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Abdgract: A damage rate dependent congtitutive mode suitable for penetration calculation is introduced in
this paper. The finite element program is gpplied to smulate the penetration of a projectile into concrete
target. The smulation results of resdual velocity are in good agreement with the experimental results
which can smulate the pits and damage didributions of concrete projectiles penetrating into concrete
targets, and the calculation results for oblique penetration are aso andyzed. It shows the rationality and
effectiveness of the method and program established in this paper, and it provides an important aternative
for numerica analysis of concrete penetration process

Introduction

Concrete is a gpecid composite materid. It has many advantages, such as good formability, water
ressance, fire resstance, durability, raw meterids, and low cod. It has been widely gpplied not only in
civil buildings, but aso in military facilities and protection works. It is a desire to analyze the penetration
mechanism and penetration effect of projectilesto concrete in theory. However, concrete is a brittle porous
materia inhomogeneous and anisotropic, its sructure is more complex, in the dynamic loading case, and
show the characterigtics of drain rate, the dynamic process of missle pendratiion contains large
deformation, damage and failure, damage and damage of the materials is very complex the theoretical
andysis is very difficult. In the current research methods, field experimental research is essertid, but it is
cogly and time-consuming.

Tae A[1], Anderson C E and Waker J D[2] are committed to building smplified anaytica models.
However, smplified anayticd models often have too many physca assumptions and deviate from
practical ones. The numerical basis for the penetration problem of concrete is a very effective method inthe
smulation method of finite element and finite difference, precison and rdliability of both basic equation, in
the physical model of the solution and resullts, it will be much better than the approximete andlysis, and cost
less. Therefore, it is of great practical sgnificance to carry out the numerical Smulétion of the concrete
problem.

Calculation method

The basic equations given by the conservation theorem of continuum mechanics can be expressed in
tensor form.

M ass conservation €+rRov=0, 1)

Consavationof momentum TV =R>S+b )

Conservation of energy =5 N7, ©)
where § is the paticle velocity, s is Cauchy dress tensor, 5 is unit volume physical strength, E is
interna energy of unit volume, { isHamilton operator,“™  isderivetive of following body.
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When the Lagrange method is used for the finite element discretization of the above basic equetions, the
mass conservation equation is autometicaly satisfied. The energy equation can be expressed as follows.
é:_P\&'I'VSu'Qj. (4)
where Pis hydrogatic pressure, v is specific volume, s is partid dress tensor, e is partia drain
tensor. The formula (4) has no spatia partial derivative, S0 it can be calculated directly by increment. So the
equation of motion isthe only conservation equation thet needsto be discretized by finite element. After the
centralized mass method is used, the motion equation is discrete to the mass motion equation expressed by
the force of the node.
mI#I:FIext_ f~|int. (5)
where m is centralized quality of nodel, fe«) = o N (%)b (X, t)dW+ Q N™ (0T (x,tyaw 1S node external force,
b ad t aethedrengthand surfaceforceontheunit w,, fm )= QB (S (X, Haw is nodal force.
The time integration of formula (5) will get node speed, and get the unit drain rate and the
corresponding rain increment through geometric relation. Then we can get dl physical quantities such as

dress tensor, internd energy and densty by mass conservation, energy conservation and conditutive
equation.

Material modd

The projectile usad in the calculation is a sed rod projectile, and the materia is taken as a linear
hardened body. The gatic water pressure and the volume deformation are described by the following
Gruneisen equetion of Sate]3).

P = (K,m+ K,n? + K,n*)(1- 0.5gm) +g E . (6)
where m=v, /v - 1iscompressonraio, gisGruneisen parameters, E is specific interna energy.

The dressdeviation obeys the incremental elastopladtic Sress-drain relation, that is

dS; = 2G(de; - dey) - (7)

The meterial obeys the Mises yidd criterion, and the yield drength is taken as a linear hardening
function.

Y :Yo +(Yu - Yo)ép/éu ' (8)
where Y, is initid yield dress, Y, is ultimete yield dress € is equivalent plagtic srain, €,is ultimate
equivaent plagtic grain.

Therelevant physical parameters and calculation parameters used in the calculation are shown in Tab. 1.

Tab.1l. Maeria paametersof aprojectile

Yo v ~ Parameter of state

p G u i
CUNNCOINCEINC I A

7823 775 0355 060 100 164 204 500 20

In view of the physical problems calculated in this paper, we adopt the following form of damage rate
related condtitutive mode for concrete[4 ~ 5).

