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ABSTRACT 

Tb« purpoa« of this rtport 1« to predict th« blut loading 

and respona« of buildingi 3.3.3, 3.3.8b, 3.3.1*, 3.3.5«, *nd 3.3.5b. 

Th««« ballding« «r« lndu«trl«l type« (3*3.3 «nd 3.3.1*), « lin««r 

quarter-seal« bodel of the 3.3.3 structure (3.3.8b), and load bearing 

brick dwelling type (3.3.5a and 3.3.5b). 

The fundamental« developed in Vol I of this appendix and 

applied to the six idealised nodels (3.3.8a-e and 3.3*8g) in Vol II 

ar' applied herein to the aforementioned structures. Because of the 

coaparative coaplexity of these structures the aethods, in particu¬ 

lar the loading aethods, aust be somewhat modified. Since the 

fundaaental information, derived from shock tube tests and compress¬ 

ible flow theory on one hand, and from fundamental dynamics and basic 

knowledge of structures and materials on the other hand, is the same 

for this work as for the analysis of the idealized models, the add¬ 

itional complexities must be accounted for in the analysis largely 

by means of intuitive reasoning. 

Perhaps the most important difference between these analyses 

and the previous work is the consideration the behavior of compon¬ 

ents, in particular, windows and masonry panels. The interrelation 

of panel loading, panel response, and loading of the main frame 

(where "panel" refers to both window glass and masonry) results in 

a sort of iterative procedure between the loading and reppoase phases. 
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Th« assuasd behavior of masonry panela divides the notion of the 

panel into three phaaeat elastic panel, flat arch, and rigid body* 

Using the aforementioned methods and considerations, this 

report obtains the loading and response of the subject buildings. 

An exception to this statement is the case of the dwelling type 

structures (3.3.5a and 3.3.5b). The nature of these particular 

structures is such that little or no analytical analysis can be per¬ 

formed in this respect, especially in the consideration of response. 

It can be concluded from this work that considerable shock 

tube and model test work must be performed with increased emphasis 

on duplicating the prototype situation and extending the knowledge 

for a greater range of overpressures. Further, an experimentally 

verified method of treating component panels is sorely needed, as 

well as information on the effects of variations in structural 

parameters and changes in orientation. 
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ATOMIC ENERGY ACT 1046 

APPENDIX B 

BLAST LOADING AND 8TRPCTPRAL RESPONSE 

VOLOME III 

}LA3T T/i*nTMfl AND RESPONSE OF PROTOTYPE STROCTORES 

AND QUARTER SCALE MODEL 

PART I BLAST LOADING OF STROCTORES 

CHAPTER E.l 

GENERAL 

E.1.1 INTRODUCTORY RBtARKS 

This part of Voll« III of Appendix E to the Operation Qrean- 

houae report on the Air Force Structures Prograa consiste of a dis¬ 

cussion and prediction of the blast loadings on five buildings under 

Greenhouse test conditions. These are buildings 3.3.3, 3.3.5h, 3.3.1*, 

3.3.5a, and 3.3.5b. In the following chapters loadings are detendned 

for the first threej loadings are only partially determined on the 

latter two structures. This work is based on general material and meth¬ 

ods developed in Part I of Vol I to this appendix, to which frequent 

reference will be madej a few references will be made to Vol II. For • 

reasons given in Chapters E.5 and E.6, the calculations given for the 
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3.3.5 type buildings are only illustrative, shewing the mode of approach 

to be used when genuine predictions can be made. 

As noted in Chapter E.?, Vol I, predictions of blast loading can 

best be based, for the present, on shock tube tests (see references 1-9) 

and on wind tunnel tests (see references 10-lii). The shock tube results 

can be used (with rather extensive modifications) to predict loadings during 

the early periods after the shock front strikes the building, while wind 

tunnel tests are necessary to determine wind forces in the later period of 

flow past the structure (the "pseudo steady state period" of Vol I). In 

general, predictions for a specific building can be made only by a series 

of speculations from the relatively few shapes of obstacles tested in 

shock tubes. Since such speculation tends to be a function of personal 

preference, and since the mode of approach used has already been illustrated 

in Vol II, Chapter E.3, predictions herein are presented without extensive 

discussion of the speculative process. 

The five buildings are shown in Figs. E.1.1-E.1.3« A’ing walls, 

which act as horizontal extensions of the front walls, are omitted from 

the first two of these drawings. Building 3»3.3 and its approximately 

scaled model, building 3*3.8h, are steel-framed industrial type buildings 

with large roof monitors; building 3.3«U is an industrial type structure 

of reinforced-concrete framing equipped with roof monitors. 

1. ’ Unless otherwise noted, all references are to the Bibliography, 
Vol I. The same list of references is included at the end of this 
volume. 
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These three structures were built to represent portions of 

larger structures whose dainage could be studied from the testing of 

these sections. Hence these Greenhouse structures have no side walls 

and are provided with "wing walls" which are intended to cause loadings 

approximately equal to those itiich would occur on the prototype structures. 

The wing walls affect the air flow, but are not connected structurally 

to the building} hence they do not transmit their loads to the building. 

A discussion concerning the predicted effectiveness of the wing walls 

in attaining this goal appears in Section E.1.3.1. These first three 

structures are located at distances where the peak side-on pressure is 

expected to be between 3 and U psi overpressure. 

Fig. E.1.3 shows buildings 3.3«i>& and 3.3.5b, which differ only 

in their location relative to ground zero. These buildings are wood-framed 

brick-welled structures typical of small apartment houses. Therefore, 

their interiors are broken up into a number of rooms with numerous doors 

and closets (see Fig. E.5«l). The peak side-on pressure expected at these 

buildings is about 9 and U psi, respectively. Clearly, the behavior of 

the blast wave in the interiors will be extremely complex. 

The five buildings treated in this volume differ from those con¬ 

sidered in Vol II by virtue of the complexity caused by windows, doors, 

walls and, in some cases, interior partitions which may collapse, per¬ 

mitting the path of shocks and air flow to be altered considerably. 

Hence, it is necessary to compute which structural elements will fail 

and approximately when they will fail in order that the loadings on the 
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entire structure can be predicted. 

In Chapters E.2-E.1* preliminary conpitations are made for loadings 

on any elements which may be expected to fail. These loadings are used 

L. Part II to test for failure. The results of such calculations (that 

is, whether or not collapse occurs and the approximate time of failure) 

are included in Part I in order that this information may be used in 

considering the effects of such failures on the flow around and hence 

on the loading of the remaining components of the building. 

Each of these buildings is oriented so that one wall (called the 

"front wall" here) directly faces ground zero. The shock front is assumed 

to be approximately plane in the vicinity of any single building. 

An estimate of the accuracy of predictions in this volume cannot be 

made because of the considerable amount of intuitive thinking involved 

in their development. As in Vol I and II, wherever approximations of 

known accuracy have been made, it has been attempted to remain within 

20 per cent of the correct values if the deflections of the structures 

will be affected appreciably by such approximations. 

Because of the approximate nature of predictions, computations 

in Part I of this volume are slide rule calculations. In each number 

listed the third figure has no significance. Since the final predictions 

are not to be considered accurate to even two figures, higher accuracy 

in calculations is not warranted. 

E.1.2 QUALITATIVE DISCUSSION OF LOADINGS 

In Vol I, Section E.2.3, an introductory discussion of blast 
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loadings dsscribed some of the more prominent phenomena which occur 

when a shock wave strikes a simple structure» The following material 

describes the important features of shock diffraction and air flow which 

can be expected on the more complex buildings treated in this volume 

(see Figs« B»l.l-E»l»3)» 

nils discussion assumes a general familiarity with the correspond¬ 

ing section of Vol I and is appllcable> as was that section, when the peak 

overpressure is not too high (see Section E.l»3»3)» Many statements are 

given without proof; later sections of Part I supply the justification 

for such statements» Furthermore, the discussion assumes that the main 

frames of the buildings do not suffer substantial deflections or velocities 

(see Section E»l»3*3)> 

In this section, "pressure'1 will mean overpressure (i»e., gage 

pressure) and, when referred to a wall or roof surface, will mean the 

average pressure across that surface» These conventions will be adierred 

to throughout this report, except where the context clearly indicates 

otherwise, ftie terminology used below follows the list given in Vol I, 

Section E.3.1. 

Briefly, the sequence of phenomena is as follows. When the shock 

front strikes the front wall it reflects to a high pressure and the win¬ 

dows soon break, allowing flow into the interior^*e»*^he formation of 

an inside shock. Meantime, the pressure on the outside of the front 

wall drops off and the primary shock moves down the length of the building. 

On sloped roofs some reflection occurs. On those buildings with monitors, 
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the monitor glass breaks and more air flows into the interior» strengthen¬ 

ing the inside shock# While this is happening the inside shock has 

raised the pressure on the back of the front wall and on the underside 

of the roof to some fraction of side-on pressure. In the buildings with 

trusswork diffraction of the shock occurs around most steel members, 

followed by drag forces for the-duration of the wave. Concurrently, 

pressures on the front wall have stabilized so that only drag forces 

act there. 

The interior shock has an extremely complex history in the 

3*3.5 type buildings and will not be discussed until later. In the other 

buildings, the interior shock is strengthened Joy flow through the monitor 

openings in the roof and through the open sides. This interior shock 

builds up to almost the strength of the outside shock, strikes and reflects 

from the back wall and then moves back upstream over part of the length 

of the building before it dissipates its strength. In moving upstream 

it imposes upward forces on the rearmost parts of the roof. During this 

period the back wall windows have broken and the wall has been swept by 

the outside shock and by air flawing through the rear windows. Finally 

the pressures on the back wall stabilize to drag pressure. 

Now only drag acts on the various parts of the structure, de¬ 

creasing to zero as the later portions of the main shock wave (with lower 

pressure and flow velocity) pass the structure. These brief remarks are 

extended in the following paragraphs. 

rthen the shock front strikes and reflects from the front wall, the 
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pressure' on the upstream side of that wall rises instantaneously to more 

than double the side-on pressure. Rarefaction waves immediately move 

in from the outside edges of the wall, startiis the "clearing" (or 

"relief") process. As the rarefaction waves move inward, the high pres¬ 

sure air flows outward, over the edges of the wall, and into the free 

stream. This clearing process reduces the reflected pressure to pseudo 

steady state pressure. This pressure is equal to the instantaneous 

value of side-on pressure plus the drag pressure vihich is expected for 

the particular side of the wall under consideration. It is always con¬ 

siderably less than reflected pressure for an outride front wall. As 

the shock wave passes, the side-on and drag pressure (and hence, the 

pseudo steady state pressure) drop off until they reach zero at the 

beginning of the negative phase. 

On those buildings which have wing walls, little "dealing" 

of the front wall proper can take place around the side edges, since it 

is the function of the wing walls to prevent just that. It is assumed 

that the wing walls stand and perform their function through the early 

period of shock diffraction. 

Windows and doors in the front wall will probably break under 

the reflected pressure, though not instantaneously. However, they 

generally will break before the clearing of reflected pressure is 

2 "Pseudo", because no true steady state can exist in a continually 
changing flow such as occurs behind the blast wave. 
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collate) banc«, part of the clearing will occur through the window open¬ 

ings , allowing high pressure air to flow Into the interior* This sudden 

release of high pressure air will cause shocks to form In the interior, 

Just as the bursting of a diaphragm In a shock tube generates a shock* 

These Inside shocks, formed at each opening, will spread downstream fròa 

each opening and will tend to combine Into a single shock front follow¬ 

ed by a few weaker shocks. This Interior shock is, at least for a time, 

considerably weaker than the Incident (outside) shock. 

With the breaking of the windows, pressure on the rear side of 

the front wall begins to build up towards its pseudo steaty state value 

(side-on pressure plus a certain drag pressure).^ 

Meantime the incident shock front has moved past the front wall 

and is sweeping across the roof. On the flat-roofed building (3.3.b) 

pressure on the outside of the roof is raised to approximately side-on 

pressure at this time. All the remaining buildings have a sloped roof, 

and an oblique reflection of the shock takes place on the slopes which 

"face** the blast. The 3.3.5 type buildings have rather steep roof slopes 

compared with the 3.3.3 structure and its model, and have higher reflected 

pressures, fmmmmm* The pressure then falls off to the pseudo steady 

state value for these surfaces. 

At this point it is necessary to discuss the buildings in two 

different groups: the industrial-type buildings (3.3.3,3.3.8h and 3.3.4), 

3 On this surface, the drag pressure is suction and hence has a negative 
value. 
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which posMia aonitora, wing walls, and have no aide walls) and the 

dwelling units (3.3.5a and 3.3.5b), which hare side walls and consider¬ 

able interior obetructions. The industrial type buildings are treated 

first. 

E.1.2.1 Buildings 3.3*3, 3«3*6h and 3.}.h 

The foregoing discussion of front walls (outside and 

inside) applies to these buildings. However, the description of the 

interior shock and the initial outside pressure on the roof is applicable 

only up to the first nonitor. In the following paragraph inside roof 

pressures up to the first monitor are discussed; then the effects of the 

monitor and of the absence of side walls are considered. 

As the outside shock moves across the roof exterior 

the interior shock which formed at the front wall openings moves across 

the underside of the roof (lagging the outside shock slightly) imposing 

on that surface pressures above atmospheric pressure, but considerably 

below side-on pressure. Thus the roof section in front of the first 

monitor is initially exposed to a net downward force (outside roof 

pressures being side-on or higher, depending on the building). 

Up to the first monitor the interior shock obtains its 

strength almost wholly through the front wall openings. However, as the 

primary outside shock sweeps down the length of the building it tends to 

extend itself into the interior from the sides and from around the out¬ 

side edges of the roof. Such spreading of a shock transverse to the flow 

direction can be seen in references 7 and 6 where the shock curls down 
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the rear faces of the models. These parts of the outside shock which 

spread into the interior through the sides combine with the interior shock, 

strengthening it. This effect and the strengthening which occurs at the 

monitors (discussed below) build up the interior shock in strength until 

it carries almost the same pressure as the outside shock when these shocks 

are perhaps one-half or two-thirds of the way down the length of the 

building. 

The outside shock wave reflects from the (mainly glass) 

upetream wall of the first monitor creating high reflected pressures as 

on the front wall. A clearing process begins immediately, the glass 

breaks, and a shock of nearly the strength of the inmcient shock is 

created inside the monitor (since almost the entire area of the monitor 

wall breaks out). 

Meanwhile the outside shock moves over the top and 

around the sides of the monitor and then expands around the rear monitor 

wall. This wall is struck at about the same time by the strong shock 

which formed inside the monitor and all the glass can be assumed to 

break out. 

The shock inside the monitor, in addition to striking 

the rear monitor wall, also spreads downward into the building to some 

extent, reinforcing the shock in the interior of the building as 

mentioned earlier* 

The roof behind the first monitor may receive pressures 

on the outside surface which are below side-on because of the local 

weakening of the shock in flowing around and through the monitor, and 
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(in the cue of buildings 3«3>3 and 3»3»8h) because of sloping of the 

roof towards the rear. 

On buildings 3.3.3 and 3.3*6h the outside surfaces of 

f*o»d / 
the.bays (monitors and roof areas) are loaded approximately the sane as 

the first bay» except that the outside shock probably does not re-fora 

rapidly enough to have a well defined reflection on the sloped sections 

upstream of each monitor. 

On building 3.3.4 the outside surfaces of second moni¬ 

tor and the remaining roof area have about the same loading as the first 

monitor and the roof area in front of it. As already suggested» slightly 

smaller loadings may occur behind both monitors due to local weakening 

of the primary shock. 

On all three of these structures the undersides of the 

roof are loaded with pressures close to the pressure of the interior shock 

(which has risen as the shock is reinforced from the monitors and from 

the sides). However, on the 3.3.3 and 3.3.8h structures the underside 

of the roof does not present a smooth boundary for flow because purlins, 

supporting the roof surface, run transverse to flow across the underside. 

Some further lowering of pressure is induced by these purlins. 

Interior trusswork which is present in these same two 

buildings is not believed to "cut up" the interior shock severely, although 

rather considerable forces are exerted on this steelwork. Most of the 

trusswork members will be exposed to the shock front and will experience 

reflection, diffraction, etc. However, since the time for these phenomena 

to give way to pseudo steady state forces is proportional to the width 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 

- 33 - 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
SECURITY INFORMATION 

and depth of the member involved, these forces will be of extremely short 

duration on the narrow steel members. The pseudo steady state forces, 

which are simply drag forces here, provide a much larger impulse than 

the diffraction forces on these members because drag forces continue for 

the duration of the wave, no matter how small the dimensions of the 

member in cross section. 

The shock which reflects from the back wall, and the 

loadings on the back wall itself, remain to be considered for the indus* 

trial type buildings. This reflection occurs when the interior shock, 

strengthened to nearly the pressure of the incident shock wave reaches 

the inside face of the back wall. After this reflection the phenomena 

follow closely the sequence described on the front wall after reflection 

there. But here, however, the roof prevents relief of reflected pressures 

from occurring over the top of the wallj further, the absence of wing 

«»11« at the rear of the building allows relief to occur around the sides 

of the back wall. The windows break and clearing of the high pressures 

brings the upstream face of the back wall to its pseudo steady state 

pressure as described for the front wall reflection. 

This reflected shock exerts some influence on the roof 

before it dissipates. It travels upstream against the flow, just as 

does the reflected shock from the front wall (which can be observed in 

any of references 1-ii or 6-8), weakening as it spreads outward beyond 

the line of outside columns. When this reflected shock reaches the 

rearmost monitor it may be presumed to lose any appreciable remaining 

strength in spreading upward through the monitor opening. During its 
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brief lifetiM it bee exerted an upward force of abort duration on the 

reamoit section of tbs roof* The force is upward since approximately 

side-on pressure exists on the outside of the roof| whereas this reflected 

shock initially iaposes pressures above side-on on the underside (since 

it originates fron reflection of a shock carrying approximately side-cn 

pressure). 

The sequence of events on the front face of the back 

wall (until pseudo steady state) has already been described. On the 

rear face the pressure simply builds up gradually to its pseudo steady 

state value after the outside shock sweeps in from.the edges and part of 

the inside pressures escape through the broken windows to cover the rear 

surface. 

E.l.2.2 Buildings 3«3«5a and 3»3.5b 

The clearing of the front wall, breaking of the front 

windows, and loading of the front slope of the roof by reflection have 

been discussed. As the outside shock aoves over the roof peak it 

expands across the rearward facing slope with some weakening. Hence, 

pressures rather below side-on (and below pseudo steady state) are felt 

as the shock crosses this surface. After a relatively long period of 

time, pressure on the rear slopes rises to the pseudo steady state pres¬ 

sure for that surface. For less sharply sloped roofs the time to reach 

pseudo steady state (i.e., side-on pressure plus drag pressure)^ would 

In this case, drag pressure has a negative value. 
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be coneiderably earlier. 

The primary shock moves across the back wall of the 

hn<iH<ne« from the sides and from above and imposes some faction of 

side-on pressure on the outside of that wall. This pressure is probably 

great enough to break out the rear wall windows (even for the 3.3.5b 

structure at the lower pressure region). It is possible that the interior 

shock(e) reach some of these windows first; in any case the windows may 

be expected to break. Those openings at which the interior shocks have 

not yet arrived will then admit air flow at relatively low pressure (i.e., 

slightly above atmospheric pressure) to the interior. 

During this period, the air flow through the front wall 

window and door openings has produced interior shocks which move through 

the various rooms. Depending on the values of pressure involved, doors 

and interior partitions may or may not collapse. In any case reflections, 

clearing, and interaction between different interior shocks will occur 

for a period of time. Gradually the pressure in each room will rise 

towards the side-on pressure (or a value close to it) which exists out- 
e 

side at this time. Then pressure will fall off as the side-on pressure 

drops to zero at the end of the positive pressure phase. A more exact 

tracing of the time history of inside pressures must be made in such 

detail, and is so tentative compared with other predictions of this 

volume, that such discussions are best left for the specialized chapters 

devoted to the 3.3.5 type structures. 
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B.1.3 COMhENTS APPLICABLE TO ALL STRUCTURES 

E.1.3.1 Brlif Tode« on Lotdlan 

E.I.3.I.I Negative Pressure Phase of Blast Wave 

As a typical blast wave passes a given 

point, the gage pressure at that point drops from the peak overpressure 

towards sero. Concurrently, the air velocity decreases, reaching zero 

at the same time as the pressure (Section E.ij. Vol. I). Following 

this time there is a period of pressures below atmospheric and fr^emámé 

of air flow back toward ground zero. These two periods are called the 

positive (pressure) phase and negative (pressure) phase, respectively. 

Peak pressures in the negative phase are believed to be much less than 

in the positive phase. Since the form of the negative phase is not 

known and since the effects are not believed to be large compared with 

those during the positive phase, the entire period of negative pressures 

is neglected in these calculations. 

It is anticipated that pressure variation 

in the negative phase is no more rapid than in the latter part of the 

positive phase. If this is correct, then predictions of loadings can be 

obtained readily for the negative phase when data on its form become 

available. Applying the notions used in the predictions of these volumes 

and under the above assumption concerning rate of pressure variation, 

only drag forces will act during the negative phase on the buildings 

treated in this volume. Since the drag pressure increases approximately 

with the square of the instantaneous side-on pressure for moderate 
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prvMures (see Eq. E.l*.19i Vol. I), and since peak side-on pressure in 

the negstiTe phase is beUeved to be considerably less than in the posi- 

tire phase, the forces in the negstiTe phase say be expected to be 

relatirely small compared with the early drag forces in the positiTe 

phase. 

E.1.3.1.2 Atmospheric Conditions 

The temperature and pressure of the atmo¬ 

sphere in front of the shock are necessary in computing the velocity of 

the shock front. In Vol. I standard atmospheric conditions were used in 

evaluating the shock velocity) the results (Fig. E. 1(.2, Vol. I) will be 

used in this volume. From Eq. E.l(.8, in Vol. I it is seen that correction 

of the shock velocity to other atmospheric conditions leads to small 

changeât e.g., for air températures of 100°F, shock velocities from Vol. 

I must be multiplied by l.Olw If such allowance were made for tempera¬ 

ture, no changes in forces in the loading predictions would occur, but 

the early portion of the time axis would be compressed by 1.01( for the 

above example. Such changes are not deemed to be large enough to be in¬ 

cluded. 

E.1.3.1.3 Changes in Shock with Distance 

As the shock wave from a blast propagates 

outward, the peak pressure and shock front velocity gradually decrease 

while the duration of positive pressures increases. For the buildings 

treated in this volume, changes in these quantities as the shock moves 
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down the length of each individual structure have been disregarded. The 

greatest changes for these buildings occur on the 3»3»3 structurel which 

is 21(0 ft. long. Peak pressure at the front wall is anticipated as 3* 1( 

paij this would drop to about 3*3 P»i at the rear wall if a 20-KT weapon 

were used. The associated change in the shock front velocity at the rear 

wall would change the time scale for the rear wall by a fraction of one 

per cent} changes in the wave duration would probably be imperceptible 

in inducing changes in loadings. Rven the changes in pressure noted 

above are believed to be small compared with the uncertainties which are 

present in the loading predictions developed herein. 

E.1.3.1.1( Wing Walls and Open Sides on Industrial 
Type Buildings 

Buildings 3.3.3, 3.3.&h, and 3.3.1( represent 

sections of larger buildings. For example, the prototype (the larger 

building) corresponding to building 3.3.3 would be composed of a series 

of sections similar to it placed side by side with side walls only on the 

end sections. It is believed that the behavior of these sections would 

be similar to the action of the prototypes under blast loadings. Side 

walls are not present in the 3.3.3, presumably because that would give a 

structural resistance against transverse loadings which is not present 

in any but the end sections of the prototype. Wing walls slow the clear¬ 

ing of reflected pressures along the outside vertical edges, Just as the 

front walls of adjacent sections would tend to prevent clearing in the 

prototype structure. 
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It is predicted that the absence of side 

walls allows heavy reinforcement of the interior shock wave in these 

buildings, thus increasing the loading on the underside of the roof and 

the front of the back wall. Such an effect would not occur in the pro¬ 

totype structure. 

The absence of some type of side wall is 

considered (with due regard for the difficulties of their inclusion) to be 

a fairly serious departure from reproducing the behavior of the prototype. 

The wing walls tend to improve this situation slightly, however, in ad¬ 

dition to the fact that they probably fulfill their function satisfactori¬ 

ly if they do not fail (or do not fail before the front wall clearing 

process is completed). 

However, had the wing walls been left off 

entirely, the clearing rate would probably be increased at most by 10 

per cent over the rate for the prototype buildings. This can be checked 

by making an obvious change in the calculation of clearing tine for the 

front wall in Section E.2.2.1.7. This would probably lead to a very small 

difference in the behavior of the buildings, unless the loadings bring the 

buildings or walls to the threshold of collapse, at which point slight 

changes in loading produce gross differences in the behavior oí the 

structure. Therefore, as far as front wall clearing is concerned, the 

wing walls probably could have been omitted on these three buildings 

without great differences in structural response. 

RESEARCH FOUNDATION OF ILLINOIS 

- HO - 

INSTITUTE OF TECHNOLOGY 

CONFIDENTIAL 
Security Information 

RMOUR 



CONFIDENTIAL 
SECURITY INFORMATION 

E.I.3.I.5 Centgrs of Pressure on Walla and Roof» 

The forces which are predicted in Part I 

of thia Tolu» are assumed to act at the center of each surface for the 

purpose of computing structural response in Part II» Such a procedure is 

not believed to lead to serious inaccuracies. 

Pressure profiles shown in Fig. E.5»6-E»5«20 

in Vol. I show that after the early diffraction period the center of 

pressure is close to the geometric center of each surface. Renee, it 

appears that no improvement in choosing the line of action of forces 

could be mde unless a point of force application which changes with time 

were included in the structural calculation. This would render the calcu¬ 

lations of Part II much more complex and would, it is believed, be so 

slight a refinement as to be unwarranted in the present work. 

E.1.3.1.6 "Maximum" and "Minimum Turbulence" 

In Vol. II alternate predictions were 

presented for the loadings on some surfaces. The alternate loadings, 

termed "maximum turbulence" and "minimum turbulence", might also be 

called "direct scaling" (from shock tube tests) and "nondirect scaling". 

The alternatives reflect an uncertainty, at the present time, as to 

whether or not vortices (and the turbulent regions which they create) 

will scale in sise and in intensity from small model tests to full sise 

structures. These two approaches are discussed more fully in Vol. I, 

Sections E.2.3, E.3.I1 E.8.1 and E.Ö.2, and in Vol. II, Section E.2.1. 
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In this volume alternate predictions do 

not appear except to a slight extent in the 3.3*5 type buildings. This 

does not imply that the questions of scaling have been settled. Rather, 

the two predictions happen to coincide numerically for the industrial 

type buildings. This situation is elaborated on in the chapters which 

discuss those buildings. Essentially, there are two factors involved: 

first, the differences between "maximum" and "minimum turbulence" cannot 

be readily divined for these structures and, second, these differences 

are felt to be smaller, percentagewise, than on the buildings of Vol. II. 

Furthermore, differences between "marimum" and "minimum turbulence" 

predictions frequently tend to cancel when the net pressures (pressure on 

the outside of a surface minus that on the inside) are computed. 

E.l.3.2 Pseudo Steady State and Drag Pressures 

During the positive (pressure) phase of the blast wave, 

relatively complicated diffraction phenomena around a structure gradually 

die out until the structure is loaded only by wind (drag) forces. For 

the buildings treated in this appenuix, this period of drag forces, 

called the “pseudo steady state period',1 begins rather early in the posi¬ 

tive phase and continues until the blast loading ceases. Thus when the 

entire building has reached pseudo steady state, equations of the follow- 

. ing form are used for predictions: 

f(t) = Pd(t) 

h(t) - Cdb pd(t) 

r(t) - Pd(t) 
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vhsre f, b, and r are the average pressures on the front vail, back vail, 

and roof, respectively, t is tine,^ is the drag coefficient (vith the 

appropriate subecripts), and pd is the "basic" drag pressure. (See 

Section E.l.b.3 for a aore detailed identification of syabols.) 

In the predictions of this appendix sons surfaces are 

estimated to reach pseudo steady state before the remainder of the 

structure. Thus, if the dovnstream side of a vail is subject to diffrac¬ 

tion forces after the upstream side of the wall has reached pseudo 

steady state, a pseudo steady state equation is needed for this upstream 

surface. For one side of a vail, pseudo steady state pressure is not 

«»i mpTy drag pressure, but equals the sum of side-on pressure and drag 

pressure. Thus, when pseudo steady state exists on the outsic- front 

vail, 

*„<*> ■ P,<*> ♦ Cf„ Pd«4» 

vhere fo represents the average pressure on the outside of the front 

wall, p ^ is side-on pressure, and C^0 equals the drag coefficient for 

the outside of the front wall. Similarly, when pseudo steady state 

exists on the inside front wall, 

f^t) - p(r(t) + cfi pd (t) 

with the subscript i denoting the inside surface of the wall. 

5 With symbols which appear as function of time, t may be dropped from 
the notation whenever ambiguity will ribt result. 
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It ia useful to introduce the notationa f0fl(t) end 

f (t) to represent the right-hand members of two above expressions. 
«Ls 

After pseudo steady state is reached on the outside front wall) 

f (t) ■ f (t)} after pseudo steady state is reached on the inside of 
0 08 

the front wall, f^(t) ■ f^8(t). 

Corresponding expressions may be defined for pseudo 

steady state pressures on the roof and back wall. However, since t is 

measured from the time the shock strikes the front wall, a time shift 

must be introduced in the expressions for pa (t) and p^ (t) when apply¬ 

ing them to the back wall or roofs. These tiroeshifts are shown in Eqs. 

E.1.2 and E.1.3* 

These time shifts are equal to the time taken by the 

shock front (velocity, U) to travel from the front of the building, 

length i , to the back of the building (for back walls) or to the middle 

of the roof (for roofs). The time shift used for the roof, 

assumes that the average side-on pressure in the free stream above the 

roof is equal to the side-on pressure above the middle of the roof. 

This amounts to the requirement that side-on pressure and drag curves 

vary approximately linearly with time over any interval of time equal to 

I /U. 

The pseudo steady state equations are as follows: 

fos(t) “ P<r + Cfo pd(t)» 

fis(t) - P0- (t) + Cfi pd(t), (ë.!.!) 

and fs(t) - fQS(t) - Pd(t) 
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alaM C * C - C by thtir definítioos (Section I.l.ti.3)« 
of fo fl 

Likewise, 

bo.<*) p«- ) * c>*. Ph(t ) withr-t - ^/u. 
^ 1,0 d (E.1.2) 

Equations for b^g(t) end b8(t), analogous to the second and third equa¬ 

tions of Eq. E.1.1, can be written. 

Similarly, 

ro.(t) 
p ('f ) ♦ C p.(r ) with T - t - ¿/2U. 

^ r0 d (E.1.3) 

Equations for rig(t) and rg(t), analogous to the second and third equa¬ 

tions of Eq. E.1.1, can also be written. For sloped roofs, which may be 

made up of a number of sections, several sets of pseudo steady state 

equations may be used. Each such set may have a different time shift 

and a different drag coefficient. 

E.1.3.2.1 Drag Coefficients for Front and Back Walls 

The drag coefficients for the front wall, 

Cfo and Cfi, and for the back wall, and Cbi, for the buildings of 

this volume are chosen as the followingt 

Ct0 . 2/3 

Cfi ‘ *1/3- 

Hmc, °dr ' cfo ■ Cfi ■ 1* 

Si ■ ^ 

So • -1^ 

Heac, cdb ’ So * Si ' -1- 
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Tba drag coefficients and therefore the 

drag pressures are the sane on the upstream aides of both wallsj similar¬ 

ly for the downstream sides. 

These coefficients had to be selected 

somewhat arbitrarily. In Chapter E.8 of Vol. I a discussion of the dif¬ 

ficulties in choosing drag coefficients is given. In particular, the 
«til-tiny w.tK ++>«■ tvtitfe parajmf* 

remarks in Section E.Sj^are appropriate. Data in references 11 and 13 

were used in selecting the over-all drag coefficient of (plus or minus) 

one and in splitting this between upstream and downstream facea of each 

wall. Considerable changes in this split-up could occur without seriously 

ranging ths predicted loadings on the walls. 

E.1.3.2.2 Drag Coefficients for Flat Roofs and Side 
falls 

When air flows past a solid rectangular 

obstacle, the air which strikes the front wall flows around the edges of 

the front wall. However, at these edges the flow tends to "separate", 

i.e., to spring away from the roof (and sides) for some distance. This 

separation causes a suction force on the roof and sides. This suction 

force, acting transverse to the flow direction, will be referred to as a 

drag force. 

If the same obstacle has openings in its 

walls which allow flow through the interior, less flow will be diverted 

around the edges onto the roof and sides. Hence less suction drag will 

be found on the roof and sides. 
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Unfortunately no useful date could be 

found in the literature shoeing this suction drag on flat roofs and sides 

of buildings with wall openings. Therefore, drag coefficients for these 

surfaces are chosen from tests of solid obstacles. 

Reference lit gives the pressure profile 

across the roof of a rectangular block which is twice as long (in the 

floe direction) as it is high. This data is shewn in Fig. 1 of reference 

Hi in the curve labelled "U j r - 0". The average suction pressure 

given by this profile is -0.55 times pd. This value is applied in this 

volume to flat roofs and side walls. Hence, 

c ■ -0.55 
ro 

c ■ -0.55. so 

E.1.3.2.3 Drag Coefficients for Sloped Roofs 

The first pest- of the preceeding subsection 

on flat roofs applies to roofs of moderate or low slope. 

The effect of wall openings on the roof 

drag might be investigated by using data obtained on plates supported at 

an angle to the flow with no other surfaces present. Such data can then 

be compared with pressures found on sloped roofs of solid blocks. Pre¬ 

sumably, if some openings are present, pressures will lie between those 

obtained from the two types of tests noted above. 

This approach was followed in deducing 

drag coefficients for the two angles of sloped roofs which are encountered 
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in this volume! 7° on the 3»3*3 end 3«3«8h typee and 33° on the 3»3»5 

type. Only outside drag coefficients are useful in this volune. To 

distinguish between the roof slopes which "face" upstream or downstream, 

the terms »front C " and "back C " are used for upstream and down- 
ro ro 

stream facing slopes, respectively. The results, based on Figs. I12-I46, 

and I18 in reference 11, and Fig. 2 of reference 11*, are sham below. 

For 3.3.3 end 3.3.8h structures, 

"front Cro" ■ - 0.3 

"back C " ■ - 0.3. ro 

For the 3.3.5 type structures, 

"front* C " ■ ♦ 1/3 ro 

■back C " • - O.U. ro 

It will be noted that, as the slope in¬ 

creases less separation occurs and the drag on the front slope becomes 

positive. 

Data in Fig. U8 of reference 11 are based 

on tests of an "open shed" with roof sloped at 30° but with the air flow 

approaching fron a series of different directions. The drag on roof 

surfaces of different slopes can be approximated by using all this data. 

For example, when the flow is in one direction, drag on a 30° roof is 

obtained} when the flow is turned through 90°, drag on a flat roof sur¬ 

face is represented. Drag on intermediate slope angles (between 0° and 

30°) are obtained by using data for intermediate flow directions. 
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E.1.3.3 Extrapolation of Pradlctlona tor Building» 

5Xbn| aixil.TTU 

In Chaptar E.6 of Vol. I it waa pointed out that ahock 

tuba data and loading predictiona (aa preaanted in aymbolic axpraaaiona) 

may aometimaa ba applied orar a range of conditional for varioua peak 

overpreasurea, varioua duration» of the poaitiva praaaura phaaa, for a 

range of abaolute aiaea of the atructurea, and for aome changea in the 

shape of the atructurea atudied. i aimilar diacuaaion ia given here for 

the induatrial type buildinga (3.3.3, 3.3.8h, and 3.3.U) only. 

The predictiona of loading in thia volume are baaed on 

the aaaumption that the main building frame remain» intact; they are 

applicable only when aubatantial deflection» or velocitiea of the main 

frame have not occurred. 

Velocitiea of the frame up to approximately 20 per cent 

For a given peak overpreaaure, changea in duration imply changea in 
the exploaive charge weight. 

Aa noted already, loading computation» for the 3.3.5 type buildinga ¿ S: volume are primarily illustrative; because of thia fact and 
becauae of the difficulty of predicting loads for these buildinga 
without specific numerical value» in mind, it ia not recommended that 
any extrapolation be made with thoae predictions. 

The value of 20 per cent can be tolerated only when instantaneous 
overpressure is Sbout 5 pai or under; the percentage allowable decrease» 
to about 10 per cent for 20 psi ovenpreawre. These value» are baaed 
on an allowable error in gage pressure of about 20 per cent using 
reference 16, Section» 72 and uO. 
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of air velocity (Vol. 1» Iq* can oeeor without 

rondorlnf tho prodiotiona aarioualy in arror. Aa to dailaotionai rotar 

tien oí the «ein oolnana 19 to 10° or 15* will probably not oauaa aerloua 

deviationa fron the pradietad loadlnfa except whan thia raoulta in 

aaeoadary failuraa auch aa wall oollapaa, roof braakaca, ate. 

If theae Halts of applieablllty are axooaded, new 

pradlotiona auat be developed, taking Into account the velocity and 

changea In geoaetry of the structure. 

However, theae Halte ara broad enough that If auch 

diaplaoaaanta or veloeitlea are reached, full collapse of the building 

aay follow, regardless of conceivable future loads (e.g., aero loads 

fron that tine on). 

