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/
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EFFECT OF BACKFILL PROPERTY AND AIRBLAST VARIATIONS ON
THE EXTERNAL LOADS DELIVERED TO BURIED BOX STRUCTURES

CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Large amounts of backfill must be placed around and over buried
hardened facilities for hardening against nuclear airblast and ground
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 (2p),
dynamic finite element (FE), structure-medium interaction (SMI) code
calculations, which were conducted to parametrically investigate the
effect of variations in constitutive properties of the backfill region
around a hypothetical plane-strain idealization of a simple, shallow-
buried, box-type protective structure., In this reference, the differ-
ences in the dynamic response of the structure due to a long-duration,
50-psi (3.45-bar) surface airblast loading* caused by changing the sur-
rounding backfill from a dense (or well-compacted) glacial till to the
same material in a loose (or poorly compacted) condition were examined.
A second study, identical with the first except that dense and loose
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 backfill
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 structure, and (3) increased
amplitudes of the shock spectra for points on the inside surface of the
structure.

Because of the long airblast positive-phase duration, negligible

#  Due to a 1-MT surface burst.
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stress attenuation occurred in the looge 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 static FE, SMI code calculations were performed with
the HONDOQ’3 code to determine the effect of soil backfill property
variations and surface airblast loading options on the transient ground
shock environments experienced by a hypothetical protective structure
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 surface loading options on the transient ground
shock environments experienced by a hypothetical shallow-buried structure,
and (2) provide a tangible example to structure analysts of the type of
structure/backfill interaction information that can be obtained for
their use in vulnerability assessments.

Prior to performing these calculations, a series of in vacuo modal
analyses was conducted with the SAP IV elastic FE eodek 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-
mum number of elements needed across structural sections in order to
adequately model the response of the structure. Embedded 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 modal analyses were previously submitted in
a letter report to DNA* and are included herein as Appendix A.

® J, 0., Curtis and J. E. Windham, "In Vacuo and Embedded Modal Analyses
for Hypothetical Structure in Plane Strain," SC062/01 informal report
to HQ DNA, April 1976, U. S. Army Engineer Waterways Experiment Station,
CE, Vicksburg, Mississippi.
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A first series of HONDO code calculations consisting of four large
2D, SMI calculations were performed on & CDC T600 computer. These calcu-
lations involve two surface loadings (e.g., nominal 300-psi (20,.7-bar)
overpressure pulses for 1-MT and 10-KT weapons) over two backfill condi-
tions (i.e. loose and dense shale backfill cueal). A detailed plan of
study for this first series of calculations has previously been submitted.®
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) overpressure pulse from a 10-KT detona-
tion, was also conducted. Finally, a calculation was conducted with the
HONDO code in which the structure surrounded by dense backfill was slowly
loaded with a monotonically increasing 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 static solution. In order to
maximize correlation with previous results, the site profile, excavation,
and structure configurations were identical to those in Reference 1.

1.2 PURPOSE AND SCOPE

The purposes of this code calculation study are to (1) determine the
effect of selected soil backfill property variations and surface loading
options on the high overpressure, airblast-induced ground shock environ-
ments experienced by a hypothetical shallow-buried structure, and (2)
provide a tangible example to structural analysts of the type of backfill-
structure interaction information that can be obtained for use in buried
structure vulnerability assessments. This report (1) outlines the plan of
analyses, (2) describes the FE code calculations, (3) presents their
results, (4) reports comparative analyses of the effects of the indepen-
dent variables, and (5) discusses the implications of these results.

The analyses are essentially limited to the results of the six HONDO code

® J, E. Windham, "Plan of Study for First Series of Structure/Backfill
Interaction Calculations," WES informal report on DNA Subtask SC062,
Work Unit 01, April 1976.




calculations that are the key elements of this study.

A supplementary study is reported in Appendix B. A simple method
for producing the rigid body motion of a buried box structure is pre=-
sented in Reference 5. This method 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 time histories. :

16




CHAPTER 2

DESCRIPTION OF FIRST CALCULATION SERIES

2.1 OVERALL PLAN

The objective of the first series of calculations was a parametric
study to determine the effects of both (1) soil backfill property vari-
ations (due to either diverse construction conditions or data uncer-
tainties), and (2) surface airblast loading options (due to selection
of different weapon yields) on the transient ground shock environments
experienced by a hypothetical protective structure located at a given
overpressure contour. In order to maximize correlation with previous
results, the site/excavation/structure configuration is identical with
that reported in Reference l. A total of four large calculations were
performed on a CDC 7600 computer with the HOND02'3 dynamic FE code;
these calculations involve two surface loadings (e.g., nominal 300-psi
(20.7-bar) overpressure pulse for 1-MI and 10~-KT weapons) over each of
two different backfills (loose and dense shale).

Figure 2.1 illustrates the geometry of the plane-strain problem in-
vestigated. The free-field medium is postulated a: a four-layered soil
profile consisting of clayey sand over clay shale (Material No. 1 through
4). The structure is assumed to be constructed of reinforced concrete
(Material No. 5), which is idealized as a linear elastic material. It is
laterally supported and covered by a compacted soil backfill (Material
No. 6), whose constitutive properties are independent variables in this

study.

2.2 FINITE ELEMENT GRID

The FE grid that was employed is shown in Figure 2.1 and consisted
of 1048 constant strain rectangular and triangular elements. The
elements 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 member

17




has four elements across its section. In the backfill, the elements

range from 1.25 feet (0.38 metre) by 2.5 feet (0.76 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 largest elements are in the
corners of the grid and are 20 feet (©.10 metres) by 20 feet (6.10 metres).
The grid was chosen as a compromise between (1) the desire for fine reso-
lution, and (2) the need to keep computer memory and running time (and,

hence, cost) requirements within reason.

2.3 HYPOTHETICAL STRUCTURE

The idealized structure is covered by 5 feet (1.52 metres) of back-
fill and is supported on undisturbed shale at a depth of 30 feet
(9.1% metres); th- structure has outside dimensions of 40 feet
(12.19 metres) and 25 feet (7.62 metrea). Its roof and floor are
5 feet (1.52 metres) thick. Its sidewalls are 4 feet (1.22 metres) thick.
The exterior structure elements are treated as being fully bonded to
those of the backfill and underlying shale, as no slip element capability
existed in the U, 5. Army Engineer Waterways Experiment Station (WES)
version of the HONDO code when these calculations were performed.t The
structure is treated as a linear elastic material with & bulk wmodulus K
of 1330 ksi (91,700 bars) and a shear modulus G of 800 ksi (55,200 bars).
The structure is assumed to have a mass density of 145 per (2.32 g/cmj).
Whether or not a real reinforced concrete structure of the dimension
adopted would remain operational in the overpressure environments used
in this study is doubtful. However, since (1) the purpose of the planned
calculations was to show only the relative effect of weapon yield on 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
same structure as that used in previous cnlculations,l 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.
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2.4 CONSTITUTIVE PROPERTIES

All of the earth materials were represented in the calculations by
nonlinear hysteretic soil cap models of the type used by the Site Defense
Ground Motion Working Group (SDGMHG).6 However, for the SDGMWG analyses,
uniaxial strain (UX) relations were only modeled to a vertical stress .
of 1000 psi (68.9 bars). For the current study, it was necessary to
extend the cap model fits to a o  in UX of 5000 psi (344.7T bars). The
extended constitutive model fits for the in situ or free-field materials
(Material Nos. 1 through 4) are shown in Figures 2.2 through 2.9; values
of the fitting constants that were actually used as calcalational input
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 from 160 psi (11.0 bars)
to 5000 psi (34%4.7 bars) for the current study, are shown in Figures 2.10
through 2.13; values of the fitting constants are also listed in Table 2.1.
The UX o, Vversus vertical strain % relations for the loose and dense
backfills are compared in Figure 2.14. The initial constrained modulus
Mi for the loose backfill material is 1500 psi (103.4 bars) and for
the dense material is 6000 psi (413.7 dars). 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.

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 (344.7 bars) to 13,900 psi (958.6 bars). Backfill
density control specifications were in effect at all of these sites. Thus,
the dense shale properties proposed for use in this study are clearly with=-
in the range produced by good construction practice. However, it is also
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
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loose shale properties are considered to be typical of poor construction
practice or expedient construction.

2.5 SURFACE OVERPRESSURE

Ivo traveling surface airblast overpressure functions were used in
the calculations. The loading portions for both are defined by a linear
rise to peak pressure in a constant time of 10 ms; the decay portions
are fits to Brode‘uT equations for 1l0-KT and 1-MT weapons detonated at a
gero height of burst and at a distance from the structure that will
cause a 300-psi (20.7-bar) surface overpressure over the centerline of
the structure. The variations of the pressure time histories for both
cases as the airblast traverses the 2u0-~foot (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 structure center-
line, and right boundary for the two weapon yields are plotted at larger
scales for comparison purposes in Figures 2.16, 2.17, and 2.18, respec-
tively. Artificial 10-ms rise times appended to the Brode overpressure
pulses increase the impulse at the 300-psi (20.7=bar) level by 2.8 percent
for the 1-MT case and 12.9 percent for the 10-KT case; at higher over-
pressure levels, the added percentage is even larger. Based on criteria
developed for the limiting frequencies that can bde propagated in 1D
elastic wave propagation prohlemn.a even longer rise times should be
employed if the lowest moduli 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 airbdblast
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-ms 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.

The duration of each of the calculations was 200 ms. At 200 ms, the

?

i
$ 3
1
L8
i 4
(4
Ia
b
| 8
¥




s gia e -

1,

B R ostmepas

surface overpressures for the 10-KT and 1-MT loadings were approximately
5 psi (0.34 bars) and 65 psi (4.48 bars), respectively. Reflections
from 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
nearly the same in all four problems since the first reflected signals
travel primarily through the nonvaried free-field materials.

2.6 OUTPUT DATA

The output data 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 (4) 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
involved for each calculation. Forty-seven plots (or snapshots) of
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 ms and at 10-ms 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.

