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ABSTRACT

The general objective of this study was to determine the dynamic re-
sponse of & buried model flexible-arch troop shelter to simulated nuclear
blast overpressures. To accomplish this, a model structure was constructed
using a geometric scaling ratio of 1 to 4.5. The structure was buried in
dense, dry sand with the depth of cover over the crown equal to one-fourth
of the arch diameter and tested in the Waterways Experiment Station Large
Blast lLoad Generator. A series of five tes*s was conducted at overpres-
sures ranging from 37 to 177 psi with the model being excavated and rebuilt
after each test. Strain, acceleration, and deflection were measured at
various points on the structure; measurements were also made of the pres-
sure inside the structure, stress and acceleration in the free field, and

overpressure at the soil surface.
Visible damage consisted of arch deformation, footing deflection, and

fracture of the end truss bulkhead connector at the higher overpréssures.
All transient measurements in general were recorded successfully. The re-
sults of this study show that the model structure as designed can with-
stand almost twice the design overpressure of 100 psi for large duration
times (100 to 200 msec). Redesign of the truss connector can be accom-
plished as detailed in Appendix D so that no fracture occurs in this area.
The instrumentation employed is described in detail in Appendix A.

Raw and computed data are contained in Appendixes B and C, respectively.
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PREFACE

This study was conducted at the U, S. Army Engineer Waterways Experi-
ment Station (WES) for the Office, Chief of Engineers, Department of the
Army, as a part of Task 03, "Military Engineering Applications of Nuclear
Weapons Effects Research," Project LA022601A880-03. It was accomplished
during the period August 1965 through October 1967 under the general super-
vision of Mr. G. L. Arbuthnot, Jr., Chief of the Nuclear Weapons Effects
Division, and under the direct supervision of Mr. W. J. Flathau, Chief,
Protective Structures Branch (PSB). This report was prepared by Mr. T. E.
Kennedy of PSB. Mr. G. L. Carre assisted during all phases of the fab-
rication and testing, and Mrs. C. M. Lloyd assisted with all data reduction.

COL John R. Oswalt, Jr., CE, COL Levi A, Brown, CE, and COL Ernest D.
Peixotto, CE, were Directors of WES during the conduct of this study and
preparation of this report. Technical Directors were Messrs. J. B. Tiffany
end F. R. Brown.
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NOTATION
Area, in2
Relative density of the test sand
Modulus of elasticity, psi
Gravitation constant, 32.2 ft/ seca
Moment of inertia, e inh/in
Length, inches
Footing length, inches
Peak transient moment, in-lb/in
Peak reflected moment, in-1b/in
Steady-state moment, in-1b/in
Peak transient thrust, 1lb/in
Peak reflected thrust, 1b/in
Steady-state thrust, 1b/in
Incident peak, psi
Interior pressure, psi
Reflected peak, psi
Surface overpressure peak, psi
Arch radius, inches .
Arch rib spacing center to center, inches
Section modulus of timber lagging per unit width, in3/in
Time of peak, msec '
Rise time to peak, msec
Time of reflected peak, msec
Footing width, inches
Width of arch rib system per unit area of arch, in/in2
Velocity, in/sec
Acceleration, g's
Dimensionless footing deflection
Footing deflection, inches
Angle up from footing, degrees
Flexural stress at proportional limit in timber, psi
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% Ultimate plate bearing stress, psi

cry Yield stress, psi
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report ~zan be converted to metric

units as follows.

