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Concrete contalnment walls and internal conceete bareier walls are often’requited to withstand the effects of mis-
sile impact. Potential missiles include external tornado genérated missiles (steel rods, steel pipes, wooden poles, and
autorobiles), alrcraft crash, and internal accident generated missiles (turbine blade, and steel pipe missiles resulting
from pipe break). Impacting missiles can be classified as either *hard’ or ‘soft® depending upon whether the missile de-.
formability is small oz large relative to the target deformability. This paper only deals with the'effects of *hard” munle
impact. Missile velocities between 100 and 1500 ft/sec are emphasized. ‘Hard® missile impact results in both focal
wall damage and in overall dynamic responss of the target wall. Local damage consists of spalling of concrete from
the front (lmpacled) face and 'scabbing of concrete from the rear face of the target together with missile penetration’
into the target. If damage is sufficient the missile may petforate or pass through the target. This paper reviews tha va.
tlous empirical procedures commonly used for determining penetration depth, petforation thickness, and scabbing
thickness for concrete targets subjected to *hard’ missile impact. Results obtained from these procedures are com-
pared with test data results for low velocity impacts (2001500 f tlsec) Design recommendations to prevent dotrls
meatal local wall damage are presented. Overall dynamic't xesponse of the target wall consists of flexural deformatlons
and a polentlal flexural or shear failure, if the steain energy capacity of the wall does not exceed the kinetic energy in-
put to the wall by the striking *hard" missile. Simplified proccdures are defined for determining the dynamic response
of the target wall and for preventing overall failure of the wall. Included are procedures for defining the effective tar-
get mass to be used in determining the fraction of the total missile kinetic energy which is transferred or ‘input’ into
the target wall, Also included are procedures for defining the total strain encrgy capacity of the target wall ag deter-
mined (tom the moment and rotational capacities of flexural yield hinges and the yield line deformation pattern of

the wall. Lastly, critecia for preventing a premature shear failure are presented

l.,lntrodt'xction

Concrete containment walls and intemal concrete
barrier walls are often required to withstand the ef-
fects of missile-impact. Potential missiles include exter-
nal tornado generated misslles (steel rods, steel pipes,
wooden poles, and automobiles), aircraft crash, and in-
ternal accident generated missiles resulting from pipe

~break). Impacting missiles can be classified as cither
hatd’ or *soft’ depending upon whéther the missile de-
formability fs small or large relative to the target de-
formability, This paper deals specifically with the ¢ase
of *hard’ missile impact although much of the material
lSalso applicable to the case of soft missllc impact.

Paper Si/1 prcscnlcd at the lntemaﬂoml Seminar on Ex-
treme Load Conditlons and Limit Analysls Proceduies for
Structural Reactor Safeguards and Containment Structures
(ELCALAP), Berlin, 811 September 1975, T
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Missile velocnties of mterest to the nuclear industry are
generally in the range 100—600 ft/sec,
* " *Hard’ missile impact results in both local wall da-
mage and in overall dynamic responsé of the target wall,
Local damage consists of spalling of concrete from the
front (impacted) face and scabbing of concrete from
the rear face of the target together with missile penctra-
tion into the target. If damage is sufficient the missile
may perforate or pass through the target, Overall dyna.
mic response of the target wall consists of Nexural de-
formations. A potcntinl flexural or shear failure will oc.
cur if the strain cnergy capacity of the wall does not
exceed the kinetic energy input to the wall by the
striking ‘hacd’ missile,

- Loral and overall impact phcnomena for ‘hard’ mls-
sile impact are schematically shown in fig. 1. With- vcty
low velocities, the missile will strike the target wall -
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a)} Missile Penctration and .
Spalling

c) Perforation

d} Overall Target Response

Fig. 1. Missile impict phenomena, .

and bounce off without creating any local damage. As
the \clocny increases, pieces of concrete are spalled
(ejected) off of the front or impacted face of the tar-
get. This spalling forms a spall crater that extends over
a substantially gecater area than the cross- sectlonal
arca of the striking missile. As the vclocnty continues
to increase, the missile will penetrate the target to
depths beyond the depth of the spall crater, forminga_ a
cylindrical penctration hole with a diameter only
slightly grealcr than the missile diameter, As the pcnc‘
tration de pth increases, the missile will stick to the
conerete target rather than rebounding. At this stage
the impact meets the criteria of a *plastic’ unpact. L
However, even at fesser punctratmn depths the impact
can be apprO‘(lmﬂ!cly treated as a *plastic’ impact when
determining the enera oy absorbed by the impacted tar-
get. Further lncrcascs in vcloclty producc cracklng of-
the conérete un the back surface followed by scabbing
(¢jection) of concrcte from this rear surface. The zone
of scabbing will generally be much wndcr but not as
deep as the front face spal crater, Once scabbing be: ™

get response tha

gins, the depth of penetration will ncrease rapidly. For
low barrier thickness to missile diameter ratios (less
than 5) the picces of scabbed concrete can be large in”
size and have substantial velocities. As the missile velo-
city increases further, perforatlon of the target wnll oc-
cur as the penetration hole extends through to the
scabbing crater. Still higher velocities will cause the mis-
sile to exit from the rear face of the target. :

Upon *plastic’ impact, portions of the total klnehc
encrgy of the impactin ng missile are converted to strain
energy ;Lssocmcd with'deformability of the rissile, and
cnergy I0sses associated with target penctration, The e
mainder of the energy is absorbed or ‘inputted’ to the
impact target, Tl{_ls absorbed encrgy results in overall tar-

ncludes flexural deformnﬁon of the
target barcier and deformation of its suppomng stmc-.y
ture,

- Good barricr design pmclicc conslsts of (l) prc- o
ventlng excessive local damage, and (2) preventing col-T
lapse of the barrier resullmg from its inability to withe’
stand the absorbed enérgy. To prevent excessive local
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damage requires that cither the wall be thick enough to
prevent scabbing of the concrete or lhat:a properly de-
signed *scab’ plate be attached to the rear surface of the
wall. If a ‘scab’ plate is used, the wall should be suffi.
ciently thick to prevent perforation. Overall wall col- .
lapse is prevented by designing the wall to have reserve
strain energy capacity greater than the total absorbed -
energy to which it is subjected. The remainder of this
paper outlines procedures whith can be used to obtain
these goals.

2. Local missile impact effects
2.1. Terminology and symbols used .

The following terminology and symbols are used
throughout this discussion of local missile impact ef-
fects. Unfortunately, nearly all of the prediction equa-.
tions are dimensional equations thus necessitating the
use of dimensional units in the symbol definitions.

Penetration is the displacement of the missile into
the target. It is a measure of the depth of the crater
formed at the zone of impact,

Perforation is ‘full penetration®, The missile passes
through the target with or without exit velocity.

Scabbing is the pecling off of the back face.of the
target opposite to the face of impact,.

Spalling is the ejection of target material from the
front face of the target (i.c. the face on which the
missile impacts).

- A is the projectile contact area (in.2).

d is the projectile diameter (in.). All of the expcn-
mental and theoretical work concerned with local im-
pact effects has been develop\.d for cylmdrical projec-
tiles. For projectiles with noncircular cross sections, d
Is the diameter of an equivalent cylindrical shaped pro-
jectile with the same contact surface area as the con-
lact surface area of the actual missile, . .

_ 2D = W/d3 is the calibre density of the pro;cctilc (lb/
in.%),

eis the perfomnon thickness (m ) e the maxlmum
thickness of a target which a missile with a given impact
velocity will completely penetrate, Theoretically, the .
“exdt vclocnty of the missile will be zero. For concrctc.
the petforation thukness will be cons:derably greater .
than the penetration depth x due to scabbing of con- .
viete from the rear face of the targct. .

S is the ultimate compresswc strength of concret
(b/in.2). '
K is the concrete penc!mbxluy factor. This factor
measures the resistance of concrete to penetration.

~ Nis the projectile shape factor.

Py is the impact pressure per unit contact surface z -
at time #; during penetration (1bfin.2).

s is the scabbing thickness (in.), i.e. the thickness ¢
target required to prevent scabbing of material from t
rcar face of the targc( fora rmssnle with a given impac
velocity. .

tis the target thlckncss (in.).

V is the striking velocity of projectile (ft/sec).

- Vj is the instantaneous projectile velocity at time #;
during penetration.

