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T AN A

SUMMARY

Modern-day explosive manufacturing and loading facilities
require increased protection to achieve a safe operating system.
However, this increased protection is expensive and in many
cases difficult to obtain. Where relatively large quantities of
explosives are involved, economy of construction can be realized
with the use of belowground reinforced concrete structures.

Since they are located below the ground surface, these structures
can utilize barricaded intraline separation distances for their
siting and thereby realize cost saving for utilities and other
facilities connecting various buildings.

At the present time, the design of belowground structures
is based upon requirements for conventional loads, i.e., the
walls are designed as retaining walls without considering the
effects produced by an internal explosion. In order to provide
insight into the blast-resistant capacities of belowground
structures a series of tests was performed at Dugway Proving
Ground under the direction of Picatinny Arsenal. This series
consisted of ten tests on two one-third scale models of a typical
belowground operating building. Each structure was a 2.44 m
(8 ft? cube consisting of four concrete walls and a floor slab
and an open roof. The top of the structure was at the ground
level. Concrete aprons were used to provide lateral support at
the top of the walls. The apron was removed prior to performing
the last test on each structure. Eight tests were performed on
one of the models, whereas the second structure was subjected to
the effects of only two explosions. The quantities of explosives
used in the first three tests (Cell No. 1) were small, 2.7 kg
(6 1bs) and less. Tests 4, 5, 6, 7 and 9 of Cell No. 1 used
explosive quantities of 11.2, 19.5, 28.8, 36.9 and 68.C kg
(25, 43, 63, 81 and 150 1bs), respectively. Tests 8 and 10 were
performed on Cell No. 2 and utilized explosive quantities of 86.7
and 113.4 kg (191 and 250 1bs), respectively. The center of
gravity of all explosive charges (Composition B or C-4) was
located 2t the geometric center of the structures. Electronic
instrumentation, as well as hand measurements, were used to
determine the wall deflections. Also, both still and motion
picture camera coverage was provided for documentation purposes.

The cell used in the first seven tests and Test 9 survived
the combined effects of the eight explosions; on the other hand
the second <211 failed during the second test performed on it.
Based upon these results, 1t is estimated that the maximum
blast-resistant capacity of the full-scale structures of the
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configuration tested is in the order of 2,700 to 3,600 kg (6,000
to 8,000 1bs) of H.E.

It is proposed that additional tests be performed to
provide quantitative means for determining the blast-resistant
capacity of belowground reinforced concrete structures and to
develop various configurations of these structures for large
explosive quantities.
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INTRODUCTION

Background

To provide economy of construction and still achieve safety
needs, new explosive manufacturing and loading plants are
utilizing more and more belowground construction. However, pre-
sently there is relatively little quantitative data available
whereby the explosive capacity of a belowground structure can be
determined; particularly when the potential explosion is within
the building itself (donor structure).

In order to obtain necessary data relating to the per-
formance (capacity and damage which may be sustained by below-
ground structures) a series of tests was performed under the
direction of the Manufacturing Technology Directorate of
Picatinny Arsenal as part of its overall Safety Engineering
Support Program for the U.S. Army Armament Command. This report,
which was prepared with the assistance of Ammann & Whitney,
Consulting Engineers, summarizes the results of these tests and
provides conclusions and recommendations for further evaluation
of belowground structures.

Purpose and Objectives

The main purpose of the test series was to evaluate the
blast-resistant capacities of fully vented (open roof) below-
ground structures when subjected to the blast output of internal
explosions.

The objectives of the tests are summarized as follows:

1. To evaluate the strength afforded by the reinforced
concrete and the surrounding soil, as a composite unit,
to resist the blast output of an explosion.

2. To determine the modes of failure of the structure when
overloaded by blast.

3. To determine quantitatively the upper explosive limit
of belowground reinforced concrete protective structures.

Format and Scope of Report

This report is organized into three basic areas. The
second section of the body of the report considers the test
setups including description of the test structures and the
instrumentation. Damage sustained by the structures is

3
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described in the third section; while the conclusions based upon
the test results, as well as recommendations for further testing,
are presented in the fourth section.

Since future standards of measurements in the United States
will be based upon the SI Units (International System of Units)
rather than the United States System of Units now in use, all
measurements presented in this report will conform to that of
the SI units. However, for those persons not fully familiar
with the SI Units, United States equivalent units of particular
test data are presented in parenthesis adjacent to the SI units.
Also, a list of units, symbols, and United States conversion
factors for SI units is presented in the Appendix.
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TEST DESCRIPTION
General

Ten tests were performed at the White Sage Flat Test
Facility range of Dugway Proving Ground (DPG) at Dugway, Utah.
Eight tests were conducted during June 1975 while the remaining
two tests were completed in September 1975. Figure 1 illustrates
the site layout of this test series.

Two structures were tested; both of which were identical in
terms of general dimensions, foundation type and surrounding
soil conditions. In order to determine the structural response
of each test structure, both electronic and hand measurements of
the structural deflections produced by the blast were recorded.
Photographic coverage of both pre- and post-test conditions of
each structure was made in order to define the damage incurred
due to the blast.

Test Structures

Each structure was constructed of reinforced concrete and
was positioned belowground. The top of the structure was level
with the ground surface. As will be shown, the size of the test
structure was representative of a one-third scale model of a
typical belowground operating building.

Figure 2 illustrates the layout of the test structure while
Figure 3 shows the structural details.

Each structure was rectangular in shape and consisted of
four walls and a foundation slab. The overall interior dimen-
sions of each structure was 2.44 m (8 ft) cube while the concrete
thickness of each wall and the slab was 0.2 m (8 in.) and 0.25 m
(10 in.), respectively. The amount of reinforcement in the
individual members was determined by considering the structures'
capacity to sustain the exterior soil pressures and complied
with the minimum flexural reinforcement as specified in the
TM1?-1300 (Ref 1). Laced reinforcement was not used in these
walls.

Positioned at the top of each test structure was a reinforced
concrete apron having a width and thickness of 0.91 m (3 ft) and
0.2 m (8 in.), respectively. The apron was continuous around
the structure and was cast monolithically to the exterior of the
walls (Fig 4). As will be shown later, this apron provided a
significant increase in strength to the walls and, thererby, in-
creased the explosive capacity of the structure.

