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FOREWORD

“"STRUCTURES TO RESIST THE EFFECTS OF ACCIDENTAL EXPLOSIONS”"
Revision 1

Revision 1 is a significant change to this tri-Service manual. It supersedes
Change 1 of 17 March 1971 and provides design criteria for a wide assortment
of construction materials. Blast resistant capacities of selected, pre-
engineered facilities and suppressive shields are now formally recognized.
Significant changes are made in design criteria for stirrups. Single leg
stirrupe with 135 degree bends are permitted for rotations up to eight degrees
for Category 2 protection. Membrane stresses are recognized for the reserve
strength they provide as dynamic rotations increase. Capacities and design
procedures for blast resistant windows are addressed.

Many individuals contributed to this manual and all such contributions are
appreciated. Contributions from Mr. Norval Dobbs, Dr. Wilfred Baker and
Dr. Thomas Zaker are particularly worthy of note.

Design procedures in this manual are recognized by DOD 6055.9-STD, "Ammunition
and Explosives Safety Standards"” and are intended for use in the design and
analysis of protective constructions intended to control the effects of
accidental explosions. The design procedures provide a basis for quantitative
protection against propagation of explosions, damage to facilities, and loss
of life. Nevertheless, in a work of this magnitude it is expected that there
may be points which require further verification or modification as a result
of future tests and experience. Recommendations for change or comments with
regard to the usefulness of the manual may be submitted to:

Chairman

Department of Defense Explosives Safety Board
2461 Eisenhower Avenue

Room 856C, Hoffman Building #1

Alexandria, VA 22331-0600

REPRODUCTION AUTHORIZATION/RESTRICTIONS

This manual has been prepared by or for the Government and, except to the
extent indicated below, is public property and not subject to copyright.

Reprints or republications of this manual should include a credit substantial-
ly as follows: "Joint Departments of the Army, the Navy, and the Air Force,
Structures to Resist the Effects of Accidental Explosions, TM 5~1300/NAVFAC P-
397/AFR 88-22."

If the reprint or republication contains copyrighted material, the credit
should also state: "Anyone wishing to make further use of copyrighted materi-
al, by itself and apart from this text, should seek necessary permission
directly from the proprietors.”
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Maximum deflection of elasto-plastic, one-degree-of-freedom system

for triangular load . . . . . . . . . . . . . . ..o,
Maximum response time of elasto-plastic, one-degree-of-freedom
system for triangular load

Maximum deflection of elasto- plastic, one- degree of freedom system

for rectangular load
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3-57

3-58

3-59
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3-80

. 3-81
. 3-82
3-102

3-103
3-104
3-105
3-106
3-107
3-108
3-109
3-110
3-111
3-112

3-113

Maximum response time of elasto plastic, one- degree of freedom system

for rectangular load

Maximum deflection of elasto-plastic one-degree-of-freedom system

for gradually applied load e e e e e e e
Maximum response time of elasto- plastic one-degree-of-freedom
system for gradually applied load .

Maximum deflection of elasto-plastic, one- degree of freedom system

for triangular pulse load . .

Maximum response time of elasto- plastic, one- degree of freedom
system for triangular pulse load

Various bilinear-triangular loads . . . .
Regions of figures 3-64 through 3-266, 1abeling of axis and
curves.

Maximum response of elasto plastic one-degree-of-freedom system

for bilinear-triangular pulse (C; = 1.000, C, = 1.0)

Maximum response of elasto-plastic, one-degree-of-freedom system

for bilinear-triangular pulse (C; = 1.000, C, = 1.0)
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3-65
3-66
3-67
3-68
3-69
3-70
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3-75
3-76
3-77
3-78
3-79
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3-84
3-85
3-86
3-87
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3-89
3-90

3-91

Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,

for bilinear-triangular pulse (C; 0.

Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =~
Maximum response of elasto-plastic,
for bilinear-triangular pulse (G, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =~
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =~
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =~
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =~
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =

xxvi

one-degree-of-freedom
0.681, C;, = 1.7)
one-degree-of-freedom
464, C, = 1.7) .
one-degree-of-freedom
0.316, C; = 1.7)
one-degree-of-freedom
0.215, C; = 1.7)
one-degree-of-freedom
0.147, C, = 1.7)
one-degree-of-freedom
0.100, ¢; = 1.7)
one-degree-of-freedom
0.056, C, = 1.7)
one-degree-of-freedom
0.032, ¢; =1.7)
one-degree-of-freedom
0.018, C, = 1.7)
one-degree-of-freedom
0.010, C; = 1.7)
one-degree-of-freedom
0.681, C; = 3.0)
one-degree-of-freedom
0.464, C, = 3.0)
one-degree-of-freedom
0.316, C; = 3.0)
one-degree-of-freedom
0.215, C; = 3.0)
one-degree-of-freedom
0.147, C; = 3.0)
one-degree-of-freedom
0.100, ¢; = 3.0)
one-degree-of -freedom
0.056, C; = 3.0)
one-degree-of-freedom
0.032, ¢, = 3.0)
one-degree-of-freedom
0.018, C, = 3.0)
one-degree-of-freedom
0.010, C; = 3.0)
one-degree-of-freedom
0.750, C; = 5.5)
one-degree-of-freedom
0.562, C; = 5.5)
one-degree-of-freedom
0.422, C; = 5.5)
one-degree-of-freedom
0.316, C, = 5.5)
one-degree-of-freedom
0.237, C; = 5.5)
one-degree-of-freedom
0.178, €, = 5.5)
one-degree-of-freedom
0.133, C, = 5.5)
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system
system
system
system
system
system
system
system

system
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3-92 Maximum response of elasto-plastic, one-degree-of-freedom system

for bilinear-triangular pulse (C; =
3-93 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-94 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-95 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-96 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
3-97 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
3-98 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-99 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-100 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
3-101 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C;, =
3-102 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
3-103 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-104 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-105 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-106 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C;, =
3-107 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-108 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-109 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-110 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-111 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-112 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-113 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
3-114 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-115 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-116 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-117 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
3-118 Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =

xxvii

0.100, C; = 5.5)
one-degree-of -freedom
0.068, C, = 5.5)
one-degree-of-freedom
0.046, C, = 5.5)
one-degree-of-freedom
0.032, C; = 5.5)
one-degree-of-freedom
0.022, C, = 5.5)
one-degree-of-freedom
0.015, G, = 6.)
one-degree-of-freedom
0.010, C; = 6.)
one-degree-of-freedom
0.750, C, = 10.)
one-degree-of-freedom
0.648, C, = 10.)
one-degree-of-freedom
0.562, C, = 10.)
one-degree-of-freedom
0.422, C, = 10.)
one-degree-of-freedom
0.316, C, = 10.)
one-degree-of-freedom
0.237, C, = 10.)
one-degree-of-freedom
0..178, C, = 10.)
one-degree-of-freedom
0..133, ¢, = 10.)
one-degree-of-freedom
0..100, ¢, = 10.)
one-degree-of -freedom
0.068, C, = 10.)
one-degree-of-freedom
0.046, C; = 10.)
one-degree-of-freedom
0.032, C, = 10.)
one-degree-of-freedom
0.022, ¢, = 10.)
one-degree-of-freedom
0.015, ¢, = 10.)
one-degree-of-freedom
0.010, C, = 10.)
one-degree-of-freedom
0.909, C, = 30.)
one-degree-of-freedom
0.866, G, = 30.)
one-degree-of-freedom
0.825, C, = 30.)
one-degree-of-freedom
0.750, C, = 30.)
one-degree-of-freedom
0.715, C, = 30.)
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system
system
system
system
system
éy;tém.
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system
system
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system
system
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system
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3-119
3-120
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3-124
3-125
3-126
3-127
3-128
3-129
3-130
3-131
3-132
3-133
3-134
3-135
3-136
3-137
3-138
3-139
3-140
3-141
3-142
3-143
3-144

3-145

Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastiec,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =

one-degree-of-freedom
0.681, C, = 30.)
one-degree-of-freedom
0.648, C, = 30.)
one-degree-of-freedom
0.619, C, = 30.)
one-degree-of-freedom
0.562, C, = 30.)
one-degree-of-freedom
0.511, C, = 30.)
one-degree-of-freedom
0.464, C, = 30.)

system

system
system
system
system

system

Maximum response of elasto-plastic,one-degree-of-freedom system

for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (G, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =

0.383, C;, = 30.)
one-degree-of-freedom
0.316, C, = 30.)
one-degree-of-freedom
0.261, C, = 30.)
one-degree-of-freedom
0.215, ¢, = 30.)
one-degree-of-freedom
0.178, C; = 30.)
one-degree-of-freedom
0.147, C, = 30.)
one-degree-of-freedom
0.121, G, = 30.)
one-degree-of-freedom
0.100, C, = 30.)
one-degree-of-freedom
0.075, C, = 30.)
one-degree-o6f-freedom
0.056, C, = 30.)
one-degree-of-freedom
0.042, C, = 30.)
one-degree-of-freedom
0.032, C, = 30.)
one-degree-of-freedom
0.026, C, = 30.)
one-degree-of-freedom
0.018, C; = 30.)
one-degree-of-freedom
0.013, C, = 30.)
one-degree-of-freedom
0.010, C, = 30.)
one-degree-of-freedom
0.909, C, = 100.)
one-degree-of-freedom
0.866, C, = 100.)
one-degree-of -freedom
0.825, C, = 100.)
one-degree-of-freedom
0.787, ¢, = 100.)
one-degree-of-freedom
0.750, C, = 100.)

xxviii
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system'
system
system
system
system

system

system

system

system

system

system
system
system
system

system

system

system
system
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3-178
3-179
3-180
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3-158
3-159
3-160
3-161
3-162
3-163
3-164
3-165
3-166
3-167
3-168
3-169
3-170
3-171

3-172

Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =

xxix
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one-degree-of-freedom
0.715, ¢, = 100.)
one-degree-of-freedom
0.681, C, = 100.)
one-degree-of-freedom
0.648, C, = 100.)
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one-degree-of-freedom
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one-degree-of-freedom
0.075, C; = 100.)
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0.056, C, = 100.)
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0.042, C, = 100.)
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0.032, c, = 100.)
one-degree-of-freedom
0.026, C, = 100.)
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0.018, C, = 100.)
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0.013, ¢, = 100.)
one-degree-of-freedom
0.010, G, = 100.)
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3-173
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3-175
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3-184
3-185
3-186
3-187
3-188
3-189
3-190
3-191
3-192
3-193
3-194
3-195
3-196
3-197
3-198

3-199

Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse. (C;
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C;, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =

one-degree-of -freedom
0.909, C, = 300.)
one-degree-of-freedom
0.866, C, = 300.)
one-degree-of-freedom
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one-degree-of-freedom
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0.590, C, = 300.)
one-degree-of-freedom
0.562, C; = 300.)
one-degree-of-freedom
0.536, C, ~ 300.)
one-degree-of-freedom
0.511, c, ~ 300.)
one-degree-of-freedom
0.487, ¢, ~ 300.)
one-degree-of-freedom
0.464, C, ~ 300.)
one-degree-of-freedom
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0.365, C, = 300.)
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one-degree-of-freedom
0.316, C, = 300.)
one-degree-of-freedom
0.287, C; = 300.)
one-degree-of-freedom
0.274, C, = 300.)
one-degree-of-freedom
0.261, C, = 300.)
one-degree-of-freedom
0.237, C; = 300.)
one-degree-of-freedom
0.215, ¢, = 300.)
one-degree-of-freedom
0.198, ¢, = 300.)
one-degree-of-freedom
0.178, C, = 300.)
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3-216
3-217
3-218
3-219
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3-222
3-223
3-224
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Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C;, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C; =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
Maximum response of elasto-plastic,
for bilinear-triangular pulse (C, =
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CHAPTER 1

INTRODUCTION

INTRODUCTION
1-1. Purpose

The purpose of this manual is to present methods of design for protective
construction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

1-2, Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
protection for personnel and valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures,

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete, and structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragment perforation.

1-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. 1In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual.

Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques 1s essential. This manual describes rational design
methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is
applicable to the design of other explosive environments as well as other
explosive materials as mentioned above.

The design techniques set forth in this manual are based upon the results of
numerous full- and small-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

1-4. Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipment are included for information.

In this manual an effort is made to cover the more probable design situations.
However, sufficient general information on protective design techniques has
been included in order that application of the basic theory can be made to
situations other than those which were fully considered.

This manual is applicable to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maximum quantity of high explosive approved for
aboveground storage facilities in the Department of Defense manual, "Ammun-
ition and Explosives Safety Standards”, DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuating and mass effects of soll are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods for these and other materials.

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3 Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

1-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter 1 Introduction

Chapter 2 Blast, Fragment, and Shock Loads )

Chapter 3 Principles of Dynamic Analysis

Chapter 4 Reinforced Concrete Design

Chapter 5 Structural Steel Design

Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS
1-6. General

This chapter presents a qualitative description of an explosive protective
system, and addresses acceptor system tolerances, and the basis for structural
design.

SAFETY FACTOR
1-7. Safety Factor

Simplifications leading to safety conservative structural designs are made in
the design procedures of this manual. However, unknown factors can still
cause an overestimation of a structure’s capacity to resist the effects of an
explosion. Unexpected shock wave reflections, construction methods, quality
of construction materials, etc., vary for each facility. To compensate for
such unknowns it is recommended that the TNT equivalent weight be increased by
20 percent. This increased charge weight is the "effective charge weight" to
be used for design. Departures from this recommendation must be approved by
the responsible agency.

All charts pertaining to explosive output in this manual are for readings at
sea level.

EXPLOSION PROTECTION SYSTEM
1-8. System Components
1-8.1. General

Explosive manufacturing and storage facilities are constructed so that they
provide a predetermined level of protection against the hazards of accidental
explosions. These facilities consist of three components: (1) the donor
system (amount, type and location of the potentially detonating explosive)
which produces the damaging output, (2) the acceptor system (personnel,
equipment, and "acceptor" explosives) which requires protection, and (3) the
protection system (protective structure, structural components or distance)
necessary to shig¢ld against or attenuate the hazardous effects to levels which
are tolerable to the acceptor system. The flow chart in Figure 1-1 briefly
summarizes the protective system and relates the individual components to each
other.

1-8.2. Donor System

The donor system includes the type and amount of the potentially detonating
explosive as well as materials which, due to their proximity to the explosive,
become part of the damaging output. The output of the donor explosive
includes blast overpressures (hereafter referred to as blast pressures or
pressures), primary fragments resulting from cased explosives and secondary
fragments resulting from materials in the immediate vicinity of the donor
explosive. Other effects from the donor include ground shock, fire, heat,
dust, electromagnetic pulse, etc. For the quantities of explosives considered
in this manual, blast pressures constitute the principal parameter governing
the design of protective structures. However, in some situations, primary
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and/or secondary fragments and ground shock may assume equal importance in the
planning of the protection system. The other effects mentioned are usually of
concern in specific types of facilities, and their influence on the overall
design can usually be met with the use of standard engineering design proce-
dures. Except for very large quantities of explosives, ground shock effects
will usually be small and, in most cases, will be of concern when dislodging
of components within the protective structure is possible.

The chemical and physical properties of the donor explosive determine the
magnitude of the blast pressures whereas the distribution of the pressure
pattern is primarily a function of the location of the donor explosive rela-
tive to the components of the protective facility. The mass-velocity proper-
ties of the primary fragments depend upon the properties of the donor explo-
sive and the explosive casing, while, for secondary fragments, their mass-
velocity properties are functions of the type of fragment materials (equip-
ment, frangible portions of the structure, etc.), their relative position to
the donor explosive, and the explosive itself.

The explosive properties, including the molecular structure (monomolecular,
bimolecular, etc.) of the explosive, shape and dimensional characteristics,
and the physical makeup (solid, liquid, gas) of the charge, determine the
limitation of the detonation process. These limitations result in either a
high- or low-order detonation. With a high-order detonation, the process is
generally complete and results in the maximum pressure output for the given
type and amount of material. On the other hand, if the detonation is incom-
plete with the initial reaction not proceeding through the material mass, then
a large quantity of the explosive is consumed by deflagration and the blast
pressure is reduced.

Primary fragments are produced by the explosion of a cased donor charge. They
result from the shattering of a container which is in direct contact with the
explosive material. The container may be the casing of conventional muni-
tions, the kettles, hoppers, and other metal containers used in the manufac-
ture of explosives, the metal housing of rocket engines, etc. Primary frag-
ments are characterized by very high initial velocities (in the order of
thousands of feet per second), large numbers of fragments, and relatively
small sizes. The heavier fragments may penetrate a protective element depend-
ing upon its composition and thickness. The lighter fragments seldom achieve
perforation. However, in certain cases, primary fragments may ricochet into
the protected area and cause injury to personnel, damage to equipment, or
propagation of acceptor explosives. For protection against primary fragments,
sufficient structural mass must be provided to prevent full penetration, and
the configuration of the components of the protective facility must prevent
fragments from ricocheting into protected areas.

Secondary fragments are produced by the blast wave impacting objects located
in the vicinity of the explosive source. At these close distances, the
magnitude of the shock load is very high and objects can be broken up and/or
torn loose from their supports.

Pieces of machinery, tools, materials such as pipes and lumber, parts of the
structure (donor structure) enclosing the donor explosive, large pieces of
equipment, etc. may be propelled by the blast. Secondary fragments are
characterized by large sizes (up to hundreds of pounds) and comparatively low
velocities (hundreds of feet per second). These fragments may cause the same
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damage as primary fragments, that is, injury to personnel, damage to equipment
or detonation of acceptor explosives. However, protection against secondary
fragments is slightly different than for primary fragments. While preventing
perforation by primary fragments is important, secondary fragments pose addi-
tional problems due to their increased weight. The protective structure must
be capable of resisting the large impact force (momentum) associated with a
large mass travelling at a relatively high velocity.

1-8.3. Acceptor Systenm

The acceptor system is composed of the personnel, equipment, or explosives
that require protection. Acceptable injury to personnel or damage to equip-
ment, and sensitivity of the acceptor explosive(s), establishes the degree of
protection which must be provided by the protective structure. The type and
capacity of the protective structure are selected to produce a balanced design
with respect to the degree of protection required by the acceptor and the
hazardous output of the donor.

Protection in the immediate vicinity of the donor explosive is difficult
because of high pressures, ground shock, fire, heat, and high speed fragments
generally associated with a detonation. Protection can be afforded through
the use of distance and/or protective structures. Personnel may be subjected
to low blast pressures and/or small ground motions without direct injury.
However, injury can be sustained by falling and impacting hard surfaces.

In most explosive processing facilities, equipment is expendable and does not
require protection. Equipment which is very expensive, difficult to replace
in a reasonable period of time, and/or must remain functional to insure the
continuous operation of a vital service may require protection. The degree of
protection will vary depending upon the type and inherent strength of the
equipment. In general, equipment and personnel are protected in a similar
manner. However, equipment can usually sustain higher pressures than person-
nel, certain types of equipment may be able to withstand fragment impact
whereas personnel can not, and lastly, equipment can sustain larger shock
loads since it can be shock isolated and/or secured to the protective struc-
ture.

The degree of protection for acceptor explosives range from full protection to
allowable partial or total collapse of the protective structure. In order to
prevent detonation, sensitive acceptor explosives must be protected from blast
pressures, fragment impact, and ground shock whereas "insensitive" explosives
may be subjected to these effects in amounts consistent with their tolerance.
The tolerances of explosives to initial blast pressures, structural motions,
and impact differ for each type of explosive material with pressure being the
lesser cause of initiation. Impact loads are the primary causes of initiation
of acceptor explosives. They include primary and secondary fragment impact as
well as impact of the explosive against a hard surface in which the explosive
is dislodged from its support by pressure or ground shock and/or propelled by
blast pressures.
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PROTECTION CATEGORIES
1-9. Protection Categories

For the purpose of analysis, the protection afforded by a facility or its
components can be subdivided into four protection categories as described
below:

1. Protection Category 1 - Protect personnel against the uncontrolled
release of hazardous materials, including toxic chemicals, active radiological
and/or biological materials; attenuate blast pressures and structural motion
to a level consistent with personnel tolerances; and shield personnel from
primary and secondary fragments and falling portions of the structure and/or
equipment;

2. Protection Category 2 - Protect equipment, supplies and stored
explosives from fragment impact, blast pressures and structural response;

3. Protection Category 3 - Prevent communication of detonation by
fragments, high-blast pressures, and structural response; and

4. Protection Category 4 - Prevent mass detonation of explosives as a
result of subsequent detonations produced by communication of detonation
between two adjoining areas and/or structures. This category is similar to
Category 3 except that a controlled communication of detonation is permitted
between defined areas.
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ACCEPTOR SYSTEMS TOLERANCES
1-10. Protective Systems
1-10.1. Protective Structures

Personnel, equipment or explosives are protected from the effects of an
accidental explosion by the following means: (1) sufficient distance between
the donor and acceptor systems to attenuate the hazardous effects of the donor
to a level tolerable to the acceptor, (2) a structure to directly protect the
acceptor system from the hazardous output of the donor system, (3) a structure
to fully contain or confine the hazardous output of the donor system, and (4)
a combination of the above means. While large distances may be used to
pProtect acceptor systems, a protective facility is the most common method
employed when limited area is available. In general, separation distances are
used as a means of attenuating the hazardous effects of the donor to a level
which makes the design of a protective facility feasible, practical and cost
effective.

Protective structures can be classified as shelters, barriers or containment
structures. Protection is provided by each structure in three distinct
manners. Shelters are structures that fully enclose the acceptor system with
hardened elements. These elements provide direct protection against the
effects of blast pressures, primary and secondary fragments and ground shock.
Containment structures are buildings which fully or near fully enclose the
donor system with hardened elements. They protect the acceptor system by
confining or limiting the damaging output of the donor system. A barrier acts
as a shield between the donor and acceptor systems. They attenuate the
damaging output of the donor system to a level which is tolerable to the
acceptor systenm,

Shelters are fully enclosed structures and are used to protect personnel from
injury, prevent damage to valuable equipment, and prevent detonation of sensi-
tive explosives. The exterior of the structure is composed of hardened
elements which must be designed to resist the effects of blast pressures and
both primary and secondary fragment impact and the interior must be arranged
to shock isolate the acceptor system. Entrances must be sealed by blast doors,
and depending upon the amount of usage and/or the potential explosive hazard,
may also require blast locks (an entrance containing a blast door followed by
a second blast door; one of which is always closed). Other openings required
for facility operations, such as ventilation passages, equipment access
openings, etc., may be sealed by blast valves or blast shields. Design
criteria for these protective closures are governed by their size and location
and the magnitude of the blast pressure and fragment effects acting on them.
Small openings may be permitted if the magnitude and rate of pressure buildup
within the structure is tolerable to the occupants and contents of the shel-
ter. Specific provisions may also be necessary to insure that partitions,
hung ceilings, lighting fixtures, equipment, mechanical and electrical fix-
tures, piping, conduits, etc., are not dislodged as a result of structure
motions or leakage pressures and become a hazard to the building’s occupants
and contents.

Barriers are generally used to prevent propagation of explosions. They act as
a shield between two or more potentially detonating explosives. Their main
purpose is to stop high speed fragments from impacting acceptor explosives.
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In addition, they reduce secondary fragments striking the acceptor. They can
also reduce blast pressures in the near range (at a distance up to ten times
barrier height) but have little or no effect on the far range. Barriers can
be either barricades (revetted or unrevetted earth barricades), simple canti-
lever walls, etc., or cubicle-type structures where one or more sides and/or
the roof are open to the atmosphere or enclosed by frangible elements. Igloos
(earth covered magazines), below ground silos, and other similar structures
with open or frangible surfaces can also be classified as barriers. They are
usually used in storage, manufacturing, or processing of explosives or explo-
sive materials. The explosives are usually located close to the protective
element. Consequently, the barrier is subjected to high intensity blast loads
and the acceptor explosive 1s subjected to comparatively high leakage pres-
sures.

