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IESIGN OF PROTECTIVE STRUCTURES |

1
1

(A New Concept of Structural Behavior)

SYNOPSIS

The design of protective structures is no longer confined to the
exclusive domaig>ofbmilitary construction. As a result of atomic
warfare and witﬁ'tﬁé elininationh of previous boundaries of mili;
tary objective, protective design is now a common problem for both
the military installations as well as for civil and industrial
buildings. Presently there is but little information available

to serve és a guide for the design of such structures. With the
objective of providing some aid to the structural engineer invhia
new and difficult fask. this paper presents certain data and de-
sign procedure. The presentation 1s made in two parts: The first
part. includes declassified experimental data and a procedure used
by the Bureau of Yards and Docks of the Navy Department in design-
ing structufes to resist conventional weapons of the last war,
such as bombs and projectiles. The second‘part is devoted to a
discussion ofﬂatémic bomb blast and to a new concept of structural
resistance. Based on this concept, an analysis is presented, to-

gether with a simplified procedure, for the desizn of structures

to resist atomic blast.
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INTRODUCTION

Statements regarding proof construction often convey wrong
1mpi'essions of strehgth and structural adequacy. This is due |
ﬁainly to improper or unqualified use of such stock phrases as
"homb-proof, ¥ "atomié-proof,." "blast-proof," "splinter-proof,”
and other expressions of similar genmerality. |

The designation of a building or a structure as proof against
a4 weapon, without complete qualifications régardizig the physical
and ballistic properties, as well as the rangé _and. the orieﬁtation
of the weapon, is meaningless. Even witﬁ such. qhélifications. no
true sppraisal cen be made of the obtainable protection without &
change in our conventional concept and undetstanding of strength
and reststance. - “

Unlike structural behavior anticipated and obtained in con-
ventional design, the extent of damage due to weapons' loading in
a protective contrﬁction cannot be fully or clearly determined.

In convéntio'nal work, a structure is designed to sustain a given

_ condition of loading within limits of elastic strain. Except for

rare instances, the intensity of & loading sustained by a building
during its sei‘v_ioe iife is not appreciably surpassed by thét con-;
templated 1# the original design. ];.n'contrast. ﬁhgre_f is no control
on the loading which may be imposed on & protective ‘structure.

There is no assurance, except that given by the laws of probability,

that the condition and the severity of loading as assumed will preveail.

Y.a00-3
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Consequently, the extent of damage may be far beyond the range con-
ceived in design. As a practical coroliary, we may have to assume
that‘ & building will suffer meximum damage which, in turn, may be
taken asvé condition short of collapée'of local or individual mem-
bers of framing. | |

The analyeis of the strength of a structure under atomic
blast:presented here is pridicated on this concept of structural
behavior. It may be considered as a limit desigﬁ uhefe locaily
use is made of the full dynamic resistance of members under rela-
tively large plastic deformations. wagier. such local 6vérstréees.-
or even some failures, mMy not necessarily mean a seribus impair-
ment of overall structural adequacy of a buil&ing, since in mostv
caées, by proper arrangement of framing, it_will still be posaidle
to retain the needed strength and the stability of the structure as
a whole, | | |

The two methods of analysis given in fhs paper--one for im-
pact penetration end the other for blast resistance--are adéptable
for prgctical.use. ‘No claim is advancéd regarding the exactn?ss
of either method, -Bowever, owing fo the many 1n&eterminate factors
~affecting the con@itiong of ldading and assumptions of behafior,
such exactness is neither deemed feasible of attainment nor essen-
‘tial fOr a éractical or aﬂequate solution of the problem.

| For the needed brevity, the scope of the paper is limited

prima;ily_to degign problem; of surface structures'builf of rein-

forced concrete.,
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CATEGORIES OF WEAPONR

For purposes of structural analysis, weapons of modern wvar-
fare may be classed in two general groups:
1. Those which cause greatest damage by the impact of their
penetrating mass, and
2. Those which cause greatest damage by the ﬁlast of their
explosive mass,
The first category, which may be referred to as weapons of impact,
includes projectilés fired from guns, conventional bombs having a
chargp-to-weightvratio smaller than 20%, rocket-assisted bombs and
guided missiles.. The other class, which may be referred to as

weapone of blast, includes atomic bombsand high explosive or con-

" wventlonal bomds having a charge-to-ﬁeight ratio Righer than 20%;

In geperal; weapons of impact cause s§vere damage locally, while
the effect of weapons of blast is characterized by overall damage

of relatively less severity.

PART I. RESISTANCE TO IMPACT

Soncept of Protection.- The primary objective of a bomb or

projectile, as a weapon of offénse, is to breach a barrier of de-
fense., The barrier may consist of a barricade, a,shield,van outer

shell of a structure, or some combination of the three. When the
breaching or the penetration is complete, the weapon is said to

have attained its optimum offensive efficiency. This efficiency

° Y=200-5"
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is usualiy ascertained by actual tests at arms prqving grounds,
Eence, the obtained ﬂepth of theipenetration is called the proof
or limit thickness of.the weapon. Accordingly, for protection from
& weapon of this éategory; it will»be_necessary to provide a strue-
tural shell where the minimum thickness exceeds that of the proof
with a maréin of safety yet to be deternined.
zgggiggjign.- There are three main factors governing the

penetration of the missile into a resisting mass. These ,are:

1. The velocity of the missile at impact,

2. The physical properties.of the missile, and

3. The material'é\characteristié of the resisting

mass. |

These factors héve been combined in various forhs to obtain an em-
pirical expression for'penetratio# by & number of_authorities in
ballistics. One of these relations, the modified Pefry foryula,‘

éxpresses prodf thickness as follows:

D= kAV e ()
in which D is the‘depth (in feet) of peﬁetration, k is an exper-
imentally obtainedvmaterial's coefficient for penetration (see
Table 1%), Ap is the sectional pressure, obtained by dividing the
wéight_of the missile by its maximum cross-sectional aréa (expressed
as pounds per square fqpt), apd V' is a velocify factor which, in

turn, is given by the expression
2
Y )

215,000 (2)

Y
vV = Iog|o.(|+

% from "Civil Protection,® by F. J. Samuely & c. V. Hamann, the

Architectural Press, London, 1939,




where y represents the terminal or striking velocity (in feet per
second) of the missile. (Values of ¥ may be obtained from the
curve in Fig, 1.) |

The striking velocity, V, of a bomd dropped from a plane is
computed from its vertical and horizogtal components. The verti-
cal component is due to gravity. Neglecting the effect of air re-

sistanée or the aerodynamic characteristics of the bomb, it may be

expressed as
V:/\/ng (3)

where g is the acceleration due to gravity (in feet per second per
gsecond) and H is the height of fall (in feet). The horizontal
component is given by the velocity of the plane at the time of re-
lease of the bomb., The striking velocities of bombs released at
various altitudes from planes flyiﬁg‘with various speeds are given
in Fig. 2. It is to be noted that the actual velocities are some-
what less than that in@icated, due to thg compfessive and frictional
resistances of the air, both of which depend upon the shape and
weight of the bomb?r These factors have the effect of limiting

the velocity to a terminal or maximum possible value, no natter at

~ what height the bomb may be released. This effect would vary ac=—

cording to the type of the bomb, beirg as & rule greater for heavy
bombs. For exampie. a 200-1t incendiary bomb may have a terminal
velocity of only 400 ft per sec, whereas a 500-1b bomb may reach

1600 ft per sec, a 1600-1b bomb, 1100 or 1200 ft per sec, and a

~ 2000-1Db homf. IBOO”ft per sec. It is estimated that a 2000-1b

- A.,P. bomb, released from an elevation 16,000 ft, would attaln a

]
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striking velocity of anproximately 1000 ft per sec.

<1 act.~ Owing fo its two components, a bomd wiil
land on its target at an angle with recpect to a normal, when re-
1eased.from a plane. The angle of iﬁcidence is dependent on the
height and the speed of the plene. In addition, the angle of in-
cidence is somewhat dependent on the ballistic properties of the
bomb. A?proximate angles of impact of bombs released from level-
flying planes at various altitudes and air speeds are given in
Fig. 2. In these curves, air resistance and the aerodynamics of
the bombs have been néglected.
It is estimated that a 2000-1b A.P. bomb released from a
" plane. flying horizpntaliy at 250'm11es per hour, at approximately
16,000 ft elevation, attains a striking velocity of 1000 ft per
sec, and lands at an angle of impact approximately 70° to the hor-
izontal or with an obliquity of 20°.
From the foregoing, it is evident that bombs may strike both
the roof as well as the walls or the sides of a building, and that
a pitched roof having a slope of 20° may sustain normal hits from

bombe.

