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IESIBT OF PROTECTIVX STR!JCTURES I 
I 
I 

L New Concept o f  Structural Behavior) 

SymoPS IS 

The design o f  protective structures i s  no longer confined to the 

exclusive domaig, o f  military construction. As a resul t  o f  atomic 

warfare and with the elininatioh of previous boundaries o f  m i l i -  

tary objective, protective design is  now a common problem for  both 

the mili tary instal la t ions as well as for  c i v i l  and industrial  

buildings. 

t o  serve as a guide f o r  the design of such structures. With the 

objective o f  providing some a id  t o  the structural  engineer i n  h ie  

2-3 

Presently there i s  but l i t t l e  information available 

new and d i f f i cu l t  task, t h i s  paper presents certain data and de- 

sign procedure. 

par t  includes declassified experimental data and a procedure used 

The presentation is  made i n  two parts: The f i r a t  

the Bureau o f  Yards and Docks o f  the N a v y  Department i n  design- 

ing structiwes t o  r e s i s t  conventional weapons of the last w a r ,  

such as bombs and projecti les.  The second par t  is devo.ted t o  a 

discussion o f  atomic bomb bl~ast and t o  a new concept of s t ructural  

resistance. Based on t h i s  concept, an analysis i s  presented, to- 

gether with a simplified procedure, f o r  the design of structures 

to r e s i s t  atomic blast. 

, 

_ .  



Statements regarding proof construction often convey wrong 

impressions o f  strength and s t ruc tura l  adequacy. 

mainly to  improper or unqualified use of  such stock phrases a8 

%bomb-proof, natomic-proof, Wblast-proof, splinter-proof, 

and other expressions of similar generality. 

'phis is due 

The designation of  a building o r ' a  structure as proof against 

s weapon, without complete qualifications regarding the physical 

and b a l l i s t i c  properties, as well as the range and the orientation 

o f  the weapon, is meaningless. Even with such qualifications, no 

true appraisal can be made of  the obtainable protection without a 

change in o u r  conventional concept and undehtanding of strength 

and resistance. 

Unlike s t ructural  behavior anticipated and obtained in con- 

ventional design, the extent of damage due t o  weapons' loading in 

a protective construction cannot be fully or clearly determined. 

In conventional work, a structure is designed to  sustain a given 

condition of loading w i t h i n .  l i m i t s  of e las t ic -  strain.  

rare  instances, the intensity of  a loading  sustained e building 

during its service l i f e  is not appreciably surpassed by that con- 

Except fo r  

templated in the o r i g i n a l  design. In contrast, there i e  no control 

on the loading which may be imposed on a protective structure. 

There i o  no aeaurance, except tha t  given 

that the condition and the severity of loading as assumed w i l l  prevail. 

the laws of  probability, 



Consequently, the extent of damage may be far beyond the range con- 

ceived in design. As a pract ical  corollary, we may have t o  assume 

that a building w i l l  suffer ma- damage which, in tmn, may be 

taken as a condition short of collapse of local  o r  individual mem- 

bers of framing, 

The analysis of the strength of  a structure under atomic 

blast  presented here is predicated on t h i s  concept of structural  

behavior. It may be considered as a limit design where locally 

use is made,of the fbll m i c  resistance of  members under rela- 

t ively large p l a s t i c  deformations. However, such local  overstre~ea,  

o r  even some failures,  llpry not necessarily mean a serious impair- 

ment o f  overall structural  adequacy of a building, eince in moat 

cases, by proper arrangement of fiming, it  w i l l  still be posaible 

t o  re ta in  the needed strength and- stabi l i ty  of  the structure aa 

a whole 

The two methods of analysis given in the perper--one f o r  im- 

pact penetration and the other f o r  blast resietence--are adaptable 

for  pract ical  use. 

of either method, &wever, owing t o  the many indeterminate factore 

No claim is advanced regarding the ewctnees 

affecting the conditions of  loading and assumptions of behavior, 

such exactness is neither deemed feasible of attainment nor essen- 

tial f o r  a pract ical  o r  adequate solution of  the problem. 

fir the need& brevity, the scope of the paper is limited 

primarily t o  design problem8 of surface structures bui l t  o f  rein- 

forced concrete. 
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CATEGORIES Olp WEAPOW 

For purposes o f  s t ructural  analgsis, weapons o f  modern war- 

fa re  may be classed in two general groups: 

1. Those which cause greatest damage by the impact of the i r  

penetrating mass, and 

Those which cause greatest  damage by the blast  o f  t he i r  

explosive mass. 

2. 

The first category, which may be referred t o  as weapons o f  impact, 

includes project i les  fired from guns, conventional bombe having a 

charge-to-weight r a t i o  smaller than 20$, rocke t-assisted bombs and 

guided missiles. !Ib other  class,  which may be referred t o  as 

weapons o f  blast ,  includes atomic bombsand high explosive o r  con= 

vent ional bombs having a charge-to-we! ight rat io Bigher than 26. 

In general, weapons of impact cause severe damage locally, while 

the effect  o f  weapons of blast is characterized by overall damage 

o f  relatively lees severity, 

P e l !  I, IzESISTAHCh TO IMPACT 

ConceDt af Pro iec’t i a g  .- The primary objective o f  a bomb o r  

project i le ,  as a weapon o f  offense, is t o  breach a barr ier  o f  de- 

fense. 

she l l  o f  a structure, o r  sone combination o f  the three, Wkien the 

The barr ier  may consist o f  a barricade, a shield, an outer 

breaching o r  the penetration is complete, the weapon is said t o  

have attained its optimum offensive efficiency, This efficiency 

3 
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is usually ascertained by actual t e s t s  a t  arms proving grounds. 

bnce ,  the obtained depth of the penetration is called the proof 

o r  limit thickness of the weapon. kcordingly,  f o r  protection from 

a weapon o f  t h i s  category, i t  w i l l  be necessary t o  provide a s t rub -  
c 

ii 

cc tural shell where the minimum thickness exceeds that of  the proof - 1  

with a mmgin of safety yet t o  be deternined. . ^  
Penetration .- There are three main factors  governing the & 

penetration o f  the missile into a res i s t ing  mass. These,are: 

1. The velocity of the missile at impact, 

2. !&e physical properties of the missile, and 

3. The material 's characterist ic o f  the res i s t ing  

mass. 

These factors have been combined in various forms t o  obtain an em- 

p i r i c a l  expression f o r  penetration by a num%er of authori t ies  in 
. .  

'ballistics. One o f  these relations, the modified Petry formula, 

expresses proof thickness as follows: 

* - ( 1 )  D = k A,V' . . .  

in which D is the depth ( i n  f ee t )  of penetration, k is an exper- 

imentally obtained material's coefficient f o r  penetration (see 

Table l*), Ap is the sectional pressure, obtained by dividing the 

weight of the missile by its maxianun cross-sectional area (expressed 

a6 pounds per square foot),  and VC ,is a velocity faclor which, i n  

turn, is given by the expression 
. . 2  

. . . . . (2) 

* from Wivil  Protection," by F. J. SamueIy & C. W. Hamann, the 

Architectural Press, bndon, 1939 . 
4 



where 7 represents t3e terminal o r  str iking velocity (in fee t  per 

second) of the missile. (Values o f  P may be obtained from the 

cxrve i n  Fig. 1.) 

The s t r ik ing  velocity, V, o f  a bomb dropped from a plane is  
I 

computed from i t s  ver t ical  and horizontal components. 

cal  component i s  due t o  gravity. 

Tne verti-  

Neglecting the effect  of air re- 

aistance or the aerodynamic characterist ics of the bomb, it  may be 

ixpressed as 

(3) . . . . .  V = d 2 g H  

where g is  the acceleration due t o  gravity (in feet  per secona per 

second) and H i s  the height o f  f a l l  (in feet) .  

component is  given by the velocity o f  the plane at the time of re- 

lease o f  the bomb. 

The horizontal 

The s t r iking velocit ies of  bombs released at 

various al t i tudes from planes f lying with various speeds are  given 

in Fig. 2. It is t o  be noted that the actual velocit ies a re  some- 

what less  than that indicated, due t o  the compressive and f r ic t iona l  

resistances of  the air, both of which depend upon the shape and 

weight of the bomb. These factors  have the effect  of limiting 

the velocity to a terminal or m a x i m  possible value, no matter at 

what height the bomb m a y  be released. 

cording t o  the type of  the bomb, beiEg as d rule greater for  heavy 

This effect would vary &cy 

bombs. For example, a 200-1'0 incendiary bomb may have a terminal 

velocity o f  only 400 f t  per sec, whereas a 500-lb bomb may reach 

1600 f t  per sec, a 1600-lb bomb, 3100.0s 1200 f t  per sec, and a 

20004b born$, 1300"ft per sec. 

A.P. bomb, released from an elevation 16,000 f t ,  would a t ta in  a 

It is estimated that a 2000-lb 



, 

s t r ik ing  velocity of approximately 1000 f t  per sec. 

h P l e  of Igltiact.- Owing t o  i t s  two components, a bomb w i l l  

land on i t s  target at an angle with recpect t o  a normal, when re- 

leased from a plane. 

height and the speed o f  the plme.  In addition, the angle o f  in- 

cidence is somewhat dependent on the b e l l i s t i c  properties of the 

bomb. 

f lying planes at vb ious  al t i tudes a d  air speeds a r e  given i n  

The angle of incidence is dependent on the 

Approximate angles of impact o f  bombs release& from level- 

Fig. 2. 

the bombs have been neglected. 

In these curves, air  resistance and the aerodynamics o f  

It is estimated that a 2000-lb ALP. bomb release& from a 

plane f lying horizontally at 250 miles per hour, at approximately 

16,000 f t  elevation, a t ta ins  a s t r iking velocity of 1000 f t  per 

sec, and lands at an angle of impc t  approximately 700 to the hor- 

izontal o r  with an obliquity of 20°. 