2.7 TIME INCREMENT AND
FREQUENCY TRANSMISSION

Each calculation was run for 2000 time steps of 0.1l ms each. This

time step was chosen to satisfy the Courant criteria* and was controlled

Ax
min 1.0 ft
# 24
At;_<__Cp x58.76ft/ < 0.11k ms

where At = time increment; Ax

i = minimum element size; chax =

maximum P-wave velocity.

21




by the minimum FE dimension and P-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 ms or 5 Hz.
The lowest modal frequency determined from an embedded modal analysis
(see Appendix A) using lower bound moduli for all materials was 4.315 Hz,
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 peak displacement responses in the lowest mode of the
system. The highest frequencies that can be fully transmitted cannot
exceed the reciprocal of the loading rise time, i.e., 1/10 ms or 100 Hz.
As a practical matter, however, credible frequencies probably did not
exceed one-half of this value or 50 Hz.

The FE grid for the backfill material immediately surrounding the
structure can transmit frequencies through the dense backfill up to
68 Hz based on the formula

£, " g%‘-l- (2.1)
max

By similar calculation, however, the loose backfill can only transmit fre-
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
for the two loose backfill calculations. 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 judged
to have a sufficient range of frequency response to cermit an adequate
assegssment of the stress and motion patterns that would occur within the
hypothetical structure/backfill system under the postulated airblast
environments.
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Figure 2.2 UX stress-strain curve for free-field layer 1 produced
by the constitutive model,
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CHAPTER 3

RESULTS FROM AND ANALYSIS OF THE
FIRST SERIES OF COMPUTATIONS

3.1 STRESS AND DISPLACEMENT PATTERNS

AT SELECTED TIMES
3.1.1 Deflection Across Backfill Sections

Calculated vertical displacement patterns for sections through the
loose and dense backfills at 60 and 100 ms into the calculations are shown
in Figures 3.1 and 3.2, respectively, for the 1-MI loading case and in
Figures 3.3 and 3.4 for the 10-KT loading case. As can be seen in all
cases, the vertical deflections in the loose backfill at the 5=fcot
(1.52-metre) depth are much larger at 60 ms than those in the dense
backfill. This appears reasonable when the stress-strain curves for
the two materials are examined (Figure 2.14). But displacements at the
15-foot (4.57 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 ms, however, when wave propagation no longer
plays this type of interactive role and the peak free-field stress has
occurred at all depths of interest, the displacements are everywhere
larger in the loose backfill than in the dense backfill, as shown in
Figures 3.2 and 3.4, respectively. At 60 ms, the vertical backfill
deflections for the 1-MT loading case are only slightly higher than
those for the 10-KT loading; at 100 ms, the vertical deflections are
much higher for the 1-MT loading.

The maximum deflections of the backfill (node 148) 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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Vertical Strain Deflection at 5-ft (1.52-m) Depth

at 20.T~bar Node 148
Vertical Stress 1-MI Weapon Yield 10-KT Weapon Yield
Backfill in UX Peak Deflection Time Peak Deflection Time
Case % cm ms cm ms
Dense 3.6 2k 85 18 88
Loose 13.4 T6 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-foot (1l.52-metre)
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 backfills are a factor of l.4 and 1.3 times

the deflections for the 10-KT weapon yields over loose and dense backfills,
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 airblast 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- :
tively compressible backfill could deflect vertically with respect to
the concrete structure (which is founded on very stiff undisturbed clay
shale). This type of element was not available when these calculations i
vere performed. Since the structure and backfill were "welded" together,
it is inevitable that very little deflection would occur near the struc=-
ture walls. Of course, this is not the case in the real world. However, i f
the backfill vertical deflections did maximize at a distance of approxi-
mately 6 to 10 metres from the structure (Figures 3.1 through 3.4) for
all cases. Deflections close to but perhaps less than the maximum shown
for the backfill (because of wall friction) should be expected close to
the structure. The deflections 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. :
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3.1.2 Stresses on the Exterior Structure Surfaces
and Deflections of the Neutral Axis

Figures 3.5, 3.7, 3.8, 3.9, and 3.10 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 40, 80,

100, 150, and 200 ms, respectively. Figure 3.6 shows the same normal

stress and deflection information for the times that the vertical deflection
at the center of the roof of the structure has maximized for each calcula-
tion. Maximum deflections occur between 60 and 70 ms for all calculations.
In actuality, the stresses are the vertical or horizontal stresses in the
middle of the soil "cells" adjacent to the structure.

At a time of 40 ms as shown in Figure 3.5, the roof loading is tri-
angular except in the 10-KT dense backfill case. At 40 ms, the peak over-
pressure for the 10-KT dense backfill simmlation 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 roof at this time is
a function of the velocity of the traveling airblast and the wave speed
of the backfill. The average propagation velocity of the 10-KT airblast |
for locations upstream of the center of the structure is faster than that
of the 1-MT airblast (i.e., the local propagation velocity is 2.0 m/ms
versus 1.54 m/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 m/ms). At the time that the peak centerline deflec- !
tions of the roof occur, the roof loading varies irregularly with position, ! ’
but generally the differences among the four calculations are less than
20 bars (Figure 3.6). For subsequent times, i.e., 80, 100, 150, and
200 ms as shown in Figures 3.7 through 3.10, the normal stréss on the
roof decreases with increasing time and tends toward a pattern of uniform
loading over most of the roof with stress concentrations atove the side-
walls, At 200 ms, the stresses normal to the roof for the 1-MT weapon=-
yield cases are higher than those for the 10-~KT cases because the airblast
from the 10-KT weapon decays at a faster rate than does the airblast from
the 1-MT weapon.
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The normal stresses on the blastward sidewall from the two dense
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 significant stress to propa-
gate further down the backfill. Figure 3.6 also shows this trend. At
80 ms, as shown in Figure 3.7, the stress normal to the blastward side-
wall is nearly equal for both backfill cases.

At 40 ms, the stress normal to the structure floor shows a concentra-
tion under the blastward sidewall for all cases because significant stress
has just propagated to this depth on the blastward side of the structure.
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 sidewalls and is at a minimum near the center.
For subsequent times, as shown in Figures 3.7 through 3.10, the stresses
under the sidewalls decrease. At 150 ms, as shown in Figure 3.9, tensile
stresses are occurring under the left portion of the floor of the struc-
ture. It is separating from the soil, and a clockwise rotation of the
structure is taking place at this time.

The deflected shape of the structure at 40 ms, as shown in Figure 3.5,
indicates that the left portion of the roof and floor of the structure are
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 magnitude
of the deflection increases with increase in weapon yield and with loose
backfill. The total maximum downward motion of the roof centerline for
the 1-MT dense, 1-MT loose, 1l0-KT dense, and 10-KT loose calculations are
10.9, 13.0, 7.2, and 8.4 centimetres, respectively. The maximum relative
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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, T.4, 3.4, and 4.6 centimetres, respectively. The maximum relative
deflections for the 1-MT case are 56 percent and 61 percent greater than
those for the 10-KT loading cases for the dense and loose backfills, re-
spectively. The loose backfill caused maximum relative deflections

40 percent higher for the 1-MT loading case and 35 percent higher for
the 10-KT loading case than did the dense backfill,

At 80 ms, 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 he: rebounded more for the 10-KT loading cases
than for the 1-MT loading cases; this phenomenon is compatible with the
stress distributions normal to the structure roof shown in Figure 3.7.

At 100 ms, as shown in Figure 3.8, the roof has rebounded in all
cases, and the downward deflection of the centerline of the floor is
"catching up" with the sidewalls. At this time, the structure has
moved downstream and an inflection has developed in the blastward side-
vall (i.e., the top of the wall has moved further downstream than the | 4
bottom). At 200 ms, as shown in Figure 3.10, for the 10-KT 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
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

the 10-KT loading cases.

3.1.3 Rotation of the Structure

The rotations of the chord formed by the two bottom outside corners
of the structure are presented in Table 3.1 for all calculations. In all
cases, the structure initially undergoes a counterclockwise rotation; then,
as the airblast passes, it rotates through the upright or "gero position"
and undergoes a clockwise rotation. For both loading conditions, at
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200 ms, the structure remains rotated in a clockwise position. However,
for the 1-MT cases at 200 ms, the clockwise rotation is less than the
maximum; whereas, for the 10-KT calculations the maximum clockwise rota-
tion occurs at 200 ms. The maximum counterclockwise rotations are
higher for the higher weapon yields and for loose backfill conditions.
The maximum rotation of 0.00246 radians for the 10-KT simulation repre-
sents only 3 centimetres of differential displacement over the length of
the structure.

3.1.4 Thrusts, Shear and Bending
Moments Within the Structure

Axial thrust, bending moment, and saear 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
in the figure. Shear and moment diagrams for each calculation were
plotted for the roof and floor at the times that the horizontal stress
in elements 514 and 515 (Figure 2.20) maximized and for the blastward and
leeward sidewalls 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.
The times for which the moment and shear diagrams were plotted for each
member are shown in the appropriate figure. The signs for the moments,
shears, and thrusts are those of a right-handed sign convention.

In Figure 3.11, the naximum moment occurs near the center of the
roof of the structure fo- all calculations and is pcsitive., 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
Figure 3.12. The maximum moments in the sidewalls occur near the top
of the sidewalls as shown in Figure 3.13. The general trend is for
moments to increase with increase in weapon yield and with loose backfill.
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The calculated moments and thrusts for specific sections are compared
with thrust-moment interaction diagrams in Figures 3.14 and 3.15. Fig~
ure 3.14 shows a thrust-moment interaction diagram for yield of a struc-
tural section that might be typical of those for the roof and floor in
the idealized structure, and Figure 3.15 presents the same type thrust-
moment interaction diagram for the sidewalls., The thrust-moment inter-
action diagrams were determined by the methods of Section 8.3 of ASCE
Manual k29 and by assuming a concrete strength of 4.0 ksi (277 bars),a
yield strength of steel of 52 ksi (3600 bars), and 1 percent of rein-
forcing steel in each face. Also shown in Figure 3.14 are the maximum
thrusts and moments on Sections FF (through the roof) and Section RR
(through the floor), and in Figure 3.15, those on Sections ww and KK
(through the sidewalls). As further noted in Figure 3.14k, an increase
in weapon yield and a change from dense to loose backfill caused an in-
crease in thrusts and moments. The same trend was seen in Figure 3.15
with the exception of Section KK for the 10~KT case. The increases in
thrust and moments due to changes in the type of backfill were larger
for 1-MT cases than for the 10-KT cases.

