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1. INTRODUCTION

Concrete is a common material for constructing guii¥e structures to resist impact and explosive
loads both in civil and military applications. Suak power plants, weapon industries, weapons sorag
places, water retaining structures, highway stmestuand nuclear industry design need to be comside
produce more efficient protection against impact kigetic projectile, generated both accidentally or
deliberately or by natural disasters, in varioupaet and blast scenarios (e.g. failure of a pressaivessel,
failure of a turbine blade or other high speed thetamachines, aircraft crashes, fragments gerg:raye
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accidental explosions, etc.). Hard projectile impean create local damage to the structure arobed t
contact zone and overall dynamic response of thuetsire. The projectile may be classified as ‘Haadd
‘Soft’ depending upon deformability of projectilattyv respect to target’'s deformation. Deformatiorhafd
projectile is considerable smaller or negligiblenpared with target’s deformation [6, 11-13,19-28most

in all cases hard projectiles are considered as-ngeformable or rigid. However, ‘Soft’ projectideforms
itself considerably well as compared to target'®odeation [6,11-13,19-25]. Penetration processrisfly
explained below:

(a) Radial cracking (b) Spalling and Spall crater (c) Penetration

Figure 1. Explains the local impact phenomena ahbgehard projectile. (a) Radial cracking, (b) $ipgl
and Spall crater, (c) Penetration.

Radial Cracking:When projectile colloids with concrete slab withrte@ velocity, it results radial cracks
originated from the point of impact within the sliabevery direction [6,12,19-25].

Spalling: The ejection of material of slab from front faceiacted face) due to impact of hard projectile is
called spalling. Spalling produces spall cratetha surrounding area of impact. Spall crater is ttital
damaged portion of peeling off material from slabimpacted face [6,11,12,19-25].

Tunneling: The digging of projectile into the concrete walarafrom the thickness of spall crater. The
lengthwise measurement of dig is called tunneliegti [12].

Penetration: Penetration is complete process including spaling tunneling of concrete slab. The total
penetration depth can be defined as the depthadif gjater and tunneling. [6,11,12,19-25].

Critical impact energy is the dominant cause ofgpextion in concrete slabs [11,12,19,20]. When a
hard projectile impact with concrete slab, theicaitimpact energy of the projectile is the maiasen that
makes concrete wall deforms. In general, the afitimpact energy of hard projectile penetratington
concrete slab can be studied in three ways, (i) ikcap Studies (predict empirical formula based on
experimental data), (i) Analytical Studies (credemula based on physical laws), and (iii) Numeafic
Simulation (based on computer based material modeiplytical modeling approach offers the most
economical and most efficient way of predicting thenetration. Once the underpinning of mechanics of
penetration of hard projectile on concrete slabeusidod well, the accurate analytical model carvigeo
almost infinite extent range of validity. In thigger, an analytical model is developed to predietrequired
critical impact energy for spalling, tunneling, afed maximum penetration without rear effects imoete
walls subjected to impact of hard projectile. Farthore, a nose shape factd)(with introduction of
empirical frictional factor I§) as modification in Chen and Li nose shalNe) (s proposed to determine the
effect of nose shape on required critical impaargyn which causes the spalling, tunneling, and manri
penetration in to concrete walls against the impactl projectile.

2. LITERATURE REVIEW

The penetration of hard projectile in to concrdteciures have been studied since the mid of 17th
century because of continuous military interest designing high performance projectile and high
performance protective barriers [6,12,19-25]. Aieavof previous research work exposed that peadiestu
on penetration of concrete structures against dimboading were conducted from the early 1940s44,9-
25]. However, most of the research work ceasedtlghaiter World War — Il and were not resumed until
1960s [6,14,19-25]. The intensive study on conongths against penetration of hard projectile ie ttuclear
industry re-initiated since three and half decaalgs. Various analytical studies were conductedperify
the penetration of hard projectile on concretecstmes, a review of these studies were discusgedsively
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in previous publications, Kennedy (1976), Bangak¥08), Williams (1994), Corbett et al. (1996), QLM
(2005), Bangash (2009), Ismail al. (2010), and Zaidét al. (2010) [6,12,19-25].

