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Concrete is a widely used product and is an important application throughout industry
due to its inexpensive cost and wide range of applications. This work focuses on understanding
the behavior of high strength concrete in high strain rate ballistic impact loading scenarios. A
finite element analysis was created with the implementation of the Concrete Damage and
Plasticity Model 2 (CDPM2) to represent the material behavior. The model’s parameters were
calibrated to existing literature and the results were analyzed by a comparison of the impact
velocity to residual velocity and a qualitative assessment of the impact crater. The model
captured the impact dynamics of the contact between the projectile and the concrete target with
defined fracture patterns. Impact velocity and target thickness indicated a relatively linear

relationship with the final projectile velocity.
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CHAPTER I

HIGH STRENGTH CONCRETE AND FIBER REINFORCEMENT

1.1 High Strength Concrete and Fiber Reinforcement

There is a growing interest by researchers to study concrete materials due to its wide
range of applications and cost-efficient nature. Concrete is commonly employed in construction
design for structures such as buildings or bridges as it is the most commonly used material in
construction (Knoeri et al., 2013). Concrete is known to exhibit brittle material qualities and
therefore can withstand high compressive stress but is inferior under tensile loading. Significant
research interest has been invested in determining methods to improve the strength of concrete
and furthermore the applicability of the material. This led to the eventual development of high
strength concrete, high performance concrete (HPC), fiber reinforced concrete, and Ultra-High-
Performance Concrete (UHPC). Concrete with compressive strengths that exceed 150 MPa are
designated as UHPC (Russell and Graybeal, 2013). This concrete achieves its high performance
through a low water to binder ratio (w/b) such that the porosity of the matrix of the concrete is
decreased (Wille et al., n.d.), which also enables this concrete to have a high durability (Alkaysi
et al., 2016). This concrete is typically more expensive than regular types of concrete; however,
the increase in strength enables less material to be used in designs which will reduce the overall
cost. UHPC has also been designed with steel fiber reinforcement to further improve its
mechanical strength producing a type of concrete denoted as Ultra High Performance Fiber

Reinforced Concrete (UHPFRC) (Song and Hwang, 2004). UHPFRC is known to have
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compressive and tensile strengths as high as 200MPa and 40MPa respectively (Mao et al., 2014).

The fibers have been shown to greatly improve the mechanical behavior of the concrete. This

improvement is highlighted by the typical stress and strain diagrams as seen in Figure 1.1.

Stress-Strain-Diagram of UHPC without fibres UHPC with fibres, 1,0 Vol % - 2.5 Vol.%
sless-sirain diagram
@ smmmmemememceeoiay @ CoIILIIIIIiIIIIIs Range of possible descending
E Bl S i i depending on Abre amownt
£ amr g ! & : and fire orentation
g I g :
8 P & ;
5 E = 45 . 55 GPa g :; H
5 Py & .}
o P ; i O E = 45- 55 GPa
H H oo
I ] P -
Concrete strain ' Concrete strain
Figure 1.1  Comparison of UHPC with and without fibers (Leutbecher, n.d.).

The shape of the fiber that is introduced to the concrete mix such as straight, hooked, or

twisted ends have also been shown to effect the performance of the resulting concrete mix (Yoo

and Banthia, 2016). Additional factors such as the amount of fiber has been studied as well to

seek methods to improve the performance of cementitious mixtures. The effects of fibers become

apparent in projectile impact experiments. When concrete without fibers is struct with a high-

speed projectile the concrete target exhibits a greater brittle fragmentation than a target with the

fibers. This is demonstrated by the experimental results shown in Figure 1.2.

2
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Figure 1.2 Impact Experiments of Concrete with (left) and without (right) fiber reinforcement
(Pontiroli, 2019)

These improvements in concrete further lead to the growing interest by researchers in high

performance concrete.