What do the increases in thrusts, moments, and shears, which have
been shown to occur as backfill quality decreases, mean in terms of
structural integrity, strength design criteria, and resulting costs?

The structure idealized here would probably undergo significant perma=-
nent deformation and might even be totally unusable if subjected to

the loading assumed. Because the idealized structure is linear elastic,
the calculation cannot possibly demonstrate that type of behavior. The
trends in Figure 3.14 indicate that structural integrity could possibly
be threatened by an 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 sidewalls, the trend is more evident for
the 1-MT loading case.)
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3.2 SELECTED TIME HISTORIES

Figures 3.6 through 3.42 present comparisons of selected stress or
motion time histories for the four calculations. In each figure, the
element and/or node locations are sketched. ‘The sign convention for
these fiigures is as follows: upward and outward movements and tensile
stresses are considered positive.

Comparisons of the vertical displacement and velocity time histories
for the center of the roof span are shown in Figures 3.16 and 3.17, re-
spectively. As can be seen in the figures, both peak downward velocities
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 peak parti=-
cle velocities, the reverse was true. After the firat relative maximum
displacement, the period of the oscillation in the motion of this point
ranged from 60 to 65 ms. This corresponds to a frequency range of 15 to
17 Hz. Within or very close to this same range are the first (15.1) and
second (18.2) frequencies determined in the in vacuo modal analyses*® and
with the second (16.7), third (17.2), and fourth (17.%) frequencies de-
termined during the embedded nodal analyses®® using the upper dbound mate-
rial properties. The deflected shapes of the structure at the times that
the vertical deflection at this point maximize and at the 100 msec time,
as shown in Figures 3.6 and 3.8, respectively, can be approximated as a
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 and bottom fibers of
the roof, respectively. As can be seen, the peak streasses above and be-
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
blastward corner of the structure are shown in Figures 3.20 and 3.21,

* See Figure A.3 of Appendix A.
#®  See Figure A.T of Appendix A,
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respectively. The peak downward velocities for the loose backfill cal=-
culations are slightly higher than those for the dense backfill calcu=
lations for both weapon yields. The peak outward velocity for the 10-KT
loose backfill calculations is only slightly greater than that for the
10~KT dense backfill calculation; however, the peak outward velocity for
the 1-MT loose backfill calculation is much greater (a factor of 2 higher)
than that for the 1-MT dense backfill calculation.

Vertical and horizontal displacement time histories for a point
(node 361) near the midheight of the blastward 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.

Figures 3.24 through 3.29 compare vertical deflection time histories
of points on the blastward 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 affected
by changes in backfill or vertical location along the wall. (The de=-
flections of the structure for the calculations with 10-KT loading and
1-MT loading are 5.0 and T.5 centimetres, respectively.) The reason for
this is that the vertical deflection of the structure as a whole is
mainly controlled by the applied loading and the properties of the rela-
tively 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
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
structure, 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
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
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.

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
for the 1-MT/300-psi (20.T-bar) dense backfill case. Good agreement is
demonstrated, and the structure is shown to be deflected downward nearly
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 3.31 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-
culations 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 structure are higher in the loose backfill
cases.

Figures 3.32 through 3.37 present comparisons of selected stress
time histories of stress components within the blastward sidewall for
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all the calculations. Figure 3.38 compares vertical stress time histories
for an element on the inside of the leeward sidewall near the midheight.
Figure 3.39 compares horizontal stress time histories for an element on

f the top of the floor near the center. In all cases, the maximum stresses
: increase with an increase in weapon yield and for the loose backfill con=-
dition.

Exemination 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 ms
or 100 Hz, As a practical matter, however, credible frequencies will
probably not exceed one-half this value or 50 Hz. The FE grid for the
backfill material immediately surrounding the structure can transmit
frequencies through the dense backfill up to about 70 Hz. However, for
the case of the loose backfill, the grid can only transmit frequencies
up to about 25 Hz. Thus, the cutoff frequencies are on the order of
: 50 Hz for the two dense backfill calculations and 25 Hz for the two
f loose backfill calculations,

3.3 SHOCK SPECTRA ANALYSES

The effects of backfill variations on the response of possible equip-

e

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 3.43 through 3.46 present the

2 percent damped shock spectra calculated for the velocity wave forms

in Figures 3.17 and 3,14 through 3.42. The inside of the roof of the
structure (node 513) has the most severe calculated shock environment of
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those points examined. In the credible frequency range, the shock environ=-

ment worsens for the loose backfill and the higher weapon yield. The | 4

center of the floor of the structure has the smallest shock environment
(Figure 3.46). 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 airblast-induced ground shock.

The maximum response of the sidewalls and the roof of the structure
over the credible frequency range occurs at frequencies of 15 to 17 Hz.
This frequency 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.

3.4 SUMMARY

Tne 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.

The frequencies observed for selected motion time histories of the
structure and the deflected shape of the structure at selected times
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
c;lculations as controlled by the airblast rise time and duration, the
FE grid, and the controlling wave speeds of the materials.
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Table 3.1 Maximum and Final Rotations of the Chord Formed by the Two
Bottom Corners of the Structure; 300-psi Nominal Over-
pressure, Dynamic 1-MT and 10-KT Calculations.

Loose Backfill Dense Backfill
Type Rotation rad time, ms rad time, ms
1=MT Calculations
Counterclockwise max 0.00164 55 0.00131 Ll
Return to upright position 0 T0 0 100
Clockwise max 0.00155 145 0.00107 173
Final (clockwise) 0.00098 200 0.00090 200

10=-KT Calculations

Counterclockwise max 0.00123 52 0.0010T7 ks

Return to upright position 0 65 0 82

Clockwise max 0.00246 200 0.00246 200

Final (clockwise) 0.00246 200 0.00246 200
| ;
; 60
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Table 3.2 Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 62.5 ms after the
start of the 1-MT Dense Backfill Calculation.

\
|

!

i

i
|
|
i

61

SECTION SHEAR FOKCE AXIAL THRUST 9:NDING MOMENT

| N/M N/M N-M/M
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Table 3.3 Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 67.5 ms after the
start of the 1-MT Dense Backfill Calculation.
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Table 3,4 Shear, Thrust,and Bending Moment for Selected Sections

Through the Structure at a Time of 65 ms after the
start of the 1-MT Loose Backfill Calculation.
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«329538E¢07
«617370€E+07
« 89%5037€¢+07
«128761E+08
+560826E+06
«283360E+07
¢« 339794LE+07
HL1126E+?
«e6770665F+07
=e236499E+07
-¢555661E+06
«453260E+06
«112561E+07
«220010€+07
0 294998E+07
«310014E+07
e 337758E+07
bL&L3S50E+07
= 264108E¢07
=.181801F«07
-e229627E407
e 364321E¢07

AXTAL THRUST
N/M
=e520873E+07
~ebiH7R0E+07
=« 276500E 07
~e176086E+07
=e150918E+07
=e161723E+07
~o154365E+07
-e106124E+07
“e%Qb154E+06
~e 979693 +05
=e184591E+08
-eA77 *TDE+DS
~«178012E¢08
=« 186154LF 08
o TH47 IW3EC0?
«709201E+07
«609523E+0?
«614428ECD?
«589531E«07
«618898E+07
«6364900E+07
678928E+D7
«627631E+07
«522094L+07
=+189039E+08
~e200371E+08
~e205974LE+08
~e204530E+08
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BENDING MNOMENT

N-M/M
-« 505056E+07
«830392E+07
«183627E+08
0 241642E+0A
0 254L624E+08
e 257662E+08
e 2L5845E+08
e 180952E+08
« 35 8375FE+07
= 383827E+07
=e15529(E+0 R
=0 130873E+0R
e 107252E¢04
= FIPCGE+Q7
*e539721E+07
«o100923E+08
=e121351E¢+008
=¢121088E+08
*e113727E+0R
=« 1M9922E+0D8
=e95R3R1F+07
=e5816L1E+07
e 218R16E¢07
011450%L+07
HE2251E+07
o T62922E+L7
« 893792E+Q7
¢ 135893E+08




Table 3.5

SECTION

AR
83
cc
00
EE
FF
66
HH
11
1
KK
L
MY
NN
00
PP
0Q
RR
Ss
T
uy
v
WW
XX
Yy
77
PH
oM

Shear, Thrust, and Bending Moment for Selected Sections
Through the Structure at a Time of TO ms after the
start of the 1-MT Loose Backfill Calculation .

