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SECTION 1
INTRODUCTION

This report is a continuation and extension of the analysis ini-
tiated in Ref. 1 of the response of electrical equipment shelters and
of the associated internally mounted electronic equipment to blast
loading. The accelerations experienced by the rack-mounted equipment
may result in malfunctionirg or complete disablement of the equipment
and thus a need exists for suitable analytical methods of analysis. The
problem is inherently complex since the equipment is mounted on racks
whose structural response is dependent not only on the rack structure
and mounting arrangement but also on the response of a flexible shelter
engulfed by a time varying blast load. The shelter response in turn is
also coupled to the rack response.

The finite element method of analysis is particularly attractive
for analyzing this problem because of the complex structural configura-
tion involved. 1In Ref. 1 the NASTRAN code was used for this ourpose and
a model of a complete Army S-280 shelter in a tie-down condi'.ion con-
taining commercially available equipment racks was assembled for NASTRAN.
Computer runs using a simplified model consisting of the front wall and
front racks were made for a blast loading corresponding to the DIAL PACK
field test. Comparisons were made with the test data and the results
showed that generally the front wall accelerations were consistent with
the test measurements but that the analytical rack accelerations were
considerably lower than the test results. NASTRAN runs of the complete
shelter system were not available at that time.

The present report has two primary objectives. The first is to
present NASTRAN responses on the front wall and rack using the complete
shelter model and to compare with the responses obtain2d with the
simpler model of Ref. 1. In conjunction with this, a more general model
of the cable forces is presented and the influence of the cables is
assessed.

The second objective of the report is to refine the original finite
element model of the rack for the purpose of improving the comparison of
the analytically obtained rack accelerations with the test data. The
rack model modifications include a better definition of the load path
within the rack, the introduction of additional grid points and structural
elements and the inclusion of the stiffening effects of the rack shelves
which were previously neglected (originally, only the shelf mass was
modeled). The original rack model, having iess structural detail, in

Ref. 1. Calligeros, J.M. and Walsh, J.P., Finite Element Modeling of
Army Electronic Equipment Shelters Subjected to Blast Loading,
KA TR-109, July 1974.
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essence "filters" out high frequency components which could affect the
total response. The modifications made to the rack model introduce i
additional degrees-of-freedom which represent these higher harmonics. f
Responses are obtained for three rack modifications of increasing com-
plexity and comparisons are made with the responses obtained with the
original less detailed rack model of Ref. 1 and with the test data.

Section 2 of the report compares NASTRAN responses obtained with
the complete shelter model and with the simpler model. The rack model-
ing modifications and comparisons with the test data are given in .
Section 3. The major conclusions are summarized in Section 4. ¢




SECTION 2
COMPLETE SHELTER RESPONSE

2.1 Introduction

In Ref. 1, time history responses and acceleration shock spectra
were obtained at selected structural lecatioms on the front wall and
front racks of an S-280 shelter subjected tc a blast load. These cal-
culations were determined for a simplified niodel of the shelter con-
sisting only of the front wall and froat racks using the finite element
code NASTRAN. A complete structural and lrading model of the shelter
was also developed in Ref. 1 but NASTRAN responses were not available
for publication at that time.

This section of the report presents time history responses and
shock spectra for the same structural locations of Ref. 1, but using the
complete NASTRAN structural mod2l of the shelter in a tie-down condi-
tion. The finite element model of the shelter structure as well as the
loading models for the front, rear and end walls and the roof, are
described in detail in Ref. 1 and will not be repeated here. A more
general model of the tie-down cables than the one presented in Ref. 1,
which also includes the effect of a tensile preload, was subsequently
developed and is described herein in Appendix A.

The grid system of the shelter walls and roof is shown in Figs.
2.1 - 2.4 and the grid system of the front racks is shown in Fig. 3.3 of
Section 3. Due to existing structural and loading symmetries with
respect to a centerplane perpendicular to the front wall, it was neces-
sary to model only half of the shelter-rack system. As a result, 176
degrees-of-freedom were used to describe the dynamic response of the
complete system, assuming the shelter floor is clamped to the ground.

The loading consists of a shock wave impinging on the front wall
(side-on) and engulfing the complete shelter at a finite rate. The
strength of the shock is 2.61 psi incident overpressure, corresponding
to the DIAL PACK event discussed in Ref. 1.