1.2 Ballistic Impact Loadings

The behavior of concrete has been demonstrated to be highly dependent on the applied
strain rate during loading scenarios. It has been widely reported that the strength of concrete is
improved as the strain rate increases. This is apparent as both the compressive and tensile
strength of the material increases under higher strain rate loading scenarios (Grote et al., 2001;
Soroushian et al., 1985). This lead to the conclusion that the dynamic strength of concrete is
much higher than its static strength (Mainstone, 1975). This created a strong interest in
understanding the behavior of concrete in ballistic impact scenarios, as blast impacts are
commonly reported to experience strain rates as high as 10 and 103 s™. The relationship between

the strain rate and increase in compressive strength can be seen in Figure 1.3. Some authors have

3
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reported an increase in a concrete’s compressive strength between 200% and 400% at these

strain rates when it is compared to a static loading situation (Bischoff and Perry, 1991).
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Figure 1.3  Relationship between the compressive strength of concrete and the influence of its
strain rate (Bischoff and Perry, 1991).

Continued research on this subject lead to the conclusion that this phenomenon was due
to inertial confinement produced by the high strain rates instead of a material characteristic. This
was shown through Split Hopkinson Pressure Bar (SHPB) experiments of concrete (Li and
Meng, 2003) (Zhang et al., 2009). This placed an increased emphasis on evaluating the
mechanical properties of concrete at lower strain rates to determine its characteristic strength
properties (Chen et al., 2013). Many researchers have investigated ballistic impact scenarios in

an effort to understand this complex process. Several empirical formulas have been developed to

4
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predict important results due to the ballistic impact such as the projectile penetration depth or
fragmentation penetration depth based on available material data (Li et al., 2005). Throughout
the impact scenario the structure is exposed to shock waves that create a multiaxial stress state
throughout the material leading to a complex failure process. Additionally, the porous nature of
concrete causes the unique failure process due to the crushing of the voids throughout the
material. This failure process in its entirety is defined in (Pereira et al., 2018a) as five key stages

which can be visualized in Figure 1.4.

High velocity ejecta

Figure 1.4  Failure process in ballistic impact of concrete structures (Pereira et al., 2018a).

The first stage in this process is the Mescal Zone. This is caused by the crushing and
compaction of the material at the strike face, which will then cause the tunneling of this crushed

material. The lateral pressure resulting from the initial shock wave creates radial crack propagation
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out from the strike face. The spalling is a result of the initial compression wave transforming into
a tensile wave at the free boundary to cause the ejection of the material. The majority of the
fragments will originate from the impact site with any fragmentation occurring away from the
impact site occurring due the reflection of the stress waves (Woodward et al., 1991). Experimental
evidence also shows the spall area on the back surface of a target to be larger than area on the front

due to this behavior (Beppu et al., 2008).

1.3 Computational modeling of cementitious materials and equation of states

The common implementation and wide range of applications that concrete is employed
for has produced a strong desire to accurately predict its behavior using computational models.
The finite element method (FEM) is a common method that has been used for this purpose with
several models which have been developed. Additionally, the finite element method has been
shown to successfully model high strain rate impacts for many types of applications such as
impacts in metallic materials or structural damage scenarios (Dou et al., 2016, 2020; He et al.,
2018a; Liu et al., 2011, 2015a, 2015b; Liu and Day, 2006, 2008). Plasticity models have been
developed to estimate the nature of this material through the definition of a yield function, flow
rule, and hardening/softening functions. One such type is the Drucker-Prager model (Drucker
and Prager, 1952). This model is considered to be a rather simple plasticity model but has been
shown to accurately model the performance of concrete once the parameters have been defined
(Jiang and Wu, 2012; Yu et al., 2010). Of particular interest is the effect of high strain rate
loading scenarios for concrete materials in cases such as ballistic impact, explosive detonations,
or blast loadings. Several authors have implemented finite element analysis for predictions of

fiber reinforced composites undergoing a high strain rate loading state (Ge He et al., 2017; G He
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etal., 2017; He et al., 2021, 2020, 2019b, 2019a, 2018b, p.; He and Liu, 2019). As mentioned
previously, concrete is known to highly exhibit strain rate dependent behavior. Previous models
must be adjusted to ensure it correctly captures the nature of concrete at these higher strain rates.
This is commonly represented using a Mie Gruneisen equation of state which is frequently used
when modeling materials at high pressure. This equation of state enables the pressure to be
related to the energy and density of a material. Therefore, it is commonly used when modeling
ballistic impact or detonation experiments. This equation of state is expressed by equation 1.1

where U, and U, are the shock and projectile velocities respectively. The variables C, and s

define the slope of the shock and projectile velocity curve (“ABAQUS: Theory Manual, Version

6.6,” 2009).

