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1.0 INTRODUCT..xN

In munition manufacturing facilities, reinforced concrete dividing
walls are used as shields for personnel protection and as physical barii-
ers between explosive production steps. If an explosion should occur,
the dividing wall may break up under the overpressure loading. Fragments
emerging from the back side of the wall may impact an adjacent explosive
source with sufficient energy to cause a secondary initiation, or may be
a hazard for nearby inhabited buildings. The sensitivity of selected muni-

tions and explosives to fragment impact is being investigated and sufficient
data are available to predict threshold initiation conditions. However, the
fragment hazard associated with wall breakup under blast loadings is an area

which has not been extensively studied. Current predictive techniques for
determining wall {ragmentation are based solely on analytical studies which
have limited scopes and few practical design applications. For these rea-
sons, the current safety regulations which have evolved are quiie conser-
vative:

1) building must be located such that less than one Iragment
per 55.7 m2 (600 ftz) exposed building area with an energy
greater than 78.6 J (58 foot pounds) strikes the structure;

2) 1if the above criteria (1) cannct be met, then inhabited
building distance of 381 m (1250 ft) minimum is required
for siting quantities greater thau 45.4 kg (100 1b).

In the majority of design applicatiouns, the spall fragment density

is not known, so the second and most costly requirement is usually enforced.

The objective of this program was to determine the fragmentation
characteristics of reinforced concrete and masonry dividing walls subjected
to close-in blast effects. A literature search and review of related pro--
grams was performed. A model analysis was also developed as part of this
program. A test plan was developed based on the model analysis and on a

review of the pertinent data. Validation tests using 1l/6th-scale reinforced

concrete dividing wall models and full scale masonry walls were performed

and the pertinent data recorded. Comparisons of the experimental versus the

predicted results were performed and predictive models developed.

This report is divided into five major sections. Section 2.0 de-
scribes the experimental program, including the development of the test
plan, the test set-up, fabrication of the 1/6th-scala model walls, and
the data collection and reduction procedures. Section 3.0 presents the
results of the experimental program for both the reinforced concrete and
masonry walls. The effects of varying wall thickness, reinforcement, con-
crete strength, charge location and impulse on the fragmentation charac-
teristics of reinforced concrete are all discussed in this section. Sec-
tion 4.0 presents conclusions, while Section 5.0 presents recommendations
and Section 6.0 is the list of references. The results of the literature
search and review of related programs as well as the details of the model
analysis are presented in Appendix A.

3
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2.0 EXPERIMENTAL PROCRAM

2.1 General

The objective of this test program was to obtain the fragmentation
characteristics of reinforced concrete dividing walls and masonry divid-
ing walls subjected to transient air shocks. Fragment data such as frag-
ment velocities, shapes, sizes, and density downrange were obtained for
1/6th-scale model reinforced concrete dividing walls and for full-scale
masonry block dividing walls. The tests on the reinforced concrete walls
were performed varying the wall thickness, reinforcement bar spacing, wall
support conditions, charge weight, and standoff distance. The tests on the
masonry block walls were performed varying only the charge size and standoff
distance. Fragment velocities were measured for all tests using high-speed
cameras, and the fragments themselves were recovered using a fine sand

runway. Fragment downrange positions were recorded and each individual
fragment was welghed and sized.

2.2 Fabrication of Reinforced Concrete Model Walls

In selecting a representative scale model dividing wall, consider-
able research was performed to obtain the physical dimensions of a full-
scale dividing wall. It was found that dividing walls range in thickness
from 15.24 cm (6.0 inches) to several feet, in height from 2.44 to 4.57 m
(8.0 to 15.0 feet) and in width from 2.44 to 6.1 m (8.0 to 20.0 feet).
Most dividing walls have vertical and horizontal reinforcement bars [No.
4 rebar at 30.48 cm (12 inches) centers] and may or may not have lacing,
T™ 5-1300 (Reference 1) requires that newer walls have lacing; however,
for this program it was decided to limit the study to walls with vertical
and horizontal reinforcements without lacing. Four full-scale wall de-
signs were selected as being representative of dividing walls and they
include the following:

1) 2.44mx 2.4 mx0.3m (8 ft x 8 ft x 1 ft) with No. 4
rebar at 30.5 cm (12 in) centers

2) 2,44 mx 2.446mx 0.3 m (8 ft x 8 ft x 1 ft) with No. &
rebar at 15.2 c¢m (6 in) centers

3) 2,446 mx 2.44 mx 0.46 m (8 ft x 8 ft x 1.5 ft) with No.
4 rebar at 30.5 cm (12 in) centers

4) 2,44 mx 2.44 mx 0,46 m (8 ft x 8 ft x 1.5 ft) with No.
4 rebar at 15.2 cm (6 in) centers.

As previously mentioned, it was decided to use 1/6th-scale model walls

and the corresponding 1/6th-scale model walls had the following dimen-
sions:

1) 0.46m x 0.46 m x 5.1 cm (18 in x 18 in x 2 in) with
0.21 cm (0.083 in) wire at 5.1 cm (2 in) centers
(Design No. 1)
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2) 0.46m x0.46 m x 5.1 cm (18 in x 18 in x 2 in) with
0.21 cm (0.083 in) wire at 2.54 ecm (1 in) centers
(Design No. 2)

3) 0.46 m x 0.46 m x 7.62 cm (18 in x 18 in x 3 in) with
0.21 cm (0.083 in) wire at 5.1 cm (2 in) centers
(Design No. 3)

4) 0.46 m x 0.46 m x 7.62 cm (18 in x 18 in x 3 in) with
0.21 cm (U.083 in) wire at 2.54 cm (1 in) centers
(Design No. 4).

In fabricating the 1/6th-scale model walls, 14 gage [0.21 cm (0.083 in)
diameter] galvanized steel wire was used to simulate the reinforcing
bars. It was felt that the bond between the rebar and the concrete in
the fuli-scale walls was important enough that an attempt to model the
deformations on the full-scale rebar should be made. Therefore, a knurl-
ing tool was used to deform the 14 gage wire. Figure 2-1 presents a
picture of the deformed wire. Yield and tensile strength tests were
performed on the deformed wire and the yield strength was found to be
404.4 MPa (58,700 psi) and the ultimate strength was 451.3 MPa (65,500
psi) with a percent elongation of approximately 14 percent. These
strengths were judged to be acceptable and this particular type of wire
was used in all of the scaled reinforced concrete walls.

A number of concrete mixes were also evaluated in an effort to
obtain a concrete and scaled aggregate which would give the necessary
compressive strength of approximately 27.6 MPa (4,000 psi). Table 2-1
presents a summary of the various mixes which were tested. Included in
this table are the results of ‘e compressive strength tests performed
on each type concrete. Initially, the decision was made to use a Port-
land Type III concrece which 18 a fast setting, high strength concrete.
However, the compressive strengths for the mixes using Type III concrete
were either too uigh or the mix was too thick and would not flow. It
was decided to use Type I concrete instead of Type III because the Type
I would attain lower strengths than the Type III, i.e., in the neighbor-
hood of 27.6 MPa (4,000 psi) after a seven day cure, and the strength
would not increase appreciably over a several month time span. Tests
No. 3, 4 and 5 were performed using different aggregate, sand, and con-
crete ratios and also by varying the amount of water. The resulting
mixes were found to be either too thick or the strength was too low.

Two more concrete mixes were tested, Tests No. 6 and 7. These mixes
were fluid enough to allow for easy pouring into the molds for the
scale walls and the strengths; specifically Test No. 7 was acceptable.

Molds for the reinforced concrete walls were composed of a rec-
tangular plywood frame which was designed to be reusable. Each mold
had a series of holes drilled intec the sides which accepted the scale
rebar and held it in position at the proper depth in the wall, about
6.55 mm (0.25 in) from the surface of the wall, Figure 2-2 shows a
completed mold with both vertical and horizontal rebar. The concrete
was poured into the molds such that an approximate layer of concrete,
6.35 mm (0.25 in) thick, covered the rebar on both the front and back
sides of the wall. Compression test coupons were poured every time
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that walls were poured to allow the determination of the walls' compres-
sive strength at the time of tescing. The test walls were allowed to
cure for at least seven days prior to testing.

A test fixture was designed to allow for testing the scaled model
reinforced concrete walls in two support configurations, i.e., one side
supported and three side supported. A design drawing of the mounting
fixture has been included in this report as Figure 2-3. This fixture
consists of a 15.24 cm (6.0 in) deep horizontal bracket and two remov-
able 7.62 cm (3.0 in) deep side brackets. Walls to be tested with one
slde fixed were mounted in the horizontal bracket. For tests with three
sides fixed, the vertical side brackets were attached to the fixture and
the wall was then slipped down between the two side hrackets and into the
horizontal bracket. Shims were used to secure the wall rigidly inside
the frame, both at the sides and at the bottom. Figure 2-4 shows a wall
supperied on one side, at the base, simulating a wall fixed at th. bottom
and Figure 2-5 shows a wall supported on three sides.