W is the projectile weight (Ib).

x is the total penetration depth (in.), L.e. the dcpth
which a missile will penetrate into an infinitely thick
target. As defined herein the penetration depth neglect
all rear boundary effects and i is applicable only when
the target thnckness is sufﬁcxcntly great to prevent rear
face scabbing. .

X;in the instantaneous penetration depth at time
t; dusing penetration.

2.2. Review of commb_nly used procedures for deter-
mining local missile impact effects

Currcntly, in thc Umtcd States, local mlssnlc 1mpact
effects for *hard’ missiles have been determined using -
empirical formulae (some of whxch possess a partial
theoretical basis) to define the penctration depth, per-

- foration and scabbmg thicknesses. These formulae are

based upon expcrunen!al results obtained prior to

1946 for concrete slabs perforated by pro;ectllcs and
bombs. The most commonly used formulae in the US
are the modificd Petry forinula [1-4]. the Aemy Corps
of Enginecrs formula {3,5), the modificd \'monal De-,
fense Rescarch Committee formula [4,6,7], the Amman
& Whitney formula [8,9] and the Ballistic Rescarch
Laboratory formula [3]. All of these l'ormulae suffer .
from limitations in the rangc of av:nlabh. test data.

In ncatly all of the tests the stnking mnssﬂc has been
an essentially nondeformable pro;ectlle or bomb often
made of armor-plercing steel, while the target has been
a massive, nondeformable’ concretc !argcl All of the -
empirical cquatmns are s(nclly apphcablu only to lhc
conditlon of a an esscmlally nondcformable nissile and
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target and are thus expected to over-predict local ef-
fects for deformable missiles and targets.

Local effects are maximized when the impachng mis-
sile strikes normal to the target face. All of the empiri-
cal formulae are for the case of normal impact The

. anglé of strike has a substantial influence on the penetra-

tion depth {6} particularly for angles greater than 20
from normal,

- The empirical formulae are based' upon only ali- .
mited range of paramcter variation. Until recently.

- the parametric ranige of available test data was limited
to [7): t/d > 3;d <16 in.; 0.2 1b/in.3 <D <08 It/
1in.3;500 ftfsec < V< 3000 ft/sec;3 <ef/d < 18;and

3 <s/d < 18. Some of the empirical formulae are based
upon an even narrower range of test parameters but
none is based upon a wider range. For mrssrlc impact
problems-of interest to the nuclear facility industry,
the missile velocities are generally in the range 100—
600 fi/sec, thus necessitating that the empirical formu-
lac be used outside of the range of the test data from
_ which they were deveIOped

221, Modrf ed Pelry fonnula

_ The most commonly used formula in the US for
determining local *hard’ missile effects has been the mo-
dified Petry formula which was originally dchloped in
1910. Accordmg to this formula the penetratlon depth
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l‘ig 2. Value of penclratton coeﬂ‘clcnt K for specnl.ly lem
forced concrete (cef. [2)).

for a missile irnpacling a massive target is given by
x = 12K Aplogyo (1 + ¥2/215000) , S

where K, is a coefficient depending on the nature of
the concrete; and A, is the weight of missile per unit
projécted aréa (Ib/f t2). Originally Kp was defined as:
0.00799 for massive concrete; 0.00426 for normal
reinforced concrete and 0.00284 for specrally rein-
forced concrete. Note that these values of X p arein-
dependent of the concrete strength (an obvious defi-
ciency) and only dependent upon how the concrete
is reinforced.
~ For specially reinforced concrete in which the front
and rear face steel is laced together with special ties,
Amirikian [2] has revised Kp to account for the effect
of concrete strenth. The revrsed K, valuesasa function
of concrete strength are shown in fig. 2. Even though
this figure is only specifically applicable for specially
reinforced concrete it has sometimes been used for
normal reinforced concrete as well. Thus, as currently
applied, the modified Petry formula can give results
which differ significantly depending upon the value of
K, that has been used. Hercin, use of the original ta-
bulated values opr will be defined as modified Petry
I, while use of the values in fig. 2 will be deﬁned as
modified Petry II.

Amirikian [2] suggested that the per(oratlon thrck-
ness by given by

e=2, | T

where the penetration thickness x is given by the modi-

fied Petry formula (cq. (1)). Eq. (2) is defined as the
maodified Petry formula for perforation. When using the
modified Petry formula it has been ‘common pracnce
to dcﬁne the scabbmg thrckness as »

s=@2ax. e
This equation will be deﬁned as the modified Petry
formula forscabbing .

2.2.2, Amr y C'orps of Engmeer: formula

The Army Corps of Engincers (3,5] developed tho
following formula in 1946

(_x_)=282Dd°-215 ("')':"afos‘ @
d (/é)uz 1000 a
Eq. (4) has been commonly referred to as the Army
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. Corps of Enginecis (ACE) formula. Eq. (2) Is based ex-
clusively upon a statistical fitting of the experimental
data. When cxtf@pu!atcd beyond the previously de-
fined range of the test data this equntion can le:ld to
unreasonable results,

Perforation and scabbmg thickncss tests were re-
poited in 1943 [10] for 37 mm, 75 mm, 3 in., and
155 mm projectiles. Regression analysis on these tests
has led to the following relationghips for perforation
and scabbing thicknesses:

ofd=132+ 124 (cfd), for(B<efd<18), (5)
sfd=2.12+136 (c/d), for(3<s/d<18).. (6)

These relationships are applicable only within the
slab thickness to projectile diameter ratios indicated.
For ratios less than three, these equations will lead to
increasingly conservative results. Eqs (5) and (6) are
commonly known as the ACE formulae l'or perfom-
tion and scabbing. )

Perforation tests were also reported in 1944 on 133
concrete slabs {6, 11] for 0.5 calibre bullets where the
slab thickness was varied from 3 to 18 times the projec-
tile diameter, and the strength of concrete from 1500
to 7000 1bfin.2, These more extensive tests yielded re-

" gression equations for perforation and scabbing thick-
nesses which differ only very slightly (less than 10%)
from eqs (5) and (6). Because of the larger projectile
diameters used in the original tests, it is believed that
eqs. (5) and (6) are more appropriate for mnss:le im-
pacts of interest to nuclear facllmes

2 2 3 Mod:/'ed Nauonal De/‘ense Research Commmee
Jormula - -

In 1946 the National Defense Committee [6] pro
poscd a theory of penetration for a nondeforming pro-
jectile penetrating a massive concrete target which of-
fered a good approximation of the experimental results.
This theory of penetration enables one to not only .
calculate the total depth of penetration, but also to cal-
culate the impact force—time history and penetration—
depth time history. Based upon this theory of penctra-
tion, the National Defense Rescarch Committee (NDRC)
;rsroposed that the penetration depth x be obtamcd
rom

where

, (x/2d)2, forx/d<2.0 o
G(x/d) B { (Ccf) ~ 1), forxfd> 20 ™
Nisa mlsslle shape t'actor equal to 0 72 for ﬂat nosed
bodies; 0. 84 for blunt nosed bodies; 1,00 for average
bullet nose (spherica] end); and 1,14 for very sharp .
nose. K is a concrete peneteability factor which isa .'
function of the concrete strength. The primary advan-
tage of this NDRC formula is that since it is based A
upona theory of pcnctratxon, it can be extmpohtcd
beyond the range of available test data with greater cof
fidence. Unl‘ortunately. because of the reducuon of in-
terest in projectile penetration of concrete after 1946,
the NDRC effort was stopped without completely de- -
fining the factor K and the proposed NDRC formula
was cffectively burled in classificd (thus not easnly ob-

tainable) reports. Therefore, until reccntly. the NDRC

formula has not becn extensively used for mnssxle im-

pact problems in the nuclear industry.

