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SUMMARY

This report documents the results ot a study to design a structure which suppresses the
blast effects and defeats the tragments from the detonation of 3125 1b of Composition B ex-
plosive in a melt kettle. Blast suppression is to 50% or better of the peak free-field side-on
overpressure at the intraline distance (from DOD standard). The fragment which the structure
must defeat is a 1-Ib mass traveling at 7200 fps (Reference 1). Called a suppressive shield,
the structure will house a melt pour operation which requires about 1600 sq. ft. of floor area
and a volume of about 64,000 ft>.

Two basic design concepts with equal internal volume and floor arca were considered.
The first was a cubical structure 40 tt. on a side with maximum venting from the four walls
and the roof. The second concept was a cylindrical design, approximately 40 ft. in height,
and 45 ft. in diameter. From this basic cylindrical configuration, different vented sidewalls
and different vented and unvented roofs were studied in an attempt to optimize the design.
The alternative designs considered and a brief description of each are:

Cylindrical sides (with venting):

Vertical I-beams- Interlocking I-beams are banded together by circumterential rings
which react the internal pressure loads. l-beam flanges defeat the ragments and spacing
controls the venting.

Perforated plate - Concentric perforated cylinders react the internal pressure loads. Angles
are stacked inside the cylinders to aid in defeating the fragments.

Roof designs:

Membrane (with venting) —Three spaced layers of pertorated plate defeat the fragments
and react the blast loading in membrane action.

Lifting or pop-up (with venting) —The roof is allowed to rise from the vertical cvlinder
to reduce the strength requirements of the roof and eliminate problems of attachment
to the cylinder.

Interlocking |-beams (with venting)—Designed to resist the blast loading in bending,
this concept utilizes large beams arranged radially like spokes in a wheel with inter-
locking 1-beams arranged circumferentially between the spokes. The interlocking
I-beams in this concept are the same as those used in the vertical 1-beam cylinder.

Double-dome (non-venting) —Two concentric domes, with a filler material in between.
form the roof on the cylinder in this concept. Fragments are defeated by the inner
dome and filler material and the blast loads are reacted by the outer dome.




A flat reinforced concrete slab, designed by the Corps of Engineers, Huntsville, Alabama,
is used as the foundation for the cylindrical design. In the design for the cubical shield, the
floor is constructed of steel in the same manner as the walls and roof so that no additional
foundation is required.

Although both the box configuration and the cylindrical configuration are structurally
feasible for the Category 1 shield, a much lighter structure in terms of steel weight is achieved
by the cylindrical design. Of the alternative designs considered for the cylindrical configuration,
the cylinder of interlocking I-beams and the dome roof produced the most economical struc-
ture. Cost comparisons were based primarily on steel weight but also upon discussions with
steel fabricators who reviewed the conceptual drawings. On the basis of steel weight, the box
configuration and the recommended cylindrical configuration compare as follows:

Box configuration: 1721 tons

Cylindrical configuration: 495 tons
Foundation reinforcing steel is not included in the weight for the cylindrical design.

We believe that the cylindrical configuration with the dome roof is near optimum for a
partially vented structure which suppresses the blast effects of 3125 1b of Composition B
explosive and defeats the primary fragment. However, more efficient structures can perhaps
be achieved in a full containment* rather than partially vented shield. For full containment
the sand-filled double-wall design, found to be efficient for the dome roof, could be utilized
for the cylindrical section of the shield also.

A development program is recommended for dome-type roofs in vented cylindrical
configurations as well as for fully closed cylindrical and/or spherical shields utilizing the
double wall construction. In addition, footing type foundations as an alternative to slab
type foundations should be investigated. Footing type foundations would permit more
flexibility in the use of internal space because large pits could be recessed in the floor to
accommodate equipment which would otherwise have to be placed above grade.

PREFACE

The investigation described in this report was authorized under PA, A 4932, Project
5751264. The work was performed at Southwest Research Institute under Contract
DAAA15-75-C-0083.

The use of trade names in this report does not constitute an official endorsement or
approval of the use of such commercial hardware or software. This report may not be cited
for the purposes of advertisement.

The information in this document has been cleared for release to the general public.

*Some small amount of venting may still occur through access doors and other openings.
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DESIGN STUDY OF A SUPPRESSIVE STRUCTURE FOR
A MELT LOADING OPERATION

I. INTRODUCTION

This report presents the results of a design study for a structure which suppresses the
blast effects and defeats the fragments produced by an accidental detonation of a relatively
large quantity of explosive. The work is a follow-on to the studies documented in Technieal
Report No. 1 on Contract DAADQS5-74-C-0751 which included analyses and preliminary de-
signs of a suppressive structure for a melt loading operation.{!)* The current work was done
on Contract DAAA15-75-C-0083 for the Edgewood Arsenal Suppressive Structure Program.

To facilitate the application of suppressive structures to Army ammunition plants,
Edgewood Arsenal has established a generic set of suppressive structures termed ‘“‘category
shields”. The structure for application to melt pour operation is the Category | shield. The
blast and fragment hazards are defined for each category shield with the Category 1 shield
hazards described as severe fragments, and peak side-on blast pressures at the wall between
500 and 1200 psi. The particular application of the Category 1 shield covered in this report
is a melt pour operation which processes 2500 Ib of Composition B explosive. With a 25%
overcharge requirement the design charge weight is 3125 Ib resulting in a peak side-on over-
pressure of 550 psi. Speeific design requirements are given in Seetion 11.

Two basie design eoneepts were considered for the shield. The first was a cubical struc-
ture 40 ft on a side with maximum venting from the four walls and the roof. The second
basic eoncept was a eylindrieal design 40 ft in height with the same working floor area as the
cubieal structure. This resulted in a 45-foot diameter eylinder. From the basic cylindrical
eonfiguration, different vented sidewalls and different vented and unvented roofs were
studied in an attempt to optimize the design.

Early in the study, venting requirements for the shield were established by the empirical
method developed in Reference 1. In later phases of the program, results from tests conducted
by BRL, for structures which were 1/16-scale of the full-scale rectangular concept. were re-
dueed to nondimensional form and used to establish the venting requirements for the shietd
designs.

Loads on the shield inelude those assoeiated with the initial blast wave plus those pro-
dueed by the longer duration quasi-static pressure rise. The peak quasi-static pressure and
venting time for the structure were obtained from Referenee 1. Additional data from the
literature were also utilized to develop an alternate method for predicting venting times.
This new method covers a wider range of venting parameters than the method of Reference
1. Initial blast loads on the inner surface of the shield were predicted from sources of
reflected blast data in the open literature.

*Numbers indicate relerences listed at the end of this report.




Many of the design formulas documented in Reference 1 were updated and improved
during the current study. Revisions were based either on new and better data or upon the
inclusion of phenomena that may have been omitted in the earlier study. In addition, new
design formulas were developed as required to account for structural elements analyzed in
this study that were not considered in the earlier work. These included formulas for rings
supporting the l-beams in the cylindrical structure, as well as single hemispheres or double
hemispheres separated by a filler material. Also, response calculations were made using
existing computer programs developed at SwRI to study cases of coupled response not
covered by the formulas or to generate results for comparison with the formulas.

