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Abstract

A numerical approach combining finite element modeling and machine learning is used to
inform the material performance of an alumina ceramic tile undergoing high-velocity im-
pact. In this study, the alumina ceramic tile is simulated by incorporating a user-defined
Johnson-Holmquist-Beissel (JHB) material model within the framework of smoothed par-
ticle hydrodynamics (SPH) in LS-DYNA finite element software. The implementation
of the JHB model is verified by comparing equivalent stress-pressure responses through
a single element simulation test. After implementation, the computational framework is
simulated across our chosen range of conditions by matching the results from both plate
impact experiments and ballistic testing from the literature. The computational model is
then used to generate training data sets for an artificial neural network (ANN) to predict
the residual velocity and projectile erosion for an alumina ceramic tile undergoing high-
velocity impact in the SPH framework. The ANN is then used to perform a sensitivity
analysis involving exploring the effect of mechanical properties (e.g., strength and shear
modulus) and impact simulation geometries (e.g., thickness of ceramic tile) on material
performance (i.e., residual projectile velocity and erosion). Overall, this study shows the
capability of the FEM-ANN approach in studying the high-velocity impact on ceramic
tiles and is applicable to guide the structural-scale design of ceramic-based protection
systems.
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1. Introduction

Advanced ceramics, such as alumina, have been incorporated into the design of various
armor systems as frontal layers, mainly owing to their relatively high strength, hardness,
and low cost-to-performance ratio [IH3]. To make efforts towards designing and improv-
ing armour systems, many experimental and numerical studies have sought to understand
the role of mechanical properties and geometries on the dynamic ballistic performance of
ceramics [4H7]. Comparing with experimental approaches, numerical approaches enable
a wider range of material constants and design parameters to be explored, with improved
temporal and spatial resolutions, especially under extreme loading conditions where ex-
perimentation and field testing are difficult and costly (e.g., ballistic impact [§], laser
shock [9]). For example, ballistic testing in the literature are often conducted within
a rather narrow impact velocity range [10], which limits the systematic study of both
ballistic (e.g., dwell and penetration [11, 12]) and material responses (e.g., change of
mechanisms). Hence, future design strategies and materials development will be largely
guided by advancements in numerical approaches after careful verification and validations
[T3H16], and these will be pursued in this study.

Numerical simulations informed and validated by experiments is a powerful engi-
neering tool for the optimization and design of structures subjected to complex loading
conditions (e.g., impact loads [I7]). The choices of the material model and the numerical
framework plays a key role in the accuracy of predictive results [16]. In the literature,
phenomenological models have been extensively implemented to study the behavior of
ceramics under the high-velocity impact, such as the Johnson-Holmquist models which
considers the strain rate, pressure, bulking, and phase change effects (JH1, JH2, and JHB)
[18-20]. A recent study conducted by Islam et al.[21] compared these three models for sil-
icon carbide under ballistic simulations, and it was found that the JHB model resulted in
a better prediction of the response of the ceramic than two others (e.g., crack propagation
and the cone fracture zone). The improved accuracy by using the JHB model stems from
two perspectives: 1. it combines the characteristics of the JH1 and JH2 models in de-
scribing material behaviors with consideration of how the material strengths softens from
intact state to failed state [20];2. it enables a better characterization on catastrophic
failure of ceramics by constituting a piece-wise strength-pressure and damage-pressure
envelope leading to a more realistic representation of the response of ceramics subject
to impact loading [21), 22]. Accordingly, to better simulate the failure and catastrophic
response of ceramics within a computational scheme, this study implements the JHB
material model as a user-defined subroutine into the finite element code of LS-DYNA in
literature to simulate the response of alumina ceramic tiles under high-velocity impact.

Next, selecting an appropriate physics-based numerical framework is crucial because
it can better approximate the system solution and reasonably simulate the crack initia-
tion, propagation, and coalescence in ceramics [16, 23]. Mesh-free methods provide an
alternative to the traditional finite element method (FEM) for ballistic impact problems,
and theses have been implemented by many researchers in the literature [17, 24], 25].
For example, smoothed particle hydrodynamics (SPH) is suited for large deformation
problems as they are able to overcome limitations caused by element distortion existing
in FEM due to their mesh-less discretization feature [10], 26, 27]. In conjunction to the
proper numerical framework, a comprehensive parametric study and sensitivity analysis
of numerical settings in SPH is critical to enhance the simulation accuracy when mod-
elling impacts of brittle solids [28-30]. Large sensitivity of the SPH parameters on impact
simulation results have been noted before but not comprehensively studied [21], 28] [31],
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such as particle spacing [17], artificial viscosity coefficients [28], and constant applied to
smooth length [24]. In this work, parametric studies of these SPH settings are conducted.

