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1. SUMMARY 

This is a study of the physical penetration of reinforced concrete (thickness 20 and 25cm) by a rod shaped 

penetrator (ratio length/diameter = 6—11) in the impact velocity range 175—250m/s. The inclining of the 

target is between 0° and 35°. A computational constitutive model for concrete will be validated by 

experiments. The numerical simulation predicts rather accurately the penetration depth, exit velocity, ricochet 

as well as mechanical behaviour in stress and failure of the penetrator. 

2. INTRODUCTION 

Concrete is a brittle composite material with distinct behaviour in dilatation and compression. In addition, 

the strength of the concrete diminishes, especially after tensile loading, so that the original strength is never 

reached again. T. J. Holmquist et al. 1,2 take this fact into consideration by introducing a damage parameter, 

similar to the Johnson-Cook fracture model. The T.J. Holmquist fracture model accumulates damage from 

both equivalent plastic strain and plastic volumetric strain. The increase in damage reduces the yield strength. 

W. Riedel 3 completed the model by considering strain hardening. In addition, the yield stress depends on the 

triaxial direction of the stress load. A continuous transition from ductile behaviour of compressed zones to 

brittle behaviour of expanding zones in tension is proposed by transforming the von Mises yield surface 

(ductile) into Rankine's yield surface (brittle) following to William and Warnke 4. Thus, the yield strength 

reduces from an upper value for triaxial pressure to a lower value for triaxial tension. However, the yield 

strength may increase if the stress loading moves toward triaxial pressure. A sophisticated damage model of 

B.J. Thome 5 is based on the assumption that the material is permeated by an array of randomly distributed 

and orientated micro cracks. Crack formation and growth are combined in one damage parameter. 

The present constitutive model for finite difference computer codes unifies all these features by following 

combination: The damage parameter increases following both the model of T. J. Holmquist et al. 1 for zones 

with compression and the model of B. J. Thorne 5 for zones with dilatation. The yield strength is not a 
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function of the triaxial stress load direction, in order not to consider the effects of tensional load to the yield 

strength reduction twice. It has become apparent that the damage of Thome's model grows extremely fast in 

comparison with the damage of Holmquist's model. However, strain hardening effects are considered as 

proposed by W. Riedel 3. In addition, the bulk modulus is a function of damage as proposed by Hashin's 

theory 6. This should only influence hydrostatic tensile stresses, because the Hugoniot curve for hydrostatic 

pressure is based on experimental results, and thus, the damage is already included in the Hugoniot curve. 

The combined material model, whose parameter values are taken from the literature, will be validated by a 

variety of long rod penetrators impacting different reinforced concrete walls. 

3. CONSTITUTIVE MODEL FOR CONCRETE 

E q u a t i o n of s tate 

The stress load s is decomposed into a hydrostatic pressure ρ and deviatory stress σ: s = ρ + σ. The 

pressure is a function of compression μ = p/p0 -1, with p0 and ρ the initial and updated density respectively. 

The Hugoniot curve is given in 9; essential values are summarised in Table 1. 

Table I 

Hugoniot curve data for initial loading (left) and crushing (right). T-maximum tensile strength, K-bulk 

modulus, D-damage parameter (D = 1: fully damaged), μ^-value of μ, where the curve with slope Κ 

intersects the line with constant value 0.0358, μη,,,χ-πιβχίπιωη value of μ previously seen by the zone. 

Initial loading characteristic Crushing: unloading and reloading 

Compression μ Pressure ρ /GPa/ μ Pressure ρ /GPa/ 

— . . . - T ( l - D ) / K 

- T (1 -D) / Κ ... μΕ 

μ Ε . . · 0 . 1 

0.1 ... 0.2 

0.2 ... 0.3 

- Τ ( 1 - D ) / Κ 

Κ μ 

0.0358 +7.862 (μ-μΕ ) 

0 . 8 - 1 3 . 0 (μ — 0.1) 

2.1 - 4 2 . 0 ( μ - 0 . 2 ) 

•••με 

μΕ . . .0.223 

0.223 ... οο 

Κ μ, i.e. slope = Κ 

( (78.4 - Κ) (μπιβχ - μΕ ) ϊ 
slope: ; - r - + Κ 

1 ( 0 . 2 2 3 - μ Ε ) 