2.3 Fabrication of Masonry Block Dividing Walls

The pirimary ewphasis of this program was on fragmentation of blast
loaded reinforced concrete walls, however, a limlited test program, i.e.,
four tents, was conducted on masonry block dividing walls. Due to the
difficulties associated with fabricating 1/6th-scale model masonry blocks
and the complexity of the molds that would have to be built, it was de-
cided to use full-scale masonry blocks. The walls fabricated were 163
cm (64.0 in) wide, 142 cm (56.0 in) high and supported only at the base.
A review of design drawings for typical masonry walls showed that these
walls normally have No. 6 rebar at 122 cm (48.0 in) centers as well as a
wall/foundation tie-down. The masonry block dividing walls built for
this program had this reinforcement as shown in Figure 2-6. Two divid-
ing walls were built using the standard haydite blocks and two walls were
built using the stronger concrete blocks. Each of the walls was allowed
to cure for at least three days prior to testing. The two tests performed
on the haydite block walls used the same charge weight, 0.454 kg (1 1b)
of C-4 explosive; however, the standoff distance was varied. Oune of the
tests on the concrete block wall was performed using 0.454 kg (1 1b) of
C-4 charge and at the same standoff as the haydite block tests fo: com-
parison purposes and the second test was performed using a 1.362 kg (3.0
1b) of C~4 charge. Details of the test program are provided in a later
section,

2.4 Test Setup and Procedures

A detailed test program was developed for this study and is sum-
marized in Table 2-2, Tests were conducted varying the reinforced con-
crete wall thickness, the percent reinforcement, the charge size, the
stardoff distance and the constraint conditions. The initial values
for the peak specific impulse delivered to the pancls were calculated
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Fiou~® 2-5, PHOTOGRAPH OF THE TEST FIXTURE FOR A
THREE SIDE SUPPORTED TEST
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using the TM £-1300 criteria given in Appendix A as equation (A-2).

The actnal standoff distances and charge weights employed in these tests
were determined from the impulse versus scaled distance curves in Refer- ‘
ence 2. The tests were conducted utilizing the test setup and procedures as
described below.

The setup used for the testing of the reinforced concrete walls
consisted of a mounting fixture, a fragment recovery pit, camera emplace-
ments, velocity grid sheets, and an explosive charge support frame. The
fragment recovery area consisted of a fine sand runway 4.9 m (16.0 ft)
wide and 33 m (108.0 ft) long, and the support frame was mounted at the
head of this recovery area. The test setup is shown schematically in
Figure 2-7. A gridded background was positioned directly across from
a high-spesd camera and a witness camera, used in determining fragment
velocities. The high~speed camera normaliy was run at 400 frames per
second while the witness camera was run at 64 frames per second. The
scale model wall was divided into quadrants and each quarter was painted
with a different color, i.e., blue, green, red, and white, in an effort
to determine better the fragmentation pattern downrange, i.e., which

quadrant did the fragmnents come from, and how many fragments were pro-
duced from each quadrent. Briefly, the test sequence consisted of mount-

ing the test wall in the support frame, loading and positioning the cam-
eras across from the gridded backgound, and then positioning the C-4
explosive charge. For the majority of the tests, the C-4 charge was po-
sitioned 0.18 m (0.6 ft) from the base of the wall to simulate a charge lo-
cated 0.9 m (3.0 ft) from the floor of a full-scale building. After the charge
was detonated, the resulting fragments were numbered, their position in
the recovery pit was recorded, and the fragments were collected for later
data reduction. The data reduction consisted of sizing and weighing each
fragment, determining whether the fragments were chunky, i.e., large drag
area and a very small lift area, or pancake, i.e., large lift orea and a
small drag area, and determining the fragment velocities. As previously
mentioned, the high-speed camera and the gridded background were used to
determine fragment velocities. The velocity of a fragment was calculated
by measuring the tire, i.e., the number of frames on the high~speed film,
that it took the fragment to travel a specific distance as referenced nn
the gridded background. Since the gridded background was 1.2 m (4.0 ft)
from the center of the panel, the distance traveled by a fragment as
measured on the grid was adjusted to account for the depth of field
errors. For example, Figure 2~-8 shows a setup for a typical test, with
the cameras located 6.6 m (21.5 ft) from the center of the test wall,

and the gridded beckground located 1.2 m (4.0 f£i) from the center of the
wall. If the fragment traveled 1.2 m (4.0 ft) as referenced by the grid,
the fragment will actually travel only 0,85 m (2.8 ft). Whenever possi-
ble, velocities were calculated for several fragments for ecach test. A
summary of the velocities for all of the tests is given in a later sec-
tion cf this report.
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3.0 TEST RESULTS

3.1 General

Tests were conducted against 1/6th-scale reinforced concrete walle
and against full-scale masonry blcck walls during this program. In each
test, the fragment velocity was recorded using high-speed 16 mm cameras.
The fragments were collected in a fine sand runway and the mass, dimen-
sions and range traveled for each fragment were recorded. In addition,
the geometric shape of the fragment, and the color of the fragment was
recorded. The information collected on each test was entered into a
computer for data reduction. Because of the large number of fragments
collected iu these tests, it is impractical to present all of the data
collected during thig effort. Instead, statistical summaries of the
fragments collected and variations in the maximum responses will be
presented.

3.2 Reinforced Concrete Panel Test Results

Failure Patterns

Appendix B presents a detailed description of the results of each
test, with emphasis on the panel failure patterns. Panel failure modes
are quite complex, and depend primarily on the impulse applied to the
panel, the edge conditions, wall thickness, amount of reinforcing, aad
the concrete strength, As the impulse applied to the panel is varied,
the wall response can vary from little or no response, incipient spalla-
tion, localized spallation similar to ballistic plugging behavior, mas-~
sive spallation and even the shearing of the panel out of its support.
Panels supported on one edge often have a tendency, at moderate impulse
levels, to fail at the base so that the panel undergoes a net rotation,
away from the charge. Usually, the panel perimeter is relatively intact
except at the center where a localized volume of interior concrete* and
a large portion of the surface concretet has been ejected. As the im-
pulse level is increased, the panel will often fail both at the bottom
support and on a line parallel to the bottom support near the level of
the charge as is shown in Figure 3-1. This type of dual hinge failure
is associated with a large number of high velocity, but moderate mass

*Interior fragments - fragments originating from the concrete between
the reinforcement layers. Generally, these fragments are chunky and
of a size less than the reinforcement spacing.

+Surface fragments - fragments originating from the thin layer of con-

crete between the panel surface and the nearest reinforcement layer.
Generally, they are pancake shaped.
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fragments. At hipuer impulse levels, the wall is shearcd completely
from the support. Often major pieces of the wall (1/4 to 3/4 of the
panel) remain intact and can travel substantial distances, albeit at
low velocities. 7The trajectory of these extremely large fragments is
very flat so that they usually roll end over end, much like a wheel.
Also associated with these high impulse tests are a very high number
of fragments, mary with significant and potentially damaging masses
and velocities.

Panels supported on three edges exhibit failure patterns that
are markedly different than panels supported only on one edge. At low
impulse levels, the panels fail at all three supports and at the cen-
ter along a line parallel to the two upright supports. A small volume
of interior concrete and a large portion of the surface concrete is
usually ejected as was the case in the test panel shown in Figure 3-2.
As the impulse increases to moderate levels, more fragments with larg-
er masses and higher velocities are ejected. At large impulses, the
panel may shear compietely off at the supports as was the case in Test
36 (see Figure 3-3). In this test, the lower two quadrants were mas-
sively fractured and most of this material has separated from the bulk
of the panel. The upper right quadrant tumbled in a low trajectory
and landed 17 m (56.0 ft) downrange. The top left quadrant traveled
in a low trajectory to a point 4.3 m (14.1 ft) downrange.

3.3 General Summary of Test Results

For each test, a general summary of the test results was prepared.
This summary contains information about all aspects of the tests includ-
ing a description of the panel, the charge and the fragments produced.
The fragment characteristic summary contains the number of fragments re-
covered, the average and largest mass, the average and the longest range
for each of three fragment categories: source, shape and total. "Source'
refers to the probable origin of the fragment. Possible sources are in -
terior fragments, fragments from the acceptor side of the panel, and
fragments from the front face of the panel. This latter category 1s
further subdivided into quadrants of the panel from which the fragments
originated, as determined by the fragment color. The bottom quadraats
vwere painted red or white, and the top quadrants were painted blue and
green. The shape category has two possiblities: “chunky” or "pancake.”
A fragment is characterized as being a “"pancake” 1f the ratio of the
largest fragment dimensions to the smallest dimension exceeds 2.0. All
other fragments are considered "chunky.” The final fragment category is
labeled total. As its name implies, this category summarizes the data
collected for every test.

The general test summaries are found in Appendix C organized by
test aumber. Several general observations can be drawn from the
summaries in Appendix C. First, all "pancake” fragments usually out-
number “chunky” fragmeants by a better than 2 to 1 margin. However,
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the "chunky" fragments average range is alaost always greater than the
average range of the '"pancake" fragments. In single side supported
tests, the average range for '"chunky" fragments averaged approximately
1.75 times that for "pancake' fragments., In three side supported tests,
"chunky" fragments averaged only 1.2 times the '"pancake' fragment aver:-
age range. Fragments originating from the interior of the paunel or from
the front face, the painted side, each represent about 40% of the frag-
ments generated cn a given test. The remaining 20% originate from the
acceptor side of the panel., On tests where the charge was centered on
the exposed part of the wall (Tests 1, 2, and 3), the majority of the
fragments originate from the lower two quadrants, i.e., about twice as
many fragments originated from the lower half of the panel as from the
upper portion of the panel. When the charge was lowered to one-third
the height of the panel, the majority of the fragments originated from
the lower quadrant, i,e., approximately three times as many fragments
were produced from the lower quadrants cf the wall as from the upper
quadrants.