NASTRAN responses were obtained with this complete shelter model
and were compared with the results of the simpler model of Ref. 1,
assessing also the influence of the tie-down cables. The direct tran-
sient solution technique in NASTRAN was used to obtain the dynamic
responses.
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2.2 Loading Model

The loading on the shelter consists of a shock wave impinging
normal to the surface of the front wall and subsequently enveloping the
remaining shelter structure. The code SHELTR, which is described in
Section 5 of Ref. 1, was used to determine the pressure loading on the
structure and convert it to discrete forces acting at the grid points as
a function of time. A SHELTR postprocessor program then reformatted the
SHELTR tape output and constructed tables of the blast forces applied to
3 the grid points at each time increment. The time dependent forces
: acting on the grid areas were punched on TABLED1l cards. TLOADl cards
3 connected these loads with DAREA cards in order to transfer the load =
from the grid area to actual grid points on the shelter walls. A DLOAD
card was then used as a superposition-type mechanism to load each sur-
face as the sum of the grid point loads. The front wall loading was
obtained from the code ASLOFF whose output was provided by BRL on tape.
ASLOFF provides average overpressure predictions based on empirically
derived equations relying on shock tube data, and accounts for rare-
faction waves originating at the shelter edge.

The shock strength selected had an incident overpressure of 2.f1
psi, corresponding to a test level of interest in the DIAL PACK field 3
test. : g

2.3 Numerical Results |

Three basic cases of the complete shelter were run with the NASTRAN ]
direct transient solution rigid format. The first case excluded the ]
cable forces, the second included the cable forces but assumed a zero '
preload (F, = 0), and the third considered a preload of F, = 2000 1b in
each cable. The F, = 2000 1b case was considered an upper bound for
practical considerations and represents a static prestress level in the
cable of approximately 18,000 1b/inZ.

When the cables are pretensioned, the shelter-rack structure is in
an initial static state of deformation pricr to blast loading. To
obtain this initial state of equilibrium, the NASTRAN static solution
rigid format was run under the static force components of the 2000 1b
cable forces at grid points 43 and 102. The displacements thus obtained
at each grid point were input as initial conditions on TIC cards to be
used for the dynamic response due to the blast loads.

§
|
]

R

The dynamic response was obtained for each case mentioned above for
the 2.61 psi incident shock overpressure of the DIAL PACK field test.
The responses of interest are at grid points 13 and 27 on the front wall
(Fig. 2.1) and grid point 64 on the front rack (Fig. 3.3). These points
correspond to locations where accelerations were measured during the
DIAL PACK test. Examination of the plotted NASTRAN outputs for the
three cases revealed that the displacement time histories at grid points |
13, 27 and 64 were virtually unaffected by the cable forces, the responses |
being almost identical for each of the three cases run. The accelera-
tion time histories were also identical for each case at grid points 13
and 27. At grid point 64, the accelerations for the no-cable case and

the FO = 0 case were fairly close and the Fo = 0 and Fo = 2000 1b cases

16
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were practically the same. Therefore, insofar as the displacement and
acceleration responses at these grid points are concerned, the influence
of the cables was unimportant.

The responses on the front wall and front rack obtained with the
complete shelter model are compared with those obtained, at the same
grid points, with the simpler structural model of Ref. 1, designated as
Stage 2 with boundary condition set 3. The Stage 2 model consists only
of the front wall and front racks and the boundary conditions (set 3)
assume the bases of the wall, racks and the vertical edges of the wall
are clamped and the tops of the racks are connected to the top (free)
edge of the wall. Since the effects of the cables were unimportant in
the three complete shelter cases, the F, = 0 case was selected as
representative for comparison with the simpler Stage Z model results.

The displacements and accelerations obtained by the complete
shelter model and the Stage 2 model on the front wall at grid points 13
and 27 are compared in Figs. 2.5 -~ 2.8. It is seen that there are small
differences in the peak amplitudes and in the basic frequency content of
the time his*ories for displacements as well as accelerations. The
maxi-max shock spectra* obtained from the acceleration time histories
for each of these two models at grid points 13 and 27 are compared in
Figs. 2.9 and 2.10. There, also, small differences exist between the
spectra based on the complex and the simpler structural model acceler-
ation responses.

The front rack responses at grid point 64 are compared in Figures
2.11 and 2.12. Overall, these responses compare favorably with respect
to peak amplitudes and the frequency content of the time histories. The
corresponding acceleration shock spectra, shown in Fig. 2.13, also
compare closely. The sharp peaks noted in the shock spectra at fre-
quencies of 1000~3000 cps would be smoothed out considerably if damping
had been used in generating the shock spectra.

Examples of the displacements at the cable attachment point, grid
point 43, are shown in Figs. 2.14 and 2.15 for components u, and ug.

The values at t=0 for Fo = 2000 1bs correspond to Yyo and Uyq in Egs.

(A.13). 1In these figures, the cable preload shows a more significant

effect on the u, displacement than on ug. In general, the effects of

the cables were pronounced only at the attachment points, and mostly in
the acceleration response.

