacity of this arch with the

dynamic loads applied is as follows, where:

Me.

mla = 0.0293 x 565.5 = 1.657 lb-sec/in® |

and:

WL B D G W DA A g™y ST A NN T S ™S, S S I I . St O PR T
r
H
[}
-
>
)]

K = 3B4EI1/5L2 = 384(3640000)(119)/5(565.5) "' = 184 1lb/in
i
' using: '
€5¥ . u = 10 (Section 3.4.5)
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and interpolating from Table 3-1:

XLM = Q.70

sa:

H=n"+ 1.9/n” ~- 1 = 1.833
and:

Ter = 2W{XLM x M/K)® x

= 2w(0.70(1.657)/7184)* » 1.833
=0.913

then:

To/The = 0.08285/0.913 = 0.0246 £ 1/5

and does not appear in Figure 3-8 so:

pm/Rm = T.-,ﬁ/TTT(p(aU"‘l )=

= 0.913/w(0.025)(2(10) - 1)* = 546.31

and:

Ry = 27.9/56.31 x S563.5(1) = 280 1lbs

Again, the section appears to be overdesigned in the

flexural, as well, since:

Re /Ry = 280/1024 = 00,2734 <4< 1
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It would now be necesary to conduct an interaction check

@ for the combined axial and bending loading condition. Using

Figure 3-9 where:

P X T,/ flae = 0.01856(44000)/5000 = 0.1463

[ <

and:

P/Pu = Rue/Rme = 0.2036 (Section 6.2.1)

leads to an allowable M/M,, (Ry/Ru+)s of 1.70. This is
significan.ly larger than the actual of 0.2727 calculated in

Section &.2.1. As pointed out in Section 3.4.6s this ]

additional allowance can not be fully taken advantage of in

e e =gt

these loading casess which are of an extremely short
duration. Regardless,; any reduction in the section

attempting to take advantage of this would give rise to a

stability problem since buckling was the basis for the trial
section. It appears, then, that these facilities must be
overdesigned for strength requirements in order to meet the
necessary stability requirements. Future iterations faor this
case as well as all others will attempt to find the most
efficient design for strength while at the same time
maintaining an adequate buckling capacity.

Going on to determine the dynamic reaction and performing

shear checks give the following:

IR, ST P VKL Oy TR B T LI AN P P ST R TR

V = 0.38R + 0.12F + %DL (from Table 3-1)

QEB as explained, F can be taken as 0 and hence:
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@ YV o= 0,38(280) + (5635.51(1){13.5)(145/1728) = &41 1bs

where the second portion of the expression represents the
structure’s dead load, (DL). This actual shear value is now

checked against the allowable shear values as follows:

V..al.'l. = (d/h)O.E(f’,_.:bd

=(11/13.5)0.2(4000)(1)(11) = 7170 1lbs > &41 1lbs (0K)

and:

VTwir = BT . = pL(fL)), {noc stirrups assumeds p.=0)

=1 I

VT wmaa = (1)(11)(2440C0) = 1391 1lbs > &41 1lbs (QK)
6.2.2 Placement of Reinforcement - Case iA

Using the resulting steel ratios, the rEqdired areas o
steel, (A, and A,), can now be calculated leading to the
selection and placement of the actual bars into the concrete
section. A brief evaluation is carried out here for this

iteration only ta clarify this point. It is not the intent

of this report to go into great detail on steel reinforzing

placement.

In dynamic design, another consideration in the
placement of the steel reinforcement is rebound. Rebound is
the reverse deflection occurring after the initial positive

6&9 deflection or after one half of the vibratery cycle has
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occurved. The structural element is designed as a singly

q&i reinforced member with steel added to the opposite face as
dictated by the amount of rebound that will occur. This
sub ject will not be éddressed in any more depth here except
to say that charts do exist to assist in determining the
extent of rebound that will occur in a given structure,
(Figure 46-1).

As shown in Figure 6-1, a full 100% rebound, P./R., =
-1.0) normally occurs in structures where the load duration
is short compared to the natural period of flexural vibration
which, again, covers all cases in this report. Full rebound
dictates that an equal amount of steel reinforcement must be
used in each face of the structural element.

The following reinforcemerit calculations will be based
upon a rectangular concrete section with the dimensions h =
12", The amount of primary steel required in each face will

then be as follows:

A, = pbd ;

= 0.,01896 % 12 x 11 = 2.48 in®ft width (each face)

Selecting #8 bars spaceds (s), at 3.5 inches o.c. gives:

A. = Au/is/12) |

where:

5%3

Ab = 0.79 in;‘?_
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AL = 0.7%/(3%/12) = 2,71 im?/ft width > 2.45 (0K

Reference 1 recommends a minimum longitudinal steel
ratio of 0.0025 primarily to control creep and temperature

variations, (shrinkage and swelling). Hence, the steel

required in the longitudinal directicn is as follows:

A, = ppbd = 0.00285 % 12 x 11 = Q.33 in”/ft width

E
;
5

Selecting #6, (A, = 0.44 in¥), bars spaced at 16" o.c. gives:
b .
E 6@ for the sakec of comparing, all subsequent designs to be
b

A, = 0.44/(16/12) = 0.33 irr®*/ft width = 0.33 (0K)

Some genersl sections and details of the actual
plaqement of these calculated steel requirements are shown in
Figure 6-2. These details also consider the clearance and
spacing limitations as cutlined in the ACI Code, (Reference
6).

It appears that using %P mm. results in quite a large
amount (f steel reinforcement to be placed in the primary
direction which accounts for some of the overdesign for
strength that occurred earlier. While this may be necessary
to insure ’ductile’ type failures, the most econamical

designs would minimize the amount of steel used. Therefore,

P
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performed on the LOTUS SE program will attempt to minimize
(&9 these steel requirements while at the same time meeting or

exceeding all other limiting criteria.

6.2.3 Fragmentation

As mentioned in Section 5.3, another design consideration
foar a surface explosion of a 1000 1lb bomb is the threat of
fragmentation. The primary purpose of a fragmentation check
is to determine if casing fragments caused by the explosion
contain enough velocity and energy at impact with the
structure to penetrate the protective envelope. Reference 1!
also presents a method to carry out this procedure which will
be used here. The general principles and basis for the steps
involved in this process will be discussed as they occur.

An important factor in this procedure is the shape of
the weapon, (cylindrical or non-cylindvrical). From Figure
5.4 it can be seen that the shape of the 1000 lb GP Bomb is
not clearly defined so a2 check will be performed assuming
both conditions and the governing results will be used.