Containment structures are generally used for high hazard operations and/or
operations involving toxic materials. These operations must be remotely
controlled since operating personnel should not be located within the struc-
ture during hazardous operation. All entrances must be sealed with blast
doors. Other openings required for facility operations such as ventilation
passages, equipment and/or product access openings, etc., must be sealed by
blast valves or blast shields. For operations not involving toxic materials,
blast pressures may be released to the atmosphere. However, this pressure
release must be controlled both in magnitude and direction either by mechani-
cal means (through blast valves or shields) or by limiting the size of the
openings and/or directing the leakage pressures to areas where personnel,
equipment and acceptor explosives will be protected.

The various components of a protective facility must be designed to resist the
effects of an explosion. The exterior walls and roof are the primary protec-
tive elements. These elements are said to be "hardened" if they are designed
to resist all the effects associated with an explosion (blast pressures,
primary and secondary fragments, structure motions). On the other hand, a
blast resistant element is designed to resist blast pressure only. While a
blast resistant element is not designed specifically to resist fragments, the
element has inherent fragment resistance properties which increases with
increasing blast resistant capabilities. In many parts of this manual, the
term "blast resistant" is used synonymously with "hardened."

1-10.2. Containment Type Structures

The first three protection categories can apply to structures classified as
containment structures when these structures are designed to prevent or limit
the release of toxic or other hazardous materials to a level consistent with
the tolerance of personnel. These structures generally are designed as donor
structures and can resist the effects of "close-in" detonations (detonations
occurring close to the protective structures). Added protection is accom-
plished by minimizing the pressure leakage to the structures exteriors, by
preventing penetration to the exterior of the structure by primary fragments
and/or formation of fragments from the structure itself. Quite often, con-
tainment structures may serve as a shelter as described below. Procedures for
designing reinforced concrete containment structures are gontained in Chapter
4, A design ratio of weight to volume of W/V < .15 1b/ft” is a practical
range for reinforced concrete containment structures.
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1-10.3. Shelters

The first three protection categories apply to shelters which provide protec-
tion for personnel, valuable equipment, and/or extremely sensitive explosives.
Shelters, which are usually located away from the explosion, accomplish this
protection by minimizing the pressure leakage into a structure, providing
adequate support for the contents of the structure, and preventing penetration
to the interior of the structure by high-speed primary fragments, and/or by
the impact of fragments formed by the breakup of the donor structure. Protec-
tion against the uncontrolled spread of hazardous material is provided by
limiting the flow of the dangerous materials into the shelter using blast
valves, filters, and other means. Procedures for designing concrete and
structural steel buildings are contained in Chapters IV and V, respectively.

1-10.4. Barriers

Although the first three protection categories of protection can be achieved
with the use of a shelter, the last two protection categories (para. 1-9)
pertain to the design of barriers where protection of explosives from the
effects of blast pressures and impact by fragments must be provided. For the
third protection category, the explosion must be confined to a donor cell,
whereas in the fourth protection category, propagation between two adjoining
areas is permitted. However, the communication of detonation must not extend
to other areas of the facility. This situation may arise in the event of the
dissimilarity of construction and/or explosive content of adjacent areas.
Procedures for designing reinforced concrete barriers are contained in Chapter
4,

1-11. Human Tolerance
1-11.1. Blast Pressures

Human tolerance to the blast output of an explosion is relatively high.
However, the orientation of a person (standing, sitting, prone, face-on or
side-on to the pressure front), relative to the blast front, as well as the
shape of the pressure front (fast or slow rise, stepped loading), are signifi-
cant factors in determining the amount of injury sustained. Shock tube and
explosive tests have indicated that human blast tolerance varies with both the
magnitude of the shock pressure as well as the shock duration, i.e., the
pressure tolerance for short-duration blast loads is significantly higher than
that for long-duration blast loads.

Tests have indicated that the air-containing tissues of the lungs can be
considered as the critical target organ in blast pressure injuries. The
release of air bubbles from disrupted alveoli of the lungs into the vascular
system probably accounts for most deaths. Based on present data, a tentative
estimate of man’s response to fast rise pressures of short duration (3 to 5
ms.) is presented in Figure 1-2. The threshold and severe lung-hemorrhage
pressure levels are 30 to 40 psi and above 80 psi, respectively, while the
threshold for lethality due to lung damage is approximately 100 to 120 psi
(Table 1-1). -On the other hand, the threshold pressure level for petechial
hemorrhage resulting from long-duration loads may be as low as 10 to 15 psi,
or approximately one-third that for short duration blast loads. Since surviv-
al is dependent on the mass of the human, the survival for babies will be
different than the survival for small children which will be different from
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that for women and men. These differences have been depicted in Figure 1-2
which indicates that the survival scaled impulse depends on the welight of the
human. It is recommended that 11 1lb. be used for babies, 55 1b. for small
children, 121 1b. for adult women and 154 1b. for adult males,

A direct relationship has been established between the percentage of ruptured
eardrums and maximum pressure, i.e., 50 percent of exposed eardrums rupture at
a pressure of 15 psi for fast rising pressures while the threshold of eardrums
rupture for fast rising pressure is 5 psi. Temporary hearing loss can occur
at pressure levels less than that which will produce onset of eardrum rupture.
This temporary hearing loss is a function of the pressure and impulse of a
blast wave advancing normal to the eardrum. The curve which represents the
case where 90 percent of those exposed are not likely to suffer an excessive
degree of heating loss, is referred to as the temporary threshold shift. The
pressures referred to above are the maximum effective pressures, that is, the
highest of either the incident pressure, the incident pressure plus the
dynamic pressures, or the reflected pressure. The type of pressure which will
be the maximum effective depends upon the orientation of the individual
relative to the blast as well as the proximity of reflecting surfaces and the
occurrence of jetting effects which will cause pressure amplification as the
blast wave passes through openings. As an example, consider the pressure
level which will cause the onset of lung injury to personnel in various
positions and locations. The threshold would be 30 to 40 psi reflected
pressure for personnel against a reflector (any position), 30 to 40 psi
incident plus dynamic pressure; 20 to 25 psi would be the incident pressure
plus 10 to 15 psi dynamic pressure for personnel in the open, either standing
or prone-side-on, and 30 to 40 psi incident pressure for personnel in the open
in a prone-end-on position.

However, the above pressure level assumes that an individual is supported and
will not be iInjured due to being thrown off balance and impacting a hard and
relatively non-yielding surface. In this case, pressure levels which humans
can withstand are generally much lower than those causing eardrum or lung
damage. For this case, one publication has recommended that tolerable pres-
sure level of humans not exceed 2.3 psi which is higher than temporary thresh-
old shift of temporary hearing loss (Figure 1-3) and probably will cause
personnel, which are located in the open, to be thrown off balance.

Structures can be designed to control the build-up of internal pressure,
however, jetting effect produced by pressure passing through an opening can
result in amplification of the pressures at the interior side of the opening.
The magnitude of this increased pressure can be several times as large as the
maximum average pressure acting on the interior of the structure during the
passage of the shock wave. Therefore, openings where jetting will occur
should not be directed into areas where personnel and valuable equipment will
be situated.

1-11.2. Structural Motion

It is necessary that human tolerance to two types of shock exposure be consid-
ered:

1. Impacts causing body acceleration/deceleration, and
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2. Body vibration as a result of the vibratory motion of the struc-
ture.

If a subject is not attached to the structure, he may be vulnerable to impact
resulting from collision with the floor due to the structure dropping out
beneath him and/or the structure rebounding upward towards him. However, the
more plausible means of impact injury results from the subject being thrown
off balance because of the horizontal motions of the structure, causing him to
be thrown bodily against other persons, equipment, walls and other hard
surfaces.

Studies have indicated that a probable safe impact tolerance velocity is 10
fps. At 18 fps there is a 50 percent probability of skull fracture and at 23
fps, the probability is nearly 100 percent. This applies to impact with hard,
flat surfaces in various body postures. However, if the line of thrust for
head impact with a hard surface is directly along the longitudinal axis of the
body (a subject falling head first), the above velocity tolerance does not
apply since the head would receive the total kinetic energy of the entire body
mass. Impacts with corners or edges are also extremely critical even at
velocities less than 10 fps. An impact velocity of 10 fps is considered to be
generally safe for personnel who are in a fairly rigid posture; therefore,
greater impact velocities can be tolerated if the body is in a more flexible
position or if the area of impact is large.

The effect of horizontal motion on the stability of personnel (throwing them
off balance or hurling them laterally) depends on the body stance and posi-
tion, the acceleration intensity and duration, and the rate of onset of the
acceleration. An investigation of data concerning sudden stops in automobiles
and passenger trains indicates that personnel can sustain horizontal accelera-
tions less than 0.44 g without being thrown off balance. These accelerations
have durations of several seconds; hence, the accelerations considered in this
manual required to throw personnel off balance are probably greater because of
their shorter durations. Therefore, the tolerable horizontal acceleration of
0.50 g required to provide protection against ground-shock effects resulting
from nuclear detonations should be safe for non-restrained personnel (stand-
ing, sitting, or reclining).

If the vertical downward acceleration of the structure is greater than 1 g,
relative movement between the subject and the structure is produced. As the
structure drops beneath him, the subject begins to fall until such time that
the structure slows down and the free falling subject overtakes and impacts
with the structure. The impact velocity is equal to the relative velocity
between the structure and the subject at the time of impact, and to assure
safety, it should not exceed 10 fps.

To illustrate this vertical impact, a body which free falls for a distance
equal to 1.5 feet has a terminal or impact velocity of approximately 10 fps
against another stationary body. If the impacted body has a downward velocity
of 2 fps at the time of impact, then the impact velocity between the two
bodies would be 8 fps.

Based on the available personnel vibration data, the following vibrational
tolerances for restrained personnel are considered acceptable: 2g for less
than 10 Hz, 5g for 10-20 Hz, 7g for 20-40 Hz, and 10g above 40 Hz. However,
the use of acceleration tolerances greater than 2g usually requires restrain-
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ing devices too elaborate for most explosive manufacturing and testing facili-
ties.

1-11.3. Fragments

Overall, human tolerance to fragment impact is very low; however, certain
protection can be provided with shelter type structures. Fragments can be
classified based on their size, velocity, material and source, i.e.:

1. Primary fragments, which are small, high-speed missiles usually
formed from casing and/or equipment located immediately adjacent
to the explosion,and

2. Secondary fragments, which are generated from the breakup of the
donor building, equipment contained within the donor structure
and/or acceptor buildings which are severely damaged by an explo-
sion.

Discussion of human tolerance of both of these types of fragment overlap,
since the basic differences between these fragments are their size and veloci-
ty. Impact of primary fragments can be related to an impact by bullets.where
the fragment is generally small, usually of metal and traveling at high
velocities. A great deal of research has been conducted for the military;
however, most of the data from these tests is not available. Some fragment-
velocity penetration data of humans has been developed for fragment weights
equal to or less than 0.033 pounds, and indicates that, as the ratio of the
fragment area to weight increases, the velocity which corresponds to a 50
percent probability of penetrating human skin will increase. This trend is
illustrated in Table 1-2 where the increase in velocity coincides with the
increase of area of the fragment.

Secondary fragments, because they have a large mass, will cause more serious
injuries at velocities significantly less than caused by primary fragments.
Table 1-3 indicates the velocity which corresponds to the threshold of serious
human injury. As mentioned in 1-11.2 above, the impact of a relatively large
mass with a velocity less than 10 fps against a human can result in serious
bodily injury. Also, the impact of smaller masses (Table 1-3) with higher
velocities can result in injuries as severe as those produced by larger
masses. See applicable Safety Manual for fragment criteria.

1-12. Equipment Tolerance
1-12.1. Blast Pressures

Unless the equipment is of the heavy-duty type (motor, generators, air han-
dlers, etc.), equipment to be protected from blast pressures must be housed in
shelter-type structures similar to those required for the protection of
personnel. Under these circumstances, the equipment will be subjected to
blast pressures which are permitted to leak into the shelter through small
openings. If the magnitude of these leakage pressures is minimized to a level
consistent with that required for personnel protection, then in most cases
protection from the direct effects of the pressures is afforded to the equip-
ment, However, in some instances, damage to the equipment supports may occur
which, in turn, can result in damage to the equipment as a result of falling.
Also, if the equipment is located immediately adjacent to the shelter open-
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ings, the jetting effects of the pressures entering the structure can have
adverse effects on the equipment. In general, equipment should be positioned
away from openings and securely supported. However, in some cases, equipment
such as air handling units must be positioned close to the exterior openings.
In this event, the equipment must be strong enough to sustain the leakage
pressures (pressures leaking in or out of openings) or protective units such
as blast valves must be installed.

1-12.2. Structural Motion and Shock

Damage to equipment can result in failures which can be divided into two
classes; temporary and permanent. Temporary failures, often called "malfunc-
tions," are characterized by temporary disruption of normal operation, whereas
permanent failures are associated with breakage, resulting in damage so severe
that the abllity of the equipment to perform its intended function is impaired
permanently or at least over a period of time.

The capacity of an item of equipment to withstand shock and vibration is
conventionally expressed in terms of its "fragility level"” which is defined as
the magnitude of shock (acceleration) that the equipment can tolerate and
still remain operational. The fragility level for a particular equipment item
is dependent upon the strength of the item (frame, housing, and components)
and, to some extent, the nature of the excitation to which it is subjected.

An equipment item may sustain a single peak acceleration due to a transient
input load, but may fail under a vibration-type input having the same peak
acceleration amplitude. Also the effects of the occurrence of resonance may
be detrimental to the item functioning. For these reasons, fragility data
should be considered in connection with such factors as the natural frequen-
cies and damping characteristics of the equipment and its components, as well
as the characteristics of the input used to determine the tolerance as com-
pared to the motion of the structure which will house the equipment.

The maximum shock tolerances for equipment vary considerably more than those
for personnel. To establish the maximum shock tolerance for a particular
item, it is necessary to perform tests and/or analyses. Only selected items of
equipment have been tested to determine shock tolerances applicable for
protection from the damage which may be caused by structural motioms.

Most of this data resulted from tests to sustain ground-shock motions due to a
nuclear environment, which will have a duration considerably longer than that
associated with a HE explosion. However, the data which are available con-
cerning shock effects indicate strength and ruggedness or sensitivity of
equipment. These data, which are based primarily on transportation and
conventional operational shock requirements, indicate that most commercially
available mechanical and electrical equipment are able to sustain at least
3g’'s, while fragile equipment (such as electronic components) can sustain
approximately 1.5g's.

The above tolerances are safe values, and actual tolerances are, in many
cases, higher than 3g’'s, as indicated in Table 1-4. However, the use of such
acceleration values for particular equipment require verification by shock
testing with the induced motions (input) consistent with expected structural
motions,

1-15



TM 5-1300/NAVFAC P-397/AFR 88-22

The above tolerances are applicable to equipment which is mounted directly to
the sheltering structure. For the equipment to sustain shock accelerations in
the order of magnitude of their tolerances, the equipment item must be "tied"
down to the structure, that is, the equipment stays attached to the structure
and does not impact due to its separation. In most cases, shock isolation
systems will be needed to protect the equipment items. The shock isolation
systems will consist of platforms which are supported by a spring assembly for
large motion and/or cushioning material when the motions are small. These
systems should be designed to attenuate the input accelerations to less than
lg in order that separation between the equipment and support system does not
occur. If the spring systems are designed to be "soft"” (less than 1/2 g)
then, depending on the mass of the equipment, vibratory action of the system
could occur due to individuals walking on the platforms.

1-12.3. Fragments

Susceptibility of an item of equipment to damage from fragment impact depends
upon the ruggedness of its components, its container, if any, and upon the
size and velocity of the fragment at the time of impact.

Some heavy equipment (motors, generators, etc.) may sustain malfunctions as a
result of the severing of electrical or mechanical connections, but seldom are
destroyed by the impact of primary fragments. On the other hand, this heavy
equipment can be rendered useless by secondary fragment impact. Fragile
equipment (electronic equipment, etc.) will generally be inoperable after the
impact of either primary or secondary fragments. The impact force and pene-
tration capability of light fragments may perforate sensitive portions of
heavy equipment (fuel tank of generators, etc.). Low-velocity light fragments
seldom result in severe damage. These fragments usually ricochet beyond the
equipment unless the component part of the equipment it strikes is glass or
other fragile material, in which case, some damage may be inflicted.

Although the damage to the equipment of a structure can be great as a result
of falling or flying debris, the increased cost of strengthening walls and
other portions of the protective shelter is usually not warranted unless
personnel or acceptor charge protection is also required and/or the cost of
the equipment item lost exceeds the increased construction costs. Even in
this latter situation, a probability analysis of the occurrence of an incident
should be made prior to incurring additional construction costs.

1-13. Tolerance of Explosives
1-13.1. General

The tolerances of explosives to blast pressure, structural motion, and impact
by fragments differ for each type of explosive material and/or item. General-
ly, fragment impact is the predominant cause of detonation propagation.

1-13.2. Blast Pressures

Except in reglons of extremely high pressure, most explosive materials are
insensitive to the effects of blast pressures. In many instances, however,
the secondary effects, such as dislodgement of the explosive from its support
and propulsion of the explosive against hard surfaces, can result in a possi-
ble detonation depending upon the tolerance of the explosive to impact.
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Results of several different types of sensitivity tests (drop test, card gap
tests, friction tests, etc.) are presently available which will aid in the
establishment of the tolerances of most explosive materials to impact.

1-13.3. Structural Motions

Structural motion effects on explosives are similar to the impact effects
produced by blast pressures. The movement of the structure tends to dislodge
the explosive from its support, resulting in an impact of the explosive with
the floor or other parts of the structure. The distance the explosive falls
and its sensitivity to impact and friction determine whether or not propaga-
tion occurs.

1-13.4. Fragments

Although blast pressures and structural motions can produce explosive propaga-
tion, the main source of communication of explosions is by fragments, princi-
pally primary fragments from the breakup of the donor charge casing, fragments
produced by the fracture of equipment close to the explosion, disengagement of
interior portions of the structure, and/or failure of the structure proper.

In recent years, an extensive test program has been performed which has
provided a significant amount of information regarding explosive propagation
by primary fragment impact. This program was conducted primarily to determine
safe separation criteria for bulk explosives and munitions, mainly for the
design and operation of conveyance systems. The individual test programs were
predicated upon given manufacturing operations where improved safety criteria
would lessen the probability of a catastrophic event. Individual test pro-
grams were performed in two stages, exploratory and confirmatory, where the
safe separation was determined during the exploratory phase and confirmation
was established on a 95 percent confidence level.

A typical test set-up is illustrated in Figure 1-4, while the results of the
various test programs are listed in Table 1-5 for bulk explosives and in Table
1-6 for munitions. These Tables list the bulk explosives and munition types,
the configurations examined and the established safe separation distances.

For all items/configurations examined, unless specified, the test conditions
were: 1) in free air (without tunnels), 2) open spaced (no shields), 3) in a
vertical orientation, and 4) measured edge-to-edge. Inspection of Tables 1-5
and 1-6 reveal that minimum safe separation distances have not been estab-
lished for some of the items listed. If specific safe separation distances
are required, as will be for other items not listed, further tests will be
required. A detailed compilation of the items and test procedures and methods
are listed in the bibliography.

Several testing methods have been developed to determine the sensitivity of
explosives to impact by secondary fragments. In one series of tests which
utilized a catapult method for propelling approximately 70 pounds of concrete
fragments, sand and gravel rubble, against lightly cased Composition B accep-
tor explosives indicated a boundary velocity on the order of approximately 400
fps. A second series of tests, which propelled concrete fragments as large as
1000 pounds against 155 mm projectiles (thick steel wall projectile), indi-
cated that the projectile would not detonate with striking velocities of 500
fps. This latter test series also included acceptor items consisting of 155
projectiles with thin wall riser funnels, which detonated upon impact with the
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concrete. Another series of fragment testing included the propelling of large
concrete fragments against thin wall containers with molten explosive simulat-
ing typical melt-pour kettles in a loading plant. In all cases, the contents
of the simulated kettle detonated. Although the results of these test series
indicated that thick wall containers of explosive will prevent propagation,
while thin wall containers will not, the number of tests performed in each
series was relatively few. Additional tests are required to determine the
extent that the variation of container thickness has on the magnitude of the
mass/velocity boundary established to date.
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Figure 1-4 Example of safe separation tests
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Table 1-1

Duration (3-5 ms.)

Blast Effects in Man Applicable to Fast-Rising Air Blasts

TM 5-1300/NAVFAC P-397/AFR 88-22

of Short

Critical Organ or Event

Maximum Effective
Pressure (psi)*

Eardrum Rupture
Threshold
50 percent
Lung Damage:
Threshold
50 percent
Lethality
Threshold
50 percent
Near 100 percent

5
15

30-40
80 and above

100-120
130-180
200-250

* Maximum effective pressure is the highest of incident pressure,
incident pressure plus dynamic pressure, or reflected pressure.

Table 1-2 50 Percent Probability of Penetrating Human Skin
Threshold
Ratio of Fragment Fragment Area Based on Velocity Energy
area/weight (ft2 /1b)| 0.033 1b. fragment weight (ft2) | (fps) (ft-1b.)

0.03 .00099 100 5

0.10 .00330 165 14

0.20 .00660 250 32

0.30 .00990 335 58

0.40 .01320 425 93

1-23



TM 5-1300/NAVFAC P-397/AFR 88-22

Table 1-3 Threshold of Serious Injury to Personnel Due to Fragment
Impact
Fragment

Critical Organ Weight (1bs.) Velocity(£fps) Energy (ft-1b.)
Thorax >2.5 10 4

0.1 80 10

0.001 400 2.5
Abdomen and limbs | >6.0 10 9

0.1 75 9

0.001 550 5
Head >8.0 10 12

0.1 100 16

0.001 450 3

Table 1-4 Examples of Equipment Shock Tolerances

Equipment Peak Accelerations
Fluorescent light fixtures (with lamps) 20 to 30g
Heavy machinery (motor, generators,
transformers, etc. > 4,000 1lbs.) 10 to 30g
Medium-weight machinery (pumps, condensers,
AC equipment, 1,000 to 4,000 lbs.) 15 to 45g
Light machinery (small motors <1,000 1bs.) 30 to 70g
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Table 1-5 Safe Separation Distance (bulk explosives)
Bulk Explosive Test Configuration Safe
Explosiye Weight (1lbs) Separation (ft)
Composition 10 Rubber buckets in tunnel 6.0
A-5 15 Aluminum buckets in tunnel 20.0
Composition --- Flake, depth on 15 inch Serpentix .17 (1)
B conveyor
2.5 Riser scrap:2 pieces 1.5
2.5 4 pieces 3.0
2.5 2 pleces within funnels 2.0
2.5 4 pieces within funnels 3.0
60 Cardboard container in tunnel 12.0
60 Plastic buckets 12.0 (2)
Composition 35 Aluminum buckets in tunnel 20.0 (2)
C-4 50 Aluminum buckets in tunnel 25.0 (2)
Cyclotol 60 Aluminum box in tunnel & 0.38-in 24.0
(75/25) Kevlar shield.
60 Cardboard box in tunnel. 18.0
Guanidine 20 DOT-21C-60 Containers with tops on 3.8
Nitrate 40 DOT-21C-60 Containers with tops on 4.8
80 DOT-21C-60 Containers with tops on 5.5
Nitro- 25 DOT-21C-60 Containers with tops on 5.5
Guanidine 50 DOT-21C-60 Containers with tops on 7.0
(Powder) 450 DOT-21C-60 Containers with tops on 16.0
TNT, Type 1| --- Depth on 2-foot Serpentix conveyor .08 (1)
Flake
55 Cardboard box 12.0
168 Aluminum tote bin, 60.0
w/steel fiberglass in tunnel
168 Aluminum tote bin in wooden tunnel 50.0

(1)Depth of material at which propagation is prevented is less than or

equal to the value shown.
(2)Minimum distance tested. Actual safe separation distance less than

or equal to that indicated. Further tests required to establish minimum safe
separation distance.
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Table 1-6 Safe Separation Distance (munitions)

Safe
Munition Test Configuration Separation (ft)
8-inch M106 Single round with 3-inch 1.0
HE Projectile diameter aluminum bar shield
8 inch M509 Single round with "VEE" shield 2.7
HE Projectile Figure 1-5a)
155 mm M107 Single round with one-inch thick 1.5
HE Projectile aluminum or 1/2-inch thick steel
plate shield
24 per pallet 110.0
155 mm M483 Single round with MS shield (Fig. 1-5b) 0
HE Projectile
155 mm M795 Single round 15.0
HE Projectile
(TNT, TYPE 1)
105 mm M1 16 per pallet 30.0
HE Projectile
' 16 per pallet, with funnel and 20.0
3/4-inch thick steel plate shield
105 mm M456 Primed cartridge cases 0
HEAT-T Projectile
Single round with 3-inch diameter 1.6
aluminum bar shield
Single round, horizontal with 0.91
3-inch diameter aluminum bar shield
81 mm M374A2El Single round with 1/4-inch thick Lexan 0.73 (1)

HE Cartridge

plate extension to 2-inch thick
aluminum brick shield
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Table 1-6 (Cont’d.)