3.4 Fragment Mass Distributions

The mass distribution of fragments emanating from the reinforced
concrete walls are plotted in Figures 3-4 through 3-8. The format of
the curves is the same as used in arena tests of bombs and large caliber
projectiles: Mott distribution (Reference 3). These curves consist of
plotting the number ¢f fragments with a mass greater than a given mass,
M. The mass distributions are plotted in several sets depending on the
wall strength, the charge placement and the number of sides supported.
The test series number in the plot title (see Table 2-2), is used to
group tests with similar panel geometry. For example, test sevies 3
consists of all single side supported panels, 7.62 cm (3.0 in) thick
and rebar spacing of 2.54 cm (1.0 in). If the charge was centered on
the panel, a "C" is appended to the test series number. 1If the panel
strength, as measured in static compression, exceeds 27.6 MPa (4000
psi), an "S" for strong is appendad to the test series number. Other-
wise, a "W" for weak i1s used. Figure 3-4 presents the mass distribu-
tions for the three tests with the charge centered on the panel. Fig-
ures 1-5 and 3-6 present the mass distribution for weak and strong
panels supported on one edge. Figures 3-7 and 3-8 present the same
distribution for weak and strong panels supported on three edges. The
effect of panel strength on mass distribution can be observed by com-
paring the data for Test 4 [f.” = 9.2 MPa (1330 psi)] and Test 9 [f.” =
33 MPa (4800 psi)] (See Figures 3-5b and 3-6b). The two curves are near:-
ly parallel with the weaker panel producing more fragments in each size
range than the strong panel for the same impulse applied to the panel.
The effect of reinforcement spacing can be observed by comparing Tests
8 [Rg = 2.54 cm (1.0 in)] and 9 [Rg = 5.09 cm (2.0 in)] (See Figures
3-6a and 3-6b). Again, the curves are essentially parallel with the
tests using widely spaced rebar producing more fragments than in the
closely spaced rebar tests. The effect of panel restraint can be
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observed by comparing Tests 21 /three side supported} and 17 (one side
supported). In this case, three side supported panels produced more
fragments in each mass range. The effect of increasing the impulse can
be clearly seen on Figure 3-6d. Each test corresponds to an increasing
total impulse level ranging from 2.53 x 105 to 6.18 x 103 Nt-sec (56,900
for Test 10 to 139,000 lbg-sec for Test 18). Note that Test 18 had a
1.362 kg (3.0 1b) charge while the remaining tests had 0.454 kg (1.0

1b) cherges. In summary, more fragments at each mass level are produced,
all other parameters held constant, when:

the total impulse applied to the panel is increased,
the panel compreszive strength is decreased,

the reinforcement =pacing is increased, or

the number of suppurting edges is increased.

3.5 Fragment Range Distributions

Fragment range distributions are presented in Figures }-9 through
3-13 in a format similar to that used to present the mass distributions.
Figure 3-9 presents the range distributions for tests with the exploeive
charge centered on the panel. Figures 2-10 and 3~11 present the range
distributions for weak and strong single edge supported panels. Figures
3-12 and 3-13 are the range data for weak and strong panels supported on
three edges. The effect of varying the various test parameters on the
range distribution was examined using the same tests for a comparison
basis as in the mass distribution discussion., It was found that more
fragments at each range level were produced when:

the total impulse was increased,

the panel compressive strength was decreased,
the reinforcement spacing was increased, or
the number of supporting edges was increased.

The ranges presented in this section represent .1/6th-scale test results.
Direct extrapolaticn to full-scale range is not possible since the accel-
eration cdue to gravity was not properly scaled. The qualitative results,
that is, the effect of changing the various test parameters, are thought
to be accurate.

3.6 Velocity Distributions

Table 3-1 summarizes the fragment velocity data accumulated dur-
ing this program. The number of fragment velocitles reduced for each
test range from one to ten readings, which is a small percentage of the
total number of fragments produced on a test. The fragments selected
were chosen to obtain a cross section of the velocitles present on each
test, but the choice of fragments selected was biased towards the fast-
est fragments to ensure that the highest velocity was reduced. For this
reason, no statistical analysis of fragment velocities was performed.
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1
b
.' ]
h Fragsunt ¥V \ocity, (m/s) ’
Test T‘
"o. Nfrag 1 2 3 4 5 6 7 8 9 10
1 1 11,278
2 6 10.481 12.192 13.686 %an 33.5%8 41,636
3 2 14.783 19.964 ‘
4 6 10,546 13.716 15,880 16.398 20.604 26.243 4
s 6 4,785 5.852 9.906 10.028 10.119 15.850 %
6 i 1.494 ;]
7 s 3.73% | 10.%46 13,106 13.137 24.018 A
8 3 7.437 5.502 4.886 §
\ 9 8 6.9799 8.0467 9.845 11,491 17.922 18.166 19,599 20.025 E
10 3 4.023 8.5039 9.388 4
11 5 5.425 8.839 15,545 15.545 19.233 ﬂ
; 12 7 2.518 4.694 7.559 10.790 10.820 10.820 20.361 j
13 8 2,883 6.492 8.809 9.997 10,426 20.513 26.944 31.364 I
14 1 11.186
15 7 4,572 15.453 19.416 19.660 20.269 21,732 23.652 ;
} 16 6 1.981 2,874 3.627 4,237 5,425 8.839 :
| 17 ? 6.919 7.193 9.845 12.466 12,527 15,240 20.086
18 7 22,372 27,310 31.242 31,852 32.796 33.101 15.692
19 s 6.949 9.601 10.261 11,460 11.582
[ 20 7 4.877 6.157 8.108 10,942 11,064 11.918 12.954
| 21 8 4.115 5.761 6.066 6.828 8.636 8.748 14.387 17.556 :
22 7 3.475 10,577 11.399 13,198 13,807 14.173 15.240 j
; 23 8 6.858 9.296 10.698 16.855 20.665 24.933 26.396 27.80 ﬁ
A 24 9 8.443 9.083 i..758 16.7% 18.318 18.959 19.812 19.873 20.726 ;
25 8 7.07 16.124 18.898 21.092 23.927 26,792 26,853 28,011 X
26 10 2.7174 3.170 5,090 12,131 15.545 15.85%0 19.141 19.568 20.391 23.470 %
! 27 7 3.292 4.328 4,512 4.633 5,486 7.224 9.632 g
28 3 6.404 6.440 7.437 e
: 29 6 7.193 7.346 7.894 8.595 10,261 13.045 }?
30 6 10.638 11.156 12,405 12.893 13.198 13.807 g
n 5 3.962 7.620 8.199 12.616 12.77 3
32 3 3.078 3.685 8.382
] 3 3 2,569 2.908 7.166 | ‘
N 3% 4 4.481 6.949 8.217 10.272 b
A 3 5 13.106 14.90% 21,610 | 27.55 | 3s.082 b
3% 8 4.907 12.710 16.002 21.031 21.031 26.274 27.005 3.131 §§
:
i
5
b?
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3.7 Maximum Responses

In the following paragraphs the largest velocity, range and mass
observed in the reinforced concrete tests will be discussed. These re-
sponses are given In Tables 3-2 and 3-3 for the single and three side sup-
ported test series. The responses are presented graphically in an empir-
ically derived format. The plots are all a function of a parameter which
we call the impulse factor. Equation 3-1, the impulse factor, is defined
as the total impulse applied to the panel Ipgr, divided by the square root
of the effective panel thickness. The effective thickness is, in turn,
defined as the total panel thickness, t, minus the amount of concrete cov-
ering the rebar on the front (painted side, opposite the charge) face of
the panel, dc. ITOT

Impulse Factor = - . (3~1)
Yt - dc

In some cases, a scaled impulse factor, defined as the impulse factor
divided by the square root of the explosive weight, is used. 1In each case
two plots are given, one for strong [f.” > 27.€ MPa (4000 psi)] panels sup-
ported on one edge and one for the panels supported on three edges. Also in
figures which follow, 1,362 kg (3.0 1lb) charges are denoted by a plot symbol
which has been colored in; 0.454 kg (1.0 1b) charges are open and 0.227 kg
(0.5 1b) are partially colored.

The total impulse was obtained by integrating the impulse distri-
bution over the surface of the panel. Reference 4 provides some experi-
mentally derived curves which give the impulse distribution over a plot
surface as a function of the scaled standoff distance. The curves from
Reference 4 were curve fitted to obtain a mathematical expression which
can be used to evaluate the impulse at any one point on the panel sur-
face. The resulting curve fit expression is given by equation (3-2) and
is displayed in Figure 3-14.

1€2,9) _ exp (A Sech (B)) 1b-sec (3-2)
w1/3 lb1/3

where A = 5,232 - 1,627 1n Z + 0.3346 (1ln Z)2

[0.751 + 0.0958 Z - (0.134 + 0.0211 Z) ] ¢
Scaled standoff distance, in ft/1bl/3
Scaled position, X/R, (see insert in Figure 3-14).

B
A
¢

This equation can be used to obtain reasonable estimates for the impulse
at any point on a flat surface subject to the following constraints:

Scaled distance: 0.3 < R/WL/3 < 3.0, ft/1b1/3
Scaled position: 0 < ¢ < 3.0
Charge weight: 0.5 < < 3.0, 1b

To obtain the total impulse acting on the panel, equation (3-2).
was Integrated over the surface area of the panel. For a square panel

with a length of one side of %, and the charge located at one half the
height of the panel, the total impulse is given by:
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/2 %/2

T°T-4 f f 1(Z,0) (12/3 dx dy (3-3)

Equation (3-3) cannot be integrated directly, so the numerical procedure
given by equation (3-4) was devised. As long as Ax and Ay are sufficient-

ly small, equation (3-4) will provide a reasonably accurate estimate for
the total impulse acting on a panel.