Multiply By To Obtain
inches 25.4 millimeters
feet 0.3048 meters
square inches 645.16 square millimeters
cubic yards 0.7645549 cubic meters
megatons 0.9071847 teragrams
kips 4. 448202 kilonewtons
pounds per inch 175.1268 newtons per meter
pounds per foot 14,59390 " newtons per meter
pounds per square inch 6.894757 kilonewtons per square meter
kips per square inch 6 .894757 . meganewtons per square meter
kips per square foot 4,788026 kilonewtons per square meter
pounds per cubic foot 16.01846 kilograms per cubic meter
microinches per inch 0.001 microns per millimeter
inch-pounds per inch 4 448222

newton-meters per meter
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The development of strategic and tactical nuclear weapons and effi-
cient delivery systems has exposed the field Army to all the hazards of nu-
clear warfare. No longer is the nuclear weapon a rarity in arsenals of the
major powers of the world, but it now has a wide range of yield and is a
relatively linexpensive form of explosive. Currently, the envisioned mili-
tary usage of these weapons ranges from barrier formation caused by crater-
ing action to destruction of bridges and other individual structures to
megalopolis annihilation.

If a modern military esteblishment is to withstand an attack by such
weapons, the various units (functions) of such an establishment must sur-
vive the effects of these weapons. This means that each military unit
should have some degree of protection, the level of protection varying with
the value of the individual unit. Reduced vulnerability of a military unit
can be achieved either by hardening the unit or by duplicating it; obvi-
ously, there is a trade off between the two techniques. As the importance
of the functional unit increases, generally, the cost per unit also in-
creases, S0 that the cost of duplication becomes greater and the value of
economical hardening increases. The requirements of providing a high de-
gree of hardening for the individual soldier are minimal, whereas an impor-
tant command center would require a high degree of hardening.

In order to provide a field-shelter concept to furnish a relatively
hard cover for field use, a contract was awarded to N. M. Newmark (NMN),
Consulting Engineering Services, Urbana, Illinois, by the U. S. Army Engi-
neer Waterways Experiment Station (WES), Vicksburg, Mississippi, in Decem=-
ber 1957 to develop an economical 51-man protective troop shelter for field
use. The concept was to provide protection against the effects of a mega-

tonl nuclear weapon at a 100-psi air overpressure level. In addition, the

1 A table of factors for converting British units of measurement to metric

units is presented on page 12.
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shelter had to be of such design that construction could be completed
within one week by a 5l-man platoon. Results of this work were published
in Reference 1. DBased on considerations of economy, hardness level, radia-
tion protection, and ease of construction, an underground flexible struc-
ture to be placed in soil above the ground water table was selected.

The prototype shelter is 16 by 48 feet in plon and is to be suppiied
in 12-foot=long, air=-droppable modular kits. The shelter and entrance com=
plexes are shown in Figures 1.1 and 1.2. The shelter consists of 8-foot-
radius steel arch ribs, which support timber blocks. These ribs are made
of rolled or forged -uarter=circle, split, structural tees with the stem
of the tee turned out. The rib sections are welded to bearing plates which
are bolted to a crown or ridge timber and to a composite heavy timber and
steel channel footing at the base. The timber blocks forming the roof are
supported by the flanges of the tees. The end rib is made of an angle sec-
tion that frames and supports the top of the end bulkhead. The forces at
the base of the bulkhead are resisted by a welded steel truss reacting
against the footings of the structwwre. Vertical wide-flange beams extend
from the truss to the arch end rib. The bulkhead wall is formed by placing
timber blocks horizontally between the webs of the vertical beams; the
blocks are held in place by angle sections welded to the webs. Ingress and
egress are provided by means of separate entrance kits which can be used at
either or both ends. The entrance complex also provides space for ventila-
tion equipment, a power generator, and fuel storage.

The mechanism of load transfer to a buried structure, sometimes re=-
ferred to as soil arching, is not fully understood. Because of this un-
certainty, it is necessary to overdesign such structures--a procedure
vwhich usually produces an uneconomical structure that may not necessarily
be safe. A full-scale nuclear field test is the ideal method of design
verification; however, because of the moratorium on atmospheric nuclear
testing, it was decided to conduct a series of design verification tests
on a model of the shelter in the WES Large Blast Ioad Generator (LBIG).
Consequently, the contract with NMN was extended to encompass the design
of a scale model of the field shelter and to propose a test progrem .to

verify structural adequacy of the prototype (Reference 2).