SHEA® FORCE
N/M

~e126100E+08°

=e 998 340E+07
=+669010E+07

=e286998E+07

=.854LT766E+06
«106663E¢07
e 36T0418E40D7
«8824L0BE+QY?
¢120943E+08
e 149694LE+GR
«&69836E+07
«2R86651E+07
«108774LE+QT
«699506€E+¢06
=e109216E+DR
o bC030LF4Q7
=e1131L9E+07
¢ 365951 +¢06
¢916139E+06
«673871E+06
«1209SuF+07
0201 341E¢07
e 234 923F+07
+561569€E+07
e 327899E+07
«e207601E¢07
=e223768E+07
*e1374L32E+07

AXIAL THRUST
N/M
= 542594E+07
“o463273E+07
-yX31368:+07
-e263861E¢07
=e 264 692E+07
=¢2596Q85F+0”
- X06256E+07
= 41287 4LE+G7
= B16794LE+Q7
=o602264E+07
=9 227296E+08
=+ 230285E+D8
«e235379€+08
-, 242016E¢08
e 261 314F¢07
«370663E+07
eb65115+07
«401589¢E+07
e 308654LE+D7
+L13E€T0E+07
WQ4O0QT7E+07
0541392€+¢07
+56988LE+D7
«S5TL191E+07
=e216749€E+08
-.2064812E+08
=«197005E+08
=« 1870L8E+DS

AENDING MOMENT

N-M/M
~e 361896E+07
«900363E+07
«1958 88E+08
e 2bL194E+Y8
¢ 2€6279E+08
«268819E+08
¢ 258397E+0 &
«191881E+08
«692681E+07
=+ 3R1851E+07
=os15264L9E+0 0
=e¢92870Q1E+07
=e 775057E+07
= 700114E+07
=+295817E+07
=e102317c¢68
=¢123803€E+0R
=.125332E+08
=«119339F+08
1127 6BE+0R
=¢1C05219E+0R
= 7T77RELEXDY
~e4RH1IS0LE+07
=e394862E+0F
¢ SXp396F+07
« 9706505407
e115240bE+0R
o LLb245E+08




Table 306

SECTION

AR
1)
cc
()
EE
FF
66
HH
I
N
KK
L
MH
NN
00
PP
QaQ
RR
ss
181
w
vV
W
XX
YY
22
PH
oM

Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 55 ms after the
start of the 10-KT Dense Backfill Calculation.

SHEAR FQORCE
N/M
e 7G87L2E+A7
-o536CL17E+Y7
=«383F07E+I?
=e1430BAE®Q7
=e3bL119E+)E
«658062€+06
«1 3685QE+17
«259869E+)7
e5 241 31E4)?
«82386FE+)7
«133345E+7
«127¢64¢E+u7
«137604LEXD?
«1LLEBTE+YI?
b ILTITF+)7
=+208BSSEHI?
=1 CLQ3QE+]T
«+1[891E+T86
«1C1774E+)7
«15QN4LLE+N?
«20406982+)7
«26917QE+17
W2742L(ED7
«3B8ETLBES]?
«302986E+03
=.37135%5E+08
=«157152E+16
=-e114u92E+Y7

AXTAL THRUST
N/M
e 3IBTHLLEH T
e 226{COE®T?
-~e190823E407
ve17325€65 407
-e17086BE+C?
~.19606LRZ+]7
~e2147358E407
-e 239354407
-e282498E¢07
o 312725437
o120 698+ 0
~e1i691«c 408
-e113797E+u8
-e119227E+*8
e183537C L7
«180S15E+407
e 2LK167C407
¢ 295934LE¢07
«295137E407
¢ 3122235407
e 31T425E+27
o 302425437
e 256T782E+07
1077012407
~e126995¢c ¢0R
-e125L82L+"8
~e12L287E(E
=e119751c+C8

65

RENDING MCOMENT

N-M/M
=e238N6K LT
«398263E+07
«913A51E+G7
-e119212&+{48
«123111E+C8
«1224L3TE+L B
«11583c6E+08
«937212E+(7
oL ITBTERT
~«3C11TTECT
=s823 T JLEMLT
=0 389 32EHL7
=+ELILETER?
=e3 SL12E#CT
=e2ULIALESLT
=eb10322E+CT
=e789129E+(7
=eB8IE2LTER(T
“«B . C272E+L7?
=o? (93CE(7
=¢f 88R2LEMI 7
=e312572E# T
=e98E27ME+(L
W BI1LTESLT
«3 740 T6E+0 7
eb! JVLBESLT
wh35202€+07
D 2WTSTERLT




Table 3.7 Shear, Thrust,and Bending Nonerit for Selected Sections
Through the Structure at a Time of 60 ms after the
start of the 10-KT Dense Backfill Calculation.

MO R i ABSRG  sfriio

SECTION SHE AR FORCE AXIAL THRUST 3ENDING MOMENT
N/M N/M N-M/M
AA =e667130E+17 =e 2265628407 =e279653€+¢7
L =«5I9RL12E+D7 ~e1320932E+07 hLBBI7EST
ccC =e36B965E+07 =e281998E+0% w1022 Fels
00 =e129289E+37 11658G1E40¢E 0129€8L T+ &
EE «22€718E+16 «17°2783E 406 13384  E+(3
FF «147794EH]7 e B2639E+0> «129637E+CE
GG «268416E+]17 e 4&( 427E40E «117822E+DE
HH L6BF36EXIT =e295944LE T E oTE2211E4+07
II «398219E+17 =155t LR 4T el TTRBLEMLT
JJ «52L79LE+)7 *el%968B6E+07 =ekS3IBAL (7
KK 0129277E+7 “e117827E4+08 =e05454CEH(7
LL LB1LBTEXIE =e123338E+C8 =«S11871E+r?
MN «1174FBF 46 =el27101E+78 ~e b TLEJLESNT
NN «351L9¢LE+IE “e129B74E+" 8 =L NBR2ESEF+LT
00 =e56L7T225407 5789425408 “el76L1cESQT
PP =e244739E+47 «116L866C+u7 =e821389E+LT
QaQ =e352297TE+6 «152115E¢07 = 7ABLLESH(T
RR o1 38L37E+D6 e199272E+07 =eBL2318L LT
SS «325538E+96 «21966LE+0Q7 =«BU1ETREHLT
7 1027 66E+]7 «231300E 07 =eT4354T0 4T
uu 1507315437 «2€4TUbE 07 =e839638E4 7
v «230882E+27 e3,3557E+(7 =e380870E+L7 |
UL a289801EXY7 «238635E+07 =e873200F+0¢ ]
xX «48174L8E+]7 0924269z ¢0¢ W2TALCET 40T '
Yy «729793E+)0o =e152492E408 «396S70E+C7
2 =247 LUE+E ~e LLIEI2EMNE ¢ 3837 SAEH(T
PH =e508312E+06 “e13586L1E (R L IBLOLESCT |
oM =el01T16E+D7 =2118331€+Ce «S89383E+0T ’
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Table 3.8

SECTION SHEAR FORCE AXIAL THRUST BENDING MOMENY ~
N/M N/M N-M/M

AA -+ 837063E¢07 -e 251 423E+07 =e 401 623E+07
L] =+681801E+07 e 15230AL+07 e 477527 +07
ccC =e505923E¢07 =« 54 8072E+05 e 115312E+NA
on =e267273E+07 «390536E+06 «153846E+08
EE ~e1288B64LE+07 65R8117E406 ¢109397E+0R
FF +«B876684LE+CS e 644790E+0E «172788E+08
GG e 1647724E+07 +«600935E +16 ¢ 1675 31E+0R
HH e 4ESLAIECDT «382205E+06 «123557€+08
IT 0 659144E+07 «61661Jc+0°% «57699Q3E+07
JJ «702297E+07 -+472293E+06 “e2702RLE+C7
KK =e761095t ¢06 =eQ02724E+07 =eAF2087E+CY
LL «765878E+06 -+ 100209E+08 =+100927c+08
MM «260108€E+07 =« 105343E+08 =¢ 88517QE+07
NN «L179343E +I7 ~e115F81E+08 =s30CW20C+07
00 -« 387288E+07 «S91771E¢07 =e4TIL2TE+O7
L =« 187752E+"7 «610769:+07 =+ 808221E+07
QN «200900E+06 «626E70E+D7 =e92465LE+07
RR «131810E+07 +616102E+07 =+ 848592E+07
SS e 154511€+07 «583787E+07 =e7734LT71E407
17 «191239E+07 e ShL6LSECDT =e 6921 2LE+07
Uy «190125€+07 501 453E+07 =e586036E+07
vy «201557E+07 «WL30U22E+07 =e339583E+07
Wl 0 292207€+07 0294 156E£¢07 =« 103812E+07
XX «370098E+07 «185016E+97 o« 2421 A3E+07
vy “.aT5672E+06 =e124923L+08 «330415c+07
27 =e125377E+07 =+ 12193JE+08 e U524LT73E+U7
PH =« 157706E+07 ~e121891E+¢D8 557628407
oM =e19LAR0O3F+07 =e115975€+08 ¢ ALSTS1EDY
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Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 60 ms after the
start of the 10-KT Loose Backfill Calculation.




e S0 VT TN e e S S

bt AR e R

ek S N e

|
{
1
E |
4
6 |
b

Table 3.9 Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 62.5 ms after the
start of the 10-KT Loose Backfill Calculation.

SECTION

SHEAR FORCE
N/M

~+930198E+07
~e7T19139E+07
~o4?TT45E+07
=+ 2075196407
-«728168E+06
«799313E+96
«197589E +07
¢ 390547€+07
«610161E+07
¢« 8RL54BE+07
«S4212TE+06
«154763E+07
¢226166E+97
+299993E+497
- 428738E 407
- 171237407
=+ 84565 7E+06
«25G737E+G5
«923567E+06
«178687£407
¢ 2L5262E407
«239131E+07
¢299119E+07
«302L89F+07
-e147808E407
= 106456F +M7
~¢145509E+407
=« 194711E407

AXIAL THRUST
N/M

=e347173E407
-+300138£407
~e230€85E+07
~e162004E+07
-e 125374407
-¢985063E+06
~e645301E+06
=¢300309E+06
~¢180732E+06
-e225686E+06
=+119822E+08
-«116976E+88
-e113745E+408
-e108358L+08
«380711E+07
«203637E+07
e 424338E+07
«486314E+07
«515836E¢07
«518465L+07
e530228E+07
o UTH2L4LEFDT
«373610E+07
¢ 331989¢t+07
-e126736E+¢08
-e130285E+08
=e133681E+08
=e129644E+D8

BENDING MOMENT
N-M/M

-3 367252E4+07
«603143E+07
¢127901E4+08
2 165662E+08
«172502E+08
o17137%FE+N8
¢161367E+08
e124u875+08
«633213E+07

~e3r5396E+07

e 104574E+08

=e 884029E+07

=+ 755339c+07
=¢364068E+07

-¢35108LE+D7

~e730229E+07

- 8943R1E+Q7

~e938042E+0G7

=.893055F+07

-e 820425€E407

~e686940E+07

e b11292E4C7

-o 16506 28F+07
e201365:+07
¢ JLTLRJE+QT
o SLU13KE+DLT
«6262155+07
+900207E+07
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Table 3.10 Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 67.5 ms after the
start of the l0-KT Loose Backfill Calculation.