In addition, given the considerable computational cost associated with the increas-
ingly sophisticated numerical models and boundary conditions, machine learning (ML)
techniques have been employed recently to improve the computational efficiency, and
more importantly, enable the possibility of statistical analysis of the behavior of mate-
rials across large amounts of input conditions [32] [33]. To the authors’ best knowledge,
there have been limited impact-related studies to date where artificial computer analy-
sis techniques are used to develop statistical models for describing the performance and
properties of materials [34, 35]. Among various techniques (e.g., Bayesian’s regression
[36] and deep learning [37]), the multilayer perceptron (MLP) approach is the most com-
monly applied neural network in the field of mechanics [38, [39]. More recently, in the
field of impact mechanics, Liu et al. [40] used MLP in combination with a conjugate
gradient method to optimize the design of functionally graded metal/ceramic materials.
They showed that the neural network possessed good capacity in describing and handling
the non-linearity between the design parameters and objective optimization parameter
(e.g., depth of penetration) [40]. In a separate study, Bobbili et al. [39] developed a pre-
dictive tool based on the MLLP method to determine the residual velocity of a projectile
impacting an aluminum 1100-H12 thin plate, and they found a good agreement between
the experimental and MLP results. Motivated by these limited studies are numerically
studying and linking the property and geometrical variables to material performance
[39, 40], the present work explores the use of a predictive MLP model coupled with SPH
impact simulations to inform the effect of mechanical properties and geometries on impact
performance of alumina ceramic tiles, which can then serve as a computationally-efficient
tool for material and system design.

In the present study, we first develop a computational framework by combining the
user-defined JHB material model and SPH method in LS-DYNA. The computational
code was verified through single-element simulation, and the computational framework
was simulated by comparing with the experiment’s results of plate impacts and bal-
listic impacts for an alumina ceramic tile [22 4I]. Then, the sensitivity of numerical
settings of the SPH method on predicted results (e.g., particle velocity, residual veloc-
ity and mass of projectile) are investigated through parametric studies. The results are
then used to guide the selection of parameters values for the fully validated and verified
models. Lastly, we train an artificial neural network (ANN) with the training datasets
obtained from ballistic simulations, which is then applied to study the ballistic perfor-
mance (e.g., residual projectile velocity) of single alumina ceramic tiles considering both
material variation (e.g., strength) and geometry (e.g., tile thickness). The contributions
of this work are re-articulated within the following sections: 1. A comprehensive and ro-
bust implementation of the JHB material model within the SPH framework in LS-DYNA
and the determination of corresponding material constants for alumina are demonstrated
(Section [2), followed by verifying the model implementation with a single-element test
simulation (see Appendix B). As far as we are aware, this is the first time in the liter-
ature where the JHB has been implemented via user subroutine in LS-DYDA. We will
make the sub-routine accessible in the supplementary files, thus contributing to future
usage [10, 42], 43] and modification in the LS-DYNA solver [10, 17, 44]. 2. Parametric
studies on the SPH numerical settings reveal the sensitivities of the settings on key model
performance metrics (e.g., residual velocity) (Section[3.1). 3. Structural-scale simulation
cases, including plate impact experiments [22] and ballistic testing [41] are conducted



and shown to be in good agreements with the literature (Secti¢n 8.2). Finally, an MLP
algorithm is then constructed and coupled with the JHB material model to investigate

the sensitivity of both material properties and geometries on ballistic performance of
alumina tiles undergoing high-velocity impact (Section 4), followed by discussions of the
implications for the current study (Section 5).
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2. Determinations of material constants

The detailed descriptions of the used Johnson-Holmquist-Beissel (JHB) material model
is provided in the Supplementary Material (see Appendix A). Table 1 summarizes all the
JHB model parameters for the alumina material used in this work. Speci cally, the
model constants for alumina are obtained based on the existing experimental data in the
literature [45, 46], and calibrated against the shock and ballistic impact validation data
(Section 3.2). The initial density, shear modulus, and bulk modulus are obtained from
Scazzosi et al. [10], Alexander et al. [45], and Simons et al. [47]. For pressure constants,
Alexander et al. [45] examined the dynamic response of alumina under shock loading
and generated the test data of pressure vs. relative volume, as shown in Figure 1 (a).
The tted pressure parametersk;= 265.5 GPa, k,=181.6 GPa, andks;= 171.4 GPa are
extracted from the tted curves of the experimental data following the equation noted
in the sub- gure and from Equation (8). According to the description in Johnson et
al. [20], materials that exhibit phase change shows three distinct response regions under
shock loading in their pressure-volume relationship, where the phase transition manifests
at a relatively low-pressure state. Figure 1 (a) indicates that the alumina ceramic does
not undergo the phase change subjected to high-shocked pressures up to 100 GPa, and
as noted by Alexander et al. [45]. As an outcome, the phase change e ects are not
considered in this work.