This report has covered a time of evolution and development of the suppressive shield.
Thus, the design philosophy was changing during this period, and these changes had a signifi-
cant impact on the design of the Category | structure. Three distinct design approaches were
followed. In chronological order, these were:

e  The design of a fully vented shield of rectangular or box configuration,
e  The design of a fully vented shield of cylindrical configuration,
e  The design of a partially vented shield of cylindrical configuration.

Full venting included maximum venting of all interior surfaces of the shield except the floor,
consistent with proper reduction of external overpressures. Partially vented structures in-
cluded non-venting roofs as well as floors. The effects of these design changes will be obvious
throughout the report.

In addition to the design requirements for the suppressive structure covered in Section
I, this report includes some details of various design concepts which we considered (Section
111), the results of the study (Section 1V), and our conclusions and recommendations (Section
V). Details of methods of estimating dynamic and static loading, penetration of fragments,
and structural response are given in Appendices, plus other ancillary information.

[1. DESIGN REQUIREMENTS

The basic problem was described in Reference 1 together with a preliminary analysis and
design of a Category | suppressive structure for a specific application in a melt loading plant.
The general requirements for a Category 1 suppressive structure are that it must remain intact
under the effects of an internal explosion which subjects it to side-on overpressures in the
range of 500-1200 psi and to a severe fragment hazard.

The guidelines used for this study were:
(1) Suppress the blast from 3,125 Ib of Composition B explosive detonated in a melt

kettle to 50% or better of the peak side-on overpressure at the intraline d1stance
(from DOD standards) and at all closer distances.
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(2) Defeat the primary fragment defined as a 1-1b mass traveling at 7200 ft per second.

(3) Build the shield to accommodate a floor working area of approximately 1.600 sq ft
with an internal volume of about 64,000 cu ft.

(4) Utilize the results of past studies, but include new concepts as appropriate. Configu-
rations included box and cylindrical type structures, either fully or partially vented.

(5) Design for gross plastic deformations short of failure in order to minimize structural

weight.

Although there was some variation in loads depending on the particular configuration, the
basic internal loads for which the prototype shield was designed are

Quasi-static pressure: 165 psi
Peak reflected pressure: 4,053 psi
Peak reflected impulse: 2.43 psi-sec
As in Reference 1, we used the current and past work on suppressive structures to predict
the loading on the structure and to predict plastic structural deformations using limit design
methods. Various configurations were assessed, and a final configuration recommended. Rel-
atively detailed design drawings were made for both the full-scale structure and a one-quarter
scale dynamic model. Factors considered in choosing a final design, in addition to the guide-
lines, were relative costs of different concepts and ease or difficulty of fabrication.
1. DESIGN CONCEPTS
A. Review of Previous Design Analysis on Contract No. DAADQ5-74-C-0751
The basic design concepts considered previously were:
a.  Rectangular box structure
b.  Horizontal cylindrical structure
These concepts employed deep-section steel framework members supporting suppressive
(vented) panels of various designs. Members were sized to withstand impulsive and quasistatic
internal pressures, but allowed to undergo considerable plastic deformation based on limit
design formulas for structural members which were developed under the earlier contract.

The response of vented panels in the structure was predicted using these limit design formulas;
however, these panels were sized to contain the “worst case’’ fragment and were overdesigned




for the internal pressure loading. Few details of structural or foundation design were de-
veloped, and no estimates were made of relative costs of various concepts.

Concurrently with this previous SwRI study, Coutinho, et al.(2) also developed a rect-
angular box structural concept for the same Category 1 application. They considered fragment
hazards as well as blast, but used a somewhat different philosophy of preliminary structural
design. The deep frame members were designed to remain elastic. A new concept for vented
panel design was advanced in Reference 2, that of interlocking I-beams.

SwRI supported the AMSAA design effort particularly their work on the Category 1
1/4-scale test structure. A brief description of this work follows:

° Review of AMSAA truss concept from Reference 2. This review included analysis
of some truss components and bolted joints.

e  Review and analysis of the AMSAA “heavy frame” I-beam concept. Results are
documented in a letter by Baker.(3)

e  Design study of a foundation for the 1/4-scale structure which had multiple-shot
capability.

° Investigation of load attenuation on the frame of the 1/4-scale structure to be
achieved by spring mounting the AMSAA I-beam panels.

B. Design Alternatives Considered on Present Contract

We evaluated and designed a number of suppressive shield concepts, retaining the basic
rectangular and cylindrical geometries from the earlier contract and considering both con-
ventional and I-beam configurations for the vented panels. The cylindrical configurations
changed from horizontal to vertical cylinders. Both blast and fragment loading were con-
sidered for all concepts. Design studies were usually conducted in either full scale or one-
quarter scale with either structure being a simple geometric ratio of the other; however, in
some cases where the prototype and one-quarter scale structures do not scale exactly, as is
the case for the beams in the cylindrical concept, analysis of the prototype and one-quarter
scale structures proceeded concurrently. The various concepts will now be discussed in some
detail.

1. Rectangular Box Concepts

A number of iterations were made to design the preliminary rectangular concepts
of References | and 2. Basic blast loads considered were*:

Initial reflected impulse /, = 2.43 psi-sec.

*See Appendix A for details of load development.
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Initial reflected pressure P, = 4053 psi
Quasi-static pressure Pps = 165 psi
and the fragment hazard to be defeated was:
1-1b fragment impacting at an arbitrary obliquity at 7200 ft/sec

Basie design formulas from Reference 1 and later analyses® at SwRI were used to size mem-
bers to resist blast loads, while formulas from Reference 4 were used to determine panel con-
figurations whieh would arrest the assumed worst ease fragment.t The various frame and
panel designs evolved into two frames and four panels. These designs are discussed in some
detail in a paper by Cox and Esparza.'®) which will be paraphrased here.

The basie design procedure was to design full-seale, all steel structures to the loads noted
above, and then to produce a quarter-seale replicaf of this structure, using standard struetural
members as much as possible. Deep section I-beam or truss members were discarded carly in
the frame design to obviate problems of dynamic buekling, and relatively compact box sections
werc chosen instead. Also, to simplify foundation design, the frame members were carried
completely around thc structure so that the foundation need only be designed to carry the
dead weight of the strueture. Figures 1 and 2 show the final frame coneepts, dimensioned
for the quarter-seale model. The frame shown in Figure I has interseeting framc members in
roof and floor, while the modified frame in Figure 2 has nested members to reduce wclding
fabrication. Because no standard struetural members of compact section could be found to
withstand the loads in somc parts of the frames, doubler plates were welded to the standard
box members as shown in Figure 3. In full-seale (four times the dimensions ot the values in
Figure 3) these members must be fabricated from platc because no standard box beams of
this size are made commereially.

