
r AD—A058 669 ARMY ENGINEER WATERWAYS EXPERIMENT STATION VICKSBURG MISS FIG 18/3
f - EFFECT OF BACKFILL PROPERTY AND AIRBLAST VARIATIONS ON THE EXTE— ETC(U)

JUN 78 .J E WINDHA M, J 0 CURTIS
UNCLASSIFIED WES TR S 78 5 pit.

I

t I

_ _n

I •nauu
H~~
lfl ifl

Jt
flfl ._



1.0 ~:Lt L
_ _ _  

I— ~~~~

1.1 L
~~I8

1.25 1.4 i.o
— —

~~~ ~



- -
_  

V

~~~

• ~~~~~ 

-
. VSV 

V

V V V ~~ 
~~~~~~~~~~~~~~~~~~~~~ 

V~~ ._~~f SV

~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~ ~~

V 

V . V V~~~~~~~

*

ON TH 
S

UVERED TO

~~~~~~~~~~~~~~~~~~~~~~ :~ 
S V

V V 

V 
STRUCTURES

~~~~~ ~~ • 

V 

V

> 

Engln..r W 
V•

Box ~~~~~,

LU 

Jw~. 1978 
V 

;
V 

~~~~~~~~~

S V 
RM~~RS I(V 

•V~~~~~ 
VV ~~; 

V~ 

-~ 5~~t~-~
’ 

~
.~ I

p ~~~
V S S V V 

V~~~~ 
~~~ ~~~~~ V

V 

~~~~~~~~~~~~~~~ 

V V

V 

~~~~~~~~~~~~ 
5~ S~~ V

* ~~ 
S 

*
. u~ o1

V V ~~14 047



P.

Unclassified
SICUNITY CL.AUIrICAT1ON OP THIS PAGE (Uh.. Doe. InC.ai~~ V

REPOR tD CUUEP4TAT~ON PAGE READ U45TRUCTIONS
______________________________________________ BEFORE_COSIPLETDqG FO~~~

L..NSCIPI~ N T S  CATALOG NUMSEN1. NIPONT NuM.Eri?~j  ~~~~ 
GOVT ACCESSION NC 

- -- 1. .  - ~~~~~~~~~~~

Technical._R~~~~~~~—78-5 
__________________________

1~ 

- 

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ AND ~ IRBIAST 

~~ I ?inal~~~ ______~~~NS ON THE EXT~~NAL ~ pA.Ds ~~ELIVERED TOJURIED 
___________ __________

~~PX ~~TRucTURiL 

~ t ~~~~~ 1

~on E. j Windbam 1 
______ 1~~~~~~~ 

Jt LJt .iulJ .J

John o.turtisJ

* PINPONCING OR GANIZATI ON NS~~E AND ADaGIOS 10. PROGRAM IJ.IMINT~ PROJECT. TASIC
U. S. Arii~r Engineer Waterways Experim&rnt Station A~~~ A S WORK UNIT NUMSENO

Soils and Pavements Laboratory Subt~~L~~~62
V P. 0. Box 631, Vicksburg, Miss. 39180 Work JJdit ~ lV 

. CONTROLLING OPPI CE NAME AND ADDRESS
Director June Wr8j
Defense Nuclear Agency 

_____ ii~ - —a—-
Washington , !) . C. 20305 203

S II. MONITORING AOINi~V NAME S ADONEU(Sl Jft.ai. v C~~N.UM5 Gm..) IS. SECURITY CLASS. (of thu ,.pofl) 
V

Unclassified V

-Is.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IS. DISTRIIUTION STATEMEN T (of thIa kspo~ )

Approved for public release; distribution unlimited . V

*7. DI STRISUTION STATEMENT (of th. .b.fr.W f.aid fo D t k  2G~ If J I ~~aU k~~ R~~c.~)  V

l-I
I

S
10. SUPPLEMENTARY NOTES
This research vas sponsored by the Defense Nuclear Agency under Subtask
SC062, ‘Work Unit 01, “Influence of Backfill on Structuzal Response.”

V l  IS. KEY WORDS (CaitM u* on ~ovoe~~ aldo It n.c. ..a~ aid Id~Vf l t I f 7  by bIO.k m b.r) V

Air blast waves Dynamic response Overpressure
Backtills Finite element method Soil—structure interaction

V ~~ Blast effects RONDO (Computer program ) Surface explosions
Blast loads . Loads (Forces) Underground structures

IS *I~~~RAC1 (°~ -—~~~~ a i v a i  .~~~ N ~~~ Ids.tf ~~ b~. blo.* . b.r)

The results of analytical studies are presented in which (I. ) tKe SAP IV
elastic finite—element (PB ) code was used to perfo~~~ ~~dal anal~~es for a

and (2) a series of dyn~~~c and static tvo~~imensional (20) ,  plane—atraln ,
rectangular structure in vacuo and embedded in different backfill materi&ls~
PB, structure—medium interaction (SMI) code calculations were performed using
the RONDO code. The RONDO code SMI calculations were made to investigate the ~ V

effect of variations in (1) surface a.irblast loadings; and (2) constitutive — ::~~~~
15
~~

4 V

( Continued )
V , ~~~~~~~~~~ 

1Q3 ED~T%OII OP * NOV SI IS OSSOLETE 
Unclassified

IEaI T Y  CIJNMP1CATIOII OP ThIS PASS (eon Doe. Lit.r.~~



V S V V V .- S

V 
V ~

iI :~
lV

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ *~V . S S V*___________________ V~~V - - VS •~~~~~~ •~ V ç

SECURITY C~~A$SIPIC A?1ON OP TI IS PAGUfISI.. Doe. ~~~~~~~ 
V

20. ABSTRACT (Continued).

~~~~~~
—‘

~~~~~
-- ) properties of the backfill region around a hy pothetical , shallow—buried

structure on the transient loading envirolunent8 experienced by the structure.

The iao4D.. analyses showed that the natural frequencies increased as
the quality of the material surrounding the structure increases . They
also indicated that the planned ~M1 calculations w~~~1 d have sufficient
frequency response.>

-
~~~~~ A f irst  series (V ’ r f~ur dynami c 21), $M~ calculations were performed

on this p]4ne—strain id~~1isation of a aiu ~~le buried otruc~ ure. TheØ
calculatiofts involved t~o surface loading~ ( e .g . ,  nomi nal 300—psi (2ç.7—bar )

f overpress~~ e pulses for/i—M T and .lO—KT w~~ pons ) over twt? ackfil]. eo~iditions
(i.e., lo~ae and dense h,ackfiil cases). /t~ f i f t h  dynam~~ aleulatioq,
essentia1~.y identical to the f i rs t  four ~aicuiaticns with a nomi nal /
1000—ps i ~68.9—bar ) ov~ rpressure pulse L *r  a 10—Ri’ weapon ov~’r the tense
backfill /condition was conducted. A V i~ ai calculation ( ~‘pseudost1ktic ”
calculat~ on) was condu~ ted in which the 1 structur e surrou ded by der4se
backfill.f was loaded wIth a monotonl ca.U4’ increas ing load from 0 to 300 psi
(0 to 2O/.7 bars) .

Co~parisons of râaults of ~he f ir ~t series of calcuJ.ations in4icated 

V

that th~ use of both loose backfi l l  ra~her than dense ba~kf ill and~ higher
weapon—field loading dases increased ( 1)  det’leetions ac r4ss backfUl
sectio4s ; (2)  loads od , def1e~’t ions ~ f , and thrusts , shefrs , and bendi ng
mornent~ within the at~ ucture ; and (3)  ~mplitudes of the ~ hock spectra for
points/ on the inside surface of the stt1ucture. The res~/1ts ~j i’ tV hC f i f t h
ca1cul~ tion indicated~ that the atresae~ and bending mom#nt w i t h i n  and the
defledtions of the st *uctur e t\ ’r the ndminal 1000—ps i (p 5 9 bar)  overpressure
airblást for a lO—KT ~eapon over the dense backfill pro~ leIn were almost
identi~ aJ. to those for the .300—psi (20 .7—bar ) airbiast a 1 —M’1’ weapon
over the dense backfill problem. V