Us= C,+ sU, (1.1)

Several authors have implemented this equation of state to accurately represent these
types of loadings. Hugoniot properties can be determined to define the model parameters used to
represent this material behavior. Most commonly, this is accomplished by using shock
compression tests to relate the projectile and shock velocities of the experiment (Katayama et al.,
2017). In (Martineau, 1998) Martineau developed a model to incorporate the equation of state to
better predict the behavior of materials during high pressure explosive detonations, which would
cause the material to behave differently as when compared to lower strain rate loadings. This
numerical model is implemented using a VUMAT subroutine which is built through an array of

multiple subroutines. These subroutines work in conjunction to define the specified modules for
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this model and are implemented in an incremental fashion. This is most clearly seen by the flow

chart shown in Figure 1.5.
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Figure 1.5  Flow chart for the full subroutine found in (Martineau, 1998).

Another challenge in modeling concrete is accounting for the porous nature of concrete.
One model that has been proposed is the P-a equation of state model which is designed to define
the compaction of porous materials. This model is commonly governed by the Mie Gruneisen
equation of state and allows the pressure to be described with relation to the porosity of the
material. This equation of state describes the pressure with respect to three variables: o, the
density, and the internal energy per unit mass. The scalar variable o, is used to define the
porosity of the material as seen in equation 1.2 where py is the density of the solid material and p

is the density of the porous material.

Ps (1.2)
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A material that is fully compacted is represented when o equals a value of one. Luccioni
et. al incorporated this equation of state in their studies of high strength fiber reinforced concrete
slabs. They used this equation of state in conjunction with the RHT concrete model to define the
material behavior of the concrete they were studying. Several different types of detonation
experiments were conducted and then compared to numerical simulations. Upon evaluation of
the results, good agreement could be seen between the experiments and the numerical data. The
model was shown to agree well with the experimental data for the overpressure evaluation
through one of the experiments that was conducted (Luccioni et al., 2018). In (Gebbeken and
Hartmann, 2010), the Mie Gruneisen and p-o equation of state parameters were used to model
cement stone. Their model was compared to experimental data and showed good agreement. The
pressure was evaluated as a function of density and the model closely resembled their
experimental results. Additionally, this equation of state has been incorporated into models to
describe the behavior of steel reinforced high strength concrete under high strain rate loading. It
was used to describe the porous nature of the concrete model and numerical simulations of the
explosion of a concrete slab were correlated to experimental data. The simulations implemented
a coupled Eulerian-Lagrangian approach for the interaction between the concrete slab and the
explosion. The damage of the slab was correlated to experimental data and good agreement

between the results could be seen (Yun and Park, 2013).

9
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CHAPTER II

CDPM2 CONCRETE MATERIAL MODEL FORMULATION

Continued progression in plasticity models lead to the development of coupled plasticity
and damage models to further replicate the behavior of concrete and its fracture mechanics. The
Concrete Damage Plasticity Model 1 (CDPM1) is a plasticity and damage model that involves a
pre-damage stress-based plasticity formulation along with a strain-based damage formulation.
This model has been shown to closely replicate a wide array of experimental data featuring
multiaxial stress states (Grassl and Jirasek, 2006). This initial model was refined to improve the
representation of the conversion of tensile to compressive failure and the mesh independency in
the Concrete Damage Plasticity Model 2 (CDPM2). CDPMI1 used a single damage variable that
was expanded to two in CDPM?2 by including separate isotropic damage variables for both
tension and compression. This improved the response of the model to capture the failure
processes of concrete more realistically. To improve the mesh independency of the perfect-
plastic response in the CDPM1, hardening was improved to include the formulation for the
hardening in the post-peak regime in CDPM2 (Grassl et al., 2013). This model has shown good
agreement with experimental testing and the prediction of various failure mechanisms (Seok et
al., 2020). Since this model has shown to represent the behavior of concrete well it has been used
in several studies. For instance, it has been shown to capture the failure of reinforced concrete
and represent the behavior of concrete at high strain rates due to an explosive detonation (Grassl
et al., 2018; Hai and Ren, 2020).