’ Safe
Munition Test Configuration Separation (ft)
81lmm M374 Single round 2.0
HE Projectile

Single round with 2-inch thick 0.73 (1)

aluminum brick shield

72 per pallet 30.0
30 mm XM789 2 each. PBXN-5 pellets 0.08
HEDP Projectile

Shell body with 2 pellets 0.08

Loaded body assembly 0.08

Heated loaded body assembly 0.25

Fuzed projectile 0.25
25 mm XM792 Type I pellets 0.08
HEI-T Cartridge

Type II pellets 0.04

Loaded body assembly 0.17

Fuzed projectile 0.17

Complete cartridge 0.17
BLU-63 A/B Hemispheres 0.04
Bomblet

Hemispheres in fixtures 0

Hemispheres, 16 per tray 0

Bomblet 0.17
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Table 1-6 (Cont’d.)

mines(w/o fuzes)

Safe

Munition Test Configuration Separation (ft)
BLU-97/B 16 per pallet with 1/2-inch 4.0
Submunition thick aluminum plate shield

16 per pallet with "airflow" shield 5.0

(1/2-inch thick aluminum plates,

cut in open "picket fence" design

with one plate's spaces covered by

the second plate’s columns).

Single bomblet with either 100% 0.75

or 75% shield (1/2-inch thick

aluminum plate).
M42/M46 GP Single grenade 0.17
Grenades
(w/o fuzes)

64 per tray 7.0

768 per carrier, in tunnel 40.0

8 per M483 Ring Pack 1.0

15 per M509 Ring Pack 1.5

32/64 per single/dual 0

cluster tray
M56 Mine Single mine 0.50 (1)

2-mine canister 0.50 (1)
M74AP and Single mine with 3-inch thick 0.25
M75 ATAV aluminum brick shield

(L) Minimum distance tested.
equal to that indicated.

safe separation distance.
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BASIS FOR STRUCTURAL DESIGN
1-14. Structural Response
1-14.1. General

Dynamic response criteria to be used in the design of a protective structure
and its elements depend on: (1) the properties (type, weight, shape, casing,
etc.) and location of the donor explosive, (2) the sensitivity (tolerance) of
the acceptor system, and (3) the physical properties and configuration of the
protective structure. In many situations, the acceptor system will control
the overall required structural response.

1-14.2. Pressure Design Ranges
1-14.2.1. General

An engineering analysis of the blast pressure and fragments associated with
high explosive detonations acting on protective structures must be made to
describe the response of the protective structures to donor output. The
response to the blast output is expressed in terms of design ranges according
to the pressure intensity, namely, (1) high pressure, and (2) low pressure. As
subsequently shown, these design ranges are related to the relative location
of the protective structure to the explosion.

1-14.2.2. High-Pressure Design Range

At the high-pressure design range, the initial pressure acting on the protec-
tive structure are extremely high and further amplified by their reflections
on the structure. Also the durations of the applied loads are short, particu-
larly where complete venting of the explosion products of the detonation
occurs. These durations are also short in comparison to the response time
(time to reach maximum deflection) of the individual elements of the struc-
tures. Therefore, structures subjected to blast effects in the high-pressure
range can, in certain cases, be designed for the impulse (area under the
pressure-time curve, Chapter 2) rather than the peak pressure associated with
longer duration blast pressures. If the acceptor system is comprised exclu-
sively of explosives, the protective donor structure may be permitted to
exceed incipient failure and produce "post failure" fragments provided that
the fragment velocities are less than that which will initiate detonation of
acceptor charges. This latter range of response is referred to as the "brit-
tle mode of failure."

In the event personnel and/or expensive equipment is being protected or where
containment type structures are providing the protection, then incipient
failure design is not permitted. Here, the effects of the high pressure and
the long duration pressures associated with contained products of the explo-
sion must be accounted for in determining the protective structure response.

Fragments associated with the high-pressure range usually consist of high
velocity missiles associated with casing breakup or acceleration of equipment
positioned close to the explosion. For acceptors containing explosives, the
velocities of primary fragments which penetrate the protective structure must
be reduced to a level below the velocity which will cause detonation of the
acceptor charges. For personnel or expensive equipment, the possibility of
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fragment impact on the acceptor must be completely eliminated. Also associ-
ated with the "close-in" effects of a high-pressure design range are the
possible occurrence of spalling of concrete elements. Spalling is generally
associated with the disengagement of the concrete cover over reinforcement at
the acceptor side of a protective element. Spalling can be a hazard to person-
nel and sometimes to equipment but seldom will result in propagation of
explosion of an acceptor system.

1-14.2.3. Low-Pressure Design Range

Structures subjected to blast pressures associated with the low-pressure range
sustain peak pressures of smaller intensity than those associated with the
high-pressure range. However, the duration of the load can even exceed the
response time of the structure. Structural elements designed for the low-
pressure range depend on both pressure and impulse.

In cases where the peak pressure is relatively low and the explosive charge is
very large (several hundred thousand pounds of explosive) the duration of
blast pressures will be extremely long in comparison to those of smaller
explosive weights. Here the structure responds primarily to the peak pressure
in a manner similar to those structures designed to resist the effects of
nuclear detonations. This latter case, although seldom encountered, is some-
times referred to as the "very low-pressure range."

Since the low-pressure design range is involved in the design of shelter type
structures, donor fragmentation is of concern. Secondary fragments formed
from the break-up of donor structures can produce minor damage to a shelter.
These fragments generally have a large mass but their velocities are generally
much less than those of primary fragments.

1-14.3. Analyzing Blast Environment

Although each design pressure range is distinct, no clear-cut divisions
between the ranges exist; therefore, each protective structure must be ana-
lyzed to determine its response.

Structural response depends on design and load. Three possible designs,
resulting in three distinct resistance-time responses are illustrated in
Figure 1-6. Curve A represents the resistance-time function of an element
which responds to the impulse; the time to reach maximum deflection is very
long in comparison to the load duration. The low-pressure range is repre-
sented by Curve B where the element’s response depends on both pressure and
impulse. Here and dependent on design, the response time of an element can be
less than, equal to, or greater than the load duration (Figure 1-6). Curve C
illustrates the very low-pressure design range where the element responds to
pressure. The required peak resistance is in the order of magnitude of the
peak pressure, while the duration of the load is extremely long compared to
the time to reach maximum deflection. Although the required maximum resis-
tance will vary in comparison to the peak pressure, the variation will be
slight and, in general, the required maximum resistance of an element to
resist long duration loads will be only slightly larger (5 to 10 percent) than
the peak pressure.

Figure 1-7 indicates semi-quantitatively the parameters which. define the
design ranges (including the very low range) of an element, along with the
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approximate relationship between the time to reach maximum deflection and the
load duration.

It was indicated earlier that the design range of an element is related to the
location of the element relative to the explosion. For the quantity of explo-
sives considered in this manual, an element designed for the high-pressure
range is usually situated immediately adjacent to the explosion, and its
exposed surfaces facing the explosion are oriented normal or nearly normal to
the propagation of the initial pressure wave (Figure 1-8, cases I through IV).
On the other hand, elements which are located close to the explosion and are
positions parallel to the path of the wave propagation may respond to the
blast effects assoclated with the low pressure design range. Elements located
close to a detonation seldom respond solely to a peak pressure.

Certain elements of a protective structure located a distance from the explo-
sion may respond to the impulse (high-pressure range) even though they are
located at the low-pressure range while other structures located near the
explosion will respond to the low-pressure design range. In the former case,
the structure will not contain personnel or expensive equipment and will
primarily serve as a barrier structure. In the latter case, the structure
will serve as a shelter (Case I, Figure 1-8).
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acceleration due to gravity (ft/secz)

unit positive impulse (psi-ms)

unit scaled impulse for use in figure 1-2 (psi-ms/lb1/3)
pressure (psi)

time at which maximum deflection occurs (ms)

duration of positive phase of blast pressure (ms)

volume of containment structure (ft3)

weight of human being (lbs)

charge weight (lbs)
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CHAPTER 2

BLAST, FRAGMENT, AND SHOCK LOADS

INTRODUCTION
2-1. Purpose

The purpose of this manual is to present methods of design for protective
construction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

2-2. Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
protection for personnel and valuable equipment,

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete, and structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragment perforation.

2-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's gquantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions”. This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual.

Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design
methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is
applicable to the design of other explosive environments as well as other
explosive materials as mentioned above.

The design techniques set forth in this manual are based upon the results of
numerous full- and small-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

2-4, Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipment are included for information.

In this manual an effort is made to cover the more probable design situations.
However, sufficient general information on protective design techniques has
been included in order that application of the basic theory can be made to
situations other than those which were fully considered.

This manual is applicable to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maximum quantity of high explosive approved for
aboveground storage facilities in the Department of Defense manual, "Ammun-
ition and Explosives Safety Standards®”, DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuating and mass effects of soil are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods for these and other materials.

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

2-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter 1 Introduction

Chapter 2 Blast, Fragment, and Shock Loads

Chapter 3 Principles of Dynamic Analysis

Chapter 4 Reinforced Concrete Design

Chapter 5 Structural Steel Design

Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS
2-6. General

This chapter contains the procedures for determining explosive output and
associated structure loadings, fragment effects, and the structural motion
effects associated with accidental explosions. These procedures are contained
in the following sections: Sections 2-8 through 2-15 deals with the loadings
assoclated with the blast phenomena. These data include, in addition to the
determination of the effects of the explosive output, methods for determining
blast loads acting on the exterior of and within structures. Sections 2-16
through 2-19 cover the formation of fragments which can be projected by an
explosion and include both primary and secondary fragments effects. Sections
2-20 to 2-24 present the method for determining the structural motions, in-
cluding both ground and air shock effects.
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EXPLOSION EFFECTS
2-7. Effects of Explosive Output

In the design of protective structures to resist the effects of accidental
explosions, the principal effects of the explosive output to be considered are
blast overpressures (hereafter referred to as blast pressures or pressures).
fragments generated by the explosion and the shock loads produced by the shock
wave transmitted through the air or ground. Of these three parameters, the
blast pressures are usually the governing factor in the determination of the
structure response. However, in some situations, fragments and/or shock loads
may be just as important as the pressures in determining the configuration of
the facility.

Although the quantitative data presented pertain to the blast output of bare
trinitrotoluene (TNT) spherical or hemispherical charges considered as point
source explosions, and other explosives which have been specifically tested.
These data can be extended by appropriate means including testing to include
other potentially mass-detonating materials (solid, liquid, or gas) of varying
shape.
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BLAST LOADS
2-8. Blast Phenomena
2-8.1. General

Bare, solid explosives must detonate to produce any explosive effect other
than a fire. The term detonation refers to a very rapid and stable chemical
reaction which proceeds through the explosive material at a speed, called the
detonation velocity, which is supersonic in the unreacted explosive. Detona-
tion velocities range from 22,000 to 28,000 feet per second for most high ex-
plosives. The detonation wave rapidly converts the solid or liquid explosive
into a very hot, dense, high-pressure gas, and the volume of this gas which
had been the explosive material is then the source of strong blast waves in
air. Pressures immediately behind the detonation front range from 2,700,000
to 4,900,000 psi. Only about one-third of the total chemical energy available
in most high explosives is released In the detonation process. The remaining
two-thirds is released more slowly in explosions in air as the detonation
products mix with air and burn. This afterburning process has only a slight
effect on blast wave properties because it is so much slower than detonation.

The blast effects of an explosion are in the form of a shock wave composed of
a high-intensity shock front which expands outward from the surface of the ex-
plosive into the surrounding air. As the wave expands, it decays in strength,
lengthens in duration, and decreases in velocity. This phenomena is caused by
spherical divergence as well as by the fact that the chemical reaction is com-
pleted, except for some afterburning associated with the hot explosion prod-
ucts mixing with the surrounding atmosphere.

As the wave expands in air, the front impinges on structures located within
its path and then the entire structure is engulfed by the shock pressures.

The magnitude and distribution of the blast loads on the structure arising
from these pressures are a function of the following factors: (1) explosive
properties, namely type of explosive material, energy output (high or low or-
der detonation), and weight of explosive; (2) the location of the detonation
relative to the protective structures; and (3) the magnitude and reinforcement
of the pressure by its interaction with the ground barrier, or the structure
itself. The first of these three factors are discussed in Sections 2-8.2 and
2-9 below and the latter two factors are discussed throughout the remainder of
this section.

2-8.2. Explosive Materials

Explosive materials may be classified according to their physical state: sol-
ids, liquids, or gases. Solid explosives are primarily high explosives; how-
ever, other materials such as flammable chemicals and propellants may also be
classified as potentially explosive materials. Liquid and gaseous explosives
encompass a wide variety of substances used in the manufacture of chemicals,
fuels, and propellants. The blast pressure environment produced will vary not
only among the different materials but may also differ for a particular mate-
rial. Such factors as methods and procedures used in manufacturing, storage,
and handling, in addition to specific individual physical and chemical charac-
teristics, may alter the blast effects of an explosive material.
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The blast effects of solid materials are best known. This is particularly
true for high-explosive materials. The blast pressures, impulses, durations,
and other blast effects of an explosion have been well established. These ef-
fects are contained in this chapter.

Unlike high-explosive materials, other solid, liquid, and gaseous explosive
materials will exhibit a variation of their blast pressure output. An explo-
sion of these materials is in many cases incomplete, and only a portion of the
total mass of the explosive (effective charge weight) is involved in the deto-
nation process. The remainder of the mass is usually consumed by deflagration
resulting in a large amount of the material’s chemical energy being dissipated
as thermal energy which, in turn, may cause fires or thermal radiation damage.

2-9. TINT Equivalency

The major quantity of blast effects data presented in this manual pertains to
the blast pressures output of bare spherical TNT explosive. These data can be
extended to include other potentially mass-detonating materials (Class 1.l1) by
relating the explosive energy of the "effective charge weight" of those mate-
rials to that of an equivalent weight of TNT. In addition to the energy out-
put, other factors may affect the equivalency of material compared to TNT.
These factors include the material shape (flat, square, round, etc.), the num-
ber of explosive items, explosive confinement (casing, containers, etc.), and
the pressure range being considered (close-in, intermediate or far ranges).
These other factors will be discussed later in this manual.

For blast resistant design, the effects of the energy output on explosive ma-
terial, of a specific shape, relative to that of TINT, of similar shape, can be
expressed as function of the heat of detonation of the various materials as
follows:

d
Hexp

d
Henr

where

effective charge weight

L2}
m
1

Wgxp = weight of the explosive in question

d

Hgyp = heat of detonation of explosive in question
d

Hynr = heat of detonation of TNT

The heat of detonation of some of the more commonly used explosives are listed
in Table 2-1.

The above equation for the effective charge weight is related primarily to the
blast output associated with the shock effects of unconfined detonations (Sec-
tion 2-13). The effective charge weight produced by the confinement effects
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of explosions (Section 2-14) will differ. These differences will be discussed
later in this manual.

2-10. Blast-Loading Categories

Blast loads on structures can be divided into two main groups based on the
confinement of the explosive charge (unconfined and confined explosions) and
can be subdivided based on the blast loading produced within the donor struc-
ture or acting on acceptor structures. These blast loading categories are il-
lustrated in Figure 2-1. Figure 2-1 gives the six blast loading categories
possible. Figure 2-1 also shows the five possible pressure loads associated
with the blast load categories, the location of the explosive charge which
would produce these pressure loads, and the protective structures subjected to
these loads.

The blast load categories and the resulting pressure loads listed in Figure 2-
1 are qualitatively and, quantitatively defined below and in subsequent sec-
tions, respectively.

2-10.1. Unconfined Explosion
2-10.1.1. Free Air Burst Explosion

An explosion, which occurs in free air, produces an initial output whose shock
wave propagates away from the center of the detonation, striking the protec-
tive structure without intermediate amplification of its wave.

2-10.1.2. Air Burst Explosion

An explosion which is located at a distance from and above the protective
structure so that the ground reflections of the initial wave occur prior to
the arrival of the blast wave at the protective structure. As used in this
manual, an air burst is limited to an explosion which occurs at two to three
times the height of a one or two-story building.

2-10.1.3. Surface Burst Explosion

A surface burst explosion will occur when the detonation is located close to
or on the ground so that the initial shock is amplified at the point of deton-
ation due to the ground reflections,

2-10.2. Confined Explosion
2-10.2.1. Fully Vented Explosion

A fully vented explosion will be produced within or immediately adjacent to a

barrier or cubicle type structure with one or more surfaces open to the atmo-

sphere. The initial wave, which is amplified by the nonfrangible portions of

the structure, and the products of detonation are totally vented to the atmo-

sphere forming a shock wave (leakage pressures) which propagates away from the
structure.
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2-10.2.2. Partially Confined Explosion

A partially confined explosion will be produced within a barrier or cubicle
type structure with limited size openings and/or frangible surfaces. The ini-
tial wave, which is amplified by the frangible and nonfrangible portion of the
structure, and the products of detonation are vented to the atmosphere after a
finite period of time. The confinement of the detonation products, which con-
sist of the accumulation of high temperatures and gaseous products, is associ-
ated with a buildup of quasi-static pressure (hereafter referred to as gas
pressure). This pressure has a long duration in comparison to that of the
shock pressure.

2-10.2.3. Fully Confined Explosions

Full confinement of an explosion is associated with either total or near total
containment of the explosion by a barrier structure. Internal blast loads
will consist of unvented shock loads and very long duration gas pressures
which are a function of the degree of containment. The magnitude of the leak-
age pressures will usually be small and will only affect those facilities im-
mediately outside the containment structure.

2-11. Blast Loading Protection

Protection of personnel and valuable equipment (acceptor system) will usually
involve protective shelters located away from the detonation. Their design
may involve one or more of the following blast-loading categories: free-air
burst, air burst, surface burst, and exterior or leakage pressures from either
vented or partially confined explosions. These shelters are usually enclosed
buildings located at pressure ranges of a few hundred pounds per square inch
(psl) or less. Depending on the shelter design pressures, these structures
can be either above, below, or at ground surface. In this manual, primary
consideration is given to above-ground shelters. Howewver, some consideration
is given in Chapter VI regarding shelters positioned at other locations. For
the third type of pressure loading of Figure 2-1 (interior shock pressure),
protection is required when the shelter is located immediately adjacent to the
explosion. The reflected pressure there may be in thousands of psi, but with
pressure durations usually small. The acceptor portion of such an explosive
system may Iinclude other explosive materials and/or personnel. The structure
associated with the fifth pressure-loading type is a containment type building
and is usually used to prevent escape of toxic chemicals, radiological and/or
biological materials, or to limit blast pressures at the exterior to a level
consistent with personnel protection.

Of the six categories, those from air bursts are seldom encountered and the
free air burst is the least likely to occur. The possibility of such blast
environments exists where potentially explosive materials are stored at
heights adjacent to or away from protective structures such as in manufactur-
ing (process or storage tanks) or missile sites. In the latter, the rocket
propellant would be a source of explosive danger to the ground crew and con-
trol facilities.

The other four blast-loading categories can occur in most explosive manufac-

turing and storage facilities. In such installations, transportation of ex-
plosive materials between buildings either by rail, vehicle, or in the case of
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liquid or gases, through piping, is a possibility. Also, storage and handling
of explosives within buildings are common occurrences.

Although the blast-loading categories can be separated and classified individ-
ually, no clear-cut limits differentiate each category. In most explosive
facilities, the various blast environments will overlap, and judgement should
be used in the application of the following recommendations for determining
the blast parameters consistent with the various blast-loading categories.

2-12. Blast-Wave Phenomena

The violent release of energy from a detonation converts the explosive materi-
al into a very high pressure gas at very high temperatures. A pressure front
associated with the high pressure gas propagates radially into the surrounding
atmosphere as a strong shock wave, driven and supported by the hot gases. The
shock front, termed the blast wave, is characterized by an almost instan-
taneous rise from ambient pressure to a peak incident pressure P, (Figure 2-
2).

This pressure increase or shock front travels radially from the burst point
with a diminishing shock velocity U which is always in excess of the sonic ve-
locity of the medium. Gas molecules behind the front move at lower flow .ve-
locities, termed particle velocities u. These latter particle velocities are
associated with the dynamic pressures, whose maximum values are denoted qo’ or
the pressures formed by the winds produced by the passage of the shock front.
As the shock front expands into increasingly larger volumes of the medium, the
peak incident pressures at the fronts decrease and the durations of the pres-
sures increase. Those parameters which vary as the peak incident pressure
varies are presented in Figure 2-3.

At any point away from the burst, the pressure disturbance has the shape shown
in Figure 2-2. The shock front arrives at a given location at time t, and,
after the rise to the peak value, P;, the incident pressure decays to the am-
bient value in time to which is the positive phase duration. This is followed
by a negative phase with a duration t,  that is usually much longer than the
positive phase and characterized by a negative pressure (below ambient pres-
sure) having a maximum value of P ,~ as well as a reversal of the particle
flow. The negative phase is usually less important in a design than is the
positive phase, and its amplitude P,  must, in all cases, be less than ambient
atmosphere pressure p,. The incident impulse density associated with the
blast wave is the integrated area under the pressure-time curve and is denoted
as i, for the positive phase and i, for the negative phase.

An additional parameter of the blast wave, the wave length, is sometimes re-
quired in the analysis of structures. The positive wave length Lw+ is that
length at a given distance from the detonation which, at a particular instant
of time, is experiencing positive pressure. The negative wave length L," is
similarly defined for negative pressures.

The above treatment of the blast wave phenomena is gemeral. In subsequent
sections of this chapter, the magnitude of the various parameters is presented
depending upon the category of the detonation as previously described: free
air burst, surface burst, exterior or leakage pressures, or interior or high
pressure blast loading.
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2-13. Unconfined Explosions
2-13.1. Free Air Burst

When a detonation occurs adjacent to and above a protective structure such
that no amplification of the initial shock wave occurs between the explosive
source and the protective structure, then the blast loads acting on the struc-
ture are free-air blast pressures (Fig. 2-4).

As the incident wave moves radially away from the center of the explosion, it
will impact with the structure, and, upon impact, the initial wave (pressure
and impulse) is reinforced and reflected (Fig. 2-5). The reflected pressure
pulse of Figure 2-5 is typical for infinite plane reflectors.

When the shock wave impinges on a surface oriented so that a line which de-
scribes the path of travel of the wave is normal to the surface, then the
point of initial contact is said to sustain the maximum (normal reflected)
pressure and impulse. Figure 2-6 presents the ratios of the normal reflected
pressures to the incident pressures as a function of the incident

pressures,

The peak pressure and impulse patterns on the structure vary with distance
from a maximum at the normal distance Ry, to a minimum (incident pressure)
where the plane of the structure's surface is perpendicular to the shock
front. The positive phase pressures, impulses, durations, and other parame-
ters of this shock environment for a spherical INT explosions are given in
Figure 2-7 versus the scaled distance (Z = R/W1/3).

The smallest scaled distance of 0.136 ft:/lbl/3 represents the radius of the
spherical TNT explosive and, therefore, represents the surface of the explo-
sive. Some parameters have been extrapolated to the charge surface which are
shown as dashed portions of the curves. These dashed curves represent an up-
per limit of scatter in experimental data and variation in theoretical predic-
tions, giving for design purposes conservative limits for these parameters.