From the foregoing, it is evident that  bombs may str ike both 

the roof as well as the walls o r  the sides of a building, and that  

a pitched roof having a slope o f  200 may sttstain normal h i t s  from 

bombs. 

The Effect of Relative Thickness on DeDth of Penetration .- 
The penetration formula  given i n  Eq. (1) is ap7licablo o n l y  t o '  

slabs where the thickness of  the slab is  many times larger than 

the depth of penetration. Experiments indicate that f o r  a given 

condition of  impact loading, there w i l l  be a m i n i m  depth 

6 



.:. .. 

r- 
0 

a- 

- 
I .  . 

i 

of  penetration when the thickness of  the res i s t ing  slab a t ta ins  a 

minimum value. 

traafon, I), t h i s  minimum thickness of  the res i s t ing  slab is about 

31). That is to say, ic slabs having a thickness 3R or more, the 

depth o f  penetration under a given project i le  of a stated terminal 

velocity w i l l  remain about constant. bwever, if the thickness of 

the res i s t ing  slab is l ess  than 3D, the depth of  penetration, D* 

w i l l  be larger than D. 

axpreesed i n  terms o f  the depth of  minimum pene- 

With the decrease in the thickness o f  the 

slab, the depth of  penetration w i l l  increaee u n t i l  perforation is 

obtained. This i e  the condition uhere the res i s t ing  slab has a 

thickness of only 2D. According to  the Navy* experiments, the re- 

la t ion between slab thickness and depth of penetration may be ex- 

pressed by 

This re la t ion is shown diagamatically i n  Fig. 3 and also 

by a curve i n  Fig. 4. 

Penetration Du e to E a v e  C a . -  As discussed above, 

the efficiency of an impact bomb is gaged by i t a  power of  pene- 

t r a t ion  which, i n  turn, is reflected br the cross-sectional 

weight 05 density. 

casing the larger i-s the penetration. Since the amount of ex-* 

For a given weight o f  bomb, the heavier the 

plosive charge contained in a bomb i s  obtained by a corresponding 

reduction i n  the thickness of the casing, the weight of the ex- 

plosives in A.P. !armour-piercing) and S.B.P. (eemi-armour-piercing) 
I 

, ‘  

* All references t o  Navy pertain t o  the Bureau o f  Yards and 

Docks of the ITavq’ Department, 

7 



types of bombs i s  kept t o  a minimum. 

bomb with a charge may be assumed t o  be the sun o f  two separate 

penetrations; 

the Navy experiments, the effect  o f  such bombs was simulated by 

first f i r i n g  an iner t  project i le  into the res i s t ing  model, then 

The t o t a l  penetration of a 

one &e t o  impact and the other t o  explosion. In 

placing a charge i n  the Impact crater  and exploding it. . -  
An approximate value f o r  depth of penetration due t o  explo- 

sion of a !R?T charge i n  a concrete slab of great thickness (about 

3 t o  4 times the depth of the result ing penetration) may be obtained 

from the relat ion 

(5) De = c'& . . . . .  

where De is the depth of penetration ( in f t )  C, i s  the weight of 

the charge (in pounds) and c) is a penetration constant. In ~ v i l  

Protection" the f o l l o d n g  values are given f o r  c* : maso concrete, 

0.26; ordinary reinforced concrete, 0.22; specially reinforced 

concrete, 0,$8. 

use was made of special reinforcing and a concrete having an actual 

28-day strength o f  about 4000 psi,  was about 0.2. 

The value obtained i n  the Navy experiments, where 

Extent of Damacre i n  CQBCr ete  Slabs Du e t o  Imaact and - 
When a bomb o r  prodectile s t r ikes  a concrete slab, there resu l t s  

a crater  of rather irregular shape. In addition t o  the cavity i n  

the face o f  impact, there may be considerable cracking in the op- 

paeite face of  the slab. %e severity of such cracking increases 

with decreased thickness, becomlng c r i t i c a l  in  the form of scabbing 

and spall ing when limit o r  perforation thickness is  neared. Figs. 

8 



5 t o  8 i l l u s t r a t e  typical cases o f  damage obtained i n ' t h e  navy testa  

&om the deformation p a f e r n  of  'the reinforcing it can be seen that 

concrete i n  both faces o f  the slab tends t o  break and displace out- 

wardly. 

t o  resist the scouring action o f  the reflected shock wave i n  the 

inpact face and the scabbing effect  o f  the propagated wave i n  the 

opposite face. The extent and tendency o f  failures o f  this  type 

may be minimized by the use of  special systems of  reinforcing t o  

This i s  due t o  the inherent weakness of  concrete in tanaion 

provide the needed tensile strength. Fig. 9 shows the de ta i l s  of 

such a system o f  reinforcing u t i l i zed  by the Navy i n  i t s  bomb-re- 

ais tant  structures built during the last war. 

consisting of  welded bar trusses, is  obtained by joining the main 

reinforcing o f  two faces of a slab and the z i g z a g  webbing t o  form 

a Warren truss. The limited extent of scabbing and the pattern of  

failure observable in  Fig. 7bb)are traceable to the use o f  t h i s  

type of reinforcing i n  that particular t e s t  slab. 

'phe arrangement, 

The PrinciDle of Divided ess of Protectioa,  - Since it 

is not feasible t o  eliminate scabbing entirely,  a roof  slab posseas- 

ing sufficient t h i c b e s s  f o r  minimum penetration w i l l  s t i l l  fa i l  

t o  provide f u l l  protection against the possibil i ty,  or hazard of 

falling debris from the ceiling. For the needed aafet37, i n  some 

cases use is made of  a so-called anti-scabbing plate,  consisting 

of  a s t e e l  plate  attached t o  the cei l ing by means o f  anchors cast 

i n  the slab. Another method f o r  securing the desised protection 
.. I 

is t o  use a double-slab construction. For t h i s  purpose, the design 

9 



t h i c h e s s  i e  divided into two par ts ;  one thicknese f o r  an outer o r  

roof  slab and another f o r  an inner o r  cei l ing slab. 

is designed f o r  impact perforation, that is, a thickness o f  about 

The outer Slab 

2D, while the inner slab i s  designed f o r  minimum penetration due t o  

the explosive charge o r  a t h i c b e s s  o f  about a , 
-The basic advantage o f  t h i s  arrangement is  that no appreciable 

s t ra ins  due t o  the impact shock wave are imparted t o  the inner slab, 

Should explosion occur on contact or during penetration o f  the bomb 

into the outer slab, the Inner slab will be protected also agalnst 

the s t ra ins  from t h i s  source. On the other hand, should explosion 

occur a f t e r  perforation, that is, the charge exploding in  the gap 

provided between the two slabs, i ts  scabbing effect  w i l l  again be 

minimized t o  the extent of  difference o f  severity of shock o f  an 0- 

pen vs. confined eq los lon .  As an additional advantage, by local- 

izing the main damage i n  the outer slab, the work necessary f o r  

subsequent repairs  is slmplified, and the continued use o f  the af- 

fected building i s  assured during such repair  operat ions, 

PBOCXDUKE OF DESIGN 

Data.- Complete information i s  needed regarding the 
against 

weaponsI and the conditions o f  irnpact/which protection is t o  be pro- 

vf0ed. %is information, which may be called the basic design data, 

shoule inclade the weight, charge and sectional properties of the 

missile, and the velocit ies and angles of  9 t i c i p a t e d  impact. In 

most cases, the c r i t i c a l  l o d i n g  f o r  the roof and the walls of a 



structure w i l l  differ.  For example, if  the building i s  t o  be 

located near t h e  shore, within the range o f  naval ship guns, then 

the c r i t i c a l  l oadhg  for  the exposed walls would be that due to 

an A S .  type projecti le f i red  f rom a distance just  beyond. the range 

of the defendiw shore battery. On the other hand, the design of 

the roof w i l l  be governed by the loading o f  an AS. type bomb 

droFped from an al t i tude deemed as safe f o r  the car r ie r  plme. 

The following c r i t e r i a  were used by the Bureau o f  Yards and 

Docks i n  providing tbe heaviest t p  of  protection to  the navy's 

v i t a l  shore structures bu i l t  duriog World War 11. 

(a )  A.F. t p e  aerial bomb. 

Weight = 2,000 lb ;  charge = 300 lb;  sectional pres- 

sure = 1,500 1% per sq f t ;  terminal velocity = 1,000 

f t  per sec; angle of impact = 20' (from ve r t i c i l ) ;  

(b) A.F. type projectile. 

Weight = 200 l b  (8-inch project i le) ;  sectional pres- 

sure = 745 l b  per sq f t ;  terminal velocity = 1,300 

f t  per sec; angle of impact, normal hi t .  

ComDutation of Thicknesses.- llhe t o t a l  thickness to be pro- 

vided for  each par t  of a framing w i l l  depend on the minimum depth 

of penetration and the desired degree of  protection. 

The minimum depth of penetration under impact and explosion 

are given by Eqs.  (1) and ( 5 ) ,  respectively. 

w i l l  be made of special reinforcing and.class E concrete, having 

a nominal 28-day compressive strength of 3,000 pai and an actual 

Assunling that use 

-\ 
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For other strengths o f  concree,an approximate value f o r  k may be 

obtained from Fig. 10. 

specified in (a) above, w e  w i l l  have:. 

For the bomb and the conditions o f  impact 

I 

D = 0.0028 x 1500 X 0.75 = 3.15 ft. ,  

De = 0.2 q x  = 1.34 f t .  

The axis of  the crater in a slab w i l l  about coincide with the direc-, 

t ion of  the force o f  impact. Since the bomb is assumed t o  land at 

an angle of 200, the de2th o f  penetration measured normal t o  the 

face o f  a alab In a given position w i l l  then be 

1. Slab i n  a horizontal plan: 

D h = D  cos 200 = 2.96 f t . ,  

De,,= De cos Zoo = 1.26 f t .  