According to ref. (6], K should lie between 2 and
S depending upon the concrete steength to fit the a-
vailable test data. Based upon both theoretical and
experimental consnderauons, it was suggested (7] in
1966 that the concrete penetrability factor X is propor
tional to the recnprocal of the ultimate concrete tensile
strength ‘which in turn-was taken to be prOportlonal to

“the squace root of the ultimate concrete compressive

strength f;. By fitting this relationship to the experime
tal data available for the larger missile diameters the fo
lowing relationship for K was obtained:

K=180/fHM2, ®)

The combination of cqs (7) and (8) is defincd herein -
as the modificd NDRC formula for peneteation.
- For slab thickness to projectile diameter ratios grea-
ter than three, ¢q. (7) can be used in conjection with*
¢qs (5) and (6) for predicting perforation and scabbing
thicknesses. However, for many impact problems, the
slab thickness to projectile diameter is substantially :
less than three. Beth [12] suggested a curved fit cxtra-
polation of these cquations for slab thickness to projec
tile diameter ratios less than three so that the equation
would pass through the origm. Parabolic fits which
both pass through the origin and have the same slope as
¢qs (5) and (6) at a slab thickness to pro;eculc diumete
mtlo of thrée have been proposcd [4 7 ,13]. This parab-
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lic fit leads to
e x x\2 .
a—=3.l9(—(7)—'0.718(7) , forx/d <135, )

for x/d <0.65 , (10) -

whereas for larger x/d ratios eqs (5) and (6) are to be
Used. This moditication when used together with eqs
(7) and (S) are known as'the modified NDRC formulae

" for performation and scabbing. Their primary advan-

tage over the ACE formulae is that they can be extra-
polated to slab thickness to projectile diameter ratios
less than three without leading to unreasonable results.

- 2.2.4. Other fonnulae for local missile effects

Other formulae have also been used to predict penc-
tration, perforation, and scabbing of concrete targets
by nondeformable missiles. Two of these are the Am-
mann and Whitney formula {8,9] and the Ballistic Re-
search Laboratory formula [3].

The Ammann and Whitney formula is 1ntended to
predict the penetration ol small explosively generated
fragments traveling over 1000 ft/sec. According to this
formula

(£)=282:‘\’Ddo'2 ( |4 )1.8 an
d (fc’)lll | 10C0 ) . .

This formula is not intended for use with the lower ve-
locity missiles of primary interest to nuclear facilities.
All of thie previdus formulae for perforation and

scabbing thicknesses base the caleulated thickness on
the calculated penetration depth x. The Ballistic Re-
scarch Laboratory (BRL) formula dlrectly predlcts the
perforation thickness to be

—=7,8D402 ( 4 )1'33

1000 (12)

for an ultimate compressive strength of 3000 1b/in.2,
Modifying eq. (12) for other valucs of the ultinate com-
pressive strength assuming the perforation thickness is
Inversely proportional to the square root of f¢, leads to

e 4771)402( )1-33‘
1000/

NTANE

This formula is known as the modified BRL formula o

for perforation, I has béen recommended [14] that’

(13) 3

the scabbing thickness can be estimated from
s=2e, : (14)

wheré e is defined by eq. (13). This relationship is de-
fined hercin as the modified BRL formula for scabbing.

2.2.5. Comparison of pred:cted local mtssxle effects for
- various prediction formulae

The penetration depth x and perforation thickness e
as obtained from the various prediction formulae are
plotted versus velocity for velocities up to 1500 ft/scc
in figs. 3 and 4 for a typical missile. Note the wide scat-
ter of results obtained from the various predxcuon equa-
tions.

Considerable penetration and perforation test data
exists for missile velocities in excess of 1000 ft/sec. For
these velocities, the penetration depth and perforation
thickness calculated using the ACE, modified NDRC,
and Ammann and Whitney formulae all tend to agree

. with each other within 30% and all approximately agree

with the experimental data available. For the larger diam-
eter (greater than 3 in. in diameter) nondeformable mis-
siles, the modified Petry Il formula underpredicts the ex-
perimental data for penetration and perforation for velo-
cities in excess of 1000 ftfsec. Similarly, the modified
Petry I formula underpredicts the penetration depth

for velocities in excess of 1000 ft/sec and the perfora-
tion depth for velocities in excess of 1500 ft/sec. On-

ly a relatively small amount of test data exists [4,11,
15,16) for larger diameter nondeformable missiles with
velecities between 500 and 1000 ft/sec. However, with-
in this range, experimental measured penetration depths
are in reasonable agreement with penetration depths
obtained from the ACE, modified NDRC, and modi-

fied Petry I (K, = 0.00426) formulae, but are underpre-
dicted by the Ammann and Whitney and the modified
Petry Il in which K, is based upon fig. 2. As previously
mentioned, the Ammann and Whitney formula is not
intended to be extrapolated to velocities significantly
below 1000 {t/sec. For velocities in the range S00—
1000 ft/sec the measured perforation thicknesses are
accurately fitted by both the ACE and the modified
NDRC formulae. For the larger diameter missiles, the
BRL formula underpredicts the test results when extra- -
polated to velocitics below 1000 ft/sec while the modi-
fied Petry Il underpredicts test rcsulls for vclocmes
below 750 ftfsec. = = -+
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w s 10015
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Fig. 3. Compatison of concrete penétration depths calculated by various formulae for the case of a typlcal missile,
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2.2.6. Current test programs to determine local missile
impact effects

Because of the wide scatter of results which can be
obtained from the various local missile impact effect

. equations for velocities below 1000 ft/séc and because

test data does not exist for missile velocities below S00
ft/sec, a testing effort was begun within the last two
years to detennine the local missile impact effects for
lower velocity, larger diameter missiles. These missiles
have been primarily intended to simulate tornado gene-
rated missiles. The Calspan Corporation has recently
completed a series of missile impact tests [17] for the
Bechtel Corporation, while Sandia Corporation has be-
gun a series of missile impact tests for the Electric
Power Research Institute. As a result of these additio-
nal tests for lower velocity, larger diameter missiles, it
is expected that improved formulae will be developed
for predicting penetration, perforation and scabbing
thicknesses. In the meantime, the Calspan tests (which
were primarily run to determine scabbing thicknesses)

can be used to check the accuracy of scabbing thick-
ness predictions from the various existing formulae in
the lower impact velocity range.

The Calspan tests were performed for the followmg
missiles:

(1an 8 in. dia. solid steel slug weighing approximate-
ly 213 1b;

(2) an 8 in. dia. Schedule 40 hollow steel pipe (cross-
sectional area 8.40 in.2) weighing 207 and 1321b; and
(3) an 8 in. dia. solid wood pole weighing 200 1b.
Concrete panel thicknesses were 12, 18 and 24 in. and
strengths £, varied from 4400 to 5800 psi; missile velo-

cities were varied from 120 to 500 ft/sec. All missiles
had it ends (projectile shape factor & = 0.72). A sum.
mary of the Calspan test results is presented in table 1.
Based upon these tests, the relationship belween missile
velocity and threshold of scabbing shown in table 2 has
been developed {17] for concrete with a compressive
strength of about 5000 ibfin.2.

The wooden pole missile crushed upon impact and
did not cause scabbing of the concrete target cven

———

5.0

Table 1. ‘
Summary of low velocity mlssde tests results (from ref. {17)).
Missile Missile Missile Panel Panel reinf. Panel Pancl Missile Scabbing Scabbing
type weight (Ib)  velocity thickness EWEF concicte impact permancntly damage velocity
(ft/sec) (in.) (approx.Se) strcngth focation deformed (ft/scc)
' — — (lblcm ) length {in.)
Steel slug 214 122 12 04 5770 lower 0 moderate 25
Steel slug 214 214 12 04 4550 upper 0 severe 105
Steel sfug 213 340 12 04 4550 center 0 severe 172
Steel slug 213 161 18 04 4500 . lower 0 _. none . 0
~ Stecl slug 213 -207 18 0.4 5100 upper 0. incipient 15
Steel slug 213 337 . 18 - 06 4900 " upper 0 " severe 49
Steel slug 213 295 24 . 06 4715 . upper 0 none 0
Stecl slug 215 n 24 0.6 4500 lower 0 light 14
Steel gine 202 135 12 0.6 35210 lower 0 none 0
Steel pipe 202 209 12 0.6 " 5770 . upper 0 light 40
Stedl pipe 205 - 210 18 04 5210 Cower 20 none 0
Slcc:pfpc - 209 319 18 0.4 $210 upper 55 incipient 0
Steel pipe 209 370 24 0.4 4520 © lower 7.5 none 0
Sts‘clpfpe 208 470 24 0.4 4775 " upper 120 incipient 0
Sicel pipe 210 475 24 0.6 4400 center  10.5 incipient (]
Steel pipe 132 370 -18 .06 4500 - lower 115 . none 40
Steel pipo 132 455 18 0.6 5100 upper  15.0 " moderate 40
xfwdcn pole 201 © 300 12 0 06 - 5770 Clower 240 nono 0
vodenpole 199 440 12 06 5770 - upper 480 none 0
Woodenpule 200 490 24 ‘0.6 4400 - | centor ¢ nong 0




- Table2

Comparison of predicted scabbing thickness versus test results for Calspan tests.