In some blast loading situations, negative blast wave parameters (Fig. 2-8)
are needed to predict the loading-time function of the blast wave acting on a
structure. This is particularly true in flexible type protective structures
(usually steel-frame structures) where the overall motion of the structure
will be affected by the phasing of the blast loads acting on the various
structure surfaces. The effects of the negative phase parameters are usually
not important for the design of the more rigid type structures (reinforced
concrete).

The curves presented in Figures 2-7 and 2-8 which give the blast wave parame-
ters as a_function of scaled distance, extend only to a scaled distance Z =
100 ft/1b / . For most protective structures, or even light structures, dam-
age is relatively superficial beyond this scaled distance, consisting at most
of broken windows or deformation of light panels or blow-out walls. But, the
curves are also not extended beyond these levels because the blast wave prop-
erties start to be seriously affected by atmospheric conditions so that over-
pressures are very much less or very much more than the "ideal" parameters
transmitted through a homogeneous atmosphere.
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In the low pressure region, the pressure varies as a function of sound veloc-
ity with altitude above the ground surface. At very far distances from an ex-
plosion (Z= 1000 ft/lbl/ , the peak pressures (really sound pressures at these
levels) can be ten times greater or more than ten times less than the ideal
pressures for a homogenous atmosphere.

Even with enhancement caused by real atmospheric conditions (also called blast
focusing), the pressures are still quite low and structural damage should be
superficial. 1If it is necessary to predict such low levels, one should obtain
and study more detailed reports listed in the bibliography.

The variation of the pressure and impulse patterns on the surface of a struc-
ture between the maximum and minimum values is a function of the angle of in-
cidence This angle is formed by the line which defines the normal distance Rp
between the point of detonation and the structure, and line R (slant distance)
which defines the path of shock propagation between the center of the explo-
sion and any other point in question on the structure surface (Fig. 2-4).

The effects of the angle of incidence on the peak reflected pressure P, and
the reflected impulse i , are shown in Figures 2-9 and 2-10, respectively.

The figures are plots of the angle of incidence versus the peak reflected
pressure or the reflected impulse as a function of the scaled normal distance
between the charge and the surface in question. The usual load condition in-
volves the ground surface and, therefore, this normal scaled distance is re-
ferred to as the scaled height of charge above the ground (Hc/Wl/B). All oth-
er blast parameters are obtained from Figures 2-7 and 2-8 for the scaled slant
distance R/W1 3 to the point in question.

2-13.2. Air Burst

The air burst environment is produced by detonations which occur above the
ground surface and at a distance away from the protective structure so that
the initial shock wave, propagating away from the explosion, impinges on the
ground surface prior to arrival at the structure. As the shock wave continues
to propagate outward along the ground surface, a front known as the Mach front
(Fig. 2-11) is formed by the interaction of the initial wave (incident wave)
and the reflected wave. This reflected wave is the result of the reinforce-
ment of the incident wave by the ground surface.

Some variation of the pressures over the height of the Mach front occurs, but
for design purposes, this variation can be neglected and the shock considered
as a plane wave over the full height of the front. The blast parameters in
the Mach front are calculated at the ground surface. The pressure-time varia-
tion of the Mach front (Fig. 2-12a) is similar to that of the incident wave
except that the magnitude of the blast parameters are somewhat larger.

The height of the Mach front increases as the wave propagates away from the
center of the detonation. This increase in height is referred to as the path
of the triple point and is formed by the intersection of the initial, reflect-
ed, and Mach waves. A protected structure is considered to be subjected to a
plane wave (uniform pressure) when the height of the triple point exceeds the
height of the structure. The scaled height of the triple_point HT/W1/3 versus
scaled ground distance Z; and scaled charge height HC/W]‘/3 is plotted in Fig-
ure 2-13.
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If the height of the triple point does not extend above the height of the
structure, then the magnitude of the applied loads will vary with the height
of the point being considered. Above the triple point, the pressure-time var-
iation consists of an interaction of the incident and reflected incident wave
pressures resulting in a pressure-time variation (Fig. 2-12b) different from
that of the Mach incident wave pressures. The magnitude of pressures above
the triple point is smaller than that of the Mach front. In most practical
design situations, the location of the detonation will be far enough away from
the structure so as not to produce this pressure variation. An exception may
exist for multistory buildings even though these buildings are usually located
at very low-pressure ranges where the triple point is high.

In determining the magnitude of the air blast loads acting on the surface of
an above-ground protective structure, the peak incident blast pressures in the
Mach wave acting on the ground surface immediately before the structure are
calculated first. The peak incident pressure P, is determined for this goint
from Figure 2-9 using the scaled height of charge above the ground HC/W and
the angle of incidence «.

A similar procedure is used with Figure 2-10 to determine the impulse i , of
the blast wave acting on the ground surface immediately before the structure.
An estimate of the other blast parameters may be obtained from Figures 2-7 and
2-8 by setting the values of P,., and i , equal to the values of the peak inci-
dent pressure P, and incident impulse i, of the mach wave, respectively. The
scaled distances corresponding to Pg, and i, are determined from Figure 2-7.
The scaled dlstance corresponding to P , is used to obtain values of Pr, P ~,
tA/W 1/3 » U, Ly/W 1/3 and Ly /W 1/3"while the scaled distance Eogresponding to i
is used to obtain values of i,., 1,7, 1,7, t /W and t," /W

2-13.3. Surface Burst

A charge located on or very near the ground surface is considered to be a sur-
face burst. The initial wave of the explosion is reflected and reinforced by
the ground surface to produce a reflected wave. Unlike the air burst, the re-
flected wave merges with the incident wave at the point of detonation to form
a single wave, similar in nature to the mach wave of the air burst but essen-
tially hemispherical in shape (Fig. 2-14).

The positive phase parameters of the surface burst environment for hemispheri-
cal TNT explosions are given in Figure 2-15 while the negative phase parame-
ters are given in Figure 2-16. A comparison of these parameters with those of
free-air explosions (Fig. 2-7 and 2-8) indicate that, at a given distance from
a detonation of the same weight of explosive, all of the parameters of the
surface burst environment are larger than those for the free-air environment.

As for the case of air bursts, protected structures subjected to the explosive
output of a surface burst will usually be located in the pressure range where
the plane wave (Fig. 2-14) concept can be applied. Therefore, for a surface
burst, the blast loads acting on structure surface are calculated as described
for an air burst except that the incident pressures and other positive phase
parameters of the free-field shock environment are obtained from Figure 2-15,
and theoretical negative phase blast parameters are shown in Figure 2-16.
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As for the case of an air burst, the curves presented in Figures 2-15 and 2-16
which give the blast wave parameters as_a_function of scaled distance, extend
only to a scaled distance Z = 100 ft:/lb]'/3 (see section 2-13.1).

Blast parameters for explosives detonated on the ground surface other than
hemispherical TNT are listed in Table 2-2. These explosives include both un-
cased and cased high explosives, propellants and propelling charges as well as
pyrotechnic mixtures. The various shapes of the explosive materials are given
in Figure 2-17. The blast parameters for the various explosives are illus-
trated in Figures 2-18 through 2-49. For each explosive material considered,
the peak incident pressure Py, and scaled incident impu1§e3is/w is present-
ed as a function of the scaled ground distance Zg = Rgy/W /3 from the point of
detonation. The charge weight W is equal to the actual weight of the explo-
sive material under consideration increased by the required factor of safety
(20 percent).

An estimate of the blast parameters other than incident pressure and impulse,
may be obtained from Figures 2-15 and 2-16. The scaled ground distance corre-
sponding tolthe incidenf ressure PST %s used to obtain the values of P., P .~
y P, ta/W / ,1U3 L,/W /3 and L, /W /3. In addition, this scaled ground dis-
tance Zg = Ro/W /3 is used to calculate the equivalent TNT design charge
weight W for pressure using the actual ground distance R;. The absolute val-
ues of the scaled blast parameters are obtained by multiplying the scaled val-

ues by the equivalent TNT design charge weight.

The scaled ground distance corresponding to the incident impulse requires a
graphical solution. The point corresponding to the scaled incident impulse
and scaled ground distance for the explosive material in question is plotted
on Figure 2-15. A 45 degree line is drawn through this point. The point
where the line intersects the scaled impulse curve corresponds to the scaled
impulse and scaled ground distance for the equivalent TINT charge. This scaled
ground distance is then used to obtain the values of ir/W1/3, 18'/w1/3, 1r'
/W1/3, t:o/wl/3 and to'/W1/3. In addition, this scaled ground distance and the
actual ground distance is used to calculate the equivalent TNT design charge
weight for impulse. The absolute values of the scaled blast parameters are
obtained by multiplying the scaled values by the equivalent TNT design charge
weight.

It may be noted that the above data for explosives other than TNT is limited
to surface bursts with container shapes indicated in Figure 2-17. This data
should not be extrapolated for scaled distances less than those indicated on
Figures 2-18 through 2-49. 1In addition, the blast pressure and impulse for
propellants and, in particular, the pyrotechnic mixtures were obtained from
tests which utilized booster charges to initiate the explosive material.
Therefore, the blast parameters for both of these materials should be consid-
ered as upper limits.

2-13.4. Multiple Explosions

When two or more explosions of similar material occur several milliseconds
apart, the blast wave of the initial explosion will propagate ahead of the
waves resulting from the subsequent explosions, with the phasing of the propa-
gation of these latter waves being governed by the initiation time and orien-
tation of the individual explosives. If the time delay between explosions is
not too large, the blast waves produced by the subsequent explosions will
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eventually overtake and merge with that of the initial detonation. The dis-
tance from the explosion at which this merger occurs will depend on: (1) the
magnitude of the individual explosions, (2) the time delays between the initi-
ation of the explosions, (3) the separation distances between and orientation
of the explosives, and (4) obstructions between the explosives themselves and
other obstructions between the explosives and other parts of the facility
(buildings, walls, barricades, terrain, etc.) which will distort, hinder, and
generally interfere with wave propagation.

The pressure time relationships associated with the wave propagation will de-
pend upon the interaction of the individual waves themselves. After all the
waves have merged, the pressures associated with the common or merged wave
will have a pressure-time relationship which is similar to that produced by a
single explosion (Fig. 2-12). However, at closer distances.to the explosion,
the pressure-time relationship will be more closely represented by a pressure-
time curve with multiple peak pressures (similar to that occurring above the
triple point (Fig. 2-12)). The multiple peak pressures represent the interac-
tion as the various waves reach the point in question. At distances even
closer to the explosion, the time history of the pressures acting on the
ground surface may consist of a series of completely separate blast loads.
This loading condition is a result of the arrival of the subsequent blast
waves at a particular point during or after the occurrence of the negative
phase pressures produced by the initial wave at that point.

The latter pressure-time relationship is probably most likely to occur at high
pressures close to the explosions while the multiple peak pressure pulse is
normally associated with low pressures at far distances. However, in many in-
stances, the multiple peak pressure pulse will occur at high pressures, in
particular where the individual explosives are positioned close together,
e.g., in a cubicle or other storage facility.

2-14. Confined Explosions
2-14.1. Effects of Confinement

When an explosion occurs within a structure, the peak pressures associated
with the initial shock front (free-air pressures) will be extremely high and,
in turn, will be amplified by their reflections within the structure. 1In ad-
dition, and depending upon the degree of confinement, the effects of the high
temperatures and accumulation of gaseous products produced by the chemical
process involved in the explosion will exert additional pressures and increase
the load duration within the structure. The combined effects of these pres-
sures may eventually destroy the structure unless the structure is designed to
sustain the effects of the internal pressures. Provisions for venting of
these pressures will reduce their magnitude as well as their duration.

The use of cubicle-type structures (Fig. 2-50a) or other similar barriers with
one or more surfaces either sufficiently frangible or open to the atmosphere
will provide some degree of venting depending on the opening size. This type
of structure will permit the blast wave from an internal explosion to spill
over onto the surrounding ground surface, thereby, significantly reducing the
magnitude and duration of the internal pressures. The exterior pressures are
quite often referred to as "leakage" pressures while the pressures reflected
and reinforced within the structure are termed interior "shock pressures”.

The pressures associated with the accumulation of the gaseous products and
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temperature rise are identified as "gas" pressures. For the design of most
fully vented cubicle type structures, the effects of the gas pressure may be
neglected.

Detonation in an enclosed structure with relatively small openings (Fig. 2-
50b) is associated with both shock and gas pressures whose magnitudes are a
maximum. The duration of the gas pressure and, therefore, the impulse of the
gas pressure is a function of the size of the opening. It should be noted
that the onset of the gas pressure does not necessarily coincide with the on-
set of the shock pressure. Further, it takes a finite length of time after
the onset for the gas pressure to reach its maximum value. However, these
times are very small and, for design purposes of most confined structures,
they may be treated as instantaneous.

The term "frangible" pertains to those elements of a protective structure
which fail and whose strength and mass are such as to reduce the amplification
of the shock pressures and the confinement of the explosive gases. To reduce
the amplification of the shock pressures, frangible elements must fail so as
to relieve quickly the interior pressures acting on those surfaces and mini-
mize their reflection to the nonfrangible elements of the structure. Blast
tests of glass panels have shown that a true frangible material does not exist
and that some reflection of the initial blast pressures may be expected from
very weak and light elements. Further, the buildup of gas pressures is a func-
tion of the ratio of the weight of the charge to the volume of the confining
structure and the venting area. As stated, this pressure buildup will not be-
gin until sometime after the onset of the shock pressures. Therefore, an ele-
ment which is not considered frangible for the shock pressure may be frangible
for gas pressures.

In addition to being dependent upon the physical properties of an element,
frangibility will also be a function of the magnitude of the applied blast
loads and, therefore, a function of the quantity of explosive being contained
and the distance from the frangible element. Although frangibility is imper-
fectly understood and difficult to measure, in general, it can be assumed that
if a closure’'s resistance to outward motion is equal to or less than 25 pounds
per square foot of surface area, the resistance can be neglected since the
time to reach failure is practically zero. In this case, frangibility can be
stated solely in terms of the weight (inertial force) of the vent area clo-
sure. For resistances greater than 25 psf, the evaluation of frangibility
must include the effects of resistance in addition to the weight of an ele-
ment. The combined effects of the inertial force and the resistance can be
accounted for by performing a dynamic analysis and determining the time to
reach failure. However, if the blast pressure is very large in comparison to
the resistance of the element, the effects of the resistance can be neglected
without introducing significant errors. Therefore, it is advantageous to use
vent closures that are light and inherently weak and/or weakly supported; such
as, corrugated metal decking supported on steel joists, metal panels for
walls, plexiglass or thin fiberglass panels supported by wood or lightweight
steel frames or gypsum board panels.

In the following paragraphs of this section, a simple cantilever barrier as
well as cubicle-type and containment type structures will be discussed. The
cubicles are assumed to have one or more surfaces which are open or frangible
while the containment structures are either totally enclosed or have small
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size openings. The effects of the inertia of frangible elements of these
structures will be discussed in subsequent sections.

2-14.2. Shock Pressures
2-14.2.1. Blast Loadings

When an explosion occurs within a cubicle or containment-type structure, the
peak pressures as well as the impulse associated with the shock front will be
extremely high and will be amplified by the confining structure. Because of
the close-in effects of the explosion and the reinforcement of blast pressures
due to the reflections within the structure, the distribution of the shock
loads on any one surface will be nonuniform with the structural surface clos-
est to the explosion subjected to the maximum load.

An approximate method for the calculation of the internal shock pressures has
been developed using theoretical procedures based on semi-empirical blast data
and on the results of response tests on slabs. The calculated average shock
pressures have been compared with those obtained from the results of tests of
a scale-model steel cubicle and have shown good agreement for a wide range of
cubicle configurations. This method consists of the determination of the peak
pressures and impulses acting at various points of each interior surface and
then integrating to obtain the total shock load. 1In order to simplify the
calculation of the response of a protective structure wall to these applied
loads, the peak pressures and total impulses are assumed to be uniformly dis-
tributed on the surface. The peak average pressure and the total average im-
pulse are given for any wall surface. The actual distribution of the blast
loads is highly irregular, because of the multiple reflections and time phas-
ing and results in localized high shear stresses in the element. The use of
the average blast loads, when designing, is predicated on the ability of the
element to transfer these localized loads to regions of lower stress. Rein-
forced concrete with properly designed shear reinforcement and steel plates
exhibit this characteristic.

The parameters which are necessary to determine the average shock loads are
the structure’'s configuration and size, charge weight, and charge location.
Figure 2-51 shows many possible simple barriers, cubicle configurations, and
containment type structures as well as the definition of the various parame-
ters pertaining to each. Surfaces depicted are not frangible for determining
the shock loadings. The effects of frangibility will be discussed later.

Because of the wide range of required parameters, the procedure for the deter-
mination of the shock loads was programmed for solutions on a digital comput-
er. The results of these calculations are presented in Figures 2-52 through
2-100 for the average peak reflected pressures p, and Figures 2-101 through 2-
149 for the average scaled unit impulse i~ /W . These shock loads are pres-
ented as a function of the parameters defining the configurations presented in
Figure 2-51. Each illustration is for a particular combination of values of
h/H, 1/L, and N reflecting surfaces adjacent to the surface for which the
shock loads are being calculated. The wall (if any) parallel and opposite to
the surface in question has a“negligible contribution to the shock loads for
the range of parameters used and was therefore not considered.

The general procedure for use of the above illustrations is as follows:
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1. From Figure 2-51, select the particular surface of the structure
which conforms to the protective structure given and note N of adjacent re-
flecting surfaces as indicated in parenthesis.

2. Determine the values of the parameters indicated for the selected
surface of the structure in Item 1 above and calculate the following quanti-
ties:

h/H, 1/L, L/H, L/R,, and Z, = R,/Wl/3.

3. Refer to Table 2-3 for the proper peak reflected pressure and im-
pulse charts conforming to the number of adjacent reflected surfaces and the
values of 1/L and h/H_of Item 2 above, and enter the charts to determine the
values of p,. and 1 /W

In most cases, the above procedure will require Interpolation for one or more
of the parameters which define a given situation, in order to obtain the cor-
rect average reflected pressure and average reflected impulse. Examples of
this interpolation procedure are given in Appendix 2A.

Because of the limitations in the range of the test data and the limited num-
ber of values of the parameters given in the above shock load charts, extrapo-
lation of the data given in Figures 2-52 through 2-149 may be required for
some of the parameters involved. However, the limiting values as given in the
charts for other parameters will not require extrapolation. The values of the
average shock loads corresponding to the values of the parameters, which ex-
ceed their limiting values (as defined by the charts), will be approximately
equal to those corresponding to the limiting values. The following are recom-
mended procedures which will be applicable in most cases for either extrapola-
tion or establishing the limits of impulse loads corresponding to values of
the various parameter which exceed the limits of the charts:

1. To extrapolate beyond the limiting values of Z,, plot a curve of
values of p, versus Z, for constant values of L/R,, L/H, h/H and
1/L. Extrapolate curve to include the value of p,. corresponding
to the value of Z, required. Repeat similarly for value of

i wt

2. To extrapolate beyond the limiting values of L/R,, extrapolate the
given curve of p, versus L/R, for constant values of Z,, L/H, h/H
and 1/L to include the value of p, corresponding to the value of
L/R, required. Repeat this extrapolation for value of i /W

3. Values of p,. and 1r/W1/3 corresponding to values of L/H greater
than 5 shall be taken as equal to those corresponding to L/H = 6
for actual values of Z,, h/H, and 1/L but with a fictitious value
of L/R, in which R, is the actual value and L is a fictitious val-
ue equal to 5H.

4, Values of p,. and ir/Wl/3 corresponding to values of 1/L less than
0.10 and greater than 0.75 shall be taken as equal to those corre-
sponding to 1/L =~ 0.10 and 0.75, respectively.

5. Values of p. and 1r/w1/3 corresponding to values of h/H less than
0.10 and greater than 0.75 shall be taken as equal to those corre-
sponding to h/H = 0.10 and 0.75, respectively.
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A computer program is available which executes the interpolation procedure us-
ing numerical tables equivalent to Figure 2-52 through 2-149. Availability of
this program is listed in Section 2-4,

A protective element subjected to high intensity shock pressures may be de-
signed for the impulse rather than the pressure pulse only if the duration of
the applied pressure acting on the element is short in comparison to its re-
sponse time. However, if the time to reach maximum displacement is equal to
or less than three times the load duration, then the pressure pulse should be
used for these cases. The actual pressure-time relationship resulting from a
pressure distribution on the element is highly irregular because of the multi-
ple reflections and time phasing. For these cases, the pressure-time rela-
tionship may be approximated by a fictitious peak triangular pressure pulse.
The average peak reflected pressure of the pulse is obtained from Figures 2-52
through 2-100 and the average impulse from Figure 2-101 through 2-149 and a
fictitious duration is established as a function of the reflected pressure Pr
and impulse i, acting on the element.

to= 2i_/7p, 2-2

The above solution for the average shock load does not account for increased
blast effects produced by contact charges. Therefore, if the values of the
average shock loads given in Figures 2-52 through 2-149 are to be applicable,
a separation distance between the element and explosive must be maintained.
This separation is measured between the surface of the element and the surface
of either the actual charge or the spherical equivalent, whichever results in
the larger normal distance between the element’s surface and the center of the
explosive (the radius of a spherical TNT charge is r = 0.136 W1/3). For the
purposes of design, the following separation distances are recommended for
various charge weights:

Weight of Explosive (1b) Separation Distance

up to 500
501 to 1,000
1,001 to 2,000
2,001 to 3,000
above 3,000

W NN
QU oOoOwmo

The above separation distances do not apply to floor slabs or other similar
structural elements placed on grade. However, a separation distance of at
least one foot should be maintained to minimize the size of craters associated
with contact explosions.

It should be noted that these separation distances do not necessarily conform
to those specified by other government regulations; their use in a particular
design must be approved by the cognizant military construction agency.

Average shock loads over entire wall or roof slabs were discussed above.

An approximate method may be used to calculate shock loads over surfaces other
than an entire wall. These surfaces might include a blast door, panel,
column, or other such items found inside any shaped structure.

The method assumes a fictitious strip centered in front of the charge having a
width equal to the normal distance R, and a height equal to that of the struc-
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ture. This is the maximum representative area that may be considered. Aver-
age shock loads can be determined on entire area or any surface falling within
the boundaries of the representative area.

The procedure for determining the shock loads consists of partitioning the
surface under consideration into subareas. These subareas do not need to be
the same size. The angle of incidence to the center of each subarea is calcu-
lated. The reflected pressure and scaled impulse are determined for each sub-
area using Figures 2-9 and 2-10 respectively. A weighted average with respect
to area is taken for both pressure and scaled impulse.

Both the pressure and the impulse are multiplied by a factor of 1.75 to ac-
count for secondary shocks., Idealized duration is calculated using Equation
2-2.

2-14.2,2. Frangibilicy

A frangible element, as defined here, is an element that exhibits a resistance
to internal shock loads equal to or less than 25 pounds per square foot and
will undergo significant displacement during the loading time of the shock
pressures and, thereby, reduce the effects of the shock pressures acting on
both the frangible panel itself and reflections to other elements of the
structure.

The following are design procedures for determining the magnitude of applied
shock pressures which will contribute to the displacement of the frangible el-
ement:

(1) Determine the peak average reflected pressure P, and average im-
pulse i  acting on the frangible element assuming that the element
is rigid (Figures 2-52 through 2-149).

(2) Calculate the unit weight of the frangible element and divide this
weight by the sixth root of charge weight, Wp/W 1/6

(3) Determine the fictitious scaled distance Z from Figure 2-7, which
corresponds to the average impulse determined in Step 1.

(4) Determine the value of the factor f_, of average impulse by using
the value of Wp/W 1/6 from Step 2 and the fictitious scaled dis-
tance of Step 3 and utilizing Figure 2-150, contributing to the
translation of the frangible element (may require interpolation).

(5) Calculate the value of the average impulse contributing to the
translation of the frangible element by multiplying the values of
i, and f,. of steps 1 and 4 respectively.

(6) Contribute the value of the peak average pressure to the transla-
tion of the frangible element that is assumed to be equal to the
value of P, of Step 1.