Again, using the required weapon specifications from §

Table 3-1, the W/W. ratioc for the given weapon is calculated.
S5ince the non-cylindrically cased weapons tend to be much
more unpredictable, safety factors are applied to the W/Wc

ratio for those, giving the following:

W/W,. = 555/509 = 1.09 (cylindrical)

—————
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@ Figure 6-2. Steel Reinforcement Sections and Details
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Figure 6-2 . - continued

Table 6-3. Constants for Primary Fragment Calculations

(Ref. 1)
Gurneyv IZnergy 3
Explosive Material Constans
- (231)L72
Amatcl 0.33
Comp. 3 7880
E-8 7110
Eexarice ‘ 0.32
Benxzclice 73350
2DX/TNT (75/2%) 7850
RDX/THT (70/30) 8380
RDX/™n7T (60/40) 7880 0.27
™T 6940 0.30
Tetrvl 7460 0.24
Torpex 7450
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(W x 1.2)/ (W x 0.5) = 466/2854.5 = 2.62 (non-cylindrical)

From Table &-3, (assuming mild steel casing):

and:
(BE’)*%* = 6940, for TNT in a mild steel case
The initial velocity of the primary fragments

immediately after explosion; (V.,), is then determined using

Figure 6-3 or:

Vo = (2E? )W/ W) /(1 + W/2W) )%

which gives:

V.., = &940(1.09/(1 + 1.09/2))*
= 3829 ft/sec {cylindrical)
and:
Vo = 6940(2.62/(1 + 2.62/2))%

7391 ft/sec (non-cylindrical)

The next step is to calculate a parameter that predicts

the primary fragment distribution, (M,), using:

Mw = B(T.)¥7% % O, t7%1 + T,./D,)
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where:

T case thickness, in

D. inside diameter of case; 1in

which, for both cases, gives:

M, = 0.30(0.5)97% x 17.8'/"{1 + 0.5/17.8)

= Q.452

Using this parameter, or Figure 6-4, to determine the

weight of the largest fragment,; (We)y where:

We = (Mo x In(BW /M,=))*

gives:

We = (0.452 x In{{8)(309)/0.4352") )¢

2.12 oz (cylindrical)

and:

We = (0.452 x In((8)(254.5)/0.4527))*%

=2.04 oz {non-cylindrical)
The velocity of this largest fragment at impact with the
structure, (V,), is then calculated using:
(~0.004R, /We 7™

Vaa = (Mode

where:
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which gives:

(-=0.004 =« 25/2.12+"™
Vw = (382%)e

9329 ft/sec (cylindrical)

and:

(-0.004 x 25/2.04 ')
(73%1)e

&<
"

= 6831 ft/sec (non—-cvlindrical)

The maximum penetration, (XF), of this largest fragment

based on it’s final impact velocity may now be calculated as

follows:

XF = 0.162(107™) (W) @-a(Y ) 1-7

which is based on f’. = 5000 psi and armor-piercing steel

casing. Correcting for these gives:

XF? = XF x k x 435000/44000

where:

k = 0.70, mild steel

o

S0
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q@; XF? = 0,1462(10-5)(2.12) ©-*{(3392) ' - x 0.7 x J35000/44000
=8.92", Say 9" (cylindrical)
and:
XF? = 0.162(10-")(2.04) @-(6831)7-" x 0.7 x J3000/J000

= 13.5" (non-cylindrical)

This indicates then that a reinforced concrete arch of
total thickness 13%" or less will be fully penetrated by the
primary fragments coming from the detonation of this weapon.
The fragments will be .mbedded in caoncrete shells that are

any thicker.
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sap 6.3. Cases 1A —~ 1D Summarized
The final designs for the four configurations of Case 1 é
selected for comparison have been summarized and tabulated on

the following page. These figures are those obtained from

the prinouts in APPENDIX A. As discussed in Section 6.2.2,
only those using the minimum allowable amounts of steel are

being compared. The individual configurations and load

functions used are also included in this section as a !
reminder and a reference. J
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6&9 Parameter 1A 18 i 1D

d, in 15 15 15.5 16
hy in 17.5 17.5 18 18.5
P 0.005685 0.006787 0.006323 0.006504
Pa 0.01137 0.01357 0.01265 0.01301
=1\ 0.0025 0.0025 0.002S 0.0025
Rme (P.), psi 230.9 206.9 182.2 159.0
FeiP)y psi 45.1 39.7 34 .4 29.1
Rus (M,), lbs 579.6 687.7 674.8 715.6
Rr(M), 1bs 312.5 331.4 340.2 341.7
P/P, 0.1954 0.1920 0.1886 0.183C
M/M, 0.5392 0.4819 0.5042 0.4779
M/M,(all) 2.544 2.386 2.424 2.364
Pers psi 45.1 39.7 34.4 29.1
P/P,., 1 1 1 1
Vicus lbs 949 .1 997.9 1084.6 1178.8
Vai:s lbs 10285.7 10285.7 10677.8 11070.3
VTnia.2 lbs 1897.4 1897.4 1960. 6 2023.8
Ves cy 1527.2 1603.7 1749 .6 1929.2
WT., tons 994.5 1046.4 1141.4 1258.8

g WT,, tons 39.9 48.6 50.2 S56.9
TOTWT, tons 1036.4 1095.0 1191.8 1315.7
$., & 99266 104239 113723 125398
$., 47894 58285 60194 68257

l @ TOT$, $ 147159 162524 173918 193655
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Figure 6-5. Case 1A Arch Configuration

Pg‘ rsi

21.9

22.5 Tape + ms

Figure 6-6. Case 1A Approximéted Loading

@ Function
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Figure 6~7. Case 1B Arch Configuration

5.1 -‘:PPI ms

Figure 6-8. Case 1B Approximated Loading Function
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Figure 6~-9. Case 1C Arch Configuration

Fe. psi
216 &
2.'8.2 Tapp, ma
Q@@ Figure 6~10. Case 1C Approximated Loading Function
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Figure 6-11. Case 1D Arch Configuration

&,g*i

18.6

35 Taer, ms

%Qb Figure 6-12. Case 1D Approximated Loading Function
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@ b.4. Cases 2A - 2D Summarized

The final designs for the four configurations of Case 2
have been summarized;and tabulated on the following page.
Again, the four groups of information are as cbtained from
the LOTUS SE printouts in APPENDIX A. The individual
configurations' and load functions used are also included in

this section as a reminder and a reference.

T TP,
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Parameter 28 NET) BC______ 2D
ds in 15 14 13 12.5
hs in 17.5 16.5 1S.5 15
p 0.005685 0.005876 0.006777 0.003773
Pe 0.01137 0.0117S 0.01355 0.0115S5
Ba 0.0025 0.0025 0.0025 0.0025
R (PL) s psi 230.9 216.9 202.5 185.1
R-tP), psi 45.1 44,7 43.4 41,3
Rir (ML) lbs 379.6 589.0 649.5 565.8
Re«{M), 1bs 312.5 340.9 364.6 375.6
P/P,, 0.1954 0.2061 0.2144 0.2231
M/™M. 0.5392 0.5788 0.5614 0.64638
M/M,(all) 2.544 2.991 2.524 2.719
Pers psi 45.1 44,7 43.4 41.3
P/Ps,- 1 1 1 1
Voces lbs Q49,1 857.90 778.6 727.2
Vasrs 1lbs 10285.7 .9503.0 8722.6 8333.3
VTpaas 1bs 1897.4 1770.9 1644 .4 1581.1
Ves cy 1587.2 1337.9 1177.2 1074.9
WTzs tons 996.5 872.9 7468.1 701.4
WT.s tons 39.9 35.56 34.8 27.6
TOTWT, tons 1036.4 ?08.5 802.9 729.1
Py B 9266 86961 76516 69872
Foy b 47894 42677 41812 32191
TOT$s $ 147159 129638 118328 103043
86

YO N PSH I RSP K XA TRN R UCARTYTUCX AU AR UMM RN MR AU VAR AR WA DR WUWL W A WU et P Y



FWMWEWWWfLIM TR T MU WU WML TR WL W N N VR 7GR WL LR PR LA LR TR Tl e T TR

S

el

w —

°’&m \\,_

3

°-
GO’ .
€ |
Figure 6-13. Case 2A Arch Configuration
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Figure 6-14. Case 2A Approximated Loading
m Function
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Figure 6-15. Case 2B Arch Configuration

Fe, »s:
211 4
E
]
;
%
E 12.5 TQ"' ms
) Qﬂb Figure 6-16. Case 2B Approximated Loading
; Function
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Figure 6-17. Case 2C Arch Configuration
Pe. poi
¢ 21.) ‘;
|
3 !
E
g 225 —r‘ry. ms
R .
@ Figure 6-18. Case 2C Approximated Loading
. . Function
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Figure 6-19. Case 2D Arch Configuration

Fe. psi
26.1
é
22.5 “Tapp, ms
ﬁgp Figure 6-20. Case 2D Approximated Loading
Function
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CHAPTER SEVEN
FINAL DESIGN COMPARISONS

7.1 Data Analysis Setup

The weight and cost parameters introduced in Section 4.3
were deemed tao be the most meaningful for the purpose of
camparing these final designs. To repeat, these parameters
are as follows; total volume of concrete, (V.), total weight
of concrete, (WT.), total weight of steel, (WT.), total
structural weights (TOTWT), estimated cost of concrete, (%.),
estimated cost of steel, ($,), and total estimated structural
cost, (TOT$).