The four panel concepts were all designed to arrest thc worst-case fragment and to with-
stand separately impulsive and quasi-static blast loads. No synergistic effects were considcred,
i.e., no combined fragment and blast effects, nor response to a complete pressure-time history.
The designs are summarized in Table [ with the elements that make up the panels given for
both the full-scale panels and the quarter-scale model. For completeness, we also show in
Figure 4 the schematie eross-section of an I-beam panel from Reference 2, even though we
did not design it. The panels were originally designed to eriteria which resulted in a effective
vent area ratio, o, giving a predicted blast wave suppression to 5 psi side-on overpressure at
75 ft from the structure. Later revisions in the panel designs increased the venting areas to
achieve 50% or more blast pressure reduction at the intraline distance of 244 ft.

Attachment of the panels to the frame of Figure 2 varies with the panel design. For
example, pancls constructed with I-beams can be placed against the inside surface of the

*See Appendix B tor details of response analyses.
1See Appendix C for fragment penetration calculations
A “replica’ is an exact geometrical model which is also made of all the same materials.
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FIGURL 2. MODIFIED QUARTER-SCALL FRAME FOR RECTANGULAR BOX STRUCTURE

15




. | —
&\ B O Y S
i A A |
» ;
Hz“_d.;h_. ;
1
L V] 10"
r 4
i /
#
%
1
L 115" (TYPICAL)

E—— S—
(TYPICAL)

10 x 8 x 1/ BOX

FIGURE 3. CROSS-SECTION OF FRAME VERTICAL MEMBERS IN
QUARTER-SCALE BOX STRUCTURE

16



*ajenbape ueyy
210w 'speoj 18e(g O} asuodEad 10 pIWOIIYD sagn [

al at/e ‘A0 %

S4d9nlL TIVINS

*swawdedy doys 03 paudisap saqn [ dl g/t 'dO +/1 1 aliz/1 £ ‘qo ¢ |S4490L AD¥V1 ¥
*speoy 253Y3 10J Ijenbape ueyl alow tspeoy se|q
21138 pue DlweUAp 03 Isuodsad J0J PINIIYD sajejd
‘giuawdea; doys o3 Ayjjertun pausdisap sajelg ur9r/g  £9/11 91/11 SALVId €
*$91198 ® ul durjoe ‘Fuipeoy jseyq d1je}s-isenb
pue dl1weudp Yyjoq pueisynm sajeld pajeiojiag
+3uipeoy ise|q
Jlqe1daidde ou asey pue padeds Ajapim ale s3ajduy 91/¢ 2¢/S 8/ S3Lvid <
*guawdely doig o3
p241nbal yjoq a1e sajejd pIieloj13d pue sajduy 91/€ X p/1 1 Xp/1 1 /e X6 xg SATONY 2
§9119¢ ul Suijdoe pue Fuijoejuod ‘ainssgadd o y
S1jejs-1senb ayj puelsyna $3jejd pajeaojiag Dol ve/e /6 SA1vd <
*2 s nduw pa3d31jad 3yl gaosqe <
pue sjudwdely 3yj dois e3j3ue pasede-pasold g/1 x8/Lxg/Llestxe/ exe/ s SATONY 1
SINIWWOD ATVIS-#/1 dTVOS 1104 SINIWIT3 NOI1LDJI$-SS0¥D TANVI LddDNOD
TIANVd
SLdAONOD TANVd [dMS 40 AYVIWINS TAT4V.L

17




W8 x 67 or
53 % il

N
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frame and held in place by simple attachments. This is possible because the I-beam type panels
react the internal blast loads in a bending mode. On the other hand, panels with only membrane
elements (SwRI Concept 3 of Table I) must be attached in a manner which will develop the in-
plane loads in the membranes. Such an attachment is shown in Figure 5. A large amount of
high quality welding is required for this type of attachment. Panels with both membrane plates
and beams (SwR1 Concepts 1 and 2) will require attachments less complicated than those for
Concept 3 but more complicated than for the I-beam type panel.

Design for the rectangular box concepts continued through preparation of detailed design
drawings. But, estimates of fabrication cost of these steel structures, having requirements for
large amounts of high quality welding, were quire high, and the rectangular configuration was
abandoned.

2. Vertical Cvlinder Concepts

Because the rectangular configurations were too costly, a “brainstorming” session
was conducted by Edgewood Arsenal Resident Laboratory (EARL) at NSTL,(®) to generate
alternate concepts for steel suppressive structures. One concept advanced by D.M. Koger of
EARL seemed quite attractive. 1t consisted of a vertical cylindrical structure with the cylin-
drical wall consisting of interlocking 1-beams, supported externally by a series of spaced re-
taining rings. The roof was conceived as being made of interlocking l-beams or series of
perforated plates, suitably supported and attached to the vertical l-beams.

Following quidelines established at the NSTL brainstorming session, SwR1 under-
took a feasibility study of the cylindrical concept for the Category | suppressive shield. Its
general configuration was to be:

e  Vertical I-beams form the cylindrical portion of the structure with the beams
chosen to defeat the fragment threat and to resist the internal blast loading
between rings.

° Circumferential rings support the I-beams. They are sized to resist the in-
ternal overpressures applied to the I-beams in hoop tension.

L The top and foundation of the structure were undefined, but the top as
well as the sides were to be fully vented.

The preliminary study revealed that a cylindrical I-beam concept was indeed feasible and
estimates indicated that its weight would be less than half the weight of the rectangular box
configuration and that it would be much less costly. This study resulted in the configuration
shown in Figure 6. A membrane roof was initially chosen for this concept because, for the
rectangular configuration, the membrane had been shown to be lightweight relative to other
panel designs. Using a three-layer perforated membrane, a thickness of 3 in. was required to
resist the internal pressure loads, and this thickness was also adequate to defeat the primary
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fragment. W10 X 77 beams were selected for the cylindrical portion of the structure. It
has adequate bending strength and fragment stopping capability while giving a lower weight
per unit length of cylinder (because of its greater flange width) than other beams investigated.

As shown in Figure 6, five equally spaced circumferential rings were used to react
the internal pressure loads applied to the I-beams. The spacing is dependent upon beam
strength, and it also controls the height of the opeining into the structure. A door with a
height of about 10 ft is made simply by cutting away the I-beams between two adjacent rings.
With the 10-ft spacing, a preliminary analysis indicated that a cross-sectional area of 120 sq.
in. per ring was required for the center rings and 60 sq. in. for the end rings on the cylinder.
Alternately, the bottom ring could be omitted if the circumferential loads could be properly
reached by the foundation. A reinforced concrete foundation was chosen as being a more
suitable alternative for the structure than attempting to design one of steel.

C. Alternate Cylinder and Roof Configurations

Following the feasibility study, SwRI undertook a more thorough design analysis of a
suitable cylindrical concept for the Category | prototype and one-quarter scale test model.
Initial quidelines were the same as for the feasibility study except that additional cylindrical
concepts were to be evaluated, such as concentric perforated cylinders. A more thorough
study of roof designs was also undertaken to find suitable alternative to the membrane.

Four roof concepts were investigated as well as the two concepts considered for the
cylindrical portion of the structure. The six concepts include:

Cylinders:

e  I-beam cylinder

° concentric perforated cylinders
Roof concepts:

° membrane roof

e  lifting or pop-up roof

e  [-beam roof

e  double-dome roof

They are discussed in detail in the following paragraphs.