L _—
~~~~~~ 

There wao a noticeable reduction in the frequencies at w h i c h  the
structures responded in the ILONDO code calculations due tV I :~ decreas e in
stiffness of the soil backfill . A linear elastic single_ dctV r e 5~~~t~_freedom
system model, based on the predomi nant natural mode of the t ’ml ’.~~tdt ’V 1 s tructure
simulated the response of the structure to the three diffe:ent rl~las t
loadings only when a 20 to 140 percent of’ crit ical damping was appli”d. The
damping is believed to be necessary to account for ener~~’ removed i’rom the
elastic structure because of radiation into the surroundiu~ media and the
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i t
EFFECT 0? BACKFILL PROPERTY AND AIBBLAST VARIATIONS ON
ThE EXTERNAL LOADS DELIVERED TO BURIED BOX STRUCWRES

CHAPTER 1.

V 
INTRODUCTION

1.1 BACKGROUND

Large amounts of backfill must be placed around and over buried.
hardened facilities for hardening against nuclear airblast and ground

E shock environments. The condition of the backfill around present fa—
cilities ranges from very well compacted to poorly compacted backfill .
Reference 1 presents the results of a series of two—dimensional (2D) ,

• dynamic finite element (FE), structure—medium interaction (SMI) code
calculations, which were conducted to parametrically investigate the 

V 
V

effect of variations in constitutive prop erties of the backfill region

around a hypothetical plane—strain idealization of a simple , shallow— 
V

buried , box—type protective structure . In this referenc e , the differ —

encea in the dynamic response of the structure due to a long—duration ,

:~ 
50—psi (3. 1e5—bar ) surface airblast loading0 caused by changing the aur—
roundi ng backfill from a dense (or well-compacted) glacial till to the
same mater ial in a loose (or poor ly compacted ) condition wer e examined .
A second study , identical with the first except that dens e and loose

• 
V clay shale materials were simulated. , is also reported.

The calculations performed in Reference 1 indicated that for the
particular idealized problem investigated , the use of loose back fill

I - rather than dense backfill results in (1) increased vertical deflections
in the backfill , (2) increased loads on , deflections of , and thrusts ,

shears , and bending moments within the struc tur e, and (3) increased
amplitudes of the shock spectra for point s on the inside surface of the

structure.

Because of the long ai rb iast positiv e—phase duration , negligible

V 
0 Due to a 1—MT surface burst.
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stress attenuation occurred in the loose backfill calculation in spite
of the high hysteresis of that material. This should not be the case

for short—duration airblast Loadings .
Under the present study , Defense Nuclear Agency ( DNA ) Subtask Sc062 ,

Work Unit 01, “Influence of Backfill on Structural Response,” five 2D
dynamic and one 2D at~tic FE, SM1 code calculations were performed with

V the HONDO2 ’3 code to determine the effect of soil backfill property

variations and surface airbiast loading options on the transient ground
shock environments experienced by a hypothetical pro tective struc ture

at much higher overpressure levels than those studied in Reference 1.
The results are primarily intended to (1) determine the effect of soil
property variations and surfac e loading options on the transient ground

shock environments experienced by a hypothetical shallow—buried struc ture,

and (2) provide a tangible exanpie to structure analysts of the type of
structure/backfill interaction information that can be obtained for
their use in vulnerability as sessments.

Prior to performing these calculations , a series of in vacuo modal
analyses was conducted with the SAP IV elastic FE code14 to (1) determine
the effects of using basic isoparametric quadrilateral elements ( i .e . ,
the type employed by the HONDO code), instead of high order elements ,
on calculated natural frequencies , and (2)  aid in determining the mini— V

mum number of elements needed across structural sections In order to
adequately model the response of the structure • thibedded modal analyses

were also performed to (1) determine the effect of material property

variations on the natural frequencies of the buried structure, and (2)
assist in planning the follow—on structure/backfill interaction calcula-

tions. The results of the ‘nodal analyses were previously submitted in
a letter report to DNA0 and are included herein as Appendix A.

V ~ J, 0. Curtis and J .  E. Windham, “In Vacuo and ~ nbedded Modal Analyses
for Hypothetical Structure in Plane Strain,” 3C062/O1 informal report
to HQ DNA , April 1976, U. S. Army Engineer Waterways Experiment Station,
CE , Vicksb urg , Mississippi .
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V A first series of HONDO code calculations consisting of four large
2D, S141 calculations wer e performed, on a CDC 7600 computer. These ca.lcu-

lations involve two surface loadings (e.g., nominal 300—psi (20.7—bar )
overpres sure pulses for 1-MT and 10—KT weapons) over two backfill condi—
tions (i.e. loose and dense shale backfill cases1). A detailed plan of

• study for this first series of calculations has previously been submitted.0

A fifth dynamic calculation , essentially identical to the other dense
shale backfill calculations except for the surface blast loading that
was a nominal 1000—psi (68.9—bar ) overpreasure pulse from a 1O—KT detona—
tion, was also conducted. Finally, a calculation was conducted with the

V 
- HONDO code in which the structure surrounded by dense backfill was slowly

loaded with a monotonic ally incr easing load from 0 to 300 psi (20.7 bars).
The stress rate was applied slow enough so that the results at any stress

level would closely approximate that of a stat ic solution. In order to
maximize correlation with previous results , the site profile , excavation , 

V

and structure configurations were identical to those in Reference 1.

~V

V
~ • 1.2 PURPO6B AND SCOPE

The purposes of this code calculation study are to (1) determi ne the
effect of selected soil backfill property var iations and surface loading

options on the bi~~i overpressure , airblsst—induced ground shock environ-
ment s experienced by a hypothetical shallow-buried structure, and (2)
provide a tangible examp le to structural ana lysts of the type of backfill—
structure interaction information that can be obtaine d for use in bur ied
str ucturs vuln erability assess nts . This report (1) outlines the plan of
analyses , (2) descrIbes the FE code calculations, (3 )  pre sents their
results , (1.) reports comparative analyses of the effects of the indepen— V

V 

dent variables , and (5) discusses the implications of these results. V

Th. analyses are •sssntially limited to the results of the six HONDO code

• * J. N. Windham , “Plan of Study for First Series of Structure/Backfill
V Interaction Calc ulations ,” WES informal rep ort on DNA Subtask SC062 ,

Work Unit 01, April 1976.
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calculations that are the key elements of this study.

A supplementary study is reported in Appendix }5. A simple method
for produci ng the rigid body motion of a buried box structure is pre—
sented in Reference 5. This metho d is applied to the 1—MT, 300—psi
(20.7—bar ) dense backfill case. The calculated vertical motion of the
structure was found to be in good agreement with the HONDO code calcu-
lated structure motion t ime histori es. 

V
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CHAPTER 2

DESCRIPTION OF FIRST CALCULATION SERIES

2.]. OVERALL PLAN

The objective of the first series of calculations was a parametric
study to determine the effects of both (1) soil backfill property van —
ations ( due to either diverse construction conditions or data uncer-

tainties), and (2) surface airb last loading options ( due to selection 
V

of different weapon yields ) on the transient ground shock environments
experienced by a hypothetical protective structure located at a given V

overpress ur e conto ur . In order to maximi ze correlation with previous
results , the site/excavation /structure configuration is identical with
that reported in Reference 1. A total of four large calculations were
performed on a CDC 7600 computer with the RONDO2’3 dynamic FE code ;
these calculations involve two surface loadings (e.g.  • nominal 300—psi
(20.1—bar ) overpre ssure pulse for 1.—MT and lO—K T weapons ) over each of V

two different backfills (loose and dense shale).
Figure 2.1 illustrates the geometry of the plane—strain problem in—

veatigated. The free—field medium is postulated a~ a four— layered soil
profile consisting of clay-ey sand over clay shale (P. ~.terial No. 1 througji 

V

~~
). The structure is assumed to be constructed of reinforced concrete

V 
(Material. No. 5) ,  which is idealized as a linear elastic material . It is

I: I laterally supported and covered by a compacted soil backfill (Material
No. 6) ,  whose constitutive properties are independent variables in this

¶ study . V

2.2 FINITE EL~~4ENT GRID

The FE grid that was employed is shown in Figure 2.1 and consisted V

• of 1048 constant strain rectangular and triangular elements. The
element s located in the structure are 1.0 foot (0.30 metre ) by 1.25 feet
(0.38 metre), 1.0 foot (0.30 metre) by 2.5 feet (0.76 metre), and
1.25 feet (0.38 metre ) by 2.0 feet (0.61 metre); each structural me~~er

17
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has four elements ~~ osa It s section. in the backfill , the elements
range from 1.25 feet ~o.38 metre) by 2.5 feet ~O.76 metre ) to 2.5 feet
(0.76 metre) by 10 feet (3.05 metres) . In the stiffer and deeper earth
materials, the elements are larger. The large~;t elements are in the
corners of the grid and are 20 feet (b.l0 metrc~ ) by 20 feet (u .iO metres).
The grid was chosen as a coinprom1~ e between (1) the desire for rine reso— -:

lution, and (2) the need to keep computer memory and running time (and ,

-j V hence, cost) requirements within reason.

2.3 HYPOThETICAL STRUC~~ JRE

The idealized structure is covered by 5 feet 1.52 metres ’1 of back—
• fill and is supported on undisturbed shal e at a dept h of 30 feet

(9.114 metres)~ tkt~’ structure has ¼~ut~;i¼ie dimensions of 140 feet

(12.19 metres ) and 25 feet 7 .t ~2 met res) .  Its roof and floor are

5 feet (1.~~ metres) thick. Its silewalla are 14 feet (1..~ metres) thick.

The exterior struc ture elements are treated a~ being fully bonded to

those of the backfill and underlying shale , as no slip element capability

exi sted in the U. 3. Aru~y Engineer Waterways Experiment Station (WES)

version of the RONDO code when these calculations were performed .* The V

structure is treated as a linear elastic material with a bulk modulus K
of 1330 ksi (91,700 bars) and a shear modulus ~3 of ~~~ kst 55 ,200 bars) .

The structure is assumed to have a mass density of 1145 p�f (2 .3 .~ g/c m3 ) . 
V

Whether or not a real reinforced concrete structure ~-‘f the dimension
adopted would remain operational in the overpressure environments used
in this study is doubt ful . However , since (1) the purpose ot~ the planned

V calculations was to show only the relative effect of weapon yield u the

loads transmitted to a hypothetical structure for a wide range of backfill

materials , and (2) it was desirable for comparison purposes to use the V

same structure as that used in previous calculations,1 the decision was

made to use the section thicknesses indicated in Figure 2.1.

“ A slip debonding line capability has recently been added to the code. 
V

V 18
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2.1. C0NSTI1~JTIVE PROPERTIES

All of the earth materials were represented in the calculations by
P nonlinear hysteretic soil cap models of the type used by the Site Defense

Ground t ’bt ion Working Group (~~j~(~~~j () .6 however , for the SDG*IG analyses,
uniaxial strain ( lix ) relations were only modeled to a vertical stress

V of 1000 psi (68,9 bars). For the current study , it was necessary to V
V 

extend the cap model fits to a. a in UX of 5000 psi (31.4.7 bars) . The
extended constitutive model fits for the in situ or tree—field materials
(Material Nos . 1 through 14 ) are shown in Figures 2.2 through 2.9 ; value s
of the fitting constants that were actually used as calc~ lational input V

are presented in Table 2.1.

The backfill material properties chosen for this study were the same

as those previously used to represent a crushed shale backfill placed in
very loose and very dense conditions. The cap model fits for the loose
and dense backfill materials, which are extended trc~ 160 psi (11.0 bars)
to 5000 psi (344.7 bars) for the current study, are shown in Figures 2.10 

V 

-

through 2.13; values 01’ the fitting constantB are also listed in Table 2 .1.
The UX a versus vertical strain a relations for the loose and dense

I 1 V

backfifls are compared in Figure 2.114. The initial constrained modulus

Mi for the loose backfill material is 1500 psi (103.14 bars) and for
the dense material is 6000 psi (1.13.7 bars). The secant moduli to

300 psi (20.7 bars ) for the loose and dense backfill materials are
2500 psi (172.4 bars) and 7500 psi (517.2 bars), respectively .

V 
A review of UX data from tests conducted on backfill materials from -

19 sites (including MINUTEMAN, HEST , and high—explosive test event sites)
showed that the average secant loading modulus to 300 psi (20.7 bars )
ranged from 5000 psi ( 31.4.7 bars ) to 13,900 psi (958.6 bars). BackfillV density control specifications were in effect at aU of these sites. Thus ,

V the dense shale properties proposed for use in this study are clearly with-. V
in the range produced by good conBt ruction practice. However, it is also V

V clear that the dense backfill should be considered as “typical” rather than
as an upper bound to the backfill stiffness that can be obtained . The

LL
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loose shale properties are considered to be typical. of poor construction V

practice or expedient const ruction .

2.5 SURFACE OV~RPR~SSURE

Two traveling surface airblaat overpressure functions were used in

the calculations. Th. loading portions for both are defined by a linear
rise to peak pressure in a constant time of .1.0 me; the dec*y portions
are fits to Brode’ s~ equations ror lO—ICI’ and 1—MT weapons detonated at a
zer o height of burst and ot a distance front the structure that wiil
cause a 300—psi (20.7—bar ) surface overpressure over the centerline of
the structure. The variations of the pressure time histories for both V

cases as the airblast traverses the 2 1.0—toot (73 .2—metre ) distance from
the left to the right boundary of the problem are shown in Figure 2.15.
The pressure time histories over the left boundary, the structt4re center-
line, and right boundary for the two weapon yields are plotted at 1arge~
scales for comparison purposes in Figures 2.16, 2.17, and 2.18, respec—
tively . Artificial 10-.me rise times appended to the Brode overpressure
pulses increase the impulse at the 300—psi (20.7—bar ) level by 2.8 percent V

for the 1—MT case and 12.9 percent for the lO—KT case; at higher over-
pressure levels, the added percentage is even lar ger . Based on criteri’
developed for the limiting fre quencies that can be propagated in 11) V

elastic wave propagation problems ,~~ even longer rise times should be
employed if the lowest modul i for the backfill materials are used to
calculate the elastic wave speeds and the FE grid remains as defined in
Figure 2.1. However , appending a longer rise time to the airblast
functions would unrealistically distort the impulse. The desired frequency

resolution could be fully satisfied by increasing the number of elements
used to zone the problem; but this would be cost—prohibitive. Thus , a
10—as rise time is a compromise value , which may be artificially increased
by the FE grid after the stress wave has propagated a short distance
into the backfill media.

V The duration of each of the calculations was 200 me • At 200 ~ns , the

V 

V 
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V V~ V V

surface overpresaures for the l0—KT and 1—MT loadings were approximately
5 psi (0.31. bars) and 65 psi (1.. 1.8 bars), respectively. Reflections

V 
front the bottom and right boundaries reached the structure at a. time of

approximately 100 ms . After that time, there was some influence of the
boundary on structure /backfill interaction , but the influence should be
near ly the same in a.ll four problems sin ce the first reflected signal s
travel primarily through the nonva ried free—field materia ls.

2.6 OUTPUT DATA

The output dai~a from the calculations consisted of (1) time histories

of stress and motion at selected locations in the structure and in the
earth media, (2) plots of the normal stress on the exterior surfaces of

the structure, (3 )  plots of deflected shape of the structure ’s neutral
axis , and (1.) tabulated. bending moment, axial thrust , and shear at

selected structure cross sections for selected times. The locations for

which time histories of motion and stress were saved are shown in Fig-

ure 2.19. Approximately 260 motion and 200 stress time histories were V

involved for each calculation. Forty—seven plots (or snapshots) of V

normal stress on the external surface of the structure and of the de-
flected shape of the structure, and the tables of bending moment, axial
thrust , and. shear were made at 2.5—ms time increments between 10 and
100 ma and a.t 10—ins increments between 100 and 200 ms • The 28 structural

sections for which bending moments, axial thrusts, and, shear were tabu-
lated are indicated in Figure 2.20.

V 

2.7 TIME INCR~4ENT AND - ,
FREQUENCY TRANSMISSION

Each calculation was run for 2000 time steps of 0.1 ma each. This
time step was chosen to satisfy the Courant criteria5 and was controlled

ttxmm 1.0 ft* A t <  < , < 0.111.—Cp —8.7o ft/ms --
V 

max
where At • time increment ; ~~~~ minimum element size; Cpmax
maximum P-wave velocity.
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I ,

by the minimum FE dimension and F—wave velocity within the elastic struc-

ture. The lowest frequencies that can be fully transmitted are given by
the reciprocal of the calculation pulse duration, i.e. 1/200 ma or 5 Hz .

V 

The lowest modal fre quency determined from an embedded modal analysis
(see Appendix A) using lower bound moduli for all materials was 4.315 Hz

V 
while a similar analysis using upper bound moduli gave a first-mode fre-
quency of 11.99 Hz. Thus , the duration of the calculations were long
enough to permit peek displacement responses in the lowest mode of the V

system. The highest frequencies that can be fully transmitted cannot
exceed the reciprocal of the loading rise time , i.e., 1/10 ma or 100 Hz
As a practical matter, however, credible frequencies probably did not V

exceed one—half of this value or 50 H z.
V 

The FE grid for the backfill material im diately surrounding the
structure can transmit frequencies through the dense backfill up t~

- 
~

V 68 Hz based on the formula

Cp
a (2.1)

max tA.~max

By similar calculation, however, the loose backfill can only transmit ti e-
quencies up to 24 Hz. Thus, the cutoff frequencies were assumed to be
on the order of 50 Hz for the two dense backfill calculations and 25 Hz

V 
V for the two loose backfill calcalations • The embedded modal analyses

presented in Appendix A using upper bound moduli gave a 20th—mode fre-
quency of 49.11 Hz; the calculated frequency for the 25th mode based on

lower bound moduli was only 14.35 Hz. Thus , the calculations were j~4ged 
V

to have a sufficient range of frequency response to oermit an adequate

assessment of the stress and motion patterns that would occur within the
hypothetical structure/backfill system under the postulated airblast

V environments.

V 
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C}LAPTER 3 
V

V RESULTS FROM AND ANALYSIS OF ThE
FIRST SERIES OF COMPUTATIONS

3.]. STRESS AND DISPLACEXENT PATTERNS
AT SELECTRD TIMES

3.1.1 Deflection Across Backfill Sections

Calculated vertical displacement patterns for seetion~ through the
loose and dense backfills at 60 and 100 ma into the calculations are shown
in Figures 3.1 and 3.2, respectively, for the 1—MT loading case and in

- ! Figures 3.3 and 3.14 for the lO—J~ loading case. As can be seen in all
- f cases , the vertical deflections in the loose backfill at the 5—foot

(1.52—metre) depth are much larger at 60 ma than those in the dense
backfill. This appear s reasonable when the stress—strain curves for
the two materials are examined (Figure 2.1k) .  But displacements at the
15—foot ( 14.57 metre) depth in the dense backfill at this time are larger
than those for the loose backfill because the higher wave velocity of
the dense shale fill has allowed the peak stress to propagate to a
greater depth. At 100 ma , however , when wave propagation no longer
plays this type of interactive role and, the peak tree—field stress has
occurred at all depths of interest, the displacements are everywhere

V 
larger in the loose backfill than in the dense bac k fill , as shown in
Figures 3.2 and 3.14, respectively. At 60 ma , the vertical backfill
deflec tions for the 1—MT loading case are only slightly higher than
those for the 1O—KT loading; at 100 ma , the vertical deflections are
much higher for the l—!.ff loading .

The maximum deflections of the backfill ( node 1148) at the 5~ foot
(1.52—metre ) depth and, the times that they occur along with the strain
at 200 psi (20.7 bars ) from the UX stress—strain curves for the two
backfill materials are shown below :
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V 
---_- .-- _ _ _ _



— •—V— — — —.— V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 -  V~

Vertical Strain Deflection at 5—ft (1.52.-rn) Depth
at 20.7—bar Node 148

Vertical Stress l— 1~ Weapon Xield ].0-.KT We~pon Yield
Backfill in UX Peak Deflection Time Peak Deflection Time

Case 
— cm ma cm ma

Dense 3.6 214 85 18 86
Loose 13 14 76 120 53 115
As can be seen in the table , the deflection at the 5—foot (1.52—metre )
depth increases as weapon yield increases and as backfill quality de-
creases. For each weapon yield, the deflection at the 5—toot (1.52—metre )

V 

- depth for the loose backfill case is approximately three times that for the
dense backfill case • The deflections in the backfill for the 1—MT weapon
yields over loose and dense backtills are a factor of 1.14 and 1.3 times
the deflections for the lO—KT weapon yields over loose and dense backfilla ,
respectively. These trends are reasonable when the stress—strain proper—
ties of the backfill materials and the differences in propagation speeds
and impulse for the two airb].ast loadings are considered.

The interface between the backfill and structure should have been
treated computationally by some type of slip element so that the rela—
tive].y compressible backfill could deflect vertically with respect to V

the concrete structure (which is founded on very stiff undisturbed clay
shale). This type of element was not available when these calculations
were per formed. Since the structure and backfill were “welded” together ,
it is inevitable that very little deflection would occur near the struc— V

ture walls. Of course, this is not the case in the real world. However ,
the backfill vertical deflections did. maximize at a distance of approxi— 

V

mately 6 to 10 metres from the structure (Figures 3.1 through 3.4) for
a].]. cases . Deflections close to but perhaps less than the maximum shown
for the backfill (because of wall friction) should be expected close to 

V

the structure. The deflectione calculated in the loose shale backfill
would be considered very severe for cables or pipes that might be con-
nected to the structure at some point along the sidewall .

‘9
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3.1.2 Stresses on the Exterior Structure S~mrfa ces
and Defl ections of the Neutral Axis

Figures 3 . 5 ,  3 . 7 ,  3 .8 , 3 . 9 ,  and 310 show the stresses normal to the
exterior surfaces of the structure and the deflection of the neutral axis
of the structural members for all four calculations at times of 140, 80,
100, 150, and 200 ma , respectively. Figure 3.6 shows the same norm al
stress and deflection information for the times that the vertical deflection

V at the center of the roof of the structure has maximized for each calcula—
tion. Maximum deflections occur between 60 and 70 ma for all calculations.
In actuality, the stresses are the vertical or horizontal stresses in the
middle of the soil “cells” adjacent to the structure .

4 At a time of 140 ma as shown in Figure 3.5, the roof loading is tri-
angular except in the 10—KT dense backfill case. At 140 ma, the peak over—
pressure for the 1O—KT dense backfill simulation has already been applied
to the structure roof, while the stress in the other cases is still in—

creasing . The amplitude of the stress normal to the roo f at this t ime is
a function of the velocity of the traveling airbiast and. the wave speed
of the backfill. The average propagation velocity of the 10—KT airbiast
for locations upstream of the center of the structure is faster than that V

of the 1—MT airblast (i .e. ,  the local propagation velocity is 2.0 rn/ms