1.76

Missile Velocity ~ Calspan Scabbing thickness (Inches)
(t/scc) test :
: .. results Modificd Petry [ Modified Petry I Army Corps of Modified Modified
(able2) K p = 0.00426). (Kp = 0.0022) Engineers. NDRC BRL
{eqse (1) & (3)) {eqs (1) & (3)) (cqs (4) & 6)) (eqs (N & () or (10))  (cqs {13) & (14))
Pre- Ratio Pre- - Ratio Pre Ratio Pre Ratio ‘Pre- Ratio
dicted  pred.ftest  dicted © pred.test  dicted  pred.test  dicted  pred./test dicted pred./test
213 100 12.0 14 0.12 0.7 0.06 23.3 1.94 ' 14.2 1.18 2.8 0.23
steel slug 200 18.0 .81 .0.28 2.6 0.14 24.9 1.38 21.6 1.20 1.2 0.40
o 350 24.0 134 0.56 6.9 0.29 28.?. 1.18 26.1 1.09 15.1 0.63
mean ’ :
ratio i .
pred./ 032 0.16 1.50 1.16 0.42
test
20715 180 12.0 243 202 125 1.04 195 162 140 117 303 252
steel pipe 326 18.0 67.5 3.75 349 - 19 33.7 1.87 ¢ 19.3 1.07 - 65.1 3.62
470 240 122.5 S.10 63.3 2.64 52.8 2.20 27.1 . 113 108.6 4.52
.mean - L o :
ratio . _ ‘ :
pred/ 3.62 1.87 ;.90 112 3.55
test
132160 400 - 18.0 614 341 31.7 30 172 189 108 559 311

“steel pipe

$oodw) 31s5ju 151521 01 521321115 31229109 fo uSjsoq ] fpounay gy
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Table 3

2316 207 1b 13216

steel slug - steel plpe steel pipe
[ (v/in%) 5000 - 5000 5000 -
N 0.72 0.72 012
wap) 213 207 132
Aglind) 50.3 8.40 8.40
d(in) 8.0 R %5 3.27
D(fin’) 0.416 5.92 318
Ap (b/ie’y 610 3550 2260

-when fired at approximately 500 ft/sec. It was noted
_ “previously that all of the penetration, perforauon. and
+ scabbing thickness equations are appropriate only for
*hard’ (essentially nondeformable) missiles. Since the
wooden pole missile crushed upon impact, these formu-
lae are not applicable for wooden polcs impacting a con-
crete target.

Predicted scabbing thlcknesses versus velocity as ob-
tained from the various prediction formulae are shown
and compared with the Calspan test results in table 2
for the 213 1b steel slug, the 207 1b steel pipe, and the
132 1b steel pipe, respectively. For all calculated scab-
bing thicknesses the properties given in table 3 weie
used. For the hollow stecl pipes, the effective diameter
d was taken as the diameter of a solid cylinder with the
same contact surface arca (8 40 in.2) as the actial steel
pipes.

From a review of table 2,itis obvnous that of the
existing scabbing thickness prediction equations, only
the modified NDRC formula accurately predicts the
Calspan test results for these larger diameter, low velo-
city missiles. For both the solid steel slug and the hol-
low steel pipe missiles the modificd NDRC formula is
consistently S—20% higher than the test data results
and averages about 13% higher. Accuracy appears to
be equally ‘good for both types of missiles.

. The two modified Petry formulae as wvell as the mo-
dified BRL formula grossly underpredict the test data
results for the case of the solld steel slug. The lower

the velocity, the worse this underprediction becoines
being more than a factor of four too low for the lower
vclocmcs. For the steel pipe missiles, when the contract
surface arca (8.4 in.2) is used, these formiluc all great.
Iy overpredict the fest results, It might be argued that
one should use the total gross frontal area rather than
l_hgcou_t,ncg surface area for-the hollow steel missiles,

If this were done, then these three formulae would
greatly underpredict the results for the hollow stecl
pipe missiles just as they had underpeedicted the re-
sults for the solid stecl stlug. The ACE formula con- .
sistently overpredicts the scabbing thickness for all
cases.

2.2.7. Recommendation for predicting local missile
impact effects for hard nondeformable missiles
and massive targels -

A number of formulae are in existence and have
been used for predicting the required thickness to pre-

" vent perforahon, and/or scabbing of concrete barrier

walls. These formulae are strictly applicable only for
use with nondeformable missiles and massive (effec-
tively nondeformable) targets. Their use for conditions
in which the missile is highly deformable (wooden
poles, automobiles, aircraft airframe) or where the tar-
get is very flexible (concrete panels with very large span
to depth ratios) will result in excessively conservative
predictions of the requircd thickness to prevent perfor-
ation and/or scabbing.

For the case of nondeformable missiles and massive
targets, it is strongly recommended that, at the current
time, the modified NDRC formula be used to predict
the required perforation and/or scabbing thicknesses of
concrete barrier walls rather than the other formulae
summarized in this paper. It is the only one of the com-
monly used empirical formulac which is capable of ac-
curately prcdlctmg the perforation and scabbing thick-
nesses over the entire range of missile diameters (up to
16 in.), calibre densities (0.2—6.0 Ibfin.3), and missile ve-
locities (100—3000 ft/sec) for which test data is now
available, Throughout this range of variables, this for-
mula agrees with test results generally within 20%.
Furthermore, the formula has the added advantagc of
being based upon an approximate theory of penetra-
tion rather than being a purely empirical one, thus

- giving greater confidence in the extrapolation of its re-

sults,

2, 3 Impact force time hi; mory and duratton for hard
- missile mtpact

To dctcrmino (hc overall target response to a *hard’
missile impact, it is desirable to know either the impact
force tlmo history or at least the duration ofimpact.
For the modificd NDRC formula for missile penetra-
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tion, an approximate theory of peinetration Is available.
This theory enables one to calculate an impact force
time history and duration of impact which is consis-
tent with the calculated penctration depth for nonde-
formable ‘hard® missiles and massive targets.

According to this theory of penetration (6), the im-
pact pressure per unit contact area P; at any time #; is
a function of both the depth of penetration x; and the
projectile velocity v; at that ingtant of time and can
be represented by a separable force law. Thus,

where z; = de Based upon both the available test-
data, and some simple theoretical considerations it was
determined [6] that the impact pressure per unit con-
tact area in 1b/in.2 could be given by

263 820 Vi 02. :
Fi=—%y (1 2 OOOd) &ap » (16)
_in which

forxy/d <20 -
forxy/d>20°

_ [Gil2d),
&)= Y0.0),

where v, d and x; must all be expressed in the same di-
mensional units. Eq. (16) enables the impact pressure
per unit contact surface area to be determined for.
any penetration depth and projectile velocnty atany
fnstant in time L. Howaver, to use this equation it is
necessary to fi rst determine the relationship between
X;and v; as a function of the initial impact velocnty v,
and total penetration depth ¥. To do this requires the
writing of the equation ofmotion for the impaclmg
projectile,

The cquation of motion for the i Ampactmg pro;cc~
tile at any time ¢; after impact is

Can

where vy = dx/dty, Fyisthe total impact force at time 4,
and A, is the contact area of the projectile, Substituting in
the rclatwnshnps D= W/d3 andA = nd2/4 €q. (17
bccomcs :

Dvla;"'-'a‘ P‘ (18)

if consistent dimensionai units are used for all terms.
Integeating ¢q. (18) by separation of the variables fron
the initial conditions at impact (z; = 0, v; = ¥) to the
final conditions at the end of penetration (zy=x/M, y;
=0), and corcecting for the dimensional units used (sc
list of symbols), one can obtain the following fonnula
for the total deplh of penetration:

v \18
G(x/d) =KNdO2D (oos ) - (19)
where .
» x/d
Coxtay =([ 8 G
forx/d<2.0

[(x/d) 11, or x/d>2.0

Note that egs. (19) and (7) are identlcal Thus the im-
pact force relationship defined by eq. (16) leads direct
ly to the modified NDRC formula for penetration so
that the two formulae are interchangeable.

