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ABSTRACT

This report contains the results of tvo explosive test series:
(1) The Scaled Explosive Bay Test Series vhose purpose vas to vali-
date the "Scaling lavs" as applied to model bays and (2) The Ultimate
Capacity Bay Test Series vhose purpose was to determine the ultimate
explosive resistance of a given explosive bay configuration.

The results of these tests indicated that scale models may de
used to svaliuate the blast-resistant capabilities of a laced rein-
forced concrete cubicle.type structure and that the tntal explosive
capacity of the tested structure (at incipient fuilure) is at least
equal to 7,500 1bs.of high explosives.

The Explosive Bay Test Series wvas carried out under the super-
vision of the Ammunition Engineering Directorate's Process Engineering
Laboratory with technical assistance relating to structural design and
testing provided by Ammans & Whitney of Mew York, New York.

The smaller models (1/10 and 1/8 scale) vere fabricated at th.-
Civil Engineering Laboratories, Columbia University, and Ohio River N
Division laborstories, Cincinnati, Ohic and tested at Picatinny Arsenal.
The 1/3 and 1/5 scale models vere built and tested by the Arthur D,
Little Curporation at its Keene, Nev Hampshire test facility end the
full scale structure vas constructed and tested at the U.S. Naval
Weapons Center, China Lake, California.




DAMAGE CLASSIFICATICN

In thia report relating ic results of structural damage, certain
termz will be used to describe the degree of damage to a reinforced
concrete wall. Definitions of these terms are:

Incipient Failure = on the verge of collapse

Partial Failure - breaking of concrete into “wo »r more secticas thu:

do not disengage from sach other as a result of either
failure of the tansion reinforcement zand/or shear
failure in the concrete

Total Pailure - failed sections of the element are disengaged and/or
complete disengsgement of the conerete from the rein-
forcement occurred

Heavy Damage - element is at or near incipient failure

Medium Damage - .arge cracking (no reinforcement failure), local
erushing, surface pitting

Light Damage - minimum damage, hairline or slightly larger cracks

In composite wall construction, the classification of the overe

all damage to the element is based on the damage sustained by the re-
ceiver panel. :

xi
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SUMMARY

The Explosive Bay Test Series wes conducted to establish "scaling
factors"™ that wouid relate the test results of model cubicle structures
tc the full scale structure, and to evaluate the blast resistance of
specific cubicle arrangemenis that might be used in the processing of
explosive ~aterials.

Twenty tests werce conducted on eigat structures, distributed in
the following manner: tiree on the 1/10 scale, four on the 1/8 scale,
three on the 1/5 scale, *hree on the 1/3 scale four on the full scale
structure. The remainii three tests consisted of singie tests or three
different model bay structures (one 1/10 and two 1Y¥A scale). The three
latter tests were performed separately from the scalMnrg weries tests
and were primarily conducted to evaluate the ultimave, capgeity of the
structure and/or compare the use of composite ‘copstruction with that
of plain reinforced concrete,

The charges vere either single spheres or 4 cluster of spheres of
Composition B. However, because of the large quantities of explosives
involved, boxes of TNT were used in the last two rounds of the full
scale test. The charge weights used were 2,600, 3,000, 5,000, 7,500
and 10,000 1lbs, or their scaled equivalenta. Thege charges vere placed
in “he geometric center of each cubicle, Each structure of the scaling
series was successively tested three or four times with increasing HE
charges until the point of incipient failure or total destruction
cecurred., Three exceptions to this were the ultimate capacity structure
tests where a single shot equivalent to 10,000 lbs, was fired in the 1/10
scale structure while the explosive weight in each 1/8 scale model was
equivalent to 7,200 lbs,

All the bays tested had walls of composite~type construction
(concrete~sand~concrete) except for one 1/8 scale model which utilized
plain reinforced concrete, The concrete walls of both types of con-
struction used leced reinforcement. The interior cell dimensions of
the prototype structure were 40 feet long by 20 feet wide by 10 feet
high, It had no roof and was open at one side.

The first round (2,000 1bs.) in the scalink test series produced
light cracking in the 1/10, 1/8 and 1/5 scale models and hairline cracks
in the 1/3 and full scale models. The damage sustained in tne second
round (3,000 1bs.) consisted of heavy cracking of the 1/10 scale model,
medium cracking of the 1/5 scale model and minor cracking of the re-
mainder of the mocels. The third round (5,000 1bs) caused partial
destruction of the 1/10 scale model, medium damage to the 1/8 scale
model, incipient failure of the 1/5 scale model and minor cracking of
the 1/3 and full scale structures. Partial destruction was sustained
by both the 1/8 and full scale structures in the fourth series of tests,

xiii
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In the Ultimate Capacity Tesvs, the 10,000 pound equivalent charge
in the 1/10 scaler model produced complete destruction of the back wall
vhile the side walls cracked and sheared at their supperts. A 7,500
1b, equivalent charge caused incipient failure of the 1/8 scale composite-
type model. However, vhen the 1/8 scale plain reinforced concrete model
was tested with an equivalent charge of 7,500 1lbs.,, the damage sustained
wvas less than incipient failure. No reinforcement fajlure occurred in
either test of the 1/8 scale model. In general, the bay successfully
withstood the blaat effects of detonations up to 7,500 lbs. of HE =&s
evidenced by s single shot test with the 1/8 scale composite and plain
wall constiruction. .

The instrumentation used in the bay structure tests consisted of

photographic coverage, deflection gages and pressure gages. All the
instruments were not used in any one test,

xiv
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¥ CONCLUSIONS

The Scaled Bay Tesc Seriez proved that the so-called "Geometrical
Scaling" laws are applicable and that scaled models can be used to
simulate full scale response tests of laced reinforced concrete cubicle
structures. Although test results show that models as small as 1/10
scale may be used to obtain a reasonable estimate of the blast-resistant
capabilities of a full scale cubicle, it was found that the use of 1/8
scale and larger models will usually be more practical for testing and
construction purposes and will not significantly increase the test costs.

The results of this test series indiceted that the test stricture,
originally designed to withistand the blast effects of 2,000 lbs, of TITI,
had an explosive storage capacity in the order of 7,500 1bs, of TNT.

The most satisfactory measurements of the structural motions were
recorded by the deflection gar=s. These measurements included a deflection-
time history of the wall movements and indicated the maximum deflection which
a wall could attain under given applied blast loads. Also, measuraments were
made of the overall movemer.t of the test structure due to sliding. Although
demage to the individual structures differed somevhat after each round of
tests, the differences after the first two rounds of tests are not attri-

. buted entirely to scaling factors themselves. These differences could
be directly related to variations which existed in construction methods,
materials and/or test site conditions.

XV
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SECTION T

INTRODUCTION

1=l Background

During the last several years, Picatinny Arsenal, as pert cof its
Supporting Studies Program, has been carrying out an overall experi-
mental and analytical program to establish safety criteria for the
design of protective structures used in high explosive processing and
storage facilitizs. This program was funded by the Armed Services
Fxplogsives Safety Board. The firm of Ammanrn & Whitney provided technical
assistance on structural and other aspects of the program.

Because full scale testing in connection with the above program
would have been prohibitively expensive, a test series was designed to
evaluate the validity of utilizing mcdels in place of full scale structures,

At the suggestion of the Armed Services Explosives Safety Doard
it was decided to design, construct and test a structure having the
interior dimensions of = typical explosive manufacturing bay (Figure 1)
that would withstand the effects of a detonation of 2,000 lbs. of HE (Ref, 1},

1-2  Scope of Report

This report is divided into two main parts:
1) Discussion of the bay structure test series (Section II)
27 Oiscussion of the ultimate capacity test series (Secticn 1II)

i=3 Primary Ovjectives

The two aaln objectives of the test series were to:

1) &szsteblish "model factors”™ that will relate the test results
of model structures to those of their prototype {full acale}
and to each other.

2} Fvaluate the explosive-resigtant capacity of a specific
cubicle arrangement.

1= fecondary Oblectives

The secondary oblectives were to:

1) Evaluate blast load parameters for the design of protective
structures,

-l-
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2) Determine experimentally the structural response of laced
reinforced concrete to the applied blast loads.

Establish construction details to afford the r_quired strength
to resist the arrlied blast loads.

Accumulate data pertsining to leskage pressures.

|
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SECTIOH II

SCALED BAY TEST SERIES

2«1 Test out

2-1.1 Prototype Structure

The bay structure was deasigned to include the effects of adjoining
cells that would exist in an actual explosive manufacturing facility
(Figure 2), All the structural elements were constructed of reinforced
concrete and consisted of & floor slab, back wall and two side walls, The
front and top of the structure remained open to the atmosphere, The
interior dimensions of the prototype cubicle ware L0 #¢ -0 ia. long by
20 ft.-v in. deep by 10 ft.-0 in, high.

The walls of the structure vere built using composite (sandwich)
construction where two concrete panels vere separated by sand frill.
Each wall had an overall thickness of eipht feet and was divided into a
two foot thick donor panel, a four foot wide sand-filled cavity, and & two
foot thick receiver panel. In the side walls, closure of the sand cavity
at the open end of the structure was provided by an end panel. A% the
intersection ot each side wall with the back wall, a sand-filled cylindrical
cavity, vhich extended from the top of the walls down to the pedestal, was

provided. Figure 3 illustrates a typical cross section through a composite
wall,

To resist the buildup of blast preasures in the corners, two foot high
by two foot wide concrete haunches were located at the intersecticns of all
three walls wvith the floor slab, Also, concrete pedestals were used to
separate the ! .jse of the individual p.nels of each wall, The haunches and
pedestal of eech wall were interconnected by reinforcing bars which were con-
tiuuous acrcss the bause of the wvall, This systen formed a monolithic connection
betveen the wall and the slab.

Adjacent to the walls wvas the peripheral floor slab vhich bad a thickness
of tw feet and surrounded the one foot thick central floor alabl. The transition
be‘ween the tvo thicknesses vas accomplished by an {ntermediate taper.

High atrength billet steel dars conforming to ASTM Specification AL32
{nev AST™ designation is A6LS Grade 00) were used throughout for reinforceaent
of the concrete. The main horizontal and vertical reinforcement in doth the
back and side walls consisted of 1-1/8 inch diameter bars loceted 10 inches on
center and vas identical at doth surfaces of each panel. The horisontal rein-
forcement was bounded by the vertical i sinforcing bars. As vas the case vith the
horizontal reinforcement, the adjacent vertical dars in the valls vere tied
together by means of diagonal lacing reinforcemant (Rafs. 2 and 3)baving & diemeter

. Preceding page bank
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of 5/G inch. The lacii..g in the vertical direction was continuous over
approximately the lower half of the wall height whereas the lacing in
the horizontal direction was continuous across the full length ¢f the
wall. In the peripheral floor slatb the reinforcement was identical to
that utilized in the walls {1-1/8 inch diameter bars) but in the central
floor slab, only minimum reinforcement of 1/2 inch diameter bars was
provided.

2-1,2 Model Design

All models used in the test series were designed according to the

principles of "Geometrical Scaling" to insure that the model test data
can be applied to the prototype. The "Geometrical Scaling Laws" state
that there is a linear relationship between the dimensions of the model
cubicle and full scale prototype. Lowever, the charge weights of ex-
plosives used vary as the cube root of the scale factor. A more detailed
discussion of the principles of "Geometric Scaling" is presented in
Appendix A. Theoretically, all structural parameters of a model should
scale in relation to those of its prototype structure. However, because
different materials are used in the model then in tLe full scale structure,
exact scaling seldom can be achieved. The etfects of these differences
depend on the structure's response (stresses and strains) to the applied
loads; that is, in a structural arrangement where the tension stresses

‘e significant, the material ditferencee affecting this type of action
vill be important in the model design. However, for models where the -
loads produce primarily compression, the differences in msterial affecting
the tensile strength require less consideration.

Because the concrete and reinforcement used in model construction
can be placed with 1/32 inch and 1/16 inch of the required dimensions,
respectively, the minimum size model considered for use in the Bay Struc-
ture Test Series was 1/10 scale (Figure 2). Although models of the bay
structure vhose sizes are smaller than 1/10 scale could have been fabri-
cated without difficulty, the reduced dimensions associated with the
smaller molels in combination with a slight misplecement of the explosive
may have produced blast loads which were significantly different from
those scaled from the prototype. The larger models provided more flexi-
bility for locating the explosives, and therefore, greater reliability in
the test results, Also, because of the handling problems which occurred
during construction, the cost of fabrication of the smaller cubicle models
probably would have been in the order of, or greater than, that of the
1/10 scale model.

The properties of the reinforcement, other than the spacing, needed
major adjustments in the design., In the protoiype and larger scale model
(1/3 scele), the reinforcement consisted of standard ductile reinforcing
bars which were commercially avsilable, However, ' models smaller than
1/3 scale, the use of ductile steel wire was required to aimulate the
other nhysical (dia~eter and area) and mechanical (strength and ductility)
properties of the reinforcing steel in the prototype structure,

«10-
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Most wire sizes were avallable to scale the physical character-
istics of the reiuforcing bars for 1/10 scele models and larger.
However, becauae the avaiizble steel wire wes cold drawn, and therefore,
brittle, adjustments of thz wire properties to simulate the mecheanical
prcperties of the hot rolled rzinforcement of the larger models had to
be accomplished by anneeling the wire,

Aa can be seen from Table 1, all dimensions of the bay structure
models were scaled in accordance with the General Scaling Laws {Appendix A)
vhereas, except for the spacing and diameter of the main reinforcement
in the 1/10 scale model, all physical properties of the reinforcement
in the models were scaled within 107 of those of the main steel in the
full scale structure. In the case of the 1/10 scale model, azaling of
the areaof the reinforcement was achieved with 4% of ihat of the
prototype structure reinforcing steel.

Because the annealed wire used in the model construction was
available before the test series was conceived, exact scaling betveen the
mechanical properties of the reinforcement in the three smaller models
and the prototype structure could not be fully achieved. The strength
of the wire used in the three smaller models exceeded the gtrength of
the reinforcing bars used in the 1/3 scale and full scale structures.
However, this inmcreesed strength was partially cffset by the reduced
ductility of the wire. It should be noted that the tensiie tasta of
both the reinforcing bars and wire were performed using an 8-inch
specimen length. If the length of wire used for the tensile tests had
been scaled according to model size, then the percent elongations recorded
for the wire would have been larger than those given in Table 1 resulting
in a clc ‘er comparison between the potential energy of the models and the
prototype. Even though the variations in the mechanical properties of
the various test structures were slight, these differences were evident
in the results of the individual tests which will be explained later
in thias report.

The ultimate strength of the concrete in all four models and the
full scale structure was within 10%. For the type of structure considered,
where the major portion cf the shear strength was afforded by the lacing
bars and the compression forces wvere resisted by the compiession reinforce-
ment, this degree of duplication of the concrete strength of the individual
gstructures was considered adequate. On the other hand, the concrete aggre-
gate in the smaller scale. models (1/8 and 1/10 scale) generally consisted
of psand whose gradation, strength and shape did not necessarily simulate
the crushed stone (coarse aggregate) of the prototype structure. Also, the
sand (fine aggregate) used in the concrete mix of the full scale structure
could not be simulated for the smaller models, As will Ye shown, this
variation in the concrete components did not produce a significant variance
in those test results where the concrete response was the controlling factor.

w]lle




YABLE 1 - COMPARISON OF

SCALLED PROPERTIES OF BAY §1
TEST SERIES

UNIT FULL-SCALE ONE-THIRD+SCALE ONE-FIFTH-SCALE
UNIT UNIT S.F. UNIT 3. v,
1. Charge Weight {1lbs.)
z. Tast Series 1 2260 15 $.320 16 0.192
b. Tewi Series 2 33%0 112.5 0.333 24 0.192
c. Tast Series 3 Y000 112.5 (%) 40 0.20C
d. Test Series & 7500 - - -
2, Call Dimension (1) 40'x20'x10" 13'4"x6'8"x3'4" 0.333 B'xb4'x2’ 0.200
3. Thickness (in)(2} 24 [4g] 8[1g 6.333 a.i.:. E\%] 0.200
&. TFlaxurel Reinforcement
a. Type ASTM A4l2 ASTM=-A432 - Annesled Wire -
b. Size 9 #3 - 4g -
¢. Spasing (in.) 1¢ 3.125 0.300 2 0.200
d. Dbiamecer (in.) 1.128 0.375% 0.333 0.234 0.207
. .
e. Area (1n‘/ft) i.2 0.425 0.354 0.026 0.214
5, Streee {psi)
a. Yiald, ‘y 73,700 73,100 100,000
b. Ultimate, (u 108,700 107,600 126,000
o, Buctility (3} 17.3 (5) 9.3
/. bond Lape Continucus Bars Continuous Bars
8. Concrate Strengti, !'c. (PSI1) 4,940 3,240 5550

(;) Fedt and inches

(2) Number in{}indicate thickness of eand f{li.

(3) Percent Elongation of 8 in. Bpecimen.

(4)  Location of charge adjusted to simulate blast load.