The step by step procedure for determining the shock loads being reflected
from a frangible element to an adjacent element is to:
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(1) Determine the average peak reflected pressure P, and the average
reflected impulse i, acting on the element in question, assuming
that the adjoining Erangible element will remain in place (figs.
2-52 through 2-149).

(2) Determine the average impulse acting on the element in question
assuming that the adjoining frangible element is removed (figs. 2-
52 through 2-149).

(3) Subtract the average impulse determined in Step 2 from the average
impulse determined in Step 1.

(4) Calculate the unit weight of the frangible element f?g divide this
weight by the sixth root of the charge weight, Wp/W-/°.

(5) Calculate the normal scaled distance Z between the center of the
charge and the surface of the frangible element.

(6) Utilize Figure 2-150 to determine the value of the fraction fr of
the average impulse reflected to the element in question using the
scaled weight density and scaled distance of Steps 4 and 5, re-
spectively (may require interpolation).

(7) Determine the magnitude of the impulse load reflected to the ele-
ment in question from the frangible element by multiplying the

value of the average impulse of Step 3 by the value of f, of Step
6.

(8) Determine the total impulse load acting on the element in question
by adding the impulse loads determined in Steps 2 and 7.

(9) Calculate the peak average reflected pressure of the shock loads
acting on the element in question making it equal to the value of
P, of Step 1.

In the above procedure, it is assumed that the frangible element will remain
intact while being displaced away from the structure. If the element fails
while being translated, then the portion of the shock pressure impulse dis-
placing the element as well as that portion of the impulse being reflected to
other elements will be reduced because of additional venting area produced by
the element’s "break up".

2-14.2.3. TNT Equivalency

The shock loads presented in Figure 2-52 through 2-149 pertain to the blast
effects of bare spherical TNT explosives and must be extended to include other
potentially mass-detonating materials. However, only a limited amount of
testing has been performed to determine the TNT equivalency of confined explo-
sives. Therefore, as an interim procedure, it is suggested that the determin-
ation of shock pressures for confined explosives other than TNT utilize equiv-
alencies based on Equation 2-1.

The above relationship assumes that the explosive in question is a bare charge
and spherical in shape. If the charge is not spherical, then it is suggested
that the explosive be subdivided into several segments which will have approx-
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imately equal dimensions and that the reflected impulse for any segment be
calculated, as previously discussed. The reflected Iimpulse of the total
charge is then determined by multiplying the impulse of the individual seg-
ments by the total number of segments. The peak average reflected pressure is
calculated by assuming the total charge as having a spherical shape. The im-
pulse load for multiple explosives is obtained in a similar manner except that
the locations of the individual charges are considered in calculating their
individual impulse load. The impulse load of the total charge is determined
by adding together the individual impulse loads. The average peak reflected
pressure is calculated using the total weight of the explosive located at the
centroid of the individual charges.

The explosive casing will have an effect on the magnitude of the shock pres-
sures, These effects are dependent on the properties of the casing such as
material, thickness, shape, etc. A review of a limited amount of surface det-
onated test data has indicated that the effects of the casing are not severe
and, therefore, for design purposes it is recommended that casing effects be
neglected.

2-14.2.4. Multiple Explosions

The blast pressures and impulse loads, acting on various elements of cubicle
or other similar structures, which are produced by multiple explosions, will
usually differ from those produced by a single explosion of the same amount of
explosives.

Although the magnitude of the total combined impulse produced by the multiple
explosions will usually be larger than that produced by the single explosion,
the damage to a protective element due to the impulse of the multiple detona-
tion may be either greater, equal to, or less than that produced by the im-
pulse of the single explosion. For a given total impulse, the degree of dam-
age to a protective element will be defined by the duration of the entire load
relative to the response time of the element (time to reach maximum deflec-
tion).

A minimum amount of theoretical and experimental data is available concerning
the degree of damage sustained by structural elements due to multiple explo-
sions. However, results of response tests of reinforced concrete slabs have
indicated that if the total combined duration of the blast loads produced by
simultaneously or near simultaneously exploded charges is equal to or less
than one-third the response time (time to reach maximum deflection) of the el-
ement, then the total combined impulse acting on the element can be estimated
by numerically adding the impulse loads produced by the individual explosions.
However, if the total combined duration of the blast loads is greater than
one-third the response time, the actual pressure-time relationship of the com-
bined loads approximated by a fictitious peaked triangular pressure pulse
(similar to that of a single explosion) should be considered. The blast loads
produced by charges that are not simultaneously or near simultaneously explod-
ed may be considered as two or more impulse loads, two or more pressure-time
loads, or a combination of impulse and pressure-time loads depending on the
time delay and the duration of the individual loads compared to the response
time of the element. A load or group of loads should be treated as an impulse
load if the duration (one load or the combined duration of two or more loads)
of the loading is less than one-third the time interval between the on-set of
the load or group of loads and the response time of the member.
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The duration of the blast loads due to multiple explosions may be approximated
by considering the interrelationship between (a) the time intervals between
individual explosions , (b) arrival times of the blast waves of the individual
explosions at the element and (c) the fictitious duration of the pressure load
from individual explosions. Because of the many variables involved, a rela-
tionship cannot be given to obtain the duration of the blast loads due to mul-
tiple explosions. Each situation will require a series of computations in-
volving the time increments outlined above.

2-14.3. Gas Pressures
2-14.3.1. Blast Loadings

When an explosion occurs within a confined area, gaseous products will accumu-
late and a temperature within the structure will rise, thereby forming blast
pressures whose magnitude is generally less than that of the shock pressure
but whose duration is significantly longer. The magnitude of the gas pres-
sures as well as their durations is a function of the size of the vent open-
ings in the structure. For very small openings or no openings at all, the du-
ration of the gas pressures will be very long in comparison to the fundamental
periods of the structure'’s elements and, therefore, may be considered as a
long duration load similar to that associated with a nuclear event.

These conditions usually occur in total or near containment type structures.
In the former, the internal blast pressures must be contained because of the
presence of toxic or other harmful materials in the structure. In near con-
tainment structures, the leakage of pressure flow out of the structure usually
must be limited because of either personnel or frangible structure are located
immediately adjacent to the donor structure. In other cases, however, open-
ings in structures may be quite large, thereby minimizing the products’ accum-
ulation and limiting the temperature rise, hence producing gas pressures with
limited duration or no duration at all. The structures without gas pressure
buildup are referred to as fully vented structures.

A typical pressure-time record at a point on the interior surface of a par-

tially vented chamber is shown in Figure 2-151. The high peaks are the multi-
ple reflections associated with shock pressures. The gas pressure, denoted as
P,,» is used as the basis for design and is a function of the charge weight and
tﬁe contained net volume of the chamber.

Figure 2-152 shows an experimentally fitted curve based upon test results of
partially vented chambers with small venting areas where the vent properties
ranged between:

0 < Ap/v2/3 < 0.022 2-3

The values of A and Vg are the chamber’s total vent area and free volume which
is equal to the total volume minus the volume of all interior equipment,
structural elements, etc. The maximum gas pressure, Pg, is plotted against
the charge weight to free volume ratio.

Figures 2-153 throu§h 2-164 provide the relationship of the gas pressure
scaled impulse 1g/w /3 as a function of the charge weight to free volume ratio

2-23



TM 5-1300/NAVFAC P-397/AFR 88-22

W/Veg, scalid value of the vent opening A/Vf2/3, the scaled unit weight of the
cover We/W /3 over the opening, and the scaled average reflected impulse
ir/W1/3 of the shock pressures acting on the frangible wall (Section 2-14.2.2)
or a non-frangible wall with a vent opening. (The curves in fiéuges 2-153
through 2-164 for WF/W1/3 = 0 were obtained from data with A/V /3 <1.0. Ex-
trapolated values, for which there ig less confidence, are dashed. Curves for
WF/W1/3 > 0 are not dashed at A/sz/ > 1.0 because they are not strongly de-
pendent on the extrapolated portion of the curve for Wp/W /3 = 0. Even light-
weight frangible panels displace slowly enough that the majority of the gas
impulse is developed before significant venting (A/Vf?'/3 > 1) can occur.) For
a full containment type structure the impulse of the gas pressure will be in-
finite in comparison to the response time of the elements (long duration
load). For near contalnment type structures where venting is permitted
through vent openings without covers, then the impulse loads of the gas pres-
sures are determined using the scaled weight of the cover equal to zero. The
impulse loads of the gas pressures corresponding to scaled weight of the cover
greater than zero relates to frangible covers and will be discussed later.

The effects on the gas pressure impulse caused by the shock impulse loads will
vary. The gas impulse loads will have greater variance at lower shock impulse
loads than at higher loads. Interpolation will be required for the variation
of gas impulse as a function of the shock impulse loads. This interpolation
can be performed in a manner similar to the interpolation for the shock pres-
sures.

A computer program is available which executes the interpolation procedure.
Availability of this program is listed in Section 2-4.

The actual duration and the pressure-time variation of the gas pressures is
not required for the analysis of most structural elements. Similar to the
shock pressures, the actual pressure-time relationship can be approximated by
a fictitious peak triangular pulse. The peak gas pressure is obtained from
Figure 2-152 and the impulse from Figures 2-153 through 2-164 and the ficti-
tious duration is calculated from the following:

tg = 21, / By 2-4

Figure 2-165a illustrates an idealized pressure-time curve considering both
the shock and gas pressures. As the duration of the gas pressures approach
that of the shock pressures, the effects of the gas pressures on the response
of the elements diminishes until the duration of both the shock and gas pres-
sures are equal and the structure is said to be fully vented.

If a chamber is relatively small and/or square in plan area then the magnitude
of the gas pressure acting on an individual element will not vary significant-
ly. For design purposes the gas pressures may be considered to be uniform on
all members. When the chamber is quite long in one direction and the explo-
sion occurs at one end of the structure, the magnitude of the gas pressures
will initially vary along the length of the structure. At the end where the
explosion occurs, the peak gas pressure is P,; (Fig. 2-165b) which after a fi-
nite time decays to P 9, and finally decays to zero. The gas pressure P, is
based on the total vo%ume of the structure and is obtained from Figure 2-152
while the time for this pressure to decay to zero is calculated from Equation
2-4 where the impulse is obtained from Figures 2-153 through 2-164 again for
the total volume of the structure. The peak gas pressure P,y is obtained from
Figure 2-152 based on a pseudo volume (Fig. 2-165b) whose léngth is equal to
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its width and the height is the actual height of the structure. The time t
for the gas pressure to decay from P,y to P o is taken as the actual length of
the structure minus the width divideﬁ by thé velocity of sound (1.12 fpms).

At the end where the explosion occurs, the peak gas pressures (P 1> Figure 2-
165b) will be a maximum and, after a finite time, they will decay to a value
(P9, Figure 2-165b) which is consistent with full volume of the structure;
af%er which they will decay to zero. The magnitude of the peak gas pressures
(P;1) may be evaluated by utilizing Figure 2-152 and a pseudo volume whose
lenigth is equal to its width and the height is the actual height of the cham-
ber. The length of time t_, between the two peak gas pressures may be taken as
the length minus the width of the structure divided by the velocity of sound
(1 fpms).

2-14.3.2. Frangibility

Similar to shock pressures, an element can be considered frangible if it is
designed such that its resistance to internal blast forces does not exceed 25
psf and that it will undergo significant displacement during the shock and gas
loading phases. Figures 2-153 through 2-164 present the method for determin-
ing the gas pressure impulse acting on the interior surfaces of the donor
structure. These impulse loads will vary as the mass of the cover over the
vent opening varies; that is, the heavier the vent opening cover, the larger
the gas pressure impulse. Like the vented structures, the internal gas pres-
sure impulse loads produced by a frangible cover must be interpolated as a
function of the shock pressure impulse loads.

2-14.3.3. TNT Equivalency

The data presented in Figure 2-152 and Figures 2-153 to 2-164 are for TNT only
and must be extended to include other potentially mass-detonating materials.
Similar to the shock pressures, only a limited amount of data is available re-
garding the TNT equivalency of confined explosions and in particular the ef-
fects produced on gas pressures. It has been suggested that the TNT equiva-
lency of explosives relating to gas pressures is a function of both the heat
of detonation as well as the heat of combustion, while for the shock pres-
sures, the TNT equivalency is a function of the former only. A relationship
has been developed based on a limited amount of testing as follows:

c d d
¢ [Hgxp - Hgxpl + Hpxp

g
c d
¢ [Hryr - Hynyl + Heny
where
Wg - effective charge weight for gas pressure
4

c
Hopnr - heat of combustion of TNT

c
Hexp - heat of combustion of explosive in question
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¢ - INT conversion factor (Figure 2-166)

d
Hrnt - heat of detonation of TNT

d
Hpxp - heat of detonation of explosion in question
Wexp - weight of explosive in question

Gas pressures will be increased because of casings, in particular, if the cas-
ing is combustible. Since only unrelated data are available concerning the
effects on gas pressures by the casing, a method of compensating for these ef-
fects is to adjust the heat of combustion of the given explosive material in
Equation 2-5 to account for the heat of combustion of the casing material.
This adjustment should be made by chemically combining the heat of combustion
of the explosive and casing.

2-14.3.4,. Multiple Explosions

The gas pressure produced by the release of the gaseous products of multiple
explosions in a confined area may be approximated by considering the explosion
to be produced by a single explosive whose weight is equal to the combined
weights of the individual charges. This approximation is accurate if the in-
dividual charges are positioned in the immediate vicinity of one another and
if near simultaneous detonation of the individual charges occurs. If the in-
dividual charges are not close to one another and/or positioned at one end

of the structure, the magnitude of the gas pressures will initially vary along
the length or width of the structure. This variation may be determined in a
manner similar to that described in Section 2-14.3.1.

2-14.4. Leakage Pressures

2-14.4.1. Introduction

When an explosion occurs inside a vented chamber, shock pressures escape to
the outside along with venting of the gas pressures. Trailing shocks overrun
and coalesce with the lead shock at some distance to form a single diverging
shock wave. Close to the structure, the blast pressures are affected by the
structure itself as the shock pressures spill around the edges of the struc-
ture and form highly turbulent vortices. At further distances, this effect is
no longer present and the shock pressure decreases with increasing distances.
The leakage pressures are enhanced in the direction of venting (front) and re-
duced to the side and rear. The enhancement of pressures in the front and re-
duction of pressures to the side and rear are less extreme as the distance
away from the structure is increased.

The blast environment outside of cubicle containing fully and partially vented
explosions is presented in this section. Pressures and impulses acting on the
ground surface are provided as a function of distance from the explosion, di-
rection (front, side, back) relative to the vent opening in the structure, ar-
ea of the vent opening and volume of the structure. For design purposes, the
remaining blast parameters corresponding to the pressure and impulse acting on
the ground surface may be obtained from Figure 2-15 and 2-16 in exactly the
same manner as a surface burst of an explosive other than TNT.
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Explosions in three and four wall cubicles are considered. Three wall cubi-
cles are fully vented structures. The blast environment is furnished for cub-
icles with or without roofs. Four wall cubicles with a vent opening located
either in the roof or one wall are considered. The size of the vent opening
is varied from that of a fully vented cubicle through a full range of partial-
ly vented structures.

The data presented is based on tests in which the vent openings were complete-
ly open. There were no frangible covers over the vent area which might inhib-
it the pressure flow. Vent openings in protective structures are normally
covered with frangible panels for weather protection, separation of opera-
tions, etc. These panels will affect the leakage pressures. However, it is
assumed that these frangible panels will reduce the shock pressures leaking
through the opening to a greater extent than the increase in the internal gas
pressure buildup. Therefore, use of this data will predict conservative leak-
age pressures from cubicles with frangible covers.

2-14.4.2. Fully Vented Three Wall Cubicles

For cubicle-type structures where full venting is provided through the frangi-
ble or open portion of the structure, the resulting blast wave exterior of the
cubicle will be appreciably modified as compared to an unbarricaded detona-
tion. As the blast wave propagates out from the center of the explosion, the
shock front will collide with the interior surfaces of the structure. These
collisions will reflect and reinforce the initial loads (pressure and im-
pulse). Eventually these pressures will spill over and around the blast
walls, and in the event of rapid collapse of frangible walls, through the
structure to the surrounding area. The exterior pressures will not initially
have a definite shock front but will, at some distance from the structure,
shock-up with frontal pressures similar to those produced by a surface burst.
The pressure distance gradients away from the explosion will vary in all di-
rections. This variation is defined by the configuration (shape, openings,
etc.) of the protective structure containing the explosion.

A series of tests have been performed on three wall cubicle type structures
illustrated in Figure 2-167. Cubic and rectangular three wall cubicles with
and without a roof were tested. The results indicated that several parameters
were important:

(1) Direction. Three directions illustrated in Figure 2-167 are con-
sidered. The direction normal to the open wall is called the
front. The directions perpendicular to the front normal are
called the sides. The direction opposite the normal to the open
wall is called the back. The blast pressures out the front are
greater than that to the side which, in turn, are greater than
that to the back.

(2) Structure geometry. Differences were found in the blast environ-
ment depending upon whether the shape of the structure was cubic
or rectangular. This was true for pressure and impulse measure-
ments to the side and back, and only impulse to the front. There
were no differences in pressure out the front for the cubicle and
rectangular structures. The difference in pressures to the side
and back occur only close to the structure. Far from the struc-
ture, there is no effect on pressure in any direction due to
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structure shape. However, impulse does not converge with distance
for differences in cubicle shape.

(3) Charge weight to volume ratio W/V and distance. The ratio W/V
does not have an effect on the pressure to the front of any cubi-
cle. There is an effect of W/V on pressure to the side and back
of all cubicles, but only close to the structure. For a partic-
ular W/V, the pressure is affected differently for a cubic or rec-
tangular structure. Thus, the effect on pressure close in depends
both on structure size and W/V. But, for further out, neither af-
fect the pressures. For all values of Z, there is a measured ef-
fect of W/V on impulse.

(4) Venting through the roof. For any direction, cubicle shape, and
W/V value, there are differences in blast pressure and impulse
based solely on whether or not venting could occur through the
roof.

(5) Scaled distance Z. Both blast pressure and scaled impulse are af-
fected by scaled distance from the explosion. This parameter is
not independent of other factors.

The pressure variation in the front, side, and back direction of any three
wall cubicle without a roof is given in Figure 2-168 while for a three wall
cubicle with a roof the pressure variation is given in Figure 2-169. Due to
interferences from the side and back walls which cause complex vortices near
the structure and coalescence of shock waves in close, there is a maximum
pressure produced in the side and back directions. These pressures are a
function of the charge weight to cubicle volume ratio, W/V, and the configura-
tion of the cubicle. The maximum peak pressure in the side or back direction
of three wall cubicles with or without a roof are given in Figure 2-170.

The scaled peak positive impulse in the front, side, and back direction of
three wall cubicles is given in Figures 2-171 through 2-182. The scaled im-
pulse is given as a function of scaled distance from the explosion for various
values of charge weight to structure volume ratio. The curves are presented
in two groups; three wall cubicles without roofs and then cubicles with roofs.
For each direction, the impulse is given for explosions in cubic and rectang-
ular cubicles, respectively.

2-14.4.3. Partially vented four wall cubicles - vent opening in roof

Four wall cubicles with a vent openings located in the roof will produce blast
pressures on the ground surface which are symmetric about the vent opening.
Leakage pressures were determined for a below ground cubicle with its roof
flush with the ground surface (Fig. 2-183a). Figure 2-183b shows the above-
ground four wall cubicle. The vent opening was centrally located in the roof,
and various vent areas were considered. The blast pressure was determined to
be a strong function of the vent area divided by the structure volume to the
two-thirds power (A/V2/3) and the scaled distance, and a very weak function of
the charge weight to volume ratio W/V which can be ignored with negligible er-
ror.

The leakage pressures resulting from an explosion in a partially vented below-
ground cubicle with a vent opening in its roof is given in Figure 2-184, and
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the impulse is given in Figure 2-185. The scaled ground distance as indicated
in Figure 2-183a is used in these charts for the below-ground structures.

Figures 2-184 and 2-185 may also be used to determine the pressure and impulse
acting on the ground surface for above-ground four wall cubicles (Fig. 2-
183b). For an above-ground structure, the shock front must travel a longer
distance than a below-ground structure. Therefore, the scaled distance that
must be used in Figures 2-184 and 2-185 is approximated by the addition of the
slant and horizontal distances indicated in Figure 2-183b.

The figures are useful in selecting the degree of venting required to limit
leakage pressures outside roof-vented four wall cubicles to a specified safe
level at safe given distance. From a knowledge of the pressure and impulse on
the ground surface, the blast load acting on a structure may be obtained from
the procedures given in this report. Thus, an adjacent structure may be de-
signed to resist a blast load resulting from a given vent opening or the vent
opening may be varied to sult the capacity of an adjacent structure.

2-14.4.4, Partially vented four wall cubicle - vent opening through wall

Leakage pressures resulting from an explosion in a partially vented four wall
cubicle where the vent opening is located in a wall (Fig. 2-186) have not been
documented. These leakage pressures have a variation in direction similar to
a three wall cubicle with a roof and a variation with vent opening similar to
a roof vented four wall cubicle. Extrapolation of the data for these types of
cubicles have resulted in Figures 2-187 through 2-189. These figures present
a reasonable estimate of the pressures produced in the front, side, and back
directions (Fig. 2-186). In addition to direction, these pressures are a
function of scaled distance and the vent area divided by the volume to the
two-thirds power (A/V**(2/3)),

2-15. External Blast Loads on Structures
2-15.1. General

The blast loading on a structure caused by a high-explosive detonation is de-
pendent upon several factors:

(1) The magnitude of the explosion.

(2) The location of the explosion relative to the structure in ques-
tion (unconfined or confined).

3) The geometrical configuration of the structure.

4) The structure orientation with respect to the explosion and the
ground surface (above, flush with, or below the ground).

The procedures presented here for the determination of the external blast
loads on structures are restricted to rectangular structures positioned above
the ground surface where the structure will be subjected to a plane wave shock
front. The procedures can be extended to include structures of other shapes
(cylindrical, arch, spherical, etc.) as well as structures positioned at and
below the ground surface.
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2-15.2. Forces Acting on Structure

The forces acting on a structure assoclated with a plane shock wave are depen-
dent upon both the peak pressure and the impulse of the incident and dynamic
pressures acting in the free-field. The peak pressures and impulses associ-
ated with the free-field shock wave have been presented for various explo-
sives.

For each pressure range there is a particle or wind velocity associated with
the blast wave that causes a dynamic pressure on objects in the path of the
wave. In the free field, these dynamic pressures are essentially functions of
the air density and particle velocity. For typical conditions, standard re-
lationships have been established between the peak inc¢ident pressure (Pso),
the peak dynamic pressure (q,), the particle velocity, and the air density be-
hind the shock front. The magnitude of the dynamic pressures, particle veloc-
ity and air density is solely a function of the peak incident pressure, and,
therefore, independent of the explosion size. Figure 2-3 gives the values of
the parameters versus the peak incident pressure. Of the three parameters,
the dynamic pressure is the most important for determining the loads on struc-
tures.

For design purposes, it 1s necessary to establish the variation or decay of
both the incident and dynamic pressures with time since the effects on the
structure subjected to a blast loading depend upon the intensity-time history
of the loading as well as on the peak intensity. The form of the incident
blast wave (Fig. 2-190) is characterized by an abrupt rise in pressure to a
peak value, a period of decay to ambient pressure and a period in which the
pressure drops below ambient (negative pressure phase).

The rate of decay of the incident and dynamic pressures, after the passage of
the shock front, is a function of the peak pressure (both positive and nega-
tive phases) and the size of the detonation. For design purposes, the actual
decay of the incidental pressure may be approximated by the rise of an equiva-
lent triangular pressure pulse. The actual positive duration is replaced by a
fictitious duration which is expressed as a function of the total positive im-
pulse and peak pressure:

tof = 21/p 2-6

The above relationship for the equivalent triangular pulse is applicable to
the incident as well as the reflected pressures; however, in the case of the
latter, the value of the pressure and impulse used with Equation 2-6 is equiv-
alent to that associated with the reflected wave. The fictitious duration of
the dynamic pressure may be assumed to be equal to that of the incident pres-
sure.

