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Problem 2A-1. Free-Air Burst

Problem: Determine incident blast wave parameters for a point of interest
in the air for a free air burst.

Procedure:

Step 1. Determine the charge weight and height of burst H,. Select point
of interest in the air relative to the charge.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. For the point of interest, calculate slant distance R and scaled
slant distance Z:

7 - R/W1/3
Step 4. Determine incident blast wave parameters from Figures 2-7 and 2-8

for the calculated value of the scaled slant distance Z.
From Figure 2-7 read:
Peak positive incident pressure Py,
Shock front velocity U
Scaled unit positive incident impulse is/Wl/3
Scaled positive phase duration t:o/Wl/3
Scaled arrival time tA/W1/3
Scaled wave length of positive phase Lw/Wl/3
From Figure 2-8 Read:
Peak negative incident pressure Pg,
Scaled unit negative incident impulse ig /W1/3
Scaled negative phase duration tj /Wl/3

Scaled wave length of negative phase L /Wl/3

Multiply scaled values by wl/3 to obtain absolute values.
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Example 2A-1. Free-Air Burst

Required: Incident blast wave parameters Pgor Pgor U, 1g, 15, t,, t5, ta, Ly
at a point 30 ft. below and 45 ft. away in the air from an air
burst of 290 lbs. at a height of burst of 60 ft. above the ground.

W = 350lbs
&
o
®
i
°
©
. 4
T POINT OF
INTEREST
Figure 2A-1
Solution:
Step 1. Given: Charge weight = 290 1bs., H, = 60 ft.
Step 2. W=1.2 (290) = 350 1bs.
Step 3. For the point of interest:
1/2
R = [ (45)2+ (30)2 ] - 54.1 ft.
R 54.1 1/3
- - ——— = 7.67 ft./1b
wl/3 (350)1/3
Step 4. Determine incident blast wave parameters for

Z - 7.67 ft./1pl/3
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From Figure 2-7:

Pgo = 11.2 psi

U=1.34 ft./ms

1/3 1/3 1/3
1, /3 = 7.0 psi-ms/16Y/3, 1, = 7.0 (350)1/3 - 49.3 psi-ms

e, MY/3 = 2.05 ms/161/3, ¢, = 2.05 (350)1/3 = 14.45 ms.

ty WY/3 = 3.15 ms/1b13 | g, = 3.15 (350)1/3 = 22.2 ms

L, MY/3 = 2.0 £e/101/3 L, - 14.09 £t

From Figure 2-8:

Pgo = 1.63 psi

- nil/3 1/3 ;- 1/3
iz /3 7.2 psi-ms/1bY/3, 15 = 7.2 (350)1/3- 50.74 psi-ms

- l/3 1/3 - 1/3
e /3= 8.4 ms/1bl/3 | 5 - 8.4 (350)1/3 - 59.20 ms

1z /3 - 5.8 £e/16Y/3, 1g - 5.8 (350)1/3 - 40.87 ft.

Problem 2A-2. Alr Burst

Problem: Determine free-field blast wave parameters at a point on the
ground for an alr burst.

Procedure:

Step 1.

Step 2.

Step 3.

Select point of interest on the ground relative to the
charge. Determine the charge weight, height of burst H.,
and ground distance Rg.

Apply a 20X safety factor to the charge weight.

Calculate scaled height of burst and angle of incidence a:

H, WL/3

2A-3



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

@ - tan"l (Rg/HQ)

Step 4. Determine peak reflected pressure P, ., and scaled unit

Step 5.

Step 6.

Step 7.

Step 8.

Required:

Solution:

Step 1.

Step 2.

positive reflected impulse 1i,./W /37in Mach front from
Figures 2-9 and 2-10, respectively, for corresponding scaled
height of burst and angle of incidence a:
1/3
Read P, and i,,/W/

Multiply scaled value by wl/3 to obtain absolute value.

Read scaled distance Z from Figure 2-7 for corresponding
peak incident pressure Py, = P, in the Mach front.

Determine shock front velocity U and scaled time of arrival
of blast wave tA/W1/3 from Figure 2-7 for value Z from step
5. Multiply scaled value of wl/3 to obtain absolute value.

Read scaled distance Z from Figure 2-7 for correspondin§
scaled unit positive incident impulse i /W 1/3 i, /W 3 in
the Mach front.

Determine scaled positive duration of positive ph#se from
Figure 2-7_for the value of Z from step 7. Multiply scaled
value of W/3 to obtain absolute value.

Example 2A-2. Air Burst

Free-field blast wave parameters Pgor U, ig, t,, ty for an air
burst of 20,800 lbs. at a ground distance of 300 ft. and a height
of burst of 90 ft.

Given: Charge weight = 20,800 1b. R; = 300 ft, H, = 90 ft.

W=1.20 (20,800) = 25,000 1bs.
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W = 28,000#

o

He =90

T——
Rg=850

Figure 2A-2

Step 3. For point of interest

H WY/3 = 90/(25,000)1/3 = 3,08 fr/1p1/3

Re

He

a - tan"! [ J - tan"1[300/90] - 73.3"

Step 4. Determine reflected pressure P,, and reflected impulse in
the Mach front from Figure 2-9 and 2-10.

H,/W/3 = 3.08 £t/161/3 and a = 73.3

P.q = 10.1 psi

ra

T " 9.2 psi-ms/1bY/3, 1, = 9.2 (25,000)1/3= 269.0 psi-ms
w

Step 5. Read scaled distance Z from Figure 2-7 corresponding to Py
=Py =10.1 psi

(o}

Z = 7.8 ft/1pl/3

Step 6. Determine U and t:A/Wl/3 from Figure 2-7 corresponding to Z
- 7.8 fr/1b1/3,
U=1.38 ft/ms

ta/W/3 = 300 ms/161/3, ¢, = 300 (25.000)1/3 - 8772.05 ms.
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Step 7. Read scaled distance Z from Fig. 2-7 corresponding to
1, W/3 = /3 = 9.2 psi-ms/1b1/3

z = 5.7 fr/161/3
Step 8. Determine t:o/wl/3 from Figure 2-7 corresponding to

z = 5.7 ft/1bl/3

to/W/3 = 155 ms/1b1/3, ¢ = 155(25,000)1/3 = 4532.23 ns

Problem 2A-3. Surface Burst

Problem: Determine free-field blast wave parameters for a surface burst.
Procedure:
Step 1. Select point of interest on the ground relative to the
charge. Determine the charge weight, and ground distance
Rg.
Step 2. Apply a 20% safety factor to the charge weight,
Step 3. Calculate scaled ground distance Zg;:
Zp = S
wl/3
Step 4. Determine free-field blast wave parameters from Figure 2-15

for corresponding scaled ground distance Zg:
Read:

Peak positive incident pressure Peo

Shock front velocity U

Scaled unit positive incident impulse 1S/W1/3

Scaled positive phrase duration to/wl/3

Scaled arrival time tA/Wl/3

Multiply scaled values by wl/3 to obtain absolute values.
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Example 2A-3. Surface Burst

Required: Free-field blast wave parameters P or U, 1g, tg, Ty for a surface
burst of 20,800 1lbs at a distance of 530 ft,

Solution:
Step 1: Given: Charge weight = 20,800 1b. R = 530 ft.
Step 2. W=1.20 (20,800) = 25,000 1bs.
Step 3. For point of interest:
Rg 530
Zg = - - 18.1 fr/1bl/3
wl/3 (25,000)1/3
Step 4. Determine blast wave parameters from Figure 2-15 for
Zg = 18.1 fr/1bl/3
Pgo = 3.45 psi
U=~ 1.22 ft/ms
is
—— = 4.7 psi-ms/1b1/3, i = 4.7(25,000)1/3 = 137.4 psi-ms
wl/3
t
———— = 3.3 ws/1b/3, ¢ = 3.3(25,000)!/3 = 96.5 ms
wil/3
tA
- 10.6 ms/1b/3, £, = 10.6(25.000)1/3 = 310 ms
wl/3
Problem 2A-4 Shock Loads on Cubicle Walls
Problem: Determine the average peak reflected pressure and average scaled

reflected impulse acting on the wall of a cubicle from an internal
explosion. The cubicle is fully vented.
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Procedure:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Select from Figure 2-51 the structural configuration which
will define the number N and location of effective reflect-
Ing surfaces for the wall of the structure in question.
Determine the charge weight, and, as defined by the struc-
tural configuration chosen above, the charge location
parameters R,, h, 1 and the structural parameters L, H.

Apply a 20X safety factor to the charge weight.

h 1 L

Calculate the chart parameters —, —, —, and the scaled
H L R,

distance ZA'

Note:

Use of the average pressure and impulse charts may require
interpolation in many cases. Interpolation may be achieved
by inspection for the scaled distance Zp and by a graphical
procedure for the chart parameters L/H, 1/L, and h/H using 2
cycle x 2 cycle logarithmic graph paper. The following
procedure will illustrate the interpolation of all three
chart parameters.

From table 2-3 determine the appropriate pressure and
impulse charts for the number of adjacent reflecting sur-
faces N. Determine and tabulate the values_of the average
pressure P and average scaled impulse J’.]_,/Wl/3 from these
charts for the required L/R, and Zp and the following
variables:

-L/H =0.625, 1.25, 2.50, and 5.00

l1/L - 0.10, 0.25. 0.50, and 0.75
h/H = 0.10, 0.25, 0.50, and 0.75

a. Prepare four 2-cycle log-log charts with L/H as the
lower abscissa, 1/L as the upper abscissa, and P_ as
the ordinate (one chart for each of the h/H ratios).
On each chart for constant h/H and Zp, plot i~ versus
L/H for all 1/L values.

Repeat with the ordinate labeled as 1r/W1/3.

b. Usin% chart for h/H = 0.10, read values of P, and
i./W /3 versus 1/L for required L/H. Tabulate results.
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c. Repeat step 5b for charts h/H = 0.25, 0.50, and 0.75.
Tabulate results.
d.  On each h/H chart, plot P, and i./W/3 versus 1/L from
steps 5b and 5c.
e. On each h/H chart, read P, and 1r/w1/3 for required
1/L ratio.
f. On a fifth chart, plot P, and ir/W1/3 from step 5e
versus h/H.
Step 6. For required h/H ratio, read P, and ir/wl/3 from chart of
step 5f.
Step 7. Calculate duration of load on element from equation 2-2.

Example 2A-4 (A) Shock Loads on Cubicle Walls

Required: Average peak reflected pressure and average scaled reflected
impulse on the side wall of a three-wall cubicle from an explosive
charge of 205 1bs. The cubicle is fully vented.

soE wauL 4
( .

® w
W=245bs. ¥*
[
I5.33'|
12
32

1

‘J SECTION

PLAN
Figure 2A-3
Solution:
Step 1. H = 16 ft. L =32 ft. Charge Weight = 205 1bs.
h -6 ft. 1 =12 ft. Ry, = 5.33 fr.
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Note:
For definition of terms, see Figure 2-51 (side wall of three wall
cubicle, N = 2),.

Step 2. W= 1.20 (205) = 245 lbs.
Step 3. h/H = 0.375  1/L = 0.375 L/Ry, = 6.00 L/H = 2.00
Ry 5.33

- 0.85 ft/1bl/3

2y = -
A wl/3 (245)1/3

Interpolation is required for Z,, L/H, 1/L, and h/H.

Step 4. Determine and tabulate the values of P, and 1r/w1/3 from
pressure and impulse charts (see table 2-3 for N = 2) for:

(interpolate by inspection) and for values given for L/H,
1/L and h/H. The results are tabulated in tables 2A-1 and

2A-2.
Step 5. a, Plot P, and 1r/w1/3 versus L/H for the values of 1/L
and constant h/H (fig. 2A-4 and 2A-5).
b.  Determine P, and 1 /W!/3 for L/H = 2.00, h/H = 0.10,

and various 1/L ratios by entering Figure 2A-4a and
2A-5a with L/H = 2.00

c. Repeat above step for h/H = 0.25, 0.50, and 0.75 by
entering Figures 2A-4b through d and 2A-5b through d
with L/H = 2.00 (tabulation of results not shown).

d. On each h/H chart, plot P, and i /Wl/3 (steps 5b and
5¢c) versus 1/L (upper abscissa o% Figures 2A-4a
through d and 2A-5a through d).

e.  Determine P, and i,/Wl/3 for 1/L = 0.375 on each h/H

chart of Figures 2A-4 and 2A-5 with 1/L = 0.375 and
reading curves plotted in step 5d.
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Table 2A-1 Average Pressure

(Part 1)
h/H 0.10 0.25
1/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75
L/H
0.625 462 569 598 569 533 665 701 665
1.25 749 932 980 932 943 1178 1238 1178
2.50 1200 1488 1562 1488 1432 1796 1881 1796
5.00 2032 2519 2635 2519 1870 2334 2437 2334
Fig. 2-64 2-65 2-66 2-67 2-68 2-69 2-70 2-71
Table 2A-1 Average Pressure
(Part 2)
h/H 0.50 0.75
1/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75
L/H
0.625 546 681 718 681 533 665 701 665
1.25 1017 1267 1333 1267 943 1178 1238 1178

2.50 1609 2028 2120 2028 1432 1796 1881 1796

5.00 1987 2456 2563 2456 2623 3119 3210 3119

Fig. 2-72 2-73 2-74 2-75 2-76 2-77 2-78 2-79
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Table 2A-2 Average Unit Impulses
(Part 1)

h/H 0.10 0.25

1/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75
L/H
0.625 73 71 70 66 65 61 59 55
1.25 96 92 90 84 96 92 90 83
2.50 126 121 121 111 139 131 129 120
5.00 172 164 164 153 167 153 154 143
Fig. 2-113 2-114 2-115 2-116 2-117 2-118 2-119 2-120

Table 2A-2 Average Unit Impulses
(Part 2)

h/H 0.50 0.75

1/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75
L/H

0.625 64 61 58 54 59 56 53 49
1.25 93 87 83 76 87 79 76 70
2.50 129 120 118 109 117 106 103 95
5.00 186 168 168 158 201 189 189 179
Fig. 2-121 2-122 2-123 2-124 2-125 2-126 2-127 2-128
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h/H P, i wt/3

0.10 1550 109
0.25 1660 119
0.50 1860 108
0.75 1880 95
£. Plot P, and i /W!/3 (step Se) versus h/H (fig.2A-7).

Step 6. For h/H = 0.375 read P, = 1800 psi on Figure 2A-7 and read
ir/W]'/3 = 115 psi-ms/lbl/3 on Figure 2A-7

Step 7. Calculate duration of load on wall,

to = 201,73 /3 s B =2 (115) (245)1/3 / 1800 = 0.80 ms

Example 2A-4(B). Shock Loads on Cubicle Walls

Required: Average peak reflected pressure and average scaled reflected
impulse on the back wall of a three-wall cubicle from an explosive
charge of 3,750 lbs. The cubicle is fully vented and shown in

Figure 2A-6.
Solution:
Step 1. H =16 ft. L = 36 ft. Charge weight = 3,750 1lbs.
h =4 ft. 1 =9 ft, Ry, = 16.5 ft.

Note:
For definition of terms, see Figure 2-51 (back wall of three-wall
cubicle, N = 3),

Step 2. W= 1.20 (3,750) = 4,500 1bs.

Step 3. h/H = 0.25 1/L = 0.25 L/Ry, = 2.18 L/H = 2.25
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) R, 16.5
.- -
wl/3 (4,500)1/3

- 1.00 ft/1bl/3

Interpolation is required for L/H

Step 4. Determine the values of P, and 1r/W1/3 from Figures 2-84 and
2-133 (determined from table 2-3 for N = 3, h/H -~ 0.25, 1/L
= 0.25) for L/H ratios of 0.625, 1.25, 2.50 and 5.00.

Step 5. Plot P, and 1r/W1/3 versus L/H (fig. 2A-8).

Step 6. For L/H = 2.25 read, P, = 3700 psi and 1, /Wl/3 = 295 psi-
ms/1b /3 and on Figure 2A-8.

Step 7. Calculate duration of load on wall (equation 2-2).

€, = 2(1,M1/3) wl/3/p. = 2 (295) (4500)1/3/3700 = 2.63 ms
Problem 2A-5 Effect of Frangibility on Shock Loads

Problem: Determine average peak reflected pressure and average reflected
impulse acting on the wall of a cubicle due to an internal ex-
plosion. One of the reflection surfaces is a frangible wall.

Procedure:

Step 1. Determine the average peak reflected pressure P_ and the
average reflected impulse acting on the element in question
according to the procedure in problem 2A-4 assuming that the
adjoining frangible element will remain in place and provide
full reflection.

Step 2. Determine the average reflected impulse acting on the ele-
ment in question according to the procedure in problem A-4
assuming that the adjoining frangible element is not in
place.

Step 3. Subtract the average impulse determined in step 2 from the
one in step 1.
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Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

Calculate unit weight of the frangible element Wy and divide
by the sixth root of the charge weight (apply a 20X factor
of safety to the charge weight).

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

Determine the reflection factor f,. from Figure 2-150 for the
values of WF/Wl/6 from step 4 and Z from step 5. Interpo-
late for value of Z if required.

Determine the magnitude of the impulse load reflected from
the frangible element to the element in question by multi-
Plying the value of the average impulse from step 3 and

£, from step 6.

a. Determine the total impulse load acting on the element
in question by adding the impulse values from steps 2
and 7.

b. The peak average reflected pressure of the shock load
is equal to the value of P, in step 1.

c. Determine the duration of the load from equation 2-2.

Example 2A-5 Effect of Frangibility on Shock Loads

Required: Average peak reflected pressure and average reflected impulse on
the back wall of the cubicle described in example 2A-4B except the
left side wall is a 10 psf frangible element. The charge weight
is 3,750 1lbs (see Figure 2A-6).

Solution:

Step 1.

Step 2.

Step 3.

Assuming the frangible side wall provides full reflection of
the blast wave, P_ and i, for the back wall according to the
procedure in prob{em 2A-4 are:

P. = 3700.0 psi

i, = 4870.3 psi-ms

Assuming no left side wall, the average reflected impulse on
the back wall, according to procedure in problem 2A-4 is:

i, = 3962.3 psi-ms

Calculate the reflected impulse contributed by the left side
wall by subtracting the impulse value of step 2 from step 1.

§i, = 4870.3 - 3962.3 = 908.0 psi-ms
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Step 4. a.  Wp = 10 1b/ft? (given)
b. W =3,750 x 1.20 = 4,500 lbs
c. Calculate WF-/W1/6 ratio:

Wp=/WL/® = 10/(4500)1/6 = 2.46

Step 5. a. R = 9.0 feet (see Figure 2A-6)
b. Calculate normal scale distance Z:
R 9
Z - - - 0.545 ft/1bl/3
wl/3 (4500)1/3
Step 6. From Figure 2-150 where WF/W1/6 = 2.46 and Z = 0.545 read:
f, = 0.68
Step 7. Determine the magnitude of the impulse reflected from the

frangible left side wall, using f, = 0.68 and the impulse
from step 3.

i, (left side wall) = 908 (0.68) = 617.4 psi-ms

Step 8. a. Calculate total reflected impulse on the back wall by
adding impulse values from steps 2 and 7.

i, (back wall) = 3962.3 + 617.4 = 4579.7 psi-ms
b. Peak reflected pressure from step 1:

P, = 3700 psi

c. Calculate duration of load on wall:
Zir 2 (4579.7)

to - - - 2.48 ms
P, 3700

Problem 2A-6 Shock Loads on Frangible Elements

Problem: Determine the average peak reflected pressure and average re-
flected impulse acting on the frangible wall of a cubicle due to
an internal explosion.
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Procedure:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Determine the average peak reflected pressure P, and the
average reflected impulse acting on the element in question
according to the procedure in problem 2A-4, assuming that
the wall will remain intact.

Calculate the unit weight of the frangible element Wy and
divide by the sixth root of the charge weight (apply a 20%
factor of safety to the charge weight).

From Figure 2-7 determine the fictitious scaled distance Z
which corresponds to the average scaled impulse determined
in step 1.

Using the value of WF/W1/6 from step 2 and the Z from step
3. determine the reflection factor f,  from Figure 2-150.
Interpolate for value of Z if required.

a. Calculate the value of the average impulse contribut-
ing to the translation of the frangible element by
multiplying the values of i and f_  of steps 1 and 4
respectively.

b. The peak average reflected pressure of the shock load
is equal to the value of P, in step 1.

c. Determine the duration of the load from equation 2-2.

Example 2A-6 Shock Loads on Frangible Elements

Required: Average peak reflected pressure and average scaled reflected im-
pulse on the back wall of the cubicle described in example 2A-4
except the back wall is a 10 psf frangible wall. The charge
weight 1s 3,750 lbs (see Figure 2A-6).

Solution:

Step 1.

P, and i, for the back wall, assuming it is a rigid element,
according to procedure in problem 2A-4 are:

P, = 3700.0 psi
1. /W/3 = 295.0 psi-ms/1bl/3

i, = 4870.3 psi-ms
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Step 2. a.  Wp = 10.0 lb/ft? (given)
b. W=3.750 x 1.20 = 4,500 lbs
c. Calculate WF/W1/6 ratio:
Wp/W/® = 10745000176 = 2,46
Step 3. Read_the fictitious scaled-distance 2 corfesponding to
1, /W/3 = 295 from Figure 2-7.
Z - 0.82 ft/1bl/3
Step 4. From Figure 2-150 where Wp/W\/® - 2.46 and Z = 0.82 read:
£, =0.74
Step 5. a. Calculate reflected impulse on the frangible back wall
by multiplying the value of impulse from step 1 and 30
- 0.74
i, (frangible back wall) - 4870.3 (0.74) = 3604.0 psi-ms
b. Peak reflected pressure from step 1.
P, = 3700 psi
c. Calculate duration of load on wall.
2i, 2 (3604.0)
t, = - — = 1.95 ms
P, 3700
Problem 2A-7 Gas Pressure
Problem: Determine the gas pressure-time loading inside a cubicle, with a

small vent opening, due to an internal explosion. The vent
opening may be sealed or unsealed with a frangible panel or cover.

Procedure:

Step 1.

Apply a 20% factor of safety to the charge weight.
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Step 2. Calculate the free volume inside the cubicle Vg.

Step 3. Determine the charge weight to free volume ratio W/V¢.

Step 4. Determine the peak gas pressure Pg from Figure 2-152 using
the value of W/Vg from step 3.

Step 5. Determine vent area A.

Step 6. Determine scaled value of the vent area A/V2/3.

Step 7. a. Calculate the unit weight of the frangible panel Wg,

if any.
b. Calculate the scale% unit weight Yf the frangible
panel or cover Wp/W /3. use Wp/W /3 = 0 for no cover.

Step 8. Determine the scaled average reflected impulse on the ele-
ment containing the vent opening with no cover according to
the procedure outlined in Problem 2A-4 or on the frangible
panel (cover) using the procedure of Problem 2A-6.

Step 9. Determine the scaled gas impulse from Figures 2-153 to 2-
164. Use the values of W/V¢ from step 3, WF/W1/3 from step
7, A/V2/3 from step 6 and i{/Wl/ from step 8. Interpolate
for values of W/Vg and i,./W /3 if required. Multiply by
wl/3 to calculate gas impulse.

Step 10. Calculate the fictitious gas duration using equation 2-4 and
values of Pg and ig from steps 4 and 9 respectively.

Example 2A-7 (A) Gas Pressure (Small Vent Opening)

Required: Gas pressure-time loading inside a 10' x 10’ x 10' cubicle with a
2’ x 2' vent opening on the rear wall. The charge weight is 833.3
pounds.

Solution:

Step 1. Charge weight:
W =833.3 x 1.20 = 1,000 1bs
Step 2. Free volume inside the structure:

Vg = 10’ x 10’ x 10’ = 1,000 fe3
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Step 3. Charge weight to free volume ratio:

W/Ve = 1000.0/1000.0 = 1.0

Step 4. Read Pg from fig. 2-152 for W/Vg = 1.0.
Pg = 2,650 psi
Step S. Vent area of 2’ x 2' opening:

A=2'x2 =4 £t
Step 6. Calculate scaled vent area:

a/v2/3 = 471000273 = 04 £e2 /£e2

Step 7. a. Vent has no cover.
b. Scaled weight of the cover:
wp/Wl/3 = 0
Step 8. Scaled average reflected impulse of the rear wall from

procedure outlined in problem 2A-4:

1, /W/3 = 1225 psi-ms/1b1/3

Step 9. Read scaled gas impulse from Figures 2-162 to 2-164 for
A/Vz/3 = 0.04 and WF/W1/3 = 0.0. Interpolate for scaled
impulse of

i W/3 = 1225,
ig/wl/3 = 7500 psi-ms/1bl/3
ig = 7,500 x 1,0001/3 = 75,000.0 psi-ms
Step 10. Calculate fictitious duration of gas load from equation 2-4.
21 2 x 75,000.0

t, = - = 56.6 ms
P 2,650
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Example 2A-7 (B) Gas Pressure (Frangible Wall)

Required: Gas pressure-time loading inside a 10’ x 10’ x 10’ cubicle with a
frangible wall of 10 psf as the rear wall. The charge weight is
833.3 pounds.

Solution:

Step 1. Charge weight:
W=2833.3x1.2 =1,000 lbs

Step 2. Free volume inside the structure:
Vg = 10’ x 10' x 10’ = 1,000 ft3

Step 3. Charge weight to free volume ratio:
W/Vg = 1000/1000 = 1.0

Step 4. Read Pg from fig. 2-152 for W/Vg = 1.0.
Pg = 2650 psi

Step 5. Vent area of frangible wall:
A =10’ x 10’ = 100 ft2

Step 6. Calculate scaled vent area:
a/v2/3 = 10071000273 = 1.0 £e2/£¢2

Step 7. a, Unit density of the frangible wall:
Wp = 10.0 1bs/ft? (given)

b. Scaled weight of the frangible wall:

wp/W/3 = 1071000173 - 1.0

Step 8. Scaled average reflected impulse of the rear frangible wall

from procedure outlined in problem 2A-6:

i, /W/3 = 784 psi-ms/1b1/3
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Step 10.

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

Read scaled gas impulse from Figures 2-162 to 2-164 for
A/Vz/3 = 1.0 and WF/W1/3 = 1.0. Interpolate for scaled im-
pulse of ir/wl/3 = 784,

ig/w1/3 - 400.0 psi-ms/1bl/3

i, = 400.0 x 1000173 = 4000 psi-ms

Calculate fictitious duration of gas load from equation 2-4,

21 2 x 4000
t - - - 3.02 ms
P 2650

Problem 2A-8 Leakage Pressures from Fully Vented

Three Wall Cubicle

Problem: Determine free-field blast wave parameters at a distance from a
fully vented explosion inside a three wall cubicle.

Procedure:

Step 1.

Step 2.
Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Determine charge weight, distance in the desired direction
and volume of structure.

Apply a 20% safety factor to the charge weight.
Calculate scaled distance and W/V ratio.

Determine peak positive pressures using Figures 2-168 or 2-
169.

Determine maximum peak pressure for side and back directions
from Figure 2-170 using W/V ratio.

For W/V ratio determine scaled positive impulses using
Figures 2-171 to 2-182. Multiply by wl/3 to calculate
actual value of impulses.

Determine shock parameters from Figure 2-15 corresponding to
the peak pressure from step 4, except for the normal re-
flected impulse where the scaled impulse from step 6 should
be used.
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Example 2A-8 Leakage Pressures from Fully Vented Three Wall Cubicle

Required: Blast wave parameters at a distance of 200 ft. from an explosion
located at the center of a three wall cubicle with no roof. The
charge weight is 833.3 1lbs. and the interior dimensions of the
cubicle are 17.5 ft. x 17.5 ft. x 13 ft. high. Calculate the
parameters at the front, side and back of the cubicle.