(%) Data not svailable.
(6) Scraight Saxs
(7) Data not veliable.




k1 - COMPARISON GF

SCALED PROPERTIES OF BAY STRUCTURL

TEST SERILS

~TENTH-SCALE
~THIRD4§CALE ONE-FIFTH~SCALE ONE-EIGHTH-SCALE ONE-TENTH
s.F.
5.7, UKIT .1, UNIT 5.7. UNIT
0.320 16 0.192 4 0.321 2.00 0.096
0.333 24 0.192 6 0.121 3.24 0.101
(4) 0 0.200 10 0.125 4.24 0.095
- - 15 0.125 - -
0.333 8'x4'x2’ 6.200 5'x2'-6""x1"'3" 0.12% 4'x2'xl’ 0.100
)
6.333 L3 [}.5. 0.200 0} 0.125 5re [6‘] 0.10¢
16 '8
=
- Annssled Wire - Annealed Wire - Annealed Wire -
- 4g - 9-1/2¢ - 10-1/2g -
0.300 2 0.200 1.25 0.125 1.25 0.125
0.333 0.23 0.207 0.143 0.127 0.127 0.113
0.354 0.026 0.216 o.151 0.121 0.013 0.104
73,100 169,000 91,500 80,900
107,600 126,000 100,000 90,800
(s) 9.3 )} 7.3
uous Rars Continucus Bare Continuous s.. Continuous Bars
5,240 3350 3670 3840
.
A
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2-1,3 lModel Construction

The 1/5 scale and larger cubiclesof the Bay Structure Test
Series were constructed at the test site. The smaller (1/8 and 1/10
scale) models werebuilt in a laboratory workshop and then shipped to
the test site, Because of the inherent strength of the cubicle, trens-
portation of the smaller models did not create & problem. A sufficiently
strong pallet was designed using steel beams which allowed for raising
and lowering of the model as requirad, The strong back and rigging
system for moving the model was fabricated prior to construction of
the model.

Unique problems of placing concrete were encountered in .%e
construction of the smaller reinforced concrete models. The relatively
large quantities of flexural reinforcement, the presence of lacing,
and the unique detailing of the steel (Firure 4) required to develop
the full capacity of the structure, minimized the space available for
Placement of the concrete. Fortunately, however, because of the inter-
locking of the flexural and lacing reinforcement which produced a rigid
assembly (Figure 3), the concrete could be vibratad to the bottom of
the walls merely by vibrating the top of the reinforcement assembly.

In addition, by placing the vibrators against the exterior surfaces

of the wall forms (1/U-inch plywood) and beneath the floor forms,
complete vibration of the concrete was achieved without honeycombs.

In the case of the larger models, the larger spacing of the reinforce-
ment in these structures permitted the passage of vibrators dowr through
the steel, vhich eliminated the need for consclidating the concrete

by vibrating the reinforcement assembly.

As mentioned, the properties of the reinforcement in the models
must be similar to those used in the prototype structure., For the cubicle
model sizes tested, the reinforcement used in the 1/3 scale model bay
structure was commercially availableand had similitu.e with that used
in the full scale structure. However, in the cubicles smalier than
1/3 scale, special annealed vire vas used to produce similitude
between the reinfe-cement of the models and that of the prototype.

This vire wvas shipped in coils and required straightening defore being
used in the model construction. Two straightening methods were developed
and used without significantly changing the properties of the annealed
wire, The first method (used in the construction of the two small models)
consisted of cutting the cojled vire to desired lengths and then stretch-
ing {t ir a universal testings machine. Care was taken to only slightly
exceed the elagtic limit of the wire, The second method consisted of
passing the vire through a die and around a vheel (Firure 5). The die
and vheel vere so placed as to produce a reverse curvature in the vire.
Hovever, for the models considered, viere the reinforcing steel was
desigred to attain inelastic deformations including the streain hardening
region, this change in the elastic properties had only negligible ef-
fects in altering the overall potential energy of the structure to resist
the applied blast loads.
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In additizn, it was necessary to develop a different method
for bending the reinforcing bars and wire than used for the lacing
steel. For the heavier bars of the full scale structure, a series
of dies were manufactured to give the corresct bends. One die wvas
fixed in place vhile the other die was attached to a hydraulic jack
(Figure 6). The straight bars were then placed between the atation-
ary die and the movable die and crimped by the action of the movable
die. A similar method was used for the wire in the smaller models.

In this case the crimping was achieved by hand rather than by hydraulic
Jack (Figure 6).

In the construction of the two small scale cubicles, the re-
inforcement for the individual walls of each cubicle was assembled in
the shop (Figure 7). After the walls were erected, the floor rein-
forcement was threaded through the wall sections. In this case, all
the reinforcement for the entire model was in place before any concr«te
vas placed. The two larger models on the other hand were constructed
ugsing ordinary construction methods,

2-1.4 Test Site

Both the small agd large models of the reinforced concrete
cubicles of the Bay Structure Test Series were tested in the field
because of the relatively large quantities of explosives required in
these tests. In addition, the possibility of the occurrence of high
velocity concrete fragments predetermined open air testing. Provisions
vere made to prepare the site for the model tests so that they would
simulate the site conditions of the prototype tests.

The 1/10 scale model, vhich was the initial structure tested,
was placed on lightly compacted f£ill (Figure 8) used to level the site
area before the test. The final results of this test indicated that
the soft soll condition had a contributory sffect on the final failure
of the structure.

Based on the results of the 1/10 scale model test, the 1/3
and 1/5 scale structures vere tested at another site vhere a more
stable subgresde existed. Also, the use of the alternate site was
required becsuse of the larger explosive quantities involved in
these tests. The substrate at the nev aite consisted of & rock ledge
situsted approximately two feet belov the ground surfece (Figure 8)
and an overburden of natural soft top soil, The soil was excavated
down to the rock ledge and this resulted in an overexcavation of ap-
proximately 8 inches more than that required for the wvall footing.
The overexcavation wvas then backfilled and compscted to 90% CE-55 to
the depth required for construction. This stabilization of the sud-
grade appreciably increased the overall capacity c! the larger models
relative to that of the 1/10 scale structure.
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To establish a closer degree of similitude hetween the sub-
grades for the various models, the goil strength below the 1/8 scale
nodel was considerably improved. The backfill was excavated to a depth
of approximately one foot below the bottom of the floor sladb (Figure 8).
The sand fill was then compacted and a 6-inch thick lean concrete slab,
used to simulate the rock ledge of the larger scale model test, was
located at the bottom of the excavation., Sand was compacted on top of
the slab to a depth required for positioning the model., As was evident
from the test results, the stabilization of the subgrade resulted in s
closer degree of similitvde between the damage sustained by the larger

structures andthe 1/8 scale model than was produced in the 1/10 scale
model test,

. The full scale structure was constructed cn the shore ~f a
fort.. + lake at the Naval Weapons Center, The soil condition at this
lake consisted of a calcium deposit which (until disturbed) was well
compacied and dense, The strength of this cemented material.was greatly
reduced after being disturbed. To maintain a stable substrata similar
to that of the 1/5 and.1l/3 scale models, the full scale bay structure
was built with g minimum of excavation. Here, the bottom of the floor
slab was located on the existing ground surface (Figure 8). xcavation
was required only for the wall footings. Lean concrets ratner than
soil was used as backfill around the footings to simulate the density
of the undisturbed soil below the floor slab. Because the top of the
floor slab of each model was placed flush with the ground surface,
compacted {111 had to be placed adjacent to the edges of the floor
slab of the full scale structure, The purpese ¢ the backfill was
to , revent excessive sbsorption of the blast energy by sliding of
the structure which in turn wuld affect the similitude between the
models and the prototype.

2~1.5 Explosive Charges

All five structures were tested twice under similar conditions,
with quantities of explosives equivalent to 2,000 and 3,000 lbe. of
Compositiun B in the first and second rounds, respectively, Except
for the second round of the 1/10 scale model test, the explosives used
in each test of each structure in the first twe rounds were single
spherical charges, Thc second round of the 1/10 scale model cest
utilized three spherical charges; the sum total of their weights was
slightly greater than the equivalent weight of explosives used in the
second test of other structures., Each charge waa located at the geo-
metric center of the structure. The typical pre-~shot arrangement of
each test is lllustrated by the pre=-shot te:t setup of the scaled
structures (Figure 9) and full scale structure (Figure 10).

Except for the 1/3 and full scale structure tests, the ex-

plosives used 1~ the individual tests of the third round were equive
alent to 5,C00 1lbs, of Composition B. The quantity of explosives

=2l
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v utilized in the third tes. of the 1/3 scale structure was equal to
112,5 1bs, of Composition B (equivalent to 3,000 1bs. full scale)
vhich was the maximum quantity of explosives permitted to be detonated
at the test site, However, to simulate the blast loads acting on the
back wall of the structure (in terms of impulse) which would be pro-
duced by the scaled equivalent of 5,000 lbs. of explosives, the
112.5 1b. charge was moved closer to the back wall., The explozives
used in the third round of the full scale structure consisted of 100
50 1b. units of TNT. Each unit was contained in a light aluminum metal
container. The containers were stacked in the shape of a square on
the floor slab and at the center of the cell.

Only the 1/8 scale model and the prototype structure were tested
in the fourth round becsuse of the degree of damapge after the third
round. The equivalent weight of explosives used in each test was 7,500 lbs,
A spherically-shaped charge of Composition B was suspended at the center
of the bay used in the model test. In the full scale test 150-50 1b,
containers stacked in a manner used in the third round were utilized.

Table 2 lists the charge properties, including the type,
weight, location relative to the back wall (scaled cistance) and full
scale equivalent weight for each round of tests for each structure,

2-1.6 Instrumentation and Test Yeagurements

Pressure, deflection, and atrain pages, and photogranphic
coverage were the principal instruments used to record the
physical state of the cubicle before, during and after the completion
of each individual test, Table 3 lists the type and number of instru-
ments used and the number which functioned duriug the test. A descrip-
. tion of the physical and electronic measurements performed during each
= test follows.

Electronic Pressure Gages--[last pressure measurements were
made with Ballistic Research Leahoratoriass' electronic pressure gages
: during the first three tests of the iuil scale test series at China
P Lake., Seven gages were placed at virious distances from the outside
‘ walle of the cubicle to determine the blast pressures acting on the
ground surface exterior of the test structure., The location of the
gages varied from 90-1100 feet from the center of the donor cell which
corresponded to estimated peak pressure levels of 30 and 0.4 psi, re-
spectively. All gages were mounted flush with the mround surface in
order that the side-on pressure produced by the leakage of the blast
( pressures over, around and through the structure to the exterior could
! be recorded. The location of these gages is shown in Table L,

Electronic Deflection Gages--Electronic deflection gages
(Figures 11 and 12) were used to determine the time=history movement
of the walls of the 1/5, 1/3 and full scale structures. The deflection
gages vere linear displacement transducers which operate on the principle




Table 2 - CHARGE WEIGHT PROPERTIES
| _____Charge Properties
Round Charge Wt.
Structure No. Type Lbs. ZA E’:{: ¢ ‘{; ;
i 1 Single 2.0 0.8 2,000
) 1/10 Scale 2 Cluster 3.24 0.675 3,240
3 Cluster 4,25 0.62 4,250
1/10 Scale 1 Cluster 10.0 0.k65 10,000
1 Single L,0 0.79 2,000
2 Single 6.0 0,69 3,000
1/8 Scale 3 Single 10.0 0.58 5,000
b Cluster 15.0 0,50 7,500
1/8 scale () 1 Single 15.0 | 0.50 7,500
1/8 scaze'3)| 1 Single 15.0 0.50 7,500
1 Single 16.0 0.785 2,000
1/5 Scale 2 Single 2k,0 0.688 3,000
3 Cluster 40.0 0.58 5,000
1 Single 75.0 0.775 2,025
1/3 Secale 2 Single 112.5 | 0.680 3,040
3 Single 112;5 | 0,530 3,040
j 1 Single 2,000 o.g 2,000
; 2 Single 3,000 | 0.69 3,000
| Full Scale 3 Boxes 5,000 | 0,58 5,000
’ 4 Boxes 7,500 | 0.50 7,500

(1) EPSWT, - Equivalent Full Scale Weight
(2) Modified construction bay
(3) Bay constructed of single reinforced concrete wvalls
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TABLE 3 - ELECTRONIC INSTRUMENTATION

PRESSURE GAGE | DEFLECT. GAGE| STRAIN GAGE PHOTOGRAPHY
STRUCTURE ROUND
Used | Oper. | Used |Cper. | Used | Oper.| Used | Oper.
One-Tenth 1 - - - 4 b
Scale 2 - - - - - - 4 4
3 - - - - - 3 3
1 - - - - - - 3 3
One-Eighth 2 - - - - - - 3 3
SCl-lG 3 - - - - - - 3 3
b -1 -1 -1 - -1 -1 3] 3
One-Fifth 1 v 2 0 6 4 6 2
3 - 1 1 - 4 0
Oue~Third 1 - 2 2 T 0 6 5
Scal F'J - 2 2 - - 4 k
cale 3 1 1 - i N y
b3 21 19 18 ¢ - - L IN
Full 2 21 17 17 17 - - b 4
Scale 3 21 19 - - - - k4 h
L - - - - - - L L
«27=-
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of change in inductance in the coils of a linear differential trans-
former with changes in position of the core. These gages had either

a 6 or 12 inch stroke and were used according to the magnitude of de-
flection anticipated. Each gage was mounted on the receiver side of
each wall, In the full scale structure test, each gage wvas supported
by its mount on the floor slab while in the 1/3 and 1/5 scale tests,
the mounts vere supported on concrete pedestals each of which wvas lo-
cated adjacent to, but not connected to, the floor slab of its corres-
ponding structure., The output of the transducer wvas recorded as a
function of time giving a complete picture of the full scale structure
wall deflections relative to the base slab., In the case of the models,
the overall movement of the structure vs. time was recorded (Figure 12
shovs some typical output of these instruments). The pre-shot and post-
sliot physical measurements indiceted that the soil between the floor
8lab and pedestals remained elastic during the tests so that the overall
movement of the structure contributed very little to the gross movement
of the walls. No electronic deflection measurements were taken in the
1/10 or 1/8 scale test ‘series.

st inarh

Eighteen gages were used in each of the first three rounds of
the full scale tests. Deflection measurements included those of both
the receiver and donor panels of all three wvalls, The attachment points
for the various gages are shown in Figure 13.

Two deflection gages vere used in Rounds 1 and 3 of each 1/3
and 1/5 scale model tests. The gages in each test were located along
the centerline and near the top of the back walls, One gage vas at-
tached to the donor panel vhile the other gage vas attached to the re-
ceiver panel. In Round 3, one‘gage was attached to the receiver panel
of the back wall of each of the two larger models.

Electronic Strain gifg;-Str;in gages vere used to determine
the mechanism of 4 c failure under explosive loading conditions
The strain gages were cenented directly to reinforcing bars at critical
points vithin the structure before the concrete vas poured in the 1/3
and 1/5 scale models. SH-4 post-yield gages were bonded to either the
horizontal or vertical reinforcing bars where the development of maximum
tension strains in either the side or back walls vas anticipated. All
gages vere electrically shielded to minirize electrical interference
from exterior sources., A totsal of 3ix snd seven pages vere utilized
in the 1/3 and 1/5 scale tests, respectively.

Physical Ne‘lﬂt!nﬂn%-—ﬁlcept vhere structural failure occurred,
post-shot permanent defiections of all the walls of each structure
vere measured before proceeding vith the next round of tests. Thease
deflections were odbtained by hand measurements. Horizontal and vertical
overall structural movements wvere determined by pre-shot and post-shot

surveys of refere-. . ..o kers exbedded within the concrete., To more
closely define the das'age sustained by each structure in each test
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series, post-shot crack patterns of the wails and floor slab of
each structure vere made. The patterns indicated the location

and size of: concrete cracks, spalling, areas of exposed reinforce-
mant, and arees of reinforcement failure.

Photo§glzgic Coverage——Both still and motion piciures were
used to reccr- test events. S: {1l photography was uzed to record

the construction phase of th: test ss well as pre~gshot test arrange-
ments and post-shot test rcsults., Motion pictures were used princi-
pally to determine the damage characteristics of the test structure
including sizes and velocities of fragments and their distribution
resulting from *he breakup of any portion of the test structure.

Four camers vieving methods were utilized: (1) the shadov-
graph method, {2) backboard method (to determine fragment velocities),
(3) rear vieving method, and (&) site vieving method. Howvever, all
the methods were not necessarily used in every test, The viewing
method varied from Pound to round. Camers layouts £nd speeds for a
typical test such as the 1/10 scale tes’ series are illustrated
in Figure 1k,

2=2 Diacussion of Test Results

2-2.1  Structural Damage

General--Since the scaled explosive equivalent of 2,000 lbas,
and approximetely 3,000 1bs. of HE were detonated in Rounds 1 and 2 of
each model test, the discussion of the results ard comparison of struc-
tural damage vill concentrate on these rounds. Because of the vari-
ance of the individual test setups for Pounds 3 and 4, only a limited
coaparison of the results of these tests can be discussed. Emphasis
has been placed ~. the discussion of the damage sustained by the back-
vall since it was the critical element of the structure (Ref, b).
Table 5 18 8 summary listing the test setup and damage sustained by the
back and side walls of each strugture in eah round of tests.