For determining the pressure-time data for the negative phase, a similar pro-
cedure as used in the evaluation of the idealized positive phase may be util-
ized. The equivalent negative pressure-time curve will have a time of rise
equal to 0.25 to whereas the fictitious duration t,¢” is given by the triangu-
lar equivalent pulse equation:

tog” = 217/p 2-7
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where 1~ and p~ are the total impulse and peak pressure of the negative pulse
of either the incident or reflected waves. The effects of the dynamic pres-
sure in the magazine phase region usually may be neglected.

Since the fictitious duration of the positive phase will be smaller in magni-
tude than the actual duration, a time gap will occur between the fictitious
duration and the onset of the negative phase. This time gap, which is illus-
trated in Figure 2-190, should be maintained in an analysis for consistency of
the onset of the various load phasings.

2-15.3. Above-Ground Rectangular Structure Without Openings
2-15.3.1. General

For any given set of free-field incident and dynamic pressure pulses, the for-
ces imparted to an above-ground structure can be divided into four general
components: (a) the force resulting from the incident pressure, (b) the force
associated with the dynamic pressures, (c) the force resulting from the re-
flection of the incident pressure impinging upon an interfering surface, and
(d) the pressures associated with the negative phase of the shock wave. The
relative significance of each of these components is dependent upon the geo-
metrical configuration and size of the structure, the orientation of the
structure relative to the shock front, and the design purpose of the blast
loads.

The interaction of the incident blast wave with a structure is a complicated
process. To reduce the complex problem of blast to reasonable terms, it will
be assumed that (a) the structure is generally rectangular in shape, (b) the
incident pressure of interest is 200 psi or less, (c) the structure being
loaded is in the region of the Mach stem, and (d) the Mach stem extends above
the height of the building.

2-15.3.2. Front Wall Loads

For a rectangular above-ground structure at low pressure ranges, the variation
with time on the side facing the detonation (front face) when this side is
parallel to the shock front (normal reflection) is illustrated in Figure 2-
191a. At the moment the incident shock front strikes the front wall, the
pressure immediately rises from zero to the normal reflected pressure, P,
which is a function of the incident pressure (Fig. 2-15). The clearing time,
t., required to relieve the reflected pressure is

represented as:

48

(1 + R) C,
S = clearing distance and is equal to H or W/2 (Fig. 2-191a) whichever
is the smallest
H = height of the structure

R = ratio of S/G where G is equal to H or W/2 (Fig. 2-191) whichever
is larger
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C, = sound velocity in reflected region (Fig. 2-192)

The pressure acting on the front wall after time t, is the algebraic sum of
the incident pressure Py and the drag pressure Cpq or:

P = P+ Cpq 2-9

The drag coefficient Cp gives the relationship between the dynamic pressure
and the total translational pressure in the direction of the wind produced by
the dynamic pressure and varies with the Mach number (or with the Reynold's
number at low incident pressures) and the relative geometry of the structure.
A value of Cp=1 for the front wall is considered adequate for the pressure
ranges considered in this manual. At higher pressure ranges, the above pro-
cedure may yield a fictitious pressure-time curve because of the extremely
short pressure pulse durations involved. Therefore, the pressure-time curve
constructed must be checked to determine its accuracy. The comparison is made
by constructing a second curve (dotted triangle as indicated in Fig. 2-19la)
using the total reflected pressure impulse i, from Figure 2-15 for a normal
reflected shock wave (Fig. 2-191a). The fictitious duration tof for the nor-
mal reflected wave is calculated from:

teg = 21,/ Py 2-10

where P is the peak normal reflected pressure (Fig. 2-15). Whichever curve
(Fig. 2-191a) gives the smallest value of the impulse (area under curve), that
curve should be used in calculating the wall loading.

If the shock front approaches the structure at an oblique angle (Fig. 2-191b),
then the peak pressure will be a function of the incident pressure and the in-
cident angle between the front and the front wall and is obtained from Figure
2-193.

An equation similar to that used for the manual shock front may be used when
the angle of obliquity is greater than zero as follows:

tef = 21,4 / Pyrg 2-11
where peak reflected impulse i,, is obtained from Figure 2-194.

Usually only the positive pulse of the pressure-time relationship of Figure 2-
191b is utilized for the front wall design since the negative pulse seldom af-
fects the design. For determining the overall motion of the structure, the
effects of negative pressures should be included. The peak negative reflected
pressure (Fig. 2-190) and reflected impulse are obtained from Figure 2-16 and
correspond to the peak incident pressure (Fig. 2-15) acting on the front wall.
The rise time and decay of the negative pressures are similarly calculated as
described in Section 2-15.2.

2-15.3.3. Roof and Side Walls

As the shock front traverses a structure a pressure is imparted to the roof
slab, and side walls equal to the incident pressure at a given time at any
specified point reduced by a negative drag pressure. The portion of the sur-
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face loaded at a particular time is dependent upon the magnitude of the shock
front incident pressure, the location of the shock front and the wavelength
(L, and Lw') of the positive and negative

pulses.

To determine accurately the overall loading on a surface, a step-by-step anal-
ysis of the wave propagation across the surface should be made. This analysis
includes an integration of the pressures at various points (Fig. 2-195a) on
the surface and at various times to determine the equivalent uniform incident
pressure acting on a span L as a function of time (Fig. 2-195b). Since the
point of inflection of the element will vary as the shock front traverses the
surface, in order to make the assumption of the uniform pressure valid, the
reinforcement on both faces must be continuous across the span length.

As the shock wave traverses the roof, the peak value of the incident pressure
decays and the wave length increases. As illustrated in Figure 2-195b, the
equivalent uniform pressure will increase linearly from time tg when the blast
wave reaches the beginning of the element (point f) to time t4 when the peak
equivalent uniform pressure is reached when the shock front arrives at point
d. The equivalent uniform pressure will then decrease to zero where the blast
load at point b on the element decreases to zero.

To simplify the calculations, the equivalent uniform pressure has been ex-
pressed as a function of the blast wave parameters at point £. The equivalent
load factor Cp, the rise time, and duration of the equivalent uniform pressure
are obtained from Figures 2-196, 2-197, and 2-198, as a function of the wave
length-span ratio L g/ L.

The peak value of the pressure acting on the roof Pp is the sum of contribu-
tion of the equivalent uniform pressure and drag pressure:

PR - CEPSOf + Cquf 2-12

where Py ¢ 1s the incident pressure occurring at point f and q,¢ is the dy-
namic pressure corresponding to Cp P ¢.

The drag coefficient Cj for the roof and side walls is a function of the peak
dynamic pressure. Recommended values are as follows:

Peak dynamic pressure Drag coefficient
0-25 psi -0.40
25-50 psi -0.30
50-130 psi -0.20

The data presented above for the equivalent uniform roof and side wall blast
pressures are used principally for the design of individual elements. For
overall motions of a structure, the effects of the negative phase pressures
should be included. The equivalent load factor Cp for the peak equivalent un-
iform negative pressure is obtained from Figure 2-196 as a function of the
wavelength span ratio L g/L. The value of the negative pressure acting on the
roof, Pp~ is equal to Cg Py ¢ where the value of Cg” is a minus value. The
value of the equivalent negative pressure duration t ¢ is obtained from Figure
2-198. The value is not a function of the peak incident pressure at point f.
The rise time of the negative phase is equal to 0.25 t ¢.
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If a side wall is positioned at an oblique angle to the shock front, then
blast loads acting on the side wall are calculated in the same manner as that
described for front walls.

2-15.3.4. Rear Wall

As the shock front passes over the rear edges of the roof and/or side walls
the pressure front will expand, forming secondary waves which propagate over
the rear wall. In the case of long buildings, the secondary wave enveloping
the back wall essentially results from the spillover from the roof, and the
side walls. In both cases, the secondary waves are reinforced due to their
impingement with reflecting surfaces. The reinforcement of the spillover wave
from the roof is produced by its reflection from the ground surface at the
base of the rear wall, and the reinforcement of the secondary waves from the
side walls is produced by their collision near the center of the wall and/or
their interaction with the wave from the roof. Little information is avail-
able on the overall effects on the rear wall loading produced by the reflec-
tions of the secondary waves.

In most design cases, the primary reason for determining the blast loads act-
ing on the rear wall is to determine the overall drag effects (both front and
rear wall loadings) on the building. For this purpose, a procedure may be
used where the blast loading on the rear wall Figure (2-199a) is calculated
using the equivalent uniform method used for computing the blast loads on the
roof and side walls. Here the peak pressure of the equivalent uniform pres-
sure-time curve (Fig. 2-199b) is calculated using the peak pressure that would
accrue at the back edge of the roof slab P . The equivalent uniform load
factors Cp and C;~ are based on the wave length of the peak pressure above and
the height of the rear wall H, as are the time rises and duration of both the
positive and negative phases.

Like the roof and side walls, the blast loads acting on the rear wall are a
function of the drag pressures in addition to the incident pressure. The dy-
namic pressure of the drag corresponds to that associated with the equivalent
pressure Cp P_ ;, while the recommended drag coefficients are the same as used
for the roof and side walls.

In the event that the back wall is positioned at an oblique angle to the shock
front, peak incident pressure at point b should be calculated at the mid
width.

2-15.3.5. Multiple Explosions

As previously mentioned, the blast loads, produced by multiple explosions, ac-
ting on structures located far from an explosion may consist of a series of
separate pressure pulses rather than a single pulse blast load. However, the
multiple pressure-pulse loading is usually associated with weights of explo-
sives which are very small (several pounds) and, therefore, will not be the
usual design situation. For large charge weights, however, the single
pressure pulse loading with multiple peak pressures will occur. At the pres-
ent time no specific method has been devised which will enable one to evaluate
this type of blast loading. In the interim, it is suggested that the multiple
peak pressure type loading be replaced by the pressure-pulse which is associ-
ated with the merged shock wave. The parameters of this shock wave and cor-
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responding pressures are determined assuming a single explosion, the explosive
weight of which is equal to the combined weight of the individual charges.

2-15.4. Above Ground Rectangular Structures with Openings.
2-15.4.1. General

Two structural configurations are usually encountered

when blast loads are determined on structures with unsealed or unprotected
openings in its exterior. The first configuration includes windows, doors or
other openings located in both the front and rear walls as well as along the
side walls of the structure. The second would include openings located only
in the front face of the structure. The remaining surfaces are void of open-
ings. The second configuration is the one most likely to be encountered since
interior partitions will restrict the flow of the blast wave through the
structure. Increased interior blast loads are produced due to the reflection
of the blast wave on interior components. The blast loads associated with the
second configuration are primarily discussed in this section with comments re-
garding the loads pertaining to the first configuration.

When a shock front strikes the front wall of a structure, the incident pres-
sure is amplified. Windows and doors will fail almost immediately (approxi-
mately one millisecond) after the onset of the shock front unless they were
designed to resist the applied load. As a result, blast pressures will flow
into the structure through these openings. This sudden release of high pres-
sure will cause a shock front to form inside of each opening. Each individual
front will expand and tend to combine into a single front which will further
expand throughout the structure’s interior. This interior shock is initially
weaker than the incident pressure at the building’'s exterior. However, the
interior pressure will tend to get stronger due to reflections off interior
building components.

An idealized structure configuration is shown in Figure 2-200. The incident
shock front arriving at the front wall of the structure has an incident pres-
sure P, and wave length L. As the shock front sweeps across the structure,
blast pressures enter the interior of the building through the opening in the
front wall of area A,. The area of multiple openings are added to obtain a
fictitious single opening located at the center of the front wall. The blast
pressures entering the building first load the interior surface of the front
wall, followed by the interior surface of the side walls and roof, and finally
the interior surface of the back wall. The idealized pressure-time load cur-
ves for these surfaces are presented in Figure 2-201. The procedures neces-
sary to obtain the magnitude of the parameters given on the idealized load
curves for a particular explosion are presented in the remainder of this sec-
tion. Except for the front wall, the blast pressures acting on the exterior
of the structure are not affected by the opening and are determined according
to the procedures of the previous section.

The primary purpose of this section is to provide the blast loading on the
interior surface of an exterior wall so that the maximum outward motion of the
wall may be determined. It is not the intent to use these interior loads to
reduce the exterior positive phase loading. Except for the front wall, accu-
rate phasing of the interior and exterior blast loads are not possible. The
interior loads will always lag the exterior positive phase loading and, due to
reflections off interior components, the duration of the interior load is al-
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ways longer. For design, the interior blast loads should be added to the neg-
ative phase exterior loading to obtain the maximum outward motion (negative
response) of a side wall, roof or back wall. The maximum positive response
should be determined for the exterior positive phase loading without any re-
ductions due to internal pressures. In most instances, interior partitions
are required to withstand the blast pressures leaking into a structure. The
procedures presented in this section may be used to determine the design blast
load acting on these elements. An interior partition located parallel to the
front wall will reflect the shock front and, therefore, is considered as a
back wall. The length of the side wall would then be taken as the distance
between the front wall and this partition. An interior partition(s) perpen-
dicular to and framing into the front wall may be considered as a side
wall(s). The length of the front wall would then be taken as the distance be-
tween an interior partition and a side wall or between two interior parti-
tions. In both cases, only the openings located between these partition walls
would be conslidered as the vent opening.

The procedures presented in this section to determine interior blast loads ac-
ting on a structure with an opening in the front wall were developed for a
shock front striking the front wall head-on. For the same size opening in a
front wall, this orientation of the approaching shock front results in the
most severe Iinterior shock wave effects. The use of these procedures for
shock fronts approaching at all other angles will result in conservative esti-
mates of the blast loadings acting on the interior of the structure.

2-15.4.2. Exterior Front Wall loads

The time required for reflected pressures to clear a solid front wall is ex-
pressed in multiples of the time necessary for a rarefaction wave to sweep the
wall. When walls with openings are considered, clearing takes place ground
the edges of the opening in addition to the edges of the wall. Depending upon
the size of the overall wall and the openings, the clearing time of the re-
flected pressures may be significantly reduced.

The pressure-time relationship of the applied blast load acting on the front
wall of a structure with openings is the same as that of a solid front wall
(Fig. 2-191) except the clearing time will be reduced. To evaluate this re-
duced time, the value of S’ is introduced into Equation 2-8. This value is
the weighted average distance that the rarefaction wave must travel to cover
the wall assuming immediate access of the incident shock to the interior of
the structure. If frangible covers (windows, doors) do not fail immediately,
the clearing time should not be reduced.

The method for evaluating S’ is illustrated in Figure 2-202 where the face of
the front wall is divided into rectangular areas. These areas are determined
by the location and dimensions of the openings in the wall, and by considera-
tion of the direction along which the reflected pressure clears around the
area in the shortest possible time. The individual areas are labeled depend-
ing upon the number and location of the clearing sides of the individual
areas. Clearing factors §, are established for these areas as follows:
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Area L Number of Clearing Sides
1 1.0 Two adjacent sides
2 0.5 Two opposite sides
3 1.0 One side
4 1.0 None

The weighted average clearing distance S’ is expressed as:

6, hy Ay
§' = —— <58 2-13
Af
where
S' = weighted average clearing distance with openings

6, = clearing factor

h, = average clearing distance for individual areas as follows:

Area 1 - width or height of area whichever is smaller

Area 2 - distance between opposite sides where clearing occurs

Area 3 - distance between side where clearing occurs and opposite side
Area 4 - same as Area 1

A, = area of Iindividual wall subdivision

Ag = net area of the wall excluding openings

The clearing time t'  for a front wall with opening is calculated from Equa-
tion 2-8 in which S§' is substituted for $ or

45"
', = 2-14
(1+R)C,

where all components of Equation 2-14 have been previously defined. It should
be realized that the load acting on the front wall with openings is still the

same as that shown in Figure 2-191 except with the reduced clearing time, t'..
The curve which represents the wall loading is still the curve which gives the
lower impulse.

As previously stated, window breakage will require a finite length of time.
This time may be evaluated using the resisting functions of Chapter VI and the
dynamic procedures of Chapter 3. This time must be accounted for in deter-
mining the window contribution to the blast pressures acting on the wall.

2-15.4.3. Interior Front Wall Loads

The average pressure acting on the interior face of the front wall will ini-
tially build up in a similar manner as

the average pressure on the exterior back wall of a closed structure. How-
ever, vortices are located all around the interior edges of all openings in
the front wall. The effect of these vortices, which tend to reduce the blast
load, has been neglected.
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The shock front entering through the opening in the front wall travels along
the interior face of the front wall, thereby subjecting the wall to incident
pressures. When the front reaches the side wall, it is reflected back. The
length of wall loaded by this reflected wave is a function of the wave length,

The average pressure acting on the wall is determined assuming a single
opening of area A, located at the center of the wall. In the case of multiple
openings, a single opening equal to the combined area of all openings is lo-
cated in the center of the front wall.

The idealized pressure-time blast load acting on the interior face of the
front wall is shown in Figure 2-20la. The time at which the shock front ar-
rives at the exterior surface of the front wall is taken as zero (T, = 0).

The blast load acting on the wall begins at time T;. This time represents the
time it takes for the shock front to enter the structure through the opening
A . The pressure buildup is linear from time T; to a maximum pressure P . at

o
time Ty, and then it decays linearly to zero at time Tj.

The maximum average pressure P .. acting on the interior face of the front
wall varies as a function of the incident pressure Pg;, and the wavelength
corresponding to that pressure, and the geometry of the wall. Figure 2-203
through 2-206 give the maximum pressure P, .. acting on front walls having
width to height ratios (W/H) equal to 3/4, 3/2, 3 and 6, respectively.

The idealized times Ty, Ty and Ty are also obtained from plots of front walls
having width to height ratios W/H equal to 3/4, 3/2, 3 and 6. The arrival
time Ty of the load is given in Figures 2-207 and 2-208 as a function of the
incident pressure acting on the exterior surface of the front wall P, for
various opening to wall area ratios A /A,. The rise time of the load, T, - T;
is given in Figures 2-209 and 2-210 as a function of P__ and various wave
length to width of front ratios L /W. Finally, the duration of the load T3 -
T, is given in Figures 2-211 and 2-212 again as a function of Pg, and L /W.
The times T, and T3 are obtained from subtracting T; from the rise time and
duration, respectively.

Failure of the cover sealing openings in a building (windows, doors) will af-
fect the onset of the blast load acting on the interior surface of the front
wall. Due to the time required to cause failure of the covers, the onset of
the interior pressures may not be in phase with the onset of the exterior
blast load. Therefore, care must be taken to arrive at a combined loading for
the structural element.

2-15.4.4,. Interior Side Wall and Roof Loads

The blast pressures entering the interior of the building through the opening
in the front wall (multiple openings are combined to form a single opening)
must travel along the interior face of the front wall before arriving at the
side wall. The incident pressures arriving at the side wall are increased due
to reflection off the wall itself. The front expands and travels across the
side wall until it reaches the back wall. It is then reflected off the back
wall, and the reflected wave travels back across the side wall towards the
front wall. The length of side wall loaded by this reflected wave is a func-
tion of the wave length L.

The idealized pressure-time blast load acting on the interior face of the side
wall and roof is shown on Figure 2-201b. The same assumption is made for the
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side wall and roof as for the interior front wall. That is, the time at which
the shock front arrives at the front wall of the structure is taken as zero
(T, = 0). The time T; represents the time it takes the shock front to travel
from the opening across the interior face of the front wall to the side wall
(or roof). The pressure build up is linear from time T, to a maximum pressure
Pmax at time T,, remains constant until time T; and decays linearly to zero at
time T,. This idealized curve applies to both the side walls and roof. The
structure configuration parameters as given in Figure 2-200 apply for side
wall loadings. However, to determine the roof loading, the structure must be
rotated 90 degrees so that the roof takes the position of a side wall. The
width and height of the structure must be interchanged. All other parameters
are not effected.

The maximum average pressure Phax acting on the interior face of the side wall
(or roof) varies as a function of the incident pressure P4, acting on the ex-

terior face of the front wall, the wavelength L, corresponding to Pgo, and the
geometry of the structure. Since a large number of plots would be required to
describe P . for the blast and geometric parameters involved, an equation has

been developed. The value of Prax 1s given by:

Prax = K/(L, /L) 2-15
For 6 > W/H < 3/2

K= (A+[Bx (L, /L] ) xDxExp,L1025 2-16
where

A = [0.002 (Ww/H)L1-44677 _ 0 0213 2-17

B = 2.2075 - [1.902 (w/H)~0-085, 2-18

C = 1.231 + [0.0008 (w/H)2-678) 2-19

D = [2.573 (L/H)"9-44%4y _ 0.3911 2-20

E = 0.4221 + [1.241 (A /A,)0-367] 2-21
For W/H = 3/4

K=-AxBxcEtxplyxp 09718 2-22
where

A = [0.5622 (L,/L)1-2944] . 0 001829 2-23

B ~ [0.654 + 2.616 (A,/A,) - 4.928 (A,/A)?] 2-24

[2.209 (L/H)"9-3451 _ ¢ 739
C - 0.829 + 0.104 (L,/L)1-® 2-25

+ [0.00124 + 0.00414 (L,/L)3-334) [L/n)D
D= 2.579 - 0.0534 (L,/L)3-891 2-26
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E - 999 (A, /A,)7 964 2-27

1.468 - 1.6627 (A,/A,)0-7801 2-28

e
]

+ [1.8692 - 1.1735 (A /A,) 0-2226) (L /L€

G = 0.2979 (A,/A,) 1-4872 _ 0.8351 2-29

H = (5.425 x 10°%) + (1.001 x 10-9) (L/m)9.963 2-30

For 3/2 > W/H > 3/4, graphical interpolation is required to determine P ..
Several values of P .. are determined from Equation 2-15 for values of W/H
equal to 3/4, 3/2, and preferably two values greater than 3/2. A plot of P .
versus W/H is prepared and the value of P .. is read for the required W/H.

X

The idealized times T; and T, are determined from Figure 2-213. These times
are presented as a function of the incident pressure Pg, arriving at the ex-
terior of the building and the width to height ratio W/H of the front wall.
Since the distance that the shock front must travel across the front wall is
taken from the center of the opening, times T; and T, are not a function of
the area of the opening. This assumption will not result in significant
errors since the openings considered are comparatively small.

The idealized times Ty and T, are determined from Figures 2-214 through 2-229.
Each figure is prepared for a given structure configuration defined by the
length to height ratio of the side wall L/H and the width to height ratio of
the front wall W/H. The times T3 and T, are given on each figure as a func-
tion of the incident pressure Pso and various values of the wave length to
side wall length ratio L /L. As explained above, these times are not a func-
tion of the area of the opening. For ease of reference, these figures are
listed in table 2-4 for the various L/H and W/H ratios provided. In most
cases, interpolation will be required to obtain the correct values of T5 and
T, for the given structure configuration.

2-15.4.5. Interior Back Wall

The blast pressures entering the interior of the building through the opening
in the front wall must travel the full length of the building before arriving
at the back wall. The incident pressure arriving at the back wall is essen-
tially uniform over the wall. This pressure is immediately increased to the
normal reflected pressure when it strikes the back wall.

The idealized pressure-time blast load acting on the interior face of the back
wall is shown in Figure 2-20lc. Again, the time at which the shock front ar-
rives at the front wall of the structure is taken as zero (T, = 0). The time
Ty represents the time it takes the shock front to travel from the opening to
the back wall. The pressure buildup is instantaneous to Pprp due to the nor-
mal reflection of the shock front and then decays to zero at time T,. This
loading is similar to the loading of an exterior front wall except that clear-
ing is not possible.

The maximum average pressure Pprp acting on the back wall is obtained from
Figures 2-230 and 2-231. Each iigure is prepared for a given value of L/H.
The ratio of the maximum average pressure on the back wall to the incident
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pressure Pprp/P., 1s given as a function of Py, for various values of Ay/A,.
Interpolation between figures may be necessary for a given structural configu-
ration.