5
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Initially it was planned to construct each test structure
totally telow ground. However, in order to avoid an elaborate
and complicated installation of instrumentation for measuring
wall deflections, it was decided to Rosit1on the struc%grf partly
below the natural terrain for a depth of 0.86 m (2 ft- n.?
and backfill around that portion of the structure extending above
ground. In order to simulate the infinite soil conditions which
would be associated with the structure gositioned completely
below ground, the backfill above the natural grade was extended
horizontally in all directions away from the structure for a
distance of 7.6 m (25 ft) and at that point allowed the fil1l to
slope1at the rate of 2 on 1 to the elevation of the natural
terrain.

Prior to construction, the entire site allocated for the
construction of each structure (structure and backfill) was
stripped of loose surface material and existing vegetation, by
scraping. The fill used for backfilling both the belowground and
upper portion of the structure consisted of well-graded sand-
gravel material which was placed in 0.2 m (8 in.) thick layers
which, in turn, were compacted to 92 percent of the maximum dry
density as required by Reference 2,

Figure 5 illustrates the construction phase of the project.
Additional construction photographs are presented in Reference 3.

Test Sequence

Of the ten tests performed, the first eight tests can be
considered as response tests to determine the maximum capacity
of the belowground structure as originally designed. The seven
initial tests were performed on one of the test structures
(hereafter referred to as Cell No. 1), while the eighth test was
performed on the second structure or Cell No. 2. Testing of
Cell No. 1 was performed in stages with progressively larger
charges being used in each successive test (Table 1). The re-
sults of these tests were used to establish what was thought to
be the upper 1imit of the explosive capacity of the structure.
This so-called upper 1imit was then used as the explosive
quantity of the test of Cell No. 2 in Test No. 8.

Althouth both cells were severely damaged after the comple-
tion of the first eight tests, the structures had not failed
and, therefore, additional tests were scheduled to try to
establish an insight as to the magnitude of the structure's
capacity in the event that the previously mentioned concrete
aprons were eliminated. For this purpose, Cell No. 1 was tested
in Test No. 9, while Test No. 10 utilized Cell No. 2
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Modification of the structures was accomplished by removing the
aprons with the use of a concrete saw.

Explnsive Charges

The explosive used in Tests 1 throuch 8 was Composition B.
Each charge had a cylindrical shape with an aspect ratio (length
to diamete: ratio) of one. The explosives used in Tests 9 and
10 were formed from Composition C-4 blocks. The blocks, which
weighed 0.57 kg (1-1/4 1bs) each, were arranged to form a
cubicle shape (Fig 6). A1l charges were initiated electrically
from the control house.

The weights of the individual charges used in the various
tests are given in Table 1.

Individual charges weighing 6.8 kg (15 1bs) or more were
supported on wooden benches, while smaller charges were hung
from cross-wires attached to the .top of the cell walls. All
charges were located at the geometric center of the cell.

As previously mentioned, the size of the test structure was
selected such that it would represent a one-third scale version
of a full scale operating building. Therefore, the full scale
charge weights which would be associated with the representative
full scale structure would be equal to 27 times the weight of
the individual charges used in the tests. These full scale
equivalent charge weights are also presented in Table 1.

Instrumentation and Measurements

Deflection Gages

Only one of the four walls of each cell was instrumented
with electronic displacement gages. Displacement-time history
measurements were recorded at nine locations of the wall (Fig 7).
A11 gages were 1inear displacement transducers which operate on
the principle of change in inductance in the coils of a linear
differential transformer with change in position of the core.
These gages had a 0.15 m (6 in.) stroke which, as will be
discussed later, was exceeded in several of the tests.

Each gage was mounted at the mound side of the structure on
steel support frames. The deflection rods (cores) were connected
to steel rods (Fig 8) which passed through pipe sleeves. The
steel rods were embedded in the concrete wall of the structure.
Movement of the wall moved the deflection rods within the gage.
The sleeves minimized any binding of the steel rods by the
compacted earth.

7
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Hand Measurements

Pre- and post-shot measurements of the curvature of three
walls of each cell were made at the intersection of horizontal
and vertical arid lines marked on the inner faces of the cell
(Fig 9). These measurements were made to a fixed frame of
reference consisting of a steel beam supported on two concrete
blocks which were positioned adjacent to the cell. Each block,
which was 0.36 m long by 0.31 m wide by 0.38 m deep (14 in. by
12 in. by 15 in.), was positioned to a pair of fixed bench marks
located outside the blast affected area. The positions of the
blocks both before and after each test was checked to determine
whether movement of the blocks occurred during a test. Each
end of the steel beam, which was portable, was located at the
center of each block. The bottom flange of the beam was fitted
with a "Unistrut" type channel which served as the rail for a
trolley-type assembly which, in turn, supported a plumb line.
The plumb Tine could be moved along the length of the beam to
points opposite the grid 1ines on the walls. Measurements be-
tween the plumb 1ine and the intersections of the grid lines
were made with the use of a steel ruler. The measurements were
made before and after each test and, thereby recorded the move-
ment of the wall during the test. The beam with the trolley and
plumb 1ine was removed during each test.

Details of the hand measurement equipment are illustrated
in Figure 8.

Damage Survey

The entire inner surface (four walls and floor) of the cell,
as well as the upper surface of the apron was painted white
and marked with a grid of 12 mm (1/2 in.) wide black lines. The
white-1ined surface facilitated detection of cracks and location
of areas of spalled concrete and reinforcement damage. The
intersection of the black 1ines also served as the points used
for performing the previously mentioned hand measurements.

Measurement of Backfill Movement

No special electronic instrumentation was used to measure
soil movement around the structures during the tests. However,
poles which were placed in the backfill adjacent to the south
and west sides of each structure were used to yield qualitative
information about the nature of the gross movement of the soil
relative to that of the structure. total of nineteen poles
were used at each of the above two sides of each cell and were
arranged in a pattern i1lustrated in Figure 8. Each pipe was




38 mm (1-1/2 in.) in diameter with its exposed end painted orange
for better visibility.

Photographic Documentation

For documentary purposes motion picture camera coverage of
the tests was used to observe the cells during each detonation.
St111 photographs were taken to record the pre-shot setup in
terms of site location, general arrangement, construction details
and instrumentation; and to record post-shot test results.