Round l~~In generel, the overall damsge sustained by all four
models and the full scale structure was adout the same, Surfece spal-
ling of the donor panel wvas slightly more severe in the 1/5, 1/7 end
full scale structures (Figures 15 and 16) *han the small scale struc-
tures. This spparently vaa csused by the failure of the thaicker
concrete cover over the reinforcement of the tw> larger models. The
incrensed thickness vas produced by sccidental slippege of the wall
forma during construction. The cne-eighth scale model suffered the
least damage bDecause the dbay vas constructed under well controlled
conditions in the laboratcr,. Additiorally, the valls of the two
larger models and the prototype structure neel:l patching after
removal of the forms. Ancther cont-ibuting factor to the great-r
spalling of the walls of the larger structures was the greater
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elastic rebound of their back walls as compared to those of the
snaller structures. This was evident by the protrusion of the
vertical reinforcement past the back wall of each of the larger
structures,

To prevent the vertical steel from buckling outward, the
vertical bars should be placed inside the horizontal bars in the
lover half of the wall. This fcllows an important conclusion that
the controlling reinforcement should be placed irnternally of the
secondary reinforcement. This principle will be applied in all
cubicle designs that follow the Bay Tests,

The damage sustained by the back wall of each model and the
full scale structure was similar. The major cracks were tension cracks
formed at the supports on the donor side of the wall and at the middle
of the wvall at the receiver side where vertical cracks were produced.
In areas of high compression stresses, the concrete was crushed on
both the donor and recelver surfaces of the donor panel,

There was virtually no damage to the receiver panel of the
back wall of each of the two larger structures (1/5 and 1/3 scale)
vhile vertical cracks were formed near the center of the back wall
of both smaller models (1/8 and 1/10 scale) (Figure 17). Both
smaller structures vere tested on partially compacted fill. These
cracis vere formed as a result of the vertical settlement of the
center of the back wall relative to the sections of the structure
vhere the side walls intersected the back wall, Since the soil
stability of the 1/8 scale model was greater than that of the ./10
acale model, the vertical cracks in the former were less severe,
This reduced damage of the 1/8 scale model during the first test ap-
preciably increased its blast-resistant capaclity for subsequent tests.

After the first round of tests, the horizontal and vertical
reinforcement in the receiver and donor panels of the back wall of
all five structures remained intact. There was a minimum of crater-
ing (Figures 15 and 16) of the floor slabs of the test structures.
However, the depression in the floor slab of the full scale structure
was slightly larger than the depression formed in the model floor
slabs. The full scale structure crater was four inches deep and
4S feet in diameter. Figures 18 and 19 illustrate the extent of
damage due to cratering in the one~tenth scale structure,

Except for the end panels, which retained the sand fill, the
side walls of all tegt structures suffered little or no damage.
Because the control of the placement of the reinforcement in the
fiald-constructed structures was less than that which could be main-
tained in the laboratory, the damage to the end panels of the twe
larger models was slightly greater thar that of the two smaller
models, Post-shot investigations disclosed that the reinforcement
in the end panels of the two larger models was not placed in the
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center of the panels, but located near the irnterior surfaces, and
therefore, providing little capacity against bending in these sections.
In the full scale structure (Figure 20) and the two small scale models
(Figure 15), more care vas taken in the placement of the reinforcement
in the end panels, and consequently, less damage occurred.

Round 2--The tension reinforcement in the back wall donor
panel failed near the center of the 1/10 scale structure (above the
floor slab haunch, Figure 2). The reinforcement in the remainder of
the structure and in the other test structures remeined intact although
a shear plane wvas formed along each back wall donor nanel sunnort near
the floor slab, The formation of the shear plane resulted in a reduction
of the wall strength equivalent to a failure of the tension reinforcement.
The length along the wall where the shear plane was formed in the 1/8 and
full scale structures was shorter than those of the other thres models.
The shear failure of the concrete resulted in the formation of relatively
large displacements of the donor panel which, in turn, caused excess scab-
bing (spalling produced by large straining of the reinforcement and/or
displacement of the element). Spalling of the donor surface of each donor
panel of the back walls of all structures was quite severe except in the
1/8 scale model where a smaller shear plane was formed (Figure 21).

The vertical cracks in the receiver panel of the back wall
of each of the two amaller (1/8 and 1/10 scale) models (Figure 22)
vwere quite large. However, these cracks were less pronounced in
the 1/8 scale bay in comparison to those of the 1/10 scale model.
Similar, but relatively smaller, cracks also were formed in the other
three structures. The vertical cracks extended the full height of
the wall while those of the other structures extended to approximately
two=thirds of the wall height. Formation of these vertical fissures
eventually produced failure of those structures.

The craters formed in the floor slabs in all test structures
during the first rouné of tests were enlarged during the second round.
With the exception of the 1/8 scale model, the crater penetrated the
depth of each floor slab and displaced the subgrade,

The side walls of the models and the prototype structure
suffered appreciably more damage than in Round 1. The walls of the
full scale (Figures 21 and 23) and the two larger models (particularly
the end panels) suffered more damage than those of the two smaller
concrete models. Here again, the methods of pouring the concrete
(which differed in the field from that of the laboratory) apparently
contributed to the greater damage sustsined by the larger structure,

It is evident from the discussion so far that the compara-

tively insignificamt differences in the damage to the varioms scale
models can be attributed primarily vto secondary causes such as method
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of pouring and differences in materials (reinforcement) and foun-
dations (uncompacted vs. consolidated ground) rat4her than to scaling
factors., In some instances more damage wag sus’.a ned by the smaller
models while in other cases the larger structures sufferad a greater
amount of damage. There was nc definite pattern indicating that the
degree of damage increased or decreased with tue size of the rodel.

Round 3--A comparison of the damage sustained by the various
test structures can be made only superficially asince the test con-
ditions (cluster of charges, charge limitations, etc.) were not ex-
actly the san for all the scale models used in this round of tests.
The difference between tie individual tests of the first two test
series also contributed to distorting the comparable results of the
individual tests of the third round., However, the results of thies round
of tests 1id indicate test results which in general conformed to the
scaling principles which, . turn, indicate that a wide deviation in
test arrangements is necessary to significantly distort the results of
one model test in compariscn to those of similar model tests.

For the two la: jer structures (full and 1/3 scale) and the
1/8 scale model, the damage was comparable insofar as the donor panel
of both the back and side walls sustained incipient failure (Figures
24 and 25). The.post-shot condition of the receiver panels (Figures 26
and 27) vas classified as heavy damage (less than incipient failure).
The damage sustained by the donor and receiver panels of the back wall
of the 1/5 s~ale model was partial destruction and incipient failure,
respectively. This increased wall damage above that of the larger
structures vas attributed to the construction methods used in the
field and the use of cluster charges to simulate the 5,000 1b, equiv-
alent charge. The cluster of charges tended to producc a more severe
loading condition on the wall insofar as: (1) the interaction of the
blast waves cf the individual charges enhances the bLlast pressures
vhich increase the applied blast impulse, and (2) the use of multiple
charges tends tc direct more of the initial ocutput of the explosion
in one direction (in this cese towvards the back wall) compared to
the spherical dispersion of the blast pressures associated vith ex-
plosions of spherically-shaped charges. In the case of the full
scale bay test, there vas an enhancement of the blast output due
to the use of multiple charges and because these charges were placed
directly on the floor slab, However, the type of explosive used in
the prototype test wvas TNT, vhich has a smaller blast output per
unit weight than Composition B used in the model tests,.

Both parels of the back wall of the 1/10 scale bay failed
due to the enlargement of the previously menticned vertical cracks
which vere originally formed during Round 1 as a result of the soil
settlement beneath the center of the back wall. In addition, the
blast loads acting on the side walls of the cubicle induced additio-
nal tension stresses in the horizontal reinforcement of the back
wvaell, These stresses, vhich normally would be resisted by the masa
of the adjoining sections in & multi-cubicle facility in combination
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with the stresses produced by the subgrade and the normal bending
stregses, failed {he horizontal reinforcement in the back wall and
enhanced the wall collapse,

Round 4--The 1/8 and full scale structures were tested in
Round 4 to determine their ultimate capacity (Figures 28 to 31). The
1/8 scale model completely failed while the prototype structure
was on the verge of collapse (incipient fajilure) as a result of an
explosive equivalent equal to 7,500 1lbs, The explosiv. used in
the full scale structure was TNT while Composition B explosive was
utilized in the 1/8 scale model test. Although the variation of
the blast output of these two explosives did have an effect on the
test results, the major reason for the variation in the structure's
respor.ee was probably due to the greater potential energy of the
full scale structure relative to that of the model. Although the
Yield and ultimate strength of the hot-rolled reinforci:.z bars of
the full scale structure vere less than those of the wire used in
the model and the dynamic increase in the strength of the wire was
hisher than that of the reinforcement in the prototvpe, the ductility
01 .iie wire was significantly less than the ductility of the rein-
forcing bars. The extent of the damage to the full scale structure
could have been reduced if the vertical reinforcement in the lower
portion of the walls was placed inside the horizontal reinforcement.
No instrumentation was used in this round.

2-2.2 Pressure, Deflection and Strain Test Measurcments

k.ast Pressures-~The blast pressure gage data recorded in
the firat three rounds of the full scale structure tests is given
in Table 5. This data includes gage location (distance and orien-

tation), peak positive incident pressure .. and scaled impulse.
’

Figures 32 (v . wre plots or peak pressure, (acting on the
ground surface) versus scaled distance for gages located adjacent
Lo tle open end (front), the gide walls and the back vall of the
atructure, respectively., lso plotted are pressure-distance curves
for unconfined surface explosions and leakage pressures resulting
from explosions in partiaily confined cubicles (one back and two
side valls),

In thia test series, the reflection of the _last pressures
off the back wvail and the focusing of these pressures by the side
wvalls resulted in s shotgun effect producing pressures adjacent tr
the open end of the structure larger than those vhich would have
been produced by an unconfined surface exvlosion of equal magnitude,
On the other hand, pressures acting on the ground in cther areas
around the structure vere reduced belov these of an unconfined bdurst
by the shielding afforded by the walls. The walls focused the blast
pressures at a higher alt! :de than would normally occur {f the walls
vere not present.
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It should be ncted that the pressure-distance relationships are
valid only for the . ructural arrangements and charge weights involved
in thie test asries, A summary of these leaksage pressures 1s given in
Figure 35 while a sumary of other le~kage pressure data i1s presented
Refarences 6 to 8.

Deflections«-is mentioned, electronic gage measurements indicating
the deflection-time history of the walls and physical measurements of the
permanent deflections were obtained in the Bay Structure Test Series., A
typical deflection-time curve for a back wall is jllustrated in Appex-
dix B (Figure B-13) vhile Reference 9 contains a number of the other
deflection measurements obtained during the test series, Electronic
instrumentation wvas used in the two larger models and the fuil scale
structure tests vhereas permanent deflection measurements were obtained
from all five structures tested, Tables 6 to 8 list the results of the
various deflecction measursments which were obtained from all five structures
tested,

As may be expected, the permanent deflections of the back walls of
the various teat structures increased with increasing structure size (Table 8),
Hovever, except for Round 1, this increased magnitude of the deflections
sustained by the 1/5 and 1/3 scale models deviated from the expected
values. These deviations vere primarily a function of field conditions
vhere less control during conatruction could be maintained. Another factor
sffecting the scaling fectors for the larges models was the effects produced
by the lover density sand usei in the cavities of these structures., The
average sand density used in the 1/5 and 1/3 scale structures was approxi-
mately 80 pcf whereas the density used in the other structures varied
betveen 85-90 pci. This decresse in sand dens’ y resulted in the formation
of larger and amaller deflections being sustained by the donor ana receiver
panels, respectively, However, the combined deflection of both panels wes
greater than that which would huve occurred if the denser sand wvas used.

In the tesis performed mubaequent to Round 1, it tould not be expected
that scaling of deflections could be maintained. Here the settlement, rotation
and sliding of the ovarall structure and the ecaling factor variation of
the individual elements which cccurred during the Tirst round seriously
affectad the pre-snot test conditions for subseorant tests,

Becauss of insufficient dats from the electronic instrumentation
(Tebles 7 & 8), no satimste of the degree of scaling schirved betwveen the
maximum deflections of the various test structures could be made, However,
the gage data 4i1d indicstc that the maxizmua defleciion of each wall was in
the order of magnitude of sapproximately twice the permanent deflection.

This is an indication that, for the magnituie of the deflections attulned

in these tests, the value of the saximum deflection and not only the permanent
deflection mist be considered in determining the pcientisal energy developed

by each wall in resisting the applied blast losds.
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TABLE 6 - MAXIMUM PERMANENT DEFLECTIONS

OBTAINED BY MEASUREMENTS

BACK WALL DEFLECTIONS (in.)

F.S. DEFLECTION

STRUCTURE ROUND (5)
DONOR PANEL | RECEIVER PAKEL | MODEL DiFLECTION

1 0.19 0.08 12.7
Oxsxe-i‘enth > 1.19 0.50 2.2
cale 3 (1) (1) -
1 0.25 0.13 9.0
One-Eighth 2 0.69 0.50 5.0
Scale 3 (1) 1.25 -
1 1.50 '0.13 2.1
One-Fifth 2 2.25 0.25 2.4
Scale 3 (1) (3) -
1 1.62 0.13 2.0
One-Third 2 3.31 0.25 1.7
Scale 3 (1) 1.13 (&) -
1 2.18 1.25 1.0
Full 2 k.00 1.67 1.0
Scale 3 (l) - -

(1) wall failed
(2) Deflection to small to measure
{3) Just beyond incipient failure
{L) Scaled charge veight smaller than used in other model tests.
(5) Deflection {s sum of donor and receiver panel deflections.
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TABLE 7 - MAXIMUM DEFLECTION OBTAINED FROM
ELECTRONIC DEFLECTION GAGE MEASUREMENTS

BACK WALL DEFLECTIONS (in.) -

STRUCTURE ROUND 3
DONOR PANEL | RECEIVER PANEL

One-Fifth : ) (1) '
Scale -.3 1.25
3 (2) 2.20

1 <2.50 (3) 0.28

One-Third 2 487 0.91
caze 3 (2) 3.00 :

1 (4) (4)

e 2 7.30 3.60
3 (2) (2) ;

(1) Electrical leads cut by debris

(2) No inst-umentation used

(3) Max. deflection beyond range of recorder

(k) Record did not function

(5) See Table § for other deflection measurements




TABLE 8 - MAXIMUM DEFLECYICN - SECOND ROUND-FULL SCALE BAY TEST

GAGE TIME (ms) DEFLECTION (in.)
1 20 3.0
2 29 T.3
3 34 3.6
h 29 3.6
5 %0 1.4
6 24 6.2
T 20 5.0
8 {1} {1}
G 35 2.6
10 20 5.5
11 R 1.1
12 (1) (1)
13 26 3.0
14 3% 6.1
15 i Te G.9
16 {1} {1) )
i 30 0.7 !
18 s 0.8
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Strain Measurements--Sever gages (whose attachment positions
are indicated in lable 9} were utilized in Round 1 of the two larger
scale model tests. The main electrical leads to the 1/3 scale struc-
ture were gsevered by flying debris close to the cubicle 8o no strain
data was obtained for this structure, The data recorded by the strain
gages of the 1/5 scale model is given in Table 9., The maximum strain
recordeu in this structure occurred at the top of the donor panel of
the back wall vhere it intersects with the side wall. Visual results
of the test confirmed this tobeapoint of maximum strain, However,
other sections of the structure where zages 1 and 3 were located
probably developed strains vhose magnitudes were in the order of or
greater than that of gage 5. Neither gage 1 nor 3 functioned during
the test. Because of the difficulty inobtaining reliable data in
the first rcunds of these tests, strain gages were not used in sube
sequent tests.

Concrete Fragments--Although there was fragmentation of the
floor slab at the onset of testing of each structure, the formation
of concrete fragments from the walls did not materialize until the
final test of each structure wvas performed. Wall fragmentation oc-
curred chiefly in the back wall between the vertical reinforcing bars
situated at the sectior of failure. As the horizontal tension rein-
forcement failed, the concrete retained by the failed flexural and
lacing reinforcement was ejected from the structure, Except vhere
complete collapse of the 1/10 scale model (10,000 lbs. full scale
equivalent) took place, the weight of the concrete rubble was small
in comparison to the weight of the wall. Also, the velocities of
the small fragments were low, This is indicated by the results of
Round 3 of the 1/1C model test vhere a maximum fragment velocity of
31 fps and an overali average fragment velccity of Th fpa (Table 10)
vere produced,

Photograply-—-The woav gigrificant use of camers covarege vus
docunentation of blast results wviih the still camers. Motion pictures
of the structural motion and ~oncrete fragments vere not practical
since the duyt created by the dptonation obacured these pictures,

U




TABLE 9 - SUMMARY OF STRAIN GAGE MEASUREMENTS

GAGE MAXIMUM STRAIN INDICATED ATTACHMENT(1)
1 Circuit opened before gage could respond. A
2 0.19; 7 milliseconds after detonation. A
3 This gage damaged during concrete pouring. B
L 0.35; 4 milliseconds after detonation. B
5 2.4%: S milliseconds after detonation B
6 No output recorded from this gage. B
7 1.23%; 3 milliseconds after detonation. B

(1) A - Attached to side of vertical reinforcing bars
B - Attached to top of horizontal reinforcing bars,

second row from top
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SECTICGN III

ULTIMATE CAPACITY BAY TESTS

3=1 Gernieral

The bay structures t-sted in the Scaling Test Series withstood
detonations of quantities of explosives in excess of the 2000 pounds
of HE for which the structure was originally designed., Therefore, a
supplementary test series was developed to evaluate the maximum explo=-
sive (quantity of explosive which will produce incipient failure)
capacity of the structure.

