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Abstract. This paper presents the numerical simulation of the rigid 12.6 mm diameter kinetic energy
ogive-nosed projectile impact on plain and fiber reinforced concrete (FRC) targets with compressive
strengths from 45 to 235 MPa, using a three-dimensional finite element code LS-DYNA. A combined
dynamic constitutive model, describing the compressive and tensile damage of concrete, is implemented.
A modified Johnson Holmquist Cook (MJHC) constitutive relationship and damage model are incorporated
to simulate the concrete behavior under compression. A tensile damage model is added to the MJHC
model to analyze the dynamic fracture behavior of concrete in tension, due to blast loading. As a
consequence, the impact damage in targets made of plain and fiber reinforced concrete with same matrix
material under same impact velocities (650 m/s) are obtained. Moreover, the damage distribution of
concrete after penetration is procured to compare with the experimental results. Numerical simulations
provide a reasonable prediction on concrete damage in both compression and tension.
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1. Introduction

Missile barriers and protective structures are widely used in nuclear facilities to withstand and absorb
missile impact loads to prevent damage to safety-related components. The design of missile barrier
includes using the empirical formula, normally modified National Defense Research Committee
(NDRC) formula, to determine the penetration depth, perforation and scabbing thicknesses. As the
most widely used construction material in nuclear facilities, concrete has been widely studied for its
impact response, which differs from that under static loading. Local damage in concrete caused by
projectile impact depends on a variety of characters, such as impact velocity, mass, geometry, and
material properties of the fragments, as well as concrete properties (Zhang 2007).

When concrete is subjected to an impact loading by fragments, a crater is usually produced as a
result of the concentrated forces on the surface of the concrete. These forces are transmitted inwards,
thereby crushing the concrete in the crater region. Even though impact on concrete targets and
cratering has been widely studied, little has been published on a front face spall (Collins et al.
2007). Most of the previous studies on projectile impact on concrete target focused on the penetration
depth and indicated that the penetration depth is dependent upon the compressive strength of the
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target concrete (Luk 1987, Forrestal 1988, Degen 1980, Clifton 1982, Hanchak 1992, Dancygier
1996, 2002, O’Neil 1999, Bindiganavile 2002, Zhang et al. 2005, Lok 2003). Some recent studies
on plain and fiber reinforced concrete found that the penetration depth in the concrete target was
reduced with an increase in the compressive strength of the concrete; however, further increase in
the compressive strength could not reduce the depth of penetration, and the crater diameter is
mainly dependant upon the tensile and shear strengths of the concrete target (Zhang 2005, 2007,
Lok 2003). These studies also found that ductility of steel fiber reinforced concrete was noticeably
absent in the dynamic tests at high strain rate (Lok 2003). The incorporation of fibers in concrete
reduced the crater diameter and crack propagation, but did not have a significant effect on
penetration depth (Zhang 2005, 2007). Thus, both compressive and tensile strengths of concrete
play important roles in penetration resistance of concrete targets.

With recent developments in computational and experimental techniques, new constitutive models
for the numerical simulation to predict the dynamic behavior of a concrete target to close-in blast
and projectile impact have been widely studied. Among these material models, the widely accepted
are Holmquist-Johnson-Cook model (HJC), Taylor-Chen-Kuszmaul model (TCK) and Riedel-
Thoma-Hiermaier model (RTH). The HJC model considered most of the important material
parameters of concrete, such as hydrostatic pressure, strain rate and compressive damage, to describe the
compressive damage of concrete under large strain and high strain rates (Holmquist 1993). It represents a
good compromise between simplicity and accuracy for large-scale computations. The HIC model is
incorporated into the LS-DYNA code and has been widely accepted in numerical simulations of the
dynamic responses of concrete structures (LS-DYNA 1999). However, the tensile damage of
concrete is not considered in the HJC model. The tensile behavior of concrete is simply considered
through maximum tensile hydrostatic pressure. The strain rate affect is considered by using a
dynamic increase factor (DIF), i.e. the ratio of dynamic-to-static strength versus strain rate on a
semi-log scale. However, the DIF used in the HJC model is much lower than what is found from
test results by other researchers and the author (Gebbeken 2000). Moreover, the strain rate effect on
concrete tensile strength and concrete reloading are not considered. The crack propagation of
concrete, due to tensile damage, cannot be predicted (Zhou 2008).

