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BARRIER DESIGN FOR TORNADO-GENERATED MISSILES

A. K. KAR
Ebasco Services, Inc.,
21 West Street, New York, N.Y. 10006, U.S.A

SUMMARY

The barrier response to missile impacts depends on available ductility. Analysis of test
results shows very limited ductility if backscabbing is to be prevented. Recommendations
are made on the limited ductility.

Procedures for obtaining shear and flexural strengths of concrete barriers are provided.
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1 Introduction

Nuclear power plant facilities have structures, systems, and equip-
ment designed to contain possible radioactive releases and to permit safe
shutdown. They must be protected against the damaging effects of various in-
ternal and external missiles., Walls, slabs, and other barriers are designed
t6 withstand the dynamic effects of missile impact. Although these barriers
can be of any structural material, this paper primarily examines reinforced
concrete slabs or walls., In addition, steel barriers are treated briefly.

Among the external missiles are tornado-generated missiles. In the
United States, the spectrum of tornado-generated missiles includes the uti-
lity pole, wood plank, automobile, steel rod, steel pipe, etc. Ll]. Among
these missiles, the utility pole and wood plank are soft. The steel sections
are hard. The automobile is considered flexible because of its high initial
deformebility, followed by almost rigid behavior, This paper specifically
treats hard and soft missiles.

Upon impact, missiles can produce itwo types of effects on the target.
The local effects are characterized by penetration, perforation, and backface
spalling or scabbing of the target material. The overall effects of missile
impact on structural stability are commonly evaluated in terms of the flex-
ural and shear behavior of the target.

This paper presents empirical formulas to determine the local efr
fects on concrete and steel barriers. Procedures are given for determining
the design loads for overall effects. The missile deceleration is obtained
in a semiempirical manner. A method is given for the overall design of
barriers.,

2 Local Effects

Missile barriers are construoted of concrete and occasionally of
steel, The local effects depend largely on the relative material properties
of the missiles and the target. Upon 1lmpact on steel barriers, ordinary mis-
siles may richochet or disintegrate. They may also penetrate into or perfo-
rate the target. The relative damage depends upon the impact velocity of the
missile. .For concrete barriers, local damages in the form of spalling of ma-
terial from the front and backfaces of the target, and penetration into or
perforation of the barrier are generally characteristic of impact by a hard
missile. The soft missiles cannot cause penetration or perforation, except
at extremely high hypothetical velosities. They can cause backface cracking
and scabbing; however, this scabbing will be less than the scabbing which
would occur if the mlssiles were hard. The effects of impact of a flexible
missile are intermediate to those of the hard and soft missiles, There may
be some chipping off of material from the front surface and some cracking and
scabbing of the backface,
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Many formulas have been developed to evaluate the local effects of
missile impacts. Most of the work was initiated in conjunction with military
defense. Much of the available information is based on research for high-
velocity, low-mass missiles. Recently, tests have been made using missiles
with characteristics resembling those of tornado-generated missiles, Formu-
las based on test results are presented here to determine the local effects
of missile impact on concrete and steel barriers, These formulas are for
head-on impacts of missiles. Modifications for oblique hits are also indioca-
ted. The formulas are applicable to missiles of all types, whether high or
low velocity or large or small mass. Though excellent correlations with re-
sults from tests involving supersonic velocities have been observed, without
further verifications the formulas may not be used for impact at these velo-
cities,

3 Concrete Barriers

Recent tests [2, 3] have shown that the Modified Petry [4], Ballistic
Research Laboratory [ 4], Ammann and Whitney [ 57],and Modified NDRC [ 6] formu-
las are inadequate to predict the local effects of concrete barriers dus to
impact by tornado-generated missiles.