Two composite bay models were tested in the Ultimate Capacity
Series, namely a 1/10 and 1/8 scale mocel. The design of these two
models was the same as ecomparative models tested in the Scaling Test
Series, As will be shown, the test results of the two models were
significantly dissimilar,

To determire the feasibility of utilizing plain reinforced con-
crete in lieu of composite construction, a second 1/8 scale model of
the bay structure wvas designed, built and tested. This second 1/8
scale model had the seme interior cell dimensions as that of the com-
pesite structure, but all three walls were constructed of plain laced
reinforced concrete., The thickness of the individual walls of the
model was 6.5 inches or 4 ft. - 4 {n. full scale. Because the plain
concrete bay was designed to simulate the explosive capacity of the
composite bay, the tests of these two models were performed in the
pame manner,

Table 11 lists some of the dimensions of the three models as
well as the dimensions of the full scale structure,

Tabie 11_

TEST STRUCTURE DIMENSIONS (FEET)

Unit 1/10 Scale 1/8 Scale Full
Composite Composite Plain Scale
Length L0 5.0 5.0 Lo
Width 2.0 2.5 2.5 20
Height 1.0 1.25 1.25 10
Thickness 0.8 1.0 0.5k 8
i
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The damage sustained by the three mocdels tested in the Uiti-
mate Capacity Test Series is listed in Table &,

3~2 One-Tenth Scale Composite Bay Test

The 1/10 scale composite model was tested in a fashicn simi-
lar to that used in the performance of the 1/8 scale model test of
the Scaling Test Series. The model was positioned adjacent to the
opening in the side of a steel tunnel used for recording the flight
of spalled concrete fragments. The explosive used in the 1/10 scale
1-st consisted of 2-5 pound spherical charges of Compesition B {full
scale equivalent of 10,000 pounds) which were located at the geometric
center of the cell (Fig. 36).

The results of the 1/10 scale test are shown in Figure 37.
The back wall and floor slab split in half forming separate sections
of the structure, The space between the two sections was ag large
as 10 inches indicating translation of each section in the direction
of its respective side wall, It is theorized that the motion imparted
to each section of the structure was produced by the blast loading
acting on the side walls, It was also theorized thet the initial
failure of the back walls and floor was produced by the excessive
tension stresses occurring in the longitudinal reinforcement of these
elements as a result of the side wall reactions imparted to these
elements., It will be shown later that the above failure characteri-tics
of the structure, in conjunction with the fact that the explosive
quentity used in the test was too large, were borne out by the results
of the subsequent 1/8 scale model tests.

3-3 One-Eighth Scale Composite Bay Test

Like the 1/10 scale composite cubicie, the 1/8 scale composite
bay was testad at Picatinny Arsenal. However, because of the damage
inflicted on the smaller model, the testing techninue was altered to
more fully simulate a multi~cubicle arrangement, Here, a buttress
tie system (Figure 38) for both the floor slab and back wall of the
model was used to resist the additional tension forces in the back
well produced by the blast loads actingon the side walls. In this
system, the mocdel was placed partly into the previously mentioned
opening in the steel tunnel with both ends of the back wall huttressed
by the steel plates which formed the donor side of the tunnel., The
spaces between the ends of the back wall and tunnel plates were shimmed
to form positive contacts. In addition, a rigid steel collar was
placed around the slab. The spaces between the collar and the slab
were also shimmed, The collar plus the mass afforded by the side
wall of the tunnel produced the required strength necessary to resist
the applied loads,
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Because of the improved testing arrangement, the 1/8 scale
model was found to be capable of resisting without fallure the blast ’
effects of an explosion equivslent to 7,500 lbs. of Composition B.
This was approximately 10% less than the ultimate capacity as pre-
dicted by the pre-shot analysis. '

As in the case of the smaller model, the damage to the back
wull of the 1/8 scale model was greater than that sust®ined by the
side walls., Although the tension reinforcement at the supports
(back wall panel supported by the base slab and by the two gide wulls
of the cubicle) and at the center of the donor panel failed, the com-
pression steel at these sections remained intact. It can be noted
from Figure 39 that a typical concrete yiecld line pattern was formed.

The receiver panel of the back wall remained intact with
the magnitude of the panel's deflection indicating less than in-
cipient failure conditions. Opalling of the receiver surface of
the receiver panel did occur at the supports. This spalling was
attributed to the high compression forces which crushei the con-
crete cover over the compression reinforcement (Figure 39).

Figures 39 and 40 indicate that the damage to the side walls
of the 1/8 scale structure was aearly &s severe as that sustained by
the sice walls of the 1/10 scale model even though a somevhat larger
equivalent explosive was used in the smaller model test. The large
degree of damage to the 1/8 scale model side walls was attributed to
the fact that the structure remained intact., Therefore, all the energy
imparted to the side walls by the bilast had to be abscrbed entirely
by the walls themselves. In the case .7 the 1/10 scale model, a portion
of the applied blast loads acting on the side walls wvas dissipated by
translation of the two sections of the structure after the back wall
failed., Hence, the amount of blast energy to be absorbed by the
flexural action of the model was reduced,

The results of the 1/8 scale test were significant insofar
as they estadblished an ultimate single-shot capacity of the full scale
structure equal to approximately 7,500 lbs. Howvever, in the Scaling
Test Series the full scale structure vas capable of resisting without
failure the effects of severa. explosions vhose total quantity was in
excess of 10,000 1bs. of HE, Furthermore, the full scale siructure
failed wvhen subjected to the effects of a single explosive quantity
of 7,500 lbs, of TNT. The reason that the full scale structure had
a larger ultimate capacity under a multiple-gphot srrangement than
vhen a singie detonation vas i{nvolved wvas hecause the total kinetic
energy of the structural elements associated with the blast loads
of the multi-shot arrangement vas legs than the i.netic energy asso-
ciated vith a single shot having an explosive charge equal to the sum
of the charges used in the multi-shots. Also, the effects cf the
elastic recovery of the elements contributed to the increased explosive
capacity of the structure in the multiple detonation tests.
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3-4 One~Eighth Scale Plain Reinforced Concrete Bay Test

The plain reinforced concrete bay was also tested utilizing
the buttress~type tie system described for the composite model, The
squivalent explosive quantity used in the test was 7,500 lbs. of Com-
resition B, The results of the test are shown in Figure 4l.

The donor and receiver surfaces of all three wvalls vere severely
spalled. This was significantly different from the resit ts of the one~
elghth scele composite structure test where only the donor surfaces
of ths structure sustained spalling. The spalling of the receiver
surfaces of the plain concrete structure wvas primarily a result of the
shock transmission of the blast loads through the concrete, Also, the
resultant large deflectiona of the walls also contributed to the produc~-
tion of the concrete spalls. It is evident from the comparative results
of both one-eighth scale structure tests that one would expect the
production of larger amounts of secondary fragments when plain concrete
construction is used in place of composite construction. However, in
facilities other than those utilized for the protection of personnel
and/or equipment, the possible occurrence of spalling will not be a
significant factor in design.

The magnitude of the post-shot permanent deflection (measured
at the center and top of the back wall) vas 1-3/4 inches which is
approximately 70% of the magnitude of the deflection predicted by
the pre-shot analysis, Part of this discrepancy wvas the fact that
the strength of the reinforcement vas approximately 30% higher than
that assumed in the analysis. The remainder of the differences vhich
occurred betwveen the calculated and meagured deflection nmay be attri-
buted to the inherent conservatisza of the analytical nrocedures used
for design of plein reinforced concrete elementas.,

Based upon the above results, it appears that except in those
cases where spalling i{s a prodlenm, piain reinforced concrete construction
will be as useful am composite construction in the design of structures
to resist the effects of HKE explosions.

-l Te
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GEOMETRICAL SCALING

Certain laws of similitde must be cbserved to insure that the
nudel test data can oe applied to the prototype. These laws, in turn,

provide a means for designing model tests and for correlating snd in-
terpreting test results,

It has been demonstrated in References 10 to 12 that the model
law for high explosives can be determined by a consideration of the
equations describing the motion of a Shocked fluid., In essence, this
law states that "pressure and other properties of the shock wave will
be unchanged if the length and time scales are changed by the same |
factor, n, as the dimensions of the explosive loading source", that is:

Lb = nL (1)
Tp = nT, (2)
wp = n3wm (3)

wvhere L, T, and W are dimensional symbols for length, time and charge
weight, respectively, and the subscript p designates the prototype and
m dasignates the model, Since the density scale must therefore be
unity, the scaling factor for the mass of the explosive is:

M= n3un (%)

vhere M is the dimensional symbol for mass.

It has been shown in Reference 10 that the same geometric scaling
which governs the shock transmission process also provides the proper
modeling for the structural response to the preassures gencrated during
the blest process, The motion of the structure due to the applied blast
loads is expressed by Newton's second lav, F = M(T)=2L, and it follows
that:

r - o%F, (5)

vhere F is the dimensional symbol for force. those structures
vhere the mode of action is primarily in the plastic range, similitude
between the model and the prototype systems vill be realized vhen the
dimensionless ratio of the external work to the stored atrain energy
is the same for both systems, that is, the kinetir energy, sassociasted
vith the momantum of the structure, imparted by the blast loads will
be numerically equal to the strain or potential energy of the struc-
ture for both the model and prototype syst:ms,
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The kinetic energy may be expressed in terms of the impulse,
I, of the blast loads or KE = I2/2M, where the impulse is a function
of force and * ‘e, Therefore:

(kE)p = ' (KE) (6)

The potential energy of a structure is numerically equal to
the area under its resistance-deflection curve and,therefore, is a
function of force and length. Thus:

(PE) = n3(PE), (1)

On the basis of the above relationships, it may be concluded
that the similarity principle vwhich applies to the blast loads
applies equally well to the modeling of the structural response to
the transient forces generated by the interaction of the blast waves
and the structure, C(ertain limitations do appear in application of
these scaling laws. The rate of strain sssociated with the structural
response of the prototype may differ significantly from that of the
model, This variation will depend on the model size and differences
in the materials used in both systems,

According to the scaling laws, the strains in the model and
prototype are identical whereas the time scale for the model is 1/n
times that of the prototype. Hence, the strsin rate for the model
is 1/n times that of the prototype:

4 = (1/n) Y (8)
dt at

In assessing the effects of strain rate on model response, it is

first necessary to predict the effect to be expected from the physical
propertiea of the materials. Under the rapid rates of strain that
occur in structural elements subjected to blast loeds, both the re-
inforcement and concrete exhibit higher strengihs than in the case

of statically loaded el ments, Hence, it would be expected that the
model test dats will provide an over-estimate of the storage caps-
bilities of the prototype since the model is strained at a faster

rate and thereby has "increased" strength.

It is apparent that atrain rates are gr “ater for smaller
models than for larger models at the same maximum levels of strain,
Hence, at any given scaled distance, the greater the effect of strain
rate on similitude, the larger the acale factor n. 8ince the effect
is to "strengthen" the models, maximum strains at equal scaled dis-
tances will be less for smaller models,

.




For small values of n (large models), the difference in strain
rate effects betveen the model and prototype structures should be
small, so that approximate coincidence can be maintalned for maximum
strain versus scaled distance. Under such conditions the scaied dis-
tance which causes incipient flexural failure in the model should like-
wise cause similar failure in the prototype. Differences between the
responses will become more pronounced as n increases, If responses
are limited to the elastic range strain rate, the effects should not
be significant regardless of the scale factor since the elastic modu-
lus of the reinforcing steel is unaffected and that of the concrete
is affected only slightly.

Another limitation imposed by the scaling laws is due to the
invariance of gravitational forces which will distort the scaling
effects for paremeters such as dead loads and distances traveled by
fragments, In blast-resistant design the effects of dead loads and
other such physical parameters will usually be small in comparison to
the effects of the blast environment and, therefore, may usually be
neglected in the model design.

With the "ideal" scale for length, time and force (cr mass),
it is possible to derive an ideal scale for each specific parameter
involved in the model design. These scales are obtained by proceed-
ing in & manner already described for kinetic and potential energies.
A sunmary of the more pertinent quantities and their ideal scales is
presented in Table A-1,
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TABLE A-l -~ COMPUTATIONS OF IDEAL SCALES

Quantitx
Length of Sladb

Depth of Slab
Area of Slao
Mags of Slab
Area of Reinf,
Area of Reinf/ft.

JUnit Resistance

Total Registance

Charge Weight
Distance

s:aled Distance
Total Impulse

Unit Impulse

Scaled Impulse

Pressure
Kinetic Energy

Density

Elast .. Modulus

Symbol

Micu Un:l_tg_

ft.
ft.
fta

2
lb-sec“/rt
in.

in.

lb/in2

1b,

1b.
ft.

re/14/3
1bwme,

1b-ms/in°

l‘b—ans/inz-lbl/3

1%/1n°
fe-1bd.

lb-lecszth

lb/ine
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Ideal Scale

L
p/lm

dp/dm

Ap/ A
Mp/ M

A
sp’ sm

' '
A'p/ Aln

vp /vy

Rp/ R.




TABLE A-l - CQMPUTATIONS OF IDEAL SCALES (Cont'd)

Quantity

Deflection
Moment
Moment/ft.
Shear
Shear/ft.
Stress
Strain
Velucity

Time

Moment of Inertia

Frequency

Symbol

S |

<i

Typical Unics

in.
ft-1b,
1b.
1b.
ib/te
1b/in
in/in
£t /sec
sec

N

in

cycles/sec

o 4T

Ideal Scale

pram

Mp/Mp,
WA,
Vp/Vm
T,
op/cm
€p/€m
vo/n
tp/tm
11,

fp/tn

1/n




APPENDIX B

ARALYSIS OF DYNAMIC RESPONSE OF
BACK WALL OF PULL SCALE RAY STRUCTURE
(ROUND NO, 1)
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SECTION B,1

INTRODUCTION

1. Oeneral

This structure vas designed as part of the scaling in=-
vestigation tesis of the bay-type (cubicle) explosive structure
utilising composite wall construction (two concrete panels separ-
ated Dy sand fill). The tests included ome-tenth, one-eighth,
and one~third scale models and the full scale structure., The full
scale structure was initially tested using a spherical charge of
2,000 pounds of Composition B located at the center of the cubdicle.
Three subsequent tests wvere performed on th™ same structure using
spherical charges of 3,000 pounds of Composition B in the second
round, and 5,000 and T,500 pounds of THWY im rounds three amd four,
respectively.

The data presented in this appendix pertsins to the

analysis of the dynamic response of the bdack wvall resulting from
the 2,000 pound test (Mound No. 1).

2. Mathod of Analysis

In general, the analysis of a structure subjected to
K. E. type bdlast loadings may bDe based on the solutiom of the
equatioa of motion,

FP-R=Ma

vhere F is the applied blast force, R is the resistence the struc-
ture osfers against motion, N is the mass of ar equivaleant single-
degree-cf=freedom system and, s is the acceleration of the mass.
This squation of motion can be readily solved by any of several
numerical integration methods. The method emplcyed in this appen-
dix for analysing the response of th: bacxc wall is tre semi-
graphical method of analysis descrided in Reference B-1 wvhich
provides the apalytical meens of obtaining th- applied blast force
and the associsted structural response of the member.

To evaluaste the test results, a procsdure for the struc-
tural analysis was developed vhersby the potential energy of the
resisting element vas determined and then compared to the kinetic
epergy of the element induced by the applied blast lc .ds. The
applied blast loading was obtained utilizing the procedures of
Reference B=1 vhich are bdased on semi-empirical data developed
from impulse load tests previously performed. The structure
response (potential energy) on the other hand was calculated us-
ing the amalytical relationships presented {u Refsrence B-l,

- Preceding page biank




Hovever, to solve these relationships, values for some of tle teras
involved were ascertained from the test data., For exaample, the
wltimate flexural and shear capacities of the wall panels were
based on the results of tension tests of the reinforcing steel and
compression tests of concrete cylinders. In addition, the deflec-
tion criteria required for the solution of the atructure response
equations vas obtained from electronic deflection-time measurements
taken during the test. This data in combination with density
measurements of the sand fill was sufficient to specify the over-
all structural respconse of the composite wall,

The above test evaluation procedure differs firom most
test evaluation methods in vhich overall test results are compared
wvith similar data obtained by amalytical means. This veriation in
procedure vas predetermined by the solution of the respouse of
composite valls vhich requires that the response of the individual
panels be known before the response of the overall wall can be
svaluated.




SECTION B,2

APPLIED BLAST LOADING

1. Geperal

At close distances from high explosive detonations, the
peak pressurns uivocisted with the shock front are extremely high
ard the duration o7 the blast wave is relatively short, therebdy,
producing an impuise (ares under pressure-time curve) losding in
which the actual pressure-time relationship is not required for
the amalytical sclutisn of the structure response.