versus 1.514 rn/ms at the left (upstream) boundary of the problem), and the
wave speed of dense backfill (0.195 m/ms ) is greater that that of the
loose backfill (0.115 in/ ma) .  At the time that the peak centerline deflec —
tions of the roof occur , the roof loading varies irregularly with position,

but generally the differences aza~ng the four calculations are less than
V 

20 bars (Fi gure 3.6). For subsequent times, i.e., 80 , 100, 150, and
V 200 ma as shown in Figures 3.7 through 3.10, the normal stróss on the V

roof decreases with increasing time and tends toward a pattern of uniform
loading over nr.st of the roof with stress concentrations a)ove the side—
walls. At 200 ma , the stresses normal to the roof for the 1—MT weapon—
yield cases are higher than those for the 1O—K~ cases because the airbiast

I - 
from the 1O—KT weapon decays at a faster rate than does the airbiast from
the 1-MT weapon.

50
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The normal stresses on the blastward sidewall fr om the two dense

r backfill calculations at 40 msec, as shown in Figure 3.5, are higher
than those for the loose backfill calculations; the higher wave velocity
of the dense backfill materials has permitted siguificant stress to propa—

V gate further down the backfill . Figure 3.6 also shows this trend. At
80 ma , as shown in Figure 3.7, the stress normal to the blastward side—
wall is nearly equal for both backfill cases.

At 140 ma , the stress normal to the structure floor shows a concentra—
tion under the blastward sidewall for all cases because si~~ificant stress
has just propagated to this depth on the blaatward side of the struc ture .
The load distribution shown in Figure 3.5 causes a rotation in the
counter—clockwise direction. At the time that the peak deflection of

the roof is occurring, the stress normal to the floor of the structure
is concentrated under the sidevalls and, is at a minimum near the center.
For subsequent times, as shown in Figures 3.7 through 3.10 , the stresses
under the sidevai..ls decrease. At 150 ma , as shown in Figure 3.9, tensile
stresses are occurring under the left portion of the floor of the st ruc —

H ture . It is separating from the soil , and a clockwise rotation of the V

structure is taking place at this time. -

The deflected shape of the structure at 40 ma , as shown in Figure 3.5, 
V

V indicates that the left portion of the roof and. floor of the structure are I 
-
,

deflecting downward. The deflections are greatest for the 10—KT dense
backfill calculation and the least for the 1—MT loose backfill calculation.
This is consistent with the stresses normal to the structure at this time
(Figure 3.5) . Figure 3.6 shows the deflected shape of the structure at
the time that the peak downward deflection of the roof centerline occurs
in each calculation. Also , in Figure 3.6 , the roof centerline is deflect—

ing downward with respect to the sidewalls in all cases , and the maguitude
of the deflection increases with increase in weapon yield and with loose 

V

backfill. The total maximum downward m otion of the roof centerline for
the 1—MT dense , 1—MT loose , 10—KT dense , and l0—~~ loose calculations are
10.9, 13.0 , 7.2 , and 8.14 centimetres, respectively. The maximum relative

V 
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downward displacements of the roof centerline (i .e •, measured vertically
from a line drawn through the two upper corners of the structure), are
5. 3, ~.b , 3.14, and 14.6 centimetres, respectively. The maximum relative

d.flections for the 1—MT case are 56 percent and 6]. percent greater than
those for the lO—XT loading cases for the dense and loose backfills, re—
spectively. The loose backfill caused maximum relative deflections

140 percent higher for the 1—MT loading case and 35 percent higher for
the 10—K’1~ loading case than did the dense backfill.

At 80 ma , the roof structure is rebounding upward with respect to
the top corners , while the structure as a whole is moving downward
(Figure 3.7). The roof ha~ rebounded more for the l0—~~ loading cases
than for the 1—MT loading cases; this phenomenon is compatible with the V

stress distributions normal to the struc ture roof shown in Figure 3.7.
At 100 as, as shown in Figure 3.8, the roof has rebounded in all V

cases , and the downward deflection of the centerline of the floor is
“catching up” with the sidevalls . At this tine , the structure has
moved downstream and an inflection has developed in the blastward side-
wall (i.e.,  the top of the wall has moved further downstream than the
bottom) . At 200 ma , as shown in Figure 3.10 , for the l0—K~ loading
cases , the structure has essentially returned to an undeformed condition
but has been moved downstream and rotated in the clockwise direction.
At the same time, the roof and the floor of the structure have deflected

V V - inward , and the sidewalls have deflected outward for the 1—MT loading
cases. The structure has been deflected downward further into the clay
shale and undergone less clockwise rotation for the 1—MT cases than for 

V

the lO—KT loading cases.
3.1.3 Rotation of the Structure

The rotations of the chord for~med by the two bottom outside corners
of the structure are presented in ~~ble 3.1 for all calculations • In all
cases , the structure initially undergoes a counterclockwise rotation; then ,
as the airbiast passes , it rotates through the upright or “sero position”
and undergoes a clockwise rotation • For both loading conditions , at
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200 as, the structure remains rotated in a clockwise position. However,

for the 1—MT cases at 200 as, the clockwise rotation is less than the
maximum; whereas , for the lO-KT calculations the maximum clockwise rota-
tion occurs at 200 as. The maximum counterclockwise rotations are
higher for the higher weapon yields and for loose backfill cc’nditions.

The maximum rotation of 0.00246 radians for the 10—KT simulation repre-

sents ooly 3 centimetres of differential displacement over the length of
the structure.

3.1.14 Thrusts , Shear and Bending
I’bments Within the Structure

Axial thrust , bending moment, azt.i s~iear per unit width of the struc-

ture at selected times were calculated from the output data and were tabu—

lated in Tables 3.2 through 3.10 for the structural section shown in
Figure 2.20 . The sign convention for these tabulated values is designated

V in the fi gure . Shear and moment diagrams for each calculation were
plotted for the roof and floor at the times that the horizontal stress
in elements 5114 and 515 (Figure 2.20) maximized and. for the blastward and
leewar d sidewails at the time that the vertical stresses in elements 369
and 679 maximized (i.e., when bending moment maximized at the midsections
of these structural elements). The shear and moment diagrams for the
roof and floor are plotted in Figures 3.11 and 3.12, respectively, while
those for the blastward and leeward sidewalls are plotted in Figure 3.13.

V The times for which the moment and shear diagrams were plotted for each
V member are shown in the appropriate figure. The signs for the moments,
V 

V shears , and thrusts are those of a right—handed sign convention.
In Figure 3.11, the n~aximum moment occurs near the center of the

roof of the structure to.. a.U calculations and is positive. The maxi—
mum moment in the floor of the structure is negative and occurs slightly
downstream from the center of the floor of the structure as shown in

V Figure 3.12. The maximum moments in the sid.ewalls occur near the top
of the sidewall-a as shown in Figure 3.13. The general trend is for
moments to increase with increase in weapon yield and with loose backfill.

V ______________________-
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The calculated momenta and thrusts for specific sections are compared
with thrust—moment interaction diagrams in Figures 3.114 and 3.15 . Fig-. t -

tire 3.114 shows a thrust—moment interaction diagram for yield of a struc—
V 

tural section that might be typical of those for the roof and floor in

the idealized structure, and Figure 3.15 presents the sane type thrust—

moment interaction diagram for the sidewalls. The thrust—moment inter-
action diagram8 were determined by the methods of Section 8 .3  of ASCE
Manual and by assuming a concrete strengt h of 14.0 ksi ( 277 bars), a
yield strength of steel of 52 kni ( 3600 bars),  and. 1 percent of rein—
forcing steel in each face. Also ~h’wn in Figure 3.114 are the maximum
thrusts and moments on Sections FF ( through the roof) and, Section RR

V (through the floor), and in Figure 3.15 , those on Sections ww and lOC
V ( through the sidewalls) . As further noted in Figure 3.114, an increase

in weapon yield and a change from dense to loose backfill caused an in-
crease in thrusts and moments. The sane trend was seen in Figure 3.15
with the exception of Section KK for the l0—KT case. The increases in 

V

thrust and moments due to changes in the type of backfill were larger V

for 1—MT cases than for the i0—KT cases.
What do the increases in thru st s , moment a , and shears, which have

been shown to occur as backfill quality decreases, mean in terms of

structur al. integrity, strength design criteria, and resulting costs?

The structure idealized here would probably undergo signi ficant perma-
nent deformation and mi ght even be totally unusable if subjected to

the loading assumed. Because the idealiied structure is linear elastic , 
V 

-

the calculation cannot possibly demonstrate that type of behavior. The V -

trends in Figure 3.114 indicate that structural integrity could possibly
be threatened by en increase in weapon yield or decreases in backfill
quality. (This trend is more evident for the roof than for the floor
of the structure.) The same statement can be made concerning the trends
shown in Figure 3.15. (For the sidewaU.a, the trend is more evident for V

the 3.—MT loading case.)
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3 • 2 SELECTED TIME HISTORIES

Figures 3.6 through 3.142 present comparisons of selected stress or
motion time histories for the four ca1cul~tions. In each figure, the

element and/or node locations are sketched. The sign convention for

these fi gures is as follows: upward and outward movements and tensile
V 

stresses are conaidered positive.
Comparisons of the vertical displacement and velocity time hiatoriee

for the center of the roof span are shown in Figures 3.16 end 3.17, re-
spectively. As can be seen in the figures, both peak downward ve1ocit ie~
and peak downward displacements ...ncrease for loose backfill conditions and
higher weapon yields . The maximum displacements varied more with the
weapon yield than with the backfill properties , while for the peek parti-.
cle velocities, the reverse was true. After the first relative maximum
displacement , the period of the o~ci11ation in the motion of this point
ranged from 60 to 65 ins. This corresponds to a frequency range of l~ to

17 liz. Within or very close to this seine range are the first (15.1) and
second (18.2) frequencies determined in the in vacuo modal analysese and
with the second (16.7), third (17.2), and fourth (17, 14 )  frequencies de—

VI termined during the embedded nodal analyses 05 using the upper bound mate—
ru ). properties. The deflected shapes of the structure at the times that

the vertical deflection at this point maximize and at the 100 asee time ,
as shown in Figures 3.6 and 3.8, respectively, can be approximated as a

V combination of’ the mode shapes associated with these frequencies.
Figures 3.18 and 3.19 show the horizontal stresses at points three—

fourths of the way from the neutral axis to the top end bottom fibers of’ 
V

the roof, respectively. As can be seen, the peak stresses above and be— 
V

low the neutral axis are of opposite sign and are notably higher for the
loose backfill and higher weapon—yield cases.

The vertical- and horizontal velocity time histories for the upper 
V

bleatward corner of’ the structure are shovn in Figures 3.20 and 3.21,

* See Figure A .3 of Appendix A.
5* 5•~ Figure A.7 of’ Appendix A.
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respectively . The peak downward velocities for the loose backfill cal-.
culations are slightly higher then those for the dense backfill calcu—
lat iona for both weapon yields. The peak outward velocity for the l0—IC1~
loose backfill calculations is only slightly greater than that for the
l0—KT 1~ dense backfill calculation; however , the peak outward veloc ity for
the 1—MT loose backfill calculation is much greater (a factor of 2 higher) V

than that ror the 1—MT dense backfill ca.lcu.lation.
Vertical and horizontal displacement time histories for a point

V 

( node 361) near the midheight of the blestward. sidewall of the structure
are shown in Figures 3.22 and 3.23 , respectively. The type of backfill
has little effect on the vertical displacements, as shown in Figure 3.22 ;
however , the peak downward displacements for the calculations with 1-MT
loading are approximately 50 percent higher than those for the calcula—

tions with 10—KT loading. The peak inward displacement at the midheight
of the structure is highest for the loose backfill and largest weapon
yield. 

V

Figures 3.214 through 3.29 compar e vertical de flection time histories
of points on the blastvard face of the structure with those for adjacent
points in the backfill for three different depths. As also noted , the
maximum vertical deflections of points on the structure are not effected

by changes in backfill or vertical location along the wall. (The dc—

4 

- flections of the structure for the calculations with 10—~~ loading and.
V 1—MT loading are 5.0 and 1.5 centimetres , respectively.) The reason ror

this is that the vertical deflection of the structure as a whole is

3 mainly controlled by the applied loading and the properties of the rela—
tivel.y incompressible material upon which it rests. The figures further
show that the relative displacements between the loose backfill and the
structure are much greater than the relative displacements between the
dense backfill and the structure. The points in the backfill examined 

V

were only 10 feet (3.05 metres) from the structure , and backfill deflec—
tions in these figures at these locations are probably less than they
should be because the backfill elements are welded to the structural
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elements at the soil—structure interface (see Section 3.1.1). Neverthe-
less, the important influence of backfill properties on relative dis-
placement sensitive items, such as pipes, cables , and connections to the
struc ture , is clearly evident .

At middepth of the structure, shown in Figures 3.26 and 3.27, the
structure moves down with respect to the backfill at early times. The
phenomenon occurs because a significant stress has not propagated to this

V 

- 
depth through the backfill materials , while significant stress has been
applied to the roof of the structure, which is only 5 feet (1.52 metres)
below the ground surface and is very quickly transmitted into the founda—
tion causing it to deform. The fact that for certain cases the structure
has been shown to deflect downward with respect to the backfill at early

V times could be a very significant consideration when designing cable or
pipe connections to protective structures • The loose backfill and higher
weapon—yield cases present the most severe conditions for relative displace—
ment of the structure—backfill system in either vertical directions . 

V

In Appendix B, the vertical deflection of the base of the structure
( the average of the two bottom corners ) is compared to the rigid body
motion of the structure as predicted by methods outlined in Reference 5 

V

for the l—MT/ 300—ps i (20.1—bar ) dense backfill case • Good agreement is
demonstrated , and the structure is shown to be deflected downward nearly V

twice the free—field deflection at a point that is the same depth as , but
upstream of the base of , the structure.

Figures 3.30 and 3.3]. show the time histories of horizontal stress
on the blastward sidewall at points near its top and midpoint , respect-
ively. The horizontal stress arrives sooner in the dense backfill cal—
cu.Lations than in the loose backfill calculations due to the higher wave
speed in the dense backfill. Both the peak stress and the impulse per
unit area delivered to the struc ture are higher in the loose backfill

V 

cases.
Figures 3.32 through 3.37 present comparisons of selected stress

V time histories of stress components within the blastward sideyall for

57



V all, the calculations. Figure 3.38 compares vertical, stress time histories
for an element on the inside of the leeward sidewall near the midheight . V

V Figure 3.39 compares horizontal stress time histories for an element on
the top of the floor near the center . In a.].). cases , the maximum stresses - 

-

increase with an increase in weapon yield and for the loose backfill con—
dition .

b~xwn1nation of the time histories of stress and motion shows the
presence of frequencies up to 250 Hz in the wave forms for points in
the structure . The highest frequencies that can possibly be faithfully
represented are given by the reciprocal of the rise time , i.e., 1/10 ins
or 100 Hz. As a practical matter , however , credible frequencies will

• probably not exceed one—half this value or 50 Hz. The FH grid for the
backfill material immediately surrounding the structure can transmit
frequencies through the dense backfill up to about 70 liz. However , for
the case of the loose backfill , the grid can only transmit frequencies
up to about 2 ia. Thus , the cutoff frequencies are on the order of 

- 
-

50 Hz for the two dense backfill calculations and 25 Hz for the two V

loose backfill calculations . V -

3.3 SHOCK SPECTRA ANAL!SES

The effects of backfill variations on the response of possible equip.-
ment mounting points on the roof , sidewalls , and on the floor can be
considered by examining the shock spectra for the motion wave forms cal-
culated for these locations . Figures 3 14 3 through 3.146 present the
2 percent damped shock spectra calculated for the velocity wave forms V

in Figures 3.17 and 3.114 through 3.142. The inside of the roof of the
structure (node 513) has the most severe calculated shock environment of
those points examined . In the credible frequency range , the shock environ-
ment worsens for the loose backfill and the higher weapon yield . The
center of the floor of the structure has the smallest shock environment
(Figure 3. 146). This is probably due to the fact that the floor rests
on the undisturbed stiff shale and is somewhat shielded from the direct
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effects of airbiast—induced ground shock.

The maximum response of the sidewa],ls and the roof of the structure
over the credible frequency range occurs at frequencies of 15 to 17 Hz.

V This fr equency range , of course, coincides with the frequency range ob-
served for structural motion time histories and supports the discussion
concerning mode shapes and frequencies in paragraph 2 of Section 3.2.
The maximum response of the floor of the structure occurs at frequencies
ranging from 12 to 15 Hz. This response could possibly be controlled by
the properties of the clay shale upon which the floor rests.

3.14 SUMMARY

The results of the calculations presented herein demonstrate that

both loose backfill and higher weapon yield tend tc increase the load on,
the stresses and bending moments within, and the deflections of the struc-

ture.

The results of the shock spectra analyses also show that the shock

environments for the roof, sidewalls, and floor of the structure are
worsened by the loose backfill and the higher yield conditions. V

The frequencies observed for selected motion time histories of the
structure and the deflected shape of the structure at selected times V

indicate that the structure is responding as in the first two in vacuo
modes and/or the second, third, and fourth embedded modes as calculated
with upper bound properties. These observed frequencies range from
15 to 17 Hz and are well within the range of credible frequencies of the I V

calculations as controlled. by the airbiast rise time and duration , the
FH grid , and the controlling wave apeedB of the materials .
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Table 3.1 Maximum and Final Rotations of the Chord Formed by the ~j \j~, 
V

Bottom Corners of the Structure; 300—psi Nominal Ov er—
pressure, Dynamic 1—MT and 10—K’T Calculations .

Loose Backfill Dense Backfill

~~pe Rotation red time, ma rad timelL ma

1—MT Calculations

Counterclockwise max o.ooi64 55 0.00131 44
Return to upright position 0 70 0 100
Clockwise max 0.00155 145 0.00107 173
Final ( clockwise) 0.00098 200 0.00090 200

1O—KT Calculations

Counterclockwise max 0.00123 52 0.00107
Return to upright position 0 65 0 82
Clockwise max 0.002 146 200 0.002)46 200 - 

V

Final (clockwise) 0.002146 200 0.00 2146 200
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Table 3.2 Shear, Thrust ,and Bend ing Moment for Selected Sections
Through the Structure at a Time of 62.5 ma after the
start of the 1—MT Dense Backfill Calculation .

VV~
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Table 3.3 Shear, Thruat ,and Bending Moment for Selected Sections
Through the Structure at a Time of 67.5 ma after the 

V

start of the 1—MT Dense Backf ill Calculation .
V 

SECTION SM ~A i~ FORCE A Y I A L  THRUST S3LNOIW MflMEP4’
N/N N/N ‘ N .M/M
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Table 3.14 Shear , Thrust, and Bending Moment for Selected Sections V
V 

Through the Structure at a Time of 65 ma after the
start of the 1—MT Loose Backfill Calculation .

SECT ION SHEAR FORC E AXIAL THRUST q E N o T NG M O M ENT
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Table 3.5 Shear , Thrust, and Bending Moment for Selected Sections
Through the Structure at a Time of 70 ins after the
start of the 1—MT Loose Backfill Calculation .

SECTION S)4EA~ FO RC E A X I A L  THRUST ‘E~NO TNG MOM ENT
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Table 3.6 Shear , Thrust,and, Bending Moment for Selected Sections —

Through the Structure at a Time of 55 ma after the
start of the l0—KT Dense Backfill Calculation .
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Table 3.7 Shear , Thrust , and Bending Moment for Selected Sections
Through the Structure at a Time of 60 ma after the

V 
start of the 10—KT Dense Backfill Calculation .
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XX .II Si71 1~E+37 .924269~~+C~ .2T41 .~ r .c 7  V

XV .729793E+~ b — .1.2~ q2 E i G 8  •39657~ E +r7
2! — .2~~7’1’.E +1F, — .1~. 1 c 3 ? E# ” e  •:~~3: 5 q r 4 7
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Table 3.8 Shear , Thruat ,and Bending Moment for Selected Sections
Through the Structure at a Time of 60 ma after the
start of the lO—KT Loose Backfill Calculation .

SE C TTON SH E A R FnRC E AXIAL THRUST B E NDING MOMENT
N/N N/M N-M/ll

AA — .837063E.07 - .251 I.23E+O7 — .~~0t 62 3E+O7
— .68 1ROIE+U 7 — .iS2 34~~~+07 •~~7T527 L+U7

CC — .505g23E.o? — .5k~ r72c+Q5 •11,3i2E4I1~00 — .2672?3E ’07 .3q 0536E+06
~.i28R6~E +O7 ,63- I’1i7~.Q6 •jb9397~+OP.~~76~ $4E +O 5 ,5~,l~7q(J~~+Ø~ . 1 7 2 7 8 8 E + 0 5
•i~772~~ .O7 •6OC936E+1~F .1b753iE+t1~NH .4I5’~4d s1E+ O 7 .3 82205E +06 . i 2~ c5TE.o8

II •659t4t ~E +fl 7  .6t66 1Jc. +05 .576 9 93E+ C 7
-4 JJ .7t!229’E+~17 .~ 7 2 29 3E + 0b  .27 u 2~~4E+ V7

KI( — .mioq ~~ .oc — .°0272tiL +O7
LI •76567~ E+Ob — .10020 3E+08
MM .26G 108E.07 — .1fl534 ,3E408 — .8~517qE+O7
MN .i.1?9i.8E+)7 _ •j~5!$j~ +fl q
00 — . 3 B 7 7 8 8 F + O 7  •591771F+07 — .‘e ’J~’27F+O7

. t c7752E + 17 .6i~~1b9t +07 — . 8 C 3 ? 2 1E + 0 7
00 •2 0 C 90 0 E + 06  .92~+6~~SeE+C7

J RP .i 31~~10E+ 07 •614 102 E - .O7  — . $ ‘+8592E+ 07
55 .1~~~51iE.O7 •583 7B 7E 407  — .77~~~ 7 iE4f l7
TT . i9123 0E + 07  .54k1k 5E+07 - . 6Q 2i2~~E .07
U I_i • 190 125E+07 .5Q14,53L+O7 — .5~ 6036E + 07
VV .2 G155 7E+0 7  .4 3 0 G 2 2 E + 0 7  — .339583E+O 1

•29 2 207F +O7 .294156E+O? — .1r1~ 12E+o7
.37009 8E+O 7 •185016E+O7 .212i~~3EsO7

XV •~.i,7~ j 72E+O6 — .i2492 8~.+O$ .33O~~i5tefl7
U — .i2~~~77E+O7 — .t2t933E +OS
P11 — .t57706E+07 — .i2i~ 91E+OR ,55?~~2J3~ +U?
ON — .i9l.~~~~O3~~~~ eO7 —.it5975E+O~I •Ph5?51E+0?
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Table 3.9 Shear, Thrust, and Bending Moment for Selected Sections
Through the Structure at a Time of 62.5 ma after the
start of the 10—Ia Loose Backfill Calculation .

• SECTION SHEAR FORCE AXIAL THRUST ~E PdDING MOM E NT
N/N N/N N—N/N

*A — .93O19~~~+O7 — .3117173E+07 — .367252E+t~-7
.~,0~~i~.3E+O7

CC — .k7Tlk5E+O7 — .2306 135E+07 .127901E+O ~01) — .207519E+U7’ .16200’.E-.O7 •1E.5662E+O~
EE — .728i6eE+06 — .12537 4L -IU 7 .i72502E+O ~•799313E+~ 6 — .9~ 5fl6 3E +06 .t 7 i3 7r F+f l 8
GG .j q~~5~~9[+O7 — .6’.5301E+06 .i61367E+0~4 NH ,390547c-4 137 — ,30O3O ’~E+O6 •1?~ u87~ +O8
It .610161E+O7 — .1R0732E +06 .633213E+07
J J  .8R’e546E+07 — .225686E+O6 -.3r5~ 96E +07
KK •54212?E+06 — .i19R22E+Ci~ -,lCil574E+41 8
IL •i5~ 763!+07 — .116916E+88
MM .226165E +q7 — .113745E+O ~ -.7~~533qc+o7

NW .29qq93E+~7 — ,1u8358L +CR — .36~.O6~E+Q7
00 — .k28738E +07 .3R0711E+07 — .35iO8~ E+07
PP — .17123TE+07 •di fJ 3637E+O? — .73~22qE+07
00 — .B’,565 7E+Oc .‘.24938E+07 — .8~~~3P1E +O7RR 

- •
~~~~