It is important to mention here that the HJC model only considered the effect of pressure and
shear, which is in terms of the von Mises equivalent stress, and is not able to reflect the shear
response accurately (Polanco-Loria et al. 2008). By using those commonly used material parameters in the
HJC model, e.g. A=0.75, B=1.65 and N=0.75, the uniaxial compression strength is overestimated by
about 45%, and 450% for biaxial compressions strength (Polanco-Loria et al. 2008). To enhance the
capability of the pressure-shear behavior for the HIC model, Polanco-Loria ef al. (2008) modified
the HIC model by introducing the influence of the third stress invariant to differentiate the tensile
and compressive meridians. Moreover, a new DIF was applied to consider the strain rate effect.
However, like the other models mentioned previously, the material parameters for concrete are very
difficult to determine because the experimental test in the extreme condition is not easy to perform
and accurate results are difficult to obtain, due to the limitations of the measurement method.
Therefore, the strength model for the deviatoric portion was mainly based on the combination of
static test results and the strain rate effect of concrete (Holmquist 1993, Riedel 1999). The parameters to
determine the EOS are mainly based on static experimental results and assumptions on porous
materials.

Different from the HIC model, the TCK model is a continuum damage model to characterize the
dynamic fracture of concrete in tension by considering the tensile stress, micro crack density, and
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volume strain. The TCK model is capable to predict the brittle tensile failure (scabbing) and the
cracking growth of concrete (Taylor 1986). However, the dynamic compressive response of concrete
material is simply described by an elastic-perfect plastic constitutive equation (Zhou 2008).

Riedel et al. (1999) modified the HIC model (RHT) by replacing its porous EOS model with
Herrman’s P-o, porous model, and by considering the stress tensor J; by building up the yield
meridian plane with a cap, different tensile, and compressive meridians. However, the RHT model
kept the strain rate effect and the damage variable similar to those in the HIC model.

Gebbeken and Ruppert (2000) modified the yield surface of the HIC model with different tensile
and compressive meridians, and a shape function to define octahedral stresses in the deviatoric
plane. The strain rate effect (up to 10%sec) and the damage were more comprehensively modeled.
However, the DIF of RHT model still underestimated the strain rate effect in the high strain rate
range. Recently, Leppdnen (2006) improved the RHT model by using a different DIF for tension
and bi-linear crack softening law. This parametric study confirmed cracking growth and scabbing of
concrete in a penetration simulation are mainly influenced by the tensile strength, fracture energy,
and strain rate in tension.

In this study modification was made to the original HJC model to enhance the strain rate effect. A
DIF for dynamic compressive strength was proposed based on SHPB test results on plain and fiber
reinforced concrete. A simple dynamic tensile damage model was developed and combined with the
DIF enhanced HJC model. Less equations are needed to be integraled when volume increases.
Previous experimental results (Zhang 2005, 2008, Lok et al. 2003) were used to determine the necessary
material parameters and were used to compare with the results from numerical simulations.

2. Material model for concrete

In this study, the compressive damage of concrete is described by a modified HIC model. The
modifications include: (1) a modified strain rate effect for compression, (2) simplified normalized
equivalent stress equation, and (3) a simple, yet reliable, dynamic tensile damage model for concrete.

2.1 Strain rate effect

Over the past decades numerous works have been conducted on both theoretical and experimental
studies of the strain rate effect on cement-based materials. Over the past decades, most of the
dynamic failure criterions are obtained by the curve fitting of experimental data, and conversely, the
physical mechanism and the mathematical expression of the strain rate effects is still far from fully
understood (Cao and Chung 2002, Ou et al. 2010). Nowadays, two approaches to describe dynamic
behavior of cement based materials are commonly accepted, and they are: 1) critical dynamic
strength criterion, which handles dynamic failure strength of a cement based material by extension
of material’s static strength by a dynamic increase factor (DIF); and 2) the inertial effect and wave
propagation mechanisms, which believes the dynamic failure strength of a material is not an
intrinsic material property, but a computational characteristic. Most recently, a complete study on
strain rate effect has been completed by Cotsovos and Pavlovize (2008a, 2008b, 2008c). By using a
quasi-static constitutive model as well as static material strength, they performed non-linear finite
element analysis to study the behavior and failure of concrete specimens under dynamic load, and
found that their results from numerical simulations were consistent with the published experimental
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data. Based on their results they concluded that the effect of strain rate on the specimen’s behavior
reflects the effect of the inertia loads instead of a intrinsic material property. Therefore, the use of
experimental data from dynamic tests to model constitutive behavior of concrete under dynamic
loads is questionable (Cotsovos and Pavlovi¢ 2008a).