1k
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1.2 OBJECTIVES

The basic objective of the study reported herein was to determine, in
& general manner, the response characteristics of a model of the flexible-
arch troop shelter when subjected to the design overpressure of 100 psi and
to determine the ultimate load-carrying capability of the structure. Spe-
cific objectives were (1) to determine areas of weakness in the design and
to modify the design to overcome these weaknesses and (2) to determine
footing response and extrados loading.

1.3 SCOPE

A model structure was constructed, and a series of tests was conducted
using overpressures below, up to, and exceeding the design overpressure.
Including the pilot test reported in Referéhce 3, six tests were conducted
at overpressures ranging from 37 to 177 psi.  All tests were conducted
dynamically in dense dry sand with the crown of the structure buried one-
fourth the diameter of the arch below the soil surface. Measurements were
made of surface air overpressure, structural strain, accelerations, deflec-

tion, and free~field response in the vicinity of the structure.

1.k SCALING CONSIDERATIONS .

The scaling of the model is outlined in detail in Reference 2 and will
be briefly discussed in the following. The model was constructed from the
same materials as the prototype, and the linear dimensions were changed
by a factor of 1/14.5. Using this scaling, the soil stresses at these shal-
low depths due to the applied loads are assumed the same in both the model
and prototype; consequently, the applied loads are assumed to be the same.
The scaled differences in dead-load stresses were ignored since these
stresses are small compared to the applied dynamic loads. Whenever minor
deviations from geometrical scaling were required, the areas or moments
of inertia were scaled, e.g., for axial or shear-loaded members the areas
were scaled as (l/’-t.‘j)2 , and for members loaded in flexure the section
modulus was scaled by (l/’-t.'j)3 . Some values of response parameters are
given in Table 1.1 for the model and prototype.

15 "
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TABLE 1.1 MODEL AND PROTOTYPE RESISTANCE AND RESPONSE PARAMETERS

Symbols used are defined in the Notation which precedes the text.

Response Mode Relation Prototype Model
Value Value
o A
Rib compression '
mode resistance RR 124 psi : 152 psi
Rib buckling 3EI
mode resistance 2R 26 psi 34 psi
s
Timber lagging 80‘bs
flexural resistance 12 260 psi 266 psi
Compression mode 2n(R) W' 1/2 .
period (no soil) i EAg 2.9 msec 0.677 msec
Flexural mode 1.28n w' Y2
period (no soil) : Elg 139 msec 29.8 msec

16
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Figure 1.2 Exploded view of the field shelter and entrance complex.




CHAPTER 2

PROCEDURE

F:lvel tests (Shots 1 to 5) were conducted during the test series.
With the exception of Shot 1, the model was excavated after each test.
Shot 2 was a repeat loading of the Shot 1 configuration. On excavation
after each shot, all damaged components and all fasteners (nuts, bolts,
etc.) were replaced.

2.1 STRUCTURE

2.1.1 General Description. The design of both the prototype and the
model is described in detail in References 1 and 2, the model (hereafter
called the structure) being a scale (1/4.5) version of the prototype. The

physical properties of the steel, wood, etc., used in construction of the
structure are given in Reference 3. The étructure is a free~end arch com-
posed of steel irverted-tee ribs spanned by timber elements, Thé footings
are made of timber held together by steel channel elements. The ends of
the structure are closed by means of bulkheads composed of four steel I~
beam uprights filled between with timber elements. Reaction at the base
of the I-beams is taken by a steel end truss reacting on the footing ends.
Assembly of the structure, and in like manner the prototype, is ini-
tiated by assembling and placing the two footings (Figure 2.1a). Each
footing is assembled by bolting steel channels on both sides of timber
sills. The sill timber joints do not coincide with the channel joints
(Figure 2.1a). Next in the assembly process, the arch crown timber is
placed, ribs are raised, and end trusses are bolted in position (Figure
2.1b). To complete the steel construction, the bulkhead beams are raised
and bolted (Figure 2.1d). The wooden blocks forming the roof are placed
next, and, finally, the wooden block bulkheads are positioned. Figure 2.le