No check was nade for buildings 3 *3 *3 and 3*3*8h 

(which are predicted in Part II to collapse) to insure that collapse 

would have occurred even if loads were sero after the velocity or dis- 

placeaent Halts are reached} however, it seeas probable that such is 

the ease. In Part II it is found that these Halts are not exceeded 

(naxiaun velocity at the roof line of about Hi feet par second and vary 

snail angular deflection)*» buiMmg s.s.4. 

Hence, no predictions which take into account the 

velocity and changes in geometry of the main structural frame of these 

buildings are necessary in this voluae. 

The effects of breakage of windows, doors, wall panels, 

and roof sections are, however, considered in Part I for the particular 

ARMOUR RISC ARCH FOUNDATION OF ILLINOIS INSTITUTE OF TICHNOLOOV 

- 50 - 

CONFIDENTIAL 
Sicurit]! Inlormitlon 



CONFIDENTIAL 
SECURITY INFORMATION 

p«ak prcstnr«, ware duration, and aiaa and shapa of the »tructure ai 

•pacified for the Greenhouse Operation. The extent of breakage of theae 

■rabera and the tine at which such failures occur has been included in 

the predictions whererer theae factora affected loadings appreciably. 

Thua the questions of both nain frame and component failure are treated 

in this toIusw only for the particular Greenhouse teat conditions. 

Vartótr* loading predictions giren here cannot be 

extrapolated to any other conditions without a study of the time and 

severity of structural failures. If extrapolated predictions from this 

TOluas show that the limits of main frame velocity and deflection are 

exceeded, the predictions are invalid fron that time onward. If the 

time and degree of collapae of components (windows, doors, walla, roofs) 

differ considerably from what is found in this volume, then the predic¬ 

tions are inapplicable from that time on. Exactly what constitutes 

"considerable" differences must be a matter of judgement based on a study 

of the development of predictions as reported in Part I. 

E.I.3.3.I Change üi Peak Side-on Pressure (Overpressure) 

Fithin the rather severe limitations out¬ 

lined in the foregoing paragraphs, predictions for the industrial type 

building. (3.3.3, 3.3.8b, »d 3.3.1) t. bulled tu b. «lid fur peak 

uv.rprei.ur«. up to .bout 20 p.l. It ..«» *•“ th* OTer- 

pre..ur. i. in the upper pwt of tbi. r«nge, th. limitations noted »ill 

not alio» U.« of the., prediction, for more than a mall fraction of the 

positive pressure phase. 
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E.l.3.3.1 Change» in Shock W«g DgsliSS 

For the laduatrial type structure», the 

duration .hould .pproxlnafly «tlofy th. relation, U t, 5» U ¿, 

prediction» of thi» volume are to apply. 

In Vol. I (Chapter E.6), it wa» stipulated 

tiut for curtain .UpK .hap.., 0 ‘0 » 30 i wt b. uatltfi«!. H>. 

.„.r. ruatrietion o» b. »du fa- th. induatrUl bulldln,. bucauau, .1th 

.id. .all. absent, th. .hook front 1. pr.diot.d to r.fon» in th. int.rlor 

at practically full .tr.nfth, h.nc. th. front -all do., not inflen« th. 

inadln,. on th. r.ar .all arf th. l.ngth of th. .trnctur. d«. not in¬ 

flen« te loading to « large a d.gre. « for th. .1*1. 

E.1.3.3.3 Change» in Size of Structure» 

The condition» on to given above can be 

considered as a li.it.Uon on th. length. Í , of tta building., »ithin 

th.t li.it th. .beolute .1«. ey e ch.ng.d Uthout rendeing th, predic¬ 

tion. invalid. Of cour.., if the .1« 1. »» redned .. to « co*ar.bl. 

rtth th. .1« of local variations in th. terrain, th. prediction, could 

not be used. 

E.l.3.3.1* Changea in Shage 

The loadings on these buildings are pro- 

bably quit, sensitive to .trnctural details, such e th. sit. and spacing 

of purlins on building. 3.3.3 and 3.3.8h and to th. nonitor .1... on all 

th. indetrial buildings. Thus alterations in th. for. of these building. 
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uy change loadinge substantially and, in case of alterations, predictions 

of Part I would not apply. Horewer it is probably safe to apply the pre¬ 

dictions for tbs industrial buildings if their height to length ratio ia 

changed by no more than 2$ per cent, provided that the entire roof 

structure (or the entire front and rear wall structure) is scaled as a 

unit. The width to height ratio can also be changed somewhat on condi¬ 

tion that side walls are not erected. 

E.l.li NOTATION AND OTHER CONVENTIONS 

E.l.li.l General 

The terminology of this volume follows that adopted for 
»I Volume r. 

Vol. I and presented in Section E.3.1¿ However, it will be attempted to 

briefly characterise each term as it first appears in this volume. A 

discussion of the term, "pressure", which will be used in a special sense 

in this volume is given below. This section also comments on the sche¬ 

matic diagrams which appear in the later chapters of Part I. 

Pressure« In Part I of this volume, "pressure" will 

imply overpressure (i.e., gage pressure) unless the context clearly 

indicates otherwise. Furthermore, when the term is referred to a sur¬ 

face of a structure, it means the average pressure across the surface. 

Tha predictions of this volume give only the average pressures or total 

forces on surfaces, never the pressure at a single point. Hence it is 

convenient to adopt the above abbreviated terminology. 
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Schematic diagram*i In Part I prediction* are presented 

fir*t in a symbolic form, i.e., in terms of equations which nay be evalu¬ 

ated for various shock strengths and various absolute sises (see Section 

E.l.3.3). These symbolic expressions are then applied to the calculation 

of numerical loadings for the particular shock strength and structural 

sise involved in the Oreenhouse test. 

These symbolic expressions for loading predictions 

are presented by means of schematic diagrams, shewing pressure versus 

time for each surface of each wall or roof of a structure. Since the 

graphs are only symbolic, they do not necessarily shew the correct 

relative magnitudes between pressures on different surfaces nor, in some 

eases, the correct trends of pressure variation on an individual surface. 

E.1.14.2 Computations 

As discussed in some detail in Section E.1.3«3, the 

predictions of Part I (in symbolic form) may be used to compute loadings 

under somewhat changed conditions, e.g., for some other shock strengths 

and building sisee. In order that such use can be made of the predictions 

in Part I, the development ("method of determination") sections (e.g., 

Section B.2.2) have been separated from sections on numerical calcula¬ 

tion (e.g., Section E.2.3). The development sections need not be read 

if it is desired to apply the same methods under slightly changed condi¬ 

tional the minimum which must be read for a clear understanding is the 

followingi Vol. I, Sections E.2.3 and E.3.1) Vol. Ill, Sections E.1.1, 

E.1.2, E.l.3.3, and E.l.ij and Vol. Ill, the introductory section and the 
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„«rt.a ..«i« *« «• i«*1«»1" ... 

«d 1.2.3). 13-2-1- *—“• M «“ 'V*” ^ 

lh0. tha pradletlona cr^hlo— <••«.. W- **•<>*•*•*)• 

In —otl—a on nu-rlool .«pnUtloo. .0- of tb. t«W" 

>h0. „ awrib -1- .- 2- f —• ">*• ^1- ^ ^ 

i. prodicUd to .-2 WT-1-U12 —^2 ^ «* ^ 

^ ».. —. « *-* ^ 
rtth.—tb«r«. th. t- .0 U thot .t «.led o»l7 dr- 

force« «et on th« »aber under conaideretioo. 

Ibenerer the preeeure or force on a aurface Ju^p« 

iuddml2* th. Til— of ti— .t —h thU ooonr. » —<> WlM ^ 

th. —ol. ■-« »d — 1»— **- ^ ho14 b,f0r* “* 

***** thi® fluddtn chingt* 

1.1.1(.3 Notation 

Symbol« which reappear throughout the report are 

Hated belowj other eymbole are 
defined in the firat section of chapters 

discussing specific building*. 

In th. dofinition. bolo., th. tor. »pro«-«" -2. 

„f-. to d«. pro..uro (pro..- ir.ot.r th» F0 «loh U dot— -1-) 

If th. odJoetlT. "o-olut." 1. not uo«. Th. oonoontlon of «pr...ntln* 

.-.lot. pro.«» by ? »d ropro.entlnt (-. pro..ure. by p 1. «lop-d 

throughout. 
For symbol* which appear in the following list as 

fonction, of t-o, t. t- t -y - dropped fro. th. no-tlon ««»««r 
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tmbiguity 

P^0) 

P(r(t) 

P<r 

t 

t o 

U 

u(t) 

I 
/«(t) 

will not result (see below). 

E.l.li.3.1 Notstion Not IssocUted with Structures 

■ absolute pressure In front of the shock. This is atmospheric 
pressure for blast in air. 

■ pressure rise across the shock front ■ initial side-on 
pressure or overpressure 

it th» frut *1*11 
• side-on pressure.at time, t, after passage of the shock 

front 

■ p (t), used whenever t may be dropped freo the longer 
notation without ambiguity 

• time since the shock front passed the front wall of a 
structure 

■ duration of positive pressure phase of shock 

• velocity of shock front moving in still air; velocity of 
shock froat relative to the air ahead of it 

■ velocity of air 

• P^qJ shock strength 

- density 

A 
r 

E.l.li.3.2 Notation Associated with Structures 

■ total area minus the areas of the windows and doors 
or monitor openings for the back wall, front wall, 
and roof, respectively 

back C ro 
■ drag coefficient for the outside surface of the back 

slope of a gabled roof 

C or Cd ■ drag coefficient (additional subscripts designate 
structural surfaces) 

df* ^db* Cdr 
« total drag coefficient for the front wall, back wall, 

and roof, respectively} positive if drag force is 
directed toward the interior, e.g., Cdf " Cfo ' Cfi 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 

-56- 

CONFiDENTIAL 
Sicurlty Information 



CONFIDENTIAL 
SECURITY INFORMATION 

fi* Cbi* 

fo* Cbo> 

crefl 

ê 

Mx) 

e 

• drag coefficient for the inside surfaces 
of the front wall, back wall, and roof, 
respectively t 

■ drag coefficients for the outside surfaces 
of the front wall, back wall, and roof, 
respectively 

■ speed of sound in regions of reflected 
pressure for normal reflection 

■ length of the shock wave reflected from the 
inside back wall of buildings with open sides 

• lag of the inside wave front behind the out¬ 
side wave front for buildings with upstream 
front-erall openings 

■ distance from the edge of the roof to the 
center of an upper window of the front wall 

f(t), b(t), r(t) or 
f,b,r 

F, B, R 

f^t), b^t), r^t) 

bu(t)- rl.(t) 

f0(t), b0(t), r0(t) 

■ average net pressure differences on the g 
front wall, back wall, and roof respectively 
«Î-. f - f.-fi • 

■ average net forces on the fjont wall, back 
wall, and roof respectively ; eg-, F« f Af 

■ average pressures on the inside ^ront wall, 
back wall, and roof respectively 

■ pseudo steady state pressures for the in¬ 
side front w&ll, back wall, and roof, 
respectively5 (see Eqs. E.1.1 to E.1.3) 

■ average pressures on the outside front 
wall, back wall, and roof respectively 

fMw. V»). ■•„(t) 

front C ro 

■ pseudo steady state pressures for the 
outside front wall, back wall, and roof 
respectively (see Eqs. E.UrE.1.3) 

■ drag coefficient for the outside surface of 
the front slope of a gabled roof 

8 Occasionally these symbols will be used to refer to portions of the 
various surfaces} such usages are made clear when used. 
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h 

H 

*ib* *ob» ^ 

K(e) 

i 

il 

pd(0 

^irefl 

pobl refl 

prefl 

Vi 

V 

t 

t* 

6 

X 

i 1 
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■ height of front or back wall of a atructura 

■ total horisontal force on a structure 

- dietancee needed for confuting loading» on 
front and back wall» (»ee Eq. E.2.7) 

■ factor used in computing loading» on sloped 
roofs, (»ee Eq. E.l.U) 

■ length of a structure in the direction of 

flow 

■ ratio of area of openings to gross area of 
wall for structures with equal openings in 
front and back walla 

■ "basic* drag pressure 
2 

■ pressure behind the shock reflected from the 
back wall of a hollow structure 

■ pressure behind a shock after oblique 
reflection 

• pressure behind a shock after normal re¬ 
flection 

■ side-on pressure behind a shock which enters 
a hollow structure 

■ time measured from a zero other than t ■ 0 
(each usage of this symbol is defined as used) 

• time elapsed since the shock front passed 
the front of structure 

■ time required for windows to break after beiig 
struck by a shock front (taken constant for 
a particular structure) 

- angle with the horizontal of a gabled roof 
(in degrees) 

- distance of the shock front from the front 
wall of a building - Ut 

• strength of the shock which enters a hollow 
structure » (pff. ^ * Pq) 
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e.i.5 isitial loadino or FRONT fart çf sloped roof 

T"^The*lo*dliig on tho front part of a alopad roof (aaa FI4;. B.l.li) 

la datamlned at the tina «hen the ahock front haa reached the roof peak« 

a dlatanoe i/2 fron the upetreaa edge. The reaulta «ill be applied to 

roofa of rarioua alope anglea (6) in thia rolunei the 33° «lope* on 

building typea 3.3.5, and the 7° alopea on buildinga 3.3.3 and 3.3.8h. 

For the latter buildinga, the diatance i/2 muat be replaced by i/6 

throughout in applying remite of thia section. 

Fig. E.l.li Front Slope of A Sloped Roof 

Ihen the shock front strikes a roof slope oriented as in Fig. 

E.1.U, oblique reflection of the shock front occurs. The instantaneous 

reflected pressure, pQtl refi> 1148 been studied extensively in the litera¬ 

ture, both theoretically and experimentally, and the value of this pres¬ 

sure is known for various shock strengths and for most slope angles 

between zero and 90°. 
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By the tiae the ehock front reaches //2, however, the pressure 

at noat points has dropped considerably below pobl refl> primarily 

to clearing of these higher pressures into the free stream surrounding 

the building. This section will utilise shock tube data which gives this 

reduced pressure (less than pobl refl) for two particular slope angles. 

i comparison of this data with pobl refl 156 u8ed to obtain a 

genera relation between pobl refl and the average pressure on a roof 

slope at the time when the shock front has reached the roof peak. These 

results are obtained for slope angles up to about 1*5° and for moderate 

shock strengths. 

Referen« 18 (FI*. 5.18) glvee velues of Pobl r,n for = * 

.hook strengths) for oonvenlence. . serle, of these eurve. 1. reproduced 

here In Fig. E.1.7 »Ith additional Intermediate curves Included from the 

basic reference.. Ih.se original references are coated value, fro. 

Polachek «)d Seeger9 in the d™^n of reguUr reflection («.gle. broach- 

ing "normal" or head-on reflection) «rd experimental results from L. 0. 

Smith10 for the region of Hach and other types of reflection (for angles 

approaching glancing incidence at Lieh no reflection occurs). Some of 

m „ H ■. R T Seeeer. "Regular Reflection of Shocks in Ideal 

9 Glses-rExpl08^«® ^search Report No. 13 Navy Dept, BUCRD, 19UU. 

( Confidential)• 

10 L. 0. Smith, " 
Shocks in Air" 

Photographic Investigation of 
, NDRC Rept No. A350, 19b. 

The Reflection of Plane 
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th« difficulties In present studies of oblique reflection «taee> In V°l. I 

,t a.. ,„d of Section E.U.3.2. *■ noted there, reference 15 present, e 

guanary of recent atudlee on oblique reflection. 

In Fig. E.1.7 a heavy dashed line Joins the data for regular 

reflection and Mach reflection as was done in reference 18} values in 

this middle tone have not been satisfactorily established. 

Curve A in Fig. E.1.5 shows values of pobl refl from Fig. E.1.7 

for £ ■ 2.' Curve B is based on shock tube data from references 1 and 

2 for a 1*5° and a 10° slope, respectively and on the fact that pQbl refl 

■ Vr (°) for 6 “ 0°* data of Curv® B glVe the aVerage 

pressure on the front roof slopes when the shock front has reached the 

roof peak at i/2. These two curves are used in deducing predicted load¬ 

ings for all slope angle* up to 1*5° for a range of shock strengths, £ . 

To obtain the loading predictions the average pressures from 

curve B and the instantaneous pressures from curve A are used as follcws 

It is believed that, for any given angle, Ô , the ratio of 

average pressure to instantaneous pressure is a constant for moderate 

shock strengths if the pressures are expressed in terms of their devia¬ 

tion from the free stream pressure, p (t). 

Since the data in Fig. E.1.5 are based on flat-topped shocks, 

_ (t) - p (0) for that figure. Hence, for peaked shocks, the above 

assumption is equivalent to stating that the following quantity is a 

constant; i.e., 
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(I.U) 
ro( i/2U) - P(r ( ¿M) 

1 <Ä)‘p.Wr.n”7T-W) 
does not T«ry with shock strength (for «oderate strengths op to sty, 

£ ■ 2.5) but depends only on the slope angle, 0 , Here, ( ^/20) 

Is the average roof pressure «hen the shock front is at i/2 and 

p p. ( i Au) i» the average side-on pressure in the free stress above 

the roof at the saos tine. 

The data in Fig. K.1.5 aay be used to determine I ( 5 ) by sub¬ 

tracting one fron the values on curve B and A and taking their ratio. 

The results of such a computation appear in Fig. B.1.6« Clearly K (0) 

responds sensitively to changes in either of these curves) hence, Fig. 

E.1.6 is to be considered as quite approximate. 

Finally, to apply these results to other shock strengths, Eq. 

E.l.ij is written as 

rQ{ i/2U) ■ P(r ( ÍAU) ♦ K ( 0 ) [pobl wfl - p^ ( ÍAU)J (E.1.5) 

To use this expression, K ( 0) and pQbl r#fl are found in Figs. 

E.1.6 and E.1.7, respectively and P(r is obtained from the side-on 

pressure curve which is derived for the problem at hand (from Eq. E.lt.16 

in Vol, I). 
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CHàPTflt 1.2 

1.2.1 GKMPIL 

Building 3.3.3 i» of th* tjrp* poMOOiing • •«»tooth roof »ith 

It UM » .U. WU». ««»• M-l P”*“** * 

a Ti* tto bum.c «It. no- i-m «» ^ 

ul .td. d.uu*. ft. »«It «U. <*i«i> i*,tail" *• “•froDt ’'*u' u 

not ahoim. 

Um «1t« fro. «... drwIlK. U u «t«.!». tiw«*. •“od 

.-i-o.. purllM, .truU, «nitor í¡TU. apmi ctlmu, «tc. ft« p«- 

jMt« «tm nf Udo teanort, Pro>cW Int. . «rtloU pl«. trm»«.. 

tn th. flo. dlrMtlon. U rnifiUf 7800 «t ft.1 Por pnrpo«. of o«po- 

Utlo. th. troMoorfc ln u««d «o b. dUtrltat« Uon. th. 

2U0-ft diMnaioa. 

ft. eanputotlon of roof lorfln«. ntlll». « .Tor«, .lop. l«wth. 

T ■ 31.3 ft, obUlMd ». «Ightlnt «» t« lo«th. of th. roof olopo. 

««tdlni to ttolr u.ooUMd «.«. ft. »« tflM fron th. f«t 

th.t th. «nitor, d. »t «tt«d «TO« th. hll ^dth of th. hnlldln,. 

(Soo Fig«. K.1.1 «»d I.2.I.) 

1 c fna Dravinc Io. 100-252-lp D^t. of Air Foroo, Bq. AK, Äl/S SÏÏS.5». ^«.tum. dir f«- ta«. wt«. 
AMa. 

A IM O 
Ul IIIIAICM FOUNDATION OF IUINOI* INJTITUTI OF TICHNOIOOT 

- 66 - 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
SECURITY INFORMATION 

-6 7" 

CONFIDENTIAL 
Security Information 

I
-
I
 

77
77

^
^

77
^

77
77

77
^

77
77

77
77

77
7

 

E
.2

.1
 

F
ro

n
t 

W
al

l 
o

f 
B

u
iL

d
in

e 
3

0
.3
 

(B
tt

H
d
tn

*
 3

-3
.»

»
 1

*
 
lA

 <
*
 «

A
»*
 
In

d
i c

a
t

ad
) 



CONFIDENTIAL 
SECURITY INFORMATION 

-¿a- 
CONFIDENTIAL 

Security Inloimation - 

E
.
2
.
2
 

S
i
d
e
 
V
i
e
w
 
o
f
 
B
u
i
l
d
i
n
g
 
3
-
3
.
3
 
(
B
u
i
l
d
i
n
g
 

3
.
3
.
8
h
 
i
s
 
V

U
 
o
f
 
k
L
m
 
i
n
d
i
c
a
t
e
d
)
 



CONFIDENTIAL 
SECURITY INFORMATION 

Hm itroetur* U wbjtot«! to t ohoek w«ro of 3.1» ?■! «▼•rproomro 

(£ • 1.23). 

Mototloa aiod la «Mltlon to thot liotod la Sootloa S.1.U.3 i* 

Hi tod bolov. 

a 

<r 

■ loofth of ono bof (ooo Fid* 1.2.2) 

. reduction footer for offoct of purlins on inoldo roof 
proswro 

■ am of subdivision of front voll ponol (ooo text associotod 
with Bq. 1.2.7) 

• projoetod area of trussvork, proJoetod into a vortical 
plfna transverso to flow direction 

■ arorogo drag ooofficioat for trussvork 

• average pressure on trussw>rk (or average foroe per unit 
area la the direction of flow) 

• foroe oa trussvork - did 

• a quantity vhich is equal to either 1/2 or lf depending 
on a to* of subdivision of a vail panel (see Eq. 1.2.7) 

• horisontal coaponsnt of the force on the roof 

■ a weighted average distance on the front or rear vail 
(lq. 1.2.7) 

. weighted average length used for tine computations on the 
roof slopes (see Section 1.2*1) 

• vertical component of the force on the roof 

1.2.2 MITHDD OF DKTBRMIHATION OF IPAQIgO 

' The development of methods for determining the loadings on build¬ 

ing 3.3*3 is based on the qualitative ideas expressed in Section 1.1.2. 

gffrn.jfrti» dlagrau are presented in Figs. 1.2.6 to 1.2.17» shoving average 
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pnafuru on tte front nnU, back wnll, roof, tal tmwork. 

1.2.2.1 8om Oonrnl Ibplon on toidlni 

fhln aootlon troata tbo protannn anticipât«! on 

rarloua aubportioni of the 3.3.3 atrueturo and on ita nodal, building 

3.3.8h. lhaaa tópica aro ala# applicable to naqr other building typoa 

with alnilar aubportlono. In particular, aona of the troatnonta giTon 

haro »ill bo applied to building 3.3.U (Chapter 8.4). 

1.2.2.1.1 Effect of Window Broakag on C. 
fioflactol Proaouroa 

of 

Since glaaa »indo»» do not break for a 

certain tine after the ahock front atrikee a building, preaaurea can be 

reliorod only free the edgea of the front »all during thia tine. The 

relief tine fomula of Yol. I (Fig. 1.5.25) nuet therefore be nodified 

to take into aeeeunt the preaence of the glaaa. 

If the glaaa would nerer break, the relief 

tine »ottld be baaed on the height of the building, h, aa »boon ty curre 

(1) in Fig. 1.2.3. 

If, hoaerer, the beiMing contained no 

«¿¡¡Sue, the relief tine would be baaed on an arerage height K, curra 

(2) , obtained by the nethod of averaging relief tine for aubareaa out¬ 

lined in Section B.2.2.1.7» 

If the glaaa pane» are subjected to the 

lotfiing fro« the lowest of the curves of Fig. E.2.3, curve (2), they will 

take the longest tine to break. 

M o u I IESIAICH FOUNDATION OF IUINOIS 

- 70 - 

CONFIDENTIAL 
Security Informatiun 

institute of technology 



CONFIDENTIAL 
SECURITY INFORMATION 

-7/- 

CONFIDENTIAL 
Security Infirmation 



CONFIDENTIAL 
SECURITY INFORMATION 

Applying the elementary bean or plat* 

theory to tha vindova> and using loading curra (2), it can be shova 

(see Part II, Section S.8.1) that tha glass will break in tine t*, where 

t* is always less than 3Ü /. for the Oreenhouee Buildings* If the 
/crefl 

glass pane were subjected to the higher loading giren by curra (l) they 
ft 

would break earlier. Hence, t is an upper bound for the true breaking 

tine as produced by the actual loading* Assuming that the glass shatters 

completely at the tine of breaking, t*, the aost probable leading would 

follow curre (1) until t . Since the tine t found in tha calculations 

referred to aboro vu found to be aaall, it nay be assumed that the 

clearing after the windows break occurs in the usual manner In tine 

^ • Thus it will than drop linearly to f^t) (see Sq. B.1,1) reach 

ref! # 
ing it at approximately t ♦ 3ÏÏ / . This curre is labeled (3) in 

/crefl 
Fig* B.2*3* Since the Impulse is changed only slightly if the two line 

segaents of curre (3) are replaced ty a single straight line, a single 

straight line between t>0andtat**3ïï / shall be used as 
'°refl 

illustrated by curre (h). 

On the basis of the abore considerations 

and for all walls with glass windows, the relief time shall be giren by 

. 3& 
t • t * 

refl 
(E.2.1) 

where t ■ relief time, 
c 

t ■ time whan window breaks, shown to be less than 2 msec for 

the Greenhouse buildings under consideration. 
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ïï «th# crerag* height of tub areta, computed ae if no glee* 

were present as in Section S«2*2*l*7# 

c ■ >0uni velocity in tbe reflected pressure region. 
VOTA 

Tbs front vail pressure is assunsd to vaiy 

linearly between p^jj at t • 0 and f^i^) at t • t#. 

Tbe value of t as derived above is applied 
6 

to the oonputatlons of average pressure-tine relations on tbs upstre« 

side of the front and back vails of the 3»3»3# 3»3«8h and 3«3.b structures 

and to an outside seotion of the 3.3.5b front vail. 

1.2.2.1.2 Ug Between Outside and Inside Shook Fronts 
Song ¿oofs 

Utilising the Michigan shock tube shadow¬ 

graphs, (reference 8) it is seen that the wave foreed inside a hollow nodal 

with an upetre» opening initially has nearly a spherical shape. On large 

■tructures this effect can be expected to cause a lag between the inside 

shock front and the outside front at the roof, in addition to the lag 
total 

induced by the window breaking tine. The analysis of sain lag, given 

below, shall be used for the roof sections of buildings 3.3.3, 3.3.8h, 

and 3.3.U. 

Assuming the velocity of the shock front 

inside the building to be oo ns tant, an elementary analysis shows this 

lag, A (x), to be, for the 3.3.U average roof pressures, 

A (x) - X - [(x - Ut*)2 - e2 ] 1/2 (8.2.2) 
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vhtrt A (x) ■ lag in ft »ban shock tropt is at a point x, 

X • horisontal distança fron front »all to shock front* - ue 

U ■ shock ▼sloci^r* taken to bo tbs nm* for ins Ida and 
oataido versa* 

t* ■ vlndov bracking tina* 

a ■ distance frac cantar of oppar »Iadovs in ths front vail 
to ths roof* 

Por ths 3*3*U stractura* d (x) is taksn 

as saro aftar the shock varo passas tha beginning of ths third roof 

saction* sines ths inside shock at this point is equal in strength to 

and coincidas in position vith tha outside shook* (Sea also Saction 

K.2.2.1.6.) 

In tha casa of buildings 3*3*3 and 3*3*8h, 

hovorar* tha presence of tha sloped roof and purlins sake Sq* 1*2*2 

appear to be too great a refineaent to predict tha lag between insido 

and outside vares used in computations of net average pressures* Sines 

inside and outside shock fronts are assumed to coincide at the end of 

tha first b«r (sea Section S.2.2.1.6)* the lag A (x) batman inside and 

outside varas (for tha 3*3*3 and 3*3*8h average roof pressures) is taken 

as 

d (x) • Û(0) I1-: A(o) 
(E.2.3) 

»here à (0) ■ Ut* ♦ e* Thus* the lag Á (x) decreases linaarljr from the 
£ 

value Ot ♦ e when the inside wave front first reaches the underside of 

ths roof to sero when both inside and outside waves have covered tha 
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firct bay length, a* 

B«2.2.1«3 affect on Beef ef Reflection of Shock 
ffraTWgi SeckITeü 

A were reflecting froa the inside beck veil 

of boilding 3.3.3, 3.3.8h, or 3.3.U will leed to an upward throat on the 

roof near the beck veil. This reflected vare ia aasueed to decay to 

Pg. (r ) when it haa reached the rearaoat monitor, a distance 7. This 

ia doe to relief throogh the open aldea and through the large window area 

of the back vail. 

As soon aa relief is completed on the back 

wall, a rarefaction vave pursues the above discussed reflected wave at 

approximate]/ the same velocity. It will lag the shock wave by the dis¬ 

tance <f , where 

s. .t* 
crefl 

U. (E.2.k) 

and where ^ • average clearing distance for inside back wall, 

• velocity of sound behind reflected wave, 

t* • window breaking time, 

U • velocity of shock wave. 

The pressure between the reflected shock front and the rarefaction wave 

which follows at a distance, ci , at any time shall be assuaed to be con¬ 

stant. After passage of the rarefaction wave the pressure shall be taken 

to be the same as the pressure on the outside of the roof, rQS (see Bq. 

B.1.3). Thus the net pressure on the roof for aqy time, as a function of 
idenligeJ 

distance, will be. in the fore of a step-wave of width d . The magnitude 
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of tho not proa sort In tba atop^raro ahall bo aaauMd to doc ay llnoarlj 

fron tho rofloetod proaaoro ninua aldo-on proaauro vhaa tba rofloctod 

varo la at tba roar vail to a Taino of soro vbon tba rofloetod vara baa 

trarolad tho dlataneo T. Ttaua tho Taino of cbo not proaanro will bo 

(f/W)] [l-Of/l] (E.2.5) 

Thora tho aldo-on proaauro baa boon taken at ita aroraga Taino during tbla 

period, p g. ( r/20) and T la tho tino at which tba Inaldo voto (of atrongth 

P o- (0))roflacta fron tba bock vail. Tho rofloetod vara at a certain tino 

la abovn achmatlcally In Fig. S.2.Í». 

Tba average proaauro on tba roof, than, vlll 

increase linearly until tba tino S /0 whan tba rarefaction vava antera 

tho ballding. Tba average proaauro at this tine vlll have the valúa 

rmf [profl"P(T (I,/2U)] t1* » iE‘2*6) 

•Inca tho peak preaaure at the tino T ■ J/u nay be conaidarad to bo die- 

tributad over all of tba roof aection inatoad of over a width of only é • 

After thin peak proaauro la reaebod tba average net preaaure will decay 

linearly to taro when the wave hae traveled a diatanea T, i.a. at a 

tina Tm , Thia ia illustrated in Fig. B.2.5 where the average net 

preaaure on the vail ia given aa a function of tino. 

E.2.2.1.Í1 Drag Coefficient for the Truaawork 

The truaawork of building 3.3.3 conalata 

of two types of Majors, roughly equal in projected area, but subjected 

to entirely different drag effects. The first type consista of purlins, 
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shield each othnv lupporting the roof plank*) the aaoond tjrp* ooa- 

§iftc principally oí tHiaao* and croa*»hracingi *ho*a **ab*r* ara far 

tnoogh apart on the araraga ao that ahialding affaota mqt b* noglactad. 

The ratio of tte haight of tha pvrlla* 

to the diatanca batvaan than is approxlnately 1 to 8 for tha 3*3*3 and 

3.3,8h sinwtnraa. Although tha litaratura giras no information ra- 

garding tha aMaMing affect of a oatiaa of Identical flat platea, 

qualitativa knowledge can be gained fron Fig« k2 of reference 11, where 

Iminger and ÿkkentred atudr tha eteadr a tata drag praaauraa on a aolld 

aquara block abieldad by a solid acraaa of tha sane height and looatad at 

several different distanoas fron tha block. Selecting a haight to dis¬ 

tance ratio corrasponding to the purlin gecnetries of tha Greenhouse 

structuras, tha drag coefficient for tha wind forcea acting on these 

purlins is found to be * 0.2« 

Tha drag coefficients for tha wind forces 

acting on tha isolated truss componente of shapes such-as occur in Oreen- 

house structures have bean studied by Bowe, reference ID. Fran Fig. 1 

of this reference, « 1.9. 

Since the projected areas of numbers with 

C, w 0.2 and C. « 1.9 are roughly equal (see footnoU, Section B.2.1), 
a a 

the average drag coefficient of the total trusswrk is given by the 

arithmetic mean as » 1. The drag coefficient Cdd is used in Fig. 

1.2.17 in conjunction with tbs pseudo eteadr state pressures acting on 

the 3.3*3 and 3*3.8h trusswork. 
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E.2.2.1.5 Bffrct of Purlin« on Root Loading 

Tht purlins supporting tbs roof of build* 

log 3.3*3 aro I-boaas, «hilo for building 3*3»Sb thsjr aro ehannsls sado 

up of two anglos. Sinoo tho bsight of tho purlins is Mall oonparod to 

tho length of tho voto (height ■ 10 in.) Ot^ ■ 1700 ft for building 

3.3.3), it is airaed that steady stats flow conditions are applicable 

for studying the effect of turbulence, due to the purlins, on tbs roof 

between two purlins. The presence of turbulence and vortioes would lessen 

the pressure belov that which would be felt if there were atroiUno flow. 

The ratio of the height of the purlins to 

the distance between than is approxiaately 1 to 8 for both buildings, 

figure U2 of reference 11 shows steady state pressures on a block shielded 

by a Solid screen with the sane height to distance ratio. Utilising this 

figure for qualitétire notions and considering the shape of the purlins 

as affecting the degree of turbulence and vorticity present between than, 

reduction factors o' are chosen, with cC being the ratio of the pressures 

on the roof with and without the purlins. These reduction factors are 

applied to pressures on the undersides of the roofs conputed on the basis 

that no purlins are present. 

The reduction factors were aasuned to be 

o' • 0.75 for building 3.3.3» and «r - 0.85 for building 3»3.8h* 

The factors <r are used in Figs. E.2.11, 

S.2.13, E.2.15 and E.2.16. 
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1.2.2.1.6 p»<iH.Dp of Ptomuto Bohlnd tho Intldf 
snook front 

' AS pointed out in Section £.1.2, the «nook 

entering the inside of buildings 3»3»8h, and 3.3.U through the 

front well openings lags behind the outside shock front because of the 

dtlv laposed ty the Hinder-breaking tine. Furtheneore, the inside shook 

is initially weaker than the outside shook, because the ratio of window 

snd door area to total front wall area, ^ i* fairly nail, a phennenon 

which wes studied in considerable detail in Yol 1 (See Fig. £.i>.U Yol I.) 

is both outside and inside wares sweep down 

the length of the buildings, the inside shock is reinforced ty the out¬ 

side shock which enters fron the sides, fm the edges of the roof, and 

through the broken nonitors. 

It is beliered that in the case of the 3-3.3 

and 3.3.8h structures, the inside ware has caught up with the outside 

ware at the end of the first bay (at a distance a fron the front wall) 

and that thay are of equal strength there. In the case of 3»3»U, the 

point at which the shock has reforaed to initial strength is taken at 

the end of the second nonitor, a distance t ^ from the front wall. 

SumarlaIng, the inside shock, Initially 

of orerpreasure p^. ^ (obtained by interpolation fro* Fig. £.5. 4 ^ol I) 

builds up linearly to p^. (0) in tine t * ^ for the 3*3.3 and 3*1*3h 

structures or in tine t 5 for the 3.3*4 structure. 

FOUNDATION OF IlllNOIS INSTITUTE OF TECHNOIOOY 

- 81 - 

CONFIDENTIAL 
Security Information 

MOUt «ESE A ICH 



CONFIDENTIAL 
SECURITY INFORMATION 

K.2.2.1.7 Haan Clairing and Build-Op Distancas for 
CTsaiySpaasgs—- 

Ths tine required for raflaatsd pressure 

on the front of a solid vail struck by a shock vara to clear to pseudo 

steady state pressure (see Fig. £.5.25, Vol I) is based on nultlples of 

the tine (the tlae necessary for a rarefaction vara to sveep the 

veil once). The tine required for the pressure on the back of a vail to 

build up to pseudo steady state pressure (see Fig. £.5*33, Vol I) is 

based on nultlples of the tine h/U (the tlae required fer a shock vave 

to sveep ths vail once). In the above tines h is either one-half the 

vidth or the height of the vail, vhicherer is snaller, is the speed 

of sound in the reflected pressure region, and 0 ie the velocity of the 

shock front* 

When vails vith mmerous openings are con¬ 

sidered, hoverer, clearing fron reflected pressure can take place through 

the openings, and pressure on the back of a vail can build up fron flov 

through the openings. These considerations necessitate a modification 

of the method of determining clearing and build-up times because the 

rarefaction vare on ths front or ths shock fronts on ths back of the vail 

travels a much shorter distance to cover the vail once than vas man- 

tioned above. 

The distance ÏÏ ia introduced as the 

"weighted average" distance rarefaction waves or shook fronts must travel 

to cover the vail once. With h determined by the method explained in 

the foil owing discussion, the basic tlae intervale are chosen as 
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for cloaring ti*o (by rarofactloni) on tho front of the wall and K/U 

for build-up tine (by ahocica) on the back of the wall. The aethod of 

detanalning K la ahown for the front face of a wall, but la equally 

applicable for the back face. 