*
The maxi-max shock spectrum is the maximum absolute acceleration
experienced by a single degree of freedom oscillator as a function
of its own natural frequency in response to a shock or vibration
input.
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The maximum cable force attained during the blast response for
Fo = 2000 1bs occurs when t is approximately 6.5 msecs. At this time,

the displacement components at grid point 43 are

1.182 x 10~ 1n.

u, =
e =4
u, = -9.29 x 10 ° in. (2.1)
-2
u3 = 2.98 x 10 in 3

Referring to Appendix A and using Eqs. (A.6, A.14) and (2.1), the total
cable stretch | T| is 0.09983 in. and the cable force components applied
to grid point 43 at 6.5 msecs are, using Eqs. (A.5) and (A.12),

F, = -1013.4 1b
(2.2)

F, = -1605.1 1b |

Py = -1773.5 Ib '

resulting in a total cable force of 2598 1b, 598 1b above the preload
value.

The shock spectra shown above were obtained from acceleration time
histories of 30 msec duration. Figure 2.16 shows the typical effect on
the shock spectrum when the acceleration time history was truncated at
12.5 msec. The shorter time history influenced the shock spectrum
primarily at the lower frequencies, below 500 cps for this case. This
is attributed to an insufficient number of cycles of the lower modes in
the shorter time history. Referring to the time history in Figure 2.8
which was used to generate the spectra in Figure 2.16, it is seen that
there is a lower mode of about 140 cps of which only one complete cycle
was included in the truncated 12.5 msec time history. This points out !
the need for having a sufficiently long time history for the shock ; ?
spectrum, even though the peak acceleration may occur at very early
time.

2.4 Summary

The results for the three complete shelter cases considered indi-
cate that the cable forces had a minor effect on the displacement and
acceleration responses of the front wall and front rack. One major
reason for this is that the substantial weight of the enclosed racks
(3000 1b vs 1280 for the empty shelter) provides a significant portion
of the resistance of the complete structural assemblage to the blast.
Another major factor are the clamped boundary conditions at the shelter
floor. The combination of these factors restricted the influence of the
cable forces mainly to the local regions near the cable attachment
points. 1In the real situation encountered in the field tests, the
primary function of the cables is to inhibit rigid body motions and
prevent overturning.
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The comparisons between the complete shelter results and those
obtained by using the simpler model consisting only of the front wall
and front racks showed minor differences in the basic character of the
responses. Thus, the addition of the remaining shelter structure to the
simpler model offers no advantages for the responses of interest here
and provides a penalty in the form of additional degrees-of-freedom. Of
course, the more complete model provides the response of the complete
system (roof, rear walls, etc.) which the simpler model cannot. The
unimportance of the remaining structure is attributed to the predominant
rack weight mentioned above. This conclusion should not be generalized
to other shelter systems since they may incorporate racks which are
lighter and less stiff than those considered in the present application.

In Ref. 1, comparisons were made between the DIAL PACK test data
and the analytical results based on the Stage 2 structural model. It
was shown there that in general the predicted front wall accelerations
were consistent with the test data but that the predicted front rack
accelerations were substantially lower than the test valmnes. Since it
was shown in this section of the report that the front wall and front
rack responses as obtained by the complete shelter model and the Stage 2
model were substantially the same, then the comparison of the complete
shelter responses with the test data will be the same as shown for the
simpler model in Ref. 1. The DIAL PACK test data is presented in
Section 3 of this report, where further comparisons are made with the

Stage 2 model incorporating more refined finite element models of the
front rack structure.
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SECTION 3
EFFECTS OF RACK MODEL MODIFICATIONS

3.1 Introduction

The comparison of accelerations measured on the rack structure

- during the DIAL PACK event with those obtained analytically with the
NASTRAN model in Ref. 1 indicated that the analytical peaks were con-
siderably lower than the measured data. Severa. factors may contribute
to this discrepancy, such as the influence of the shelter rigid body
response, gage selection and placement and details in the analytical
modeling. This section investigates the effects of improvements in the
analytical structural model of the racks employed in NASTRAN. More
detailed models of the racks are developed by adding more grid points
and increasing the number of structural plate and beam elements and
consequently the degrees of freedom. These refinements introduce higher
frequencies which can affect the amplitude and frequency of the desired
response. The original rack model, by nature of its reduced structural

. detail and fewer degrees-of-freedom in essence "filtered" out the

b influence of the higher response modes.

This filtering effect is investigated by studying three rack modi- |

fications of increasing complexity, MOD-1, MOD-2 and MOD-3. Each of |
4 these modified rack models replaced the original rack model in the
s Stage 2 model described in Ref. 1 with boundary condition set 3. It
will be recalled that the Stage 2 model comprises the front wall and the
front racks. In boundary condition set 3 the bases of the racks and the
base of the front wall are clamped, the tops of the racks are connected
to the top of the front wall which is unrestrained and the vertical
edges of the front wall are clamped.