= The pilot test was reported in Reference 3 and is not considered to be

part of this series. However, the data obtained from the pilot test are
included whenever data plots are shown since they are pertinent.
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shows an end view of the structure bulkhead, and Figure 2.1f shows the
model with a section of the arch roof removed.
2.1.2 Arch Ribs. The arch ribs were fabricated from 6 by 1-7/8

Junior beams, each beam being ripped down its length and then trimmed to

form a 1.09-inch-deep tee section. All dimensions were held to +0.005 inch.
To form the required arch, the tee angle sections were cold rolled using
special roller adapters to prevent distortion of the stems and outstending
angle legs. Bearing plates were welded to the structural tee to complete
the rib fabrication.

2.1.3 Wooden Elements. All wooden elements were made of clear

coastal-region Douglas fir. Besides the footings, the other wooden ele-
ments were the crown timber running the length of the arch crown, and the
roof and bulkhead blocks. The roof blocks were slightly tapered to con-
form with the curvature of the roof. The bulkhead blocks were of various
sizes to conform to the beam spacing. Two short blocks were required he-
cause of the rib joint at the crown.

2.1,k Bulkread and Truss. The bulkheads consist of four main verti-
cal beams and two small columns, one at each footing. These beams bolt to

a truss at their base, which, in turn, reacts against the ends of both
footings. There are four bolts at the base of each beam connecting the
beam and the truss. The beams and truss are shown in Figures 2.1c and
2.1ld. The spaces between the beams are filled with the bulkhead blocks
(described in Section 2.1.3) which are held in place by a pair of angles
welded to the centers of the beams.

2.2 TEST CONFIGURATION

2.2.1 Test Device. The tests reported herein were conducted in the

LBIG, a device that will simulate the blast effects of a nuclear device.

It is used primarily for testing semihard underground protective structures
and can produce airblast overpressures to 500 psi on a 23-foot-diameter by
10-foot-deep soil specimen. Basically, the LBIG consists of four major
components (1) Central Firing Station (CFS), (2) test chamber, (3) firing
tube assembly, and (4) platen and rail-lift mechanism.

The CFS is a massive concrete structure, reinforced in three
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directions with prestressed steel rods and cables. It is essentiilly a
rectangular block with an opening through it &nd serves as a reaction
structure for the test chamber.

The test chamber which contained the structure 1s formed by stacking
three large steel rings, one on top of the other, on a movable platen. Af=-
ter soil, structure, and instrumentation placement is completed, the ring
containing the firing tubes and the chamber bonnet or lid are set in place.
This assembly is rolled into the CFS, and the platen is lowered to the
floor, after which the top ring is raised to rest firmly against the ceil-
ing of the CFS. The test is then conducted by detonating the explosive
charges placed previously in the firing tubes. Primacord (pentaerythritol
tetranitrate) is used as the explosive charge. The firing tube assembly
consists of 15 cylindrical steel tubes, perforated with numerous round
holes to permit the escape of the gases generated by the detonation of the
explosive. A rigid grid of baffle plates supported below the firing tube
assembly provides support for the assembly and serves to smooth out the
blast wave that is generated.

A detailed description of the test device and its supporting equipment
is given in Reference U4, and a detailed evaluation of the free-field re-
sponse is given in Reference 5.

2.2.2 Test Layout. All tests were conducted in the LBIG with the |
test chamber filled with sand to a height of 10 feet. The surface of the ]

sand specimen was covered with an 8-mil plastic membrane material which was

in turn covered by a 2-inch sand layer to prevent burning. The plastic mem-
brane was also used to seal the structure to prevent sand from filtering
into the structure interior. The location of the structure in the test
chamber is shown in Figure 2.2. The depth of crown cover was ll-l/32 inches,
which corresponds to a depth of one-fourth the dieameter of the structure.
The total depth to the lower surface of the footing was 35-5/32 inches.