The concrete weight is determined by using the total
volume of concrete required. The total volume of concrete
required is determined by multiplying the arc length, the
concrete tnickness, and the overall length of the cylindricsatl
arch facility. Converting these to like units gives the

following:

Ve = ((h/712) (L)L L./12))/9,s cy (7.1)

The concrete weight is then determined simply by
multiplying Equation 7.1 by the unit weight of concrete, (7.
= 145 1lb/cf). Converting to tons gives the following

expression:

WT. = (V. % T1.)/2000, tons (7.2)
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The taotal weight of the steel reinforcement was
calculated using the actual steel ratios as designed rather

than the steel that would actually be placed in the

structure, (A, and A,). This offers a more precise
comparison since the actual steel placed for some
configurations would be farther from their respective steel
ratios than for other configurations.

The weight of the steel reinforcement is calculated
using the same basic principles that were used for the
concrete calcualations. The volume of steel is first
determined and than multiplied by a unit weight of steel, (71,
= 0.2827 1b/in®).

The volume of steel is simply the total cross-sectional
area of the steel, (A, or A,), multiplied by the length of
the steel. The length of steel in the primary direction is
the arc length, (2L.,., since L, was defined as one half the !
arc length). The expression, A, = pbd, would now be used to
determine the total weight where the total width, (b), equals
the length of the cylindrical arch, (L). Multiplying the
final expression by two since the same amount of steel exists

in each face and converting units gives the following:

WTalp) = 2¢(plL x 12)(d) x 2L.) % Ta)s lbs (7.3)

The length of the steel in the longitudinal direction is é
6&9 the overall facilty lengths (L). Therefores the volume of g
92
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6@9 Again, using the basic expression: A, = p.bd, where b now

steel in the longitudinal direction would equal, A, x L.
equals the arc length, (8lk)s yives Lhe following:
Wie (1) = (pr (8L {d) » (L x 13)) » T lbs (7.4)

The total weight of steel is then found by summing

Equations 7.3 and 7.4. Converting this total to tons gives

the following:

WTw = WTW(p) + WT,L(1)/72000, tons (7.3)

and the total structural weight becomes:

TOTWT = WT. + WT.,y tons (7.6)
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4§b Converting these into total estimated cost figures is
then accomplished by applying an estimated unit cost. The

following unit costs will be used:

Concrete: $465/cy (in-place)

Steel: %1200/ton (in-place)

and, therefore:

Concrete Cost: $. = V. x $45
Steel Cost: %, = WT, x $1200

TOTAL COST: TOTS = $. + %,
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@ 7.2 Data Analysis

7.2.1 Case 1

The data presented belaow is that to be compared for the

final four designs of Case 1. The appropriate weight and

cost data has been drawn from the summary in Section &-3 and

is shown below. Figure 7.1 shows how the total structural
weight relates to the angles ef incidence; (x), for the

respective configurations.

Case _ V_ WT .. WT TOTWT $ $ g TOTS
14 157 110.7  39.9 150.6 99265 47893 147159
1B 1604  116.3 _48.6 164.8 104239 SBE85 14,2524
1C 1750 126.8_ 50.2 177.0 113723 60,."__ 173918
1D 1929 139.9  S6.9 196.7 125398 68257 193655
|
|
|
|
|
|
|
|
i
® |
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Figure 7-1. Case 1 - Total Structural Weight vs.
Angle cf Incidence
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@ 7.2.2 Casg 2
The data presented below is that to be compared for the
final four designs o% Case 2. It has been compiled in the
same manner as that for Case 1, (Section 7.2.1). It is also

follcwed by a similar plot of weight vs. angle of incidence,

(Figure 7.2).

Case Ve, W, WT., TOTWT $,. $ ., T0TS
25 1S87 110.7 39.9 150.6 99265 47893 147159
28 1338 ?7.0 335.6 132.6 B&61 42677 129638
2C 1177 85.3 34.8 120.2 76516 41811 118328
2D 1078 77.9 27.46 105.6 69871 33191 103043
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Figure 7-2. Case 2 - Total Structural Weight vs.
Angle of Incidence
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@ 7.3 Interpretation

From the plots for the two case, (Figures 7-1 and 7-2),
it appears that theré is very nearly a linear relationship
between the total structural weight, (TOTWT), and the angle
of incidence, (). These relationships would alsc hold for
the total estimated cost, (TOT$)s; since these costs are
decarmings By muluviplying the weight by a constant. It is
also clear that there is an inverse relationship between the
two cases examined. In Case 1s the structural weight and
estimated cost are increasing as the angle of incidence
increases. For Case 2, the weight and cost are decreasing as
the angle cf incidence is increasing. The relationship
between the structural weight and the angle of incidence can
be approximated by the following expressions for the two

cases:

CASBE 1: TOTWT = 2.150(x) + 149,70

(correlation coefficient = 0.92947)

CASE 2: TOTWT = -2.106{x) + 149,36

{correlation coefficient = 0,9973)
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From these expressions; it can be seen that the two
relationships evaluated are nearly the exact inverse of one
another. The slope eonstant for Case 1, (2.150), is nearly
the opposite of the slope constant far Case 2, (-2.1Cé6). The
carrelation coefficients indicate that these expressions are

quite reliable since they are so close to one, (1), in each

case.
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@ CHAPTER EIGHT
CONCLUSION AND RECOMMENDAT IONS

8.1 General Statement

In the development of any structural system, the
designer is faced with making numerous assumpiions,
approximations,; and estimations, based on personal judgements
and experience. For the method presented in this report, a
criticel approximation is made initially for the loading
function which ultimately governs the whole design. With
this in mind, the lev2l of precision or accuracy when
designing for praotective structures has been estimated at

about 25% at bests; (Reference 1).

8.2 Canclusions
It appears that the reduction in eguivalent load as a
function of the reflected pressure and angle af incidence, is
not enough to have a real impact on the final designs. The
original thought that the section thickness could be reduced
enoughs because of this load reduction, to overcome the
increases in arc length and facility size did not hold true.
This was because other criteria, such as buckling, played a
much larger role. A look at the buckling expression useg in
Section 6.2.1 to select a trial section,; makes this much more |

obvious.

|
101 |
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ors:

It can be seen, from these expressions, that thz radius of
the arch has much more impact on the moment of inerties (1},
and, hence, on the final design requirements, than dees the
estimated loading condition, (P,). This iz why the smallecst
structures, (most clesely fitting the minimum dimensian
requirements and having the smallest arc lengths), turned out
to be the most economical in each case,; regardless of the
angle of incidence and loading conditions, It must also be
pointed out again that the static critical buckling load is
being used and is governing in all of the cases examined.
This 1s probebly overly conservative feor an applied dynamic

load, however, any refinements or reducticns of the sections

to account for this could be applied to all cases and soc the
comparisons would not change significantly from those already
eramined.