However, on the other hand, as a convenient format for implementation into numerical models
DIF is still widely accepted to represent the strain rate effect on the dynamic behavior of concrete.
Many empirical relations are available in the literature to estimate strain rate effect on the dynamic
behavior of concrete (Malvar 1998). Particularly in this study, the DIF is still employed to represent
the strain rate effect. This is because that both the SHPB test to investigate the strain rate effect,
which is employed in this study to find the DIFs, and the projectile impact tests to study the
concrete target responds to high velocity projectile impact, which are employed as real cases to be
simulated in this study, were performed by the authors by using fiber reinforced concrete materials
having similar properties (Lok 2003, Zhang 2005 and 2007). This can enhance ability of the model
presented in this paper to produce accurate predictions. A summary of DIFs from previous studies
(Schuler ef al. 2006), together with the authors’ experimental results obtained from a 75 millimeter
Split Hopkinson Pressure Bar (SHPB) on both plain and steel fiber reinforced concrete samples
(Lok 2003) is shown in Fig. 1. The static compressive strength of specimens varied between 70 N/
mm? and 90 N/mm?. Dynamic compressive and splitting tensile strengths of plain and fiber reinforced
concrete specimens were obtained from 70 mm diameter by 140 mm long and 70 mm diameter by
70 mm long cylinders, respectively.

The strain rate considered in this study is in the wide range from the low value less than 107s™
to the high value about 1000s™. New DIF functions for the compressive (CDIF) and tensile (TDIF)
strength are developed and adopted in the present study. The empirical formulae are expressed as
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Fig. 1 DIF for tensile and compressive strength (Modified from Schuler et al. (2006))
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TDIF = 1.7914x &%  for 1075 '<&<5s™ (2b)

TDIF =4.23xIn(In)—0.68 for 5s ' <&<1000s ' (2¢)

The strain rate value is cut off at 1000 s to avoid overestimation of the strain rate effect. Thus,
from the DIFs, the dynamic strength of concrete materials can be obtained.

2.2 The compressive damage model

In this study, a new strain rate dependence function, CDIF, given in Egs. (1a) and (1b), was
incorporated into the HIC model as shown in Eq. (3).

0., = [A(1-D)+BP*"|[CDIF] 3)

where O':q is the normalized equivalent stress given as azq =o,,/f.", where o, is the actual
equivalent stress and £ is the quasi-static uniaxial compressive strength, P* is the normalized
pressure give by the actual hydrostatic pressure P and f,' as P* = P/f., CDIF is the dimensionless
dynamic increase factor of material given in Egs. (1a) and (1b), 4, B and N are material constants,
and D is the internal compressive damage state variable and 0<D<1. The damage for fracture is
accumulated in a manner similar to that used in the original HIC model (Holmquist 1993)

Ag +A/1

D, = Zgw (4)

In this equation Ag, and Ay, are the increments of equlvalent plastic strain and plastic
volumetric strain, respectlvely Also, &, 7+ y »=D(P*+T*)" is the total plastic strain to fracture
under a constant pressure, P. In this equatlon D, and D, are material constants. The concrete cannot
experience any plastic strain when P* =-T*. Moreover, a third damage constant, £j,,= 0.01, is
used to suppress fracture by weak tensile waves (Holmquist 1993).

2.3 The tensile damage model

Numerous researches show that the mechanical response of concrete is mainly governed by the
development of sub-scale cracks (Jan 1997, Suaris 1984), and damage of the concrete material is
related to the gradual opening of these cracks. Normally, the damage based constitutive model takes
account of damage evolution induced by the sub-scale crack development under tensile stress. And
the tensile damage of the concrete materials can be demonstrated in the progressive degradation of
the material stiffness.

The stress is correlated to strain with Young’s modulus (£) and tensile damage (D) as

o=E(l-D)¢ (5)

where o and ¢ are tensile stress and strain, respectively. The tensile damage (D) is obtained from
the volume of idealized penny-shaped cracks in the material as (Grady and Kipp 1980)

D=NV (6)

where N is the number of cracks per unit volume and ¥ =4/3m" is the spherical reign surrounding
the penny-shaped crack of radius .
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From experimental observations conducted by the author (Zhang 2005, 2008, Lok 2003), it is
clear that a concrete specimen fractures into a few large fragments when it is loaded at low strain
rate. Conversely, the specimen breaks into many smaller fragments at high strain rate loading.
Similar observations were reported by Shockey ef al. (1974), Ross et al. (1996) for brittle materials
such as rock, concrete and mortar.