Three movie cameras were utilized in the individual tests.
One camera, with a speed of 500 frames per second, was used to
record an overall view of the test; whereas the other two cameras,
each having a speed of 3,000 frames per second, were used to
photograph the cell and backfill movements. The positions of the
cameras are shown in Figure 8. A hand motion picture camera was
also used to make documentary films of the test series; recording
the various phases of the construction, pre-test setup and post-
test damage.
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TEST RESULTS
General

Results of the tests are presented in terms of pictorial
photos, crack patterns and displacement measurements. The photos
and crack patterns illustrate the damage sustained by the various
wall elements, whereas the displacement measurements indicate the
motions to which the walls were subjected. Both permanent and
time dependent displacements are presented. Because of the
severe damage sustained by Cell No. 1 in Test No. 9, and Cell No.
2 in Test No. 10, the results of these tests are presented only
in pictorial form.

Structural Damage
Test Numbers 1 to 3 - Cell No. 1 (0.9, 2.7 and 2.7 kg)

The damage sustained by the structure in Test Nos. 1 to 3
was relatively minor. There was no damage in Test No. 1 except
very minor pitting of the concrete walls. After Test No. 2, some
hairline cracks appeared in the vertical corners of the cell as
shown in Figure 10. No sign of movement of the sofl was visible
in either Test No. 1 or Test No. 2.

In Test No. 3, the cracks sustained in Test No. 2 were in-
creased and the spalling of concrete to a depth of 3 mm (1/8 in.)
along the vertical cracks was observed (Fig 11). Formation of
these cracks (in Test Nos. 2 and 3) indicated that yielding of
the interior corner reinforcement was produced. Also, as will be
shown later, these corner bars tended to pull out of their
supports and thereby increased the size of the cracks.

Damage to the floor, if any, could not be observed because
of water on the floor due to rain prior to testing. No spalling
or cracking of the concrete was observed at any other place on
the interior surface of the walls. Although the earth-fill behind
the wa’ls was not removed and, therefore, the exterior surfaces of
the walls could not be observed, 1t was felt that vertical tensile
cracks at the center of each wall were formed in these tests.

Diagonal hairline cracks were formed in Test No. 3 at the
four corners of the cell apron. Each crack extended approximately
0.46 m (1 ft-6 in.) away from the corner (Fig 12). A separation
of approximately 3 mm (1/8 in.) was formed between the concrete
and the sofl around the periphery of the apron. This separation
was an indication of the occurrence of horizontal movement
(vibration) of the cell.

10
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Test Number 4 - Cell No. 1 (11.2 kq)

Spalling of concrete in corners of the cell observed in Test
No. 3 was appreciably increased and extended over the lower
three-fourths of the cell height. Depth of spall was as large
as 19 mm (3/4 in.) with some reinforcing bars in the corners
visible. Cracks appeared along the intersection of floor slab
and all four walls. Approximately 0.3 m (1 ft) below the top of
the walls, horizontal hairline cracks were formed. These cracks
were formed by the yielding of vertical reinforcement at the
interface of the walls which, in turn, was produced by the blast
loads acting on the top of the aprons. Hairline cracks were
formed in the floor slab which radiated from its center. All
this damage is illustrated in Figure 13.

The above described damage indicated that walls were being
pushed into the soil by the blast loads and were acting as plates
supported on four sides; the top support being furnished by the
apron acting as a series of interconnected deep beams. The
apron crack pattern, as shown in Figure 12, illustrates the
above-mentioned beam action of the apron. It may also be noted
from Figure 12 that cracks were formed in the soil at the
location of the poles indicating the soil movement has occurred.
These cracks were situated at the poles because of the soil
weakness produced at these locations by insertion of the poles.
The significance of the cracks is the extent away from the
structure to which the soil is effective in resisting the move-
ment of the structure, i.e., the angle of friction (@) between
the structure and the supporting soil is equal to or greater than
65 degrees (Fig 14). This relatively large friction angle is in
part attributed to the vertical compression forces produced by
the downward motion of the concrete apron and to a lesser extent
by the blast loads acting on the surface of the backfill
surrounding the structure.

Test Number 5 - Cell No. 1 (19.5 ka)

Concrete spalling in the corners extended the full height
of the cell. Vertical and horizontal reinforcement bars in the
corners were visible. The vertical bars were pushed out by
horizontal bars which tried to pull out of their supports.
Similarly, vertical bars at the junction of floor slab and walls
were visible. Horizontal cracks were formed at the junction of
apron and walls (Fig 15). Total deflection near the center of
walls was as large as 100 mm (4 in.). Except for some concrete
scabbing of the walls, the debris placed adjacent to the charge
in this test (Fig 16) did not cause any structural damage.
??ggv:rs some pieces of debris were thrown as far away as 38.0 m
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The general crack pattern of the apron in this test remained
the same as that of Test No. 4. However, the cracks did widen a
bit and a few new cracks around the outside corners of the apron
were formed (Fig 17).

Like the concrete damage to the apron, the crack pattern
formed in the soil in Test No.. 4 did not change in Test No. §
except that the cracks were widened. Soil was loose around the
poles in the first three rows nearest the walls while, at the
fourth row, the soil remained intact. Concrete pads located in
the soil at opposite sides of the cell were moved towards one
another a total of 13 mm (1/2 in.). This inward movement of the
blocks was attributed to the upheaval of the backfill which, in
turn, was caused by the outward deflection of the walls and/or
the movement of the overall structure. Like the cracks, the up-
heaval of the soil was evidence that soil was compressed by the
structure and thereby assisted the structure in resisting the
blast output. In addition, the upheaval of the soil was an
indication that the movement along the soil shear plane had occurred.

Test Number 6 - Cell No. 1 (28.8 kgq)

Concrete was broken loose to full thickness of wall in the
corners of the cell. Soil in the back of walls was visible at
the corners. Vertical reinforcement near the corners was pulled
towards the interior of the cell by the straightening action of
horizontal bent bars in the corners. Some of these horizontal
bent bars were broken. Spalling of concrete at the junction of
apron and wall was complete at two walls and all the vertical
reinforcement was exposed. A1l bars at the base of these walls
(at the junction with the floor) were visible; some up to a
height of 0.46 m (1 ft-6 in.). Several of these bars were broken.
Vertical cracks were located at center of each wall. These cracks
were attributed to tension force produced in a given wall by the
blast loads acting on the two adjoining walls.

Damage to the cell after Test No. 6 is illustrated in Figure
18.