78.4 (μ - 0.223), i.e. slope = 78.4 

The relationship between Damage D, Young's modulus E, bulk modulus Κ and Poisson's ratio ν is 

according to Hashin's theory 
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with E0 and v0 the initial Young's modulus and Poisson's ratio respectively. This relationship is only applied 

to zones with dilatation. The initial Young's modulus is expressed in terms of initial density po and the 

compressive strength f c of the concrete according to 9: E0 = 33 po15 f c
0'5· 

Yield strength 

The dimensionless plastic yield strength Y'piastic = Ypiastic^ c is given in 3 according to 1 and 2: 

/ . . . , . , . ί0.000 V έ <1.0 
Yp ias t i c = ( Y f a i l u r e ( l - D ) + DY r e s i d u a , ) ( l + Cln(e/l.O)) w i t h C = o c (.007 V έ > 1.0 

Yfai lure — Bfa i lure 

/ p + T ( l - D ) λ ° ' 6 ' 

f ' c 
Yres idual — Bres idual 

f \ 0.61 r 
Ρ ; with j 

J e ; 
; with j 

The plastic yield strength has its maximum value at start ( Y failure)· The minimum value Y rcsiduai i s 

achieved with full damage (D=l). However, yielding starts at the elastic surface Y* c ias i ic defined as: 

» 10.70 Ypiastic dilatation 
Yelast ic — 

10.53 Yp ias t i c · Fcap compression 
ί Fcap — 

1 V ρ < 0.49 f 'c 

- [ ( p / f ' c - 0 . 4 9 ) / ( 7 - 0 . 4 9 ) ] 2 V 0 . 4 9 f ' c < ρ < 7.0f ' 

0 V ρ > 7.0 f ς 

Strain hardening is determined with the help of the effective plastic strain 8c((pi and the elongation limit 

Bmax obtained from a specimen under compressive uniaxial load. W. Riedel derived an interesting relationship 

between emax and the shear modulus Go=Eo/2(l+Vo) resulting in a final yield strength: 

Yq = min Yelast ic + E e f f p l ' 
( Y fa i l u re Y e l a s t i c ) 

Yp iast ic 
. , ( ' fa i lure "elastic ) ^ „ 

With « 3-Gq 

Damage parameter 

T.J. Holmquist et al. 1 postulate that the damage increment AD is connected to the increments of both, 

plastic strain AEcffpi and volumetric plastic strain Δ μ , ^ . Damage D is accumulated from the incremenis only 

if the accumulated plastic strain exceeds a minimum value: 
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AD = 
crush 

failure failure 
Ep + Hp 

„failure , . f a i l u r e Λ n / l ε ρ + μ ρ = 0 . 0 4 J U - i 
f 1 f ' 1 C I ι 

\ 1 0 

c / 
D = 

f 0 ν χ | Δ ε β ί ί ρ Ι | < 0 . 0 1 

[ ^ A D ν ^ | Δ ε β Α ρ ΐ | > 0 . 0 1 

This model delivers good results for zones with compression. When the material is expanding in tension, 

the damage model of B.J. Thorne 5 is applied. The damage increment AD is a function of fracture toughness 

Kic, initial density p0, initial sound velocity c0, the damage dependent bulk modulus K, damage dependent 

Poisson 's ratio v, maximum previous strain rate έ m a x , and volumetric strain μ: 

AD = 
51<πιμ m - 1 

Kic 

P 0 Co ε max 
Αμ 

term II 

k = 
1 - 2 v 

( , - v 2 ) ( l + v ) 
ko ; k 0 = • 

29.4 N , f K ] 
6 / \ 

1 

I K ic J [ 2 ( l + v)J 

The idea is that a description of the number of cracks is given by a Weibull distribution form kμm , with 

Weibull exponent m=6 and a factor k given above. The term II stems from a nominal f ragment radius derived 

from energy consideration on a uniformly expanding sphere. The factor ko is based on a reasonable relation 

between maximum tensile strength and the strain rate for rocks with penny shaped flaws N s=1.12. To assure 

that unreasonable small values of έ m a x are not used in the equations above, a material dependent minimum 

significant strain rate έ min is used until έ exceeds έ mjn ~ 20—1000/s . It has to be emphasised that a measure 

of the probability of fracture at given strain rate and accumulated volumetric plastic strain has been derived 

with the help of Weibull statistics. 

