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Abstract

This work focuses on the development of a numernicadel to predict the ballistic response of reioéx
concrete shelters subjected to high velocity imjadticed by penetration bombs, and the dynamicrespao
the case of the bomb. The dynamic response ofareiedl concrete shelters was modelled using thesdohn
Holmquist JH2 model. The Johns@ook model combined with an equation of state (E@8)explosive
were used to model the transient dynamic respofigheobomb. Three different bomb geometries
investigated in this work. A comparison terms of ballistic impact resistance on the f@iced concrel
shelter is presented and conclusions are drawn.

Keywords: High velocity impact, finite elements, compositaterials, reinforced concrete.

1. Introduction

The concrete is a highly versatile constructivaemal, which can be cast into many shapes, and can
be formulated for varying degrees of strength amability. It is primarily used due its compresssteength,
because concrete is much stronger in compressian ithis in tension. With the proper use of tensile
reinforcement, concrete can be used in many teriedeled applications, such as flexural members,
eccentrically loaded members, and even directdaansiembers (Cargile et al., 2002).

As published by Teng et al. (2004), Polanco —a& @t al. (2008) and Liu et al. (2011), the reinéatc
concrete has been used for a long time to consiniltary protective structures, like command armhicol
centers, bunkers and shelters. Then, the penétyadiilconcrete structures when impacted by prdgstand
the blast effects are of great interest for engmde design the protective structures or weapaiesys.
Nowadays, it is still an open field for research.

The analysis of reinforce concrete target whenaictgd by projectiles is very complicated due the
complex stress states acting on material, and #tnmage mechanism activated depends on the load path
imposed (Polanco — Loria et al. ,2008). The priatigverall responses of a reinforce concrete dependhe
kinetic energy of the projectile and the strendthareacteristics of the reinforced concrete wall (filar2010).
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Empirical formulae on penetration depth, perforattbickness and scabbing thickness in a thick aacr
target had been reviewed in 1976 by Kennedy (19A&6)010, Rahman (2010) published a review of & n
advances in empirical methods of penetration ircoete.

Full-size scale test is very expensive to make,cteh the data is classified. Then, it is morealisa find
small scale testing such as in the references (#n¢1992), DancYgier and Yahkelevsky (1996), ouns
and Nilsson (2006), Conrad (2011), Svinsas eR@01), Riedel et al. (1997)).

Several analytical studies on impact of projestiiave been reviewed by Gabi Ben — Dor et al. (2005
that presented review article including 280 refeesnof analytical studies in plate penetration. féisg(2004)
presented an analytical study of the impact in foeoed concrete, and proposed a formula based on
dimensional analysis. Chen et al. (2004) made alyteal study of non-deformable projectiles witifferent
geometrical characteristics in metals, concrete smitl Li et al. (2003) proposed analytical dimemsil
formulas to the penetration depth of rigid penenstn concrete targets. Chen et al. (2004) presean
analytical study of normal and oblique penetrationoncrete targets by rigid penetrators.

In recent years the numerical simulation of thagbetion process has been advanced very far with
the improvements of memory and speed of the computeeveral new constitutive models have been
proposed to simulate the damage behaviour in timetpstion processes (Liu, 2011). The use of nurakric
models has the advantage that is possible to dstitha stress and strains on the projectile, niyt @m target
such in the analytical models. It is very usefulite development of new weapons.

Taylor et al. (1986), proposed a continuum damageah called TCK for concrete penetration. Schwer
and Day (1991) presented several computationainteobs for impact simulation. Johnson and Holmquist
(1992) presented a material model called JH1, widchsed to predict the behaviour of fragile materi
subjected to high strains, strain rates and pressim 1993 the model was improved by the sameossithy
including a damage variable that accounts for trgicuum loss of the mechanical properties of tlatemial
with the increase of the damage variable. In 198#don, Holmquist and Cook (1993) developed the HJC
model to describe the behaviour of the concreternwdhebjected to high strains, and using the confergm
effects (hydrostatic pressure), strain rates amdage in the concrete strength. The HIC was ussé\aral
previous works related to impact in concrete (Liale (2011), Conrad (2011), Tai and Tang (200Bylanco-
Loria et al. (2008) modified the HJC to account thied invariant of the deviatoric stress and ttrais rate
sensitivity to improve the damage model. Liam e{2011) successfully used the HJC in a meshleds.co