Cracks which had previously opened in the apron opened even
further with the widest crack being as large as 8 mm (5/16 in.).
This crack was located at center of outside of the apron (Fig 19).
Concrete was crushed along cracks in the outside corners of the
apron. Several pieces of concrete were detached from the inside
corners of the apron (Fig 19).

Soi1 was displaced from near the edge of the apron and
deposited near the first row of poles (Fig 19). Movement of the
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soil immediately adjacent to the first row of poles was appro-
ximately 6 mm (1/4 in.). This movement was evident from the air
space which was located at the rear of the poles after the test.
Again, the concrete pads moved towards the cell. The total move-
ment caused was approximately 32 mm (1-1/4 in.), which 1s in-
divative of the increase of the soil compression force from one
test to the other.

The soil crack pattern is shown in Figure 20. These cracks
were almost circular out to the edge of the earth-mound and as
before, were formed at the locations of the various groups of
poles. The large radius of the outer crack is an indication that
the angle of friction (@) was even larger than previously
mentioned.

Test Number 7 - Cell No. 1 (36.9 kg)

Figure 21 il1lustrates the overall view of the damage to the
cell including debris from the breakup of the wall and apron
after Test No. 7. Damage to the walls and apron is illustrated
in Figure 22. Most of the debris was formed from the breakup of
the wall corners. A1l reinforcing bars at the corners were
exposed for a wall length of 0.2 m (8 in.). Some of the earth-
fi11 fell into the cell from behind the corners (Fig 23). Per-
manent deflections of walls into the soil were as large as 0.2 m
(8 in.) and with uniform curvatures of the walls clearly visible.
This uniform curvature is attributed to the support provided by
the soil over the full length and height of the walls and again
is evidence of the increased resistance of the walls provided by
the earth-fiil.

Concrete sections weighing 1 kg (2.2 1bs) or more were
thrown out from the structure for a distance of 4.57 m (15 ft).
Smaller sections were thrown even farther. The apron was badly
damaged in the corners and concrete sections were dispersed as
debris (Fig 24),

The cratering of the soil at the rear of the apron was
extensive in this test. No visible tilting of poles took place.
A considerable amount of soil was removed around the base of
each pole. The crack pattern for soil was similar to the one
shown for Test No. 6 (Fig 20), except that cracks as wide as 10
mm (3/8 in.) were formed. Concrete pads moved a total distance
of 60 mm (2-3/8 in.) from their original position and were
tilted towards the cell as before. A crater was formed in the
floor slab about 0.46 mm (1 ft-6 in.) in diameter and about
51 mm (2 in.) deep. Radial cracks 0.61 m to 0.91 m (2 ft to 3
ft) long were formed.

13

s




RO

Test Number 8 - Cell No. 2 (86.7 kg)

Two charges were used in this test, as previously mentioned,
one weighing 43.4 kg (97.8 1bs), and the other weighting slightly
less at 43.3 kg (97.5 1bs). These charges were placed side by
side on a wooden bench and were detonated simultaneously. This
was the first of two tests performed in Cell No. 2.

Extensive cpalling of concrete and separation of concrete
from the reinforcement of each wall took place (Fig 25). Pieces
of concrete weighing upward to 4 ka (8.8 1bs) were thrown as far
away as 10 m (30 ft). Most of the horizontal bent reinforcinc
bars at the corners on the inside face of the cell were broken.
Also, many of the bars on the inside face at the junction of walls
and floor were ruptured. .Al1 the vertical bars of east wall and
most of the vertical bars of west wall on inside face were
broken at the junction of apron; corresponding reinforcement of
the other walls remained intact. The concrete was displaced
from the four corners. Also, cavities behind each corner was
formed by displacement of the backfill by the blast pressures.
Figure 26 illustrates typical damage to each of the four walls.

Directly below the charge, the floor slab was crushed over
alm(3 ft-4 in.) diameter area; with the concrete in this
area pushed into the soil. Outside of the depression, circular
and radfal cracks extended out to the walls (Fig 27).

Aprons had diagonal cracks as large as 13 mm (1/2 in.) in
width. Al11 four walls along with the apron were pushed into the
soil. East and west sides of the apron were pushed upward in a
convex form, whereas north and south sides of the apron were
pushed down in a concave form. This variation of the apron de-
flections was attributed to the variation in the tension forces
in walls due to the charge orientation; i.e. for cylindrical
charges having an aspect ratio of one, the walls positioned
parallel to the center-line of the double charge (Fig 28) are
subjected to a greater portion of blast output than are walls
which are oriented perpendicular to the charge center-line. Here,
the larger loads acting on the east and west walls produced larger
tension forces in the north and south walls and thereby caused the
downward curvature of the aprons of these latter walls. As will
be shown later, this variation in blast loads also affected the
magnitudes of the wall displacements.

In addition to extensive diagonal cracking in apron corners,
the concrete was disengaged at the outside corners (Fig 29).
This was a result of the compression forces produced in the
aprons due to their deep beam action. Compression failure also
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occurred at the center of the east and west side of the apron.

At these sections, the compression forces, in addition to those
produced by the deep beam action, were produced by the convex
deformation of the apron discussed earlier. The apron also had
cracks in the center portions running from the outside face to
the junction of walls and apron and are typical of tension cracks
formed in beams.

Soil was displaced from the edges of the apron exposing the
apron to a depth of up to 0.15 m (6 in.). Soil was loosened up
to a distance of 3.66 m (12 ft) away from the edges of the apron
and, therefore, no crack pattern for soil was visible. No
visible tilting or movement of poles took place. The concrete
pads were pushed out and were tilted away from the cell. This
was probably caused by the loosening of the soil.

Although the total weight of charge used in this test was
less than the combined weight of the charges of the first seven
tests, the damage sustained by Cell No. 2 was at least equal to
and in some respects greater than the combined damage to Cell
No. 1. In the case of Cell No. 1, a total of seven separate
charges were detonated independently and produced a larger
elastic recovery of the plastic displacements than that which
zailp;oduged by the double charge simultaneously initiated in

e o. 2.

Test Number 9 - Cell No. 1 (68 kg)

For this test, the apron was sawed off along the outside
face of walls (Fig 30) and 68 kg (150 1bs) of Composition C-4
charge was detonated at the center of the cell.

The added damage to the structure consisted cf an increase
in the removal of the concrete 1ocated at the four corners of
the walls and near the intersection of the walls and floor slab,
increase in the displacement of each wall panel into the earth-
fi11, additional cracking of the walls and the disengagement of
the top of the wall which originally was part of the apron which
was not removed prior to the test (Fig 31?.