SECTION

AA
83
cc
00
EE
FF
66
HH
I1
Y
KK
LL
MM
NN
00
PP
an
RR
sS
T
v
vV
wW
XX
Yy
27
PH
oM

SHEAR FORCE

N/M
“oTTL121E+07
=«596 176F +07
=e382717€E¢07
=« 137209E+07
~«108191E+(6

«131357E+07
¢ 281 704E4+07
«512011E+07
e T24L939F+07
«838037E+07
«261597F¢07
«120910E+07
«40L6B2E+06
«198027E+06
~e672730E¢07
=e 270 490E 07
=+ 895387E+06
=e728234E+05
e hd222E+06
e 910445€+96
«134963E+07
«1575485E+07
«291679F +07
«312490E+07
- 2084TAE+07
=e 134 LLE6EF+07
=s Q06459E+06
“e116194F ¢N6

AXIAL THRUST
N/N
=e292333E+07
=e293576E+07
~e261483E¢07
=e217A55£+07
=« 227178E+97
-e251108E+07
=e 271 210E+07
=e 321084E+07
=« 3773S7ECO?
=e402683E¢07
=e 12TATLE+OS
=e136723E¢+08
=e162650F+08
=e150610€+08
«3ub101E+06
«533297E+06
«9LT7876E+06
«118034c¢07
« 1214156407
«163501E+07
1772110407
«3224L31E+07
«337939€+07
cL27564E+07
~e132260E¢03
“e129743E+08
=e127276E¢08
=+119210F+08

BENOING MOMENTY

N-M/M
=9 1E67174E+07
e 6E6854LENT7
«125872c+08
e156€ 33JE+Q A
e15354L2E¢08
e 1624L4LBE+DA
+1%51872E¢08
«1NI112E+OR
e 3750 25E+07
e 550379E+07
= 8R82071E+07
=e508524E+07
“e531307€E¢07
e 515472€E+07
=¢1964052E+07
=e6590150L+N07
e 87305LE+D7?
s 9078 KRSE+Q7
-e 884865E+07
=e83¢92aL+07
=o 7S9809E+07
o S187S0E+NT7
=e316076C+07
«120567E+07
e JE634RE+D7
«BBUTS2E07
o T04L057:+07
«A3ITN61F+07
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NOTE 1 MT LOOSE - NO DEFLECTION AT THIS TIME

DEFLECTION
SCALE

0 246 8 0CM

a. DEFLECTED SHAPE OF STRUCTURE
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b. STRESSES NORMAL TO STRUCTURE

Figure 3.5 Comparison of deflected s
normal to the structure at

ginning of the problem,
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CHAPTER 4

PRESENTATION AND ANALYSES OF RESULTS FOR 10-KT WEAPON YIELD,
1000-PSI OVERPRESSURE DENSE BACKFILL CALCULATION

4.1 CALCULATION DESCRIPTION

An additional dynamic calculation was conducted identical to those
described in Chapter 2, except the surface boundary of the problem was
loaded with a traveling airblast from a 10-KT weapon, which produced a
nominal 1000-psi (68.9-bar) overpressure loading on the center of the
structure. This calculation was conducted for the dense backfill case
only. The applied surface overpressure time histories over the upstreanm
and downstream boundaries of the grid and over the center of the struc-
ture are shown in Figure 4.1, There is a very large gradient in peak
surface overpressure (10x) over the 2u0=-foot (T73.2-metre) range covered
by the calculation grid as indicated in the figure. No artificial rise
time was appended to the front of this loading function because the
added impulse for a 10-KT yield, 1000-psi (68.9<bar) overpressure rela-
tion would be too great if a rise time commensurate with the frequency
transmission capability of the grid was appended. A finite rise time
will develop in the media due to the grid limitations after the airblast
has propagated into it for some small distance. Credible frequencies
probably will not exceed 50 Hg. The maximum obJective of adding this
calculation was to gain qualitative insight into the effect of this
additional case on the external loading on the structure.

4,2 STRESS AND DISPLACEMENT AT SELECTED TIMES

4.,2,1 Deflections Across Backfill Sections

Calculated vertical displacement patterns for sections through the
dense backfills at 40 and 100 ms are shown in Figure 4.2. At the S5-foot
(1.52-metre) depth, the deflection pattern on the upstream side of the
structure is the same for both the 40- and the 100-ms time. However, on
the downstream side of the structure, the backfill deflections at 100 ms
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are greater than at 40 ms because at 40 msec the peak stress has not yet
propagated to the 5-foot (1.52-metre) depth., Similar behavior is also
shown for the 15-foot (4.5T-metre) depth. The maximum backfill deflec-
tion at the S5-foot (l.52-metre) and 15-foot (4.57-metre) depths in the
vicinity of the structure at 100 ms are 23 and 12 centimetres, respect-
ively. For the 10-KT weapon yield, nominal 300-psi (20.7-bar) loading
over dense backfill calculation, the maximum deflections at the same
depths and time were 19 and 7 centimetres, respectively.

4,2.2 Stresses on and Deflection of the
Exterior Surfaces of the Structure

Instantaneous distribution of normal stresses on the exterior sur-
faces of the structure at 40, 70, 150, and 200 ms are shown in Figure 4.3.
Instantaneous patterns of deflection along the exterior surfaces of the
structure at the same times are shown in the same figure. The 40O-ms
time is close to the time (45 ms) that the maximum deflection of the
center of the roof occurs. At 40 ms, the stresses are concentrated under
the sidewalls. The floor and the roof are bowing inward, and the walls
are bowing outward. At 7O ms, the high stresses under the sidewalls
have been relieved, the roof is rebounding, and the downward deflection
of the center of the floor is catching up with that of the sidewalls.
The blastward sidewall is undergoing a shear deformation, while the
leeward sidewall has about rebounded approximately to its undeformed
shape. At 150 and 200 ms, the stress on the structure is relieved, and
the complete structure is moving upward, taking a shape similar to its
unstressed shape and rotating in a clockwise direction. The patterns
of calculated stresses on and the deflected shapes of the exterior sur-
faces of the structure observed here are qualitatively similar to those
observed for the structure for the 10-KT, 300-psi (20.7-bar) dense back-
fill calculation whose results are shown in Figures 3.6 through 3.10.
4.2.3 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

117




(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 calculation was
0.00328 radians and is approximately one-third greater than the maximum
rotation in the 10-KT/300-psi (20.T-bar)/dense backfill calculation.

4.2.4 Thrusts, Shears, and Bending Moments
Within the Structure .

Axial thrust, shear, and bending moment per unit depth of the struc-
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, shear and moment diagrams were plotted for the roof, floor,
and sidewalls for times very near those when the axial stress in ele-
ments near the center of each member maximized. This time was found to
be approximately 40 ms for all components. Figure 4.4 presents moment
and shear diagrams for the structure floor and roof at 40 ms, while
Figure 4.5 shows those for the sidewalls.

The trends in the moment and shear diagrams for the roof and floor
of the structure are the same for this calculation (Figure 4.4) 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 E
roof from the 300-psi (20.7-bar), 10-KT dense backfill calenlation |
(Figure 3.11) was 13 x 106 Newton-metres/metres. The maxi.um moment at
the center of the roof from this calculation is approximately 20 x 1o°
Newton-metres/metres. Therefore, the effect of raising the applied
overpressure from 300 psi (20.T bars) to 1000 psi (68.9 bars) for this
case increased the moment at the center of the roof by a factor of

g »

approximately 1.5. However, the maximum moment for this case was not

as high as that for the 1-MT/300-psi (20.T bar)/loose backfill case and
was about equal to that of the 1-MT/300-psi (20.T-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 4.5, for the 10-KT/1000-psi (68.9-bar)/dense
backfill calculation, are similar to those for the sidewalls from the
previous calculations (Figure 3.13). The maximum moments in the blast-
wvard and leeward sidewalls for this’calculation occur at Sections ww
and KK, respectively, were 9.5 x 10° and 10.8 x 106 Newton~metres/metres,
respectively, and are factors of 1.6 and 1.3, respectively, greater than
those from the 10-KT/300-psi (20.T-bar)/dense backfill calculation. The
maximum shear in the leeward sidewall from this calculation is almost

identical to that from the 1-MT/300~psi (20.T-bar)/dense backfill calcu=
lation.

s AT e

Rl

The maximum moments and thrusts that occurred in the structure roof,
floor, and sidewalls, as shown in Figures 4.4 and 4.5 and in Table 4.2,
are tabulated below:

Structural Section Moment Thrust
Member (Figure 2.20) N-m/m (kip-in./in.) N/m (kip/in.)

Roof EE 20.7 x 102 (4650) BAT 2 102 (1)
Floor RR 1.4 x 106 (2580) 5.8 210 6(30)
Blastward wa 9.4 x 10" (2130) 19.88 x 10" (115)
Sidewall 6 6
Leeward KK 10.8 x 10~ (2420) Pro- 10T (200}
Sidewall

These values of thrust and moment are very close to those for the 1-MT/
300-psi (20.7-bar)/dense backfill calculation.

4.3 SELECTED TIME HISTORIES

Figures 4.6 through 4.1l 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-
ures is as follows: upward and outward movements and tensile stresses
are considered positive.

Figures 4.6 and 4.7 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 ms after the start of the
problem. The peak downward displacement for the center of the roof from
the 10-KT/100-psi (68.9 bars)/dense backfill calculation (Figure 4.6) is
about the same as that from the 1-MT/300-psi (20.7-bar)/dense backfill
calculation (Figure 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-MI/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=-
mately 55 ms (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 4.8 and 4.9 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
the blastward sidewall is similar to that shown in Figure 3.23 for the
1-MT/300-psi (20.7-bar)/dense backfill calculation. The center of the
leeward sidewall is always deflected leewardly from its original position.