This work aims at investigating the influence bk togive shape of penetration bombs on the
penetrability of shelters. A shelter was simulabgda single clamped slab of reinforced concrete.thes
Abaqus version 6.10-1 did not have the HIC modéskitibrary, it was used the JH2 model, whichligady
available in this finite element software and a panson of different penetrator geometries was made

2. Moddlling Strategy

The penetration bomb was assumed to be made dfiffesent materials: a metallic case, which was eted

with a Johnson Cook model, and an explosive paylowhich was modeled with an Equation of State (EOS)
To compare the effect of the ogive geometry onithgact process, it was mounted three different

geometries with the same diameter, and the sams todsave the equivalent kinetic energy in all sa3de

chosen geometries of the ogives were hemisphexoaical with 400 and conical with 600. The mass wa

adjusted modifying the length of the explosive,kiag the shell thickness equals to 1 inch, anddibeneter

of the top of the truncated cone equals to 0.3 malfayeometries.

The geometries of the penetration bombs studiedepécted in figure 1:
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Figure 1: a) Geometry of the first conical ogive with an angf 400, b) Geometry of the second conical ogive
with an angle of 600, c) Geometry of hemispherazaVe.

2.1 Case modeling

The case of the bomb is made of high strength steh as the AISI 4340. To perform the modelibgyas
used the Johnson Cook model for metals (1983).effleet of the change in temperature during the fpatien
process was not included in the model. The Von Mesguivalent stress, disregarding the temperafteets is

given by eq. (1):
o=(a+ B£”{1+Clné*J (1)

where £ is the equivalent plastic strainf :é/ éo is the dimensionless equivalent strain rate (&berence,

éo = 1/9). The four constants of this model are: A, B, d & To model the metal failure it was used thengoh
Cook failure model (Johnson and Cook, 1983). I thodel, the failure plastic strain is given by @):

£ = (D1 +D, expD,0’ (1+ D,In £J (2)

The dimensionless stress is giveroby= g, / o, where g, is the mean of the three principal stresses, and
O is the Von Mises stress given by eq. (1). Asuakies of 0 and & are not constants, it is necessary to

calculate the damage variable in each integratiep. sSThe damage variable D is defined by eq. (38) the
element is assumed to be fully failed when (D = 1).

0-¥

Ae®
&’

Thiago B. N. de Melo, Mauricio V. Donadon

®)




Vol.2 Issue.4,

April 2014.
Pgs: 38-52

A&£® is the accumulated plastic strain in one integratiycle, ande P is the plastic strain at failure given by
eq. (2).

2.2 Explosive Modeling

A pure hydrostatic behavior defined in terms qfadynomial Equation of State (EOS) proposed by Sthw
and Day (1991) was assigned to the explosive. T® for the explosive is given by eq. (4).

P=C,+Cu+C,u’* (4)

whereC,, C; and C; are constants, C; is the bulk modulus, 7 = (p/po)—l, L is the instantaneous density,

and 0, is the initial density. The valu&k= C,=0 , C, =68.9 kbar ando, = 1.759 / cm® where taken from

Schwer and Day (1991). This equation of State isamailable in Abaqus Explicit and was implementéthin
brick elements as an user-defined material modeMXT).

2.3 Target Modeling

The shelter was assumed to be made of reinforeedrete with dimensions of 40 m x 4,0 mx 1,5 s, a
shown on fig. 4. The steel reinforcement was plansidle the concrete, modeled with nonlinear belments
with elastoplastic constitutive model. To model toacrete was used solid hexahedron elements. Areecothe
concrete to the steel reinforcement, it was usedAtbaqus command *EMBEDDED ELEMENT which searches
for the geometric relationships between nodes @fetinbedded elements and the host elements. Ifeafaah
embedded element lies within a host element, treskational degrees of freedom at the node arénglied and
the node becomes an “embedded node.” The transdhtiegrees of freedom of the embedded node are
constrained to the interpolated values of the spording degrees of freedom of the host elemena@dd
Theory Manual, 2010). It was used 6 layers of stegiforcement, distanced 150 mm each, 50 mm of the
boundaries and 800 mm on the central layers, agrsba fig. 2.

4m

4m

0.1m

-— 005m 0.8m 005m
01m — — —

Figure2: Target geometry with location of the steel reinfanent (12.5 mm diameter).