Similarly, one can substitute eq. (16) into eq. (18)
and integrate to determine the relationship between
the instantaneous penetration depth x; and projectile
velocity v; at any time t, dunng peneteation. This re-
lauonshlp is - . -

| v \187
Gcri/dﬁG(x/d) 1_—(7‘) ] ;

where G(,v/d) is as del’ned by cq (19). and G( a) 18
obtained by subsmutlng xl for xin the above elmio
tion,

- -For any 5pccu’ c problcm of ‘hnrd‘ nondsformablc
mlssxle impact, the impact force time history and to-
tal duration of impact can be détermined by numeri-
cal intesration of the equation of motion during im--

{(x/éd)z

j <26> |

- pact (eqs (17) or (18)), using the impact force relatior

ship defined by eq. (16). However, in many cases this
Is unnecessary. Reasonable results can often be ob.

tained by assuining that the impact force remains con
stant throughout the entire duration of impact. WVith

. this assumption, the duration of impact T} and aver-

agc constant impact forcc Fy acé gwen by
T| = ?.\'/V and FA WV/ng PR (2!.22)

wherc consistent unlts must be used throughout. This
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constant impact force F'y can then be applied to the
barrier wall for the duration 7§ to determine the over-
all response of the'wall asa'result of nondeformable
projectile impact. This assumption will lead to a slight
overestimation of the duration of impact and a signifi-
cant underestimation of the peak average impact force.
"However, the total impulse will be accurate.

For ths case of a 207 b, 8 in, dia. Schedule 40 hol-
low steel pipe missile (cross sectional area of 8.40 in.2)
impacting a 5000 1b/in.2 concrete barriec at 320 ft/sec,
using eqs (21) and (22) the calculated duration of im-
pact is 0.0047 sec and the calculated average impact
force is 436 000 Ib which is eqm\alent to an 1mpact
pressure of. 52 000 1bfin.2.

The impacting projectile acts as a nondeformable
projectile only if it is capable of withstanding without
crushing the peak impact force which is developed
during impact. The peak impact force can be deter-
mined by using the impact pressure relationship of eq.

- (16) together with eqs (19) and (20) for defining the
instantaneous penetration depths and velocities, For
the above defincd hollow steel pipe missile impact pro-
blem, eq. (16) predicts a peak impact pressure of

81 900 Ibfin.2 or a peak impact force of 638 000 Ib.

If the missile is caoable of withstanding this 1mpact
force without significant deformation, then it is accept-
able to assume it is a nondeformable missile. If the
missile cannot withstand this impact force without - .
significant deformation, then the assumption of a ron-
deformable missile will lead to overpredicting the depth
of penetratnon and the overall target reSponse

3 Influence of mxss:le and target deformabdlty upon
local lmpaet eft’e ts and cnergy transferred to target

In lhc prcvxous section. procedur's ror dctermnmng
 local missile impact effects such as penetration, perfor-
“ation, and scabbing as well as the impact force time his-
tory and total dufation of Impact were described for
the case of a nondéformable mlssxlc jinpacting a massi-
© vé targat, If cither the missile or the target deforin sig-
' mf‘camly during thc unpact then these procedures -
il lead to overestimating the missile penﬂ tration
= depth and the impact’ force while underesumatmg the
duration of impact. In this section procedures for -
estimating the local missile impact effects and encrgy
. transferred to the target will be described for the . -

case of partially deformable missiles and nonmassive
deformable targets. These procedures are considered
applicable so long as the missile remains sufficiently
hard and the target sutficiently massive that the iis-
sile will penctrate the target, so that the impact force
law defined by eq. (16) is reasonably applicable. Such
conditions are satisfied if the missile and/or target de-
formability ate nat large compared with the target
penetration depth, This is the case for a missile-such
as a tornado or accident generated hollow steel pipe
missile or portions of an aircraft engine which may de-
form upon impact but still penetrate the target. The
approach defined in this section is not considered to

be generally appropriate for a wooden missile, auto-
mobile or airframe missile which crushes without pene-

-trating the target, so that eq. (16) is not applicable.:

3 1. Conservation of energy for penetmtmg miss:le im-
pact

For the case of a penetrating missile, the impact can
be approximately assumed to be a *plastic impact’ in
which the missile sticks to the target after impact or
eise falls from the target with effectively no rebound
energy. In the case of plastic impact, conservation of

energy rcquucs that
KEy =SEy +Ey +KEy, @)

where KEy Is the total kinetle energy of missile just
prior to impact; SE“ the strain energy absorbed in mis-
sile during impact as a result of nonrecoverable mis-
sile deformability; £y, the energy loss associated with
local missile penetration of target; and KE the kine-
tic encrgy absorbed by target during impact,

The kinetic energy of the missile prior to impact
and the kinetic energy absorbed by the target after
impact can be expressed by

KEy =Wy Vi, ' | (24)

2
_(wy tWr)V2

7% ; (plastic impdct.), (25)

where Wy 1s the total missile weight; Vg is the missile
velocity prior to impact; Wy is the effective inertial
welght of the target at the end of Impact; and Vo is the
target velocity at the end of Impact. The effective Iner-
tal weight ;- of the target is a functlon of the de-
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formed shape ol the target immediately following im-
pact and is generally less than the total target weight.
By conscrvation of momentum it can be shown that
for plastic impact the kinetic energy absorbed by the
targct is related to the missile kinetic energy by

Fy ' .
KE¢ = TvFy KEy, | | (26)
where Fy represerrts the méss‘ ratio as givenby
Fy=(Wulwr). - 27

Thus the total energy avaﬂab to penetrate the target
is

KEM' . . .
Ei=t3F; ~SBm. _ (28)
~When one assumes both a nom!eformable missile and
amassive target then both Fy and SEy( go to zeto
and all of the missile's kinetic energy is available to
. penetrate the target, With a deformable missile or a
non-massive target a portion of the missile’s kinetic -
energy is used to deform the missile and the target
and this reduces the energy available to penetrate the
target. : :

3.2. Influence of target defonnabrli!y on 'Irard "missile
impact

Figure 5 fllustrates the case of 2 *hard’ nondeform-
able missile of weight ¥y impacting and penetrating
an initially stationary target with an effective inertial
weight I, At the time of impact the missile's initial

*
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velocity is ¥y and its displacement Is zero. The tar-
get’s initial velocity and displacement are both zero.
Atany time ¢ during Impact the missile drsplacemer
and velocity are X i, and X i while the target displat
ment and velocity are x,; and % 4. The penetration di:
tance x; that the missile penetrates the target and the
penetrating velocity vj are then given by -

x;= xm;-—xn :.md ' v,".\':ﬂ;i —X.ﬁ o (29;
Substituting these relationships into the lmpact force
(eq. (16)) and solving the resulting equations of mo-
tion for the missile and target, it can be shown that tl
total depth of penetration x can be calculated by the
modified NDRC penetration formula (¢q. (19)) when
the effective mrssrle calibre density D is detmed by

W\r/[d3(l”'\r)] B 1)

where Fyq = (Wyg/Wr). All other relatronshrps definec
in section 2 remain unchanged. Thus, it is only neces-
sary to use an effective missile weight in place of the
actual missile weight Wy to account for th¢ influence
of a nonmassive target

3.3. Effecn ve target inertial weight dun’ng mtssrle im-
pact :

The effective target Inertial weight W—1 to be used
to determine the local missile impact effects and the
kinetic energy absorbed by the target (eq. (26)) is a

- function of thé overall target response during the -

time of impact. For a ductile target, yicld hinges -
form in the vicinity of the impact and propagate out-
ward with time until they intersect the target wall’s
edge or support. At this time the yield hinges become

* stationary in location and furtherdcformatrons occur

in accordance with the static yield line pattern. To de-
termine the effective target weight W one must esti-
mate the extent of the target which is mobilized durin

- the time of impact. The cxtent of the niobilized zone

depends upon the Spced at which yield hinges propa-
gate outward from the point of impact and the dura-

. tion of impact. It can be assumed that the yicld hinges

propagate outward at a veloclty bctween the compres:

sion wave and shear wave velocrucs. which for concret
targets is at least 6000 rtlsec. Thus, the radius R of the
zone in fcet which can be mobrhzcd dunng a hard mis

. sile impact can be estimated to be at least

R=60007y, T (31)
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where Tj is the duration of impact as given by eq. (21).

For a duration of impact of 0.005 sec the radius which
can be mobilized is 30 ft. In most cases of a *hard’ mis-
sile fmpact in which the missile penctrates the target,
the entire static yield line hinge pattern can be mobi-

_ lized during the time of impact.