In general, it may be said that complete failure did not

occur and that the structure functioned as an effective barricade,

although some fragments were produced.

Regarding the effectiveness of the apron, the displacements
at the top of the walls after this test were considerably larger
than after the previous tests and, therefore, it may be concluded
that the apron was effective in 1imiting wall displacements and
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probably provided increased strength to the structure as a whole.
However, its effectiveness in terms of quantitative measures has
not been established and will need further study.

Test Number 10 - Cell No. 2 (113 kq)

Like the cell of Test No. 9, the structure of this test had
its apron removed prior to testina.

Structural damage sustained in this test was considerably
more than that of Test No. 9. Two of the walls completely
collapsed while the remaining walls were on the verge of failure
(Fig 32). A considerable amount of the wall debris was dispersed
distances greater than barricacded intraline distances, with
smaller fragments being projected beyond unbarricaded distances.
The secondary missiles formed from the structure breakup would
definitely be a source of canger to other structures separated
from the test structure at the above mentioned safety distances.

The degree of damage to this structure can be associated
with damage which is beyond incipient failure. Therefore,
qualitatively it can be said that the charge capacity of this
type of structure will be less than the combined weights of
explosives of Test No. 8 and 10 or 200 kg (440 1bs).

Deflection Measurements

Hand Measurements

Post-test permanent deflection patterns of all walls except
the east wall were obtained by hand measurements. These measure-
ments were taken at the grid points as shown in Figure 9. Since
there were no apparent permanent deflections, measurements were
not taken for Tests 1 through 3. Also, because of the extensive
damage which occured in Test Nos. 9 and 10, deflection measure-
ments for these tests were unobtainable.

Results of those hand measurements are summarized in Table
2; whereas Figures 33 to 37 illustrate the wall deflection con-
tours. Except for Test Nos. 4 and 8, the deflections given in
both the table and the contours are relative values, e.g. the
values given in Figure 35 are the differences in measurements
recorded after the sixth test and the fifth test. In case of
Test Nos. 4 and 8, the values listed can be considered as absolute
deflections; since, for the first three tests there were no
apparent permanent deflections and the Test No. 8 was the first
test performed on Cell No. 2.
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The deflection patterns produced in Test Nos. 4 through 7
were similar for the three walls investigated in any one test.
However, the patterns did vary from test to test both in magni-
tude and in shape.

In the initial test, for which measurements were recorded
(Test No. 4), the maximum deflection was located near the center
of each wall (Figure 33) adjacent to the charge. The maanitude
of the wall displacement decreased with the increase in distance
away from the center of the wall. The deflections along the
intersection of each wall with the floor was equal to approxi-
mately one-half the maximum value while at the adjoining wall
intersections the deflections varied from the previous mentioned
value at the floor to about one-tenth to one-fifteenth of the
maximum displacement at the top of the walls. It is theorized
that the larger deflections at the wall and floor intersections
were produced by the amplification of the blast loads by the
multiple reflections of the blast wave in the corners of the
structures.

Except for the south wall, the deflection along the top of
each wall was constant, and about 1/10 to 1/15 of the maximum
deflection of that wall. In case of the south wall, the de-
flection at the center of the top of the wall was one-fifth of
that of the maximum value. This was attributed to the fact that
the charge was positioned s1ightly off center and closer to the
south wall. As was evident from the larger perpendicular cracks
formed at the center of the south wall apron, the beam reinforce-
ment yielded in this apron and increased the wall deflections.
As will be shown, this increase in deflection at the top of the
south wall was also observed in subsequent tests.

As may be seen from Figure 34, the wall deflection patterns
after the fifth test differed substantially from those of Test
No. 4. Here, the points of maximum deflection were located
closer to the floor slab than were those of the previous test.
Also the size of the crater (point of maximum deflection) in-
creased in width which caused the deflections of the wall inter-
sections to increase in the lower half of the walls. The de-
flections at the intersection of the walls and slab were only

slightly smaller in magnitude than that of the maximum deflection.

After the sixth test, the zone of the maximum displacement

had spread to encompass almost the entire lower half of each wall.

As in the previous tests, the deflections at the top of the
walls were small in comparison to those in the lower half of the
cell. Here again, these reduced displacements were attributed
to the support afforded by the apron. The deflection contours
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for the walls of Test No. 6 are illustrated in Fiqure 35.

The spreading out of the zone of the maximum deflection to
encompass larger areas of the walls was further continued in Test
No. 7. At this point, the support furnished by one wall or the
floor slab to another wall was negligible due to severe cracking
of the concrete at their intersections. In essence, the main
support for the lower portions of the walls was provided by the
soil (backfill).

It may be noted that the relative wall displacements which
occured in Test No. 7 were smaller than those produced in Test
No. 6. This can be attributed to the nonlinear compaction
characteristics of the soil backfill, i.e. the change in soil
resistance will increase with increasing soil compaction. It
is surmised that the compaction of the soil in the previous tests
was such as to produce a high soil resistance and thereby limited
the soil displacements which, in turn, limited the wall deflect-
jons of Test Mo. 7.

Test No. 8 was the first test performed on Cell No. 2 and
utilized a total explosive quantity equal to slightly less than
the combined weights of the explosives used in Test Nos. 1 through
7.

The magnitude of the deflections (Figure 37) sustained by the
north and south walls in Test No. 8 was equal to or slightly
larger than the combined deflections (at a given point) produced
in Test Nos. 4 through 7. On the other hand, the west wall and
presumably the east wall deflections were approximately 60 per-
cent larger than the combined deflections of the previous tests.
These larger deflections were produced by the increase in the
blast output due to the orientation of the two charges with their
common axis parallel to the east and west walls (Figure 28).

Like the previous tests, the deflections were fairly uniform in
magnitude across the lower half of the walls, with considerably
smaller displacements occuring near the top of the cell. It may
be noted that the deflections at the top of the north wall of Cell
No. 2 were larger than those combined in all seven tests of Cell
No. 1. This was probably caused by the yielding of the reinforce-
ment in the north wall section of the apron.