Slab in a vert ical  position: 

Dv = D sin 200 = 1.08 f t . ,  

2. 

a in  200 = 0.46 f t .  = De 
The condition of impact specified i n  (b) is that  of a horizon- 

tal  h i t .  The d8pth o f  penetration i n  a ver t ica l ly  placed slab is  then 
- 

D = 0.0028 x 745 x 0.95 = 1.98 f t .  

To obtain the design thicknesses,we must now apply a thickness 

factor against the minimum penetration corresponding t o  each condi- 

strength of 4000 psi*, the factor i n  Eq. (1) may be taken ae k = 0.0028. 

t ion  of  impact . 
* In  the Navy t e s t s  the actual 28-day compressive strength o f  t h i s  

c lass  o f  conrete varied from 3500 t o  4500 pal,  and the obtained aver- 

age k value was about 0.0028. 

12 



If a double-slab roof framing i s  to be used, the factor of thick- 

ness f o r  the outer slab w i l l  be 2, which would resu l t  i n  perforation 

due to impact penetration o f  the bomb. 

then 

The required thickness is 

Tt = 2 x 2.96, or about 6 f t .  

For the inner slab, a factor of 3 w i l l  be ample f o r  protection 

against the explosive charge of the bomb. Accordingly, 

T b =  3 x 1.26, o r  about 4 f t .  

In the case of a roof composed o f  a single slab, the factor 

of thickness, t o  be epplicd against the t o t a l  penetration of the 

bomb, may vary from 2.5 t o  3, depending whether an anti-scabbing 

p la te  i s  t o  be used or  not. The required design thicinoss w i l l  

correspondingly be 

TI = 2.5(2.96 + 1.26). or  about 11 f t . ,  

T, = 3(2.96 + 1-26), o r  about 13 f t .  and 

lhr the walls of  a building a thickness factor of 2.5 will 

suffice. 

the required design thickness is 

Then, i f  the wall is t o  be pro.tected against shell fire, 

TI = 2.5 x 1.98, or about 5 f t .  

If the w a l l  is not oriented towards the sea, or located within 

cr i t ical  range o f  naval gun f i r e ,  then the required design thickness 

f o r  protection against oblique hi ts  from bombs w i l l  be 

T, = 2.5(1.08 + 0.46). o r  about 4 f t .  

The design thicknesses f o r  protection against other impact 

weapons ma$sim’ilarly be computed. The procedure may a l s o  be used 

13 



f o r  determining Drotective thickness against bomb fragments and 

missiles o f  various type, provided reasonably satisfactory assunp 

tiocs can be made regarding the i r  weights, shapes and the veloci t ies  

at impact e 

Where s t ee l  plates  are to be use2 i n  combination with concrete, 

i n  yrotective value 1-inch thick ordinary structural grade s t e e l  

may be taken as equal t o  12-inch thick concrete o f  about 3000 psi. 

strength, and f o r  specially-treated s t ee l  the equivalence is about 

18 inches o f  concrete. . 
. I  

Arrsnrren?ent o f  Franicg.- A typical arrzngement f o r  a bomb-re- 

s i s tan t  structure is shown i n  Fig. 11. The building, the Navy's 

bomb-resistant personnel shelter,  w z s  designed in  accordance wfth . .  

protectior, c r i t e r i a  outlined above. The main features o f  framing . .  

include the f o l l o w i n g .  I .  

The roof  consists o f  two slabs: an otiter slab o f  6-ft depth 

and a ce i l ing  slab o f  4 f t  depth. The outer s lab ,  su2ported on a 

ser ies  o f  p ie rs  at the walls, projects  5 feet beyone the well l ine  

t o  form a prctective csnopy over the cei l ing s l ~ b  accir,st a direct  

h i t .  

A l l  walls, including the barricades sheltering the entrance 

passage ways, are 4 f t  thick. 

A 4-ft slab is also used i n  the f l o o r  t o  r e s i s t  underground 

explosions. In  addition, a 20-ft wide burster s lab provides pro- 

tect ion against under-floor penetration o f  light-case, high-explo- 

cive bombs. 

14 



'pgpicsl de ta i l s  of reinforcing are Shawn i n  Fig, 9. The =ran@- 

ment marked Type A, with sizes as indicated i n  Detail 1, may be con- 

sidered as minimum reinforcing. 

frzming under dead, snow, wind and other l ive  loading indicate the 

need of additional reinforcement, m e  B mrangement, with proper 

s ize  o f  reinforcement, may be used. 

Should the e l a s t i c  analysis o f  the 

PART 11. RJ3SISTAIGE M BLAST 

A. IESIGN DATA 

W C  Blast.- With the devglopment and use of the atomic 

bonb, a new c r i t e r i a  is  introdaced i n  the denign o f  protective 

structures. The efficiency and destructive power o f  t h i s  new wea- 

pon is more vividly illustra@d by equivalence o r  comparison of 

i t s  energy of f iss ion t o  that  resul%ing from conventional explo- 

sives. For an atonic bomb of the type dropped i n  Japan, the equiv- 

alence is 20,000 tons o f  TXT. Hexe, t h i s  bomb, which serves as 

a basis fo r  establishing a design loading f o r  blast ,  is referred 

t o  as a 20 kilo-tan bonb. 

A great deal o f  information i s  now available regarding the 

nature and effects  o f  atonic explosion*. 

of the f i ss ion  a r e  caused by the shock wave and the thermal and 

The destructive e f fec ts  

* "Phe Effects  of Atonic Weapons," bjr Loa B l a n o s  Scient i f ic  Lab- 

oratory; Govt. Print .  Office, Aug. 1950. 
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r x l e a r  radiations associated with the phenomenon. 

of view of s t ructural  adequacy, resistance to the shock wave con- 

s t i t u t e s  the primary problem i n  protective construction. 

From the point 

A shock wave i s  essentially 8 pressure wave ini t ia ted by the 

energy released during an explosion. 

pressure wave i s  shown in Fig. 12. 

acterized by a shock front,  whers the intensity of  pressure sharply 

The general pattern of  th i s  

As w i l l  be noted, it is char- 

r i s e s  from atmospheric t o  a maximum o r  peak value, followed first 

by a positive then a negative phase. 

sures and their  durations decrease w i t h  the propagation o f  the 

shock wave. Sinilarly,  the velocity of the shock front decreases 

from an indeterminate maximum near the center of  the explosion to 

The intensi t ies  of the pres- 

the velocity o f  sound at a distance o f  about 10,OOO f t .  

sign purposes, i n  the distance range of 2000 f t  t o  10,000 f t  fron 

the center o f  explosion, the velocity o f  the shock wave may be 

considered as constant and e q m l  t o  1400 f t  per sec. 

t ions i n  peak pressures i n  t h i s  range, and corresponding to  a 

20 kilo-ton bomb, are shown in Fig. 13*; and the durations o f  $he 

positive phase are  given i n  Fig. 14*. 

For de- 

The varia- 

In the following analysis, the investigation w i l l  be confined 

t o  the positive phase of  t3e shock wave. 

the negative phase are re la t ively small, no i n v e s t i s t i o n  f o r  t h i s  

period is required. 

Since the pressures i n  

Blast Pressures on a Structwe.. When a &ock wave encounters 

/ 
* Born "he Sffects of Atomic Weapons" pp. 52 and 54. 

16 

'F 

-. .. 

. -  
. *  

.. 

.. 



an obstruction i n  i t s  path, such as a structure, the pressure pat- 

tern i s  disturbed. 

various faces o f  the structure i n  accordance with the angularity 

and orientation o f  the element o r  the created interference. 

t o  the m a n y  variables involved, the disturbance is  i n  the form o f  

a complex phenomenon f o r  which conplete information is  as yet not 

The extent of  the disturbances w i l l  vary at the 

Owing 

available. 

studying the disturbances cwsed by obstacles i n  the path of  a 

blast  wave i s  by means of  "shock tubes.n A number o f  investigations 

Fresently the most convenient and pract ical  method of 

i n  t h i s  f i e l d  have been made, o f  which those at Princeton University* 

consti tute a valuable source o f  information. The pressure dis- 

t r ibut ion curveq/in Figs. 15, 16, and 17 are based primarily on 

, 

shown 

these data. Ir: t h i s  cornection, the following are t o  be noted. 

A l l  pressures represent an average condition over each face o f  

the structure. In Fig. 15, a factor o f  3 w a s  applied t o  peak pres- 

sure, po, t o  obtain the maximum reflected pressure on the front 

wall, 

The stagnation pressure at the end o f  the period t ,  i s  taken as 

equal po . 

9his corresponds t o  an angle o f  incidence of  about 70°**. 

To sirnplify the analysis, the variations i n  p x m u r e  i n  

both time intervals t ,  and t, are assumed t o  be l inear.  

sumption was also made f o r  the pressures/in Fig. 16 and 17. 

This as- 
shown 

In 

* 
ient  Ioading of Structures, by Walker Bleakney. Princeton Univer- 

"The Diffraction of Shock Waves Around Obstacles and the Trans- 

s i ty ,  Dept. o f  P h p i c s .  March 16, 1950. 

** Effects o f  Atomic Weapons," p. 123. 
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Fig. 16, the i n i t i a l  pressure at any transverse section of the roof 

i s  taken as Po, dropping to a value o f  ipo i n  tba t ine required for 

the vortex t o  reach that  section. The vortex velocity is  assumed 

t o  be constant and equal to of the shock velocity. In Fig. 17, 

an i n i t i a l  pressure of Ijpo is  used. 

I 

2 

B. BNBLYSIS 

General Phases o f  Igyesti,ram .- The analysis o f  a structure 

under blast  involves two main investigations: (1) Strength, and 

(2) Stabili ty.  