The Effect of Relative Thickness on Depth of Penetration.-

The penetration formula given in Eq. (1) is applicable only to'
- slabs where the thickness of the slab is many times larger than
the depth of penetration. Experiments indicate that for a given

condition of impact loading, there will be a minimum depth

-.,\4-200—? |
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.pressed by

-the efficiency of an impact bomb is gaged by its power of pene-

of penetration when the thickness of the resisting slab attains a
minimum velue, Rxpressed in terms of the depth of minimum pene-
tration, D, this minimum thickness of the resisting slab is about
3D. That is to say, in slabs having a thickness 3D or more, the
depth of penetration under a given projectile of a stated terminal
velocity will remain about constant. However, i1f the thickness of
thg resisting slab is less than 3D. the depth of penetration, Dt
will bevlarger than D. With the décrease in the thickness of the
slab, the depth of penetration will increase until perforation is
obtained, This is the condition where the resisting slab has a
thickness of only 2D. According to the Navy* experiments, the re-

lation between slab thickness and depth of penetration may be ex-

D' = Dl:l+e_4(a'—2)J o (4)

- This relation is shown diagramatically in Fig. 3 and also
by a curve in Fig. 4.

Penetreti e to E ve Charge.~ As discussed above,

tration which, ih_turn, is reflected by the cross-sectional

welght o¥ density. Tor a given weight of bomb, the heavier the
casing the larger is the penetration. Since the amount of ex-;t_
plosive éharge‘contained in a bomb is obtained by a ﬁorresponding
reduction in the thickmess of the casing, the weight of the ex=
plosives in AP, (armour-piercipg} and S.AP, (semi—armour7p1ercing)

{

"ot

* All references to Navy pertain to the Bureau of Yards and

. Sxoo-9

Docks of the Navy Department.




types of bombs is kept to a minimum. The total penetration'bf a
bomd with a charés maﬁ be assumed to be the sum of two séparate
penetrationsi‘ one due to impact and the other to explosion. In
the Navy experiments, the effect of such bombs was simulated by
first firing an inert projectile into the resisting model, then
placing a charge in the impact crater and expléding it.

An approximate value for depth of penetration due to explo-
sion of a TNT charge in a concrete slab of great thickness (about
3 to 4 times the depth of the resulting penetration) may be obtained

from the relation
5
\‘De = CI«/ C | e e e . .(5)

‘where D, 18 the depth of penetration ( 4in ft) C, is the weight of
the charge ¢in pounds) and c' is a penetration constant. In "Civil
Protection® the following valueérare given for c!* mass concrete,
0.26; ordinﬁry reinforced concrete, 0.22; 8pecially reinforced
éoncrete, 0518.‘ The value obtained in the Navy expefiments, where
~use was made of special reinforcing and a concrete having an actual

28-day strength of about 4000 pei, was about 0.2.

When a bomd or projectile strikes a concrete slab, there resulfs

a crater of rather irregular shape. In addition to the cavity in
the face of impact, there may be considerable cracking in the op—
posite face of the slab, The severity of such cracking increases
with decreased thickness, becoming critical in the form of scabbing

and spalling when limit or perforation thickness is neared. Figs.

8
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5 to 8 1illustrate typical cases of damage obtained in the Navy teste
From the deformation pattern of ‘the reinforcing it can be seen that
conérete in both faces of fhe slab tends to break and displace out-
‘wardly. This is due to the inherent weakness of concrete in tension
to resist the scouring action of the reflected shock wave in the
inpact face and the scabﬁing effect of the propagated wave in the
opposite face., The extent and tendency of failures of this type

may be minimized by the use of special systems of reinforcing to

' provide the needed tensile strength. Fig. 9 shows the details of

such a system of reinforcing utilized by the Navy in its bomb-re-
sistant structures built during the last war. The arrangement,
consisting of welded bar trusses,bis obtained by Jjoining the main
reinforcing of two faces of a slab and the zigzag webbing to form
a Warren truss. The limited extent of scabbing and the pattern of
failure observable in Fig. 7(b )are traceable to the use of this
type of reinforcing in that'partiéular test slab.

The Principle of Di!;deg Thickness of Protection.- Since 1t
1s not feasible to eliminate scabbihg entirely, a roof slab possess-
ing sufficient thickness for miﬁimum penetration will still fail
to provide full protection against the possibility; or hazard of
falling debdbris from‘the ceiling. For'the needed safety, in some
cases'use is made of a so-called anti-scabbing plate, consisting
of a steql platé‘attached to the ceiling by means of anchors cast
in the slab. Another method for securing the desired protection

is to use a double-sladb construction. For this purpose, the design

Jevo-//




Y-200-/2

thickness 18 divided into two parts; one thickness for an outer or
roof slab and another for an inner or ceiiing slab. The outer 8lab
is designed for impact perforation, that is, a thickness of about
2D, while the inner slabd isvdesigned for minimum penetration due to
the explosive charge or a thickness of about 3D .

_The basic advantage of this arrangement is that no appreciable
strains due to the impact shock wave are imparted to the inner slab.
Should explosion occur on contact or during penetration of.the bomd
;nto the outer slab, the imner slab will be protected also againat.
the strainé from this source. On the other hand, should explosion
occur after perforation, that is, the charge exploding in the gap
provided between the two slabs, its scabbing effect will again be
minimized to the extent of difference of seve;ity of shock of an o-
pen vs. confined explosion. As an additional advantage, by local-
izing the main démage in the outer slab, the work necessary for
subsequent repairs is simplified, and the continued use of the af-

fected bullding is assured during such repair operations.

PROCEDURE OF DESIGN

Degisn Data.~- Complete information is needed regarding the
against
weapons. and the conditions of impact/which protection 18 to be pro-
vided. This information, which may be called the basic design date,
gshould include the weight, charge and sectional properties of the
missile, and the velocities and angles of anticipated impact. In

most cases, the eritical loading for the roof and the walls of &

10




structure will differ. For example, if the building is to be

‘located near the shore, within the range of naval ship guns, then

the critical loading for the eiposed walls would be that due to

an AP, type‘projeétile fired from a distance just beyond the range
of the defending shore battery. On the other hand, the design of
the roof will be governed by the loading of an AP, type bomb
drorped from an altitude.deemed as safe for the carrier plane,

The following criteria were used by the Bureau of Yards ard
Docks in providing the heaviest type of protection to the Navy's
vital shore structures built during World War II,

~ (a) AP, type aerial bomb.

Weight = 2,000 1b; charge = 300 1b; sectional pres-

sure = 1,500 1b per sq ft; terminal velocity = 1,000

ft per sec; angle of impact = 20° (from vertical);
(v) A.F. type projectile.

Weight = 200 lﬁ (8-inch projectile); sectional pres-

sure = 745 1b per sq :_t't;) terminal velocity = 1,300

ft per sec;-angle of impact, normal hit.

Computatioﬁ of Thicknesses.- The total thickness to be pro-
vided for each part of a ffaming will depend on the minimum quth
of penetration and the desired degree:of protection. .

The minimﬁm depth of penetration under impaéf and explosion
are .given by Egs. (l)iapdA(S), ;espéctively. Assuming that use -
will be made of Speq}él‘reinforcing and.class I concrete, having

& nominal 28-day compressive strength of 3,000 psi and an actual

11
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_strength of 4000 psi*, the factor in Eq. (1) may be taken as k = 0.0028.
Ibf other strehgths of concreﬁe,an apprq;imate value for k may be
obtained from fig.'lo. For the bomb and the conditions of impact
specified in (a) above, we will haver o

D= 0.0028 x 1500 X 0.75 = 3,15 f%.,

| D;= 0.2 > 300 = 1.34 f%.
| The axis of the crater in a slab will about coincide with the direc-,
‘tion of the force of impact. Since the bomb'ié assuméd to land at
an angle of: 200, the depfh of péhe@ration me asured normai to the
face of a slab in a given fosition willttheﬁ be

1. Slab in a horizontal plam:

D, =D cos 200 = 2,96 ft.,

eh
2. Slab in a vertical position:

D =.De cos 20° = 1.26 ft.

D, = D sin 200 = 1.08 ft.,

Dey = D, s#in 200 = 0.46 f%.
The condition of impact specified in (b) is that of a horizon-
tal hit. The depth of penetratidn iﬁ a vertically placed slab is then
D = 0.0028 x 745 x 0.95 = 1.98 ft. )
To obtain the desién thiéknesses,we must now apply a thickness
factor against the minimum penetration corresponding to each condi-

tion of impact.

* In the Navy tests the actual 28-day compressive strength of this
class of conrete varied from 3500 to 4500 psi, and the obtained aver-
age k value was about 0.0028.

12
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If a double-slab roof framing is to be used, the factor of thick-
ness for the outer.slab will bve 2, which would-résult in perforation
due to impact penetration of the bomb. The required thickness 1s
then

Tt = 2 x 2,96, or about 6 ft.
For the inner slab, a factor of 3 will be ample for protection
against the explosive charge gf‘the bomb. Accordingly,
T,=3x1.26, or about 4 ft.

In the case of a roof composed of a single slad, the factor
of thickness, to be applied against the total penetration of the
bomb, may vary from 2.5 t§ 3, depending whether an anti-scabdbing

plate is to be used or not. The required design thickness will

~ correspondingly be

T

, = 2.5(2.96 + 1.26), or about 11 ft.,

1

and T, = 3(2.96 + 1.26), or about 13 ft.

For the walls of a building a thickness factor of 2.5 will
suffice. Then, if the wall is to be proxected againgt shell fire,
the requiredldesign thicknéss is |

T, = 2.5 x 1.98, or about 5 ft.