It was also interesting to note. (Section S5.4), that the
reductian in the reflected pressure alone, due to the
increase in the angle of incidences did not produce
significant reductions in the overall equivalent loads, (P,).
In Case 2 where the change in the reflected preszure is the
only variable, the equivalent pressure reduction was only 1.8

psi over an increase of 21° in the angle cf incidence. This
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is approximately a 6.35% reduction. In Case 1, the

@ ’spreading’® of the arch introduces another variable into the
load equation through the wave transit time, (T _...)s which is
dependent on the arch bay widths; (D). When this variable is
taken in conjunction with the same reflected pressure
reductions, the resulting reduction in the equivalent

pressure is 9.3 psi over the same increase in angle of

incidence. This is approximately a 33% reduction. Agains
geometric characteristics, (arch bay width),; are having much
more impact on the final design than are changes in the angle
of incidence. Even so, in Case 1y where the load reduction
does seem significant, it was not enough to overcome the
increased sizes of the arches. This is still largely due to
the fact that while this increase in arch bay width results
in greater load reductions, it is also creating larger arc
lengths; (slenderness ratios), which brings stability and
buckling back into play as the governing criteria as

previously discussed.

8.3 Recommendations

Reviewing the results as tabulated in APPENDIX A,
reveals that more concrete and less steel yields a more
economical structural designs hence, only those designs that
used the minimum allowable amounts of steel were used in the
comparisaon studies in the prior chapters. As pointed out in
Section 46.2.2, these economical designs would probably not be

W the ones actually chosen to construct the actual structures.
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More steel would be required to insure that a *brittle’ or
§§b sudden failure does not accur at the time when the concreate,

(at its’ extreme compression fiber), begins to crush. O0One
half of the maximum éllowable steel ratio, as presented in
References S and 6, is generally used as the basis to assure
that a ’ductile’ failure occurs at that point. The alternate
design printouts in APPENDIX A, as well as the long-hanrd
iteration of Section 6.2y show steel ratios closer to thris
amount. It is recommended that designs such as these be used
Tor actual application. Agains for the comparitive nature of
this report, the minimum allowable steel ratio was chosen.
Similar expressions and relatio'ships to those of Section

7.3y which were the primary purpose of this report, would

Pty X

most likely result for any steel ratio as long as the same

basis was used for the steel ratio in all cases.

If buckling had not been critical, which could be the !
case with other léading conditionss (nuclear), and structural
configurations, these designs would have been based on
strength criteria. It was established in Section 3.4.56 that
the allowable bending capacity cannot be increased for

increaszd axial loads under these short duration losding

conditions. Combine these extremely short load durations i
with the critical buckling nature of these structures, and

the actual bending capacity comes nowhere close to that }

allowed on the interaction diagram, (Figure 3-9). The

designer then must make a decision as to what values will be

§ﬂ§ used as the allowable in his/her design. Using the
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interaction equation for steel in combined loading, (P/P, +
g@b M/M, £ 1), would probably be too conservative even though all
cases in this report meet that limitation,; as well.

Based on the re%ults shown in APPENDIX A, and other
iterations that were performed and not included in this
reports it was determined that these structures are much more
sensitive to the bending or flexural response than they are
to the axial or compressive mode. Variances in the steel
ratios and concrete thicknesses, as well as in the structural
configurations themselves, result in greater changes in
bending capacities than in axial or compressive capacities.
It follows then, that if these designs were based on strength
and not on stability, the designer should probably use some
allowable bending capacitys less than that allowed for on the
interaction diagram, as the governing criteria for this

design process.

Based on the simplified method used, it appears that
smaller is better regardless of the angle of incidence and

applied loads and that a designer should attempt tao fit the

dimensional requirements as closely as possible. This ig not

L

to say that more precise methads or different types of loads,

TR

{say from a nuclear explosion at a greater distance), would

produce the same results and conclusions. As pointed out

T

{
earlier in the report, it is recommended that some more I
. . . . {
rigorous or in-depth method, such as a non-linear analysis, .

|

(Reference 4), be used for the final designs.

Gﬁa It may be seen from these results that a correlation
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between the cost or weight of an arch structure and it’s
respective angle of incidence cannot be made across the
board. As shown in CHAPTER SEVEN, Case 1 exhibits an
increase in total weight and estimated cost as the angle of
incidence increases, whereas, Case 2 exhibits the opposite
behavior. It is strongly recommended that when using the
method presented here, each evaluation be made individually

on a case-by-case hasis.
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! APPENDIX A
LOTUS 1-2-3 SE PRINTOUTS

Notation Used in L.0OTWS

The following notation is that used in the ensuing

printouts that differs from that used in the body of this

»

report., The printout notation appears first followed by its

corresponding notation or symbol used in the main body.

we = T
B = radians

B~ = # degrees

]

vT Aoy

v =H
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CASE 1A
L . =ash 4
QBB MATERIAL FROPERTIES DIMENSIONS ACTUAL CAFACITY
fre= 4000 S 360 Rmc (Pu)= 230.914628
f dc= 5000 Eee 0
; we= 145 = 1.57079463 a= 08828470
Ec= 3640000 = 60 M= S4625.234%
‘ fy= 40000 = 30 Rnf (Mu)= S79.359174
fdy= 44000 n= 2
: La= S565.48667 REQUIRED CAFACITY
; LOADING CONDITIOMS vf= 0.75 - -
v= 1.8333333 Thne= 0.0174803
Fe= 27.9 = 1 Ta/Tne= 1.2871594
Tapp= 0.0285 = 15 Fm/Fm= 0.&182000
= 17.5 Re(F)= 45.131019
STRUCT'L PROPERTIES Ac= 17.5
——— - Thf= 0.818724%
Ia= 192.82540 p=  0.005685 Fm/Rm= S0.487233
K= 298. 10000 pt=  0.01127 RFiM)= 312.49577
m= 0.0038043 pl= 0.0025
Mt= 2.1512822 As=  0.085275
d h p M/Mu F/FQ M/MuHP/Pu
15 17.5  0.005685 0.5391653 0.1954431 0.7366084
pfdy/fde= 0.050028 M/Muiall)
2.5442116
SHEAR CHECK CRITICAL BUCKLIME = ———eeeeee
l Vact= 949.14332 For= 45.1316%94 Ve= 1527.1630
WTe= 99&.47351
Vall= 10BBS.714 F/FCr= 0.9999850 WTst= 39.911417
————————————————————— TOTWT= 103&.2353
YTall= 1897.2665 0.1M= 1.8348099
o= 99RES.L01
0.05M= 2, 5446091 $st= 47292.70G0
TOTS= 147159,30

R
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CAFPACITY

232.356073
1.1872804
TO170.684
744 .53408

CARACITY

e o v S A S 4SS PN S Mt et e anef PSS S Ml G

0.0174803
1.28713%94
0.46182000
45.13101%

0.80&9473

49 .761070
317.0366&64

M/ Mu+P /P

— e o e i e e et s v et 400 s masts ety

[P Y

1483.32%3
FEE.O0R3ER
S0 .933872
1018.9549

F6HET . 441
61144 .406

CASE 1A

MATERIAL FROFERTIES DIMENGIONS ACTUAL
fig= 4000 = 360 Emoc(fu)=

frde= 5000 Bo= G0
wCe= 145 B= 1.5707943 a=
Ec= 3640000 D= .60 M=
fy= 4000 H== 20 Rmf (Mu)=

fdy= 44000 n= 2

La= 363.4B&67 REGUIRED

LOADING CONDITIONS vf= 0.75
——— v= 1.8332323 Trnc=
Fe= 27.9 b= 1 Ta/The=
Tapp= 0.028%5 dg= 14.3 Fm/Rm=
h= 17 RedF)=