2.2.3 Specimen Construction. Two methods of sand placement were used

during the construction of each test configuration. Below the level of the
structure footings, the sand was placed in 6-inch lifts with each being
vibrated. After the structure was assembled in the LBLG and the free-field

instrumentation was placed, a sprinkling technique was used toc build the

21

D IRBA

]



remainder of the sand specimen to avoid any risk of damage to the extensive
instrumentation. During this process, the sand is dropped through a series
of nozzles and a screen with a drop height of approximately 30 inches. A
vibrator is used on the side of the sand hopper to promote sand flow
through the nozzles. A detailed description of this placement method can
be found in Reference 6.

Soil tests were conducted to determine the in situ physical properties
of the sand surrounding the structure prior to each test. It was deter-
mined that the uniformity using the placement techniques described above
was good, with a slightly lower density resulting from vibration than from
sprinkling. The density data are tabulated in Tdble 2.1. Static plate-
bearing tests were conducted at footing level to obtain load-carrying data
at this level. These data are shown in Figure 2.3.

2.3 SOIL PROPERTIES

The sand used as the backfill during these tests was obtained from a
natural deposit along the Big Black River in Warren County near Yokena,
Mississippi, and is locally called Reid~Bedford model sand. This sand is
a clean, uniform, fine sand (classified as SP according to the Unified Soil
Classification System) with particles that are partly subangular and partly
subrounded. The grain-size distribution is shown in Figure 2.4. The ef-
fective grain size (Dlo) is 0.16 mm, and the uniformity coefficient is
1.15. The specific gravity of the solids is 2.65. The minimum and maximum
densities are 86.0 and 105.3 pef, respectively, which correspond to void
ratios of 0.924 and 0.570. The relation between the angle of internal
friction and relative density is shown in Figure 2.5. This relation was
obtained from a series of stress-controlled, consolidated-drained, direct-
shear tests at several initial relative densities under normal pressures of
1, 3, and 6 kips/ftg. One-dimensional static confined compression curves
are shown in Figure 2.6.

A series of tests was conducted on this sand by United Research Serv-
ices, Inc. (Reference 7), to determine its dynamic characteristics. A test
device which had relatively rigid confining boundaries was used to obtain

the one-dimensional stress characteristics of the sand. Quasi-static
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(loading rate too slow to produce wave phenomenon) and dynamic (based on
wave propagation) stress-strain results are shown in Figure 2.7. Stress
wave propagation velocity and peak particle velocity data are shown in
Figure 2.8.
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TABLE 2.1 PRESHOT SOIL DENSITIES

Shot 2 was a repeat loading of the Shot 1 configuration; therefore, the structure was
not excavated and soll densities iere not determined.

Elevation Radius Direction Unit Weight

with Respect

to Footing

level

feet feet pef

Preshot 1:

-3.0 6.50 NE 100.4
6.50 SE 100.5
6.50 sw 100.1
6.50 Nw 99.5

Average 100.1
0.0 (footing

level) 8.00 N 100.8
8.00 E 101.0
8.00 S 101.0
8.00 \ 100.4
Average 100.8
+2.8 9.80 N 101.3
9.80 E 100.8
9.80 S 102.4
9.80 W 102.6
Average 101.8
Preshot 3:
0.0 (footing
level) ’ 8.00 N 99.4
8.00 E 100.0
8.00 S 100.5
8.00 W 99.6
Aversge 99.9
Preshot L:
0.0 (footing
level) 8.00 N 100.3
8.00 E 102.6
8.00 S 100.1
8.00 W 101.2
Average 101.0
+2.8 10.00 N 102.5
9.00 N 100.7
g9.00 S 102.5
10.00 ] 100.3
Average 101.5
Preshot 5:
0.0 (footing
level) 8.00 N 101.0
8.00 E 100.3
8.00 S 100.8
8.00 W 99.4

Average 100.4
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a. Structure footings assembled and in position.

b. Structure with crown timber and six ribs in position.

c¢. Structure with ribs raised and bulkhead edge support
channels.