Material input values 

Precise numerical predictions have been obtained with the following material input values: 

strength f c density 

Po 

frac. toughness 

Kic 

max. tens, strength 

Τ 

v0 ε min total failure 

criteria 

48MPa 2440kg/m3 1.68MPaVm 4MPa 0.22 100/s Beflpl > 2.0 
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4. EXPERIMENTS 

Fig. 1: Penetrator with double cone nose; dimensions are given in Table 2. Concrete target with obliquity a : 

Two different targets have been used (thickness 20 and 25cm) whose characteristics are listed in the 

table on the upper right. The dimensions of the faces are 1.2m χ 1.0m. Reinforcement is realised 

with two meshes of steel St37 rebar 0 9mm with distance g, and g2 from the impact and opposite 

face respectively. The mesh size is a =15cm. 

An overview of all impact experiments (7 different types of penetrators and two different concrete 

targets) is given in Fig. 1 and Table 2. The hollow penetrators have either been filled with high explosive 

(#1-5 and #13-15) or an acceleration unit, i.e. battery and processor with 140kHz sampling rate, has been 

placed in the drill hole (#11&12). In some experiments (#6-10) solid monobloc penetrators have been used. 

Whenever the target has been perforated one is interested where the penetrator has been found. Otherwise, 

the penetration depth has been measured. 

Table 2 

Overview of the experiments, target and penetrator geometries (cp. Fig. 1). The targets of test #1-3, 5-7, 9, 

11, 14 have been perforated. The last two columns show either the penetration depth or the velocity of the 

penetrator whose double cone nose has just completely passed the back surface of the concrete target. 

However, deceleration continues due to the friction between the shell of the penetrator and the perforated concrete. 

Test #2 ,3 ,4-7 ,9 , and 14 have been performed around the limit impact velocity ν needed for perforation. 

# tc α ν mass 0 1 1. t. 12 t2 Result Simulation 

Μ Π fm/sl [mm] [cm] fm/sl 

1 2.5 220 10 

2 2.5 214 2.05 34 329 186 5.5 60 3.5 25m behind target 5 

3 20 2.0 176 just behind target 16.7 -3 

4 
4.5 251 0.78 32 214 83 4.5 60 2.5 

penetration 10.0cm 
13.0 

5 
4.5 251 0.78 32 214 83 4.5 60 2.5 

penetrator got stuck 
13.0 
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Table 2 (continued) 

6 1.1 208 32 347 18m behind target 15 

7 2.5 217 just behind target 22 

8 25 7.3 178 2.05 
38 259 

solid penetration 14.5cm 15.5 

9 24.8 225 
38 259 

8m behind target 10 

10 30.0 229 penetration 12.5cm 14.0 

11 5.0 214 1.99 34 
330 105 

4.5 
90 

3.0 accelerometer F i g . 4 left 

12 6.2 248 1.08 33 
330 105 

4.0 
90 

2.0 penetrator broken Fig. 4 right 

13 20 35 242 2.05 34 329 186 5.5 60 3.5 ricochet 9 .5cm 10.0 

14 22 .8 
232 1.37 30 330 205 6.5 52 4.0 

just behind target 18.7 0 

15 30 
232 1.37 30 330 205 6.5 52 4.0 

penetration 9.0 cm 14.0 

main parameters for perforation —• response in penetrator 

5. R E S U L T S 
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Fig. 2: Measurements of the penetration depth of test # 1 - 5 (see Table 2) in comparison to computat ional 

predict ion (left) . The depth has been measured from a sequence of frames obtained from a ultra high 

speed camera as shown on the right hand side for test #2 at 100. 300, 500, 700, and 900 

microseconds and test #4 at -50, 50, 150, 250, and 350 microseconds af ter impact. The penetrator of 

test #4 has been placed inside a body (cp. fig. 4). 

time after impact [ms] 
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Fig. 2 compares computational predictions with measurements of test # 1 - 5 . It is interesting that in test #4 

the target has not been perforated whereas in #5 the penetrator got stuck as shown in Fig. 2, even though the 

initial conditions were the same. This difference is due to some statistical effects of the concrete (see section 