1. I-Beam Cylinder

The I-beam cylindrical portion of the structure remained much the same as that
developed in the feasibility study (refer to Figure 6). Further analysis of the beam and ring
response lead to the use of W8 X 67 beams in place of the W10 X 77 beams initially recom-
mended, and to an increase in the ring cross-sectional area from 120 sq. in. to 140 sq. inches.
These analyses were performed using the computer code DANAX4A developed at SwRI, and
they are described more fully in Appendix B. The W8 X 67 develops the lowest shearing stress
at the foundation (full lateral and rotational constrainst assumed) and provides greater frag-
ment stopping capability because of slightly greater flange thickness (refer to Appendix C
for a discussion of the fragment requirements of the shield).

Even with the W8 X 67 beams, the analysis predicts high shearing stresses in the
web which exceed the minimum expected ultimate shearing stress of the material. For W8 X
67, W10 X 77 and S3 X 5.7 (one-quarter-scale) beams, the computed shearing stresses in the
Category | shield were:

W8 X 67: o, =47.1 ksi
W10 X 77: 0s = 61.0 ksi
S3 X Sl 0, =42.4 ksi

An additional calculation was made for the S3 X 5.7 beam corresponding to the maximum
loading conditions which existed in the sub-scale venting tests of 1-1/2 foot cubes'?. This
calculation produced a maximum shearing stress of

0s =41.4 ksi

For A 36 steel the ultimate shearing stress can be estimated as 60% of ultimate tensile stress
which has a range of 58 Ksi to 83 Ksi. This gives a range for the ultimate allowable shearing
stress of the material:

F, = 34.8 ksi to 49.8 ksi

Thus, except for the W10 X 77 beam which was discarded, all of the values computed fall
within the range of the ultimate stress. However, all of the stresses are higher than desired.
One way to reduce the stress is to design for simple support at the foundation. For example,
if this can be achieved, then the maximum shearing stress in the W8 X 67 beam is reduced to
33.5 ksi at the foundation. Hower, the shearing stress at the rings, which is 38.9 ksi, now
predominates. Because the shearing stress in the S3 X 5.7 beams predicted for the 1/4-scale
model and for the 1/16-scale venting tests are about the same, and because no failure occurred
in the 1/16-scale venting test, we feel that the use of the S3 X 5.7 beam in the 1/4-scale model
is acceptable. Careful measurements should be made on the 1/4-scale model, and perhaps
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additional scale-model testing conducted, to better define the shearing stresses which exist in
the I-beam under dynamic loads and to establish a suitable criteria for failure. These data are
needed before the W8 X 67 beams can be used with confidence in the prototype structure.

In addition to the beam selection and ring sizing for the cylindrical portion of the
structure, a 10 X 10 ft access door was designed for the cylinder, and other general design
details were completed. Drawings of this configuration are included as Figure 7.

Design of the foundation in 1/4-scale was completed by the Corps of Engineers,
Huntsville, Alabama. Details of the foundation are given in COE drawing (entitled *‘Sup-
pressive Shield Quarter Scale Model Category I”’) and are not shown here. It is constructed
of reinforced concrete, and the cylindrical cage is bolted to the foundation through flange
fittings on the ends of the beams. This attachment closely approximates “tixed’” end con-
ditions. As mentioned earlier, we recommend a simply supported end condition for the
I-beams at the foundation based on current knowledge. Results of the 1/4-scale testing
will either confirm the adequacy of the existing design or dictate the revisions that need
to be made.

2. Perforated Cyvlinder

Another concept studied for the cylindrical portion of the shicld involves the use
of concentric cylinders of perforated plate. As for the SwRI panels (Table 1), additional
steel thickness above that required to withstand the blast loading is needed to contain the
primary fragment. Alternatives are to use multiple layers of plate (concentric cylinders) or
to place additional material inside the cylinders for fragment suppression. The configuration
chosen as being the lcast expensive was to use two perforated concentric cylinders, which are
designed to withstand the blast loading only, and to place stacked angles inside the cylinders
for additional fragment suppression. This configuration is shown in Figure 8.

Access to the structure through the thin wall cylinder is more dittficult to provide
than for the I-beam cylinder. In the I-beam arrangement, the circumferential rings react the
pressure loads in tension, and the beams must only transfer pressure loads to the rings in
bending. Thus, the 1-beams can be cut without damaging the integrity of the structure. In
the thin wall cylinders, however, high circumfercntial tension loads are developed in the walls
of the cylinder, and when the cylinders are cut, provisions must be made to transfer these
loads across or around the opening. The most direct approach is to design the door to trans-
mit the loads across the openings rather than to design a frame to transmit the loads around
the opening. This approach was used for this concept, and design details are included in
Figure 9. While door frames can be designed to transfer loads around the opening, this is
a particularly difficult problem for structures undergoing large plastic deformations, and the
design and analysis effort required for this approach was not warranted in this study. Doors
designed for similar types of structures undergoing only elastic deformations would not be
acceptable.
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Steel fabricators,* who reviewed the drawings of both the I-beam cylinder and the
perforated cylinder, expressed the opinion (without a detailed cost estimate) that the I-beam
concept would be cheaper to fabricate and erect than the perforated cylinder concept. As a
result of these contacts, the perforated cylinder was eliminated from further consideration.
in favor of the i-beam design.

3. Membrane Roof

The membrane roof consists of three layers of perforated plate, cach approximately
] in. in thickness, with a light internal I-beam framework to support the roof and aid in assem-
bly (see Figure 6). Design analyses indicated that the cylinder would not develop the high in-
plane loads from the membrane but would deflect inward, allowing the membrane to deform
with reduced stretching. This will also induce buckling at the edge of the membrane, as well
as large rotations in the membrane at the support. Furthermore, it was not feasible to design
a top ring stiff enough to react the membrane forces without buckling, so an attempt was
made to support the membrane in such a way that rotations could be tolerated.

The final design for the junction between the membrane roof and the vertical
cylinder is shown in Figure 10. Even though we felt that this design could tolerate rotations,
buckling still presented potential problems which only a testing program could adequately
resolve. If this design had been pursued, scale-model testing could have been used conveniently
to optimize the design. However, conversations with manutacturers who reviewed the draw-
ings indicated that rolling the edge members with the double curvature would be very costly.
Thus, even though the membrane roof was uttractive from the standpoint of weight. the
expense associated with the attachment to the cylindrical portion of the structure. plus the
uncertainty which would need to be resolved by scale-model testing (cven betore the 1 d-scale
test fixture was designed) caused us to discard this concept.