New formulas are here proposed to calculate the local effects of im-
pact by tornado-generated missiles on concrete barriers. The formulas have
their basis in test results [2, 3, 7] » and they follow the format of the
Modified NDRC Formulas [6]. The new formulas consider the cross-sectional
areas as well as the outside dimensions and shapes of the missiles, the ma-
terial properties not only of the targeis but also of the missilea, They
also consider, among other variables included in other formulas, the size of
coarse aggregate in concrete. The existing formulas do not consider all of
these, After a consideration of the important parameters, the new formulas
have been developed by a nonlinear solution of the test results,

The depth of penetration x (measured in inches) in concrete struc-
tures is determined from eq. (1) as follows:

1.80
G(x/a) = >k N%(l.ogod) (1)

2
X X
(Zd) for d < 2.0
where G(x/d) -

X X N
(d - ) for a = 2.0

In eqs (1), o is a constant and is described later in this paper,
The factor N is a missile shape factor. For practical cases, the
following values may be used:
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N=0.72 for flat-nosed solid bodies (2)
0.5 <
N=0.72+40.25(n - 0.25) <1,17 (3)

for missiles with special nose; n is the ratio of the
radius of the nose to the diameter of the missile.
5 0.0%6 1,0
N=0.72 +{(D/d) - 1} (0,36) €17 (&)
for hollow circular sections (pipe) or
irregular sections.

The factor K is a penetrability factor which is a function of the
material properties of the missile and the target. The value of K is deter-
mined from the followingi

18 E 1.25
0
K= ==
«/f_g<29.000> )

where E is the modulus of elasticity of the material of the missile (kips/
inchz). and fé is the ultimate compressive strength (psi) of concrete test
cylinder. For other test samples of concrete, the value of K should be modi-
fied by the relationship between strengths of different types of test samples.

In eq. (1), d is the projectile diameter (inches) for solid slug-
type missiles. For projectiles of other shapes, d is the diameter of a pro-
jectile that has the same contact surface area as that of the actual missile,
D is the outside diameter (inches) of the actual missile in the case of a

circular section. This is equal to d in the case of a rectangular section
and equal to the diameter of circles inscribed within the boundary formed by
joining the extremities of impacting ends of angular, I, or any irregular
section. The minimum value of D is equal to that of 4.

W is the weight of missile in pounds.

Vo 1is the impact or striking velocity (feet/sec) of the missile.
For oblique impact, the normal component of the impact velocity is used in
eq. (1).

When the different quantities are in the FPS units, as described in
the preceding, o/ equals 1,0,

If D is expressed in cm, d is expressed in cm, E is expressed in
kN/mZ, Vo, 1is expressed in m/sec, W is expressed in kg, x is expressed in cm,
then o =0,01063 in eq. (1).

The depth to prevent perforation, and the thickness s to prevent
backface scabbing are determined by the following;

(559 = .35(3) - o-naey) for ¥ <135 ©

for % =0.65 (7)

p (5= rx(g) - swos (4]
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where

ﬁ:: (29.000 )0 z (8)

a = (maximum aggregate size in concrete)
In eqs. (6) and (7), the units of a, e, and s are the same as those of d and
x. In eq. (8), A =1 for steel missiles.

For x/d ratios larger than those shown in eqs. (6) and (7),

(%%
P55
a

There is normally no penetration for missiles of materials with
hardness numbers less than those of the barrier materials. However, there
may still be scabbing on the backface. Therefore, x should still be deter-
mined from eq. (1) only for use in eq. (6) or (10).

Egs. (1) to (10) have been used to compare predicted values with
results from full-scale tests with missiles having characteristics not too
different from those of tornado-generated missiles. Comparisons have been
made also for tests with bullets. Some of these comparisons are presented in
Fig. 1,and Tables I and II., Fig. 1 and Table II contain comparisons for pre-

dicted depths of penetrations by other formulas also. The comparisons show
the superiority of the proposed formulas over other existing formulas.