5
~~~~ V7~~~~

7
~~~~

fQ cj  .486314E+07 -.935042E+o!
V SS .923567E+06 •515836E+01 — .-S93355F+ 07

IT .178687E+O7 .5i8465)~+O7 — .820425E+07
UU .2~ 5262E +O7 .53Q 22~ E+O7 — .6b6940E+07
VV .23qi31E .07 .47424kE+O? — .1.1t2q2E+C7

•299119E+f!7 ,373610E+07
XV .302t P~9F+D 7 •33IqR9E.o7 •2U36~~...O7
XV — .1’i7~3O~ E +O7 — .1267~ 6E+O 8 .~~47ts~ 0E +O7
ZZ — .1064.!56F+P7 — .i3u265E+O1I .54ai 3r~E+D7
PH — .i455O~ E+O 7 ~~~~~~~~~~~~~~~~~ .6262 i~~~+07
ON 11..i947I1E+07 — .1296’.4E+08 .-900207E +07 

V
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• Table 3.10 Shear , Thruet ,and Bending Moment for Selected Sections
Through the Structur. at a Time of 67.5 ma after the
start of the 10—KT Loose Backfill Calculation .

SECTION SHEAR FOR~F A X I A L  THRUST ~ENOI NG MOMEN T
N/N N/N N-N/H

AA — .77~ 121E.07 — .292 334E+O7
—.Q617~F+O7 — .29357Si .O? •6f6e3~E.~ 7CC — .3827t?E ,07 — ,26i 4~ 3E .o7 . t 2 872E+ Se

00 ‘.t~ 72O9E4O7 ..?t7*5~~ +Q~ .1~ 6t 33E44*V LE — .tUa19 tE+ ~e6 — .227 1?j F .g7 .1Fj 3~ 12E •~~FF .13135?E+O? — .251103E+ ~~7 . 1fh’~~1~8E+O ~GG .2b 17~~E.07 -.27121OE .~7 •i~ t8?2E,I!I
NH .5i20ttE+O7 — .32tO$~ E+O7 .1fl91i2E+O*
II .724.939F407 —.~‘773S7E+O7 .375ro25E ,’I7

• i _ i  .e3~~O3fl+O? ‘.4O 2~~ 3E +O7
KIC .2’,tSq7F.07 — .1271,71IE.08 ‘.6~ 2O?tE+O7
LL •t !0910E+O 7 — .13e 723E.n~ — .5~~ 52~ E+O7
MM .41 O1.68ZE+06 — .14265JE. a s - . 3 1307F •07
Nil .19~ O27E+U6 — .1~O~ iOE +O~ — .5154?2E+07
On — .67273 0E 07 .3u4101E.0 6 — ,19’.052E+U 7
PP — .270 A90E,O7 • d3297E+D~ -.bQOlSDt+t17
on — .e95se7E.o6 .9~7876E+ob - .e73~ 5~E+ fl7
RR — .72~ 23~ E+O~ .1t~o31~t..a1 — .gOl, !SE+o7
SS .d.1.82 22E,06 .12t I~15F +S7 - ,88,~ 65Ea. t~7 V
TI .9iQ~i k5E •~~ .t 1l35~~1E,o? - .8’~.92eE .O 7
UU .t31,963E+07 . t 772t t ~~+o7
W V .ft 75k 5E4O7 .32?l i31E,O7 .I . 5 1~~~7~~~Q E 4 f l7

ww •2 qj E 7 9F + O7 • 337939E+O7 — .3I60 7 6E+0 7
XX .312’.9ü E+O7 .l.27561qE +O7 .i2O5 b7E#07V 

— .?I~~d.rqE+o7 — .t~ 226OE.O8 .3(69.~C+ 077? — .134~46F +07 — .1297~~ E+~~ .6bk ~~ 2E +O7
• P14 — .qn645q ~.o~ — .127 2?oE.ob .7bd .O!?~ .U7

ON — .1j~~t~~l,F,fl5 — .tI92i~ F+O~ •~~37~~ 1F+O 7
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CHAPTER 14 -

PRESENTATION AND ANALYSES OF RESULTS FOR lO-KT WEAPON YIELU, =1000— PSI OVENPRESSURE DENSE BA~KF iLL CALCULATION

14] .  CALCULATION DESCRIPTION

An additional dynamic calculation was conduc ted identic.11 to those S

described in Chapter 2, except the surface boundary of the problem was
loaded with a traveling &irb]ast from a 10—1~ weapon , which produced .4 

5

* nominal 1000-psi (68 .9—bar ) overpressur e loading on the center of the
structure. This calculation was conducted for’ the dense backfill case
only. The applied surface ov,rpressure time histories over the upstream
end downstream boundaries of the grid and over the center of the struc-.
ture are shown in Figure 14.1. There is a very large gradient in peak
surface cverpressure (lOx) over the 2140—foot (73.2—metre ) range covered
by’ the calculation grid as indicated in the figure . 1k artiricial rise 

S

time was appended to the front of this loading fu nction because the
added impulse for a lO—KT yield , 1000—psi (68.9—bar ) overpresaure rela-
tion would be too great if a rise tim~i co~~enaurate with the frequenc y

-: transmission capability of the grid was appended. A finite rise time
will develop in the media due to the grid limitations after the airbiast
has propagated into it for some small distance. Credible frequencies S

probably will not exceed 50 Us The mexiwam objective of addi ng this
calcul ation vat to gain qualitative insi~~t into the effec t of this
additional case on the external loading on the structure . 

- -
14.2 STRESS AND DISPLACh~ENT AT SELECTED TIMES S

14.2.1 Deflections Across Backfill Sections
Calculated vertical displacement patterns for sections through the

dense backti]]s at 140 and 100 me are shown in Figure 14.2. At the 5—root
(1.52—metre) depth, the deflection pattern on the upstream side or the . 

S

structure is the same for both the 14O~ and the 100—ma time. However, on
the downstream side of the st ructu re 1, the backfill deflectiona at 100 as
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are greater than at 140 ma because at 140 asec the peek stress has not yet

propagated to the 5—foot (1.52—metre) depth. Similar behavior is also
shown for the 15—foot (14.57—metre) depth. The maximum backfill deflec-
tion at the 5—foot (1.52—metre) and 15—foot (le.57—metre) depths in the
vicinity of the structure at 100 ma are 23 and 12 centimetres , respect— 5

ively. For the lO—ICT weapon yield , nominal 300—psi (20 • 7—bar ) loading
over dense backfill calculation , the maximum deflectiona at the same
depths and time were 19 and 7 centimetres, respectively.
14.2.2 Stresses on and Deflection of the

Exterior Sur faces of the Structure
Instantaneous distribution of normal stresses on the exterior sur—

facet of the structure at 140, 70, 150, and 200 ma are shown in Figure 14 3.
Instantaneous patterns of deflection along the exterior surfaces of the
structure at the same times are shown in the same figure . The 14(~—ms 

S

time is close to the time (145 as) that the maximum deflection of the

center of the roof occurs . At 140 ma , the stresses are concentrated under
the sidewalis. The floor and the roof are bowing inward, and the walls 

S

are bowing outward. At 70 as, the high stresses under the sidevaUs

have been relieved, the roof is rebounding , and the downward deflection
of the center of the floor is catching up with that of the aidewalls,

The blastward sidewall is undergoing a shear deformation, while the

leeward sidewall has about rebounded approximately to its unde formed
shape. At 150 and 200 ma, the stress on the structure is relieved, and S

the complete structure is ~~ving upward, taking a shape similar to its
unstressed shape and rotating in a clockwise direction. The patterns 

S

— of calculated stresses on and the deflected shapes of the exterior sur—
facet of the structure observed here are qualitatively similar to thoseS observed fox’ the structure for the lO—KT, 300—psi (20.7—bar) dense back— - S

S fill calculation whose results are shown in Figures 3.6 through 3.10.
14.2.3 Rotation of the Structure

The structure follows the same trends in rotation during this cal—
culation, as shown in Table 4.1, as it did during the nominal 300-psi

ii S
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(20.7—bar ) overpressure , dense backfill calculation ( Table 3.1). The
structure rotates initially in a counterclockwise direction and then in
a clockwise direction. The maximum rotation in this calculat ion was
0.00328 radians and ia approximately one—third greater than the maxiimun
rotation in the lO—KT/300—psi (20 .7—b ar)/dense backfill calculation .
14.2.4 Thrusts , Shear s , and Bending Moments

Within the Structure -

Axial thrust, shear, and bending moment per unit depth of the at rue-
ture were calculated from the output data and tabulated at 10—ms intervals

• for the 28 structural sections shown in Figure 2.20. From the data in
Table 4.2, sheer and moment diagrams were plotted for the roof , floor,
and sidewalls for times very near those when the axial stress in ele—
inents near the center of each member maximi sed. This time was found to
be approximately 140 ins for all components . Figure 14 .4 presents moment
and shear diagrams for the structure floor and roof at 140 ma , while
Figure 1~.5 shows those for the sidewalls.