4. Lifting Top

Because of the difficulty experienced in joining the membrane roof to the cylinder,
a lifting or “pop-up” top was considered. The litt imparted to a roof by the initial impulse
was checked and found to be reasonable. For example. the impulse trom the initial blast
wave will cause a roof weighing 350 tons to rise about 10 ft. This was felt to be acceptable
for a 45-ft diameter roof, i.¢., the roof would not be considered a fragment since it would
simply settle back into the cylinder after the explosion. However, the quasi-static pressure
also has a contribution to the roof velocity. and an incremental solution was required which
accounted for the increase in venting area as the roof rises from the cylindrical portion of
the structure. These calculations were performed, and it was found that, with the contribu-
tion due to the quasi-static pressure, the 350-ton roof would rise more than 120 ft above
its initial position. These calculations were made in the absence of any constraint which
might be applied to limit the rise of the roof. Since this distance was clearly unacceptable.
means of restraining the roof were pursued so that its height of rise could be reduced to

*Pittsburgh Des Moines Steel Co., Mosher Steel Co., and Trinity Industries.
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acceptable values. Thus, a series of calculations was performed using constant constraint forces
such as might be provided by a series of yielding rods. Results of these calculations are shown
graphically in Figure 11 for three different roof weights. The corresponding quasi-static pres-
sure decay is given in Figure 12. As indicated earlier, these pressures were computed on the
basis of an ever-increasing vent area as the roof rises from the cylinder. The decay rate is ob-
viously a function of both roof weight and the restraining force. For example, the unrestrained
300 ton roof produces a slower venting time for the quasi-static pressure then does a 100-ton
roof which is lightly constrained.

The results in Figure 11 show that large restraining forces coupled with heavy roofs
must be used to limit the rise of the roof to reasonable values. Furthermore, the permissible
rise of the roof is limited by the mechanism used to apply the constraint. For this application,
the most suitable approach appeared to be the use of yield rods placed around the circumference
of the roof at some convenient spacing. Because a 10-ft door opening is desirable, the spacing
was set at a 10-ft minimum which gives approximately 15 yielding rods. If the stretching of
the rods is limited to 10% (e, /ey = 50), the allowable roof rise is limited to 4 ft. From Figure
11 it is found that a constant restraining force of 19 million pounds must be applied to a 300-ton
roof to limit the heigth of rise to this value. If yielding of the rods occurs at 40,000 psi, then
6.3-in.-diameter rods are needed to develop the necessary restraining force. Tie-down problems
associated with rods this large would be formidable and, with cross-sectional areas this large,
less confidence can be placed in the rods’ strength at these high elongations.

Although this concept was not completely dismissed (it still seemed a possible solution),
other concepts were investigated in the hope of finding a less complicated and less costly solution.
Another disadvantage to this concept would be the difficulties associated with the 1/4-scale test-
ing. Provisions would be required to catch the roof during its rise to prevent damage to the roof
and to the cylindrical portion of the shield, since repetitive firings are required. Also, the rods
would have to be retensioned or replaced between tests.

5. I-Beam Roof

Another concept was studies which was basically an application ot the interlocking
I-beams used in the cylindrical portion of the structure, to the roof as well. In this concept
beams, identical to those used in the cylinder, would be supported by larger beams radially
placed like spokes from a central hub. The areas between the larger beams are filled by the
interlaced W8 X 67 beams in a circumferential pattern. A sketch of this configuration is
shown in Figure 13. Blast loading on the smaller I-beams is transferred to the large radial
beams, which then transfer the loads, primarily in bending, to the walls of the cylinder. For
the layout in Figure 13 the largest commercially available beams, W14 X 730. were used for
the spokes. An analysis of this configuration was performed using an SwRI1 computer program,
DANAX4A, with the details given in Section VI. The results showed that the velocity of the
roof was still increasing as center deflections exceeded 14 ft. Thus, a larger beam is required
for the spoke member, and this beam would have to be specially fabricated. Because built-
up members are expensive to fabricate, this concept was abandoned.
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6. Double-Dome Roof

The roof concepts already described were developed when it was telt that a vented
roof structure was a desirable goal for the suppressive shield; however, after results for the
1/16-scale venting tests'”) showed that the peak quasi-static pressure was not significantly
affected by the venting area (over the range of venting ratios being considered for the sup-
pressive shields), the requirement for a vented roof was relaxed. So, whereas in the past it
had seemed unpractical to use a multi-layered vented dome roof, a single dome, or perhaps
two widely spaced domes without holes, now seemed much more practical.

An initial configuration utilized two hemispherical domes separated by 10 tt of
sodium silicate foam, as shown in Figure 14. In this concept the outer dome is designed for
the blast loading, while the inner dome and foam layer were designed to defeat the fragment
threat. Of course, the inner dome provides support for the foam and a smooth inner surface
for the shield.

Sodium silicate foam was chosen initially for this application because of its light
weight, low cost (relative to other foams) and because it can be foamed in place. The foam
is susceptible to deterioration from prolonged moisture exposure, but this limitation would
be overcome in the double-dome concept by proper sealing of the domes during fabrication.
Another advantage to the use of foam is the attenuation of the impulsive load on the outer
dome permitting elastic design of the outer dome without a weight penalty. However, the
lack of well-defined fragment stopping capability for the foam caused us to abandon foam in
favor of sand.

Fragment stopping capabilities of sand have been well established and are docu-
mented in TM 5-1300.'®) With an inner dome thickness of 0.5 in., only 3 ft of sand are re-
quired to stop the fragment before it contacts the outer dome. These dimensions were estab-
lished by using the data in TM 5-1300 and the equations for residual mass and velocity given
in Reference 9. This approach to defeating the fragment permits the outer dome to remain
undamaged prior to sustaining the quasi-static pressure. It fragments were allowed to impact
the outer dome, it would be susceptible to the initiation of fast fracture at the sharp edged
cracks which are tikely to be caused by fragment damage. The outer dome thickness is thus
determined by the blast loading only, and the thickness required is 5/8 inch.

With use of sand rather than foam, the inner dome must be larger, but this cost is
probably more than offset by the low cost of sand relative to the cost of sodium siticate foam.
Also, the additional volume and internal height gained by using sand permits the c¢ylindrical
section of the structure to be reduced to 30 ft while still maintaining an internal volume
greater than 64,000 cu ft and internal height greater than 40 ft.

A 30-ft cylindrical 1-beam section with the sand-tilled double-dome root is the final

configuration suggested by SwRI for the Category 1 prototype shield. This configuration is
shown in Figure 15. Details of the cylindrical portion of the structure and its foundation
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are similar to those given in Figure 7. Figure 16 gives details of the roof. A weight break-
down for this final configuration as well as for the other concepts considered is included in
the next section.

1V. RESULTS
A. General Discussion

A number of configurations for a Category | suppressive structure satisfying the guide-
lines given in Section 1l were found to be feasible. All of the alternate panel designs can
attenuate the external blast overpressures to 50% or better of the free-field values at the in-
traline distance and closer, and they can also contain the worst-case fragment weighing 1 Ib
and travelling at 7200 ft/sec. Volume and floor area requirements were easily satisfied by
both the rectangular and cylindrical concepts. The only guideline which could not be strictly
followed in all concepts was the use of gross plastic deformations short of failure to minimize
structural weight and cost. This requirement often conflicted with the fragment defeat re-
quirecment, with fragment defeat requiring members which were overstrength for withstanding
intemnal blast loads.