The strength conputation, i n  turn, may be divided i n  two parts: 

(a) local strength or the resistance o f  individual members, and 

(b)  Overall strength of the framing or assembly. 

The investigation o f  s t ab i l i t y  w i l l  include: (1) a study f o r  

s t a b i l i t y  against sliding, and (2) a study fo r  s t ab i l i t y  against 

ro ta t ion  o r  overturning. 

I MCAL SmNGTH 

Concent of D e f o W  .- To ascertain the strength of a frm- 

ing arrangement, we must first consider the strength of each indi- 

vidual member. 

f o r  transfer of i t s  load, then the problem becomes a study of an- 

Assuming that the member w i l l  have adequate supports 

t icipated defornations o f  the member relat ive t o  its supports. 

Under an imyulse loading, the strength behavior o f  the member, or 

i t s  capacity t o  absorb an impulse loading, w i l l  be governed i n  a 

large meaaure by i t s  duct i l i ty .  That i e  t o  say, the lmger  the de- 
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formation o r  i t s  a x i a l  elongation and the corresyonding sag o r  de- 

f lect ion,  the greater i t s  ca2acity t o  absorb the imposed loading. 

!Phe duc t i l i ty  of a reinforced concrete member t o  produce desired 

=- 

=ii deformations f o r  resistance is governed by the duct i l i ty  o f  i t s  

reinforcement. , 

When a reinforced concrete member is subjected t o  an impulse 

, .  I _  loading many times greater than i t s  e l a s t i c  resistance, the mem- 

,. 

.. 

E ’  * 

ber w i l l  pass throwh three stages of  deformations: 

i a l  stage corresponding t o  e l a s t i c  behavior; (b) an Intermediate 

stage of  par t ly  e l a s t i c  and partly p l a s t i c  behavior; and (c) a 

final stage of wholly p l a s t i c  behavior. 

member will behave as a fully restrained element, developing m a x i -  

mum res i s t ing  moments at the supports. ‘phis period of e l a s t i c  be- 

havior t e k n a t e s  when the end moments reach the ultinate elastic 

capacity of  the section. As the defornations increase, the resist- 

ing moments at the swTorts will fncrestse t o  the p l a s t i c  capacity 

of the section and the reinforcing will deform local ly  t o  f o r n  plas- 

tic hinges at these>locationa. As a result ,  the ends w i l l  ro ta te  

and the member w i l l  deflect as i n  the case of a simply supported 

beam. 

moment capacity of the section at the center of tne s y n  is reached, 

the meriber enters into i t s  f ind.  st%e d deformation, character- 

ized  by extensive cracking and by overall elongation of  the rein- 

forcement. 

of deformation i s  accompanied by a loss in moment capacity and an 

increase i n  the axial tension. With continued deformations, the 

(a) an Init- 

In the first stage, the 

!Chis is the second stage o f  deformation. When the p l a s t i c  

.. 
!he passage from the intermediate t o  the f inal .s tage 

19 



moment resistance rapidly diminishes t o  a negligible value and the 

member axially elongates i n  the fo rm o f  a simple prrrabolic curve. 

Failure w i l l  generally occur 3:s rupture of  the reinforcement simi- 

lar t o  a bar i n  tension. If a factor i s  apFlied against the m e x i -  

mum deflection t o  prevent such fai lure ,  then the result ing defor- 

mation m a y  be considered as a l i m i t i n g  condition i n  obtaining a 

pract ical  o r  working resistance i n  design. 

be stated i n  terms of axial elongation, o r  by unit  strain. Assum- 

ing that the reinforcement w i l l  elongate uniformly, then the unit 

’phis deformation may 

s t ra in  could be obtained by dividing the t o t a l  elongation o f  the 

reinforcenent by the overall length of the member. A maximum de- 

f lect ion o f  one-tenth of the span length i s  suggested as a limit- 

ing v:alue. This corresponds t o  an average elongation of about 2.8 

percent. 

Modulus of  Resistance.- Fig. 18 i l l u s t r a t e s  the foregoing 

concept of deformation o f  a member. The deflection curve shown 

i n  F’ig. 19 (a),  corresponding t o  the first stage of deformation, 

may be considered as that due t o  a uniformly\,distribuba load  qa. 

The deflection at the centar of  the span, ya, w i l l  then equal 

I et4 \ 

y a =  384’E,Ic \ 

i n  which E, is the nodulus of e l a s t i c i ty  and IC the moment o f  in- 

e r t i a  per kit width o f  member. &om which 
\ 

3 8 4  EcIc 
“Ya t‘ %= 

In Pig. 18 (b) ,  the deformation indicated br the dashed l i ne  

represents the beginning of p las t ic  deformation where the momenta 

at the supports havs reached the i r  ul t inate  p l a s t i c  o r  yield vQue, 

20 



M r -  The ful l  l i ne  represents the beginning of the t ransi t ional  

period. 

considered as produced by the load qbl' 

A t  this point the deflection i s  ybt ,  which again m a y  be 

The relat ion between qb 

and yb i s  then given by 

Fig. 18(c) shows the t ransi t ional  stage i n  w h i c h  i t  i s  assumed 

that the member continues t o  deflect under a constant load qce !be 

value of this load m a y  be expressed ei ther  i n  terms of 14r obtained 

at the beginning of the period o r  i n  terns o f  a reduced moment, M'r, 

and an a x i a l  tension, S*.. 

reinforcement r e s u l t i w  from both sources o f  s t r a in  will remain con- 

It i s  known that the t o t a l  stress i n  the 

stant and equal t o  the yield value strength of the s t ee l  i n  this 

period. However, since the re lat ion between M; and S cannot be 

clearly defined and conveniently expressed, the velue of  yc may be 

obtained from M r  alone. Thus 
1 6 M r  

e c =  - t2 (7) 
f i g .  18(d) shows the final stage of deformation where, owing 

t o  extensive c$acking,. no appreciable resieting moments exist. 

The re lat ion between deflection and l oad  w i l l  then become 

i n  which S is the ultimate yield strength o f  the reinforcenent per 

unit width. ~ 

In the relations given above, the load q is a measure of strength , 

of the member and accordingly may balled the "modulus of resistancell 

o f  the nember, o r  simply the 
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!l!he re lat ion between resistance and deflection, throughout the 

7 

-t 

4 1  . _  

.. 

.. 

i. 

. .  

. -  . 
4 

f u l l  range of deforrnations i s  shown diagrammatically i n  $ig. 18 A. 

- 

Here the l i n e  0 A indicates the first o r  elastic stage; AB, the 

par t ly  e l a s t i c  and par t ly  p l a s t i c  stage; B C, the transit ional period; 

and C D the f ina l  o r  fully p l a s t i c  stage of deformtion. 

C, qcis equal t o  qd. 

A t  point 

Hence, from Eqs. ( 7 )  and ( 8 )  

1 6 M  8 s  - =  - - ' Y c ,  
t2 lJ2 

from which 
2 M  
-s  . Yc,= - (9) 

If the effect  o f  res i s t ing  moments i s  neglected, then the de- 

flection-load relat ion w i l l  be represented by the straight l i n e  0 C D. 

This is the' case f o r  a relat ively thin element sup7orted on two ends. 

In the case of a th in  framing element supported on f o u r  sides, 

Fig. 19, such as a reinforced concrete slab of snall depth, o r  a 

s t ee l  plate,  the moments I d r  will have only a naglij#ble effect  on 

the resistance of the member, and, hence, may be omitted i n  the re- 

sistance equation. Under large p las t i c  deformations, such an ele- 

ment w i l l  deflect  as a membrane. 

(x, z )  is given by 

The deflection y '  at any point 

4 qt:! 
rr3s 

I and at the center 

h- I - 

bl cos 
h l T X  

I1 

From which the modulus o f  resistance, q, i e  obtained as 



113 s y e =  

or, 

Values of  the resistance factor,  CV, axe given in Big. 20. 

Fundamental Relation of  Motion.- The effect  o f  q is that of 

a negative force, acting in am o n o s i t e  direction t o  the applied 

load p. 5 e  net force f, equalling p - q, w i l l  then represent the 

accelerating force of a unit masa, w/g. wus 
f = p - q = - a ;  W 

9 
which i s  the fundanental re la t ion o f  motion. 

$or a unit  area located at a distance x from &he supports, the 

displacement, y*, w i l l  diminish from y t o  0, Assuming that the ratio 

of yy t o  y during the period of  motion remains constant, It is then 

possible t o  express the motion of q point In terms of the motion 

at the center l i ne  by neani of a reduction factor  applied t o  the 

unit area and the uni t  mass at that point. ,That is t o  aay, the 

equation of motion\+for a unit area having a displacement yl may be 

written as that of an equivalent reduced area having the same dis- 

placement y at the center and an equivalent reduced mass hataing the 

the corresgonding acceleration a .  %us 

IS the reduction'factor f o r  area, and f o r  mass. Then the 
where B 4 . 
expression of motion f o r  the en t i re  membef. becomes 

F = P A ( p - q )  = p d F  d ( I  I )  
in which A i s  the t o t a l  surface of the member, w i t s  t o t a l  wight, 
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* 

For one-way slabs o r  beans p + n d  / g , Z E .  For two-way 

slabs values o f  p a n d p , ,  f o r  various length-to-width ratios, are 

L 

c 

given i n  Byg. 20. . -  

Having established the fudarcental re la t ion of motion pertain- 

ing t o  a local element, the next step of the analysis consists of 

the application of the re lat ion t o  various conditions of blast 

loading. Por this purpose, use w i l l  be made of a simple rectang- 

ular builvng having v e r t i d  walls and a flat roof ,  as shown i n  .. 

fig. 15. The c r i t i c a l  condition of each w a l l  would be an orienta- 

t ion  o r  eqosure  t o  f ronta l  attack of the blast wave. 