Vhem an explocioa occurs vithin a cxdicle, amplificatioa
of the initial sheck fromt due to reflections within the structure
occurs. At amy given point o s particular surfuce, the total
impulse loading i3 a combimation of the contribdutions from the
initial shock and from the shock reflected from adjacent surfaces.

A method of calculating the average blast impulse (Refer-~
ence B-l1) was developed using a theorstical procedu~e dased on
ssal-empirical dlast data. The total reflucted impulses acting at
various points en each gurface of the cubiclie were calculated and
then intagrated to odtain the total impulse load. The total im~
pulse vas assumed to be distributed uniformly giving an average
value of the impulse acting on any oae surface.

The use of the average impulse 1losd 47 based on the assum)-
tion that the structural eiement subjected to the dlest .oading is
capable of trunsferring the lotalized high shear stressss produced
by the high intemaily anu hi~ul; irreguiar Biast loads to regiorns
of loeer stresa. 7or tho case st hand, viere the concrete porticns
of the structure are reinforcw with lacing, this shear transfer
viil take place, '

2, Aversge Impulse Loed
and Cha ameters

The svarsge impulse load acting on an slement of a cublicle-
type structure {s s function of the configuration and aize of the
structure, and the size, type, shape and location of the explosive
vithin the structure., The cubicle configuration aud charge locs-
tion parametars are given in Figuire 3-1,
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PLAN SECTION

FIGURE B-l
TUBICLE CONFIGURAT1ON AND CHARGE LOCATION PARAMETERS

Charge Characteristics

ilLe impulse loadl charts of Reference B~l were prepared
desed on the blast oulput of bare spherical TNT charges. However,
the data mav be extended to other explosives with various sbijpes
by equating their blast output to that of TNT, that is, obtmining
the TNT equivaisnt ¢f the explosivse in question., Equivalent weight
ratios (veight of given explosive to that of TNT) for both pesk
pressure and lapulse are given in Table 4.l of Reference B-1.

B8ince the actual charge is spherical, sheme is not a fuctor
in de.eraining its equivalent, Hence, for an impulse loading the
TET equivelent of the 2,000 pound charge of Composition B is:

W e 2000 (1,06) = 2120 1bs

Charge Location Paramsters

Yormal Distance to Back Wall - RA = 10 ft.

Height of Charge = 2 = 5 £t

locution Relative ¢o Side Wall = &t = 20 £+t
Structural Charactori-tics

Type =~ element vith three sdjacent
reflecting surfaces (N = 3)

Length - L = 40 £t

Height = H = 10 £t

Impulge Load Chart Parameters

The raquired chart parameters are isted in Figure L.1l5 of
feferaence B=1,
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Blast Imgulu Load

The blast impulse load acting on the back wall is deter-
mined from Figure 4-51 of Reference B-1 (sec Figure 4-16 of Ref-
erence B-1l for N = 3, h/H = 0.5 and 2/L = 0,5). Interpolation is
required for ZA = 0,778 and L/H = 4,

Interpolation for Zl and L/H

The scaled impulse is obtained from FPigure 451 for the
required I./ltA for various values of ZA and L/H, These values are

presented in Table B-1 ard plotted in Figure B-2, For the required
L/H, scaled impulses are read from FPigure B-2, tabulated in Table B-l
and plotted in Pigure B-3,

TABLE B-1
kN & 0.75 | 1.50| 3 6 3 (1)
0.35 610 775 | 1520 2050 | 218u0
0.50 395 495 | 850 1090 990
0.75 22i 328 | 465 565 515
1.00 153 215 | 305 350 335
1.50 108 127 | 175 203 191
3.00 59 61 | 81 88 85
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Average Impulse load
From Figure B-2 for 2, = 0,778,

A
.i'_lb. = 485 psi-ms/1b'%
WA

3. Duration of Applied Load

The duration of the applied pressures acting on the entire
element is estimated by adding the time increments corresponding
to the time required for the blast wave to fully engulf the ele-
ment and the duration of the blast load at the section of the
element furthest removed from the explosion. This relationship is
represented by Equation 4=l of Reference B-1:

t, = (t))p - (¢, + 1.5 (to),.
vhere:
t = duration of load (ms)

o
(tA)F = arrival time of the blast wave at the point
on ghe element furthest from the explosion
(ms
(tA) A = arrival time of the blast wave at the point
on the element nearest to the explosion (ms)
(to)F = duratiom of the blast pressure at the point
on the element furthest from the explosion (ms)

The arrival time of the blast wave for the two points of interest
as vell as the duration of the load at the furthest polnt on the
element are obtained from Figure k-5 of Reference B-l,

Arrival Time and Load Duration at Murthest Point

R « V010 + (5) + (20f = 2209 1t
2 = Bl . 222 . 1,78 re/10%

w4 (2120)%
tA i
= = 0,21 ms/10% . t, = 0.21 (2120)% = 2,70 ma
wl/' A
t

< = 0,119 ms/10% .\ t, = 0.119 (2120)% = 1.53 ms




Arrivel Time at Nearest Point

Z, = 0,778 r£/1bh

A

s
%" 0.049 ms/1b% Sty > 0,049 (2120)% = 0,63 me

v
Duration of Load on Back Wall

t, = 270~ 0.63 + 1.5 (1,53) = 4,37 ns
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SECTION B,3

IMPULSE CAPACITY OF BACK WALL

1, General

Strength Criteria

The ultimate strength of the back wall was calculated in
accordance with ultimate strength theory (Reference B-l) using
average stresses chtained from post-shot compression cylinder sand
reinforcement bar tension tests. The average ultimate compres-
sive strength of the concrete cylinders was 4,935 psi. The re-
inforcing steel was high-strength reinforcing bars conforming to
ASTM specification Abl5 Grade 60 and had static yield and ultimate
stresses as shown in Table B-3,

Under the rapid rates of straim which occcur in structural
elements subjected to blast loads, both t'ie reinforcement and the
concrete exhibit higher strengths than when the element is loasded
slowly (static condition). The ratio of the dynamic to static
strasses is known as the dynamic increase factor (DIF).

In flaxural msmbers the above increase in capacity isa
primari.y a function of the rate of strain of the reinforcement
and in particular the time required to yleld the reinforcing steel.
Therefare, Lo eatablish the dynamic stresses, the static deflection
at yield was calculatad for the wall panels using the average yield
stresses of the reinforcsment ard the average static ultimate
compressive strength of the concrete. This deflection was t. =n
compared to that of the deflection-time history obdtained from the
test to determine the time to reach yield for seach panel, The
times to reach yield were then utilized to determine the dynaaic
increase factors (References B-2 and B-3) for each vpanel. In this
example the time to reach uitimate strength of the concrete vaa
asaumed equal to the time to reach yleld of the reinforcing steel,

For an elemeant vhich responds in the plastic range, the
magnitude of the reinforcement stresses in the strain hardening
region cannot be related directly to the strains. However, an
average stress can be estimsted by approximating the energy ab-
sorbed in the post-yield and strain hardening regions of ths rein-
forcement (FPigure B-i),

For the prodblem st hand, the above approximation of the
average stress wvas achieved by relating the average streos to the
dcflection of the wall panel according to the procedure of Ref-
erence B-l,
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Area'A"= Area'B"

PE.= 2RX
e R-D Curve
~-= [dealized R-D Curve

Resistonce

Deflection

FIGURE Bl
IDEALIZED RESISTANCE-DEFLECTION CURVE OF WALL PANEL

The ultimats dynamic resistance of each panel vas calcul-
ated using dynamic stresses (static stress multiplied by dynamic
increase factor) for both the concrete and reinforcement. Dynanmic
yield stresses for the reinforcement were used for tha receiver
panel since the panel deflected in the post-yield range. However,
since the donor panel deflected in the strain hardening region,
an average dynamic stress was used to approximate the energy abd-
sorbed.

The shear capacity of sech panel wvas checked to determine
if the ultimate dynamic flexural strength was fully developed.
Although the ultimete shear capacity of an element may be increased
due to rapid strain rates, the effects of rapid straining vere not
considered for either the concrete or lacing reinforcement due to
8 lack of data pertaining to the {ncrease in strength.

¢ ais

The semi-graphical method of analysis as presented in
Reference B-1 is used to solve the equation of motiorn and, there~
by, obtain the dynamic response of the back wall. In this method
it is assumed that the fictitious positive phase duration of the
load (to) {s small in comparison to the time the wall takes to

reach its maximum deflection (tm). This assumption is verified

in subsequent sections, Therefore, the flexural capscity vhich

«} 2=

Y
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an element must develop to resist the applied blast load may be
obtained by equating the initial kinetic energy resulting from the
applicd)bhst impulse to the potential energy of the element (Fig-
ure B‘S .

Peok Presmure
2
o«

| ise (I
» mpuise (I)
[ )
2
Max. Resistance (R,)
£ yd
Time
} =
t, to tm
PIGURE B=5

IDEALIZED PRESSURE-TIME AND
RESISTANCE.TIME CURVES

Based upon the above method, the basic relationships for

this analysis are:
F-R= M

/(P - R)At = v
I = My .
K.E, = ‘#m' - é-ﬁ

P.E. - t(RX)
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vhere:
F = arrlied load (iLa)
R = resistance of the element opposing the load (1bs)
M = effective mass (single-degree-of-freedom system)

of the element (1b-gec’ per ft)
= acceleration of the maas (ft per sec')
= time (sec)
= velocity (fps)
= impulse load acting on the element (lb-sec)
E

applisd loads, {1lb-ft)
P.E. = potential energy of the element (lb-ft)
X = maximum deflection (in)

By equating the kinetic energy to the potential energy of
the wall, the equati 'n for the impulse absorbed by an element due
to flexure becomes:

I' = 2 I(MRX)

wWhile the unit impulse absorbed is:

1* = 2 f(mrX)

vhere the values of m and r are the mass and resistance per unit
area of the wall,

For the solution of the above equation, the actual element
is replaced by a single-degree~of-freedon system vhose dynaamic
properties consist of the mass, resistance and deflection. To
obtain a single-degree-of-freedom .ystem, the rass of the element
is replaced by an equivalent mass vhile the d- lection, ir the
expression (or the potential energy, is that which occurs at the
point on the wvall undergoing the largest displacement. The resis-
tance (r) is the bending resistance provided by the actual element
resulting from dynamic straining.

Because the back wall of the bay structure {s of composite
construction (two concrete vanels separated by sand fill), s por-
tion of the blast impulse load is absorbed by dispersion (with
distance) in the concrete and sand, and by compression of the sand.
This attenuated impulse is calculated in accordance with the pro-
cedures of Reference B-1,
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2. Structural Pro jes of Wall (Figure B=b
Properties of Reinforcement
TABLE B=2
Bar Diameter ‘.ea Spacing Area/Foot
Size Direction (in.) (8q.in.) | (in.) (8q.in./ft.)
S (1) E, W. 0,625 0.31 Varies -
T Vert. 0.875% 0.60 9.93 0.726
9 Vert, 1.128 1.00 10.13 1.183
T Horiz. 0.475 0.60 10.13 0.712
9 Horiz. 1.128 1,00 10.13 1.183

(1)

Effective Slab Depth (d)

lacing (shear) reinforcement

Total panel thickness (Tc) = 24,0 in,

Concrete cover = 1,375 in.
= 24,0 « 1,375 - 0,437 = 22,188 in.
- 2".0 - 1.375 - 0.5& - 22.061 1no
24,0 = 1,375 = 1,128 - 0,437

d (Ko.
d (No.
d (No.

d (No.

Static Stresses

T Vertical)
9 Vertical)
7 Horizontal)

9 Horizontal)

21,060 in.

20-933 in,

Concrete
fé = 4935 pai -~ Average of 28 day concrete cylinder
tests
Reinforcing Bars
TABLE B-3
v - -
Bar Yield Stress (f }| Ult, Stress (f ) | Avg. Stress (f )
Size (psi) (1) (pst) (1) (pei) (2)
P 71,990 100,000 79,990
1 65,140 96, 560 73,000
3 73,700 184,000 42,280

(2) r
a2

(1) Average
b 4

* (fu - fy)/h
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3. Static Registance at Yield for Each Panel

The static resistance of each panel when yielding of the
reinforcement occurs is determined by use of yield line procedures
(Ref. B~l) in which the yield lines are determined from the con-
dition that the unit resigtance must be equal for all the sectors
formed,

For the problem at hand, the wall panel is divided into
sectors I and II by the positive and negative yield lines {(Pigure
B=T). The negative yield lines form at the edge »f the two=foot
concrete haunches (Figure B-T) resulting in epac lengths of § feet
and 36 feet in the verticel ead horizontal directions, respectively.
Although the positive yield lires must be symmetrical due to the
uniform concrete thicknese and the symmwetrical placement of the
reinforcenent within the panel, their position is unknown aod,
thersfore, ia given by. the unknown quantity x.

X L-2x X
7 ] N 4
o A&———Positive Yield Lines ——> ;
£ A ]I / \\ E
-cl?} é // I \\
i
:l 5*7/ Negative Yield Lines \\ :
: N 7%
L,
b

FIGURE B-T
ELEVATION OF EBACK WALL
SHOWING YIELD LINE PATTERN

The unit resistance is estabiished in terms of an unknown
distance x for each sector by satisfying the equilibrium require-
ments of each sector, Coansidering the free body diagram of each
sector (Figures B-~t and B=9), the summation of the moments about
the axis of rotation is:

I )
Ruc = LiN + XJP

where:

Ru = ru A = Total static resistance of the sector (Kips)
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r, " Unit stetic resistance of wall panel (Kips per
8q ft.)

A = Area of sector (sq.ft)

¢ = Centroidal distarce (ft)

My = Total negative moment capacity of sector (Kip~ft)
MP = Total positive moment capacity of sector (¥ip-ft)

In computing the total moment capacity of each sector,
corner effects must be considered., The :orner sections are stiff
in comparison to the remainder of the panel; therefore, straining
of the reinforcement which is associated with the reduced rectsticns
at these sections will be leas, This variation is apprevimeted by:
(1) dividing the wal. panel into mid and corner strips defined by
the lengths x/2 and H/2 in the horizontal and vertical directiorna,
respectively (Figures B=8 and B-9), (2) taking full straining of
the reinforcement along the positive and negative yleld lines in
the mid strips in both the horizontal and vertical directions and,
(3) assuming the reiuforcement along the positive and negative
yield lines in the corner strips in both the vertical and horizontal
directions is sirained to two-thirds of the yield strain which
occurs in the mid strip.

The moments developed along the yleld lines are a function
of the strains produced in the reinforcement. The #9 bars in *he
mid strip yield while those in the corner strip are strained to
two=thirds of the yield stress, All #7 bars are in the corner
strip and they are strained to the lesser of either their yield
stress or two-thirds of the yield stress of the #9 bars in the
mid strip (constant modulus of elasticity). The moment capacity
per foot of reinforcement in the various strips for either positive
or negative moments in either the vertical or horizontal directions
is denoted as:

M = moment capacity of #9 bars in the mid strip
M' = moment capacity of #9 bars in the corner strip
M" = moment capacity of #7 bars in the corner strip

Static Stresses

From Table B~3
fy (No. 7 baras) = 65,140 psi = 65.1, ksi

fy (No. 9 bars) = 73,700 psi = 73.70 ksi
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r; = 4,935 psi = 4,935 ksi

Moment Cagscitx per Foot of Reinforcement

Ultimate moment capaclity is a function of the depth of the
compression stress block (a). Therefore,

Mo = A, fy( '%)
where:

8" TWeT T = Depth of compression dblock (inches)
c

A, = Area of reinforcement (square inches per foot)
fy = Yield stress of the reinforcement (psi)

b = Width of one-foot-wide strip (inches)
fé = Ultimate compressive strength of the concrete (psi)

Also, if the negative and psszitive reinforcement is the
same, then

Moo M
vhere:

MN = Ultimate moment capacity of vhe negative
reinforcement

My = Ultimate moment capacity of the positive
reinforcement

Vertical No, 9 Bars

full Cspacity

1.18 X
& " 5.B5(12)(h.5357 = 1732 in.

= Nyp = LREIRT) {22‘061 . u}z]

12
= 154,0 Kip-ft./ft,
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Reduced Capacity
o 1.183(2/3(73.7)
-3 0.55 12) .935 = lclss ina

12
a 104,1 Kip=ft./ft.

' M ' 15183 2/ 730 lol
Moy = M5 = 1.183(2/9(73.7) [22.061 - —222]

Horizontal No, 9 Bars

. 1:183(73.7) -
& = 9.85(12) (k.935 1.732 1n.

M =M x L:283(73.7) [20.933 - 1.;32]

HN HP 12
= 145.8 Kip-ft./ft.
Vertical No, 7 Bars

The No. T barg are stressed to twoathirds of the yield

stress of the No. 9 bars since this stress is lower than the yield
atress of the No. T bars,

0.726{2/3)(73.
a= "'Eo. 5'(127&1,935; = 0.709 in.
"

" L 0.726(2/3)(73.7) 0.70
Mgy = Myp 5 [22.188 - = ]

= 64,9 Kip-ft./ft.