The trends in the moment and shear diagrams for the roof and floor S

of the structure are the same for this calculation (Figure 4.14) as they
were for the calculations with the 300—psi (20.7—bar) nominal overpressure
loading (Figures 3.11 and 3.12). The maximum moment at the center of the

5 

roof from the 300—psi (20.7—bar), lO-.KT dense backfill calonlation
(Figure 3.11) was 13 x ~o

6 Newton—metres/metres. The maxi ~um moment at
S 

the center of the roof from this calculation is approximately 20 x
Newton—metres/metres. Therefore, the effect of raising the applied

S 
overpx-essure from 300 psi (20.7 bars ) to 1000 psi (68.9 bars ) for this
case increased the moment at the center of the roof by a factor of
approximately 1.5. However , the maximum moment for this case was not
as high as that for the l—MT/300—psi (20.7 bar)/loose backfill case and S

was about equal to that of the l_tq1~/300~psi (20.7—bar)/dense backfill
case. The maximum moment near the center of the roof occurred at
Section EE for this calculation, and at Section FF for the previous cal-
culations.
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The trends of the moment and shear diagrams for the structure side—

walls , as shown in Figure 14 .5, for the 10—KT/l000—psi (b8 .9—bar ) /denae
backfill calculation , are similar to those for the sidewalla from the
previous calculations (Figure 3.13). The maximum moments in the blast—
ward and leeward sidewalls for this ca.Lculation occur at Sections wu
and KK, respectively, were 9.5 x 10~ and 10.8 x 106 I~ewton—rnetres/metre s ,
respectively, and are factors of’ 1.6 and 1.3, respectively, greater than
those from the l0—KT/300—psi (20.7—bar)/dense backfill calculation. The

maximum shear in the leeward sidewall from this calculation is almost
identical to that from the l—MT/300-.psi (20.7—bar)/dense backfill calcu-

lation.

The maximum moments and thrusts that occurred in the structure roof,
floor, and sidevalls, as shown in Figures 14.14 and 14.5 and in ‘1~ble 14.~ ,

are tabulated below:
Structural Section Moment Thrust
Member (Figure 2.20) N—rn /rn (kir in./ in.) N/rn (kip/ in .)  S

Roof ER 20.7 x 106 (4650) 0.17 x l0~ (1)
Floor 11.14 x 106 (2~~0) 5.2 x 10 6(30)Blastvard 9.14 x 10 (2130) 19.88 x 10 (u s)
Sidewall 6 bLeeward KK 10.8 x 10 (21420) 17.9 x 10 (100)
Sidewall S

These values of thrust and moment are very close to those for the 1—MT/

300—psi (20.7—bar)/dense backfill calculation.

14•3 SELECTED TIJ.~ HISTORIES

Figures 14.6 through 4.11 present comparisons of selected stress and
motion time histories from the calculation. In each figure, the element

and/or node locations are sketched. The sign convention for these fig— 5

urea is as follows: upward and outward movements and tensile stresses 
S -

are considered positive.

Figures 14.6 and 14.~ show vertical displacement and vertical velocity

time histories, respectively, for points on the center of the structure

roof and floor. The maximum downward displacement of the center of the
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roof (which includes some rigid body displacement of the structure) is
10.4 centimetres and occurs at a time of 45 ins after the start of the
problem. The peak downward displacement for the center of the roof from
the 1O—KT/l00—psi. (68.9 bars)/dense backfill calculation (Figure 14.6) is

about the same as that from the 1—MT/ 300—psi (20 .7—bar)/dense backfill
calculation (Fi gure 3.16). The peak downward velocity for the center of
the roof is 0.77 centimetres/ms . This value is approximately 50 percent
higher than that from the 1—tfr / 300—psi (20 .7—bar) /dense backfill calcu-
lation . After the first relative maximum in displacement occurs, the
period of oscillation at the center of the roof ( node 513) was approxi—

4 mately 55 ins (i.e., 18 Hz). This is slightly higher than the frequency
range observed for the previous four calculations (see Section 3.2 of’

Chapter 3).

Figures 14.8 and 14.9 show the horizontal displacement and velocity
time histories, respectively, for points at the center of the sidewalls.

The trend in the horizontal displacement versus time for the center of S

the blastward sidewall is similar to that shown in Figure 3.23 for the S

l— MT/300—psi (20 .7—bar)/dense backfill calculation. The center of the
leeward sidewall is always deflected leeward.ly from its original position.

Figure 4.10 shows the horizontal stress time histories for points
near the inside extreme fibers at the approximate ~enters of the structure
roof and floor. Both the points are in tension at 40 : t~~~. This is expected

S from the deflected shape of the structure (Fi gure 14.3 ) .  The maximum ten-
sile horizontal stress for element 514 , near the center of the roof , is
1430 bar s, which is about the same as the maximum tensile stress at the

• same point from the 1—MT/ 300—psi (20 .7—bar )/dense backfill calculation
(Figure 3.19).

Figure 14.11 shows the vertical stress time histories for points near
the inside fiber and midheights of the sidewalls. The maximum compres-

sive vertical stress , 1420 and 1480 bars , for element s ~~9 and 679 , respect-
ively, in Figure 14.11 are slightly greater than those at the same points
from the 1—MT/ 300—psi (20 .7—bar)/dense backfill calculations as shown in
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Figures 3.37 and 3.38 , respectively.

14.4 SHOCK SPECTRA

Figure 14.12 presents the 2 percent damped shock spectra calculated
from the velocity wave forms in Figures 14 .7 and 14.9 .  As was observed

for the previous calculations (see Section 3.3), the inside o the struc—

tare roof ( node 513) has the most severe calculated shock environment ,

and the center of the floor has the least severe shock environment of
those points examined. The maxinnim spectral response of’ the structure S

sidevalls and roof occurs at fr equencies 01’ i7 to 20 H~ . The range of’

frequencies for the maximum response for the roof and sidewalls from

previous calculations (see Section 3.3) was from 15 to 17 Hz. The shock

spectra for al). structural members were made larger by a factor of 2 or

less when compared with those from the l0—KT/300—psi (20.i-ba.r)/dense
backfill case and compared well with those for the 1—MT/300 psi
(20.7 bar)/dense backfill case.

14.5 ~~~~~
The results of the calculations presented in this chapter ( i . e. ,

~~minal 1000—psi (68.9—bar ) surface overpressure loading from a l0-KT

weap on and the dense backfill case ) indicated the same trends as were
observed from the calculations as presented in Chapter 3.

The maximum stresses and bending moments within and the maxinnuu de—
—4

flections of the structure for this calculation are about the same as
those from the 300—psi (20.7—bar ) 1—MT yield/dense backfill calculation S -

S presented in Chapter 3.
The results of the shock spectra analyses show that the shock en—

S 

vironmenta for the roof , sidewalls , and floor are worsened by a factor
of two or less by changing the nominal overpressure from 300 psi
(20.7 bars) to 1000 psi (68.9 bars) .

S 

The predominant frequency observed in the motion time history of S

the center of the roof was 18 Hz. It falls well within the credible
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frequency range as controlled by the airb].aat rise time and. duration, the
FE grid , and the controlling wave speeds of’ the backfill materials. The
deflected shapes of the structure observed at various times during the
calculation are similar to those observed in the previous calculations
carried out under this project.

~
ij 

~
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S Table 14.1. Rotations of the Chord Formed by the Two Bottom Corners of
the Structure; lO—KT Yield., 1000—ps i Nominal Overpresaure,

-; Dense Backfill Calculation.

1 — Type Rotation Rotation, r&d Time, ma

Counterclockwise max 0.00123 214
S 

- Return to upright position 0 70
S Clockwise max 0.00328 176

Final (clockwise) 0.00312 200

1’

S

. 

-
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Table 14.2 Shear, Thrust and Bend.irg tt ment for Selected Sections

Through the Structure at a Time of 1e0 me after the
start of the 10—K’I Dense Backfill Calculation. 
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Figure 14.1 Surface overpressur e time histories for 10—KT surface
S 

-
- burst producing 1000 psi (68.9 bars) over the center S

of the structure.
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PSEUDO$TATIC CALCULATION

5,1 CALCULATIONAL PLAN

5
) A pseudostat ic calculation was conducted with the MONDO computer

cod. for the dense backfill case, using the same FE representation and
material properties as discussed in Chapter 2. The calculation was con—

S ducted with a linearly increasing (with time ) vertical , uni formly dis— 
-

tributed surface stress applied to the top surface ot ’ the F)~ representa- 
S

tion. The stress increased from 0 to 300 psi (20.7 bars). A series of

one—dimensional (11)) calculations was conducted to determine the smallest

rise time and percentage of’ damping that could be used and still keep
the particle velocities very email. By trial and error, a rise time of

250 me and a damping coefficient, B~’~ 0.3 , were determined
to give acceptable results. The pseudostatic 21) calculation was then

conducted with this rise time and damping coefficient and with a total -‘

run time of’ 360 ma. The 300—ps i (20.7—bar) stress wee held constant
from 250 to 360 ma. The time step was the same as in previ ous problems .”

5.2 RE8UL1~

~xcept for velocity and stress time histories for points at and near

the center of the structure roof, all node point velocIties became virtu— —

ally sero after 350 me, while all element stresses took on constant values. S

Th. velocity and displacement time histories of no.ie 511, located at the

center of the structure roof , are shown in Figures 51 and 5.2, reepec~ S

S tively. They present the worsl of the results as tar as oscillations in

* The type of damping used in RONDO and the definition of’ the damping
coefficients are described in Reference 2.

0* While this is not a ooaputationally efficient way of treating a
static problem, it turned out to involve much less labor than re—
formulating the problem for a static code and , there fore , was more
economical, It had the additional. advan tage that it ensured that
in dynami c to static comparisons , “other things ” were really equal.
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velocity are concerned. In terms of displacements, the results are quite

acceptable. Similarly, the hori~onta.l stress time history shown in
Figure 5.3 for element 51.1, located near an extreme fiber at the center
of the root, represents the worst ease for stress oscillations during

the pseudostatic calculation. It is also an entirely adequate static

approximation.
Figure 5.14 shows the deflected shapes of structure and the distribu—

S tion of normal stresses on the structure at 80, 160, and 360 ma. The
vertical stress normal applied to the ground surface at these times were

-j I 6.6 , 13.2 , and 20.7 bars, respectively. However, the vertical stress in
the soil elements just above the central portion of the structure at 60
and 160 ma was 6.0 and 12.5 bars, respectively, while the stress at

360 ma was 20.7 bars. The stress was increased linearly from 0 to
20.7 bars in 250 ma. Therefore , the stress was being increased at 80
and 160 ma while the 20.7—bar stress had been maintained for 110 me
at the 360—ma time. At the 80— and 160—ms times , the di fferences in
applied stress at the boundary and stress normal to the structure were 

S

9.1 and 5.3 percent , respectively. These differences were caused by the
fact that the 250—ms rise time did not allow the applied surfac e stress
to completely equalize throughout the problem due to wave propagation

- - effects. However , the differences (i.e., 5.3 to 9.1 percent) are not
considered si~~iticant .

As can be seen in Figure 5.14, the stress and de flection patterns are
symmetrical, about a vertical centerline through the structure . The normal

- S stress on the root of the structure is uni form at each stress level except
over the sidevalls where the stress is increased due to negative arching.
The stresses on the sidewaila increase with increase in applied surface
stress. The stress distributions normal to the sidewall are concave to
the structure sidewall and maximize near the center of the sidawalls.
A portion of the stress on the sidewall . is due to partial passive earth
pressure caused by the sidewall. bowing out against the backfill. The
stresses normal to the base of the structure show a concentration of
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atrese under the sidewalls and are reasonable when compared with the
deflected shape of the structure. The patterns of deflected shape of

S and the stresses normal. to the structure at 360 we are similar to
S those from previous calculations at the time that the de flection of

— the center of the roof maximi zed as shown in Figures 3.6 and 14.3 . The
maximum downward deflection of the center of the roof for the pseudo—
static calculation is 10.5 centimetres, and the tnaxiuiuin relative deflec-.
tion of the center of the roo t (i.e., the deflection of the center of
the roof with respect to a chord drawn through the top corners of the
structure) is 14.14 centimetres.

Axial thrust, shear force, and bending moment per unit width of
the structure were calculated at a time of 360 ins and, are tabulated ix

~~ble 5.1 for the 28 structural sections shown in Figure .)..~0. Moment
end shear diagrams are plotted for the structure roo f and. floor in
Figure 5.5 and for the structure sidevalls in Fi gure 5.b. The moment s
in the roof and floor appear to maximize near the center and ends of
the spans indicating some degree of fixity due to the sidevalla.

Examination of Figures 51 through 5.6 indicates that results ob-
tained from the pseudostatic RONDO calculation are reasonable approxi- I 

—

mationa to a true static calculation. The results of this calculation
will. be used in the next chapter to establish ratios of dynastic to
static response. S
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Table 5.1 Shear , Thrust, and Bending )bment for Selected SectiOns - -

Through the Structure at a Time of 360 me after the
start of the 10—KT “Pseudo” Static Dense BackfiU.
Calculation.

SECTION SHEAR FORC E AXIAL THRUST ~~NOING MOMENT
N/N N/N N-N/N

AA - .9230 47E+O? - .~ 5O56!F~ S7
88 — .b75940 E’07 — .j a2?5E,1E+O7
CC — .~ 2~ 8’.2E+O7 - .4t ~it6 3k+l7 .1C 7587E+O6S 

Ofl - .183878 E+O ’ — .3e93? 3~ .O7 .i442 ?~ L +O8S 

LE — .6i~ 3i4E +O6 . .3e E8~ 2k. +o7 .i5i542 E+O~FF .6i307O~~+O6 .‘ .3868x q E+ap • i5 i32UE .t ~GG .i83~ O5E.iJ7 — .38 9183c.07 •L4Ii2i2E+08
HH .428519E +O? — .4 Oi22~ C.O7 •1G7769E+08

— .421872 E4 O7
Jj — .44 .g61, 5~ .O7 — .53i5O~~ +O7KK .3OO652t. +~~7 — . t56663L+ O~U. • t 5 lsiO GF , l~T — .i66o~ 3e.s 8 — .k ~~2 6 5 9 r +C7
NM •852266E+06 — .169e76 E.18 • .32 8631E +O ’ S

PIN ~,32i4t2t+Q6 — .i752I O~ +I8 — .259351E +O7
00 — .5271Q’.E.O7 — .30 7620E.06 .3 r38t 5E.c c ,
PP ~.2i9q33L ,o7 •68~~4O 2E .I 6 - .3 i3~ 43E. O 7
OQ ‘ .112358E.J7 . i28O7i~ +~ 7 .463 52Z E+O 7
RR .~~~O77it+I~o •137131E+07 .5~!’.~ 6iE+O7
S5 .,1~~~~l.2~~ F . tJ 6 .i6227JE~I7 — .5&$200E +07
TT •i3432I~E+I)6 •1622$SE+O7 -.5~ 8296E +U7S 

Wi .4~.u 77~ F .D6 .15719 .E,I7 - . 531~741~ +~~7
VV .tt239O ~ +O? .t2$2 8F+07 ~~~~~~~~~~~~ 

S

N W •220..72E,l)7 .662~fI 4.~eS b — .3t453 8E+~ 7xx .527692E+O7 - .3as 2~ 3~ .S6 .299~q2E+~.6VY •321166E.G6 .t15327t~.,Oi .2~ 92O 5F + O7
—.~ 5~ 7i 3F+o6 — .i7OOO 9~.+Ie •32870?E+07

PH —.154607E+J7 -.16€195E+06 .¼~ 3O22E+O7
ON — .30i1.TOE +C7 — .i5618OE.O8 •84 7~eiE+O7
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Figure 5.5 Ibment and shear diagrams for the structure roof
and floor at 360 ins from the pseudostatic calcu—
lation.