Deflection Gage Measurements

A summary of the maximum and permanent relative deflections
recorded by each gage in each test from Test Nos. 4 through 8 is
listed in Table 3, whereas the time histories of the deflections
are 11lustrated in Figures 38 through 57. Figures 41 through 47

18




et - g I . gttt S O

e TR TR e

ot T

A
&
7
§

e T ——— s

and Figures 50 and 51 are prepared from computer data output
furnished by the DPG personnel. The remainder of the deflection
gage measurements have been obtained from Reference 3. Since
the gages did not trigger, deflection gage measurements from
Tests No. 1 through 3 are not available. A1l deflections re-
corded have been presented both in the SI and U.S. units.

For comparison purposes, permanent deflections obtained
from deflection gages and hand measurements are also listed in
Table 3. It may be noted from Table 3 that, in most cases, the
permanent deflections obtained from gage measurements of Test
Nos. 4 and 5 compare very favorably with those of the hand
measurements. For Test No. 6, the push rods of the gages struck
the angles and were bent and therefore, the gage deflection
measurements cannot be relied upon. In Test No. 7, gages ]
through 4 had a very short time base of 40 ms with the records
ending near the maximum deflection and therefore, permanent
deflections records could not be obtained. Also, the permanent
deflection records of aages 6 and 7 were lost due to a broken
electrical connection after the maximum deflections had been
reached. However, all the maximum deflections obtained from
gages in Test No. 7, in combination with the permanent deflec-
tions obtained from hand measurements, define fairly well the
motions of the structure.

In Test No. 8, all the permanent deflections obtained from
the hand measurements were 25 to 50 percent larger than those
obtained from the gage measurements. Also the maximum deflec-
tions and permanent deflections obtained from the gages are of
the same order of magnitude.

This can be explained by the fact that the damage to the
structure was so severe that 1ittle or no elastic rebound of
the walls themselves or the soil backfill occured. However, the
support furnished by the soil to the wall was evident from the
near uniformity of the wall deflections.

Evaluation of Test Results

The single charge capacity (total explosive quantity de-
tonated at one time) of the belowground cell configuration tested
is difficult to estimate because of the structural modification
which included the removal of the concrete aprons prior to the
performance of Test Nos. 9 and 10. However, a guesstimate of
Eh;§ :opagity can be made based upon the results of the tests of

e 0. 2.
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The single charge capacity of the test cell was definitely
more than the 87 kg (194 1bs) of explosives used in Test No. 8
but was probably less than the combined weights of the explosives
of Test Nos. 8 and 10, or 200 kg (440 1bs). The strength afforded
by the backfill was significant in so far as the overall charge
capacity of the structure was concerned. This was demonstrated
in the later tests of Cell No. 1 and the initial test of Cell MNo.
2 (Test No. 8). In both cases, the concrete at the intersections
of the walls and floor was completely destroyed. However, the
central sections of the walls remained intact with the reinforce-
ment extending between adjoining members (wall panels and floor
slab) also remaining intact. This type of structural failure was
not considered to be a structural collapse. If the soil were not
present, each wall panel would have failed initially at the center
and then the failure spreading towards the corners. This type of
wall collapse would have occurred at much smaller charge capacities
than stated above.

In addition to the soil, strength was also afforded to each
test structure by the concrete aprons located at the top of the
cells. Here, the deflections at the top of the wall were
minimized by the "ring action" of the apron which in turn reduced
the maximum deflections at the center of the walls. By shifting
the curve of maximum deflections to the lower portions of the
structure, increase in the soil resistance was obtained due to
the additional overburden. Also, the compressive forces in the
soil, produced by the downward metion of concrete apron which in
turn was caused by the downward motion of the structure as a
whole, increased the angle of friction in the soil and, thereby,
1n$;eased the soil capacity to resist the outward motion of the
walls.

Based upon the above, it can be concluded that a full-scale
belowground structure having dimensions equal to three times those
of the test structure would have an upper explosive 1imit some-
where in the order of 2,700 to 3,600 kg (6,000 to 8,000 1bs) of
HE when the charge is located at the geometric center of the cell
and the upper portions of the walls are supported with system
similar to the concrete aprons used in the tests. For cells with
roof panels, where significant blast reflections occur from the
roof panels the explosive 1imit stated above would be reduced as
discussed later. The 1imiting explosive capacity is reached at
full or near full containment of the output of an explosion. If
the explosive charge in a given cell is distributed into two or
more smaller charges, rather than being concentrated as in the
majority of these tests, then individual wall capacities will
differ depending upon the quantity and location of the individual
charges. This was demonstrated in Test No. 8 where two cylindrical
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charges were placed side by side in the middle of the cell such
that the 1ine connecting the centers of the charges was parallel
to the east and west walls. In this case the deflections
attained by those two walls were 60 percent higher than the
deflections of the north and south walls. It is possible that
in some extreme cases, the two parallel walls would fail whereas
the other two walls would sustain very little damage. This
would be classified as a structural failure and could occur at
! explosive weights less than the charae capacities of the test

| cells. The other factor involving the capacity of a belowground
structure is the use of concrete aprons. The above mentioned
capacities assume that the aprons are furnished. Without the
aprons the capacity will be reduced.

Comparison of Test Results with Existing Facilities

Several existing and newly designed facilities have utilized
belowground construction for the potential donor structures.
However, the design of these structures only considered the re-
quirements for conventional loadings (soil pressures) without
giving consideration to blast effects associated with an explosion.
The following examples illustrate the need for design criteria
whereby the explosive 1imits of belowground structures can be
determined.

Radford AAP TNT Line Accident

An accidental detonation took place in the Nitration and
Purification Building (Building 9502) in Line A of the TNT
Manufacturing Facility at Radford AAP. At the time of the
incident, the quantity of explosive contained in the building
was estimated to be equivalent to 3,600 kg to 5,500 kq (8,000 to
12,000 1bs) of TNT.

Building 9502 was a partially belowground structure; the
aboveground portion was barricaded on all four sides by an earth-
mounded barricade (Fig 58). The earth mound and the earth around
the belowground portion of the structure (Fig 59) were supported
by reinforced concrete walls. The intersecting walls formed the
rectangular shaped structure having plan dimensions of 19.51 m
(64 ft? by 17.37 m (57 ft). The overall height of the building
was 9.14 m (30 ft). The aboveground barricade portion was 3.96 m
(13 ft) high with the belowground portion being recessed in two
levels. The floor of the basement level was located 2.59 m
(8 ft - 6 in.) below the grade and the floor of the pit was
located 3.05 m (10 ft) below that of the basement. The wall thick-
ness varied from 0.31 m (1 ft) at the top of the barricade to
0.58 m (1 ft 10-3/4 in.) at the basement floor level. The pit
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walls had a constant thickness of 0.31 m which was same as the
top of the barricade retaining wall.