Solution:
Step 1. Given:
a. Charge weight = 833.3 lbs.
b. R = 200 ft. in all directions.
c. V=17.5x 17.5 x 13 = 3.980 ft>
Step 2. Calculate W:
W = 1.20 x Charge Weight = 1.20 x 833.3 = 1000 1bs.
Step 3. Calculate:
a. Scaled distance Z,
R 200
z - - - 20 ft/1bsl/3
wl/3  (1000)1/3
b. W/V ratio,
W/V = 1000/3.980 = 0.25 lbs/ft3
Step 4. Determine peak Incident pressure from Figure 2-168:
Pgo (front) = 5.5 psi
Py, (side) = 4.0 psi
Pgo (back) = 2.8 psi
Step 5. For W/V = 0.25, read the maximum peak incident pressures
from Figure 2-170:
(Pgo)max (back and side) = 47.0 psi > 4.0 > 2.8
Step 6. Scaled_positive impulse, for Z = 20 ft/lbl/3 and W/V = 0,25
lbs/ft3
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1,/w/3 (front) = 5.5 psi-ms/1b1/3 Figure 2-171
1, (front) = 5.5 x 10001/3 = 55 psi-ms
1,/W/3 (side) = 4.5 psi-ms/1b1/3 Figure 2-173
1, (side) = 4.5 x 10001/3 = 45 psi-ms
1, /W/3 (back) = 3.8 psi-ms/1b1/3 Figure 2-175
i, (back) = 3.8 x 10001/3 = 38 psi-ms
Step 7. For peak positive pressures (P_.) read shock parameters from
Figure 2-15 at front, side and back directions.
a. For Pg, (front) = 5.5 psi (Step 4)
U=1.28 ft/ms
to/W/3 = 2,95 ms/1p1/3
te = 2.95 x 10001/3 = 29.5 ms
tpa/W/3 = 7.00 ms/161/3
ty = 7.00 x 10001/3 = 70.0 ns

b. For P, (side) = 4.0 psi (Step 4)
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U=1.24 ft/ms
to/W/3 = 3,20 ms/1b1/3
ty = 3.2 x 10001/3 = 32.0 ms
ta/W/3 = 9,30 ms/1b1/3
ty = 9.3 x 1000/3 = 93.0 ms
c. For Pso (back) = 2.8 psi
Ue=1.20 ft/ms
to/W/3 = 3.45 ms/161/3
t, = 3.45 x 10001/3 = 34.5 ms
ta/W/3 = 12.90 ms/161/3
ts = 12.9 x 10001/3 = 129.0 ns
Problem 2A-9 Leakage Pressure from Partially Vented

Four Wall Cubicle

Problem: Determine free-field blast wave parameters at a distance from a
partially vented explosion inside a four wall cubicle.

Procedure:
Step 1. Determine charge weight, distance to point in question, vent
area and volume of structure.
Step 2. Apply a 20% safety factor to the charge weight.
Step 3. Calculate distance Z, A/V2/3 ratio and AW1/3/V ratio.
Step 4. Determine peak positive pressure using Figure 2-184.
Step 5. Determine scaled positive impulses using Figure 2-185.

Multiply by W /3 to calculate actual value of impulses.
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Step 6. Determine shock parameters from Figure 2-15. Use the peak
pressure from step 4, except for normal reflected impulse
where the scaled impulse(s) from step 5 should be used.

Example 2A-9 Leakage Pressure from Partially Vented
Four Wall Cubicle

Required: Blast wave parameters at distance of 200 ft. from a charge located
in an above ground four wall cubicle. The circular vent is
located at the center of the roof and has a diameter of 4 ft. The
charge 1s 833.3 1lbs and located at the center of 17.5' x 17.5' x
13’ cubicle. Top of the roof is 15 feet above the ground level.

Solution:
Step 1. Given (see Figure 2-183b for parameters):
a. Charge weight = 833.3 1bs.
b. R =200 ft., h = 15 f¢t.
1/2
dy = [ (4/2)2 + (15 - 13/2)2 ] - 8.73 ft.
dy = (17.5 - 4)/2 = 6.75 ft.
1/2
dy = [ (15)2 + (200 - 4/2 - 6.75 - 15)2 ] = 176.89 ft.
R =dy +dy +h+dy=8.73 +6.75+ 15 + 176.89 =207.37 ft.
c. A =m2)% - 12.57 ft2
d V = 17.5 x 17.5 x 13 = 3,980 ft3
Step 2. Calculate W:
W =1.20 x charge weight = 1.20 x 833.3 = 1000 1lbs.
Step 3. Calculate:
a. Scaled distance Z.
R’ 207.37

- - 20.7 ft/1pl/3
wl/3 10001/3
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b.

Step 4.

Step 5.

Step 6.

a/v2/3 2 12.57/¢3980)2/3 = 0.05
awl/3 v = 12.57 (1000)1/3 /3,980 = 0.0316 1b1/3 £t
Peak positive pressure from Figure 2-184 for Z = 20.7 and

a/nv2/3 o 0s0.

Pgo = 0.95 psi

Peak positive pressure impulse from Figure 2-185 for Z =
20.7 and

awl/3,y = 0316,

1/3 1/3
1,/WH/3 = 1.80 psi-ms/1bl/
ig = 1.8 x 10001/3 = 18.0 psi-ms

For peak positive pressure P , = .95 psi, read shock parame-
ters from Figure 2-15.

U=1.12 ft/ms
1/3 1/3
to/W/3 = 4.5 ms/1b1/
ty = 4.5 x 10001/3 = 45.0 ms
tp/W/3 = 35,0 ms/161/3

ta = 35.0 x 10001/3 = 350.0 ms

Problem 2A-10 External Blast Loads on Structures

Problem: Determine the pressure-time blast loading curves on a rectangular
structure from an external explosion.
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Step 1.

Step 2.

Step 3.

Step 4.
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Determine the charge weight, ground distance Rg, height of
burst H, (for air burst) and structure dimensions.

Apply a 20% safety factor to the charge weight.

Select several points on the structure (front wall, roof,
rear wall, etc.) and determine free-field blast wave parame-
ters for each point. For air burst, follow the procedure
outlined in problem 2A-2; a surface burst, problem 2A-3; and
leakage pressures, problem 2A-8 or 2A-9.

For the front wall:
Calculate peak positive reflected pressure P, = C.o X Pg,.

Read value of C., for P, and a from Figure 2-193.

Read scaled unit positive reflected impulse ira/Wl/3 from
Figure 2-194 for P, and a. 'Multiply scaled value by wl/3
to obtain absolute value.

Note: If wave front is not plane, use average values.

Step 5. Determine positive phase of front wall loading.

a.

where:

Determine sound velocity in reflected overpressure region C,
from Figure 2-192 for peak-incident pressure P, .

Calculate clearing time t.:
48

t, = (ms) (eq. 2-3)
(1L +R) C,

S = height of front wall or one-half its width, whichever
is smaller.

G = maximum of wall height or one-half its width
R = S/G
Calculate fictitious positive phase duration t g:

21

tof = ———— (eq. 2-6)

PSO

Determine peak dynamic pressure q, from Figure 2-3 for Pg,.
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Step 6.

Step 7.

Calculate P + Cpq,. Obtain Cp from paragraph 2-15.3.2.
Calculate fictitious duration t g of the reflected pressure.

2i,
Lo = — (eq. 2-11)

Pra

Construct the positive pressure-time curve of the front wall
similar to Figure 2-191. The actual loading is the smaller
of the impulse (area under curve) due to reflected pressure
or cleared reflected pressure plus incident pressure.

Determine negative phase of the front wall loading.

Read the values of Z from Figure 2-15 for the value of P,
from step 4a and ira/Wl/3 from step 4b.

Determine P.," and 1ra'/w1/3 from Figure 2-16 for the corre-
sponding values of Z from_step 6a. Multiply scaled value of
the negative impulse by wl/3 to obtain absolute value.

Calculate the fictitious duration of the negative reflected
pressure.

tee” = 21,4 /Py (eq. 2-7)

Calculate rise time of the negative pressure by multiplying
tyg by 0.27 (Section 2-15.3.2).

Construct the negative pressure-time curve similar to Figure
2-191.

Determine positive phase of side wall loading.

Calculate the wave length to span length ratio L_g/L at
front of the span.

Read values of Cg, td/W1/3 and tof/W1/3 from Figures 2-196,
2-197 and 2-198 respectively.

Calculate Pp, t, and t..

r

Determine dynamic pressure q, from Figure 2-3 for Pp.

Calculate Pp = CgP ¢ + Cpd, (eq. 2-12). Obtain Cp from
paragraph 2?77

Construct positive phase pressure-time curve similar to
Figure 2-195.
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Step 8. Determine negative phase of side wall loading.
a. Determine value of Cp~ and tof'/wl/3 for the value of L _¢/L
from step 7a from Figures 2-196 and 2-198 respectively.
b. Calculate P, = Cp x Py ¢ and t ¢.
c. Calculate rise time of negative phase equal to 0.27 t ¢

(section 2-15.3.2).

d. Construct the negative pressure-time curve similar to Figure
2-195.
Step 9. Determine roof loading.Follow procedure outlined for side

wall loading.

Step 10. Determine rear wall loading. Follow procedure outlined for
side wall loading. For the purpose of calculations, assume
that the back wall is rotated to a horizontal position (see
Figure 2-199).

Example 2A-10 External Blast Loads on Structures

Required: Determine pressure-time blast loading curves for the front wall,
roof, rear half of the side walls and rear wall of the structure
shown in Figure 2A-9 for a surface burst of 5,000 1lbs. at a dis-
tance from the front wall of 155 ft. Structure width is 30 ft.
and the shock front is plane.

Step 1. Given: Charge weight = 5,000 lbs., Rp = 155 ft.
Step 2. W=1.2 (5,000) = 6,000 1lbs.
Step 3. Determine free-field blast wave parameters P . , t,, L, and
t, at points 1 through 3 and ig at point 1.
For point 1:
Rg 155
a. Zg = - - 8.53 ft/1bl/3
wl/3 60001/3
b. Determine free-field blast wave parameters from Figure 2-15

for Zg = 8.53 ft/1bl/3
Pgo = 12.8 psi

ta/W/3 = 3.35 ms/101/3 | | £, = 3.35 (6000)1/3 = 60.9 ms
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/32 2.10 £e9161/3 L L = 2.10 (6000)1/3 - 38.2 £t
Ly Ly

e, M3 = 2.35 me/161/3 T, £ = 2.35 (6000)1/3 = 42.7 ms

c. DeterT}ge incident impulse from Figure 2-15 for Z; = 8.53
ft/1b .
ig .
—— = 9.0 psi-ms/1b}/3 | | 1 = 9.0 (6000)1/3 = 163.5 psi-ms
wl/3
d. Repeat steps 3a and 3b for points 2 and 3. Results are
tabulated below.
Point Rg Zo P, tp/W/3 th
No. (ft) (ft/1b1/3y (psi) (ms/1b1/3) (ms)
1 155.0 8.53 12.8 3.35 60.9
2 170.0 9.35 10.8 3.90 70.9
3 185.0 10.18 9.0 4.60 83.6
LA, gt/ t 1g/W/> i
(£t/16Y/3y  (fr) (ms/1bl/3) (ms) (psi-ms/1b1/3) (psi-ms)
2.10 38.2 2.35 42.7 9.00 163.5
2.24 40.7 2.48 45.1 - -
2.35 42.7 2.62 47.6 _ _
Step 4. Determine front wall reflected pressure and impulse.
a. Read C ., for P, = 12.8 psi and @ = 0° from Figure 2-193 for
point 1.

Crq = 2.70 then Py = C.p X Py = 2.70 x 12.8 = 34.6 psi
b. Read 1ra/w1/3 for P, = 12.8 psi and @ = 0° from Figure 2-
194 for point 1.

i,q/W/3 = 17.0 then 1,4 = 17.0 (6,000)1/3 = 308.9 psi-ms
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Step 5. Front wall loading, positive phase.

a. Calculate sound velocity in reflected overpressure region C,
from Figure 2-192 for P, = 12.8 psi.

C, = 1.325 ft/ms
b. Calculate clearing time t, from eq. 2-3:
4s
(1 + R)C,
where:
§ = 12.0 ft < 30./2 .
G =130./2 = 15.0 ft > 12.0 f¢t.

R =S/ =12./15. = .80

then:
4 x 12
t, = = 20.1 ms
(1 + 0.80) 1.325
c. Calculate t ¢ from eq. 2-11. Use impulse from step 3c.
21 2 x 163.5
tOf - - = 25.5 ms
Peo 12.8
d. Determine q, from Figure 2-3 for P, , = 12.8 psi.
q, = 3.5 psi
e. Calculate Pio + Cpay:
Cp = 1.0 from section 2-15.3.2
then,
Pgo + Cpgp = 12.8 + (1.0 x 3.5) = 16.3 psi
£. Calculate t, ¢ from eq. 2-11 and results of step 4.
2i, 2 x 308.9
t, = - = 17.9 ms
P o 34.6
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g. Construct the pressure time curve. See Figure 2A-10.
Note: The reflected pressure-time curve is used for design
since the reflected impulse is less than the impulse pro-
duced by the clearing time.
Step 6. Negative phase loading, front wall.

a. Read the ¥7§ues of Z corresponding to P, = 34.6 (step 4a)
and 1. ,/W = 17.0 (step 4b) from Figure 2-15,

Pog = 34.6 then, Z (Pyy) = 8.5
1.o/W/3 = 17.0 then, 2 (1,M/3) = 10.4

b. Using the Z values from step 6a and Figure 2-16 determine
values of P.," and 1,," (Peak pressure and impulse in nega-
tive phase).
Z(Pra) - §.5 then, P ., = 3.25 psi

Z(1,q/W/3) = 10.4 then, 14" /W'/3 = 14.6 psi-ms/1bl/3

and
1q = 16.6 x (6,000)1/3 = 265.3 psi-ms
c. Calculate fictitious duration ¢t ¢".
2 14"
Ceg = N
Pra
2 x 265.3
teg ™ = 163.3 ms
3.25
d. Calculate negative phase rise time:
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0.27 x t g = .27 x 163.3 = 44.1 ms
Construct the negative pressure-time curve.
ty = 42.7 ms (Point 1, step 3d)

to + 0.27 t ¢ = 42.7 + 44.1 = 86.8 ms

to = tyg = 42.7 + 163.3 = 206.0 ms

The negative pressure-time curve is plotted in Figure 2A-10.

Step 7.

then,

Side wall loading, positive phase, calculate the loading on
the rear-half of the wall (Point 2 to 3, Figure 2A-9).

Calculate L,¢/L ratio:
L = 15.0 ft (Point 2 to 3)

Lo = 40.7 ft (step 3d)

Lyg/L = 40.7 / 15.0 = 2.71

Read C%'td/wl/3 and cof/w1/3 for L,e/L = 2.71 and P = 10.8
(step 3d, Point 2)

Cg = .76 fig. 2-196
tg/M/3 = 66 fig. 2-197

tog/M/3 = 2.47 fig. 2-198

Calculate CgP ty and t ¢ using results of step 7b.

sof:

CgPgof = -76 x 10.8 = 8.2
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t, = .66 x (6,000)1/3 = 12.0 us

tog = 2.47 x (6,000)1/3 = 44.9 ns
d. Determine q, from Figure 2-3 for CpP, ¢= 8.2 psi.
q, = 1.55 psi
e. Calculate peak positive pressure from eq. 2-12,
Cp = -0.40 from section 2-15.3.2
CpPgor + Cp9p = -76 x 10.8 + (-0.40 x 1.55) = 7.6 psi
£. Construct the pressure-time curve.

See Figure 2A-11 below.

PRESSURE,
psi

CgPsof*Cpao=7.6

i 100 200
1 I 1 1
g ~—~..____--_> — >
- =30 n TME,ms
% 2|2 S g
B o % X
Figure 2A-11
Step 8. Negative phase loading on the rear-half of the side wall.
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a. Read values of Cp~ and tof'/wl/3 for Ly,g/L = 2.71 (Step 7a)
from Figures 2-196 and 2-198 respectively.
Cgp~ = .28
tog /M3 = 10.7 ms/1bl/3
b. Calculate P, and t ¢

r
P," =Cg” x Pgop =~ .28 x 10.8 = 3.0 psi
tog” = 10.7 x (6,000)1/3 = 194.4 ms
c. Negative phase rise time:
0.27 t ¢ = .27 x 194.4 = 52.5 ms
d. Construct the negative pressure-time curve.
ty, = 45.1 ms (Point 2, step 3d)
to + 0.27 t g = 45.1 + 52.5 = 97.6 ms

ty + top = 45.1 + 194.4 = 239.5 ms

The negative pressure-time curve is plotted in Figure 2A-11.

Step 9. Calculate roof loading. (Point 1 to 3, Figure 2A-9)
a. Calculate L,¢/L ratio:
L =30.0 ft (Point 1 to 3)
L,f = 38.2 ft (step 3d) then,

L,g/L = 38.2/30.0 = 1.27
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b.  Read Cp, ty/W'/3 and t g/W!/3 for L,e/L = 1.27 and P_ ;¢ -
12.8 psi (step 3d, Point 1) then,
Cg = .52 fig. 2-196
tg/W/3 = 1.25 fig. 2-197
tog/W/3 = 3.10 fig. 2-198
c. Calculate CEPsof' ty and tof using results of step 9b.

CgPgof = -52 x 12.8 = 6.66
tg = 1.25 x (6,000)1/3 = 22,7 ns

top = 3.10 x (6,000)1/3 = 56.3 ms

d. Determine g, from Figure 2-3 for CgPgof = 6.66 psi.
q, = 1.05 psi
e. Calculate maximum pressure from eq.‘éFIZ:

Cp = -0.40 From section 2-15.3.2
CgPsof * Cpdp = -52 x 12.8 + (-0.40 x 1.05) = 6.24 psi
f. Construct the pressure-time curve.

See Figure 2A-12 below.

g. Read values of Cg” and tof'/Wl/3 for L,g¢/L = 1.27 (step 9a)
from Figures 2-196 and 2-198 respectivefy.

CE- - .26

tog /W3 = 11.7 ms/101/3



1sd
‘ UNSSINd

Cg Pyor +Cpagr6.24

300
|

—-
TIME ,ms

————

- gcgz=%+%

Py =333

100
|

ﬁl 1001:4%,2°0 4%

XTI
2wy

L2z=*?

FIGURE 2A-12

2A-453



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

h. Calculate Pr' and tof!

P." = Cg” x Pgop = .26 x 12.8 = 3.33 psi

r

tog” = 11.7 x (6,000)1/3 = 212.6 ms
i. Negative phase rise time:
0.27 tyg” = .27 x 212.6 = 57.4 ms
i. Construct the negative pressure-time curve.
t, = 42.7 ms (Point 1, step 3d)
to + .27 tog = 42.7 + 57.4 = 100.1 ms
to * tof = 42.7 + 212.6 = 255.3 ms
The negative pressure-time curve is plotted in Figure 2A-12
Step 10. Calculate rear wall loading (Point 3 to 4, Figure 2A-9).
Assume rear wall is rotated to a horizontal position.
a. Calculate L, ¢/L ratio:
L = 12.0 ft (Point 3 to 4 or height of the structure)
L,g = 42.7 ft (step 3d), then,
Log/L = 42.7 / 12.0 = 3.56
b.  Read Cg,ty/W!/3 and t,e/W1/3 for L g/L = 3.56 and P, = 9.0
psi (step 3d, point 3).
Cgp = .83 fig. 2-196

tg/W/3 = 51 fig. 2-197
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tog/W/3 = 2.45 fig. 2-198

[e]

Calculate CpP t, and t  using results of step 10b.
- CEPgop = .83 x 9.0 = 7.47 psi
. tg = .51 x (6,000)1/3 = 9.3 ns

tof = 2.45 x (6,000)1/3 = 44,5 ms
d. Determine q, from Figure 2-3 for CgPsob = 7.47 psi
o = 1.30 psi
e. Calculate maximum pressure from eq. 2-12:
Cp = -0.40 from section 2-15.3.2
- CgPgob *+ Cpqp = -83 x 9.0 + (-0.40 x 1.30) = 6.95 psi
f. Construct the pressure-time curve.

See Figure 2A-13 below.

CgPgop *Cpa0=6.95

100 200
Y L J 1 ] __ >
m l
o < -l N Pre2.57 « | TME, ms
S - o 3
- c T W
- ) °
~ v
N K
[—)
o

Figure 2A-13
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g. Read values of Cg~ and tof'/wl/3 for L,g/L = 3.56 (step 10a)
from Figures 2-196 and 2-198 respectively.
Cg~ = .285
tog /W3 = 10.5 ms/1b1/3

h. Calculate P,.” and t ¢!

P,” = Cp” % Pgop = .285 x 9.0 = 2.57 psi

r
tog = 10.5 x (6,000)1/3 = 190.8 ms
i. Negative phase rise time:

0.27 tyg” = .27 x 190.8 = 51.5 ms

j. Construct the negative pressure-time curve.
ty = 47.6 ms (Point 3, step 3d)
ty + .27 t g = 47.6 + 51.5 = 99.1 ms

ty * top = 47.6 + 190.8 = 238.4 ms

The negative pressure-time curve is plotted in Figure 2A-13.

Problem 2A-11 Blast Loads on a Structure with Front Wall Openings

Problem; Determine the pressure-time loads acting on the exterior front
wall and all interior surfaces of a rectangular structure with
front wall openings due to an extermal shock load.

Step 1. Charge weight:
a. Determine TNT equivalent charge weight, W;
b. Increase charge welght by 20X safety factor, W = 1.20 x W;
c. Determine charge weight scaling factor, wl/3,
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Step 3.

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

Determine free field blast parameters:

For an air burst, use Problem 2A-2 procedure; for a surface
burst, use Problem 2A-3 procedure; for leakage pressures,
use Problem 2A-8 or 2A-9 procedures.

Evaluate the angle of incidence, @, as the angle between the
ground distance from the charge to the center of the front
wall, and the normal distance from the charge to the front

wall.

Front wall idealized pressure-time blast loads:

Exterior Blast Load:

a.

Determine peak positive reflected pressure, P., as a
function of Py, and @, using Figure 2-193.

Determine peak positive reflected scaled unit impulse,
;r%éiw /3y, as a function of P,, and @, using Figure

Determine the absolute positive reflected_impulse by
multiplying the scaled unit impulse by (Wl/3).

Determine the sound velocity of the reflected pressure

wave, C., as a function of P o, using Figure 2-192.

Determine the reflected pressure clearing time, T'_,
from equation 2-14.

Construct the exterior blast pressure-time load.
Follow the procedure in Problem 2A-10.

Determine the scaled wave length of the incident wave,
Lw/(wl/3) as a function of P_,, using Figure 2-15,
irrespective of how the external incident wave was
created.

Determine the absolute wave length by multiplying the
scaled wave length by (W1/3).

Interior Blast Load:

a.

Determine the following parameters: L /L, L/H, A /A,
W/H, and L/H, where A  is the total area of openings
in the front wall, and A, is the area H by W.
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b Determine the idealized factored average peak pres-
sure, (P . X (L,/H)), as a function of W/H, Py,
A,/A,, and L,/H, using Figures 2-203 to 2-206., Calcu-
late Py, = (Ppay X Ly/H)/(Ly/H).

c. Determine the arrival time, Ty, as a function of W/H,
Pgo, and A /Ay, using Figures 2-207 and 2-208.

d. Determine the rise time, Tp - T;, as a function of
W/H, Pg,, and, L,/H, from Figures 2-209 and 2-210.
e. Determine the duration time, T1 - T1, as a function of

W/H, Pg,, and L_/H, from Figures 2-211 and 2-212.

f. Ufinglti??s Tl, T2 - Tl,'T3 :‘Tl’ fnd Pmax' construct
the idealized pressure-time blast load. See Figure 2-
201A for general configuration of this blast load.

Step 4. Side Wall Idealized Interior Pressure-Time Blast Load:

a. Determine the maximum average sidewall pressure, P ...
from equation 2-15.

b. Determine the idealized times T; and T, for W/H, using
Figure 2-213.

c. Determine the idealized times T3 and T, for W/H, using
Figures 2-214 to 2-229.

d. Using times Ty, T, Ty, Ty, and P x' construct the
idealized pressure-time load. See Figure 2-201b for
general configuration of this bla st load

Step 5 Back Wall Idealized Interior Pressure-Time Blast Load

a. Determine the maximum average positive reflected

pressure coefficient, Ppyp/Pg,, as a function of L/H,
P.,, and A /A, using Figures 2-233 and 2-234.

b. Determine the maximum average pressure, Pprp, by mul-
tiplying the pressure coefficient, Ppip/Po,, by Pg,
c. Determine the idealized time T, as a function of W/H,
P.o:» L/H, and A,/A,, using Figure 2-230.
d. Determine the idealized pressure duration, T2 - Tq, as

a function of P ,, and Ao/Aw using Figure 2-232.
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e. Using times Ty, T2 - Tl' and PRIB' construct the
idealized pressure-time blast load. See Figure 2-20lc
for general configuration of this blast load.

Step 6. Roof Idealized Interior Pressure-Time Blast Load:

a. Determine the W/H ratio for the roof as the inverse of
W/H ratio of the side wall.

b. Repeat Step 4 using the W/H ratio of the roof.
Example 2A-11 Blast Loads on a Structure with Front Wall Openings
Required: For the structure and charge as is shown in Figure 2A-14, deter-
mine the idealized positive external blast load on the front wall,

and the idealized positive internal blast load on the front wall,
side wall, roof and back wall.

Step 1. Charge weight
a. W = 5000 lbs. TNT
b. W =1.20 x 5000 = 6000 1bs. TNT

c. wl/3 218.1712 1bs1/3
Step 2. Free field blast parameters - surface burst

a. Procedure from Problem 2A-3.
Blast parameters: Peor U, ig, tyr tp, for W = 6000 lbs.,‘RG
- 155"  Zg = Rg/W/3 = 155/18.1712 = 8.53 (say 8.5)

From Figure 2-15 for hemispherical surface burst
Pgo = £1(2Zg) = 12.6 psi
U = £2(Zg) = 1.46 ft/ms
1/W/3 £3(2¢) = 9.0 psi-ms/1b1/3, 1, = 163.54 psi-ms
to/W/3 = £,(2g) = 2.40 ms/1b1/3, ¢ = 43.61 ms
a3 = £5(2) = 3.40 ms/1b1/3, ¢, = 61.78 ms

b. Charge to wall center ground distance = 155.0'
Charge to wall normal distance = 155.0'
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@ = cos”! (155/155) = 0°

Step 3. Front wall idealized pressure-time blast load
A, Exterior Blast Load
a. From Figure 2-193, for a = 0° and Po = 12:6 psi, determine
Cra = Pra/Pso

P, 10.0 12.6  20.0

c 2.40 ? 2.90

ra
Crg = (2.9 - 2.4) x (12.6 - 10.0) / (20.0 - 10.0) + 2.40

= 0.130 + 2.40 = 2.53

Prg = Cpg X Pgo = 2.53 x 12.6 = 31.878 psi, say 31.9 psi

b.  From Figure 2-194, for @ = 0°, read i /W./3 for B = 10
and 20 psi and interpolate for ira/w1 at Pgo = 12.6 psi
1/3
Pso Lrar¥!/
psi psi-ms/lbl/3
10 15.2
12.6 ?
20 23

io/W/3 = (23.0 - 15.2) x (12.6 - 10.0)/
(20.0 - 10.0) + 15.2 = 2.028
+15.2 = 17.228 psi-ms/1bl/3
c. Determine absolute impulse,
1g = (Leg/W/3) x (W1/3) = 17.228 x 18.1712 = 313.1 psi-ms

d. For Py, = 12.6 psi, C, = 1.325 ft/ms from Figure 2-192.

2A-54



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

e. Using Figure 2A-15 as the front wall sub-divisioning, deter-
mine h,, W,, §,, h',,, A,, 6 h' A, T h' A , Ar, S', S, R,
and T',.
Subdivision Type 5, h', h, Wi A, S.h' nAn
No. n - ft ft ft fe2 fe3
1 3 1.0 5.0 4.0 5.0 20.0 100.0
2 2 0.50 5.0 3.0 5.0 15.0 37.50
3 1 1.0 5.0 9.0 5.0 45.0 225.0
4 3 1.0 4.0 4.0 5.5 22.0 88.0
5 2 0.50 9.0 9.0 5.5 49.50 222.750
6 3 1.0 3.50 4.0 3.5 14.0 49.0
7 2 0.50 3.50 3.0 3.5 10.5 18.375
8 3 1.0 9.0 9.0 3.5 31.5 283.50
9 2 0.50 9.0 9.0 3.0 27.0 121.50
10 2 0.50 5.0 7.0 3.0 35.0 87.50
11 1 1.0 5.0 9.0 3.0 45.0 225.0

Zé,h' A, = 1458.125

Ag = (16 x 32) - (3 x5.5) - (7.0 x 3.0)

=512 - 16.5 - 21.0

- 512 - 37.5
- 474.5 ft2
11

S' = (T 8 h' A )/Ap = 1458.1250/474.5 = 3.073 ft
1
H=15.0", W=20.0', H<W . .S=-H=15.0', §' <S O.K.

W>H. .G=W=20.0'
R =8/G =15.0/20.0 = 0.75; G, = 1.325 ft/ms
t'. = 48"/<(1 +R) x C, > = (4 x 3.073)/(1.75 x 1.325)
= 5,301 ms

f. Following general procedure problem 2A-10, Step 5 required
previously determined values are:

Pgo = 12.6 psi

ig = 163.5 psi-ms
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g.
h.