Once the deformation pattern for the target is esta.
blished, the effective target weight Iy can be deter-
mined. The effective weight of the target slab is the
weight which must be coricentrated at the point of

~ impact on an equivalent weightless target slab in order

to obtain the same kinetic encrgy as the actual target
slab. This equivalent weight can be determined from

Wp=w 724, | (32)

A

where w is the weight per unit area; f4d4 the symbol
for integration over the entire area of the slab; and Z
the ratio of the deformation (or velocity) at any, point
on the slab to the dcformauon (or velocity) at the
point of impact,

The yield line pattern for a square plate target sub-
jected to a concentrated load at its center is shown in
fig. 6. For this square plate target undergoing yielding
and thus deforming in accordance with its yicld line
pattern, the effective weight which must be lumped
at the load point is

W= (24)ws 0.131 15, 3

‘Posiﬁve Yield Line

.

X3
|~ Negative

AT Yield Line

‘Losd Polnt

-V

F\——LM,, ¢y

Flg. 6 chld pmcm for concenmtcd lo:d M ccn!er ot squue :

slab v-lth tcs(ramcd cdg“s

where IWg is the total weight of the slab. For the case
of an 18 in. thick 24 ft square barrier wall, the effec-
tive target weight would be 17000 Ib. :

For most practical missile impact problems the ef-
fective target weight will be lurge compared to the im-
pacting missile weight so that the target can be assumed
to be a massive nondeforinable target when calculating
the local impact effects. However, to determine the
overall target response one needs to determine the kine-
tic energy absorbed by the target (eq. (26)) and for this

. one needs to determine the ratio Fyq of the missile

weight to target welght.
3.4. Influence of missile deformability

Figure 7 illustrates the case of an idealized deform-
able missile impacting a massive nondefonnable target.
It is assumed that the length of the missile is long com-
pared to the maximum crushing deformation of the -
missile so that the total missile weight Wy can beas-
sumed to be concentrated behind the crush zone, The -
crushing strength of the missile is taken as Fg from
which the crushing pressure Pe can be determined. At
the time of impact the missile’s initial velocity is vy
and both its displacement and crushing deformation
are zero. During impact the missile both penetrates
the target and crushes when the impact force reaches
the missile crushing strength Fo. At any time #; during
impact the missile displacement and velocity are x,;
and % ,; while the instantancous crushing deformation
and velocity are 8 and &;. Thus, the penetration
distance x; that the missile penctrates the target and
its penctrating velocity v; are given by

X‘ =Xmi— 8¢[ @d Yi -"-'Ji‘,ﬁi -—55 . (34)

The impact pressure P; at time #; can be determined
from eq. (16). Noting that the impact pressure cannot
exceed the crushing pressure Pe for the missile, the ve-
locity of penetration u; must be limited to

v o2 - PckV :
(lZOOOd) w3825, * @5

With this limit for v, the crushing velocity &; can be
determined from ¢q. (34). The equation of motion for
the deformable impacting missile can then be written
and numerically solved using the force relationship
defined by eq. (16) and the penemﬂon veloci(y limit
defined by eq. (35).
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Table 4. ' '
Calculated local missile Impact cl‘rom for deformable versus nondeformable steel pipe missile (207 1b, 8 In. Schcduk 40 plpe mis.
site impacting $000 1b/in. concrcte at 320 ftfsec). S

Impact effect Deformable missite Nondefdfmable missite

40000 Ib/n.? 60000 1bfin.? Basedupon - Assumed

crush crush pressuré History - constant {mpact

: _ , : force -
Penetration depth x (in.) 4 ' 7.1 _ 9.1 91
Missile crush disp. 8 (in.) 1.8 - 29 o 0
Perforation thickness e (in.) 111 13.2 15.6 - 156
Scabbing thickness g (in.) 14.3 16.6 19.3. 19.3 )
Dutation of impact T (sec) 0.0064 0.0048 0.0042 . 0.0047 g |
Peak impact pressure 2 (1bfin.?) 40000 . 60000 .81900 52000 .
Peak impact force F (Ib) 336000 : 504000 688000 - 437000 -
For the 207 1b, 8 in. Schedule 40 hollow pipe mis- nondeformable missile, (2) a missile that crushes at

sile (8.40 in.2 cross section) impacting a 5000 lbfin.2 40000 1bfin.2 pressure, and (3) a missile that ¢rushes
concrete barrier at 320 ft/sec, fig. 8 presents plotsof ~ at 60000 Ibfin.2 pressure. Also shown is the simpli-
the impact pressure time history for the case of (1) a - fied constant force time history represented by eqs-

(21) and (22) for the nondeformable missile. Table 4
presents the peak impact pressure, peak impact force,
duration of impact, penetration depth, missile defor-
mation, perforation thickness, and scabbing thickness
for the dr formable missiles versus the nondeformable
missile,

In subscction 2.3, it was mentioned that for nonde-
formable missile impact an approximate input pressuce
time history relationship could be developed by as- -
suming constant impact pressure throughout the dura-.
tion of impact. As shown in fig. 8 and table 4, this as.
sumption enables one to reasonably estimate the dura-

tion of impact (within 12% in this case) and does pro-
vide the proper total iinpulse applied to the target. How-
ever, in general this assumption significantly underesti-
mates the peak impact pressure or force (in this case
the constant average pressure is only 64% of the peak
pressure). Thus, to determ’ne whether the impact pres-

__ , sure exceeds the missile crushing capncily and to esti.

Fo V S mate the peak inipact force applicd | to a target, lt is _

o necessary to determine the pressure time history by f ‘

numerically evaluating thc nmp:lct force law dcnncd by

eq.(16). :

The influence of missile dcformabihty is c]e:uly

shown in fig. 8 and table 4. If a missile undergocs sig-

nificant crush upon impact, this crush slgnlﬁcamly

, , SRS lengthens the duration of impact, and réduces the ~

FI3. 7. Idealized deformable missils Impacting massive tatgat. - depth of penetration. This reduction in the depthof

Y

O o ]

max -

Force « Daflection Curve for Crushible Link

T DN T
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pénetration is expected to cause a lesser reduction in
the n.qunr-.d perforation and scabbing thicknesses. The
reduction in depth of penctration is less than the mis-
site crush displacement. For the sample problem
shown, a missile crush displacement cqual to 32% of -

- the nondeformable missile penetration results in a 22%
reduction in-the depth of penetration and a 14% reduc-
tion in scabbing thickness, while a missile deformation
cqual to 86% of the nondeforimable missile penetration-
results in a 4195 reduction in penétration and a 26% re-
duction in scabbing thickness. In general, it is expected
that the missile crush displacement will have to be at
least 40% of the calculated nondeformable missile pene-
tration depth before missile crush will have a significant
influence on calculated scabbing thicknesses. -

-4, Overall rcsponse of target wall when subjected to
*hard’ mtssde |mpact

Using the missile impact force time history as the in-

- put loading, the overall target wall response time history
~ can be determined by performing a dynamic analysis of
the target wall. However, the target wall's response in
many cases will go beyond clastic response and so such
an analysis ' would have to generally be a nonlinear ana-
lysis and the analysis costs will likely be large. In most
cases such an analysis is not ngcessary to ensure that-
the barricr wall will not collapse as a result of the mis-
sile impact. So long as the wall is designed to failin a
ductile manner, simplified energy methods can be used
to determine whether the wall can absorb the inputted
kinetic encrgy without collapse. To ensure ducuhty, ‘
the target wall should bc desxgned to have greater la-
teral load Lartymg capnc'ty in shear than in bending,
and should be under- remforced so that the bcndmg ca-
pauty is governed by y lcldmg of the tensile reinforces

ment rather than crushmg of the concrctc in compres-
sion. This scction will describe one simplifics analysis
technigue which can be used to ensure that a ductile
barrier wall has sufficient encrgy absorbing capacity to
prevent collapse when subjected to a *hard’ missile im-
pact. A number of othcr techniques such as that con-
tained in ref. (18] can also be used and w:ll lcad to sie
nn!au;sults
1 Collapse of a ductile barrier occurs when the kine- .
tic energy absorbed by the barries wall from the im-
pacting missile execeds the steain cnérgy capacity of

$3,000 § Noadeformadls Missile

10,000 b

so.000 b / \

$9,803 pai Defermadle

Missle
= 50,000 b \—-A;,m(nm.
& Coastant Pressure «
. Daformable Munsite 40,003 pal Deformante
3 Misate
.
E 49,000 p - \
Y
-
i
£ 30,00 ,
20,080
10,03

e o OLOI 0. ;o: T, lGO) 0. ;Gl 9. .0” . .035 0. 007
. Timns (Second))
Fig. 8. lmp:ct pressure time history l'or 207 lb 8 in Schedule
40 pipe missile nmp:cung 5000 1b/in.? concrete at 320 ft/sec.

thie barrier. Thus, to evaluate the capability of a wall
to withstand the overall effect of a missile impact it is
necessary to determine both the strain enérgy capacity
of the barrier, and the kinetic energy absorbed by the
barrier from the impacting missile.