The relationship between the average fragment size and the average strain rate was described by
Ross et al. (1996). Smaller fragment size corresponds to smaller and more cracks developed in the
damaged material. So, it is reasonable to suggest that the number of active cracks developed in the
specimen is dependent on the strain rate at which the specimen is loaded; the higher the strain rate,
the larger the crack number.

Physically, the shock loading sets up stress waves in the specimen. Such loading produces a more
uniform strain field because parts of the concrete material remain loaded as the wave continues to
propagate through the fractured specimen. In contrast, in static loading condition, the specimen is
likely to be unloaded when a major crack is formed so that no other cracks can be further developed. Li
and Gu (1994) further showed that high frequency components activate smaller cracks than low
frequency components. A loading process of high strain rate contains more high frequency components, so
it activates smaller cracks in a concrete specimen.

The above discussion leads to the concept that more cracks with a smaller average size are
developed by high strain rate loading. Meanwhile, as discussed previously, the dynamic increase
factor is also correlated to the strain rate similarly. So, it is reasonable to assume that the number of
cracks within the unit volume can be expressed as a linear function of the dynamic increase factor
in tension (TDIF) as described in Egs. (2a) to (2¢)

N=af(¥) (8)

where f(&) = TDIF, as given in Egs. (2a) to (2¢), « is a material parameter. The physical meaning
of « is the number of cracks within the unit volume when material fails under static condition.

According to the principle of fracture mechanics, the increasing rate of the crack radius is related
to the stress intensity factor and its increasing rate by

F=ncK" 'K )

where K is the stress intensity factor, and ¢ and 7 are parameters. Stress intensity factor can be
expressed in terms of the damage energy release rate (G) and Young’s modulus (E) as K = /EG, or
in an incremental format of i1 Eh] G*% G The increasing rate of the spherical reign surrounding the
crack is then expressed as 2

V=am'F (10)

Thus, the incremental tensile damage (D) is

1
. , nm=s .
D=2mnc’a(¥)E"'G G (11)

As discussed by Lemaitre (1992), G can be replaced approximately by the rate of accumulated
plastic strain when material is under compression. When concrete is under tension, the damage is
brittle, G is correlated linearly with the relative buck strain rate of the material, &, (Zhao 2003). By
replacing G with K12C/E and combining all material parameters and in Eq. (11), the incremental
tensile damage is
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Fig. 2 Computational flowchart
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2.4 Failure criterions

Two failure criteria, compression and tension, are employed in this study. Same criterion as used
in the HJC model is applied for compression failure of concrete. The maximum equivalent plastic
strain at fracture is set as a critical value. If the probe stress of an element exceeds the strength of
the material, plastic deformation occurs. When the cumulated equivalent plastic strain exceeds the
maximum equivalent plastic strain at fracture, then material is damaged and the elements are
removed from the model by erosion algorithm. Concrete experiences brittle tension damage, and it
is controlled by the tensile damage scalar D;. When accumulated tension damage exceeds the
critical value, then material fails and the elements are removed from the model. The proposed
material model described in previous section was incorporated into the commercial software LS-
DYNA, through the user defined materials function. The flowchart for the computation is shown in
Fig. 2.

3. Numerical simulations
3.1 Model descriptions

The present material model was applied to simulate the tests of rigid bullet impact on concrete
targets conducted by the author and other researchers (Zhang 2005). In that experimental study, all
specimens subjected to impact tests had a common size of 300 x 170 mm and a thickness of 150
mm with concrete compressive strengths of 45-C235 MPa. A 12.6 mm ogive-nosed projectile was
used to hit the concrete target at the center at velocities ranging from 620 to 700 m/s. Due to
symmetry, a quarter of the target and projectile is modeled, as shown in Fig. 3. Since no damage is
observed on projectiles after all impact tests, the rigid material model (#20 in LS-DYNA) was used
for the steel projectile. The material density and elastic modulus of the target steel are 7500 kg/m’
and 2.1E+11Pa, respectively. The parameters of concrete used in this study are obtained from a
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Fig. 3 FE model

Table 1 Simulation parameters for different cases (Zhang 2005)