STRUCT L. FROFERTIES Ac= 17
- ™nf=
Ta= 192.82476 p= 0.,007909 Fm/Fm=
K= 298.09747 pt= 0.015818B Rfi{iM)=

m= 0,00367956 pl= 0.0025

Mt= B.0898170 Azs= 0.11446805

d h p M/Mu F/FQ
14.5 17 Q. 0790% 0,.4238457 Q.17E2303
pfdy/fde= O.0695992 !
SHEAR CHECK CRITVICAL BUCKLING
Yact= 927.13088 For= 45.131311 Ve
WTe=
Vall= 9894.1176 F/Fer= Q.9999935 Wlzt=
: e e i i e e e TOTWT=
VTall= 1834.1210 Q.iM= 1.,8270452

Ho=
O.0SM= 2.,.52956573 Szt=
TOTS=
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@ CASE 1B
MATERIAL FROFERTIES DIMEMNSIGNS ACTUAL. CARPACITY
frg= 4000 = 409,92 Fmc(Pur= 2058.923345
frde= SO00 B= 23
we= 145 B= 1.4484232 a= 1.03539811
Ec= 3640000 D= &8 M= 64830.687
fy= 40000 H= 30 RmfiMu)= &B7.48%920
fdy= 44800 n= 2.16846746
La= 593.8172635 FEQUIRED CnFACITY
LOADIMG CONDITIONS vf= 0,78737&5 - —
v= 1.6751009 Tre= 0.0172042
Feo= 24.7 b= 1 To/Tne= 1.28460285
Tapp= 0.0252 d= 15 Fm/Rm= 0.5216024
k= 17.5 RoelFy= 39.735243
STRUCT"L PROFERTIES Ac= 17.5
- - Tnf= 0.8038574
Ia= 203.03434 p= 0,006737 Fm/Fm= 44.259322
K= 271.08855 pt= 0.013574 RfiMi= 331.39508
m= 0.,0038043 pl= Q.0085
Mt= RB.B590694% As= 0.101805
d h p M/ F/Pu M/ Mu+F P
1S 17.5  0.006787 0.4818895 19202809 0.5732105
pfdy/fde= 0.05972%6 M/Mulall)
. 2.3853831
SHERR CHECHK CRITICAL RBUCKLING @ =
Vact= 997.93092 Fer= 292.732631% Ve= 1603.67%8
: WTo= 1046.4000
Vall= 10285.714 F/Fer= 0.99999205 UTst= 48.370977
) — - TOTWT= 1094.9719
VTall= 1897.36545 O.1M= 1.8228015
(o= 104229.17
0.05M= 2.3214854 $gt= SBEBS.173
TOTE= 1&£2524.34
110

$ 1% el Byt 8.8 o8 Bl Spn @ % ALi A-) 8.5 )

{
i
l
i
i
|
1
{
!
1

i
i
!



AUV WY AN LA RLEN EN T RN ARG WU N Neee

CASE 1B
MATERIAL PROFERTIES DIMENSIONE ACTUAL CAFACITY
fle= 4000 = 409 .98 Rmc {Fu)= 207.57012
f de= S000 B= e3
we= 145 = 1.,4486232 a= 1.370424
Ec= 2540000 = &8 M= B04é61.497
Fy= 4000 = 30 Rinf{Mu)= 833.30486
fdy= 44000 n= 2.1686746
La= 593.81945 RERUIRED CaFACITY
LOADING CONDITIONS vf= 0.78737&6%5 00 emmm—mee—ememmmee—ee
- —— = 1.,6731009 Thc= ¢.0199042
Pe= 24,7 = 1 Ta/Tnc= 1.2856560385
Tapp= 0.08252 = 14.5 Fm/Rm= 0.5215034
h= 17 Re(fF)= 39.733943
BTRUCT L. FROFERTIES Ac= 17
- - - Tnf= Q,7922934
Ia= 203.03290 p= 0.00912° Fm/Rn= 43.54622688
K= 271.08&43 pt=  0.018258 FFiMi= 234.23203
m= 0.0036936 pl= 0.00285
Mt= 2.1943243 A= 0.1323705
d h p M/ Mu F/Pu M/ MR/ P
14.3 17 0.002129 0.3939487 0.183%60567 2.583T498
pfdy/fde= 0.0803352 M/Mulall)
2.0880383
SHEAR CHECH CRITICAL BUCKLING e
Vact= 974.8854466 Fer= 3%9.736038 Ye= 1557.86012
WTo= 101&.5037
Vall= 9894.1176¢ F/Fer= 0.9999275 WTzt= &0.&3284%
———————————————————— TOTWT= 1277.1375
VTall= 1834.121¢C 0.1M= 1.8143306
dc= 1C1R&D.F1
0.03M= 2.5051738 fzt= TR760.5617
TOTE= 174021.53
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CASE 1C
MATERIAL FPROFERTIES DIMENSIONS ACTUAL CAFACITY
o= 4000 474 .84 RmocifFuy= 182.19954
frde= 5000 75
we= 145 1.32564502 a= 1.01446553
Ec= 3640000 77 M= &64652.&5%0
foy= 40000 30 Rmf (Mu)= &74.78487
fdv= 44000 2.3684210
= 429.85162 REQUIRED CAPACITY
LOGDIMG CONDITIONS = 0.8217883 = @ memmemmmee e
- 1.5423677 Trc= 0.02305565
Fe= 21.6 1 Ta/Trnc= 1.2230780
Tapp= 0.0282 19.95 FPm/Rm= 0.682853358
18 RoifF)= 34.3463583
STRUCT"L PROFERTIES 13
- Trf= G.8126325
Ia= 219.29248 p= 0.006323 Pm/Pm= 39.983674&
k= 245.34181 pt= 0.012646 RF(M)= 340.25873
m= 0,0039129 pl= Q.0085
Mt= 2.4646072 As= (.0980065
d h u] M/ Mu Fs/Pu M/MuHR S Pr
15.5 18 0.0063232 0.5042462 0.1886130 0,56728613
pfdy/fde= Q.0554&424 MiMul{alll
2.4208754
SHEMR CHECHK CRITICAL RUCHLIMNMG e
Vact= 1080.63267 FPor= 34.366089 Ye= 1749.5878
WTc= 1141.8060
Vall= 10&77.777 F/Fer= 0.9999870 WTst= S0.,162013
—— TOTWT= 1191.7680

VTall= 19&0.6121 0.1iM= 1.8108303

sc= 113723.281
0.05M= 2.4984721 Ecf= 60194.41%
TOTs= 1723717.42
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ACTUAL CAFACITY