As described in Reference 4, the total building was destroy-
ed (Fig 60) with only a crater remaining after the explosion.
Equipment and the concrete retaining wall fragments, some of
which as large as 23 kg (50 1bs), were found as far away as 915 m
(3,000 ft).

The damage produced by this accident was larger than the
damage sustained by Cell No. 2 after the performance of Test No.
10. The total quantity of explosive used in the two tests (Nos.
€ and 10) was approximately equal to a full-scale equivalent of
5,500 kg (12,0C0 1bs). This quantity was in the order of
magnitude of the upper 1imit of the quantity of explosive estimat-
ed to be in Building 9502. However, it should be noted that
Building 9502 did not have an apron at the top of the walls
similar to the test cell used in Test No. 8, also, Building 9502
had a wooden roof which supported air handling equipment and
the thickness of it's walls in the upper half of the structure
was equal to approximately one-third the thickness of full-scale
version of the test structure. Therefore, the relative explosive
capacity of the operating building was probably less than that
of the test structure. Based on this reduced capacity and the
comparative camage to the test and operating structures, it is
estimated that the explosive capacity of Building 9502 was less
than the estimated lower 1imit of the explosive quantity con-
tained within the building, and was probably in the order of
2,700 kg (6,000 1bs). It may be further noted that the explosive
within Building 9502 was distributed throughout the building
rather than being concentrated as in the test. Distribution of
the explosives usually has a tendency to reduce the TNT equi-
valency of the explosion resistant capacity of the structure;
which was probably the case in the Radford incident.

Lone Star AAP 105 mm Projectile Melt/Pour Facility

The 105 mm Projectile Melt/Pour Facility at the Lone Star
AAP is presently being modernized to reduce production costs and
achieve increased safety of operation. This facility utilizes an
automatic explosive flake inspection system; which was developed
at the Iowa AAP as a part of Picatinny Arsenal's munitions pro-
duction base modernization and expansion program for DRSAR and
DRCPM. The two inspection systems needed to achieve the required
production rate are housed in a two-story building (Building No.
E-125). The lower portion of the structure is constructed below
the ground; whereas the building content on the upper level is
protected from explosions in the adjoining buildings by a laced
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reinferced concrete wall at one side of the building and by inter-
connected blast resistant structural steel beams, columns and
corrugated roof panels and metal siding on the other sides. An
interior laced reinforced concrete wall was used to separate the
two systems, and thereby prevent propagation of explosion from
one system to the other.

Figures 61 and 62 illustrate the plan layout and the ver-
tical section, respectively.

The blast wall separating the two systems was designed to
withstand the blast output of 1,360 ka (3,000 1bs) of TNT with
the major portion of the explosive in each cell being located
below the ground. Although the explosive within the belowground
portion of the building was distributed and thereby resulted in
a TNT equivalency somewhat higher than that produced by the
charge arrangement used in the tests, the total quantity of
explosive contained within the building is much less than that
used in the full scale version of the cell of Test Nos. 8 and
10 (Cell No. 2). Therefore, in the event of an explosion within
the Building E-125, it may be expected that the belowground
portion of the building in addition to the laced concrete walls
will survive the effects of the blast output without failure.

Single Revetted Barricades Tests

In conjunction with this series of tests, a second series
of explosion tests (Ref 5) was performed to evaluate the blast
capacities of single revetted earth mounded barricades. The
results of this series seem to verify the previously stated
result of this study that earth-fill behind the concrete retain-
ing wall provides a significant increase in the capacity of un-
laced reinforced concrete walls to resist the blast overpressures
from an explosion. To illustrate this feature, consider the
setup and results of the earth-mounded barricade test series as
described below.

Each of the two walls of the revetted barricade tests was
a reinforced concrete cantilever wall which was 2.44 m (8 ft)
high, 4.88 m (16 ft) long and 0.25 m (10 in.) thick. Support
for each wall was provided by a 1.78 m (5 ft - 10 in.) wide
reinforced concrete slab which was cast monolithically with the
wall. The concrete slab, which extended the full length of the
wall, had a thickness of 0.31 m (1 ft). Located to the rear of
each wall was an earth-mound; the shape of which conformed to
the requirements of Reference 6, i.e., the mound height was
equal to that of the wall, the section of the mound adjacent to
the wall was flat for a distance of 0.91 m (3 ft) and, beyond
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%he f1a§ section the mound tapered to the ground on a 2 to 1 slope
Fia 63).

The first wall was tested three times using explosive
weights of 23 ka (50 1bs), 68 kg (150 Tbs) and 113 kg (250 1bs).
A11 charges in these tests were positioned 1.22 m (4 ft) from
the wall. A fourth test was performed on the second wall using
an explosive weight of 227 kg (500 1bs) positioned 0.91 m (3 ft)
from the wall.

Figures 64 and 65 illustrate the damage to the two walls at
the completion of the test series. Wall No. 1 sustained severe
damage but still remained intact while Wall No. 2 was considered
to have failec. In case of the first wall, the ebound afforded
by the sofl during each test was significant and thereby limited
the magnitude of the permanent deflections of the wall after each
test. That is to say, the sum of the permanent displacements
obtained from the individual tests was less than that would have
been preduced by the combined weight of explosive of 204 kg. In
the case of Wall No. 2, however, the initial velocity of the wall
produced by the explosive output was of sufficient magnitude to
overpover the resisting capacity of the system (concrete and soil),
an?lthereby produced soil displacements large enough to make the
wall fail.

The severe damacge to Wall No. 1 and the failure of the
second wall occurred at the top of each wall immediately adjacent
to the explosion. If a concrete support at the top of the wall
had been used similar to the concrete aprons of the belowground
test structures, then it may be expected that the blast cap-
acities of both walls would have been increased. With the use of
the top supports, the effects of the blast loads acting on the
part of each wall immediately in front of the explosion would
have been transferred to other portions of the walls where the
blast loads were less intense. This redistribution of stresses
would have reduced deflections of the center of the walls, and
thereby, reduce the amount of damage to the overall structures.