Case Specimen Fiber 1 Impact Crater Penetration
. . contain v ! velocity diameter depth
number  designation (%) (MPa) (MPa) (m/s) (mm) (mm)
Case 1 CM-150 0 151 13 647 125 31
Case 2 QOF-1-2 1.5 204 33 645 85 31
Table 2 Basic material parameters for concrete
Case number p (kg/m?) E (GPa) K (GPa) G (GPa) v
Case 1 2.419 20.7 9.5 8.5 0.18
Case 2 2.502 39.3 16.0 15.0 0.20
Table 3 Basic damage parameters for concrete, Case 1
K,
A B N D, D, EFvin Shax 4 (MPa{ICn”) n
0.8 1.6 0.6 0.04 1.0 0.01 7 0.45 2.5 0.01
Table 4 Basic damage parameters for concrete, Case 2
K,
4 B N D D,  EFuny S < Mpam®sy 7
0.8 1.2 04 0.04 1.0 0.01 7 0.45 5.0 0.01

previous study on the compressive and tensile dynamic behavior of concrete; and typical material
parameters for plain and fiber reinforced concrete and impact velocities used in this study were
summarized in Table 1 (Zhang 2005).

The target-projectile system is established in the Lagrange coordinate system. The standard algorithm
“eroding surface-to-surface” contact interface is adopted. The Flanagan-Belytschko stiffness, based
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on hourglass control, is implied for target elements. In the present study, the strain failure criterion
was also used as an element erosion criterion.

3.2 Numerical results and discussion

Tensile and compressive damage contour distributions in the target at different stages of impact
are shown in Figs. 4 and 5. At the early stage of the penetration process, the extrusion dilation of
the target material is found, due to the high speed of the projectile. As the penetration depth increases and
the projectile speed decreases, the ranges of damage decrease gradually. The compressive damage
appears in the area immediately in front of and surrounding the projectile, while the tensile damage
area distributes around the impact center. The tensile damage contour shows a clear trend of how
the crater happens.

Fig. 6 indicates the contours of von-Mises effective stress, which reflects the asymmetric stress
wave during the process of projectile penetration. It can be seen the effective stress near the front of
the projectile head is larger than those at other locations. The propagation of stress wave in the
concrete targets is clearly presented. The dissipation of the stress wave was observed as the stress
wave transmitted in the targets. Fig. 7 compares the simulation results with the experimental data
obtained by the authors in a previous study (Zhang 2005). The average crater diameter from
simulation Case 1 and 2 are 105 mm and 75 mm, respectively, which are comparable with the
experimental results, 125 mm and 85 mm. It is also noticed that the shape of the front damage and
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Fig. 6 Contours of von-Mises effective stress in the target (unit:100 GPa)

cracking predicted in numerical simulations are similar to the real damage on concrete front surface
right under impact. The numerical simulations using the presented material model provide a
reasonable prediction on the front damage of the concrete targets.

Even though in the present study the concrete targets were massive blocks and the penetration
does not occur, the compressive stiffness loses when loads are revered due to the removal of the
elements. It should be noted that the element erosion is a numerical consideration and not as same
as the material failure. It should also be noted that penetration and perforation tests give complex
state of stress, and because tensile and compression waves act always on the specimens, reversal
loading situations are expected in the material. Under impact, materials next to the surfaces will
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(a) Plain concrete target (case 1) (b) Fiber reinforced concrete target (case 2)

Fig. 7 Comparison of the numerical and experimental results

experiment tensile cracking (e.g. spalling, scabbing) due to tensile waves. Moreover, the extrim
pressure right beneath and surounding the projectile nose makes target elements undergo large
element distortion, which requires a very small time step. Under these considerations the mesh size
and erosion criteria will play more critical roles in the numerical simulation. Normally, the size of
the target elements right under and surrounding impact shall be small enough to achieve an accurate
simulation. However, further reduced element size won’t affect the simulation results significantly
(Islam et al. 2011).

4. Conclusions

The mechanism of front damage of the fiber-reinforced concrete target under projectile impact was
investigated, based on experimental observations. Furthermore, a modified material model for both plain
and fiber-reinforced concrete, based on the HJIC constitutive model, is developed and incorporated into
the LS-DYNA code. The material model developed in this study includes ten material parameters, and
is of the capability to describe both compressive and tensile damages and strain rate effect.

Numerical simulations are performed, by using this modified material model with experimental
data obtained by these authors. The results are in good agreement with experimental observations.
From the numerical simulations, the process of the front face damage of the concrete target is
clearly presented. The damage is a combined effect of compression and tension failure of the
material. At the early stage of impact, damage is concentrated in a small area immediately in front
of the tip of the projectile. Crushing of concrete materials is the only mode of damage. As the
projectile moves into concrete, splitting cracks may appear, as well as dust ejection, due to crushed
fragmentation of concrete materials.
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