B. Design Comparisons

We attempted to evaluate the various concepts and configurations studied in terms of
both cost and weight. Weight comparisons were made on the basis of steel weight. exclusive
of the weight of reinforcing steel in the foundation, internal gridwork and miscellaneous
items. Detailed cost estimates could not be obtained, so cost comparisons were based on
judgements of relative costs of the different concepts established through discussions with
several steel fabricators.* As discussed in Section B, these judgements of relative cost were
often important factors in the decision to discard some of the concepts considered. We
attempted to obtain more definitive cost figures for all concepts but were unable to do so.
Many steel fabricators were not interested in submitting bids for this structure. Of the three
manufacturers who reviewed the drawings and commented on the relative merits of the various
configurations, Pittsburgh Des Moines Steel Company and Trinity Industries, Inc., have agreed
to perform a cost estimate for the final configuration.t Although a subcontract cost for ob-
taining these estimates has not been established, indications are that they may be expensive.

The weight breakdown for the various configurations is given in Table 1l. Because of
the many different roof concepts included for the cylindrical structure, weights for the roofs
and cylindrical portions are given separately. Weights for the cylindrical concepts were com-
puted for a cylinder which is 40 ft high. As already discussed, this is not the case for the
configuration with the dome roof, for which the cylinder is only 30 ft high. This shorter
height is reflected in the weights computed for the final cylindrical configuration and in-

cluded in Table 111 for comparison with the box configuration.

*See footnote on page 31.
T No final configuration has been submitted, and no cost estimates have been authorized.
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Even though the weight of steel in the reinforced concrete foundation for the cylindrical
structure has not been included, the weight savings in using a cylindrical versus a box config-
uration are apparent. It is also apparent that the I-beam concept is not the lightest cylindrical
configuration. The perforated cylinder is. However, based on our conversations with steel
fabricators, the I-beam cylinder will be the least expensive to fabricate and erect. The hemis-
pherical roof is the lightest of the roof concepts, primarily because sand has been added for
fragment suppression, whereas for the membrane roof, steel only was used. Sand. of course,
has not been included in the weights given.

V. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions were drawn from this study of the Category 1 shield as applied
to a melt pour facility:

(D

(2)

(3)

4

(5)

(6)

(7N

The amount of structural steel in the shield is controlled by the fragment threat
rather than by the blast loading.

Cylindrical geometry produces a lighter and more economical structure than
rectangular geometry.

Where venting is required, interlocking [-beams producc the most economical,
although not necessarily the lightest, cylindrical structure.

Where venting is not required, concentric thin-walled structures, separated by
sand, are economical for the particular combination of fragment threat and blast
loading specified for this shield.

A domed roof, consisting of two concentric hemispheres separated by sand, pro-
duced the lightest roof in terms of steel weight, for the cylindrical shield.

Until information is available to show the effect of fragment penetration upon
the rupture strength of thin-skinned structural elements such as membranes,
domes or cylinders, it is preferable to avoid pcnetration of thesc types of load
bearing members.

Reinforced concrete is most suitable for the foundation of the cylindrical shield.

Based on these conclusions we make the following recommendations:

()

That a ventcd shield for the melt pour facility be cylindrical and constructed of
inter-locking I-beams, a double-dome roof and a reinforced concrete foundation
as shown in Figure 15.
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(2) That fully closed cylindrical and spherical structures of sand-filled double wall
construction be investigated for Category 1 applications.

(3) That the effect of fragment penetration on the rupture strengths of thin-walled
structures under inplane stress be investigated.

(4) That new ways of founding the structure be investigated. Specifically, a footing-
type foundation with a floating inner floor may be both practical and economical.
This type of foundation affords greater flexibility in the use of internal space be-
cause deep pits in the floor are practical, whereas for slab-type foundations they
are not.
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APPENDIX A

METHODS OF ESTIMATING DYNAMIC AND
STATIC LOADING

In Reference |, the dynamic blast loading on the inner surface of the suppressive struc-
ture is separated into two phases, an initial very short duration phase caused by reflection of
the first shock wave to reach the walls, followed by a slower rise to a quasi-static pressure
which then decays slowly to atmospheric pressure. No additional work has been done which
would modify the methods of predicting the properties of the initial reflected wave, but there
is an error in the reflected impulses /, used in Reference | because of an error in curves for
[, and /; in Reference 9. Errors in that rcference are noted in Appendix D.

Some additional theoretical and experimental work on quasi-static pressure rises in
vented structures, and the blowdown of these pressures, has been reviewed since the earlier
study. This review, (Ref. 10), does little to change estimates of the time histories of blow-
down pressures, but it does provide an alternate (and hopefully superior) method of presenting
scaled parameters associated with this phase of the internal blast loading. We suggest that
appropriate nondimensional parameters for venting pressures are:

i P()y+p = ta

Py = LD Th =2
Do Vl 3

- P+ _

p, =25 iPe T = At (A-1)
Po

i A

A = QoS v = gas constant

V2/'¥

Both the theoretical analyses and experimental data in Reference 10 show that the scaled
blowdown pressure P is a function of 1’7l ,and 7. Dependence on vy appears to be quite weak.
Plots of scaled blowdown pressure versus scaled time, and scaled venting duration 7, versus
P, are given in Reference 10.

An approximate equation for blowdown pressure versus time which seems to agree
reasonably well with existing data is given by Kinney and Sewell'! 1)

A P=f P,—2.1307 (A-2)

(11)

Also, from Kinney and Sewell, an approximate expression for 7,y iS

Tmax = 0.4695 fn P, (A-3)
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Integrating Eq. A-3, we obtain an expression for dimensionless impulse in the gas venting
phase

1

I = oo (R 130T max — 1) — i,y (A-4)
where
= A
[g = Ig M (A-5)
PoV

This equation also seems to agree reasonably well with limited experimental data.

The vent area ratio for this suppressive structure is determined, as in Reference 1, by
the requirement that blast overpressure outside the structure be reduced to half or less of the
values in absence of the structure, at the intraline or closer. The methods used to establish
the a.¢r are the sarne as in Reference 1, except that some definitions of ae¢r have been modi-
fied and more data are available to fit the scaled blast overpressures escaping from suppressive
structures. The later work is described in some detail in Reference 12. Figure A-1 and Egs.
(A-6) and (A-7) are taken from that reference and are used to determine the o for this
structure. The two equations are:

P;=6717.5 184 (A-6)

for blast waves emanating from the structure and

0.55 <L <3.09

0.025 <o, <0.60

4.29 ftllbe" € Z <€ 155 ihflbg V2, (A-7)
and

P; =962.3/22:957 for free-field

and

4.29 ft/lby, /3 <z < 15.9 ft/lb, /3

Predicted loading characteristics are summarized in Table A-1.
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TABLE A-1. LOADING ON FULL-SCALE CATEGORY 1
SUPPRESSIVE STRUCTURE

P, =4053 psi tmax = 116 msec

Initial Quasi-Static Effective Vent
Shock Load Area Ratio
Iy = 2.43 psisec | Ppg =165 psi
aeff = 0.0518
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APPENDIX B

METHODS OF ESTIMATING
STRUCTURAL RESPONSE

Numerous equations for estimating the response of structural eomponents were reported
in Reference 1. Sinee that time some of the formulas have been improved and updated and
new formulas have been developed as required. In addition, other methods have been used to
determine the response of suppressive shields to the internal blast loading. These have ineluded
the use of some eomputer programs developed at SwRI. Both the updated formulas based on
the energy methods as well as the response ealeculations using computer programs will be de-
seribed in this appendix.