Congdering the pressure dependence and drain rate effect of materia strength, the equivalent srength
of the normalization can be expressed as

s*=|Al- D)+Bp*"|1+Clné). ©)

where D is damage amount (0<D<1.0), p+=p/f, isnormédized pressure, p is hydrodétic pressure, f, is
quasi-gatic uniaxial compression strength, ¢+ =¢/¢, is equal effect variability, & =1.0(sec)* Is reference
drainrae, A, B, C, and N are materid parameters.

Concrete is a porous brittle material, and its failure is characterized by alarge number of microcracksin

the loading process, resulting in the change of the microgtructure of materias, resulting in the inoculation,
expanson and convergence of micro defects, leading to macroscopic cracking or materia failure. For the
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concrete targets in the high-speed penetration process, we assume tha the damege of the materid is
completely caused by the plagtic flow deformation, and the damage evolution equation can be expressed as

. gp:@; . (10)
eP

where & is equivalent pladtic train, ep is plastic volume deformation caused by tetic water pressure
correldtionin strength model, &/ is ultimate equivalent plastic strain,

In the program calculétion, the meterid of the target plate is teken as the concrete materia of the
compressive srength 1, =48MPa, the density r , =2440kg/m”, the shear modulus G=16.86GPa

Numerical Smulation calculation and result analyss

In this paper, a three-dimensional numerica smulation of a ded rod projectile penerated into a
concretetarget iscarried out by using the HVP-3D program and the above materia model.

Hanchak S.J. et d. [6] has carried out a series of experimenta studies on the high speed concrete target
of ova rod projectile, and obtained a lot of valuable experimental data. For this reason, we firg smulated
their experimental resultsto verify the reasonableness of the model. The projectile used by the Hanchak S.J.
et a. Experiment is a gedl bar projectile with atangent oval warhead, as shown in Fig.1. The thickness of
the concrete target is 178mm. Because of the symmetry of the structure and loading mode of the rod and
the target plate, the 1/2 sructure is only needed to be modeled. The eight node hexahedral element is used
to mesh the projectile and the target plate. In order to improve the computationa efficiency and ensure the
accurecy of the calculétion, the target plate grid is set into a variable grid. A fine grid is taken near the
penetration channel and a coarse mesh in the distance. The initia grid didtribution of the projectile and the
target isshownin Fg.2.
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Fig.2. Theinitid time grid distribution map of an oval
rod projectile penetrated into thetarget plate
Fig.3 showsthe comparison between the experimenta values of the residua speed V, of the oval shgped
rod projectile penetrating the concrete target with different initial velocity Vo and the smulation results,
which showsthat both are in good agreement, which showsthe rationdity and vaidity of the model and the
program etablished in this paper.
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Fig.3. Comparison between experimental and Fig.4. Therdationship between the shape of the
simulated results of resdual velodity warhead and the penetration depth
Fig.4 is the relationship between the penetration depth H of the projectile and the initid velocity Vo
when the warhead is conical, oval and spherica. The size of the oval rod isthe same astheat of the projectile,
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and the diameter of the projectile is the same as the length of the rod. The height of the cone-shaped
warhead is the same as that of the egg shaped warhead. It can be seen from the diagram that, under the
same conditions, the penetration ability of the cone rod is the srongest, and the penetration ability of the
spherical rod is the weakedt. This is because the sharper the shape of the warhead is the smdler the
penetration resigance is, and the deeper the penetration is. The more flat the warhead is, the larger the
penetration of the warhead will be, and the degper the penetration will be.

Fig.5 is the gereogram and symmetry section of an oval shaped bar projectile when the initial velocity
746m/s is penetrated into the concrete target. The reaults of the calculation well smulate the pit formetion
and damage didribution of the rod projectile penetrated into the concrete target. Concrete target damage
near the warhead a the mog serious, the body and the srength of the target materiad is large, both
experiments and calculations show thet rod projectile penetrating a target plate, not mass wagting, dmost
no deformation. Damage behavior of the unit in the penetration process is described by the amount of
damage D and equivaent plagtic drain criterion, once the damage amount of D is larger than 1 or the
equivalent plagic drain €, exceedsthe maximum alowed unit is regarded as a failure, its srength is set

u

to zero. The mesh digtortion of the destruction unit is very large, and it is not plotted in the clear drawing. In
fact, mog of the blank parts between thetargets are destroyed units.
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Fig.5. Damage digtribution of theinitia velodty 746mysrod projectile penetrating the concrete target at different time

Conclugons

In this paper, a concrete material mode suitable for 3D impact mechanics numerica smulation is
introduced, and a series of numerical smulation is carried out for 3D projectile penetrating into concrete
target by three-dimensional finite element program. The results of the penetration are in good agreement
with the experimenta results, and the results of the oblique penetration are also analyzed. This indicates
that the method and program edtablished in this paper are reasonable and effective, and it provides an
important aternative for numerical analysis of concrete penetration process
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