To model the concrete, it was chosen the JH2 étwhand Holmquist, 1993) model which was adapted to
simulate the behavior of brittle materials subjédte high strains, strain rates and pressure. Ghvalent stress
is a function of the static resistance, fracturergjth, strain, strain rate, pressure and a dawveigble (D). The
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equivalent stress and the pressure are normaligegtieoHugoniot Elastic Limit (HEL). The stress aEHis
defined by eq. (5):

3
Ohee ZE(HEL_ Pied) ©)

Where the HEL is the one-dimensional Hugoniot #idasmit, andP,,, is the pressure component at HEL.
The equivalent Stress is given by eq. (6):

o* =0, -D(g; -0y) (6)
Where the equivalent tension is normalized byetiigvalent tension at HEL, eq. (7):
* g
g = ()
OreL
The equivalent tension of the intact materialiveg by eq. (8):

"= AP+T)"@+ClIn¢) ®)
And the equivalent tension at failure is given(®y

g

o, =B(P)"(+Cln¢’) ©)

The model constants are: A, B, C, m, n &g, . T is the maximum hydrostatic tensile stress edpd by

the material. The strain rate is given ly :é/éo , with the reference value éo =1/s. The damage
evolution is very similar to Johnson Cook’s modegiiven by eq. (10):

o AsgP
D=%— (10)
&t
where A& is the plastic strain in one integration step, ma = f (P) is the plastic strain at failure, given by
eq. (11):
=D, (P +T)" (11)

D, and D,, are the material constants. Usually, it is naisiirle to perform tests of specimens at high pressu
of interest, thus, the damage functions and thaura resistances have to be inferred by other sidamimpact

tests. The hydrostatic behaviour is defined bylgnmmmial Equation of the State given by eq. (12),
P = Ko+ Kop® + Ky’ (12)
Ki, Kz e K3 are constants; is the bulk modulugy =(p/p0)—1, where p is the instantaneous

density, and p,is the initial density. For tensile stresses, the(#2) is modified t& = K, 1.

When damagel > 0), there is a pressure increm&f® , determined by energy methods, then, we haveghe e
(13):
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P =K+ Ku® + Kopr + AP 13)

The pressure increment is determined from enenggiderations: it varies fromdP=0 at D=0 to AP=A4Pyx
atD=1. The incremental internal elastic energy decreaseto shear and deviator stress is convertedtémipal
internal energy by incrementally increasidig. The decrease in the shear and deviator stresssosecause the
strength decreases as damage increases .The @xpressthe elastic internal energy of shear andialeric

stress is given as follows,
!0’ 0'* !2
l | — HEL (14)

6G
where G is the shear modulus of elasticity. Tloeemental energy loss is given by
AU =U' -U™ (15)
whereUtD andU :m are computed from Eq. 14 using the updated sBessthe current step’ A for both

energies. Johnson and Homquist shown that if tleeggrioss4U is converted to potential hydrostatic energy
through4P the following equation, for the pressure increneant obtained,

AP ==Ky + (Koo +8Pf +2K,AU (16)

wherep is the fraction of the elastic energy loss coragetd potential hydrostatic energy. It is usudind in the
literature a model called HJC for concrete (Holmstjet al., 1993) which has a mathematical formufatiery
similar to the JH2. The expression for the undamaggiivalent stress, given by the HIC model, isvehan eq.
@an:

o =(All-D)+BP")a+CIng) 17)
The stress is normalized kﬁy, which denotes the quasi-static strength for uficed concrete. Then, the

normalized equivalent tension is givendoy= o/ f., where g is the equivalent stres®” is the normalized

pressure given by = P/f. . The strain rate is given b1y = g/ éo , wheres denotes the current strain rate
and g'o = 1/s is the reference strain rate. The damage pararsetgven byD (0 < D < 1) and the normalized

maximum tensile stressT|® =T/ f_, where T is the maximum tensile stress.

The damage variable is given by eq. (18):

Ae® +Au®
D= — —©~ 18
S e as)

The HJC damage model is very similar to the JohrGook and JH2, but it includes the term of ptasti
volumetric straildi/” . The factorA& P is the plastic strain accumulated in one the irtsgn step. The failure
strain is given by eq. (19):

p p— 0 *\D,
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where D, and D, are the material damage constants.