Kennedy (1976), proposed impact force time histbgory for the penetration of hard projectile on
concrete slabs at velocity ranging from 200 to 15@€ec based on assumption of plastic impact. He
suggested formula for influence of slab deformapilin hard projectile by using reduced effectivejgctile
calibre density, which is function the ratio of @t projectile weight and effective concrete sladight [11].

(Forrestalet al. 1994), they developed an analytical model for pratien of ogive-nose projectiles
in to concrete slabs at normal impact with sindgleehsionless empirical consta®) lepends on unconfined
compressive strengttic) of the concrete. Predictions were in good agregmgéthin the striking velocities
between 250 m/s and 800m/s [1].

(Jones and Rule 2000) suggested the optimal nasmejey model for normal impact penetration
including the effects of pressure-dependent frictibhey found that at low velocities the more fdotneed
sharper nose to achieve maximum depth. Howeverhifgiter impact velocities, sharpening of nose only
produce excessive friction. For modest frictiorg tptimal nose geometry was very close to thatigtexd in
the frictionless case [16].

(Chen and Li 2002) developed a non-dimensional fdanbased on the dynamic cavity-expansion
model to predict deep penetration of a non-defotengbojectile with different geometrical characstids
into several mediums subjected to a normal impalseé proposed formula depends on two dimensionless
numbers ) and (), and shows good agreement with penetration esutmetal, concrete and soil for a
range of nose shapes and impact velocities asdsmgojectile keeps rigidity [17].

(Li and Chen 2003) developed a dimensionless faanadlpenetration depth for a hard projectile
impacting small, medium, and deep concrete slabsdan dimensional analysis. They found thad)(is
more dependent o) (than (), especially whenlfN) is small [5].

(Chenet al. 2004 and 2008) suggested the penetration of d pgojectile into concrete and
reinforced concrete slab when the impact at noramal obliquity direction. A general model, i.e.,til
cratering, and tunnelling were developed for cotecstabs based on dynamic cavity expansion thédrg.
proposed formulae are consistent with other engdifiormulae and correlate well with experimentatada
[7.,8].

(Li et al. 2006) developed a model for critical impact enefgy scabbing and perforation of
concrete slabs when impacted with flat nose haogeptile. The predicted results of model were enaging
when compared with NDRC and UMIST formulae and weitperimental results [15].

(Guirgis et al. 2009) They suggested a dimensionless semi-aralyficmula for the penetration
depth of a rigid projectile in a concrete slab lase the volumetric crushing energy density. Thslts of
penetration depth compare with Modified NDRC forenoh experimental data of Forrestal et al. (1994 an
2003) [18].

Review of previous analytical work reveals thatyoliinited researchers investigated the spalling,
tunneling and penetration phenomena of hard pitgesh concrete slabs with the vision of criticadpact
energy. Therefore, an analytical study has beeriedaout to explore and further improve the progitos
analytical models for spalling, tunneling and peaitn of hard projectile on concrete slabs foaiactritical
impact energy.

3. PROPOSED ANAYTICAL MODEL
Consider a rigid projectile having mass)(diameter @) with general nose shape (Fig. 2), impacting
on a concrete slab having thickneld$ &t initial velocity of {/,) at normal direction.

A A p—

Figure 2. General nose shape.
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Figure 3. Spalling crater and tunnelling regionngteation) of concrete slab.

As projectile colloids with concrete slab, an littavity conical crater region known as spall erat
formed due to the surface effect. The spall crégeapproximately assumed as equal to the 2 times of
diameter of projectile in size [1,2,20]. Using dyma cavity expansion theory spall crater is assume
cone with axial depth ofkfl). Where k) is dimensionless parameter ard) (s diameter of projectile.
Forrestalet al. in [2,3], and in [4] suggested (k =2.0). Howevatel on, (Li and Chen in 2002 and 2003)
suggested that = (0.707 + h/d)based on slip-line field theory, in which) (is the nose length of projectile as
shown in (fig. 2) [5]. The tunnelling region staftem the end of spall crater and continues upirnal f
penetration.