Poq = 31.9 psi

1, = 313.1 psi-ms

Determine

tof = 2ig/Pgy = 2 x 163.5/12.6 - 26 ms, Eq. 2-b,

tefg = 21,4/Prq = 2 ®x 313.1/31.9 - 19.6 ms, eq. 2-11,
q, = £(Pg,) = 3.4 psi, Fig. 2-3

Cp = 1.0, Paragraph 2-15.3.2,

Pgo + Cpd, = 16 psi, Paragraph 2-15.3.2

SO

Construct infinite surface impulse and theoretic bi-linear
actual surface impulse. Minimum value is design impulse.

Infinite surface fictitious impulse = 1,q = 313.1 psi-ms

Bi-linear theoretic actual surface impulse is area under
curve P o to t’, on line Py, + Cpq, to t ¢

Let P = (Pg, + Cpqy) <1 - (t' /tye)>
= 16.0 <1 - (5.3/26) > = 12.7 psi
gy = [<Ppq - P><t’ /2>] + <Pt' > + [<tof - t!  ><P/2>]
= [(31.9 - 12.7)(5.3/2)] + (12.7 x 5.3)
+ [<26 - 5.3><12.7/2>) = 50.9 + 67.3 + 131.4
= 250 psi-ms
1BL < ira’ use bi-linear pressure-time as design blast load.
See Figure 2A-16
For Py, = 12.6 psi, L,/WY/3 = 2.10 £e/161/3, Fig 2-15

L, = (Lywl/3ywl/3) = 2,10 x 18.1712 = 38.16, say 38.2 ft.

B.Interior Blast Load

a.

From previous steps: L, = 38.2 ft, L = 30 ft, H = 15 ft, W
= 20 ft.
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A, = Door opening area + window opening area
- (7x3)+ (3x5.5 =37.5 ft?
A, = H x W=15x 20 = 300 ft2
Ay/A, = 37.5/300 = 0.125
L,/L = 38.2/30 = 1.27
L,/H = 38.2/15 = 2.54
W/H = 20/15 = 1.33
L/H = 30/15 = 2.00
b. For W/H = 1.33, P_ = 12.6 psi, Ay/A, = 0.125, and L,/H =

2.54 summarize factored maximum average pressure, Phax X
L,/H, for W/H and L_/H equal to .75, 1.5, 3 and 6.

Figure No. W/H L,/H Prax ¥ L,/H
2-203 0.75 0.75 15.0
1.50 38.5
3.0 88.0
6.0 190.0
2-204 1.50 0.75 4.70
1.50 17.0
3.0 55.0
6.0 131.0
2-205 3.0 0.75 2.0
1.50 7.0
3.0 27.0
6.0 85.0
2-206 6.0 0.75 1.0
1.50 3.20
3.0 10.0
6.0 35.0
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Plot Figure 2A-17 (a), and interpolate to determine Ppax ¥ Lw/H at
L,/H = 2.54 for W/H = .75, 1.5, 3 and 6.

W/H .75 1.5 3 6

Phax ¥ Ly/H 74 44 19 7.5

Plot Figure 2A-17 (b) from above values, and interpolate to

determine P . x L,/H = 48 for W/H = 1.33.

Determine P . = (P, x L /H)/(L,/H) = 48/2.54 = 18.9 psi.

c. For P;, = 12.6 psi and A, /A, = 1/8, determine T; for W/H =
.75, 1.5, and 3. from Figures 2-207 and 2-208
W/H .75 1.5 3

Ty 1.25 1.70  2.26

Plot Figure 2A-18 with above values, and determine T; = 1.60
for W/H = 1.33,

d. For P ,= 12.6 psi, determine Ty - T{ for W/H and L,/H = .75,
1.5, and 3, from Figures 2-209 and 2-210

W/H .75 1.5 3

L,/H .75 1.5 3 .75 1.5 3 .75 1.5 3

T, - Tq 2.07 2.07 2.07 4.70 6.20 7.0 6.50 10.8 15.0

Plot Figure 2A-19 with above values, and interpolate to determine

Ty - T at L,/H = 2.54 for W/H = .75, 1.5 and 3, as summarized

W/H .75 1.5 3

Ty - T 2.07 6.75 14.0

Plot Figure 2A-19 with above values, and determine T, - Ty = 5.80
ms for W/H = 1,33,

e. For P = 12.6 psi, determine Ty - T for W/H = .75, 1.5, and

3. and L,/H = .75, 1.5, and 3, from Figures 2-211 and 2-212,
as summarized below.
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.7 -] 3
.75 1. .5 3 .75 1.5 3
8. 3.5 19.5 18.6 24.8 34.8

N o

1
3 75 1
14.5 10.0 1

Plot Figure 2A-20 with above values, and graphically interpolate
to determine Tq - Ty at L /H = 2.54 for W/H = .75, 1.5, and 3, as
summarized below.

W/H .75 1.5 3
Ty - T 12.8 17.5 31.7

Plot Figure 2A-20 with above values, and determine Ty - Ty = 16.3
ms at W/H = 1,33,

f. Determine times T2 and T3 from Tl' T2 - Tl’ and T3 - Tl'
Tl - 1.60 ms

T2 - Tl = 5,80 ms

—
w
1

Ty = 16.30 ms

5.80 + 1.60 = 7.40 ms

<)
()
]

T3 = 16.30 + 1.60 = 17.9 ms

Plot Figure 2A-23 using above values and P .. = 18.9 psi.

Step 4. Sidewall idealized interior pressure-time blast load.

a. Using equation 2-15, with P = 12.6 psi, A /A, = 1/8, L, /L =
1.27, L/H = 2.0, solve for Phax for W/H = .75, 1.5. and 3.

Equation 2-15: P .. = K/(L,/L)
For W/H = .75, K = A x B x CE x Fil x p_ 09718  yhere:
A = [0.5622 (L,/L)1-29441 . 0.001829 = 0.7385
B = [0.654 + 2.616 (A /A,) - 4.928 (A /A,) 12
x [2.209 (L/H)"0-3451 _ 0 739] = 0.9040
C - [0.829 + 0.104 (L,/L)L-®] + [0.00124 + 0.00414 (L,/L)3-334)
x [L/H]D = 1.0388

D =2.579 - .0534 (L,/L)3-8%1 = 2 4428
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E = 999 (A,/A,)7-9%% = 0.000001002
F = 1.468 - 1.6627 (a,/A,)0 7801 + [1.8692

- 1.1735 (a,/A,) 022267 x [1,/L]¢ - 1.1592
G = 0.2979 (A /A,) 14872 . 0.8351 - 5.7286

H = (5.425 x 10°%) + (1.001 x 1073) (L/H)?-965 = 0.0005435

0.7385 x 0.9040 x 1.03880-000001002 , 1 15990.0005435

~
]

x 12.60-9718 _ 7 g3

Poax - 7-83/1.27 ® 6.2 psi, for W/H = .75
For 1.5 < W/H < 6, K= [A+ [Bx (L/L)C]] x D x E x P 1-02°

where,

A = 0.002 (Ww/H)L-4467 _ 0.0213

B = 2.2075 - ( 1.902 ( w/H )-0-085)
C=1.231 + ( 0.0008 ( W/H )2:678 )
D = (2.573 (L/H )~0-444y _0.3911

E = 0.4221 + (1.241 (A /A, )0-367)

For W/H = 1.5, 3, and 6, determine values for A to E, and K and

Prhaxs as summarized below.

w/H A B c D E K Prax
1.5 -0.0177 0.3700 1.2334 1.5003 1.0006 9.6743 7.60

3 -0.0115 0.4751 1.2462 1.5003 1.0006 12.690 9.98
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Step 5.

Plot Figure 2A-21 with above values of P . vs W/H = .75,
1.5, and 3, and determine P . = 7.30 psi for W/H = 1.33.

For Pg, = 12.6 psi, determine Ty and Ty for W/H = .75, 1.5,
and 3 from Figure 2-213. as summarized below.

W/H .75 1.5 3
T, 1.82 4.95 11.7
T, 3.20 6.50 12.5

Plot Figure 2A-21 using above values of W/H and Ty and T,,
and determine Ty = 4.4 ms and Ty = 5.9 ms for W/H = 1.33.

For P, = 12.6 psi and L/H = 2, determine Ty and T, for W/H
= .75, 1.5 and 3 and L,/L = .75, 1, 1.5, and 2, from Figures
2-218 to 2-221, as summarized below:

Plot Figure 2A-21 with above values, and interpolate to
determine Ty and T,, for L,/L = 1.27 for W/H = .75, 1.5, and
3, as summarized below.

W/H 75 1.5 3
T4 35 18 24
T, 71N 74.5

Plot Figure 2A-21 with above values, and determine Ty = 19
ms and T, = 71 ms, for W/H = 1.33.

For Pmax - 7.3 psi, T = 4.4 ns, Ty = 5.9 ms, Ty = 19 ms and
T, = 71 ms plot Figure 2A-23.

Back wall idealized interior pressure-time blast load.

For L/H = 2, P, = 12.6 psi and Ay/A, = 1/8, determine
PRriB/Pso = 0.575 from Figure 2-234.

PRIB - (PRIB/PSO) X PSO - 0.575 x 12.6 - 7.5 psi.

2A-66



L
y

15

10
5
5444

(sw) 1

73

5]

:mav Xpw d

W/H

W/ H

(b)

(a)

0
e}
(aV]
2 o~
- v
san mm— Ww : ]
L Y]
O Of
< : 1 o o
0 79} )
we 338 8 8 ¢ T B8 R © & v
(sw) 3INIL
-0
ay s
A= —A—
u ) [oV]
e 8
.NL tn
: ol 2
m fg: me “___u 0
< TS -
! THAH = =
. = == =
~ ! N.N_
H —_—
1 1
sr N
m] 5-...% ﬁ
- nH =HoO
Hn”u_m”n_H_ Q
S e e
he s
:WUHWHW
— L1
w sun KoY unu
- O Il4lllo
THI< SH I o
© O O O O o © o
© o o ~ o w w L] m =
(sw) 3NIL

W/H

(d)

Ly /L

(c)

FIGURE 2A-2I

2A-67



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

Step 6.

For Pso = 12.6 psi, L/H =2, and AO/Aw = 1/8, determine Tl
for W/H = .75, 1.5 and 3 from Figures 2-230 and 2-231, as is
shown below.

WH .75 1.5 3
T, 19.0 21.5  24.0

Plot Figure 2A-22 using above values, and determine T; =
21.1 ms for W/H = 1.33.

For Pg, = 12.6 psi and A /A, = 1/8, determine T, - Ty = 2.35
ms from Figure 2-232,

Determine Ty = (T2 -Ty) +T) =2.35ms + 21.1 ms ~ 23.5 ms.

Plot Figure 2A-23 using Ppyg = 7.5 psi, T; = 21.1 ms and Ty
= 23.5 ms.

Roof idealized interior pressure-time blast load
Sidewall W/H = 1-1/3 = 4/3

Roof W/H = 1/(4/3) = 3/4

Repeat Step 4 with W/H = 3/4

For W/H = 3/4, L/H = 2.0, Aj/A, = 1/8, L,/L = 1.272 and B =
12.6,

Prax = 6.2 psi
For W/H = 3/4 and P, = 12.6 psi

Ty = 1.82 and T9 = 3.20 ms

For W/H = 3/4, Py, = 12.6 psi, and L /L = 1.27
Ty = 35 and T, = 65 ms

Plot Figure 2A-23 with above values.
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Problem 2A-12. Interior Pressure Buildup in a Structure

Problem: Determine the interior pressure-time curve for a structure
with an opening in one of its walls and subjected to an
applied blast pressure.

Procedure:

Step 1. Determine the pressure-time history of the applied blast
pressure P acting on the wall surrounding the opening in the
structure as presented in problem 2A-10. Also the area of
the opening Aj and the volume of the structure V, must be
known.

Step 2. Divide the duration t, of the applied pressure into n equal
intervals &t, each interval being approximately t /10 to
to/20, and determine the pressures at the end of each inter-
val.

Step 3. Compute the pressure differential P-P; where P; is the
interior pressure. Obtain the leakage pressure coefficient
C; for each P-P; from Figure 2-235.

L i
Step 4. Calculate 6P; from
Ao
GPi - CL 6t (eq 2'31)
Vo

using the proper values for C; and §t. Add 6Py to P; for the
interval being considered to obtain the new value of P; for the
next interval.

Step 5. Repeat steps 3 and 4 for each interval using the proper
values of P and P;. Plot curve of pressure buildup.

Note:
When P-P; becomes negative, the value of C; must be taken as

negative also.

Example 2A-12. Interior Pressure Buildup in a Structure

Required: Interior pressure-time curve for a structure with an opening
in one of its walls and subjected to an applied blast pres-
sure,

Solution:

Step 1. The curve of the applied blast pressure P for the wall in

question is shown in Figure 2A-24. (Only the positive phase
of the blast wave is considered in this example.)
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Area of opening Ay = 3" x 3' =9 sq ft.

Volume of structure Vo = 10 x 10' x 10’

Step 2.

Vo = 1,000 cu ft

t, = 55 ms

Usen =10 &8t = 5.5 ms

For the first interval, P = 3.5 psi at t = 0

Step 3.

Step 4.

Step 5.

(1)

(ms
0.
5.5
11.
16.
22,
27.
33.
38.
44,
49,
55.
60.
66.
71.
77.
82.

LOULMOULMOULOWULO WO WLO

Pi = 0 for the first interval
.. P - Py = 3.50 - 0 = 3,50 psi
CL = 8.75 (fig. 2-235)

AO

st (eq. 2-31)

Yo

§P; = 8.75 (9.0 / 1000) (5.5) = 0.433 psi

. new Py = 0 + 0.433 = 0.433 psi

The remainder of the analysis is presented in tabular form
below and the pressure buildup within the structure is
plotted in Figure 2A-24.

P Py P-Py cL 8Py
(psi) (psi) (psi) (psi-ft/ms) (psi)
3.50 0. 3.50 8.75 0.433
3.15  0.433  2.72 7.00 0.347
2.80 0.780  2.02 5.45 0.270
2.45  1.05 1.40 3.78 0.187
2.10 1.24 0.86 2.32 0.115
1.75  1.36 0.39 1.05 0.052
1.40 1.41  -0.01 -0.027 -0.0013
1.05  1.41  -0.36 -0.972 -0.048
0.70  1.36  -0.66 -1.78 -0.088
0.35 1.27  -0.92 -2.48 -0.123
0. 1.14  -1.14 -3.50 -0.173
0. 97 -0.97 -3.00 -0.148
0. .82 -0.82 -2.50 -0.124
0. .70 -0.70 -2.25 -0.111
0. .59 -0.59 -2.00 -0.099
0. 49 -0.49 -1.80 -0.089
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1
e P Py P-Py cL 8B4

(ms) (psi) (psi) (psi) (psi-ft/ms) (psi)

88.0 0. .40 -.40 -1.60 -.079
93.5 0. .32 -.32 -1.45 -.071
99.0 0. .25 -.25 -1.30 -.064
104.5 0. .19 -.19 -1.15 -.056
110.0 0. .13 -.13 -1.0 -.050
115.5 0. .08 -.08 -.85 -.042
121.0 0. .04 -.04 -.05 -.025
126.5 0. .01 -.01 -.2 -.01
132.0 0. 0. 0. 0. 0.

(1) Maximum Py occurs between t = 27.5 and t = 33.0 ms
Problem 2A-13 Primary Fragments from Cased Cylindrical Charges
Problem: Determine the average fragment weight for a primary fragment
ejected from a uniform cylindrical steel casing; the total number
of fragments, the design fragment weight and the number of frag-
ments weighing more than the design fragment.
Procedure:
Step 1. Establish design parameters:
a. type of explosive.
b. average casing thickness, t,.
c. average inside diameter of casing, d;.
d. total casing weight, W..
e. confidence level, CL.
Step 2. Determine the value of the explosive constant B for the
given type of explosive from table 2-6. With this value and

the values of t, and d; from step 1, calculate the fragment
distribution M, from

My - Bc05/5d11/3[ 1+ (tc/di)] (eq. 2-37)

Step 3. With the value of M, from step 2, calculate the average
weight of the fragments from

Wp = 2M,2 (eq. 2-40)
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Step 4. Calculate the total number of fragments using the value of
W, from step 1d and M, from step 2 and equation 2-37.

Np = 8W_/M,2 (eq. 2-39)

or: With the values of d; and t, from step 1, enter Figure 2-241 and
determine B“N./W,. From this value, the value of B from step 2
and W, from step 1 find Ny.

Step 5. Find the design fragment weight for the confidence level Cj,
given in step 1, using the value of M, and

We = My2 1n2(1 - ¢p) for Cy £ 0.9999 (eq. 2-42)
or equation 2-43 if C; > 0.9999

Step 6. Using the value of W, from step 1, M, from step 2 and W
from step 5, determine the number of fragments which weigh
more than the design fragment from

SCCAREN N
8w e
Ng = 7 (eq. 2-36)
My

or: Calculate the number of fragments which weigh more than the design
fragment using the confidence level of step 1, the total number of
fragments from step 4 and equation 2-244,

Example 2A-13 Primary Fragments from Cased Cylindrical Charges

Required: The average fragment weight, the total number of fragments, the

design fragment weight and the number of fragments weighing more
than the design fragment.

Solution:

Step 1. Given:
a. type of explosive: Comp B
b. average casing thickness: t_, = 0.50 inch
c. average inside diameter of casing: d; = 12.0 inches
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Step 2.

Step 3.

Step 4.

or:

Step 5.

Step 6.

total casing weight: W, = 65.0 lbs
confidence level: Cy = 0.95

For Comp B, B = 0.22 (table 2-7)

My = Bt,2/%4,1/3(1 + £ /4y) (eq.
- 0.22 (0.5)%/6 (12)1/3 (1 + 0.5/12) = 0.294

Average weight of fragments.

We = 24,2 = 2 X (0.294)2 = 0.17 oz (eq.

Total number of fragments.

Ny = 8W_/M,2 = 8 X 65/0.2942 = 6016 fragments (eq.

2
BNy

- 0.28 (fig.
W

C
Np = 0.28 X (65 X 16)/.222 = 6016 fragments
Design fragment weight.

We = 24,2 1n2(1 - CL) = 0.2942 1n2(1 - 0.95) = 0.78 oz

2-37)

2-40)

2-39)

2-37)

(eq. 2-42)
Number of fragments weighing more than Wg = 0.78 oz.
- [ l/2m,) - (0.78)1/2/0.294
8Wc e (8 X 65) e
Nf- -
M,2 (0.294)2
= 298 fragments (eq. 2-36)
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Problem:

Procedure:
Step 1.
a.

b.

Step 2.

Step 3.

or:

Step 4.
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Cp = 1 - Ng/Np (eq. 2-44)
Ng = Np (1 - G) = 6016 (1 - 0.95) = 301 fragments
Problem 2A-14 Primary Fragment Velocity

Determine the initial velocity of a primary fragment and its
striking velocity.

Establish design parameters.

shape of charge

dimensions of charge

type and density of explosive

type and density of casing

distance from center of charge to impact location

welght of fragment
Calculate the total weight of the explosive W and increase
it 20%. Find the weight of the casing W,. Also calculate
the ratio of the explosive weight to the casing weight W/W..
Determine the Gurney Energy Constant (2E')1/2 for the explo-
sive charge from table 2-5. With this value and the value
of W/W, from step 2, calculate the initial v, of the primary
fragments from the equation chosen from table 2-6.
Calculate the casing to charge weight ratio W, /W. With
W./W, find the initial velocity from Figure 2-237 for proper
shape.
For the distance traveled by the fragment Rg, calculate the
striking velocity v, using the initial velocity from step 3,

the weight of the fragment from step lg and

1/3
-.004 Rg/Wel/
Vg = Ve (eq. 2-48)
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or:

With the fragment weight Wg and striking distance Rg from
step 1, enter Figure 2-243 and find the ratio of the strik-
ing velocity to initial velocity. Multiply the ratio by the
initial velocity v, from step 3 to find the striking veloci-
ty vg.

o

Example 2A-14 Primary Fragment Velocity

Required: The initial velocity and striking velocity of a primary fragment.

Solution:
Step 1.
a.
b.
c.
d.
Step 2.
a.
b.
d.
Step 3.

Given:

spherical charge

inner diameter of charge: d; = 6 inches
average casing thickness: t, = 0.25 inches
type of explosive TNT

density of explosive = 0.0558 1b/in3

mild steel casing

density of casing = 0.283 lb/in3

striking distance Ry = 35 ft.

weight of fragment, Wg = 2 oz

weight of the explosive

W=4/37 (6/2)3 X 0.0558 = 6.31 1bs
Increase weight of explosive 20 percent
W=120X6.31 =7.57 1b

Weight of casing

W, =4/3m (3.53 - 33) X 0.283 = 18.82 1b
Explosive weight to casing weight ratio.
W/W, = 7.57/18.82 = 0.402

For INT, (2E')1/2 = 8000 (table 2-5)

Initial velocity from table 2-6
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W 172

vy = (2E7)1/2
1 + (3W/5W,)

0.40 172
} = 4500 ft/sec

v, = (8000)
1 + 0.40 (3/5)

or: W./W = 18.82/7.57 - 2.49

from Figure 2-237
vo/(2E)1/2 = 0.56
vy = 0.56 X 8000 = 4500 ft/sec
Step 4. Striking velocity

-0.004 Rg/wgl/3 -0.004 x (35/2)1/3
Vg = vg,e = 4500 e (eq. 2-48)

vg = 4030 fr/sec

or: from Figure 2-243

Vg/Vy = 0.895

v = 0.895 X 4500 = 4030 ft/sec
Problem 2A-15 Unconstrained Secondary Fragments "Close" to a Charge

Problem: Determine the velocity of an unconstrained object close to an
explosive charge and its maximum range.

Procedure:
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Step 1.

a.

b.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Establish design parameters

weight W and shape of TNT equivalent explosive
radius of explosive R,

shape, dimensions and weight of target

distance from the center of the explosive charge to the
surface of the target, R

orientation of target with respect to the explosive charge
mass density of air p,

Calculate the ratio of standoff distance to radius of the
explosive R/R, using the values from step 1.

From Figure 2-249, determine target shape factor, B.

If R/R, is less than or equal to 10 for cylindrical charges,
or less than equal to 5.0 for spherical charges, determine
the specific acquired impulse either from Figure 2-250 or
equations 2-60, or 2-61.

If 10 < R/R, < 20 for a cylindrical charge, or 5 < R/R, £ 20
for a spherica% gharge, calculate the scaled standoff dis-
tance Z, = R/W /3. With that value of Zp, obtain the normal
reflected impulse from Figure 2-7. The normal reflected
impulse is then used as the specific acquired impulse.

Calculate the mean presented area A of the target and the
mass M using the values of step 1.

With the area and mass from step 4, the target shape factor
B from step 2 and the impulse from step 3, calculate the
velocity from

1000 ARi
v, = _ (eq. 2-59)
12 M

Determine the drag coefficient C from table 2-8. Using
that value of Cp, the area and mass of the target from step
5, the velocity from step 6 and the mass density of air from
step 1f,

evaluate the term: 12 pOCDADvoz/Mg.
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Step 8. With the term calculated in step 7, enter Figure 2-252 and
read the value of 12 p CpApR/M from which the range R is
calculated.

Example 2A-15 Unconstrained Secondary Fragments "Close" to a Charge

Required: The velocity and maximum range of a steel tool holder resting on a
lathe when a charge being held by the lathe explodes.
Solution:
Step 1. Given:
a. spherical charge of TNT
W =15 1lbs
b. radius of explosive: R, = 0.33 ft
c. cylindrical target; length = 8.0 in
R = 1.0 in = 0.083 ft
. We =7.13 1b
d. standoff distance: R = 1.0 ft
e. tool holder is resting so that its longitudinal axis is
perpendicular to the radial line from the charge
f. mass density of air: p, = 0.115 1b - msz/ina
Step 2. Ratio of standoff distance to radius of explosive:
R/R, = 1.0/0.33 = 3,03
Step 3. Target shape factor.
B = m/4 from Figure 2-512
Step 4. Determine specific acquired impulse

a, i R, |0-158 psi-ms

= 8000
BReff Rt ft

(£ig 2-250)

b.  Rgep = Ry = 0.33 ft (eq. 2-61)
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Step 5.

Step 6.

Step 7.

b.

Step 8.

i = m/&4 (0.33 ft) (0.08370.33)0-158 x 8000 psi-ms/ft
i = 1667 psi-ms
Calculate area and mass of target.
Mean presented area
A=2.01inX 8.0 in = 16 in?
Mass
W, 7.13 1b 1b-ms?

M= - = 18,450
g 32.2 x 12x10'61n/ms2 in

Find the velocity.

1000 ABi = 1000 X 16 X (m/4) X 1667
v, = (eq. 2-59)
12 M 12 X 18450

Vo = 95 ft/sec

Evaluate the term 12 p, CDADvoz/Mg.

Cp = 1.2 (table 2-8)
12p,CpApY, 2 0.115 (1.2) (16) (95)2 12 o o
Mg 18450 X 32.2 '

Calculate the range.

12 p,CpApR

- 0.33 (fig. 2-252)
M

R = 0.33M/(12p,CpAp)

= 0.33 (18450)/{12 (0.115) 1.2 (16)] = 230 ft.
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Problem: 2A-16 Unconstrained Secondary Fragments "Far" from a Charge

Problem: Determine the velocity of an unconstrained object "far" from an
explosive charge.

Procedure:

Step 1.

Step 2.

Establish design parameters:
weight W of TNT equivalent explosive
shape, dimensions and weight of target

distance from the center of explosive charge to surface of
the target

orientation and location of target with respect to the
explosive charge

velocity of sound in air, aj

atmospheric pressure, p,

Calculate the scaled standoff distance from:

- 1/3
Z, = Ry/ul/

From Figure 2-7. and the scaled distance find the peak incident
overpressure and the incident specific impulse.

Step 3.

Step 4.

Step 5.

Step 6.

Determine the drag coefficient Cp from table 2-8 based on
the shape and orientation of target (step 1).

Calculate the mass of the target. Determine the distance
from the front of the target to the location of its largest
cross-sectional area, X. Also, determine the minimum trans-
verse distance of the mean presented area, H, and the pre-
sented area.

Determine the constant K, which is equal to 4 if the object
is on the ground or reflecting surface. If the target is in

the air, K is equal to 2.

With the peak incident overpressure P., from step 2 and the
atmospheric pressure p, from step 1f, find Pg,/p,.
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Step 7.

Step 8.

Evaluate the term 12CDisao/103[Pso(KH + X)] using i and P,
from step 2, Cp from step 3, a, from step le, K from step 5
and H and X from step 4.

o

With two terms calculated in steps 6 and 7 enter Figure 2-
248 and read l44v Ma_/[10%P A(KH + X)] from which the veloc-
ity is calculated.

Example 2A-16 Unconstrained Secondary Fragments "Far" from Charge

Required: The initial velocity of a steel tool holder resting on a nearby
table, when a charge explodes.

Solution:

Step 1. Given:
a,

b.

Step 2.

weight of explosive: W = 15 lbs of TNT

cylindrical target: length = 8.0 in
R, = 1.0 in
We =7.13 1b

standoff distance: R =10 ft

tool holder is resting on a table so that its longitudinal
axis is perpendicular to the radial line from the charge

velocity of sound in air: aj = 1100 ft/sec
atmospheric pressure: p, = 14.7 psi

Find the peak incident overpressure and the incident specif-
ic impulse.

Scaled distance

zy = R/WL/3 = 10/(15)1/3 = 4,05 fe/1pl/3

Peak incident overpressure.

Pgo = 39 psi (fig. 2-7)
Incident specific impulse.

ig/W/3 = 12 psi-ms/1b1/3 (fig. 2-7)

ig = 12 (15)1/3 = 29.6 psi-ms
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Step 3. Drag coefficient.
Cp = 1 (from table 2-8 for cylinder loaded perpendicu-
lar to axis.)
Step 4. a. Mass of target.
W, 7.13 1b 1b-ms?
M = - = 18,450
g 32.2 x 12x10°8 in/ms2 in
b. Location of largest cross-section.

X = 1 in (radius of object in this case - see fig. 2A-21)
c. Transverse distance of presented area.

H=2.0 in (diameter of object in this case - see fig. 2A-
25).

d. Mean presented area.
A=2X8 =16 in?
Step 5. Reflection constant.
Target is resting on table which is a reflecting surface so:
K =4
Step 6. Evaluate P../p,

Pgo/Po = 39/14.7 = 2.65

Step 7. Evaluate 12CDisao/[1O3PSo (KH + X)]
12Cpiga, 12 (1.2) (29.6) (1100) L 3
103 P, (KH + X) 103 (39) (2 X4+ 1)
Step 8. Calculate the velocity.
144 v M,a,
=6.0 (fig. 2-248)

10 p A (KH + X)

6.0 p,A (KH + X) 108 108 (6.0)(14.7)(16)(2 X 4 + 1)
. - ) |

144 Ma, (144)(18450) (1100)

Vo = 4.34 ft/sec
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Problem 2A-17 Constrained Secondary Fragments

Problem: Determine the velocity of a constrained object close to an explod-
ing charge.
Procedure:
Step 1. Establish design parameters:
a. fragment material.
b. dimensions of object.
c. boundary condition, cantilever or fixed-fixed.
d. specific impulse imparted to object.
Step 2. Determine the fragment toughness T from table 2-9 and the

fragment mass density pg.