Figure 4,10 shows the horizontal stress time histories for points
near the inside extreme fibers at the approximate centers of the structure
roof and floor. Both the points are in tension at 40 ms. This is expected
from the deflected shape of the structure (Figure 4.3). The maximum ten-
sile horizontal stress for element 51k, near the center of the roof, is
430 bars, 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 4.1l shows the vertical stress time histories for points near
the inside fiber and midheights of the sidewalls. The maximum compres-
sive vertical stress, 420 and 480 bars, for elements 39 and 679, respect-
ively, in Figure 4.11 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.

4.4 SHOCK SPECTRA

Figure 4.12 presents the 2 percent damped shock spectra calculated
from the velocity wave forms in Figures 4.7 and 4.9. As was observed
for the previous calculations {(see Section 3.3), the inside oi the struc-
ture 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 maximum spectral response of the structure
sidewalls and roof occurs at frequencies of 17 to 20 Hz. 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 all structural members were made larger by a factor of 2 or
less when compared with those from the 10-KT/300-psi (20.T-bar)/dense
backfill case and compared well with those for the 1-MT/300 psi
(20.7 bar)/dense backfill case.

4.5 SUMMARY

The results of the calculations presented in this chapter (i.e.,
nominal 1000-psi (68.9-bar) surface overpressure loading from a 10-K1'
weapon 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 maximum de-
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
presented in Chapter 3.

The results of the shock spectra analyses show that the shock en-
vironments 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).

The predominant frequency observed in the motion time history of
the center of the roof was 18 Hz. It falls well within the credible
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frequency range as controlled by the airblast 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.
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Table 4.1 Rotations of the Chord Formed by the Two Bottom Corners of
the Structure; 10-KT Yield, 1000-psi Nominal Qverpressure, |9
Dense Backfill Calculation. }

Type Rotation Rotation, rad Time, ms
; fo ) Counterclockwise max 0.00123 24
2 Return to upright position 0 T0 ‘
.. Clockwise max 0.00328 176 f

Final (clockwise) 0.00312 200 ‘
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Figure 4.1 Surface overpressure time histories for 10-KT surface

burst producing 1000 psi (68.9 bars) over the center
of the structure.
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Instantaneous patterns of deflection of and
distribution of normal stresses on the ex-

terior surfaces of the structure at 40, 70,
150, and 200 ms.
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CHAPTER 5
PSEUDOSTATIC CALCULATION

5«1 CALCULATIONAL PLAN

A paeudostatic calculation was conducted with the HONDO computer
code for the dense backfill case, using the same FE representation and
material properties as discussed in Chapter 2, 'The calculation was con-
ducted with a linearly increasing (with time) vertical, uniformly die-
tributed surface stress applied to the top surface of the FE representa-
tion. The stress increased from 0 to 300 psi (20.7 bars). A series of
one=dimensional (1D) calculations was conducted to determine the smallest
rise time and percentage of damping that could be used and still keep
the particle velocities very small. By trial and error, a rise time of
250 ms and a damping coefficient, B * = 0.3 , were determined
to give acceptable results. The pae;dontttic 2D ealculation was then
conducted with this rise time and damping coefficient and with a total
run time of 360 ms. ‘The 300-psi (20.T=bar) stress was held constant
from 250 to 360 ms. ‘The time step was the same as in previous problems,**

9«2 RESULIS

Except for velocity and stresg time histories for points at and near
the center of the structure roof, all node point velocities became virtu-
ally sero after 350 ms, while all element stresses took on constant values,
The velocity and displacement time histories of node 511, located at the
center of the structure roof, are shown {n Figures 5.1 and 5.2, respec-
tively. They present the worst of the results as far as oscillations in

®*  The type of damping used in HONDO and the definition of the damping
coefficiente are described in Reference 2.

®®  While this is not a computationally efficient way of treating a
atatic problem, it turned out to involve much less labor than re-
formulating the problem for a static code and, therefore, was more
economical, It had the additional advantage that it ensured that
in dynamic 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 horizontal stress time history shown in
Figure 5.3 for element 511, located near an extreme fiber at the center
of the roof, represents the worst case for stress oscillations during
the pseudostatic calculation. It is also an entirely adequate static
approximation.

Figure 5.4 shows the deflected shapes of structure and the distribu-
tion of normal stresses on the structure at 80, 160, and 360 ms. The
vertical stress normal applied to the ground surface at these times were
6.6, 13.2, and 20.T bars, respectively. However, the vertical stress in
the soil elements Jjust above the central portion of the structure at 80
and 160 ms was 6.0 and 12.5 bars, respectively, while the stress at
360 ms was 20.T bars. The stress was increased linearly from 0 to
20.7 bars in 250 ms. Therefore, the stress was being increased at 80
and 160 ms while the 20.T-bar stress had been maintained for 110 ms
at the 360-ms time. At the 80- and 160-ms times, the differences in
applied stress at the boundary and stress normal to the structure were
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 surface 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 significant.

As can be seen in Figure 5.4, the stress and deflection patterns are
symmetrical about a vertical centerline through the structure. 'The normal
stress on the roof of the structure is uniform at each stress level except
over the sidewalls where the stress is increased due to negative arching.
The stresses on the sidewalls 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 sidewalls,

A portion of the stress on the sidewalls is due to partial passive earth
pressure caused by the sidewalls bowing out against the backfill., The
stresses normal to the base of the structure show a concentration of
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stress under the sidewalls and are reasonable when compared with the
deflected shape of the structure. The patterns of deflected shape of
and the stresses normal to the structure at 3060 ms are similar to
those from previous calculations at the time that the deflection of
the center of the roof maximized as shown in Figures 3.6 and 4.3. The
maximum downward deflection of the center of the roof for the pseudo-
static calculation is 10.5 centimetres,and the maximum relative deflec
tion of the center of the roof (i.e., the deflection of the center of

the roof with respect to a chord drawn through the top corners of the
structure) is 4.4 centimetres.

Axial thrust, shear force, and bending moment per unit width of
the structure were calculated at a time of 360 ms and are tabulated in
Table 5.1 for the 28 structural sections shown in Figure 2.20. Moment
and shear diagrams are plotted for the structure roof and floor in
Figure 5.5 and for the structure sidewalls in Figure 5.0. The moments
in the roof and floor appear to maximize near the center and ends of
the spans indicating some degree of fixity due to the sidewalls.

Examination of Figures 5.1 through 5.6 indicates that results ob-
tained from the pseudostatic HONDO calculation are reasonable approxi-
mations to a true static calculation. The results of this calculation
will be used in the next chapter to establish ratios of dynamic to
static response.
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Table 5.1

SECTION

Shear, Thrust,and Bending Moment for Selected Sections
Through the Structure at a Time of 360 ms after the
start of the 10-KT "Pseudo" Static Dense Backfill

Calculation.

SHEAR FORCE
N/M
=eQ23047E+07
= 67594 0E¢07
= 4288642E+07
=o183878E+(?
=e613314E+06
«613070£+06
«183R05E+d7
+428519E+07
«675165E¢07
0921604E+07
«300652c+07
e15610CF+07
«852266E+06
=e321412E406
«e527104E+07
«e219933c497
=e112358E+07
= HU40T7T71E*00
= 134L4L24LE*DNG
e136326E+N16
chLUTTEFe06
e112390E+07
«220.72E¢07
e527692E¢07
¢321168E+G6
=e855713E¢06
=e15460TE®JT?
=o301470E+C7

AXIAL THRUST
N/M

=, 45056 2E+07
=oLb22561E+07
e LU1€663E+D7
-e389373L¢07
«e3868382¢L+07
=e386819E+07
«e389183E+07
-o 401229E+07
= 421872E¢07
= H696645E¢07
-e156660E+08
-e166063E+08
«e169876E+08
-e175200C¢08
«.307620E¢06
«680402E+06

«128071E407

o 15715 1E+07
«1622TJER7
¢ 162285E+07
e157194E¢07

«1282:8€+07

«682aN4c¢06
=e305263E+06
“e175327L+038
=s 170009 ¢08
=e166195E+08
«o156T780E+D8

ko

QENDING MOMENT

N-M/M
=s531855c+07
e 421822E+07
«1C7887E+08
e 164275E+08
o 151542E+08
e15152(0E+Ce
e144212E+08
¢1C7769E+08
o L2008 24LE+D7?
=¢531500€+07
=o BLOLWIE+L7
= 426595407
=0 328631E+07
«e259351E+07
«303815€+Ch
=e 313843E+07
= 463523E+07
=e 536 61E+07
=«54L8200E+07
=e548296E+07
=e 5347 415+07
o b64LBIE+OT?
e 314538E+47
¢ 299292E+4u6
e 259205F+07
«328707E+07
o k&30 22E+07
e B4T4L1E+D7
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CHAPTER 6

ANALYSIS

W TR G

6.1 INTRODUCTION

As discussed in Chapter 3 a change in backfill groperties from those
of a poorly compacted material to those of the same material with a high-
er degree of compaction reduces the calculated load on and response of a
shallow-buried box structure sublected to surface airblast loading. The
first part of this chapter explores why this is so. The second portion
of this chapter deals with the effects of overpressure (Pso) and yield

i AT S

(W) variations. Obviously, as P, and W increase, so do the maxi-
mum amplitudes of structural response. This is well documented from
linear elastic dynamic structural analyses of protective structures.

The relatively small increase in response due to a 3.33 increase in Pso
indicated in this study was considered surprising, and an effort was made
to try to understand the phenomena that were responsible because, if true,
this trend has implications on the accuracy required in targeting with

low=-yield weapons.