Figure 2.1 Steps in structure assembly (Sheet 1 of 2).
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d. Structure with all steel structural elements assembled.

f. General view of structure with a portion of the roof
lagging removed.

Figure 2.1 (Sheet 2 of 2).
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PERCENT FINER BY WEIGHT
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Figure 2.4 Grain-size distribution curve for the test sand.
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Figure 2.5 Relation between angle of internal friction
and density for the test sand.
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Figure 2.6 One-dimensional static confined compression test data for the
test sand.
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Figure 2.7 Stress-strain curves for the test sand;
density 99.7 pcf.
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CHAPTER 3

RESULTS

The data results of this study are presehted in tabular form in Appen-
dix A, Appendix B contains time histories of the test records, and Appen-
dix C contains computed data based on the raw data. Typical records are
presented throughout the main text of this report whenever their inclusion

is believed of value to the reader.

3.1 LOADING INPUT

3.1.1 Surface Airblast. Typical of the surface airblast overpres-

sure (Pso) histories is the presence of a number of small shocks during ap-
proximately the first 10 msec of response. These shocks are due to reflec-
tions occurring within the baffle and firing tubes and are a result of the
pressure-generation geometry. The action of the soil is such that it tends
to smooth out the airblast wave as it is transferred into and propagates
through the soil. This being true, the presence of the high-frequency
spikes in the airblast wave has little effect on subsurface structures;
consequently, & relatively smooth pressure signature was determined for
each shot in the test series by dividing the overpressure histories into
a number of time increments, selecting a mean pressure value for each time
increment, being careful to preserve impulse, and constructing a smooth
curve using the mean values. Based on the individueal smoothed curves, a
composite surface airblast overpressure history was constructed for each
shot by averaging all the individual smoothed peak pressures to arrive at
a peak surface airblast overpressure. Using this peak value, all of the
smoothed curves were normalized and averaged together to give the composite
s\ rface airblast overpressure curves shown in Figure 3.1. The composite
peak pressures are close (within 10 percent) to those predicted, based on
total weight of explosive used, and show a difference of not more than 10
percent in the values averaged to obtain the normalizing peak overpressure.
Certain of the recorded data were Jjudged invalid, and these data were
not considered in the construction of the composite curves. If an indi-

vidual smoothed peak pressure was appreciably (50 percent) nigher or lower
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than predicted based on explosive weight it was eliminated. For example,
in the case of Shot U4 only record BP(6965) was used since both SP1l and SP2
indicated pressures even lower than Shot 3. During the period of Shot L
almost all of the airblast transducers were diverted from the Blast Load
Generator Facility for use on & high=-priority field test. The record for
Gage BP(6965) does not appear to have been reliable much past peak as can
_ be seen when comparing the impulse curves for the various shots (Figure
3.2). This figure shows the impulse for Shot 4 was less than that for
Shot 3 which was a lower energy shot. The impulse data indicate that with
the exception of Shot 4, the impulse increased as expected.

A portion of the tape playback for Gege SPl, Shot 3, is shown in Fig-
ure 3.3 along with the condensed composite record for Shot 3. The only
sets of pressure records indicating duration were obtained for Shots 3
and 4. Generally, the high temperature at the soil surface causes the
pressure gages to begin drifting after about 40O msec, and eventually to
register a negative pressure. On Shot 3 this did not occur and sone con-
fidence can be attached to the duration observed. A duration was observed
in Shot 4 without negative pressure registration, but the poor impulse cor-
relation raises some doubt as to the validity of this duration time. Tabu-
lated in Table 3.1 are the surface airblast overpressure parameters as
measured for each shot. .