Step 3. Calculate the loaded area of the object.

Step 4. Evaluate the term ib (2L/b)0'3/[A(pf T)O‘S] ,using the spe-
cific impulse and object dimensions from step 1, the frag-
ment density and toughness from step 2 and the loaded area
from step 3. With this term, enter Figure 2-251 and read
the value of 12V/1000 (pf/T)O'5 from which the velocity is
calculated.

or: Using the specific impulse and object dimensions from step
1, the fragment density and toughness from step 2, and the
loaded area from step 3. calculate the velocity of the
object from equation 2-66.

Example 2A-17 Constrained Secondary Fragments

Required: The velocity of a cylindrical tool holder after it breaks free of
its moorings.

Solution:
Step 1. Given:

a. fragment material; A36 steel

b. dimensions of object: b = 2.0 inches
L = 8.0 inches

c. boundary conditions; cantilever

d. specific impulse: i = 1667 psi-ms (see step 4 of example 2A-

15).
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Step 2.
a. Fragment toughness.
T = 12,000 in-1b/in3 (table 2-9)
b. Mass density of steel.
490 1b/ft3 (££3/1728 in3d) 1b-ms2

PE = = 734
32.2 ft/s? (12 in/ft)(s2/10%ms2) in%

Step 3. Loaded area.
A= w2 -m (1.0)2 - 3.14 in?

Step 4. Calculate the velocity.

ib 21.|0.3 1667 x 2.0 2 x g|0.3
- 0.668

AT | b 3.14(734 x 12,000)0-5 2

from Figure 2-251
12/1000 [pg/T]Y/2 v = 0.025

SO

1000 T ,1/2 1000 - 12,000 1/2
Ve —  |— 0.025 = [ } 0.025 = 8.4 fps
12 |pg 12 734
or from equation 2-66
1000 , T 1/2 ib 21, 0.3
Voe—0 |[— -.2369 + 0.3931
12 pg (p¢T )1/ 24 b
1000 12,000 |[1/2
- (-.2369 + 0.3931 X 0.668)
12 734
V =28.6 fps
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Problem 2A-18 Ground Shock Load
Problem: Determine the air blast and direct induced ground shock param-
eters,

Procedure: Air blast-induced ground shock.

Step 1. Determine the charge weight, ground distance R, height of
burst H,, if any, and structure dimensions.

Step 2. Apply a 20% safety factor to the charge weight.
Step 3. Calculate the scaled distance Z.

Read: From fig. 2-15

a. Peak positive incident pressure P ..
b. Scaled unit positive incident impulse is/W1/3. Multiply
scaled value by wl/3 to obtain absolute value.
c. Shock front velocity U.
Step 4. Determine the maximum vertical ground motions.
a. Calculate maximum vertical velocity.
Pso
Vy = —— (eq. 2-74)
P Cp
where:
p = Mass density of soil (table 2-10)
Cp = Compression wave seismic velocity in the soil
(table 2-11)
b. Calculate maximum vertical displacement
ig
Dy = —MM— (eq. 2-74)
1,000 p Cp

2A-89



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

c. Calculate maximum vertical acceleration of the ground surface.

where:

Step 5.

Step 6.

b.

100P

Ay = (eq.

P Cpg

g = Gravitational constant equal to 32.2 ft/sec2

2-76)

Determine the maximum horizontal ground motions parameters.

Check Cp/12000 U > .707

Calculate maximum horizontal velocity.

Vy = Vytan [sin"1 (C,/12,000 V)] (eq.

Calculate maximum horizontal displacement.

Dy = Dytan [sin’! (€p/12,000 U)] (eq.

Calculate maximum horizontal acceleration.

Ay = Aytan [sin'l(Cp/12,000 U)] (eq.

Determine arrival time t, and duration to:
Read from fig. 2-15.
tA/wl/3 scaled time of arrival of blast wave and,

to/wl/3 scaled duration of positive phase.

Multiply scaled value by wl/3 to obtain absolute value.

Direct-Induced Ground Shock

Step 7.

a.

Determine the maximum vertical ground motions.

Calculate maximum vertical displacement.

2A-90
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or

Step 8.

or

Step 9.
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0.025 Ry1/3wl/3
Dy = (eq. 2-80, rock media)
ZG1.3

0.17 R/ 3wl/3

Dy = 23 (eq. 2-83, dry or saturated soil)
2 .
G

Calculate the maximum vertical velocity.

Vy = 15072513 (eq. 2-85)
Calculate the maximum vertical acceleration.

Ay = 10,000/w/3z.2 (eq. 2-87)
Determine the maximum horizontal ground motion parameters.
Calculate the maximum horizontal displacement.

Dy = 0.5 Dy (eq. 2-82, rock media)

Dy = Dy (eq. 2-84, dry or saturated soil)
Calculate the maximum horizontal velocity.

Vg = Wy (eq. 2-86, all ground media)
Calculate the maximum horizontal acceleration.

Ay = 0.5 Ay (eq. 2-88, dry soil)
Ay = Ay (eq. 2-89, wet soil or rock media)

Determine arrival time tag:
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tac = 12000 Rg/C, (eq. 2-92)

Example 2A-18 Ground Shock Loads

Required: Maximum acceleration, velocity, and displacement at a point 155
ft. away from a surface burst of 5,000 lbs. Also required are:
times of arrival and duration of air-blast induced ground shock.

Solution:

Air blast-induced ground shock.
Step 1. Given: Charge weight = 5,000 1bs., R = 155 ft., H, = 12 ft.
Step 2. W=1.2 (5,000) = 6,000 1lbs.
Step 3. Calculate the scaled distance Z.
R 155
Z = - - 8.53 fr/1bl/3
wl/3  (6,000)1/3
Read from Figure 2-15,
a. P,o = 13 psi
ig
—_— = 9 psi-ms/lbl/3
wl/3
i, = 9 x w/3 =9 x (6,000)1/3 = 163.54 psi-ms
c. U=1.5 ft/ms
Step 4. Determine the maximum vertical ground motion.
Pso
a. Vg = —— (eq. 2-74)
P Cp
13
Vy = = 1.125 in/sec
1.65 x 10"% x 70,000
ig
b. Dy = (eq. 2-75)
1,000 p C
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163.5
- = 0.0142 in
1,000 (1.65 x 10°%) 70,000
100 P,
c. Ay = —— (eq. 2-76)
P Cpe
100 x 12.8
Ay = - 344 g
v 4
(1.65 x 1077) 70,000 x 32.2
Step 5. Determine the maximum horizontal ground motion.

a. Check Cp/12000 U > .707

70,000/12,000 x 1.5 = 3.89 > .707

b. Vg = Vy = 1.125 in/sec
c. Dy = Dy = 0.0142 in
d.  Ag=Ay=3.4g
Step 6. Arrival time t,
a. Read from Figure 2-15.
ta

1/3
— = 3.35 1b
/3 ms/

to/M/3 = 2.35 ms/1b1/3
b.  ty = 3.35 x w3 = 3.35 (6,000)1/3
ty = 60.90 ms

t, = 2.35 x WL/3 = 2.35 x (6,000)1/3
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Step 7.

Step 8.

ty, = 42.70 ms

Direct-induced ground shock.

Maximum vertical ground motions.

0.17 rgl/3 w1/3

DV-
2.3
Zg
0.17 (155)1/3 (6,000)1/3
- - 0.1198 in
(8.53)2.3
vy = 15072513
Vy = 150 / 8.531-7 < 6.020 in/sec
1/3 , 2
Ay = 10,000 / W1/3 z,
Ay = 10,000 / [ (6,000)1/3 (8.53)2 | = 7.56 ¢

Horizontal ground motions.

Dy = Dy

Dy = 0.1198 in.
Vy = Vy

Vg = 6.020 in/sec

0.5 Ay
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Ay = 0.5 (7.56)

Step 9. Arrival time t,g;

Problem:

Procedure:

Step

Step

Step

Step

Step

Step

tag = 12,000 Rg/C, = (12,000 x 155) / 70,000 (eq. 2-92)

tAG - 26.6 ms
Problem 2A-19 Structure Motion Due to Air Shock

Determine the maximum horizontal acceleration, displacement and
velocity of an above ground structure subjected to air shock.

Determine external loadings acting on the roof, front and
rear walls according to the procedure outlined in problem
2A-10.

Construct the horizontal force-time load curve by combining
the front and rear wall loadings from step 1 applied over
the area of front and rear walls. Use times of arrival to
phase these two loads.

Calculate the dead weight and mass of the structure.

Construct the downward force-time curve by adding the weight
of the structure and total roof load. The roof load is the
pressure time loading from step 1 applied over the total
area of the roof.

5. Determine the coefficient of friction between soil and the
structure from table 2-12.
Determine maximum horizontal acceleration, displacement and

velocity using the acceleration impulse extrapolation method
outlined in Chapter 3, Article 3-19.2.1.2 of this manual.
The resisting force at each time interval is equal to the
value of downward force curve of step 4 multiplied by the
coefficient of friction determined in step 5. The resisting
force is assumed to be effective when the total horizontal
movement is equal to or larger than 1/4 inch as mentioned in
paragraph
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Example 2A-19  Structure Motion Due to Alr Shock

lequired: Maximum horizontal acceleration, velocity and displacement of the
square structure shown in Figure 2A-9 from problem 2A-10 for a
surface burst of 5,000 1lbs at a distance from the front wall of
155 ft. Assume a coarse and compact soil. Roof, floor slab and
side walls are 1 foot thick reinforced concrete slabs and assume a
50 psf of internal dead load for the structure.

Step 1. External loadings on the structure are determined according
to the procedure in example 2A-10. See Figures 2A-10, 2A-12

and 2A-13. The arrival time (tA) for these loads are tabu-
lated in step 3d of example 2A-10.

tag (front wall) = 60.9 ms
tap (rear wall) = 83.6 ms

Step 2. a. Calculate area of front and rear walls.

Area (front and rear) = 30 x 12 x (12)2 = 51840 in2

b. Calculate the time difference between the rear and front
walls from step 1.

St = tpy - tap ~ 83.6 - 60.9 = 22.7 ms
c. Construct the horizontal force-time load curve by multiply-
ing the values of the front and rear wall curves from step 1

by the area from step 2a. Rear wall load starts at time
equal to 6t = 22.7 from step 2b. See Figure 2A-26.

Step 3.

a. Calculate dead weight of structure Wy. Assume concrete
weight is 150 psf.

Wq = 150 [4 (30 - 1) (12-1) + 2 (30)2] + 50 (30-2)2 = 500,600 1bs
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b. Calculate total mass.
Wy 500,600 (1000)2 1b ms? .
m=— = - 1295.55 x 10°
g 32.2 x (12) in
Step 4. a. Calculate area of the roof.

Area (roof) = 302x (12)2 = 129,600 in?

b. Construct the downward force-time curve by multiplying the
values of the roof curve from step 1 by the roof area from
step 4a, and adding the dead weight of structure Wy =
500,600 1bs from step 3a. (If the resulting value is nega-
tive, assume zero). See Figure 2A-27 below.

W
g3
o_ll
'8
1,309,304
100,000 |— 981,971

.500,8600 $00,600

398,347

| STO
|
-
: ~ :l = U 69 032 : TIME, ms
o~ « o o z
Figure 2A-27
Step 5. Coefficient of friction 4 from table 2-12 for coarse and
compact soil.
. 4 =0.60
Step 6. Using the acceleration impulse extrapolation method from

Chapter 3 of this manual determine maximum horizontal accel-
eration, displacement and velocity of the structure due to
load curve (P) from step 2c. Resisting force R is the
friction force produced due to the downward load curve F
from step 4b after an initial lateral translation of 1/4
inch. Use two ms time intervals for extrapolation. The



Problem:

Procedure:

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

Ph - Ry =ma,
Ry = MFy
Xnel = 2Ky - Xnop + ag (60)°
Vo = Vy.1t a, (6%)
where
P = Load at time of step n (step 2c¢)
R, = Resisting Friction Force at time step n
m = Mass from (step 3b)
a_ = Acceleration at time step n
U = Friction coefficient (step 5)
F_. = Downward force at time step n (step 4b)
X, = Deflection at time step n
V. = Velocity at time step n
The maximum motions from Table 2A-3 are:

a .00122 in/ms? << 101.67 ft/sec? << 3.16 g's

max
Vpax = -01231 in/ms << 1.026 ft/sec
Dpay = -355 in

Problem 2A-20 Shock Response Spectra

Construct the elastic shock response spectra for the interior com-
ponents of an above ground structure subject to an external explo-
sion.
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Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

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

Determine maximum acceleration, velocity and displacement
due to ground shock according to procedure outlined in
Problem 2A-18.

Determine maximum acceleration, velocity and displacement
due to air shock according to the procedure outlined in
Problems 2A-10 and 2A-19.

Determine if the ground shock is outrunning or superseismic
(paragraph 2-23.2). For outrunning ground shock the maximum
values of displacement, velocity and acceleration in hori-
zontal and vertical directions are the algebraic summation
of the maximum motions from steps 1 and 2. Otherwise pro-
ceed to step 4.

For superseismic ground shock the maximum values of dis-
placement, velocity and acceleration are the numerically
larger values of direct-induced ground shock or the algebra-
ic sum of the maximum motions from air shock and airburst
induced ground shock.

Calculate the magnitude of acceleration, velocity and dis-
placement for response spectra in horizontal and vertical
directions by multiplying the maximum values of motions from
step 3 or step 4 by their appropriate factor from paragraph
2-24.3.

Draw the horizontal and vertical shock response spectras.

Example 2A-20 Shock Response Spectra

Required: Shock response spectra for the structure defined in Examples 2A-18
and 2A-19.

Solution:

Step 1.

Maximum values of motion in vertical and horizontal direc-
tions due to ground shock according to the procedure out-
lined in Example 2A-18 are:

Air blast-induced

Vy = Vy = 1.125 in/sec

Dy = Dy = .014 in

Direct-induced
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Ay =3.78 g
Ay = 7.56 g
Vg = Vy = 6.02 in/sec
Dy = Dy = .120 in
Step 2. Maximum horizontal acceleration, velocity and displacement

due to air shock following the procedure outlined in Exam-
ples 2A-10 and 2A-19.

Apax = 3.16 g

Vpax = 12.31 in/sec

Dpax = .355 in
Step 3. a. Check for outrunning ground shock
From Example 2A-18
Tpc = 26.6 ms

TA = 60.9 ms

. Tpg < Tp Outrunning ground shock
b. Add the values of maximum motions from step 1 and step 2.
max — 3-16 + 3.44 + 3,78 = 10.38 g
VH max — 12.310 + 1.108 + 6.020 = 19.438 in/sec
Dy = .355 + .014 + .120 = .489 in

max

and
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Ay max = 3-44 + 7.56 = 11.00 g

Vy gax = 1.108 + 6.020 = 7.128 in/sec

Dy pax = -014 + .120 = .134 in

Step 4. Does not apply, the ground shock is not superseismic.

Step 5. Magnitude of the motions for response spectra.
Ay = 10.38 x 2.0 = 20.76 g
Vg = 19.438 x 1.5 = 29.157 in/sec

489 x 1.0 = 489 in

o
=]
1

and
AV - 11.00 x 2.0 = 22.00 g

7.128 x 1.5 = 10.692 in/sec

<
<
I

Dy = .134 x 1.0 = .134 in

Step 6. See the shock response spectra for the values from step 6 in
Figure 2A-28.
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APPENDIX 2B

LIST OF SYMBOLS
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a (1) acceleration (in./msz)
(2) depth of equivalent rectangular stress block (in.)
(3) 1long span of a panel (in.)

a, velocity of sound in air (ft./sec.)

ay acceleration in x direction (in./msz)

ay acceleration in y direction (in./msz)

A (1) area (in.2)
(2) explosive composition factor (oz.l/z-in.'3/2)

Ay area of diagonal bars at the support within a width b (in.z)

Ap area of reinforcing bar (in.z)

Ag (1) door area (in.?) )
(2) area of diagonal bars at the support within a width b (in.%)

Ap drag area (in.z)

Af net area of wall excluding openings (ft.2)

Ag area of gross section (in.2)

Ay maximum horizontal acceleration of the ground surface (g’s)

Aq area of longitudinal torsion reinforcement (in.z)

Ar lift area (in.2)

A, (1) net area of section (in.z) 5
(2) area of individual wall subdivision (ft.<)

Ay area of openings (ft.z)

Aps area of prestressed reinforcement (in.z)

Ag area of tension reinforcement within a width b (in.z)

Ay’ area of compression reinforcement within a width b (in.z)

Ag- area of rebound reinforcement (in.z)

Agy area of flexural reinfor?emgnt within a width b in the horizontal
direction on each face (in.<)

ASp area of spiral reinforcement (in.2)

Age total area of reinforcing steel (in.z)

Agy area of flexural reinforcement within a width b in the vertical

direction on each face (in.2)

* See note at end of symbols 2B-1
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area of one leg of a closed tie resisting torsion within a distance
s (in.*%)

total area of stirrups or lacing reinforcement in tension within a

distance, sg or s) and a width by or by (in.%)

maximum vertical acceleration of the ground surface (g’s)

area of wall (ft.2)

area of sector I and II, respectively (in.z)

(1) width of compression face of flexural member (in.)

(2) width of concrete strip in which the direct shear stresses at
the supports are resisted by diagonal bars (in.)

(3) short span of a panel (in.)

width of fragment (in.)

width of concrete strip in which the diagonal tension stresses are
resisted by stirrups of area A, (in.)

width of concrete strip in which the diagonal tension stresses are
resisted by lacing of area A, (in.)

failure perimeter for punching shear (in.)

center-to-center dimension of a closed rectangular tie along b (in.)

explosive constant defined in table 2-7 (oz.l/2 in.'7/6)

(1) distance from the resultant applied load to the axis of rotation
(in.)

(2) damping coefficient

(3) width of column capital (in.)

distance from the resultant applied load to the axis of rotation for
sectors I and II, respectively (in.)

dilatational velocity of concrete (ft./sec.)

(1) shear coefficient
(2) deflection coefficient for flat slabs

deflection coefficient for the center of interior panel of flat slab
critical damping

shear coefficient for ultimate shear stress of one-way elements

drag coefficient

drag pressure (psi)
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peak drag pressure (psi)
equivalent load factor
post-failure fragment coefficient (1b.2-msa/in.8)

shear coefficient for ultimate shear stress in horizontal direction
for two-way elements

(1) leakage pressure coefficient from Figure 2-235
(2) deflection coefficient for midpoint of long side of interior

slab panel
(3) 1lift coefficient

maximum shear coefficient
equivalent moment correction factor

compression wave seismic velocity in the soil from Table 2-10
(in. /sec.)

sound velocity in reflected region from Figure 2-192 (ft./ms)
force coefficient for shear at the corners of a window frame
peak reflected pressure coefficient at angle of incidence a
shear coefficient for ultimate support shear for one-way elements

shear coefficient for ultimate support shear in horizontal direction
for two-way elements

shear coefficient for ultimate support shear in vertical direction
for two-way elements

deflection coefficient for midpoint of short side of interior flat
slab panel

impulse coefficient at deflection Xy (psi-msz/in.z)
impulse coefficient at deflection X (psi-msz/in.z)

shear coefficient for ultimate shear stress in vertical direction for
two-way elements

shear coefficient for the ultimate shear along the long side of
window frame

shear coefficient for the ultimate shear along the short side of
window frame

confidence level

* See note at end of symbols 2B-3
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C1 (1) impulse coefficient at deflection X4 (psi-msz/in.z)
(2) ratio of gas load to shock load
c' impulse coefficient at deflection X (psi-msz/in.z)
Co ratio of gas load duration to shock load duration
d (1) distance from extreme compression fiber to centroid of tension
reinforcement (in.)
(2) diameter (in.)
(3) fragment diameter (in.)
d’ distance from extreme compression fiber to centroid of compression
reinforcement (in.)
dy diameter of reinforcing bar (in.)
d. distance between the centroids of the compression and tension
reinforcement (in.)
d.H distance between the centroids of the horizontal compression and
tension reinforcement (in.)
d.o diameter of steel core (in.)
d.y distance between the centrolds of the vertical compression and
tension reinforcement (in.)
de distance from support and equal to distance d or dc (in.)
dy average inside diameter of explosive casing (in.)
d;’ adjusted inside diameter of casing (in.)
dp distance between center lines of adjacent lacing bends measured
normal
to flexural reinforcement (in.)
dp distance from extreme compression fiber to centroid of prestressed
reinforcement (in.)
dSp depth of spalled concrete (in.)
dq diameter of cylindrical portion of primary fragment (in.)
D (1) wunit flexural rigidity (lb-in.)
(2) location of shock front for maximum stress (ft.)
(3) minimum magazine separation distance (ft.)
(4) caliber density (1b/in.3)
(5) overall diameter of circular section (in.)
(6) damping force (1lb.)
(7) displacement of mass from shock load (in.)
Dg equivalent loaded width of structure for non-planar wave front (ft.)
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DH maximum horizontal displacement of the ground surface (in.)
DIF dynamic increase factor
Dg diameter of the circle through centers of reinforcement arranged in a

circular pattern (in.)

Dsp diameter of the spiral measured through the centerline of the spiral
bar (in.)

DLF dynamic load factor

Dy maximum vertical displacement of the ground surface (in.)

e (1) base of natural logarithms and equal to 2.71828...

(2) distance from centroid of section to centroid of prestressed
reinforcement (in.)
(3) actual eccentricity of load (in.)
ey balanced eccentricity (in.)

28+1/2 Gurney Energy Constant (ft./sec.)

E (1) modulus of elasticity
(2) internal work (in.-1lbs.)

E, modulus of elasticity of concrete (psi)

Ep modulus of elasticity of masonry units (psi)
Eg modulus of elasticity of reinforcement (psi)
f (1) wunit external force (psi)

(2) frequency of vibration (cps)

f.’ static ultimate compressive strength of concrete at 28 days (psi)

L dynamic ultimate compressive strength of concrete (psi)

fam' dynamic ultimate compressive strength of masonry units (psi)

fas dyn?mic design stress for reinforcement (a function of fy, f, and ©)
(psi)

fdu dynamic ultimate stress of reinforcement (psi)

fdy dynamic yield stress of reinforcement (psi)

static ultimate compressive strength of masonry units (psi)

£, natural frequency of vibration (cps)

fps.) average stress in the prestressed reinforcement at ultimate load

psi
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specified tensile strength of prestressing tendon (psi)

yield stress of prestressing tendon corresponding to a 1 percent
elongation (psi)

reflection factor

static design stress for reinforcement (psi)

effective stress in prestressed reinforcement after allowances for
prestress losses (psi)

static ultimate stress of reinforcement (psi)

static yield stress of reinforcement (psi)

(1) total external force (lbs.)

(2) coefficient for moment of inertia of cracked section
(3) function of Cy and €] for bilinear triangular load
force in the reinforcing bars (1lbs.)

equivalent external force (lbs.)

drag force (lbs.)

frictional force (lbs.)

lift force (lbs.)

vertical load supported by foundation (lbs.)

acceleration due to gravity (32.2 ft./sec.z)

shear modulus (psi)

(1) charge location parameter (ft.)
(2) height of masonry wall

average clearing distance for individual areas of openings from
Section 2-15.4.2

center-to-center dimension of a closed rectangular tie along h (in.)

clear height between floor slab and roof slab

(1) span height (in.)*

(2) distance between reflecting surface(s) and/or free edge(s) in
vertical direction (ft.)

(3) minimum transverse dimension of mean presented area of object

(ft.)

height of charge above ground (ft.)

* See note at end of symbols 2B-6
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H height of structure (ft.)

Hp height of triple point (ft.)

H, height of wall (ft.)

H, heat of combustion (ft.-1b./1b.)

Hy heat of detonation (ft.-1b./1b.)

i unit positive impulse (psi-ms)

i, sum of blast impulse capacity of the receiver panel and the least
impulse absorbed by the sand (psi-ms)

i,, Dblast impulse capacity of receiver panel (psi-ms)

i unit negative impulse (psi-ms)

Ea sum of scaled unit blast impulse capacity of receiver panel and scaled
unit blast impulse attenuated through concrete and sand in a composite
element (psi-ms/lb.l/ )

ib unit blast impulse (psi-ms)

Ib scaled unit blast impulse (psi-ms/lb.1/3)

Iba scaled unit blast impulse capacity of receiver panel of composite

element (psi-ms/lb.1/3)

Ibd scaled unit blast impulse capacity of donor panel of composite

element

(psi-ms/1b.1/3y
Ibt total scaled unit blast impulse capacity of composite element
(psi-ms/1b.1/3)

i, impulse capacity of an element (psi-ms)

iq total drag and diffraction impulse (psi-ms)

i, unit excess blast impulse (psi-ms)

ifg required impulse capacity of fragment shield (psi-ms)

ig gas impulse (psi-ms)

i, unit positive normal reflected impulse (psi-ms)

i.” unit negative normal reflected impulse (psi-ms)

lra peak reflected impulse at angle of incidence a (psi-ms)

ig unit positive incident impulse (psi-ms)
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IcH

IcV

KL

unit negative incident impulse (psi-ms)
impulse consumed by fragment support connection (psi-ms)

(1) moment of inertia (in.A/in. for slabs) (in.a for beams)
(2) total impulse applied to fragment

average of gross and cracked moments of inertia (in.h/in. for slabs)
(1n.4 for beams)

moment of inertia of cracked concrete section (in.a/in. for slabs)
(in.4 for beams)

momezt of inertia of cracked concrete section in horizontal direction
(in."/in.)

moment of inertia *of cracked concrete section in vertical
direction (in."/in.)

moment of inertia of gross concrete section (in.a/in. for slabs)
(in.4 for beams)

2

mass moment of inertia (lb.-ms“-in.)

moment of inertia of net section of masonry unit (in.a)
gross moment of inertia of slab (in.a/in.)
impulse consumed by the fragment support connection (psi-ms)

gross moment of inertia of wall (in.a/in.)

ratio of distance between centroids of compression and tension forces
to the depth d

(1) constant depending on the casing metal
(2) effective length factor

velocity decay coefficient

(1) wunit stiffness (psi/in. for slabs) (1b./in./in. for beams)
(1b./in. for springs)

(2) constant defined in paragraph 2-18.2

elastic unit stiffness (psi/in. for slabs) (lb./in./in. for beams)

elasto-plastic unit stiffness (psi/in. for slabs) (1lb./in./in. for
beams)

(1) equivalent elastic wunit stiffness (psi/in. for slabs)
(1b./in./ in. for beams)
(2) equivalent spring constant (lb./in.)

load factor

* See note at end of symbols 2B-8
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Kim load-mass factor
(Kyp), load-mass factor in the ultimate range

(KLM)up load-mass factor in the post-ultimate range

Ky mass factor
Kp resistance factor
Kg kinetic energy
1 charge location parameter (ft.)
1 (1) length of the yield line (in.)
(2) width of 1/2 of the column strip (in.)
14 basic development length of reinforcing bar (in.)
1dh development length of hooked bar (in.)
1. length of cylindrical explosive (in.)
lp spacing of same type of lacing bar (in.)
1S span of flat slab panel (in.)
L (1) span length (in.)*

(2) distance between reflecting surface(s) and/or free edge(s) in
horizontal direction (ft.)

length of cylinder (in.)

cyl

L¢ length of fragment (in.)

Ly clear span in short direction (in.)

L1 length of lacing bar requried in distance sy (in.)
Ly clear span in long direction (in.)

Lo embedment length of reinforcing bars (in.)

unsupported length of column (in.)
wave length of positive pressure phase (ft.)
wave length of negative pressure phase (ft.)
clear span in long direction (in.)

clear span in short direction (in.)

Sl

* See note at end of symbols 2B-9
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Lyb: Lyg wave length of positive pressure phase at points b and d,

L

m

respectively (ft.)

total length of sector of element normal to axis of rotation (in.)
(1) unit mass (psi- msz/in for slabs) [beams, (lb./in-msz)/in.]
(2) ultimate unit moment (in. 1bs /in.)