At ahown in Fig. B.2.1, the wall ia sub¬ 

divided into rectangular areas of three lypeai (a) areas with opposite 

edges asposed to ths free strean, e.g., areas 1 and U) (b) areas with 

one edge touching the ground and the opposite edge exposed to the free 

atre«, e.g., area Jf (o) all retaining portions of the wall, e.g., 

areas 5 to 8. Area 2 acts as a type b area* 

Bach of the above sub-areas has a width 

h chosen as ahown in Fig. B.2.1. type c areas (areas 5 to 8) are 
n 

treated as if they were of Type a or b| for each Type c area a 

fictitious width h is chosen which is the sane as that for a neighbor- 
n 

ing Type a or Type b area, whichever has the analleat hn. This treat- 

■snt is necessary because the manner in which a shock or rarefaction 

wave covers type c areas is relatively unknown} however, by assuming that 

pressure on such areas builds up or clears in the sane tine as the fast¬ 

est neighboring area, a fairly valid approxiaation should be obtained. 

For the front side of a wall the ■average" 

distance which rarefaction waves must travel to cover the wall is now 

defined as 

s-z. WiA (!-M) 

IIStAICH FOUNDATION OF IUINOIS INSTITUTE OF TECHNOIOOT 

- 83 - 

CONFIDENTIAL 
Secunty Information 

AIMOUE 



CONFIDENTIAL 
SECURITY INFORMATION 

rttn • 1/1 for Typ« a ana 
U 

g ■ 1 f or Trv ^ *na 
it 

i • 1/2 n l for typ« « «na« d*pwila| «poa «tethar tnatad 
A u Xrpa • or b ana* 

Tte dlcUMo raniatioB wrof awt tnrol 

frai mm odgo to ooTor oub-ana a la thu» H la tbo ararafo of 

aaoh dlataeoa nigh tod according to tbo nlatifo olaoo of tbo oub-aroa. 

For tbo book oldo of a mU tbo fomola 

my bo latorpntod a girln* tbo arorago diataaoo «hieb aboek froata 

auat trarol to ooror tbo «all. 

Thia aothod lo aaod to datoralao oloarlag 

and bulld-ap tlaoa for tbo front and baok «alio of balldlnga 3.3.3» 3.3*4» 

and 3.3.8b» and a ooetloa of tbo front vail of binding 3.3*5b. 

Although than la a alight dlfforoaoo la 

gooMtqr botvooa the float and back «alla» daa to the pneanoe of «lag 

«■n. aa tbo front «all (and tbo door la tbo baok valla la tbo caae of 

balldlnga 3.3.3 oni 3.3.8b) tbeae dlffenneoa do not affect tbo nuMrteal 

Talnaa for tbo h'a eonpntod la Soetloaa 1.2.2^ 1.3.2 and S.k.2. 

1.2.2.2 PovoloaMBt of Coapatatlanal Motboda 

The dorolofBMt of Mthoda for ecnpntlag prooouioo on 

building 3.3.3 lo divided lato four parta, baaed oa oonputationa for the 

front «all» tbo book «all, tbo roof, aad tbo truaavorfe. Section 1.1.2, 

«blob oentaiaa tbo detailed qualitativ« dlaeuaoioa underlying tbo 

aver ago prooourc prodictiono for tbeoo aurfaoo, fono tbo bala for a 
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and*rtt«nllng of tho dorolopnoot of tboso prodictioos* 

Tho eonotpt of patudo study «tato protaurat aa uatd 

\n thla aoption la diaouaaad in dotall 1a Soction S»l»i*2« tttat patudo 

atttdjr atatt prtaaurta arat f^ and f^ for tha front aall| b^f and 

for tha baok oallj and »front r " and «back r » for tha roof alopaa. 

Tha raaulta of thla aaction ara aunar Is ad In Figs. 

1.2.6 through 1.2.17 in tha for* of embolic axpraaalona for pradictad 

loading»« 

S.2.2.2.1 Praaauraa on Front WiU 

lha araraga praaaura on tha outalda of tha 

front wall, ahown In Fig. 1.2.6, followa tha pradleUona daralopad In 

Vol I (Fig. 1.5.^5) for a wall without opanlnga. Howarar, tha raUaf tin 
3S 

la raplaoad tor t* ♦ 1 '■* aa diaouaaad in Station 2.2.2.1.1 (aaa Iq. 2.2.1). 
erafl 

Tha calculation of Hoi la to ba uda fron Eq. 2.2.7( ita uaa la juatiflad 

In that aaotlon (2.2.2.1.7). 

Tha grtraga praaaura on tha inalda front 

wall, ahown la Fig. 2.2.7, la baaad partly- on data in 7ol I for tha roar 

of a thin wall and partly on data In Vol II for tha inalda front wall af 

a hollow blaok. Tha data ln Vol I (Fig. 2.5.12) ahow that tha avaraga 

praaaura on tho baok of tha thin wall builds up to roughly ona-half tha 

aida^m praaaura In tina 6 h/U, whara h is tha hoight of tho (two- 

dlaanaional) wall. Tha data in Tal II (Fig. 2.3.1*), show that tha 

araraga praaaura on tha inalda uppar lip of tha hollow black raaehas 

anuhaAMha inalda eidolon praaaura in a tina which would corraspond to 
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•«•thing bttvMB approrlaat«]/ 6 h/U and 15 h/U for th* thin «all« 

Thttflf boild'-ttp tin* «Ul b* about 6 101. 

Tha proaauro ii «^poetad to dopood prinarUy on in»id« aido-on proaaur»» 

and not on outaida aida-on proaauro) honoot tho data fron tha hollo« 

block mat bo uaod • i.o., full inaida aldo-on proaauro, pa^, la roaehad. 

Changing h to to allow for oponinga 

in tho «all, tha proaauro on tho inaido front vail i» prodio tod to build 

up to p^ in tino 6 Sy/Ij ia oo^putod bgr' Xq. B.2.7 and p^ ia 

obtainad bgr intorpolation fron Pig. I.S.h, Pol I. Tha tino t* roquirod 

for tho «inde«a to break dolggra tha beginning of proaauro build-up on 

thia aurfaeo) banco a tino ehift of t* ia added to tho build-up tin«. 

Fran Section B.2.2.1.6 tho inaido proasure 

builda vf to outaida aldo-on proaauro at t ■ a/U. Thorofora, at thia 

tina tho proaauro on tha inaido front «all should roach f^(t), aa giron 

in Iq. 1,1.1. 

Thaao predio tiona are aunarlaod in Pig. 

1.2.7. 

1.2.2.2.2 Proaauro on Back wall 

no prediction of tha average proaauro 

on tho front of tho back «all, ahovn ia Pig. 1.2.8, a ho« oxaotly tho 

a ana aoquaaaa of erante aa thoae predicted for tha front of tho front 

vail. Thia ia ee booauao tho book «all probably ia not abieldad at all 

bgr the front «all (aa lapliod bgr tha roinforeoaont of tha inaido ahaok 

to full outaida ahaok atrongth diaouaaod ia Sootion 1.1.2). Thorofora, 
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0 

n* «.».• « m. *a‘. for eh,,,*,• 

«. bMk «01 [ï^ «1 »J,«»)] •»* fw *•“ 

rtift, i/j, *i«h 1. tb. tta. «» *l»* t,M* 

v«IU 

SUilârly» pradlotioaa for th* r««r «f th» 

buk «U, «b«» 1» Mi. «A», «wrupud U tu muum O» tu IM» rf 

tu flMt Mil (FU. a™™-. U». »rl 1* U» W0UU1.I huu, 

tte firm» prvftur« build» «p dirtotly t» ^(t)« 

1.2.2.2.3 Pr»»«qr»t m R¡»f 

rirat b«y fron» »l»p»i Ä» °**«ldf praaour» 

on thia aurfao# (iboan ln Fi«. *.2*10) ^ 

eoaputad ^ tha Mtboda of Saotion 1.1.5 »» »»• 1‘1*5* 

op linatfly fr« a.r» oTarpr..«« at t - 0 to a «odifiad i^fl-tl ^ua 

at t ■ r/0, iftar tija» J/0, continuad clatring affaata cauaa tha 

pressura on tha front »lepa to dacraaa» to poaudo »taa4r »tata praawra. 

Fr« data of rafaranoa 2 for a 10* «ablad roof block, it i. daducad that 

tha paaudo-otaadsr atata ia raaehad at about 2 I/O. Aftar that tiM, 

tha praam follow th» paart» »tarty »tata curra for thi. .urfaca, 

r (j ♦ ^X). (lota tha appropriata tiaa shift in tha ar^nant af 

r .) lo altamatiTa pradictlon. for lurt««* and W»« turtulanoa- 

affacta ara «irán bacauaa it is baliorad that rortax art turbulanca 

af facta ara roughly tha sota on tha out» Ida and inaida »urfaca of tha roof 

art would, to a larga axtant, cancel. 
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Th« ln«ü« pr««8ur« on thi fir«t her 

front alop« 1« abona ln Fig. B.2.11. Th« praaaur« bulld-up on th« 

uwi«ral4« of th« roof la d«l«r«d until t - «/U ♦ t* to «lion for th« nin- 

dov-breaking ti*« «ni tha lag of th« Inald« na«« btóind th« outald« nar« 

at th« roof du« to th« curr«d ahap« of th« Inald« nat« («•• «q. *.2.2, 

Stetion *.2.2.1). It bulida up to * tlMa th« pr««aur« b«hlnd th« in¬ 

ald« «hock ln tla« ? ^ .1- ♦ t* (l.«., whan th« Inaii« wäre oorara th« 

ertrag« langth of th« roof «lop«, J). Th« factor a aliona for th« 

reduction of Inald« roof pmaur« du« to th« purlin Interference. Th« 

proaaum behind th« inald« ahock ««▼• bulida up linearly fro« P ¢- i ** 

t ■ t* to p ^ (0) at t • a/0 (i.«. nh«a the ebook front haa an«pt acroaa 

th« firat btf )• The conputation of * ia di«cuaa«d in SwsUon i.2.2.1.5. 

* Proaaur« behind th« Inald« ahock la diaou»e«d In Section S.2.2.1.6 and 

ita talu« «t t ■ (• ♦ 7)/0 ♦ t# la ^ppronlnately «qual to 0.7 ^v). 

f ^ At t# ♦ (• ♦ 2 D/Ü the inaid« wav« ia full etwngth and 

full patudo at*ad7 «Ut« prwaur«2 ia i«poa«d, rog (t ♦ 4t^") * 

firat baj r«ar roof algES* Th« pr««aur« on th« outaid« of thla alop« 

(a«« Fig. t.2.12) bullda up in a nannwr ainilar to th« outaid« pr««Bur« 

on th« front roof alop«. Mo oblique inflection ph«no««na tak« plac«, 

however, an vu th« ou« on th» front roof «lop«. Th« pwasur« builda up 

Iha quantity, roi(t), defined in Bq. E.1.J, ia baaed on a tine ahlft 

referred to th«0mld-length of the structure, ¿/2 fro« the front wall. 
The of th« firat bay front roof alop« i« (/-/)/2 forward of 
that line) heno«, the tine ahift (/-/)/20 ia introduced in ro# to 
apply it to thia slop«. 
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Untâriy fr« «ero »t t • (t - T)/U to pseudo stes4f «tete pressure for 

this surface, ro- [t ♦ (a ♦ D/2u] , at t - «/U. The time shift,3 

a - I/O, is lapo sed on all tiaes pertaining to this surface to allow for 

the outside ware to reach the upstreai edge of the surface. 

The pressure rariation on the inside of 

the first b* rear roof slope (see Fig. K.2.13) i» «i«il*r to that on 

tbs inside of the front roof slope illustrated in Fig. 1*2.11» In this 

case, however, the tine lag of the inside shock front is (t* ♦ e/D) time» 

( I/s), computed froa Bq. Í.2.3, instead of (t* ♦ e/U)| further, the time 

shift (a • 1)/0 is added to all tiaes in obtaining the data for Fig. 

1.2,13, and- the inside pressure has risen te 0.9 p¿. [t - (2a - D/2U] 

instead of the lower value used on the front roof slope. 
Second bar front roof slope» 
The outside pressures on the front roof 

slope of second bay are shown in Fig. ï«2»Ik. The wave striking this 

slope is assumed to be so weakened by the monitor of the first bay that 

reflection merely raisea the pressure to pseudo steady state. Under this 

assumption the pressure on the outside of the front roof slope of the 

second b<y is Identical to that on the outside of the rear roof slope of 

the first bay shown In Fig. 1.2.12. The pressure builds up linearly 

from «ero at t • a/U to pseudo steady state pressure for this surface 

ros [* * - »**"(»♦ I)/u and follows the pseudo steady 

state curve fro«» that time on. The time shift in this case equals a/U* 

3 The time shift, in effect, shifts «ere time from the time that the 
outside wave strikes the front wall to the time that it reaches the 
leading edge of the structure/mamber being studied. 
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n» pnatui* build-up on tha iMÜa of tha 

aaooal bv front roof alopo la Ulnatratad la Fig« 1«2*15* Tha 

la Uontic al to that on tha Inaida of tha front and back roof alopaa of 

tha firat be# «»apt that bgr tha tlaa tha ahock machte thia point, 

prtoaom behind tha inalde ahook haa boaono full outaido aldo-on praaaum, 

i r (t - (2a ♦ r)/2U), according to Section 1.2.2.1.6. Again, tha initial 

pmaauma are reduced by tha factor <r to allow for tha purlin effeet. 

Iham la no longer a lag between the Inalde and the ontald* warea, alnoe 

tha inalde ,nd outalde ware fronte am aaawad to coincide at tha and of 

the firat be* 

Second bar mar roof elope and third bg 

front roof elope« The pmaauma on theee eurfaeee am not lUnatrated 

aluce the are aBauaed to be Identical with thoae on the front roof alopo 

of the eocond be# except for a tine ehift. For the mar roof elope of 

the aaoond be the predlctlona of Fige. B.2.1U and B.2.15 am ebifted by 

adding (a - J)/0 to all tineej for the front roof alope of the third 

be# «A io added. Them la one exception, honorer, the ehift* nuat be 

aubtracted fron t in the expreaaiona for r^. 

THrrf bar mar roof alopo« The average 

preaauma on the third be rear roof alope am illuatrated ln Fig. B.2.16. 

The upper curve includes the purlin effect, but not the effect of the 

ahock reflected froa the mar mil. 

The latter effect lapoaea an upward thrust 

on the roof and haa been deacribed in detail In Section B.2.2.1.3, Fig# 

B.2.5* Tha lower curve In Fig. 8.2.16 shove theae loada caused by the 
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r*fl*et«d ihoekj th* tuo curr.« «u.t b. add*! to glT* tl» a.t proowro 

on tbo roof »lopo. 
Th* uppor curro is tho not prossuro which 

>. f.!t » tun «mfw tf tur» WT. n. but »«u. » 1* «nul 

to im Mt pruaun 0« aaconil W iront roof alopa mi 1» obUJntd 

subtracting (bo proomro. olblbltod in fig. ».*.15 fron tboso on rig. 

a '1 Hi .wH aiding tbs tins shift. 

Z.2»2.2»k Procsuros on Truoswork 

Tbo loading on tho trusswork io chown in 

Fig. B.2.17. As pointod out in Section K.1.2, the pseudo stosdr ototo 

forces on the truswork ere nainly dreg forces, since the null width 

and depth of the individual truss components lead to relatively »all 

forces before drag is established on each n»ber. 

The projected area (see Section Í.2.1) of 

the trusswork mar be asswed to be linearly distributed along the length 

of the building with little risk of error and with considerable simpli¬ 

fication in calculation. 

The average pressure on the trusswork, 

d(t), builds up linearly from sero at t ■ 0 to the steady state drag 

pressure 0^(t - i/2U) at the time t • */V when the wave reaches the 

back wall. The pressure follows the steady state drag pressure curve 

from that time on until the tail of the wave has passed the entire 

trusswork at t ■ t ♦ i/U, »dien it becomes sero. 
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B.2.3 NUMERICAL COMPUTATION OF LOADING 

E.2.3.1 Loadings on Total Structure 

The calculation of forces and average pressures on 

building 3.3.3 is based on the computational methods developed in 

Section E.2.2C The results from that section which are needed in the 

numerical computation of loading are repeated in Tables E.2.2, £.2.1(, 

£.2.6, £.2.8, £.2.10, and £.2.16 in the columns labeled "Symbolic". 

These data are also presented schematically in Figs. £.2.6 through £.2,17 

The side-on pressure and drag pressure throughout the 

3.k-psi shock wave which strikes the structure are plotted in Fig, 1,2.18 
OflJ 

These were computed from Vol I, Eq. E.li.l6^Fig. £.1(.3, respectively. 

The numerical values of all other quantities necessary 

for computation of loadings on individual components and on the total 

structure are given in Table £.2.1 and are grouped into three sections! 

shock constants, geometric constants, and combined geometric and 

shock constants. 

The shock constants are various numerical values 

which are independent of the geometry of the building. Among these are 

the following specified numberst shock strength, £ ) duration of the 

wave, t0; and atmospheric pressure, P^, Under the same heading certain 

important derived quantities are listed, including the velocity of the 

shock front, U; the reflected pressure, p | and the velocity of sound 
2*6x1 

in the reflected region, c . (See Fig. £.1(.2, Vol I.) 
nil 
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to* jMMtrie conrUata naceasapy tot tha oo^nrtatl« 

ef laadinia on tha atmtara laclada tha follcwinf« tha total lanftb of 

tha atraetara, i | tha bay langth, A } tha «aqainlant length" of a 

front or back slope, ï j tha distance fro. tha canter of an appar window 

in tha front wall ta tha roof, e | the wean relief dlatancaa, hof, on 

tha entolde of tha frc.it wall and hib on tha ineide of the back wallf 

the ■sen build-up diatancea, h^ on the ineide of the front wall and 

h w on the outside of the back wall» the areas Af * , Ar of tha front 
ob 

nail, back wall and roof, respectirelyj tha total projected area of 

the truaework, Ad, including purlins, struts, ■oaitor nssibera, aipoaad 

colawaa, etc.j tha raUo of window and door area to the grose area of 

the front or back wall,A j and the roof slope angle, 9. The quantities 

e r c and ÏÏ L are computed as described in Section E.2.2.1.7J 
“of* ib* T.f ob 

I and Aj are cosçuted as described in Sect!«! E.2.A. 
d 

The conbined geonetric and shock constants are certain 

characteristic tins units which underlie the calculations, such as //ü, 

t/tj, (Eif)/0, etc.j the inside shock overpressure, Pffi, coated fron 

the equation 1) where ^ is read by interpolation fron 

Fig. S.5.Í1 Vol II the drag coefficients on the outside and inside of 

the front wall, Cfo and C^, and on the outside and inside of the back 

wall, C. and C^j the drag coefficients on the front and back slopes 

of the roof, -front Cp0«, and -back Cp0«, all obtained fron Section 

E.l.3.2} and an average drag coefficient on the trusswork, Cdd fTon 

Section E.2.2.I.U. These drag coefficients are used to conpute the 
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patudo ito«4r «tat* prostnrM t^, «te* and the aarlM of qaantltioa 

«front r 11 and «teek r " fron Iqa. B.l.l-R.1.3. fr« Sootlca 1.1.5 tha 
00 oo 

inotantonoooa ro floe tod proaaoro en tho obliqua roof, (Vl|. E.1.7), 

and tbo factor, I (•), noodad for loodinf oonpoUtiona on tho olopad roofa 

(rig. 1.1.(), oro liotod. In addition thara ia giran tho eonotant <f 

obtained fron Section K.2.2.1.5, the "length« of the ware reflected fron 

the book voll, S, obtained fron lq. B.2.1, and t#, the window-breaking 

tine, obtained fron Part XI, Section E.8.1. 

Tablee E.2.2-l.2.16 giro the average praeenree and 

forcee on the 3.3.3 e truc ture for tho front vail, back «11, roof and 

truaevork, coopatod on the baeia of tho geoMtrie constante and shock 

quanti ties listed in Table B.2.1. 

In tho left-hand eoluas of Tablee S.2.2, E.2.U, 

E.2^, B.2.8, B.2.10 and E.2.16, ander the beading "Sÿkbolie", are listed 

the discrete raluee of tine at which pres auras are ooagmtad. Those sjn» 

bolic vainas vera deduced in Section E.2.2.2 (Sea Tigs. E.2.6-S.2.17) 

and are liatad np to auch tines when wind forcea alone constitute the net 

force on a particular oonponont. In sons instances these wind forces are 

predicted to be equal to aero. In the right-hand eoluans of this group of 

tables, the nuasrioal values of the average presaurea on the front vail, 

back vail, roof and trusswork are shown. 

The regaining tablea give the nuasrioal valaca of the 

net pressure differences and foroes until the end of the positive phase, 

«here intermediate points between those shown on the first group of tables 

are needed, linear interpolation has been used. Once tbs forces acting on 

AIMOUR «(SEARCH FOUNDATION OF IlllNOIS INSTITUTE OF TECHNOIOOY 

— 106 — 

CONFIDENTIAL 
Stciinty lalimitiM 



CONFIDENTIAL 
SECURITY INFORMATION 

(fed) (^)Pd ‘(^d ‘9JTi8seJd 

-/07- 

CONFIDENTIAL 
Security Inlormatiori 

F
ig

. 
E

.2
.1

8
 

S
i
d
e
-
o
n
 
P
r
e
s
s
u
r
e
 
a
n
d
 
D
r
a
g
 
P
r
e
s
s
u
r
e
 
f
o
r
 
B
u
i
l
d
i
n
g
 
3
.3

*
3
 
f
o
r
 
P

^
iO

) 
■
 3

.U
 
p
a
i
 



CONFIDENTIAL 
SECURITY INFORMATION 

Mch amber becom purely wind forcee, only the net arertge pressure 

differences (total drag coefficient times p^) are computed* For the 

front wall the total drag coefficient, C^, = cfo- 1, whereas for 

the back wall C^- C^- 

The superscripts end *+", shown oo certain relues 

of time, indicate that at that time the pressure (and force) undergoes a 

sudden change. An asterisk at a certain value of time in some tables in¬ 

dicates that until that tine farce-time relations are considered to be 

linear, after which they follow a smooth curve through the given points. 

Tables E.2.2 to 8.2.5 give the average pressures on both 

sides of front and back wall, as well as the net average pressures and 

forces on these walls. Their symbolic columns were deduced frm Figs. B.2.6 

to E.2.9. 

Tables E.2.6 to E.2.Ui give the pressures and forces 

on each slope of all three bays of the saw-tooth roof. The fourth and 

fifth roof sections have the same loading as the third, except for ap¬ 

propriate time displacements, and only the net pressures are listed. Un¬ 

til the wave reflects from the rear wall, the loading on the sixth section 

(next to the rear wall) will also be the same, but the reflected wave 

causes an upward thrust on this roof section, which is given in terms of 

net pressures. The symbolic notations for these tables come from Fig. E.2.5, 

and Figs. E.2.10 to E.2.16» 

Table E.2.15 lists the total force on the roof, together 

with the horizontal and vertical roof forces, obtained from the total force 

by proper superposition (i.e. with due regard for the upstream or downstream 
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direction of the force ccaponente giren in Tablee 8.2.6 to B.2.Ui). 

Table 8.2.16 abona the preaaurea and forcea on the entire 

troaawork deduced ftron Fig. 1.2.17. Theae are excluairelgr drag forcea, 

aince the diffraction forcee ware ahonn to be negligible. 

The resulta cooputed in Tablea B.2.2 to 8.2.16 during 

the early periods are ahown in Figs. 8.2.19 to 8.2.25. Figures 8.2.19 

and 8.2.20, depicting loading on the front wall, are baaed upon data fron 

Tables 8.2.2 and 8.2.3, while Figs. 8.2.21 and 8.2.22, illuatrating the 

back wall loading, are associated with Tables B.2.U and 8.2.5. 

Figure 8,2.23 sunaarizes the roof loadings fron Tables 

8.2.6 to B.2.Ui, and Fig. 8.2.21;, showing horiiontal and rertical roof 

forcea, illustrates Table 8.2.15. 

Figure 8.2.25 is based upon Tables 8.2.15 and 8.2.16. 

It illustrates the force on the trusswork and the conbined force obtained 

by superposing this trusswork force on the horizontal ccnponent of the 

roof force of Fig. B.2.2li. 

As discussed nore fully in Section 8.1.1 the calcu¬ 

lated forcee are only approximate* Slide rule calculations were used 

throughout these computations and in each result listed, the third figure 

has no significance. 

B.2.3.2 Component Computations 

Monitor windows» The loading on a windowpans (20 1/2 

in. by 11» 1/2 in.) located at the top outside edge of the monitor is com¬ 

puted in this section. In outside upper pane is chosen since an upper 

bound on the breaking of all monitor glass is desired. The panes at the 
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chosen position will be cleared from reflected pressure faster than any 

other window panes and hence should be the slowest to break* 

The computational method essentially follows the out¬ 

line in Fig. E.5.25 of Vol I. At tiae,rs 0, the shock front (pr» 3.1* psi) 

strikes the pane, raising the pressure instantaneously from atmospheric 

pressure (fQ= 0) to reflected pressure (fQ= 7.1*5 poi fro® Table 

B.2.1). 

20 

As a lower bound for the clearing time, 
20 in. 

Crefl 

(12)nro e 0*001^6 8ec 18 ol*08®11» This is believed shorter than the 

shortest time in which the pressure could drop to pseudo steady state 

pressure, fo* f^» 3.56 psi. 

After this time the pressure follows the pseudo steady 

state curve until the end of the positive phase (r= tQ= 1.1*2 sec), at 

which time it reaches sero. 

Table E.2.17 gives the loading-time relation in terms 

of average pressures and forces until the window breaks, unless inside 

pressures reach the back of the pane before this time 

A plank of the first bay front roof slope» The roofing 

of building 3.3.3 consists of 2-in. roofing planks parallel to the direction 

of flow (perpendicular to the front wall). The planks are supported by 

^ Results of Part II, Section E.8.1 indicate that the window breaking time, 
t * 0.002 sec, and hence the loadings of Table E.2.17 are permissible for 
this pane. This derived window breaking time applied to the other monitors 
is also of the correct magnitude for the majority of the panes. 
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purlins spaced approximately 6 l/2 ft apart. The loading on one plank of 

the roof located 20 ft fron the front wall and at the center of the roof 

will be determined here and will be used in Part II to analyse the roof 

for failure. If this board does not fail, then the entire front slope of 

the roof is assunad to stand, since th» loading on this plank is expected 

to be (on the average) more severe than on the rest of the front slope. 

From Section E.2.2.1, Eq. E.2.2, the lag between the 

inside and outside waves at the chosen roof plank is Û (20) = 6.5 ft, and 

the associated lag time is A (20)/0 = 0.0053 sec. 

The pressure on the outside of the plank is assumed to 

build up linearly from aero at r = 0 to oblique reflected pressure minus 

drag pressure, li.6l psi - 0.30 pei = li.31 psi (obtained from Table E.2.1 

and Fig. E.2.18) atf = ^p1anlfA = 0.0053 sec. The location of the plank 

in the center of the roof permits this plank to be treated almost as a 

two-dimensional problem (i.e. relief from reflected pressure takes place 

relatively slowly since the plank is located quite far from either edge of 

the building); therefore high pressures would exist for a considerable 

period on the outside of this plank. Only the variation of net pressure is 

considered from time T = i on* 

The inside pressure, confuted as outlined in Section 

E.2.2.1.6, builds up linearly from p^ 2.13 psi at x = 0 to p^ = 3.55 psi 

at X = 1*0 ft; hence at x = 20 ft the inside pressure is 2.81* psi. The in¬ 

side pressure acting on the roof is this pressure minus "front C " times 
ro 

the drag oressure, or 2.81* psi - 0.19 psi = 2.65 psi. 

The net pressure on the roof is therefore taken to 

build up from aero at t = 0 to 1*.31 psi at r = 0.0053 sec, and then to de- 
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cTMM UomtIj to 1^,31 pal » 2*6$ pal * 1*66 pal atr* ¿U20)J fa ■ 

0,0106 aec. At the tine both insida and outaida aavea hare reached the 

and of the first bay, 0,060 aeC| the preaaure has dropped linearly to aero. 

The following,Table B.2.l8,sunnariso8 the net average 

pressures on the roof plank. 

Table 8,2,18 

Net Average Pressures on Roof Plank Twenty Feet fron Front Vail of 
Building 3,3,3 

Tine, t (sec) Pressure, (psi) 

0 

0.0053 

0.0106 

0.06 

0 

1).31 

1,66 

0 

Planking in third bay rear roof slope t The wave re¬ 

flected fron the inside back wall of building 3*3*3 creates a relatively 

high pressure on the inside of the third rear roof slope (see Section 

8,1,2), Two planks parallel to the flow in this section of the roof 

(each 6*5 ft long with the downstream ends 1 ft and 13 ft fron the back 

wall, respectively) are analysed. 

The reflection of the inside shock wave fron the back 

wall and the resultant net pressures on the roof near the back wall have 

been discussed in Section 8.2.2,1,3 (Eq. 8.2.(à) and a symbolic method has 
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bam daveloped. 

Subatituting the ralues of the required conetante for 

building 3.3«4 conditione (i«e*, 7»li5 pel, P^(^~) * 3«l8 P*i» 

£ B Uj,5 ft) into Eq. 2.2.6, the net preseuree listed in Tablee B.2.19 

and B.2.20 are obtained using the eynbolic expressions of Fig. E.2.6. In 

addition to this pressure, there is a net pressure on each plank before it 

is completely engulfed by the reflected wave; this effect is due to the 

difference in pressure between the inside and outside waves. This pressure 

difference is of the order of 0.75 psi and opposes the net pressure 

difference due to the reflected wave. However, because of the uncertainty 

of tM« effect, only the «ore severe loading'’ is considered, i.e. that 

due to the difference in pressure between the outside wave and the re¬ 

flected wave. 

^ Response computations of Section E.8.5.1, Part II show that the planks 
do not break under the more severe loading. 
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TABLE E.2.1 

Constants for Building )•)•) 

Shock Constants 

p (o) ■ 3.U psi 

Ü - 1220 fps 

K - 1*23 

*Vefl ■ 7.1*5 psi 

ten -1185fPs 
Po ■ lli.7 psi 

t ■ 1.1*2 sec 
0 

Geometric Conetanta 

jt • 21*0 ft 

a - 80 ft 

I • 31.3 ft 

JL - 7 ft 

Eof -1*.3 ft 

■ 1*.7 ft 

ïïlb - 1*.7 ft 

Kob -1*.3 ft 

Af ■ 0.1i73 X 106 sq in 

" Af 
Ay ■ 3*25 X 108 sq in 

A^ ■ 1.123 X 10^ sq in 

il - 0.28 

<9-7° 

AIMOUI KtlAICH FOUNDATION OF IUINOIS INSTITUT! OF TECHNOIOOT 

- 121 - 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
SECURITY INFORMATION 

TABIE Í.2.1 (COMTO) 

Constanta for Building 3*3*3 
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TABLE E.2.3 

Bet Average Pressures and Forces on Front Vail 

of Building 3*3*3 

Tine, t (sec) 
Pressure Force 

fQ (pel) (psi) t - f0 -f^psi) 

0 

0.002 

0.013 

0.025 

• 0.066 

0.1 

0.2 

O.lt 

0.6 

0.8 

1.0 

1.2 

l.ll2 

7.1*5 

6.80 

3.5 

3.1*5 

3.22 

0 

0 

1.00 

2.10 

2.97 

7.1*5 

6.80 

2.50 

1.35 

0.25 

0.20 

o.i5 

0.08 

o.ol* 
0.02 

0.01 

0 

3520 

3220 

1180 

638 

118 

95 

71 

38 

19 

9.5 

1*.7 

/"VA 

0 

AIMOUI II1IAICH FOUNDATION OF UUNOIS INSTITUT! OF TICHNOtOOY 

- 12Ü - 

CONFIDENTIAL 
Security Information 



o
c 

B
u
k
 W
a
l
l
 
o
f
 
B

u
U

d
U

«
 
3

.3
.3

 

CONFIDENTIAL 
SECURITY INFORMATION 

4 

« 

«H 
8. ** 

i* 
+ 

I 
i 

»ÄS 
o O f- ^ 

O
ot

al
da

 

? 

•H 
8. 

.i0 
« 

¡ 

i 

0
 

0
 

3
.2

3
 

■ 

i w 
4» 
« 
1 

¿ â s tí Ä Ä tí tí • • • • o O O o o 

*** 

ï w 
4» 
« 

e H 
Ä tí 

o ó o 

I 
ç í 2 

o o J 3 J? 
fi 

1 

.0° 
* 

! 
4» w 

8 
O O J3 

* 

l 

Ji 5 
♦ i 

X uj^ls te’8 
°44> 

^ N—' + ♦ 

nL n 

» 

P 

4» 
* 

I 

$ 

4 
°N^r 

AIMOUI liilAICN FOUNDATION OF IlllNOII INITITUT* OF TICHNOtOOT 

- 125 - 

CONFIDENTIAL 
Security Informitun 



- f 
% 

CONFIDENTIAL 
SECURITY INFORMATION 

TABLE E.2.5 

Net Average Pressures and Forces on Back Wall 

of Building 3.3.3 

Tine, t (sec) 

Pressure Force 

^ tpsi[ bQ (psil -b • bi - b0ipsi; -B • -bA^lJlbJ^O^J, 

0 

0.198- 

0.198+ 

0.212 

# 0.221 

0.1s 

0.6 

0.8 

1.0 

1.2 

1.1s 

1.62 

0 

0 

7.1s5 

3.50 

3.U6 

0 

0 

0 

2.15 

3.23 

0 

0 

7.1s5 

1.35 

0.23 

0.15 

0.08 

O.Ols 

0.02 

0.01 

0 

0 

0 

3520 

638 

109 

71 

38 

19 

9.5 

ls.7 

0 
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TABU K.2.7. 

Nat Average Pressures on First Bsy Front Roof Slope of Building 3*3*3 

Tine, t (seo) r0 (psi) ri (psi) r • r® -r^psi) 

0 

0.008 

0.026 

0.031s 

0.052 

0.060 

0 

1.18 

3.81 

3.12 

3.15 

3.13 

0 

0 

1.18 

1.70 

2.67 

3*13 

0 

1.18 

2.63 

1.1*2 

0.1*8 

0 
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TABU B.2.9 

Ntt Average Presaurea on Firat Bay Raar Roof Slope of ftilldlng 3*3»3 
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TABLE E.2.11 

M«t knngfi Presaur* on lÔï4 Bay Front Roof Slop* of .iilding 3*3*3 

Tine, t (aec) rQ (pei) rA (pei) r ■ r - r.(pei) 
0 1 

0 

0.66 

0.92 

0.118 

0 

0 

3.28 

3.15 

0 

0 

2.53 

3.15 

0 

0 

0.75 

0 

TABLE E.2.12 

Nat Average Preeeure on Second Bay Rear Roof Slope of Building 3*3*3 

Time, t (see r (pel) 
0 

ri (pel) r ■ r - r. (pei) 
0 1 

0 

0.106 

0.132 

0.158 

0 

0 

3.28 

3.15 

0 

0 

2.53 

3.15 

0 

0 

0.75 

0 

TABLE E.2.13 

Net Average Preeeure on Third Bay Front Slope of Building 3.3»3 

Time, t (eee) % (p*1) (P»i) r ■ r0 - r^pei) 

0 

0.132 

0.158 

0.181* 

0 

0 

3.28 

3.15 

0 

0 

2.53 

3.15 

0 

0 

0.75 

0 
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TABU 1.2.15 

Vertical and Horiiontal Roof Porota on Building 3»3«3» 

Tina, t 
(ato) 

P«1 Vtrtleal Foret, 

(RX¿oJ)vr 

pti Horiiontal Foret, 
OlbS¿0?)^ 

0 

0.008 

0.026 

0.031 

0.0M) 

o.olo 

0.01*9 

0.060 

0.066 

0.069 

0.062 

0.092 

0.095 

0 

1.18 

2.63 

1.12 

1.12 

1.33 

1.20 

1.05 

1.28 

1.09 

0.90 

0.85 

0.66 

0 

635 

üao 

765 

600 

715 

61i5 

565 

685 

585 

1*85 

1*55 

355 

0 

0.11*1* 

0.32 

0.173 

0.137 

0.069 

0 

-0.128 

-0.156 

-0.109 

0 

0.079 

0.081 

0 

80 

175 

95 

75 

1*0 

0 

-70 

-85 

-60 

0 

1*5 

1*5 
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TABUS E.2.15 (CONTD) 

Vertical and Horisontal Roof Forets of tallding 3*3»3» 

Tim, t 
(••e) 

pal Vortical Foret, 
flKSoÖ) V. r 

pal Horisontal Jo ret, 
flrUQj)Hr 

0.106 

0.112 

0.118 

0.132 

O.lliS 

0.158 

0.172 

0.178 

O.lSli 

0.198 

0.210 

0.221 

0.31* 

0.31* 

0.31* 

0.75 

0.75 

0.75 

0.31* 

0.31* 

0.31* 

0.75 

-0.66 

0 

185 

185 

185 

1*10 

,1*10 

1*10 

185 

185 

185 

liio 

-360 

0 

0.01*1 

Ö 
-0.01*1 

-0.091 

0 

0.091 

0.01*1 

0 

-0.01*1 

-0.091 

0.081 

0 

20 

0 

-20 

-50 

0 

50 

20 

0 

-20 

-50 

1*5 

0 
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Table 8.2.16 

ATaraga Preaeurea and Forças on Trusswork of Building 3.3.3 
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Table B.2.17 

Average Praasuraa on an Upper Corner Flrat Monitor Vlndoepane 

of Building 3.3.3 
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Kbit 1.2.19 

l«t PrtMWM on Flank in Third Baj Haar Roof Slop# of ftiildinf 3.3.3 

Looatad with Denoatroan lad Ono Foot Aron Back fall 

Tina, t (mo) Praaanra, r (pal) 

0 

0.001(9 

0.012 

0.017 

a 

3.1(5 

2.25 

0 

Tabla 1.2.20 

Rot Proseares on Plank in Third Baj Roar Roof Slopa of Boildinc 3.3.3 

loeatad aith Domatraan Bad Sarantaan Fiat Aron Back Tall 

Tina,X(aac) Praaanra, r (pel) 

0 

0.001(9 

0.012 

0.015 

0 

1.65 

0.50 

0 
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CHAPTER *.3 

BOmgNO 3.3.8h 

1.3.1 0MR4I> 

Building 3.8.& h*» * »»»-tooth root with Monitor» and no »id* wall». 