TRy S iy,

e S

6.2 PHENOMENA RESPONSIBLE FOR DIFFERENCES CAUSED BY A CHANGE IN BACKFILL
PROPERTIES

; The calculations described in Chapter 3 were conducted for two back-
fill conditions (loose and dense) and for two overpressure loading rela-
tions (i.e., nominal 300~psi (20.7-bar) airblast overpressure loading
from 1-MT and 10-KT weapons). As far 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 25 to 40 percent. The purpose of this
section is to examine the phenomena that could be responsible for these
differences,

e e e g i e e it A e

The deflections of the center of the roof, the moments in the roof,
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and the bowing out of the sidewalls 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 roof 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 backfills shown in Figure 2,14 indicates that much
more energy will be dissipated as the applied stress pulse passes through
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 airblast-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-
stream of the leading edge of the structure. As also noted in the
figure, the maximum vertical stresses are roughly the sawe in the two
calculations,which was not expected. The discrepancy may be explained
in the following manner. Since the airblast positive phase durations
were sufficiently long with respect to the depth of cover and the wave
propagation properties of both backfill materials, the 1D wave propagation
theory for linear hysteretic materials (Figure 6.2) indicates that stress
attenuation at the depth of the roof should have been negligible in both
cases, This is in agreement with the results presented in Figure 6.l1. ‘
Hence, both theory and calculation results indicate that the maximum 1
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 sidewalls for the loose back=-
fill condition.
6.2.2 Lateral at Rest Earth Pressures

In addition to differences in stress-strain behavior, the backfills
differ in their UX stress path behavior (Figures .1l and 2.13); however,
this difference is small. Had the differences in the loading stress paths

{whose slopes are 301 - av) ) been significant, the at-rest lateral pres-

: +olzorizontal )
sure coefficients K = —= = would have been different,
0 ) l=v
vertical

and equal vertical stresses adjacent to the structure would have produced
different lateral stresses on a rigid (nonmoving) structure. For the
loose and dense backfills over the 0- to 20-bar range, the Ko's are 0.50
and 0.4k, respectively. This difference seems too small to have any
significant 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 1-MT/300-psi
(20.7-bar)/loose and dense backfill calculations. As also noted in the
figure, the horizontal stress during the 50- to T5-ms time range is much
greater for the dense backfill case than for the loose backfill case
in spite of the fact that Kb's are similar. This time range corresponds
with the times at which the maximum 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 3.1l through 3.13.
Figure 6.3 is 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 structure roof and floor are
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less for the dense backfill.

After examining the wave speeds 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.® After examining various paths for
first arrivals,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 6.5 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 psi/l1-MT weapon
yield/loose and dense backfills are 45.9 and 37.5 ms, respectively.
These times compare favorably with the code calculated first arrival
times of 48.0 and 39.0 ms 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-
ward through the backfill is arriving much later than that which is
coming through the structure. Figure 6.4 shows the same trends for
the 10-KT loading case. From these analyses, it was concluded that much
of the horizontal stress experienced by the elements 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 maxi-
mum deflections and moments in structural sections occur (Figure 6.3)
and accounts for the greater structural deflections and moments for the
loose backfill cases.

*  The code and model are not in error; this was proven by the 1D cal=-
culations in which the expected propagation velocities were observed.
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Figure 6.5 shows the shear failure surfaces for the two backfill ma=~
terials. At a given mean normal stress level, the dense backfill has
roughly twice the strength of the loose backfill., Since the maximum pos-
sible passive earth pressure that can be mobilized in a given material
b increases with strength, the trends in stresses in Figures 6.3 and 0.4
g are consistent with passive earth pressure phenomena.

' 6.2.4 Stress Wave Reflections off the Concrete

Another phenomenon that causes differences in structural response
= for the loose and dense backfill cases is reflection of stress on the
roof due to the variation in stress-strain properties (Figure 2.14) of
the backfill materials. Figure 6.6 shows the vertical stress time

histories for points Jjust above the structure roof in the lcose and dense

LR g

backfill calculations for 1-MT and 10-KT weapons. Also, in Figure 0.0,
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 metres and

i SRR e 7 g

by the stress wave reflection at the free surface, i.e., the ground

i,

surface, The period of oscillation should be approximately hu/uu s
where H 1is depth to the top of the structure and Cu is the unloading=-
reloading wave velocity (Table 6.1). For the loose and dense backfill
curves, the periods calculated by the formula are 10 and 7 ms, respec- ;

tively. The average periods in Figure 6.6 are 9.5 and 8.5 ms for the

T i LA

| loose and dense backfills, respectively. This oscillary stress time
history phenomenon has been seen experimentally in the WES small blast l

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

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

backfill and the concrete, the reflected vertical stresses for the loose

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

ure 6.6). Hence, for the same applied airblast loading at the ground
Q; surface, a greater vertical loading is experienced by the structure roof
for the loose backfill cases than for the respective dense backfill cases.

It is concluded that these differences in reflection phenqmena 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 EFFECT OF SOIL COVER ON NATURAL FREQUENCIES

In Appendix A, eigenvalue analyses of the box structure 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 Ha Hz Remarks

In Vacuo il i | 18.2

Bmbedded (Stiff) 12.0 16.7 Based on unloading moduli for earth
media

Embedded (Soft) Bl 6.8 Media 10 times softer than in stiff
media embedded analysis

(Added Mass] (11.7] (14.2]

Embedment 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
above,and it produces results, which are in fairly good agreement, with
the embedded analysis that employed elastic constants based on the un-
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=floor bending modes with the latter being pre-
dominant .

6.4 APPARENT DAMPING IN EQUIVALENT SINGLE=DEGREE=OF-FREEDOM SYSTEM

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 single-degree-of-freedom (SDF) system analysis. If a single mode
of the 2D structure is predominant in the 2D 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 2D calculations
and the maximum deflection in the 300-psi (20.7-bar), pseudostatic 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
Airblast Period of
Overgzzzsure Arrival First
Yield to Maximum Post-Peak
80 W Digplacement  QOscillation
bars MT Backfill ms ms
2.7 1 Dense Ly (11 Hz) 52 (19 Hz)
20.7 L Loose %6 (11 Hz) 65 (16 Hz)
20.7 0.0l Dense Lo (13 Hz) sh (19 Hz)
69.0 0.01 Dense 32 (16 Hz) 52 (19 Hz)

The post-peak frequency in the dense backfill cases are in fairly good
agreement with the embedded (stiff) and in vacuo roof-fleor bending modes.
In the loose backfill case, the frequency is lower than in the dense, tut
the percentage change is much smaller than in the eigenvalue analyses §
discussed in Section 6.3.

In Figure 6.9, the deflection of the centerline of the roof relative g 1
to the average of the corners of the floors is plotted for the 1-MT/ !
300~psi (20.7-bar)/dense 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 air=-
blast loading function with a period slightly longer than that observed

#®  The 10-KI' loose backfill calculation was not considered here becnuse
cursory examination showed it would show similar loose and dense trends
as the 1-MT calculations.




in the absolute deflection curve. All 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 ms. A SDF system with an undamped natural period of 60 ms
was subjected to a unit load whose time variations were the same as the
overpressure functions shown in Figure 6.8. Dynamic responses were calcu-
lated for the cases of 0, 20, and 40 percent of critical damping. The
dynamic load factors (DLF) from these calculations (i.e., the ratio of
maximum deflection of the SDF system to the deflection of the same
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 DLF were compared with 2D DLF derived
from the HONDO code calculations by the following formula:

maximum deflection of centerline of the roof relative to the floor
corners in dynamic HONDO calculation

relative deflection at the same surface stress level from the
pseudostatic calculation

2D DLF =

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 40 percent critically damped with higher per-
centage of damping being appropriate for the shorter duration (lower yield)
external loadings.

Since there is no source of damping within the structure, what is 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) capacity 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 larée linear elastic (or inelastic)
region. Reference 11 concludes that "all footing soil systems are strongly
damped" because of the propagation of energy into the subsoil even if the
subsoil behaves as a linear elastic medium. The box structure here can

be viewed as a large mat footing sitting on a foundation material, and
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B 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-
nomenon should have an effect on the nonrigid body modes of the structure
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 SDF system analyses of shallow-buried protective structures
subjected to airblast loadings.

While this study is not conclusive, it strongly suggests that SDF
system models used in targeting analyses of shallow-buried structures
should include a dissipative mechanism to account for the 2nergy re-
moved from the system via radiation and hysteresis. The appropriate
damping appears to exceed 20 percent of critical for the class of prob-

%
3

lems studied here. In cases where the overpressure decays very slowly

(the combination of low ( 100 psi) surface overpressures and high

yields), ignoring this mechanism has little effect on the maximum re- ;
sponse of the system. For high overpressure, and/or low yields, the [

Gl T,

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

e e e

of 3 variation in overpressure were not as large as expected based on l

previous thinking (largely conditioned by undamped system analyses)
| : about the problem.

o7 AR

As an example of the potential implications consider the following
tabulation:
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Maximum

2 s

) Relative®
d | Deflection Overestimate
i | of Roof Actual of Structural
R | Distance Based on HONDO Code Deformation by
;‘ from 0% of Damped Relative Undamped
,i Overpressure Yield Gz SDF Model Deflection SDF System
% psi (bar) MT km cm cm %
| 300 (20.7) .01 15 5.8 3.4 1
q | 1000 (68.9) .01 .09 10.9 5.6 95

300 (20.7)  1.00 67 6.1 5.3 15

The undamped SDF system for the two 10-~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-
; ! ture to cause the failure that the SDF analysis would predict for the
300 psi (20.7 bars). The CEP would have to be reduced by a factor of
1.7 to maintain the same single-shot kill probability for the 10-~KT

Yield. By introducing the appropriate percentage of damping into the
analysis, this trend becomes apparent.

R AR NS o A BORS  cor i )t

* DLF of Q percent damping x Pso/3°° psi x static deflection at 300 psi.

**  For a real structure, this would be a ridiculously small value.
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6.1 Maximum vertical stress versus depth
for a station 3.5 m upstream of the
structure, 1=-MT case.
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Figure 6.2 Stress attenuation in linear hysteretic media

similar to loose and dense backfills for
20-bar airblast loadings.
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CHAPTER T

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

T.l1 SUMMARY

Five dynamic and one pseudostatic plane strain, FE calculations were
performed with the HONDO 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 from 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-type constitutive model. Peak overpressure
and yield associated with the traveling surface airblast load were also
varied.