1.32+1.2u(§) for (3<§<18) (9)

@
~—

(10)

Il

2.12+1.36(%) for (3£8<1

4 Steel Barriers

There are some qualitative differences between the local failure
mechanisms in steel and concrete barriers. For mild-to-medium-hard homoge-
neous steel plates, the barrier may have ‘a ductile failure. For plates with
Brinell herdness numbers sbove 350, failure by plugging may occur. For in-
ferior quality steel, flaking may occur on the backface.

when using good quality steel, backface phenomena do not generally
influence the depth of penetration; therefore, penetration or thickness to
prevent perforation is given by the following:

Mvz)o.667
E
y = )\(29,00()) (0.72+N> Ky “1,067(D+d) (11)

where M is the mass of the missile (pound-secz/feet); v, (feet/sec), D (inches)
and d (inches) are as defined for eq. (1).

The penetrability coefficient kp in eq. (11) is determined from the
following:

kp = [(0.632 BHN+9'+.88)/275—J (12)
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In eq. (12), BHN is the Brinell Hardness number of the barrier
material. The value of the quantity within the brackets is limited to bet-
ween 0.37 and 1.0, For values less than 0.37 or greater than 1.0, 0.37 or
1.0 are used respectively.

In eq. (11), y is in inches and A=1,0 when the different quantities
are expressed in the FPS units, as described previously.

1f D is expressed in cm, d is expressed in cm, E is expressed in
kN/mz. M is expressed in kg-secz/m. v
in cm, then\=.0035 in eq. (1l).

o is expressed in m/sec, y is expressed

5 Design Load

For overall design of barriers, it is necessary to determine the
impactive load, imparted by the missile. Design loads resulting from missile
impacts are governed by the absorption of kinetic energy from the missile by
the target at iits maximum deflection. These loads are limited by the yield,
buckling, crushing, or local destruction of the missiles. In this section,
formulations based on the principle of colliding bodies are given for the
impactive load, as the missile hits a concrete barrier. This load is a func-
tion of the material, shape, size, weight, and impact velocity of the missile
and the material properties and etiffness of the barrier. The actual design
load is the smallest of the loads calculated for the different modes of fai-
lure of the missile and those necessary for the conservation of momentum or
energy.

From the principle of colliding bodies the velocity V of the missile
at time t can be obtained as

V=V, (13)

where FL is the density of concrete, A the cross-sectional area of the
missile, and C, the speed of sound in concrete. Ce is obtained from

Ec 005
¢ =\ 2> (14)

Where E, is the modulus of elasticity of concrete.

The contact pressure 0 at the interface of the missile and the bar-
rier is given by

(_ R A G, t)

T =0 V,C, exp " (15)

The contact period between the missile and the target is equal to
the time required for the stress pulse to travel the length of the missile
and return to the impacting end. The stress pulse travels at the speed of
sound in the missile material. The duration of contact is also the load
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duration. For a 13.73 feet long (4.19 m) missile, the load duration is ap-
proximately equal to .002 sec, This includes effects of lateral vibration
and plastic deformation.,

From a consideration of the stress pulse, given by eg. (15), and
material properties of a tornado-generated pipe missile, it is found that for
Vo = 202 feet/sec (61.61 m/sec), the missile breaks at the impacting end.
This matches with observations from test No. 4 in Ref, [ﬂ .

The load on the barrier is contributed by the force necessary to
break the missile and the change in linear momentum. The first part Py is
given by

P, = ATy, (16)
where fdu is the dynamic ultimate compressive stress of the missile material.

In determining Py the dynamic response of the missile is considered.
The second part of the load is given by

P2=0.5mV2/ (17)

where m is the mass of ‘the missile per unit time, and V is the velocity of
the uncrushed portion of the missile. F¥rom practical considerations, V can
be assumed to be equal to Vo .

The results predicted by the method proposed here are compared with
those from test No. 4 in Ref. [2] The test panel is a 15-foot-square
(4.58 m) slab, 18 inches (0.458 m) thick. From Fig. C-1 of Ref. [2), the
effective period T of the target system, i. e., the fundamental period for
transverse vibration, is estimated as .O44 sec. From considerations of the
loading pulse and period of the structure, the equivalent static missile load
is calculated to be 359.6 kips (1600.2 kN). In Ref. [3], the peak value of
the total support reaction has been measured as 356 kips (1584 kN). The same
design load can be calculated by considering the elastic stiffness properties
of the barrier and the available ductility beyond this elastic range.