/2 4/2

Ax Ay (3-4)
)L R
X=0 y=o

The total impulse was calculated for each of the 36 reinforced concrete
tests using Ax and Ay of one-hundredth of the length of one panel side.
The total impulse for the one and three side supported panels was sum-
marized in Tables 3-1 and 3-2,

3.7.1 Largest Velocity

Figures 3-15a and 3-15b present the largest velocity data for the
single and three side supported tests. In both cases, the largest velo-
city increases roughly linearly with the impulse factor, ITor. Both
sets of data were curve fit and the resulting linear equations are shown
on the respective plots. Also shown on the figures are the standard
deviation o, and the multiple correlation coefficient r of the curve fits.
The fit for the three side support curve is better than the one for one edge
supported, as evidenced by the lower standard deviation and multiple correla-
tion coefficient. At low impulse levels, the largest velocity is about the
same for both kinds of suporting arrangements. For high impulse levels, above
approximately 14.0 x 10° Nt-s/m'% (1.8 x 105 psi-s/ft*), the largest velo-
city for three side supported panels begins to exceed that for the single
side supported panels. Note that the 0.227 kg (0.5 1b) and 1.36 kg (3.0
1b) charges on both graphs follow the trend line of the 0.454 kg (1.0 1b)
charge data.

3.7.2 Largest Range

Figures 3-16a and 3-16b present the curves for the largest range
for fragments emanating from panels supported on one and three sides.
The use of the scaled range defined as the largest range Ry, divided
by the rebar spacing Rg, appears to correlate the test data adequately
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FIGURE 3-15a,

THe LARGEST FRAGMENT VELOCITY AS A FUNCTION

oF THE IMPULSE FAcTOR FOR SINGLE Sipt SUPPORTED PANELS
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with the scaled impulse factor for the single side supported panels, and
the impulse factor for the panels supported on three sides. This implies
that at equivalent impulse levels, the largest range will be about twice
as long for panels with rebar spacing of 5.08 cm (2.0 in) as than for panels
with Rg = 2.54 cm (1.0 in) at equivalent impulse levels. Although the
graphs are on different scales, it is clear that the largest range for
fragments emanating from three side su»ported panels exceeds that of the
panels supported on one edge. 'The difference is negligible at low im-
pulse levels, but increases as the total impulse on the panel increases.
The curve fit for the three side supported panels is better than that for

the cantilevered panel data as evidenced by the higher multiple correla-
tion coefficient.

3.7.3 Number of Fragments Produced

Figures 2-17a and 3-17b present the curves for the number of frag-
ments produced from panels with one and three sideysupported. The data
were found to correlate well when the number of fragments, Ny, divided
by tne rebar spacing, Ry, was plotted as a function of the scaled im-
pulse factor for cantilevered panels, and the impulse facztor for the
panels supported on one edge. This implies that at equivalent impulse
levele, the number of fragments produced in tests with Rg = 5.08 cm

(2.0 in) will be roughly twice that for panels with Rg = 2.54 cm (1.0
in).

3.7.4 Largest Mass

Figure 3-18 presents tlie curves for the largest mass iecovered
in experiments with the cantilevered and three side supported panels,
The y-axis on the plots is the largest mass, s divided bv the rebar
spacing, Rg. The x-axis is the scaled impulse factor for the single
side supported panels or the impulse factor for the three side supported
panels. The data correlation is better for the largest mass for the
three side supported panels as evidenced Ly the higher multiple correla-
tion coefficient. It is spparent that at equivalent scaled impulses, the
largest mass produced in experiments with reinforcement spaciungs of 5,08

cm (2.0 in) will be roughly twice that for tests with Rg = 2.54 cm (1.0 in).

3.8 Masunry Wall Test Results

Four tests were performed on full-scale wasonry walls, two tests on
walls built using haydite blocks and two tests on walls built using con-
crete blocks. Summaries of these four tests were prepared and have been
included here as Table ’-4. Included in these summaries are a description
of the wall parameters, charge size, ctandoff distance, impulse, number of
fragments recovered, maximum fragment range, maximum fragment mass, average
fragment velocity, and a short description of the test results.

61

L eSme A n AR

=8

N ——

-1

P

R SRR e M a s D
gy

FONNESTHEREC ] P S (A

e
-

ek

T

e
S
s

.5'2_‘,:§§vs.v

X



TTws s e e -— —_— v —————— —— _—

SINGLE SIDE SUPPQORTED

1/M

NF/RS.

6000 A ‘I L} j T ‘T { j —T(*T 1 T 1 -_]; i '. T T il
]
- ¢ A -
5250 M 7
5 ] {
4500 — -
B b 1
3750 - 1
N , 7.75% 1073 Tyor 1
7 = -1.04 x 10" + 72 o
3000 |-Rs W -
M |
Lo = 647.0/m | |
3!
2250 [T =0.93 A _ |
i
i |
1 SIDE SUPPORTED ] l
|
1500 |- SYMBOL RS T - |
S |
| Q 1 2 ] '
A 2 2 |
750. |- -
X 1 3
B o 2 3 9
5.90 o T T

135, 143. 150. 1583. 18S. 173. 18C. 188. 195. 203. 210.

(@)}

SCALED IMPULSE FACTOR «+iQl=» 4

FiGure 3-17a, NUMBER oF FRAZMENTS PRODUCED AS A FUNCTION 9F THE
ScaL.D IMPuLse FAcToR FOR SINGLE SIDE SUPPORTED PANELS

62




S il

D T TR % e - g —

R e ——

THREE SIDE SUPPORTED

:;‘* 18000 T ] — j \J v Y I - T g ﬁ‘ Y T T T 1
e A
1a 16000 - N
| - [ | ]
i 14000 + N
F 4 -2 - n
! = = =1,69 x 10 + 1.93 x 10 ITOT
; ~ S 7
12000 |- g = 1905.0/m -
- r =0.92 -
: 5 10000 -
r —
% [ |
T gooo .
| =
; ' of O
| 6000 -
| 3 SIDES SUPPORTED
| + A SYMBOL RS T ]
W 4000 - —_
dD/A m a 1 2
r (o) 2 2 ]
| 2000 | / A 1 s
9.90 d-x & ' | | 1 g H e | N | L | P B
) £0.0 90.0 10C. 10. 120. 130. i40. 1S0. 160. 170.
TMPULSE FACTOR #1(Q0+» 4
FIGURE 3-178. NUMBER OF FRAGMENTS PRODUCED AS A FUNCTION OF THE
IMpuLSE FAcTOrR FOR THREE SIDE SUPPORTED PANELS
63
|
!
fli
: - T o amah V""l')ﬁ:\f;‘je'&\\u@m: T SN A A Lt 4 S e

¥
L}
D
]
.
- !
oot
[
|

2 R MBUREEI. WGBS e B S TBI T 3 1 S el R T g e g St PR P T

Fr




—————
-
—

———

KG/M

ML /RS,

SINGLE SIDE SUPPORTED

2
]O . 1R A 18 v T 1 7 7 7 ] N ] v =
-
",
r
10! &= *
. A 0 3
O =
~ O 3
.E :
o o
- ~
o -
’- -
A .
100 = -6 — —
E M 3.51 x 107 Tpoe 1 SIDE SUPPORTED 3
E -2 = 25,03 + 73 -
- Rg W SYMBOL RS T -
~ -
~ o = 3.51 kg/m Q 1 2 ]
- A 2 2 ~
r>< r = 0.60 4
. 4 1 3 -
3 a O 2 3 :
]O‘l N ] 4 1 1 { 1 1 n ] ) { 51 1 | 1 B d )
135. 143. 150. 15S8. 165. 173. 180. 188. 195. 203. 210.

SCALED IMPULSE FACTOR +10Q=» 4

FIGURE 3-18aA.
ScALED IMPULSE FACTOR FOR SINGLE SI1DE SUPPORTED PANELS

64

LARGEST RECOVERED MASS AS A FUNCTION OF THE




KG/M

ML/RS.

BT R R I 1 A by bt L et

O
]

;
1
|
'

:

J
:

1

O
s

-

'I'I'l'l'l'l'] A '!'l'T'FT'I‘I'] ™ 'I'I'ITT'I‘T'F] LA LN L RS AP R UL
n Q :gnhjz
(] i u

-6 —
-8.53 + 8.93 x 10 ITOT

98.4 kg/m

0.69

O
o

3 SIDES SUPPORTED
) ™
+ SYMBOL RS r

N = N
W W o

S T T N A RN P U T A B PE TS P S T B S B P AR AT

|+ D o0

10-1.4-4 ] ] ] 1 ] L ] L ] 1

-

30.0 90.0 100. 110. 120. 130. 140. 130. 160.

~
O

[MPULSE FACTCR +iQ** 4

Ficure 3-18r, LARGEST RECOVERED MASS AS A FUNCTION OF THE
ImpuLse FacTor FOR THRee SiDe SUP“ORTED PANELS

65

e e aeer L a2 DAL T T e i T WAL, A M ML BT

-1

.