Figur»» B.2.1 and B.2.2 giT» da tallad rLaw» of tha front wll (naarly 

idntioal with th» back vail) and a aida riaw of th» structura. Th» trua»- 

work of tha structural» onittad in thaaa figura». Tha araa of this truss- 

vorkf projaetad into a vartical plana transrarsa to tha flow diractlon, is 

roughly U86 aq. ft.^ Tha trusswork include» purlins, strut», Monitor girts, 

axposad colunfl, ato., and for purpoaes of eoqnitation is assunad to ba 

uniformly distributed along the 60-ft length of tha structura. Tha struetur» 

is struck by a shook wate of 3*66-psl ompreasura ■ 1.25). Tha 

notation is tha sans aa was used in Section E.2.1. 

1.3.2 METHOD OF IlTgRMIHATICH OF LOADIMO 

Tha 3*3.8h structure is a quarter-scale nodal of building 3*3*3. 

Tha nathod of predicting loading is idantical to that for building .3 <3*3* 

Sections E.2.1 and E.2.2, including all ayabolic graphs, ara applicable to 

tha building 3*3*8h. 

Tha araa of tha trusswork can ba conputed fron Drawing No. 100-259-1 
Dept, of Air Foro» Hd. AMD, Office of Installation, Vright-Patterscn 
Air Force B&aa, Dayton, Ohio. 

AIMOUI IIIIAICH FOUNDATION OF lltINOIS INSTITUTE OF TICHNOIOOT 

-139 - 

CONFIDENTIAL 
Security Informition 



CONFIDENTIAL 
SECURITY INFORMATION 

f,3,3 NUMERICAL CQMPOTATICN OF L0ADIM& 

S1». th. nuMrlotl for tho 3.3.» otructoro folio« 

„«Ur tto U» P»«*» u for tho 3.3.3 rtnctoro. no ortonoir. dloonoolon 

of «U proooduro lo noeotnrr. 4UonMlon 1“ S*0410“ I>2,3 02 l0"“w 

<b tolMta« opplloo boro onoopt for obrlono ohon*«« in nmterlng of WtO«» 

mi figuro» and « ill** Ölung« ln tho glwn »hock otrongth (3.7 pol for buUdlng 

3,3,8h, 3.1* p»i for buildi&i 3.3*3)• 

Flgup*« E.3.2-I.3.8 illuitrmt« th» weulta computed in Tabl»» 

E.3.2-B.3.I6 for th» »«rly p»riod. 

Th» following coBB»nt» au*urii» th» quailtatir» chingea b»tw»»n 

th» loadinga on th» 3.3.8h »nd 3.3.3 atructur»». Sine» th» 3.3.8h atruetur» 

la a quartar nodal of th» 3.3.3 atruetur», lin»ar building dinsnaiona, 

including thoa» tin. unita baa»d upon th.a. dinanaiona, ar. »ducad by on»- 

qutfUr, araaa and força acting on thoa» ar.aa ar. r»ducd by on»-aixte«th. 

Furtharnore, building 3.3.8h la atruck by a ahock wat. of 3.7 pel ov.rpr.aaur. 

inataad of th» 3.1*-pai ahock of building 3.3.3. Thia chang», though minor, 

cauaea a chang» in all nunarical valuaa (Spending upon ahock atrangth, auch 

aa ahock valocity, reflected pres but., etc. m addition, daviation fron th» 

purlin ahap» changea the conatant * (obtained fre* Section E.2.2.1.5) fron 

0.75 for building 3.3.3 to 0.35 for building 3.3.8h. Glaaa breaking tin», 

t*, waa arbitrarily taken aa one half of the value found for building 3.3.3 

alnc no information waa available on the glaaa thickneaa uaed. 

aimoui iiiiaich FOUNDATION OF HIINOIS 
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TABLE E.3.1 

Constanta for Building 3*3*& 

Shock Constanta 

Pa(0) • 3.7 psi crsfl ■ 1190 fps 

U • 1230 ip« P0 ■ 1^*7 P»i 

l • 1.2$ to • 1.39 «•« 

prafl • 6.13 P«1 

Oaomtric Constants 

Af * 30,000 sq in. 

A^ » 30,000 sq in. 

Ar » 203,000 sq in. 

Ad « 70,000 sq in. 

n ar 0.22 

9 si y 

AIMOUI IISIAICH fOUHOATION 0Í IIUNOIS 
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a • 20 ft 

i - 7.8U ft 

• • 1.79 ft 

s* • i-1 * 

- 1.2 ft 

Eib • 1.2 ft 

Eob • 1.1 ft 
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TABLE B«3«l (COETD) 

Gonflant• for Building 3«3*8h 
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TABLE 1.3*3 

N«t At wägt Prttturtt and Força* on Front Wall 

of Building 3.3.8b 
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TABLE E.3.5 

Ntt ÀTtrAga PreiBurea and Forces on Back Wall 

of Building 3*3.8h 

T1m, t 
(•ec) 

Pressure Force 

(pei) 
bo 
(pei) 

• bl - bo 
(pei) 

-B • -bA^ 

(/ÍTílIO?) 

0 

o.obr 

O.Oli?* 

0.053 

# 0.055 

0.1 

0.2 

O.h 

0.6 

0.8 

1.0 

1.2 

l.itli 

0 

0 

8.13 

3.86 

3.86 

0 

0 

0 

2.83 

3.51* 

0 

0 

8.13 

1.03 

0.32 

0.25 

0.20 

0.15 

0.12 

0.10 

0 

0 

0 

258 

32.8 

10.2 

8.0 

6.3 

1*.8 

3.8 

3.2 

0 
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TABLE E.3.7 

N«t Antrag« Prtssures on First Bay Front Roof Slop« of 

Building 3*3.8h 

Tiaa, t (sec) ro (psi) (psi) r * r0 - ri (l*1) 

0 

0.002U 

0.0061a 

0.0088 

0.0128 

0.0151 

0 

1.52 

9 li.10 

3.91 

3.57 

3.55 

0 

0 

l.liO 

2.17 

3.03 

3.55 

0 

1.52 

2.70 

1.7b 

0.5b 

0 

AIMOUI IKIIAICH »OUHDATIOM Of IIUNOIS IKSTItUTI Of TICHNOIOOY 
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TABLE E.3.7 

N«t Artragi Prassures on First Bay Front Roof Slop« of 

Building 3«3«8h 

Tiaa, t (sec) ro (psi) ri (psi) r * r - r. (psi) 
0 1 

0 

0.0021* 

0.0061* 

0.0088 

0.0128 

0.0151 

0 

1.52 

# 1*.10 

3.91 

3.57 

3.55 

0 

0 

1.1*0 

2.17 

3.03 

3.55 

0 

1.52 

2.70 

1.71* 

0.51* 

0 
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TABLE E.3.9 

i - 
Nat Avarage Preusuraa on First Bay Rear Roof Slope of 

Building 3-3»Sh 

Tiaa, t (see) ro (psi) ri (psi) r ■ r - r. (pal) 
0 1 

0 

0.0099 

0.0106 

0.0162 

0.0172 

0.0235 

0 

0 

O.50 

3*57 

3.56 

3.51* 

0 

0 

0 

2.36 

2.80 

3.5ii 

0 

0, 

0.50 

1.19 

0.76 

0 

> 
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ÏABLE E.3.11 

N«t Avtraga PrtBsures on Second Bay Front Roof Slope of 

Building 3.3.8h 

Tins, t (sec) rQ (psi) ri (psi) r- rQ - ri (psi) 

0 

0.0162 

0.0226 

0.030 

0 

0 

3.57 

3.55 

0 

0 

3.12 

3.55 

0 

0 

0.15 

0 

TABLE E.3.12 

Net Average Freeeures on Second Bay Rear Roof Slope of 

Building 3.3.8h 

“ Tine, t (sec) r0 IpsiJ Ti (psi; r- r - r. (psi) 
0 1 

0 

0.0261 

0.0325 

O.O389 

0 

0 

3.57 

3.55 

0 

0 

3.12 

3.55 

0 

0 

0.1*5 

0 

TABLE E.3.13 

Net Average Pressures on Third Bay Front Roof Slope of 

Building 3.3.8h 

Tins, t (sec) ** 
O

 •S
' 

m
 ri (psi) r- rQ - rt (psi) 

0 

O.O325 

0.0389 

0.01*52 

0 

0 

3.57 

3.55 

0 

0 

3.12 

3.55 

vr\ 
O

O
O

O
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TABLE E.3.15 

Vertical and HoriionUl Roof Forçai on BuUdlng 3.3.8h 
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TàBIE E.3.16 

ÀTtrag« Pr«SBur«8 and Forca» on Truaswork of Building 3*3>8h 

Synbolic Nuasrical 

Tine i t Pressure, d Tine, t 
(sec) 

Pressure,d 
(psi) 

Force, D-dAd 

* ¿ 
IT 

t +Í- o U 

Pd(t- 

Pd(t- 

Pd(t 

Pd(t 

Pd(t 

Pd(t - 

Pd(t _ 

A-) 
zu 

A.) 
ZU 

A.) 
zu 

A) 
2U 

AJ 
2U 

A) 
zu 

A) 
2U 

0 

* O.QÜ88 

0.2 

O.li 

0.6 

0.8 

1.0 

1.2 

l.hh 

0 

0.29 

0.20 

0.10 

0.0b 

0.03 

0 

20.3 

lb.0 

7.0 

2.8 

2.1 

..ARCH ROHM. ATI OH OR IIHHO.S INR.I.HIT OR TiCHHO.OO. 

- 155 - 

CONFIDENTIAL 
Security InturiMtion 



CONFIDENTIAL 
SECURITY INFORMATION 

CO 

I 
4» 
« 

l 

- 156 - 

CONFIDENTSAL 
Stcurity Information 

O 

F
ig

. 
E

.3
.1
 

S
id

»
-O

n
 
P

re
s
s
u

r*
 

a
n

d
 D

ra
g
 
P

r«
s
a
u
ra
 
o

n
 
ft

a
il

d
ln

g
 

3.
3
.8

b
 
f
o
r
 
P

^
0

) 
•
 
3
.7
 
p

a
l 



i 

CONFIDENTIAL 
SECURITY INFORMATION 

o 

s 
Ô 

o 

o 

s 

S 
«I 

I 

-/^7- . 

CONFIDENTIAL 
Security information 

F
i
g
.
 
K.

 3
.2
 

A
T
a
r
a
g
*
 P
t
m
s
u
t
m
 o
n
 F
r
o
n
t
 W
a
l
l
 o
f
 B
u
i
l
d
i
n
g
 3
.
3
.
3
b
 



i 

o 

CONFIDENTIAL 
SECURITY INFORMATION 

1 
w 

4» 
9k 

3 

(■qi f0T) i '»moí 

i 

-/i'S 

CONFIDENTIAL 
Stcunty Information 

E.
3
.3

. 
F
o
r
«
«
 o
n
 F
r
o
n
t
 W
a
l
l
 o
F
 B
o
ll
tt
ln
g
 

3»
3
*8
h
 



i 

CONFIDENTIAL 
SECURITY INFORMATION 

-/Sf- 

CONFIDENTIAL 
Security Inlornution 

Fi
g.
 
S.
3*
ii
 

A
v
a
r
a
g
*
 
P
r
a
s
s
u
r
e
a
 
o
n
 B
a
c
k
 W
a
l
l
 o
f
 B
u
il
d
in
g
 3
«
3
*
8
h
 



CONFIDENTIAL 
SECURITY INFORMATION 

(»qi çOT) a-*««®* 

-/60- 

CONFIDENTIAL 
Security Inlormetion 

F
i
g
.
 
E
.
3
.
5
 
F
o
r
c
e
 
o
n
 
B
a
c
k
 
V
a
i
l
 
o
f
 
B
u
i
l
d
i
n
g
 
3
.
3
«
8
h
 



CONFIDENl 
SECURITY INFORM 

Ti«e, 

Fig. E.3.6 Preasures <m Roof Slopes of Building 3»3»8h 
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Fig. E.3.7 Horizontal and Vtjrtical Forces on Roof of Building 3.3»8h 
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CHAPTER E.U 

BÜILDIMQ 3«3»U 

EiU*l QENERAL 

Building 3*3«li is an industrial type structure of reinforced- 

concrete construction, and has a flat roof, tvo monitors, and no side 

«alls* Figures E*1¿*1 and E*li«2 give a detailed view of the front wall 

(nearly identical with the back wall) and a side view. The structure is 

exposed to a shock wave of 3*55 psi overpressure ( € ■ 1*25)• 

Symbols used in addition to those listed in Section E*1*U*3 are 

listed as follows: 

^ri 
■ area of the first roof section (from 

the front wall to the first monitor), 

■ area of the second roof section (be¬ 
tween the monitors), 

■ area of the third roof section (from 
the second monitor to the rear wall), 

■ lengths (see Fig* E.1:.2), 

p.(t) • reference pressure inside of structure, 
i. e., pressure behind inside shock 
wave. 

E.U.2 METHOD OF DETERMINATION OF LOADING 

Methods for the determination of loadings on building 3*3*1: are 

based on the qualitative ideas expressed in Section E*l*2. The predic¬ 

tions are presented in the form of schematic diagrams in Figs. E.U.3 to 

E.1:.11, and include the average pressures on the front wall, back wall, 

ARMOUR RESEARCH FOUNDATION OF HLINOIS INSTITUTE OF TECHNOLOGY 
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and roof* 

To Insure a more continuous discussion of the developnent of 

the methods, a few topics of general applicability to other structures 

were presorted in Section E*2*2*l« These topics will be used in the 

following developont • 

E.U.2.1 Pressures on front and Back Walls 

The average pressures on the outside and inside of the 

front aid back walls of building 3*3*U ore shown in Figs* E*U*3 to 

Fig* E*U*6. 

The method of computing loadings on these surfaces is 

identical with that on buildings 3*3*3 and 3*3*3h (Figs* E*li>3 to E*U*6 

correspond to Figures E.2.6 to E*2*9)* and hence the discussion in 

Section E*2*2 applies for these walls* For building however, 

the front wall opening ratio is larger than that of buildings 3*3*3 and 

3*3*Sh.. Therefore, the pressure on the inside front wall builds up to 

p^t) (Fig. E.li.li) rather than to p^O) ■ p^ (Fig. E.2#7) as was the case 

with the previous buildings. The equation for p^t) (see Fig. E.H.M 

is based on Section E.2.2.1.6. It is the pressure at all points behind 

the inside shock wave; and builds up linearly from p^ at t ■ 0 to pf(0) 

at t ■ ^k , i.e. when the wave front has reached the third roof section. 
TT" 

E.li.2.2 Pressures on Flat Roof 

First roof section: The outside pressure on this sur¬ 

face is shewn in Fig. E.U.7. Essentially, the computational scheme 

follows the outline of Fig. E.5.29 Vol I ("miniinum turbulence" pressure 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 
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on the top of a solid rectangular block). The pressure is assuaed to 

build up linearly from aero at t • 0 to pseudo steady state for this sur¬ 

face at t • /|/U, at eh ich tias the wave front has covered the first 

roof section (note the appropriate tine shift indicated in ?ig. S«U«7)* 

Ho alternative predictions for "naxinun" and "minihum turbulence" are 

given because it is believed that vortex and turbulence effects are 

approodnately the sans on the outside and inside surface of the roof and 

will to a large extent, cancel* 

The inside pressure on the first roof section is shown 

in Fig. E.U.8. The pressure build-up is based on the nethods developed 

in Sections E.2.2.1.2 and E.2.2.1.6. The various lags,A(x), shown in 

Fig. E.U.8 are conputed fron Equation E.2.2 (Section E.2.2.1.2), and the 

value of pi(t) is obtained fron the equation in Fig. E.U.U. The pressure 

is sero until the curved inside wave has reached the roofj then it rises 

linearly to p^t) by the tins the inside wave front has reached the end 

of the first roof section. Pseudo steady state pressure for that surface 

(note the appropriate tins shift) is reached when both inside and out¬ 

side wave fronts have reached the beginning of the third roof section. 

Second roof section» The outside presmire on the 

second roof section is shown in Fig. E.U.?. Except for appropriate 

time shifts, the method is identical with that used for confuting pressures 

on the outside of the first roof section (see Fig. E.U.7). In the time 

the outside wave front covers the second roof section the pressure builds 

up linearly from zero to pseudo steady state pressure for that surface 

and follows the pseudo steady state pressure from that time on. 
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The inside pressures on the second roof section are 

.ho«, in ng. E.li.10. Exc.pt for appropri*« ti» *1«. th. -«■«> 

corresponds .xnctly to that developed for th. undereid. of th. fl»t 

roof (see Fig. E.lt.8). The pres««-, i. aero ontil the inside save has 

reached the second roof eectim; th« it rises linearly to inside 

pressor, p^t) by th. ti» the ineid. «V. ha. reached th. end of the 

second roof section. Pseudo steedy state pressure for this «rfece is 

established «en both ineid. and out.id. «v. front, have reached th. 

beginning of the third roof section. 

Third roof section» The average pressures on the third 

roof section are Illustrated in fig. S.h.U. Since th. ineid. «d outside 

..... are taken to be equal in pressure and to coincide eben they reach 

the beginning of the third roof section there is no net pressure on thl. 

section of the roof until reflection of th. inside «V. fro. th. beck 

wall takes place. This reflection imposes an up«u-d thrust on th. roof 

«ich ha, been described in detail in S«tlon E.2.2.1.3. The cojut.tlon.1 

sch.» felloes the outline of Fig. E.2.5. »gain the ti» shift //0 is 

to alloir for the shock front reaching the back wall. 

E.li.3 NUMERICAL COMPUTATION OF LOAD INC 

E.U.3.1 Loadings on Total Building 

The calculation of forces and average pressures on 

buildir« 3.3.U is based on the computational methods developed in 

Section E.U.2. The results from that section which are needed here are 

armour research foundation OIF ^INOIS 
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repeated in Tables E«U*6y E>li«6y and E«U*10 in th6 columns 

labeled "SymbolicN« These data are also given in Figs. E.U.3-E.1.11. 

The side-on pressure and drag pressure throughout the 3»5¡>-psi shock 

wave which strikes the structure are plotted in Fig. E.lt.12. These 

were computed from Vol I, Eq. E.1^.16 and Fig. E.li.3» respectively. 

Table E.I4.I lists the numerical values of all other 

quantities necessary for confutation of loadings on individual components 

and on the total structure according to shock constants, geometric 

constants, and geometric and shock constants. 

The shock quantities are various numerical values which 

are independent of the geometry of the building. Among these are the 

following specified numbers: shock strength, £ ¡ the duration of the 

wave, tQ, and atmospheric pressure, Pq. Under the same heading certain 

important derived quantities are listed. These are: the velocity of 

the shock front, Uj the reflected pressure, Pref^> the velocity of 

sound in the reflected region, cre^> (3ee Fig. E.li.2, Vol I). 

The geometric constants necessary for the computatior 

of loadings on the structure include the following: the structural dimen¬ 

sions, X f 2* ^y y as 3hoim in E*k‘2j the distance, e, from 

the center of a window in the front wall to the roof; the mean1relief 

distances, hQ^, on the outside of the front wall and h^ on the inside 

of the back wall; the mean build-up distances: on the inside of 

n«t 
the front wall and fl ,on the outside of the back wall; the.areas Ar, oh ''x 

Av.» A , A , and A of the front wall, back wall and the three 
b rl r2 r3 
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sections of roof, respectively; and the ratio of wall, window, and door 

area to the gross wall area of front arel back walls, il. The quantities 

Hof, hib, hif, and hQb are conputed as described in Section E.2.2.1.7. 

The combined geometric and shock constants are certain 

characteristic time units which underlie the calculation, such as Ijti, 

t/V, etc.; the inside shock overpressure, p , conputed from the equation 

■ Pq ( Ç i “ i) "h®1« $ i 18 reaa by interpolation from Fig. E.$.U 

Vol I; «nd the drag coefficients on the outside and inside of the front 

wall, C^Q and C^, on the oitside and inside of the back wall, and 

Chi» and 00 the roof» crto* stained from Section E.l.3.2. These 

drag coefficients are used to compute the pseudo steady state pressures 

^03* ^i3» «te., from Eqs. E.1.1*E.1.3. Also given are the lag between the 

outside and inside shock fronts at a distance x from the front wall, A (x), 

obtained from Eq. E.2.2, the length of the shock wave reflected from the 

back wall, from Eq. E.2.A, Section E.2.2.1*3 and t , the window-breaking 

time, obtained from Section E.8.1.2. 

The erpresslon 

Pl<t) ■ P,i * [p,(0> - ptl] ^ 

from Fig. E.U.U is needed for certain of the tables. 

The constants of Table E.U.l are used to compute the 

average pressures and forces on the 3.3.1* structure as shown in Tables 

E.li.2-E.lt.10. in the left-hand columns of these tables under the heading 

■Symbolic » are listed the discrete values of time at which pressures are 
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cmvuUd. These eyAollc wlues ere deduced in Section E.U.2 (see Figs. 

end sre listed until such tiaes when wind forces alone 

constitute the net force on a particular component. These wind forces 

are predicted to be equal to aero in soae instances. In the right-hand 

coluons of this group of tables, the nunerical raines of the arerage 

pressures on each side of the front wall, back wall, and roof are 

The remaining tables gire the nuaerical ralues of the 

net pressure differences and forces until the end of the positire phase. 

Where intermediate points between those shown in the first group of 

tables are needed, linear interpolation has been used, toce the force 

acting on each member becomes pirely wind force, only the net arerage 

pressure (total drag coefficient times p^) 1® cosçuted. For the front 

wall the total drag coefficient, C^, ■ Cfo - Cfl • 1, whereas for the 

b«* «11 - cb0 - cbl ■ -1. 

The superscripts and shown on certain ralues of 

time in the tables indicate that the pressure or force undergoes a sudden 

change. The symbol at a certain value of time in tables showing the 

final results indicates that until that time, the force-time relation is 

considered to be linear between given points, and after that time it 

follows a smooth curve through the given points. 

Tables E.lj.2-E.li.i> give the average pressures on both 

sides of front and back wall, as well as the net average pressures and 

forces on these walls. Their symbolic columns were deduced from Figs. 

E.li.3-E.li«6. 
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6 

Tables E.li.6-11 give the pressures and forces on all 

three sections of the flat roof. Outside, inside, and net pressures 

are given on the first and second sections of the roof. The wave 

reflected fro» the back wall causes an upward thrust on the third roof 

section and only net pressures are given. The symbolic notations for 

these tables were deduced fro* Figs. í.^.7-E«U»ll» 

Figures I.lt.l3-V.li.20 give the loadings confuted in 

Tables E.li.2-E.U.ll for the early period of the blast wave. 

As discussed eore fùlly in Section E.1.J»»®, the calculated 

forces are only approximate. 

Slide rule calculations were used throughout these 

capitations and in each result listed, the third figure has no significance 

E.li.3.2 Conponent Computation 

Section of front wall» i section unsupported by columns 

and located between two windows of the front wall of building 3*3.li is 

chosen for analysis of failure. Since this panel is probably the weakest 

portion of the wall, the rest of the wall can be expected to stand if 

this panel stands. 

The loadla on this pauel is about the same as that on 

the entire front wall, since the relief time is roughly the same as the 

average relief time on the total front wall. Hence, the net average 

pressares on the front wall of building 3.3.1a, listed in Table E.U.3 

and Fig. E.U.13, are chosen as forcing functions for the response calcula¬ 

tions carried out in Part II for this section of the front wall. 
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TABLE K.U.1 

Com tan ta for Building 3*3«U 
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TABU E.lwl (CONTD) 

Constants for Building 3»3»k 
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TABLE 1.U.3 

H«t ATBrtga Prtsaur»* and Forças on iront Wall 

of Building 3*3*b 
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TABUS B.lwS 

Met Average Pressures and Forces on Back Wall ol Building 3*3*U 

r 
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TABU E.b.7 

N«t At»r*g* Pr«88urt8 on First Roof Section of Building 3*3«U 

Tins, t 
(sec) 

r0(psi) r^pei) r " ro * ri 

0 

0.009 

0.029 

0.033 

0.058 

0 

1.03 

3.26 

3.23 

3.15 

0 

0 

2.32 

2.80 

3.15 

0 

1.03 

0.96 

0.1(3 

0 
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TABU K.ll.9 

Met Avartgt PrvaiurM on Sacond Hoof Sacticn of Building 

Ti», t (ate) r0 <P#i) rt (P«i) r • r0 (pai) 

0 

0.037 

O.OliO 

0.0*0 

0.0*8 

0 

0 

0.75 

3.30 

3.26 

0 

0 

0 

3.10 

3.26 

0 

0 

0.75 

0.20 

0 

TABU B.U.10 

lot Avortgo ProMuraa on Third Roof Soction of Building 3»3*U 

Sjabolio Hu»] rioal 

Ti», t Praaauro, r Tl», t 
(»8) 

Praaauro,r 
(pal) 

0 

4 

s 
—ÏÏ- 

J*A 
—o- 

0 

0 

X [Profi ^ 

4-il 

0 

0 

0.087 

^)1 0.09U 

IV * 

0.11* 

0 

0 

-0.88 

0 
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Plank in frontmoat aection of roofi The roofing of 

building 3.3.U ia built up of two-by-airea running croaawiee (parallel 

to the front wall). The loading on a timber 1-1/2 in. in width and 

located halfway between the front wall and the front monitor will be 

determined here and uaed in Part II to analyae for roof failure. If 

a a ingle tinfoer with no aupport from adjacent tiflbers would not fail, 

then the tiidbera aa actually placed in thin building (with toenailing to 

adjacent tintoera) will not be expected to fail. 

From Section E.2.2.1.2, Eq. E.2.2 the lag between the 

inaide and outaide wavea at a roof plank located 17.5 ft freo the front 

wall ia A(17»5) • 5*6 ft and the aaaociated lag time ia 

0.001*5 see. 

The outaide preaaure ia aaaumed to build up linearly 

from zero at^ ■ 0 to r^iT" at and to follow the 

r curve from that time on. 
03 

The inaide wave ia aaaumed to build up linearly from 

p . ■ 2.1* pai (aee Table K.l*.l) when the ahock front ia at x ■ 0 to 

P0, ■ 3*55 psi at x ■ 7l* j hence when the front ia at x ■ 17*5 ft, 

the inside pressure is 2.65 psi* toe inside pressure acting on the roof 

is this value aims Cro times the drag pressure at the time, 17.5 ft^J, 

i.e., 2.65 - O.lli * 2.51 psi. 

Hie net pressure on the roof timber ia taken to build 

up linearly from zero at T^** 0 to r • rQa ■ 3*38 psi at^,n* " 

0.0001 sec. Here T''ia time measured from the moment the outside shock 
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front reaches this point on the roof. 

Die pressure remains constant at 3*38 psi untilT ■ 

Adíhàl - O.OOliS sec. From that time on it decreases linearly to 

the difference between outside and inside pressures 3*38 psi - 2.51 p*i ■ 

0.87 psi at 0.001*5 ♦ 1.5 in/U ■ 0.001*6 sec. The inside pressure hiilda 

up to r (t) at T ■ *5 . o.OOl*6 sec. At this time net pressure on 
r os u 

the timber reaches zero. 

Table E.l*.12 lists the net average pressures on this 

roof member. 

One-foot planking in third roof section of building 3»3»k 

The wave reflected from the inside back wall of building 3»3.1* creates 

a relatively high pressure on the inside of the third roof section (see 

Section E.1,2). Two transverse strips of the roof located between the 

inner bents and at different distances (1 ft and 17 ft) from the back 

wall are chosen to be analyzed. Strips 1 ft in width are considered. 

The reflection of the inside shock wave from the back 

wall and the resultant net pressures on the roof near the back wall have 

been discussed and a method developed for net pressure computations in 

Eq. E.2.Ç. 

For the given constants (i.e., Preil" 7.82 psi, pQ 

(//211) - 3.32 psi, S ■ 9.05 ft). The net pressures listed in Tables 

E.i*.13 and E.l*.ll* are obtained using the symbolic expressions of Fig. 

E.2»C>. 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS 

- 15*)- 

INSTITUTE OF TECHNOLOGY 

CONFIDENTIAL 
Security Informitien 



V
e
r
t
i
c
a
l
 
F
o
r
c
e
a
 
o
n
 
R
o
o
f
 
of

 B
u
i
l
d
i
n
g
 
3«

3*
U

 

AIMOUI 

CONFIDENTIAL 
SECURITY INFORMATION 

\r\ v\ \i\ • • •. • 
Si g 3 § I « ° ° I ° 

ooooooooo^o 

u 

n S. 

CO 
CO 
t 

000000000(^0 

£ 

OOOOO^'f'OOOO 
Os W 

It a a 

£ 

S 8 
ooooooooooo 

& 

o o o o 

04 •H 
& 

2 & 3 3 & H 
• • • • OHOOOOOOOOO 

«4 

£ 

« o 

ooooooooooo 

IIXAICH FOUNDATION OF IlllNOI* INITITUT1 OF TICHNOIOOT 

- 195 - 

CONFIDENTIAL 
Sicirlty Inlormition 



CONFIDENTIAL 
SECURITY INFORMATION 

TABU 1.1(.12 

Itt Attract Pr«Mura« on Hoof TIMbtr 17.5 FI Aron Front Mil 

of Building 3«3«li 

Tins*, ? (mo) PrsMura, r, (psi) 

0 

0.0001 

0.001(5 

0.001(6 

0.01(6 

0 

3.36 

3.38 

0.87 

0 

asurad fron tins shook first raachss this tinbar. 
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TABLE E.U«13 

Pressures on a Strip of the Roof One Foot Wids Located 

0» Foot fro» the Back Wall of Building 

Ti»*,? (esc) 
Pressure, r, (pel) 

0 

0.0008 

0.0077 

0.0081a 

0 

U.2U 

3.15 

0 

•Measured frost the ti» eben the shock first contacts this strip. 

TABLE E.U.llt 

Pressures on a Strip of the Roof One Foot Wide Located 

Seventeen Feet fro» the Back Wall of Building 3.3.1a 

Tine*, T (aec) 
Pressure, r, (psi) 

0 

0.0008 

0.0077 

0.008U 

0 

2.16 

1.01a 

0 

•Measured fro» the ti» when the shock first contacts .this strip. 
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Time, t (sec) 

Fig. E.li.18 Préssures on Second Roof Section of Building 3»3*b 

Fig. E,lul9 Pressures on Third Roof Section of Building 3.3.1 
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CHAPTER E.5 

BUILDING 3.3.5b 

E.5.1 GENERAL 

Building 3.3*5b, as seen in Fig, E.1.3, is a load-bearing brick 

vail structure somewhat typical of small apartment buildings. It is 

struck by » shock wave of 3.75 psi peak overpressure and of 1.38 seconds 

duration. 

Structural computations for this building are not made in Part 

II of thia volume, since a meaningful analysis of response for such a 

structure is practically out of the question. Hence complete estimates 

of loadings are not made in this chapter; rather, sample predictions 

are given, mainly for the purpose of illustrating the approach which can 

be used in determining loadings. The predictions are confined to the 

determination of forces on the roof and a few typical wall sections. 

All walls, roof surfaces, and partitions of the building are 

assumed to stand. In particular, loadings on the roof and wall sur¬ 

faces are computed on the basis that these members do not fail. No 

response calculations are made to check these assumptions. 

However, the failure of a few types of members must be recog¬ 

nised if the predictions are to have an illustrative meaning. The 

windows in the front and rear walls are Assumed to break in one 

millisecond, the same time as for the windows of building 3.3.8h. 

Some assumptions must be made about the failure of doors in 
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Fig. E.5.1 First Floor Plan Dimensions of 3.3.5 Type Buildings 

(Right ‘land wall, the front wall, is struck first) 
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Fig. E.5.2 First Floor Plan Nomenclature of 3.3.5 Type Buildings 

(Right hand wall, the front wall, ia struck first) 
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th. building. The outeide (front well) door and some of the in¬ 

terior doors (see Section E.5.2.2.1) are assumed to collapse. These 

assumption, «re chosen arbitrarily in order that illustrative predic¬ 

tions can be carried out. 

In particular, failure of doors would be quite difficult to 

analyte if working predictions (rather than the present illustrative 

ones) were to be made at this time. The possible modes of failure 

which would have to be treated in any paper analysis seem scarcely 

ammendable to such analysis. Among such modes are deflection and 

splitting of panels, tearing out at hinges, splitting of joints be¬ 

tween the stiles and rails, failure of latches and failure of the jamb. 

Empirical data will probably be necessary in developing useful criteria 

for door collapse. 

A qualitative discussion of the loadings on building 3.3.5b 

is given in Section E.1.2. That section therefore serves as an intro¬ 

duction to this chapter. 

Floor plans of building 3.3-5b are shown in Figs. E.$.l and 

E.5.2. Additional noUtion to be used in this chapter (beyond that 

wsi 

■ average pressure on a partition wall 
upstream and downstream surfaces, re 
spectively 

• net average pressure difference on 
a partition wall 

■ pseudo steady state pressure for 
the rear slope of a gabled roof 

given in Section E.I.I4.3) ■ 

bi-b. 

“12 

back r os 

A,.„. i.i.a.ch ioun.mion 0- m.Ko,. .«."mi o. ..chko.o.» 
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drag coefficient for the outside 
surface of a side «all 

front r . 
00 

pseudo steady-state pressure for 
the front slope of a gabled roof 

front r (t) 
o 

average pressure on the outside front 
slope of a gabled roof 

“l 
distance fro« the eaves to the ground 

h 2 
dietance fro« the eaves of the roof 
to the upper edge of first floor win¬ 
dows 

fi 

1 

1', 1", 1 

IK, IB, 1C, OC, IK, 2A - 

weighted average distance for de¬ 
termining clearing of the front wall 
near a first floor window, (see 
Eq. E.2.7), efiMilf diet*»*®') ** 

length of Roon 1' 

length of Room 1' ' 

rooms of building 3«3<5 (ms Fig. 
8.5.2) 

portions of wall surfaces (see 
Fig. E.5.2) 

Pitt) a reference pressure inside the 
structure (see Section E.5.2.2.2) 

8 
o' 

average pressures on the load-bearing 
side wall of Room l1, outside and in¬ 
side surfaces, respectively 

E.5.2 METHOD OF DETERMINATION OF LOADING 

E.5.2.1 Roof 

The roof of building 3.3.5b has a slope angle, 0, of 

33 degres. It is struck by a shock wave of 3*75 psi overpressure. 

Computations will be based upon the assumption that the roof stands, 

ABMOUI IISIAICH F0UN9ATI0N OB IlllNOt* INITITUÎI 
OB TICHNOIOOT 

- 210 « 

CONFIDENTIAL 
Stcurity Iftfarmitiiifl 



CONFIDENTIAL 
SECURITY INFORMATION 
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as already noted in Section E.5.1. Further, it is assumed that the 

pressure in the attic remains atmospheric, i.e., the pressure in the 

lower part of the structure neither breaks the second floor ceiling 

nor opens the scuttle to the attic. Hence this assumption states 

that the roof section is closed off from the rest of building 3.3*ü>b. 

(See Fig. E.5.3J 

i 

Front slope loadings: Up to the time t - -¿/2U 

predictions are based on Section E.1.5. From that section, the 

average pressure on the front slope proceeds linearly with time from 

aero at t« 0 to the following value (from Eq. E.1.5) at t 

front ro(^-) • P<r (^) * K(Q) ^ refl » 

(E.5.1) 

where K(0) is found from Fig. E.5.6 and pQ^ ref^ is found from 

reference 18 (Fig. 5.18» p 123) or Fig. E.1.7 in this volume. 

After the time, -¿/2U, the pressure on the front 

slope decreased because of continued clearing effects. Pseudo steady 

state pressure is assumed at t > 5 -//2U. This estimate is based on 

consideration of shock tube tests in reference 2 (triangular block, 

slope angle of 1*5°) and in reference 1 (peaked top rectangular block, 

slope angle of 10°). Therefore, 

front tq (-^-) - front ro8(-|f-) (E.5.2) 

From this time on, "front r (t)" follows the "front r (t)" curve. 0 os 

The results of the above discussion are shown in 
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Fig, E.5.3 Roof Section of Building 3*3»5b 

Fig. E.S.l* Predicted Pressures on Front Slope of Building 3.3.5b 
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Fig. E.5.1* wh*r® "front ro(t)" 1« the total net pressure on the roof 

slope since ataospheric pressure was assuaed on the underside of the 

roof. 

These predictions are for both "naxinum" and "minimua 

turbulence" (See Section B.l.3.1)* Th« tests of Irninger and 

N^kkentved (reference 11, Figs, la to le and U to lid, and discussion, 

p 10 to lit) show that any turbulent region, if present at all, is 

quite limited in extent for roof slopes of 30° to li5°. Since the 

roof slope of building 3.3.5b, 33°, i» within this test range, the 

above predictions are believed to be valid for cases of both "maxi- 

■ua" and "ainiaun turbulence" effects. 

The drag coefficient, "front Cro", for a 33° 

front sloped roof is given in Sec. E.l.3.2. 