The equation of the state for HIC model is divided 3 regions, being 2 linear and one polynonitais
shown in (Abaqus Theory Manual, 2010) that the rhddi@ can predict very accurately the penetrapimtess
in brittle materials subjected to high velocity iagp As the software used for the numerical sinataAbaqus —
v. 6.10-1) doesn't have the HIC model in its liprdt was used the JH2 model with the same noreliz

parameters of HJC. To use the same normalizatioras used the values of,, = f. andP,., = f, ineq.
(20):

3
Oue =—(HEL-By ) = f,
2 (20)

Using the eq. (20) it is possible to determineHlugoniot Elastic Limit (HEL). When=0, the equations (6) and
(17) become equal and the remaining differencesdsst the HJC model and the JH2 model come from the
Equation of the State (EOS) and the damage pargmetéech includes the value of volumetric plasticas,

AuP, on the HIC model.
3. Numerical Simulations

3.1 Model validation

The results of Hanchack’s experiments (Hanchacil.et1992), which were performed in a impact speed
range of 381 to 1058 m/s have been used to valitiat model. Hanchack’s reinforced concrete tdrgdta 48
MPa unconfined tensile strength, with dimensiod® x 610 x 178 mma3. In the interior of the coneritere
were 3 layers of squared-pattern reinforcement mathe5.69 mm diameter steel wire. The constructietails
of the target are given in (Hanchack et al., 1998 projectile had length of 143.7 mm with diamete25.4
mm, and caliber-radius head (CRH) ratio of 3, aswhin Figure 4.

610 mm 178mm

fe—> 127mm fele ol oleof127mm

76.2mm 76.2mm 76.2mm

Figure 3: Target geometry with location of the steel reinénent (5.69 mm diameter).

Thiago B. N. de Melo, Mauricio V. Donadon “



Vol.2 Issue.4,
April 2014.

Pgs: 38-52

25.4 mm

101.6 mm 42.1mm

Figure 4. Projectile geometry (0.50 kg).

To simulate Hanchak’s experiment, it was usedtasfinmetric model, as shown in Figure 5. The nwlteri
properties were taken from the open literaturel@ alshows the material parameters used for theretm It was
used eqg. (20) to change the (Islam et al., 2010 tdaterial parameters for concrete into JH2 pararsiéd use in
Abaqus. It was used an elastoplastic model do sit@uhe projectile and the reinforcement. The @onstwere
taken from Martin (2010) and (Hanchack et al., J988d showed in table 2 and 3 respectively.

Table 1: Material constants for the projectile

E (GPa) \ A(kg/m3) Yield Strength (MPa) Ultimate Strain

206 0.3 8020 1700 0.15

Table 2: Material constants for the metallic remfament

E (GPa) v P (kg/m3) Yield Strength (MPa) Ultimate Strain

199 0.3 7850 220 0.15

Table 3: Material constants for a 48 MPa unconfiskeength concrete

G (GPa) p (kg/m3) A n B
14.86 2440 0.79 0 1.6
m c fo S T (MPa)
0.61 0.007 1 7 3.54
f f K: (GPa) K (GPa) ks (GPa)
P max P min
1.0 0.01 85 -171 208
HEL (MPa) Rie. (MPa) D, D,
80 48 0.004 1
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The steel reinforcement of the concrete was platgide the concrete, and modeled with bar eleméms
concrete with hexahedron elements, and the prigiegiih tetrahedron elements. To connect the coadrethe
steel reinforce, it was used the Abaqus commandBEBIDED ELEMENTD described in section 2.3. The mesh
used is finer in the region of the impact, becathsedamage was seen only in a region twice thedfizhe
projectile diameter, as shown in Figure 6.

ODE: hanch

Figure5: Finite Element Mesh used with ¥4 symmetry.

SDV_DAMAGE
(Ava: 75%)
+1.000e+00

+6.667¢-01
+5.833e-01
+5.000e-01
+4.167¢-01
+3.333e-01

ODB: hanchak_360.0db  Abaqus/Explicit €.10-1  Mon Jun 3144 Hora oficial do Brasil 2011

i Step: Step-1
X Y Increment  26252: Step Time = 24000E-03

Primary Uar: SDV_DAMAGE
Deformed Var: U Deformation Scale Factor: +1,000e+00
Status Var STATUS

Figure 6;: Damage fringe for impact velocity of 360 m/s.

Thiago B. N. de Melo, Mauricio V. Donadon




Vol.2 Issue.4,
April 2014.

Pgs: 38-52

A comparison between numerical and the experimeesallts are depicted in Figure 7. In a general, &ayery
good agreement was found between numerical andimgrgal results for the full-range of simulatedpast
velocity.

1000

900
— -} - Simulation

800 —6— Experimental

700

600

500

400

300

Residual Velocity (m/s)

200

100

e v e e b
200 400 600 800 1000 1200

Impact Velocity (m/s)

o AN AEERE RERRE AEREE RRRNE RENEE RRREE RRREE RRREN RRRRE]

o

Figure 7: Comparison between numerical and experimentalteetaken from (Hanchak et al. ,1992).