The dynamic cavity expansion theory used to cateutmrmal stress and axial resistance force on
projectile nose. Since the deceleration of prdeds considered as linear, when the interfacetidmc
between the projectile nose and concrete slabgkecied, the axial resistance force on the nogg@éctile
during spalling is [1]:

Fr =CX forg <k (1)

and during tunnelling:
o’ ) X
Fy = (Sg+N*,A/) forazk )

Where €) is constant, and according to Li and Chen [5]:

_m? (S + N pv,?) 3)
k « ([ mkd?®
1+ N

by (Chenet al, 2004 and 2008) in terms dff{and () [7,8]:

2, (1+%\|)

c= 4)
4k (1 + ﬂkA N )
where
_ Mv 2 5)
Sf.d?
M (6)
N"pd?3
S=826f % 7)
or
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S=72f°° 8)
Where {) is in MPa. WhenN » I) and (N » 1), it is further deduced as [8]:

= d 2 Sf,

9
4Kk ©

The final penetration depth is given by @tial. 2005) [12]:

x:VM/M— for(i< kj (10)
c d

* 2
x=—2M e N for(xzkj (11)
™AN"p St, d
Where
2 _( 7kd?®
MV ( AJSfC w2

V, =

M +(ﬂkd%)N*p

(Li and Chen 2003) modified the equation (10) afd)(for penetration depth by dimensional
analysis of non dimensional numbers in termd\)fand () [5]:

=\/ﬂ|(1+k—774l\l) X ok (13)
/i

f
@+1/N) o

X
d
1+ 1/N) |

X 2 ( X

—=—Nn k for — > k
1+ ki

d 7 ( AN) d

When k = 2), equation (13) and (14) provides penetration lepime as in equation (10) and (11).
According to (Li and Chen 2003) in practical ca@idysis normally much greater than unity; equation)(13
and (14) can be simplified as [5]:

(14)

(15)

L=£Nln(1+|—]+k— for 2> k (16)
d s N 2 d

1:1/(4“ j for X <k (17)
d T d

for dLZ k (18)

Therefore, the critical impact energy for spallteracan be calculated by:

Analytical Model for Critical Impact Energy of Spay and Penetration in Concrete Wall (Qadir Bux)
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Ecsp _ ﬂks 1+%\] X
= for — =k
fd® 8 |1+ 7K d

(19)
4N

The residual impact energy at the end of spalecnahich is main reason of causing tunnelling or in
other words, the critical impact energy required fannelling is based on equation (12) and (11)
respectively:

E

df:a2:S{M;MJ or %2k (20)
f.d f.d® 8|1+ AN

g
ct — 7Ers = & em(X—kd) -1 for l >k
fd3 fd® 2 d

or

(21)
The critical impact energy required to penetrateoacrete slab can be find by using Newton’s
second law of motion:

mv G0 = - M0 (st + N v 2)

(22)

Integrating equation (22) fronv{) to (0) and kd) to (x) leads the required critical impact energy to pexte
a concrete slab:

T T
Eep :§ N em(x_kd)—l +Eem(x_kd) forlzk (23)
fd® 2 2 d

From equation (13) and (14) the critical impact rggefor spall crater and penetration can be
calculated by:

Ecsp — S

24
3 ek fordi<k (24)
fod 24kd( Tn) 1

NG/

N

E 71{ x-kd)
- NS (1+Mje 2Nd - —1 for = > k
fd® 2 4N d

In practical cases whelN) is normally much greater than unity; the critidapact energy for spall
crater and penetration equation (24) and (25) essirhplified as:

(25)

E
=P = S for X < k (26)
f.d [41«1 2 1} d
2| T - =
Xem N
E

o _NS| alas) g

for 12 k
de3 2 d

(27)