Horizontal No, 7 Bars

0.712(2/3) (73.7
= 0.85(12) (%, 5357 = 0-695 in.

u a 0:722(2/3)(73.7) [ 0,595 ]
Mn = Mip 15 21.060 - ==

= 60-“ Kip-ft./ft.
Unit Static Resistance of Sector I (Figure 3-8)

Total Moment Capacity

The total moment capacity of a sector is equal to the sum

110~
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of the moment capacities of all the reinforcement crossing the

yield lines and
(Figure B-8).

ZMN

XMP

M

and,

acting perpendicular to the axis of rotation

2(4,08)(64.9) + e(§~ 4,08)(104,1) + (36=x)(154,0)
522L - 49.9x '

2(5.08)(64.9) + 2(5 - 4.08)(204.1) + 2(3)(154.0)
258.1x - 320

[

= XMN + zMP = Look + 208, 2x

Rme = T, Age = Mo,

el

Static Resigtance

Rt = Mg

Tu °T - x

11k,9 + L4 ,88x

(1)

Unit Static Resistance of Sector II (Figure B=9)

Total Moment Cspacity

Y.MN
My

ZMA

and,

R, ¢

4

= 4(60.4) + 4(145.8) = 824.8 Kip-ft.
= DN = 82L .8 Kip=ft.
= D o+ LMy . 1649,6 Kip-ft,

el
u A u\2 3

Static Resistance

"
R c'LMA

(2}
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Location of Yield Lines

Since the unit resistance of all sectors must be equal,

114.9 + 4,88x _ 1237.2
2

2T=x X

Simplifying:

3 . 2
X + ~3o55x + 25305‘ - 66“6 = 0
and the desired root i::

x = 10,89 ft, - 1 )7 in,

Unit Static Resistance at Yiel¢ for Each Panel

The unit resistance is obtained by substituting the value
of x into either equation (1) or (2), boti of which give:

r, = 10.43 Kips/sq.ft. = T2.4 psi

4, Static Resistance - Deflection
Characteristics of Each Panel

In the elastic range of response, each panel of thie wail
is initially fixed on three adjoining s.des and frce on tie
fourth (top) side, As the panel deflects under the applied viast
loads, the panel's resistance will increase uniformly unti. yield
hinges are formed either at one or more supports and/or at tune
interior of the panel depending upon the length to height ratio of
the panel and the amount of reinforcement at the points of maximum
stregs., After this first yield, the panel will deflect elasto-
plastically with a different stiffness (-esistance versus deflec-
tion). This charge of stiffness will occur each time the panel
yields until yielding cccurs at all points of maximum stress at
which time a flexural mechanism (ultimate str-ongth) is formed.

The resistance-deflection curve for tie r~lastic and elasto-
plastic asction of the panel is shown in Figure B-10. However,
the actual curve may be replaced by an equivalent curve as indi-
cated by the dotted lines in Figure B=-10. The equivalent maxi.
mum elastic deflection and the equivalent stiffness are defined

wlilie




such that the area under the dotted curve is equal to the area
under the solid curve and, thereby, producing the same potential
energy in each case,

fu ——— e —
/
/
/
/
/
® // Actual
o y T et
.s /
& e 1T //
/
//
//
/
Xe Xop AE Kp
Deflection
FIGURE B--10

ACTUAL AND BQUIVALENT RESISTANCE - DEPLECTION CURVES

v:gure B=1l shovs the critical locations P, and Py

vhere ylelding first occurs vhile P, is the point of maximum
deflection. M indicatea the nomcn% capacity in the vertical
direction, the *max imum being first developed by yielding the
reinforcement in the dooor face of the panel at P.. M 1{indicates
the moment capacity in the horizontal direction, éhe s ximums
being first developed by yielding tae reinforcement in the donor
face of the panel at P_ and the receiver fsce near P The means
for calculsting the vsgiouu stiffnessss during the eiaatic ana
elasto-plastic action of the panels is given in Reference B-l
{Figures 5-14 thru 5-16) from which *.2 coefficients (g and v)
necessary to calculate the resistancs and deflection at the yield
points have been odbtained and are listed in Table B-4,
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FIGURE B-11
ELEVATION OF WALL PANEL SHOWING LOCATION
OF CRITICAL POINTS Il ULTIMATE BENDING
FAILURE

Ultimate Moment Capacity in x and v Directions

At the points of maximum stress, P_ and F_, the wall
reinforcement consists of No, 9 dbars and, gherefoﬁe, the ultimate
static moments at final yleld are:

M_ = My = 150.0 Kip-ft/ft

Hy R 145,8 Kip-re/fe
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Properties at First Yield

Unit Resistance (r) Expressed in Terms of Wall Height (H)

M (Py) = My = 117.6 = 0,57 r(Pe)HQ

. 256
S r(P2) - -§5

M (P) = M = 1540 = o.hlsr(P3)H2

x 3
< r(Py) = 371

I
'y

NOTE: Because r (P )< v (P_), the reinforcement will
yield first at P,. Uherefore, the panel will
then essume a simple-simple-fre= otiffness,

Unit Resistance at First Yield at SP?l

r, = r(P2) -(ifg'- 4,0 Kips/sq.ft.

Positive Moment at P.

Mp(r,) = 0.030 reH2 = 0.030(4.0)(8)% = 7.7 Kip-ft./tt.

Negative Moment at P3

2 2
MN (re) = 0,415 reu = 0,415(4,0)(8)
= 106.2 Kip-ft._/ft.

Deflecticn at P.

XeEI(Pl) = 0,085 }euh - o.oas(h.o)(8)b(1hh)
= 2,00 X 18° Kip-in’

Properties at Second Yield

Change in Unit Resistance (4r) Expressed in Terms of (H)

My(Pl) = MHN - Mp(re) = thoB = 7,7 = 13801
= 0,039 Ar (Pl)H2 o or(p)) = 22%&
H

-118-




Mx(P3) -M, - MN(re) = 154,0 - 106.2 = 7.8

102,1

H2

= 0,468 A.(P3) K Ar(P3) =

NOTE: Because r (P_,) < r (P,), the reinforcement will
yield et locgtion P, hext, Therefore, the panel
will then pasume a iimple-simple—simple-free
stiffness,

Change in Unit Resistance Between the First and Second Yield

102,1

Ar = Ar(P.) =
3 (8)?

= 1,6 Kips/sq.ft.

Change in Deflection at P. Between Firast and Second Yield

AX EI(Pl) = 0,110 Ar i = 0:110(l.b)(6)“(1kb)

5

= 1,04 X 10 Kip-in2

Total Deflection at P,

5

: 2
XggEL(P)) = (2,00 + 1.04)10° = 3.0 X 10° Kip~in

Total Unit Registance

rep = 4,0+ 1,6 = 5,6 Kipa/sq.ft.

Properties at Final Yield
Change in Unit Reasistance Between Second and Finel Yield

Armr -r = 10,43 - 5,60
u ep
= 4,83 Kips/sq.ft.

Change in Deflection at Pi Between Second and Final Yield
ax EI(Pl) = 0.80 Ar H' = c.30(h.83)(8)b(1hh)
« 22.79 X 10° Kip=in®
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Total Deflection at Pl

5

xpEI(Pl) = (3,04 + 22.79)105 = 25.83 X 10 xip-in2

Total Unit Resistance

r, " 10.43 Kivs/sa.ft.

Determination of Deflection at Final Yield (Location P))

Modulus of Elnticitx

Ec = Modulus for Concrete

E8 = Modulus for Steel

B, = v 2(33)ET = (150)1%(33) VAD3S
= 4,27 X 10° psi (Ref. B-1)
E =29 x 10° psi

E

now gt 1‘-.—22%- 6.79

c

Weighted Percent Reinforcement Qp‘) For Entire Panel
A

p B =

v

Zfw

v

vhere:

>
[ ]

Total area of reinforcement acting along supports
(aq. ir.)

(=3
.

Length of supports (in.)

o
[ ]

, " Weighted effective depth (in.)

Therefore,

0.00398 = 0.398%
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Cracked Moment of Inertia (I )

F = 30,0195 (See Figure 5-5 of Ref, B-l)

I, = 3- 0.0195(1)(21.75)3 = 200 1n‘:/in.

Gross Moment of Incrtjg

3
- ch - 1(2'4)3
G 12 12

I 1152 inh/in.

Average Moment of Inertia

I +I
I = _C_Q_Q - 220 ; 1122 676 inulin.

Deflection at Final Yield (Location Pl )

X EI(P,) = 25.83 X 16% Kip-in®

) ) 5
25.83 X 10 <5.,83 X 1¢C
X = 4—2—,——— - = 0,695 i{n
P 5 s (.27 x 103)(676)

Elastic and Elasto-Plastic Deflections (location Pl)_

5
X w 20X100 (4 895) = 0.069 in

e 25.83 X 10°

S .
X = —Lg-“-ilg-(o.ws) = 0.105 in
ep 25.83 X 10

Equivalent Elastic Deflecti.

From Lquation 5-51 of Reference B-l:

X-X(fﬂ’-ox1f—”0x(1- )
E r ep\" " r P u

fu u

60 4, c -7-1—'60
XE - 0.069(%3)0 0.10% (l - r.‘%i)'ﬁ 0.89¢ (l - 10. 3)

XE » 0,516 ¢n,

s B e
]
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S. Dynamic Inerease Factors for Each Panel

As previously mentioned, the increaae in strength of both
the reinforcement and concrete due to & repld rate of strain is s &
function of the tim= to resch the yield stress of the reinforcement. o

The reinforcement crossing the linea of maximum stress
(yield lines) reach yield stress at various times; the negative
reinforcement at the side supports yields first, the negative
reinforcement At the base next end the positive reinforcement at
the interior of the panel last. Therefore, the dynamic increase
in strength will vary for the reinforcemasnt and concrete at these
various locations.

For ths problem at hand, an average dynamic increase factor
is obtained for the reinforcement and concrete of each panel. This
average is obtained by considering the maximum equivalent elastic

deflection as the deflection neceesary to y.eld all the reinforcement,

The time to reach yleld for each panel is obtained by come
paring the deflection at yield (equivalent elastic deflection) with
the deflection-time history of each panel as recorded during the
test. Unfortunately, due to a malfunction of the electronic gages
during Rfouna no., 1, the deflection-time history recorded in Round
No. 2 had to be utilized, This data (Round No, 2) would produce a
conservative sstimate of the time to reach yleld of the panels in
the first round as csu be seen from Figure B~12 which shows the
idealized resiztaznce-deflection curve of a concrete element sub-
Jected to multiple loadings. Therefore, to compensate for thia
conservatism, the static deflection has been used to determine
the time at vhich each panel yields.

l . Second Loading

FwstLooJmJ

X

Deflectior

Resistonce

X, (1% ,(2m)

FIGURE B~-12
IDEALIZED RESISTANCE-DEFLECTION CURVE FCR MULTIPLE LOADINGS
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The complete deflsction-time history for each psnel of the
back wall as measured in Round No. 2 is shown in Figure B-13. An
enlarged section of the initisl deflection-time curve for ecach
panel is shovn in Figure B-lk.

The dynemic increase factors versus strain rate fcr the
reinforcement and concrete were cbtained from References B-2 and
B~3, respectively, and are pr.sented in Figure B-15.

Stetic Deflection at Yield for Each Panel

X =X = 0,516 in
y E

Time to Reach Yield gi"ig\_;ge B-lhz

Donor Penel

ty = 0,0026 sec

Receiver Penel

t, = Q.0132 = 0,007 = 0,0062 sec

Dynamic Increase Factor for Reinforcement of Each Panel
Strain at Yield

¢ .
c=gl w1 = 0.00254 in/in
8 29 x 10
Strain Rate
Donor Panel
. € 0,00254
E= = e = 0977 in/in/sec
Yy
Receiver Panel
¢ - %;- - g:ggagh = 0,410 in/in/sec

Dynamic Increase Factor (Figure B-15)

Donor Panel

DIF = 1,104
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DEFLECTION (ir.)

Gage 3 — ¢ of Wall
|

(Receiver Panel) —\\

UL JUT
DO D0
~
. Gage 2
| (Dornor Panel)
NOTE: Attachment Points for Gage
Located 6 inches Below
Top of Wall

IR SETR T

bt

00! 002 003 004

TIME (sec)

FIGURE B-13
DEFLECTION-TIME HISTORY OF BACK WALL
(ROUND No, 2)
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FIGURR B-1k
ENLARGED SECTION OF DEFLECTION-TIME CURYE OF
BACK WALL (ROUND No. 2)
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Receiver Panel
DIF = 1.092 v
Dyramic Increase Factor for Concrete of Lach Panel - !
e
Strain at Ultimate Strength P
£ g
C L
eEmF = —-‘E—T = 0,00115 in/in
c 4,27 x 10
Strain Rate
Donor Panel
. € 0,0011
€ ™ {; " oot " 0.Lk2 in/in/sec

Receiver Panel

im €£ - 8‘8012 = 0.185 in/in/sec
y *

Dynamic Increase Factor (Figure B~15)

Donor Panel
DIF = 1.33

Heceiver Panel

DIF = 1,26k

6. Ultimate Unit Dynamic Resistance of Donor Panel

The ultimate dynamic resistance of the donor panel is cal-
culated in the same manner as the static resistance except that
the concrete and reinforcement stresses used are obtained by con-
sidering Lhe dynamic action of the panel.

The naximu= deflection of the deonor panel {s in excess of
that deflection vhich causes a support rotation of two degrees
and, therefore, the reinforcement is stressed in the strain harden-
ing region. An average static stress vas obtained to approximate
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the energy absorbed sccording to the procedure of Reference B-l,
This static stress was then multiplied by the dynamic increase
factor to obtain an average dynemic stress.

It should be nc..a thet e« small reduction in mement capacity
occurs due to the large deflection of the donor panel (gresater than
two degrees support rotation) because the concrete in the compression
zone 18 crushed, As the concrste fails, the compression stresses

sre transferred (for laced reinforced concrete elements only)

from the concrete tc the compression reinforcement., Since this
reduction in moment capacity is small, its effect on the resistance
of the panel wvas neglected, The ultimate moment capacity was cal=-
culated considering the concrete as attaining and maintaining its
ultimate dynamic stress,

Dynamic Stresseg for Concrete and Reinforcement

Maximum Deflection of Panel

The maximum deflection of the donor panel iz estimated
from Figure B=13.

X = 6.1 in.
m

Panel Rotation at Supports

The support rotations for the dynamic action of the panel
are approximated by considering the yi.ld line locations which were
drtermine? for the static resistance of the panel,

v H/

X
- -] m = -] 6.1 = [o}
eH = tan ( —x> tan (1—30.7) 2.67

Stetic Stresses (Table B=3)

X
6. = tan (__15\)_ tan~t (g——él'-)'-'-' 3.63°

Reinforcement

Fo  .upport rotaticns wit'.in the range 2% <3¢ So, the
absorbed energy l¢ approximated by considering the average atrcss
given by:

L

f s =f +3-(f -7 )
8 8 y 4 Yy




Thereicre, from Tabl~ B=3:

fs {No., 7 bars)} = 73,00C psi = 73,0 ksi
fs (No. 9 bars) = 82,280 psi = 82.28 ksi

Concrete

£t a 4,935 psi = L,935 kei
[ 84

Dynamic Increase Factors

Reinforcement -~ DIF = 1,104
Concrete - DIF = 1,33

Ultimsfe Dynamic Stregses

£ (dynamic) = DIF x ¢ {static)

Reinforcement

fas (No. 7 bars) = 1.104(73.0) = 80,6 ksi
fis (No. 9 bars) = 1,10k (82.28) = 90,8 ksi
Concrete
]
fio =1.33 (4.935) = 6,56 ksi

Moment Capacity per Foot of Reinforcenment

The ultimate dynamic mcment capacity is obtained in the
same manner as the static moment capacity except that dynamic
stresses are used, Therefore, the formule for moment capacity

becomes
‘. a
MomAg, [ 2)
where:

A?
s = -] d?

[

0.8% bfdc
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Vertical No., 9 Bars

Full Capacity

. 2:183(90.8) .
s = SHTRE Sy - 160 ins

=y, = 1.183%20.8) [22.061 - 1.202 ]

My

= 190.3 Kip-ft./ft,

Reduced Capacity

L.1683(2 2’8) = 1,070 in

0.65(12)(6.

VN VP 12

M_' = M' = W[gg.osl - }-'gion]

= 128.5 Kip-rt./ft,

Horizontal No., 2 Bars

a = 1.183(90.8
0.85(12}(6.50,

M =M = k:163(90.8) [20.93 - g;ggg]

HN HP 12 2

= 1,605 i{n

= 180,2 Kip=ft./ft.

Vertical No. 7 Bars

The No. 7 bars are stressed to twoethirds of the yield
stress of the Io, 9 bars since this stress is lower then the yield
stress of the No. T bars.

. 0.726(2/3(90.8)
& *® 0.85(12)(6.56)

0,657 in.

~130-




" -y e 9.726(2/3)(90.8) 0.657
My = M = [22.15& - 251 ]
= 80.1 Kip=ft,/ft.