If the wall4is not oriented towardé the sea, or located within
critical range of naval gun fire, then the required design thickness
for protéétion against oblique hits from bombs will be

T, = 2.5(1.08 + 0.46), or about 4 ft. -
The design thicknesses for protection against other impact

weapons maj?sﬁﬁilarly be computed. The procedure may also be used

13
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fo:.determining protéctive thickness against bomb fragments and
missiles of various type, provided reasonably satisfactory essump-
tions can be‘made'regarding their weights, shapes and thé velocities
at impact. | |

Where steel plates ere to be used in combination with concrete,
in protective value l-inch thick ordinary structural grade steel
may be taken as equal to 12-inch thick concrete of about 3000 psi
strength, and for specially-treated steel the equivalence is about
18 inches of concrete,

‘Arra men f Fram - 4 typical arrangement for a bomb-re-
siétant structure is shown in Fig. 11. The building, the Navy's
bomb~resistant personnel shelter, was designed in accordance with
protection criteria outlined above. The main features_of framing
include the following.- N

The roof consists of two slabs: an outer slab of 6-ft debth
end a ceiling slab of 4~ft depth. The outerAslab, suppofted on a
gseries of piers at the walls, projects 5 feet beyond the wall line
to form a protective cénopy_over the ceiling slab against a direct
hit.

All walls, inqluding the barricades sheltering the entrance
passaée ways, are 4 £t thick. ‘

A 4-ft slab is also used in the floor to resist underground
exploéioﬁs. In addition, a 20-ft wide burster slab provides pro-
tection‘against under-floor penetration of light-case, high-explo-

cive bombs.

14
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Typical details of reinforcing are shown in Fig. 9. The arrange-
ment marked Type A, with sizes as‘indicated in Detail 1, may be con-
sidered as minimum rei,nforcing.' Should the e.l'astic analysis of the
freming under dead, snow, wind and other live loading indicate the
need of additional reinforcement, Type B arrangement, with proper

size of reinforcement; may be used.

PART II. RESISTANCE TO BLAST

A, DESIGN DATA

Atomic Blagt.- With the development and use of the atomic

"bomb, a new criteria is introduced in the design of protective

structures., The efficiency and destructive power of this new wea-
pon is mére vividly illustrated by equivalence or comparison of
its energy of fission to that resulting from conventional explo-
sives. For an atomic bomd of the type dropped in Japan, the équiv-
alence is 20,000 tons of TWT. Hence, this bomb, which serves as
a basis for establishing a design loading for blast, is referred
to as a 20 kilo-ton bomb.

A great deal ofiinformation is now available regarding the
nature and effecfs-of atomic explosion‘{ The destructive effects

of the fission are caused by the shock wave and the thermal and

* "The Effects of Atomic Weapons," by los Alamos Scientific Lab-

oratory;: Govt. Print. Office, Aug. 1950.

15
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nuclear radiations éssociated with the phenomenon. From the point

“\

of view of structural adequacy, resistance to the shock wave con-—

stitutes the primary problem in protective construction.

L]

A shock wave is essentially a pressure wave initiated by the
energy released during an explosion. The general pattern of this
pressure wave is shovn in Fig., 12. As will be noted,'it is char-
acterized by a shock front, wherz the intensity of pressure sharply
rises from atmospheric to a maximum or peak value, followed first
by a positive then a negétive phase. The intensities of the pres-
sures and their durations decrease with the propagation of the
shock wave, Similarly, the velocity of the shock front decreases
from an indeterminate ma#imum near the center of the explosion to
the velocity of sound at a distance of about i0,000 ft; for_de-
'sign purposes, in the distance range of 2000 ff to 10,000 ft fronm
the center of explosion, the velocity of the shock wave may be
considered as constant and equal to 1400 ft per sec. The varia-
tions in peak pressures in this range, and corresponding to a
20 kilo-ton bomb, are shown in Fig. 13*; and the dﬁrations of the
positive phase are given in Fig. 14*,

In the following analysis, the investigation will be confined
to the positive phase of the shock wave, Since the pressures in
the negative phase are relatively small, no investigation for this

period is required.

Blast Presgures on a Structure.- When a shock wave encounters . N

* TFrom "The Bffects of Atomic Weapons® pp. 52 and 54.
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an obstruction in its path, such as a structure, the pressure pat-
tern is disturbed. The extent of the disturbances will vary at the
various faces of the structure in accordance with the argularity
and orientation of the element or the‘createdlinterference. Owing
to the many variables involved, the disturbance is in the form of

a complex phenomenon for which complete information is as yet not

available. Presently the most convenient and praétical method of

studying the disturbances caused by obstacles in the path of a

blast wave is by means of "shock tubes." A number of investigations

in this field have been ﬁade,vof whigh those at Princeton Uhiversity*

constitute a valua?}e source of information. The pressure dis-
shown

tribution curves/in Figs. 15, 16, and 17 are based primarily on

these data. Irn this connection, the following are to be noted.

“All pressures represent an average condition over each face of

the structure. In Fig. 15, a factor of 3 was applied to peak pres-
sure, p,, to obtain the maximum reflected pressure on the front
wall, This correspondé to an angle of incidence of‘a'bout 700 %=,
The stagnation pressure at the énd of the period t, is taken as:
equal Py - To simplify the analysis, the variations in pressure in
both time intervals t; and t2~are assumed to be linear. This as-

shown
sumption was also made for the-pressures/in Fig. 16 and 17. In

* "he Diffraction of Shock Waves Around Obstacles and the Trans-
ient Ioading of Structures," by WalkerkBieakney. Princeton Univer-
sity, Dept. of Physics. March 16, 1950.

** HThe Effects of Atomic Weapons," p. 123.

17
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Fig. 16, the'initial‘pressure at any transverse sedt%on of the roof
is taken_as Pys drqpping to a value of-%po in the time required for
the vortex to reach that section. The vortex velocity is assumed ' , e
to be constanf and equal to % of the shock velocity. In Fig. 17,
is used. - S .

-ap initial pressure of %Po

B, ANALYSIS | | B

General Phages of Investigation.- The analysis of a structure

under blast involves two main investigations: .(1) Strength, and
(2) Stability. |

~ The strength computation, in turn, may be divided in two parts:
(2) local strength or the résistance of individual'members, énd
(b) Overall strength of the framing or aséembly.
| The investigation of stability will include: (1) a study for
stability against sliding, and (2) a study for stability against

rotation or overturning.

LOCAL STRENGTH

Concept of Deformation.-~ To ascertain the strength of a frem-

ing arrangement, we must first consider the strength of each indi- ' ;
vidual member. Assuming that the member will have‘adéquate supports
for transfer of its load, then the problem becomes a study of an-

ticipated deformations of the member relative to 1its supports. . E

(o

Under an 1mpulse.1oading. the strength behavior of the member, or .
its capagity to absorb an impﬁlse loading, will be governed in a
large measure by its ductility. That is to say, the larger the de-
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formation or its axial elongation and the corresponding sag or de-
flection, the greater its capacity to absorb the imposed loading.

The ductiiity of a reiaforced concrete member to produce desired

- deformations for resistance is governed by the ductility of its

reinforcement.

When a reinforced concrete member is subjected to an impulse
loading many times greater than its elastic resistance, the mem-
ber will pass through three stages of deformations: (a) an init-
ial stage corresponding to elastic behavior; (b)_an intermediate
stage of partly elastic and partly plastic behavior; and (c) a
final stage of wholly plastic behavior. In the first stage, the

member will behave as a fully restrained element, developing maxi-

‘mum resisting moments at the supports. This period of elastic be-

‘havior terminates when the end moments reach the ultinate elastic

capacity of the section. As the deformations increase, the resist-
ing momgnts at the supports will increase to the plastic capacity

of the section and the reinforcing will deform locally to form plas-
tic hinges at these.locations. ‘As a result, the ends will rotate
and the member wili deflect as in the case of a simply supported
beam. Thi#'is the second stage of deformation. When the plastic
moment capacity of the section at the center of the span is reéached,
the member entefs into its final stage of deformation, character-
ized by extensive cracking and by overall elongation of the reiﬁ-

forcement. The passage from the intermediate to the final stage

of deformation is accompanied by a loss in moment capacity and an

increase in the axial tension, With continued deformations, the

19
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moment resistancé rapidl& diminishes to a negligible value and the
member axially elongates in the form of a simple parabolic curve.
Failure will generally occur by rupture of the reinforcement simi-
lar to a bar in tension. If a factor is applied against the maxi-
mum deflection to prevent such féilure, then the resulting @efor-
mafion may be considered as a limiting condition iﬁ obtaining a
practical or working resistance in design. This defofmation may
be stated in terms of axial elongation, or by unit strain. Assum-
ing that the reinforcement will elongate uniformly, then the unit
strain could be obtained by dividing the total elongation of the
reinforcenent by the overall length of the member. A maximum de-
flection of‘one-tenth of the span length is suggested as a limit-
ing value. This corresponds to an‘average elongation of about 2.8

ypercent.