Back slope loadings» The average pressures on the 

back slope of the roof are investigated on the basis that the front 

slope of the roof suffers no major destruction. The average pressure 

on the back' slope is zero until t • i/2U, since the origin of the time 

scale is taken when the shock front contacts the front of the building. 

At this tiae, the pressure begins to rise to an equilibrium value, 

"back r (t)". 
08 

No shock tube tests are recorded for a 33° sloped 

roof. The results* of shock tube tests conducted for a 10° sloped roof 

(reference 2) and a 1*5° triangular block (reference l) can be used to 
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estlMt* the time at which this equilibrium value is reached. Based 

on these data it is assumed that at t » ^ » pseudo steady state 

pressure is reached, i.e., back ro(-^^) - back ros (-^), having 

risen linearly from its earlier value. 

The drag coefficient, "back Cro"» f°r * 33° back 

slope is deduced in Section E.l.3.2. 

E.5*2*2. Analysis of Wall Surfaces 

E.5.2.2.1 Introduction and Su—ary 

The wall surfaces of building 3*3«£b 

to be analysed are located in Rooms 1', and 1 ", and 2' (see Fig. 

E.5*2). These surfaces are labeled 1A and IB (portions of the front 

wall); 1C and OC ( a portion of the side wall); and IK and 2A (an 

interior partition wall). 

The equilibrium times and pressures 

for the three rooms are given in Table E.5.1. The loading predictions 

on various surfaces are shown in Figs. E.5.7 - E.5.9. 

As noted in Section E.5.1, assumptions 

are made arbitrarily as to the failure of certain interior doors in 

order that illustrative predictions can be carried out. Doors b, d, 

and e (see Fig. E.5.2) assumed to collapse; doors a, f, and j are 

assumed to remain standing in a latched position. It is not necessary 

to consider other doors in order to cariy out the predictions in this 

chapter. 
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The flow through the building and the 

loadings on the walls are discussed in the remaining subsections. A 

aunnary of the predictions in symbolic form and the numerical compu¬ 

tation of the loadings is given in Section E.5.3* 

TABLE E.5.1 

Equilibrium Times and Pressures 

In Rooms 1', 1' and 2' of Building 3.3.5b 

Room Equilibrium Time Pressure, /^(t) 

1' 

1' ' 

2' 

4- ** 

5- 3-. Jjj-. t. 

fo.(t) 

E.5.2.2.2 General Discussion of Pressures in Front Room 

Rooms with rear windows only are considered in 

Section E.5.2.2.3. The strength of the entering *octf wave is de¬ 

termined from Fig. E.5.1* in Vol. I. This wave begins to form after 

t* when the windows break. 

In treating the pressures on various inside sur¬ 

faces it is convenient to introduce an intermediate steps determinstion 

of an inside "reference pressure". This reference pressure will be 

dewAted as p^t); pressures on some of the inside surfaces will be 

shown to be expressible in terms of this pressure. The definition 

aimoui iiiiaic 
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of P1(t) follow*. Until t#, P1 - 0; It th«n Jimp* ln*t*nt«neou*ly to 

pal. Th*n pt rlM* linearly to beecae equal to f0<(t) at the equl- 

llhriua tlae (see Table I.5-1) *04 reaaln* equal to feg(^) ^or 

■aladar of the positive phase. 

The tlae required (after t > when windows break) for 

Pjit) to build up to pseudo steady state pressure, *og(t), la Hoc« 1' 

8 i, 
was taken to be where J1 is the disensión of the roca parallel to 

free stresa flow and U Is the outside wave velocity. This tlae (plus t ) 

8¿1 
is tezaed Inside "equlllbrlua" tlae. The choice, —, was aade froa 

the following considerations. The pressure behind the wave reflected 

froa the back wall of the roca, Plrgfl> i» nesrly equal to initial out¬ 

side side-on pressure, p<r(0). Bence, if conditions were ideal, the ia- 
2 J 

side pressure would build up to fo>(t) at approxlaatoly -y* (when the 

Inside-reflected shock returns to the front wall). However, the collapse 

of door, d, will allow considerable flow out of the roca so that the 
s 

tlae required for reference pressure to reach fog(t) will probably be 

auch longer than 
2 £>i 

Further, examination of shock tub* fringe shift din- 

graas for a hollow rectangular block with an upstreaa opening (reference 

5) reveals that inside equlllbrlua Is reached in about -jj-* for that par¬ 

ticular block with nf. 0.5 and no rear opening. It Is felt that for 

3.3.5b the reference pressure will require! longer than -jj— to reach 

6 i, 
equlllbrlua, fog(t) . The Increase In tlae over -g— was arbitrarily 
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2 A aii 
choien to be -g—, thus giving a total tquilibriua tlae of -g— for 

toml'. 
81, 

Correspondingly i -g— van chotea to be the equi- 

llbrlua tlae for Boob 1". Olaae breaking tlae, t*, le added to each of 

theM to give the value« in Table 1.5.1. figure 1.5-6 «hove the build¬ 

up of the reference preeturii p^t), in these rooaa; it 1« based on t , 

f (t), and valuer of equlllbrlua tlae« computed In section 1.5.3; using 
■ 0« 
the definition of p^(t) given at the beginning of this section. 

B.5.2.2.5 Determlaatlon of Average Pressure on a Partition Wall 

The partition vail to be analysed is the back wall 

of Boon 1' (see fig. i.5.2). Surfaces 1£ and 2A are the front and back 

surfaces of this vail. The pressure on surface IX Is entirely due to 
$ 

the flov through the front window of Boon 1 ', while the pressure on sur¬ 

face 2k is entirely due to flow through the rear window of Boca 2' since 

door f is assuaed to stand (section B.5-2.2.1). 

IK: The pressure on surface IX is very similar to 

that felt by the inside back wall of idealized nodel 3.3.8b (section 

1^5.2.3, Vol II). The aain difference In the pressures results froa the 

failure of door d. The overpressure on surface IK is, of course, zero 

until the surface is struck by the inside shock wave at tine t ■ + t 

at that tiae it rises instantaneously to Plrefl 48 determined by Bq. 

BA.20, Vol I. Assuming a 3-msec breaking time, door d would fail at 

about the tiae it is traversed by the inside-reflected shock wave (which 

travels «gainst the aain inside flov). The collapse of door d would 

initiate a rarefaction wave spreading across surface IX relieving inside- 
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reflected pressure on that surface. Before complete relief can take place, 

however, the shock fren Boon 1" will reflect froa surface 1L and door e 

will break (see Fig. 1.5.2). Before the tlae that the reflected wave 

(froa IX) reaches the front wall, the pressure on surface IK will probably 

be relieved to "reference pressure", p^t), shown in Pig. 1.5.6. The 

2 A . 
tlae t ■ -p— + t is chosen for IK to reach ^(t). Turbulence effects 

not 
vi 11^be felt by surface IK; hence "aexlxus”and "ainlaua turbulence" estl- 

aates are aerged here. The predicted pressures thus derived for surface 

IK are illustrated graphically in Fig. 1.5.7. 

2A: Surface 2A is the rear surface of the back wall 

of Roca 1*. Since doors j and f do not fall (see section 1.5.2.2.1), 

the pressure on 2A aust build up through the back window of Boca 2'. 

The pressure on surface 2A is deduced in part froa 

shock tube ezperiaents, vis., reference 2, Figs. 58-47, which gives fringe 

shift dlagraas for a hollow, rectangular, tvo-dlaenslonal block with an 

opening facing downstreaa. These data (which show soae flow froa the 

upstreaa wall into the interior due to leakage) show a build-up of prea- 

sure at approximately the saae rate on all inside walls of the block. 

Unfortunately, the tlae of observation is not sufficiently long to paraît 

a determination of "equillbriua tlae" for the inside of the block. 

The pressure on all inside surfaces of Boca 2' is 

estias ted tb build up unlfoialy, as is indicated by the above experimen¬ 

tal data. Thus, pressure on 2A equals p4(t) for Boca 2'. The equlll- 

brlua pressure (aaxlauB pressure on the walls) for this roca was taken 

as the pseudo steady state pressure available at the rear windows, namely 
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bo*(t)» 1.1*3*2. *>• dlseuasioo of the tlae required 

for the reference preaeure, p1(t), for Boca 2' to build up to equlllbriua 

preeeure follove. The preeiure Ineide of Boot 2' oenaot reach b -(t) 

until that preaeure la eatabllahad at the back vail. The tlse required 

to eatabllah bQa(t) on the back nail ia approximately i/U ♦ 8h/U 

(section I.}.5.1.3, Vol II) vhere ^ ia the length of the building and 

h la the height of the back vail (to the eavee). A aoawvhat longer period 

la required to eatabllah this preaeure unifomly in Room 2*. Thia addi¬ 

tional increment of time, choeen rather arbitrarily, ia 3//ZÜ.+t-Thua, 

the total time eatlmated for aurface 2d to reach bog(t) la eatimated aa 

5 i /20 8h/U<-t*. Turbulence affecta vill not affect aurfacea 2A to any 

appreciable extent. 

The predicted preaeure on aurface 2A, under the abort 

aMumptlona ia illuatrated In Fig. 1.5.7* 

1.5.2.2.4 Determination of Average Proeaurea on a Load Bearing 

Wall 

The load bearing vail choaen to be analyzed ia the 

left vail of Boom 1' (Fig. E.5.2). Surfacea 1C and OC are the inaide 

and outalde aurfacea of thia vail. 

OC: The loading on aurface OC la taken directly 

from the method developed in aection 1.3-5.1.2, Vol II for the preaaurea 

on the outalde roof of idealized model 3.3.3b. The method ia Illuatrated 

graphically in Fig. 1.5*8. 

IC: Preaaurea on aurface 1C are determined fram 

the method developed in Section 8.3-5.2.2, Vol II for the inaide roof 

AIM O UI RESEARCH EOUNOATION Of IUINOIS INSTITUTE Of TECHNOIOOT 

- 222 - 

CONFIDENTIAL 
Security Information 



S
u
r
f
a
c
e
 

CONFIDENTIAL 
SECURITY INFORMATION 

- - 
CONFIDENTIAL 

Sicunty Infomitiw 

Fi
g*
 
1
.
5
.
8
 

P
r
e
d
i
c
t
e
d
 
P
r
e
s
s
u
r
e
 
o
n
 »
 L
o
a
d
-
B
e
a
m
i
n
g
 S
i
d
e
 *
a
l
l
 
of
 
B
u
i
l
d
i
n
g
 3
.3

.5
b 



CONFIDENTIAL 
SECURITY INFORMATION 

of idealized »del 3.3.8b. The ineide of »del 3.3.8b and Roo. I1 of 

building 3.3.5b are eUilar; however, »dification. ».t be -ad. in 

the »thod for the effect of the destruction of door d of Roc* 1’ by the 

ineide shock wave (noted in Section 1.5*2.2.1) and a different ti» re 

paired for ineide pressure, to reach eguilibriua (di.cu.eed in Section 

1.5.2.2.2). 

Vortices and turbulence origninating at the front 

windows aight influence the front portion of surface 1C. For this reason 

both "naxiMM" and "ainl** turbulence" predictions are aade for the left 

wall of Boob 11. The "aaxiaua turbulence" prediction froa the aforeaen- 

tioned section in Vol II is used. 

The pressure on surface 1C is assuaed to build up 

to Pl(t) for Roo. 1' (rlR. I.5.6) 1»' «“ "R1“1“ ttrtul.»“” °*" “* 

to 0.9 of tbl. vmlu. in tbt "mxlmm tuAol«.«" cm. i*.« th. ImH. 

.took hM rMchri tb. bMk «11 (1... t . ^/V). Pr*»wr. on th. 

lo.ll. «U thM rlM. lu. to th. lu.ll.-r.fl.ct»! «y. «turulo* to th. 

froot roll. Th. collopM of loor 1 r..ult. lo o mufoctloo «« r.- 

llerto* th. »«.«r. b.hlol th. lo.ll. -r.fl.ctM .hook «V. M 11.0U..M 

lo Soctloo 1.5.2.2.5- Th. .r«ct pr..rorei llrtrlhut.1 h, thl. coublo- 

otloo or., hov.v«r, rolutlrolr InlMwuloot.. A. . flr.t opprorlMtloo, 

th. «ff.ct of th. rartfoctlou «v. 1. ttó.o to l.or.M. th. pr..wr.. 

prollctel for th. roof of llMlltrt «H.1 5-5.61. by 20 P*r «ht. Th. 

«mit of thl. oloptotloo 1. a p«.M« 00 Mrfoo. 1C of 0.6 Plrefl 

for the "ululuuu turbuleuce" ca.e Ml a p«.»u« of 0.8 (095) Pirefi 

for the 'oarloua turbulence" case at tlae t » 2./^/0 (about the tlue 
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vhen the Inelde-reflected vave retaras to the front voll). 

2i, 
At tlae -g-=, this predicted average pressure on 

surface 1C Is only slightly above the "Inside pressure", Pjit), des¬ 

cribed In Section I.5.2.2.2, and shown ln Fig. I.5-5* Because of this 

—vi difference, the pressure on surface 1C will drop to inside pres¬ 

sure In a relatively short tine (before equilibrio» has been established 

Ul 
In Roo» 1'); t - -0-— was chosen at this tine. 

The average pressure on surface 1C thus predicted 

Is Illustrated in Fig. I.5*B. 

R.5.2.2.5 Determination of Average Pressures on a Section of 

the Front Vail 

Part of the front walls of Rooms 1' and 1" Is chosen 

for analysis. The Inside surfaces of these portions are indicated as 

surfaces 1A and IB In Fig. 1.5.2. As before, loadings are computed under 

the assumption that the wall does not collapse. 

Outside surface of the front wall; The pressures 

on the outside surface of the front wall are determined by the saae method 

as the other buildings of this Vol (see, for instance, Fig, 1.2.6). The 

shock wave strkes the building raising the pressure on the front surface 

to the reflected pressure given numerically In Fig. 1.^.2, Vol I. This 

pressure Is assuaed to clear to pseudo steady state pressure, 

at t^m 3fi/cr#fl ♦ t* and to follow fQ8(t) from that tine on. The defi¬ 

nition of iggi*) in Section 1.1.5-2. The determination of fi, 

the "»ean clearing distance", Is carried out by the »ethod given in section 
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1.2.2.1.7. Th* teIuc of 1« obtained fro« section E.2.2.1 (beèee Iq. 

1.2.1). 

1A end 13: Surfaces 1A and IS are portions of the 

Inside surfaces of the front «all of Roosi 1' and 1" respectively. Pre¬ 

dictions for surfaces 1A and IB, shown In Fig. I.5>9> are based on es¬ 

timates —in Vol ZZ (Fig. I.J.2-0) for the inside front vail of nodel 

building 3.3.8b. Zn addition to a fev alnor changes (e.g. t* added on 

all times, fi replaces h^, U replaces ^irefl' Pjit) replaces 

reductions in pressure «ere nade in applying the material of Vol ZZ to 

the 3*3.5b structure. The Inside-reflected shock wave In building 3*3.5b 

Is weakened by collapse of doors d and b (see Section I.3*2.2.1), hence 

lover pressures arc estimated than In the material of Vol ZZ. Further¬ 

more, equilibrium times, developed independently for building 3-3.5b, 

are used. 

1.5.3 roaazcAL oomtohatzoi op lcadzw 

The calculation of average pressures on building 3*3.5b is based 

on the predictions developed In Section R.5.2. Only certain surfaces 

are analysed rather than the entire structure. The results needed from 

Section B.5.2 are repeated In Tables B.5.2, 3, 4, 6, and 8 in the col¬ 

umns labeled "Symbolic". These data were given in schematic diagrams in 

Figs. I.5.V-I.5.9. 

The side-on pressure vs. time, and drag pressure vs. time relations 

required for the predictions are shown in Fig. I.5.10. These were com¬ 

puted from Sq. 1.4.16, Vol Z and from Fig. 1.4.3, Vol I, respectively. 
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ftble 1.5.2 contain« the nuaerical value« of other quantities 

necessary for coaputation of loadings on the casponent». It is divided 

into three section»; «hock constants, geowtric constants, and combined 

shock and geosetrlc constants. The shock constants are various nuniî ¡ 

value« which are independent of the building. Aaong these are certain 

»pacified value«: the »hock strength, £ , the duration of the wave, tQ, 

and atnoepheric pressure, Pq. Under the «sne heading are important 

derived quantities, viz., the velocity of the »hock front, U, the re¬ 

flected pressure, prefl, and the velocity of sound in the reflected re¬ 

gion, All are obtained fron Fig. 8.4.2, Vol I. 

The geo«»tric constants («ee Fig». 1.1.5 «»A 8.5*1) the length 

of roca 1', the length of room 1", ig, the length of the building, 

¿ t the height of the building fro» the ground to the eaves, 1^, the 

distance fro« the eaves to the top of the first floor window, hg, the 

mean clearing distance, E, and the roof »lope angle, 0. 

The combined geometric and shock constants include: 

1. certain characteristic time units which underlie the 

calculations, e.g., — and 

2. the Inside shock strength, p computed from the equation, 

P « P (f - 1), where £ , is obtained by interpolation 
cxi o'^i ' ^1 

from Fig. 8.5.4, Vol I, 

5. inside-reflected pressure, Plrefl> obtained by interpol¬ 

ation from Fig. E.5.5, Vol I, 

4. the drag coefficient on the front of the front wall, C^; 

on the back of the back wall, Cbo; the side wall, C8o; 
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aa& the front nnd back alopti of tho roof, "front 

and "back C 
ro 

Thai« drag coefficients, obtained fro* Section 1.1.}.2, are need 

to compute the pseudo steady state pressures, fQi, bo>, rQi, and the 

series of quantities, "front ro§", md "back rog", fro* Iqs. 1.1.1- 

1.1.3. Also listed are: 

1. the instantaneous reflected pressure on the sloped roof, 

p . obtaiued froa Fig. 1.5*7, 
yobl refl' 

2. the factor, 1(0), needed for loading computations on the 

oblique roof and obtained froa Fig. 1.5.6, end 

3. the window-breaking tine, t , obtained froa Section 1.51L. 

The pressure, p^t), for Rooas 1' and 1" appears in Fig. 1.5-6. 

The superscripts " - " and " + " shovn in certain values of tiae indicate 

that the pressure and force undergo a sudden change. In the tables, the 

symbol "*" at a certain value of tiae (shoving the final forces or pres¬ 

sures) indicates that until that tiae, average pressure-tiae relations 

are considered linear, and after that tiae follov a «ooth curve through 

the given points. 

Tables I.5.5 and I.5.U contain the average pressures on the front 

and back slopes of the roof. The symbolic values vere obtained froa 

Fig. 1.5A. Tables I.5.5 *nd 1*5.6 give the average pressure and net 

average pressure on a portion of the front vail. The symbolic values 

are obtained froa Fig. 1.5-9- 

The average and net average pressure on a portion of the side vail 

vera deduced froa Fig. 1.5-8 and are given in Tables 1.5.7 nod 1.5.8. 
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Th» «mag» pr—wm dadoead la fig* 1.5.7 for a partition mil 

ara Halad —rioaliy la Tabla 1.5.5» with Tabla 1.500 eoataíiá^ th» 

aat avaraga praaaara for tha partition «ail. 

Flgaraa 1.501^1.5.20 gim tha raaalta eonpatad la TabLaa 1.5.3- 

1.500 dorlag tha aarly parlada. 

Aa dlaeaaaad la SaetJon 10.1 tha eonpatad praaaaraa ara qplta 

approodaata. 

Slid» rala ealaalatlana warn aaad thronghoat, and tha third fígaro 

in aaah aaaa haa na aigalflcaaoa. 
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TIKI 1.5.2 

Coartante for Building 3.3.5b 

Shack Oonatanta 

Vff. ■ 3.75 pel 

D - 1230 fpa 

< - 1.255 

profl " p8i 

Qoaaotric Constanta 

- 15.7 ft 

/2 " 8 ft 

Z - 33.1» ft 

- 23.5 ft 

•„fi - tt85 f* 

9 - lk.7 pal 
0 

t • 1.38 SCO 
0 

hg ■ 16 ft 

h • 2.33 ft 

0 m 0.20 

* ■ 33* 

Cenbined OeoMtric and Shock Constants 

■ 0.013 sao 

■ 0.007 see 

O.028 sec 

0.019 sec 

0.013 sec 

0.002 sec. 

• 1.75 pai 

4 i - 1-12 

plrrfl ■ 3'7 V* 

C|.0 ■ 0.66 

Cbo -'°-33 

Cso ■ -0,55 

front c ■ 0.33 ro 

back C > >0.1(0 
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TABLE 1.5.2 (COBB)) 

Constanta for Building 3.3.5b 

Coablnad Oaoaatrlc and Shock Constants 

t - 0.001 sac 

1(0)- 0.35 
PObl Mfl • U-e P’1 
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TABLE E.5.6 

Ket Arer&^« Pressures on * Portion of the Iront Wall 

of Building 3'3*$> 

Net Pressure on Surface 1A 

Tine, t (sec) f0 (pai) ft (pai) f ■ f - fa (P®i) 

0 

0.007 

0.017 

0.027" 

0.027**b) 

0.053 

0.105 

8.1* 

3.95 

3.85 

3.78 

3.78 

3.60 

3.30 

0 

0.1*0 

1.00 

1.01* 

2.76(b) 

2.55 

3.30 

8.1*0 

3.55 

2.85 

2.71* 

1.12 

1.05 

0 

Net Pressure on Surface IB 

Tlae, t (sec) f0 (pai) (pai) f • f0 - fi (pai) 

0 

0.007 

0.013’ 

0.013+(b) 

0.027 

0.053 

8.1* 

3.95 

3.90 

3.90 

3.80 

3.60 

0 

0.30 

1.10 

2.76^ 

2.60 

3.60 

8.1*0 

3.65 

2.80 

l.U*<b) 

1.20 

0 

f turbulence11 predictions. Undesignated values apply 
to "aaxLmu*" and "minimun turbulence” predictions. 
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TABLE E.5.6 

Net Ayer*#« Pressures on * Portion of the Front Wall 

of Building 3.3.5b 

Net Pressure on Surface 1A 

Tine, t (sec) f0 (p«i) ft (p«i) f • f - f. (pai) 0 X 

0 

0.007 

0.017 

0.027" 

0.027+(b) 

0.053 

0.105 

8.U 

3.95 

3.85 

3.78 

3.78 

3.60 

3.30 

0 

O.liO 

1.00 

l.Ol 
2.76™ 
2.55 

3.30 

8.U0 

3.55 

2.85 

2.71* 

1.12 

1.05 

0 

Net Pressure on Surface IB 

Tine, t (sec) f0 (pb1) fL (psi) f » f0 - fi (P*i) 

0 

0.007 

0.013” 

o.oi3^b* 

0.027 

0.053 

8.U 

3.95 

3.90 

3.90 

3.80 

3.60 

0 

0.30 

1.10 

2.76^ 

2.60 

3.60 

8.1*0 

3.65 

2.80 

l.Ub<b) 

1.20 

0 

(b)ptno|ff WMiniMM turbulence11 predictions. Ondesignated values apply 

to "aaxiinuB" and "ainimun turbulence" predictions. 
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mu b.5.8 

Hat Awig« Pressuras on a Portion of a Sida Hall 

of Building 3«3*$b 

Tina, t (sec) •o (pii) 

?
 o. s - so - .i (pal) 

o.oil^b) 
0.0ll^a) 
0.027*b) 

0.027^4^ 

o.o53^b) 
o.o53Í4) 
o.o65(a) 

o.uo5(b) 
o.io5ia) 

0.195 
0.2 
0.1* 
0.6 
0.6 

1.0 
1.2 

1.39 

0 

3.52 
3.52 
3.U5 
2.90 

3.33 
1.77 
1.25 
3.10 
1.68 

2.70 . 

0 
1.95 
1.75 
2.92 
2.76 

2.57 
2.57 
2.73 
3.35 
3.35 
2.92 

0 

1.57 
1.77 

0.53 
O.ll* 
0.76 

-0.80 
-1.1*8 

-0.25 
-1.67 
-0.22 

-0.21 
-0.11 
-0.06 
-0.02 

-0.02 

00 

î^uriJKUP turbulence11 predictions. 

^Denotes ^Mininran turbulence" predictions. Undesignated values 
apply to both cases. 
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TABLE E.$.10 

Mt Areraft Prtscurc* on a Partition Hall of Bollding 3*3*$b 

Tina» t (mo) (p«i) b2 (P*1) *12 " h " b2 

0 

O.Olif 

O.Olli* 

0.027 

o.oft 

0.10$ 

0.223 

O.li 

0.6 

0.8 

1.0 

1.2 

1.39 

0 

0 

3.7 

2.1$ 

2.60 

3.3$ 

2.73 

0 

0 

0 

0 

0 

0.7$ 

2.60 

0 

0 

3.70 

2.1$ 

2.60 

2.60 

0.13 

0.09 

0.0$ 

0.02 

0.01 

0 

/ 
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CHAPTER E.6 

BUILDINQ 3.3.5* 

E.6.1 QEHERàL 

Building 3.3.5* i* * duplicate of the 3.3*5h structure, but 

is located considerably closer to ground sero. The local shock has 

an 8.8 psi overpressure, rather than the 3«75-P*i overpressure which 

struck building 3.3.5b. Figure E.6.1 shows the side-on and drag- 

pressure variation with ties. For building 3*3.5*« *■ tor building 

3.3«5b« no response calculations are given in Part II. Since only 

illustrative loading predictions sees Justified in such a case, this 

ehaptsr presents only a very few results. 

E.6.2. METHOD OF DETERMINATIOH OF LQiDIlP 

Applying to building 3.3.5* the esthods developed in Chapter 

S.5.1 for calculating loadings on building 3.3.5b« a few computations 

of interest were perforeed. These are the reflected pressure on the 

outside front wall« given as 

■Wi •21-7 p,1> 

the initial inside shock overpressure, given as 

pff.i - 2.6Ü psi, 

aryi the pressure-tins relation on the front slope of the roof, 

listed in Table B.6.1 and represented graphically in Fig. 1.6.2. 

AIMOUI IISIAICH »OÜMOATIOH 0» III.NO.S I N IT 11 U T l 0» TICHNO.OOr 

- 256 - 

CONFIDENTIAL 
Secuiity Inlormjtion 





CONFIDENTIAL 
SECURITY INFORMATION 

XS8 

CONFIDENTIAL 
Security Information 

P
i
g
.
 
E
.
6
.
2
 

A
v
e
r
a
g
e
 
P
r
e
s
s
u
r
e
 
o
n
 
F
r
o
n
t
 
R
o
o
f
 
S
l
o
p
e
 
o
f
 
B
u
i
l
d
i
n
g
 
3
.
3
.
5
a
 



CONFIDENTIAL 
SECURITY INFORMATION 

ARMOUI RiriAICH POUNDAIION OR ILLINOIS INSTITUTI OR TICMNOIOOV 

- 259 - 

CONFIDENTIAL 
Security Intormjtion 



CONFIDENTIAL 
SECURITY INFORMATION 

PART II THE RESPONSE OF STRUCTURES TO BLAST LOADING 

CHAPTER E.7 

INTRODUCTION 

This portion of the test analysis report is intended to predict 

the response of the model and prototype building structures *o blast 

loading. The loadings used herein as forcing functions for the analytical 

work are those determined in Part I. 

The methods of response analysis applied are fundamentally the 

same as those applied in the case of the idealized model buildings as 

given in Part II, Vol II. These methods, however, must be somewhat 

modified and are certainly less informative here due to the less ideal 

character of the structures concerned. This loss of accuracy is die to 

the fact that any analytical system is actually a mathematical analogy 

to the real situation and that as the buildings become less and less like 

the idealized system the analogy is correspondingly more loose. Consequent¬ 

ly, the same accuracy of prediction as was anticipated with the idealized 

model structures treated in Vol II cannot reasonably be expected on the 

real buildings. 

Another complication of the present analyses is the necessity of 

treating the components of the over-all structure. The contribution of 

the windows and the wall panels during their process of failure to the load 

transmitted to the main structural frame ¡rust be determined. Because of 
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the relatively ill-defined nature of these conponents, it is necessary 

to make a number of simplifying assumptions. This is particularly true in 

the treatment of brick panels since not only the boundary conditions of 

these panels, but their very behavior as engineering materials, are not 

well understood* 

In this portion of the report, methods are developed for treating 

the response of the above-mentioned elements to blast loading, which 

determines, in turn, the reactions transmitted to the structure. These 

methods are definitely only approximations. In some cases an effort is 

made to bracket the actual situation rather than to make ary attempt at 

actually determining the response. 

This portion of the report is divided into two main sections. The 

first chapters of Part II deal with the treatment and the response of the 

various building conponents, namely, glass panes, brick panels, and roofs. 

The latter chapters are concerned with the response of the various buildings 

to blast loadings. These building analyses apply the reactions obtained 

in the conponent analyses to the main frames of the various structures. 

The final chapter presents a discussion of the response of buildings 

3.3.5a and 3.3.5b, but the treatment of these structures does not and cannot 

correspond to the analysis of the idealized models or of the other real 

buildings. These buildings, of the load-bearing brick-wall dwelling type, 

are by their very nature much more difficult, if not impossible, to define 

analytically. Therefore, the probable response to the blast loading 

situation with respect to these buildings is based upon a study of damage 

survey reports and upon discussions with consultants. 
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CHAPTER E. 8 

BUILDING COMPONfflITS 

E.8.1 OIA2INO 

Many of the buildlnge involved in Operation Greenhouse have 

fairly large window areas. This fact neceseitatee the devising of 

analytical methods designed to predict the response of glass to blast 

loading. Since a delay of only a few milliseconds may alter the form 

and magnitude of a shock entering a building, the time of break of the 

windowpanes, t , is the essential quantity to be determined* 

For purposed of mathematical analysis, a windowpane will be 

considered as a rectangular elastic plate sinply supported on all sides 

and subjected to a uniformly distributed pressure that can vary with 

time. Stretching of the middle surface of the plate, elasticity of the 

supporting mullions, and rotational restraint of the putty and window 

clips will all be ignored in order to avoid undue complexity. 

E.8.1.1 Strength Considerations 

In order to present a numerical solution for the time 

of break, a representative pane will be taken from the upper outside 

corner on the front face of the first monitor on building 3.3.3.^ 

1 See Drawing No. 100-252-1, Dept of Air Force, Hq AMC, Office of Air 
Installation, fright-Patterson Air Force Base, Dayton, Ohio. 
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Tht various diaisnsions^ and physical constants^ of this paao* aro as 

fhllooai 

length, b 

width» a 

thieknesa» h 

20 in. 

lli in. 

1/8 in. 

Bodultts of alaaticity» E - 10 x 10 psi 

density» y »150 lb/ft^ 

Poissons ratio» v »0.23 

Unfortunately» from the analytical viewpoint the 

ultiaate strength of glass under load is not a constant» but is inverse¬ 

ly proportional to the length of tiM the load has been acting and 

directly proportional to the rate of load increase. No data relating 

the strength of glass to instantaneously applied loads were found in 

the literature; therefore, a curve of strength versus time duration 

of load has been computed from several sources of information. This 

curwe is admittedly based upon a rather liberal extrapolation and 

interpretation of the available data, but nevertheless, the results, 

because of their uniformity, lend credibility to the use of the strengths, 

thus derived, in the present analysis. 

The curve, which is shown here as Pig. E.8.1, was 

constructed by plotting the breaking ptreagths of glass ( as a percentage 

of the strength for a 10-sec duration) versus the time of load duration. 

2 Ibid* 

^ Correspondence to 1. E. Lauterbach, Armour Research Foundation, 
Feb. 21, 19li9. 
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The points from 100 sec to 21*00 sec mere obtained from the Libby-Omens- 

Ford data** and the- points, shown as A , covering the range from 0.1 to 

100,000 sec, mere obtained from Preston's tests.^ That this reduction 

in strength with time is known to apply to long time periods is shown 

by the statement of L. Grenet, who wrote, "... this delay in fracturing 

is known to the Champagne makers, who never fill their bottles a second 

time. ... explosions of bottles of Seltzer water ... long ifter (they) 

"6 
are placed in service may be connected with this phenomenon. 

The decrease of strength with time duration for short 
n 

times is verified by Thompson and Cousins' who tested commercial ll* in. 

by 19 in. panes under blast loadings where the load build-up was of the 

order of 1*00 psi per sec. 

The static strength, if such a term may be permitted, 

of ordinary commercial window glass will be taken as 7000 psi and will 

also be taken to correspond to the 100 per cent or 10-sec load duration 

point on Fig. E.8.1. This value of ultimate strength, which will here¬ 

inafter be designated symbolically as ¿7^ , is based on 5000 samples 
g 

tested by A- E. Williams. 

** Ibid. 
c 

F. W. Preston, Jr, "The Mechanical Properties of Glass," J Applied 
Physics, 191*8, pp 623-31*. 

^ L. Grenet, in Bui Soc. Encour. Ind. Nat., IV (1899), 839. (In French; 
trans by F. W. Preston, Jr, J Am. Ceram Soc«,, XVIII (1935), 219.) 

7 
N. J. Thompson and E. W. Cousins, "Explosion Tests on Glass Windows; 
Effect on Glass Breakage of Varying the Rate of Pressure Application," 
J Am. Ceram Soc.. mil (191*9), 313-15. 

g 
A. E. Williams, "The Mechanical Strength of Glazing Glass," J Am. Ceram 
Soc.. VI (1923), 980-88. 
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In order to develop a quantitative idea of the strength 

of the Ub in. by 20 in. pane of building 3*3»3> the static strength will 

be determined. 
9 

Using the Watkins' formula for flat glass plates 

where K * 

have been 

2(a2 + b2)h2 w v ' rrr- ro 
a b K 

(E.8.1) 

0.6 is a physical constant for glass and a, b, h, and <r0 

given, the maximum uniformly distributed pressure, is 

\ax 
ilia! ; ,y2L 
(202)(li.2)(0.6) 

For the 10-sec duration, <T0 ■ 7000 psi 

and 

„ - 7000 
W 25Ï5 2.78 psi. 

(B.8.2) 

(E.8.3) 

A check with experimental data may be made by comparing the above value 

with the 60-sec duration tests of Thompson and Cousins on their lb in. 

by 19 in. pane.^ Reducing our value of qin to q¿-. by means of 
LU 86C OU 86C 

Fig. E.8.1 gives 

9 
G. B. Watkins and R. W. Wampler, "The Strength of Flat Glass Under Load 
Bui An. Ceram Soc,, XV (1936), 2b3-b5. The exact solution for a simply 
supported plate with v - 0.23 can be obtained from Eq. *.8.b7 letting 
cos p(t) * 0. This result will give K ■ 1.2. Watkins' formula using 
K « 0.6 actually takes into account the edge restraint of the mullions 
and clips and doubles the load carrying capacity. 

^Thompson and Cousins, loc. clt. 
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- q,_ X 0.81 • 2.78 x 0.81 - 2.2 p«i 
sec M10 sec 

Thoupson gives q¿Q psi for s linearly built-up load. 

This value should be reduced to account for the build-up. Probably by 

using t ■ 30 sec for the analytical data the same result can be accom¬ 

plished. Effectively, this change is the sane as taking the average 

time over the linear build-up. 

Then analytically, 

and experimentally 

<w ■2-5 P'1 

Notwithstanding the fact that one pane is 20 in. long and the other is 

19 in. long, these results indicate at least that the strength-time 

curve is fairly good in the range just considered. 

E.8.1.2 Dynamic Response 

Let a and b denote the lengths of the sides of the pane 

and let the axes be taken as shown in Fig. E.8.2. Whatever function of 

the coordinates the deflection,v, may be, it always can be represented 

within the limits of the rectangle by the double series 

(E.e.ii) 

where q , the coefficients, are the generalized coordinates for this 

case. 
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Fig. E.8.2 Axes of Pane 
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Lagrange's equation of notion for forced vibrations 

of an elastic body is, for a conservative system, 

d / 3 T \ . 3V _ 
(E.8.5) 

where the potential energy of bending and the kinetic energy are given, 

respectively, by 

and 

k m»«»n-«* , / 2 2\ 2 

n-1 \b a / 

T yh , ab y y-2 
t‘-5í r2-2-11® 

11 (E.8.6) 

(E.8.7)12 

Substituting V and T into Eq. E.8.5 yields 

Jüi.abjj + ^ 
nn 

_ /2 2\2 
h ab 

or 

g SE mn 

(E.8.8) 

(E.8.9) 

In order to obtain the generalized force, assume 

that the beam is subjected to a uniformly varying load of intensity 

/° ■cos wt, psi. Let a small increase be given to a coordinate 

q . The corresponding deflection of the plate, from Eq. E.8.I4, will be 

Sr. (a sinHÎüsinïîï 
b a 

(E.8.10) 

11 
S. Timoshenko, Vibration Problems in Engineering (2nd ed.j New York: 
D. Van Nostrand Co., Inc, 1937), p. L23. 

12 
Ibid. 
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and the work done by the force intensity/0 on this displaceaant is 

dU “ ^San Bin 8in * (E.8.11) 

The total work over the whole plate is then, 

U ’ / / dU ^ ^ / J 8in 8in ^ dy ^E*8,12^ 
a b 

■ /0 cos nij J sin 2^2 sin dx dy. 