Horizontal No, 7 Bars

Q.712(2/3)190,8) .
a = 0.85(12 .56 0,644 in

=y x 2:722(2/3(90.8) o.euu]
Mg = Mp 3 [21.060- =

= TL.5 Kip=ft./ft,

Ultimate Unit Dynemic Resistance of Sector I (Figure B-8)

Total Moment Cagacitx

M, = 204.08)(80.1) + 2(3‘5 - 4,08)(128.5) + (36~x)(190.3)
= 6456 - 61.8 x

By = 2(4.98)(80.1) + 2(3 - b.00)(128.5) + 2(})(190.3)
= 318.8x - 395

IM o> ZMN + IM, = 6061 + 257 x

and,

Rac = I‘u Ac

- 8|36+§36-2x2| 8[ 3642(36-2x ]
’u[ 2 ] [3‘&71}%"3 E) -a)‘jl g

Unit Dynamic Resistance

—

Rl = DM




. . lh2.1 +5,02x
STy T (1)

Ultimate Unit Dynamic Resistance of Sector IX (Figure B-9)

Total Moment Capacity

DMy

4(180,2) + 4(7L4,5) = 1019 Kip-ft

M, = DM, = 1019 Kipft.

™My

My + TMy = 2038 Kip-ft,

and,

ol
WK
oy

)

RAc = ru AAc - ru (

Unit ngggic Resistance

RAc = EMA

u

Jor = lé%ﬁ (2)
x

location of Yield Lines

ince the unit rasistance of all the sectors itust be equal,

142,1 + 6.02x _ 132Y

27 - x 2
X

Simplifying:

e 23.58x° & 253.7x - 6850 = G

And the desired root is:

x = 10,89 ft, = 130.7 in,
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OGS A A S VRN

UYltimate Unit Dynamic Resistance

The unit resistance ;» ~btained by substituting the value
of x into either equation (1) or (2), both of which give:

ro = 12,89 Kips/sq.ft. = 89,5 pai

7. Check of Shear Cenacity of Donor Panel

To fully develcp its ultimate dynamic flexural capacity,
a reinforced concrete element must fully resist the high shear
gtreszes produced at its supports by the applic blast loads.
Thege shear stresses are a8 function of the elements's geometry,
vield line locations, and flexural resistance.

The shear capacity (diagonal tension) of the donor panel
was checked at the critical section occurring at a distance d from
the supports, vhere d is a weighted value, according to the pro=-
cedures of Reference B-l. The shear stresses vere computed at the
critical section for the panel's uitimate dynamic flexural resis-
tance and corresponding yield line locations vhich divide the panel
into Sectors I and II. Since the shear is assumed equal to zerc
alceng the positive yield lines, the total shear force for each
sector at the critical section is equal t¢ the resistance times
the srea betveen the critical section and the positive ylelc lines,

To account for the higher stiffness of the corners, the
ghear along the supports is assumed to vary in the same manner as
tiic moment, Therefore, the shear per inch along the critical sec~
tion in either the vertical or horizontal directions is denated as:

V. = ghear in the mid strip

V' a shear corresponding to moment capacity of #9
bars in the corner strip

¥" = shear corresponding to moment capacity of #7
bars in the corner strip

Shear resistance is provided Ly both the concrete and lacing
reinforcenent, The ultimate capacity of the concrete and ihe shear
resigted by the lscing vere calculated i{n accordance with the
rocedures of Reference B-l. An increase in shesad strength due to
rapid rote of strain vas not coaalcdered for eiiher the concrete cr
lacing reinforcement due to a “ack of dats pertaining to the in-
creaz ir strength.

it shouid Le noted thst the donor psnel respornded in the
strain hardening region of the flexural reinforcement and the maxi-
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mum shear forces produced correspond to its peak dynamic resistance
(resistance corresvonding to the maximum dynamic stiress attained
in the reinforcement in the strain hardening region). However, in
this analysis the shear stresses at the critical section were cal~
culated based on the equivalent dynamic resistance rather than on
the peak dynamic reaistance. 7The variation in shear stresses pro-
duced by the equivalent and peak resistance was compensated for by
ubilizing an sverage siress for ithe lacliy reinforcement since iLhe
lacing will also be stressed in its strain hardening regic:. The
average stress for the lacing reinforcement was obtained ¥ relat=
ing the average stress to the defiection of the donor pane. in
accordance vith the procedures of Reference B=l,

Check of Shear Capacity of Sector I (Figure B-16)

Weighted kffective Depth d

The weighted effective depth is taken at the plane 1.l

(critical section for shear). Thereiore,it becomes necessary to
first assume a value of dw'

Assume dv = 22,1 in.

Strip Length {in) da (in)
Corner 18,9 22,1848
Mid 334 22,061
Therefore,
2{18,9)(22,188) + 33:(22.061) _
dv Z00.0] + 35 22.1 in

Total Effective Shear Force

The \otal shear force acting at the critical ssction (Plane
1-1) is equal to the area between the critical section and the

positive yield lines times the ultimate dynamic flexural resistance
of the panel.

v s [73,5317056 +‘;71.u)] (89.5)
= 1,794,000 1bs
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b SECTION A-A

FIGURE B-16
LAYOUT OF SECTOR I AlID LOCATION OF LACING REINFORCEMEIT
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Shear per Inch.Along Critical Section

The unit

ghear force is assumed to be proportional to the

ultimate dynamic moment capacity at all sections. Therefore,
vl 1]
AW s
4av 4VN *
" "
v M .
dv Vi eI
— o e == w421
Vav My 1903
Hence,
' ,
Vdv = 0,675 Vdv
vdV = 0,421 Vdv
and,
[] 1"
v = zvdv + xvdv+ wdv
= 301.3 Vdv + 2(16.35)(0.675Vdv) + 2(18.9)(0.h2lvdv)
= 339.3 Vdv
from which
v 1,794,000 .
Yav " 3353 339.3 2250 1ba./in.
Maximum Shear Stress at Critical Section
Vv
dv 290
Y T b1 " (15?22.15 = 239 psd

Ultimate Shear Stregs of Concrete

The ultimate shear stress Tor concrete as given by Ref-
erence b-1 with the capacity reduction factor ¢ eliminated is

v. = 1.9VIL + 2500 p
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wvhere:

v_ = ultimate shear stres« for concrete (r i)

f = ultimate compressive strength of concrete (psi)

P = p, = weighted percentage of reinforcement at
critical section

Ay 2(18.9)(0.726) » 334(1.183)

PP " & ° 150371, 8 (22.1) = 0.00428

Therefore,

vo = 1.9 vi935 + 2500(0.00L28) = 1bi psi

Shear Stress Resisted by the Lacing Reinforcement

The ultimate shear stre~s of the concrete is less than the
shear stress produced by the resistance of the panel. Therefore,
the lacing reinforcement must resist the exces: stress.

1]

v osvy = V. " 239 - 1kbL = 95 psi

Reguired Cross-Sectional Area of Lacing Reinforcement

The required area of lacing reinforcement as given by Ref-
erence B-l with the capacity reduction factor eliminated is

v b!sl
v f;Thin a + cos a)

where:

A = crogss-sectional ares of lacing reinforcement in
tension wvithin a width bl and a distance st(sq. inl}
v' = excess shear atress resisted by lacing reinforce-

ment {psi)

b, = width of concrete strip in which the diagerai
tengicn stresses are resisted by lacing of area
A, (in)

s = spacing of lacing in the direction parallel to
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the longitudinal reinforcement (in)

f = maximum stress permitted on lacing reinforcement
(psi)

a = angle formed by the plane of the Jacing and the
plane of the longitudinal reinforcement (degrees)

The angle of inclination of the lacing vars (a; is cbuained
from Figure 6-19 of Reference B-l

where:

d, = distarce between centerlines of lacing bends
rmeasurei noruai to fiexural reinforcement (in)

R, = radius of lacing bend (in)
Y = nominal diameter of lacing bar (in)

For #5 lacing bars,

a, =2 - 2(1.375 +1.128 - 9—‘%2)- 19.619 in

£ 2(10.13) «1.03
dl ’ 19.619 '

iwote: Lacing bars have & minimum radius of bend R[ = 3DO

2R, + D o .
——e . 2 . LMl . oo
] L )

From Figure o=197 of Referen:e B-1,

0-570
For the donor panel, f. - f. = 78,590 pai (Table B-3),

Therefore,
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10,13){20.26
A, (req'd) = = ~990(0. 7307 0. 8837 * 0175 ea. tn

A, (provided) = 0.31 sq. in. > A, (req'd)

Check of Shear Capacity of Sector II (Figure B-17)

Tre analysals for determining the shear capecity of Sector
I1 is similar to that of Sector I,

Weighted Effective DepthAjdwl

Assune dv = 21.0 in.

Strip Length (in) d (in)
Micd 32,6 21,060
Corner 48,0 20.933

Therefore,

20, L8 . .
a, = ;.21 060032:6) . ,: 4 4n

Total Effective Shear Force

IV eAr = [§24§L£§2*11J (89.5) = 395,700 lbs

Shear per Inch Along Critical Section

-<

[ ] n
V&E - o't I;;Z. . 0.813

—— B
au HHN 180.2

v = 0,413 vdﬂ
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i sl

T,

Bkasyacipiinsition

O ¥4 S ' Sy By {
s LV, o+ ”dn = )“'Vdu + 32,6 \0.u13vdﬁ)

= 0].3 ‘rd}i

5V 385,700
vdﬂ m g ~Z%§Tg~ 6,430 1bs,/in.

Maximum Shear Stress at Critical Section

v ,~ 1 .
dH ©,430
Yat 1, = {5y * 306 psi

Ultimate Shear Stresz of Concrete

A .
L8
pon, s i+ LEREGLRANU L o oo
v

v, ® 1.9&1‘ + 2500 p = 1.9 Vlg35 + 2500(0.00394)
= 142 psi

Shear Resisted by lacing Reinforcement

'

vV EVL-V = 3C6 = 142 = 164 psi

Requirea Cross-Sectional Aree of Lacing Reinforcement

For #5 lacing bars,

dﬂ. = 24 - 2(1.375 - 9—‘%‘2)- 21,475 in

2R, + D 7D "

o 7(0.625
e il v R

n
[

8
L 2 ] "
q = —g"?-a%%l = 0,904

a ® 50.5° (Figure 6=19 of Ref. B=l)
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e . r———

]
v bg 3&

rnghin a + cos a)}

164(10,13)(19.46 .
78,990(0.TT72 + 0,636 0.297 sq. in,

Av(provided) = 0.31 sqg. in. > Av (reg'd)

]
A, (req a) =

Note: The lacing reinforcement provided is gresater than that
required for both sectors I and II, and therefore, a shear
failure will rnot occur and the ultimate dynamic flexural
resistance can be fully developed.

8, Uitimate Unit Dynamic Resistance of Receiver Panel

The ultimste dynamic resistance of the receiver panel is
calculated in the same panner as the static resistance except that
dynamic concrete and reinforcement stresses are used,

The maximum deflection of the panel is less than that
corresponding to two degrees support rotstion. Therefore, the
reinforcement is stressed within the post-yield range and *he con-
crete remains effective in resisting moments. The static yield
stress and the static ultimate compressive strenpth of the concrete
were multiplied by their respective dynamic increase factors %o
obtain the dynamic reinforcement and concrete stresses, respectively.

Lynamic Stresses for Concrete and Reinforcement

Maximum Deflection of Panel

The maximum deflection of the receiver panel is estimated
from Figure Bl3,

X = 3,0 in,
m

Panel Rotation at Supportis

The support rotations for the dynamic action of the panel
are anproximated by considering the yield line locations which
wvere determined for the static resistance of the panel,

X
8, = mn-l(ﬁﬂ)u tan™t (-3—69‘)- 1.68°
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X .
-1( -1 (3.0 0
QH = tan (-;)- tan (130.7)- 1.32

Static Stresses [Table b-3)

Reinforcement

£, (No. 7 bars) = 65,140 psi = 65,14 ksai

£, (No. 9 bars) = 73,700 psi = 73.7 ksi

Coacrete
'

£, = k,935 psi = 4,935 ksi

Dynamic Increase .‘actors

Reinfcrcement - DIF = 1,093
Concrete - DIF = 1,264

Ultimate gxgamic Stresses

f(dynamic) = DIF x f(static)

Reinforcement

fdu (No, 7 bars) = 1,093 (65.14) = T1.1 kai
fds (No. 9 bars) = 1.093 (73.7) = 80,5 kai
Concrete
?
foo ™ 1,264 (4,935) = 6,2k ksi

Ultimate Unit Dynamic Resistance

Unce the dynamic concrete and reinforcement stresses are
establiched, the solution for the location of the yield lines and

the resistance of the panel is performed using “he same general

procedure utilized to establish the static resistance of each panel
and the dynamic resistance of the donor panel, Thererore, tne
calculations sre not showrn,
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Locution of Yield Lines

x = 10,89 £t = 130.7 in

Ultimate Unit Dynamic Resistance
r, = 11,45 Kipa/sq. ft = T79.5 psi

9. Check of Shear Cavacity of Receiver Panel

The shear capacity (diagonal tension) of the receiver panel
is checked to verify the assumption that its ultimate dynamic
flexural resistance is fully developed. The calculations are per-
formed in the same manner as tha. for the donor panel except that
the yield stress is used for the lacing reinforcement since the
panel responded within the post-yield range.

Check of Shear Capacity of Sector I (Figure B-16)

Note: The values of dw’ P, and a for Sector I of the

receiver panel are identical to those for Sector 1
of the donor panel, Hence, the appropriate cal-
culations are omitted, Also, the values for the
various moment capacities are merely stated with
the calculations being excluded.

Weighted Effective Depth

dv = 22,1 in

Tota) Effective Shear Force

IV e Ar, = [7—3—3—1——3—7——13' 1[0.6 + 3110 ](19.5)

= 1,593,500 lbs

Shear per Inch Along Critical Section

] ]
A}

av oo g
————— R = R - 0'675
vdV “VN 169.1

=lbliem.

e e e —E R Mt




L]

av My 1.0
v—-m-&gx-o.hzo

dav

Hence,

vdv s 0,675 vdv

vdV = 0,b20 vdV

and,

IV = Wy * Dy + Dy

= 301.3 vdv + 2(16.35)(0.675 vdv)

+ 2(18.9)(0.420 vdv)

= 339.2 V4

from wvhich

Y -

Iy 1 00
av 3

573 = 3 = 4700 1lbs/in

Maximum Shear Stress at Critical Section

v
'\ L700
‘w T R " 11122.17 = 23 pst

Ultimate Shear Stress of Concrete

P*p " 0.00428

v, = L9 JF:: + 2500p = 1.,9vh935 + 2500(0.00428)
L T 1) pli

Shear Hesisted by lLacing Reinforcement

v = Yw o= Y% " 213 - 1h4 = 69 psi

<145.




Required (ross = Sectional Area of lacing Reinforcement

For the receiver panel, fs = fy = 71,990 psi (Table B-3)

and for #5 lacing bars, a = h7°

]
v bzsl

fs (sin a 4+ cos a)

1]
A, {req'd) =

69 (10.13)(20,26
71,990 (0.731 + 0.682

0.139 sq in

A, (provided) = 0.31 sq in > A (req'd)

Check of Shear Capacity of Sector II (Figure B-17)

The analysis for determining the shear capacity of Sector
IT is similar to that of Sector I,

Mote: The values of dw’ P, and a for Sector II of the receiver

panel are identical to those for Sector II of the donor
penel, Hence, the aporopriate calculations are omitted.
Also, the values for the various moment capacities are
merely stated w'th the cslculations being excluded.

Weighted LEffective Depth

d = 21,0 in
w

Total Effective Shear Force

o Ar [ befiéﬁiﬁﬁiLl] (79.5) = 351,500 lbs.

Shear per Inch Along Critical Section

!gg My . 66.1
¥ 69.2
Yau thn 169

= 0,413

v = 0,413 vdH

alitym
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IV = [V + LV = L8 vdH + 32,6 (0,413 L

dH dH
= 61.5 VdH
. LV . 351,500
vdH as i 5715 1bs/in

Maximum Shear Stress at Critical Section

v

aH 1
Yun T B3 " 1{21.05 = 272 psi

Ultimate Shear Stress of Concrete

P=p, " 0.00394

) v, = L9VEL + 2500p = 1.9/h935 + 2500(0.00394)

= 142 psi

Shear Jeaistezd by Lacing sinforcement

vi = v - v, * 272 = 142 = 130 psi

Required Cross-Sectional Area of lacing Reinforcement

For #5 lacing bars, a = 50.5O

L
v btal

', {(sin a ¢ cos a)

130 £10.13)(19.86 .
71,990 {0.772 + 0.636 0.258 sa. in.

A, (provided) = 0.31 sq in > A, (req'd)

A, {req'd) =




wote: ''ne lacing reinforcement provided is greater than that
required for both sectors I and II, and therefore, a shear
failure will not occur and the ultimate dynamic flexural
resistance can be fully developed.