Modulus_of Resistanée.~ Fig. 18 illustrates the foregoing
concept of deformatipn of a member. The deflectlon curve shown
in Fig. 18 (a), corresponding to the first stage of defofmation,
may be considered as that due to a uniformly\@istributed load qgqe
The deflection at the center of %he span, y,, will then equal

I ql*

'yo= — ¢ N\

384 E(l, S
in which Eg is the modulus of elasticity and I¢ the moment of in-

ertia per unit width of member. From whlch -
384 Ecle
i'a . Yo .
In Fig. 18 (b), the deformation indicated by the dashed line.

represents the beginning of plastic¢ deformation where the moments

‘at the supports have reached their ultimate plastic or yield value;
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M. The full line represents the beginning of the transitional
period. At this point the deflectionvis'ybl, which again may be
considered af produced by the load Ay, The relation between qy
and Ip is then given by

192 E.I
Qpy = t4c :

* Yy (6)

Fig. 18(c) shows the transitional stage in which it is assumed
that the member continues to deflect under a constant load q.. The
value of this load may be expressed either in terms of 4, obtained
at the beginning of the period or in terms of a reduced moment, My,
and an axial tension, SY. It is known that the total stress in the
reinforcenent resulting from both sources of strain will remain con-
etant and equal to the yield value strength of the steel in this
period. However, ﬁince the relation between M, and S' cannot be
clearly defined and conveniently expressed, the velue of Y. may be
obtained from M, alone. Thuse |

Qe © 12 (7)

Fig. 18(d) shows the final stage of deformation where, owing

to extensive cracking, no appreciable resisting moments exist.

The relation between deflection and load will then become
8S

949 12V | (8)
in which S is the ultimate yield strength of the reinforcement per
unit width. '

In the‘;elations given above, the load q is a measure of strength

of the member and accordingly may ealled the "modulus of resistancé“

of the member, or simply the "resistance."
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The relation betwegn resistance and deflection, throughout the
full range of deformations is shown diagrammatically in Fig. 18 A.
Hore the line O A indicates the first or eléstic stage; A B, the
partly elastic and pértly plastic stage; B C, the transitional perilod;
and C D the final or fully plastic stage of deformation. At point

C, qcis equal to q4. Hence, from Egs. (7) and (8)

I6 M, 8S
e - e
from which
Yei = g%ﬂé ‘ - (9)

'If the effect of resisting moments is neglected, then the de-
flection-load relation will be represented by the straight iine 0 C D.
This is the case for a relatively thin element supported on two ends.

In the case of a thin framing element supported on four sides,
Pg. 19, such as a reinforce@ cohﬁrete slab of small depth, or a
steel plate, the moments M, will have only & negligible effect on
the resistance of the member, and, hence, may be omitted in the re-
gsistance equation. Under large plastic deformations, such an ele-
ment will deflect as a membrane. The deflection y' at any point

(x, z) is given by

n-1
" n= o - T2
y'= tal, 2 =) - 1= ———————-—COSh b cos MITX
3 " n3
TS peoias’ cosh %—%—2 b
|

and at the center

4ql, :E: (=1) 2 '
3 3
TS peias

y -
fLTTLg
cosh 2—1‘1

From which the modulus of resistance, q, is obtained as
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0, = h,:a). [ | ’
_ _ 2
44 ! '3) of 1= '
n=1,35 " coshh‘_niiz
21,
or,
q = Y fgy (10)

Values of the resistance f&c%oé,-'V,_ are given in Fig. 20.

Fundamental Relation of Motion.- The effect of q is that of .
a negative force, acting in an opposite dire_ction to the applied
load p. .!L'h'e net force £, equalling p - q, will then represent the
accelerating force of a unit mass, ‘w/g. Thus

 f=p-aq-= —‘5— s G
vhich is the fundamental relation of motion.

For a unit area located at a distance x from the supforts, the
displacement, y¥, will diminish from y to O. Assuming that the ratio
of y! to y during tk;e period of motion remains constant, it is then
possible to express the motion of any point in terms of the motion
at the center line by means of a reduction factor applied to the
unit area and the unit mass at that point. That is to say, the
equation of motion;»for a unit area having a displacement y' may be
written é.s that .' o:_f‘ an equiva,lént reduced area having the same dis-
placement y at the center a.nd. an equivaleht reduced nmass hhving the
the corresponding acceleration <x.' Thus |

ﬁ ( p q) = /6, ;
vhere p is the reduction ‘factor for area, a.nd ﬂ‘ for. mass. Then the
expression of motion for the entire membetr becomes

= BAlp-gq) = Pt «a (I
in vwhich A is the total surface of the member, W its total weight,
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- -2 a =8, -
For one way s8labs or beamSﬂ_3 and _p‘ =15 For two-way

slabs values. of 3 and X for various length-to-width ratios, are

_given in Fig. 20.

gﬁen by _ . _
| p, - po( 3- 2 %|) - (12)
end that in the period t, is ‘ ‘
- T-t
P, : .po» T (13)

Y200

APPLICATIONS

Having‘established the fundamental relation of motion pertain-
ing to a local element, ﬁhe next step of the analysis consisté of
fhe application of the relation to various conditions of dlast
loading. Férrthisipurpose, use will be made of a simple rectang-
ular build}ﬁé having vertical walls and a flat roof, as shown in
Fig. 15, The critical condition 6f each wall would be an orienta;

tion or exposure to frontal attack of the blast wave.

Case I. Front Wall.

Condition ;.' Moment Resistance Neglected.~ The relation bet-
ween load and deformation is given by the straight line O D of the

resistance diagram shown in Fig. 18 A. The pressure-time curve for

this case is shown in Pig. 15. The pressure P,» in period %, is

;42'6 o - ,




Assuning that the wall framing consists of a slab reinforced in one
direction (in the direction of h), the equation of mqtion COTrIes~=
vonding to the two time periods is then obtained by substitution of
the values of p, given by Eqs. (12) and (13) and q, given by Bq. (8),

in Eq. (11),

t 8S I | RV
BA [po (3—21—1) - F'}‘J = /5.? x 5 (14)
T-t 8S . W
BA [p°<_—f:)—~¥ } = /,6' g x (14q)
or in the general form
%’2 Py = a-bt, 15)
in vhich d?%y is the acceleration c, r2=8/3_92A.S_, and a and b, for
dt? ; B, KW
the periods t, and %,, are:
= MA—’ [ b = ZB—QA.
o 6|W SPo . ' /3|Wt'| Po
. . _ - : (16)
_PgA T : b - B9A o
_ e BW tzp° ’ 2 ‘@,Wtz_%
The general solution,of this ordinary differential equation is in
the form o -
Y= cysinrt+ cpcosrt 4+ °'r;°? | (7)
and % =_r(,c|cQs rt— casinrt)—% (18)

The values of the two constants, c, 20d ¢, are obtained from the

consideration
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dy
=0 , —= |
t dt ©
which gives
C = h ’ . c = e & .
) r3 e - re

Substituting these values in Eqs. (17) and (18), the displacement

end veloclty equations,

y:%E b.|(s‘;"r’_t_.t)+'o,,(l—cosrt):l; (19)
d [~ . v |
d—_.yf,-t-l!—z_bl(cosrt— 1)+a,,rsin'rt].. (20)

Similarly, in the period, to,

, | Qp — byt
Y = Ccgsinrt+ c,cosrt + Fram (21)
dy _ : b
t° "(cscosrt— cysinrt) - —r% . (22)

The constants c, and ¢, are determined from the consideration
that at the 'begin#ing of this period the displacehent and velocity
will be the same as the' respective values at the end of the first

period, as given by Eqs. (19) and (20), and where t = t. Det 4,
indicate the d.ispla_c’emez;t ¥, and V| the velocity .g_'{at the end of

the period t,, then

cysinrt + c,cosrt, = A, - ﬁ;r%&t—'
. \Y% b
Cgcosrt,— c,sinrt, = TI + r_zs )
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from which

—

Cu= cosrt,(A,_M)- sin rt,(ﬁ+b_23> . (23q)

The motlion may stop either in the first or second period. As-
suming that the latter is the case, the value of t, the time in the
period t, when motion stops, can be obtained from Eq. (22),

dy _ | : by
Ji° r{cgcosrt — c,sinrt) i 0 (22q)
or an approximate value from the relation

T

In general, the motion of walls reinforced in one direction

cos rt= (24)

will stop in the second period.‘ On the other hand, in the case of
2 thin slab or a steel plate supported on four sides, the motlon
wlll generally stop in the ‘first period. However, an investigation
should be mede in all cases to ascertain whether or not the motion
stops during the first period. This can be accomplished by equating
g¥,in Bq. (20) to zero and solving for t. If the smallest value of
t thus obtained is less than't,, then the motion stops in the first
period and the magnitude of the final displacement is obtaired from
Bq. (19).