Case I. Front WalL. 

Condition 1. Moment Resistance Neglected.- !&e re lat ion bet- 

ween l o a d  and deformtion i s  given by the straight l ine  0 D of  the 

resistance diagram shown i n  Fig. 18 A. 

this case is shown i n  $ig. 15. 

The pressure-time curve f o r  

The pressure p, , i n  period t, , is 

PI = P o  ( 3 -  2 t , )  
and that l a  the period t ,  I s  

(12) ' 

2 4 ,  
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Assuming that the w a l l  franing consists of  a Blab reinforced i n  one 

direction ( in  the direction. of h),  the equation of motion corres- 

ponding t o  the two t ine  periods is then obtained by substi tution of 

the values of p, given by Iqs. (12) and (13) and q, given by Bq. (8). 

in Eq. (111, 

o r  in the general form 

(15) 
- +  4% r? = a - b t ,  
dt2 

i n  which d2y i s  the accelerat iona,  r 2 = ' f i g ' s ,  and a and 3 ,  f o r  

the periods t ,  and t2, are: 
a? P, 1.L2w 

- 

The general solution of t h i s  ordinary di f fe ren t ia l  equation is in 

the form 
a- b t  

r e ,  y = c , s i n r t  + C ~ C O S  r t  + 
and dY b - = r ( c , c o s  r t -  c , s i n r t ) -  - dt r 2  (18) 
The values of the two constants, c ,  and c2, are obtained f rom the 

consideration 
- 1- 
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which gives 

t = O ,  Y = O ;  

b ,  c , =  - 1 

r 3  

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

and velocity equations, 

t )  + a,(  i - c o s  r t )  y =  L [ b , ( - -  s i n  r t  
r e  r 

1 Q= - [ b ,  ( c o s  r t  - I + a, r s in  r t  . I 
d t r 2  

"2- b2 t  Y = c 3 s i n  r t  + c 4 c o s  r t  + 9 
r e  

dY b2 . 7 - =  r ( c 3 c o s  r t  - c 4 s i n  r t )  - 
d t  

(20) 

The constants c3 and c4  are  determined f rom the consideration 

that at the beginning of this period the displacenent and velocity 

w i l l  be the sane as t h e  respective values at the end of the f irst  

period, as given by Eqs. (19) and (20), and where t = t,. Let A ,  

Indicate the displacement y, and V I  the velocity dyat  the end of 

the period t , ,  then 
d t  

c 3 s i n  r t ,  t c 4 c o s  r t ,  = A ,  - % - b r i t 1  , 
r 2  

C ~ C O S  r t , -  c ,s in  r t ,  = - " I  + - b 2  9 
r r3  
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f rom w h i c h  

Qe - b; tl ) + cos r t , (  + 3) ' (23) 
r 2  

tF 

and 

The motion may stop ei ther  i n  the f i r s t  o r  second period. As- 

silming that the l a t t e r  is the case, the value o f  t, the time in the 

period t2 when motion stops, can be obtained from Eq. (22>, 

- -  d y  r ( c 3 c o s  rt - c 4 s i n  r t )  - - b2 = o 9 
r 2 '  dt  - 

o r  an approxinste value from the relation 

c o s  r t =  (2 4) q/-- 
In  general, the motion o f  walls reinforced in one direction 

w i l l  stop fn the second period. 

a thin slab o r  a s tee l  plate supported on f o u r  sides, the motion 

will generally s t o p  i n  the first period. 

should be made i n  all cases t o  ascertain whether o r  not the motion 

stops during the f i r s t  period. 

On the o t h e r  hand, i n  the case of 

However, an investigation 

This can be accomplished 'by equating 

If the smallest value of  
t 

* in  Eq. (20) t o  zero and solving f o r  t. 
d t  

t thus obtained i s  less than t , ,  then the motion stops in the f i r s t  

period and the magnitude of the final displacement is obtair-ed from 

Eq. (19). 

In  the case o f  a slab supported on f o u r  sides, the derivations 

presented above apply, with due allowance for the changes i n  the re- 

sistance f a c t o r y ,  and reduction factors  p and p,. 
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Condition 2. 

The relat ion between l o a d  and deflection for this case is shown 

Moment Re s i s tmce  CpILsidere&.- 

by the broken l i ne  0 A B  C D of the resistance diagram i n  f ig.  18 A. 

It is t o  be noted that par t  0 A B  i s  predicted on the use of  a con- 
1 

stant moment of iner t ia ,  I,. Obviously this condition of constant - . -  

moment of  i ne r t i a  cannot prevail throughout tbis range of  the defor- 

mation owing t o  the continued cracking of the concrete. 

each stage of the defonaation i s  modified t o  i t s  actual value, line 0 A 

If I, at 

would tend t o  sh i f t  towards l i ne  0 B, that is t o  say, f o r  the same l o a d  

there would be larger deflections than indicated by the diagram. Since 
I 

i t  i s  not practicable t o  determfne the true poeition of the res i s t -  

an& l ine ,  i t  may be taken a a  the straight l ine  0 B, using a constant 

value for I, predicated on the full section of the member. 

-period represented by the l ine  0 B, the re lat ion between deflection 

In the 

and load  is then given by 
192 E,I,, 

q b  = t4 'b 
The purpose of the analysis is t o  determine the extent of  maxi- 

mum deflection w h i c h ,  as explained above, occurs when the motion in 

the direction of the applied pressure stops; that i s  when - = o  dY . 
d t  

Were the resistance-deflection and pressure-time relations continu- 

ous functions, it would be possible t o  determine the maximum deflec- 

t ion i n  one operation by placing the value of - dY Zn.Fq. (20) e@& 
d t  

t o  zero and solving f o r  g by Eq, (19). However, due t o  the discon- 

t inu i ty  of the resistance l i ne  at points B and C, i t  becomes neces- 

sary t o  determine the time and the attained volocity at these t w o  

points before proceeding t o  the next stage o f  deformation. 
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In addition, as in the previous case, owing to the discontinuity 

h the preesure-time curve, it will a l s o  be necessary to determine 

the deflection and 'the attained velocity at the time t, . 
%%e ana;jysia of motion corresponding to the rcsistarzce line 0 B 

i n  $ig. 18 A, i s  the same aa in the preceding case. 

od the resistance q ia given by Iq. I (sa). 

During this 'peri- 

Accordingly, 

2 D g A  192E,I, 

and the Vsluss of a I and b I remain the same as given by Iqs. (16) 

Substituting the value of ybl for y, in Eq. (19), 

r =-. 
8 , W  k4 

- t b l ) +  a , (  I -  cos r t b l )  9 ( I  90) 1 .  = 1 [ b , (  s in r t b l  
'b, r 2  r 

&om this equation the value of t.bl is obtained by trial. 5 veloc- 

ity, V b 1 6  at the end o f  this period i s  determined by substituting the 

v a l u ~  of tb, in mq. (20). 

In the period corresponding to the resistance line B C, the re- 

sistance is constant and the equation of motion takes the following 

f om: 

@A,[po(  3 - 2%)- ?]= ?a (251 

If the discontinuity in the pressure-time .relation - should occur in 
I 

this period, then during the'interval't2 -ES. (25) becomes: 

- -  (25a) 
Eqs. (25) and (25d) m q ~  be written in the- general form 

in which bdyor the periods t, and t i  is given by Eq. (16) and'a is , 

' 
-. & ' I k P- 1 

- = a - . b t  

. 4 '  

- I  

given la; , 
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\ 

i .  \ 
 he gener&,*solution of this ordin& d i f f e r e n t i d  equition is fn 

the form i 

dY , 
. t = tb l  Y = Y,, , a n d  - = vb, 

which gives / 

\ '  d t  

.. 
 he v d u e s  o f '  'the ,disFlacement A~ and the velocity V, m e  found 

subs t i t u t i rg . t ,  for t I n  Eqs. (26) and (27)., 

' 

\ .' 
The time t,, a d  the velocity V,, corresPond1ng t o  the end of 

this 'period, at point 0 on the resistance line, are obtained a i  in 

the preceding step by replacing the constants c l  and c 2  
, 

L '  

new con- I -  

_ I  , * .  

.. and, i 

, '  

(29) 9- !!it2 - c 4  + azt - - 
d t -  i 2 

- -  i 
, The values o f  c 3  and c4,. and t d l  and V,, are  obtained'in the same 

\ 

mamer as before# . - 3 .  

\. 
In  the - f ina l  period of deformation, indicated by the resi,st- 

I 

I ,  ance l ine C D, the equation of motion I s  .. - - 
, 

M a )  
it2y " 

' dt2 . - + rs = ct2 - .b2t 
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in which 

and ap and b, are  given by Eqs, (16). 

The solution of  Eq. (15a) is 
ap- b,t 

-2  y = c5 sin r t  t c6cos r t  + - 
I 

b2 9 = r (c,cos r t  - c ,s inr t )  - - dt r2 

and 

( 17a 

Valws of the constants ob and c, are  determined from the condition 

at the beginning of this period, when 

iY 
Y = Yc, 9 t = t,, d t  = "Cl 

The maximum deformation is then found by determining the time at 

w h i c h  $= 0 in Eq. (18a), and solving IEq, (1%) for y using the 

obtalned value of t. 

In tho foregoing 'analysis it was assumed that the point, of dis- 

continuity of the pressure-time curve, corresponding to time t,, 

would occur in the period defined by the rebietance line B 0 in 

Fig. 18 A. However, it may occur in any one of the three periods. 

As the time in each step is determined a comphison with the time 

t, will indicate whether the pressure discontinuity occurs i n  that 

period. 

It is to be noted that the motion may stop in any one of the 

three periods of resistance. Should it occur in the first period 

of resistance, indicated by l ine 0 B in Pig. 18 A, the member may 
-* 

be considered as'over-designed; necessitating a revision of the 

section, 

indicated by l ine B C, the decsign m a y  be considered conservative. 