3.2 Simulated impact scenarios for the penetration bomb

The simulations were carried out using the Abdgxglicit FE code version 10.11-1. The proposed rsode
account for damage prediction on the concrete atabpenetration bomb, during the penetration psdashe
simulation, it was used a 1/2 symmetric model, lemnv in Figure 8 to reduce the computational tingethe
same order of magnitude. It was studied 2 diffeirapicts scenarios: one normal, and other withmgact angle
of 5°. Tables 2 to 4 show the material constants usékisimulations. The material constants for theahwase
were taken from (Johnson and Cook, 1983) and (éohexssd Cook, 1985).

Table 4: Material constants for the metallic caselenof AlSI 4340 steel.

E (GPa) v £ (kg/m3) C: (MPa) G (MPa)
211 0.3 7850 792 510
Cs D, D, Ds D,
0.26 0.05 3.44 -2.12 0.002

The mesh used is finer in the impact region(Figb&ause the damage was seen only in a region 3
times the size of the bomb diameter (Fig. 9).
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The model considered in this work does not simullageeffect of the tail and the fuse structures on
the dynamic of the impact. It can be added lumpimasses on the model to simulate these structurds wi
equivalent kinetic energies. Due to the fluid cletesstic of the explosive, it is necessary to ése the bulk
viscosity of the simulation from 0.06 to 0.4.

Figure 10 shows the predicted residual velocity ttee three geometries studied in this, named
conic_01 for the 400 ogive, conic_02 for the 60@vegand spherical for the semi hemispherical ogiMee
incident impact angles assumed in this study wérard 50. The impact velocities were varied frord 80
450 m/s for each impact scenario. The results @&ditchat for impact incident angles of 50, the desi
velocity decreases when compared with impact imtidengles of 00 (normal impact). This behavior is
explained by the larger contact area between tbggiile and the shelter which increases the &ncffects
between the bodies in contact decelerating evere tfee projectile velocity when compared to the rarm
impact scenario. Furthermore, for the impact incidengles different from 00 the target volume a#dcby
the projectile is also more pronounced comparedadional impact cases which also corroborates with th
projectile deceleration.

Figure 8: Model of the 600 ogive penetration bomb, with syrimgnef 1/2.

Figure9: Fringe of damage variable D after the 50 and 4%0vmlocity impact of the 600 ogive.
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Figure 10: Residual velocity versus impact velocity for 3 aggvand 2 angles of impact.

Figure 11: Final shape of the 400 ogive bomb, with impact eitles of (A) 350m/s, (B) 400m/s and
(C) 450 m/s, and 00 impact angle.
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(A)

(8)

Figure12: Final shape of the 400 ogive bomb, with impact eies of (A) 350 m/s and (B) 400 m/s,
and 50 impact angle.

Figs. 11 and 12 show that higher the impact veforibre pronounced is the deformation in the
metallic case of the penetration bomb, as expeciéd. same behavior was obtained for all the three
geometries studied in this work.

On fig. 10 it can be observed that for the impaslbeity of 300 m/s, only the semi hemispherical
ogive shape perforated the target. For velocitiessa 350 m/s the residual velocities of the 40/@ghape
are higher than the semi hemispherical ogive ptibgecThe simulations also indicate that increasthg
impact velocity of the 400 ogive from 400 to 450snvhplies in a reduction of the residual velocit¥his
behavior was observed only in this geometry, angl possible cause that may explain this behaviothat
part of the the kinetic energy is converted intiodmation of the metal case.

The numerical results indicate that the 400 conigive projectile geometry exhibited a better
ballistic performance compared to the 600 coniodl semi hemispherical ogive shapes.

4. Conclusion

This work presented a numerical methodology to rhakde impact of a penetration bomb on a
concrete shelter. The JH2 and the Johnson Coolkitudive models were used to simulate the concshtdter
and the bomb metallic case, respectively. A polyiabiaquation of State was implemented into Abadqus t
simulate the behavior of the explosive.

With this numerical tool it is possible to improtlee design of penetration bombs, optimizing its
characteristics, and observing if its case will iaithe penetration process. The numerical methoagoallows
one to define the constraints for the launchingetope of new weapons. With this kind of simulatibis also
possible to predict the projectile decelerationmyithe penetration process. This information is/weseful to
the fuse developer.

An experimental full scale testing programme idemvay at ITA/IAE to validate the proposed model
and results presented herein.
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