In the case of a slab supported on four sides, the derivations
presented above apply, with dve allowance for the changes in the re-

sistance factorV, and reduction factors and f3 .
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> Condition 2. Moment Resistance Considered.-
 The relation between load and deflection for this case is shown

by the broken line O A B C D of the resistance diagram in Fig. 18 A.'
It is to be noted that pait O\A’B is predicted on the use of a con-A
stant moment of inertia, I.. Obviously this condition of constant .
moment of inertia cénnot>prevail throughout this range of thé defor-
" mation owing to the continued cracking of the concrete. If I, at
each stage of the deforuation is modified to its actual value, line 0 A
‘would tend %o shift towafdp line O B, that is to say, fﬁr the séme load
there would be larger deflections than indicated by the diagrém. ‘Since
it is not practicable to deternine the true position of the resist-
ance 1line, 1f may be taken as the straight line O B, using a constant
value for I, predicated on the full section of the member. In the
‘period represented by the iine 0 B, the relation between deflection

and load is then given by
R 92 E. I '
qp * ———L4° Sy, (6a)

The purpose of the analysis is to determine the extent of maxi-
num deflection which, as expiained above, occurs when the motion in
the direction of the applied pressure stops; that is when.%?%z:o .
Were the resistance-deflection and pressure-time relations continu-
ous functions, it would be possible to dotermine the maximm deflec-
tion in one operation by placing the value of g—% iIn.Bq. (20) equal
to zero and solving for y by Eq. (19).. However, due to the discon-
‘tinuity of the resistance line at points B and C, it becomes neces-
sary to deteruine the-tiﬁé and the attained velocity at.these two

points béfore proceeding to-thé'next sﬁage.of deformation.
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{

In addition; as in the previous case, owing_ to the discontinuity
'in the pressure-time cﬁr\;e, 1% will also be hecessary to determine
the deflection and 'the attained velocity at the time t,.

The analysis of motion corresponding to the resistance line O B
in l‘ig. 18 A, is the same as in the preceding case. During this peri-

od the resistance q is given by Eq. (6a). Accf;fdingly,
2_ BaA . 192 E.I.

~ and the values of a, and D, Temain the same as given by Eqs. (16).

Substituting the value of ¥y, for v, in Eq. (19),
Yo * 72 | B -s-iI‘T'-t—b'-—'tb)+q(| cos rtb')] ; (19)

From this equation the value of tbl is obtained by trial. The veloc-

ity, Vbn at the end of this period is d.et,ermined"by substituting the

- value of t,, in Bq.. (20).

In the period corresponding to the resistance line B Cy the re-

siata.nce is constant and the equation of motion takes the following

BA [ (3_2%>_ J..%;.”.".}: Ki‘;h-l-og S (25)

If the d.iscontinuity in the pressure-time relatlon should occur in

this period, then du.ring the’ interval ta Eq. (25) becomea.

fom.

[T - i"|6 R
. ﬁA[Po( Lt 4 ) ' hMZ_:I ﬁ' v < (25a)
. B 2 . - N . .
Eqs. (25) and (25a) may be written in the general form . "
| Cdy - -
2 = Q._ bt

in which b for the period.s t, a.ncl tz 1s glven by Eq. (16) and’ ais \‘ '
.given'by Lo - ‘ o L

 BIA [ teM,) "'_/3_9_§Z‘1 oM,

>
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\’.
The general solution of this ordinary differential equation ie in :

. . ‘:;-’

" the form

o ._’ v s g t.g L Q,\b ts Coe -
. 7#¢%+7e73m:p ¢w1

eration 4F;> A
5 t Sy s oAy )
-1 : . r Yb ) opd .az = VbI
which gives T /
| T 2 3 R, 2
. R . . . QAtbl -, btbl ‘ i ; tbl
. C,l_. <. 'y_b|7 Cztbly_, ‘_2"' + —6— o_/nd c2 _-_~V‘bl— a tbl + \

The Values of'the displacement A and the. velocity v, are- found by
substituting £, for- t'in Eqs. (26). and (27). B N
" The time tc,and the. velocity Vei© corresponding to the end of

thie period at point O on “the' resietance line, are obtained as’ in
the preceding step by replacing the constants cy and C, by new con- ﬁi‘

stante c and Cye Thus ;:?,“4 ‘i" ’ rivf - S:Sii"

| “}'Y Cy + c4t § E‘I'- = (2‘"8‘):'7
'a’_,=‘-c4‘:.__+ L= I (29) |

The valuee of ¢y and. Can and tc, and V;, are obtained in the ‘same

mamner as’ before¢'i, '\v ’ | | L |

| In thie final period of deformation, indicated by the reeist-.pem
" . ance. line G D, the eqpation of motion is_i ‘

y + rzy - bt | (15q)
dt ‘ : - :




. Values of the constants Cq and cg are determinéd from the condition

in which s B8BgAS
ré s ———
B, h: W
and a, and b, are glven by Eqs. (16).
The solution of Eq. (15a) is

-byt
y = ¢ sinrt + c cosrt + %2 22 (17a)
gt ricgcosrt - cssm.rt,) - T2 | (180)

at the beginning of fhis period, when
Y=Y, » t=t, ond %{ = Ve

The maximum deformation is then found by determining the time at
which %!f O in BEq. (18a), and solving Eq. (17a) for y using the
obtained value of ti

In the foregoing analysis it was assumed that. the point:of dis-
continuity of the pressure-time curve, corresponding to time %
would occur in the period defined by the resistance line B C in
Fig. 18 A. However, it may occur in any one of the three periods.
Asvthe time'ip each gtep is determined a‘compééisdn with the time
t, will indicate whether the pressure discbntinuity occurs in that
period. | 7 |

It1is to be noted"thatbfha motion‘may stop in any one of the
three periods of resistance. Should it occur in the first period
of resistance, indicated by line 0 B in Fig.‘la A,~tﬁe member mé§
be considered as‘over-designed; necessitating a revision of the
section, If it should occur in tgg second period of resistance,

indicated by line B C, the_desién may be considered conservative.
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For an economical design it would be desirabig to so pfoportion the
’section that the motion will stop in tﬁs third period of resistance,
iﬁdicated by line C D, provided that the méximum allpwablevdefor-
mation is not exceeded.

For an approximate analysis the resistance line O D in Fig. 18 A
may be substituted fdr the broken line 0 B ¢ D, in which case Condi-

tion I will apply.

Case 11, Roof. _ _
The pressure-time curve for this case is shown in Fig. 16. The

preséu.re P, » in period L is given by

2 P 2 (X _ - | |
p =3 [31’ tx(\l' t)] (12a)
- and in the period T - t by
X .
cRo[Try -t |
Y E -

It will be expedlent, in this case, to measure the time from th_b in-
stant the shock wave reaches the section x under consideration.

That is, for t = o, P, is equal to p, and Eqs. (12a) and (13a) become:

P 2t

) ﬂ 3“( 3 tx ) | (12b)
| b, x-t

p2 =3 ( -tx' - (|3b)

The analysis is carried out in the same manner as for Case I.
The time % now becomes t, and %, becomes T - t,; and Egs, (12v) and
(13b) replace Bgs. (12) and (13) in compu.ting the values of the -

constants a and b.
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Since the drop in pressure is a function of t, which, in twrn,
varies direct1y with the distance x measured froﬁ tha.front.face of
the building, the most severe condition of ioa&ing will occur over
the area of the roof adjacent to the rear wali. -

If the main reinforcing is parallel to the short dimension of
the roof, d in Fig. 16, the orientation of-the blast wave should‘be
parallel to the long sides. The dimension x will then be taken as
L. Since the roof/::ff receive sﬁpport from the end wall, the value
of x should be taken as gomewhat less than L,-say. L minus 6 times
the thiclkness of the roof slab.

It should Ve noted that the pressures shown in Fig; 16 are for
transvefse sections of the roof, and that for the unit strip used
in the analysis the pressure will, in reality,be variable across
the width of the sitrip. This variétidn could be neglected in the
‘analysis and the pressures are given by Egs. (12b) and (13b) may be

¢

assumed constant aéross the widﬁh of the strip.

Numerical Examples.

Example 1.~ Front Wall, Moment resistant neglected: Let h = 10 ft;
d = 20 ft; Lf= 40 £4% and,pb = 10_pai‘or 1,440 psf. PFrom Figs. 13
and 14, T = 0.58 sec, and ﬁ-ém_mg.. 15, . £, = —,'; sec.

Assuming-a 6 in. thick concreté wai1~with one-way reinforcing
of %fl‘f'bars ‘spaced vertically at 6 in. éante;z:'s,'e;t the center of the
slab, for a strip one foot wide we have:

A =10 sq £t; W= 750 1b; A = 0.88 8q in and,using a yleld value of

50,000 psi, S = 44,000 1b; /3:-%—, ﬁ%:kﬁa- and g =:32.2 ft per sec?.

PR
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Then r® ='1,889; &4 = 2,318; b ‘= 5¢,096; A, = 0.6359 ft: '

V, = 31.086 £t per sec; a, = 818; b, = '1,40L; c, = 0.4512 and

c, = =0.6198.  From Eq. (22a) the motion stops when ein (rt) = 0.6064

#nd cos (rt) = -0.7952, from: which t is found to be 0.0573“850 and

the final valus of y is 1,18 £t which is slightly over the allowable

value. - . |
,For~c6ﬁpér180ﬁ5'ths-same member will be reviewed taking into

consideration the resisting moments.