10
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An overview of this model is provided in this section based on the authors’ work as
previously mentioned. The CDPM2 model’s formulation is fundamentally derived from the

stress-strain relationship presented in equation 2.1.

c=(01-wpo; + (1 — w,) o, 2.1

In this relationship the positive and negative parts of the effective stress tensor (6) are
represented by 6; and 6, respectively. Furthermore, this relationship differentiates the different
damage variables for tension and compression as previously mentioned by o, and ®,. These
definitions improved the model’s ability to represent failure in a more realistic manner. The
plasticity part of the model is not influenced by the damage since it is only controlled by the
effective stress. This results in the strength envelope being controlled by the plasticity part and
the representation of damage will begin in the softening region. The yield function is controlled
by the effective stress state and the hardening variable k,. The hardening variable is further
influenced by two hardening laws qn1 and gn2. These laws enable the yield function to be defined
by the relationship in equation 2.2 where 8 is the lode angle, G, is the volumetric effect stress,

and p is the norm of the deviatoric effective stress.

f(a', Kp) =F (51)) ,5: 0_: dn1, th) (22)

The incorporation of both hardening laws signifies an improvement upon the original

CDPM model. By including two hardening formulations and the hardening parameter (H,), the

11
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hardening will continue beyond the peak regime. The influence of these two hardening laws and

the hardening parameter is best seen by Figure 2.1.

gn1s gua | o

1 Kp

-

Figure 2.1  Influence of the hardening laws qn1 and qn2 in conjugation with the Hardening
Parameter Hj, (Grassl et al., 2013).

The hardening parameter controls the degree of hardening in the post-peak regime with
higher values correlating to a lesser degree of plasticity in the model’s response. If the gn2
hardening law produces a value of one, there will be no contribution of material hardening
beyond the peak regime. The evolution of the first hardening law is defined as a function of the
hardening parameter by equation 2.3 where qno is defined as the ratio of the compressive strength

when the initial yield limit is reached to the compressive strength of the concrete.

12
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Gno + (1 — qno) (k3 — 3x3 + 3k,) — Hy(k5 — 3K5 + 2Kp) if kp <1 (2.3)

th(’cp) =
1 if ky=1

Once the hardening variable approaches one, the plastic response is driven by the second

hardening law presented in equation 2.4.

1 if K, <1 (2.4)

th(Kp) =
1+ Hy(k, — 1) if i, =1

As can be seen, this law is strongly influenced by the hardening parameter to update the
plastic response in this region. The evolution of the hardening variable is defined according to

equation 2.5.

Ky = H(G 1) @5

This is implemented to define the plastic flow rule used to represent the volumetric

expansion during compressive loading. This is defined by equation 2.6 where &, represents the

rate of plastic strain and gp(&,Kp) is the plastic potential function.

_ 09 (2.6)

The material’s softening response is used to formulate the compressive and tensile

damage variables. The damage will begin to be accounted for once the threshold of the
13
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maximum equivalent strain reaches fi/E in the history of the material. The damage variables are
determined in the calculation through scalar history variables defined for both compression and
tension. There are two softening laws that are used to define the tensile and compressive
softening regime. A bilinear softening law is used to determine the tensile softening behavior.
This law is defined by two material constants that define the crack opening threshold (®; and
oy ) and the stress threshold (fi1) to determine the rate of damage. This law is illustrated by

Figure 2.2.

O A

fe A

fert-

| >
w1 wyg We

(a)

Figure 2.2 Bi-Linear softening law used to determine the softening in tension (Grassl et al.,
2018).

The softening during compression is determined by an exponential stress-inelastic strain
softening law. A singular material constant is used to define a compressive inelastic strain

threshold (&f). Figure 2.3 displays a graphical representation of this law.
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Figure 2.3  Exponential softening law used for the representation of softening in compression
(Grassl et al., 2018).
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CHAPTER III

CDPM2 MATERIAL CALIBRATION FOR BBR9 CONCRETE

3.1 CDPM?2 Model Constants

The CDPM2 material model uses several material constants in its formulation. These
parameters can be determined by comparing the model’s response to experimental data of
uniaxial, biaxial, and triaxial compression tests. Additionally, several of the values have limited
effect on the response of the model and can be left as their default value. Finally, some material
constants are determined based on provided material properties of the concrete that is considered.
The elastic modulus (E), compressive strength (fc), tensile strength (f;), and Poisson’s ratio (v)
are specified by the material properties of the concrete. The eccentricity (e) is determined by
equation 3.1 in terms of the material’s tensile strength, compression strength, and equibiaxial

compressive strength (fuc), which is defined as 1.16f..