(3) mass of fragment (lbs.-ms /in )

average of the effective elastic and plastic unit masses (psi-msz/in.
for slabs) [beams, (lb./in-ms?)/in]

effective unit mass (psi-msz/in. for slabs) [beams, (lb/in-msz)/in]
mass of spalled fragments (psi-msz/in.)

effective unit mass in the ultimate range (psi- msz/ln for slabs)
[beams, (lb/in-ms ]/in ]

effective unit mass in the post-ultimate range (psi-msz/in.)
(1) unit bending moment (in.-lbs./in. for slabs) (in.-1lbs. for

(2) total mass (1b.-m52/in.)
(3) design moment (in.-1lbs.)

effective total mass (lb.-msz/in.)

ultimate unit resisting moment (in.-1bs./in. for slabs) (in.-1lbs.
for beams)

ultimate unit rebound moment (in.-lbs./in. for slabs) (in.-lbs.
for beams)

moment of concentrated loads about line of rotation of sector
(in.-1bs.)

fragment distribution factor
equivalent total mass (lb.-msz/in.)

ultimate unit negatlve moment capacity in horizontal direction
(in.-1bs./in. )

ultimate unit 2051t1ve moment capacity in horizontal direction
(in.-1lbs./in.)

total panel moment for direction H and L respectively (in.-1bs.)

ultimate unit negative moment capacity at supports (in.lbs./in.
for slabs) (in.-1bs. for beams)

ultimate unit positive moment capacity at midspan (in.-1lbs./in.
for slabs) (in.-lbs. for beams)

* See note at end of symbols 2B-10
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ultimate unit Qegative moment capacity in vertical direction
(in.-1bs./in.)

ultimate unit gositive moment capacity in vertical direction
(in.-1bs./in.)

value of smaller end moment on column
value of larger end moment on column
(1) modular ratio

(2) number of time intervals

(3) number of glass pane tests

(4) caliber radius of the tangent ogive of fragment nose

(1) number of adjacent reflecting surfaces
(2) nose shape factor

number of primary fragments larger than Wg
axial load normal to the cross section

total number of fragments

reinforcement ratio equal to A /bd or A /bd,
reinforcement ratio equal to A ’'/bd or A '/bd,

reinforcement ratio producing balanced conditions at ultimate

ambient atmospheric pressure (psi)

prestressed reinforcement ratio equal to Aps/bdp

mean pressure in a partially vented chamber (psi)

peak mean pressure in a partially vented chamber (psi)
average peak reflected pressure (psi)

reinforcement ratio in horizontal direction on each face*
total reinforcement ratio equal to py + py

reinforcement ratio in vertical direction on each face™
distributed load per unit length

(1) pressure (psi)
(2) concentrated load (lbs.)

negative pressure (psi)

critical axial load causing buckling (lbs.)

* See note at end of symbols 2B-11
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Pg maximum gas pressure (psi)

Py interior pressure within structure (psi)

6Pi interior pressure increment (psi)

Pe fictitious peak pressure (psi)

Prax maximum average pressure acting on interior face of wall (psi)
P, (1) peak pressure (psi)

(2) maximum axial load (lbs.)
(3) atmospheric pressure (psi)

P, peak positive normal reflected pressure (psi)

| peak negative normal reflected pressure (psi)

Pra peak reflected pressure at angle of incidence a (psi)
PriB maximum average pressure on backwall (psi)

Py positive incident pressure (psi)

Pgy, Pge pPositive incident pressure at points b and e, respectively (psi)

Pso peak positive incident pressure (psi)

Peo™ peak negative incident pressure (psi)

Psob:Psod:

Pooe peak positive incident pressure at points b, d, and e, respectively
(psi)

P, ultimate axial load at actual eccentricity c¢ (lbs.)

| ultimate load when eccentricity ey, 1s present (lbs.)

Py ultimate load when eccentricity'ey is present (1lbs.)

q dynamic pressure (psi)

9.9 dynamic pressure at points b and e, respectively (psi)

q, peak dynamic pressure (psi)

Qob+9pe Peak dynamic pressure at points b and e, respectively (psi)

r (1) wunit resistance (psi)

(2) radius of spherical TNT [density equals 95 1b./ft.3) charge
(ft.)

(3) radius of gyration of cross section of column (in.)
r- unit rebound resistance (psi, for slabs) (1b./in. for beams)
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dynamic resistance available (psi)

change in unit resistance (psi, for slabs) (1lb./in. for beams)
radius from center of impulse load to center of door rotation (in.)
uniform dead load (psi)

elastic unit resistance (psi, for slabs) (1lb./in. for beams)
elasto-plastic unit resistance (psi, for slabs) (1b./in. for beams)
ultimate unit resistance of fragment shield (psi)

tension membrane resistance (psi)

ultimate unit resistance (psi, for slabs) (1b./in. for beams)
post-ultimate unit resistance (psi)

radius of hemispherical portion of primary fragment (in.)

(1) total internal resistance (lbs.)

(2) slant distance (ft.)

(3) ratio of S/G

(4) standoff distance (ft.)

effective radius (ft.)

(1) distance traveled by primary fragment (ft.)
(2) distance from center of detonation (ft.)

uplift force at corners of window frame (lbs.)

radius of lacing bend (in.)

target radius (ft.)

normal distance (ft.)

equivalent total internal resistance (lbs.)

ground distance (ft.)

total ultimate resistance (1lb.)

total internal resistance of sectors I and II, respectively (lbs.)
(1) sample standard deviation

(2) spacing of torsion reinforcement in a direction parallel to the

longitudinal reinforcement (in.)
(3) pitch of spiral (in.)

2B-13



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

s spacing of stirrups in the direction parallel to the longitudinal
reinforcement (in.)

s1 spacing of lacing in the direction parallel to the longitudinal
reinforcement (in.)
S height of front wall or one-half its width, whichever is smaller
(ft.)
s’ weighted average clearing distance with openings (ft.)
SE strain energy
t time (ms)
St time increment (ms)
ty any time (ms)
% Ter tf
time of arrival of blast wave at points b, e, and f, respectively
(ms)
to (1) clearing time for reflected pressures (ms)
(2) average casing thickness of explosive charges (in.)
t.' (1) adjusted casing thickness (in.)
(2) Clearing time for reflected pressures adjusted for wall openings
(ms)
tg rise time (ms)
tg time to reach maximum elastic deflection (ms)
tg fictitious gas duration (ms)
th time at which maximum deflection occurs (ms)
t, duration of positive phase of blast pressure (ms)
ty duration of negative phase of blast pressure (ms)
tof fictitious positive phase pressure duration (ms)
tof fictitious negative phase pressure duration (ms)
t, fictitious reflected pressure duration (ms)
ty time at which ultimate deflection occurs (ms)
ty time to reach yield (ms)
ta time of arrival of blast wave (ms)
tAG time of arrival of ground shock (ms)
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time at which partial failure occurs (ms)

(1) duration of equivalent triangular loading function (ms)
(2) thickness of masonry wall (in.)

(3) toughness of material (psi-in./in.)

thickness of concrete section (in.)

scaled thickness of concrete section (ft./lb.1/3)

thickness of glass (in.)

force in the continuous reinforcement in the short span direction
(1bs.)

angular impulse load (1lb.-ms-in.)

force in the continuous reinforcement in the long span direction
(lbs.)

effective natural period of vibration (ms)

minimum thickness of concrete to prevent perforation by a given
fragment (in.)

rise time (ms)

(1) thickness of sand fill (in.)
(2) thickness of slab (in.)

minimum concrete thickness to prevent spalling (in.)
scaled thickness of sand fill (ft./lb.1/3)
total torsional moment at critical section (in.-1bs.)

thickness of wall (in.)

force of the continuous reinforcement in the short direction (lbs.)

particle velocity (ft./ms)

ultimate flexural or anchorage bond stress (psi)
shock front velocity (ft./ms)

strain energy

velocity (in./ms)

instantaneous velocity at any time (in./ms)

boundary velocity for primary fragments (ft./sec.)
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v ultimate shear stress permitted on an unreinforced web (psi)
V§ maximum post-failure fragment velocity (in./ms)

vg(avg.) average post-failure fragment velocity (in./ms)

vy velocity at incipient failure deflection (in./ms)
Vo initial velocity of primary fragment (ft./sec.)
Vi residual velocity of primary fragment after perforation (ft./sec.)
vg striking velocity of primary fragment (ft./sec.)
Vie maximum torsion capacity of an unreinforced web (psi)
Viu nominal torsion stress in the direction of vy (psi)
Vu ultimate shear stress (psi)
VUH ultlmate shear stress at distance d, from the horizontal support
(psi)*
Vuv ultimate shear stress at distance d, from the vertical support (psi)*
Vy velocity in x direction (in./ms.)
vy velocity in y direction (in./ms.)
v (1) volume of partially vented chamber (ft.3)
y
(2) velocity of compression wave through concrete (in./sec.)
(3) velocity of mass under shock load (in./sec.)
V4 ultimate direct shear capacity of the concrete of width b (1lbs.)
Van shear at dlstance d, from the vertical support on a unit width
(1bs./in. )
Vav shear at dlstance d, from the horizontal support on a unit width
(lbs./in. )
Ve free volume (ft.3)
Vy maximum horizontal velocity of the ground surface (in./sec.)
Vo volume of structure (ft.3)
Vs shear at the support (lb./in., for panels) (lbs. for beam)
VsH shear at the vertical support on a unit width (lbs./in.)*
Vgy shear at the horizontal support on a unit width (1bs./in.)*
Vu total shear on a width b (1lbs.)

* See note at end of symbols 2B-16
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Vy maximum vertical velocity of the ground surface (in./sec.)
Vi unit shear along the long side of window frame (lb./in.)
Vy unit shear along the short side of window frame, (lbs./in.)
w applied uniform load (lbs.-in.z)
We (1) un%t weight'(psi, for panels) (lb./ig. for beam)
(2) weight density of concrete (lbs./ft.”)
Wg weight density of sand (lbs./ft.3)
W (1) design charge weight (lbs.)

(2) external work (in.-1lbs.)
(3) width of wall (ft.)

Wa weight of fluid (1lbs.)

WacT actual quantity of explosives (lbs.)

We total weight of explosive containers (1lbs.)
Wg effective charge weight (lbs.)

wEg effective charge weight for gas pressure (1b.)
Wexp weight of explosive in question (lbs.)

We weight of primary fragment (oz.)

ﬁf average fragment weight (oz.)

Wp weight of frangible element (1b./ft.2)

Weor weight of inner casing (lbs.)

Yoo total weight of steel core (lbs.)

Weo weight of outer casing (lbs.)

We1, Weo total weight of plates 1 and 2, respectively (lbs.)

W width of structure (ft.)

WD work done

X yield line location in horizontal direction (in.)*
X (1) deflection (in.)

(2) distance from front of object to location of largest cross
section to plarne of shock front (ft.)

X any deflection (in.)

* See note at end of symbols 2B-17
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X lateral deflection to which a masonry wall develops no resistance
(in.)

XpL deflection due to dead load (in.)

Xe elastic deflection (in.)

Xg equivalent elastic deflection (in.)

Xep elasto-plastic deflection (in.)

Xf maximum penetration into concrete of armor-piercing fragments (in.)

Xg' maximum penetration into concrete of fragments other than

armor-piercing (in.)

Xn maximum transient deflection (in.)

Xp plastic deflection (in.)

X (1) maximum penetration into sand of armor-piercing fragments (in.)
s & 14

(2) static deflection (in.)

X, ultimate deflection (in.)
Xy (1) partial failure deflection (in.)
(2) deflection at maximum ultimate resistance of masonry wall (in.)
y yield line location in vertical direction (in.)*
Ye distance from the top of section to centroid (in.)
Z scaled slant distance (ft./lb.1/3)
Zy scaled normal distance (ft./lb.1/3)
Zg scaled ground distance (ft./lb.1/3)
o (1) angle formed by the plane of stirrups, lacing, or diagonal
izigforcement and the plane of the longitudinal reinforcement

(2) angle of incidence of the pressure front (deg)
(3) acceptance coefficient
(4) trajectory angle (deg.)

1 JON ratio of flexural stiffness of exterior wall to flat slab

a a

ecH® “ecL
ratio of flexural stiffness of exterior wall to slab in direc-tion H

and L respectively

* See note at end of symbols 2B-18



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

B (1) coefficient for determining elastic and elasto-plastic
resistances
(2) particular support rotation angle (deg)
(3) rejection coefficient
(4) target shape factor from Figure 2-212

8, factor equal to 0.85 for concrete strengths up to 4,000 psi and is
reduced by 0.05 for each 1,000 psi in excess of 4,000 psi

Y coefficient for determining elastic and elasto-plastic deflections

Yp factor for type of prestressing tendon

é moment magnifier

L clearing factor

) deflection at sector’s displacement (in.)

€.’ average strain rate for concrete (in./in./ms)

€n unit strain in mortar (in./in.)

€' average strain rate for reinforcement (in./in./ms)

€y rupture strain (in./in./ms)

e (1) support rotation angle (deg)

(2) angular acceleration (rad/ms<)

6nax maximum support rotation angle (deg)
8y horizontal rotation angle (deg)*
8y vertical rotation angle (deg)*
1’ (1) ductility factor
(2) coefficient of friction
v Poisson's ratio
p (1) mass density (lbs.-ms.z/in.a)
(2) density of air behind shock front (1bs/ft.3)
Pa density of air (oz./in.3)
Pec density of casing (oz./in.3)
P mass density of fragment (oz./in.3)
Po mass density of medium (lb.-ms.z/in.a)
Ou fracture strength of concrete (psi)

* See note at end of symbols 2B-19
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Z, effective perimeter of reinforcing bars (in.)
M summation of moments (in.-1lbs.)
My sum of the ultimate unit resisting moments acting along the negative

yield lines (in.-1bs.)

ZMp sum of the ultimate unit resisting moments acting along the positive
yield lines (in.-1bs.)

e/ (1) capacity reduction factor
(2) bar diameter (in.)
(3) TNT conversion factor
L assumed shape function for concentrated loads
P(x) assumed shape function for distributed loads free edge
—_— simple support

/7777 fixed support

XXXXX either fixed, restrained, or simple support

* Note. This symbol was developed for two-way elements which are used as
walls. When roof slabs or other horizontal elements are under consideration,
this symbol will also be applicable if the element is treated as being rotated
into a vertical position.
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CHAPTER 3

PRINCIPLES OF DYNAMIC ANALYSIS

INTRODUCTION
3-1. 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.

3-2. 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.

3-3. 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 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 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.

3-4. 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.

3-5. 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
3-6. General

This chapter contains the procedures for analyzing structural elements subject
to blast overpressures. These procedures are contained in the next eleven
sections; Section 3-7 deals with a simplified discussion of the basic prin-
ciples of dynamics as well as the procedures for calculating the various
components used to perform the dynamic analyses. Presented in Sections 3-8
through 3-15 are resistance-deflection functions for various elements includ-
ing both one- and two-way panels as well as beam elements. These functions
include the elastic, elasto-plastic, and plastic ranges of response. 1In
addition, a discussion of dynamic equivalent systems is presented in Sections
3-16 and 3-17. These include single- and multi-degree-of-freedom systems.
Presented in this Section also are methods for calculating load and mass
factors required to perform the dynamic analyses.

Sections 3-18 through 3-20 include both a step-by-step numerical integration
of an element’s motion under dynamic loads utilizing the Acceleration-Impulse-
Extrapolation Method or the Average Acceleration Method and design charts for
idealized loads. Presented also in these Sections are methods for analyzing
elements subjected to impulse type loadings; that is, loadings whose durations
are short in comparison to the time to reach maximum response of the elements.
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BASIC PRINCIPLES
3-7. General

The principles used in the analysis of structures under static load will be
reviewed briefly, since the same principles are used in the analysis and
design of structures subjected to dynamic loads. Two different methods are
used either separately or concurrently in static analysis: one is based on
the principle of equilibrium, and the other on work done and internal energy
stored.

Under the application of external loads, a given structure is deformed and
internal forces developed in its members. 1In order to satisfy static equi-
librium, the vector sum of all the external and internal forces acting on any
free body portion of the structure must be equal to zero. For the equilibrium
of the structure as a whole, the vector sum of the external forces and the
reactions of the foundation must be equal to zero,.

The method based on work done and energy considerations is sometimes used when
it is necessary to determine the deformation of a structure. In this method,
use is made of the fact that the deformation of the structure causes the point
of application of the external load to be.displaced. The force then does work
on the structure. Meanwhile, because of the structural deformations, poten-
tial energy is stored in the structure in the form of strain energy. By the
principle of energy conservation, the work done by the external force and the
energy stored in the members must be equal. In static analysis, simplified
methods such as the method of.virtual work and the method of the unit load are
‘derived from the general principle of energy conservation.

In the analysis of statically indeterminate structures, in addition to
satisfying the equations of equilibrium, it is necessary to include a
calculation of the deformation of the structure in order to arrive at a
complete solution of the internal forces in the structure. The methods based
on energy considerations such as the method of least work and the method based
on Castigliano’'s theorems are generally used.

For the analysis of structures under dynamic loading, the same two methods are
basically used; but the load changes rapidly with time and the acceleration
velocity and, hence, the inertia force and kinetic energy are of magnitudes
requiring consideration. Thus, in addition to the internal and external
forces, the equation of equilibrium includes the inertia force and the
equation of dynamic equilibrium takes the form of Newton’s equation of motion:

F - R = Ma 3-1

where

= total external force as a function of time
total internal force as a function of time
= total mass

= acceleration of the mass

p R
[}

As for the principle of conservation of energy, the work done must be equal to
the sum of the kinetic energy and the strain energy:

WD = KE + SE 3-2
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where WD = work done
KE = kinetic energy
SE = strain energy

and the strain energy includes both reversible elastic strain energy and the
irreversible plastic strain energy. Thus, the difference between structures
under static and dynamic loads is the presence of inertial force (Ma) in the
equation of dynamic equilibrium, and of kinetic energy in the equation of
energy conservation. Both terms are related to the mass of the structure;
hence, the mass of the structure becomes an important consideration in dynamic
analysis.

In the dynamic analysis of structures, both the energy balance equation and
the force balance equation are applied with explicit description of the
external forcing function F, and the internal resisting forcing function R.
The difference between these forcing functions is the inertia force as
described above. The following is a discussion of the details of how these
forces are utilized in the design of structures which respond in the ductile
mode .

In the design of a structure to resist the blast from an HE explosion, the
total external force acting on the structure can be obtained by the principles
discussed Chapter 2. The design method also consists of the determination of
the total internal force, i.e. the resistance of the structure required to
limit calculated deflections of the individual members and the structure as a
whole under the external force (blast loading), to within prescribed maximum
values. The determination of the resistance of the individual members of the
structure is presented in Sections 3-8 through 3-17. Subsequent sections of
this manual present the principles and methods of dynamic analysis and
equations, charts, and procedures for design.
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RESISTANCE - DEFLECTION FUNCTIONS
3-8. Introduction

Under the action of external loads, a structural element is deformed and
internal forces set up. The sum of these internal forces tending to restore
the element to its unloaded static position is defined as the resistance. The
resistance of a structural element is a reactive force associated with the
deflection of the element produced by the applied load. It is convenient to
consider the resistance as an equivalent load in the same manner as the
applied load, but opposite in direction. The variation of the resistance vs.
displacement is expressed by a resistance-deflection function and may be
represented graphically. An idealized resistance-deflection function for an
element spanning in two directions and covering in the complete flexural range
to incipient failure is shown in Figure 3-1.

As load is applied to a structural element, the element deflects and, at any
instant, exerts a resistance to further deformation, which is a function of
its units stiffness K, until the ultimate unit resistance r, (total resistance
is r, where A is the element area) of the element is reached at deflection

The initial portion of the resistance-deflection diagram is composed of the
elastic and elasto-plastic ranges, each with its corresponding stiffness, the
transition from one range to another occurring as plastic hinges are formed at
points of maximum stress (yield lines). The number of elasto-plastic ranges
required before the ultimate resistance of a particular element is reached
depends upon the type and number of supports. and the placement of reinforcing
steel (in the case of reinforced concrete elements). For example a beam with
simple supports subjected to uniformly distributed loads needs only one
plastic hinge to develop the ultimate resistance (or full plastic strength) of
the element; whereas for the same beam fixed at both ends, more than one
plastic hinge is required.

In subsequent paragraphs, various procedures, equations and illustrations are
presented to enable the designer to determine the resistances of both one- and
two-way elements. The procedures outlined apply mainly to reinforced concrete
elements and so do the equations appearing in the text, unless the equations
are given as part of an illustrative example. However, they can also be used
for structural steel elements as well as other structural elements such as
aluminum, plastics, etc. Equations have been derived for specific cases most
often encountered in practice. These are applicable for structural steel and
reinforced concrete elements of uniform thickness in both the horizontal and
vertical directions. Before the equations and figures can be used for rein-
forced concrete element, however, the reinforcing steel across any yield line
must have a uniform distribution in both the vertical and horizontal direc-
tions; however, the reinforcement across the positive yield lines can be
different from that across the negative yield lines and the reinforcing
pattern in the vertical direction different from that in the horizontal
direction.

Regardless of whether it is reinforced concrete or structural steel element,

any opening in the element must be compact in shape and small in area,
compared to the total area of the element.
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3-9. Ultimate Resistance
3-9.1. General
The ultimate resistance of an element depends upon:

(1) The distribution of the applied loads.

(2) The geometry of the element (length and width).

3 The number and type of supports.

(4) The distribution of the moment capacity or reinforcement in the
case of reinforced concrete elements.

The distribution of the loads depends upon the design range of the element;
i.e., high, intermediate or low pressure. For intermediate and low pressure
ranges, it can be assumed that the pressure is uniform across the surface of
the element although it varies with time. At high pressure ranges, however,
the blast loads are variable across the surface of the element. However, for
structural steel elements and concrete elements utilizing laced reinforcement,
or for concrete elements with standard shear reinforcement which sustain
relatively small deflections, a good estimate of the resulting deflections can
be made using the resistance functions conforming to those of uniformly loaded
elements.

The other factors that affect the ultimate resistance of an element are prede-
termined by the requirements of the protective structure (where the element is
used) and the magnitude of the blast output.

3-9.2. One-Way Elements

The ultimate resistance of a. one-way reinforced concrete element with an
elastic distribution of its reinforcing steel is based on the moment capacity
at first yield since all critical sections yijeld simultaneously. For one-way
reinforced concrete elements (such as beams or slabs) with non-elastic
distribution of reinforcing steel and for structural steel elements, the
ultimate resistance is a function of the moment capacity at the first yield
plus the added moment capacity due to subsequent yielding at other critical
sections.

Values of the ultimate resistance for one-way elements are shown in Table 3-1
where the following symbols are used:

My = ultimate negative unit moment capacity at the support.
Mp = ultimate positive unit moment capacity at midspan.

L° = length

r,, = ultimate unit resistance

R, = total ultimate resistance

Table 3-1 applies to both beams and slabs. However, special attention must be
paid to the units used for the respective element. The moment capacity of a
slab is expressed for a unit strip of the slab (inch-pounds per inch) whereas
the total moment capacity (inch-pounds) is considered for a beam. Consequent-
ly, the resistance of a slab is expressed in load per unit area (psi) where
the resistance of a beam is expressed in load per length along the beam
(pounds per inch).
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3-9.3. Two-Way Elements

The amount of data available on the limit amalysis of rectangular steel plates
is very limited. However, an elementary approach imagines a mechanism formed
of straight yield lines, as is customary in reinforced concrete. This
approach for reinforced concrete elements will be considered appropriate for
structural steel elements.

In the design of two-way reinforced concrete elements, it is not necessary to
define accurately the stress distribution during the initial and intermediate
stages of loading since the ultimate load capacity can be readily determined
by the use of yield line procedures. The yield line method assumes that after
initial cracking of the concrete at points of maximum moment, yielding spreads
until the full moment capacity is developed along the length of the cracks on
which failure will take place. Several illustrative examples of the simpli-
fied yield or crack lines for two-way elements are illustrated in Figure 3-2.

In using the yield line solution, the initial step is to assume a yield line
pattern (as shown in Figure 3-2) applying the following rules:

(1) To act as plastic hinges of a collapse mechanism made up of plane
segments, yield lines must be straight lines forming axes of
rotation for the movements of the segments.

(2) The supports of the slabs will act as axes of rotation. A yield
line may form along a fixed support and an axis of rotation will
pass over a column.

(3) For compatibility of deformations, a yield line must pass through
the intersection of the axes of rotation of the adjacent slab
segments.

Tests indicate that the actual location and extent of these lines on rein-
forced concrete elements differ only slightly at failure from the theoretical
ones. Use of the idealized yield lines results in little error in the
determination of the ultimate resistance and the error is on the side of
safety.

The corner sections of two-way elements are stiff in comparison to the
remainder of the member; therefore, straining of the reinforcement which is
associated with the reduced rotations at these sections will be less. To
account for the corner effects, the design of any one particular section of a
two-way element should consider a variation of the moment capacity along the
yield lines rather than a uniform distribution.

This variation is approximated by taking the full moment capacity along the
yield lines, except in the corners where two-thirds of the moment capacity
over the lengths described in Figure 3-3 are used. The variation applies to
both the negative moments along the supports and the positive moments at the
interior.The ultimate unit resistance can be determined from the yield line
pattern using either the principle of virtual work or the equations of
equilibrium. Each approach has its advantages; in general, the virtual work
method is easier in principle but difficult to manipulate algebraically since
it involves differentiating a usually complex mathematical expression for a
minimum value of resistance. The equilibrium method, which is used in this
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manual, also has its disadvantages. Since equilibrium requires that the shear
forces acting on each side of a yield line have to be equal and opposite,
correction forces (also known as nodal forces) have to be introduced around
openings in two-way members and at free edges, and these correction forces may
not be available from simple analysis. However, in three of the six cases
shown in Figure 3-2, (cases ¢, e, f), nodal forces exist; but their effects
are negligible.

In order to calculate the ultimate unit resistance r, of a two-way element,
the equation of equilibrium of each sector formed by the yield lines is
expressed in terms of the moments produced by the internal and external
forces. The sum of the resisting moments acting along the yield lines (both
positive and negative) of each sector is equated to the moment produced by the
applied load about the axis of rotation (support of the sector), assuming that
the shear forces are zero along the positive yield lines.

ZMN + ZMp = Rec = r Ac 3-3

where My = sum of the ultimate unit resisting moments
acting along the support (negative yield lines)
Mp = sum of the ultimate unit resisting moments
acting along the interior failure lines (positive
yield lines)
R = total ultimate resistance of the sector
c = distance from the centroid of the load to
the line of rotation of the sector
r, = ultimate unit resistance of the sector
m = area of the sector

Once the equations of equilibrium are known for all sectors, the ultimate
resistance is obtained either by solving the equations simultaneocusly or by a
trial and error procedure noting that the unit resistance of all sectors must
be equal.

To illustrate the above procedure (Equation 3-3), consider the two-way
concrete element shown in Figure 3-3 which is fixed on three edges and free on
the fourth, and where the nomenclature is as follows:

L = length of element
H = height of element
X = yield line location in horizontal direction
y = yield line location in vertical direction
Myy = ultimate unit negative moment capacity in
the vertical direction
Myp = ultimate unit positive moment capacity
in the vertical direction
Myny = ultimate unit negative moment capacity
in the horizontal direction
Myp = ultimate unit positive moment capacity
in the horizontal direction

The nomenclature as stated in the paragraph above is strictly applicable to

two-way elements which are used as walls. However, when roof slabs or other
horizontal elements are under consideration, the preceding nomenclature will
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also be applicable if the element is treated as being rotated into a vertical
position.

The first step in the solution is to assume the location of the yield lines as
defined by the coordinates x and y. It should be noted that in some cases,
because of geometry, the value of x and y will be known and therefore need not
be evaluated. In this example, the negative reinforcement in the horizontal
direction at opposite supports is assumed to be equal; therefore, the vertical
yield line is located at the center of the span and the value of x is numeri-
cally equal to L/2 (a, Figure 3-3). However, in other cases, neither the
location of x nor y will be known, and the solution will require the deter-
mination of both coordinates.

Once the yield lines have been assumed, the distribution of the resisting
moments along the yield lines is determined. 1In the case at hand, the reduced
moments, as a result of the increased stiffness at the corners, act over
lengths equal to x/2 and y/2 in the horizontal and vertical directions,
respectively (a, Figure 3-3). The equations of equilibrium are then written

for each sector with the use of the free body diagrams (b, Figure 3-3). For
the triangular sector I:

MVN - (2/3)MVN (L/4 + L/4) + MVN (L/2)
= (5/6)MVN L 3-4
MVP = (2/3)MVP (L/4 + L/4) + MVP (L/2)
= (5/6)MVP L 3-5
AI = Ly/2 3-8
r,(Sector 1) = RI/AI
= [5(Myy + Myp)1/y? 3-9

For the trapezoidal sector II, a similar procedure gives

Man = (2/3)Myy (7/2) + Mgy (H - y/2)

= Myy (H - y/6) 3-10
Myp = (2/3Myp (3/2) + Myp (H - y/2)

= Myp (H - y/6) 3-11
Crp = (1/3)(L/2)[2(H-y) + H]/(H + H - y)

[L(3H - 2y)]/6(2H - y) 3-12
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Ry; = ( Myy + Myp)/Cyp

[(6H - y)(2H - y) (Myy + Myp) ]/L(3H - 2y) 3-13

Ajp = (/) (L/2)H + H - y)

[L(2H - y)1/6 3-14

ru(Sector II) - RII/AII

[4(Myy + Mgp) (6H -y)1/LZ(3H - 2y) 3-15

Equations 3-9 and 3-15 are the equations of equilibrium for the triangular (I)
and the trapezoidal (II) sectors, respectively. As mentioned previously,
these equations can be solved simultaneously or by a trial and error proce-
dure. In the latter method, values of y are substituted into both equations
until r, (sector 1) is equal to r  (sector 11).