Zxample 2.~ .Front:Wall, Mﬁment resistant éonsidered:_

Assuning B, = 4,000,000 psi and £;= 4,000 psi, Eczc = 6,000,000 1b £t>

and M, = 9,000 £t 1b,then yp, = 0.0125 ft; q = 115,200y; r2= 61,824;

a = 2,3185and-bji= 54,096. Solving Eq. (192) by trial, t,, = 0.003433 sec

and from'Eq;'(zo);‘Vb'* 6.7263 £t per sec. ‘Then Yo = 0.4091; éc=‘1'440;

a, = 1,546; b = 54,096; ¢, * -0.0022 and ¢, = 1.7377. Placing

i
y = yh = 0.4091 in Eq. (26) the value of t 1s found to be 0.02609 sec.

Since this value of ¢ is smaller than t,, the point of discontinuity

of the pressure-time curve occurs in the final périod of deformation.
From Eq. (27)=§% = 26,6615 at point C. The value of r2 in the final

period’is'1,8805and'from Egs. (16),=a' = 2,318; h1= 54,096; a, ° 813
and b, = 1,401. The values of the.consténts,~detérmined from the

conditions at the.beginning of this period, are ¢, = 0.4450 and

¢, = ~1.1203, “For t = %, A /= 0.4680 £t and V, = 23.6883 £t per

5 and'c6 are then determined from Eqs. (17 a)

and (18a) using the known values of y and,%% at the time t , from
which,~¢5:= 0.2373"Ana;csvﬁ' -0.5130. The motion stops when t ® 0.0616

sec » The constants ¢

sec and the final value of y is 0.95 ft. Since this value is less
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than %5 of the span, the design is considered to be adequate.
Example 3.~ Front Wall, Slab supported by heavy members on 4 edges.
Let h = 10 ft; d = 20 ft; L = 40 ft and P, * 20 psi or 2,880 psf.

We find T = 0.49 and t' = 3!; sec. Assuming a -l%“ steel plate

8 ft high and 4 £t wide 1n the front wall, A & 32 sq ft; W = 244.8 1b;
. S = 67,500 1b per £t (yield value of 30,000 psi is taken for plate

steel); -13= 2.0 and from Fig. 20, ¥ = 8.8; 5 = 0.5 and 5, = 0.338.
| ,

d
Then r®= 231,128; a, = 53,790 and b, = 1,255,100, HEquating = in

dt
Bq. (20) to zero, t = 0.00633 which is less than t,. Hence, the

motion stops in the first period and y at the end of motion is
0.43 £t. Since this value of y is only slightly larger than -l'a the

short span, the design is considered as adequate.
OVER-ALL STRENGTH

In the local invelst‘iigatj.on of strength, it was assumed that the
members would have adeduate support é,nd anchorage to justify the con-
cept of »d.vefo;.'ma'lv:.ion and the mode of failure outlined in the preceding
anslysis. This requirement will be met by malking thé reinforecing of
the member dontinu.ous,{ oz; spliced for full strength, betwsen its sup-
’ porﬁs, and by providing an end anchorage capable of development of

LN
the full or witimate strength of the reinforcing.
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In-addition, it was assumed that. the supports would not dis-
place during idcal'bending of the memﬁer. and that there would be
no appreciable participation in the over-all benting of the framing.
as a whole. Insofar as the first condition is concérned, it is an
assumptioh on the censervative side and wholly Jjustifiable for mem—
bers framed to strong elements, such as transverse walls and floors,
The other assumption will be satisfied if the framing is so arranged
that ﬁnder a lateral loading the deformations of frames composed of
floors and transverse walls became very small in comparison with the
corresponding deformations of bents composed of local elements.,

In connection with the latter consideration, it is to be noted
that in ordef to pfovide the necessary strength to resist strong
atomlc .blast, the use of strong frames comprising structural floors
and transverse walis becomes glmbst mandatory. The analysis pre-
sented here confemplétes the use of this type of framing.

| In conformity with the foregoing cqnéept. floors are consid-

ered as girders; transmitting the loads from local members to the
trensverse walls, These loads are then carried to the foundations
through the walls, either by frame or cantilever action. If the

'_transvérse‘walls are placed no farther apart than, say, three times -
the width of the floor, then the problem of strength will be pri-
marily tﬁat of shear. Accordingly, the needed investigation may -
be confined to shear strength only.

There is but little information available regarding the shear.

strength of materials under dynamic loading. Uhtilvsuch data are
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obtained, use will be made of values deduced from static tests.
- For reinforced concrete, an allowable.working value for shear is
given‘by the followiﬁg formula*

vy= fg(0005+ 1), -+ (30)
in which, Va is.allowable unit éhearing stress, fs is allowable
stress in steel and r is tﬁe ratio of the volume of steel to the
volume of concrete. Iﬁ this investigation f; may be taken as the
yield velue of the steel, and the unit shear is computed by divi-
ding the total shear by the cross sectional area of the floor or
wall.

The maximum shears in the floors and walls occur at the in-
stant the shockAwave strikes the front wall. In obtzining the to-
tal load, the maximum value of the reflected pressure is used.

To i1llustrate, consider the building shown in Fig. 21. The
total maiimum load, pH, obtained from‘the reflected pressure is

P, = 3phL
Assuming that this total load 1s carried to the foundations by

the two end walls only, the correSpqhding unit shear. 1n the con-

crete, v, will then be :
’ . ; 3poh|-. : ’
s —2 ., (3D
¢ 24T ' (

where T is the thickness of the wall,

STABILITY

Stebil; inst Sliding.- When a shock weve hits the front

* #Principles of Reinforced Concrete Construction," Turneaure and

Maurer. John Wiley & Sons. p. 103, 1936.
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‘faece of a s%?ﬁctﬁré.ﬁthe refleé%éd”ﬁfesSUrés'will“tena to move it
by bodily disbiaéeméntféﬁd‘fdféfidiﬂbzﬁhe‘%en&éncy to displacement
will be resisted first by the develdpedhffiction_undertthe base or
foundations and tﬁe passi&e pressurés of the suriounding earth,
then, as the blast wave envelopes the structure, b& the additional
aid of the blast pressurss on top and the rear face. -
To develof‘the relations of motion needed for thié,investiga;
tion, consider the sinple rectangular building shown in Fig. 21.
The ap#lied force tending to mové.the_bﬁilding ié.fhe total blast
pressure P on the front wall, and the total force resisting slid-
ing, R, is given by 7
R=PB, + R+ *(W+E), e (32)
where R, 1s the.passive resistance of the earth (assuméd to be
‘ constant'ﬁuring'thé notion), C; the coefficienf of friction, W the'
total weight of the étructure, inciuding the footings,'and P, is

- the total pressure on the roof. The resulting equation of motion

is ' d2 . :
x’ - ———— _V‘ . . . e s K
g - W RTR) - (33)

in which x is the distance moved by the structure. The forces P,
and PHI are given by,
Py hl p;

and
PI'Il - hL-pa

in which p' and'pé "are obtained from the pressure-time curves
1 : .

‘shown in Figs: 15.and 17, .
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The expressions for PH s P

" and PV will vary for the various

time intervals. These time intervals may bé defined as follows:

ty -

tb =

te =

t¢ =

where all

the front

ot
"

Time for wave to reach rear edge of roof;

Time for wave to reach center of rear wall;

Time for pressure on front face to drop to

value of p (=t in fig. 15):-

Time for wave to reach 74;

times are measured from the instant the shock wavé strikes

wall. Accordingly,

4,

Vl

2d,+h’
-2y ' L
5_&, b for h< 5
gQ+L,"

2v' L
2L for h> 5
v' J

Id .,

vl

The values of Py for the jrarious time intervals are ‘glven in

Fig. 22,

Here Case 1 is for O = t = ta«" Case 2, for tq-/— t = t¢,

and Case 3, for t > tg.

Since PH » P, and P, are functions of t and tz; the general

equation of motion, Eq. (23), may be expressed as |

. .

dx _ 2

?‘72-012+b2t+02t- e (34)
The solution of this equation is '

2 3 4
) et at bt ct |
x = C,  tClt+ 2+ 5 +|2_;- e (35)
39
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in which ¢, _ and c, are constants of integration.

Differentiating Bq. (25) we have,

dx _ bt -Ct _ I
‘-a:Czn'_*QaFf—E_“"'B (36)

If A, end V, represent‘the d13piaceﬁent and velocity, respectively,
at the beginming of any period at the time t,;, then the ‘constants
of integratioﬁ for the'equation‘df motion during that'peripd'are'

found from the relations,.

2 3 .
b,t c.t
- 2'n _ “2°n .
Copn = Vy — Oyt 5 3 (37)
2 3 4
AR A 5 :
CZn'l - An; - cantn,— 2 - 6 - |2 (38)

The motion:étqps‘when {%{ = O Thevtotai_diétance moved may
ltﬁen be determined by sétfing the right'side of Egq. (26)-equal'to‘
zero, solv1ng for t and substituting this value of t in Eq. (25).