For *plastic’ impact, the kinetic energy absorbed by
the barrier is defined by eq. (26). For a slab or wall
failing in flexure, the strain energy capacity can be con-

-sc:vahvely determined by yield line or limit analysls.

One can assume that yield hinges occur whenever the
moment reaches the ultimate moment capacity and
that suﬂ’cnenl hingeés form, to develop a collapse me-
chanism prior to collapse. Assummg that all of the
steain energy occurs along these yield hinges (i.e. 13-
noring any claslic straln energy in zones outside of the
zone of yiclding) a conservative estimate of the total
strain cncrgy c_apaclly of the target is obtmncd from

N

SET E my ry lys
- n=l

(36)
where N is the total number of ylcld hmgcs mu is the
moment capacity per unit length for hinge n; ru" is
the total rotation of hinge n at the time of collapse, *
and I, is the lenglh of yield hinge n. Fig. 6 presents the
yleld line pattern for a squace plate target restralned at



R.P. Kennedy [ Design of concrete structures Lo resist missile impact - 199

its edges and subjected to a concentrated load at the

center, With equal pusitive and negative moment ca.

pacity this plate will collapse when the rotational ca-

pacity is excecded along the negative yield line, Thus,

for this slab the total stiain energy capacity associated

~ with rotation along both the pousitive and negative
yield lines is [19]

SEp=2nLmyry , 1))
where m,, is the ultimate moment capacity of the slab
per unit length; 7, is the rotational capacity of the ne-

gative yield hinges; and £ is the total stab length. For
other more complex yield patterns similar equations

for the total strain energy capacity associated with the

yield hinges can be determined [19).

The ultimate moment capacity m,, for any target
slab can be easily determined in accordance with the
principles of ultimate strength design. However, the
ultimate rotational capacuy of a slab is less easnly esta-
blished.

4.1 Ultimate rotational capacity

The factors influencing the ultimate rotational capa-
city of the yield hinges on the slab are not completely
known. However, several approximate techniques based
upon test data can be used to conservatively estimate
the rotational capacity of these yield hinge zones.

For normal construction and under-reinforced con-
crete beams and slabs (i.e. reinforced so that the ten- .
sile steel yiclds prior to crushing of the concrete), ref.
[20] suggests that the rotational capacity be limited
to 2° (0.035 rad). For rotations beyond this limit, the
concrete cover over compresswe reinforcement begins
to crush and the moment capacity of the slab is re-
duced. If the tensile steel and compressive steel are tied
together by lacing (quite expensive and not normally
done in the US) then the rotational capacity can be in-
cteased to about 5° (0.087 rad). These limits should be
treated as only very rough guidelines and it is generally
peeferable to establish the rotational limits fo normal
construction by the procedures defincd below.

The rotational cap:u;uy ru of any ytcld hingc can be
¢xpressed by Y

In which the ultimate curvature W, Is given by

s'/"=eu/c. : S (39)

where €y s the ultimate compresswe stmm capacuy of
the concrete; ¢ is the distance from the'exteeme com-
pressive fiber to the neutral axis at ulumalc strcngth
and Dy, is the effective dnmensnon of the plasnc lungu .
zone. In 1964, Mattock [21] conducted a number of'
tests on simply supported concentrated loaded rein-
forced concrete beams to determme the rotauonal ca.

-pacity of hinging regions (yield lines). Mattock’s tests

covered concrete steengths of 4000 and 6000 Ib/in.2 ,
reinforcement yield stresses of 47 000 and 60000 lbl
in.2, effective beam depths of 10 and 20 in., spans of

- 55, llO and 220 in,, and r:_mos of tensile rcmforce-

ment of 0.01 and 0.03. -
Based upon these tests, Mattock sugaests that the
ultimate concrete compressive strain be given by

€, =0.003 +(0.5/z), © . (40)

and the effective plastic hinge zone dnmensmn be glven

- by

il M()"’JE-(L;})(%)"zI

: (41)
where 2 is the sp:m dnstance in inches from the point of
maximum moment to zero moment;d is the effective
beam depth in mches and the stcel rcmforcemcnt in.
dexes are : e

e TR (425

qp is the tensile reinforcement for balanced ultmme
strength condmons, where p andp are the ratios of -
tensile and comprcsswc reinforcement, r-.sPccmcly

For ductile behavior, it is generally prefcraole to"
ensure that the barriér slab is significantly undec-tein-
forced. For significantly undcr-reinforced slabs cetain
simplificationsare posswle So long as thc rcmforce- '
ment indexes are limited to - SR

((g - q)lqb]<o4  _:  DT ”'(43)

it can be shown that within pmctlcal llnms I‘or z .md
d, the rotations obtained from eqs (38)—(41) cm b\. ‘
conservatively underestimated by =

=(0006$)(d/c) SRR | (44)

The ultlmatc rotalion rcsults rcportcd in rcl [2!] for
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beams which satisty eq. (43) are coiservatively under-
estimated by eq. (44). The ratio ol test cesults to cal
culated results has a mean ot 1.47 and a stundard de-
viation of 0.49. Eq. (44) generally gives rotations in
-the range 0.025-0.075 rad (1.4-4.3°) when applied
to beams which satisfy the requitements of eq. (4.3).
Because of the lack of sufficient test data showing
beam rotational capacitics in éxcess of 0.07 rad (4°), -
itis decined desirable to linmit allowable rotations to
this amount even under those circumstances where eq.
(44) may yicld greater rotations. -

4.2, Required shear capacity

To ensure that a barrier slab can develop the strain
energy capacity defined by eq.(37), itis necessary to pre-
vent a premature shear failure. This can be prevented by
_ensuring that the concentrated load capacity of the
slab in shear either significantly exceeds the load capa-
city in Hexure or else exceeds the peak applicd impact
force, whichever is less. For the square slab shown in
fig. 6 with restrained edges and cqual positive and ne-
gative moment capacity, the ultimate concentrated
load capacity Pin flexure is

P=dam, . 7 (45)

Thus, it is rccommcnded that the ultlmate shear capa.
city of thc slab b\. at lcast

P, ={6 rm’u} or F, whlcllcvcr is less, (46)

where Fis the peak applicd 1mpact force (sce table 4).-
Considerable controversy exists as to what consti- - -
tutes the shear capacity of a slab subjected to dynamic

~ mpact torces cesulting from ‘*hard’ missile impact. One

school of thought indicates that the calculated ultimate
shear capacity should be based upon the static ultimate
punching shear capacity for a concentrated load ap-
plicd vver the outer dianeter of impact (i.c, 8 in. dia, -
in the case of an impacting 8 in. hollow stecl plpc)

‘Considerable rescarch has been petformed on the ule

timate punching shear capacity of slabs. A summary

of this geséarch is beyond the scopé of this paper (sce
refs [22—24]). Tt has been obscrved in all of the tests -

of slabs subjected to ‘hard’ missile impact lo:ds thatas
long as thue slabs are thicke than the rcq\mcd perfora- ‘
tion thickness, there has becn no evidence of any slab -

failing'in  punching shear even though thé calculated peak '

applicd lmpact force significantly exceeded (often by as
much asa factor of two) the caleulated ultimate static
punching shear capacity. In nearly every case, punching
shear capacity would have required a greater slab thick-
ness than the perforation thickness if the calculated
static ultimate punching shear capacity had been re-
quired to exceed the shear load defined by eq. (46).
Even though the ultimate static punching shear capaci-
ty was exceeded by the calculated peak impact force,
these slabs did not fail. It has becorne general practice
in the US to require that the slab thickness be greater .
than cither the perforation thickness or the scabbing
thickness (if scabbing of the concrete is undesirable)
and to ignore punching shear capacity for slabs sub-
jected to ‘hard’ missile impact. The practice is based
purely on evidence that punching shear failures have
not occurred in the missile impact tests which have
been performed.

The reaction shear capacity, or diagonal tension ca-
pacity, is required to exceed the shear load defined by
¢q. (46) at the external periphery (lucation of supports)
of the slab. Furthermore, the supports are required to
withstand the total reaction load defined by cq. (46).
These requirements are gencrally casily met.