"Damage parameter") . However, the exact position of the impact with respect to the rebars (especially for the 

face opposite to the impact) may also be decisive for perforation. For tests #3 and #14, the penetrator was 

found just behind the target. The computation predicts a penetration depth of 16.7 and 18.7c;m, i.e. the tip if 

the penetrator has just passed the second reinforcement mesh (at a distance of 4cm from the back face of the 

target, see g2 in Fig. 1). Perforation is probable, because big chunks of concrete have been broken out f rom 

the back face. 

The measured points on test #4 are on a straight line, because the penetrator has been placed inside a 

body, so that only the nose of the penetrator is visible on the f rames (Fig. 2, on the right hand side). The 

mechanism is visible on Fig. 4: After failure of a predetermined breaking point (150μ5 after impact) the 

penetrator flies detached from the body. However, 400μ5 after impact, the end of the penetrator is strongly 

pushed forward, so that the breakage happens in the mid part of the penetrator, i.e. in the transition zone, 

where the thickness is reduced in a single step from 4mm to 2mm. In test #13, breakage has occurred in a 

zone between 14.5cm and 19cm behind the tip of the penetrator, whereas the corresponding result of a rough 

simulation is between 17 and 20cm. 

200 
180 
160 

g" 140 
£ 120 
.1 100 1 «Ο 
S 60 Q. 

40 
20 

0 

Fig. 3: Measurement of the penetration depth of test # 6 - 1 0 in comparison to computational result. The 

depth has been measured with the help of triple exposures (test # 6 - 1 0 from top to bottom on the 

right hand side) as indicated by the arrows. 

During the perforation, the penetrator oscillates. Therefore, the acceleration unit of test #11 returned peak 

values exceeding the mean values (see Fig. 4 top). However, the supporting of the acceleration unit inside the 

penetrator has some damping behaviour resulting in a low pass filter frequency around 15kHz. Thus the thin 
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line (filter frequency 10kHz) is nearly coincident with the dotted line (filter frequency 15kHz). The 

corresponding simulation (Fig. 4 bottom) shows different behaviour, since the response in the penetrator 

itself has been evaluated rather than the response in the acceleration unit. Consequently, the simulation 

returns also high frequency oscillations. Because of the unknown transfer function between penetrator and 

acceleration unit only a qualitative comparison is given. 

Influence of the rebars: 
Experiments as simulations clearly showed that the perforation is hardly affected when the penetrator 

directly hits a rebar near the surface of the impact, because the yield strength of St37 is in the order of the 

magnitude of the computed yield strength Y0. However, a rebar on the back surface has some influence, 

because of the strongly reduced velocity of the penetrator, so that the resistance inside the concrete is rather 

low compared to the resistance of St37. In addition, the stress distribution is "guided" by the rebars as shown 

in Fig. 4 on the right hand side. Especially the rebars near the back surface smear out the load, so that the 

area involved in penetration resistance grows. Consequently, local high stresses leading to erosion are 

reduced. 

Fig. 4: Deceleration history of test #11 (top) in comparison with computation (bottom) filtered by a low 

pass filter with filter frequency at 1 and 2 kHz respectively (thick lines). Additional low pass filters 

at 10 kHz (thin lines) and 15kHz (dashed lines) are given for comparison. Effective stress 

distribution of test #12 in the central part of concrete (Lagrange HEXA Elements with 5mm edge 

length) and breakage of the penetrator, after its end has been pushed forward by a mass (Lagrange 

TETRA Elements) fixed to the rear part of the body are shown on the right hand side. 
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6. CONCLUSIONS 

The present finite difference simulation predicts rather accurately the penetration depth and exit velocity. 

Even ricochet leading to breakage in the mid part of the penetrator is satisfactorily reproduced. Consequently, 

the resistance to the penetration inside the concrete and the stress response inside the penetrator can be 

accurately estimated. However, the concrete has some accidental behaviour, so that around the limit impact 

velocity for perforation the results of repeated experiments are different. This fact is considered in the 

simulation by Thorn's damage model, which is a measure of the probability of fracture inside the concrete. 
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