-

3% W

sl a

Rl

s

2&@&@5#»ﬁmﬁéﬁyéﬁgﬁj&%&&ﬁ@%@ﬁ?&ilﬁﬁgfﬁiﬁ%iiﬂtdaﬁﬁ




o

“Pa3821d 3aan sjuaninag oy
*(4ouy %) w3 g°] Inoqe da
paddod sea puw 39007 87 TIws
I JO 133u0 I’ R0TQ

dol -pIINIII BMA IIJUAD
TIW 343 I* YO2ID [EITIIA
® ‘zaa3m0y {30mIuy ST IR

seaxlap ¢y

A{aysuixozdde pamicjap 21am
832019 jo suwmyod Sujupsmay
*sjuandexy jo uojsiaderp w32
~3e] [[swe L13p -IZumiumop
(s342uF Q1) = S7°0 JO Ipysuy
aisawlely ay? jo L37a0fem
Y PIIA (sagouy (1) w g9
L133vupxezdde Juan Jussier]
ISIYIARE  “IIBJUF 1IN0 UAOEY
31an SYI0TQ OAL  *IAJUID MY
30 IN0 Une1q IToy B SBY [T

“sjuaaiell 3 jo uoypsiadsyp
TeI939] ATWIFT L2137  “Jawug

sjuamiea) yoo1q Jyey a3ayd
-803 U0 pus PPOTq TN 3wy
*£3330%3a ITIFT P (35 §)
B 9°7 IRARY I Uy 19} SfiIq

-39 33 jo L3zrofen -9
U} $1 S3207q jo Aol mo3304
*I83uf OF (YIPEA Uy XY0Iq T
-%) ITen 2421 jo sumn]o2 2pys

*doy ay3 woajy

(sayduy z1-£) w3 og-@1 Inoqe
8§ WoTIewiojap wmixsy ‘doy
Y3 SpIBA0] ATUIAD SISEPIOUF
UOYIE10Jaq “esEq A3 Ivau
UoFIFmMIcap ATIIF] " pImIO]Ip
PUB payORID ATI13a98 ST [TeA

SIuIemo)

(A4S

T°eT

dyon
Swag xey

T x€9°1 oy

Ty T X €9°Y 6€

Iy T =2 £9°1 8t

I'T X E9°1 143

— 0 - 91°1 L66°0 1€ 205 2§y 0  3323580)
S0°Y 8¢ €01 %80 969°0 Tee 805 ¥59'0 3w
41 (344 €11 61 SYE 0 T8€ 80S %1 SIIphey
- 0 - 80 9690 8¢ €8y €Sy'0  nphey
(=) o1z Tavsorea s (g agm) (ma) (=)  (Ty) 13014
auey 30 on 2 durisyg  IWra gl jo Q.

183da01 :—3:

o2y xoyy 3jopays dawmyy  afimy)

SITNSay IS9L TTeM SUIPTATQ AImoSeR ‘4~ oTqeL

(=) “oN
s1g 118 L

69




f:-:::#

-
ats

Test No's. 37 and 38 werc performed on walls built using haydite
blocks. Test No. 37 was perfovmed using a 0.454 kg (1.0 1b) charge at a
standoff distance of 0.38 m (1.25 ft). The wall was severely cracked and
deformed at the top, but the lower rows of blocks were fairly intact, as
can be seen in Figure 3-19. Test No. 38 was performed using a 1.362 kg
(3.0 1b) charge at the same standoff distance as that of Test No. 37.
Since the scaled impulse was significantly higher, a greater degree of
fragmentation was expected and did in fact result. A total of 229 frag-
ments were produced, with the majority of the fragments coming from the
center of the wall.

Test No's. 39 and 40 were performed on walls built with the con-
crete blocks. Test No. 39 was performed using the same charge weight and
standoff distance used in Test No. 37 in order to obtain a comparison be-
tween the haydite and concrete blocks. A total of 78 fragments were pro-
duced in this test, with the majority of fragments originating from the
center of the wall (see Figure 3-20). Several complete blccks were
launched downrange and only the side columns remained upright. Test No.
40 was performed using a 0.454 kg (1.0 1b) charge and a standoff distance
of 0.3.m (0.98 ft)., No fragments were produced; however, the wall did
sustain a vertical crack at the wall center.

Even though a very limited number of tests on masonry walls were
performed, some observations and general conclusions can be drawn:

1) the masonry block walls do not break up as
drastically as do the reinforced concrete
walls,

2) fragments produced have a much lower veloclty
than do fragments produced from reintorced
concrete walls, and

3) masonry wall fragments have & much shorter
range.
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FIGURE 3-19,

FAILURE PATTERN FOR A HayDITE BLock
Divipine WALL TesT
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4.0 CONCLUSIONS

(I ' A small scale test program of reinforced concrete and masonry

characte

A dividing walls was performed in order to determine the fragmentation

ristics of the reinforced concrete and masonry walls subjected

¥ to close-in blast effects. Parameters of prime importance were: frag-

-, This tes

v fragment
: tistical

general

T T TTe

ment velocity, fragment shape and size, and fragment density downrange.

. t program has been the most highly documented wrll I.agmentarion
1 test program to date and several important inncvaiions w2ie made. The

- color coding of the wall panel allowed che origiu of the fragments to be
{ recorded. Complete documentation of cvery iragment collected including

dimensional size, mass, -hape and recovery location enabled sta-
evaluation of *he depris that was formed in each experiment.

Based on the [iaguent characteristics data generated during these
experimants on reiuforced concrete panels and masonry walls, a number of

conclusions can be drawn which could be beneficial to designers:

Fragments produced as a result of a dividing wall failure
can be classified as either "'chunky" or "pancake" in shape
with the "chunky" fragments traveling 20 to 50 peicent
further than the '"pancake" fragments.

A wide range of velocities and initial trajectory angles

are present in every test, however, the predominant tra-

jectory of the higher velocity fragments is normal to the
panel surface,

Walls supported on three sides as compared to cantilevered
walls were found to present the greatest hazard due to higher
fragment velocities at equivalent impulse levels.

For charges located at one-half of the height of the panel
above the grouad, approximately twice as many fragments
originated from the lower half of the panel as from the upper
half. 1In addition, it was found that the panel underwent a
net rotation, prior to fragment ejection, thereby directing
the majority of the fragments into the ground.

For charges located at one-third the height of the panel above
the ground, i.e., simulating a charge located 0.9 m (three feet)
from the floor of a full scale building, three times as many
fragments originated from the lower half of the panel as from
the top half with a greater number traveling downrange.

Masonry block walls do not fragment as drastically as do re-
inforced concrete walls. The fragments generally are quite
large, often consisting of one or more complete blocks, but

the velocities and ranges appear much lower. -
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) ! Based on the statistical distributions of fragment range, mass,
| and velocity, the following conclusions can be drawnm:
. ) e Fragments emanating from the interior of the panel comprise
A 40% of the number of fragments produced in any test. Frag-
. ments originating from the front face (opposite the chargg}
- comprise another 40% of the fragments. The remaining 20%°
i of the fragments are produced from the acceptor (charge side)
iy of the panel.
5

e Mass and range distributions in the format of Mott Distribu-
tions for arena fragmentation tests were prepared. The re-

- sulting distributions for fragment range and mass ave quali-

- tatively similar, and similar observations were drawn. More

fragments at each mass level, and more fragments at each range

level are produced, all other parameters held constant, when:

a) the total impulse applied to the panel is increased,
b) the panel compressive strength is decreased,

c) the reinforcement spacing is increased, or

d) the number of supporting edges is increased.

Based on the empirical analysis of the response parameters, the fol-
lowing conclusions can be drawn:

e The total impulse applied to the wall was discovered to be an
important and controlling parameter in wall fragmentation.

e The failure mechanism for cantilevered walls was qualitatively
different than the failure mechanism for walls supported on
three edges.

e The largest velocity was found to be independent of the rebar
' : spacing, but dependent on the total impulse acting on the wall,
| the effective wall thickaess, and the restraint conditions.

For walls supported on one edge, the total impulse acting on
the wall, the rebar spacing, explosive weight and the effec-
tive wall thickness were the primary factors controlling the
l largest range, the number of fragments, the largest mass and
‘ the average mass. The fragmentation hazard, as evidenced by
' ! the number of fragments, the average and largest mass and
the largest range, is increased when:

a) the total iwmpulse is increased,
‘ b) the rebar spacing is increased,
c) the panel thickness is decreased,
d) the explosive weight is increased, or
e) the panel compressive strength is decreased.
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Charge weight had no appreciable effect on walls supported on
three edges, outside of controlling the total impulse applied
to the wall. All other fragmentation hazard ‘trends for walls
supported on three sides were qualitatively similar to those

for the cantilevered walls.

Concrete blocks appear to be superior to haydite blocks in
resisting fragmentation.
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5.0 RECOMMENDATIONS

Based on the results of this program and the subsequent data anal-
ysis, the following recommendations are being made:
fu e arger scale, or near full-scale tests on reinforced con-
crete dividing walls should be conducted to verify and im-
. prove the empirical scaling laws presented in this report.

Additional tests of masonry walls should be conducted to
verify the results of the limited test program conducted
here and to improve the scaling laws.

o Conduct experimental programs to investigate more fully the
effect of the total impulse on the wall fragmentation pat-
terns. Specifically, investigate the difference between
large charges at large standoffs versus smaller charges lo-
cated closer to the panel.

® Conduct experimental programs to investigate the effect of
) off-center charge placement on wall fragmentation.

e Dividing walls should be built with only one side supported
instead of three sides supported to reduce potential frag-
mentation hazards.

® Design and test the effectiveness of new dividing wall con-
cepts such as:

' , 4) Hollow-walled reinforced concrete dividing wall similar
in design to a masonry block, see Figure 5-la.

N ' b) Solid reinforced concrete walls designed to rotate on
failure as shown in Figure 5-1b. This rotation of the
wall will direct the fragments into the ground thereby
reducing the potential fragment hazard downrange.

e The data collected on this program are quite extensive, how-
ever, all aspects cf the data have not been analyzed. It is
recomme~ded that formal statistical distributions of the mass,
and rang. as a function of the fragment origin, o~ fragment
shape be performed. Polar plcts or fragment density contours
should be produced. The effect of the concrete compressive
strength should be formally introduced into the empirical
analysis, as well as attempts to correlate the test results
with full-scale test data or analytical procedures. These
topics are suggested for further data analysis.

’
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a)

b) Hinge Failure Reinforced Concrete Wall
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APPENDIX A

A.l General

This section of the report suamzrizes the results of the literature
search conducted for this program and presents a model analysis developed
for fragmentation of reinforced concrete, A brief discussion of the uses
of dividing wells and the fragmentation of reinforced concrete has also
been included in this section.