If it should occur i n  the second period of resistance, 
_i 
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Zor an economical design it  would be desirable t o  so proportion the 

section that the motion w i l l  stog in the th i rd  period of  resistance, 

indicated by l ine  C D, provided that the naximum allowable defor- 

mation i s  not exceeded. 

For an approximate analysis the resistance l i ne  0 D i n  rig. 18 A 

m y  be substituted fo r  the broken l i ne  0 B C D, i n  which case Condi- 

t i o n  I wi l l  appu. 

Case I f .  Roof. 

The pressure-time curve fo r  this case i s  shown i n  fig. 16. The 

pressure p in period t,, i s  given by 
1 '  

and i n  the period T - txby 
X 

It w i l l  be expeuent, i n  tbis case, t o  measure the time from the in- 

stant the shock wave reaches the section x under consideration. 

That is, for  t = 0 ,  p, i s  equal t o  po and Eqs. (12a) and (13a) become: 

( 12b) 

( l 3 b )  

The a,nalysis i s  carried out i n  the same manner as for  Case I. 

 he time t, n o w  becomes t, a ~ d  t, beoomes e- t,; and Eqs. (1%) and 

(l3b) replace Eqs, (12) and (13.) i n  computing the values o f  the 

constants a and b. 
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Since the drop in  pressure is a function of t, which, i n  frpm, 

_ .  
, I  

' .  

P 

2 -  

V a r  

the 

es  d i rec t ly  with the distance x measured from the fron, face of  

building, the most severe condition of loading will occur over 

the area of the roof  adjacent t o  the rear  w a l l .  
_I If the main reinforcing is para l le l  t o  the short dimension of 

the roo f ,  d i n  Byg. 16, the orientation of - the b las t  wave phould be 

para l le l  t o  the long  sides, 

L. 

of  x should be taken as somewhat l ess  than L, s q ,  L minua 6 times 

the thickness of  the roof slab. 

!be dimension x w i l l  then be taken a8 
slab 

Since the r o o f / w i l l  receive support from the e a  w a l l ,  the vrsltre 

It eJhould be noted that the pressures shown in Fig. 16 are  f o r  

transverse sections of the roof, and that f o r  the unit strip used 

in the analysis the pressure w i l l ,  i n  reali ty,be variable across 

the width of the s t r ip .  

a n a l y s i s  m d  the pressures are given by Iqs. (12b) and (13b) mcay be 

assumed constant across the width of  the s t r ip .  

Numerical Examples . 
Example 1.- Pront Wall, Moment res is tant  neglected: 

d = 20 f t ;  L = 40 f t  and po = 10 psi o r  1,440 psf. 

and 14, Z = 0.58 sec, and from Pig. 15, t, = 3s sec . 

This variation could be neglected i n  the 

Let h '= 10 f t ;  

From Figs. 13 
I 

Assuming a 6 in. thick concrete wall with one-way reinforcing 

of $"'%am spaced ver t ica l ly  at 6 in. centers at the center of  the 

slab, f o r  a s t r i p  one f o o t  wide we have: 

A = 10 sq f t ;  11 = 750 lb; A,= 0.88 sq i n  and,using a yield w a l u e  of  

and g, =*32.2 f t  per sec2. 2 B 
3 

50,000 psi, S = 44,000 lb; p = - ,  PI= 15 
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!Mn r2 = 1,889; d, = 2,318; b, = 54,096; A, = 0.6359 f t :  

V, = 31.086 f t  per sec; a, = 813; b, = 1,401; c3 = 0,4512 and 

c4 = -0.6198. 

and cos ( r t )  = -0.7952, from. which t i s  found t o  be 0.0573 sec and 

the final value of  y is 1.18 f t  which i s  s l igh t ly  over the allowable 

horn Eq. (22a) the motion stops when s in  ( r t )  = 0.6064 

value. 

Por comparison, the same member will be reviewed taking into 

consideration the res i s t ing  moments. 

al = 1,546; b, = 54,096; c, 

y = yc = 0,4091 in Eq. (26) the value of t is found t o  be 0.02609 sec. 

-0.0022 and cg = 1.7377. Placing 

Since this value of  t i s  smaller than t i ,  the point of discontinuity 

of the pressure-time curve occurs in the final period of  deformation.. 

From Eq. (27) 

period i s  1,880 and from Eqs. (16), al = 2,318; h, = 54,096; a, = 813 

and b,= 1,401. 

conditions at the beginning of this period, are c3 = 0.4450 and 

c = -1.1203. For t = t , ,  A, = 0.4680 f t  and V, = 23.6883 f t  per 

sec . !&e constcants c5 and c6 are  then determined from Eqs. (17 a) 

and (18a)- using the h o w n  values of y and d,y at the time t, , from 

which ,  ca = 0.2373 and c6 = -0.5130. 

sec and the f inal  value o f  y is 0.95 f t .  

= 26.6615 at point C. The value of r2 i n  the final 

The values of the constants, determined from the 

4 

d t  
The motion stops when t 0,0616 

Since this value is less 
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I than lo of  the s?an, the design i s  considered t o  be adequate. 

R h m l e  3.- Front Wall, Slab supported by heavy members on 4 edges. 

Let h = 10 f t ;  d = 20 f t ;  L = 40 f t  and p = 20 p s i  o r  2,880 psf, 

we f ind T = 0.49 and t i  f 53 sec. Assuming a steel p la te  

8 f t  high and 4 f t  wide i n  the front wall, A = 32 sq ft;  IrJ = 244.9 lb;  

0 
I 5 "  

S f 67,500 l b  per f t  (yield value of  30,000 psi  i s  taken f o r  p la te  

s tee l ) ;  !Z = 2.0 and from Fig. 20, Y = 8.8; p 
!&en rL = 231,128; ai = 53,790 and b I = 1,255,100. Bquating d,v i n  

Eq. (20) t o  zero, t 0.00633 which i s  less than t i  . Hence, the . 

motion stops i n  the first period and y at the end of motion i s  

0.43 f%. 

short span, the design is considered as adequate. 

0.5 and p, f 0.338, 
$1 

d t  

Since this value of  y i s  o n l y  sl ight ly  larger than I the 
IO 

In the local investigation of  strength, it wa,s assme$ that the 

members would have adequate support and Anchorage t o  jus t i fy- the  con- 

cept of deformation and the mode of fa i lure  outlined in the preceding 

analysis. 

the member continuous, o r  spliced f o r  fu l l  strength, between i t s  sup- 

ports, and by providing an end anchorage capable of develo2ment o f  

the f u l l  o r  ultimate strength o f  the refnfokcing. 

!Phis requirement w i l l  be met by naking the reinforcing of 

0 4, 
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In-addition, i t  was assumed that the supports would not dis- 

place during local  bending of the member, and that  there would be 

no appreciable participation i n  the over-all benting of the framing 

as a whole. Insofar as the f irst  condition i s  concerned, i t  i s  an 

assumption on the conservative side and wholly jU6tifiable for  mem- 

bers framed t o  strong elements, such as transverse walls and floors. 

The other assumption w i l l  be sa t i s f i ed  i f  the framing is so arranged 

that  under a l a t e r a l  loading the deformations of frames composed o f  

f loors  and transverse walls became very small i n  comparison with the 

correspondfng deformations o f  bents composed o f  local elements. 

In connection w i t h  the la t te r  consideration, i t  i s  t o  be noted 

that  i n  order t o  provide the necessary strength t o  r e s i s t  strong 

atonic .blast ,  the use of strong f r m e s  comprising s t ructural  f loors  

and trensverse walls becomes almost  mandatory. The analysis pre- 

sented here contemFlates the use o f  t h i s  type of  framing. 

In conformity with the foregoing concept, f l o o r s  are consid- 

ered as girders,  transmitting the loads f rom local  members t o  the 

transverse walls. These l o a d s  ar. then cmried t o  the foundations 

through the walls, e i ther  by fraae o r  cbntilever action. If the 

transverse walls are  placed no fa r ther  apart than, say, three times 

the width of the floor,  then the problem of  strength w i l l  be pri-  - _  - t  

marily that of shear. Accordingly, the needed investigation may-- 

be confined t o  shear strength only. 

There i s  but l i t t l e  information available regarding the shear 
- 

strength o f  materials under dynamic loading. Until  such data are  
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obtained, use  w i l l  be made o f  values deduced f rom s t a t i c  tests. 

For reinforced concrete, an allowable working value f o r  shear i s  

given by the following fornula* 

(30) 
i n  which, va i s  allowable unit shearing s t ress ,  f, is  allowable 

stress In s tee l  and r is the r a t i o  o f  the voluue o f  s tee l  t o  the 

volume of concrete. In  th i s  investigation fs may be taken as the 

yield value o f  the steel ,  and the unit  shear i s  computed by divi- 

ding the t o t a l  shear by the cross sectional area of  the f l o o r  o r  

. . . . .  va = f, ( 0.005 + r ) 

w a l l .  

The m a i d m u m  shears i n  the f l o o r s  and walls occur a t  the in- 

s tant  the shock wave s t r ikes  the front w a l l .  In obteining the to-  

tal load, the m a x i m u m  value o f  the reflected pressure i e  used. 

90 I l lus t ra te ,  consider the building shown i n  Fig. 21. !Che 

t o t a l  maJLimun load, p * obtained from the reflected pressure is 
H 

PH = 3p0hL 

Assuming that this  t o t a l  load is carried t o  the foundations by 

the two end walls only, the corresponding unit  shear. i n  the con- 

crete, vc, w i l l  then bt, 

3poh.L 9 
"c = 2dT 

* (31) . . . .  
i 

where T is the thickness of the wall. 