The idealized time T; is determined from Figures 2-232 and 2-233. Each figure
is prepared for a given value of the width to height ratio of the wall W/H.
The time T, is given as a function of the incident pressure P o for various
values of the wall length to height ratio L/H and the ratio of the opening
area to the wall area A,/A,. The duration of the load To-T is determined
from Figure 2-234. The time is given as a function of the incident pressure
Py, for various values of A /A,. Since the back wall is located at the great-
est distance from the front wall, the area of the opening has a significant
effect on these times and must be considered.

2-15.5. Pressure Buildup In Structures
2-15.5.1. General

The procedures in Section 2-15.4 are for determining the net effects of shock
loads entering openings in structures from windows or doors which are not de-
signed to withstand the applied blast loads. In certain cases, structures may
have closures which are designed to resist the blast loading, but have very
small openings due to vents and ducts, which will not withstand the blast. 1In
this case, the small opening will not allow the shock front to develop inside
the structure. However, the structure experiences an increase in its ambient
pressure (a "filling" pressure) in a time that is a function of the structure
volume, area of the openings, and applied exterior pressure and duration.
Since personnel exhibit a tolerance limit to such pressure increases, a method
of determining the average pressure inside the structure is needed. It should
be noted that the interior pressures immediately adjacent to the openings will
be higher than the average pressure.

2-15.5.2. Method of Calculation
The following procedure is applicable for structures with small area-volume
ratios and applied blast pressures less than 150 psi. The change in pressure
§Py inside the structure within a time interval ét is a function of the pres-
sure difference at the openings, P-P;, and the area-volume ratio, A/,

SPy = Cp (A, / V,) 6t 2-31

where

C;, = leakage pressure coefficient and a function of the
pressure difference P-P; and is obtained from Figure 2-235

P = applied exterior pressure
P; = interior pressure

§P; = interior pressure increment
A, = area of openings

v = gstructure volume
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6t

= time increment

The interior pressure-time curve is calculated as follows:

(1)

(2)

(3

(4)

Determine the pressure-time history of the applied blast pressures
P acting on the surface surrounding the opening as presented in
Section 2-15.3.

Divide the duration to of the applied pressure into n equal inter-
vals (6t), each interval being approximately t /10 to t, /20, and
determine the pressures at the end of each interval.

Compute the pressure differential P-P; for each time interval, de-
termine the corresponding value of C; from Figure 2-235, and cal-
culate §P; from Equation 2-31 using the proper values of A, /V, and
§t. Add %P to P; for the interval being considered to obtain the
new value of Py for the next interval.

Repeat for each interval using the proper values of P and P;.

When P-P; becomes negative during the analysis, the value o% CL
must also be taken as negative,.

The above procedure is most easily accomplished by using a tabular arrangement
for the required computations. An illustrative example is presented in Appen-

dix 2A.
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Figure 2-1
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2
Peak incident pressure versus peak dynamic pressure density of air

behind the shock front and particle velocity
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on the surface at sea level
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Figure 2-37 Peak positive incident pressure and scaled impulse for an explosion
on the surface at sea level
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on the surface at sea level
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on the surface at sea level
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Figure 2-46 Peak positive incident pressure and scaled impulse for an explosion
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Figure 2-49 Peak positive incident pressure and scaled impulse for an explosion
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Figure 2-52 Average peak reflected pressure (N =1, /L = 0.10, h/H = 0.10)
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Figure 2-53 Average peak reflected pressure (N = 1,

h/H = 0.10)

/L = 0.25 and 0.75,
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Figure 2-54 Average peak reflected pressure (N =1, /L = 0.50, h/H = 0.10)
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Figure 2-55 Average peak reflected pressure (N = 1, /L = 0.10, h/H = 0.25)
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Figure 2-56 Average peak reflected pressure
(N =1, &L = 0.25 and 0.75, h/H = 0.25)
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Figure 2-57 Average peak reflected pressure (N = 1, 2/L = 0.50, h/H = 0.25)
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Figure 2-58 Average peak reflected pressure (N=1,2/L=0.10, h/H = 0.50)
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Figure 2-59 Average peak reflected pressure (N = 1, 2/L = 0.25 and 0.75,
h/H = 0.50)
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Figure 2-60 Average peak reflected pressure (N

=1,2/L = 0.50, h/H = 0.50)
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Figure 2-61 Average peak reflected pressure (N = 1,2 /L = 0.10, h/H = 0.75)
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Figure 2-62 Average peak reflected pressure (N
h/H = 0.75)

1, 2/L = 0.25 and 0.75,
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Figure 2-63 Average peak reflected pressure (N = 1,2 /L = 0.50, h/H = 0.75)
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Figure 2-64 Average peak reflected pressure (N=2,2/L=0.10, h/H = 0.10)
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Figure 2-65 Average peak reflected pressure (N = 2,£/L =0.25, h/H = 0.10)
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Fioure 2-66 Averace peak reflected pressure (N = 2.2/L = 0.50. h/H = 0.10)
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Figure 2-67 Average peak reflected pressure (N = 2,2/L = 0.75, h/H = 0.10)
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Figure 2-68 Average peak reflected pressure (N =2,2/L =0.10, h/H = 0.25)
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Figure 2-69 Average peak reflected pressure (N = 2, ¢/L = 0.25, h/H = 0.25)
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Figure 2-70 Average peak reflected pressure (N = 2, £/L = 0.50, h/H = 0.25)
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Figure 2-72 Average peak reflected pressure (N =2,4/L=0.10, h/H = 0.50)
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Figure 2-73 Average peak reflected pressure (N = 2, ¢/L = 0.25, h/H = 0.50)
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Figure 2-74 Average peak reflected pressure (N = 2, £/L = 0.50, h/H = 0.50)
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Figure 2-75 Average peak reflected pressure (N = 2, £/L = 0.75, h/H = 0.50)
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Figure 2-77 Average peak reflected pressure (N = 2, 2/L = 0.25, h/H = 0.75)
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Figure 2-78 Average peak reflected pressure (N=2,£/L=0.50, h/H = 0.75)
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Figure 2-79 Average peak reflected pressure (N = 2, £/L = 0.75, h/H = 0.75)
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Figure 2-81 Average peak reflected pressure (N =23,2/L=0.25 and 0.75,
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Figure 2-82 Average peak reflected pressure (N = 3, £/L = 0.50, h/H = 0.10)
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Figure 2-83 Average peak reflected pressure (N =23,4/L=0.10, h/H = 0.25)
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Figure 2-84 Average peak reflected pressure (N =3,£2/L =0.25 and 0.75,

h/H = 0.25)
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Figure 2-85 Average peak reflected pressure (N =3, £/L = 0.50, h/H = 0.25)
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Figure 2-86 Average peak reflected pressure (N = 3, ¢/L = 0.10, h/H = 0.50)
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Figure 2-87 Average peak reflected pressure (N = 3, £/L = 0.25 and 0.75,
h/H = 0.50)
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Figure 2-88 Average peak reflected pressure (N = 3, £/L = 0.50, h/H = 0.50)
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Figure 2-89 Average peak reflected pressure (N = 3, £/L = 0.10, h/H = 0.75)
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Figure 2-90 Average peak reflected pressure (N =3, £/L = 0.25 and 0.75,

h/H = 0.75)



L/H = 0.625 L/H = 1.250 L/H = 2.500 L/H = 5.000

—
O.

[
Q,

._.
Q.

-
Q

10
=4 = -
N \\ b %\ 3
N \‘\ N N
10 = =N
2 S =t ZA = 025t
5~ S T Za 025 Sesin i
= g Za 025 |[< NN | +0.50}
N N
E \.p; ld 025 \\\ - 050 = -
bt - - ( -
ko = = 050 SRR 00f
Moo 0.50 : S 100 3
) < m — - —] i
w L 0 10 4> < L
w w2 .09 = 2.00f
3 o 3 = 200 3
o : -
x X . 200 X = !
&= . - [
> S 200 N 400
< 1d et P 4,00
= 4.00
4.00
10'1 ) 10 1 10 1 10 1 10
40B L/R, L/R, L/R, L/R,

Figure 2-91 Average peak reflected pressure (N = 3, 2/L = 0.50, h/H = 0.75)
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Figure 2-92 Average peak reflected

pressure (N = 4, £ /L = 0,10, h/H = 0.10)
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Figure 2-93 Average peak reflected pressure (N = 4,0 /L
h/H = 0.10)
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Figure 2-94 Average peak reflected pressure (N = 4,2 /L = 0.50, h/H = 0.10)
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Figure 2-95 Average peak reflected pressure (N = 4, 2 /L = 0.10,
h/H = 0.25 and 0.75)
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Figure 2-96 Average peak reflected pressure (N = 4, £/L = 0.25 and 0.75,

h/H = 0.25 and 0.75)



L/H = 0.625 L/H= 1.250 L/H = 2.500 L/H = 5.000

10
S K > N : ] N
B P N N N A
10* \\ﬂt A HH EE
(o] = = as = ZA
= = . T Za 025 S
S = N Za L0.25 N n
[T N ! . < S \ q
5 & 0 Btoos| e S = 0.50
(5] t - . 0.50 =
- F o SS 2 = =
o Moo 050 3 - 1.00
© N oo ; 1.00 \ =
0 =D \ ~ X
Q-. (/2] 1d g N\ - c
m @ 1.00 : =
o = 2,00
é a - 3 . 2.00 N
5] AN A e )
> 18 2.00 N
< 10 . P 200 400
=4.00
10 _
0 1 10 i 10 1 10
' L/RA1 L/R, L/R, L/R,
46B

Figure 2-97 Average peak reflected pressure (N = 4, 2 /L = 0.50,
h/H = 0.25 and 0.75)
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Figure 2-100 Average peak reflected pressure (N = 4, 2/L = 0.50, h/H = 0.50)



IJ/H= 0.625 L/H = 1.250 L/H = 2.500 L/H = 5.000

{0 10'
ﬂ,-\ — .
a ‘.Q N - N
a 2 . ! N — 10
5 S S ool
E —W‘ 2 N — 3 ZA + 0-25 -
mB2 NN | NN 2a ~ NI D 025 [ TN
e 10 === PREP—— Z, 50.25 S ~ = 0.50 Elﬂ'
2 __3 = i - 0.25 = = — HEN :0.50 == — 3
o BN SIS 020 S 1 00 = oot
L = LR i 100 ~ {2 00}
& HooQ TR T 1.00 S - 72.000 .
w — N I ) =
4 [72] 10‘ - 5200 S 4.00 -1 d
3 E,J ; 2 00 P 4.00 :
2 % —+4.00 :
1001 10 1 10 1 10 1 10 10.
01A L/R, L/R, L/Ry L/R,

Figure 2-101 Scaled average unit reflected impulse
(N=1,¢/L = 0.10, h/H = 0.10)



Yy1-¢

02A

SCALED UNIT REFLECTED

IMPULSE, i,/""*(psi—ms/1b" )

L/H= 0.625 L/H = 1.250 L/H = 2.500 L/H = 5.000
10* 10
\\ a »
10 - : 10
. '—zA 2
N - : Tz, ) ~ 0225 O.25E
10, N . ZA \\ N N 025 ~ N \\\ . ~.l H \ ‘50:—102
£0.25 = ) 0.50 i &
E i 050 = 1.00O¢
050 X 1.00 3
O RIF 1,00 ~ F200}
l.oo an : N » \2.00 N
1d RN 200 b _12.00 ™~ 4.00 4.00} 10
—t 4.00
4.00
10’ 10 10 10 10 100
L/R, L/R, L/R, L/R,



Sh1-¢

03A

SCALED UNIT REFLECTED

. / /
IMPULSE, i,/w"*(psi—ms/1b )

L/H = 2.500

L/H= 0.625 L/H = 1.250 L/H = 5.000
10' 10*
n 1
10 < oy 10
< ‘\ N ZA :
N S Z L
o == I 7, 025 Ik 0.25)
8 K q \.\ q \ ), ] ™
10 —— Za =3 =025 - — £0.50 = £ ‘0.50%.10’
=025 E HERGES0 50 = 1,00k
~ 050 g 1.00 ' 2.00¢
PR 100 A I T2.00 _
10 k2,00 =4 00 4.00 4.00 ;¢
=$4.00
10
10 1 10 1 10 1 10 100
L/R, L/R, L/R, L/R,

Figure 2-103 Scaled average unit reflected impulse
(N = 1,£/L = 0.50, h/H = 0.10)
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Figure 2-105 Scaled average unit reflected impulse
(N=1, £/L = 0.25 and 0.75, h/H = 0.25)
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Figure 2-106 Scaled average unit reflected impulse
(N =1, £/L = 0.50, h/H = 0.25)
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Figure 2-107

Scaled average unit reflected impulse
(N=1,2/L = 0.10, h/H = 0.50)
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Figure 2-108 Scaled average unit reflected impulse
(N=1,4/L = 0.25 and 0.75, h/H = 0.50)
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Figure 2-109 Scaled average unit reflected impulse
(N=1.£4/L=0.50, h/H = 0.50)
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Figure 2-110 Scaled average unit reflected impulse

(N=1,£/L = 0.10, h/H = 0.75)
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Figure 2-112 Scaled average unit reflected impulse
(N=1,£/L = 0.50, h/H = 0.75)
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Figure 2-113 Scaled average unit reflected impulse
(N =2, £/L = 0.10, h/H = 0.10)
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Figure 2-114 Scaled average unit reflected impulse
(N =2, £/L =0.25, h/H = 0.10)
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Figure 2-115 Scaled average unit reflected impulse
(N =2,2/L=0.50, h/H = 0.10)
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Figure 2-116 Scaled average unit reflected impulse
(N=2,2/L=0.75, h/H = 0.10)
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Figure 2~117 Scaled average unit reflected impulse
(N=2.2/L =0.10. h/H = 0.25)
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Figure 2-118 Scaled average unit reflected impulse
(N=2.2/L=0.25. h/H = 0.25)
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Figure 2-119 Scaled average unit reflected impulse
(N=2,¢/L =0.50, h/H = 0.25)
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Figure 2-121 Scaled average unit reflected impulse
(N=2,2/L=0.10, h/H = 0.50)
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Figure 2-123 Scaled average unit reflected impulse

(N =2, /L = 0.50, h/H = 0.50)
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Figure 2-125 Scaled average unit reflected impulse

(N=2,2/L=0.10, h/H = 0.75)
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Figure 2-127 Scaled average unit reflected impulse
(N=2,¢/L=0.50, h/H = 0.75)
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Figure 2-128 Scaled average unit reflected impulse

(N=2,2/L=20.75, h/H = 0.75)
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Figure 2-129 Scaled average unit reflected impulse
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Figure 2-131 Scaled average unit reflected impulse
(N=3,¢/L=0.50, h/H = 0.10)



YLT-T

32A

SCALED UNIT REFLECTED

IMPULSE, i,/%"*(psi—ms/1b")

OIJ/H = 0.625 L/H = 1.250 L/H= 2.500 L/H= 5.000
1 vy
\\ \ . \
10 4 = ) ] s ) %
- N ZA : . L\ ZA S :
Za WA N —}0.25 Sugin:
o NN _To.25 S AN SR
1 TS —0.25 1T o 50 Eo‘so S
—+0.50 ' 1.00 =
a 1.0 ) -
100 < 4500 :
%200 290 P 400
10 Bt 400 +4.00
400 .
ld.l 10 10 1 10 1;
L/R, L/R, L/R, L/R,

Figure 2-132 Scaled average unit reflected impulse

(N =3,4L/L=0.10, h/H = 0.25)
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Figure 2-133 Scaled average unit reflected impulse
(N=3,4/L =20.25 and 0.75, h/H = 0.25)
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Figure 2-135 Scaled average unit reflected impulse
(N =3,2/L=0.10, h/H = 0.50)
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Figure 2-136 Scaled average unit reflected impulse
(N =3, 2/L =0.25 and 0.75, h/H = 0.50)
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Figure 2-137 Scaled average unit reflected impulse
(N =3, 2/L = 0.50, h/H = 0.50)
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Figure 2-138 Scaled average unit reflected impulse
(N =3, 2/L =0.10, h/H = 0.75)
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Figure 2-139 Scaled average unit reflected impulse

(N =3, 2/L =0.25 and 0.75, h/H = 0.75)
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Figure 2-140 Scaled average unit reflected impulse
(N = 3, £/L = 0.50, h/H = 0.75)
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Figure 2-141 Scaled average unit reflected impulse
(N=4,2/L =0.10. h/H = 0.10)
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Figure 2-142 Scaled average unit reflected impulse
(N =4, 2/L=0.25 and 0.75, h/H = 0.10)
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Figure 2-143 Scaled average unit reflected impulse
(N =24, 2/L=0.50. h/H = 0.10)
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Figure 2-144 Scaled average unit reflected impulse
(N=4,L/L=0.10, h/H = 0.25 and 0.75)
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Figure 2-145 Scaled average unit reflected impulse
(N=4,2/L=0.25 and 0.75, h/H = 0.25 and 0.75)
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Figure 2-146 Scaled average unit reflected impulse
(N=24,2/L=0.50, h/H = 0.25 and 0.75)
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Figure 2-147 Scaled average unit reflected impulse
(N=4,2/L =0.10, h/H = 0.50)
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Figure 2-148 Scaled average unit reflected impulse

(N=4,2/L=0.25 and 0.75, h/H = 0.50)
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Figure 2-149 Scaled average unit reflected impulse
(N=14,2/L =0.50, h/H = 0.50)
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Figure 2-150 Reflection factor for shock loads on frangible elements
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Figure 2-153 Scaled gas impulse (W/Vg¢ = 0.002, i,./Wl/3 = 20)
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Figure 2-154 Scaled gas impulse (W/vg = 0.002, ir/W1/3 = 100)
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Figure 2-155 Scaled gas impulse (W/Vg = 0.002, i /wl/3 = 600)
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Figure 2-156 Scaled gas impulse (W/V¢ = 0.015, ir/wl/3 = 20)
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Figure 2-157 Scaled gas impulse (W/Vg = 0.015, i /Wwl/3 = 100)
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Figure 2-158 Scaled gas impulse (W/Vg = 0.015, i./Wl/3 = 600)
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Figure 2-159 Scaled gas impulse (W/V¢ = 0.15, ir/Wl/3 = 20)
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Figure 2-161 Scaled gas impulse (W/Vg = 0.15, 1'.1_/1»;’1/3 = 600)
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Figure 2-162 Scaled gas impulse (W/Vg¢ = 1.0, ir/wl/3 = 100)
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Figure 2-163 Scaled gas impulse (W/V¢ = 1.0, ir/wl/3 = 600)

2-205



SCALED GAS IMPULSE, ig/W"> (psi-msec/1b")

100000
10000
Ny
~
= 100
he
1000
30 I
ey
10
3
100
L1
\
0.3
(]
0- -
lo.Ol 0.t 1 10

SCALED VENT AREA , A/V32/3

Figure 2-164 Scaled gas impulse (W/Vg¢ = 1.0, i /wl/3 = 2000)
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Figure 2-165 Combined shock and gas pressures
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Figure 2-175 Scaled peak positive impulse behind backwall of

three-wall cubicle without a roof
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Scaled peak positive impulse behind backwall of
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rectangular three-wall cubicle with a roof



VENT

OPENING —_

R | | NN

VENT P e ‘i

opsmus\ { |

dy+d2 + h +d3
W|/3

b) ABOVE GROUND STRUCTURE

Figure 2-183 Four wall cubicle vented through its roof

2-225



“ X1
i

PEAK INCIDENT PRESSURE , Pgo(psi)

{2
f
£
un s 04
! e !
V et
o7 ; T :
¥ = st HEH L sestitiliti %
R EEEH BE B e R i i g
0.5 5
3 ¥
Zadiiinii J B8 qst il
i1t & H
ke . e .. +.
e B - }r ;o
RS £33 Db saet
) e 1 > et
1 JI‘(“ b

1000 oot k1 D o

ey rafers.

it I
SRR RO oot
RS 000 S
0.1 0

« e

0.001 0005 00! ‘ 005 O

SCALED VENTING, A/v2/3

Figure 2-184 Peak positive pressure outside of a four-wall cubicle vented

through its roof

2-226

05

80

1.0



(¢ Q1743) Z *30NVLSIQ Q3VIS

8 e 3

fi

FIR R

050

1.0

) 1
. 14
i 1O
0
: 1O
] (o}
. p
+ - *
JLlis
1
I
g
i N -
| 3
if S
1 3 5
H 1t g- 383
s 1338532235
Ve i Mﬁ, v.lm
e S
I 8.8
[33233: “28 R
L O
HH up
ﬂ‘
] ] ILY“ -
L AI - m
: { o
” N =
(o] (o]

(¢/Ql/09sw-18d ). M/ 51 * 3SINAWI LNIQIONI Q3TVIS

2-227

AW 3/v (1bY3/£1)

Scaled positive impulse outside of a four-wall cubicle vented

SCALED DEGREE OF VENTING,
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Figure 2-186 Four wall cubicle vented through a wall and
direction of blast wave propagation
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Figure 2-189 Peak positive pressure at the back of a
partially vented four wall cubicle
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SOUND VELOCITY IN REFLECTED OVERPRESSURE REGION, C, (fpms)
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Figure 2-192 Velocity of sound in reflected overpressure
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TM 5-1300/NAVFAC P-397/AFR 88-22

Table 2-5 Specific Weight and Gurney Energy Constant for Various

Explosives

Specific Weight V2E’
Explosive (1b/in3) (ft/sec)
Composition B 0.0621 9100
Composition C-3 0.0578 8800
HMX 0.0682 9750
Nitromethane 0.0411 7500
PBX-9404 0.0664 9500
PETN 0.0635 9600
RDX 0.0639 9600
TACOT 0.0581 7000
Tetryl 0.0585 8200
TNT 0.0588 8000
Trimonite No. 1 0.0397 3400
Tritonal 0.0621 7600

(TNT/Al = 80/20)
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Table 2-6 Initial Velocity of Primary Fragments for Various Geometries
Type Cross-ssctionsl shape Initisl fragment velocity » Mazimumse Remerks ]
Woe - T
W . full
W, _
Cylinder viP — viF V3 Bes parsgraph  2-17.2
T4
g
w .
- .w; -PII
w‘
Sphere vib| —— viF Vi
- 3W
| 5w, ]
[ L& " If the steel cors is many times more massive than the explosive, this exprossion
W, (1+e) for the initial velocity sbould be modified by multiplying it by the expression:
Steel cored viFP VIE\aan . _omw.
cylinder Q+e)W e W
L +G(I+I)W
where W, is the weight of the steel core (Ibs.).
where ‘.li;:«
w This expression applies for a rectangul losive in contact with a metal plate
S, having the same surface ares. It in l-und that the entire system is suspended
Plate ViIE —— VIE V3 in free air and its thick is small in parison 1o its surface ares 20 that the
. i+4__‘-€'. Risg ons are ially aormal 1o ihe plane of ibe plats.
L *aw. taw
Although an expression to predict the velocity of Ir is pot ilable,
sn wpper iimit of the initial velocity may be obtained using tbe expremsion
Hollow - . for a solid cylinder and a lower limit from the expremion for a single plate.
cylinder The ratio of the explosive weight to the casing weight (W/W,) of the bollow
eylindrica] charge is used in both expressions.
HWamW,
w Thie expression applies for a rectangular explosive sandwiched between two metal
V3IE plates having the same surface area as the explosive. It is amumed that the
w entire system is suspended in free air and its thickness ia omll iu comparison
WatWoe+ 3 U-s+s") 10 its surface area oo that the Lo are y normal to the
plase of the plates.
w
Wn+?
Sandwich where g= — vVIE V3
plates ., W
ats Note:

U Wym Wil
w
2w,

_Tl—t E = Explosive weight
WesCz Casing weight
W, We ,Wegy Wey 2 Wep (Ibs.)
d; , deo {ibs.)
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Table 2-7 Mott Scaling Constants for Mild Steel Casings and Various Explo-

sives
A B

Explosive 0z}/2 in.-3/2y 0zY/2 1n.-7/%)
Baratol - 0.512
Composition A-3 - 0.220
Composition B 0.214 0.222
Cyclotol (75/25) - 0.197
H-6 - 0.276
HBX-1 - 0.256
HBX-3 - 0.323
Pentolite (50/50) 0.238 0.248
PTX-1 - 0.222
PTX-2 - 0.227
RDX 0.205 0.212
Tetryl 0.265 0.272
TNT 0.302 0.312
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Table 2-8 Drag Coefficient, CD' for Various Shapes

SHAPE SKETCH Cp
CIRCULAR CYLINDER FLOW
(LONG ROD), . 1.20

SIDE-ON

SPHERE M’-@ 0.47

ROD, END-ON “°W{E 0.82

FLOW
DISC, FACE-ON ——@ OR E L7

CUBE, FACE-ON 1.05

CUBE, EDGE-ON 0.80

MEMBER, FACE-ON

LONG RECTANGULAR

MEMBER, EDGE-ON 1.55

FLOW
LONG RECTANGULAR ELOL% 2.05
FLOW S g

NARROW STRIP, FACE-ON m% 1.98
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Table 2-9 Steel Toughness

Steel Toughness in-1b/cubic in.
ASTM A 36 12,000
ASTM A 441 15,000
ASTM A514 Grade F 19,000
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SHOCK LOADS
2-20. Introduction

The strong air blast waves and high speed fragments are the primary hazards of
accidental explosions. The exterior of a protective structure is designed
primarily for the blast pressures. In some situations, the fragments may be
just as important as the pressures in determining the configuration of a pro-
tective facility. While the contents of the structure are protected from the
direct effects of blast pressures and fragments by the structure'’s exterior,
the contents are subject to effects of the building’s motion. These structure
motions can cause injury to personnel, damage to equipment as well as
dislodgement of the structure's interior components, including interior parti-
tions, hung ceilings, light fixtures, ductwork, piping, and electrical lines.