1+e fe foe = fZ (3.1
e= where € = ————

2-¢€’ foe & — £

The initial hardening parameter (qno) is defined as the ratio of the of the compressive
strength at the initial yield limit in uniaxial compression to the material’s compressive strength.
oy 1s related to the tensile fracture energy (Gr) by equation 3.2 and the default value of wy is
15% of wy.

16
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G x 4444 (32)
fe

wr
Finally, the stress threshold is defined as 30% of the material’s tensile strength. These
relationships along with experimental data are used to determine the material constants needed in

the CDPM2 model.

3.2 BBR9 Calibration

The type of concrete that was used for the ballistic impact simulations is a high strength
concrete denoted as BBRY. It is a self-consolidating concrete with a maximum aggregate size of
4.75mm. Triaxial compression tests were conducted for this concrete in (Williams et al., 2020)
and were used for the calibration procedure. Default values of the ductility measure (As) the flow
rule parameter (Dr), and the initial hardening parameter (qno) are 15, 0.85, and 0.1 respectively.
These values were shown to have minimal effect and were not altered for the BBR9 concrete.
When strain rate effects are used in the formulation, the hardening parameter is set to 0.5 and the
initial compression strength (fco) 1s set to 10MPa. The tensile damage threshold variables were
defined according to equation 3.2. Since experimental data of the fracture energy was not
available, the relationship presented in the model code [CEB-FIB 2010] could be used. This
relationship defines the fracture energy in terms of the compressive strength of the material and

is shown by equation 3.3.

Gy = 73f218 (3.3)
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Based off this relationship, the fracture energy for the BBR9 concrete was determined to
be 2081J/m?, which enabled the bi-linear softening law constants to be calculated. All other
variables were calibrated through the comparison of triaxial compression simulations with various
levels of confinement using a single element cube with the experimental data presented in the
literature. Six confinement pressures were considered consisting of 10MPa, 20MPa, 50MPa,

100MPa, 200MPa, and 300MPa. The result of the calibration procedure is shown by Figure 3.1.
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Figure 3.1 = BBRY calibration results of comparison between single element and experimental
triaxial compression with various confinement levels.
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The calibration results were produced by the determined model parameters for the BBR9
concrete shown in Table 3.1. The model parameters indicated good agreement with the
experimental data for the calibration procedure and were used throughout the finite element

simulations in this study.

Table 3.1 CDPM2 model parameters for BBR9 Concrete used in the analysis

Model Parameter Value
Elastic Modulus (E) 40 (GPa)
Poisson’s Ratio (v) 0.15
Eccentricity (e) 0.5126
Initial Hardening Parameter (qno) 0.1
Tensile Strength (f;) 34 (MPa)
Compressive Strength (fc) 141.4 (MPa)
Hardening Parameter (H,) 0.5
Hardening Variable (An) 0.145
Hardening Variable (Bn) 0.003
Hardening Variable (Ch) 1.35
Hardening Variable (Dy) le-6
Ductility Measure (As) 15
Flow Rule Parameter (Dy) 0.85
Initial Compressive Strength (fco) 10 (MPa)
Damage Ductility Measure (bs) 1.0
Crack Opening Threshold (wy) 0.1
Crack Opening Threshold (o) 0.01
Stress Threshold (fi1) 10.2 (MPa)
Compressive Strain Threshold (&) 0.0003
Tension Threshold for Element Deletion (D) 0.1
Compressive Threshold for Element Deletion (D) 0.4
19
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CHAPTER IV

BBR9 IMPACT SIMULATIONS USING CDPM2 MATERIAL MODEL FORMULATION

4.1 Mesh Convergence Study of Finite Element Model

To determine the sensitivity of the model to the mesh density of the target, a sensitivity
analysis of the number of elements used in the finite element model was conducted. The mesh
was refined by increasing the number of elements in the local impact zone of the target. The
impact zone was defined by an area of 9in? in the center of the target. The finite element target

design along with the defined localized impact zone is shown by Figure 4.1.

Figure 4.1  Finite element target used for the projectile impact simulations.