If a numerical solution based on the above procedure (Equation 3-3)-yields
negative values for either x, y or r then the assumed yield line location is
wrong. In this example, the only other possible yield line pattern (x £ L/2)
would be as shown in Figure 3-2c.

The solution of Equation 3-3 is universally applicable for any two-way
element. If the negative reinforcement in the horizontal direction had been
unequal at the opposing supports, the value of x = L/2 would have changed, and
all three sectors wold have had to be considered to determine x, y and hence,

ru.

Simultaneous solution of Equations 3-9 and 3-15 reveals that the locations of
the yield lines are a function of the ratio of the spans L/H and the ratio of
the sum of the unit vertical to horizontal moment capacities as follows:

ru(Sector I) = ru(Sector 11) 3-16

5(Myy + MVP)/yz = [4(Myy + Myp) (6H - y)]/L2(3H - 2y) 3-17a

[4y2(6 - y/H)1/[SHE(3 - 2y/H)] 3-17b

L/H) [ (M M M Myp) 11/2 =

(L/H) [ (Myy + Myy)/ Mgy + Myp) |

(y/H)[(4(6 - y/H)/5(3 - 2y/H)]1/2 3-17¢
Equation 3-17c¢c, which relates the location of the yield lines to the moment
capacity of the element, is used to plot Figure 3-6. Knowing the location of
the.yield lines, the resistance of the two-way element can be obtained from
either Equation 3-9 or 3-15 which are also presented in Table 3-2.
Using the procedure outlined above, the values of the ultimate unit resis-
tances for several two-way elements with various support conditions are given

in Tables 3-2 and 3-3, the nomenclature confirming to that previously listed.
Table 3-2 covers the special cases where opposite supports provide the same
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degree of restraint thus resulting in symmetrical yield line patterns. Table
3-3 deals with the general cases when the yield line patterns are not sym-
metrical (that is, when opposite supports provide different restraints).
Yield line location ratios x/L and y/H for the same elements are depicted in
Figures 3-4 through 3-20,

Figures 3-4 and 3-5 show the location of the yield lines for two-way elements
with two adjacent edges supported and the other two free. 1In each of these
figures eight curves are shown which represent different ratios of the
positive to the negative moment capacities in both the vertical and horizontal
directions. Figures 3-6 through 3-16 illustrate the yield line location for
two-way elements with three edges supported and one edge free. Figures 3-6
and 3-11 covers the case when the yield line pattern is symmetrical opposite
supports provide the same degree of restraint). Figures 3-17 through 3-20
show the yield line location for two-way elements with four sides supported.

Figure 3-17 covers the special case when opposite supports provide the same
degree of restraint thus resulting in a symmetrical yield pattern. An example
illustrating the use of some of these figures is provided in Appendix A.

3-9.4. Openings in Two-Way Elements

The use of openings in two-way elements, whether for access as a door opening
or for visual communication as in the case of observation ports, is permis-
sible with certain reservations. It is difficult to state exact rules
concerning openings, but their effect on the design is generally a function of
location, size and shape.

Small compact openings with approximate areas of less than 5 percent of the
panel area and located away from regions of high stress can usually be ignored
in the design. However, as in the case of conventional design, reinforcement
at least equal to the amount interrupted should be placed adjacent to the
opening. For example, in Figure 3-21, the openings shown in (a) and (b) can
be disregarded. If the opening in (b) were made more rectangular as in (c),
then the design must be modified to account for the change in the yield lines
and, hence, the change in the resistance. This change in resistance is a
function of both the shape and the location of the opening.

Door openings invariably require special analysis because of their size. As
depicted in (d), (e) and (f), Figure 3-21, the presence of door openings
causes gross relocations of the yield lines which generally propagate from the
corners of the openings. Since the door also sustains the blast loading,
concentrated line loads are present around the periphery of such openings.
These concentrated loads must be included in the analysis since they change
the resistance. As previously outlined for solid elements and for this case
also, the yield line locations are assumed and each sector is individually
analyzed. The presence of line loads modifies Equation 3-3 to

ZMN + Z‘Mp = r Ac + MC 3-18

where M, is the moment of the concentrated loads about the line of rotation of
the sector being considered. Solution of elements with openings is most
easily accomplished through a trial and error procedure by setting up the
simultaneous equations for each sector and assuming various values of x and y
until the several values of r, agree to within a few percent.
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3-10. Post-Ultimate Resistance

In general, the two-way elements described in this manual exhibit a post-
ultimate resistance after initial failure occurs as indicated in Figure 3-1.
Prior to this partial failure, the element is spanning in two directions with
a resistance equal to the ultimate resistance r,. At a particular deflection,
denoted as X, failure occurs along one side or two opposite sides, and the
element then spans in one direction with the reduced post-ultimate unit resis-
tance r,, until complete failure occurs at deflection X,. One-way elements do
not exhigit this behavior.

The location of the yield lines determines the presence or absence of this
range. If the yield lines emanating from the corners of the elements bisect
the 90-degree corner angle, then all supports fail simultaneously and there is
no post-ultimate range. As previously shown, the location of the yield lines
for a particular element is a function of L/H and the ratio of the unit
vertical to horizontal moment capacities. Post-ultimate resistances for two-
way elements are shown in Table 3-4.

3-11. Partial Failure and Ultimate Deflection

Partial failure deflection X;, for two-way elements and ultimate deflections
X, for both one-way and two-way elements are a function of the angle of
rotation of the element at its supports and the geometry of the sectors formed
by the position yield lines.

Once the ultimate resistance r, is reached (full moment capacity developed
along the yield lines), the structural element becomes a mechanism which
rotates with no further increase in either the moment or curvature between the
hinges. For one-way elements, the rotation continues and the deflection
increases until either the maximum deflection X is reached or failure occurs
at ® max. The equations for the maximum deflection X in the range 0 < X <
for several one-way elements as a function of the rotation angle © and the
ultimate deflection X, are given in Table 3-5, when the values for X, are
based on the development of a maximum support rotation, © max., prior to
failure.

Actually, the maximum support rotation will vary with the material type and
geometry of the element. The criteria for partial and incipient failure for
concrete and structural steel elements can be found in Chapters 4 and 5
respectively.

For two-way elements, the rotations of all the sectors must be considered in
order to define the deflections of partial and incipient failure. Prior to
partial failure (0 < X < X;), the maximum deflection is a function of the
larger angle of rotation formed along either the vertical or horizontal sup-
ports. At deflection X;, this larger angle equals © max, and failure occurs
along this support. Beyond this point, the element spans in one direction
until the angle of rotation at the adjacent supports (in the direction
opposite to that at which failure has already occurred) reaches © at which
time total collapse occurs (Xm = Xu).

To illustrate the above, consider a two-way element (Figure 3-22) which is
fully restrained on four edges and whose positive yield lines are defined by
H/2 < x < L/2 and y = H/2. Denoting 8y as the angle of rotation in the
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horizontal direction (along vertical supports) and 6y as the vertical angle of
rotation (along horizontal supports), the maximum deflection X  at the center
of the element prior to reaching the deflection Xq 1is

X, = (H tan 8,)/2 3-19
and at the partial failure deflection X; where 6, max
Xy = (H tan 8,.)/2 3-20

Referring to Figure 3-22, the deflected shape at deflection X; is indicated by
the solid line and 8y has value B which is defined as

B = tan"1(Xy/x) = tan"1(H tan @, /2%) 3-21

As the element continues to deflect the angle of rotation 8y increases, its
magnitude becoming equal to

8y =12+ 8 3-22
where A is the angular rotation in excess of B. For a two-way element which

undergoes partial failure but does reach incipient failure, the maximum
deflection in the range Xy < X € X, becomes

Xy = x tan 8y + [(L/2) - x)] tan 8y - B) 3-23
When 8y equal 6 ., the ultimate deflection X, at incipient failure is
X, = % tan €, + [(L/2 - x)] tan [6_,, - tan"l (H tan ©_, /2x)] 3-24

Equations 3-19 through 3-24 are specifically for two-way elements described in
Figure 3-2 and will vary for other two-way elements with different material
properties and geometry.

The maximum deflection X for several two-way elements in the ranges 0 < X <
Xy, and X{ < < as a function of the rotation angles 8y and 8y are given
in Table 3-6 along with the values of partial failure (X1) and ultimate (Xu)
deflections. The support which fails at partial deflection X, is also indi-
cated.

3-12. Elasto-Plastic Resistance

As stated in Section 3-8, the initial portion of the resistance function
(Figure 3-1) generally is composed of an elastic and one or more elasto-
plastic ranges. The elastic unit resistance r_ is defined as the resistance
at which first yield occurs; similarly, the elasto-plastic unit resistance r
is the resistance at which second yields subsequently occur. Where all hinges
form in a member at one time, r, will be equal to the ultimate unit resistance
r,; where two or more hinges are formed at separate times, the maximum value
of r,, will be equal to r, (depending upon the hinges formed, one or more
values of Tep may exist).

These resistances for one-way elements are listed in Table 3-7. In those
cases where the elasto-plastic resistance is equal to the ultimate resistance,
the value can be determined from Table 3-1.
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The determination of the elasto-plastic resistances of two-way elements is
more complicated than that for one-way elements, since the resistance varies
with the span ratio and, in the case of reinforced concrete elements, with the
placement of the reinforcement. Data for calculating the resistances of two-
way elements during the elasto-plastic ranges (graphically summarized in
Figure 3-23) are presented in Figures 3-24 through 3-38.

Figures 3-24 through 3-26 are for a two-way element supported on two adjacent
sides and free at the others. Figures 3-27 through 3-32 are for a two-way
element supported on three sides and free on the fourth, while Figures 3-33
through 3-38 are for elements fixed on four sides. The resistances in each
range can readily be determined using the coefficients B, the subscript refer-
ring to the points listed in the accompanying illustration.

For example, in Figure 3-27, for an element fixed on three sides and free on
the fourth, if the ultimate unit resisting moments M, are known for points 1,
2 and 3, a resistance r for each point can be calculated from

r = M, /BH? 3-25

where the values of B are found in Figure 3-27. The smallest value of resis-
tance r, (say at point 2) corresponds to the first yield and is equal to r,.
Next, the moments at the remaining two points are computed for this value of
r,, and the differences between these and the ultimate values are determined.
These differences represent the remaining moment capacities available for
additional load. At r_,, the elements supports become free, fixed, and simply-
supported on opposite sides. Using the moment differences and entering Figure
3-29 two values of the change in resistance can be calculated as above, the
smaller being Ar and therefore:

rep = r, + Ar 3.26

In similar fashion, the resistance at the end of each range can be determined
until the ultimate unit resistance r,, is reached.

3-13. Elasto-Plastic Stiffnesses and Deflections

The slopes of the elastic and elasto-plastic ranges of the resistance function
are defined by the stiffness K of the element:

K = r/X 3-27

where r is the unit resistance and X is the deflection corresponding to the
value of r. The elastic range stiffness is denoted as K., the elasto-plastic
range as Kep’ while in the plastic range the stiffness is zero.

Typical resistance-deflection functions used for design are shown in Figure 3-
39. One- and two-step systems are generally used for one-way elements while
two- and three-step systems are used for two-way elements. Two way elements
fixed on all four sides will exhibit a four step system. As can be seen from
the figure, the elastic range stiffness

K, = ry /Xg 3-28
the elasto-plastic stiffness for a two-step system
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Kep - (ru - re) /(Xp - Xe) 3-29
and for a three-step system, the elasto-plastic stiffnesses

Kep = (Fep - Te) / (Kgp - Xg) 3-30

and

K'ep = (ty - Tep) /(X - Xep) 3-31

The elastic and elasto-plastic stiffnesses of one-way elements are given in

Table 3-8 as a function of the modulus of elasticity E, moment of inertia I,
and span length. Knowing the resistances and stiffnesses, the corresponding
elastic and elasto-plastic deflections can be computed from the above equa-

tions.

The determination of the elasto-plastic stiffnesses and deflections of two-way
elements is more complicated than for one-way elements since another variable,
namely, the aspect ratio L/H, must be considered. For two-way elements, the
deflections at the end of each range of behavior is obtained from the ¥y
coefficients presented in Figures 3-24 through 3-38. The deflection for each
range of behavior is obtained from

XD =  yrH* 3-32
where D, the flexural rigidity of the element is defined as
D = EI/(1l-v2) 3-33

E is the modulus of elasticity, I is the moment of inertia, and v is Poisson’'s
ratio. It must be realized that except for the elastic range, the values of X
(the displacement) and r in Equation 3-32 represent change in deflection and
resistance from one range of behavior to another. Therefore, for two-way
members the change in deflection and resistance (as previously explained) is
obtained from Figures 3-24 through 3-38 and the stiffnesses are computed from
Equations 3-28 through 3-33.

3-14, Resistance-Deflection Functions for Design
3-14.1. General

The resistance-deflection function used for design depends upon the maximum
permitted deflection according to the design criteria of the element being
considered. This maximum deflection X, can be categorized as either limited
or large. In the limited deflection range, the maximum deflection of the
system is limited to the elastic, elasto-plastic and plastic ranges. When the
maximum deflection falls in the large deflection range, the response of the
system is mainly within the plastic range and the elastic and elasto-plastic
ranges need not be considered. The error resulting from the omission of the
elastic and elasto-plastic portions in this analysis is negligible.

The support rotation that corresponds to limited deflection varies for the
different materials used in protection design. The response criteria for each
material is obtained from the chapter that describes the design procedures for
that material.
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3-14.2. Limited Deflections

When designing for limited deflections, the maximum deflection X of the
element is kept within the elastic, elasto-plastic, and limited plastic
ranges, and the resistance-deflection function for design takes the form shown
in Figure 3-39 a, b, and ¢ for a one-step system, a two-step system, and a
three-step system, respectively. The design charts presented in Section 3-
19.3 were established for a one-step system; for two- and three-step systems,
these charts can be used if the resistance-deflection functions are replaced
with equivalent elastic resistance-deflection functions defined by Kg and Xg
as indicated by the dotted lines in Figure 3-39. The equivalent elastic
stiffness Kp and the equivalent maximum elastic deflection Xj are calculated
such that the area under the dotted curve is equal to the area under the solid
curve, thereby producing the same potential energy in each system. The
equivalent maximum elastic deflection Xp for the two-step and three-step
systems shown is expressed by Equations 3-34 and 3-35, respectively.

Xg = Xg + Xp(l - ro/ry) 3-34
Xg = Xg (rep/ru) + Xep(l - re/ru) + Xp(l - rep/ru) 3-35
The equivalent elastic stiffness Kg in each case is equal to

One-way elements exhibit one- and two-step resistance deflection curves
depending on the type of supports. Consequently, the equivalent elastic
stiffness Kg is given for one-way elements in Table 3-8. The equivalent
elastic deflection can then be calculated from Equation 3-36. Two-way
elements generally exhibit two- and three-step resistance-deflection curves
which are a function of not only the type of supports but also of the aspect
ratio L/H of the element. The equivalent elastic deflection Xg of the element
under consideration must be calculated from Equations 3-34 and 3-35 for two-
and three-step systems, respectively. The value of Ky for the system can then
be obtained from Equation 3-36.

3-14.3. Large Deflections

When designing for a large deflection, it can be assumed without significant
error that the resistance rises instantaneously from zero to its ultimate
value r,, at the onset of the blast loading thus neglecting the elastic and
elasto-plastic ranges. The design resistance function for one-way elements is
approximated by a constant plastic range resistance as shown in Figure 3-40a,
while for two-way elements, the resistance function becomes that shown in
Figure 3-40b, where the maximum deflection X can be either smaller or larger
than the partial failure deflection X;.

3-15. Support Shears or Reactions

Support shears or reactions are a function the applied load and the maximum
resistance attained by an element, its geometry and yield line location.
However, for short duration blast loads, the support shears can be reasonably
estimated by neglecting the applied load. Therefore, the ultimate support
shear can be assumed to be developed when the resistance reaches the ultimate
value, r,.
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Equations for the ultimate support shears V_, for one-way elements are given in
Table 3-9. For those cases where an element does not reach its ultimate
resistance, the support shears are obtained based upon elastic theory for the
actual resistance r attained by the element.

For two-way elements, the ultimate shears acting at each section are calcu-
lated by use of the "yield line procedure" previously outlined for the
determination of the ultimate resistance r,,. The shear along the support is
assumed to vary in the same manner as the moment varies (2/3 V at the corners
and V elsewhere) to account for the higher stiffness of the corners (Figure 3-
41). Since the shear is assumed to be zero along the interior (usually
positive) yield lines, the total shear at any section of a sector is equal to
the resistance r, times the area between the section being considered and the
positive yield lines. Referring to Figure 3-41, the support shear V. y for the
triangular sector I is

(2/3)Vy(L/4 + L/4) + Vy(L/2) = r,(Ly/2) 3-37
Vgy = 3r,y/5 3-38
and for the trapezoidal sector II
(2/3)Vg(y/2) + Vey(H - y/2) =
ry(L/2)[(H - y + H)/2] 3-39
Vgy = [3r,L(2-y/H)]1/2(6 - y/H) 3-40

Values of the ultimate support shears V y and V_ y for several two-way elements
derived as above are presented in Tables 3-10 and 3-11. Table 3-10 gives the
ultimate support shears for the case where opposite supports provide the same
degree of restraint resulting in symmetrical yield line patterns. Table 3-11
is for completely general situations where opposing supports provide different
degrees of restraint and result in the formation of unsymmetrical yield lines.
In these cases, the ultimate support shears are not equal at opposing sup-
ports.For the situations where the ultimate resistance of an element is not
attained, the support shears are less than the ultimate value. The proportion
of the total load along each support as well as the distribution of the shears
along the support is assumed to be the same as previously cited for the
ultimate support shear. Therefore, the support shears corresponding to the
resistance r of the element is obtained from the equations presented in Tables
3-10 and 3-11 by replacing r,, with the actual resistance attained (r,,

r
e ’
etc.). P
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Effects of openings on yield lines locations



8

X . I
VIV I IV I
/] -V
A1 > — /
A1 1 ~~_ -JA _ - 4
x j />- —<\ ”
/] -~ ~ L, >
// \\
’(////////////////ff
L ey
B8
WaS1stp
ELEVATION yow,

SECTION A-A

SECTION B-8B

— PARTIAL FAILURE
=== INCIPIENT FAILURE

Figure 3-22 Deflection of two-way element

3-41



]

TITT 7777
-
FIG. 3-24

K\\\\
(€]

FiG. 3-27

F1G 3-30

|

L
R

FIG. 3-36

FIG. 3-25

H
AV

‘E
.

FIG. 3-28

[\

-

|

1

FIG. 3-31

LEGEND: EDGE CONDITIONS

-
A £ y;

FREE

Figure 3-23

FIG. 3-37

b ' <

L )

SIMPLE

3-42

L

FIG. 3-26

o

2 I

7T
L

FiG. 3-29

NN

FIXED

Graphical summary of two-way elements



Bumox oBanlo B2, B3, V4

0007
.0005

S 2
.0003 SS— l
0002 [ - 1

000! : L
10 7050 30 20

H/L

Figure 3-24

1

1007 05 03 0.2

0.1

Moment and deflection coefficients for uniformly-loaded,
two-way element with two adjacent edges fixed and two

edges free

3-43



SN JA0RS SRR SR JNSUN SUP U S

IR SISO SRROO PPN

>
Q
n "
-
1 L
D

Bﬂmax ’ ﬁv::\ax ' 32 ' Y

.oo‘ i - R R R R I I LT . . . . .
iI0 7050 3.0 2.0 0 0705 03 Q2 C.i

H/L

Figure 3-25 Moment and deflection coefficients for uniformly-loaded,
two-way element with one edge fixed, an adjacent edge.
simply-supported and two edges free

3-44



ﬁﬂ max » ﬁvfnnx "N

001 Lo DI S
10 70 50 30 20 100705 03 02 Gl

H/L

Figure 3-26 Moment and deflection coefficients for uniformly-loaded,
two-way element with two adjacent edges simply-supported
and two edges free

3-45



B -:Bz .Bsm

{ - R
.000! L
I0 70 50 30 2.0

H/L

Figure 3-27 Moment and deflection coefficients for uniformly-loaded,
two-way element with three edges fixed and one edge free

3-46



f3|.‘32: 7“

0002 o f e
T O
10 7050 30 2.0 100705 03 02 Qi

H/L

Figure 3-28 Moment and deflection coefficients for uniformly-loaded,
two-way element with two opposite edges fixed, one-edge
simply-supported and one edge free

3-47



Bl ] BZo N

R e

0002
, LU - Lo R
.oool ‘ D L L LR R e R T T T T T T U P . PR - .. .
I0 7050 30 2.0 00705 03 02 Gl
H/L

‘Figure 3-29 Moment and deflection coefficients for uniformf}-]oaded,
two-way element with two opposite edges simply-supported,
one edge fixed, and one edge free

3-48



1.0

f3|v7ﬁ

SR

I0 70 50 3.0 20 007 C5 03 02 ol

H/L

Figure 3-30 Moment and deflection coefficients for uniformly-loaded,
two-way element with three edges simply-supported and one

edge free

3-49



.002

'j:f.00|
—-\—.0007
—}-|.0005

ﬁh -ﬁgz

.0003
.0002

{0001
.00007
-----{ 00005

1.00003

.00002

.00001

I0 7050 30 2.0 .0 0705 03 02 0.l
H/L

 Figure 3-31 Moment and deflection coefficients for uniformly-loaded,
two-way element with two adjacent edges fixed,
one edge simply-supported, and one edge free

3-50



.0l
007
005

.003
.002

.001 -
.0007

BB,

.0005

.0003
.0002

.000!1

s - .00007
e T 00008

it ——! 00003

—~1.00002

.OOOIA .00001

I0 70 50 30 20 .0 0705 03 02 Q.1
H/L

Figure 3-32 Moment and deflection coefficients for uniformly-loaded,
two-way element with two adjacent edges s1mp1y supported,
one edge fixed, and one edge free

3-51



.0007

.0005
.0003
" .0002
Q
~N
Q .000!
S .00007
. .00005
XV T
.00003
.00002
e .00001
.00007 - f = 5 4  f.000007
SR o s e _
.00005 R .000005
: " - r“?‘.l_“( 7
.00003 e 2 3 af | .000003
o i x K J ‘(’
.00002 - - e 1777737777,f - .000002
o000l b - o ' ___| .o0000I

I0 7030 30 20 00705 03 0.2 ol
H/L

Figure 3-33 Moment and deflection coefficients for uniformly-loaded,

two-way element with all edges fixed

3-52

™~



LO;A”;%QM.;;,_

.0007
.0005

.0003

.0002

0001
00007 »T
.00005

.00003
.00002

- arissiase .0000I
0007~ ff - 4  [000007
0008 [ [ o .000005

.000003
r.000002

.0001 DL LIt .000001

iI0 7050 30 2.0 007 05 03 02 Q.
H/L

figure 3-34 Moment and deflection coefficients for uniformly-loaded,
two-way element with two opposite edges fixed and two
edges simply-supported

3-53



1.0 Y rrrre——— T .0l

RIS IS ORI

] b - N R

.00i1
.0007

.0005

.0002

| 0001 =

00007
.00005

.00003

.00002

.00001I

.000007
.000005

.000003

.000002

.00000!1

10 7050 30 20 10 0705 03 02 Q.1
H/L

-Figure 3-35 Moment and deflection coefficients for uniform{y-loaded,
two-way element with three edges fixed and one edge simply-
supported



ﬁhn'ﬁhv

0.1

07

.05

03

.02

.0l

.007

.005

.003

.002

.00l

.0007

.0005

__1.0003

—=1.0002

0001

=

.0007 00007
.0005 .00005
.0003 }_ | 'l 00003
- z! ¢ |
.0002 - - 1 4 F.00002
.0001I _ A S : .0000I
I0 7050 30 20 007 05 03 02 0.1
H/L
Figure 3-36 Moment and deflection coefficients for uniformly-loaded, two-way

element with all edges simply-supported

3-55



.0l

\{ .000007
1.000005

~———1.000003
bl 000002

.0002 - [~

.OOOI}'"““ LOCLIIINIIIILI Ll DL 000001
I0 70 50 30 2.0 0 07-05 03 02 0.l
H/L

Figure ~3-37 Moment and deflection coefficients for uniformly-loaded, two-way
element with two adjacent edges fixed, and two edges simply-
supported :

3-56



007
005

— .003

.002

.00l w7

.0007
.0005

BIH ’ BIV ,Bz

.0003

.0002

.0001

.00007
.00005

00003

1.00002

.0000I

3.0 2.0 100705 03 02 Q.

H/L

Figure 3-38 Moment and deflection coefficients for uniform]j;]oaded, two-way
element with three edges simply-supported and one edge fixed

3-57



w

Q

=

<

-

24

2 | /]ke

o« i

Xe xm
DEFLECTION

(a) ONE STEP ELASTO-PLASTIC SYSTEM

RESISTANCE

Xg xE Xp Xm
DEFLECTION

(b) TWO STEP ELASTO-PLASTIC SYSTEM

r, -
K,
w - P
O
Z 1, -
<
-
5 |
(/5] H
w
5 |/,
1
xex‘ep XE Xp xm
DEFLECTION

(c) THREE STEP ELASTO-PLASTIC SYSTEM

Figure 3-39 Resistance-deflection functions for limited deflections

3-58



RESISTANCE

X X, =X
DEFLECTION

a) ONE-WAY ELEMENT

up

RESISTANCE

> o & a» ap o o  of

X s 4

Xm X, m %y
DEFLECTION
b) TWO-WAY ELEMENT
Figure 3-40 Resistance-deflection functions for large deflections

3-59



Vv,
sv

SV

Figure 3-41

3-60

wajro

SH

Determination of ultimate support shear



Table 3-1

Ultimate Unit Resistances for One-Way Elements

Edge Conditions and Loading Diagrams

Ultimate Resistance
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Table 3-2 Ultimate Unit Resistances for Two-Way Elements
(Symmetrical Yield Lines)

29-¢

Edge Yield Line imi Ultimate Unit Resistance
Conditions Locations Limits
—
1 7 5(Myn + Myp) 6L Myy + (5Myp-Myy)x
1 -
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edges supported
and two edges
f
h - ; - <H 5(MVN*MVP) OR 6HMyy + (5MHp - MHN)Y
i :[ e y2 LZ(3H-2y)
L |
2
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L
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YA -2 x2 H2(3L - 4x)
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{; TV R o H 5(Myn +Mye) oo 8 (Mun + Myp) (36 -y)
7Sy S S| g y? L2(3H - 4y)
L
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Table 3-3

Ultimate Unit Resistances for Two-Way Elements

{1incvn
(ilncvn
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Edge Yield Line - ,
Conditions Locations Limits Ultimate Unit Resistance
X
—
i .7 ..
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Table 3-4 Post-Ultimate Unit Resistances for Two-Way Elements
Edge Yield Line - _ . .
Conditions Locations Limits Post - Ultimate Unit Resistance
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Table 3-%8

General and Ultimate Deflections for One-Way Elements

Edge Conditions and Loading Diagrams

Maximum
Deflection, Xm

Ultimate
Deflection, Xy
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Table 3-6 General, Partial Failure, and Ultimate Deflections for
Two-Way Elements

. Partial Suppor
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Table 3-7 Elastic and Elasto-Plastic Unit Resistances for One-Way Elements.

Edge Conditions and Loading Diagrams

Elastic

Resistance,re

Elasto - Plastic
Resistance, rep
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Table 3-8 Elastic, Elasto-Plastic and Equivalent Elastic Stiffnesses

for One-Way Elements
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* Valid only if MN = Mp

** VYalid only if MN < Mp
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Table 3-9 Support Shears for One-Way Elements

Edge Conditions and Loading Diagrams

Support Reactions,Vs
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Table 3-10 Ultimate Support Shears for Two-Way Elements (Symmetrical Yield Lines)

0L-€

Edge Yield Line .
Conditgions Locations Limits Horizontal shear,Vgy Vertical shear,Vgy
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Table 3-11

Ultimate Support Shears for Two-Way Elements
(Unsymmetrical Yield Lines)
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DYNAMICALLY EQUIVALENT SYSTEMS
3-16. Introduction

In dynamic analysis, there are only three quantities to be considered: (1)
the work done, (2) the strain energy, and (3) the kinetic energy. To evaluate
the work done, the displacement at any point on the structure under externally
distributed or concentrated loads must be known. The strain energy is equal
to the summation of the strain energies in all the structural elements which
may be in bending, tension, compression, shear or torsion. The kinetic energy
involves the energy of translation and rotation of all the masses of the
structure. The actual evaluation of these quantities for a given structure
under dynamic load would be complicated. However, for practical problems,
this can be avoided by using appropriate assumptions.