When (/N « 1), the critical impact energy for spall crater gmehetration equation (26) and (27) can be
IJAAS Vol. 1, No. 2, June 2012 : 53 - 64
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further simplified as:

2
E csp - Sx°rm for = < Kk (28)
f.d® 8kd? d
S :z(i_hj for X > k 29)
f.d® 4 \d 2 d

3.1. Proposed Empirical Nose Shape Factor (N;) and (Ny)

The effect of nose shape of rigid projectile onalosmpact effects especially in penetration is
important and has been considered in many of theireral and analytical formulae. However, the
definitions of the nose shape factor in each foenauk different and without frictional factor.

Mose shape Value Definition
parameter
“Nuprc 0.72 Flat
(.84 Blunt
1.0 Spherical
1.14 Sharp nose
h-""'lrlughem 1.0 Flat
1.12 Blunt
126 Spherical
1.39 Sharp nose
“Nandia .56 + 0.1 83y Ogive (¥ = R/d is the caliber-radins-head (CRH})
0.56 +0.25¥ Conical (¥ = fi/d where & is the length of the nose head)
Nace .56 Flat (nose caliber =0) and the nose caliber is defined by /¥ — /4
(.65 Hemisphere (nose caliber= 0.5); ¥ = r/d where r is the radins of the sphere)
0.82 Cone (nose caliber=1)
0.82 Tangent ogive (nose caliber=1.4)
.92 Tangent ogive (nose caliber=12)
1.0 Tangent ogive (nose caliber= 2.4)
1.08 Cone (nose caliber=21)
1.11 Tangent ogive (nose caliber= 3)
1.19 Tangent ogive (nose caliber= 1.5)
133 Cone (nose caliber=3)
' Eq. (2) Any nose shape [20]
1 1 Ogive nose (0<N" =0.5) where ¥ is the CRH
v oyt
1 Conical nose (0 < N* < 1.0y where ¥ = h/d and h is the nose length
1+ 447
1 1 Blunt/spherical nose (0.5<N" < 1.0) where ¥ = r/d and r is the mdius of
By the sphere

Figure 4. Nose shape factors and formulae.

There are number of frictional forms may can belymeal during local impact effects of hard
projectile. In this research we assume the frigtiproportional to the normal pressure as an engdiric
frictional factor by modifying the Li and Chen [Bpive nose shape formula. The ogive nose shapeufarm

[5]:

N =+ 1 (30)
Y 24y?

Where @) is the CRH ratio, which is equal t&/f). (S is ogive radius anddf is shank diameter of
projectile. Therefore, we assume that nose shayerfes equal to:

Analytical Model for Critical Impact Energy of Spay and Penetration in Concrete Wall (Qadir Bux)
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N, =N + N, (31)

Where N) for ogive nose projectile from eq. (30). And i) frictional factor of ogive nose projectile is
assumed as:

1
N, = for ¢ = 2.0 (32)
" o185y° v
N, = ;3 for ¢ = 3.0 (33)
127y

Therefore, ) for ogive nose rigid projectile is equal to:

O 1 - (34)

N; (3{// 24‘//2]+1-85l//3 for ¢ = 2.0

Ni:(l— 12J+ 1 . for ¢ =30 (35)
W 24p%) 127w

Therefore eq. (34), and (35) can be used as nagee dhctor for required critical impact energy on
maximum penetration of a concrete slab without edfacts subjected to the impact of hard projectile

4. RESULTSAND ANALYSIS

The study on required critical impact energy foximaum penetration of concrete slab is conducted
for thick concrete slabs (x/d > k) without genargtrear effects, on the experimental data of Ftatet al.
(111, [31, [4], [9], [20]). It is shown that the pposed analytical models are consistently prediietdoser
bound of experimental results and produced a sirgéaeral trend of experimental results in the whahge
of experiments presented in Figure (5, and 6).