3.2 Modeling

A schematic of a single equipment rack is shown in Fig. 3.1 and a
layout is given in Fig. 3.2 of the bolt retainer rails, the panel
mounting angles and the vertical side supports, all of which were
modeled as beam members. Reference 1 (Subsection 4.3) should be con-
sulted for more details on the racks.

Figure 3.3 shows the grid system used for the original rack model
of Ref. 1. The base of the racks is clamped and the racks are rigidly
connected to the front wall with multipoint constraint conditions at
grid points 59-61, 71-73 and 77-79. The blast load is transferred from
the front wall to the front racks at these grid points. The grid system
in Fig. 3.3 shows the connectivity points for all plate and beam elements.
k Thirty-six grid points were used on the racks and 49 for the front wall
E for a total of 85 for the complete Stage 2 model
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|
Part No. Name Material
1 Top .104 Steel
2 Sides .059 Steel
3 Bot tom .104 Steel
4 Bolt Retainer Rails .104 Steel
5 Panel lMounting .187 Steel
Angle

Figure 3.1 - Equipment Rack Dimensions
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Figure 3.3.

Original Front Racks Grid System
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The grid system for the plate elements of MOD-1 is shown in Fig.
3.4 and the grid system for the beam elements is shown in Fig. 3.5. The
properties of the plate elements comprising the side walls and the tops
of the racks (CQUAD2) and of the beam members (CBAR i through p) are
described in Ref. 1. MOD-1 contains more plate elements for the side
walls than the original rack model, with Panel 3 having a finer grid
system than Panels 1 and 2. A finer grid mesh is desirable in Panel 3
since it contains grid point 92 which corresponds to an accelerometer
location*. 1In addition, a separate grid system was established for the
beam elements of MOD-1 (Fig 3.5) which conforms more to the actual
structural layout and utilizes more beam elements than the original
model. Referring to Table 3.1, MOD-1 has approximately twice as many
plate and beam elements as the original model and 111 degrees-of-freedom
compared to the original 51.

Four equipment shelves supporting lead sheets to simulate equipment
weights were mounted on each rack. These shelves are more realistically
located in the MOD-1 model than in the original model. Referring to
Fig. 3.6, four shelves were supported horizontally and four vertically
by the vertical side supports, with grid points 66, 69, 162, 163 sup-
porting a pair of vertical shelves. In the original model of Fig. 3.3,
the eight shelves were more crudely represented at grid points 68-79
(for the horizontal shelves) and grid points 50-61 (for the vertical
shelves). In both rack models, only the mass of the shelf was repre-
sented at the indicated grid points by CONM2 mass data cards. A weight
of 80 1bs was taken for each horizontal shelf and 90 1lbs for each ver-
tical shelf.

The second modification, MOD-2, is a simple extension of MOD-1 to
include the stiffening effects of the shelves which heretofore had been
neglected. A schematic of the shelf mounting arrangement is shown in
Fig. 3.7. Beam elements were used to model the steel side mounting
brackets to which the horizontal shelves were bolted and plate elements
were used to model each steel shelf, as shown in Figs. 3.6 and 3.7. The
vertically mounted shelves were bolted directly to the vertical side
supports but were not connected to side mounting brackets; the remaining
structural model of the racks for MOD-2 was otherwise identical to the
arrangements shown in Figs. 3.4 and 3.5 for MOD-1.

The MOD-3 model further extends the MOD-2 model by incorporating
more beam and plate elements in Panel 3 in the local region of grid
point 92 as shown in Figs. 3.8 and 3.9. This results in an increase in
the grid points to 204. Referring to Table 3.1, the degrees-of-freedom
for MOD-3 are 163 compared to 51 for the original rack model. Except
for the increase in grid points in Panel 3, no other differences exist
between MOD-2 and MOD-3.

*
Grid noint 92 corresponds to grid point 64 of the original rack model.
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PANEL 27 PANEL 37

Figure 3.4. Grid System of Rack MOD-1 for Plate Elements
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Figure 3.5. Grid System of Rack MOD-1 for Beam Elements




TABLE 3.1

SUM“ARY OF RACK MODELS

Structural
& Elements(z) : y
| Rack Model (1)
| Case Grid Points Plate Beam Degrees of Freedom
Original
(Ref. 1) 85 54 79 51
1 MOD-1 165 102 143 111
MOD-2 165 110 151 111
' MOD-3 204 134 169 163

Notes: (1) Each case includes 49 grid points for the front wall
structure

(2) Each case includes 36 plate elements and 28 beam elements
for the front wall structure.
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3.3 Results

Displacement and acceleration time histories were obtained by the
direct transient response rigid format of NASTRAN. Prior to running
NASTRAN, the code BANDIT was run to minimize the semi-bandwidth by
resequencing the grid points for each MOD*. The resequenced data deck
was then used in NASTRAN to obtain 30 msecs of response for each MOD.
The incident overpressure for each case was 2.61 psi, as in Section 2.