In most cases, a structure can be replaced by an idealized (or dynamically
equivalent) system which behaves timewise in nearly the same manner as the
actual structure. The distributed masses of the given structure are lumped
together into a number of concentrated masses. The strain energy is assumed
to be stored in several weightless springs which do not have to behave
elastically; similarly, the distributed load is replaced by a number of
concentrated loads acting on the concentrated masses. Therefore, the e-
quivalent system consists merely of a number of concentrated masses joined
together by weightless springs and subjected to concentrated loads which vary
with time. This concentrated mass-spring-load system is defined as an
equivalent dynamic system.

Although all structures possess many degrees of freedom, one mode usually
predominates in the response to short duration loads; thus, for all practical
purposes, this one mode may be considered to define the behavior of the struc-
ture and the problem can be simplified by considering a single-degree-of-
freedom system whose properties are those of the fundamental mode of the
structures. A single-degree-of-freedom system is defined as one in which only
one type of motion is possible or, in other words, only one coordinate is
required to define its motion. Such a system is shown in Figure 3-42 which
consists of a concentrated mass on a frictionless surface attached to a
weightless spring and subjected to a concentrated load. A single displacement
variable x is sufficient to describe its motion. The material presented
herein will be limited to single-degree-of-freedom systems only.

Many structures, however, exist which can not be adequately described by the
first vibration, particularly when consideration of dynamic strain is neces-
sary. For these situations, a two-(or more)-degree-of-freedom analysis may be
required. Procedures are presented in section 3-19.2 for performing these
analyses.

Two fundamental methods are available for treating simple systems subjected to
dynamic forces. The first of these methods is concerned with solving the
differential equations of the system by either classical, numerical or
graphical means. The second method of analysis and chart solutions depend on
solutions which have been determined by the use of the first method and are
approximate solutions to the problems in hand. There is a third method which

may also be very useful in vibrational problems; this involves the energy
equation.
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In the following paragraphs the design factors used to determine the equiva-
lent dynamic system that is used to analyze structural elements are defined
and the methods used to obtain these factors are discussed.

3-17. Dynamic Design Factors
3-17.1. Introduction

The values of the mass and external force used in the equation of motion
(Equation 3-1) are the actual values only if all the elements of the mass of
the structure experience the same force and, consequently, move as a unit, in
which case, the entire mass may be assumed to be concentrated at its center of
gravity. In other cases, the assumption of uniform motion of the entire mass
cannot be made without introducing serious error. This is true for members
with uniformly distributed mass which bend or rotate under load. In such
cases, the motion of the particles of mass varies along the length of the
member. Beams, slabs, etc., with such distributed mass actually have an
infinite number of degrees of freedom; however, such structural elements can
be represented by an equivalent single-degree-of-freedom system.

In order to define an equivalent one-degree system, it is necessary to
evaluate the parameters of that system; namely, the equivalent mass Mg, the
equivalent spring constant Kp and the equivalent load Fg. The equivalent
system is selected usually so that the deflection of the concentrated mass is
the same as that for a significant point of the structure. The single-degree-
of-freedom approximation of the dynamic behavior of the structural element may
be achieved by assuming a deflected shape for the element which is usually
taken as the shape resulting from the static application of the dynamic loads.
The assumption of a deflected shape establishes an equation relating the
relative deflection of all points of the element.

The accuracy of the computed deformation of the single-degree-of-freedom
system is dependent on the assumed deflected shape and the loading region.

For example, in the impulsive loading realm, if the assumed deformed shape for
a simply supported beam is taken to be a parabola, then the exact solution
will be obtained for the deflection of the beam. 1In the quasi-static loading
realm, however, the static deformed shape gives the exact answer. For blast
resistance design, however, the differences in either a static deformed shape
or a first mode approximation is negligible and thus either way is permis-
sible. Usually, though, the static deformed shape is easier to use as it
covers both symmetric and asymmetric deformation.

To permit rapid design of structural elements subjected to dynamic loads, it
is convenient to introduce design or transformation factors. These factors
are used to convert the real system to the equivalent system. To obtain them,
it is necessary to equate the relations expressing the kinetic energy, strain
and work done on the actual structural element deflecting according to the
assumed deflected shape, with the corresponding relations for the equivalent
mass and spring system.
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3-17.2. Load, Mass, and Resistance Factors
3-17.2.1. Load Factor

The load factor is the design or transformation factor by which the total load
applied on the structural element is multiplied to obtain the equivalent
concentrated load for the equivalent single-degree-of-freedom system. If the
actual total load on the structure is F and the equivalent load is Fg, the
load factor K; is defined by the equation

Ky = Fg /F 3-41
The load factor is derived by setting the external work done by the equivalent
load Fg on the equivalent system equal to the external work done by the actual
load F on the actual element deflecting to the assumed deflected shape.
For a structure with distributed loads;
L
WD = Fgé .. = } p(x)8(x) dx 3-42a

(o]

where 6max = maximum deflection of actual structure

p(x) distributed load per unit length

§(x) deflection at any point of actual structure

L

length of structure

rearranging terms
L

Fg { Pp(X)P(x) dx 3-42b

(o}

where P(x) 6(x)/6max 3-43
and is called the shape function.

NOTE. The shape function, ¢(x) is different for the elastic range and the
plastic range and therefore the load factor, K;, will be different.

For example; the shape factor for a simply supported beam with a uniformly
distributed load, in the elastic rangers is defined as

P(x) = (16/5L%) (L3x - 21x3 + x*) 3-bb4a
while for the plastic range

¢(x) = 2x/L x < L/2 3-44b
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For a structure with concentrated loads

i
WD = Fesmax - 3 Frar 3-45a
r=1
where Fr - rth concentrated load
Sr = deflection at load r
i = number of concentrated loads
rearranging terms
i
Fgp = z Fr¢r 3-45b
r=1

where the shape factor is defined as

i
¢, - Z 61_ /Gmax 3-46
r=1

Again there is a K for the elastic range and a K; for the plastic range.
However, for a single concentrated load located at the point of maximum
deflection (i.e. the center of a simply supported or fixed-fixed beam, or the
end of a cantilever beam) ¢, is equal to one for both the elastic and plastic
ranges and therefore K; is equal to one for both ranges.

Values for K; for one-way elements are presented in Table 3-12. Equation 3-41
through 3-46 were used to calculate these values. An example calculating K;
is shown in Appendix A.

3-17.2.2. Mass Factor

The mass factor is the design or transformation factor by which the total
distributed mass of an element is multiplied to obtain the equivalent lumped
mass of the equivalent single-degree-of-freedom system. If the total mass of
the actual element is M and the mass of the equivalent system is Mg, the mass
factor Ky is defined by the equation

Ry = Mg /M 3-47
Ky can be obtained by setting the kinetic energy of the equivalent system
equal to the kinetic energy of the actual structure as determined from its
deflected shape.
For a structure with continuous mass
L
Kg = 1/2Mg (06, )% = 1/2[ m(x) [88(x) ]2 dx 3-48a

(o]
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where % = natural circular frequency
m(x) = distributed mass per unit length
rearranging terms
L
Mg = [ n(x)¢2(x) dx 3-48b
o

where the shape function ¢(x) is based on the deflected shape of the element
due to the applied loading and not to the distribution of the mass. Since the
deflected shape of the element is different for the elastic and plastic

ranges, @(x), and therefore Ky will also be different.

Using Equations 3-47 and 3-48, values for Ky were calculated for one-way
elements with constant mass. These values are shown in Table 3-12.

For a concentrated mass system,

i
Rp = 1/2Mp(06,,.)% = 1/2 z M, (06, )2 3-49a
Y=
where
Mr - rth mass
6r = deflection of mass r

i = number of lumped masses
rearranging terms

i
2
Mpg= T M@, 3-49b
r=1

An example of calculations for finding Ky can be found in Appendix A.
3-17.2.3. Resistance Function

Resistance factor is the design factor by which the resistance of the actual
structural element must be multiplied to obtain the resistance of the e-
quivalent single-degree-of-freedom system. To obtain the resistance factor,
it is necessary to equate the strain energy of the structural element, as
computed from the assumed deflection shape, and the strain energy of the
equivalent single-degree-of-freedom system. If the computed total resistance
of the structural element is R and the equivalent total resistance of the
equivalent system is Rp, then the resistance factor is defined by the equation

Kg - Rg /R 3-50
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Since the resistance of an element is the internal force tending to restore
the element to its unloaded static position, it can be shown that the resis-
tance factor Kp must always equal the load factor Kj.

3-17.3. Load-Mass Factor

The load-mass factor is a factor formed by combining the two basic transforma-
tion factors, K; and Ky. It is merely the ratio of the mass factor to the
load factor, and it is convenient since the equation of motion may be written
in terms of that factor alone. The equation of motion of the actual system is
given as

F - R=Ma 3-51
and for the equivalent system
KiF - kiR = KyMa 3-52a

which can be re-written as

F - R = (Ky /Kp)Ma 3-52b
or F - R =K/yMa = M.a 3-52¢
where Kiyq = load-mass factor

= Ky /K 3-53
and M, = effective total mass of the equivalent system

when expressed in terms of the unit area of the element, Equation 3-52c can be
written as

f - r=Kyma=mea 3-54
Values of load, mass and load-mass factors are presented in Table 3-12.
Equation 3-53 was used to calculate the load mass factor.

Instead of computing the several factors above, the load-mass factors in the
elastic and elasto-plastic ranges can be determined by relating the primary
mode of vibration of the member to that of an equivalent single-degree-of-
freedom system. In the plastic range, it can be assumed that neither the
moment nor the curvature changes between the plastic hinges under increasing
deflection. This behavior results in a linkage action, consideration of which
can be used to evaluate the effective plastic mass as follows:

In Figure 3-43, a portion of a two-way element bounded by the support and the
yield line is shown. The equation of angular motion for this section is

IM - I 8" 3-55
where IM = summation of moments

Im = mass moment of inertia about the axis of rotation
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8" = angular acceleration
Substituting in equation

Fec - (ZMN + ZMP) = (Im /Ll)a 3-56a
where a is the acceleration. Dividing through by c

F - (2My + ZMP)/c = (I, /cLpa 3-56b
Since the second term is the resistance R

F-R= (I, /cLl)a = M.a 3-56¢
and the load-mass factor Kjy for the sector shown is

Ky = Iy /eLM 3-57

where ¢ is the distance from the resultant applied load to the axis of
rotation, L; is the total length of the sector normal to the axis of rotation
and M is the total mass of the sector.

When the element is composed of several sectors, each sector must be con-
sidered separately and the contributions then summed to determine the load-
mass factor for the entire element.

Ky = Z(I, /eL)/M 3-58

For elements of constant depth and, therefore, of constant unit mass, the
above equation can be written in terms of the area moment of inertia I and the
areas A of the individual sectors.

Kiy = S(I/cLy)/A 3-59

Table 3-13 gives the load-mass factors for the elastic and elasto-plastic
response ranges for various two-way elements. The values given in the table
apply for two-way elements of uniform thickness and supported as indicated.
Also if there are openings in the element, they must be compact in shape and
small in area compared to the total area of the element.

Figure 3-44 gives the load-mass factors for the plastic response of various
two-way elements. The load-mass factors are a junction of support condition

and yield line location. These two-way elements must conform to the following
limitations:

(1) Element must be of constant thickness.

(2) Opposite support must provide the same restraint so that a symmet-
rical yield line pattern occurs.

(3) Any openings must be compact in shape and small in area compared
to the total area of the element.
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3-17.4. Natural Period of Vibration

To determine the maximum response of a system either by numerical methods or
design charts (both methods are described in Section 3-19), the effective
natural period of vibration is required. This effective natural period of
vibration, when related to the duration of a blast loading of given intensity
and a given structural resistance, determines the maximum transient deflection
Xy of the structural element.

The effective natural period of vibration is

T, = 2m(mg/Kp) /% = 2m(Kyym/Kg)1/2 3-60
where m, = the effective unit mass

Kg = the equivalent unit stiffness of system

The values used for the effective mass and stiffness for a particular element
depends on the allowable maximum deflection. When designing for completely
elastic behavior, the elastic stiffness is used. 1In all other cases the
equivalent elasto-plastic stiffness, Kg, 1s used. The elastic value of the
effective mass is used for the elastic range, while in the elasto-plastic
range the effective mass is the average of the elastic and elasto-plastic
values. For small plastic deflections (8 £ 2°), the value of the effective
mass is equal to the average of the plastic value and the equivalent elastic
value. The plastic effective mass is used for large plastic deflections.
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Figure 3-42 Typical single-degree-of-freedom system
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Table 3-12 Transformation Factors for One-Way Elements

. . . Range Load Mass Load-Mass
Edge Conditions and Loading Diagrams of Factor Factor Factor
Behavior Kr Km Kim
Elastic 0.64 0.50 0.78
f L } Plastic 0.50 0.33 Q.66
L L}
P .
‘ Elastic 1.0 0.49 0.49
L/2 L/2 Plastic 1.0 0.33 0.33
Elastic 0.58 0.45 0.78
Elasto-
m Plastic 0.64 0.50 0.78
! -1 Plastic 0.50 0.33 0.66
*P Elastic 1.0 0.43 0.43
Elasto-
/2 2 Plastic 1.0 0.49 0.49
Plastic 1.0 0.33 0.33
Elastic 0.53 0.41 0.77
Elasto |
tmmﬂm:mmmj Blastie 0.64 0.50 0.78
-~ 1 Plastic 0.50 0.33 0.66
P )
’ * ’ Elastic 1.0 0.37 0.37
| L2 | L2 g Plastic 1.0 0.33 0.33
i ] 1
Wﬁm Elastic 0.40 0.26 0.65
L L | Plastic 050 0.33 0.66
lf .
’ Elastic 1.0 0.24 0.24
L L | Plastic 1.0 0.33 0.33
L I
4fV2 vaz
Elastic 0.87 0.52 0.60
tL/3 | L/3 I L/3¢ Plastic 1.0 0.56 0.56
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Table 3-13 Load-Mass Factors in the Elastic and Elasto-Plastic Ranges for Two-Way

Elements
‘ Value Elastic and Elasto - Plastic Ranges ( Support Conditions )
Support Conditions of L/H All Supports Fixed One Support Simple | Two Supports Simple |Three Supports Simple All Supports Simple

Other Supports Fixed

Other Supporis Fixed

Other Supports Fixed

Two adjacent
edges supported

and two edges ? E[ ALL 0.65 0.66 — -_ 0.66
ffee /IIII'IIIII
L
L/H<05 077 0.77 0.79 —_— 0.79
Three edges 4 4 L L L L
supported and y 2 SsL/H=2]0.65-0.16 ( ;= -1) {0.66 -0.144(>=-1)(0.65-0.186 (555 -1 —_— 066-0175 (o -1
one edge free :WH,HH/E[ 065-0 (2H )|066-0 4(ZH ) (2H ) (H )
L
L/Hz2 0.65 0.66 0.65 E— 0.66
L/H=I 0.6l 0.6l 0.62 0.63 0.63
Four ed : T
sﬁ‘é[;:rt?ﬁs y E[ ISL/H=2| 0.61+0.16 (—h—-l) O.GI#O.IG(%-I) 0.6200.I6(-:_‘T-|) 0,63+0.I6(%-|) 0.63+0.16 (-lﬁ-l)
7777777
L
L/H =22 0.77 0.77 0.78 0.79 0.79
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DYNAMIC ANALYSIS
3-18. Introduction

Structural elements must develop an internal resistance sufficient to maintain
all motion within the limits of deflection prescribed for the particular
design. The load capacity of the member depends on the peak strength devel-
oped by the specific member (see Chapters 4 and 5) and on the ability of the
member to sustain its resistance for a specifiec though relatively short period
of time. This section describes the methods used for the analysis of struc-
tural elements subjected to dynamic loads, and these elements are divided into
three groups, namely: (1) elements which respond to the pressure only (low
pressure range), (2) elements which respond to pressure-time relationship
(intermediate-pressure design range) and (3) elements which respond to the
impulse which corresponds to the high pressure design range.

The method of analysis is different for the groups of elements. Those
elements that respond to pressure only (this is still a pressure-time rela-
tion) and those that respond to pressure-time relationship may be analyzed
using either numerical methods or design charts, while elements that respond
to the impulse are analyzed using either design charts for large deflection or
an impulse method for designs with limited deflections.

The method of analysis employing numerical techniques provides a solution that
is obtained by a step-by-step integration, and is generally applicable for any
type of load and resistance function. This method of analysis is presented in
this section. Also presented is the result of a systematic analysis of
single-degree dynamic systems for several idealized loadings plotted in non-
dimensional design charts.

3-19. Elements Which Respond to Pressure Only and Pressure-Time Relationship.
3-19.1. General

To analyze these elements, the true magnitudes for the pressure-time relation-
ship of the applied blast loads must be known. The determination of the
dynamic response of these systems is accomplished using numerical techniques
or design charts which relate the dynamic properties of the element (natural
period of vibration, resistance, and deflection) to those of the blast
overpressures.

3-19.2. Analysis by Numerical Methods

The numerical method of analysis involves a step-by-step integration proce-
dure, starting at zero time, when displacement and the velocity of the system
are presumably known. The time scale is divided into several discrete
intervals, and one progresses by successively extrapolating the displacement
from one time station to the next. As the time interval in the sequence of
time is reduced, i.e., as the number of discrete intervals is increased, the
accuracy of the numerical method is improved.
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3-19.2.1. Single-Degree-0f-Freedom Systems

As stated previously, a single degree of freedom system is one in which only

one coordinate is essential to define its motion. The equation of motion for

the single-degree-of-freedom system shown in Figure 3-42 can be expressed as:
F-kx - cv = Ma 3-61

when ¢ = damping constant

There are several methods that can be used to numerically integrate Equation

3-61, but the two procedures applied to this problem will be the average

acceleration, and the acceleration-impulse extrapolation methods.

3-19.2.1.1. Average Acceleration Method

In the average acceleration method, the velocity and displacement at any time
t are expressed as

Ve = Veo1 Y 1/2 (ag + ag q)At 3-62

X = Xe 1+ 1/2 (v + v 1) At 3-63
Substituting Equation 3-62 into Equation 3-63,

X = Xe.q + Ve.1 At + 1/4 (ag + ag.q) At? 3-64
Substituting Equations 3-62 and 3-63 into Equation 3-61, we have

F - k [xt-l + 1/2(vy + vt_l)At] - c[vt_l + 1/2 (at + at_l)At] = Ma 3-65
Equation 3-65 can be simplified to
1

a - [F - k (x¢.q + Ve_p At + 1/ba,_q At?)
m + (1/2)c At + (1/46)k At?

- e (Ve *+ 1/2 a1 Ab)] 3-66

The integrating procedure can be summarized as follows:

Step 1. At t = 0: Compute: a, using Equation 3-61 and specified values

for X, (t = 0), vo(t = 0), and F(t = o).

Step 2. Increment time: t = t + At

Step 3. At t = t + At: Compute a(t = t + At) using Equation 3-66, v (t =
t + At) using Equation 3-62 and x (t = t + At) using Equation 3-
63.

Step 4. Repeat steps 2 and 3 until some specified time or until the

maximum displacement is reached.
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It should be noted that if x (t = 0) and v (t = 0) are zero, then the system
will not move as long as F (t = 0) is zero; however, if F (t = 0) is not zero,
Equation 3-66 will give an acceleration and motion will start. Thus the
system of equation is self-starting and requires no special starting provi-
slions.

The procedure outlined above for an elastic single-degree-of-freedom system
can be easily extended to accommodate elastic-plastic behavior. To do so,
Equation 3-61 is re-written to include the restoring force R which replaces
the spring restoring force kx, Equation 3-61 becomes

F-R-c¢cv=ma 3-67

Substituting Equations 3-62 and 3-63 into Equation 3-67, the following
equation for acceleration is obtained:

1
at - —;—(—A—t—)z F-R-2¢ Et_l + At at_l / 2] 3-68
m Cc

Unlike Equation 3-66, Equation 3-68 has a non-linear term R, and it depends on
the displacement x at time t. Therefore, instead of using the direct integra-
tion approach as in the previous case, a predictor-corrector method is
utilized. Briefly, the displacement x at time t is estimated (predicted) and
then corrected and convergence of this procedure can be obtained in a single
iteration if the value of At is small enough. The step-by-step procedure is
outlined as follows:

Step 1. At t = 0: Compute at (t = t0) from Equation 3-67 and the initial
conditions.

Step 2. Increment time: t = t + At

Step 3. At t = t + At: Set at = at-1 (t - 1 = 0, initially)

Step 4. Compute vt and xt from Equations 3-62 and 3-63

Step 5. Compute R

Step 6. Compute at from Equation 3-68

Step 7. 1f you are in the predicting pass, return to Step 4, if in the
correcting pass, set xt-1 = xt, vt-1 = vt, at = at-1 and go to Step
2.

3-19.2.1.2. Acceleration Impulse Extrapolation Method

Suppose the acceleration of the system is defined by Figure 3-45a. The

acceleration-impulse extrapolation method assumes that the actual acceleration

curve can be replaced by a series of equally spaced impulses occurring at tg,

t1, t9, . . ., t,, as shown in Figure 3-45b.

The magnitude of the acceleration impulse at t, is given by
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I(t,) = a,(At) 3-69

where t- t; - t0 = t5 - t; = . . . =t - t 7. This is shown in Figure 3-
45b. Since an impulse is applied at t_, there is a discontinuity in the value
of velocity at t,. In the time interval from t to t,_;, the velocity is
constant and the displacement varies linearly with time. The velocity and
displacement thus obtained are shown in Figures 3-45c and 3-45d.

Suppose t,” and t:n+ indicate the time immediately before and after the
application of the impulse at t,, and let v~ and vn+ indicate respectively
the velocity at t,~ and tn+; these two velocities are related by the following
equation:

+

v, o= v, + ap(at) 3-70
The relationship between x,_; and x,, and between x, and x,1 are given by:

Xy - Xpo1 < vn'(At) 3-71a

X 41 - Xp = Vg (At) 3-71b

Combining Equations 3-70 and 3-71, the three successive displacements are
related by:

X+l = 2xn - Xpo1 t an(At)2 3-72

This is the basic recurrence formula for the acceleration impulse extrapola-
tion method. Once the values of x at t,_; and t  are known, the value at t, . q
can be directly computed without resorting to a trial and error procedure.

It is necessary, however, to use a special procedure in the first time
interval because, at t = 0, no value of X,.1 is available. Two different
procedures may be used. The first assumes the acceleration varies linearly up
to the first time station, in which case, the displacement of the system at
that time can be expressed as:

x; = (1/6)(2ag + ap) (At)? 3-73

The second procedure assumes that the acceleration is constant during the
first time interval and is equal to the initial value. This assumption
results in the following expression for x;:

x; = (1/2)ag(At)? 3-74

It should be noted that Equation 3-73 has to be solved by trial and error
since a; depends on x;. This trial-and-error procedure can be avoided by
taking the value of a; to be f(t)/m instead of the exact value of [f(t}) -
R(ty) ]/m. In Figure 3-46a if a ' = 0, a, is equal to a,’'/6 and in Figure 3-
46b if a, and a; are approximately equal to each other, the value a,’'/2 may be
used for a,. The recurrence formula is directly applicable for the evaluation
of X9, X3, ..., Xp41 whenever the acceleration is a continuous function. When
there is a discontinuity in the acceleration, this equation can still be used
but not before some modifications are made to reflect this discontinuity. In
Figure 3-46a there is a discontinuity at t, which occurs at the end of the
time interval At. Under this condition, the value of a, used in the numerical
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procedure is the average value at discontinuity, namely 1/2 (a,’' + a,") for
a;. In Figure 3-46b the discontinuity occurs within time interval, t. The
correct value for a3 in this procedure is:

a3 = (1/2)[ag + a3" + (a3’ - a3") (At'/At)?] 3-75

When there are more than two discontinuities, this procedure becomes cumber-
some and it is more convenient to replace the given acceleration by a smooth
curve. Equation 3-73 must be used if there is zero force (and hence zero
acceleration) at zero time, for in no other way can Xy be determined. If
acceleration at t = 0 is not zero, Equation 3-74 may be used without appreci-
able error, provided the force does not change greatly in the first interval.

The tedious method of numerical analysis is made somewhat easier if the
computation procedure is set up as shown in Table 3-14. 1In the first time
interval, the value used for the acceleration, a,, depends on the forcing
function. If the value of the forcing function is zero at time zero, then a,
is taken as one-sixth of a, where a, is the ratio of the value of the forcing
function at t, to the mass of the system [a, = f(t;)/6m]. When the value of
the forcing function is not zero at time zero, and if the values of the
forcing function at times t=0 and t=t; are approximately equal, then a, may be
taken as (PO-RO)/Z. The recurrence formula (Equation 3-72) is used in the
other intervals.

It may be necessary during the computational procedure, to increase the value
of t so as to reduce the number of time intervals. In Figure 3-47, for
example, the forcing function varies linearly after time j. For the next time
station (j + 1l)st, the value of At, can be increased (At2 - 2At1 for example)
without introducing any errors in the computations. In such cases, caution
has to be exercised when using the recurrence formula. In Table 3-14, the
value of At changes after the jth step, to Aty = 24ty. In the (j + 1l)st step,
X,.1 should be the value of x for the (j-1)nd step and x,, will be the value of
Xn+l for the (j-1)st step.

3-19.2.2. A Two-Degree-of-Freedom-System
A two-degree-of-freedom system is shown in Figure 3-48 where the coordinates

defining the configuration of the system are X; and X,. The equation of
motion for each of the two masses can be expressed as follows:

F]_ + R2 - Rl = Mlal 3-76a

F2 - R2 bl M232 3-76b
Equation 3-76 can be rewritten as:

32 - F2/M2 - R2/M2 3-77b
The integration procedures described for a single-degree-of-freedom system can
also be applied to two-degrees-of-freedom systems. In the average accelera-
tion procedure, if the equations are placed in the same form as Equation 3-61,
i.e., if the acceleration at time t are written in terms of displacements and

velocities at time t - At, then two equations are obtained which must be
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solved simultaneously for a; and a;. In the other numerical integration
procedure, the recurrence formula (Equation 3-72) applies to each of the two
displacements independently.

3-19.2.3. Damping

The effects of damping are hardly ever considered in blast design because of
the following reasons:

(L) Damping has very little effect on the first peak of response which
is usually the only cycle of response that is of interest,.

(2) The energy dissipated through plastic deformation is much greater
than that dissipated by normal structural damping.

(3) 1Ignoring damping is a conservative approach.

If damping has to be considered in an analysis, however, it should be ex-
pressed as some percentage of critical damping. For free vibration, this is
the amount of damping that would remove all vibration from the system and
allow it to return to its neutral position. Critical damping is expressed as

Cop = 2 ki 3-78

where k = stiffness of the system
M = mass of system

The damping coefficient, ¢, in Equations 3-61 and 3-67 is expressed as a
percentage of critical damping, C,,.. For steel structures, c should be taken
as 0.05C,,. and 0.01 C., for reinforced concrete structures.

3-19.3. Design Charts for Idealized Loadings
3-19.3.1. General

The response of single-degree-of-freedom systems subjected to idealized blast
loadings is presented in the form of non-dimensional curves. In order to
utilize these response charts, both the blast loads (pressure - time history)
and the resistance-deflection curve of the structural system are idealized to
linear or bilinear functions. Methods for computing these idealized blast
loads are given in Chapter 2 while the methods for computing the resistance-
deflection functions as well as converting the actual system to an elastic or
elasto-plastic single-degree-of-freedom system have been presented in previous
sections of this chapter.

The response of a structural system subjected to a dynamic load is defined in
terms of its maximum deflection X and the time tm to reach this maximum
deflection. The dynamic load is defined by its peak value P and duration T
while the single-degree-of-freedom system is defined in terms of its ultimate
resistance r,, elastic deflection Xg and natural period IN  Response charts
relate the dynamic properties of the blast load (P and T) to those of the

element (r, X, Ty), that is, X,/Xg and t /T are plotted as a function of r,/P
and T/Ty.