187.03293
1.6618022
F6540.197
1007.6001

CAPACITY

CASE 1C
MATERIAL PROFERTIES DIMENSIONS
fle= 4000 = 474 .84 Rmc{(Fu)=
Tde= 000 B= 76
we= 145 BR= 1.322&4302 a=
Ec= 3640000 = 77 M=
fy= 40000 = 30 Rof{Mu)=
fdy= 44000 n= 2.3684210
La= 429.351&2 REQUIRED
LOADING CONDITIONS vf= 0.8217283 ———
- v= 1.5423677 Tnc=
FPe= 21.6 = 1 Ta/Tne=
Tapp= 0.0882 = 14.5 Fm/Rm=
= 17 Re(fP)=
STRUCT L FROPERTIES Ac= 17
Thnf=
ITa= 219.328%70 p= 0.01107 Pm/Rm=
k= 243.37898 pt= 0.02214 Rf{M)=
m= Q.003&6956 pl= 0.0025
Mt= 2.3276846 As= 0.160515
d h p M/ Mu F/PU
14.5 17 0.01107 0.3475087 0.1837408
pfdy/fdc= 0.097418
SHEAR CHECK CRITICAL RUCKELING
Vact= 1031.5432 Por= 34.371235 Ve=
WTc=
Vall= 9894.1176 F/Fecr= 0,9998355 WTzt=
- - TOTUT=
YTall= 1834.1210 Q.iM= 1 ,7937465
$c=
0.05M= 2.46553&6 tst=
TOT%=

113

0.028305865
1.2230780
0.6285353

34.365583
0.7896745

38. 834206
250.14936

M/ MU S P

— . — e . . e o st ety e St e

1652.3883
1078.1835
76.340327

1134 .5238

107405.25
915608.392
129012.64
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@ CASE 1D
MATERIAL FPROPERTIES DIMENSIONE ACTUAL CAFACITY
fre= 4000 r= S61.12 Rmc (Fu)= 158.99189
f de= 5000 ~= &9
we= 143 = 1.2042771 a= 1.0772684
; Ec= 3640000 D= 87 M= 70794 ,520
[ fy= 40000 H= 30 Rmf{Muw)= 714.96492
fdy= 44000 n= 2.60869356
La=s 673.74401 REQUIRED CAFACITY
LOADIMNG COMDITIONS vf= 0.8330355
- -- - v= 1.4306414 Trnc= 0. 0272460
Fe= 18.6 = 1 To/Trnec= 1.13461312
Tapp= 0.0313 = 16 Fm/Rm= 0.63933254
= 18.5 FoiP)= 29.09278%
STRUCT "L FROFERTIES Ac= 18.35
Tnf= 0.8351705
Ia= 243.24305 p= 0.00&6504 Fm/Rin= 3&.786738
{= 280.37382 pt= 0.013008 RE(MI= 341.86746
m= 0.0C40216 pl= 0.0025
E Mt= 2.71746333 As= 0.104064
' d h P M/ M F/Fu M/MU+HR /P
16 18.3 0.006504 0.4778B00 0.1829888 0.48608429
pfdy/fdc= 0.0572352 MsMuiall)
2.3635608
SHEAR CHECHK CRITICAL BUCKLING —  —=——mom—e
Yact= 1178.8401 For= 29.093%924 Ye= 1929.2074%
WTe= 1l258.8078
Vall= 11070.2790 F/FPcr= 0.9999410 WTzt= 546&.8B07132
- TOTWT= 13215.46883
ix YTall= 2023.8577 D.1M= 1,.791086%
¥ sc= 1253298.48
0.03M= 2.4604133 $st= 68256.35
: TOTS= 193655.34
?
| @
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CASE 1D
MATERIAL FROFERTIES DIMEMNSIONS ACTUAL CAFACTTY
fie= 4000 r= 561.12 Fmci{Pu)= 1&5.73571
f dc= S000 B= &9
we= 145 B= 1.2042771 a= 2.092584
Ec= 3640000 D= 87 M= 119653.26
fy= 40000 H= 30 FEmf (Mu)= 1208.3%970
fdy= 44000 n= 2.560856956
La= &75.74401] REQUIRED CAFACITY
LOADING CONDITIONS vf= (0.B530555 - - ————
v= 1.4306414 Tre= 0.0272460
Fea= 18.58 b= 1 Te/Thnc= 1.1561312
Tapp= 0.0313 d= 14.5 Fm/Rm= .63223336
h= 17 Re(fF)r= 29.0927e%
STRUCT®L. FROPERTIES Ac= 17
Taf= 3.8003&321
la= 243.38697 = 0.01394 Fm/REm= 25.22359%9
K= 220.50239 pt= 0.027E8 Rfi{M)= 356.524&39
m= 0.0036956 pl= 0.0025
Mt= 2.4972848 As= 0.20213
d h o) M/ Mu F /Py M MuER /R
14.5 17 0.013924 0.2950407 O.1753382 2.4703770
pfdy/fdec= 0O.1R2R&72 M/Muiall)
1.4720163
SHE~R CHECK CRITICAL BRUCKLIMG e
Vact= 1099.4319 FPor= 29.110899 Vie= L1772.7852
WTe= 1134.74332
Vall= 9894.1176 F/Fer= Q.9993779 ViTst= 100.93224
——————————————————— TOTWT= 1287.7284¢&
VTall= 1834.1210 D.1M= 1.7642548
Sc= 115221.03
0.05M= 2.40874458 tst= 121178.8%
TOTs= 22&409.73
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ALTUAL CARACITY

CaAPACITY

O3, 01748503
1.28715%4
0. 6182000

43.131017

2.2187247
T0.nB8T3E3

21R2.49377

M/Mu+R /Py

s e S e ottt e W M08 S S Ponte e S0 e O

CASE 2A
MATERIAL PROFERTIES DIMERNSIONS
f c= 4000 = 360 Rmec(Fu)=
f dec= 3000 B= @0
we= 145 B= 1.57079463 a=
Ec= 3640000 D= &0 M=
Fy= HOO00 H= 30 Fmf(Mui=
fov= 44000 n= 2
La= S&65.486567 REGQUIRED
LOADING COMDITIONS vF= Q.75 ——— ———
— v= 1.8333323 Trc=
Fe= 27.9 b= 1 To/Trec=
Tapp= 0.0225 d= 15 Fm/Rin=
h= 17.5 ReiF)=
STRUCT*L FROFERTIES fc= 17.5
- T\'l =
Ia= 192.82640 =  O,00568% Fm/Ra=
= 298.10000 pt= 0.011387 M=
= (.0038043 pl= 0.0025
Mt= 2.1512822 As= 0.085275
d h P M/ U F/PQ
1S i7.5 0.005680 0.53921683 0.19594431
pfdy/Tde=s  0.030028
SHEAR CHECE CRITICAL BUCELIMG
Vact= 242.14332 Fer= 45.121&694 Je=
Wic=
Vall= 146285.714 F/Per= 3.99998S0 WTst:=
— ———— TOTWT=
YTall= 1897.3685 O.iM= 1.8348029
Fo=
0O.0SM= 2.5445091 Szt=
TOTE=