The effect of each modification on the rack responses is of primary
interest. However, front wall responses were also obtained to inves-
tigate their sensitivity to modifications of the rack model. The front
wall responses are presented for grid points 13 and 27 and the rack
responses for grid point 92, locations where accelerometers were mounted**,

The complete set of computer results showed that the front wall
displacement and acceleration time histories at grid points 13 and 27
were virtually identical for MOD-1, MOD-2 and MOD-3. Therefore, the
MOD-3 front wall responses were selected as representative of all three
cases for comparison with the responses obtained with the original rack
model of Ref. 1 and with the test data.

Comparisons of the front wall responses obtained with MOD-3 and
with the original rack model are shown in Figs. 3.10 and 3.11 for
displacements and in Figs. 3.12 and 3.13 for accelerations. It is noted
that the rack model refinements had little influence on the displace-~
ments with regard to amplitude and frequency content over the full 30
msec response time. The accelerations display similar peaks and fre-
quency content with slight shifts in phasing and the initial oscillation
in the acceleration is essentially the same for both rack models. The
rack model modifications, therefore, had little effect on the front wall
responses and the acceleration responses showed a slightly greater
sensitivity than the displacements.

As indicated in Ref. 1, comparison with the experimental front wall
accelerations is difficult because the front wall data were clipped due
to gage saturation (see Figs. 3.14 and 3.15). On the basis of extra-
polation, though, the front wall test data and the analytical responses
appear consistent in the level of response and display somewhat similar
frequencies. The shock spectra for the two rack models are compared in
Figs. 3.16 and 3.17, which also includes the experimental spectra based
on the time histories in Figs. 3.14 and 3.15. Due to the similarities
in the acceleration time histories for the original and modified rack
models, the resulting shock spectra are also very similar. The experi-
mental spectra, however, are lower which is consistent witii the clipped
time history data. Had the data not been clipped, the shock spectra
would be higher, but the degree of agreement with the analytical spectra
in Figs. 3.16 and 3.17 would be conjectural at the present time.

*
This was also done for the complete shelter in Sectiom 2.

*k
Experimental displacement time histories were not available for com-
parisons with NASTRAN results.
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Figure 3.10. Comparison of Front Wall Displacements, Stage 2
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Figure 3.11. Comparison of Front Wall Displacements, Stage 2
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The rack displacement response is compared in Fig. 3.18 for the
modified and original rack models at grid point 92. Significant differ-
ences exist in the peak displacement, with the original model resultiag
in a substantially larger amplitude. The most noticeable effect of the
rack wall modificatons, however, occurred in the rack accelerations,
which are shown in Fig. 3.19 for each MOD. Comparing these responses
with the rack accelerations based on the original rack model (Fig.
3.20), it is noted that the rack modifications resulted in a substantial
increase in the rack acceleration from 20 g's to 50 g's. The modeling
changes also introduced very high acceleration frequencies in each MOD
case, frequencies which were originally "filtered" out “y the less
detailed structural definition of the original rack model.

Figure 3.21 shows the experimental acceleration time history of the
rack at grid point 92. Comparing this with the analytical acceleration
based on the original rack model (Fig. 3.20) it is evident that a dis-
parity exists with regard to amplitude and frequency content. For
example, the peak experimental amplitude is about 125 g's compzred to 20
g's for the analytical case. The rack MODS offer an improvement in the
acceleration time history amplitudes, by increasing the analytical level
from 20 g's to 50 g's. This incidentally agrees with the 50 g's level
occurring during the first four milliseconds of the experimental re-
esponse in Fig. 3.21. However, the frequency content curing this early
time as well as in the remaining time period compares poorly for the
experimental and analytical cases. The analytical response has a sub-
stantially higher frequency content (several thousand cps) whereas the
experimental response lacks significant frequencies above approximately
500 cps. The presence of the higher analytical frequencies is attributed
to the greater structural detail introduced into the rack model, and the
lack of frequencies higher than 500 cps in the experimental response is
probably attributed to the accelerometer gage which had a natural fre-
quency of only 1250 cps.