The impact zone is represented by the high mesh density region seen at the center of the
target.
20
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The target was impacted by a projectile with a 0.25in diameter. The projectile was
expected to produce minimal deformation upon impact with the target and was modeled as a
rigid body. This is similar to the work by other researchers when simulating a projectile impact
in concrete (Li and Tong, 2003) (Bohong, 2004) and was considered an acceptable assumption
for this study. The projectile impacted a target with a thickness of lin at initial velocities of
500ms™', 800ms™, and 1000ms™' and the number of elements was increased for the simulations.
The primary numerical output used to evaluate ballistic impacts in concrete is the residual
velocity; therefore, this output was used to evaluate the mesh. The results of the mesh

convergence study are shown by Figure 4.2.
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Figure 4.2  Results of mesh convergence study from the projectile impact simulations.
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The results of the simulations indicate the material model exhibits a minimal mesh
dependency as the maximum difference in the results is under 10%. Additionally, the increase in
the number of elements produced the same crater representation as the coarse mesh as can been

seen through Figure 4.3.

Figure 4.3  Results of the target in the mesh convergence studies.

The mesh density of the impact zone of the target was defined by an average element size of
1.5mm (left) and 0.8mm (right).

It can be seen that the mesh density did not alter the resulting crater from the projectile
impacts. Additionally, the reduced mesh sizes improved the computational efficiency of the
simulations. Therefore, an average element size of 1.5mm was used for all the simulations in this
study since this value limited the computational cost of each simulation and ensured a constant

solution in the simulations.

4.2 Finite Element Simulation Design

To test the response of the CDPM2 material model, ballistic impact simulations were
designed for the calibrated BBRY concrete. The purpose of the simulations is to determine the
effect of the initial projectile velocity and the thickness of the targets when modeling this loading

scenario. The results were evaluated based on a comparison of the residual velocity vs initial
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velocity of the projectile, pressure, von mises stress, strain, and the fracture of the target. The
range of velocities that were tested ranged from 200ms™! to 1300ms™ and were incremented by
100 ms™! for each simulation. This range of velocities has been used throughout literature for
ballistic impact experiments (Wu et al., 2019). The target thickness for each of the various
velocities was specified as lin to determine the relationship between the initial projectile velocity
and the final projectile velocity. To test the effect of the target thickness, targets with thicknesses
of lin, 1.25in, 1.5in, 1.751n, 2in were implemented in the finite element simulations. Initial
velocities of 500ms™!, 800ms™, and 1000ms™! were prescribed for the projectile for this aspect of
the study.

The finite element simulations were completed using the software package Abaqus
Explicit (Simulia 2020). The impactor was a spherical projectile with a diameter of 0.25in. The
target was dimensioned to be a cylindrical target with a diameter of 406.4mm. 8 node brick
elements with reduced integration were used to build the mesh for the target. The total number of
elements used in the target’s mesh was 273,840. The boundary condition applied to the target
consisted of fully fixing the target lin from its edge in all directions. This simulates the type of
casing often used to constrain the targets in ballistic impact experiments. Element deletion was

included in the simulations to represent the material fracture.

4.3 Finite Element Simulation Results

The results of the simulations provided an evaluation of the ballistic impact response
using the CDPM2 concrete material model calibrated for the high strength BBR9 material. The
results of impacting the concrete with the various initial velocities is shown by Figure 4.4.
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Figure 4.4
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Comparison of the initial velocities versus the residual velocities for the BBR9

concrete using CDPM2 for a target with a thickness of 1in.

The relationship between the initial velocity and residual velocity indicates a mostly

linear relationship between these variables. Additionally, the damage produced on both the front

and rear faces of the concrete increased in proportion with the prescribed initial velocity. At

higher impact velocities, the results for the residual velocity are most significantly influenced by

the density of the material and less by the strength of the specific concrete. For this reason, an

effective evaluation of the CDPM2 concrete model’s performance can be conducted by

comparing this impact velocity range to experimental data. As previously mentioned, data

representing the behavior of the concrete for different thicknesses is of interest in this study. The

24

DISTRIBUTION A. Approved for public release; distribution unlimited. OPSEC#5486



results of the impact simulations at different initial velocities and target thicknesses are shown by

Figure 4.5.
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Figure 4.5  Comparison of the residual velocity to different target thickness for three different
impact velocities.