With appropriate changes in the physical parameters in the preceding
derivations, it is possible to determine the impactive load for a steel
barrier,

6 Deceleration Time History

By differentiating eq. (13) with respect to time, the deceleration
of the missile V is obtained as

(_,OCA Co 1;)
V= Vo exp u (_f%_%_gﬁ) (18)

Because of limited rigidity of the barrier, the effective decelera-
tion Verr 18 assumed to be given by

Vepr = VY (19)
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where
X . 0.16055
Y = 0,502 Rerrier < 1.0 (20)
missile
The stiffness of the missile kK i oi1e is given by
= AE
Knissile L (21)

is the stiff-
the

where L is the length of the missile. In eq. (20), kbarrier
ness of the barrier acting as a spring. In determining k
uncracked properties of the barrier are considered.

It is proposed that the magnitude of the deceleration starts from
zero at t =0, linearly increases and peaks at time T given by

barrier

I = u(depth of penetiaglon in feet) (22)
A
After reaching the peak, the missile decelerates as shown by eq. (23)
[_ R
~ = =5
v(t—t) Veff exp for t=% (23)

For the missile in test No. 4 of Ref, [2]. the calculated peak’
deceleration is 1025.6g, where g is the acceleration due to gravity. The
calculated peak deceleration compares exactly with the test deceleration of
1025.6g [3]. The method of deceleration has been used also for projectile
penetration into earth media, Comparisons between predicted and test results
have been found to be very excellent.

7 Design of Barrier

The barrier is designed for the equivalent static load determined in
section 5 of this paper. The design is necessary to verify the adequacy of
the barrier in flexure and reaction shear. Design for punching shear is un-
necessary if perforation of the barrier is prevented. This is because for
punching failure the full thickness of the barrier is involved, whereas front
and backface spalling presents a smaller thickness of the barrier to be per-
forated.

For reaction-shear design for very transient missile loads, consider-
ations should be given to the size of the missile or loading dimensions, ratio
of loading dimension and barrier thickness, and span-depth ratio.

Conventionally, the design for flexure is performed by using the
yield line theory. Refs. [2, j] show that under impact by missiles there is
scabbing of material from the backface before any yield line can be initiated.
Tests with statically applied concentrated loads also show that yield line
patterns may not always form. Also tests [2, 3, ﬂ have shown that the avail-
able ductility is small if backface scabbing is to be avoided. This ductility
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is smaller for dynamically applied concenirated loads than for distributed
loads. FPor test No. 4 of Ref., [2] the ductility has been calculated to be
approximately 3.36, and there has been undesirable spalling.

It is recommended that for design for flexure for impactive loads

from missiles, the ductility ratio be limited to 0.8(3.1-1.7p)2l in concrete
barriers. p 1s the percentage of reinforcement. The equivalent static load
for design for flexure can be determined based on this ductility. The design
for flexure is then performed by determining elastic moments for the concen-
trated load. Using this approach, it has been possible to verify the test
results reported in Refs. [g, j]. For shear and compression,the ductility
ratios are smaller than those for flexure. For shear, carried by concrete
alone, the permissible ductility ratio shall be 1.3. For shear, carried by
concrete and stirrups or bent bars, the permissible ductility ratio shall be

1.6.

However, it shall not exceed that for flexure. For shear, carried

completely by stirrups, the permissible ductility shall equal that forflexure.

In the design, dynamic increase factors appropriate for the strain

rates involved are applied to static strengths of the barrier materials,

(1]
[2]
[3]
[4]

(5]
6]

(7]
8]
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Fig. 1. Comparison of Penetration Formulae for 12 Inch
Schedule 40 Pipe (1 in=2.54 cm)
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