It is to be noted that the pressures on those parts of the
footing which extend beyond the wall lines are not included in
the‘above analysis. Inclusion of these areas is not warranted
except_in unuéual éases. |

‘: ricel I s{réi .- The building shown in Fig. 21 will
be investigated for étability.against sliding under.a peek over-
preséﬁré of 10 psi = 1440 psf, which corresponds to a distance of
approximately one-half mile from center of explosion of a 20‘kilo-

ton bomb. The coefficient of friction is assumed to be 0.5, and

40
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the total‘p_a‘ssive. resistance of the earth, 39,000 1b. Froni Figs; 13
and 14, T = O.’58 8EC, The values of the time intervals are.

1 | ' . ' :
%y = To sec; tb 6 sec; %, = -5:3- sec and. td, To_ sec.. !l.'he nu-

a
" merical work is shown :ln tabular form in Table 2. It is to be_
‘ 'notod that the motion stopsg in the time interval -,:—5 = t; Tlc'f + The
t‘imo"whon the motion stops is found from Eq. (26). .
% =g - 98.70 t + 713 ° - 2,363 t° = 0,
from which t = 0.0774 sec. Substituting this value of t in Eq. (25).
the total sliding notion is found o be 0.10 ft, or about 13; in,

Stebility Against Overturning.- The reflected pressures on
the front face, in ad_.d.ition to causing the structure to s]_.ida.'-'will_
tend also to rotate the structure as a m;it ayont ‘the rear edge of
the footing. Referring to Fig. 21, the 'force tending to produce
rofation about en axis through 0 is PHl and the forces tending to
vvresist such motion are F,, P, , o,nd the total weight of the struc- _
ture W, TFor small angles of rotation, 0, expressed in radians, the
overtu’rniog moment, M., causing the rotation 1s. given by,

: (-g—*-f’v')(a-PH,),f_MP‘".(d+d) —(zwm L (39)

in which

depth of rea::.' footing below: zround. level"

P
n

A
A "

' extension of rear footing beyond. rear wall and.

=
"

moment of P, a,bout front edge. of roof, (see -Fig.§ 22).

'.!!ho generai equaﬁio,n of motion 1is given by

2 : _ o
. M .
d’ez = T, - c - (40)
dt I,
4]
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" 'in which I_ is the mass moment of inertia of the structure about.
‘an axis through 0.

As explained in the preceding se.c'tion, By Byio My and P, are

funetions of ¢t and tz._ ‘Accordingly, Eq. .(30) will take the form,

2 ‘ _ _
a2 © 95 t bt + oc o (al)
The solution of this equation is found in the same manner as that

h given' for sliding, Eq. (24). The maximum value of © occurs .when_-,

32 changes sign or when %—?: 0.+ " The méx’:_lmu.m up'lift_.,S, at ‘the
front edge is then simply | .
§ = (d+2d)® | s (42)

Mumerical Illustration.- -The building shown in Fig, 21 will
now be inve stigated.for sfa‘pility against overturning u_.ndér the
_ same pesk overpressuré as used in the 'investigafion for slidiné,
namely 10 psi. The mass moment of inertia about an a:d.s'through
0 is assuned to be 1.5 X 106 1v sec,2 ft. The numerical'v.vork is
shown in tabular form in Table 3. It can ve. seen that the maxi-
mum value of.‘ev.qcmzkrs"in the time tptez;val' —;—s§ t = —3'-3 , The

time when © is a maximum is found from the relation,

de . _ - 2_ : 3 -
a1 = Cs ‘2.2|5t_ 44 .46t 149.46¢t = O

.From this equation ¢t = 0.0205 »sec and emax = 0.000337.radia.n. - The
maximun uplift at A s found to be 0.0074 ft or sbout = in.
From the small values obté_ained in the above examplés,' it 'may '
be concluded that the structure possesses adequate stability a.gainst
sliding and overturning. O'bviously, the extent of displacements
which may be deemed as permissible will vary with the type and

functional requirements of the structure.




_ CONCLUSION-
The possibility of. an‘atomic‘warfare has made'everyvone pro-
.,tection conscious. Having survived the initial shock of impli-
cations related to the power of this new weapon, we are now able

to give atvleast=a'quaIified reply of assurance to the inevitable

p. 372
e ~ 7,1'757

question, "can we provide protectionfﬁ The answer-may be summarized
as follows. | o |
(a)/ﬁt complete or unqualified structural protection against
the A-bomb, as well as some of. the conventional ‘bombs, is feasible,
| Chi Within the eritical range of explosion, all buildings. re-
gardless of type of framing, will suffer some damage, varying in
vseverity in accordance with their proximity to ground zero.
Qc) In general the design criteria for protection againet an
_atomic bomh of the presently known type are not as severe as those
" requirsd for'some‘of the conventional weapons of the last war.
assuming the»tomb is_to'explodevat'an altitude correeponding to
its maximum range d: damage, for thetneeded protection, the changes
to Dbe introduced.iniconventional'designs,of'reinforcedvconcrete
will be relatively small._' | | | |
Cdﬁ/By proper arrangement of framing and details. adequate over-
‘all strength can be provided for a structure to awert collapse,
even though there may occur severé 1ocal damage in. the form of |
-.1arge plastic deformations or failuree. Cuﬁk) o S {
(o) With certain assumptions of probable structural behavior,{'

the adequacy of over-all strength of a framing and the extent of

- 43
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damage to local merbers can be satisfactorily &ascertained. For
this purpose, the procedure presented above may be used as a prac-
tical method of design.

As a‘concluding thought, 1t should be femembered that protec-
‘tive design, as a measure of defense, can only follow the progress
of weaponé bf offense in a vicious circle df continued ;mpfovement.
For what is devised nqw to be‘adequate against we apons of todéy.
is aptlto be inadequate for weapons of toﬁorrow. This sad reflec-
tion should serve as a sobering influence agginst'thé creation of

a false sense‘of future security.




MR R om n

<«
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NOTATIONS

Part 1

Sectional pressure of a bomb or projectile;

A ratio, = T/D;

Weight of gharge in a bomb or préjectile:.
Penetration‘coefficient for explosion;

Impact penetration in an infinitely thick mass;

Depth of pehetration due to impact in a sladb of thick-

ness T;

. Depth of penetration due to explosive charge-of.a bomb

or projectile;

Acceleration due to gravity:
Height of fall of bomb;

Thickness ratio, = D'/D;
Penétration coefficient for impact;
Thickngss of resisting slab;

Impact~velocity;

A function of Vs

Part II-

Surféce area of a slab or beam;

Area of tensile reinforcement;

ACoefficient of sliding friction of structure on ground°

Width or depth of a rectangular structure;

Extension of footing outside of wall;
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Ec. s
T =
f s
fe s
h H
h' s
I 2
c
Im 2
L =
1/ =
s
tz
Mp i
M' =
MT =
PH, =
i =
Hi
Pv =
P =
Ib =
q =
R H
T =

‘Modulus of elasticity of cpncrete.

Total force acting to move a structure or a component;
Net force causing motion of a unit area;

Ultimaté comﬁressive strength of concrets;

Height of a rectangular structure;

Depth of footing;

Moment of inertia of unit width of concrete member;
Hass moment of inertia of a structure about an axis

of rotation;

Length of a rectangular Structure;

Length of a one-way slab or Deam;

Length of short side of two-way slab or plate;

Length of long side of two-way slab or plate;

Total moment of roof pressure about front edge of roof;
Resisting moment at yield sfress.pér unit width of slab
or beam;

Total overturningbmoment on a structure;

Total pressure on front wall;

" Total pressure on rear wall;

Total vpressure on roof;>

Unit pressﬁre, above atmospheric, on a surface;

Peak pressure, above atmospheric;

Modulus of resistance;

Total resistance to motion of a structure in translation;
Ratio of volume of reinforcing‘steel to volume of cohcrete;

also a constant used in the solution of equations of motion;
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L+

X

rl@mp

Stress per‘unit'width of resisting steel in a slab or beanm;
Pime measured in seconds;

Time for reflected pressure §h front face to drop to Py’
Time for shock wave to travel from front face to center
of rear face;

Veloecity;

Velocity at time t|;

Velocity of shock wave;

Allowable unit shearing stress in concrete;

Unit ghearing streés in concrete;

Total weight of a structure or‘comp&nent part{

Unit weight; | |
Displaceuent of a structure in direction of shock wave;

Displacement of center of a slab or beam relative to

1ts supports;

Displacement of any point on a glab or beam relative

to supports;_

_ Acceleration;

]

Reduction factor for area;
Reduction factor for weight;

Resistance factor;

- Displacement at time_tli .

. Maximum uplift at front footing;:

Angular displacement of & structure;

Duration of positive phase of shock'wavé}
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Material

Ft3 1b.!

Limestone .............................. ...
Concrete ' . . . ... ... ...
‘Reinforced concrete2.......... .............
Specially-reinforced concrete3..............
Stone masoNry......................cco.oeiinn.
Brickwork ............ ...
Sandysoil......................................
Soil with vegetation............................
Softsoil....................... ...

5.38x 10-3
7.99x 10-3
4.76 x10-3
2.82 x10-3
11.72x10-3
20.48x 10-3
36.7 x 10-3
48.2 x 10-3|

73.2 x 10-3}

| Mass concrete with a crushing strength of 2' 200 pounds per square inch.
2 Normal reinforced concrete with a crushing strength of 3,200 pounds per square

inch and 1.4 percent of reinforcement.