Shock spectra comparisons are shown in Figs. 3.22-3.25 between the
experimental case, based on the time history in Fig. 3.21, and for the
analytical cases, based on the time histories of the original rack model
and for MODS 1, 2 and 3. The disparity noted earlier between the test
data and the original rack model is also reflected in the shock spectra
in Fig. 3.22, which shows that the experimental spectrum is signifi-
cantly larger over the entire frequency range. The rack modifications
resulted in increasing the analytical shock spectra in Figs. 3.23-3.25,
and at frequencies above 2000 cps the spectra overlap. Since the
experimental data is lacking in frequencies much above 500 cps, a
comparison of spectra at frequencies between 500 cps and Z000 cps is not
meaningful and a basis does not exist for establishing a level of con-
fidence in either the analytical responses or the test data in this
frequency range.

In the lower frequency range (less than 1000 cps), it is also
difficult to assign a level of confidence to the comparisons between
theory and experiment since substantial differences still remain
in the shock spectra and time history responses. A higher level of
confidence does exist, though, compared to the higher frequency range,
for the analytical responses and the experimental data. With regard
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to the analytical model, it is generally recognized that the lower modes
of a structure are usually more accurately represented than the higher
modes (and more so for displacements than accelerations) because of
inherent errors which are always present in a discretization of a
continuous system. Since the responses of the least detailed (dis-
cretized) model, MOD-1, were very similar to the responses of the most
detailed model, MOD-3, it is felt that within the existing constraints
imposed on the modeling that a sufficiently detailed structural model
was developed. This provides a reascnable level of confidence in at
least the lower modes (frequencies) of the structure, though it does not
provide an upper (confidence) bound on the frequency. With regard to.
the experimental data, a greater confidence level also exists in the
lower frequency range, provided the frequencies are sufficiently less
than the 1250 cps natural frequency of the gage.

On the basis of the available experimental and analytical data, it
is thus felt that the true level of confidence in the correlation of the
rack responses presented herein cannot be assigned. It appears reason-
able that the confidence level is higher at frequencies less than 1000 cps,
and more so for deflections than for accelerations. With regard to the
wall responses, they were more conmsistent with the test data than were
the rack responses. However, the clipped front wall test data also
makes it difficult to establish a level of confidence in their predic-
tions. It may be stated, though, that a higher confidence level exists
in the wall responses than in the rack responses and that a cutoff
frequency of approximately 1000 cps would also be reasonable at the
present time as for the rack responses.

3.4 Summary

Improving the rack model introduced the higher harmonics which were
"filtered" out by the original less detailed rack model. These higher
modes resulted in a substantial increase in the rack accelerations but
had little influence on the front wall responses. The increase in the
rack response provided closer agreement with the experimental peaks
during the first 4 msecs of response. At later times, however, a
considerable difference still exists between the analytical and experi-
mental results. At frequencies between 100 cps and 1000 cps, the shock
spectra comparison improved, though the experimental spectrum is still
considerably higher than the analytical spectrum. At higher frequencies
the shock spectra overlap but a comparison here is not meaningful since
the experimental rack data lacked significant frequencies beyond 500
cps. With regard to both the rack responses and the front wall responses,
a higher level of confidence exists in their prediction at frequencies
less than approximately 1000 cps than at higher frequencies. At the
present time, though, the extent of the confidence level cannot be
assigned, but it would be higher for the front wall responses than for
the rack responses.

Comparing the results of one rack model versus another, the more
detailed model, MOD-3, offered no substantial improvement over MOD-1.
The most significant changes in response occurred when progressing from
the original rack model to MOD-1, and this affected primarily the rack




response of interest. Therefore, the first rack modification, even
though it neglects the stiffening effect of the equipment shelves, is an
adequate representation and a more detailed model is unnecessary for
computational purposes. :

In spite of the improvement in the response resulting from improve-
ments in the rack model, correlation of the rack response with the test
data is still poor. The front wall acceleration comparison with test
data is far more favorable, as indicated also in Ref. 1, though some
complications are introduced since the test data was clipped due to gage
saturation. It remains that the analytical and experimental front wall
acceleration levels were generally of the same level, whereas the
experimental rack accelerations exceeded the analytical levels substan-
tially. It would appear that the experimental rack accelerations should
be considerably lower than the wall acceleration because of the very
substantial rack mass compared to the front wall mass. For example, the
front wall weighs approximately 160 lbs and the weighted front racks
weigh 2000 1bs total. The measured front wall and rack accelerations
are of the same order whereas the analytical front wall acceleration
exceeds the rack acceleration by about a factor of ten, which is consist
with the weight ratio.

With regard to the quality of the experimental data, an acceler-
ometer with a natural frequency in the frequency range of the measure-
ment being made was used. Also, the =ccelerometer was mounted on a rack
surface whose response could contaminate the desired measurement. These
factors could introduce serious errors in the experimental results.
Another consideration is the possible influence of the rigid body shel-
ter response in the test measurements.