A.2 Background Information

In munition manufacturing facilitiles, reinforced concrete dividing
walls are used as shields for personnel protection and ag physical barci-
ers betwaen explosive production steps, If an explosion should occur,
the dividing wall may break up uuder the overpressure loading, TFragrents
emerging from the back slde of the wall may impact an adjecent exploslve
source with sufficicot energy to cause u secondary initiation, or may be
n hazard fer nearwy f{ahabired buillings. The gensitivity of selected
munitions snd exploruves to fragmenu dmpact is being investigoted atd
sufficleont data are available t¢ predict threshold inltiation conditions
(Reference 1), Howuver, the fragment hazard usscclated with wall breakup
under olast loudings 1g an avea which has not been extensively studied.
Current predictive tnchniquea for determinine wall fragmentatism are
baded solely on anclytical vtudies which have limlted scopas anl few prac-
tical design applications (for example, C. A, Kot in References 2 and 3
providas a means for caleulating epall itragment thickness and valocity for
bLlast=loaded concrete panels which havz no rainforedng). Vor these rea-
sons, tle current vafety regulabions which have evolved nre quite congor~
vative:

1) bullding must be logated such that lesy tbaw one fragment:
per 55,7 w/ (6CH £t expooed bulldlng area with un ans gy
pteator than 78,6 J (58 foot pounds) strikog the otrucuire;

2) Lf the abova criceria (L) cnbuot be met, than Inhublted
budlddng dlatunce of 381 m (1250 ft) minimum S8 requlred
for siting quimtitlion preator thau 45.4 kg (100 1h),

In the majority of deslyn applications, the spall fragment don-

sity 18 not wnown, #so the second and mowt contly roquivewant 14 usually
enforewd.

Avd.l Mochanisma for Fragment Formugion

Whan a relnforceed coucrete eleweat 1s overloaded by o blast wave,
the alewent falls and conerety fragmonta are tHhemed. Dapending on she
dogroe of blast overload, the moechandiam tor fragmeuv formation may be
cither spalldag, scabbing or the generation of post-Calluve fragranta,

\
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A.2,2 Spalling of Concrete

One mechanism of fragment generation for concrete or masonry walls
loaded by strong air blast waves can be spalling. This physical process
is well described in the literature (see References 4 and 5), and 18 shown
schematically in Figure A-1l. The reflected air blast wave is transmitted
through the wall as a compressive wave, with velocity U and normal stress
o. The shock velocity is somewhat greater than sound velocity in the con-
crete, i.e.,

1/2

U>a = (E/p) (A-1)

For some types of masonry, there are data which give U as a function of
shock strength. The wave enters the wall with initial compressive stress
o} = Py, the reflected air shock overpressure, The profile of stress in
this shock 1s determined by the time history of the reflected overpres-
sure. As the wave passes through the wall, it may decay slightly [see
Figure A-1(a)].

On reflection from the rear face, the normal stress must drop to
zero, and this boundary condition is accommodated by a reflected tensile
wave which at filrst exactly cancels the compregaive stress in the trans-
mitted wave. But, as the tensile wave continues back through the wall,

a net tensile stress develops, and failure will occur at a location where
this stress exceeds the tensile strength of the concrete, e.g.,, where g4
or og in Flgure A-1(b) cxceeds tensile strength,

The spalling process we have just described s cssentially inde-
pondent of wall boundary conditions, provided the wall lateral dimenslons
are much greater than the thickness, 1t is predictable, and 1t 18 possl-
ble to estimite spall thickness und velocdty, 1f wave profiles and wall
materdal propertles are known., Actual fragment masses cannot be accu=
rately proedicted, however, and one must rely on test results to determine
thoege masses,

Av2.3 0 Seabbling of Conerete

From Refarence 6, seabblng of relnforced conercte vlementy {s de-
serlboed an the ond result-of a tenndon fallure in the coneroete normal to
Few tree surlface,  Scabbing 1s associated with large deflections which
occeur tn the Tater ostages of the ductile rouponse mode of the rolnforcoed
conerete element,  In genoeral, tho velocities of the scabbed fragments
are Towere than the velocltles ol apallad fragments,
Av2oh Pont=Fadlure Conerote Fragments

In the wituatlon where a refnforced concrote elomont i fafled by

exposure to o substantial blant overload, fragments are formoed and
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displaced at high velocitles (Reference 6). Failure nf an element is char-
octerized by the disperszal of crncrete fragments formed by the cracking and
disnlacement of the concrete between the doncr and receiver layers of the
r>inforcement. As an element deflects and the concrete begins to crush,
the compression stresses normally resisted by the concrete are transferred
to the reinforcuement. With increased deflections, these compressicn forces
tend to buckle the reinforcement outward thereby initiaving the rapid dis-
integration uf the element.

The velecity of individual fraguents varies and depends on: (1) the
magnitude of the excess impulse defined as the hlast impulse minas the flex-
ural impulse canacity of the e¢lement (area under the resistance-time rurve),
(2) tne mass of the fragment, (3) the locaticn of the fragment prior to col-
lapsz, (4 the interaction between the fragments during thedr flight and
(5) the strength and time history of the compressive stress wave transmitted
through the dividing wall as the blast wrve is reflected. Although the velo~
cities of individual fragments differ, the average tvanslutlonal velocity
V¢ of the debrils after tomplate failure can be approximated from the excess
jmpulse 1,, und the momentum of the wall aftes collapse, Equation (A-2),
taken from Referenne 6, provides « means of estimating the fragment velo-
cvities from the blast impulse and a knowledge of the dividing wall grometry.

2
r.d "f
. 2 . H e “dg 2 .
N e AR (4-2)

where iy applied unilt blast impulse
reinforcemant ratio in the horizontal dircctlon
do = distance between the centroids of the compression and
tenslon relnforcement
Fqu = dyuamie desdgn gstrees for the reinforcement
= apan helght .
vp o« masimum veloedty of the post-fallure tragmente
Cy @ dmpulue coeffletont
Gy post=tatluce frogment coefficinne

—_—
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A3 Liteeature Snarch

A npuber of decuments wetre reviewad tor uformation pertinoent to
thig program and o 1lat ol those documenta is presented hare ag Table A-L,
In aadliton Lo providiag data on tests of reloforeed conerete, these re-
ports provided Information on arcan such aw:  the use of deformad reln-
fortement wire to slmulate full-slze relnforcament bara; predictive toche
niques for caleulating the Pragmentation characterintics of velnforcod
coneveate weltsy prodictive techniques for calceulatling spall fragmont
thilvkuness and veloe bty for blast-losded concrete panels without rednforce-
menty and actua) doslpne of relnrorcoed concrete and masonry dividing walln.
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. . Rindner, R. M. and Schwartz, A. H., "Establishment of Safety Design ’
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o tions, Report No. 5," Technical Report No., 3267, Ammunition Engineer-

i ing Directorate, Picatinny Arsenal, Dover, New Jersey, June 1965. .
¢ Rindner, R. M., Wachtell, S. and Saffian, L. W., "Establishment of I
. Safety Design Criteria for Use in Engineering of Explosive Facilities !

R and Operations," Technical Report No. 3712, Ammunition Engineering
. Directorate, Plcatinny Arsenal, Dover, New Jersey, September 1968.
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Scale DMrect Models of Concrete Structures," Models for Concrete Struc-
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Table A-1 (Continued)
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1, 1977.
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tions Office, "Report of Investigation of the Explosion with Fatal Injur-
ies in Building 11-14A on March 30, 1977 at the Pantex Plant-Amarillo,
Texas,'" June 28, 1977.
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1968,
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June 1977,
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Subjected to Blast Loads,'" U.S, Naval Civil Engincering Luboratory,
Port Hueneme, Californfa, AD 636 284, February 1959.

Criswell, M. K., "strength and Behavior of Redaforced Concrete Slab-
Column Conuections Subjected to Static and Dynamic Loading,'" U.S8. Army
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The information found in the literature was used as a basis for the
model analysis developed by SwRI for reinforced concrete walls, the test
plan developed to validate the analytical results, and the performance of
the validation tests and the associated data reduction.

Ab Model Analysis

The model analysis for fragnentation of reinforced concrete ele-
ments overloaded by blast impulse is presented in this section. The model
analysis begins with a description of the pertinent geometry, constitutive
and mechanical properties for the problem at hand. The next step is to
derive the nondimensional pi terms from the previously develeoped list of
parameters. The similitude relat.ionships are summarized and a discussion
of the requirements for replica modeling ils presented. The implications
ol the model analysis and potential problems are aescriteaed,

Table A~2 presents the list of parameters for the problem uf frag-
mentation of reinforced concrete dividing walls overloaded by blast im~
pulse. lor convenilence, the parmmaters are categorized by the concrete,
rebar and explosive source characteristics and responses. The parumeters
describiug the concrete, rebar, and the explosive source are self-explana-
tory; bowever, the vegponsge paramsters require furtner clarification. The
damage causad to the panel consists of (a) fragmentation and (b) distoc-
tion of the rvemaining panel. Distortion of tha panel remnant can be chay-
neterized by deflection, rotation and straln of the concrete and steel
componunts. The fragmnentation responde may be charvacterized by the frug-
ment veloedity, masy, dimensdion ronge, trajectory angle and the number of
fragments, Obviously, the fragments emerging from the Alviding wall are
nut ddentlcal. so the parameters vg, mg, d¢, Bf represent average fiup=-
ment. charvacteristics, and statlistleal distributlon functilons, ¢, will be
used to represent the varlability dn the frugwent charocterlstics,