Response charts have been prepared for simplified loads as well as for the
more complex bilinear loadings. The simplified loadings include triangular,
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rectangular, step load with finite rise time, triangular with rise time and
sinusoidal pulse. The idealized triangular loading is utilized in the
analyses of acceptor structures. These structures are subjected to the
effects of unconfined explosions, such as free-air or surface bursts or
partially confined explosions in donor structures which are fully vented. On
the other hand, idealized instantaneously applied or gradually applied flat
top loads are usually encountered in the design of roof elements of acceptor
structures. These structures are subjected to very long duration loads
produced by very large explosive quantities. The triangular loading with a
rise time is similar to the previously mentioned triangular load except that
it is an equivalent loading produced by the blast traversing an element. The
sinusoidal loadings is usually associated with the vibrational type of load
rather than blast induced input. The bilinear loading is utilized in the
analysis of containment structures which allow partial venting of an explosion
and in the analysis of acceptor structures where reflected pressures clear
rapidly around the structure.

The effects of damping have not been included in the preparation of the
response charts. In the design of the blast resistant structures, the first
peak of response is usually the only cycle of response that is of interest
since the maximum resistance and deflection is attained in that cycle.

Damping has very little effect on this first peak and consequently, neglecting
damping has negligible effects on maximum response calculations.

3-19.3.2. Maximum Response Of Linear Elastic System To Simplified Loads

To obtain the response of a linear elastic system, it is convenient to
consider the concept of the dynamic load factor. This factor is defined as
the ratio of the maximum dynamic deflection to the deflection which would have
resulted from the static application of the peak load P, which is used in
specifying the load-time variation. Thus the dynamic load factor (DLF) is
given by:

DLF = X, /Xg 3-79a
where Xg = static deflection or, in other words, the displacement
produced in the system when the peak load is applied stati-
cally.

X, = maximum dynamic deflection

Since deflections, spring forces, and stresses in an elastic system are all
proportional, the dynamic load factor may be applied to any of these to deter-
mine the ratio of dynamic to static effects. Therefore, the dynamic load
factor may be considered as the ratio of the maximum resistance attained to
the peak load or:

DLF = r/p 3-79b

where r = maximum dynamic resistance
P = peak load used in specifying the load-time variation.

For a linear elastic system subjected to a simplified dynamic load, the
maximum response is defined by the dynamic load factor, DLF and maximum
response time, t; . The dynamic load factor and time ratio t /T are plotted
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versus the time ratio T/Ty for a triangular load, rectangular load, step load
with finite rise time (Tr)' triangular load with rise time, and sinusoidal
pulse in Figures 3-49 through 3-53.

In many structural problems only the maximum value of the DLF is of interest.
For the most prevalent load case, namely, the triangular load as well as the
rectangular and step load with rise time, the maximum value of the DLF is 2,
This immediately indicates that all maximum displacements, forces, and
stresses due to the dynamic load are twice the value that would be obtained
from a static analysis for the maximum load P.

The above response charts apply for elastic systems. However, the charts can
be applied to the entire elasto-plastic range if the actual resistance-
deflection curve (two step system, three step system, etc.) is replaced by the
equivalent elastic system where the equivalent elastic stiffness Ky and the
equivalent elastic deflection Xp are obtained according to previously ex-
plained procedures.

In a typical design example, the pressure-time loading is calculated and
idealized to one of the simplified loads defined by P and T or T,. A struc-
tural member is assumed and its corresponding dynamic properties are calcu-
lated. For a completely elastic response, the values of r, and Ty are
calculated while for a response in the elasto-plastic range, r,, Xg and Ty are
obtained. It should be noted that for a response in the elasto-plastic range,
the value of Ty is calculated using the effective mass which is an average of
the elastic and elasto-plastic values. Knowing the ratio of T/Ty the dynamic
load factor (DLF) and the time ratio can be read from the appropriate figures.
The maximum resistance r attained by the structural member is calculated from
the DLF and the response time is obtained from the time ratio. If the
resistance r is greater than r, for a completely elastic response in the
elasto-plastic range, then the analysis is not valid and the procedure is
repeated. The maximum deflection is obtained from the resistance r and the
stiffness K, or Kg.

3-19.3.3. Maximum Plastic Response Of An Elasto-Plastic System To Simplified
Loads

An elasto-plastic system may have an elastic or plastic response depending
upon the magnitude of the blast load. 1If the response is elastic, that is,
the member attains a resistance r which is less than its ultimate resistance
r,, then the charts of the preceding section are used. The response charts
presented in this section are only for the plastic response of members where
the ultimate resistance r,, is attained.

The maximum plastic response of an elasto-plastic system subjected to a blast
load is defined by the maximum deflection, X it attains and the time, t it
takes to reach this deflection. The blast load is defined by its peak value P
and duration T while the singe-degree-of-freedom system is defined by its
ultimate resistance r,, elastic deflection Xp and natural period Ty. A non-
dimensional response chart is constructed by plotting the ductility ratio
Xy/Xg and the time ratio t_ /T as a function of r, /P and T/Ty. Response charts
are given for a triangular load, rectangular load, step load with finite rise
time T, and triangular load with rise time in Figures 3-54 through 3-61. It
should be noted that for the step load with finite rise time, the load is
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defined by the rise time T, and, consequently, the response curves are plotted
using T, rather than T.

In a typical example, the pressure-time loading is calculated and idealized to
one of the simplified loads defined by either P and T or P and T,. A struc-
tural member is assumed and is corresponding dynamic properties (ry, Xg, TN)
are calculated. Knowing the ratios of r /P and T/Ty (or T,./Ty), the ductility
ratio X /Xp and the time ratio t; /T can be read from the appropriate figures.
The maximum deflection X, and response time tm can readily be calculated. 1If
the ductility ratio X /Xp or the maximum deflection X and corresponding
response time t; are unsatisfactory, the procedure is repeated.

It should be noted that the value of the natural period of vibration Ty used
in conjunction with the response charts varies according to the magnitude of
the ductility ratio X /Xp. For small plastic deformations (X /Xp less than
5), the calculations of Ty is based on an average of the equivalent elastic
and plastic masses. Whereas, for larger plastic deformations (X,/Xp greater
than 5), the equivalent plastic mass is used to obtain Ty.

3-19.3.4. Maximum Plastic Response Of An Elasto-Plastic System to Idealized
Bilinear Loads

Response charts have been prepared for bilinear loads in much the same manner

as for simplified loads. However, four parameters are required to define the

bilinear loading rather than two parameters which are required for the simpli-
fied loads. These additional parameters greatly increase the number of charts
required for the rapid prediction of the dynamic response of an elasto-plastic
system. However, the computational procedures remain comparatively simple.

A bilinear load is illustrated in Figure 3-62c. Four parameters are required
to define this load shape, namely:

P = peak pressure of shock load (primary pulse)
C1P = peak pressure of gas load (secondary pulse)
T = duration of shock load

CoT = duration of gas load

It can be seen from Figure 3-62c that the value of C; will always be less than
1 while the value of C, will always be greater than 1.

Response charts for the bilinear load are prepared in the same way as the
simplified loads except that each chart is prepared for a given value of Cy
and Cy. The ductility ratio X /Xp versus T/Ty is plotted on each chart for
various values of P/r,, t_ /Ty and tp/T (where tp is the time to reach the
maximum elastic deflection xE). Therefore, each chart contains three families
of curves. 1In addition, each chart contains one, two or three boundaries
which are formed by symbols. These boundaries delineate regions of each chart
where certain approximations are preferable to chart interpolation. These
approximations involve modification of the bilinear load for the various
regions. The loads considered for each of the regions are given in Figure 3-
62 while the boundary for the various regions are defined in Figure 3-63,
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Numerous response charts are required for bilinear loads. Table 3-15 lists
the figure numbers of the response charts prepared for the selected values of
C1 and Cy. These response charts are presented in Figures 3-64 through 3-266.

To use the response charts, the first step is to enter Table 3-15 with the
required values of Cy and Cy. Locate the points in the table with coordinates
Cy and Cy. The number in the box containing the point is the appropriate
figure number to use to solve the problem. If the point is not located in a
box having a number, the two or, more frequently, four numbers bracketing the
point are the appropriate figure numbers to use. Interpolation for the
required values of C; and C; must be performed. A graphical and mathematical
interpolation procedure is presented in subsequent sections.

In a typical design, a structural member is assumed and the idealized resis-
tance function defined by r,, Xg and Kg can be determined along with the
natural period. As previously explained for simplified loads; the equivalent
mass used to calculated Ty varies according to the amount of plastic deforma-
tion. Knowing the ratio of P/r, and T/Ty, note if the intersection point
corresponding to these parameters, is located in region A,B,C or D on the
response chart(s) for the required values of C; and C,. The boundaries for
these regions are represented by a line of asterisks, solid circles, and solid
squares, as illustrated in Figure 3-63.

The final step in obtaining the solution depends on which region of the
response chart(s) is applicable. These regions were established to reduce the
amount of calculations required for a solution by eliminating, where possible,
interpolation between charts. Except for one of the four regions, the actual
bilinear blast load is replaced by a simplified load. Solution of the
response for these simplified loads will predict a solution which is within 10
percent of the exact solution. Of course, the exact solution of the response
for the structural member in these three regions can be obtained by using the
required response charts and interpolating, where required, between charts.

3-19.3.4.1. Region A

This region is defined as the area to the left of the solid circles on the
response charts. If a chart does not have a line of solid circles, then
region A does not exist. Figures 3-221, 3-222 and 3-223 illustrate this case.

In region A the maximum dynamic response depends primarily upon the total
impulse in the blast loading (area under the pressure-time curve). The actual
pressure-time distribution does not significantly affect the maximum dynamic
response because in these regions the durations T and C,T are small in
comparison to the response time, t; of the structural member. In this region
the response charts are not used and a solution is obtained by considering the
modified loading shown in Figure 3-62a. This load shape yields the following
equations:

- + F 3-80
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and
t 1 P T
o - | F 3-81
Tn 2 ry Tn
where
C2 [1-Cl][1-02]
F - Cy+ 3-82

C - G
3-19.3.4.2. Region B

This region is defined as the area in the chart to the left of the asterisks.
If a chart has no line of asterisks, then region B does not exist. Figure 3-
65 illustrates the case where region B does not exist.

In region B the maximum dynamic response depends primarily upon the gas load
which is described by C{P and C;T. The shock load described by P and T is
neglected. This load condition is shown in Figure 3-62b. Therefore the
solution is obtained from consideration of a single triangular load. The
dynamic response is obtained from Figure 3-64 which like Figures 3-54 and 3-55
is for a triangular load and will yield the same results. When using Figure
3-64 it must be realized that the P and T used in the chart are actually C{P
and C,T, respectively. In a typical design, enter Figure 3-64 with the
normalized parameters, CyP/r  and C,T/Ty, and read the solution, /X tn/Tns
and tE/CzT .

Figure 3-63 depicts region B as the area between the line of solid circles and
the line of asterisks. It should be understood that the solution technique
associated with region B (i.e., neglect the shock load and use Figure 3-64)
applies everywhere to the left of the line of asterisks, including region A.
In other words, two solution techniques are available in region A.

3-19.3.4.3. Region D

This region is defined as the area in the charts to the right of the line of
solid squares. If a chart has no line of solid squares, then region D does
not exist. Figure 3-69 illustrates the case where region D does not exist.

In region D the maximum dynamic response depends primarily upon the shock load
which is described by P and T. The gas load described by C;P and C,T is
neglected. This load condition is shown in Figure 3-62d. Therefore, the
solution is obtained from consideration of a single triangular load. Similar
to region B, the dynamic response is obtained from Figure 3-64 which is for a
triangular load. Unlike region B, the parameters, P and T which describe the
load are used in the figure. Therefore, in a typical design, enter Figure 3-
64 with the normalized parameters P/r, and T/Ty, and read the solution, Xn/Xg>

tm/TN and tE/T.
3-19.3.4.4. Region C

This is the region in the charts which do not meet the definitions of regions
A, B and D. In most charts, region C is the area to the left of the line of
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solid squares and to the right of the line of asterisks, as illustrated in
Figure 3-63. Region C does not exist in some charts, such as Figure 3-97
which have over lapping regions A and D.

In region C, both the shock and gas load must be considered. Replacement of
the actual bilinear load with a simplified load, as done for the other
regions, will yield an incorrect solution. Therefore, in this region the
response charts must be used. If the required values of C; and/or C, do not
correspond to the response chart values, interpolation between response charts
will be required to obtain a solution. 1In a few cases one or two response
charts are needed, however, in general four response charts are required for a
solution.

3-19.3.4.5. Response Chart Interpolation

Interpolation between four response charts will usually be required for region
C. For regions A, B, or D, if conditions warrant an exact solution rather
than the approximate solution usually used in these regions, interpolation
between charts may be required. Either a graphical or mathematical interpola-
tion procedure may be employed. The method selected depends upon personal
choice. A brief description of each procedure is presented below and an
example of each is given in Appendix A.

Graphical interpolation requires a sheet of log-log graph paper. A convenient
size is 2 x 1 cycle with the single-cycle axis representing C; and Cy, and the
two-cycle axis representing the desired parameter (X /Xp, t /Ty or tg/T),
called Y for ease of presentation. The appropriate figures to be used for a
solution are obtained form Table 3-15 for the required values of C; and C,.
The procedure will illustrate the interpolation between four figures since
this is by far the usual case. For the values of P/r, and T/Ty corresponding
to the structural system selected, determine the desired parameter Y for each
of the four figures. Organize a table in the same format as Table 3-16 and
enter each figure number and corresponding value of Cy, Cy and Y.

In the table, Cll and Cyq are the values of Cl and Cy, respectively, from
Figure 1. Likewise, Cy, and C,y are the values of C; and C;, respectively
from Figure 2, etc. The symbol Y;, is the desired parameter, such as X /xg,
which is read from Figure 1. The symbol Y, is the value read from Figure 2,
etc. The interpolation is first performed for the required value of ¢ and
then for the required value of C5. That is, with Cy, constant, grapk.cally
interpolate on the log-log paper between points (Yq, Cll) and (Y2, C12) to
find Y, corresponding to C; and Cy), as shown on Figure 3-267. Similarly,
with Cpq constant, graphically interpolate between (Yj, 013) and (Y,, 014) to
find Y, corresponding to C; and Cj3, also shown in Figure 3-267. The values
of Y, and Y}, are recorded in Table 3-16. Finally, with C; constant, graphi-
cally interpolate on the log-log paper between (Ya, 021) and (Yb, C23) to find
Y corresponding to the required C and C;, as shown on Figure 3-267. The
values of Y is the solution. Since there are three parameters to define the
response of a structural, namely, X /Xp, t,/Ty and tg/T, the interpolation
procedure is repeated three times, once for each parameter.

Mathematical interpolation requires the same initial steps as graphical

interpolation. That is, the appropriate figures to be used for a solution are
obtained from Table 3-15 and the required parameters are determined and
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entered into Table 3-16. Logarithmic equations are used to obtain the values
of Y,, Y, and Y. The value of lnY, is obtained from:

In( Yy /¥y ) 1n( Gy /Cqp)
Iny, = 1lnY; + 3-83
ln( C12 / Cll)

and the value of lan is obtained from:

ln( Y4 /Y3 ) ln( Cl /013)
Inyy, = 1nYy + 3-84

In( C14 / €13)

Using the values of 1nY_, and 1lnY,; the value of 1lnY is obtained from:

(1an - 1nYa) 1n( C2 /C21)
InY = 1nY, + 3-85
InC Ca3 / Ca1)

The desired parameter Y is then obtained from:
Y ~ elnY 3-86a

The above equations use natural logarithms. Common logarithms can be used to
solve the above equations and then solve for Y using:

v - 10logY 3-86b

It should be noted that if C, is represented by a response chart, then only
two charts will be involved, and only Equation 3-83 will apply.

3-19.3.4.6. Accuracy

The prediction error is less than 10 percent for the approximate solutions
obtained in regions A, B and D. This is true provided the recommended proce-
dures are employed, that is, the actual load is replaced by the approximate
loads as shown on Figure 3-62 and the solution is obtained using the equations
provided for region A and using Figure 3-64 for regions B and D.

Exact solutions are obtained from the response charts if the required values
of C; and C, correspond to those given in the charts. This is true for all
four regions. Errors result from interpolation between the response charts.
The prediction error in X /Xp for region C, where interpolation between charts
is required, is less than 10 percent provided response charts bounded by the
dashed or solid lines on Table 3-15 are not used. The prediction error in
Xy/Xg will range from 55 to 100 percent for solutions in region C, if the
point (Cl’ C2) lies in the area bounded by the solid line in Table 3-15, and
will

range from 10 to 55 percent for the area bounded by the dashed line. If the
solution involves charts from both sides of either the dashed or solid lines,
the prediction error will range from 10 to 55 percent. The large interpola-
tion error for these charts result from the big change in X /Xp for a small
change in P/r, which is peculiar to this chart.
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It should be noted that the large errors described above will always be on the
high side, that is, the predicted value of X /Xp will always be greater than
the exact value. Hence, a conservative design will always result. In
addition, it should be noted that the prediction error in t_ /Ty is about half
the error in X /Xg.

While the errors produced from interpolation between the charts in Table 3-15
bounded by the dashed and solid lines is large, the area in which they apply
is small. As can be seen, region C is rather small on these charts. It is
for points in this small area where interpolation must be performed. For the
remaining areas (A, B and D), the approximate solutions may be used rather
than interpolation. These approximate solutions will result in a error of
less than 10 percent.

Solutions involving 0.920 < C; < 1.00 and G 2 100 can result in very large
errors if interpolating procedures are employed. 1In this region, the dynamic
response is primarily due to the gas load. Therefore, Figure 3-64 is used to
obtain X /Xp for the gas load. However, this value is too low and should be
increased by 20 percent. The value of t /Ty corresponding to the increased
value of X /Xp is then obtained from Figure 3-64.

3-19.3.5. Determination of Rebound

In the design of elements which respond to the pressure only and pressure-time
relationship, the element must be designed to resist the negative deflection
or rebound which can occur after maximum positive deflection has been reached.
The ratio of the required unit rebound resistance to the ultimate unit
resistance r/r,, such that the element will remain elastic during rebound is
presented in Figure 3-268 for a single-degree-of-freedom system subjected to a
triangular loading function. Entering with ratios X /Xp and t/Ty previously
determined for design, the required unit rebound resistance r- can be read in
terms of the originally designed ultimate unit resistance r,;. To obtain the
rebound resistance for an element subjected to another form of load other than
the triangular loading function, a time-history analysis such as the one
described in Section 3-19 has to be performed.

It may be noted that if the loading is applied in a relatively short time
compared to the natural period of vibration of the system, the required
rebound resistance can be equal to the resistance in the initial design
direction. When the loading is applied for a relatively long time, the
maximum deflection is reached when the positive forces are still large and the
rebound resistance is reduced.

3-20. Elements Which Respond to Impulse

3-20.1. General

When an element responds to the impulse, the maximum response depends upon the
area under the pressure time curve (impulse of blast loading). The magnitude
and time variation of the pressure are not important. The response charts
presented in Section 3-19, which are based on pressure-time relationship are
therefore not required for these problems. Instead, the element resistance
required to limit the maximum deflection to a specific value is obtained
through the use of a semigraphical method of analysis,
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Consider the pressure-time and resistance-time functions shown in Figure 3-
269. The resistance curve depicted is for a two-way element with a resistance-
deflection function having a post-ultimate range. From Newton’'s equation of
motion it can be shown that the summation of the areas (considering area A as
positive and area B as negative) under the load-time curves up to any time t,
divided by the corresponding effective masses is equal to the instantaneous
velocity of that time:

v, = - 3-87

The displacement at time t, is found by multiplying each differential area
divided by the appropriate effective mass by its distance to t, and summing
the values algebraically:

ta

X, - S [ca - t} de 3-88

In each range the mass is the effective plastic mass:

Time Interval Resistance Effective Mass
0<tx< ty r, m, = [Kiyg ] m,
tp sttty Yup Mup™ (Kpy ] Mup

Time ty is the time at which the partial failure deflection Xy occurs, and
time tn is the time at which maximum deflection Xm is reached (Xm < Xu).

For an element to be in equilibrium at its maximum deflection, its impulse
capacity must be numerically equal to the impulse of the applied blast load.
With the use of the foregoing equations, the expressions which define the
motion and capacity of elements subjected to impulse type loads, can be
defined. These expressions are presented for both large and limited deflec-
tion criteria. This criteria varies for the different materials used in
protective design. The criteria for each material is obtained from the
chapter that describes the design procedures for that material.

Case 1 - large deflections. Utilizing Equation 3-88 and by taking moments of
the areas under the pressure-time and resistance-time curves (Figure 3-269)
about time t;, assuming that the unit blast impulse i, is applied instan-
taneously at time t=0, and that time to reach yield ty is also close to zero
the expression for the maximum deflection is
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i, t r, ti [t -t/ 2] r [t,-tq]
X, - b "m ) u 1l trm™*1 i up ‘'m" -1 (e, - t1] 3.89
m, my 2myp

If moments of the areas are taken about t;, then the deflection at partial
failure Xy, is

i t r tl
Xl.._b_l__ .ot 3-90

my 2my

Using Equation 3-87 and summing the areas of t; and recognizing that the
instantaneous velocity at t_ equals zero.

i ry, t1 r (t, - t1]
b i u i up m -0 3.91

m, My TMup

Solution of the above three simultaneous equations is accomplished by solving
Equation 3-91 for t  and substituting this expression into Equation 3-89, and
solving Equation 3-90 for t; and substituting this expression into the
modified Equation 3-89. After continuing and rearranging terms, the general
response equation becomes

m,
- r,xy + ——— rup (xm - xl) 3-92
2m,, Mup

The left side of this equation is simply the initial kinetic energy resulting
from the applied blast impulse and the right side is the modified potential
energy of the element. The modification is required since the above analysis
requires the use of two equivalent dynamic systems (before and after time ty).
The modification factor m /m,, equates the two dynamic systems. If the effec-
tive mass in each range was the same, m,/m p would equal one and the right
side of the expression would be r X, which is the potential energy.

For one-way elements which do not exhibit the post-ultimate resistance range,
or for two-way panels where the maximum deflection X is less than X,
Equation 3-92 becomes

2
iy

2my,

The above solutions are valid only for what is considered large deflection
design since the variation of resistance with deflection in the elasto-plastic
range has been ignored. This limitation is based on the assumption that the
time to reach yield ty and the duration of the impulse t, are small in
comparison to t,.

- ruXm 3-93

Case 2 - limited deflections. For elements which respond to the impulse with
limited deflections where the time to reach maximum deflection t is greater
than three times the duration t, of the load, but where the support rotations
are equal to or less than the established criteria, the elasto-plastic range
behavior of the element must be accounted for in determining the overall
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response of the element to the applied blast load. For this case, Equation 3-
92 becomes

. 2
iy, r XE m,

r Xy - Xgl 3-94
2ma 2 m,

where m, is the average of the effective elastic and plastic masses and Xg the
equivalent deflection.

When the response time t; of an element is less than three times the load
duration t_ , the element will respond to the pressure pulse rather than to the
impulse alone. In this case the response of the element may be obtained
through the use of a response chart considering a fictitious pressure pulse as
outlined in Chapter 2. However, if the element’s maximum deflection is
greater than given in the response charts (ductility ratio Xp/Xg greater than
100), the response of the element may be obtained through use of the semi-
graphical method of analysis as outlined in this paragraph considering the
fictitious pressure pulse. It should be noted that the resistance time
relationship used in the analysis to express the element’'s response should
include the elasto-plastic region.

3-20.2. Determination of Time to Reach Maximum Deflection
The time t_ for each of the cases covered previously can be determined by
applying Equations 3-87 and 3-88 to the particular problem. The resulting

equations are as follows:

Case 1 - large deflections,

A. X < X £ X,

tn = + - [lb - 2muruxl] 3-95
u Inurup Ty
B. X< X

th =iy / 1y
Case 2 - limited deflections.

Since the variation of resistance with time is not known in the elasto-plastic
range, t, can only be determined approximately by assuming a linear variation
of resistance with time.

iy My L] omy 2
3 - + -1 [Qib - 6m,r Xp

r, 2ma r, Zma

1/2
] 3-97

tm(approx) -
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Figure 3-45 Acceleration-impulse extrapolation method
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Figure 3-63
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system for bilinear-triangular pulse (C; = 0.178, Cp
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LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.022, Cp = 5.5)

Figure 3-96
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MAXIMUM DEFLECTION TO YIELD DEFLECTION, Xm/XE

TIME OF YIELD TO LOAD DURATION, t¢/T
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system for bilinear-triangular pulse (Cy; = 0.015, C» = 6)
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Figure 3-97 Maximum response of elasto-plastic, one-degree-of-freedom

TIME OF MAXIMUM DEFLECTION TO FUNDAMENTAL PERIOD, t../Ty
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MAXIMUM DEFLECTION TO YIELD DEFLECTION, X4,/ Xg

TIME OF YIELD TO LOAD DURATION, t¢/T
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Figure 3-98

LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (Cy = 0.010, C = 6)

TIME OF MAXIMUM DEFLECTION TO FUNDAMENTAL PERIOD, tm/TN
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Figure 3-99

LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (Cy; = 0.750, C» = 10)

TIME OF MAXIMUM DEFLECTION TO FUNDAMENTAL PERIOD, £,,/Ty
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MAXIMUM DEFLECTION TO YIELD DEFLECTION, X/X¢

TIME OF YIELD TO LOAD DURATION, ¢ /T
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Figure 3-100 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.648, C» = 10)
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LOAD DURATION TO FUNDAMENTAL PERIOD, VAN

Figure 3-101 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.562, Cz = 10)
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TIME OF YIELD TO LOAD DURATION, l[/T
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Figure 3-102 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (Cp = 0.422, Cp = 10)
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LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Figure 3-104 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.237, Cp = 10)

TIME OF MAXIMUM DEFLECTION TO FUNDAMENTAL PERIOD, lm/TN
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LOAD DURATION TO,FUNDAMENTAL PERIOD, T/Ty

Figure 3-108 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (Cy = 0.068, C2 = 10)
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LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Figure 3-110 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (Cj = 0.032, C2 = 10)

TIME OF MAXIMUM DEFLECTION TO FUNDAMENTAL PERIOD, ¢,/ Ty
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Maximum response of elasto-plastic, one-degree-of-freedom

system for bilinear-triangular pulse (Cj

Figure 3-115



MME OF YIELD TO LOAD DURATION, l[/T

Ni/%™'7 ‘a01¥3d TVININVYANNS OL NOILITTIIA WNNIXVIN 30 INIL

.01

Me=Qg =M
- e S ;n o ~ o -@a~N®9n
..uo\.ﬂa\.xv\\aw.qw.hmw&443. ~y 2@.(2.”.“.”1.0.0.&00
\ﬂ!w_ A\ | RN ~ rd Zm~ M——’— Eru\\
A S - <7 B
1 \ MURYAN N =
(‘ ) ! /ﬂd LU | —
/ IS ‘
L N amq 47/ X ) "
N/ AR X - 3
/!\ / \ S / / AJA 7A - hP
~ : < - T T IS L) 1 a
\vﬁ\A S // IANEINN nu. M
N 3 é
N ‘17 1/ // B\ rI’ - ,
V4 NI \) \ W V.1
<7 YA Xt - 4
- i { N -
) Z 11N X
] \/( \\W A /N .. ' ;* ).
L — 4
\VK m\f 3 A M_\\
=1 A 1 - \
Sl A= A8 e s Y 49/
74 TIPS 73 x
Z DA TR ot o o] ar8%/
5y L o , h
N /] /
1 N7 N 7 L A
SR s Zus
4 LA 4 A N y \ A |
/ 7&r\\NrMY\.h K A \AA N
71/ 1T N - - ]
b b1
LR LR 2o SN
L] > d % [y %
N 3 -
.\\ % Sp2 AN
A f ol \A . //,U,/
BRSSP 05 ISR N
= 14 7 AW S\\ C
- N~ el W AN NN
3 X P! VAN L
LT I N~ Pa 7aN {
ﬂ P / A - N. 4\[ N
B2 e S GlIN N N = Vi N
SNz I SRR
> S H s > Pz d NN
A e I P PR NONNR
P P N %% H N ;
T T 4T
; Nl >R AU A ol, 9
b b INIAT e PRSI IO
S 88 888 38 =sn~v oo~ oo

Iy /MY 'NOILDIT430 G314 OL NOILD 31330 WANIXYNA

3-176

10

.05 .07

.02 .03

.002.003 .005

.001

LOAD DURATION TO FUNDAMENTAL PCRIOD, T/Ty

Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.715, Cp = 30)

Figure 3-118
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LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Figure 3-117 Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.750, Cp = 30)
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LOAD DURATION TO FUNDAMENTAL PCRIOD, T/Ty

Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.715, Cp = 30)

Figure 3-118
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Figure 3-119

LOAD DURATION TO FUNDAMENTAL PERIOD, T/Ty

Maximum response of elasto-plastic, one-degree-of-freedom
system for bilinear-triangular pulse (C; = 0.681, C» = 30)

TIME OF MAXIMUM DEFLECTION TO FUNDAMENTAL PERIOD, ¢,/ Ty
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