The results shown by Figure 4.5 demonstrate a relatively linear relationship between the
residual velocity and the target thickness. As expected, the thicker targets produced slower
residual velocities in the simulations. Interestingly, there is less of a difference in the residual
velocities for target thicknesses of 1.75in and 2in than the other thickness studied as seen by the
change in the slope of the line. Like the previous results, the relationship between the target

thickness and the residual velocity can be used to evaluate the model with a comparison to
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experimental data. The resulting crater predicted through the simulations for an impact velocity

of 1000ms™! is shown by Figure 4.6.

1[in]

1.5[in]

2[in]

Figure 4.6  Effect of the target thickness on crater size for the projectile impact with an initial
velocity of 1000ms™.

In the simulations the crater size on the rear face reduced in size as the thickness of the
target increases. As more material contacted the projectile, the energy applied to the rear face
was reduced, which produced the smaller crater size. The crater on the front of the target remined
approximately constant. The initial impact site of the target is most heavily influenced by the
initial velocity of the projectile. The damage on the front side of the target differed for different

initial velocities. Simulations were also performed to consider the influence in the diameter of
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the projectile by considering two additional projectile diameters. Projectile diameters of 0.25in,

0.75in, and 1lin impacted a lin target at 1000 ms™' and the results are shown in Figure 4.7.
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Figure 4.7  Effect of the projectile diameter on the residual velocity for a ballistic impact at
1000ms™ and a target with a thickness of lin.

Results show a distinct difference between projectile diameters of 0.25in and 0.51n;
however, the results of projectile diameters of 0.5in and 0.75in were similar. The lack of
influence on the projectile diameter after 0.5in warrant further studies to understand this
behavior. However, the influence of the projectile size should be considered when evaluating the
performance of the material model.
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CHAPTER V

DISCUSSION OF FINITE ELEMENT SIMULATION RESULTS AND FUTURE WORK

5.1 Concrete Target Fragmentation Process

Several features of the ballistic impact scenario were captured during these simulations.
The ballistic impact loading scenario is a unique problem due to the complex stress states and the
behavior of the stress waves throughout the contact between the projectile and concrete. The
cross-sectional view of the target for a simulation with an initial velocity of 1000 ms™ and target

thickness of 1in is shown by Figure 5.1.
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Figure 5.1  Pressure contour showing the stress wave propagation through the cross section of
the target for a ballistic impact of a lin target and a 1000ms™! initial velocity.

60us

As the projectile initiates contact with the projectile, a large spherical compressive wave
is seen to propagate outward from the projectile at 20us. This initial stress wave continues to
propagate outward from the projectile at 30us. These compressive pressures are transformed to
tensile pressures and are seen in Figure 5.1 to trail behind the initial compressive wave. Tensile
pressures are also seen to precede the projectile on the back face of the target. The initial
pressure wave was seen to continue expanding radially throughout the target. Once the pressure
waves contact the boundary conditions simulating the fixture supporting the concrete target, the

waves reflect to the center of the target. Part of this reflection is seen between 40 and 60ps in
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Figure 5.1. As previously mentioned, tensile pressures are known to cause material spalling and
be the prime contributor of the material damage of concrete. Evidence of the tensile spalling seen

throughout the simulations are highlighted in Figure 5.2.

Radial Cracking

Tunneling

Figure 5.2 Aspects of the ballistic impact seen throughout the target of a ballistic impact
simulation with an initial velocity of 1000ms™ and target thickness of lin.

Figure 5.2 shows the aspects of the ballistic impact by the tunneling of the projectile,
tensile spalling, and the radial cracking due to the ballistic impact. The mescal zone was also
observed by the interface between the projectile and the target during the initial portions of the
simulations. The tunneling of the projectile is well established in the simulations; however, there
is limited evidence of radial cracking and tensile spalling. The limited evidence of radial
cracking is seen in Figure 5.2 and is seen to localize near the impact site of the projectile.
Additionally, the damage of the concrete target progressed radially from the impact site and its

contribution to fragmentation outside of the impact zone was limited on the front and back face
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in addition to its cross section. Both the scabbing and tunneling diameters were found to be
larger on the rear of the target than on the front of the target. The resulting targets are shown by

Figure 5.3.

Figure 5.3  Resulting scabbing and tunnel diameters from a ballistic impact with an initial
velocity of 1000ms™ and target thickness of lin.

Figures shows the damage in the finite element simulations on the front face (left) and rear face
(right) of the target.