STA3ILITY 

S t a b u t u  Aminst S1idiqg.- Qen a shock wave h i t s  the front 

* 
Maurer. 

Vrinciples  o f  Reinforced Concrete Construction, It Turneaure and 

John Wiley & Sons. p. 103, 1936. 

37 



face of  a structure,  the ref lected pressures w i l l  tend t o  move i t  

by bodily displacement and rotation. h e  tendency t o  displacement 

w i l l  be res is ted f i r s t  by the developed f r i c t i o n  under the base o r  

foundations and the passive pressures 

then, as the b las t  wave envelopes the 

a i d  o f  the blast  p resswss  on top and 

o f  the surrounding earth,  

structure,  by the additional 

the rear  face. 

To develop the relat ions of motion needed f o r  th ia  Investiga- 

t ion,  consider the simple rectangular building ehow i n  Big. 21. 

T5e applied force tending t o  move the building is the t o t a l  b las t  

pressure PH on the front w a l l ,  and the t o t a l  force rgsisting sl id-  

ing, B, is  given by 

(32) . . . . .  R = P,, + Re + cf (W + Pv, 9 

where Re is the passive resistance o f  the ear th  (assumed t o  be 

constant during the notion), cf the coefficient o f  f r ic t ion ,  W the 

t o t a l  weight of t i e  structure, including the footings, and Pv i s  

the t o t a l  pressure on the r o o f .  The resul t ing equation o f  motion 

i s  

(33) . . . . .  

i n  which x i s  the distance moved by the structure.  The forces PH 

azld P,, are given by, 

P H =  h L p ;  

and 
PHI = h L p; 

i n  which p' and p; are  obtained from the pressure-time curveo 
I 

shown i n  Figs . 15 and 17. 
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The expressions f o r  P, , P,, and P, w i l l  vary for  the various 

time intervals. niese time intervals may be defined as follows: 

t, = Time f o r  wave t o  reach rear edge of r o o f ;  

tb  = Time fo r  wave to reach center of rear  wall; 

t, = Time for  $ressure on front face t o  drop t o  

value o f  po ( = t, i n  Fig. 15); 

td = Time fo r  wave t o  reacfi 7d; 

where a l l  times are neasured from the instant the shock wave stri l les 

the front w a l l .  Accordingly, 

t, = - d 9  
V '  

L for h< 

t, = - 
V '  

The v d u e s  o f  P, f o r  the various time intervals are given in 

Fig.  22. Here Case 1 is  for 0 2 t=< ta: Case 2. for 'bas t = < td; 

and Case 3, f o r  t > td. 
. .  

2 Since P, , P,, and Pv are functions of t and t , the general 

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

d2x 2 - = a, + b,t + c,t 
dt2 * * . . . (34) 

The solution of t h i s  equation is \ 

(35) . I . . .  
a2t2 b,? c2t4 

I 2" + - 0  x = c +'C& t - + - 
2n- I 2 6 
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i n  which c ~ ~ - ~  and c~~ are constants o f  integration. 

Differentiating Eq. (25) we have, 

b2t2 C2t3  + - -  dx - c2,+ a2t + - 
dt 2 3 
- - . . . . ' .  (36) 

If A,,, and Vrc represent the displacement and velocity, respectively, .- 

at the beginning o f  any period at the time t,,,. then the.constants 

o f  integration f o r  the equation of  motion during that period are 

found from the relations, 

- .  
I .  

dx 
dt The motion stops when - = 0, The t o t a l  distance moved may 

then be determined by set t ing the right side of Eq. (26) equal to  

zero, solving f o r  t and substi tuting th i s  value o f  t i n  Eq. (25) I 

It is t o  be noted that the pressures on those par ts  o f  the 

footing which extend beyond the w a l l  l ines  are not included in 

the above analysis. Inclusion o f  these areas is not tvarrantsd 

except i n  unusual cases. 
- .  

. c  &per ica l  I l l u s t r a t  ieg .- The building shown i n  Fig. 21 w i l l  

be investigated f o r  s t ab i l i t y  against s l iding under a peak over- 

pressure o f  10 p s i  = 1440 psf, which corresponds t o  a distanca o f  

approximately one-blf  mile from center o f  explosion o f  a 20 kilo- 

ton bomb. The coefficient o f  f r i c t ion  i s  assumed to be 0.5, and 

40 
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the t o t a l  passive resistance o f  the earth, 39,000 lb. From Figs. 13 

.- and 14, I? = 0.58 sec. The values o f  the time intervals are: 
I I I I t, = - sec; t b =  56 sec; t,= 35 

merical work is shown in tabular form in Table 2. 
I <  < I  noted that the motion stops in the time interval % = t- - IO 

sec and t&= 10 sec. The nu- 70 

It is t o  be 

The 

time when the motion stops is found from Eq, (26). 

dx 3 
dt  = cB - 98.70 t + 713 t2 - 2,363 t = 0, - 

from which t = 0.0774 sec. Substituting th i s  value of  t in Eq. (25), 

the t o t a l  s l iding motion is found t o  be 0.10 f t ,  o r  about 15 I in. 

S t a b u t v  A . , t  0~- .- The reflected preaeures on 

the front face, i t a  addition t o  causing the structure t o  slide, w i l l  

tend also t o  rotate the structure as a unit a h u t  the r e m  edge of 

the footing. Referring t o  Fig. 21, the force tending to  produce 

ro t a t ion  about an axis through 0 is PH and the forces tending t o  

r e s i s t  such motion am Pv, PHI, and the t o t a l  weight o f  the struc- 

ture W. 

overturning moment, M,, causing the rotation is given by, 

For small angles of  rotation, 8,  expreseed in rdians, the 

in which 

d = depth o f  rear foot ing below ,zround level; .  

d' = extension of rear footing beyond rear w a l l  and 

M, = moment o f  Pv' about .front edge o f  roof ,  (see Fig.. 22) . 
The general equation of  motion is given by 

M T  9 . .  - -  - -  d26 
d t2 1, 

41 
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i n  which I, is  the mass moment of i ne r t i a  o f  the structure about 

an axis through 0. 

as explained i n  the preceding section, PHI PHI , H, and Pv are 

2 functions of t and t . Accordingly, Eq. .(30) w i l l  take the form, 
2 - -  *'e - a, t b,t + c3t 

d t 2  
The solution o f  t h i s  equation i s  found i n  the same manner as that 

given f o r  sliding, .Eq. (24). The maximum value o f  8 occurs when 

de changes sign o r  when %= 0 ,- The maximum uplift, .6 , at the d t  

frqnt edge i s  then simply 

(42) 6 = ( d + 2 & ' )  8 . . . . . .  

h i e r i c a l  I l lus t ra t ioq  .- The building shown i n  Fig. 21 will 

now be investigated f o r  s t ab i l i t y  against overturning under the 

same peak overpressure as used in the investigation for  sliding, 

namely 10,psi .  The mass moment of i ne r t i a  about an axis through 

0 i s  a s m e d  t o  be 1.5 X 10 lb sec' ft. 

shown in tabular form i n  Table 3. It can be seen that the m a x i -  

zum value of 8 occurs i n  the time tnterval 

time when 8 i s  a m a x i m u m  is found from the relation, 

6 
The numerical work i a  

The I < I  
F~ 5 t = - 35 ' 

e 3 - 2.215t  - 4 4 . 4 6 t -  149.46t  : 0 d e  - 
dt '6 
- -  

From t h i s  equation t = 0.0205 sec and e,,, = 0.000337 radian, 

maximum up l i f t  at A i s  found t o  be 0.0074 f t  o r  about 10 in. 

The 
I 

€+om the small values obtained i n  the above examples, i t  may 

be concluded that the structure possesses adequate s t ab i l i t y  against 

s l iding and overturning. Obviously, the extent o f  displacements 

which may be deemed as permissible w i l l  vary with the type an8 

functional requirements of the structure. 



The poss 

cuNcLusIoN 

b i l i t y  of an atomic warfare has made every one pro- 

tection conscious. 

cations related t o  the power o f  t h i s  new weapon, we are now able 

t o  give at leas t  a W i f i e d  reply of  assurance t o  the inevitable 

question, "can we provide protectionvl The answer may be summarized 

Having survived the i n i t i a l  shock of  impli- 

- !  as follows: p. 3 7  2-& 
& e  * L 1 g q  

- 

( 7 ~ :  complete o r  unqualified structural  protect ion against 

the h m b ,  as well as some o f  the Conventional bombs, i s  feasible.  

b'f Within the c r i t i c a l  range of explosion, a l l  buildings, re- 

gardless o f  type of  framing, w i l l  suffer eome damage, varying i n  

severity in accorQance with their proximity t o  ground zero. 
c. 

(-6) In general, the design c r i t e r i a  f o r  protection against an 

atomic bomb of  the presently known type a r e  not  as severe as those 

required f o r  some o f  the conventional weapons of the last w a r .  

Assuming the bomb is t o  explode at an al t i tude corresponding t o  

i t s  maximum range of  damage, f o r  the needed protection, the changes 

t o  be intro$uced i n  conventional designs o f  reinforced concrete 

w i l l  be re la t ively small. , 

(di'* proper arrangement o f  framing and detai ls ,  adequate over- 

a l l  strength can be provided f o r  a structure t o  avert collapse, 

even though there m a y  occur severe local  damage in the form of 

large p l a s t i c  deformations o r  failures.  dd) 
(e> With certain assumptions of  probable ' structural  behav$or, 

the adequacy o f  over-all strength of  a framing and the extent o f  
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damage t o  local mecberr: can be sat isfactor i ly  ascertained. For 

this  p l q o s e ,  the procedure presented above may be used as a prac- 

t i c a l  method o f  design. 

As a concluding thoaght, i t  should be remembered that protec- 

t ive design, as a measure o f  defense, can only f o l l o w  the progress 

of weapona o f  offense in  a vicious circle  o f  continued improvement. 