The second step in performing a model annlysis 1d to develop the
plmilitude relattionshlps, These relationships arve nondlmensfonnl rotlos
of physilcal pavameters, such asg those ilsted in Table A-3, wnlch muat be
hela Llovariant between che model and prototype wystems LI the model neale
tesnt results are to Le representatlve of the full-scale responses, ‘'The
procedure for obtalndng the nondlmenslonal ratjos, amd o formar dlscuy-
sion of their application 1s glven in Rnference 7. Leondl, in Reference
8, providus a ctep=by-atep daseriptlon of the proceduru for gbtulonlng
the nondimens lonal ratios foo the problem of dlviding wall fragmontatlon,
Gince the mechanism for derdving the nondimeuslonul rativ (pl terws) ia
se adequately explained in theso refarences, only the resulting terms are
presented v this report, Table A-3 liste the pl terms for the dividiag
and fragmentration problew, 1In this table, the nt tewms ure grouped ac-
cording to the type of aialiarity represonted,

The flrst four pl tevms and terms ny1s through wp are statements
of geometric simllarity . U1 term 5 relates the deasity of the rebar to
that of the concrele, Thus, all deasities muat be scaled by the samo
factor v, betwoen tha model and prototype systeams, Pl teras 7, 8, 4,
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Table A-2, List of Parameters
PARAMETER SYMBOL
Concrete
characteristic dimeneion (span, thickness) Lc
aggregate size x..A
densicy e
compressive strength Cc
tenaile sgrength Tc
wlastic modulus E
Poisson's tatio Ve
Rebag,
charscteristic dimenzion (dismeter, spacing) Lr
ralnforcement ratdo T,
density Py
ultimate strangth v,
tenaile ntrength T,
alastic moduld E‘
Explosive
enezgy in source W
standoff (latancs X
blast prasuvure ?
blasy impulse 1
londing vime T
Responuns
deflaction of cunsrata Dc
rocdtian of coacrete 0c
dutorart ben of teba D.
votation of rebar o_
siralp in qunarets e
strafn b pgtet Y
trajectory angls By
trayment valpdlty V!l
[ragRyNt BABN H,
distribucion functions v
{vapunnt charauteristic slza d'!
tragmany vange “L.
nunber o frepeants N'

Hh
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Table A-3. List of Pi Terms

geomatric similaricy

constitutive similarity

/N 1

12R/p ¥ | explosive blast output
2/,

g 1 /0 R

D,/A
b,/
4yl

L geomstric similarity of the responses

L cunstitutive similarity of the responsas

]
‘!’dl e

v

, winematic similavity
V'*-'/H
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10 and 11 require that the strength and moduli of the concrete and steel
be scaled by the same factor, y. Ideally, this implies that the stress-
strain curve of the concrete and steel should scale between the model and
prototype. Additionally, Tog4s T25 and Ty o require that the strain in the
concrete and steel, and Poisson's ratio of the concrete all be invariant
between model and prototype systems. The only practical way to maintain
the invariance of the density, strength, strain aud Poisson's ratio be-
tween the two systems 1s to construct both the model and prototype cut of
the same materials. A model of this type 1s called a replica model. Ob-
viously, to maintain geometric similarity as well, not only is 1t neces-—
sary to shrink down the rebar size and panel dimensions, it 1s also neces-
sary to use scaled concrete aggregates. Scaled aggregates in modeling of
reinforced concrete has been succesufully employed by a varicty of ree
searchers to predict full-scale penetration by missiles as well as wall
fragmentation accurately.

The requirements for similarity of the explosive charge are gilven
by pi terms 6, 13, 14, 15 and 28. Pi term 6 can be used to fix the scale
factor of the energy in the explosive source. Since the scale factor for
the geometric length is A and for stress is Y, the scale factor for energy
must be A3y, For a replica model, ¢ is 1.0 and the scale factor for
energy 1s A3, Similarly, the scale factors for blast pressure, lmpulsc
apd loading time can be established from terms 13y W14 and wys as 1.0,
vir, and A (Y/w)lﬁ (1.0, A and A for replica modeling).

The scale Lactor for mass and veloclty can be derdved frou myg and
w28, respectively, 'The scale factors for these quantities are AJY and y“ﬁ
(A3 and 1.0 for replica modeling). The scale factors for all physical
quantities are summarized 1n Table A~4, Although the intention is to
build replica models in this program, the scaling law for a dissimilar
model 18 given in the table. Note that an entry of L,0 in the table dm=
plies that this parameter, c.yg., predsure, ls the same In the model and
the prototype. The model analysis can be used to suggest o possible ro-
presentation of the physleal process of wall frapmentation., This ls done
by grouping the response parameters together on the left side of an
equality and the remaining parameters on the wight silde:

pH R0
(RIESPONSES) = f [ -=—=, =~ N (A=3)

Renponses measured dardng thily program consluted of tho fragment
mase, veloclty, dimenslonal size and range, and the numbor of [ragmenty
generated.  Becouse of che larpe quantlcy of duts obtalued In the Loentw,
attempts to correlate the data with the test conditions should eomsint
of two parts:

o corrclatlon of maxlmum responyes (moaxbmum veloelly,
maximum range, otel)
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¥ Table A~4., Model Law for Dividing Wall Fragmentation

) Replica Scaling Dissimilar Material
A Parameter Law Scaling Law

Lengths A A
A Angles 1.0 1.0 W

i i Densities 1.0 Y o

<«

Strengths, moduli 1.0

SRR i

}
[”'** Poisson's ratio 1.0 1.0 i |
| Ry
'-j Strains 1.0 1.0 BN

Velocities 1.0 ynh

s

S

Mass A3 A3y
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Reinforcement ratio 1.0 1.0
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Explosive energy A8
b Pressure 1.0 1.0
! Impulse A ¥ “A

Time A ACy/)™
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| Number of fragments 1.0 1.0
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A functional format re’ating the above responses and parameters describing

® statistical dietribution of the fra
(mass, range).

gment characteristics

the concrete wall and the explosive charge is given in equation (A-4):

where

+ ARy v f P - s -

oy

"
Ry - f (ITOT’ Wy Ry Co nss)

v (M)
VR |

largest recovered fragment mass
largest fragment velocity

largest fragment range

total number of fragments recovered
fragment mass distribution

fragmer.t range distribution

total impulse delivered to the wall
charge weight

rebar spscing

concrete thickness covering rebar
number of supported edges of the panel

20

(A-4)
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TEST SUMMARIES FOR CANTILEVERED WALLS
NOMINALLY 50 mm (2 in) THICK
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. Rebar
. Test Spacing Thickness
: No. (mm) (mm)
:
1 50.8 52.39
2 50.8 53.97
|
é 4 50.8 53.97
Kl
!
i
|
|
|
B
9 50.8 50.8
&
4 -
L
B
g

i

W
Akg)

0.277

0.227

0.454

0.454

97

m

0.152

0.076

0.183

0.183

Summary

Charge was centered
vertically behind the
wall. Wall was blown
down by the blast but
it did not start to
fragment until the wall

had started to collapse.

Fragments were directed
into the sand within a
few feet of ground zero
and skipped downrange.

Charge was centered
vertically behind the
wall. Center of the
wall was blown out by
the blast. Fragments
traveled parallel to
the ground surface be-
fore coming to rest.

Charge was positioned
1/3 of the way up the
bottom of the wall,
Wall sheared off com-
pletely at the base.
Approximately half of
the wall was still at-
tached but severely
cracked and traveled
about 3,0 meters down-
range.

Wall sheared off com-
pletely at the base

and traveled about 4.9
meters downrange. Wall
broke up into three
major pieces but all
three pieces vere still
attached to one another
by the rebar. The top
half of the wall (green
and blue quartera) were
almost intact. A large
number of charge-side
fragments were found in
the pit.
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Rebar
Test Spacing Thickness 1Y) R

No . (mm) (mm) (kg) (m) Summary

. ’).:‘ 'éé'n' N ol

—

-*

S R a

3 25.4 57.15 0.227 0.127 Wall was broken at the
base and at the center
but did not shear off.
Majority of the frag-
ments originated from
the center of the wall
and were ejected normal
to the wall surface.
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25.4 52.39 0.454 0.183 Wall sheared off at thc
base; however, the ver-
tical reinforcement on
the charge side remained
attached to both the
wall and the base. Ma-
jority of the fragments
came from the lower por-

. tion of the wall near

M : the base.

e

8 25.4 52.29 0.454 0.183 Wall broke at the base

but did not shear off.
Wall had a horizontal

{ break approximately 28
cm from the top of the
wall. Fragments ori-
ginated from the center

) of the wall; however, a

number of charge-side

fragments were found in

the pit.

14 25.4 52.3 0.227 0.147 Wall cracked at the
base and slumped over
about 30°. Only three
fragments were produced
and these originated
from the center of the
wall,

15 25.4 52.39 0.454 0.147 Wall cracked at the
base and completely
collapsed. Wall was
attached to the base
by the vertical rebar.
Majority of the frag-
nents originated from
the center of the wall,

98
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, Rebar
Test Spacing Thickness W R
No. (mm) (mm) (kg) (m) Summary
13 50.8 53.97 1.361 0.320 wall sheared off com-
' pletely at the base,
Wall was uniformly cut
about 7.62 cm below
the center of the wall.
Upper portion flew a-
bout 14 m downrange.
Upper quadrants (blue
and green) were attached
to one another and did
not fragment even though
they did crack. Wall
section skipped eight
times before coming to
rest.
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TEST SUMMARIES FOR CANTILEVERED WALLS
NOMINALLY 80 mm (3 in) THICK
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Rebar y
Test Spacing Thickness W R :

No. (mm) (mm) (kg) (m) Summary

-s.

A el e AT

6 25.4 80.96 0.454  0.183  Wall failed at the 1
base but did not shear
off. Center of the
wall was well broken
up and the majority of
the fragments came from
the center of the wall.

AR

AT TS

e,

) 7 25.4 80.96 0.454 0,147 Wall failed at the base
P but did not shear off.