10, Equivalent Dynamic Resistance - Deflection Curve
for Donor Panel

In this analysis the equivalent dynamic resistance - de-
fiection curve is considered to describe the dynamic response of the
donor panei rather than the actual resistance-deflection curve, The
‘use of the equivalent curve greatly reduces the amount of calculations
necessary to obtain the flexural impulse capacity of the panel,

The parameters required to describe the equivalent dynamic
curve are the ultimate dynamic unit resistance (r ), the maximum
equivalent elastic deflection (X..)) and the maximuﬂ deflection (X )
of the panel, The ultimste dynaﬁic unit resistance is an averlgg
value which includes the effect of straining hardering in the flex-
ural reinforcement and has been previcusly calculated. The dynanmic
maximum equivalent elastic deflection was obtained from consideration
of the static resistance - deflection curve (Figure B-10) since the
stirfmess of the panel does not change for static and dynamic iocad-
ings. Lastly, the maximum deflection (X_) of the panel was estimated
from the deflection-time history obtaine& from Round No. 2 (Figure
B-13) and the measured permenent deflections of Round Nos., 1 and 2
(time history records of Round Ho. 1 were not obtained due to a
malfunction of the electronic gages).

The measured permanent deflection of the donor panel was
shown on the resistance-deflection curve (Figure B=18) for com-
parative purposes. This deflection is smaller than vhat would
normally be expected since the eslastic rebound portion of the
resistance-deflection curve usually has the same stiffness as the
initial elastic portion of the curve. However, in the case of the
bay structure (single cell arrangement), rotations vhich occurred
at both iutersections of the back and side walls distorted the un-
loading portion of the curve. This dissimilarity betveen the two
portions of the curve would not occur vhen sufficient mass to prevent
rotation is provided by adjoining cells in multi-cubicle arrangements.

Dynanic Equivalent Elastic Deflection (X, )

Since the stiffness of the panel is the same under static
and dynaaic loadings:

Y-




r (dynanmic)

u
XE (dynamic) W XE {static)

where from previous calculations:
r, (dynamic) = 89.5 psi
T, (static) = 7T2.4 psi
X (static) = 0.510 in
Therefore,

8

= 9'4 £ -
Xg =5 (0.516) 0.638 in

Maximum Deflection (X )
m-=

xm = 6.1 in (estimated from Figure B=13)

Permanent Deflection $§9)

XP = 2,61 in (obtained from pre~- and post-shot
measurements)

Equivalent Dynamic Resistance-Deflecticn Curve

The equivaleut dynsmic resjatance-deflection curve for the
donor panel is shown in Figure B«14,

1l. Equivalent Dynamic Resistance - Deflection Cuive
for Receiver Pene

As was the case for the donor panel, the equivalent dynamic
resistance-deflection curve {s considered t> describe the dynamic
response of the receiver panel rather than the actual resistance-
deflection curve, The aquivalent curve for the receiver panel is
obtained in the same manner as that for the donor panel,

Dynamic bqu!valent Elastic Deflection (X..)

From previous calculations:

~1k9-
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r,= 89.5psi

Resistance

1
U] ¥ 13
Xe=0638 Xp=2.8I X.+6.1
Deflection

a.DONOR PANEL

r,s T95psi

Resnstonce

i
1

Xp=1.25" Xo 30
Xg=0567"

Defizchion
BRECEIVER PANEL
FICURE Bwll
EQUIVALLNT RESISTANCE-LEFLECTION CURVES FOR EACH PANEL OF LACK WALL
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T, {(dynamic) 79.5 psi

T (static) = 72,4 psi

X (suctic) = 0,516 in
Therefore,
r
u (dynamic) .,
Xe (dynamic) = ;;-%;%%zT;TL g (static)

7 L -l
- 7%73 (0.516) = 0.567 in

Maximum Deflection {X )

X, = 3.0 in (estimated from Figure B-13)

Permanent Deflection (X )
b ¥

X. = 1.25 in (obtained from pre- and post-suot
P measurements)

Equivalent uynamic Resiatance-leflection (urve

The equivalent dynamic resistance-deflection curve for the
receiver panel is shown in Figure B-18.

12, Effective Mass for Each Panel

The value of the masa used i1 the equation of muiion is
equal to the actual mass only if all particles of the mass move as
a unit. For each panel of thc back vall the motion of the particles
of mass varies slong the length of the ~anel in voth the vertical
ard horitontal directions. Therefore, esci ,.unel has an infinite
number of degrees of freedom since an infiiite number of independent
displacement variables are needed to speciiy coapletely the con-
figuraticon of the system., However, the equation of motion of a
single particle may be used {f the sctual mass is replaced Ly an
effective mass, that is, the mass of an cquivalent single-depgree-¢’ -
freedom system in vhich a single displacement variable X is suffi-
cient to describe {ts motion.

The effective mass (m ) of the equivalent single~depree-of-
freedon system is related to ihe unit =ass (m) of the actual system by

=, - KLH n
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vhere ! is the load-mass factor determined by equating the work
done, strain energy and kinetic emergy of the actual system to thau
of the equivalent system.

The value of the effective mass is dependent upon the de=
flected zhape of the panels which varies with the type of epanning,
end conditions, ete, Therefore, the effective mass is different in
the elastic, elasto-plastic, and plastic ranges of behavior. The
load-mass factors in the elastic and elasto-plasiic ranges of re-
sponse of the psnels are obtained from Table 6-1 of Reference B-l
and are then averaged . obtain the average logd-mass factor for the
equivalent elastic range of the panels (Figure B-18 for deflection
range © < X $ X_.). The load-mass factor for the plastic range of
response (Figur€é B-18 for deflection rangc X, < X %2 X ) is obtained
from Figure 6~5 of Reference B=l for the known yield Tine location
of esch panel,

Actual Unit Mass of Each Panel

The mass of each panel of the wall.is agssumed to consist of
the mass of one-=hslf the sand fill.

Unit Weight of Concrete and Sand for Each Panel

Trickness of Concrete Panel = Tc = 2 ft
Thickress of Sand = Ts/2 ® 2 £t
Density of Concrete =V = 150 1b/ft3
Average vensity of Sand il A 8s lb/ft3

ey ot o= 2(150) + 2(85) = 470 1b/sq.ft

Actual Unit Mass of tach Panel

%‘% = 14.6 lb«-secelft3 = 8450 lb-m52/1n3

Effective Unit Mass of “ach Panel for gguivalent Klastic Rangelgm”l

Load«Mags Factor

m= .4 =
g

From Table 6=l ~nf Reference B~-)l for t“ree edges supported
and one edge free, and L/H 2 2 (actual L/H = 4.5):

Flastic Range {all edges fixed) - Ky ™ 0.65
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First Elasto-Plastic Range (two edges simple, other
edge fixed) - Ky ® 0.65

Second Elasto-Plastic Range {all edges simole) =

KLM = 0,66

Therefors, the average load-mass factor for the equivalent
elastic range is

1
KLM = 3
Effective Unit Mass Sth

m, = Kyum = 0.653(8450) = 5520 1b-ms2/in>

Effective Unit Mass of Fach Zanel for Plastic Range Sm 2

Load Mase Factor

(0.65 + 0,65 + 0.66) = 0,653

The location ¢f the yield lines for both panels is given by

Ix-a = %92 - 0.303

Therefore, from Figure 6-5 of Reference B-l for three ¢dges supported
and one free, and x/L = 0,303

Ky = 0577

Effective Unit Mass (m )

m, = Ky m = 0.5T7(8450) = Lg8o 1b~ms*/ in>

13, Unit Flexural Imgulse Capggity 0of Donor Panel

The unit flexural impulse capacity of an element, if the
time for the element to reach its maximum deflection (t ) ia
greater than three times the duration {t ) of the appli®d losd but
where the support rotations are 2qual tooor less than 5 degrees in
which case the elastic and elasto~plastic ranges of behavior of the
element must be taken intc account, is givan by Equation 6-23 of
Reference Bwl:

=153~
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i = b -
: ama[ 2 + mp x‘u (xm xE)]

vhere.ma is the average of tne effective masses for the equivalent
elastic and plastic ranges of behavior. Since the average effective
mass is used, the above equation assumes that the blast load is
applied to the element during its elastic, elasto~plastic and
plastic ranges of response.

For the problem at hand, the support rotations of the donor
par 21 have previously been established to be less than 5 degrees
and it will be shown that the response time (t ) is less than three
times the load duration, lowever, the blast 1824 is applied only
during the elastic and elasto-plastic ranges of behavior of the
donor panel, Therefore, the above equation is used to obtain the
flexural *‘mpulse capacity of the panel but the average effective
mass (m_) is replaced by the effective equivalent elastic mass
(m_). %t should be noted that using the average effective mass in
the above equation is conservative,

Verification of Assgggtions
Comparison of Response Time (Qm) to Load Duration (t )

t, = 22.3ms (from Figure B-13 for X = 6.1 in)

t, = 4,37 ms (from Section B.2)

t

m 22. -
T - £5 = 5.0 a

Note: Since t_ >3t , the wall panel must be analyzed for
an 1mpuTse lgading.

Comparison of Time to Reach Ultimate Resistance (t )to Load
Duration

The deflection at which the panel reaches its wltimate
dynamic resistance {(end of elasio-plastic range of behavior) is:

r
u {dxnamic)
xp (dynmic) » xp (ltﬂtic)[ ru static ]
89,
- 0.895( ,%-f-). 1.11 in.

-15kh-
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and from Figure Bell:

tp a« L.,70 ms

Therefore,

O - ho3 =
tp ri'.,zo 0,930

Note: Since t < t , the blast load is applied only during
the ela8tic akd elasto-plastic ranges of behavior of
the panel.

Unit Flexural Impulse Capcity of Donor Panel

From previous calculations:

By 5520 lb—ms2/in3
= L4880 1b-ms®/in]

.}

P

ru = 89.5 psi

Xg = 0.638 in

X, = 6.1 in

2 ruxE "g

iD * 2mE [ - ;; Tu (xm - XE)]

- 552.‘”‘-0.6&2 20 -
2(5520)[ 3 + &5(89.5)(6.1 0.638)
= 5.42x 106 (pni-ms)2
Therefore, .
i, = 2530 psi-ms

14, Unit Flexural Impulse Capacity of Receiver Panel

The unit flexural impulse capacity of tihe receiver panel is
obtained in the same manner as that for the donor panel,
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Verification of Assumgtions

Comparison of Resggnae Time st 2 to Load Duration St 2

L 24,3 « 7.0 = 17.3 ms (from Pigure B-13 for X =3.0)

t, = U4.37 ms (from Section B.2)

‘a 17.3

T = 37 - 3.9

o

Note: Since t > 3 t , the wall panel must be analyzed for an
impulse™oading.

Comparison of Time to Reach Ultimate Resistance gt 2 to Loed
Duration (¢t ) |

ru anic
Xp (dynamic) = xp \ltatic)[ i Tatatic ]

u
= 0.895 % = 0.983 in

tp = 15.2 - 7.0 = 8,2 ms (from Figure 31k}

t

o 4,3
{; - ETE% s 0,533

Note: Since t < t , the blast load is applied only during
the elaftic End elasto-plastic renges of behavior of
the pa..el,

Unit Flexural Ingulla Capacity of Receiver Panel

From previcus calculations:

B, * 5520 1bes®/in>
a = 4800 lb-ms®/in’
r = 7.5 pad

= 0,567 in

3.0 in

=1

>
g v
[
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i

r X
) u kb mE
13" . 2mE[---2 + ;; r, (xm-xE)]

2(5520)[512-'2)-52-0-'5511 + f—g%% (19.5)(3.0 - o.567)]

2.66 x 10° (pai-ms)?

Therefore,

ig = 1630 psi-ms

15. I.m&se Capacity of Back Wall

The total blast impulse load that the back wall is capable
of resisting consiste of those impulses resisted by the flexural
acticn of the concrete panels, the impulse attenuation due to dis~
persion of the blast wave in the concrete and sand, and the impulse
absorbed by the compression of the sand fill. The impulse capacity
of the concrete panels has aiready been obtained while the impulse
absorbed by dispersiocn and compression of the sand fill is deter-
mined from Pigure B-19 (reproduced from Figure 6-30 of Reference
B-1),

Scaled Unit Flexural Impulse Capacity of Esch Panel
Donor Panel

ID - 2 . 253 . 197 pui-m/lb"3
wl/s (2120)'!3

Receiver Panel

b

T o =2 ._1_9_39___ = 127 paj-ms/1bY3
R yus (2120)V3
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Scaled Unit Impulse Attenuated By Dispersion and Absorption Through
Sand Compression

Scaled Thickness of Concrete and Sand

T
Concrete = ==— = 2 — = 0.156 £1/1bY3

w3 (2120)"3

T
Sand - s - 4 = 0,31 ﬁ/lb'/s

w!/3 (2120)V/3

Scaled Unit Impulse Attenuated by Dispersion and Abuo;gtion

With the use of the scaled unit flexural impulse capacity
of the receiver panel and the scaled thickneas of the concrete and
sand, the vulue of { , which includes the impulse attenuted by
dispersion in the coficrete and sand, and by absorption through come
pression of the sand fill as wvell as the impulse capacity of the
receiver panel, is determined from Figure B-19, Therefore,

I; a 275 psi-nn/lbvs(rram Figure B=19)

i - T - i = - = '/3
i, i, i 275 -« 127 148 pei-ms/lb

vhere 1, = gcaled unit impulse attenuated by dispersion in the
concrete and sand, and by absorption through compression of the
aand fill.

Scaled Unit Impulse Capacity of the Back Wall

The scaled unit impulse capacity (I ) of the back vall is
the sum of the acaled impulse resisted by the flexural action of
the donor and receiver panels (I and T , respectively) and the
scaled impulse attenuated by disPersion and absorption (T;).

YC-TD01A+TR-197*11.8+127

= 472 psi-ms/1b'/3

Note:

T = w2 = T = s psi-us/1b"/¥(section B.2)
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NOMENCLATURE

(1) accleration
(2) depth of equivalent rectangular stress block

area of sector

area of tension reinforcement within a width b

total area of lacing reinforcement in tension within a dis-
tance 8, and a width bz

width of compression face of flexural member

width of concrete strip in which the diagonal tension stresses
are resigted by lacing of area Av

centroidal distance

distance from extreme compression fiber to centroid of ten-
sion reinforcement

distance between centerlines of adjacent lacing bends meusured
normal to flexural reinforcement

weighted 4

heminal diameter of reinforcing bar

dynamic increase factor

modulus of elasticity of concrete

modulus of elasticity of reinforcement

average stress of reinforcement

static ultimate compresgive strength of coucrete
dynamic ultimate ccompressive strength of concrete
dynamic streas of reinforcement

static atress of reinforcement

static yield stress of reinforcement

static ultimste stress of reinforcement

(1) total applied blast force
(2) coefficient for moment of inertia of cracked concrete
saction

- accelerstion due to gravity

neight to cinter of charse above flocr slabl

(1) span height :
(2} distance Letween reflecting surface {floor slab) amxi free
edge
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{
i
i

‘ i unit impulse attenuated by concrete and sand plus impulse
8 capacity of receiver panel
. iA unit impulse attenuated by concrete and sand
ib unit blast impulse
t iD unit flexural impulse capacity of donor panel

unit flexural impulse capacity of receiver panel

total impulse

average of gross and cracked moments of inertia of width b
moment of inertia of cracked concrete section width b

moment of inertia of gross concrete section of width b

EOHOHQH H;

load-mass factor

kinetic energy .
charge location relative to vertical reflecting surface

(1) span length
(2) distance between reflecting surfaces (side walls)

t~ e R

unit mass
effective unit mass

m
m
e
My effective unit mass .or equivalent elastic . ange
mp effective unit mass for plastic range

M

(1) moment capacity of #9 bars in mid strip
(2) total mass of equivalent single-degree-of-freedom systen

! moment capacity of #9 bars in corner strip
W moment capacity of #7 bar- in corner strip
negative moment capacity

N
MP positive moment capacity

”u ultimate momenc capacity

n modular ratio

N number of adjacent reflectin- g.urfaces
P wveighted percentage of reinforcement

P.E. potential energy
r

¢ agtic unit resistance

e
rep elasto-plastic unit resistance
Ty wtimate unit resistance

-1.61-




(1) slant distance between charge and well
(2) total internal resistance of structural element

normal di.'ance between charge and wall
radius of lacing bend

ultimate resistance

resistance at yield

spacing of lacing in the direction parallel to the longitu-
dinal reinforcement

arrival time of blast wave

time at which maximum deflection occurs
duration of positive phase of blast pressure
time to reach ultimate resistance

time to reach vield

thickness of concrete section

thickness of sand I.ll

velocity

shear stress resisted by lacing relnforcement

ultimate shear stress permitted on an unreinforced concrete
veb

shear stress at critical section
anear in the mid strip

shear corresponding to moment capacity of #9 bars in tihe
corner strip

shear corresnonding to moment canacity of #7 bars in the
corner stirip

unit shear force at critical section
veight density of concrete

velght density of samnd

charge weight

sield line location

daflection

acceleratlion ot the mass

elastic deflection

rquivalent elastic deflection

-132=
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alasto-plastic deflection

] X:p maximum deflection
Kp plastic deflection
XP permanent deflection
Xy deflection at yield
Z scaled slant distance between charge and wall
EA zcaled ormal distance between charge and wail
o angle formed by the plane of lacing reinforcement and the
plone of the longitudinal rejnforcement
( 8 coefficient for detsrmining elastic and elasto-plastic re-
sistances
Y coefficient for determining elastic and elasto-plastic de-
flections
£ strain
¢ strain rate
6 support rotasion angle
. v Frigson's racio
. - 3
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