For what is devised now to be adequate against weapons o f  today, 

is apt t o  be inadequate f o r  weapons o f  tomorrow. 

t ion  should serve as a sobering influence against the creation 'of 

a false ser-se of future security. 

This sad reflec- 



NOTATIONS 

Paxt I 

A,, = Sectional pressure o f  a bomb or pro jec t i le ;  

a' = A r a t io ,  = T/D; 

C = Weight o f  charge i n  a bomb o r  project i le :  

c '  = Penetration coefficient f a r  explosion: 

D = Impact penetration i n  an i n f in i t e ly  thiok ma6s: 

D' = Depth of penetration due t o  im3act i n  a slab of  thick- 

ness T; 

Depth o f  penetration due t o  explosive charge of a bomb De = 

o r  pro jec t i le ;  

g = Acceleration due to gravity; 

H = Height o f  f a l l  of bomb; 

K = Thickness ratio, = D'/D; 

k = Penetration coefficient f o r  impact; 

T = Thickness of resisting slab; 

V = Impact velocity: 

V' = A function of V; 

Part 11, 

A = Surface a h a  of a slab o r  beam; 

8, = k e a  o f  t ens i le  reinforcement; ' 

_- 

= Coefficient. o f  s l id ing  fri .ct ion o f  structure on ground; Cf 

d = Width or depth o f  a rectangular structure;  

d' = Extension of footing outside of w a l l ;  
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Modulus o f  e l a s t i c i ty  of cgncrete. 

T o t a l  force acting t o  move a structure o r  a componen,; 

Net force causing motion o f  a unit area; 

Ultinate compressive strength of  concrete; 

Hei&t of  a rectangular structure; 

Depth o f  footing; 

Noment o f  i n e r t i a  o f  unit width o f  concrete member; 

Mass moment of i ne r t i a  o f  a structure about an a x i s  

of  rotation; 

Length of  a rectangular structure; 

Leng+h of a one-way slab o r  bean; 

Length o f  short side o f  two-way slab o r  plate;  

Length o f  l o n g  side o f  two-way slab o r  p la te;  

T o t a l  moment of roof  pressure about front edge of  roo f ;  

Resisting moment at yield s t ress  per unit width of  slab 

o r  beam; 

T o t a l  overt-aning moment on a structure; 

T o t a l  press-=e on front w a l l ;  

T o t a l  pressure on rear w a l l ;  

T o t a l  Fressure on r o o f ;  

U n i t  pressure, above atmospheric, on a surface; 

Peak pressure, above atraospheric; 

Ibdulus of  resistance; 

T o t a l  resistance t o  motion of a structure i n  translation; 

Ratio of volume of  reinforcing steel t o  volume of  concrete; 

also a constant used i n  the solution of equations o f  notion; 
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Stress per unit width o f  resisting steel  i n  a slab o r  bmU; 

!€%me measured i n  seconds; 

Time f o r  reflected pressure oh front face t o  drop t o  po; 

Time for shock wave t o  travel from front face t o  center 

o f  rear faos;  

Velocity ; 

Velocity at time t, ; 

Velocity o f  shock wave; 

bllowable unit shearing stress in concrete; 

U n i t  shearing stress i n  concrete; 

Tot& weigh,, of  a structure o r  component part; 

U n i t  weight; 

Displacenent of a structure i n  direction of  shock vave; 

Displacement of cepter of a slab o r  beam relative t o  

i t s  supporta; 

Displacement of any point on a slab o r  beam relative 

t o  supports; 

kceleration; 

Reduction factor Ifor area; 

Reduction factor for weight; 

, 

Resistance factor; 

Displacement at time t, ; 

Maximum upl i f t  at front f o o t i n g ;  

Angular displacement of a structure; 

Duration of positive phase of shock wave. 



Material 

Limestone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Concrete I ................................................. 
Reinforced concrete 2.. . . . . . . . . . . . . . . . . . . . . . . . . . .  

Specially -reinforced concrete 3 .  . . . . . . . . . . . . . . .  
Stone masonry .................................... 
Brickwork ............... :.. ............................. 
Sandy soil ........................................ 
Soil with vegetation.. ........................... 
Sof t,soil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ft? Ib.-l 

5.38 x 10-3 

7. 9 9 ~  10-3 

4.76 x 1 0 - 3  

2.82 x 1 0 - 3  

I I .72 x 10-3  

20.48~ IO+ 
36.7 x IO-s 

73.2 x 10-8 

48.2 x 10-3 

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

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

square inch and 1.4 percent of reinforcement. 
. .  

- '. 
TABLE 1. - Values of penetration coefficient (k )  for various materials. - .  

' . 



1.728 - 40.32 t 

0 

63. I4 I t 

0.159 37.885 t 

1.728 - 40.32 t 

0 

1.107- 15.402&* 73.382 1' 

0.823 - 9.241 t + 44.029 tz 

T I M E  I N T E R V A L  I N  S E C O N D S  

T E R M  
I I 

E - t l  0 2  trl. 
70 

1- I 
5 6 = t a G  

1.728 - 40.32 t 

~ 

P, x Io-* 0.606- 1.045 t 

P"," lo-* 0.396 - 0.662 t 0.396 - 0.662 t 

p, lo-' 1.107 - 15.402 t 73.382 t' 1.107 - 15.402 t 73.382 t' 

1.219- 9.9031 44.029 t' 1.219 - 9.903 t 44.029 tt 

-0.613 8.858 t -  44.029 t' 

- 98.70 + 1426 t - 7089t' 

C,+ C,t - 49.35 t'* 237.67t- 590.75 t' 

.I 569-78.205t I 0.905-31.079t-44.029t' 0.509 - 30.417 t - 44.029 t' . 
Equation of ' 

Acceleration 
1252.62- 12591 t ' 145.71 - 5004 t - 7089 t' 81.95 - 4897t -7089 t' 

Equation of, 
Displacement 

% *  GI* Cit i 126.31 t'- 2098.5t' I Cs* C i  72.85dt'- 834.0 ts- 590.75 t' 4' Cat 40.975t'- 816.17t'- 590.75t' 

C,* 81.95t-2448.5tt-2363ts 
Equation of 

Velocity 
d% zi= C, t 252.62 t - 6295.5 t' C4+ 145.71 t-25G2 t5 2363 t' C,- 98.70t.+713tt- 2363t' 

I 

X I -  

dx 
bt 
-. 

0 0.0542 ft. 

2.1690 ft. /sac. 

0.0197 ft. 

2.3241 ft. /sac 

0.0284 ft. 

2.5507 ft. / sac. 

Values at 
beginning of 

period 0 -  

+O 

C'. 0 
~ 

C,= -0.0382 

C,= 4.4621 

C,. -0.0036 

C,= 0.7600 

C, 9 - 0.0136 

C,= 1.8815 

0.0542 ft. 

2.1690 ft. / sec. 

Values of Constants 

in equations 

0.0931 ft 0.0284 ft. 

2.3241 ft. /sac. 2.5507 ft .  /sec. 
of period 13 - 0.6409 ft. /sac. 

TABLE\ 2 .  COMPUTATIONS FOR STABILITY AGAINST SLIDING 
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1.728 - 40.32 t I .728 - 40.32 t 

1.107 - 15.402 t + 73.382 t* 

12.8 - 179.2 t + 868.43 t* 

-0.551 - 138.0 t - 672.59 t' 

-0.367 - 92 t - 448 t' 

C,+C4t-0.18352- 15.33t'- 37.372 

1.107 - 15.402 t + 73.382 t' 

12.8 - 179.2 t + 868.43 t' 

-3.323 - 133.364 t - 672.59t' 

- 2.215 - 88.9 t - 448 t' 

C,+ %t- I.lO75t'- 14.82P-37.37i 

T I M E  I N T E R V A L  I N  S E C O N O S  

T E R M  o s t t s , - ,  I 

PH lo-* 1.728 - 40.32 t 

PHI" 10- 0 0 0.396 - 0.662 t 

P" x lo-* 63.141 t 

M,x IO-' 51 029 t' 
- 

9.896 - 1608.2 t 51029 t' 

6.597 - 1072 t + 34019 t* 

C, + $t + 3.2985 t'- l78.67t* 2835 t' 

M,X IO-' 

&. 
d t' 

e -  

Equation of 
Acceleration 

Equation ot 
Displacement 

Equation d 
Velocity 

e. 
dt C,+ 6.597t- 536t'+ 11340t C,- 0.367t - 46  t'- 149.5 t' C,- 2.215 t - 44.5 t'- 149.5 t" 

e -  

de 
dt 
- I  

0 

I 

0 

0.000270 rad. 

0.017915 rod /aoc. 

0.000322 rad. 

0.010908 rad. /see. 

Values at 
beginning of 

period 

c, = 0 

?:= 0 

c,= - .0.000117 

C,= 0.032981 

C,=- 0.000406 

C,- 0.065490 

Values of Conrtontr 

in equations 

I 

0.000270 rad. 

0.017915 rad/sec. 

0.000322 rad. 0000192 md. 

-0.037576 rod./ see. 

e -  
Wlues at end 

of period 
.. 

.-IO908 rad. /am. de- 
dt 

I 

TABLE 3. COMPUTATIONS FOR STABILITY AGAINST OVERTURNING 

> * . I  . '  I ,  

I * _  L,. I 

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

(a)  Complete Penetration 
(b)  Nearly Complete Penetration 
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( b) 
Fig. 6 Types o f  Damage In Impact Face of Concrete Slab 

(a) Part ia l  Penetration Due to Impact 
(b) Additional Penetration Due to Charge Exploded incrater of (a )  



4 
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(b) 
Fig. 8 Types of Damage in Rear Face of Concrete S l a b  

(a )  Charge Exploded in Open Crater  
(b) Charge Exploded in Confined Crater 

. .  
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