' Majority of the frag-
ments came from the cen-
ter of the wall, This
test was a repeat of §
Test No. 6 but with a :
higher impulse. More G 1
fragments were produced
and the fragments had a
larger average mass and
a greater range than
those observed in Test
No. 6. '

o e
ey

Sy e a2 €R ST

16 25.4 80.96 0.454 0.183 wall failed at the base
and fell forward, but
did not shear off. Very
few fragments were pro-~
duced and most came from
the charge side. No
fragments from the back-
side of the wall were .
produced. b

o A AR [t T

17 25.4 80.96 0.45¢ 0.128 wall failed at the base
but did not shear off.
A large number of frag-
ments were produced,
the majority coming from !
the lower portion of the 11
wall, :
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. Rebar
Pt Test Spacing Thickness L) R

' No, (mm) (mm) (kg) (m) Summary "

PLaali R

3 ot
Ez

"
frtea ™t
- -~

3

R

o

base. Panel was broken o

into two pieces with the

larger piece landing a-

bout 0.7 m into the pit !

and the small piece land- i {

' ing just inside the edge i

L of the pit. Most of the
fragments came from the
lower center of the panel
(red and white quadrants).
Upper part of panel was
intact (green and blue
quadrants). i ]

| l 10 50.80 77.79 0.454 0.183  Panel sheared off at the . .
i
|

rocherrres
i+

11 50.80 76.20 0.454 0.147 Panel sheared off at the }
base and landed about 1
: m into the pit, The top
i portion of the panel
(green and blue quadrants)
were still attaclied; how-
ever, there was a ctack
between the two quadrants.
! Portions of the red and .
white quadrants were still J
attached to the base by |
the tebar. Most of the
fragments cdame from the
lover center section of
the panel (red and white
quadrants) ., Three frag-
ments landed outside of
' the recovery pit on the
N left hend side.

TIRCRIpS

3 12 50.80 80.96 0.454 0.127 Wall sheared off at the

base and the upper two

‘ thirds landed 2.1 m down-

- range. The upper quadrant 1

T (blue and green) was basic- |

t ; ally intact but was cracked ‘
: at the center. Large num-

ber of fragments were pro-

4 : duced and several large

fragments traveled approxi- .

mately 18 m,

104
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Summary

Wall completely sheared
off and was broken up
extensively. Large frag-
ment from white quadrant
flew 15 m. - Large blue
and red fragment flew 17
m. Several large frag-
ments (red quadrant) flew
about 31 m (next to back
fence). Backstop at
fence had numerous frag-

| e iy et 7 e — —-
Rebar
Test Spacing Thickness W R
No. (wm) mm) (kg) (m)
18 50.80 80.96 1.361 0.219
ment hits.
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TEST SUMMARIES FOR THRER SIDE SUPPORTED WALLS
NOMINALLY 50 mm (2 in) THICK

107

A

T T

e




B
Rebar
Test Spacing

No. (mm)
24 25.4

1
i 26 25.4

|

!

1

!

|
30 25.4

Thickness W
_(om)

(kg)

50.80 0.454

55.56 0.454

52.39 0.454

109

R

(m)

0.183

0.146

0.219

e eime ammmmeimd T T e o et T THREE Y ST e g

Summary

Lower center of the
wall wa3 blown out,
leaving the rebar on
each face. The upper
0.3 m of the panel were
relatively intact, ex-
cept for a vertica:l
crack at the wall mid-
span and cracks at the
edges of the side re-
tainers. Relatively
few fragments were pro-
duced and the majority
of those produced were
relatively small and
only about as thick as
the rebar cover.

wall was well broken
up but did not shear
off. Wall was severely
cracked at the sides
and translated forward
but the rebar held it
to the frame. Majority
of fragments are from
the lower center (red
and white quadrants).

Wall did not shear off
but was severely broken
and had a large vertical
crack at the center.
Sides at the restraints
were also cracked severe-
ly. Center of wall trans-
lated towards the pit and
the wall ended up being
vy" ghaped. Majority of
fragments are red and
white with a few green.
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Rebar
Test Spacing Thickness w R
No. (mm) (mm) (kg) (m) Summary
35 25.4 50.80 1.361 0.387 Wall was completely

110

sheared off at the
base and sides and
flew 26 m downrange.
Wall was broken ver-
tically and horizon-
tally but was relative-
ly intact. TFragments
flew outside of sand-
pit and some hit the
plywood backstop at
fence.
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Rebar
Test Spacing Thickness
No. . () ()
23 50.8 50.80
25 50.8 50,80
k)| 50.8 50.80

G i Kb 7T

W R

Akp) o _m)

0.454  0.183

0.454 0,146

0.454  0.219
111

.green and soume white,

!
‘—d.

Summary

i S S T R e i - F SR

-

Wall sheared off com-
pletely at the base
and at the side re-
straints. Large sec~
tioti of upper wall
‘(blue and red quad=
rant) landed about

L a in the pit. A
large pilece, mostly

f
——— e g - -

landed about 2 m into
the pit. Concrete
was stripped off of
the rebar at some
places.

Entire exposed portion
of the wall was blown
down out of the frame.
One large piece (mostly
blue with some red)
traveled 7 m. A second
large piece (mostly
green) went 8 m. The
blue fragment hit at
4.5 m and rolled the
rest of the way. The
green fragment hit and
also rolled. There

was a very large angu-
lar dispersion of frag-
ments. Many fragments
were found outside of
the sand pit (especially
to the right) and several
fragments hit the back-
stop at the end of the
sand runway .

Mviﬁxiﬁ:mﬁmmxﬁ s

G BB AT N SN e R i 2 2230 e

g Ly W
- D - S P

Wall did not shear off
but was again cracked

in the center ("V"
ghaped) . Sides at the
restraints were cracked.
The majority of the
fragments originated
from the lower center of
the wall,
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Test
No.

32

Rebar

Spacing Thickness
) ()

50.8

53.97

W

kgp)

0.454

112

R
)

0.219

Summary

Wall was completely
broker in half at the
center but resained
attached at the sidas
by the rebar. Wall

is in a "V" shape with
about & 2.5 cm gap at
the top of the Vese.
Few fragments were
produced, mostly red
and white. Llarge num-
ber of fragments on
the charge side but
all fell at the base.
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Rebar

Test Spacing Thickness
No. (o) (mm)
20 25.4 80.96
21 25.4 77.79
33 254 ——77779

34 25.4 79.38
/-»—/

w

(kg)

0.454

0.454

0.454

0.454

115

m)

R

0.146

0.128

0.219

0.183

Summary

Wall is cracked at the
base and at both side
restraints but did not
shear off. Wall has a
vertical crack at the
midspan. Majority of
the fragments are from
the wall's lower center
(vhite and red quadrants).
Some fragments were pro-
duced from the upper
quadrants (blue and green).
The white quadrant frag-
ments are mostly the rebar
covering.

\

Wall is cracked at the
base and at the side re-
straints but was held in
place by the rebar.. Wall
has a vertical crack at
the midspan. Majority of
the fragments were \from
the lower center; however,
some fragments were pro-

duced from the upper quad- .
-~ rants.

Wall has a vertical crack
at the center and is
cracked at the sides but
is relatively intact. No
large fragments of any
color. Wall has a 4 inch
circular area broken up
on the charge side (con-
crete cover over the re-
bar is broken out).

Wall has a vertical crack
at the midspan and is
cracked at the side re-
straints. One edge of
.the break is displaced a-
bout 2.5 cm. Very few

fragments were produced.
Charge side is well broken
up but fragments fell at
the base.
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Rebar

Test Spacing
M. (mm)
36 25.4

Thickness W
(mm) Lkg)
77.79 1.361
116
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R
m)

0.320

Summary

Wall was completely
sheared off at the
base and sides. Two
large pieces flew down-
range. One piece, the
green and white half,
landed 17 m downrange
and approximately 1 m
on the left side out-
side of the recovery
pit. Blue quadrant,
with about 5 cm of the
red quadrant, flew ap~
proximately 4.3 m down-
range.

"

“ " A




R

1

.

WS R PP R

e,
——t

L et

)

i S L L R

Tty e

Rebar

Test Spacing Thickness
No. (mm) (mm)
19 50.8 80.96
22 50.8 80,96
27 50.8 77.79
28 50.8 76.20

W

(kg)

0.454

0.454

0.454

0.454

11

.0.183

0.146

0.219

0.198

Summary

Wall sheared off on
both side restraints
and at the base but

was held by the rebar.,
Wall had vertical crack
at the midspan and was
well broken up. Most
of the fragments were
from the lower center.
Charge side is also well
fractured but most of
these fragments remain-
ed on the charge side
at the base of the wall.

wall is completely frac-
tured and the upper part
sheared off at both side
restraints and translated
approximately 20 cm.
Lower part of wall is
still attached at the
base by the rebar. Wall
has a large vertical
crack at the midspan and
most of the fragments are
from the lower center.

wall did not shear off,
Wall has a vertical crack
at the center and cracks
at each side (support
sides). Fragments are
from the lower center and
are mostly red with some
white and a few blue.

Wall did not shear off
but has a vertical crack
at the center. Wall is
cracked at the restraints
but not broken up badly,
Very few fragments . The
fragments are from the
lower center (mostly red
and white). A small pile
of fragments found on the
ground at the base (back-
face side).

K MRS

T R L LI T

57

o

B2 I G SN 3




“" A ‘..‘ e 38 -
[
|
Rebar ‘
Test Spacing Thickness 1} R \
ly. No. (wm) (mm) (kg) (m) Summary
o 1
VA |
o 29 50.8 77.79 0.45¢  0.160  Wall did not shear off j
t i but has a vertical crack L’
! at the center and the
N sides are cracked at the
e restraints. Hole blown
'L out oi the lower center .
I of the wall. Majority {
I of fragments are red on !
15 white, ;
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