A. Energy Methods

Energy solutions, whiech have been developed by SwRI both in the earlier suppressive
struetures work reported by Baker, et al'") and more reeently by Westine and Cox‘'?)_ are
summarized in Table B-1. Details of the formula development will not be repeated here. We
only emphasize that the formulas were derived for an assumed deformation shape and rigid-
plastie material behavior. They relate the final deformed state of the struetural element to
the element geometry, material properties and blast loading. Definitions of terms in these
equations are ineluded in Table B-2.

The formulas of Table B-1 have been placed in a different form than is given in References
1 and 13. Original derivations gave the asymptotes of the response of the strueture in the im-
pulsive and in the quasi-statie loading realms. In Table B-1 these formulas have been eombined
to give element response for a combined impulse and quasi-statie pressure. This loading is
representative of the loads on suppressive struetures produced by internal explosions because
the impulse produced by the blast wave is followed by a pressure build-up ot mueh longer
duration. The formulas reduee to the proper impulsive and quasi-statie asymptotes for the
case in whieh either p or i, is zero, respectively.

The combined formulas are based on simultaneous application of an initial impulse and
a constant quasi-statie pressure. This simultaneous applieation of the load is supported by
preliminary results from the 1/16-seale venting tests”), whieh do not show a well defined
delay in the build-up of the quasi-statie pressure. In fact, the results indieate that a good
approximation is to assume an instantaneous rise time for the quasi-static pressure as well as
for the initial blast wave.

The error incurred in assuming simultaneous applieation can be investigated by reference
to Figure B-1. The shaded area defined by the interseetion of the pressure pulse from the
initial blast wave and the quasi-static pressure represents the error incurred by assuming
simultaneity of the loading. This impulse relative to the total is indeed very small. Further-
more, the equations are based on a constant quasi-static pressure, that is the decay of the
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Symbol

Lp
my

mg
M,
Af

w
Wo
X

X

Oy

TABLE B-2. DEFINITION OF SYMBOLS USED IN TABLE B-1

Definition

beam cross-sectional area

ring cross-sectional area

loaded width of beam

circumnferential beam spacing in the I-beam cylinder measured at Rg
thickness of plate or dome

specific reflected impulse from initial blast wave, plus reflections if
applicable

length of beam for which the deformation is being determined

length of beam which is restrained by a single ring in the I-beam
cylinder

mass per unit area of the inner dome and filler material for the
double-dome roof

mass per unit length for the beams in the I-beam cylinder
beam plastic moment

factor in the beam equation; N = 1 for simple support,
N =2 for clamped support

quasi-static pressure

axial yield force of the beam

radius to arbitrary point on a circular plate

mean radius of the hemisphere (dome)

mean radius of the ring in the I-beam cylinder

radial expansion of the ring or dome

lateral deflection of a beam or plate at point x or 7, respectively
center deflection of a beam or plate

distance along the beam or plate, normally measured from the center
short semi-span of the plate

distance along plate center line normally measured from the plate center
long semi-span of the plate

material density

yield strength of the material
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QUAS[-STATIC Represents error incurred by
PRESSURE, p assuming constant quasi-static

\ pressure

Represents error incurred by assuming
simultaneity of the loading

FIGURE B-1. SCHEMATIC OF ERROR INCURRED IN ASSUMING SIMULTANEITY
OF LOADING AND CONSTANT QUASI-STATIC PRESSURE
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quasi-static pressure over the response time of the structural component, 7g , has been neglected.
This error is indicated by the double cross hatched area shown in the figure. For structures
whose response time is short relative to the total duration of the quasi-static pressure, this

area is also small.

B. Application of Computer Programs

Several computer programs have been developed at SWRI for estimating elastic-plastic
response of structural elements under dynamic loading. Two of these programs were used to
analyze several of the roof concepts for the cylindrical structure and also to study response
of the beams and rings in the cylindrical I-beam concept. In some cases these solutions were
compared with those obtained from the energy methods, and in other cases the computer
programs were used to obtain information not available from the existing energy methods,
for example, to investigate coupled response of the beams and rings and to determine beam
shearing forces. Brief descriptions of these analyses, including the computer programs used,
are included in the following paragraphs.

1. I-Beam Cvlinder

The computer program DANAX4A was used to study the coupled response of the
beams and rings in the l-beam cylindrical concept. This program computes the coupled
bending-torsional response of a non-linear beam to arbitrary transient loads. Non-linear
springs can be added at selected locations between the beam and ground. A lumped para-
meter representation of the beam elements is used and a step-by-step integration of the
equations of motions of the lumped masses is performed using a linear acceleration predictor-
corrector solution procedure.

To compute the response of the 1-beams and rings, the conditions shown schemati-
cally in Figure B-2 were analyzed. Symmetry has been assumed about a mid-plane through
the cylinder. This is strictly true only if the roof and foundation are identical. Even if this
is not the case, the response of the beams and ring will be closely approximated by this model,
particularly insofar as the reactions at the foundation are concerned.

Some of the results obtained using the computer program for these two cases are
summarized in Table B-3. The effect of pinned versus clamped support is demonstrated for
both the S3 X 5.7 beam in the 1/4-scale structure and for the W8 X 67 beam in the prototype.
Also, the effect of ring area on deformation of the ring and upon the shear in the beam at the
ring is demonstrated for the Category | prototype with the W8 X 67 beam. Figure B-3 gives
the time history of the deflection at the center ring for the prototype with the W8 X 67 beam
for two different ring cross-sectional areas. These results are similar to those used to select
a suitable ring area for the Category 1 structure. Application of these results to the selection
of beams and rings for the Category 1 prototype structure was discussed in Section IIl.
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2. I-Beam Roof Concept

In addition to the analysis of the I-beams and rings in the cylindrical portion of the
structure, DANAX4A was used for a single response calculation of the I-beam roof concept.
Realizing that only commercially available beams would prove economical for the roof mem-
bers, we used the program to compute the response of this roof concept (see Section III), con-
structed with the largest commercially available beams as the spokes. W8 X 67 beams were
interlaced between the radial members.

The lumped math model used to study the response of this concept is shown in
Figure B-4. An outline of the portion of the roof included in the model is shown with phan-
tom lines. Weights and loads applied at the mass points were based on the pie-shaped section.
In general, they increase linearly with increasing distance from the center. Stiffness properties
were based on the W14 X 730 spoke member and thus were constant along the length of the
model except in the hub region where the spokes intersect.