145

- S  
-5-~~~~~~~~~~



- -- — — 5-5 — S ~ _-__--W S  ~~~~~~~~~~~~ 
- SW— ~~~~~~~~ 

-

________________ - - - S S . 
S

Ii ?~~ 

• 

I 

4

-
-H -

~~~

:
—.p—~~~~ ~~~~~

- 
‘~ I ~! ~ I- ~d~~~~~~O d~~~— C 9-u

I ~~~~~~-3O °~JI “ p- I 
~~~

-
I ~~~~~~~~~~~~ ~~

p 1~~VN3OIS I ~I_4
v

~~ut I ~_Is ItII 

~~~~~ I ~~
‘

I I  I

1146

—



- - - ~~~ - - -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~~~~~~~~~~~

5-’
~~~~~~ T ‘ -~~~~~~ - - - -  - - - - -

h

CHAPTER b

ANALYSIS

6.1 INTRODUCTION

As discussed in Chapter 3 a change in backfill Eropertien from those

of a poorly compacted material to those of the same ma~terial with a high-
er degree of compaction reduces the calculated load c-n and response of a
shallow—buried box structure subj ected to surface airbias t loading. The S

first part of this chapter explores why this is so. The second portion
of this chapter deals with the effects of overpressure (P~~ ) and yield
(W) variations . Obviously- , as P~~ and W increase , so do the maxi-
mum amplitudes of structural response. This is well documented fr om
linear elastic dynamic structural analyses of protecti.ve structures.
The relatively small increase in response due to a 3.33 increase in P50
indicated in this study was considered surprising, and an effort was made
to try to understand the phenomena that were responsible because, if true , - -

thi s trend has implications on the accuracy- requi red in targeting with

low—yield weapons.

6.2 PHENC*~tENA RESPONSIBLE FOR DIFFERENCES CAUSED BY A CHANGE IN BACKFILL
PROPERTIES

The calculations described in Chapter 3 were conducted for two back—

fill condi tions (loose and dense) and for two overpressure loading rela-
tions (i.e., nominal 300—psi (20. T—b ar ) airblast overpressure loading
from 1—MT and lO—KT weapons). A~ tar. as response of the linear elastic

idealized structure is concerned, the conclusion that may be drawn is

that the effect of using loose rather than dense backfill properties for

either weapon yield is to increase the calculated deflections of and the
stresses within the structure by ~ to leO percent . The purpose of this
8ection is to examine the phenomena that could be responsible for these
differences.

The deflections of the center of the roo t’, the moments in the roo f ,
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and the bowing out of the sidevalls of the structure were greater for
the loose backfill conditions. The dense backfill appears to cause more

restraint on the structure sidewalls; therefore, the structure root’ be—
haves more like a fixed beam when surrounded by- dense backfill and more
like a simply supported beam when surrounded by- loose backfill • The

greater lateral restraint on the sidewalls for dense backfill conditions
could be caused by higher radial stresses transmitted to the structure
through the dense backfill than through the loose backfill and/or by
its greater strength and stiffness , which would provide larger partial-
passive earth pressure per unit outward wall deflection.
6.2.1 Vertical Stress Attenuation

The comparison of stress—strain properties for a state of UX for
the loose and dense backfiils shown in Figure 2,114 indicates that much

more ener~ r will be dissipated as the applied stress pulse passes through S

the loose backfill than through the dense. This is due to greater hys-
teresis in the loose backfill stress—strain relation. The practical

impact of this is that the vertical airbiast—induced stress should be
attenuated more as it passed through the loose backfill material than

through the dense backfill .
Figure 6.1. shows the variation of peak vertical stress with depth

in the backfill from the 1—MT calculations at a point 3.5 metres up— 
S

stream of the leading edge of the structure. As also noted in the S

figure, the maximum vertical stresses are roughly the same in the two
calculations,whicLi was not expected. The discrepancy may- be explained
in the following manner • Since the airbiast positive phase durations
were sufficiently long with respect to the depth of cover and the wave
propagation properties of both backfill materials, the 11) wave propagation
theory for linear hysteretic materials (Figure 6.2) indicates that stress
attenuation at the depth of the roof shoul d have been negligible in both
cases . This is in agreement with the results presented in Figure 6 1.
Hence, both theory and calculation results indicate that the maximum
vertical free—field stress at the depth of the roof was almost the same
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for the two backfill materials. Since the constitutive model is isotropic ,
it may be concluded that radial stress attenuation is not the primary
cause of reduced lateral restraint on the sidewaija for the loose back—

fill condition.

6.2.2 Lateral at Rest Earth Pressures

In addition to differences in stress—strain behavior , the backl’illa
S differ in their UX stress path behavior (Figures .11 and 2.13); however,

this difference is small. Had the differences in the loading stress paths

( whose slopes are 
~~

-9: ; ~~~~ ) been signi ficant , the at—rest lateral pres—

sure coefficients °horizontal = would have been different ,
vertical

and equal vertical stresses adjaceL.t to the structure would have produced
di fferent lateral stresses on a rigid ( nonmoving) structure . For the
loose and dense backfills over the 0— to 20—bar range , the K~ ’~3 are 0.50
and 0.1414, respectively . This difference seems too small to have any
signi ficant effect on structure loading.

6.2.3 Lateral Passive Earth Pressures
Figure 6.3 shows horizontal stress time histories for elements ad-

jacent to the blastward structural sidewall from the l—MT/ 300—psi
— (20.7—bar)/loose and dense backi’ill calculations . As also noted in the

figure, the horizontal stress during the 50— to 75—ins time range is much

greater for the dense backfill case than for the loose backfill case
in spite of the fact that are similar. This time range corre sponds

S with the times at which the maxiniuju downward deflection of the roof and
the maximum outward deflection of the sidewalls occur as shown in Fig—

ure 3.6. This also is the time that the maximum moments, thrusts, and

shears occur in the structure as shown in Figures 3.11 through 3.13.

Figure 6 3  j~ consistent with the idea that the structure is being re-
strained more in the horizontal direction for the dense backfill case.
This restraint would tend to cause the roof and floor to have a greater
degree of end fixity . This would , in turn , account for the fact that
the deflections of and stresses within the struct’:~c roof and floor are
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less for the dense backfill.

After examining the wave Bpeeds for the backfill material shown in
Table 6.1, it is apparent that the stress is arriving for both backfill
cases faster than it is possible for the stress to propagate downward

through the backfill materials.5 After examining various paths for
first arrivala,the conclusion was drawn that the path for the fastest

arrival of stress at the middepth of the backfill adjacent to the struc—
ture is downward through the structure sidewall . The time for the stress

to arrive at the center of element 278, located at a depth of 6.~ metres

below the ground surface and 0.38 metres from the structure sidewall by

taking a path through the structure sidewall, is shown in Table 6.2 for
each of the backfill cases • The initial loading wave speeds were used

for the backfill materials and the concrete. The arrival times at

element 278 computed, as shown in Table 6.2 , for the 300 pal/i—MT weapon

yield/loose and dense backf ills are 145.9 and 37.5 ma, respec tively.

) These times compare favorably with the code calculated first arrival

times of 148.0 and 39.0 ma shown in Figure 6.3. Lines showing the cal-
culated times of’ arrival of stress through the backfill are presented
in Figure 6.3. They show that the stress propagating vertically down— S

ward through the backfill is arriving much later than that which is

coming through the structure. Figure 6.14 shows the same trends for

the i0—KT loading case. From these analyses, it was concluded that much

of the horizontal stress experienced by the eiementa shown in Figure 6.~
was due to causes other than wave propagation through the backfill. As
the sidewall bows out against the backfill due to loading on the struc—
ture roof, passive earth pressure is developed. The passive resistance

is much greater for the dense backfill case during the time that the mmxi—
mum d.eflectiona and. moments in structural sections occur (Figure 6.3)
end accounts for the greater structural def].ectiona and moments for the
loose backfill cases.

* The code and model are not in error; this was proven by the ID cal—
culations in which the expected propagation velocities were observed.
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Figure o.5 shows the shear failure surfaces for the two backfill ma—

terials. At a given mean normal stress level, the dense b~~kf iii. has
roughly twice the strength of the loose backfill. ~in~e the maximum pos—

S sible passive earth pressure that can be mobi1i~ ed. in a given material
increase~. with strength , the trends in stresses iii Figures 0.3 and 0. 14

are consistent with passive earth pressure phenomena .
6.2.14 Stress Wave Feflections off the Concrete

Another p~uziomenon that causes differences in ntructuraJ. response

for the loose and dense backfill cases is reflection of stress on the

roof due to the variation In stress— strain properties (Figur e .~.i 14) 01’
the backfill materials. Figure b .b  shows the vertical ~- t Sr ena  time

histories for points just above the structure roof iii the lr -~se and, dense
backfill calculations for 1.-MT and lO—KT weapons. A.lso , in Figure t) . 0 ,

the vertical stress for both weapon yields and backfill conditions ’is

highly oscillatory . This phenomenon Is. caused by reflection off the
relatively stiff, thick roof structure at a depth of 1.52 n~etres and S

~y the stress wave reflection at the tree surface , i .e . ,  the ground.
surface. The period of oscillation should be approximately 1411/

where H is dept h to the top of the structure and Is the uni.oading—
reloading wave velocity ( Table 6.1). For the loose and dense backfill

curves , the periods calculated by the formula are 10 and 1 ma, resi~eL —
tively. The average periods in Figure b.b are 9.5 and 8.5 ma for the
loose and dense backfills, respectively. This osciUary stress time

history phenomenon has been seen e~perimental1y iii the WE~ small blast

load generator (Reference 10). Since there is a greater impedance mis—

S match between the loose backfill and the concrete than between the dense

backfill and the concrete, the reflected vertI~al stresses for the loose 
S

backfill cases are greater than that for the dense backfill cases (Fig—

ure 6.6). Hence, for the same applied airbiast loading at the ground
surface, a greater vertical loading is experienced by the structure roof

t 
for the looae backfil L cases than for the respective dense backfill cases.
It is concluded that these dif ferences In reflection phenomena coupled
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with differences in passive earth pressure effects are the primary causes

of larger structural deflections and moments, thrusts, and shears within
the structures for the loose backfill cases.

6.3 IiIFECT OF SOIL COVER ON NATURAL FRE~ JENCD.~
In Appendix A , eigenvalu e analyses of the box struc tur e both in vacuo

and embedded in elastic media are reported. Figure 6.7 shows the lower

two calculated frequencies and corresponding mode shapes for the structure
calculated during the eigenvalue analyses for the in vacuo and. embedded,
(stiff) conditions. Summarized below are the results for the lower modes:

Side Roof—Floor
Sway Bending
Mode Mode

Case Studied liz Hz Remarks

In Vacuo 15.1 18.2

~~bedded (Stiff) 12.0 lo.7 Based on unloading moduli for earth
media

~~bedded (Soft) 5.1 6.8 Media 10 times soft er than in s t i ff
media embedded analysis

[Added Mass] (11.7] (14.2]

~nbedment causes a decrease in frequency; the softer the media the larger

is the decrease. In simple terms, this decrease is occurring because the

media contributes more to the mass of the system than to its stiffness .
Reference 5 describes a way of estimating the added mass effect. Its ap-

plication to the in vacuo modes is shown at the bottom of the tabulation

above1and it produces results, which are in fairly good agreement, with

S 
embedded analysis that employed elastic constants based. on the us—

• loading properties of the media. The deformed shapes of’ the structure

(Figure 3.6) at times of maximum response appear to be a combination of

the side sway and the roof—floo r bending m odes with the latter being pre-

dominant .

6.14 APPARENT DAMPING IN EQUIVALENT SINOLE-1M~Xll1EE—OF~FREEDQM S~ST~4

One elementary way of considering the dynamic response of the linear
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elastic structure studied in this investigation is by means of a linear

elastic aingle—degree —of—t ’reedom ( SDF ) system ana1y~ia. If a single mode

of’ the 2D structure is predominant in the 21) response calculations (and

this is the case), an equivalent SDF model can be created, which has the

natural frequency of’ this mode. Figure 6.8 shows the roof’ centerline
deflection time histories for four of the five* dynamic 21) calculations
and the maximum deflection in the 300—psi (20.7—bar), pseudoatatic sur-
face load calculation. Also presented in the figure are the surface

overpressure loading functions used in these calculations. From the
deflection time histories, the periods of the oscillation can be scaled:

Time from
Airbiast Period ofPeak Arrival FirstOverpressure Yield to Maximum Post—Peak

80 W Di~pIacement Oscillation
— bars MT Backfill ma ma

20.7 l Dense 1*14 (ii lIz ) 52 (19 lIz)
20.7 1. Loose 46 (ii ‘iz) 6~ (i6 If s)
20.7 0.01 Dense 1*0 (13 Hz)  514 (19 Kz~
69.0 0.01 Dense 32 (16 Hz) 52 (19 liz)

The post—peak frequency in the dense backi’ill cases are in fairl~r good
agreement wi th the embedded (st iff ) and in vacuo roof—floor bending modes.

In the loose backfill case, the frequency is lower than in the dense, hut

the percentage change is much smaller than in the eigenve.lue ane.l~r~es
S discussed in Section 6.3.

In Figure 6.9, the deflection of the centerline of the roof relative

to the average of’ the corners of the floors is plotted for the l-.MT/

300—psi (20.7—bar)/denae backfill calculation. When the deflection of

- • the underlying media is subtracted out, the relative deflection curve is

seem to be oscillating about a curve similar in shape to the applied e.it’—
blast loading func tion with a period slightly longer than that observed

• The l0—lC~ loose backfill calculation was not considered here becrm.use S
cur sory examination showed it would show similar loose and dense trends
as the 1—MT calculations.
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in the absolute deflection curve. A].]. of’ the roof centerline deflection

- : curves in Figure 6.8 were processed. in this manner to obtain the periods
given in Table 6.3.

The periods for the dense backfill cases in Table 6.3 are approxi-
mately 60 ma. A SDF system with an undamped natural period of 60 ma
was subjected to a uni t load whose time variations were the same as the
overpreasure functions shown th Figure 6.8. Dynamic responses were calcu-

lated for the cases of 0 , 20, and 40 percent of critical damping . The

dynamic loadS factors (DLF ) from these calculations (i.e., the ratio of

maximum deflection of the SDF system to the deflection of the same

1 system under the same peak load applied statically) are given in

Table 6.3 and can be seen to decrease significantly as the percent of

critical damping increases. These DIJF were compared. with 2D DI~ derived

from the RONDO code calculations by the following formula :

-~~ maximum de flection of centerline of the roof relative to the floor - :

2D DLF corners in dynamic RONDO calculation
relative deflection at the same surface stress level from the

1 pseudostatic calculation

Since the structure itself is linear elastic, this comparison is legitimate

- and shows that in order to achieve responses similar to the 2D calculations,
the SDF system must be 20 to 140 percent critically damped with higher per—

i 
aentage of damping being appropriate for the shorter duration (lower yield)

S external loadings .

- Since there is no source of damping within the structure, what i~ the

mechanism present in the 2D calculations that has the appearance of equiv—

alent viscous damping? Therc’ are two possible sources: the energy ab—

sorbing (hysteresis) capac Lty of the surrounding inelastic media and

-
- radiation “damping,” i.e., the propagation of energy away from the loaded

boundary due to the presence of a large linear elastic (or inelastic)
region. Reference ii. concludes that “all footing soil systems are strongly

damped” because of’ the propagation of energy into the subsoil even if the 
- S

S subsoil behaves as a linear elastic medium. The box structure here can
be viewed as a large mat tooting sitting on a foundation material, and
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its “rigid body” motion should be expected to be strongly damped . In
fact, it is as shown by the dotted curve in Figure 6.9. The same phe—

S 

- nomenon should have an effect on the nonrigid body modes of’ the structure 
S

and is certainly responsible for some of the apparent damping in the
roof—floor bending mode seen in the calculated structural response
(References 12 and 13). The hysteresis of the backfill should. also
cause absorption of’ energy. Neither of these factors are usually con—
sidered in SD? system analyses of shallow—buried protective structures
subjected to airbiast loadings.