Therefore, the generalized force is the coefficient of ¿qr n or, 

a b 

Jo Jo 

Integrating Eq. E.8.13 yields 

Snn C08Wt 7T nn 

so that Eq. E.6.9 becomes 

2 2\ 2 

The conplimentary solution is 

(2.8.13) 

(E.S.lii) 

(E.8.15) 

^mn^l “ ^1 cos + C2 C0S pt 

where the square of the natural frequency is 

2 ir^gD I m n2 V 

p 

(E.8.16) 

(E.8.17) 

and Cj^, Cj are arbitrary constants to be determined by the initial 

conditions. For the particular solution put 

(q )o * C, cos wt + C, sin wt 
^mn 2 3 u 

(E.8.l8a) 
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so that 

<V2 ■ -C w sin wt ♦ Cj^ w cos wt 

• -C3 *2 cos wt-V2 sin wt 

and substituts (b) and (c) into Eq. E.8.15 after letting 

5.JÜ1 
g 

(E,8.l8.b) 

(E.S.lS.c) 

(E.8.19.a) 

(E.8.19.b) 

to obtain 

C,(K - me2) cos wt ♦ C,(K - m2) sin wt - —^ f>0 cos wt 
3 « mnrr (E. 

Equation E.8.20 is satisfied for all values of t if 

C,(K - iw2) - /°# 

(E.8.20) 

(E.8.21.a) 

mn tr 

and 

\ " 0‘ 
(E.o.tx.b) 

u . 1 

For the case where K - nsr2 / 0, that is, w JyTT > condition of E,8.21.a 

yields 

Co --g 16 ~i'7~ ?» 
J mnrr (K - nsr ) 

Then from Eq. E.8.l8.a 

16 

(E.8.21.C) 

'V1 2 TZ_2\ mn V (K - mw ) 

A cos wt (E.8.22) 

and the complete solution is 

\n ’ ‘V’l * (Vi)2 

or 
1/:/0 

q ■ C, cos pt ♦ C„ sin pt +-*—8-5— cos wt, (E.8.23) 
^ 12 mnrr2(K - m2) 
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which when substituted into the equation for displacement, Eq. E.8.I4, yields 

ga • jja oo i 

■ ¿ Y. [Ó. cos pt ♦ C sin pt ♦ cos 
b»1 n-1 L1 mn tr (K - mc) 

(E.8.2U) 

SÇi .in ÜÍI i 
b a 

Considering the first mode of vibration only, in ■ n ■ 1, obtains 

v(x,y,t) C. cos pt ♦ C_ sin pt ♦ • cos V 
1 2 rr ¿(K - m )_ 

sin -- sin • a 

(E.8.25) 

The initial conditions, v (x,y,0) ■ 0 and . v(x,ytO) ■ 0 yield, 

from Eq. E.8.25, 

T 1 
sin sin (E.8.26) 

and 
1 frz(K - m2) 

0 - C- sin TTX sin II 
(E.8.27) 

so that (since sin sin / 0) 
T 

c 16 Ä 
1 " ' /T (K - raw ) 

c2.o 

Then the deflection becomes 

v —5— (cos wt - cos pt) sin sin H . (E.8.28) 
ir¿(K - iw¿) ba 

At the center of the plate, where x - b/2, y - a/2, the defelection is 

v(p 2» ^ f- 2— (cos “ cos (E.8.29) 
' ' rr (K - mw ) 

P K 
And may be rewritten, after noting that p - f-, so that 

--2 — P P ^ 
(K - mw ) - m(p - w¿) (E.8.3O) 
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And Eq. E.8.29 becomes 

V ^|, |, tj ■ “^4—^coa ** ■ c°8 pt^* *E*0*31* 

For the case of a constant pressure, /> • /J cos wt • 4 or w ■ 0, 

Eq. E.8.31 becomes 

(|,f, t\- l64l- (l*cospt) 
\4 / ï rr p 

(E.8.32) 

or 

r (x,y,t) » ~ 8^n “ÇT 8^n “î^ ^ “ co* 
ï TT p 

The «■•h™« deflection poesible occurs ehen pt • so that 

(E.8.33) 

V |b. 11.) .2x ^ 
a w p \V 2* p 

since 

and 

- Yh m ■ —— 
8 

P 

b a Tr 
V 'ï»?» t) "2X 

16A 

a b 

(E.8.3U) 

(E.8.17) 

(E.8.35) 

The approximate solution for a uniformly loaded plate in the static case is 

(E.8.36)13 
max 

16/¾ 

which is exactly one-half of Eq. E.8.35. This comparison shows the effect 

of the dynamic load factor to be equal to 2, which was expected. 

13 S. Timoshenko, Theory of Plates and Shells (McGraw-Hill Book Co., Inc.: 
New ïork, 191:0), p ll9. 
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be obtained from the relatione 

Eh 

The stress, which is a maxlmm at the center, aay 

Hi 

*v ^ 

«• --^-rfr* yÇ 
y 2(1-0 V y xy 

where 

1 . 9 r . L TT“ O ^ r* 
rx dx 

d2v 

dy 

(E.8.37) 

(E.8.38) 

(E.8.39) 

Rewriting Eq. E.8.28, 

v (x,y,t) - $ 6 8in IT Bin ^ (C°8 ^ ‘ 008 Pt)' 
7r¿(K - w) 

as 

Y(x,y,t) - V sin sin 

where, in order to save space, 

16 A (cos wt - cos ptj 

Tr2(K - m¿) 

obtain for the cunratures from Eqs. E.8.39 

(E.S.liO) 

(E.S.lil) 

we 

V 
5 r-? 

(E.8.1i2) 

so that upon substitution of Eqs. E.8.1*2 into E.8.38 (since ¢- y is 

obviously the naxinun) 

. jrVbijLJLs!) y . (E.8.1i3) 
y 2 a2b2(l - 7?) 

Where, as before, we consider the suddenly applies constant uniform load 

of the pseudo-steady state condition where w —»O, then 

^ Ibid., p liO. 
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y _*y • (i - cos pt). (B.S.lá) 
K rt 

Substituting the Talus of K fro« Bq. E.8.19.» into Bq, E.8.Ui yields 

b lóAO^cosptl 

n D f(M.té) 

and Bq. E.8.1t3 becomes 

a- . 96 • y!1 /¾ (l-co.pt). (E.8.lt6) 
Ï0 rrV (b2 4 a')2 

Since rr ^ ■ 97.1* we may, with yery little error, write Eq. E.S.U as 

_ . *^8 . k ♦ ^ * • /> Í1 - cos nt). (E.8.1*7) 
yo r-2-fa * 4 (1 - C08 

h¿ (o ♦ ») 

Using the dimensions giren previously, and the pseudo-steady state 

pressure from Fig. E.8.3 we obtain for Eq. (E,8.1*7) 

a ■ ll* in. 

b « 20 in. 

h ■ 1/6 in. 

V - 0.23 

4 - 3.$6 psi 

O- . wW . . 3.56 (1 . CO. pt) 
y° (i/s)1 ai*2 ♦ 2o > 

or 

(l/8)c (H*¿ ♦ 20 ) 

cr • 22,300(1 - cos pt). 
yo 

(E,8.1*8) 

Evaluating p, the natural frequency, from Eq. E.8.17 

h Eg 

12(1 - V ?)T * 
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we obtain 
10 » 106 X 386 X 1728 

12(1 - 0.23Z)(1$0) 

or 

p ■ 585 rad/aec 

so that Eq. E.8.U8 becomes 

(T • 22,300(1 - cos 585t). (E.8.1;9) 
yo 

Equation E.8.li9 is plotted as <ract on Fig. E.8.5 

and the ultimate strengths taken from Fig. E.8.1 are included on the 

same plot. The intersection of the two curves shows the time at which 

the actual stress starts to exceed the ultimate stress and may, there¬ 

fore, be taken as the time of break, t\ The value of time is seen to 

be t# » 0.0021 sec. The loading calculations of Part I were made on 

ft 
the assumption that t * 0.002 sec. 

Taking into account the probable increased carrying 

capacity of the plate caused by edge restraint, as was done in Watkins' 

formula for the static strength previously mentioned, and plotting one- 
ft 

half the actual stress vs time, the value of t is increased only to 

t* - 0.0031. The probable limit of the time of break is, therefore, 

0.0021 <= t s 0.0031 sec. The loadings based on t - 0.002 sec. will 

not change perceptibly, so far as the building response is concerned, 
9 

for any t within the probable range. 

In order to find the force transmitted to the mullions 

and thence to the building, the reactions of the glass panes will be calcula 

ted assuming, as before, that the supports do not yield. This condition 
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is on the safe side since deflection of the Billions will actually 

cusion the reactive forces transaitied to the building* The aaxi«a 

stress, given by Eq. E.8.U9, aay be written as, since /> - 3.56 psi, 

6630 (1 - cos 585t). (E.8.$0) 

The curve of Fig. E.8.5 shows that breaking occurec at t* - 0.0021 sec 

«nd <T m Ht,750 psi 

Transposing Eq. E.8.Ç0 to read 

^ " 6630(1 -"cos STO * 

and substituting the breaking values into it yields 

Ui7$0 
6630(1 - cos 5U5 X .(5(5517 (6630)(07 

■ 3.3U psi at breaking. The force build-up transaitted to the Billions 

aay be given, therefore, by the expression, 

Ui750 1 

65*5(1“ 
nab 
cos 5ö5t) 

623 n 
1 -cos%t 

lb (E.8.51) 

where a is the number of panes per window. 

The use of the pseudo-steady state pressure to deter¬ 

mine glasing response and the ignoring of the first declining pressure 

peak is based on the fact that a declining pressure will in all cases 

result in a lower stress factor than occurs under maintained pressure.^ 

Figure E.8.3 shows that the time of decline to zero pressure of the 

initial pulse is 0.00275 sec. The natural period of the pane is froa 

^ A. M. Roberts, "Elastic Structures Under Rapidly Applied Loading," 
Mech World, XCIX (1936), Uil-5oa 
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Fig. E.8.5 Actual Vs. Ultimate Stress (t*= time of break) 
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Fig. E.8.5 Actual Vs. Ultimate Stress (t = time of break) 
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Eq. E.8.17, 

X ■ i£. ■ - 0.0107 ««c 
n p 583 

The ratio of decline tiae to rD ia 

Figure 18, from Roberta' article gires, for this ratio, a dynamic load 

factor of 0.65. The use of the pseudo-steady state pressure is, 

therefore, apparently justified. 

E.8.2 WALLS 

The walls of buildings 3.3.3, 3.3.1* and 3.3.8h are constructed 

of masonry between columns. In analysing the response of the structures 

to blast loading, the walls play a double role. So long as the walls 

remain intact, they prevent the blast wave from entering the interior 

of the structure. The degree of damage to the wall thus affects the 

strength of the interior shock wave. The wall also has a cushioning 

effect in transmitting blast wave forces to the structural frame. 

The sharply peaked reflected pressures applied to the wall are smoothed 

out into a gradually applied load on the frame, with a peak of about 

1*0 per cent of the reflected pressure peak. In order to obtain infor¬ 

mation about these two phenomena, the following theory on the action 

of masonry walls was developed. It is believed that this theory is 

qualitatively correct and will give results which are sufficiently 

accurate quantitatively to be of use in predicting the response of 

the structure to blast loading. 
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E.8.2.1 Aasumptlong of Structoral Action 

Experience indicates that a aaaonry wall ia inherent¬ 

ly stronger than can be Justified by noraal bean action. Planes of 

weakness exist at the aortar Joints due to the relatively low tensile 

properties of the aortar and the low brick-to-aortar bond. Consequently! 

when a transverse load is applied to a aasonry beam, cracking will occur 

in the tension regions for very small deflections. However, the beam is 

still capable of sustaining loads if the ends are restrained against 

longitudinal movement, Ibis may be explained by the ability of the bean 

to resist compressive stresses. It is believed that after the initial 

failure in tension occurs, the bean becomes essentially a very flat 

arch with a rise approximately equal to one-half the thickness of the 

beam. Based on the above assumptions, the various steps in the analy¬ 

sis are shown in Figs. E.8.6, 7, 8, and 9. The notations on these 

figures are used in subsequent calculations. 

When the blast wave strikes the part of the wall 

under consideration (Fig. E.8.6), it will be subjected to a uniformly 

distributed time-dependent force. The masonry wall nay be considered 

as a beam fixed at both ends. Maximum moments will build up at the ends 

and cracking will occur, allowing the beam to rotate at the supports. 

At this time the beam-arch becomes essentially hinge ended. If failure 

in shear does not occur at the supports, the moment at the center reaches 

a maximum and cracking then occurs at this point, as shown in Fig. E.8.7. 

From then on, the motion of the beam is considered to be a rotation of 
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the teo halves which is resisted by eccentric compression in anch 

the same nanner as a three-hinged arch. This arching action is shown 

in Fig. K.8.S. In the analysis it is assaasd that nonaal beta action 

ceases when all the tension fibers have reached the ultiaate stress, 

or presumably when cracking has occurred to the neutral axis. The 

beam then consists of two masses hinged at A and A' aoving under the 

influence of the external forces and resisted by direct compressive 

stresses. Couplets failure will occur if the total deflection reaches 

a value equal to approximately two-thirds the thickness of the besa, 

as shown in Fig. E.d.9. 

E.8.2.2 Response In The Elastic Range 

Considering a vertical strip of unit width, the 

equation of motion of the wall may be written 

- 2 
El -¿-if ♦ M,-! - F(t). 

3xU dl 

Assuming clasped end conditions, it can be shown that the resulting 

first mode shape is given by 

y(x) - 0.883 cos kx ♦ 0.117 cosh kx (E.8.52)16 

for standard initial conditions, where 

k 4 • I*.730 (E.8.53)17 

* Timoshenko, Vibration Problems, pp 333-1*3. 

17 Ibid». P 31*1*. 
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Fig* E.8.6 Bean with Fixed Ends 

Fig. E.8.7 Beam with Hinged Ende 
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Fig* £.8.8 Arch Action 

Fig. E.8.$ Arch at Failure 
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Haring found the soda shape and corresponding frequency, one asy qpply 

a technique siadlar to the one alloyed in the case of a glass pane to 

detenaine the response of the vail panel to blast loading* 

The kinetic energy is giren by 

T 
i i • J2 i ay2(x,t) dx • i ayo(t)J2 j2(x) dx • 

-i i -î 

i a¿02(t) j 2 (0.883 cos kx ♦ 0.117 cosh kx) dx 

and the 

D 

potential energy by 

(e.8.55)18 

cos2 kx - (2)(0.883)(0.117) 

(coa la coah kx) ♦ (0.117) coah2 kxj dx 

.2^ 

The total power of all acting farces is giren by 

♦ 0.117 cosh kx) dx 

- 0.525 Fÿ 
o 

so that 

P - Qyo - 0.525 FyQ 

18 Ibid., p 331* 
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and the generalised force becomes 

Q • 0.525 F(t). 

Substitution into Lagrange's equation (dT/ • Q 

in the differential equation of motion of the chosen generalised 

(E.8.57) 

results 

coordiaate 

Aere 

7 * A V 0 0 

and 

n g - mû2ï 

r -if- aX 

rp(t) 

i» 

(E.8.58) 

Equation E.8.58 is the equation of motion of a beam 

in the fixed-end condition. This motion «ill continue until the 

moments are large enough to induce crocking at the ends, which occurs 

for a deflection 
-,. <r i* 

““ (E.8.59) * 12 
y 'I® TT 

Following failure in the clanped condition, the beam 

acts as a simply supported beam until cracking occurs at the center. The 

19 equations governing this motion have been developed by Timoshenko. 

E.8.2.3 Non-Flexual Action of Beam 

At a certain stage of the deformation, (as outlined 

previously), rational analysis indicates that flexural action ceases. 

Cracking takes place both at the center and at the ends of the beam. A 

19 Art. 56 
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reasonable approximation of th# frac body of the beam la shown in 

Fig. E.8.10. It ia assumed that the beam halves are rotating about 

the fixed points, (at the mid-depth of the beam, "0 and O'," under 

the influence of the applies blast load, pr(t). At the same tima 

arching action will cause linearly distributed stresses A^ Ag, iy 
and A^, acting along ÕÜ, 05, and 3F, respectively, (A2 

Considering the left half of the beam, it is seen 

that there is no acceleration of its center of gravity in the x-dir- 

ection as long as £T is small. The net force in the x-direction is thus 

serot 

0 • Mx 
Sjbd Sgbd 

i—r » (Ï.8.60) 

where s^ and s^ are the extreme fiber stresses, b is the width, and d 

is the depth of the beam. Since the stresses are equal, (from 

Eq. E.8.60) they produce a couple, M , of magnitude 
C 

M (E.8.61) 
c o 

The strain in the outer fiber will be proportional to the angular 

rotation, ¿T , of the half beam and the distance, from the hinge to 

the outer fiber, and inversely proportional to the length of the beam. 

The coepressive stress is therefore 

E <r d 

Substituting Eq. E.8.62 in Eq. E.8.61 yields 

Eb 
T 

(E.8.62) 

(E.8.63) 
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The Bonent, about point 0, of the unifonly 

distributed blast pressure, p , is giren by 
T 

>rl2 
Vb (E.8.61») 

The equation of motion of the half beam rotating about point 0 is 

(E.8.65) M_ - M - I 
P c dt 

Aere I is the moment of inertia of the half beam about point 0 

bM ï 
(equal to —/ and U is the mass per unit width of the half beam. 

Substituting Eqs. E.8.63 and E.8.61i into Eq. E.8.6Ç yields 

bpri‘ 
Ebd3 - buJ2 d2<r 

MÍ ^b ^ . Ebd3 ^ 
“TT ^ "TT * 

bp/ 

¡I5 5 T 

CT + fl cr rpr (E.e.66) 

Aere 

A 2EdJ 

Hi3 ’ 

Aich shall be defined as the elastic hinge frequency, and 

r 
The equation of motion in the y-direction is 

P>-ib - Eb.HPii (E.8.67) 
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ihiTC R is ths rssction fores per unit width. 

Solving for R, 

H . - ¡Íjí <r . (1,8.66) 

Equation E.8.68 is used to compute ths reaction fores trsnsaitted to 

ths structure. 

A collets coaputstion according to the above sebeas 

has been perforaed for the wall of building 3*3«k. From this calculation 

it way be seen that the flexural phase is so short as to be of no consequence; 

it is not considered in the coaputations for the other buildings. For 

building 3*3*3 the duration of the loading is so such less than the 

natural frequency of the wall that the shape of the pulse is not impor¬ 

tant in deterning the response. Only the Impulse of the wave is signifi¬ 

cant. Therefore a simplified shape has been adopted for the blast pulse. 

It has been found (calculations not included) that 

the reaction force has the same period as the natural period of the wall 

and has a sinusoidal shape with an ajçlitude determined by the impulse 

in the wave. After the first half cycle of the reaction, when it has 

reached the same intensity as the drag force, the drag force is taken as 

the force applied to the frame. 

One sample computation, which is included in this report 

in Section I.S.ii.ii, has been performed for building 3.3.1( to determine 

failure of the wall. The wall element chosen was the brickwork between 

two windows, since this appeared to be the weakest section of the wall. 

According to the proposed theory, this section should be relatively 
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undaaaged by the blut, suffering a total deflection of only 0.1 ia. 

at its center. Because of this result, no further questions of vail 

failure shall be investigated. 

E.8.3 HOOP 

The roofs of buildings 3*3*3, 3*3*k, and 3«3»6h consist of timber 

roofing attached to nailers which are bolted to the purlins. The roof 

planks of building 3»3.1i are perpendicular to the direction of the flow, 

and the roof planks of building 3«3*3 end its nodal, building 3*3»9h> 

are parallel to the flow. The infornation desired is whether or not the 

roof will fail and, if so, the tine at which it will fail. 

To answer this question, the applied force is nultiplled by an 

appropriate dynaaic load factor, and a static computation is nade. If 

failure is indicated, a complete dynaaic analysis is nade to find the 

tine of rupture. At the inside rear of the building, where the shock 

is reflected fron the back wall, the possibility of the roof pushing out 

has been investigated by coaparing the reaction at the ends of the roof 

decking with the pulling force of the nails. Data on the resistance of 

nails were taken fron the Forest Products Handbook. 

E.8.1| COMPONENTS OF BUILDING 3.3.h 

E.8.1(.1 Introduction 

Building 3*3*1( is a single-story, concrete fraae with 

four course brick nasonry curtain walls 16 1/2 in. thick. The brick is 

laid with one course extending outside of the face of the coluans to 

present the appearance of a uniform brick nasonry wall surface. The 
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•rrangtaent of windows and doors is shown in Fig, E.8,11, 

In order to analyse the response of the walls to blast 

loading, the walls are dirided into parts that way be considered as 

independent structural elements. These are designated by Rowan nuwerals 

in Fig. E.8.12. It is assuaed that the weakest element of the wall is 

tjjg vertical portion between the windows, narked (I), If this part of 

the wall should collapse then it seems probable that all of the brick 

work above this point will also fail, since its main support has been 

removed. This action leaves only the portion of wall below the windows 

to be analysed. If, on the other hand, this weak element should prove 

capable of resisting the applied forces then it would seem probable 

that the wall will remain intact. 

E.8.I4.2 Roof 

The roof of building (decking perpendicular to 

the direction of flow) is a 6-in. thick laminated timber deck made up 

of two-by-eiz boards on edge and is supported on 18 ft - 8 in. centers. 

The equation of motion is 

♦ ft^y0,j fF(t) (E.8.69) 

where 

ft » 55.221 rad/sec 

T - 10.367 

and 

y » 13.3 in. (ultimate) omai 
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The —yi-»» net external applied force is 1,110 Ib/in. Using a dynamic 

load factor of 2, which is the mxl—iB for a linear impulsive load, 

. 7.1» in. 

Hence, the roof will reeain intact under external pressure, 

B.8.l4«3 Back Slope 

The back slope considered is at the rear of the building, 

near the wall. The internal net pressure has a peak of li.2$ lb (see 

Part I for loadings) and a duration of 0.009 sec. Since the period of 

20 2X 
vibration of the roof is 0.11 sec, the dynamic load factor is 1/2. 

Therefore, the deflection produced will be 1/2 the static deflection 

for a static load of h,2$ psi. The static deflection is 

5 ./1 
' 3Œ TT > 

and when multiplied by the dynamic load factor becomes 

TT • (M,70> 

The reaction is given by 

R " EI J3 y0max (£.8.71) 

Combining Eqs. £.8.70 and E.8.71 

- 185 lb/in. 

20 

21 

Timoshenko, Vibration Problems, p 339. 

2 
period is t ■ 
r n V 

Roberts, Loc. cit. 
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Astuaing om 30d to« nail «r«ry othnr board, tha polling roaiatane« la 

•atiaatad aa 170 Ib/in. Add to thia 30 Ib/ln. daad Wight and the total 

vertical raalatanea la 200 Ib/ln. The roof, therefore, will reaain In 

place. 

B.8.1.1* Analjala of Maaonry Bean Between Window« 

Tha following value« are taken aa the parameter« for 

thia aeetioni (See Pig. 1.8.11) 

b - 1 In. 

d - 16.5 In. 

i • 151 in. 

E ■ 2.5 * 106 Ib/ln.2 

denalty of brick ■ 120 lb/ft^ 

^aax " 90 Ib/ln»2 

Subatltutlng the«« values in Eqa. E.8.58 and E.8.59, 

- 0.003 in. 

to produce cracking at the supporta and 

T ■ 2.98 

^ • (5UO)2 rad2/a«c2 

The value of F(t) nay be expressed analytically by 

F(t) • 151(7.8 - 500t) lb, (E.8.73) 
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Substitution of Eq. E.8.73 into Eq. E.8.69 results in tbs equation of 

■otion 

y(t) ♦ (ShO)2j - 2.98 X 151(7.8 - 500t), (E.8.7U 

the solution of which is 

y . [7.8(1 - COS 51*0t) ♦ 
(51*0)2 L 

♦ (Bin 5l40t - 51i0t)] , 

which can be approximated by expanding in Taylor's series as 

y ■ 1730t2, 

and therefore, ® t ■ 0.002 sec 

y ■ Ó.007 in. 

At time t • 0.002 sec the wall cracks at the ends 

and begins the siaply-supported phase of its motion. 

Using Eq. E.8.58 and the parameters for the brick 

beam under consideration, 

^cracking 

A 2 

r 

F(t) - 2.85 X 

• 0.02 in. for cracking at the center 

• (2liO)2 rad2/sec2 

• 2.85 and 

151(8.1 - 650t) 0.002 ^ t « 0.008. 

The equation of motion is 

i ♦ (2l40)2y - 2.85 X 151(8.1 - 650t), 0.002 € t a 0.008 

(E.8.75) 
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Aich has the solutipn 

y ■ - O.O62 coe 2UOt ♦ O.O23 Bin ?iiOt ♦ 

♦ (8.1 - 650t). 
(aor 

For 

t ■ 0.0035 eec, 

y • 0.02 in. 

«racking occurs at the center and the flexual action ceases. 

At this point, the bean entere the non-flexural stage 

of its action and is governed by the equation of Motion of a represen¬ 

tative wall strip of unit width, (see Section E.8.5.3), 

« ♦ A2 d . T p(t) (1.8.76) 

where 

Û 
2 EdJ 

Mi 
2.5 X (10)6 
“055- 

■ (116)2 rad2/sec2, 

r " á " rros ’6,67 ** 

„ _ 120 X 1 X 16.5 X 75.6 . . 
M -Wx 1728-* °*225 

With these values the equation of motion is 

rf ♦ (U6)2<i - 6.7 [6.75 - 715(t - 0.002)J , 0.002 it« 0.008. 

(1.8.77) 

The initial values obtained fron the a laply-supported 

phase of the motion are 
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* (0.0035) - 0.00021t rad 

* (0.0035)- 0.127 rad/sac. 

Tha solution for cC is 

d - 0.0031 coa 116(t - 0.002) ♦ O.OOia sin ll6(t - 0.002) ♦ 

♦ 6»7 - 715(t - 0.002)1 

(116)5 (E.8.78) 

d (0.008) • 0.00156 rad 

d (0.008) ■ 0.2lt0 rad/sac . 

Tha aquation for tha next interval ia 

d ♦ (ll6)2d - 6.7 [2.lt6 - 223(t - 0.008)] 0.008 $ t $ O.Ollt 

d - 0.00031t coa 116(t - 0.008) ♦ 0.00302 sin ll6(t - 0.008) ♦ 

. 6.7 [2.1t6 - 223(t - 0.008)1 

(116) ü (E.8.79) 

d (O.OUt) - 0.0022lt rad 

d (O.Ollt) - 0.00058 rad/sac. 

In the interval O.Ollt « t é 0.057 

d * (116)2oC - 6.7 [l.l3 - 20.5(t - O.Ollt)] (E.8.80) 

d • 0.00168 coa ll6(t - O.Ollt)* 0.0001 sin ll6(t - O.OUt) * 

«. 6.7 íã.13 - 20.5(t ■ O.Ollt)] 

(116)2 

¿ (0.015) ^ o. 

Hence the forward action ceases between lit and 15 

■sec after the blast hits the wall and reaches a naxinum deflection of 

(15.6 X 0.00156) - 0.12 in., 

indicating that the wall remains intact. 
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In order to coyote the reaction», the eeae «naljrel» 

la aede for a brick beaa «hich coven the entire height of the building. 

Thie analyaie i» identical uith the preceding with the exception that 

l - 223 in. 

The reaulte are 

j ■ 2H*t2 
'o 

in the phaee (which ende when t •• 0.002 eec). 

The reaction ie equal to the »hear at the roof end 

of the bean 

B . v(t) • Sii . ïïàiï» jit), (1.8.81) 
3 r dx 

y(x) - 0.8227 coe(0.0212x) ♦ 0.1173 coeh(0.0212x) 

fron Eq. E.8.81, and 

y"'(i) - (0.0212)3 [0.8827 einh 0.365 ♦ 0.1173 ainh 0.365)] 

• 11.6 X IO"6 

For a unit width (l-ft) bean the »hear i» (fron Eq. E.8.81) 

V(i,t) • 2.5 X 106 X 3- » 11.6 X 10"6 

• 125,000 7o(t) lb 

and 

y(v.002) - 0.007 in. 

y(0.002) ■ 0.610 in./eec. 

For the sinply-eupported phase, a similar confutation 

on a one-foot wide strip yields 

R(t) - 3li,000 yo lb. 
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The equation of 101100 is 

y ♦ 232jr ■ 1*282 [8.I8 - 71$t] . (1.8.82) 

SolTing, 

7 -O.53O coe 232(t - 0.002) ♦ 0.271» ain 232(t - 0.002) ♦ 

. 1x282 (8.18 - 715t) 
♦ -- .9 » 

(232)2 

y . - 0.022 in. (cracking at center) 
'rupture 

Therefore, at t ■ 0.0023 aec, 

7 ■ 0.022 in., and cracking occur«. 

The beaa then entere the arching phaae governed b7 

the equation 

k ♦ /12 ¢( ■ P pr. (I.8.83) 

The reaction will be coaputed as 

R(t) ■ F(t) ■ M«C . (I.8.8lx) 

The following values are obtained» 

E / d\3 2,5 a 106 _ 
M \lj ’ 0.333 X 

9722 (rad/sec)2 

(0.109)3 

/)-99 rad/sec 

r •si»-1*-5- 
Substituting the above values in Eq. E.8,83 yield« 
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0.002 < t « 0.008 

0.008 « O.Qllt 

0.011( < t « 0.057. 

The above equations yield values for ¿ (t) and are 

used to solve for d in Table E.8.1. ThReaction is then cosputed in 

pounds per foot of length fron Eq. E,8.81(. 

Equations E.8.83 end E.8.81( yield the values 

R(0) > 0, and 

R(0.002) - 975 Ib/ft. 

The total reaction force is found by Multiplying the 

reactions of Table E.8.1 by the effective length of the building. The 

effective length is the true length tines the ratio of the gross vail 

area minus the window area to the gross wall area. This is 35 ft for 

the walls of building 3.3.1(. Figure E.8.12 shows the total reaction 

force on the front wall. 

The force applied to the front wall of building 3.3.1( 

is given in Table E.8.2 and plotted in Fig. E.8.13. The force on the 

back wall is given in Table E.8.3 and plotted in Fig. E.8.11(. 

E.8.5 BÜILDIHQ 3.3.3 

E.8.5.1 Roof 

The roof, parallel to the flow, consists of 2-in. 

timber decking on 6 ft 6in. centers. If the roof is assunsd to be 
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Tig* E*8*lij Pressure on Bock Vail of Building 3*3*1; (3*55 pel 
Overpressure) 

305 

CONFIDENTIAL 
Stcurity Infoniiition 



CONFIDENTIAL 
SECURITY INFORMATION 

supported tad th# aoMnte twawltted fro* *dJ»cont sMttew 

•ro Mflteted, thoii th* «qaatloa of aotioa fro* Ufruf*'« «vatio» 1» 

♦ A 2 yo - T F(t) (*.8.a5) 

tetro «yin th« b««a 1« «■•»•d to d«fl«et la th« fir«t aod« only, «ad 

(1.8.86) 

(1.8.87) 

r(t) - total load on tea baaa. 

Th« d«fl«etion at raptar« 1« fl' 

..i* 

ro raptor« 
(1.8.88) 

I ■ l.$ X 10 pal 

I • (2)^ in.Vi»* 

* " \i x'bx 1H3 ala*»/1“«2 

i - 78 la. 

<rMy ■ 12,000 pal 

c ■ 1 in. 

Substituting th««« valu«« into Sqa. B.8.86, 1.8.87, E.8.88 

il ■ 168 nu^soe 

T • 17U in./«lug 

and 

ruptor« " ^n* 
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If, laatMd of uoing f(t), tho constant Talue of 

mmrimtm F(t) (1*31 X 78 lb) la tppllad inatantanaonaly, one fata largar 

daflaetioaa than for the actual loading. Hence, if the roof does not 

break under thie loading, it «ill not break under the actual loading. 
». • 

The eartm deflection under constant loading ia giren by 

-ixPxm 
n2 

2 « 182 X 1*.31 X 78 

(119)5 

(*.8.89) 

y0 eax " U*33 * 

The Talue, JQ * 1*.33, is waller than that neeesaary 

to break the bean, yQ ),, >iit|ln m 5.06. Therefore it is concluded that 

the roof does not fail. 

E.8.5.2 Back Slope 

Ascueing one 30d nail erery 2 in., the pulling 

resistance «ill be 350 Ib/in. (the pulling force of a 30d nail ia about 

700 lb). The shear at the end of the beta is giren by 

R " n *0 eax (*.8.90) 

«hlch gires 

1.5 X 106 X k (0.62)3 X X 1,.5 . 250 Ib/in. 
12 (78)3 

Hence the back slope will not fail, eren if loaded as sererely as the 

front slope. 

E.8.5.3 Walls 

Building 3.3.3 is of construction siadlar to building 
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3.3.1*, txc«pt that tha walla are constructed of concrete block instead 

of brick. The treatment of the walls is the seas as that for building 

3.3.1*} hoeerer, sisplifications were nade in the computations as a result 

of the experience gained on building 3.3.1*. The period of vibration of 

the wall in the elastic hinged arch phase is aich longer than the tiae 

of clearing of the blast. Under these conditions it is possible to 

substitute a triangular pulse with the sane impulse as the aclaal blast 

pulse with a resulting error of only a few per cent. Since the flexural 

action of the wall is of so little importance, it was neglected complete¬ 

ly, Under these assuaptions, the equation of notion of a representative 

mail strip of unit width is (fron Bq. E.8.58) 

where 

2 
«♦/Id 

A? Ed3 

"¡P 

(E.8.91) 

r "a 

The dastic frequencies for the front and back walls 

of building 3*3.3 are 

^2 Ed3 2.5 X 106 X (16.5)3 
n "¡^—¿ X v:m— 

■ 700 (rad/eec)^ 

XI *26 rad/sec 

r " á " 2 X km "2*22* 

(E.8.92) 

(E.8.93) 
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Th« p«ak value of th« blast lapula« 1« u««d for 

P, that 1«, 7.5 pal for both front and back walls. Th« quantity T is 

obtain«! «o that there 1« «quality b«twwn th« l*»la« rodar *la«t 

aod th« triangular puls«. Thi« choic« giv«« T * rol»« 0*02$ >#c for 

the front wall and 0.018 a«c for th« rear wall. Tb« graphs of th« blast 

l^ulsa and th« assuaed triangular pul«« ar« shown in Fig. E.8.15. 

Using Sqs. E.8.83 and E.8.81*, th« valu«» of th« 

r«actions aro computed in Tablas E.8.U} E.8.5, «nd E.8.6. 

Th« pr«s«ur« on th« front and back walla is given in 

Tabla E.8.7. Tabla B.8.8 gives the loading on building 3.3.3. 

Where P is the peak of the triangular pula«, and T 

ia the duration, the iwpulsa «quais 1/2 PT. Th« solution for this 

condition isi 

rf . !C (i - cos A t) ♦ (sinA t-il t) t* T (E.8.9U) 
A5 A3T 

4 . co. a (t - T). |S (t - t). I. t (M.95) 

To coaputa the reactions, £ is needed which ia given by 

£ • P Ticos A t) - («in A t) (E.8.96) 

¿ - -A2d> [cos A (t - T) ♦ ^ «in A(t - T)] (E.8.97) 

To cowpute the reaction it is necessary to subtract 

the nass of the wall tiwes its average acceleration, the inertial force, 

fro« the applied blast load. The inertial force must be proportional 

to ¿ , computed above, and the constant of proportionality ia evaluated 
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fro« the condition that the reaction at tiae aero is *ero 

1.8.6 BDIUINQ 3.3»& 

Building 3.3.¾ 1® * fuarter-acale «odel of building 3.3.3. 

th. oo^iUUon for U» «U» Ü on 1b th. .« »»» - f« 

bulldinf 3.3.3 (Section E.6.S3), except thet the eolntlon for ¿ 

fro« the equation 

ï eil2« • rpr(t) 
(1.8.98) 

ia carried out with the actual loading curre instead of with the 

equivalent triangular pulse as was done for building 3.3.3. 

The values of pit) on the front wall are 
r 

pr(t) 

(8.13 

8.U9 

3.88 

2.69 

P.31 

1070tj 

Ui33t, 

373t, 

ll49t, 

0.595t, 

0 < t < 0.001 

0.001 5 t * 0.00Ü 

o.ooli < t s 0.007 

0.007 « t * 0.016 

0.016 < t < 0.100 

Since d/i for building 3.3.8h is the saas as d/i for buUding 

3.3.3, and since H for building 3.3.¾ is lA the value of M for building 

3.3.3, then the frequency, Û , for building 3.3.¾ fro« the equation 

ia Id*, or U tines aa large aa Í1 for building 3.3.3 (See Eq. E.8.91). 

With these values the acceleration for the front wall is given by 

the following expressions! 
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Í- 0.726 coá lOiit ♦ 0.918 tin lOlit 

- 0.758 coa lOljt ♦ 1.228 ain lObt 

- 0.391 coa 10l»t ♦ 0.397 ain 10l*t 

- 0.263 coa lObt ♦ 0.257 ain IQbt 

- 0.136 coa lObt ♦ 0.269 ain IQbt 

0 < t « 0.001 

0.001 < t < 0.00b 

0.00b « t < 0.007 

0.007 « t « 0.016 

0.016 * t < 0.100. 

Tha factor —s— ia unlaportant ainca the reaction will ba 
/i2r 

datandnad by 

R(t) ■ F(t) - ket (E.8.99) 

whan 

•• 

to conputa tha reaction it ia only necaaaary to know tha ahapa of Oc 

and not ita abaolute aagnitada. 

The correaponding valnea for tha rear wall aret (t ■ 0 occurs 

1*9 Bsac after tha ahock has atruck the front wall*) 

'8.13 

3.87 

0.33 

1775t j 

710t j 

l.55t, 

0 < t < 0.00b 

0.00b <t < 0.005 

0.005 « t < O.051 

and 
« 

r - 0.726 cos IQbt ♦ 1.52b ain IQbt 

■ - 0.357 cos IQbt ♦ 0.688 ain IQbt 

^ - 0.055 cob IQbt ♦ O.16O sin IQbt 

0 $ t $ 0.00b 

0.00b s= t < 0.005 

0.005 5 t « 0.051 
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•• 

Proa the above expression for - * ***• r®*ction8 

etapated in Tablee E.8.9 end E.8.10. 