1i6

—— s S i s Povis S S s s 90 e

e o Gt se o e e S

- 2ra Som o o s o 700 Prrme

§ i
WSSO WAL WL WRCLOOL s MO WO M DO L 0 M0 A U MW M Y YN e MO A RO N



AL AN LYY A RS BN A EE R N EY LV TP XNAS AV RV IITUR INY A VARIAMANNE AR LA "N

WRIWEHIIWLUL T/ EUE L R TN

CASE 2A
MATERIAL PROPERTIES DIMENSIONS ACTUAL CAPACITY
Trle= 4000 = 340 Rmc(FPul= 261.41511
f'de= S000 B~= 0
wc= 145 B= 1.5707963 a= 1.87704
Ec= 3640000 D= 50 M= 100208.20
o= 40000 H= 20 RmfiMul= 10&632.2420
fdy= 44000 n= 2 :
La= $565.48667 REQUIRED CAPACITY ;
LOADING CONDITIONS vf= 0,79 - ——— '
v= 1.8333333 Tne= 0.0174803 l
Fes= 27.9 b= 1 To/Tnc= 1.28713%94 y
Tapp= 0.022835 d= 13.5 Fm/Rm= 0.5182000
h= 16 Foi(F)= 45.131017%
STRUCT L FROPERTIES Ac= 16
Tnf= 0.7825526
Ia= 192.97336 = 0.01343 Pm/Rm= 48.2356739
k= 298.32718 pt= 0.02&86 RF(M)= 32&6.94041
m= 0,0034782 pl= 0.0025
Mt= 1.96568865 As= 0.1813085
d h ] M/ Hu F/Pu M/ M+ /P ?
12.5 16 0.01342 0.3074938 0.1B69436 0.4944375 ’
pfdy/fdec= ©0.118184 M/Mu(all?
1.58&3853 '
SHEAR CHECK CRITICAL EBUCKELING —=————e—— [
- 3
Yact= 883.4T5538 Por= 45.1646090 Vo= 13946.8884
WTe= 911.0&186
Yall=’ F112.5 F/Pcr= 0.3992235 WTzt= 746.035998 :
- TOTWT= 287.0%72¢&
VTall= 1707.4299 0.1M= 1.B049852
$c= F0757.181 )
0.05M= 2.4871781 ggt= 21843.197 b
TOTs= 182C00.21 ;
F
!
|
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CASE 2B
MATERIAL FHJFERTIES | DIMENSIDNS ACTUAL CAFRCITY
fle= 4000 = 362.7 Emc{Pu)= 21&.8&504
f'de= S000 Br= 83
we= 145 B= 1.4486222 a= 0.83146742
Ec= 3640000 D= &0 M= 49133.256
fy= 40000 H= 25.54 Fmf (Mu)= 38Y.L4028
fody= 44000 n= 2.16846746
La= S285.41546 RERUIRED CAFLCITY
LOADING COMDITIONS vf= 0,7873765 =000 e e
: v= 1.6731009 The= 0.0L7860 14
H Fe= 27.7 b= 1 Ta/The= 1.2773775
Tapp= 0.0225 d= i4 Fm/Rn= 9.&1377435
b= 16.5 Fo(Fy= 44,69574832
STRUCTL FROFERTIES Ac= 1&£.5
Thnf= CL&FE2742
Ia= 1358.2162°9 p= 0,003876 Pa/FRm= 42.£89773
K= 304,.933224 pt= 0.011752 Ffifi= 340.72508
m= 0,003T8&9 pl= 0.00RS
Mt= 1.8846203 As=  .082R264
- |
d h D M/Mu /Fu S PAART S PR /
14 15.9 0.00887& 0.S787803 0.20&0794 L.T7EARTIT
pfdy/fdc= 0.0Z17028 M/Madall) s
2.5711722
SHEAR CHECHK CRITICAL BUCEKELIMNG —————————
Yact= 837.01508 Por= 44,4597293 YYo= 1337.862%
WTo= B72.75583 ;
Vall= 9503.0303 F/Fcr= 0.99994657 Wigt= 35.5&u27) |
TCTWT= 208.320%:0
VYTall= 1770.8734 v.iM= 1,.8722029
' o= 96941.157
O.0SM= 2.461656138 tst= 42L£T77.128 {
TOTE= 12946328.2¢2
[
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CASE 2B
MATERIAL FROFPERTIES DIMENSIONS ACTUAL CAFPACITY
fre= 4000 r= 362.7 Rmci{Fu)= 219.47616
f de= 5000 B 82
we= 145 B= 1.44B56232 a= ‘L .1590&87
Ec= 38640000 D= &0 M= &3846.7548
= 40000 H= 2&6.24 FEmf{Mul= 7&£3.03721
fdy= 44000 n= 2.1686746
La= 525.415&64 REQUIRED CAFPACITY
LOADING COMDITIONS vf= Q.78737565 -
v= 1,46751009 The= £.0176114%
Fe= 27.7 b= i Ta/Tnc= 1.2775776
Tapp= 0.0225 d= 12.9 Pm/Fm= 0.4127455
h= 16 Re(Fi= 44,5695762
STRUCT L FROFPERTIES A= 16
Trift= Q.EB1706&6
ia= 158.21425 p= 0.008293 Fm/FEm= 42.037988
= 304 .93317 pt= 0.015384 RfiM)= 24&5.2109%
m= 0.0034782 pl= 0.0025
Mt= 1.8R278108 As= 0.1119555
d h o] M/ Mu /U M/ Mu+F /PO
12.5 16 G.008292 0.4537275 0.2034620 0.4657189%
pfdy/fdc= 0,0729784 M/Muialiyl
2.2808288
SHEAR CHECK CRITICAL BUCKELIME e
Vact= 835.97935 For= 44.597283 Ve= 1297.382%
WTe=s 24&6.,50301
Vall= F1i12.35 F/Pecr= O.9999659 WTst= 45.92€014
—— —— - TSTWT= 892.427C2
YTall= 1707.56299 O.1M= 1.8&4E9483
Etr= Z4325.970
0.05M= 2.5987921 Hzt= S5111.3217
TOTs= 1392437.12
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MATERIAL

FROFPERTIES

CASE 2C

DIMEMNSIONS

f'e=
f de=
we=
Ec=
fy=
fdy=

LOADING

4000
5000
143
3640000
40000
44000

CONDITIONS

Fe=
Tapp=

STRUCT L

27.1
0.0223

FROFERTIES

Ia=
k=
m=
Mt=

SHEAR

132.12043
309.87163
0.0033695
1.£582385

= 371.01&
75
= 1.324&45082
= &0
= 23.44
= 2,3684210

La= 492.1342S
vF= 0.8217283
v= 1.34283&77

= 1

d= 12
= 15.5
Ac= 15.5

03.006777

p:.’
pt= ©.013334
pl= 0.0025
Az=  (.088101

T

p

RGP 3. A% T RY LBV E e B8 8 5 ¥ 0 JV. 070 AN 20, -0t } FIWNET . B, SV, 302 5% ¥¥e ¥ 3. U 1,0 3 0 W.N B, Nat B3 o2 oto o8 B

-‘u'n'unn‘xuuw
i
}
ACTUAL CARBCITY
EmoiPul= 202.4E7E%
a= Q.9121044
v
M= GEEET.FLL
FonfiMur= 549 .S2421
REQUIRET CAFACITY
Trc= 0.0I80ISE !
T The=s LUEABSLE b
Pm/REmE O.E843640E
ReiP)Y= 42.406153
!
Tyf= 0,231 2%
Fa/Rn= 36.57 a0l i
RFiii= B&4.63328 )
= /S0 PR AR A~ ;