3 Specially—reinforced concrete with a crushing strength of 5,700 pounds per .
square inch and 1.4 percent of reinforcement.

TABLE 1. — Values of penetration coefficient (k) for various materials.
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Displacement

) TIME INTERVAL - IN  SECONDS
TERM T 1 R 1 ] 1 ]
sl L=l L=yt S =g
AR 7 70 1% 356 56-'°35 ' T
P x10™" 1.728 - 40.32 ¢ 1728 - 4032 ¢ 1.728 - 40.32 ¢ 0.606-1.045¢
P, x107* 0 ) 0.396 - 0.662 ¢ 0.396 - 0.662t
px 107" 63.141 ¢ 1107-15.4021+73.3821" 1107 - 15.402¢ ® 73.382 t° 1107 -15.402t ® 73.382 ¢
R x10* 0.159 937.885¢ - T.0.823-9.241t + 44029t 1.219-9.903t ® 44.029 t* 1.219-9903 ¢ » 44.029t"
T =1 - . .
(P,- R)x107* <1.569-78.205¢ 0.905-31.0791 - 44.029¢" 0509 - 30.4171- 44.029¢" -0.613 % 8.858t-44.029t"
. . 2 e .
Equation of *| dx 1252.62 - 12591t * 145.71 - 5004t - 7089 t" 81.95 - 4897t ~70891" . -98.70 + 1426t - T089t"
Acceleration. | dt i )
fauation of | . | G+ G+ 126311 209858 | G+ Gt 0728551 834.0t- 590751 | G+ Gt » 40.9751% 81617t 590751 | G+ Gt - 49.351% 237.67¢- 590.751*

Equation- of dx

G;+ 252.62t~ 62955¢"

C,+14571t-2502 23631

G,*81.95¢-2448.51-2363¢"

C,- 98.70 + 7131 23631

Velocity dt
Volues ot L (o] 0.0197 ft. 0.0284 ft. 0.0542 ft..
beginning of | 4. ) ) .
period o 0- 23241 f1. /sec. 2.5507 f1./ sec. 2.1690 f1./sec.
G.»0" C,=-0.0036 C,=-0.0136 C,=-0.0382
Vailues of Constants ' .
in equations G0 ~ C,= 0.7600 C,- 1.88I5 C,= 4.462|
T o
. 0.0197 ft. 0.0284 ft. 0.0542 ft. 0.0931 ft.

Values ot end
of period dx
’ d¢

2.3241 ft. / sec.

25507 ft. /sec.

2.1690 ft. / sec.

- 0.6409 ft./sec.

TABLE 2. COMPUTATIONS FOR STABILITY AGAINST SLIDING




LS00

TIME INTERVAL IN

SECONDS
TERM \ .
' osts k- Lsysl sl
70 70 56 56 3B
Px 107" 1.728 - 40321 " 1.728- 4032t 1:728- 4032t
p,x 107" ) o 0.396 - 0.6621
P, x 107 63.141 t 1107 - 15.402¢ « 73.382 t* 1107 - 15.402¢ + 73382 t"
M, x 107 51029 t" 12.8-179.2¢ + 868.431° 128 - 179.2 t + 868.43 "
M x 107 9.896 -1608.2 t * 51029 t" -0.551 - 138.0t - 672.59 t* ~3.323 - 133.364 ¢ - 672.591"
Equation of d'e 3 ‘ t . . 3
quation gs. 6.597- 1072t + 34019 ¢ -0.367-92t-448¢t -2.215-88.9t-448¢
Acceleration dte
Equation of P t_ ) 4 g - *_ 3_ . ‘ _ e 3_ .
Displocement 9.} Ct+ 3.293;; 178.67¢+ 2835t C,* G- 0.1835¢ - 15.33 1"~ 37.37¢ G+ G- 1.I075 t™- 14.82 t - 37.37 ¢
Equation of do C,* 6.597t- 536 {'+ 113401° C,- 0367t -46t'-1495¢ C,-2.215t - 4451 - 1395¢
Velocity dt t . ¢ :
Values at - o~ 0 ' 0.000270 rad. 0.000322 rad.
beginning of de
period at 0 0.017915 rad. / sec. 0.010908 rad./ sec.
c-0 G,» - 0.00017 C,=- 0.000406
Values of Constants
inequations G0 C,* 0.03298! G, = 0.065490
e - 0.000270 rad. 0.000322 rod. 0.000192 rod.
Values at end ) -
of period N
° % - 0.017915 rad. / sec. 010908 rad. / sec. ~0.037576 rad./ sec.

TABLE 3. COMPUTATIONS FOR STABILITY AGAINST OVERTURNING




1400
1200 - o
2
- \ v
Vi = lo | + ——
gno( 2|5,ooo)
1000 - |
S
Q
[7,]
_ 800 -
[}
Q.
> -
= 600 4
>
'S
(o]
R
> 400 -
. 200 -
0 1 1 ¥ | - l. ) v
0 0.2 04 0.6 0.8 1.0
A |

FIG.| VELOCITY FACTOR (V') FOR IMPACT PENETRATION

Yeao00 .52




SPEED OF PLANE

HORIZONTA L

3aNnL1iLaV

("1 0001)




~

2.00 .
/
1.45 7/
° J
s 1.20 = |
" |
E 1.09
2
£ 104
[ =
2 102
S
® |0l
@
(a8
.00
0 ) 2 3 4

Slab Thickness in terms of D

FIG. 3 DIAGRAMMATIC REPRESENTATION OF RELATION
OF RELATIVE SLAB THICKNESS TO PENETRATION

Yeo0o0-55




K

.Rat‘io

Thickness

1.8

1.6

X
‘N

( -4(0'-2)) |
T R

= base of natural logarithms

a_
] ;
o]+ olo

"

penetration in a slab of
thickne_ss T -

1.4+ "D = ‘penetration in a “slab “of
infinite thickness
1.2
I.O — 1 T ] T A v 1 1 4=‘
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

Penetration Ratio a'

FIG.4 RELATION OF RELATIVE SLAB THICKNESS TO PENETRL.ION




(b)
Fig. 5 Types of Damage in Impact Face of Concrete Slab

(0) Complete Penetration
(b) Nearly Complete Penetrution

Yolo0-5



(b)

Fig. 6 Types of Domage in Impact Face of Concrete Siab
'(a) Partial Penetration Due fo Impact

(b) Additional Penetration Due fo Charge Exploded in Crater of (o)




(b)
Fig.7 Types of Damage in Rear Face of Concrete Siab

(a) Partial Penetration Due to Impact
(b) Nearly Complete Penetration Due to Impact

J=200-57



(b)
Fig. 8 ‘Types of Damage in Rear Face of Concrete Siab
(o) Charge Exploded in Open Crater

(b) Charge Exploded in Confined Crater




Bar trusses at 6"o.c. staggered

Detail l. Transverse bars at 6" o.c.

Bar trusses at 6"o.c. staggered
! /‘7 [—Tronsve.rse bars at ‘6"o.c.

Iy

[
N
n
TYPE B.
Truss chord %'* bar’
Double loop of *14 ga. wire
Truss web %'Vbent bar

Weld on both sides

' Transverse bars 304

TYPICAL DETAIL |

_FIG.9 ARRANGEMENT OF REINFORCING IN SLABS
OF BOMB-RESISTANT STRUCTURES )/
’ | Z200-6/
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.‘W;HM“ Shock Front R |
i, ‘: |H
Vi I | S ' vt
4 ' : AL
- v
Jozvtad dsvtsrd vtzrd
-, CASE | . 'CASE 2 CASE 3
‘ _ Lp [_ Vi- ‘7,,-";:“ |og,(7‘ -6t ﬂ‘"-(’)] Lpo{;?g("')g- 'hllt';:vt [\_:7_ . %: h st)]}
CASE | ‘ ,
p'- 027:3 -Lpoy't & M, % 0.452 Lp, (v't)! =
. . . - ,
10, vt _ 7ve-6vt Te-6t) _ vt - Vt) _ 7VT-eviTvt v Tt -6t diag B
Po= "'%[3" AT '°'°( 9 ”'-(vt)] M, L"o{(z's')z = Tioe [7 * ?'"-( Te ] + 5(“""")}
CASE 2 .. ' : .
P, prd[o.gei - 0.191 3- + ools(‘%) ] M, ~Lp ["'(54 vt) + |(s_o) ]
4 _ Mc- svt w sd ‘ _ v 4 rve-evi] , vt ‘ v - 64
= ""o[ 18~ 100 o, ( )] "'-L"’{-ﬁ' 108 [.‘“?'“-( Ve )]} '
CASE 3 ) , ' C
ev~ Lﬁ,d[o.oos-qou?z']' M, = Lb,(d+ u.oa)'[oueo -0.00SGv't] v
P, = Total pressure on roof. _ v
M, = Moment of P, about front edge of roof. .
m Approximate values are for v'* 1400 ft. per second , 0.5:1::0.75 sec., and d % 50 teet.
. Shock wave moves from left to right, L = length of structure.
TOTAL ROOF PRESSURES 8 MOMENTS OF TOTAL

PRESSURES