Structure motions are caused by what is normally termed shock loads. These
are loads which cause transient or short-duration vibratory motions of the
ground surface and the structure. They do not cause significant structural
damage but instead induce motion which, as stated above, can damage the struc-
ture's interior contents.

There are two distinct types of shock loads: ground shock and air shock.
Ground shock results from the energy which is imparted to the ground by an ex-
plosion. Some of this energy is transmitted through the ground as direct-
induced ground shock. Both of these forms of ground shock when imparted to a
structure will cause the structure to move in both a vertical and horizontal
direction. Air shock results from the blast overpressures striking the build-
ing. Vertical, horizontal and overturning motions result from the shock
impact. The vertical and overturning motions are usually not significant and
can be neglected while the horizontal motions must be considered. Large dis-
placements can result when a structure slides relative to the ground surface.

The net motion of the structure is a combination of the motions due to the air
induced and direct-induced ground shock, and the air shock. Curves which de-
scribe the ground motion (acceleration versus time, velocity versus time, and
displacement versus time curves) are not readily calculated. However, these
relationships are not required since the design of protective structures to
resist shock loads is based on the peak values of the induced motion rather
than the actual motion-time relationships.

The procedures presented in this section are applicable for uniform motions.
The shock loads and resulting structure motions apply to rigid concrete struc-
tures located at the low- and intermediate-pressure design ranges. At
distances corresponding to these pressures, the shock loads are uniform across
the structure. A rigid concrete structure acts as a rigid body, that is, all
components of the structure have essentially the same motion. The procedures
can be applied to structures located close to an explosion and to non-rigid
structures. However, the local effects associated with these conditions must
be accounted for in the analysis.

2-21. Ground Shock

2-21.1. Introduction
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When an explosion occurs at or near the ground surface, ground shock results
from the energy imparted to the ground by the explosion. Some of this energy
is transmitted through the air in the form of air-induced ground shock and
some is transmitted through the ground as direct-induced ground shock.

Air-induced ground shock results when the air-blast shock wave compresses the
ground surface and sends a stress pulse into the underlying media. The magni-
tude and duration of the stress pulse in the ground depend on the character of
the air-blast pulse and the ground media. Generally, the air-induced ground
motions are downward. They are maximum at the ground surface and attenuate
with depth. However, the presence of a shallow water table, a shallow soil-
rock interface, or other discontinuities can alter the normal attenuation pro-
cess. The properties of the incident overpressure pulse and the surface soil
layer usually determine the character of air-induced ground shock on above-
ground structures.

Direct-induced ground shock results from the explosive energy being trans-
mitted directly through the ground. This motion includes both the true
direct-induced motions and cratering-induced motions. The latter generally
have longer durations and are generated by the crater formation process in
cratering explosions. The induced ground motion resulting from both types have
a longer duration than air-blast-induced ground shock and the wave forms tend
to be sinusoidal.

The net ground shock experienced by a point on the ground surface is a combi-
nation of the air-blast-induced and direct-induced shock. The relative magni-
tudes and sequencing of the motions are functions of the media (air and soil)
through which the shock travels and the distance from the point of detonation.
At ranges close to the blast, the highly compressed air permits the air-
blast shock front to propagate at speeds greater than the seismic velocity of
the ground. In this region, the super-seismic region, the air blast arrives
at a given point before the direct-induced ground shock. As the air-blast
shock front moves farther from the point of detonation, the shock front
velocity decreases, and the direct-induced ground shock catches and "outruns"
the air blast. This latter region is called the outrunning region. Wave
forms in the outrunning region are generally a complex combination of both
types of induced shock. The combined motion can be obtained from consider-
ation of the arrival time of each wave. The arrival time of the air blast is
determined from the data presented for unconfined explosions. Whereas, the
arrival time of the direct-induced ground shock tan be estimated by assuming
that the ground shock travels at the seismic velocity of the ground media.

The combined ground motion in both the superseismic and outrunning region are
illustrated in Figure 2-253.

2-21.2. Air Blast-Induced Ground Shock

One-dimensional wave propagation theory is used to estimate air blast-induced
ground shock. For surface structures located on ground media having uniform
properties, the expressions to define this motion take very simple forms. Us-

ing this approach, the maximum vertical velocity at the ground surface, Vy,
can be expressed as

Vy = Pg, /P Cp 2-74
where
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Vy = maximum vertical velocity of the ground surface

P

so — peak positive incident pressure (Fig. 2-15)

p = mass density of the soil

Cp = compression wave seismic velocity in the soil
The mass density, p, for typical soils and rock are presented in Table 2-10
and the seismic velocities are presented in Table 2-11,

The maximum vertical displacement, Dy, is obtained by integrating the above
expression with respect to time. The integral of the pressure with respect to
time is simply the total positive phase impulse so that:

Dy = iz / 1,000 p C, 2-75

where
Dy = maximum displacement of the ground surface

ig = unit positive incident impulse (Fig. 2-15)
The maximum vertical acceleration, Ay, is based on the assumption of a linear
velocity increase during a rise time equal to one millisecond. The resulting
acceleration is increased by 20 percent to account for nonlinearity during the
rise time. Accelerations are expressed in multiples of the gravitational con-
stant so that,

Ay = 100 B, / (p Cp ) 2-76

where
Ay = maximum vertical acceleration of the ground surface

g = gravitational constant equal to 32.2 ft/sec2

The above equation is adequate for predicting the acceleration in dry soil.
However, the equation underestimates the acceleration in saturated soils and
rock. To approximate the acceleration of saturated soils and rock, it is rec-
ommended that the value of the acceleration obtained from the Equation 2-76 be
doubled.

The maximum horizontal ground motions are expressed in terms of the maximum
vertical motions as a function of the seismic velocity of the soil and the
shock wave velocity so that

Dy = Dy tan [sin! (¢, / 12,000 U ) | 2-77
Vy = Vy tan [sin"l (c, / 12,000 U ) | 2-78
Ay = Ay tan [sin”! (C, / 12,000 U )] 2-79

where U = shock front velocity (Fig. 2-15).

For (C,/12,000 U) greater than one, horizontal and vertical motions are
approxgmately equal. Therefore, it is recommended that for all values of the
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above function greater than one, the horizontal motion is set equal to the
calculated vertical motion.

The equations which describe the air-induced ground shock are a function of
the density and seismic velocity of the soil. However, a wide range of seis-
mic velocities is given in Table 2-11 for each of the soils listed. In a fi-
nal design, soil tests are required to accurately determine the density and
seismic velocity of the particular soil at the site. In lieu of tests, the
mass density given in Table 2-10 may be used. However, since the range of
seismic velocities given Table 2-11 is so large, it is recommended that the
lower bound value of the velocity be used to produce a conservative estimate
of the induced motion.

2-21.3. Direct-Induced Ground Motion

Empirical equations have been developed to predict direct-induced ground mo-
tions. The equations apply for TNT detonations at or near the ground surface.
Three types of ground media have been considered; dry soil, saturated soil and
rock. The ground shock parameters are expressed in terms of the charge weight

and distance from the explosion.

The maximum vertical displacement (Dy) of the ground surface for a rock media
is-given by

Dy = 0.025 RL/3 wl/3 ;2 1/3 2-80
in which
Zg = Rg / WL/3 2-81

where
R; = ground distance from the explosion

W = weight of TNT charge
Zg = scaled distance from the explosion

and the maximum horizontal displacement Dy of the ground surface is equal to
one-half of the maximum vertical displacement or

Dy = 0.5 Dy 2-82

When the ground media consists of either dry or saturated soil, the maximum
vertical displacement is given by

1/3 y1/3 , 5 2.3
Dy = 0.17 R;Y/3 wi/3 / 24 2-83

while the maximum horizontal displacement Dy is equal to the maximum vertical
displacement or,

The maximum vertical velocity (Vy) for all ground media is given by
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1.5
Vy = 150 / Zg 2-85

and the maximum horizontal velocity (Vy) is equal to the maximum vertical ve-
locity for all ground media or

Finally, the maximum vertical acceleration (Ay) of the ground surface for all
media is given by

Ay = 10,000 / (w/3 z.2) 2-87

while for dry soil, the maximum horizontal acceleration, Ay, 1is equal to one-
half of the maximum vertical acceleration, or

Ay = 0.5 Ay 2-88

however, for a wet soil or a rock media, the horizontal and vertical accelera-
tion is equal, or

Ay = Ay 2-89
2-22. Air Shock
2-22.1. Introduction

When an air blast strikes an aboveground protective structure, motions are im-
parted to the building. The most severe motion is due to the response of the
individual elements which make up the exterior shell of the structure. Proce-
dures for the design of these elements are presented in subsequent chapter of
this manual. This section is concerned with the gross motion of the structure
on its supporting soil due to the impact of the air blast. This gross motion
is in addition to the ground induced motionms.

Vertical, horizontal and overturning motions are imparted to the structure by
the air blast. However, since the vertical motion of the structure is
restricted by the ground which is already compressed due to the dead load of
the structure and its contents, vertical motions must necessarily be small and
can be safely neglected. Overturning motions are also neglected in this sec-
tion. These motions are most significant in tall structures with small plan
dimensions which are not common in protective construction. This section is
concerned solely with horizontal sliding motions which can be quite signifi-
cant.

Horizontal motion results from an unbalanced blast load acting on the struc-
ture. The tendency of the structure to slide is resisted by the friction
forces developed between the foundation and the underlying soil. For struc-
tures with deep foundations, additional resistance to sliding is afforded by
active and passive soil pressures developed at the leeward side of the
structure.

2-22.2. Method of Analysis

The gross horizontal motion of a structure is computed in this manual using a
method of numerical integration, namely, the acceleration-impulse extrapo-
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lation method. This method of dynamic analysis is comprehensively presented
in Chapter 3. Briefly, the equation of motion for a single-degree-of-freedom
system is given as

F-R-D=Ma 2-90
where

F = applied blast load as a function of time

R = resistance of the system to motion as a function of displacement

D = damping force as a function of velocity

M = mass of the single-degree-of-freedom system

a = acceleration of the system

The numerical method of solving the equation of motion involves a step-by-step
integration procedure. The integration is started at time zero where the dis-
placement and velocity are known to be zero. The time scale is divided into
small intervals. The values of F, R and M (D is not included) are calculated
for each time step. The integration is started by first approximating the ac-
celeration for the first time interval and progresses by successively calcu-
lating the acceleration at each time step. The change in velocity and dis-
placement associated with each incremental acceleration is calculated. The
accumulated velocity and displacement are obtained for each time step until
the maximum values have been obtained.

The first step in the analysis is to describe the blast loads acting on the
structure. The pressure-time variation of the blast load is computed as the
shock front sweeps across the structure. The unbalanced load in the horizon-
tal direction is computed as a function of the blast loads acting on the front
and back walls (windward and leeward walls), respectively. The average blast
load action of the roof of the structure is computed as the shock front trave-
rses the building. The procedure used to describe these loading conditions
have been presented in previous sections of this chapter.

The second step in the problem is the determination of the resistance of the
building to horizontal motion. The tendency of the base of the structure to
slide is resisted by friction forces on the foundation and earth pressure at
the rear (leeward side) of the structure. For structures with shallow founda-
tions, the resistance to sliding is afforded primarily by friction between the
horizontal surfaces of the concrete foundation and underlying soil. The earth
pressure resistance at the rear of the structure is small and can be conserva-
tively neglected. For structures with deep foundations, the passive pressure
at the rear of the structure is significant and greatly reduces the displace-
ment of the building.

The friction force developed between the horizontal surfaces of the concrete
foundation and underlying soil is given by

where
Fg = frictional force resisting horizontal motion

4 = coefficient of friction between concrete and type of
supporting soil
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Fy = vertical load supported by the foundation

The coefficient of friction U for the horizontal surface between the concrete
foundation and the underlying soil is given in Table 2-12 for various types of
soil. The coefficient is not a function of time or displacement. However,
the structure must slide a finite amount before the frictional force is gener-
ated. The structure should slide approximately one-quarter of an inch before
the frictional force is taken into account.

The vertical load Fy supported by the foundation consists of the dead weight
of the structure, the weight of the building’s interior contents, and the
blast load acting on the roof of the structure. Since the blast load is a
function of time, the building’s resistance to sliding (frictional force Fg)
is also a function of time. 1In addition, the blast load acting on the roof
greatly increases the foundation loads, and consequently, significantly in-
creases the building’s resistance to sliding.

2-23. Structure Motions
2-23.1. Introduction

The net motion of a structure is a combination of the motions due to the air-
induced and direct-induced ground shock, and the air shock. Since the methods
of analysis described in this section are applicable to rigid concrete struc-
tures located at comparatively large distances from an explosion, the struc-
ture motions are taken equal to the ground motionms in the vicinity of the
building. 1In the case of air shock, the structure motions are computed
directly.

The motion of structures located at comparatively close distances to an explo-
sion as well as the motion of nonrigid structures may be determined. However,
the local effects associated with these conditions such as motions due to
cratering, fragment impact, etc. must be accounted for in the determination of
the structure motions.

2-23.2. Net Ground Shock

The net ground shock associated with an accidental explosion is a combination
of the air-induced and direct-induced ground shock. The time at which the
shock is felt at adjacent structures and the magnitude and duration of the mo-
tion are a function of the quantity of explosives detonating, the absolute
distance between the detonation and adjacent structure and the soil media at
the site.

The air-induced ground shock is a functior of the air blast. Consequently,
the arrival time and duration of the ground shock may be taken equal to the
arrival time t, and duration to of the air blast. For an explosion occurring
at or near the ground surface, the arrival time and duration are obtained from
Figure 2-15 for the scaled ground distance Z; between the explosion and the
structure. Figure 2-15 provides the blast parameters associated with the det-
onation of hemispherical TNT charge located on the ground surface.

The direct-induced ground shock is a function of the soil media. The arrival
time of the shock load at the structure is a function of the seismic velocity
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in the soil and the distance from the explosion. The arrival time is ex-
pressed as

12,000 Rg / Cp : 2-92

£
5
o
H
o
Ky
Q
]

arrival time of the ground shock

Ry = ground distance from the explosion

@]
1

compression wave seismic velocity in the soil (table 2-11)

As previously explained, the seismic velocity of the soil should be obtained

from soil tests for a final design. In lieu of tests, it is recommended that
the entire range of velocities given in table 2-11 be investigated to deter-

mine if the direct-induced ground shock can be in phase with the air-induced

ground shock.

The actual duration of the shock load is not readily available. However, it
is sufficient to realize that the duration is long, that is, many times larger
than the duration of the air-induced shock.

The net ground shock is obtained from consideration of the arrival time and
duration of each type of induced shock. If t, + t, is less than t, the struc-
ture is subjected to superseismic ground shock (Fig. 2-253). The air induced
ground shock arrives at the structure first and is dissipated by the time that
the direct-induced ground shock arrives. The structure feels the effect of
each shock separately. If t, is greater than t,;, the structure is subjected
to outrunning ground shock (Fig. 2-253). The direct-induced ground shock ar-
rives at the structure first and, since its duration is long, the airinduced
ground shock will arrive at the structure while the direct-induced ground
shock is still acting. The structure feels the combined effects of the
induced shocks. If t, is slightly less than t,, and t, + t, is greater than
tpgs the air-induced ground shock will still be acting when the direct-induced
ground shock arrives. For design purposes, this latter case should be treated
as an outrunning ground shock.

2-23.3. Maximum Structure Motion

The design of protective structures to resist the effect of shock loads is
based on the peak values of the induced motion rather than the actual motion-
time relationships. In fact, the actual time history of the motion is not
known nor can it be approximated with any degree of accuracy. Consequently,
the phasing of the various shocks cannot be accomplished accurately. There-
fore, for design purposes the peak values of the in-phase motions are added.

For the case of air-induced ground shock and air shock, the maximum values of
horizontal displacement, velocity and acceleration are always added. These
shock motions must be in phase since they are caused by the same source, name-
ly, the air blast.

In the case of superseismic ground shock where the air-induced and direct-
induced ground shock are completely separated, the maximum motion may be due
to either source. The maximum value of displacement, velocity, or accel-
eration is the numerically larger value regardless of its source.
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In the case of outrunning ground, the structure motion results from the com-
bined effect of the alr-induced and direct-induced ground shock as well as the
air shock. The maximum motions In the vertical and horizontal direction is
the algebraic sum of the maximum value of displacement, velocity, and accel-
eration from each 'source of motion in the vertical and horizontal directions.

2-24. Shock Response Spectra
2-24.1. Introduction

For the purposes of assessing the effects of shock on structures, one of the
simplest interpretations of motion data involves the concept of the response
spectrum. A response spectrum is a plot of the maximum response of a simple
linear oscillator subjected to a given input motion against frequency. Hence,
a response spectrum depicts only maximum response values, not a time-dependent
history of the motion of the oscillator. The use of these maximum values is
sufficient to ensure a reasonable and safe design for shock loads.

2-24.2, Definition of Shock Spectra Grid

Response spectra are constructed from consideration of the response of a sim-

ple linear oscillator. For a protective structure subjected to shock loads, a
piece of equipment or any interior component can be considered as the mass of

a simple oscillator. The load-deflection properties of the structural system

which connects the component to the protective structure determine the spring

constant of the oscillator.

The maximum displacement of the mass (building component) relative to the base
(protective structure) is called the spectrum displacement (D), and the maxi-
mum acceleration of the mass is called the spectrum acceleration (A). The
maximum velocity of the mass is approximately equal to the more useful quan-
tity called the spectrum pseudo-velocity (V) which is given by

V = 2nfD 2-93
where V = velocity of the mass

f = natural frequency of vibration of the oscillator

D = displacement of the mass

For an undamped system, the displacement and acceleration are related by

(2nf)2pg
A=mw ——— 2-94
387
where A = acceleration of the mass in g's

g = gravitational constant

When damping is present, the above relationship between acceleration and dis-
placement is approximate. However, the relationship may still be used to de-
velop shock spectra.

Plots of the three quantities, displacement D, velocity V, and acceleration A,
against frequency f, are then shock spectra. They may be plotted individually
or, more conveniently, on a single plot by means of the type of chart shown in
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Figure 2-254. Any point on this logarithmic grid represents a simultaneous
solution to Equations 2-93 and 2-94. The log-log grid must be proportioned to
satisfy the solution of the equations. The grid is constructed from standard
log-log paper on which a second log-log grid is superimposed and rotated 45
degrees. The width of a log cycle on this rotated grid is 0.707 times the
width of a cycle on the standard grid.

2-24.3. Response Spectra

A response spectrum is a plot of the maximum response of a single-degree-of-
freedom system to a given input motion. The given input motions are the air
shock and the air-induced and direct-induced ground shocks. Since the maximum
values of the free-field displacement, velocity, and acceleration (input mo-
tion) are used to construct the spectra, a response spectrum envelope Is pro-
duced. The spectrum takes a trapezoidal shape and is shown in Figure 2-254 by
the lines labeled D, V and A. The three sides of this trapezoid can be re-
lated to the maximum free-field input motion parameters of displacement, ve-
locity, and acceleration.

Relationships between the spectrum envelope bounds and the characteristics of
the time dependent free-field input motions (displacements, velocities, and
accelerations) clearly indicate that as the variation of the free-field motion
parameters versus time is defined, the definition of the corresponding spec-
trum envelope can be refined. However, in the general case of blast-induced
motions, the variation of the input motions with time camnot visually be de-
scribed in significant detail. Consequently, it is recommended that for the
elastic response of systems, the spectrum be defined by the following three
straight lines as illustrated in Figure 2-254,

(1) Line "D" is drawn parallel to lines of constant displacement with
a magnitude equal to the maximum free-field (building) displace-
ment,

(2) Line "V" is drawn parallel to lines of constant velocity (actually
pseudo velocity) with a magnitude equal to one and one-half (1.5)
times the maximum free-field (building) velocity.

(3 Line "A" is drawn parallel to lines of constant acceleration with
a magnitude equal to two (2) times the maximum free-field (build-
ing) acceleration.

A spectrum defined in this manner is clearly an approximation, however, its
accuracy is considered to be consistent with the accuracy of the input free-
field (building) motions on which it is based. In those cases where the input
motions can be defined with greater confidence, the spectrum identified above
can be defined to reflect the greater accuracy.

In most cases, interior components of the structure and/or equipment and
equipment supports are designed elastically. Therefore, the shock spectra de-
scribed above will suffice. However, when a very large explosion causes large
structure motions, interior systems may require inelastic designs. These con-
ditions will usually not arise for the charge capacities considered in this
report. Therefore, methods for calculating inelastic shock spectra have not
been presented. It is recommended that the bibliography given at the end of
this chapter be consulted for further data on this subject.
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Table 2-10 Mass Density for Typical Soils and Rocks
Mass Densgity, z
Material (1b-sec2)/in.
Loose, dry sand 1.42 E-04
Loose, saturated sand 1.79 E-04
Dense, dry sand 1.65 E-04
Dense, saturated sand 2.02 E-04
Dry clay 1.12 E-04
Saturated clay 1.65 E-04
Dry, sandy silt 1.57 E-04
Saturated, sandy silt 1.95 E-04
Basalt 2.56 E-04
Granite 2.47 E-04
Limestone 2.25 E-04
Sandstone 2.10 E-04
Shale 2.17 E-04
Concrete 2.25 E-04

Table 2-11 Typical Seismic Velocities for Soils and Rocks

Seismic Velocity

Material
in. /sec
Loose and dry soils 7,200 to 39,600
Clay and wet soils 30,000 to 75,600
Coarse and compact soils 36,000 to 102,000
Sandstone and cemented soils 36,000 to 168,000
Shale and marl 72,000 to 210,000
Limestone-chalk 84,000 to 252,000
Metamorphic rocks 120,000 to 252,000
Volcanic rocks 120,000 to 270,000
Sound plutonic rocks 156,000 to 300,000
Jointed granite 9,600 to 180,000
Weathered rocks 24,000 to 120,000
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Table 2-12 Coefficient of Friction for Concrete Foundation and Underly-
ing Soils
Soil Material Coefficient of

Friction, u

Clean sound rock 0.70
Clean gravel, gravel-sand mixture, coarse sand 0.55 to 0.60

Clean fine to medium sand, silty medium to coarse

sand, silty or clayey gravel 0.45 to 0.55
Clean fine sand, silty or clayey fine to medium sand 0.35 to 0.45
Fine sandy silt, nonplastic silt 0.30 to 0.35
Very stiff and hard residual or preconsolidated clay 0.40 to 0.50
Medium stiff and stiff clay and silty clay 0.30 to 0.35
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