The scabbing diameter of the front side of the 1in thick target, which was impacted by an
initial velocity of 1000ms™!, was determined to be 55.5mm while the rear face indicated a
79.5mm scabbing diameter. Furthermore, the tunneling diameter of the front face was 27mm
while the rear face was 31.5mm. Since the tensile damage is known to be the primary mechanism
of fracture for concrete, it is not surprising the rear face produced greater indications of damage
in the simulations. However, an increase of 4.5mm in tunneling diameter is not substantial. A

qualitative assessment of the damaged targets in the simulations indicate the damage expands
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radially from the impact site and any cracking patterns that propagate outward from the impact
site were extremely limited in the results as previously mentioned. Strong evidence as to the
effectiveness of this concrete model in its prediction of the ballistic impact can be accomplished
by a qualitative comparison of the produced target craters from the simulations to experimental

data.

5.2 Limitations of Finite Element Model and Future Work

The key limitation in this work, is the lack of experimental data of ballistic impacts to the
BBRY concrete to validate the performance of the CDPM2 model. However, based on the
simulation results, it is expected the concrete model underrepresents the contribution of tensile
damage in the ballistic impact simulations. This reasoning is due to the similarities between the
damage of the front and rear face of the target and the lack of observed tensile spalling in the
simulations. Experimental data and ballistic impact simulations by other researchers have
produced models which capture the large contribution of tensile damage along with a high
degree of spalling in the material and radial cracking (Forquin et al., 2015; Zaera and Sanchez-
Galvez, 1998). This indicates the need for improvement in the concrete material model to fully
capture the effects due to high strain rate ballistic impacts.

To better represent the ballistic impact scenarios, a new damage model will be introduced
to replace the damage model in CDPM2. The damage model presented in (Pereira et al., 2018b)
has shown to well capture the damage effects of a high strain rate impact for concrete. It was
validated through a comparison with experimental data of a ballistic impact and was found to
capture the cracking and damage at both the site of impact and opposite the side of impact.

Additionally, it matched well with the presented numerical results of the impact experiments.
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This model includes a new damage parameter that accounts for crushing through the hydrostatic
damage variable (y). The total damage in the model is defined in terms of the tensile damage

(w¢), compressive damage (w,) , and hydrostatic damage variables seen in equation 5.1.

w=1-(1-0) (1-w) (1-wp) (.1

The evolution of the stress tensor (¢) shown by equation 5.2 is defined in terms of the
total damage and the effective stress tensor ().

f(x) — {Knew = Kel(l - wh) + Kgo1igHe if Awp >0 (5.2)
Kretoaa = Ker + KsoriaHe if Awp =0

The combination of the CDPM2 plasticity and the new damage model are expected to
produce a new concrete material model, which can well predict the behavior of concrete at high
strain rates. Future work will also include the validation of the new concrete material model to

experimental data of ballistic impacts for BBR9 concrete.
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CHAPTER VI

CONCLUSION

In this study finite element simulations were developed to predict the behavior of
concrete subjected to the high strain rate loadings of ballistic impacts. The existing CDPM2
concrete material model was implemented by calibrating the model to triaxial compressive
experiments of BBR9 high strength concrete. The simulations were designed to ascertain the
response of concrete targets undergoing high strain rates through ballistic impacts by assessing
its response at differing initial projectile velocities, different concrete target thicknesses, and
different projectile sizes. The results indicated a mostly linear relationship between the initial
projectile velocity and the residual velocity of the projectile. A similar trend was also seen for
the residual velocities compared to different target thicknesses. The impact dynamics of the
simulation were evaluated to study the different phases of the impact. The simulations captured
the initial pressure wave resulting from the impact and its reflection from the constraint on the
target. Certain aspects of the ballistic impact such as radial cracking, tensile spalling, and
tunneling of the projectile were captured in the simulations. However, limitations in the current
model were evident through the limited degree of tensile damage seen through the crater sizes in
the rear face of the target. Additionally, the fragmentation of the target was found to most
noticeably extend radially from the impact site and evidence of cracking throughout the target

away from the impact zone was limited. Future work will include the combination of the
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CDPM2 plasticity formulation and a new damage formulation to better capture the high strain
rate response. Additionally, a model validation will be completed to assess the ability of the new

concrete material model to predict the behavior of concrete during ballistic impacts.
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