4.3. Example problem

A 24 ft square, 18 in. thick edge restrained 5000 1b/
in.2 concrete barrier wall is to be investigated to cnsure
that it is capable of withstanding the cffects of a cen-
ter impact by an 8 in. dia. Schedule 40 hollow stecl pipe
missile (area 8.40 in.2) traveling 320 ft/scc. The wall
contains 0.7% reinforcement each way in cach face,

It is fitst necessary to determine the local impact ef-
fects in accordance with the procedures defined i in sec-
tions 2 and 3. The wall is assumed to be mnassive and
nondeformable. Howc\wr, the thin wall pipe is expected
to partially ¢rush when impacting at a velocity of 320
{t/sec and is thus treated as a deformable missile. As-
sumling a crush prcssurc of 60000 Ibfin.2, the calculated
penctration depth, perforation thickness, scabbing thick-
ness, duration of impact, and peak applied force as de-
fined in table 4 are: x = 7.1 in.;e = 13.2 1 in;s=16.6in;
7T=0.048 scc; and F= 504 000 Ib. The 18 jn, slab thick
ness is marginal for preventing scabbing of concrete
from the rear surface and such scabbing must be con-
stdered as a possibility. However, so long as the slab .
thickness is at least 25% greater than the calculated pet-
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forating thickness any poiential scabbed concrete is ox-
pected to be ejected at low velocity (less than § ft/scc)
and is not considered to be a hazard (sce table 1 for
confirmatory test results), _ ;
Next, the kinctic cnergy absorbed by the Impacted
slab should be determined. Based upon plastic impact,

the-abscrbed kinetic energy is given by eq. (26). To de- -

termine this absorbed kinetic energy, one must deter-
mine the effective slab weight. The caltulated duration
of impact is sufficient to mobilize the entire slab (see
subsection 3.3) and thus the effective weight of the
slab as determined by eq. (33) is 17000 Ib. With this
slab weight, the ratio of missile to target weight Fyq is
0.012 and the absorbed kinctic energy is 4000 ft Ib.

The strain energy capacity must next be determined.

Based upon an effective depth of 15.6 in. from the
compression surface {o the tensile steel, the ultimate
moment capacity of this slab is 100000 ft 1b/ft and
‘the depth to the neutral axis ¢ is approximately 2.0
in. Based upon eq. (44) the rotational capacity is thus
0.05 rad (2.9°). Substituting these values into eq. (37),
the strain energy capacity is found to be 750000 ft 1b
which is a factor of ncarly 200 greater than the ab-
sorbed kinctic encrgy. :
The required ultimate reaction shear capacity based
“upon eq. (46) is 504000 Ib. This reaction shear capaci-
ty is casily acliieved in the 18 in. slab. It should be
noted that the ultimate static punching shear capaci- .
ly in the immediate vicinity of the impact is less than
350000 1b. For the reasons noted in subscction 4.2,
panching shear capacity in the vicinity of the finpact
18 normally not considered for *hard’ missile impact,
For the case of the lighter weight, higher velocity,
toinado generated missiles, such as the pipe missile
corsidered herein, barrier design is nearly always
toverned by the local impact effects (perforation or
1bbing) and large margins generally exist against over-
U zoltapse of the barricr. However, in the case of large,
LO'V velocity accident generated missiles, such as a tur-
a2 blade missile, prevention of overall target collapse
™3y govern the design rather than local impact effects
430 averall collapse smust be checked.

. Summary and conclusions

In this paper simplified procedures are described

r,°' d"fﬂ!ﬁning both the local impact effects and the .

. get.

overall barrier wall belavior when subjected to *hard® -
missile impact. *Hard® missiles are those for which the -
missile deformation upon impact is not farge compared
to the depth of penctration of the missile into the tar-

Insubsection 2.2,a number of commonly used formu-
lae for predicting local missile impact effects (penetration,
perforation and scabbing) for nondeformable missiles
impacting nondeformable targets are described and -~ -
compared. Recent test results for a series of 8 in. dia.
solid steel and hollow stecl pipe missiles with veloci- . .
tics between 100 and 500 ftfsec are presented and com-
parison is made between the predicted $cabbing thick-
nesses for the various formulde and the measured séab-
bing thjcknesses. It is concludéd that of the existing
formulac only the modificd NDRC formula (eq.(7) -
coupled with eqs (5), (6), (8), (9), and (10)) adcquate-.
ly predicts these test results for larger diameter, low
velocity missiles. Since this formula also adequately - -
predicts the perforation and scabbing thicknesses for
smaller diameter and higher velocity (up to 3000 fi/scc)
missiles and is also based upon a theory of penctration,
it is recommended that local missile impact effects for
*hard’ missiles be determined using this formula.
Because the modified NDRC formula is based upon
a theory of penetration with empirical evaluation of -
some of the cocfficicnts, it is possible to develop an
impact force law (eq. (16)) which defines the impact
force throughout the duration of penetration. By nu-
merical integration of this impact force law, one can
determine the impact force time history throughout
the duration of penetration. By simple hand analysis
the'impact force can be determined as a function of
penetration depth (eq. (16) coupled with eq. (20))

“ throughout the duration of penctration. Eq. (21) can

be used to estimate the duration of impactin the - -
case of nondeformable missile impact, .~ -
Section 3 extends the theory of penetration to the -

case of partially deformable *hard’ missiles and deform-
able targets, The kinétic energy absorbed by the tar- . -
get well is defined by eq. (26), while the encrgy avail- .
able to penetrate the target wall is defined by eq. (28) .-
based upon the expectation of ‘plastic’ impact. Note -
that both missile deformability and target deformabili- .
ty reduce the encrgy available to penetrate the target -
wall and thus reduce the depth of penetration; and the .
perforation and scabbing thicknesses,.- - . .~ ..

. Target defornability can be defined in terms of tho -
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effective target weight and it is shown that the influen-
ce of target deformability on the penetration depth
can be evaluated through the use of a reduced effec.
tive inissile calibre density (eq. (30)) which is a func-
tion of the ratio of the actual missile weight to ¢ftec-

. tive target weight. It is shown in subsection 3.3 that

the duration of impact is generally of sufficient length

‘1o enable the impact stress wave to propagate through-

out the entirc target during the time of impact. Thus,
for an impact load, the target will normally deform in
accordance with its static deformed shape for a con-
centrated load. Using the static deformed shape, the ef-
fective target weight can be determined by eqs (32) and
(33). It is concluded that for most *hard® missile impact
problems the elfective target weight is very large com-
pared to the missile weight and, for this reason, target
deformability during the time of impact is gencrally
insufficient to influence the local missile impact effects.
A procedure is presented in subscction 3.4 to deter-
mine and account for the effect of missile deformability
on local impact effects. As shown in fig. 8 and table 4,
missile deformability has the effect of lengthening the
duration of impact, and reducing the depth of penetra-
tion together with the perforation and scabbing thick-
nesses. The reduction in the depth of penetration is sub-
stantially less than the total missile deformation while
the proportional reduction of the perforation and scab-
bing thicknesses are even less. It is concluded that the
missile deformation has to be at least 40% of the calcu-

Tated penetration depth for a nondeformable missile be-

fore missile deformation has a significant influence on
the perforation and scabbing thicknesses. However, this
magaitude of missile deformablluy is very possible for
heavy hollow metal pipe missiles traveling at substan-
tial velocitics. In many cases missile deformablllty '
should be considered.

A procedure for ensuring that a target wall will not
collapsz due to overall wall response is presented in scc-
tlon 4. According to this procedure, a wall will not col-
lapse so long as the available strain encrgy capacity for
the wall is less than the absorbed kinetic cnergy re-
sulting from the missile impact, Assuming that all of
the strain encrgy occurs as a result of yiclding in the
vicinity of yield hinges (i.c. conservatively ignoring any
clastic strain-cnergy) the total strain cnergy capaclty
¢an be estimated by eqs (36) and (37). Strain energy
capacity is proportional to the rotational capacity of
the yield hinges. Eq. (44) is presented for conservah-

vely estimating the rotational capacity of the yield
hinges for significantly under-reinforced concrete beams
and slabs, Sub-section 4.2 discusses the required shear
capacity necessary to prevent a prcmature shear failure
prior to developing the full strain cnergy capacnty de-
fined by eqs (36) and (37). ,

A sample problem showing the apphcauon of the
procedures defined in this paper is presented in sub-

.scction 4.3.
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