While this study is not conclusive, it strongly suggests that SD?
system models used in targeting analyses of shallow—buried structures 

S

should include a dissipative mechanism to account for the ~nergy re-
moved from the system via radiation and, hysteresis. The appropriate
damping appears to exceed 20 percent of critical for the class of prob—
lems studied here. In cases where the overpressure decays very slowly
(the combination of low ( 100 psi) surface overpressures and high
yields), i~ ioring this mechanism has little effect on the maximum re-
sponse of the system. For high overpressure , and/or low yields , the
decay time to one—half the peak overpressure can be less than the
natural period of the system , and the system response can be strongly
affected by the presence of dissipative mechanisms. The presence of

these dissipative mechanisms is thought to be the reason why the
differences in response of the 2D elastic structure due to a factor S
of 3 variation in overpreasure were not as large as expected based on
previous thinking ( largely conditioned by undam~ped system analyses)
about the problem.

- ‘ As an example of the potential implications consider the following
tabulation :
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Maximum
Relatiye*
Deflection Overestimate
of Roof ’ Actual of Structural

Distance Based on ROND O Code Deformation by
fr om 0% of’ Damped Relative Und.amped.

Overpressure Yield GZ SDF Model Deflection SDF System
psi (bar) I.ff km cm cm

1 

300 (20.7 ) .01 .15 5.8 3.1* 7].
1000 (68.9) .01 .09 10.9 ~.6 95

300 (20 .7) 1.00 .6i 6.1 5.3 15

S The undamped SD? system for the two l0—KT cases overestimated. the struc—
ture roof deflection by a factor of nearly 2. If 6 centimetres of de-.
flection were assumed to be the amount required to cause failure,** one
would have to achieve a 1000—psi (68.9—bar ) overpressure over the struc—

S ture to cause the failure that the SD? analysis would predict for the
300 psi (20.7 bars). The CE? would have to be reduced by a factor of

j 1.7 to maintain the same single—shot kill probability for the 10—Ia
yield . By introducing the appropriate percentage of damping into the
analysis , this trend becomes apparent .

* DL? of 0 percent damping x P~~/ 3O0 psi x static deflection at 300 psi.
** For a real structure , this would be a ridiculously small value .
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Figure 6.1 Maximum vertical stress versus depth
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CHAPTER T

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 SUMMAR Y

Five dynamic and one pseudostatic plane strain, FE calculations were
perfor i~~d with the RONDO code. in the dynamic calculations, the response

of a shallow—buried linear elastic box structure was examined for several

conditions. Nonlinear backfill properties were varied front those of a

dense , well-compacted to those of a loose, poorly compacted material.
Both the backfill and underlying materials were modeled as nonlinear

and repetitive using a cap—t ype constitutive model • Peak overpressur e S

and yield associated with the traveling surface airbiast load were also
-~~ varied .

7.2 CONC LUS IONS 
S

For the idealized 2D plane—strain problem studied, the following

conclusions can be drawn:
1. As the stress—strain and strength properties of the backfill 

5

material are changed to those of a loose shale backfill from those of S

the same material in a well—compacted state, the loads on, deflections

of, and shears, moments, and thrusts within the 2D elastic structure
increase by 25 to 140 percent.

2. The primary causes of this increase are (1) a decrease in

corner fixity resulting from decreased pas8ive earth pressure effec t s

along the sidevalls, and (2) higher reflected stresses at the roof—

backfill interfac e due to the greater impedanc e mismatch in the loose
backfill case.

3. As yield is increased from 10 KT to 1 NT, an idealized structure

at the 300—ps i (20.7—bar ) overpresaure level undergoes an increase in
peak response (in terms of maximum applied stress, deflectiona, and

internal moments, thrusts, and shears) of approximately 45 to 60 percent .

4. An increase in peak overpz’essure from 300 to 1000 psi (20.7 to

i68
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68.9 bars) at a constant lO— KT yield generally resulted in a 140 to 60

percent increase in structural response.

5. Supporting linear elastic eigenvalue analyses revealed mode
shapes and frequencies consistent with those observed in the HONDO

calculations. The decrease in backfill stiffness caused a noticeable

decrease in frequency associated with the predominant mode of deformation.
6. The linear SDF syst em that best simulated the response of the

2D linear elastic structure to the locally applied airblasts was one
whose natural frequency was the sa~~ as that of the predominant mode of

deformation and that was damped at 20 to 40 percent of critical damping .

The latter appears necessary to acccint for energy lost to the surrounding S

media.

7.3 RECOMMENDATIONS

In targeting analyses of shallow—buried box structures, it is con-

ventional to use an equivalent SDF model of the facility (Re ferences 5
and 9 provide examples of SDF models) and to assume that the roof load—
ing is the surface overpressure produced by a given detonation. The

studies performed here suggest that this may result in an underestimation

of the hardness of the facility if the airbiast has a short effective

duration because the radiation damping provided by the surrounding media
and its hysteresis both permit energy to be removed frozt the structure.
Apparent damping of more than 20 percent of critical was noted in the

cases studied here and was responsible for reduced deformation levels

under short—duration transient loading. In view of the potential im—

plications of this on the delivery accuracy—yield trade—off , further
studies of apparent damping should be undertaken to determine the class
of cases for which it is significant and how best to account for the

S additional hardness provided by the surrounding media’s dispersive and
dissipative nature.
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APPENDIX A

IN VACUO AND EMB~~)DED MODAL ANAL~(SES
FOR A HYPOTHETICAL STRUCIIJRE IN PLANE STRAIN

A.l OBJECTIVE AND SCOPE

Prior to performing FE calculations , a series of in vacuo modal

I analyses was conducted with the SAP IV elastic FE codeiê to (1) deter—
mine the effects on the FE—calculated natural fre quencies of the hy—

pothetical structure using constant strain elements (i.e., the type
employed by the HONDO code ) Instead of higher order elements , and (2)

S aid in determining the minimum number of elements needed across struc—
tural sections in order to adequately model the response of the struc—

• ture. A series of embedded modal analyses was subsequently performed
- S - to (1) determine the effect of material property variations on the

natural frequencies of the buried structure , and (2) assist in planning
the follow—on structure/backfill interaction calculations so as to have
a sufficient range of frequency response to permit an adequate assess—
ment of the actual stress and motion patterns under the postulated air—
blast environments.

The purp ose of this appendix is to present the results of both the
in vacuo and the embedded modal analyses and to discuss their implication 

S

with regard to the overall study . - -

A.2 IN VACUO ANALYSES

Since SAP IV cannot rigorously handle in vacuo analyses , an approxi—
mation was made by placing very soft spri ngs at the corners of the atruc—

T ture in such a way that the rigid body modes ( i . e. ,  those that are a
function of the boundary springs only ) did not interfere with the pure S

in vacuo or deformation modes of the structure. The structure and the
springs attached to it are shown in Figure A.1 ; the concrete was assumed
to have a Young ’s modulus E • 2 x io6 psi (1.38 x lO~ bars) and a
Poisson’s ratio v 0.25. Eigenvalue calculations for a two—element—
per—section structural idealization were conducted using 10—pounds/inch

172

-5 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 5 S ~~~~5~~~~~~~~~~~~~~~~~~~~~~~ 5SS~~~~~_ I1j



- - -

(1751.2—Newton/metres) and 100—pounds/inch (17,512—Newton/metres) spring

constants. Of course , the three rigid body frequencies were significantly

altered by the spring const ant variation , but the frequencies computed
for the first ten structural or deformation modes were identical to four S

significant fi gures. Thus , the spring constants for subsequent in

vacuo analyses were al]. 100 pounds/inch (17,512 Newton/metres).

Additional calculations were then performed for structure idealiza-

tions employing four and eight elements per section; these FE descrip—
tions of the structure are shown along with the previously used two-

Si element—thickness description in Figure A.2. The elements used in all

of the calculations described thus far were of the higher order type

developed by Wilson.14 These highe r order elements are provided in
SAP IV by adding incompatible displacement modes to the basic quadri-

lateral element description in order to improve the bending properties

of the element. The frequencies calculated for the first ten struc—

tura]. modes are given in Table A.l; those for the eight—element descrip—
tion are assumed to best approximate the true frequencies for this

structure. By examining Table A.l, it was found that the frequencies 5
for the two— and four—element—thickness idealizations differ only

slightly from those computed for the more detailed eight—element

idealization .
The HONDO code being used for the structure/backfill interaction

S 
calculations only employs isoparametric quadrilateral elements and as—

sumes that the strains computed at the center of the element represent

averag e values for the entire element )~’3 Such elements are hereinafter
- - referred to as constant strain elements and were used in another series

of two— , four— , and eight—element—sectional—thickness calculations.

The frequencies obtained for the first ten structural modes for the

constant strain element in vacuo calculations are given in Table A.2.
As with the higher order elements, there is little difference in the
two— , four— , and eight—element—thickness frequencies; and the structural
mode shapes were similar for all six of these calculations . However , a
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comparison of the frequencies in Table A.2 with those in Table A.]. shows

that those obtained using the higher order element description are not

S 

- 
significantly improved.

The four—element—thickness structural approximation was chosen for

both the structure/backfill interaction parameter study and the em-
bedded eigenvalue analyses, because the in vacuo results indicate that

the rather large additional costs associated with using eight—element

thicknesses are not ju stifiable. Since the structure/backfill interaction
calculations will have to employ constant strain elements , such elements

were selected for the embedded eigenvalue analyses. Thus, for purposes

of subsequent comparison, the frequencies and deflected. structure shapes

for the three rigid body modes and the first 10 structural modes obtained
from the in vacuo analysis using a constant strain element description

and the four—element—thickness approximation are given in Figure A.3.

A • 3 EMBEDDED ANALYSIS

Two embedded eigenvalue analyses were conducted, one using a lower
bound approximation to the stiffness of the soils surrounding the struc—
ture and the other an upper bound approximation. The FE grid represen- S

tation for the plane—strain structure/backfill interaction calculation

study is shown in Figure A.4 along with the portion of grid included
in the embedded modal analyses ( i . e.,  area ABeD) . The boundary constraints
for the SAk’ IV modal analyses were similar to those planned for the 1IONDO

study , i.e. , bound aries AS, BC , and CD were rollers , boundary AD was
free , and points B and C were fixed . The free—field material descrip-

tions as well as those for the loose and dense backfill materials used

in the HONDO calculations are all nonlinear and inelastic. For the

SAP IV modal. analyses, linear elastic property specifications were re-
quired.

Elastic properties for the lower bound case were determined by cal—

culating B and v for the free—field and loose backfill materials

based on (1) the loading secant constrained modulus to 300 psi (20.7 bars)
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from the UX vertical stress versus vertical strain relations, and (2)
the associated secant to the UX loading paths of principal stress diff-

erence versus mean normal stress. The value s obtained (along with their

implied shear modulus G values ) are given in Table A.3. The first

25 natural freq uencies calculate d for the structure embedded in materials
having lower bound elastic properties are listed in Table A .4 . The struc-
tur e mode shapes associated with each of the 25 frequencies are shown in
Figure A.5 ; mode shapes for both the structure and the surrounding soil are
shown for the first 12 of these frequencies in Figure A.6.

Elastic properties for the upper bound case were determined by calcu-
lating E and v for the free— field and dense backfill materials based

on secant— to 300—psi (20 .7—bar ) moduli from UX unloading relations. The

values obtained are given in Table A.3. The first 25 natural frequencies

calculated for the upper bound case are listed in Table A.4; the associated
mode shape s for the structure ar e shown in Figure A.7.

A.4 DISCUSSION OF RESULTS 
S

The in vacuo analyses indicated that the frequency responses of the - S

structure based on the use of constant strain elements were not appreciably

dif ferent from those obtained using higher order elements. They also m di—
cated that use of four—element thicknesses across all sections would pro-

vide an adequate idealization of the structure for the structure/backfill

interaction calculations . The in vacuo results for constant strain elements
- and. four—element thicknesses gave frequencies for the first 10 structural —

or deformation modes ranging from 15 .08 to 121.7 Hz.
The embedded analyses indicat ed a significant effect of material prop-

erty variation on the frequencies of the buried structure, i.e., frequencies

obtained for the first 25 modes using lower bound properties ranged from

4.315 to 14 .35 Hz , while those for upper bound properties ranged from 11.99

to 54 .87 Hz. ~~bedment in eithe r set of soils obviously lowers the fre—

quencies from those obtaine d in vacuo , but it is difficult to make mode—f or— S

mode comparisons because the deflected shapes are quite different , e.g. ,
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compare Figure A.3 with Figures A.5, A.6 , and A.7. The embedded eigenvalue
analyses do indicate, however , that the structure/backfill interaction
calculations have a sufficient range of frequency response to permit an

:4 adequate assessment of the structure stresses and motions under the
postulated airblast environments. The lowest frequencies that can be

4 fully transmitted in these calculations will be about 5 Hz; the lowest
modal frequencies calculated from the embedded analyses were 4.315 Hz

with the lower bound properties and 11.99 Hz with the upper bound proper—
- 

5

- ties. The upper cutoff frequencies for the planned calculations are
assumed to be 25 Hz for the loose backfill case and 50 Hz for the case
of dense backfill; the embedded modal analyses us ing lower bound moduli
gave a 25th mode frequency of just 14.35 Hz , and. using upper bound moduli,
the frequency for the 20th mode was 49.11 Hz.
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~IIb1e A.4 Calculated Natural Frequencies for ~~bedded Analyses.

Frequencies w Hs
Calculated Calculated

*de Using Using
S No. I~ wer Bound Material ProDerties Upper Bound Material Properties

1 4.315 11.99
2 4.350 16.68
3 5.054 17.17
4 5 .978 17.43
5 6.044 25.28
6 6.825 25.47
7 7.6149 27.80
8 8.989 31.07 —

9 9.032 31.88
10 9~l89 34.18
11 9.369 37.92
12 10.27 39.69
13 10.52 40.49
lie io.6~ 40.95
15 10.87 41.96
16 11.09 42.39
17 11.28
18 11. 37 47.55
19 11.87 47.96
20 12.10 49.11
21 12.35 5 51.22
22 12.64 51.55
23 12.83 52.50
24 13.39 - 52.61
25 14.35 54.87
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APPENDIX B

COMPARISON OF CALCULATIONA.L RESULTS WITH
RIGID BODY t4)TION ANALYSIS

The objective of this app endix is to compare the results from a
rigid body vertical motion prediction method for shallow—buried box
structures5 with rigid body motion from a HO1WO code calculatiQn 0±’ the
same problem. As a basis of comparison, the l—MT/300—psi/dense backfill

calculation was chosen. The geometry of this problem is shown in Fi g—
ure 2.1, and the airblast loading is shown in Figure 2.16. The methods
of Reference 5, which are basically those of a SDF analysis, were used
to predict the rigid body motion for a case that is as close to the

-
~~ HONDO code calculation as was possible within the limitations of the

H model.

B.). SINGLE-DEGREE-OF—FREEDOM ANALYSES
The problem analyzed is shown in Figure B.1 • The structure was

assumed to be rigid and square in plan view. The 300-psi airblast

loading was used for the 1—MT weapon over the center of the structure
(Figure 2.16) with a zero rather than a 10—me rise time.

The 1D wave—propagation—analysis hand calculation procedures were
used to compute the free—field vertical stress time histories at the

structure roof (1.52—metre depth) and floor (9.114—metre depth) levels.

Figure B.2 shows the free—field vertical stress time histories for the
S roof and floor level.