D.O0E777

CHECK

Vact=

Vall=

VTall=

778.564850
T722.3580&

1644.3843

pfdy/vdc=

CRITICAL

BRUCKL ING

FPcr=

43, 404923
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CASE 2C
MATERIAL FROFERTIES DIMENSTONS ACTUAL CAPACITY
‘e= 4000 r= 371.Q18 Rmc(Ful= 209.84464
frde= 3000 = 76
we= 143 = 1.3R64502 a= 1.3B0272%
Ec= 3640000 D= 50 M= 73287.237
fy= 4Q000Q = 23 .44 Fmfi{Mu)= 1005.4&4712
fdy= 44000 n= 2.3684210
La= 492.13425 REQUIRED CAPACITY
LOADING COMDITIONS vf= Q.8217283 |  —memeemcee—ceem—oeeee
- _ = 1.54234677 Thne= Q0180182
FPe= 27.1 = i To/Tne= 1.26409418
Tapp= 0.0225 = 12 Fm/Rm= 0.52432642
= 14.5 Ro(P)= 43.404153
STRUCT"L. FPROFERTIES Ac= 14.3
Tnf= Q.5736003
Ia= 132.15744 p= 0.01272 Fm/Rm= 38.371327
K= 309.95841 pt= 0. 02544 RY{M)= 377.05011
m= 0,0031521 pl= 0,0025
Mt= 1.5512741 As= 0.i58564%
d h p M/Mu F/FPu MAMUHRR /R
12 14.3 D.01272 0.3749238 0.2046823%94 0.5817532
~Tdy/fde= 0.111936 M Muiall)
1.6565200
SHEAR CHECHK CRITICAL BUCKLING —  =om——e———
Vact= 742.07087 Ber= 43.417139 Ve= 1101 ,.8843
WTe= 718.55419
Vall= 7944.8275 F/Pcr= 0.9997008 WTgt= 235.97.°41
- TOTWT= 774 .52573
VTall= 1517.8932 O.1M= 1.8747996
sc= 7157+.712
0,05M= 2.46216142 Fot= &T170.647
TATs= 138730.3&
121

ﬁnmmwnmmuuxuumxn L D T S I R A R PLT LS I LS L Ve IV I R W TE PYTE VLR LY

R,



. BT

CASE 2D

R RS VP VIS ER T T VAR Vol F. b BoF JoR 2.5 RS v 1.V 3-8 Gad .8 Beb S:8 0.0 2.0 8.2 ] uuunmmuma.m

MATERIAL FROFERTIES DIMENSIONS ACTUAL CAFACITY
———e e v P L o L L e e s s ot o e 2
fie= 40Q0 "= 385.608 Rmci{Fu)= 185.085Rs6
frde= S000 B= 59
we= 145 = 1.20428771 a= 0.7470941
Ec= 264000C D= 50 M= 38403 307
fy= 40000 = 20.42 Rinf(Mu)= S&5.83893
fdy= 44000 n= 2.6086956
La= 464.378%1 REGUIRED CAFACITY
LOADING CONDITIONS vf= 0,8330888 2 ——meme——- - -
- = 1,4306414 Tre= 0.0187237
Pe= 25.1 = 1 To/Thc= 1.2016799
Tapp= ¢.0223 = 12.5 Fm/Rm= 0.&319870
n= 13 Re(Fy= 41.298311
STRUCT L FROFERTIES A= 135
- o nf= Q.S22242883
Ta= 112.06201 p= 0.005773 Fm/Rin= 32.266562
= 312.82650 pt= (.011E46 RF{MY= 375.63002
m= 0.00232608 pl= 0.0025
Mt= 1.5142609 As= 0.0721685
d h p M/ Mu /R M/ MuHR /P
12.3 18 0.008773 0.56438461 0.22J1312 Q.EBRB&F774
pfdy/fdc= 0.030B024% o Mulalls
2.71884&3%
SHEAR CHECK CRITICAL BUCKLING e
Vact= 727.24412 For= 41.297579 Vo= 1074 ,9511
WTia= 701.,40563
vall= 8333.3333 F/Por= .9999488 WTst= 27.437384
——— - TETWT= 722.0&30R
YTall= 1581.1388 O.1M= 1.9319874
o= &9E71.827
0.05M= 2,731&980C tst= 23191.239
TOTE= 1030&2.04
122
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ACTUAL

CAPACITY

R {Pu)=

a=
M=
Rinf (iu) =

187.90978
1.0548818
S51434.327
755.3713¢

CAFACITY

- — - WA s s Sne S a SS e GG S M e VA S St ey

Thc=
To/Tne=
Fm/Rm=
Re(F)=

Tnf=
m/Rm=
RF(M)=:

0.5054434 G,.2177773

CASE 2D
MATERIAL PROFPERTIES DIMENSIONS
fie= 4000 "= 385.4608
f de= 000 e &9
we= 145 = 1.8048771
Ec= 3640000 = 60
fry= 40000 {= 20.62
fdy= 44000 n= 2.6086936
La= 464,37B921
LOADINMNG COMDITIONS vf= Q.8330355
- v= 1.4306414
Fo= 25.1 b= 1
Tapp= 0.0225 = 12
h= 14.5
STRUCT"L. FPROPERTIES Ac= 14.3
Ia= 112.06123 p=  0.008491%
K= 312.82432 pt= 0.016982
m= 0.0031321 pl= 0.00283
Mt= 1.4637855 As=  (0.101892
d h P M. Mu
12 14.5  0.008491
pfdy/fde= 0.0747208
SHEAR CHECHE CRITICAL EBUCKELING
Vact= 710.20029 Fer= 41.299311
Yall= 7944.8275 F/Per= 0.9999757
VTall= 1517.893%2 0.1M= 1.9280198¢&
0.05M= 2.70902%4
123
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tu= &7542,744
$x5t= 44195 ,32483
TOTs= 111728.01
o R
K m'x'.'.ﬁ{(ﬂbﬂ S AN

0.0187237
1.201&679%

(:) R 6’3 1 QQ".C;

L R

41.298311
0.3144559

31.724339
38z.05012
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678.025846
36.8839373
714 .85484




A I T.

AT\ T AT SN TR R T TN T X W B

~1

10.

Ly e + WO PPNRA PR P FR | R L P PN TR e YT R

APPENDIX B
BIBL IOGRAPHY

Crawford, Robert E., et al.s Protection from MNMon-Nucliear
Weapons, Technical Report No. AFWL-TR-70-127, Air Force
Weapons Laboratory, Air Force Systems Command, Kirtland
Air Force Base, New Mexico. 1984.

Crawford, Robert E., Cornelius J. Higginss and Edward H.
Bultmann, The Air Force Manual for Design and Analysis of
Hardened Structures, Technical Report No. AFWL-TR~74-102,
Air Force Weapons Laboratorys Air Force Systems Command,
Kirtland Air Force Base, New Mexico, 1987.

Meritt, J. L. and N. M. Newmark, Design of Under-ground
Structures to Resist Nuclear Blast, Yolume II, University
of Illinois, Urbana, April, 1938.

Biggss Jobn M., Introduction to Structural Dyvnamics,
McGraw—-Hill Book Companys New Yorks 1964,

lHangs Chu-Kia and Charles G. Salmen, Reinforced Concrete
Design, Harper and Row, Publishers, New York, 1985.

Building Code Reguirements for Reinforced Concrete, (ACI
318-83), American Concrete Institutes Detroit, Michigan.
1983.

Commentary on Building Code Reguirements feor Reinforced
Concretes American Concrete Institute, Detroit.s Michigan,
1983.

O'Leary; Timothy J.» The Student Edition of LOTUS 1-2-3,
{Manual), Addisor-Hesley Publishing Company.: Inz.,
Benjamin/Cummings Publishing Company, Inc., Reading,
Massachusetts, 1987.

0’Learys Timothy J.. The Student Edition of LETUS 1-2-3,
(System software), Arizona State University, Tempe, 1987.

Building Construction Cost Data 1987, Rohert Snow Means
Company, Inc.) Kingston, Massachusetts, 1986.

124

P XN O O YN W N WO A I A W RN ST LA RIE A ML I NN O OO K N W R U I T WY RN D A5 P AN A T 1 LAV A SN