3.1.2 Free Field. Free-field stress and acceleration data were taken

during the test series. Shots 3 and 4 were extensively instrumented while
Shots 1, 2, and 5 were lightly instrumented. These data are tabulated in
Tables A.3 and A.4, respectively.

3.2 VISUAL DAMAGE SURVEY

3.2.1 General Gross Motion and Damage. Shots 4 and 5 were the only

tests in which the gross motion of the structure was sufficient to create
a noticeable depression of the sand surface in the vicinity immediately
above the structure (Figure 3.4). It became evident during excavation of
the structure that the depression was caused by the vertical deformation
of the steel ribs and downward deflection of the footings. While consid-
erable displacement and deformation of the structure were noted after
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Shot 3, no definite depression was observed. Shown in Figure 3.5 1s a se-
quence of photographs showing the stfucture crown curvature after Shots 3,
4, and 5.

3.2.2 Component Damage. In every shot, the crown timber suffered

damage. It appears to have been twisted and to have acted like a buffer
absorbing some of the thrust forces. At the lower overpressures (Pso
<85psi), the crown timber split slightly. However, at the higher over-
pressures, extensive splitting due to twist and crushing occurred (Fig-
ure 3.6). No damage was done to the timber lagging until Shot 5. During
this shot the rib deformation was extensive enough to allow the lagging to
bear on the footing and to take some of the thrust loading in compression.
This caused some visible compressive damage to the lagging; howéver, the
damage was slight and was structurally insignificant.

The footings vlvere damaged extensively at the high overpressures, but
were only slightly damaged at overpressures below 120 psi. They generally
were bent inward and downward in the central region after each shot. This
inward deformation can be seen in Figure 3.7 which shows the damage to the
three sets of footings from Shots 3 to 5. Parts of the footings for
Shot 3 were misplaced and are shown as black dummy sections in the figure.
Generally, the deamage was greater with increasing overpressure as can be
clearly seen in Figure 3.8, a photograph of ’a section cut through the foot=-
ing below Rib 9. Also shown in this figure is the deformation of the foot-
ing caused by the timber lagging as it was forced into the supporting foot-
ing during Shot 5. |

Some attempt was made to determine if & significant amount of spalling
and motion of the sand floor occurred during Shots 4 and 5. In these shots
a tape strip was placed vertically at about the center of the east sidé of
the structure floor to try to measure the extent the sand surface moved
upward. Figure 3.9 shows the sand distribution obtained. This record
indicates that the interior floor moved up about 1.45 inches and the sand
particles were thrown to a height of about 5.40 inches above the original
floor level. The tape for Shot 5 did not yield favorable results. How-
ever, the interior floor accelerometer, 51VA, was thrown up and displaced

from its preshot location below a sandbag (Figure 3.10). This
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accelerometer was not displaced during Shot U, which indicated, as ex-
pected, that the floor was disturbed to a greater degree during Shot 5.
The only serious damage at low overpressure occurred at the connecting
bolts between the bulkhead beams and the end trusses. Damage was first
noticed here during the pilot test (Figure 3.11), and was initially attrib-
uted to insufficient bolt area causing high shearing stresses to occur.
Consequently, the bolt sizes for future shots were increased slightly to
provide additional shear area. During Shots 1 and 2, the same damage oc-
curred (see inset, Figure 3.11). After closer examination, it was decided
that the end truss extending out into the free field acted like a paddle,
tending to rotate as the structure moved downward. This rotation occurred
gbout the inner bolt and sheared the bolts off starting with the outer one
as shown in the inset of Figure 3.11. A redesign of the connection was
made using a pin connector which allows rotation. The redesign used the
original shear area of the four bolts as the area of the pin and is de-
tailed in Appendix D. Testing was continued using the modified <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>