itical — Experiemntal
Critical Impact Energy O Eq. (29) based on Chen and Li formulation
CRH=2.0 A Eq. (23) based on Ni
O Eq. (23) based on Chen and Li N*
500
AN
450 -
O
400 - A
350 ~ © 0
w 300 O
5 -
4= 4 A
,E’ 250 85
200 ~ - e
-
150 +
=
100 - &
58 &8
50 A &
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
x/d

Figure 5. Comparison of results of Eq. (23) by gditt and Ni, and Eq. (29) predictions, and expentaé
data of the critical impact energy of ogive nosgjgxtile having CRH=2.0 for penetration.
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In case of CRH ratio = 2.0, the analytical model &) with nose shape factor (Ni) is able to
generate more accurate results with error less (8%). On the other hand, the analytical model (28)
with traditional Chen and Li (N*) generates lowennd less accurate results with error less tha#oj1Zhe
analytical model based on Chen and Li [5] formolateq. (29) generates lower bound results with mawi
error of (27%) at high velocities.

— Experiemntal
Critical Impact Energy 0 Eq (29) based on Chen and Li formulation
CRH=3.0 A Eq. (23) based on Ni
o Eq. (23) based on Chen and Li N*
1800
1600 - .
O
1400 - -
A
1200 5
© A A
T 1000 a 5 © A
S - s °
5 800 o . T \ o
600 - 8 6 §° - 5 ¢©
4 pgé o - g ®O O
400 - a0 o %
200 4 B J& o B
& Bﬁ% 43
0 1 — —t —t ——t —t — —t —t ‘
0 20 40 60 80 100
x/d

Figure 6. Comparison of results of Eq. (23) by gditt and Ni, and Eq. (29) predictions, and expentaé
data of the critical impact energy of ogive nosgjgxtile having CRH=3.0 for penetration.

In case of CRH ratio = 3.0, the analytical model @8) with nose shape factdy generates more
accurate results with error less thai%). While the analytical model eq. (23) with tradital Chen and Li
(N) generates results with error less tha?%), and the analytical model based on Chen and rinditation
eg. (29) generates lower bound results with erf¢86%) at high velocities.

5. CONCLUSION

The analytical model is developed to predict thquheed critical impact energy to penetrate
concrete slab impacted with ogive nose hard pritgediose shape factoN( has been introduced for CRH
= 2.0, and 3.0, and compared with traditional Lil &hen nose shape factdf ] to know the influence of
nose shape factor over the critical impact enerdigscomparing analytical predictions with expeniz
data. The newly developed analytical model is eraalifor CRH =2.0, and 3.0. It was found that the
predicted results from analytical model are in eloslation with experimental data with less that)&nd
(17%) error in case of CRH =2.0, and 3.0. Furtheen@ nose shape factdN; with introduction of
empirical frictional factor i) as modification in Chen and Li nose shal® {s proposed. It was found that
the predicted results from analytical model witls@shapeN;) are in close relation with experimental data
in all cases as compared to predicted results trdtiitional Li and Chen nose shagé ) Generally, the
analytical model generates encouraging predictidnichv is consistent and follows a general trend of
experimental results. It is observed in all cabas the error in results of eq. (29) increases withease in
velocity. Therefore, it is suggested that the pemubanalytical model eq. (23) is conservative.

NOMENCLATURE
d (cylindrical) projectile shank diameter.
Eq Critical impact energy of projectile for tunneljiprocess.
Ecsp Critical impact energy of the projectile for sjiradj.
Ecp Critical impact energy of the projectile for peragion.
Es Residual impact energy of the projectile for spall
M Mass of the projectile.

Analytical Model for Critical Impact Energy of Spay and Penetration in Concrete Wall (Qadir Bux)
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Impact velocity of projectile.

Penetration Depth.

Density of concrete wall.

Nose shape length of projectile.

Axial resistance force on projectile nose.
Chen and Li Nose shape factor

Impact velocity of projectile for tunnelling.
Empirical nose shape frictional factor.
Nose shape factor (Ismail and Imran)
CRH ratio (S/d).

Geometry function.

Impact function.

Thickness of concrete slab.
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