Even though the W14 X 730 beam was known to be inadequate for the peak quasi-
static pressure, it is difficult to predict how much deformation will occur without resorting
to a calculation of the response-time history. This is true because the response time of the
roof undergoing plastic deformation is unknown and the quasi-static pressure is, of course,
decreasing at a predetermined rate. Nevertheless, the calculation confirmed our suspicions
that this roof concept was underdesigned. Results show no apparent deceleration of the roof
125 ms after the detonation when the center deflection had reached 14 ft. At this time the
quasi-static pressure had dropped to about 50 psi. As discussed in Section III, this concept
was dropped from further consideration.

3. Membrane Roof Concept

Response of the membrane roof concept was studied using another SwRI program
labeled DANAXXS. This program computes the time-history of lateral response of a pin-
jointed framework to time-dependent applied forces, taking into account the change in stress
in each member produced by its change in length. Thus, this program can be used conveniently
to model a membrane subject to timed-varying surface pressures. Initial tension is added to
duplicate the contribution of bending to the initial stiffness.

We had planned to use the program to investigate the differences in response of the
membrane produced by different boundary constraints, that is, full in-plane constraint versus
constraint more nearly approximating that afforded by the I-beam and perforated cylinders.
Other factors, discussed in Section I1I, caused us to abandon the membrane concept before
the study was completed. However, using the model of Figure B-5 the response of a fully
restrained roof was determined. Results showed a peak center deflection of 85 in. and a
peak strain in the members of 13.4%. The deflection time-history and the strain time-history
at typical points within the membrane are shown in Figures B-6 and B-7. These deflections
and strains are keyed to nodal points and members in Figure B-7. It is apparent from Figure
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B-7 that uniform strain, characteristic of a true membrane, was not achieved with the
model used.

Peak deflections and strains computed from the program were compared with the
energy solutions which gave a peak center deflection of 87.28 in. and a maximum strain of
4.8%. While the peak deflections agree very well, the peak strain predicted by the program
5 far exceeds that predicted by the energy solution. The discrepancy here is due to non-
uniformity in the lumped parameter model used in the computer program. The energy
solution was based on a uniform strain assumption‘'3).
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APPENDIX C

METHODS FOR ESTIMATING FRAGMENT
PENETRATION

One of the requirements for the Category 1 suppressive shield is to contain all primary
fragments. An estimate was made in Reference 2 to determine the size and velocity of the
worst-case primary fragment from a survey of fragments resulting from explosions of large
bombs. The size of the bombs analyzed approaches the order of magnitude of explosive in
the melt kettle and the charge weight to container weight ratio, W/We, was approximately
one. This study concluded that the largest fragments resulting from the explosion of a
2500-1b melt kettle would be no larger than | 1b,, and that its velocity was 7200 tps. Thus,
the Category | shield was designed to defeat this fragment threat.

To estimate the thickness of steel in one layer or multiple spaced layers required to stop
the worst case primary fragment, Reference 14 provides equations for computing residual

velocity and mass of a fragment perforating a target or series of targets. An estimate of the
logarithm of the loss of velocity of a fragment perforating a target is given by:

4
log, o(Vs — Vg ) = b, +-21 bjlog,¢X; (C-1)
=

where
Vs = fragment striking velocity (ft/sec)

Vr = residual velocity of the largest piece of the original fragment after perforation
of the target (ft/sec)

X, = target thickness (in.)
X, = fragment striking mass (grains) = Mg

X3 = secant of the angle of impact obliquity of the fragment (angle between fragment
trajectory and normal to target)

X4 = fragment striking velocity (ft/sec)

and b; are parameter estimates for homogeneous mild steel,

by = 3.9064 (coefficient estimate)
b, = 0.9496 (target thickness coefficient estimate)
b, = -0.3603 (striking mass coefficient estimate)
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b 1.2842 (impact obliquity coefficient estimate)

I

I 0.1929 (striking velocity coefficient estimate)

A similar relationship gives the loss of mass of a fragment perforating a target. The equation is:

4
log, o(Ms —MR)=bo +_El b; log, o Xi (&2)
l=

=
)
I

= fragment original mass (grains)

Mp = residual mass of the fragment (grains)

X, = target thickness (in.)

X, = fragment striking mass (grains) = Mg

X3 = secant of the angle of impact obliquity of the fragment (angle between fragment
trajectory and normal to target)

X, = fragment striking velocity (ft/sec)

and again b; are estimates for homogeneous mild steel,

by = —2.2776 (coefficient estimate)

b, = 0.1885 (target thickness coefficient estimate)

b, = 0.9145 (striking mass coefficient estimate)

b3y = 0.1958 (impact obliquity coefficient estimate)
bs = 0.6394 (striking velocity coefficient estimate)

These two equations are applied to the array of targets as long as there are residual frag-
ment velocity and residual fragment mass. When a target has succeeded in stopping a fragment,
a negative residual velocity is obtained; then it is necessary to compute the depth of penetration
into that particular target. This is accomplished in the case of a steel fragment, with a normal
trajectory, penetrating a mild steel target using the following equation:

P=0.112M'3 (0.001 N¥3 (C-3)
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where
P = penetration (in.)
M = fragment mass (0z)
V' = fragment striking velocity (ft/sec)

According to Reference 2, this equation was developed from a series of experiments con-
ducted within the following limits.

A97 <M < .310 oz.

1690 < V' < 3775 fps

125 < T < .375 in. (plate thickness)
Using all of these equations, a series of graphs was developed in Reference 2 to show the total
thickness of mild steel required to defeat different size fragments at three velocities. The
number of plates in a series varies from 1 to 4, and all angles of impact are normal to the tar-
get. Figure C-1 shows one of these graphs which corresponds to the primary fragment of

interest for the Category 1 shield. The abscissa, W/W,, is the ratio of the explosive weight
to the casing weight.
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APPENDIX D. ERRATA IN CHAPTER 6,
Explosions in Air, W.E. Baker,
U. of Texas Press, 1973

Compiled data tor two integrated blast wave parameters, and other quantities derived
from these two parameters, are in error. All but one of the incorrect parameters can be
corrected by multiplication by a constant for all scaled distances R.

The basic parameters in error are scaled side-on impulse I_s and scaled reflected impulse
7,. Vulues for I-s and I_, which are listed in Table 6.5, p. 160, and plotted on Figure 6.3 on
p. 161 and in the large foldout, should be multiplied by the correction factor 1.630. The
parameter I—s reappears in Table 6.6, and should also be multiplied by 1.630. The columns
for (i;/ﬁs?—"s) and b in Table 6.6 should also be corrected by multiplication by 1.630. as
should values read from the graph 6.3 for b.

The parameter (d[)/d'f)lo in Table 6.6 cannot be corrected by simple multiplication.
Corrected values are given in the following table.

R (dp/dn),
0.100 934 +4
0.150 =T s
0.200 6.24 +3
0.250 208 23
0.300 9.38 + 2
0.400 163 +2
0.500 -1.07 +2
0.600 55
0.800 2:22 4]
1.00 1l 85 =5
2.00 2.03
4.00 gAP =1
6.00 el ]
8.00 1.95 |

10.0 148
200 593 -2
40.0 BEE 3
60.0 1.64 2
100.0 -9.25 3
500.0 -1.43 3
1000.0 6.44 4
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