Analytical uncertainties still remain in the modeling. The rack
model modifications considered herein included a better load path within
the rack structure and more detailed structural definitions of the rack
geometry than for the original rack model. These modifications were
mads using the original boundary conditions, load transfer mechanism
from the shelter wall to the rack structure, types of connectivity
between the structural elements, and omitted shelter rigid body motionms.
It was not the purpose of this present report to also investigate
changes in these factors, however they can have a significant influence
on the response. For example, the experimental data in Fig. 3.21 shows
that the character of the response during the first four milliseconds is
inconsistent with the character of the response during the remaining
time period, a possible indication of the influence of some rigid body
motion of the shelter which was not accounted for in the modeling.
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SECTION 4
MAJOR CONCLUSIONS

This report had two primary objectives in the current NASTRAN
finite element analysis of the blast response of electronic equijment
shelters and internally mounted equipment. The first involved the
response of the complete shelter-rack system, investigating the effects
of tie-down cables, and comparing with the responses obtained with a
simpler structural model. The second objective was to refine the
original rack model of Ref. 1 for the purpose of improving the com-
parisons of the rack accelerations with test data. Three rack model
modifications were developed. MOD-1 had a finer grid mesh, more struc-
tural elements and improved load paths than the original rack model,
MOD~2 was an extension of MOD~1 to include the stiffening effects of the
equipment shelves and MOD~3 was an extension of MOD-2, incorporating
additional structural elements. In each case, the responses were
obtained for a shock wave of 2.61 psi incident overpressure impinging on
the front wall of the shelter.

The major results of the study are:

1. The accelerations and displacements on the
front wall and front rack obtained with the
complete shelter model were similar to those
obtained with the simpler model. This 1is
attributed primarily to the dominant weight-
stiffness combination provided by the steel
weighted racks in proportion to the remaining
shelter structutre.

2. The effect of the tie-down cables on the com-
plete shelter response was negligible except
locally at the cable attachment points.

3. The results obtained by rack MODS 1, 2 and 3
were quite similar, therefore no benefit was
derived by the more detailed MOD-3. The most
significant changes in response occurred when
progressing from the original rack model to
MOD-1.

4. The stiffening effects of the rack shelves were
minor (MOD-2 vs MOD-1), and the shelf mass
appears to be the primary structural shelf item
(for the present rack system).

5. Rigid body motion of the shelter may be present
in the measured accelerations. This was not
modeled in NASTRAN since the ground resistance
forces were not known (also, the skids were
buried). In NASTRAN, the shelter and racks
were clamped at the base.
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6. The front wall accelerations and shock spectra
were more consistent with the exper’mental data
than were the rack responses.

7. Refinements in the rack model introduced higher
harmonics which were "filtered" out by the
original less detailed model of Ref. 1.

8. The higher harmonics introduced by the more B
detailed rack models resulted in a substantial 3 ‘
increase in the rack accelerations and improved -« B
the comparison in amplitude with the measured :
rack response. The shock spectrum was also :
. ‘ improved at frequencies between 100 and 1000 s 3
/ ; cps, but was still lower than the experimental
g { shock spectrum in this frequency range. At
frequencies above 1000 cps, the analytical
shock spectrum exceeded the experimental shock
spectrum because of the higher frequencies
introduced by the rack modifications.

o ks P

9. In spite of the increase in the rack accelerations
and the corresponding shock spectra resulting
from the rack model refinements, the corre-
lation with the rack test data is still
considered poor. It is believed, though, that
a higher confidence level exists in the analy-
tical and experimental results at frequencies
less than 1000 cps than at the higher frequencies.
This confidence level is greater for the front
wall responses than for the rack responses.

The racks considered here were hardmounted to the shelter structure

and therefore provided additional strengthening and stiffening to the

3 shelter. This arrangement, however, provided no mechanism for shock
isolation of equipment which may be mounted on the rack shelves. With
proper isolation, the rack accelerations would be lower than the levels
experienced in this report. Another report in the current effort, Ref.
2, presents a modeling study of a monolithic rack system mounted on wire
rope coil isolators in an S-280 shelter under blast loading.

Ref. 2. Calligeros, John M., Finite Element Analysis of the Blast
Response of a Complete Shelter with Isolator-Mounted Equip-
ment Racks, KA TR-123, July 1975.
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APPENDIX A
TIE-DOWN GUY CABLE MODELING

Each of the upper and lower corners of the shelter in the DIAL
PACK test was secured to an anchor point in the ground by a 3/8 inch
diameter steel guy cable. Modeling of the lower guy cables was unneces-—
sary since the base of the shclter was assumed clamped. Figure A.l
presents a schematic of the tie down cable configuration for grid point
43 which is located at an upper shelter corner on the windward side. A
similar configuration exists for the cable connected to grid point 102
on the leeward side.