The total force used is again computed by taking the proes area 

of the mall minus the window area times one-half the average pressure. 

The area is 59,000 in.2. The pressures are given in Table Ï.8.11 «nd 

plotted in Fig. E.8.16 for the front wall, and Fig. 1.8.17 for the back 

wall. 
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TABLE E.8.1 

Conçutation of Front Wall Reaction Fo 

Time, t 
(sec) 

Pressure, p (t) 
(p«i) r 

rPr(t) 
• 4.5 p (t) 
(rad/se5^) 

Displacement, cC 
(rad) 

n 2 «£ 
• 9801« 

(rad/sec2) 

A 

( 

0.008 

0.021 

0.024 

0.030 

2.46 

1.00 

0.93 

0.79 

11.1 

4.5 

4.2 

3.6 

3.4 X lO4* 

1.8 X 10“3 

1.9 X 10"3 

1.79X 10"3 

3.3 

17.9 

19.0 

17.6 

- 
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TABLE E.8,1 

i of Front Wall Reaction Forces for Building 

lacement, eC 
(rad) 

n 2 d 
- 9801« 

(rad/sec2) 

Accel, dp 
(rad/aec ) 

Inertia Force 
M/<¿ -U9 
O-b/ft) 

External 
Force 
(Ib/ft) 

Reaction 
Force, R 
(ib/ft) 

Total 
Reaction 
(103 lb) 

X lO4* 

X 10’3 

X 10"3 

►x 10"3 

3.3 

17.9 

19.0 

17.6 

7.8 

-13.It 

-11t.8 

-llr.O 

1163 

-1997 

-2206 

-2087 

3898 

1882 

17i7 

11x86 

2735 

3879 

3953 

3lr73 

97 

139 

11*0 

121* 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
SECURITY INFORMATION 

TABIE E.8.2 

Loading on front Vail of Building 3*3*1* 

Time» t 
(sec) 

Pressurât p 
(pel) 

Force, F 
(103 lb) 

0 

0.002 

0.008 

0.011i3 

0.057 

0.1 

0.2 

O.li 

0.6 

0.8 

1.0 

1.2 

1.1*1 

7.82 

6.75 

2.1*6 

1.13 

0.25 

0.22 

0.16 

0.08 

0.01* 

0.02 

0.01 

A. - 673 ft2 - 96,912- in? 

758 

655 

239 

110 

2lt«3 

21.1* 

15.5 

7.7 

3.9 

1*9 

1.0 
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TABU E.8.3 

Prasturt■ on Back Tall of Äiildinf 3»3»li 

(3.$$ pal Oraipraaaora) 
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TABLE E.8.7 

Pressures on Front end Bsck Wells of Building 3*3*3 

(3.U psi Overpressure) 
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HEU E.8.8 

Loadlngg on Building 3.3.3 (Hori»ontal Conpononts) 
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TABLE E.8.11 

Net Pressures on Veils of Building 3.3.8h 

TressõrelSr^rõrcê 
Beck fell, 59 ç(t) 
p(t) (psi) (KP lb) 

TCTT 
(sec) 

Pressure on 
Front fell, 

P^) (P8i) 

Tore«/ 
59,p(t) 
qo3 lb) 

ÏEeTT 
(sec) 

0 

0.001 

O.OOli 

0.007 

0.016 

0.1 

0.2 

O.U 

0.6 

0.8 

1.0 

1.2 

1.39 

8.13 

7.06 

2.76 

1.61i 

0.30 

0.25 

0.20 

0.15 

0.12 

0.10 

Ii80 

U17 

163 

97 

18 

15 

12 

9 

7 

6 

0.01*9 

0.053 

o.Qfib 

0.10 

0.20 

0.1*0 

0.60 

0.30 

1.0 

1.2 

1.U* 

8.13 

1.03 

0.32 

0.25 

0.20 

0.15 

0.12 

0.10 

t ” 0 when shock reeches front well 

2 

1*80 

61 

19 

15 

12 

9 

7 

6 

Af ■ ■ 59 X 10^ in.' 
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CHAPTER E.9 

BOIIDIHO 3*3»3 

E.9.1 DESCRIPTION CF STRUCTURE 

Building 3.3.3 U » nlngln-ntery, l<»g »pm. thr^*1*U* ,lx"b*7’ 

light it.nl trm, InduitriU tjp. itructw. vproxlMtely 120 ft by 21.0 

ft hy 51, ft. StMl roof truMM cowr th. thm tinlw. Onr w 

th. tro» tru.iiork 1. «pp^d it «d by .U.1 ..ta« «d .t th. 

« by .«tar »««•. 0«, th. ta. «ta. th.y « «PP-tad 

entirely b. .«l.r tm.«, «.b «nnlng tb«. Uy., Th. fr«t wll 

of th. etruetnr. ta «tamtad (In .fftat) by frw-Undlng wing «Un. 

th. p««. of th... wltaUt.ln-u-.tb.tth. ta.t b.h.Tior rf th. 

atraetore .ta..ly .iwtat.. w Intarwdtat. .«U« of . tang thlldln, 

under reel blast conditions. 

Th. roof ta CMpowd of 3-ply roofing oT«r tintar .h».thlng 

which 1. Bupp(Ut«d by .ttal purlin. W»»tat «“ rMt ‘U 

.01.« « tall^P H-otlon. and rwt up* Indtaldwl, r..Ungutar. 

reinforced-concrete footings. 

Fr« ®d rear «.U» « 16 1/2 U. thick « « .«truotad 

of atandard, citai«-, conecta block.. ll«g th. .dg. of .«h »^1. 

from th. c«n.r to th. flrat Wndc, .tand«rt 16-in. brick wacry U 

need. Th. .all. ar. aupported on a .ontinuou. conecte foondatiw, wd 

th. aid., of th. taildlng « op«,, »«tor .nda, « the. portion, 

of th. monitor .Id., .hoc tta Wndc, « occd with corcwtad .U.1 
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■Idlng. 01»m4 »tMl •«K “ for ^ ,lwi0" 10 

and ■onitor». Stete!»» of bolldin« 3.3.3 «ro ohorn in ÎU*. *.9.1. E-’-2' 

and E.9.3o 

E.9.2 ASSDHPTIONS OT STRUCTDRAL ACTION àX) METHOD ANALISIS 

The purpose of thia section is to explain briefly the simplifying 

assunptions that hate been eade in order to obtain an snalytica aolntion 

to the problen under consideration. 

A curoaory exaninaUon of the structural fra« will reteU that 

the heaty roof structure is tery stiff compared to the long and relatire- 

ly flexible coluna on which it is supported. Under these conditions* 

•a has been pointed out in Vol II, "lueping" of the tarions structura 

parameters is Justified. Therefore the subsequent aMlysie will sttsept 

to construct a reasonable eatheeatical model of building 3.3.3 fw 

purposes of dynamic response calculations. An approximation to such a 

model will be a single equiralent mass attached to the top of an equita- 

lent column. 

The nass, which will mote under the action of erternaiy applied 

forces, consists primarily of the roof and roof framing. Howeter, if it 

is assumed that the wais and columns rotate about their base as t*¡* 

building deflects, a portion of their mass must be added to the mass of 

the roof. To make allœances for this, one-third of the mass of the walls 

and columns will be considered concentrated at the roof lerei. 

It is further assumed that the roof structure will more as a 

rigid body, i.e., the tops of all columns will deflect the same distance 
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Fig* 1*9*2 front nrmtitm and R»*r ncration of 

Building 3*3.3 
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at any instant of tins. Also, a line through the upper and lover chord 

connection at each coluan will be assuned to renain vertical throughout 

the notion. 

In determining the resistance of the structure to side sway cer¬ 

tain assumptions were nade concerning the structural integrity of the 

coluna and their connections to the roof trusses and footings. Structural 

nenbers are oftentines analysed as either pin-connected or fully restrained 

against rotation, according to the judgment of the analyst. An examina¬ 

tion of the end conditions in this cue will reveal that the anchor bolts 

connecting the columns to the footings are inadequate to develop an appre¬ 

ciable noment at the bue of the coluans. Furthermore, the isolated foot¬ 

ings are likely to rotate under an applied couple. Consequently, the 

usuqption of pin ends at the bue rather than fixed ends seemed to be 

the most reasonable. The top and bottom chord connections of the trusses 

to the columns have also been considered u pin-connected since this type 

of connection is not designed to resist moment. 

On the basis of the above assunptions, a typical column in the 

deflected position Till appear u shewn in Fig. E.9.1). It is apparent 

that the máximum moment in the column will occur at point B, where the 

bottom chord connects to the column, and that this moment will*be a 

function of the horisontal displacement. In order to evaluate this 

displacement of the properties of the columns must be known and their 

resistance to flexure must be determined. 

During the initial part of the motion of the structural frame, 

the columns will act elastically and the moment in the colums will be 
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Pig* DcfUetion of Topical Colma of Building 3.3.3 
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directly proportional to the deflection until the extrene fiber« begin 

to yield. Thereafter, the deformation will be of an elaato-plaatic 

nature, i.e., the colum ende will deforn partly elastically and partly 

plastically until all fibers in the cross section hare yielded. At this 

point a plastic hinge will form at B (see Fig. E.9.1») *hlch will offer a 

constant resisting nonsnt to further defamation. The stress distribu¬ 

tion on the cross section at the end of a typical coin« is shown graphi¬ 

cally in Fig. 1.9.5b for each of the aforementioned stages of deformation. 

The elaato-plaatic behavior of a fiber is idealised and shown graphically 

in Fig. 1.9.5a. 

elastic and plastic resisting moments have been computed 

on the basis of a yield point stress of 1*0,000 psi. The selection of this 

value for structural steel was based on evidence that the yield point is 

increased for high rates of loading. The modulus of elasticity of steel 

was taken as 30 x 106 psi for deflections in the elastic range. In addi¬ 

tion, it was assumed that the deflection at the end of the elasto-plastic 

range is equal to twice the yield point deflection. This assumption 

represents merely an attempt to approximate the true shape of the resis¬ 

tance curve. 

Because all of the columns of the structure are not of equal 

sise nor of similar orientation with respect to their principal axes, it 

is obvious that for a given lateral deflection different moments will be 

developed by the various columns. Some will reach the yield point stress 

earlier than others so that in order to determine the total resistance 
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of tho stractor# to «idenray it is Mcassary to add tho Individual reals- 

tances throughout the entire range of deflections until all colons are 

plastic. 

E.9.3 LOADIMO 

It is not intended at this point to give a complete discussion 

of the loading phenmena on building 3.3.3» but rather only a brief 

qualitative description of blast action. For a complete analysis of 

blast loads on this building reference is nade to Chapter E.2 of this 

volme. 

A shock wave, traveling in the longitudinal direction of the 

building (i.e., perpendicular to the front and rear walls), will cause 

an initial peak load on the wall as the inpinging shock wave is reflected, 

thereby raising the local front wall pressure. The ianedlate effect of 

this initial front wall load is to cause an acceleration of the front 

fall nasonry since the nasonry is not a fixed, rigid body. Thus, with 

the wall -itself taking on an acceleration, it does not transnit to the 

building foundation and structural frans the entire load inposed by the 

shock wave. 

Since the glass windows in the front wall shatter soon after 

reflection of the shock wave, a weaker shock wave re-forms within the 

building and travels toward the rear wall. Simultaneously, with this 

actléu, the nain shock wave outside of the building is also moving 

toward the rear wall, but somewhat ahead of the interior wave and reflects 

on the sloped roof surface, resulting in an outer roof pressure that is 
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gnatar than th» »ld»-oo pr»»sor». A» f»r u n»t pr»snr» fore»» on th» 

roof ar» ooncanMd, th» dlfftrwc» of adranc«»nt b»t*^ th» tw> vgn 

front» 1» not of too gr»»t iaporUno». Th» dlff»r«nc» in pr»»»ur» b»hind 

aaoh MT» front adj»e»nt to th» roof 1»* howtror* th» r»»»on for » n»t 

fore» on th» roof. Thia n»t fore» can b» r»»olT»d into horizontal and 

▼•rtleal coronants and in auch a manner b» conaid»r»d aaparatoly u part 

of th» load* applied to th» a truc tur». Whan tha interior »hock war», 

reinforced by the »xtarior shock war» «nreloping th» bnilding interior 

through the op»n aid»», finally atrik»» th» rear wall, it ia reflected 

and a second peak load ia applied to the building. 

While the loads due to the »hock diffraction effect» are of ex¬ 

tremely short duration, there follows a high Telocity air flow which 

endure» for a considerable time after passage of the ahock front. Thi* 

air blast causea drag force» on the «tructure. Such drag load» are par¬ 

ticularly significant in the case of the interior structural ne»b»rs since 

all auch menbera are exposed to the interior air flow. 

Drag loads resulting from air blast are also characteristic, for 

the most part, of the loads on the monitors. This follows from the fact 

the shook ware, striking the monitors and haring an immediate reflection, 

shatters the monitor glass which makes up most of the monitor's area 

normal to the blast. The shock ware then enters inte a rather complex 

situation within the monitor itself. At thia point an occlusion derelops 

between the interier monitor shock ware and the re-fomed slock ware 

within the main part of the building. Hoverer, all monitor glass can 

be ejected to fail. Since the mass of the glasing is relatively small 
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oarpartd t* tte mm of tho ■trootaro^ tho fore# (and •norgj’ «çondituro) 

noodod to aoeolarato It la Mall and la Mflootod. 

It la to bo aotod boro that tho borlaoatal and rartical foreoa 

on tho roof anrfaoo varo nofloetod la tho roaponoa analjala of boUdlnf 

3.3.3. 

Figaro 1.9.6 ahova tho total appllad horlaontal load on tho build- 

lag aa a faaotlon of tlao« A tabulation of thooa aaao loada «111 bo found 

la Hablo 1.9.¼. 

1.9.¼ MPIFAIJBT MA86 

Tho dotaralnation of tho balldlag bom nagr ba diridad into tva 

parta i tho roof atruetura propor« and tho «alla and coluno. 

Iho roof atrueturo «night vaa obtained by taking the ana of tho 

voighto of tho ocapanoat parto. la tho eaaa of tha truaaaa« no conaidar- 

atlon vaa giran to tho «eight of guaeet platea« rirot hoada« or aballar 

•truetoral detalla. Tha «orklag point length of tmaa ■«■bare uaad la 

tha oaleulatlona ahould auf flea to ecaipanaat« for thla alapllfleatioa. 

Only one-third of the «all and eolun atruetura vaa conaldarad 

aa offaetira la contributing to tho aqulralant nasa. 

A antary of tha «eight calculatlona la ahovn la Tablea K.9.1 

and K.9.2. Since tho total naaa of tha bulldlag la to ba conaldarad aa 

«Invad*« tho follavlag figure for tha flaal aaee of tha bulldlag ineludoa 

tha roof —— plea one-third of the aaaa of the brick walla and eoloaaa. 

ThM we hare« 
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Might of roof« lb 

i/3 volght of valla» oolvana» otc* 

1/3(597,655) , » 

Total 

Final oquivalant aaaa 

512,900 

199,200 

712,000 

712.000 lb 

32.2 ft/aoo2 

• 22,100 alaga* 

1,9.5 MSISTMK» TO SIDBWn 

a . rrin. p«M«pb, «» r.»oo. for U» - 

,,„11« tho ^ o^ditto*. for tho ool-» *«• ««U-d- *“•«" 

rooiotonoo of 0 ool-n to *botb*r *1»«»» olt.teiao.tlo, or 

parti., a o fneta. of U» ool-n'o .tmotorrt uroporta.. tbort prof«- 

uoo vor. fond onl or* glm a Toba «.9.3. 

i tjpUoi coin, drtaota» com a .bon a n«. «.9.b »iti 

™,f tro»» nrt« » . rtUd onlt mb ttot poa» B nd C b.« n 

horisootol doflootio. of A to B' ood C rMpntlnlT. Boat d a « 

pin-connactad. 

Trica, coinn « » . Vpad coinn, tta find ond nnnt rt B 

ia fonal, again rafarring to Fig. B.9.U, 

4-0 

vhara 

1 " V.X " U81 ^ 

i - 29.8 ft 

g • 30 X 106 pai 
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■mm« tar A • 0.01 tt, (artltrarUF) 

¿ . o, «J.. Mx Ammsi. 3.175 idF-ft 
^ m (».8)* (12)* 

Um aoMat dlatribotlon factor tor oach opm iat 

^ “> fl ■ WXTCTT ’ °-w 

s»““* " y.T?4w ’ °-m 

Iba mommt distribution for ooImui I is as follows I 

ABC 

In a similar naanar, ths no—at at point B is found for all oola—s 

tor A • 0.01 ft and ths rosnlts of this ooajmtatloa aro shorn in Tabla 

B.9.3* 

Tho bsndlnf no—at iy. at ths instant of yielding at point B is 

found as follows* Assoslng a yield point stress of 1«0»000 psi, 

Hyp • irw J - M),ooo (s) 

where 8 ■ ^ is the seotlon mod nias* Table 1*9*3 gires ths yield no—nt 

for all oeloans of the building. Baring the yield point bending ac—at 

and unit elastie defleetlon of point B* tho yield point deflection at B 

is fotnd and shown In Table B*9o3* The aaziaaa plastie bending no—nt 

of wash ooloan is found by integrating ths wnifem yield stress of 
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Deflection 

Fig. E.9.5« Idealised Elasto-plaatic Fiber 
Beharior 

Fig. E.9.i>b Topical Colxsan End Stress Distribution of 
Building 3.3.3 
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TABLE E.9.1 

Samry of Roof Voigbt for Building 3*3*3 

I toa Quantity It of Each 
(lb) 

Total Vt 
(lb) 

Truaa T-l 

Trusa T-2 

Truss T-3 

Truss T«l( 

Purlins 

15 

h 

2 

6 

All 

7,m 
11,731* 

6,1*9U 

3,88h 

107,900 

li6,900 

13,000 

23,300 

67,700 

Planking All 11*5,600 

Roofing 

Bracing 

Nailers & 
Blocking 

Oirts 

Huilions 

Siding 

Sash 

All 

All 

All 

All 

All 

All 

All 

Total Roof Wt 

28,100 

20,500 

20,100 

9,1*00 

10,000 

li,100 

16,200 

512,800 
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TABLE E.9.2 

Sunmary of Building Weight Other Than Roof 

height of window does not include weight of glass. 
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1i0,000 p«i orar th* colam croM-«#otion«l arm ml ihm taklac tfca 

•wutlon of statical aments of tbs rsmltlnf forets oa elmsatal trtm 

about the axis of booling. The Tainos of tho plastie bonding aoaont for 

Tarions eolams is shoan ln Tablo K.9.3« 

Figaro 1.9.7 gi*** a graphie pic taro of tho rosis tonos of balldlag 

3.Í.3 to borla on tal sldosa?. In this graph tho shoar forces oorrospe^ 

Ing to tho horlsontal. applied load on the stricture aro shoan as a function 

of tho roof dollootlon. Tbs lower truss ohord-oolmn attachas»! aas taken 

as tho point of roforeaeo at tbs roof lorol. 

Slnoo tho contribution of each osltnaa Is accounted for» and slaoof 

thsroforsi tho Unsarltf of tbs foree-defloetlon cum ohangos oroiy tins 

a colam yields or develops a conploto plastic hinge* there aro » amber 

of characteristic points at ehieh tho force »deflection cum exhibits 

changes In slope until a constant resistance to dofoxnatlon Is attained. 

8.9.6 ACTIOM OF HASOMHI WALLS 

A coaplsts and doUllsd analysis of tho response of tho nasoniy 

walls of this structure to blast Is giron ln Section 8.8.6.3 of this report. 

It Is Intended to discuss hero only the physically inportant aspects of 

that analysis, and to exhibit the final force-tins curres arising frm tho 

action of the walls on the structure. 

As a shock ware lap Inges on the wall, the wall. In general, will 

undergo deflections of both elastic and non-elastie natures. At tho smo 

tine it will transnit tine-dependent forces to the structural fraae. 

Calculations hare shown that the nature of the transaitted forces is 

aimoui m i i a i c h foundation of iuinois institute of TICHNOIOOY 
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Fig. E.9.7 RMistanca of Building >.3.3 to HoriionUl 
Sidtswqr 
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diftownt from that of tha appliad loads and ths action of tho vail Is 

Mssntlally that of a cushion. Initially tha blast loads art high but 

ths transmitted forces are low. is the time progresses there will be a 

decrease in applied loads but an increase in transmitted lead. Finally 

ths vail vill fail completely and the transmitted loads will drop to 

sero. 

Ths loads transmitted by the brick vails vill be added to the drag 

forces acting on tha structural frame and roof for purposes of calculating 

the response of the entire structure. 

1.9.7 DIMAMIC RBSF0HS» OF STRUCTURE 

It is nov possible to apply the blast loadings to the entire 

structure and to study its time^ependent behavior. It must be pointed 

out that the relative phasing of the forces transmitted to the structure 

through its coaponenta must be considered, i.e., all applied forcing 

functions must be referred to a common time base. A graph shoving the 

composite forcing function thus obtained is shovn in Fig. E.9.6. It is 

obtained by the addition, ordinate for ordinate, of the forcing functions 

resulting from the front and rear vail reactions and the drag forces on 

the frame. 

The equation of motion of the structure may be vritten, 

Mic • H(t) - R [x(tj] (S.9.1) 

vhere 

M - mass of body 

t ■ time, sec 
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H(t) • fore in* fvnetion, a fonetioa of tiao t 

H [x(t)j « roaiatanco fonction, a function of dlaplaaa—nt 

X ■ x(t) • dlaplao—ant, a funetion of tina t 

? • x(t) • raetiliaaar aocolaratian In dlraotion of x* 

Baeauaa of tba nan-anaJ/tia chamo tar of tha funotiona H(t) and 

R [x(t)j it la naaaaaarj to aolra tha above aquation tgr a naaarioal pro¬ 

cedure* 

If R [x(t)j ia raplaaad by R(x) in Rq* 1*9*1, it ia undaratood 

that X ■ x(t). Ihan, 

Mx • H(t) - R(x). (1*9*2) 

Conaider nao, aay aquatian for aaoalaration uhara tha aocalor- 

ation X ia a funetion of a tino jnrmatar r* Than, x • x(r) ani after 

aoaa elapaed tina a, tha Taloeilr ia 

J x (r) dr ■ x(a) - x(0)* (1.9.3) 

But x(0) • 0* if tha initial Talaeitgr • 0* Than, 

ra 
x(a) • J it (r) dr (1.9.1i) 

If lq* 1*9*4 ia again integrated, another axpraaaion of tha dia- 

placanant x aa a function of tine will be obtained* Conaldariag x ■ f(t), 

than. 

1, x(e) da > x(t) - x(0) (1*9.5) 

Thaaa initial eondltiona are arbitrary but are ao ehoaan now to fit 
tha aonditiona of tha rial problan.of building 3*3*3* 
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BKt x(0) - 0# if th* initial dlaplacaMnt la aara. Than, 

*(t). (w*6) 

Sabatltatinc lat« **9.6 far x(a) aa axpraaaad by tha Intagral 

of Iq* 
.t ra (1.9.7) x(t) - J X (r) dr da 

Cbangiag tha liadta of tha daflnita intagral and tha ordar of inUgratian 

of tq, 1.9.7, 
>>t rt 

x(t) • J J X (r) da dr (1.9.8) 

Intagrating 1«. 1.9.8 with raapact to da, 

t 
x(t) - f (t - r) X (r) dr 

^a 

If into Sq. 1.9.9, x(t ♦ a) ia robatitutad for x(t), 

.(t ♦ a) 

(1.9.9) 

x(t *• a) j: (t ♦ a - r) it (r) dr (1.9.10) 

(1.9.11) 

Kqoation 1.9.9 can ba raarittan in tha following fora tgr intro¬ 

ducing tha tam 2h* Qiua, 
t ft 

x(t) • j (t ♦ 2h - r) it (r) dr - J a it (r) dr. 

Subtracting Sq. 1.9.11 fron Sq* 1.9.10, 

(t ♦ a) 
(t ♦ a - r) it (r) dr x(t ♦ a) - X (t) ■ 

J t 

r1 . ♦ a j it (r) dr (1.9.12) 
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lov Simpson'* rolo« which will bo spiled to Bq* 1*9.12 ibr 

tbo approxloAto OTalutlon of tho first integral tarn, is 

ft ♦ 2h . 
j f(x)dx • I [f(t) ♦ Jtf(t ♦ h) ♦ f(t ♦ 2h)J 

Thon fro* Sq. K*9*12f 

x(t ♦ 2h) - x(t) - I [2h x(t) ♦ Uh x(t ♦ h)] ♦ 2h x(t) (1.9.13) 

Iqaation 1*9.13 is in a font that can ba maarleaUj in ta gratad* 

Appling |q. 1*9.13 to tho raal casa of building 3*3*3» it is 

soon that x and x can ba avalúa tad and th* nnaarieal intagration of tha 

aquation can procoad. 

Knowing tha forcing function H(t) of tha blast« and th* rssistane* 

function R(x) and nass M of ths building« Bq* 1*9.2 gitast 

i. 

Fron tbo standard ojqjrasslon for nunarlcal dlffarsntiation shown 

baloVf x is obtainsdi 

x(t ♦ h) ■ x(tj ♦ I [x(t) ♦ x(t ♦ h)] . 

Rafaronaa is nada to Tabla 1*9*5 whara tha nuaerieal intagration 

of tha rasponaa aquation 1*9*13 is porfomad* This tabla giras th* 

daflaction and acealaration of tha aquiralant building nass corratponding 

to tha alapsad tina* Tha daflaction and acealaration ara giran in Figures 

1*9*8 and 1*9*9« raspoctiralj, both plotted as functions of tins* 

1*9.8 DISCPSS1DM OF 8BSÜLIS 

This investigation was practica tad on tha assumption that th* 
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{pudo nipón*« of tb* building und«r itudy wmld b« *ufficl«nUy (to- 

fin«d by eonsidiring «nljr th« horinontnl f ore«« on th« »truc tor* nivlX* 

Ing fron « «hock v«r«. If th« «p^licntion of rich horinont«! fore«» al«» 

e«n r«mlt ln d«fl«cting th« »tructur« r»ffici«ntly »0 that it i» carried 

into a »tat« of «tatic instability, than • troc toral eollapa« oill b« 

pending. Th« eon«id«ration of anr oth«r f«re«a that would act t« inewaH 

tha d«gr«« of iaatability would rmal nothing oone«rning th« dyn«i« 

nipona« of tha structun. 

In th« ea*« of building 3.3.3, th« r«»p«w« calculationa of ÄU» 

Ï.9.5, which ara baa«l on th« horiaontal fore«« «Ion«, ahow that aftrr 

1.610 —e tha «quiTulnnt building naaa waa d«fl«ct«d 8.3¾ ft and «till 

had a nlocity of 1.772 ft/«M. (After alap^ tine of I.618 mo, the 

applied fore« go«« to »«re). At a d«fl«etion of 8.3¾ ft, a ocuparle«« 

botv««n th« milting nouent (tha product of the ah«ar miatano* and 

oolrui .langth) and tha onrturning nonrat ahow* an uubalane«d nouaut 

equal to approxiaatoly l,hU2 ft-kipa acting in th« direction of incma- 

ing dofloetien. It ahould b« noted that after a certain deflection 

(1.912 ft in th« cao« of building 3.3.3), th« misting nouant to de¬ 

flection mains constant as explained in Section 1.9.6. Sine« the «wer- 

turning nou«nt acta against th« misting nouant and iner««a«a with 

deflection, the n«t nouent Unding to eollapa« th« building also ineroa*«« 

with th« deflection afUr th« resisting nouent b«eoa«a oonetant. This 

instability will cany th« building U «ouploU a true Ural eollapa». 

Furthenaor«, th« equivalent building nass has a rolocity in tho direction 
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of InorMfing d*fl*ction, w« tfUr tho applied load go** to »*ro. THia 

▼alocity will aerra eoly to add to tha alraadjr «atablo oondition. 

1h* foregoing marka are Juatifioation for th* original aeeonption 

Mdo that tha building would be unable to auataln the entiro blaet load 

and would fail enr*n whan aub>etad to th* horizontal forc*a alone du* t* 

blaat. It ehould ba notad that if th* analyeia indicated that th* build¬ 

ing would not eollapa* und*r th* aforaaentionod loading condition* it 

uould than b* nacaaaaiy to inclui* th* *ff*ct* of th* rartioal fcro*a 

r**ultlng fren th* bloat in order to gat a couplet* analyaia of th* djmnüo 

r*apona*« 

AIMOUI RttlAICH FOUNDATION 
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TABU R.9.1i 

Bcrlsontal Loada oa Building 3«3«3 

f 

Til» 4 
(~) 

• 

Foro* on 
TruMTiork 

(103 lb) 

furot «b 
tram trm 
rtmtmi 

(105 lb) 

Foro* on - 
fra» fît» 
Back Vail 
(103 lb) 

*4) 
(103 lb) 

0.000 
(U006 
0.012 
0.011 
0.021t 

0.0)0 
0.036 
0.01(2 
0.01(8 

0.0Ä 
0.060 
0.066 

0.072 
0.076 
0.081( 
0.090 
0.096 
0.102 
0.108 
0.111( 
0.120 
0.126 

0JL32 

0 

6.819 
13.636 
20.1(57 
27.276 

31(.095 
1(0.911( 
1(7.733 
51(.552 

61.371 
68.19 
75.009 
61.828 

81.61(7 
95.1(66 

102.365 
109.201( 

11^023 
122.81(2 
129,661 

136J(8 

11(3.299 
150 

0 
21 

62 
HiO 

21(3 
1(30 
516 
586 
61(6 

690 

731 
760 
760 
730 
700 
650 
600 

51(5 
1(1(0 
31(0 
21(0 
1U) 

70 

0 
0 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
28 

75 
160 

270 

1(65 
557 
632 

695 
750 
800 

835 
SU) 
820 
795 
750 
710 
660 
565 
1(70 

375 
280 
220 
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TABU 1.9.14 (CGNTD) 

Horisontal Loads on Building 3.3*3 
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TABU K.9.1» (CCNTD) 

Horizontal Loads on Building 3.3.3 

Tias t 
(aoe) 

Foros on 
Trussvork 
(103 lb) 

i Foros on 
Tnm Fran 
Front Van 
(103 lb) 

Foros on 
Frans Fron 
Back Vail 
(103 lb) 

H(t) 
(103 lb) 

0,29)4 
0,300 
0,306 

0,312 
0,318 

0,32)4 
0030 

0,316 
0,3)42 
0,3)48 

0,35)4 
0*360 
0072 

008)4 
0096 
oM 
OJ42O 
OÀ32 

0J456 
0J468 
0J480 

0,)492 
0,50)4 
0,516 

172.29)4 
169 
166,1«3 
I6tul6 

161.79 
159.)42 
157.05 
15)4.78 

152.1a 
150,0)4 
147,67 

145.3 
140.6 

135.8 
131.1 
126.3 
121.6 

116.9 
212.1 

1074 
102,6 

97.9 
93.2 
89 
86 

60 

45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
39 
37 
36 

35 
34 
33 
32 
30 

29 
28 

27 

412 

355 
287 
as 
148 

97 
86 

85 
83 
82 
81 
80 

77 
75 
72 
70 
68 
66 

64 
62 
6c 
58 

56 

54 
52 

644 
569 
498 
427 
355 
301 
288 

285 
280 

277 
274 
270 
263 
256 
242 

233 
226 
ne 
210 
202 

195 
186 
178 

171 
165 
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TABLE S*9«ll (CONTD) 

Rorlsootal Loada on Building 3«3*3 
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TABLE E.9.U (CONTD) 

Horizontal Loads on Building 3*3*3 

Tlaa t 
(sac) 

Fores on 
Trussvork 

(1Û3 lb) 

Fores on 
Fra« Fr« 
Front Vail. 

(103 lb) 

Fores « 
FTa« Fr« 
Back Vail 

(XO3 lb) 

H(t) 

(XO3 lb) 

1.272 

1.320 

1.368 

i.ia6 

1.1(64 

1.512 

1.560 

1.60Ô 

8 

7 
6 

4 

3 
2 

1 

0.3 

2 

1 

1 

4.045 
0 

0 

0 

0 

4 

3 

3 
2 

2 

1 

1 

0.1 

14 

11 

10 

6 

5 

3 
2 

0.4 
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TABLE K.9.5 

Ninarical Integration of Raoponae Equation 

t 
(aac) 

H(t) 

(103 lb) 

Rtx(t)ï 

(103 lb) 

r 
(ft/sec2) 

k 
(ft/sec) 

# 

(1Õ3 ft) 

X 

0Ô3 ft) 

0.000 

0.003 

0.006 

0.012 

0.018 

0.02li 

0.030 

0.036 

0.01)2 

0.01)8 

0.051) 

0.060 

0.066 

0.072 

0.078 

0.081) 

0.090 

0.096 

0.102 

0.108 

o.nl) 

0 

13 

28 

75 

l60 

270 

1)65 

557 

632 

695 

750 

800 

835 

81)0 

820 

795 

750 

710 

660 

565 

1)70 

0 

0 

0.001 

0.008 

0.028 

0.088 

0.201 

0.1)21) 

0.71)7 

1.222 

1.827 

2.608 

3.51)2 

1).670 

5.957 

7.1)35 

9.063 

10.866 

12.801 

11).890 

17.078 

0 

0.588 

1.267 

3.393 

7.239 

12.213 

2I.O32 

25.181) 

28.563 

31.393 

33#851) 

36.081 

37.623 

37.798 

36.835 

35.636 

33.527 

31.635 

29.285 

21).892 

20.1)91) 

0 

O.OOO88 

O.OOII6 

0.01511) 

0.01)671) 

0.10510 

0.201)81) 

0.31)31)9 

0.501)73 

0.681)60 

O.8803I) 

1.0901 

1.3112 

1.5375 

I.76H) 

1.9788 

2.1863 

2.3818 

2.561)6 

2.7271 

2.8633 

0 

0 

0.007 

O.O6I 

0.193 

0.1)29 

0.760 

1.303 

I.71I) 

1.975 

2.192 

2.378 

2.5U) 

2.672 

2.717 

2.675 

2.595 

2.1)65 

2.323 

2.165 

1.898 

0 

0 

0.007 

0.061 

0.211) 

0.672 

1.535 

3.236 

5.707 

9.333 

13.956 

19.926 

27.061) 

35.679 

1)5.515 

56.801) 

69.21)7 

83.015 

97.806 

113.762 

130.1)79 

representa the nunerical evaluation of the tern 

^ [¿h X (t) ♦ hh ï (t + h)| 

in the response equation. 
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TABLE E.9.5 (CCNTD) 

Hunsrical integration of Response Equation 

t 
(see) 

H(t) 

(10?Clb) 

R x(t) 

(103 lb) 

X 

(ft/sec2) 

X 

(ft/sec) 

9 
(1Õ3 ft) 

X 

(1Ó3 ft) 

0.120 

0.126 

0.132 

0.138 

O.Uib 

0.150 

0.156 

0.162 

0.168 

0.17li 

0.180 

0.186 

0.192 

0.198 

0.20k 

0.210 

0.216 

0.222 

0.228 

0.23k 

0.2k0 

0.2k6 

O.252 

0.258 

0.26k 

0.270 

375 

280 

220 

227 

23k 

2k0 

2k7 

25k 

261 

268 

275 

282 

288 

285 

301 

36k 

k?6 

5kk 

606 

662 

709 

7k7 

773 

788 

79k 

789 

19.380 

21.7kl 

2k.l7k 

26.63k 

29.156 

31.702 

3k.312 

36.9k8 

39.650 

k2.380 

k5.177 

k8.003 

50.899 

53,826 

56.821 

59.851 

62.967 

66.153 

6?.k55 

72.857 

76.399 

80.060 

83,879 

87.829 

91.9k2 

96.191 

2.9731 

3.056k 

3.1180 

3.1718 

3.2268 

3.2829 

3.3kOO 

3.3983 

3.4578 

3.5185 

3.5803 

3.6k33 

3.7073 

3.7709 

3.835k 

3.9098 

k.0072 

k.1281 

k.2658 

k.kl86 

k.58kk 

k.7608 

k.9kk9 

5.1335 

5.3238 

5.5131 

1.581 

l.26k 

0.9k7 

0.706 

0.6k8 

0.662 

0.675 

0.688 

0.702 

0.716 

0.730 

0.7kk 

0.758 

0.769 

0.760 

0,781 

0.926 

1.227 

l.k86 

1.68k 

1.862 

2.015 

2.136 

2.221 

2.269 

2.285 

lk8.068 

166,103 

I8k.692 

203.k86 

222.756 

2k2.210 

262.153 

282.293 

302.935 

323.789 

3k5.l59 

366,755 

388,881 

kll*2kk 

k3k.l29 

k57.276 

k8l,080 

5o5.k21 

530.652 

556,6k2 

583.70k 

611.680 

6kO,853 

671.031 

702,k6l 

73k.9l8 
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TABUS Ï.9.5 (CCNTD) 

Numrical Intégration of Raaponaa Equation 

t 
(sac) 

H(t) 

(103 lb) 

R x(t) 

(103 lb) 

M 

X 

(ffc/a*o2) 

X 

(ft/aac) 

9 

(1Ó3 ft] 

X 

(1Ó3 ft) 

0.276 

0.282 

0.288 

0.291* 

0.300 

0.306 

0.312 

0.318 

0.321* 

0.330 

0.336 

0.31*8 

0.360 

0.372 

0.381* 

0.396 

0.1*08 

0.1*20 

0.1*32 

O.ltltl* 

0.1*56 

0.1*68 

0.1*80 

0.1*92 

0.501* 

0.516 

773 

71*1 

695 

61*1* 

569 

1*98 

1*27 

355 

3Q1 

288 

285 

277 

270 

263 

256 

21*2 

233 

226 

218 

210 

202 

195 

186 

178 

171 

165 

100.601 

105.139 

109.827 

1U.625 

119.551 

120.960 

122.338 

123.729 

125.139 

126.551* 

127.983 

130.861* 

133.779 

136,725 

139.700 

11*2,701 

11*5.725 

11*8.766 

150.293 

150.31* 

150.31* 

150.31* 

150.3I* 

150.31* 

150.31* 

150.31* 

30.1*25 

28.772 

26.1*78 

23.951* 

20.337 

17.061 

13.786 

10.1*65 

7.958 

7.305 

7.105 

6.612 

6.161* 

5.711* 

5.262 

1*.1*93 

3.91*9 

3.1*95 

3.061* 

2.700 

2.338 

2.021 

1.6U* 

1.252 

0.935 

0.663 

5.6981* 

5.8760 

6.01*18 

6.1931 

6.3260 

6.1*382 

6.5307 

6.6035 

6.6588 

6.701*6 

6.71*78 

6.8299 

6.9066 

6.9779 

7.01*38 

7.IO23 

7.1530 

7.198 

7.237 

7.273 

7.303 

7.329 

7.351 

7.368 

7.381 

7.391 

2.267 

2.213 

2.111 

1.961 

1.785 

1.551 

1.307 

1.071 

0.833 

0.633 

0.51*2 

0.1*98 

1.952 

1.818 

1.689 

1.559 

1.368 

1.19 

1.05 

0.932 

0.817 

0.708 

0.612 

0.501* 

0.395 

0.3 

768.611* 

803.288 

839.106 

875.761 

913.393 

951.629 

990.612 

1,029.958 

1,069.813 

1,109.833 

1,150.261 

1,231.733 

1,311*. 16 

1,397.1*7 

l,l*8l.6l 

1,566.5 

1,652 

1,738 

1,825 

1,912 

2,000 

2,087 

2,176 

2,263 

2,353 

2,1*1*0 
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TABLE E*9.S (CCMTD) 

NuMilcal Int^gx’ation of Roapons« Equation 

- 365 - 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
SECURITY INFORMATION 

TABU 1.9*5 (CCHTD) 

Nuatrlotl Ibtagratloc of RtaponM Equation 

t 
(mo) 

H(t) 
(103 lb) 

R x(t) 

(103 lb) 
X 

(it/»«2) 

• 
X 

(ft/MC) 
9 

(1Õ3 ft 
X 

(1Õ3 ft) 

1.320 
1.366 
i.ia6 
1.1*61* 

1.512 
1.560 
1.606 
1.618 

11 
10 
6 

5 
3 
2 

0.04 
0 

150.31* 
150.31* 
150.31* 
150.31* 
150.31* 
150.31* 
150.31* 
150.31* 

-6.305 
-6.350 

-6.531 
-6.576 
-6.667 
-6.712 

-6.785 
-6.803 

3.978 
3.678 
3.368 

3.058 
2.738 
2.1*18 
2.098 
1.772 

-28.358 

•28.81*5 
-29.192 

-29.817 
-30.233 
-30.582 
-30.860 
-31.208 

7,355 
7,537 
7,708 
7,860 
8,001 

8,123 

8,233 
8,321* 
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Chapter E. 10 

BUILDING 3.3.6k 

This structure represents a one-quarter scale model of building 

3.3.3 discussed and analysed in Chapter E.9« The scaling was accom¬ 

plished, however, along geometrical lines only, and it should be noted 

here that this method will not scale the dynamic response of the 

structure, which requires dimensional scaling of all parameters. De¬ 

tailed information may be obtained from the Air Force construction 

drawings.1 

Since this model structure is geometrically similar in every 

respect to the prototype, building 3.3.3, the predicted evaluation of 

its behavior proceeds along lines which are identical to those des- | 

cribed in detail in Chapter E.9.. Since this chapter represents essen¬ 

tially a repetition of previous work, only the final numerical results 

of the computations and their physical significance will be discussed 

below. 