The SD? equation of motion, neglecting shear on the sides of the

buried structure, is

~ A[q~(t) — a11~( t ) ]  (B . l )

where

M = mass of structure

= acceleration of structure
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1’:
t A = vertically projec ted area of structure ~. 5

5

GR (t )  = see Equation B.2
aF(t) = see Equation B.3 S

In Reference 10, the vertical stress 0R acting on the roof of a rec—

S tangu.lar rigid structure buried in a half-space of elastic soil is ap—
proximated by

f±’R 
— ]• L1 

v (B.2)

where
= free—field vertical stress at roof level

R
= mass density of soil at roof level

C = wave velocity of soil at roof level

= velocity of structure

In this same reference , the str ess actin g on the floor is approximated by

= aft + P2 CL v~ (B .3)
F 2

where
= free—field stress at floor level

F 
5-

-~ 
= mass density of soil at floor level

CL = -wave velocity of soil at floor level

The result of combining Equations B.)., B.2, and B.3 gives
5- 

= 
~ 

(2a~~ — a
ff F

) — 
~~~ ~~l 

CL1 
+ P2 CL ) (B.4) 

5

The stress time history for the net or resultant stress (2a
±’±’ 

— ~ ) is
given in Figure B.3. Equation B.4 was solved numerically usi~ g the ~a1ues

19].
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of A , M , CL , p 2 , CL given in Figure B.7, and the stress time
1 2

history in Figure B.3 to determi ne the velocity time history of the

5

5 

structure. A time increment of 2 ins was used. The displacement time

hi story of the structure was determined by integrating the velocity

time histo ry.

B.2 CC~(PARISO NS WITH 2D CALCULATION
RESULTS

The tree—field stress and. structure velocity and displacement

time histories from the SD? analyses are compared with those from

the 2D calculation for the 1—MT/300—psi/dense backfill calculations
in Figures B. le through B.7 .

As shown in Figure B.14, the free—field vertical stress at the
1.52—metre depth (structure roof level) from the lD analysis are com-

pared with free—field vertical stresses from elements 179 and 180 ,
which are located at depths of 1.0 and 1.9 metres, respectively , at a
distance of 2.67 metres upstream from the structure . All three time

S 
histories were adjusted to be compatible with the arrival time of sur-
face stress of 27.5 ins above the center of the structure. Also, in
Figure B .4 , the free—field vertical stress time history from the 1D

analyses compares very well with those from the 2D calculations with

j the major discrepancy being the rise time to peak stress. The surface
S 

airblast relation for the 1D analyses contained a shock front , i.e.,
0—ms rise time , while that for the 2D calculation contained a 10—ms
rise time.

• In Figure B.5, the tree—field vertical stress at the 9.114—metre

depth (structure floor level) from the 1]) analysis is compared with the
free—field vertical stresses from elements 189 and 190 , which are 10—
cated at depths of 8.75 and 9.52 metres, respectively, at a distance of

- - - 2.67 metres upstream from the structure • The arrival times for all
cases were also adjusted to correspond wit h an airb iast time of arrival
at 27.5 ma at the ground surface over the center of the structure • As
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can be seen in Figure B.5, the free—field vertical stress near the floor
level of the structure determined from the 1D considerations is much higher
than that from the 2D calculations • The stress also arrives 15 ma faster
in the 2D calculations than in the 1D calculations • However , the peak
stress arrival time is nearly the same for both cases. Possible causes
of the differences are in the material properties used , the reduction in
stress in the HONDO calculation due to the frictional transfer into the
concrete, or the 21) nature of the problem.

Figures B.6 and B.7 compare structure velocity and displacement
time histories, respectively, from the SDF analyses with those of the
bottom corners of the structure from the 2D calculation. Arrival times
have not been adjusted in these figures. As further noted, the struc—
ture velocity and displacement time histories from the SDF analyses corn-.
pare very well with those from the 2D calculation. The 21)—calculation
free—field displacement at floor level is much smaller than the structure
displacement as indicated in Figure B.?. Therefore , considerable inter-
action is taking place between the structure and. the media , and for this
case , at least , the simplified method gave results that were roughly the
same as the 21)—code results.

I

it ,

193

III ~~~~~~~~. .~~~~~~~~~~~~~~~



_________________ -~ ~ - 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~! , _ ‘4•~~”~

•
~ 

— -

1~ 
-

H
~~~~1 —

AREA , A 230.400 INZI ~1I.49xI06 cM2 1

~ 
I MA$S~~ 7,eo0~~~~~

3
~~~

‘&! IN.

~~(l.37~~l0S KG)

a. PLAN

S ~T( ~.SZUI
~~~~~~~~~~~~~~~~~~~~~~~ • . .. ,.• .

• • ‘e ‘ LAY ER I (DENSE IACKF$LL )

I I. P 301 
LU —SEC 3 

~~ 
KG

I I ~~1. FT N3
N 

~ ~ k. ‘~.22M) CL , 520 FT ISEC (159 N/SECI

t • ij C~~ 1 2,000 FT/SEC 010 N/SECI ‘1

‘~~ 
‘ •.  ~~~~~~~

- LAY ER2(FREE FIELD LAYER I)

— — P ~ LU SEC 3 / KO\L P ~ 4.04 (24 .9S6 1
FT 4 \ I4~~/ H

b• ELEVATiON ~~~ 2.02$ FT/SEC (SI? N/lEd

NOT E: 
~~0NCRITE 145 PCF 2.12 ~ /CII~)I

Figure 3.1 Dimensions and configuration of buried rectangular
structure for SD? ai~a].yses .



~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~ ~~ w ~~~~~~~ - - -V-- - - -~‘‘~ --— - - -- - - -

-
~~~~~ 

- 
- 

-
~~~ 

-
~~~~~~~~~~~~~~~

--
~~~~~~~~ ~

-
~~
-

~~~~~~~~~~~
-—-— — — -—

~~~~~~~
-
~~~~

-

II - *  - a

- f

‘ii

• 

- 
_ _

I
- 

x

~~~~ .

I
I —

I •.. V) •.. 2 
,~~

I “ 9 “

I $/ !
1~~

’

~

”

~ 
I I 

_ _ _ _

0
0 0 N

$~ •$$)~~ $ 01311- )I~I 1~~ UW3A I%4 I*1~~tt 01$%4 %*~ 4 W~ U*3A

I I I ~~ 1 I I I

* ~ ~ 2 ~ 
0 0

$U~• $$ 3~~~$ Q~~3ij-)1~ i ~~~ ILI)A $~ V$ ‘$$ItI~ $ $1314 $)~ 1 1’ )I4.~ 1A

195



I
-- a

_ _  

I
C

_ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~ :I
/
/ II

I I 
‘

S

lSd - SSISIS ~~S~&W1A £N~~ V$1W

I I I I I I I I I I

a * * * ~ * 0

s~vs a ’4
~a ~~~ $ in.i.s we

196

-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ — —



-

~~~~~~~ 

_ _

I 
_
~~~ i

• 
- •  ~~~~~~~ -~~~ 4)4, —..~~~~~~~. -

~~~~~~1C 4)

1) I .

~~
.

Ior - -  1•
~~I%% ~. - ?  •~

I I
- 

- ‘ 

_ _ _ _  

2

-; 

~ 

I,: :
S~VS ~ $$I~ L$ O13Ii - 33~4 IV3IJ~~3A

-I

197

LL~



- ~~~-~r-~~ -• - •  --~r~--~-.-- ‘~- - 

F

\.;
s.—• 

,~ 
-
~~ 

,
~I

* [ 
~ 

j -

~~~~~~~

-~~ ~~~L. \

i ~ ~~~ } I
~~~I. “Ia

- - o.JI~~

I -
~~~~~~~

• 

Uu z
U’- I I I I I- I I I I - -

- 2 0 0
I I I

SW~S ~ D *$IN.L$ 0~ 3Ii-3INi ~ V3U.M3A

198

L



..,  •• • • V — - 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~‘ -, !fl ~~~~~~~~

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-•-- - —

I

- .  — !  ~~~
~~~~~ C)

CI

H 
_ _

I H
_ _ _  I - 8
_ _ _ _  

O I N P .  -

J i l l  41 H
I

(
~~~~~~~~~~ 

4)
-~~~~~~~ e

TI i~z :
~3cr4/ r4~ 

4 AJ I3O~ 3A 3~n.L3rl~J~S ~V~ I.L~ 3A

199



“7!~W -~r’~ - .~- - w — r- —~ ‘-‘ —. —- -r~ ~—•.— - -~ —• .—_-..- •— • - - — - - —_.——-“——_——._ -—•— .-—— • .-- . ._.._ _ . ._

- — — — — I-D ANALYSES
- 

- ~~~~~-— NODE ass
NODE 75$

— — - —  NODE $5

.4 I I 1 1- -1

-a - \\\\
\ /

•#

~~~

I 

—

-I - 

“
~

— 1 I~ L
~~i k 

~~~~~~~~~ NOdM, ?$9

’

~~~
’ ’ 

• 

__ .‘
‘

“

.m 5 .— DOWNWARO

• too as ISO
• TIME , M$IC

Figure B.7 Coaparison of th , structure displ ao.a.nt ti~~ histories
from the 1D .na1~js•s with those for the bottom corner s
of the str ~~ture froa RD calculations.

- 

200

- ~~~~~~~~~~•~~~~~~~~• •  ••  ~~~~~~ Li



‘
~

- - .  ~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~ -‘~-~~~~~~~~r~~~~~ ” ’  -r - 
~flr.— W 

— - ~1~~

- - 
—_

DISTPIIUFIOU 315?

~~ Ah?t~~rr OF D.D’USSI ~~~A511 T ~~~
‘ ~~~ ~~~~ (ç j 4~~~g)

Director C~~~~M.r
Dotes., Civil PPS41.rSdneSs Agency II. S. Arv~ Missile C~~~~~

ATTU: S7.sff Dir Peal’ G.org N. Sisson ATTP: .1. Noses

Director Cc~~snder
Deten*e Ce~~~~isations 410501 U. 8. AiRy Jhc l.sr Aesocy

AITh . CCTC/C672 Pranki th D. Miore A1’tV Tech Ub

Defense Dociasntttios Center U. 6. Arsy P~ t.rial Cc~~~nd
12 cy a’rrs~ TC/)~ . I~rer 1. ((akin Project I~ nag.r for Rucl.er *mitioss

ç ATTS: E*C$4.*JC
Director
Do tens. 1nt.l1i ~ssce Agency ~~~AI(fl~~IT OF (U PkY7

ArtSI DS-~C2
• D1’—2 Wpns & SIrs Div Otti cer—in—Chsrg.

- • I D$-~Cl Civil ~~gine.ring Laboratory
Technical Library Naval Conatr~actioa* lattallon Center

- i DB—(C3 ATTN: P. J. 04 11o

Director DEPA T7EII’I’ OF TUE AlP ~)PCE
Defense Ihlcleer Agency

ATTW : 8268 Co sndor • -
S’N’L (Tech Library) Foreign Techno1o~~ Division, AYSC
S’rSI ( Archive.) ATIS: ¶1~-EfA Library
DOS?

SAI~ O/DE
DEPARTIEPT OF TUE AIUU ATflI: DES

Director C~~ sn4or—in—Chiof
IND Advanced Tech Center Strategic Air Co snd

ATtN: CP.DAM-S ATTN: IIRI-STINPO Libr ary
CItDABH—X

• ~~~ GY MSWOR I D~YEL0l~~~T AISU*ISTPATION
Chief of logineers
Depsitasot of the Aray University of California

ATTII: DA~~I—NCE—D Lavrenc. Liveraore Laboratory
DAD-RDM ATTN : It, Fernandea
DAIII-BDL

2 cy DA~~—ASI-L Sandia Laboratories
ATTI: John ((.tsw ’

Coenander
Parry Di ond Laboratories QTSEP O0V~~ P~~(T AOmtCIES

ATTN: AI~~ 0-?I, Technical Li brary
Department of the lnt.r ior , Bureen of Mines

Co snd.r AITh: Tech T u b
Picatinay Arsenal

AtilI: Phil Angelotti DEPAR’(I~~ T OF (~~~~ISS C~~~~A~~0~~
Tech Lib

• Aerospace Corporation
C~~~.nder A1”tN : Tech Int o Services
U. B. Aj’my 0~~~ inications Co snd

AilS; Tech Lib Agbabisn Associates
ATTN: N. Agbsbies

Co~~~ndant
U. S. AiRy loginser School Applied Theory , Inc.

Ai’Il: A ME-CTD-c$ ATLII: John 0. Trullo
ATSE-TEA—AD

Bell Telephone Laboratories
Director A’NlI; John Foss
U8AZ Waterways Esperiment Stat ion

ATIL Janss BaUard Th. Boeing C~~~any
Tech Lib ATPS; Aerospace Ubrary
Wh iten Plathnu
O~iy Jackson California Research and Technolo~~, lee.
J t a Palee re 411$: Sheldon Shuster
lob Walker —

• 201

~~~~~~~~~ — - —-——— -. —•— - -—-— -•~~~~~~~~~~ -~~ -.-- ~~~ ~~~~~~~~~~~~~ -— --• ~~~~~~~~ ~~-—~~~~~~~~~~~ —- - -~~— ~~—-~~~~~••—-—_



- 
~~~~~~~~~~~~~~~~~ ~

- -•-— —••-•-•-----—- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—- —

1’ -•

P~ ’AM1~~~ OF D 5 *  CVSTRAC’~t1R~ (~‘ontinord)

IMivor~ity of California
AilS: 0. SacI~~s

Civil/Beclear Systens Corp.
*111 Robert Crawford

Univirs ity of Illinois at Chicago
College t Pagia.ertsg

AilS: Ted lslytschko

Kanan Avidyn.
Division of ((swan Sciences Corp

AilS: Technical Library

((sass Sciences Corporation
£111 : Library

Earagosian and Case
AilS: John Karagosian

Lockheed Missiles and Space Compeu,y
los Gears

Wirr itt  Cases Incorporated
• Aill : .1. L. Perritt

Nathan N. Neisark
Consulti ng Eagineering Services

Pacific. Technolopy
AIlS; P. Ijork

Physics Intern ational Conpany

R&D Associat es
*115 ; Do. N. J.  Cooper Jr.

Technical Library

Science Application s1 incorporated
ATTI : Wil liam N. Lay son

Stanfor d Research Institute
AIlS George P. Abranson

• Terra Tek Inc.
AilS; Dr. A. H . Jones

TRW Defense and Space Systems Oroup
AilS : Sara Li jme r

TRW Systens Qronp
AIlS: Gregory D. Kuicher

Universal Analytics Inc .
*1111: F. I .  Field

Tee Eric H. Wing Civil Eagineer m ap
Research Facility

£175 : Neal le~~
Weidlinger Associates Consulting Eag insers

AilS: Dr. Iblyin I.. k.ron

Veidlinger Assoc iates Coosult ing Engineers
*7Th : Do. J. Isesb.rg ‘1

~i I
202

iL. • . - --—— - - • - —~~~~~~



-~~~~ v~~~- --- - - - - - - - - --~~~~~~~ - -, ---• - •- ---- - - - ~~~~~~~-------.~~~~~~~~- -,• - --- -- -

I;1 J _ L J L  - — - -.-

i~

- In accord anc, with istt.r ftc. DA~~-RDC , DAEN .ASI datedP 22 July 1977 , Subject ; Facsimile Catalo g Cards for• Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Viudham, J on Inri qu.
Ef f ect of backfill prop erty and a irblaat varia t ions on the

- externa l leads d.liveri3 to buried box structure s / by Jon E.
- Wtmdhaa , John 0. Curt is. Yicks burg, Miss . : U. S. IMtesways

- kp.riment Station ; Springfield, Ta. avail able fran Nationala Technical Informat ion Service , 1971.
202 p. ill. ; 27 cm. (Technical report - U. S. Army Ingi—

near Wate rways ~~peri.ent Station S—75—S)
- Prepared for Director Defense Nuclear Agency, Washi ngton,

D. C., under Subtask SC062, Wark Unit 01, “Influence of Back-
fill on Structural Response .”
References; p. 170-171.

1 1 1. Air blast waves. 2. Rsckfi2ls. 3. Blast effects. 4. Blast
load.. S. Dyii ic response. d. Finite element method .
7. WNLO (C~~~ut.r progrem) . I. Loads (Forces). 9. Over—

— pressure. 10. SoiL—str ucture interaction . 11. Surface explo—
sions . 12. Underground stru cture . . I. Curti s , John 0., joint
author . II. Defense Nacisar Agency. III. Series : United
States. Waterways Experiment Station, tickeburg, Miss. Tech—

- - nica l report ; 5— 75—3.
~.• TA7.W34 no .S—7S—S _______________________________