The cables connected to the upper shelter corners were preten-
sioned before blast loading by rotating a turnbuckle. Denoting the
tensile preload as Fo, the components of force applied by Fo to grid
point 43 are

a
Fo1 o1

d
F02 -Fo i' (A.1)

¢ ;
foa iTay

where the symbols and coordinate system are defined in Fig. A.1l. The
application of the preload by the turnbuckle rotation translates grid i
point 43 to point A whose coordinates are ugys up2s ug3. During blast i
loading, a stretch € (from A to B) in the cable results which, for

small displacements, may be expressed as

a A SEER - IR
€ L (ul-u01) + L (u2 u02) + I (u3 u03) (A.2)

where u,, u,, u, are the coordinates of grid point 43 at any time after
blast disturbance (point B). The displacements u,, and u, are measured
from a local frame whose origin is the original location of grid point
43, i.e., the location of grid point 43 before the application of the
preload F, (see Fig. A.1). The stretch ¢ is thus the additional
stretch in the cable when the cable end is displaced from its static
preloaded location. The cable force resulting from the stretch ¢ is
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Figure A.1 - Guy Cable Terminology
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which

(A.1),

(a.3)

results in the following force components applied to grid point 43

AE
Fel i3 (

AE
FeZ g (

AE
Fe3 s (

Substituting Eq. (A.2)

=w

(a.4)

e

e

into Equation (A 4) and summing with Eqs.

the total force components F s F applied to grid point 43,

by the cable, which include the effect of tge preload, are

where

and

e

ol

& Sl

[
N

(A.5)
+Su.  +&y (A.6)
02 L 03 3
C
+fu3
(A.7)
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ITIrepresents the total stretch in the cable measured from its position
before the preload F, is applied. The slackened state of the cable at
any time is attained when T=0, i.e., when

FOL
€& = -\2aE + 0 (A-8)

AR T

A similar procedure yields the following cable force components
which are applied to grid point 102 at the upper shelter corner on the
leeward side

F1 = KlT
F2 = KZT (A.9)
F3 = -K3T

where T and Kl, K2, K, are given by Eqs. (A.6) and (A.7), respectively.

The expressions for € and € become

(A.10)

Figure A.2 presents a summary of the cable force components for grid
point 43 and grid point 102.

An "extra point" (EPOINT) was established in NASTRAN to represent
€1 and the function T was tabulated on a TABLED1l card for given values

of FO’ Ugys Ygos Yg3 with €, as the independent variable. Each force

F, was modeled by a NOLIN1l card which referenced the

component Fl’ FZ’ 3

EPOINT el.

The cable parameters are
2
A = 0.1104 in

£ = 29 x 10° 1b/10° (A.11)

L = 123.04 in
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Figure A.2. Cable Force Representation
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a = 48 in.

c = 84 in.

a
]

76.024 in.

and

~
]

10,151 1b/in

=~
"

16,078 1b/in

~
"

17,765 1b/in

The displacement components ug1s uQ2, ugz at grid
102 were obtained by the NASTRAN static solution rigid
preload Fy = 2000 1bs in each of the tie-down cables.

u = =0.00107 in.

01
Ug, = -0.00209 in.

i} for which Equations (A.6) yield

€ = 0.002726 in.

T = -0.07959 - €1

At grid point 102,

ugp = -0.001172 in.
Uy, = -0.002059 in.
Ugy = 0.001477 in.

for which Equation (A.10) yields

€ = 0.002738 in.

T = -0.07960 - €1

(A.12)

points 43 and
format for a
At grid point 43

(A.13)

(A.14)

(A.15)

(A.16)
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a,b,c

CBAR

Y01°Y%2°%3

Syaisally

LIST OF SYMBOLS

cross-sectional area (1n2)

guy cable geometry (defined in Figure A.1)
NASTRAN beam element

modulus of elasticity (lb/inz)

cable force associated with stretch ¢ (1bs)
cable preload (1bs)

constants defined in Equation (A.7) (1b/in)
original length of guy cﬁble (in)

peak incident overpressure (lb/inz)

total stretch in cable measured from position
before application of preload (in)

static displacement components of guy cable end
due to preload (defined in Figure A.1) (in)

displacement components in directions 1,2,3,
respectively (in)

cable stretch from preload position (in)

cable stretch associated with displacements u
Ug22Y03 (defined in Equation (A.6) (in)

cable stretch associated with displacements u
u, U, (defined in Equation (A.6)) (in)

01’
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