A comparison of the results of the barricade and belowground
structure tests indicated that although Wall No. 2 of the former
test series was considered to have failed, the damage it sustained
was considerably less than that of Cell Mo. 2 of the latter tests.
This greater damage occurred even though the charge weight was
larger and the separation distance was smaller in the barricade
than in the cell test. These results are indicative of the com-
paritive explosive capacities of 2,700 to 3,600 kg for the below-
ground structure and 3,600 to 4,500 kg (8,000 to 10,000 1bs) as
reported in Reference 5 for the earth bermed walls.
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CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The results of these tests indicate that when subjected to
the effects of an internal explosion, belowground structures with
no roof will have an upper explosive 1imit beyond which
the structure will fail and thereby become a source of secondary
fragments. This capacity is less than that which was considered
in most past facility designs. Also, belowground structures
which are provided with a support system for the top of the walls
similar to the concrete aprons used in these tests will de-
monstrate an increase in blast resistant capacity above those
belowground structures where the top support is not furnished.
This increase in capacity will be a significant factor to be
considered in a belowground structure's desian.

For a belowground structure which has overall dimensions
equal to three times those of each test structure, the upper
explosive 1imit will be in the order of 2,700 to 3,600 kg (6,000
to 8,000 1bs) of H.E. when the explosive charge is located at the
geometric center of the structure and the upper portions of the
walis are supported with a system similar to the concrete aprons
used in the tests. Belowaround structures of similar design and
with 1ight frangible roofs will have explosive capacities in the

same order of magnitude of those stated above. However belowground

structures without the aprons and/or with multiple charges will
have explosive capacities less than those stated above.

Recommendations

It is recommended that additional tests be performed to de-
termine quantitative criteria for the design of reinforced con-
crete belowaround structures and to develop other structural con-
figurations of belowground structures for large explosive
quantities.
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These measurements were obtained from
of the gages.

deflection contours by interpolation at the locations

flection fixture disconnected.

test.

Numbers 8 and 9 were not used in

26 any
blha measurements can vary by :1 mm (£1/16 in.).

Cpe

dTime base was too short to give permanent deflection
?rolm electrical connection.

Ga

ge not used.
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CELL NO. 2
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APPENDIX
INTERNATIONAL SYSTEM OF UNITS

General

1 This appendix deals with the conversion of quantities from

i the U. S. System of measurement to the International System of
Units which is officially abbreviated as SI in all languages. It
includes units most frequently used in the various fields of

§ science and industry and conforms to the Metric Practice Guide
as presented in the American Society for Testing and Materials
Standard E 380.

SI Units and Prefixes

SI consists of seven base units, two supplementary units,
a series of derived units consistent with the base and supple-
mentary units, and a series of approved prefixes for the forma-
tion of multiples and sub-multiples of various units. A
summary of the base units, supplementary units, derived units
and prefixes is given below:

Base Units

D - s
I NS—— Y

Quantity ’ Unit Symbo1l
g Length meter m
Mass kilogram kg
Time second S
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd
Supplementary Units \
Quantity Unit Symbol
Plane angle radian rad
Solid angle steradian sr.
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Derived Units

Quantity

Acceleration

Activity (radioactive

source)

Angular acceleration

Angular velocity
Area
Density

Electric capacitance
Electrical conductance
Electric field strength

Electric inductance

Electric potential
difference

Electric resistance

Electromotive force

Energy

Entropy

Force

Frequency

IT1luminance

Luminance

Luminous flux

Magnetic field strength

Magnetic flux

Magnetic flux density

Magnetomotive force
Power
Pressure

Quantity of electricity

Quantity of heat
Radiant intensity
Specific heat

Stress

Thermal conductivity

Velocity
Viscosity, dynamic

Viscosity, kinematic

Voltage

Unit Symbol or Formula
meter per second
squared m/s?
disintegration (disintegration)/s
per second
radian per second
squared rad/s?
radian per second rad/s
square meter m?2
kilogram per cubic
meter kg/m3
farad F or A.s/V
siemens S or ANV
volt per meter V/m
henry H or V.s/A
volt V or W/A
ohm Q or V/A
volt V or W/A
joule Jor N.m
joule per kelvin J/K
newton N or kg.m/s?
hertz Hz or ?cycle)/s
Tux 1x or 1m/m?
candela per square
meter cd/m?
1umen Im or cd.sr
ampere per meter A/m
weber Wb or V.s
tesla T or Wb/m2
ampere A
watt Wor J/s
pascal Pa or N/m?
coulomb CorA.s
joule Jor N.m
watt per steradian W/s.r
joule per kilogram-
kelvin J/kg.K
pascal Pa or N/m?
watt per meter-kelvin W/m.K
meter per second m/s
pascal-second Pa.s
square meter per
second m2/s
volt V or W/A

110
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Derived Units (continued)

Quantity Unit Symbol or Formula
Volume cubic meter m3
Wavenumber reciprocal meter (wave)/m
Work Joule J or N.m

Prefixes
Multiplication Prefix Symbo1l

1,000,000,000,000 = 10!2 tera T
1,000,000,000 = 10° giga G
1,000,000 = 106 mega M

1,000 = 103 kilo k

100 = 102 hecto* h

10 = 10! deka* da

0.1 = 10-! deci* d

0.01 = 1072 centi* c

0.001 = 10-3 milli m

0.000,001 = 10-6 micro u
0.000,000,001 = 10"°  nano n
0.000,000,000,001 = 10"12  pico p
0.000,000,000,000,001 = 10°!5 femto f
0.000,000,000,000,000,001 = 10"1!8 atto a

*To be avoided where possible

Selection of prefixes representing steps of 1,000 is recom-
mended for most multiple and submultiple prefixes. An exception
is made in the case of area and volume used alone. When ex-
pressing a quantity by a numerical value and a unit, prefixes
should preferably be chosen so that the numerical value lies
between 0.1 and 1,000, except where certain multiples or sub-
multiples have been agreed to for particular use. The same unit,
multiple or submultiple is used for tabular values even though
the series exceeds the preferred range 0.1 to 1,000. Double pre-
fixes should not be used. Prefixes should not be used in the
denominator of compound units, except for the kilogram which is
a base unit of SI. However, prefixes may be applied to numerator
of a combined unit. With SI units of higher order such as m2?, m3,
etc., the prefix is also raised to the same order; e.g., mm3 is
10-%m3 and not 10-3m3. In such cases, the use of cm?, cm®, dm2,
dm? and similar nonpreferred prefixes is acceptable 