T.2 CONCLUSIONS

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
material are changed to those of a loose shale backfill from those of
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 40 percent.

2, 'The primary causes of this increase are (1) a decrease in
corner fixity resulting from decreased passive earth pressure effects
along the sidewalls, and (2) higher reflected stresses at the roof=-
backfill interface due to the greater impedance mismatch in the loose
backfill case.

3. As yield is increased from 10 KT to 1 MT', an idealiged structure
at the 300-psi (20.7-bar) overpressure level undergoes an increase in
peak response (in terms of maximum applied stress, deflections, and
internal moments, thrusts, and shears) of approximately 45 to 60 percent.

Lk, An increase in peak overpressure from 300 to 1000 psi (20.T to
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68.9 bars) at a constant 10-KT yield generally resulted in a 4O 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 fregquency associated with the predominant mode of deformation.

6. The linear SDF system that best simulated the response of the
2D linear elastic structure to the locally applied airblasts was one
whose natural frequency was the same 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 acccunt for energy lost to the surrounding

media.

T.3 RECOMMENDATIONS

In targeting analyses of shallow-buried box structures, it is con=~
ventional to use an equivalent SDF model of the facility (References 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 airblast has a short effective
duration because the radiation damping provided by the surrounding media
and its hysteresis both permit energy to be removed from 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
additional hardness provided by the surrounding media's dispersive and
dissipative nature.
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APPENDIX A

IN VACUQ AND EMBEDDED MODAL ANALYSES
FOR A HYPOTHETICAL STRUCTURE IN PLANE STRAIN

A.l OBJECTIVE AND SCOPE

Prior to performing FE calculations, a series of in vacuo modal
analyses was conducted with the SAP IV elastic FE code to (1) deter=~
mine the effects on the FE-calculated natural frequencies 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)
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
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-
blaét environments.

The purpose of this appendix is to present the results of both the
in vacuo and the embedded modal analyses and to discuss their implication
with regard to the overall study.

A.2 1IN VACUO ANALYSES

Since SAP IV cannot rigorously handle in vacuo analyses, an approxi-
mation was made by placing very soft springs at the corners of the struc-
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
in vacuo or deformation modes of the structure. The structure and the
springs attached to it are shown in Figure A.l; the concrete was assumed
to have a Young's modulus E = 2 x 106 psi (1.38 x 105
Poisson's ratio v = 0.25. Eigenvalue calculations for a two-element=-

bars) and a

per-section structural idealization were conducted using 10-pounds/inch
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(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 constant variation, but the frequencies computed
for the first ten structural or deformation modes were identical to four
significant figures. Thus, the spring constants for subsequent in
vacuo analyses were all 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-
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.lh These higher 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-
tural 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
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
calculations only employs isoparametric quadrilateral elements and as-
sumes that the strains computed at the center of the element represent

1,3 Such elements are hereinafter

average values for the entire element.
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.l shows
that those obtained using the higher order element description are not
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 Jjustifiable. 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- i
ture and the other an upper bound approximation. The FE grid represen-
tation for the plane-strain structure/backfill interaction calculation
study is shown in Figure A.4 along with the portion of grid included l
in the embedded modal analyses (i.e.,, area ABCD). The boundary constraints
for the SAP IV modal analyses were similar to those planned for the HONDO
study, i.e., boundaries AB, 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 E 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 values obtained (along with their:
implied shear modulus G values) are given in Table A.3. The first

25 natural frequencies calculated for the structure embedded in materials
having lower bound elastic properties are listed in Table A.4k. The struc-
ture mode shapes associated with each of the 25 frequencies are shown in

ARIABMT. 00 LI X i

P

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-
'8 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 shapes for the structure are shown in Figure A.T.

A.4 DISCUSSION OF RESULTS

The in vacuo analyses indicated that the frequency responses of the !
structure based on the use of constant strain elements were not appreciably i
different from those obtained using higher order elements. They also indi-
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

R i MM, L A ) ST (SO ITIN R 3 o S

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 indicated a significant effect of material prop-
erty variation on the frequencies of the buried structure, i.e., frequencies

e S

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, Embedment in either set of soils obviously lowers the fre-
quencies from those obtained in vacuo, but it is difficult to make mode-for-
mode comparisons because the deflected shapes are quite different, e.g.,

A
b
g
1
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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
adequate assessment of the structure stresses and motions under the
postulated airblast environments. The lowest frequencies that can be
fully transmitted in these calculations will be about 5 Hz; the lowest
modal frequencies calculated from the embedded analyses were L4.315 Hz
with the lower bound properties and 11.99 Hz with the upper bound proper-
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 using 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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Table A.4 Calculated Natural Frequencies for Embedded Analyses.

Frequencies w , Hz (3

Calculated Calculated
Mode Using Using
No, lower Bound Material Properties Upper Bound Material Properties
1 4,315 11.99
, 3 5.054 1717 | 4
' N 5.978 17.43 | 4
5 6.044 25.28 g
6 6.825 25.47 |3
1 T.649 27.80
8 8.989 31.07 | 3
9 9.032 31.88 |
10 9.189 34.18 {
1 9.369 37.92 |
12 10.27 39.69 E
13 10.52 40,49 | 4
14 10.65 40.95 '
15 10.87 41.96
16 11.09 42,39
17 11.28 45.80
18 11.37 47.55
19 11.87 L7.96
: 20 12.10 49,11
21 12.35 : 51.22 3
] 22 12,64 51.55 | 8
i 23 12.83 52,50
: 2k 13.39 : 52.61
25 14.35 54,87
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used for in vacuo and embedded eigenvalue

calculations.

Figure A.2 Finite element descriptions of structure
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APPENDIX B

COMPARISON OF CALCULATIONAL RESULTS WITH
RIGID BODY MOTION ANALYSIS

The objective of this appendix is to compare the results from a
rigid body vertical motion prediction method for shallow-buried box
> with rigid body motion from a HONDO code calculation of the
same problem. As a basis of comparison, the 1-MT/300-psi/dense backfill

structures

calculation was chosen. 'The geometry of this problem is shown in Fig-
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
model.

B.l SINGLE-DEGREE-OF-FREEDOM ANALYSES

The problem analyzed is shown in Figure B.l. 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-ms 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.lh-metre depth) levels.
Figure B.2 shows the free-field vertical stress time histories for the
roof and floor level.

The SDF equation of motion, neglecting shear on the sides of the
buried structure, is

Mw}s = Alog(t) = og(t)] (B.1)

where
M = mass of structure

vs = acceleration of structure
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A = vertically projected area of structure
aR(t) = see Equation B.2
oF(t) = see Equation B.3

In Reference 10, the vertical stress OR acting on the roof of a rec-

tangular rigid structure buried in a half-space of elastic soil is ap-
proximated by

o, = 20 -p,. C. v (B.2)
R ffR 1 Ll s

where

Q
n

£ free-field vertical stress at roof level

pl = mass density of soil at roof level

Q
[}

wave velocity of soil at roof level

velocity of structure

In this same reference, the stress acting on the floor is approximated by

o, =0 +ip.Cow (B.3)
F ffF 2 L2 s
where
Opp = free-field stress at floor level
F
Po = mass density of soil at floor level
(% =

L wave velocity of soil at floor level

The result of combining Equations B.l, B.2, and B.3 gives

AvB
ffF M x Ll 2 L2

B
% (2°ffR “9

The stress time history for the net or resultant stress (20fr - off ) is
given in Figure B.3. Equation B.4 was solved numerically usigg the galues
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of A, M, CL s Poos CL given in Figure B.T, and the stress time

1 2
history in Figure B.3 to determine the velocity time history of the

structure. A time increment of 2 ms was used. The displacement time
history of the structure was determined by integrating the velocity
time history.

B.2 COMPARISONS WITH 2D CALCULATION

RESULTS

The free-field stress and structure velocity and displacement
time histories from the SDF analyses are compared with those from
the 2D calculation for the 1-MT/300-psi/dense backfill calculations
in Figures B.4 through B.T.

As shown in Figure B.W, the free-field vertical stress at the
1.52-metre depth (structure roof level) from the 1D 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
histories were adjusted to be compatible with the arrival time of sur-
face stress of 27.5 ms above the center of the structure. Also, in
Figure B.L4, the free~field vertical stress time history from the 1D
analyses compares very well with those from the 2D calculations with
the major discrepancy being the rise time to peak stress. The surface
airblast relation for the 1D analyses contained a shock front, i.e.,
O-ms rise time, while that for the 2D calculation contained a 10-ms
rise time.

In Figure B.5, the free-field vertical stress at the 9.l4k-metre
depth (structure floor level) from the 1D analysis is compared with the
free-field vertical stresses from elements 189 and 190, which are lo-
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 with an airblast time of arrival

at 27.5 ms 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 ms 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 2D nature of the problem.

Figures B.6 and B.T 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 com-
pare very well with those from the 2D calculation. The 2D-calculation
free-field displacement at floor level is much smaller than the structure
displacement as indicated in Figure B.T. 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 2D-code results.
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Figure B,1 Dimensions and configuration of buried rectangular
structure for SDF analyses.
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Figure B.3 Resultant vertical free-field stress time history on structure.
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202 p. : {11. ; 27 cm. (Technical report - U. S. Army Engi-
neer Waterwvays Experiment Station ; S-78-35)

Prepared for Director, Defense Nuclear Agency, Washington,

D. C., under Subtask SC062, Work Unit 01, "Influence of Back-
fill on Structural Response."

References: p. 170-171.

1. Air blast vaves. 2. Backfiils. 3. Blast effects. 4. Blast
loads. 5. Dynamic response. 6. Finite element method.

7. HONDO (Computer program). 8. Loads (Forces). 9. Over-
pressure. 10. Soil-structure imteraction. 11. Surface explo-
sions. 12. Underground structures. I. Curtis, John O., joint
author. II. Defense Nuclear Agency. III. Series: United
States. htom‘: Ilrrhut Station, Vicksburg, Miss. Tech-
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