Using the same idealized mathematical model as before, the 

analysis leads to the following equation of motion in the horizontal 

direction: 

míe - [mg + V(t)] 0 = H(t) - Q(0) (E.10.1) 

1 See Drawing No. 100-252-1, Dept, of Air Force, Hq. AMC, Office of Air 
Installation, Wright-Patterson Air Force Base, Dayton, Ohio 
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TABU 1.9.5 (CCNTD) 

NuMrloal Integration of RoaponM Equation 

t 
(MC) 

H(t) 

(103 lb) 

R x(t) 

(103 lb) 

X 

(it/»«2) 

a 
X 

(ftA«e) 
9 

(lá3 n 

X 

(1Ó3 ft) 

1.320 

1.366 

l.ld6 
U61i 

1.512 

1.56o 

I.608 

1.616 

11 

10 

6 

5 

3 

2 

0.04 

0 

150.31» 

150.31» 

150.31» 

150.31» 

150.31» 

150.31» 

150.31» 

150.31» 

-6.305 

-6.350 

-6.531 

-6.576 

-6.667 

-6.712 

-6.785 

•6.603 

3.978 

3.678 

3.368 

3.058 

2.738 

2.1(18 

2.098 

1.772 

-28.358 

.28.81(5 

-29.192 

-29.817 

-30.233 

-30.582 

-30.860 

-31.208 

7,355 

7,537 

7,708 

7,860 

8,001 

8,123 

8,233 

8,321» 
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Chapter E. 10 

BUILDING 3.3*8h 

This structure represents a one-quarter scale node! of building 

3.3.3 discussed and analysed in Chapter B.9. The scaling was accon- 

plished, however, along geometrical lines only, and it should be noted 

here that this method will not scale the dynamic response of the 

structure, which requires dimensional scaling of all parameters. De¬ 

tailed information may be obtained from the Air Force construction 

drawings.^ 

Since this model structure is geometrically similar in every 

respect to the prototype, building 3.3.3, the predicted evaluation of 

its behavior proceeds along lines which are identical to those des¬ 

cribed in detail in Chapter B.9. Since this chapter represents essen¬ 

tially a repetition of previous work, only the final numerical results 

of the computations and their physical significance will be discussed 

below. 

Using the same idealized mathematical model as before, the 

analysis leads to the following equation of motion in the horizontal 

direction: 

(E.10.1) 

1 See Drawing No. 100-252-1, Dept, of Air Force, Hq. AMC, Office of Air 
Installation, Wright-Patterson Air Force Base, Dayton, Ohio 
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«here 

■ s equiralent moring mss 

H » effective length of the building coluane 

Í0 = horisontal displacement at the roof level 

H(t) = time-dependent horisontal force 

V(t) = time-dependent vertical force 

q(0) s shear resistance of structure to deformation 

This equation is identical in structure to Bq. E.8*30 derived 

in Vol II of this appendix for the purpose of predicUng the response 

of the model structures. 

Detailed calculations recorded in Project Logbook No. Cl61*6 

show that the numerical parameters are as follow 1 

m — TO? lb-sec /ft 

J = 89 in. 

g = 32.2 ft/sec2 

and the functions V(t), H(t), and Q<0) are show in graphical form in 

Figs. B.10.1 - E.10.3. 

Substituting the above values into the differential equation, 

B.10.1, one obtains 

The integration of this equation proceeds along numerical lines 

shown in detail in Vol II, Table E.9.3. The results of the numerical 

integration of the above equation are shown as accelerations in Fig. 

E.10.U and as displacements in Fig. E.10.5« 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS 
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The above reenlte indicate that building 3.3.8h will suffer 

severe structural danage, if not total collapse, along with its 

prototype, building 3*3*3* 
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CHAPTER E.ll 

BUILDING 3.3.1» 

E.ll.l DESCRIPTION ÇF STRUCTURE 

Building 3.3.1» it a single-atory, industrial type, reinforced 

concrete structure three bays wide and four bays long. The general 

dimensions of the building and the details of construction are as shewn 

in Figs. E.ll.l and E.ll.2. 

The basic structural frame of the building consists of eight 

2-column bents and four T-shaped beam and column sections. These are 

arranged in four rows consisting of two bents flanking a T-shaped member. 

The connecting beams of the two column bents extend from the outside 

wall, and cantilever over the inside column to the edge of the monitor. 

The beam portion of the T-shaped member supports the inner edges of the 

monitors. 

The bents in the outside rows are connected by precast concrete 

struts along lines a-a and b-b in Fig. E.ll.lb. These struts are 

essentially pin—connected to the beams at points a and b. All of the 

beams and columns are monolithically precast. The lower ends of the 

columns fit into sockets provided in the individual footings. The con¬ 

nection is completed by filling the annular space between the column and 

footing with a sand-cement grout. 

The front and rear walls are made of four-course standard brick 

masonry with a number of doors and windows. Three courses of brick are 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 
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pucd b.W«n th. cotam. The fourth oooroo «Und. outoid. the f.c. 

of the cotan. to prooent th. ippoirinc. of • onlfom M.onrjr wùl. Th» 

other two sides of the building are open. 

Th. roof is . taln»t#d dock mtto of 2^7-6-in. boml. Uid on 

odg. ml nolled to .«h otar md to . n.lllng .trip bolted to th. top 

of th. oonCMt. beta. Th. .pm betmen bmt. 1. 18 ft 8 in. md ...rr 

Otar tain.te U «.Hood .t th. motor lino of th. boot, to prortd. onl- 

fon .tlffn.ee .t the .opport. md at th. ceoter of the .pm. Thl. con- 

tlnuous dock U broken by Wo line, of «nitor, eltending the width of 

the building* «nitor 1. located in each of the two center bay. of 

ta four bay. tondng the Imgth of ta building. The «nitor, haw. 

.loping glass .Id., and a woodm roof. Th. .truetural frmlng of ta 

«nitor, con.!.t. of .Ight .t..l trume. which me .pacd .t on^thlrd of 

the column spacing. 

E.11.2 ASSOMPTIONS OF STRUCTURAL ACTION AND METHOD OF ANALYSES 

In order to simplify the dynamic analysis of the building, 

several assumptions have been made regarding the mass and stiffness of 

the various components of the structure. The assumptions concerning the 

amount of the structure displaced and the rigidity of the displaced 

portions will be discuased in this section. In addition, the methods of 

analysis will be briefly outlined. 

The mass which will be moved under the action of the forces 

consists primarily of the roof and monitors. However, if it is assumed 

that the walls and columns are, in effect, rotated about their bases, a 

RESEARCH FOUNDATION OF 1UINO.S INSTITUTE OF TECHNOLOGY 
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portion of their mase may be considered to move with the roof. In order 

to take this into account, one-third of the mass of the walls and columns 

is taken as concentrated at the level of the roof mass. Thus the structure 

as a whole has been considered as a single mass on a set of elastic-plastic 

columns subjected to a lateral time-dependent force. 

It is further assumedthat the mass is rigid in the plane of the 

roof. That is, the horizontal displacement of all points in the mass 

are equal. In particular, the deflectionsof the upper ends of all the 

columns, in the direction of the forces, are assumed equal at any given 

time. 

It should be emphasised that the roof is considered rigid only 

in its o*n plane and not in directions normal to this plane. On this 

supposition a number of assumptions regarding the action of the structure 

under the applied lateral loads have been made to substantiate this 

viewpoint. 

From a study of Figs. E.U.lb and E.11.2b it should be apparent 

that the bents along column lines 1 and U have greater stiffness than 

the interior bents, due to the fact that they are connected by struts, 

whereas the interior bents are not. Therefore, for equal spplied loads 

the deflection of the interior columns would be greater. For the 

assumption of equal column deflections to be valid there must be some 

transfer of loads through the deck to the exterior bents. To visualize 

this, imagine that the light construction of the trusses in the monitors 

make tham unsuitable for the transfer of substantial loads across the 

openings; then the roof deck from the forward edge of the building to 

armour Research foundation of Illinois institute of technology 
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tt* tdgt of tha flrafc «ooitor mat act as a horiaontal baas aparming 

batman colum llnaa 1 and U. For tha deck to act In thia nanner, it 

mat ham banding atiffnaaa and adequate shear connactiona to tha con¬ 

crete beam* 

Since the 2-by^6-ln. boards foraing the laminated deck are nailed 

to each other at reasonably close intervale, and the splices of individual 

pieces are etaggered, the roof nost certainly has a great deal of rigidity 

in the horisontal plane. The Z-bj-é boards are toe-nailed to nailing 

strips which are bolted to the top of the beans. The transfer of loads 

between the concrete bents and the roof deck will in all probabilty be 

limited by these connections. Their adequacy has not been investigated, 

but it seens reasonable to assume that as long as the roof remains in 

place, failure of this connection is remote. 

To determine the resistance of the structure to sidesway, certain 

assumptions have been made concerning the structural integrity of the 

columns and their interaction with the connecting beams and footings. 

The ratio of the stiffness of the beans to the stiffness of the columns 

is relatively high, which was taken as justification for the simplifying 

assumption that the columns are fixed against rotation at the top. A 

more refined analysis may be used if it seems justified by future results 

It should be noted that while the upper ends of the columns in 

Ross A, B, D, and E may be considered as fixed, this is not true for the 

columns in Ros C. The upper ends of these columns are free to rotate 

since the monitors are, in effect, pin-connected along the lines a-b 
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(Fig. E.ll.lb). A »tudy of the cross section in Fig. E.11.2b will «ske 

this evident. 

The lower ends of *11 the coluans are assumed to be fixed. 

Whether or not this view is justified depends on the mass of the footings 

and the soil conditions at the building site. It is believed that the 

connections of the columns to the footings are adequate to develop the 

full resistance of the columns in bending and shear. Also, realising 

that a completely fixed end condition is impossible, and that some 

rotation of the footings would occur, it seemed reasonable that a fixed 

end would more nearly approximate the true condition than any other 

rational assumption. 

Figure E.ll.U shows both types of columns in the deflected 

poeition based on the above assumptions. It is apparent that for the 

columns fixed at both ends the maximum moment will occur at both ends 

simultaneously, if the cross section ia symmetrical. For the column that 

is free at the top the maximum monent occurs at the base. In either 

case the moment is a function of the horizonte1 displacement. In order 

to evaluate this displacement the properties of the colums must be 

known and the bending resistance must be determined. 

In addition to the bending moments and shears resulting from 

lateral loads, the columns are subjected to direct stresses due to the 

dead load of the roof and external forces applied to the roof. These 

axial stresses have been neglected in determining the resistance of the 

columns in the belief that their effect would be negligible. This 

allows considerable simplification in computing the section properties 
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of the coluana, since for reinforced-concrete sections the position of 

the neutral axis of the cross section depends on the magnitude of the 

axial loads and the bending moment. If the axial stresses had not been 

neglected, the calculations would have been considerably complicated, 

with very little justification for the refinement. 

The section properties of the reinforced concrete columns have 

been confuted by the transformed area method, i. e., by replacing the steel 

by an "equivalent" concrete. The specifications require a concrete 

having an ultimate strength of 3000 psi at 28 days. For this strength 

concrete the modulus of elasticity has been taken as 3 x 10 psi. Inter¬ 

mediate grade, new-billet steel reinforcing bars are used; these have a 

minimum yield point of 1*0,000 psi and an ultimate strength of 70,000- 

90,000 psi. A modulus of elasticity equal to 30 x 10 psi has been used 

for the steel. 

Consistent with standard reinforced-concrete design practice, 

the tensile strength of the concrete has been assumed as sero, i. e., 

the tensile stresses in the columns are resisted only by the steel. In 

order to simplify the confutations, an idealized stress-strain curve has 

been assumed for the reinforcing steel. This consists of a straight line 

relationship up to the yield point stress and then a constant stress for 

all strains greater than the strain at the yield point. Since it is 

assumed that the concrete stresses will not be excessive and that the 

resisting moment of the section will depend entirely upon the stresses 

in the steel, the resistance of the columns follow the same stress-strain 

relationship. 
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Daring the initial part of the motitti of the structure, the 

colsons will act elastically and the moment in the columns will be direct¬ 

ly proportional to the deflection until the stress in the steel reaches 

the yield point. At this stage plastic hinges will occur et the points 

of maTiimim moment and the columns will offer a constant resistance to 

further deformation. This relationship is shown graphically in Fig. E.11.5. 

Because all of the colums in the structure are not of the same 

sise and stiffness, it is obvious that for a given deflection, different 

moments will occur in the various columns. Some of the columns will 

reach the yield point stress earlier than others and in order to deter¬ 

mine the total resistance of the structure to sidesway it is necessary to 

add the individual resistances through the whole range of deflections 

until all columns are plastic. This has been done and the results are 

plotted in Fig. E.11.3 as a shear-deflection curve for the entire 

structure. The shear was obtained by dividing the sum of the end moments 

by the length of the column. 

The adequacy of the columns to resist shearing stresses was not 

investigated. 

The structural parameters having been evaluated and the time- 

dependent forcing function being known, it is possible to write the 

differential equation of motion of the equivalent structure. This equa¬ 

tion is of the form 

Hx - H(t) - R(x) (E.ll.l) 

where 
2 

U » mass of the structure, lb-sec /ft 
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Fig. E.ll.b Column Deflection Curves of Building 3.3.1* 

Fig. E.11.5 Column Resistance Curve of Building 3»3*i* 
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TABUS E.ll.l 

Sumary of Building Weight for Building 3.3.1* 

Weight of Roof Weight Other Than Roof 

it« " #t(ïbT Item WtUbT 

2x6 timber deck 1*9200 

Timber on top of »all» 27ÓO 

Timber around monitore 8950 

Nailing atrip» 2620 

Monitor frame» 51*20 

Wood corering on 2760 
monitor» 

Window frame supports 1*510 

Monitor windows l*3l*0 

Roofing (felt, tar, 281*50 
etc.) 

Corrugated metal siding 850 

Concrete beams and strut» 71760 

Coping 9600 

Coluans 56880 

Wall», etc. 221*61*0 

Total 191,220 Total 281,520 
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X ■ acceleration of the aoring mass, ft/sec 

F(t) ■ tias-dependent force on the itructure, lb 

R(x) • shearing resistance as a function of deflection, lb 

An equation of this type may be readily solved by one of the 

numerical methods of sucessiva approximations. The calculations are 

carried forward until the maxioun deflection is deterained, or until a 

deflection is reached where it beccaes obvious that structural collapse 

is inevitable. 

E.11.3 equivalent mass 

In the determination of the equivalent mass of the building the 

weight calculations are in two parts» the roof structure including the 

cross-beams, and the vertical structure consisting of the walls and 

columns. Only one-third of the weight of the walla and columns was 

considered in the equivalent mass of the structure. 

A summary of the building weights is shown in Table E.ll.l. 

Since the total mass of the building is to be considered as a 

single equivalent mass, the following figure for the final mass includes 

the roof mass plus one-third of the mass of the walls and colons. Hence 

we have» 

Height of roof, lb ■ 191,220 

1/3 weight of walls and columns 

[1/3(281,520)] - 93.8110 

Total 285»060 
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Final equivalent nass ■ 285.060 
32.2x12 

« 738 lb aec2 
in. 

E.ll.li BIASTO-PIASTIC RESISTANCE 

For the purpoee of calculating the resistance of the structure 

to sidesvay, the necessary assumptions concerning the end condition of 

the columns and the method of analysis of reinforced-concrete sections 

vesm given in a previous paragraph. 

The computations for the plastic hinge moment and corresponding 

deflection for the column in Roes B and D folios. The results for all 

columns are recorded in Table E.11.3. 

Figure E.11.6a shoes the cross section of the colusn and Fig. 

E.ll.ób is the transformed section, assuming that the concrete has no 

tensile strength. The position of the neutral axis was determined by 

the static moments of the areas. Thus 

12.0(Kd)2 ♦ 7.95(Kd-2.00) ■ 8.8U(10.00-Kd) 
“T’ 

Kd - 3.00 in. 

The moment of inertia of the transformed area is 

I - 1/3(12.0)(27.0) - (7.95)(1.00)2 ♦ (8.810(7.00)2 

I - 5U9 in.*1 

The plastic moment is based on the tension steel being at the yield point 

stress 
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Mp - - (UOOOO)($Ug) 
00 To 7.00 

(E.11.2) 

Up • 3IÍ1OOO in-lb. 

To check the stress in the concrete 

fe • (311.000)(3.001 

t ■ 1718 p.i. 
0 

To determine the yield deflection of e colusn fixed at both ende 

subjected to e lateral force at the top consider Fig. E.ll.lt. The 

deflection for this condition isi 

(E.11.3) 

A ■ 1.903 in. 

The corresponding yield shear is 

R • 2M 
(E.11.U) y t 

■ (2)(31^0001 

- 25601t 

The yield deflection of a column fixed at the base and free at 

the top as ehoen in Fig. E. 11.)4 is 

(E.11.5) 

2 

3.81 in. 
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(li) - 3A" diâm. bars 

Fig. B •11.6a Croas Section of 12” x Hi" Coluni 

12” 

kd -BBS 

(n - 1) A'a 

_L 
■5EB- 

2" 

r 
d = 10” 

nAs 

Fig. E«11.6b Transformed Section of Column 
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The corresponding yield shear is 

. i*. . 2^2 . 1282 lb (E.11.6) 

In a similar manner the date for other columns have been ob¬ 

tained. All of the values are recorded in Table £.11.2 and plotted as 

a shear-deflection curve in Fig. E.11.3. The resultant curve for all of 

the columns in the structure «as obtained by the addition of the individ¬ 

ual curves. 

TABLE E.11.2 

Physical Constants for Building 3*3*k 

Row Column 
sise 

No. 
n (in.1*) 

Stress 
*c 

(psi) 

Moment 

Mp 
(in.-lb) 

Shear 
R 

(lycol) 

Total 
Shear 

Deflection 
4 y (in.) 

A, E 

B, D 

C 

10"xl0" 

12"xU*» 

12"xl2" 

8 

8 

1* 

370 

51*9 

51*9 

2025 

1718 

1718 

262,000 

3il*,ooo 

311*,000 

1992 

2560 

1282 

15970 

20500 

5130 

2.72 

1.90 

3.81 

E.11.5 BLAST LOADING 

It is not intended at this point to give a complete discussion 

of the loading phenomena t but only a brief, qualitative description of 

the blast action on building 3.3.1*. For a complete analysis of blast 

loads reference is made to Chapter £.2. 

A shock wave, traveling in the logitudinal direction of the 
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building (i.e., perpendicular to the front and rear walla) will canee 

an load on the wall aa the twinging chock ware is reflected, 

thereby raining the front wall preasure» The iwdiate effect of &hia 

initial front wall load is to cause an acceleration of the wall aaaonry, 

aince the wall ia not a fixed, rigid body. Thus, with the wall itaelf 

taking on an acceleration, it does not transait to the building founds!i% 

and structural frene the entire load applied to it by the shock ware» 

Since the glass windows in the front wall are shattered upon 

the ^plication of the shock ware, the wave re-foras within the build* 

ing and travels toward the rear wall where it causes a secondary peak 

loading on the structure. Siaultaneous with this action, the nain shock 

wave outside of the building is also moving toward the rear wall but 

soaswhat ahead of the interior wave. Insofar as net pressure on the roof 

is concerned this difference in tine between the two wave fronts is not 

important. The difference in pressure behind each wave front, however, 

is the reason for a net pressure acting on the roof. The effect of 

these vertical forces has been neglected in the analysis of the response 

of building 3.3.1*, since it was found that the over all aovenent of the 

structure was snail. These loads are of sigilficant magnitude only in 

the early stages when their effect on the horisontal noveaent of the 

structure is negligible. 

While the loads due to shock effect are of extrensly short tins 

durations, there follows an air blast which endures for a considerable 

tine after passage of the shock waves. This air blast causes drag forces 
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on all structural members exposed to it. Such drag loads are particu¬ 

larly significant in the case of those associated with the interior of 

the building. 

Drag forces resulting from air blast are also characteristic, 

for the most part, of the loads applied to the monitors. This follows 

from the fact that the shock wave, striking the monitors, instantly 

shatters the glass, which makes up most of the monitor surface exposed 

to the shock wave. 

The load versus time curve is shown in Fig. E.11.7. 

E.11.6 ACTION OF BRICK WALLS 

The front and rear walls of the buildings will suffer a defor¬ 

mation upon the application of the time dependent forces. Moreover, the 

character of the forces transmitted to the structural frame will change 

because of the cushioning effect of these walls. 1t was therefore 

necessary to calculate the individual response of the brick walls and 

the resulting reactions on the frame. , 

These calculations have been carried out in detail in Chapter E.8. 

E.11.7 DYNAMIC RESPONSE OF STRUCTURE 

A detailed analysis of the dynamic response of a simplified 

structure to blast loads is given in Vol II, Part II. It will be empha¬ 

sized here that in the differential equation of motion, (See Eq. E.ll.l), 

Mx - H(t) - R(x), 
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the functione H(t) and R(x) are non-analytic and a «merical procedure 

wet be employed to obtain a solution of the equation. In the abore 

reference, the response equation has been reduced to a form that can 

be numerically integrated and is as follows i 

x(t*2h) - x(t) - J [2hx(t) ♦ lihx(t+h)] ♦ 2hx(t) (E.11.7) 

«here h has been intorduced and is simply a time increment involved in 

the numerical integration of the equation. 

The actual numerical procedure is carried out in Table E.11.3 

«here the acceleration and displacement of the building is given with 

respect to the corresponding elapsed tine. The acceleration and displace¬ 

ment are plotted against time in Figs. E.11.8 and E.11.9. 

E.11.8 ACTION OF ROOF 

Reference is made to Section E.8.li.2 of this volume where a 

detailed analysis of the response of the roof of building 3.3.U i> 

presented. 

As it will be seen from the above reference, the roof of build¬ 

ing 3.3.I* will remain intact after the blast. This fact is, of course, 

of major significance. 

E.11.9 DISCUSSION OF RESULTS 

It is seen from the curve in Fig. E.11.9 that the maxim 

displacement of building 3.3*1* i*i l**7l* in., occuring after an elapsed 

time of approximately 0.57 »ec. The velocity is zero at this point, 

which is evidenced by the zero slope of the displacement curve. The 
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TABUS E.11.3 

NuMrleal Integration of Reaponae Equation for Building 

ï— 
(sac) 

w. 
(IWlb) (lohb) (in/aec) 

i 
(in/aec) (10-3ft) 

X 
(10r3in.) 

0 

O.OQIl 

0.008 

0.012 

0.016 

0.020 

0.02b 

0.028 

0.032 

0.036 

O.ObO 

O.Obb 

O.ObS 

0.052 

0.056 

O.O6O 

0.06U 

0.068 

0.072 

0.076 

0 

5b 

97 

112 

126 

133 

IbO 

130 

108 

58 

31 

27 

22 

19 

lb.9 

12.9 

12.7 

12.6 

12 .b 

12.3 

0 . 

0.00b 

0.029 

0.087 

0.165 

0.286 

0.b6b 

O.691 

0.971 

1.288 

1.790 

1.979 

2.3bl 

2.710 

3.087 

3.b67 

3.852 

b.239 

b.631 

5.025 

0 

73.17 

131.397 

I5l.6b3 

170.508 

179.829 

189.073 

175.215 

ib5.026 

76.8b6 

39.580 

33.90b 

26.638 

22.072 

16.007 

12.782 

11.989 

11.329 

10.527 

9.858 

0 

0.1b6 

0.355 

0.712 

1.357 

2.057 

2.795 

3.52b 

b.l6b 

b.608 

b.8bl 

b.988 

5.109 

5.206 

5.283 

5.3bO 

5.390 

5.b36 

5.b80 

5.521 

0 

0 

1.61 

3.70 

b.78 

5.b2 

5.83 

6.1b 

5.93 

5.12 

3.29 

1.72 

1.18 

0.96 

0.78 

0.59 

0.b6 

O.bO 

0.38 

0.36 

0 

0 

1.61 

b.87 

9.23 

15.99 

25.91 

38.59 

5b.20 

71.90 

90.80 

U0.b8 

130.71 

151.3b 

172.36 

193.58 

215.08 

236.71 

258.58 

280.56 

representa the numerical evaluation of the term 

^ l^2hx(t) 

in the response equation. 
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TABLE E.11.3 (contd) 

Numerical Integration of Response Equation for Building 3.3.1» 

f*“' 
(anti) 

Ux, 
(103lb) 

* , 
(in/sec) 

z 
(in/sec) 

=^T=! 
dcrîft) (10-3in.) 

0.080 

0.081* 

0.088 

0.092 

0.096 

0.100 

o.id* 

0.108 

0.112 

0.116 

0.120 

0.121* 

0.128 

0.132 

0.11*0 

0.11*8 

0.156 

0.161* 

0.172 

0.180 

0.188 

0.196 

0.212 

0.228 

0.21*1* 

0.260 

0.321* 

12.1 

11*9 

11.8 

1*2 

112 

182 

222 

210 

156 

151 

U*2 

128 

120 

111 

90*039 

72.072 

51ul05 

36.190 

20.386 

19.871 

19.305 

18.79C 

17.967 

17.21*6 

16.1*71 

15.75: 

12.76 

5.1*22 

5.821 

6.221* 

6.627 

7.050 

7.515 

8.01*7 

8.659 

9.197 

9.938 

10.591* 

11.1*1*1 

12.191 

13.126 

11*. 958 

16.911 

18.91*7 

21.039 

23.152 

25.261* 

27.118 

31.51*5 

35.1*10 

36.1*1*3 

37.911 

39.1*76 

7 1*0.853 

9.0l*8 

8.237 

7.556 

1*7.930 

11*2.209 

236.1*30 

289.909 

272.819 

198.920 

191.11*1 

178.057 

157.939 

11*6.082 

132.620 

101.735 

71*. 71*1* 

1*7.61*0 

20.530 

-3.71*8 

-7.307 

-10.586 

-12.755 

-23.635 

-26.012 

-29.01*7 

-32.11*6 

-38.057 

5.559 

5.593 

5.625 

5.736 

6.116 

6.873 

6.880 

8.006 

8.91*9 

9.730 

10.1*68 

11.11*0 

11.71*8 

12.305 

13.21*3 - 

13.91*9 

ll*.l*38 

11*.711 

11*. 778 

11*. 731* 

11* .662 

ll*.l*75 

11*. 181* 

13.610 

13.169 

12.919 

10.673 

0.33 

0.31 

0.28 

0.26 

1.11* 

3.66 

6.77 

8.98 

9.19 

7.38 

6.39 

6.02 

5.1*3 

1*.95 

18.20 

ll*.l*5 

10.80 

7.31 

3.81 

0.56 

-0.79 

-i*.26 

-6.17 

-10.26 

-12.91* 

-IU.38 

-2IO.3I* 

302.75 

325.03 

31*7.50 

370.01* 

393.61* 

1*19.58 

1*1*9.3 

1*83.5 

513.5 

55U.9 

591.5 

638.8 

680.7 

732.9 

835.2 

9l*l*.2 

1,057.9 

l,17l*.7 

1,292.7 

1,1*10.6 

l,5U*.l 

1,761.3 

1,977.1 

2,211* .3 

2,1*18.1 

2,635.1* 

3,1*03.8 
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TABLE E.11.3 (contd) 

Nunerical Integration of Reaponae Equation for Building 

ï— 
(aec) 

‘W. 
(10*lb) (103lb) 

I 
(in/sec) 

X 
(in/aac) 

** (icr3ft) (KT^in.) 

0.388 

0.1*52 

0.516 

0.580 

0.61*1* 

0.708 

9.833 

8.5 

7.0 

5.8 

U.5 

3.9 

1*1.300 

1*1.300 

1*1.300 

1*1.300 

1*1.300 

1*1.300 

-1*2.638 

-1*1* .1*1*1* 

-1*6.1*77 

-1*8.103 

^1*9.861* 

8.091 

5.301* 

2.391* 

-.632 

-3.767 

-295.55 

-336.70 

-359.20 

-375.23 

-389.67 

-1*03.73 

3,993.5 

1*,1*33.2 

1*,669.9 

1»,737.6 

1*,586.7 

1*,253.0 
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continuation of th# diaplacouont curre beyond the peak ralue to a «•llar 

displaceuent ie not of too great significance since the elastic recorery 

will be negligible coqured to the resulting permanent set. The action 

of the structure is not rerersible and the curre was arbitrarily termin¬ 

ated beyond the peak ralue as shown. 

Prom Table E.11.3 it ia determined by sumatin* the column 

momenta that the maximum resisting moment of the columns is approximately 

1*89,000 ft-lb. The maximum static orerturning moment is found to be 

112,600 ft-lb (the product of the equiralent building weight and the 

mximum displacement). Prom Fig. E.11.9 it is obserred that at the time 

of displacement, (0.57 sec), there still exists an applied load 

on the structure of approximately 5,500 lb. This load has an orerturning 

moment of (5,900 x 2l*5/12)*120,500 ft-lb. Hence, the total orerturning 

moment is (112,600 ft-lb ♦ 120,500 ft-lb)*233,100 ft-lb. This figure 

is less ♦•hf" the resistance moment of 1*89,000 ft-lb. that can be 

dereloped. Thus, sUtic stability exists for these conditions and the 

building stands. 

Howerer, it will be remembered that the rertisal forces on the 

structure resulting from the blast were neglected in the response calcu¬ 

lations. While these rertical forces are of significant magnitude only 

at the beginning of the blast application, they rapidly diminish to 

much smaller ralues. Since the building has a rery small deflection 

during the time that the rertical forces are of significant site, their 

orerturning moment is small. 
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The foregoing reaarks seen to justify the usuaption that the 

effect of the Terticel forces due to the blest can be neglected in 

considering the dynudc response of building 3*3*li* 

► 
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CHAPTER E.12 

BUILDUPS 3*3«$a and 3»3*fo 

As has been stated previously» buildings 3»3»5a and 3»3»5L 

are by their very nature structurally different from any of the idealized 

or real buildings with which this program is concerned. These buildings, 

which are of the load-bearing, brick-wall dwelling type, defy analytical 

investigation, at least at the present time. This statement is made 

despite the fact that, in the analysis of the response of buildings 

3*3*3, 3»3*U, and 3.3.3h, a certain analytical treatment was made of 

brick panels. It is to be remembered, however, that the brick panels 

in those structures had comparatively ideal mounting and response con¬ 

ditions, that is, the support, the effective length, and the end condi¬ 

tions of the panel could at least be reasonably well defined, for 

buildings of the 3.3.5a or 3»3.5b type no such definitions of support or 

boundary conditions may be made, and further, the compression loads in 

the wall panels add to the general complexity. 

In order to achieve some kind of a response prediction for 

these structures, a study of the damage reports from Hiroshima and Nagasaki 

has been undertaken and this problem has been discussed in considerable 

detail with the various experts in this field. The conclusions expressed 

in this chapter are based on the reading of damage reports, on discussions, 

and somewhat on the meager technical information available in other litera¬ 

ture. 
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On the basis of the above investigation, it is believed that build¬ 

ing 30.5a will be conpletely demolished. "Complete demolition" in this 

case irplies that it is difficult to see, on the basis of th^ Hiroshima 

and Nagasaki report, how anything except perhaps the few longitudinally 

oriented interior load-bearing partitions could be standing after the 

blast. This conclusion is based on the fact that, for nearly all cases 

reviewed in the aforementioned survey reports, load-bearing brick-walls 

which are subjected to blast loading in the range of 8 psi were completely 

demolished and reduced to rubble. 

These studies and discussions have further indicated that build¬ 

ing 3.3»5h should suffer quite severe damage. It is not expected that 

all of the walls will be blown down, but the Hiroshima and Nagasaki 

report would indicate that some of them could be blown down. All windows 

should be blown out. Depending upon the strength of its connection to 

the rest of the structure (which is almost left to the whim of the con¬ 

struction superintendent), the roof night very well be blown off or stripped. 

The final condition of this building might very well be that one or possi¬ 

bly two walls will collapse, the windows will be blown out, and the roof 

will be blown off or the roofing material will be stripped from the basic 

root structure. 

It is keenly appreciated that this sort of "analysis" is a crude 

qualitative appraisal. However, it must be pointed out and reiterated 

that this type of building by its very nature is extremely difficult to 

subject to any sort of quantitative analysis. The nature of the materials 
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(brick or brick panels), their definition as a structure, their response 

to blast loading and the effects of age, workmanship, weathering, and 

geographic conditions are factors which are yet only partially realized, 

let alone define a. This does not mean to say that all effort toward an 

eventual analysis of this sort of structure should be abandoned. It need 

hardly be pointed out that the perponderance of just this type of build¬ 

ing in any European or American city makes it of the utmost tactical 

importance. It is believed, however, that only a statistical evaluation 

will clarify these problems* 

iiork going on at this time on the response of typical building 

components as well as subsequent tests for both scaled and prototype 

blast situations will do much qualitatively toward the definition of these 

structures for response purposes. It is recommended, therefore, that the 

results of all tests be continually correlated with the only single large 

bocfy of information on the response of this type of building under the 

prototype situation, that is, the Hiroshima and Nagasaki observations. 

It is not known if this correlation can be actually achieved; however 

it is fairly obvious that such correlation should be attempted. The 

difficulties facing any such attempts at correlation, to list a few, 

are: variations of mortar joints, both in the strength of the mortar and 

in size of the joint; variations in the general interior structure of 

such buildings as a result of the traditional and geographic effects on 

the different techniques of construction; and variations in the size and 

number of openings (again traditional and geographic characteristics)» 
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