For strength constants, Subhash, et al. [46] provided the testing data on a variety of
brittle materials that employed a wide range of con nement conditions beyond the HEL
(i.e., shock, triaxial compression, and impact experiments). The test data of alumina
ceramic are extracted from their work [45] and re- tted with the constitutive law of
the JHB model in Figure 1 (b) using the gradient decent algorithm in Matlab. The
values of the intact strength model parameters are determined from the tted curve:
T=0.20 GPa, ;=1.82 GPa, P;=2.23 GPa, and ,.x= 6.83 GPa. The values of the
failed strength model parameters are directly extracted from the JH2 curve provided by
Bavdekar et al. [46] and then calibrated as:P;=1.35 GPa, (=1.35GPa, and | =27
GPa. The damage constants are provided by Toussaint et al.[17] and then calibrated as
D,=0.03 and n=1. More importantly, to illustrate the improvements in the JHB model,
the JH2 intact strength model [18] is also re-plotted in Figure 1 (b). It is observed that
the gradually increasing JH2 strength model (i.e., assuming the plot begins &t 0.20
GPa) deviates from the data points when the stress exceeds the HEL, while the JHB
model traces the data points in much better agreement. In summary, the selection of
the JHB model describes the three stages of material strength-pressure response with a
single curve: 1. linearly at low pressure; 2. non-linearly at higher pressures up to the
HEL; and 3. pressure-independent beyond the HEL.



Figure 1. Experimental data from literature [45, 46] with noted curve ts for obtaining the pressure and
strength constants of alumina ceramic for the JHB model. (a) Pressure vs. volumetric strain with curve
ts for JHB model parametrizations (solid purple) [46], and (b) Equivalent strength vs. hydrostatic
pressure with JHB (solid purple) and JH2 (dashed pink) curves t, demonstrating noted di erences
between the two models [45].
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Table 1: Johnson-Holmquist-Beissel material constants for alumina ceramic.

Model Parameters Notation Value
Density (kg=n?) 3890 [48]
Shear modulus (GPa) G 152 [10]
Bulk modulus (GPa) K 265 [48]
Elastic modulus (GPa) E 360 [47]
Hydrostatic tensile strength (GPa) T 0.2 [17]
Intact strength constant (GPa) i 1.816 [45]
Intact pressure constant (GPa) Pi 2.228 [45]
Max intact strength max 6.83 [45]
Strain rate coe cient (s 1) C 0.0665 [47]
Failure strength constant (GPa) f 1.35 [45]
Failure pressure constant (GPa) Pt 1.35 [45]
Max failure strength . 2.7 [45]
Reference strain rate (s?) 0 1[49]
Bulking factor B 1[49]
Elastic bulk modulus (GPa) K1 265 [45]
Coe cient for 2nd degree term in EOS (GPa) K, 181.6 [45]
Coe cient for 3rd degree term in EOS (GPa) K3 171.4 [45]
Damage coe cient D, 0.03 [49]
Damage exponent n 1[49]

3. Simulation results and discussions

This section provides the parametric studies on the e ects of the numerical settings
of SPH within the context of both plate impact (see Figure 2) and ballistic (see Figure 3)
testing cases, including the particle spacing, applied constant to smooth length, and
arti cial viscosity parameters. A better evaluation of these parameters is important
given their noted sensitivities in the literature to simulations of various problems [21, 28],
and our desire to guide other researchers in the future. The best combinations of SPH
parameters for each testing case are identi ed by matching experimental results in the
literature [22, 41], the detailed discussions on a quantitative and qualitative comparison
with the experimental data provided in Section 3.2.



Figure 2: Con guration of the compressive plate impact experiment with an alumina plate impacting on
the alumina sample backed by a lithium uoride block. This con guration is used to conduct parametric
studies of SPH numerical settings and parameterize the Johnson-Holmquist-Beissel model by comparing
the shock response measured at point B at the center of the back surface of sample. The geometry in this
study follows the work by Grady and Moody [22]. Note that the dimensions of the impactor, sample,
and block is varied in our simulations based on the ones reported in Grady and Moody [22].
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Figure 3: Con guration of the simulation setup of a tungsten long rod impacting on an alumina ceramic
tile. The geometries and dimensions of the setup follow the study by Nemat-Nasser et al. [41].

3.1 Parametric studies of the smoothed particle hydrodynamics numerical
settings

3.1.1 The e ects of particle spacing

Known from literature [26], the shock pro le predicted by SPH (particle velocity) is
a ected by the particle spacing when the applied constant to smooth length (CSLH) is
xed because the history variables at a particle (e.g., stress, strain, pressure, and particle
velocity) are averaged based on the particle approximation. Figure 4 (a) shows the
e ects of particle spacing ;) on the particle velocity pro le, with p. selected between
0.3 and 1.0 mm. The minimum particle spacing is limited to 0.3 mm considering the
exponentially increase in computational time when using a particle spacing of 0.2 mm
or smaller. In Figure 4 (a), the particle spacing of 0.4 mm shows the closest prediction
to the experimental measurement when compared to the lower and higher values. The
maximum deviations at the peak velocity forp. = 0.3 mm, p. = 0.4 mm, p. = 0.6
mm, p. = 0.8 mm and p. = 1 mm from the experimental result, are %6%. Q1%, 7%,
17%, and 18%, respectively. Without considering the computational e ciency, a ner
particle spacing trend results in a more accurate prediction of the particle velocity, which
is consistent with other studies [21]. From Figure 4 (a), it is also observed that a larger
particle spacing tends to shift the overall shock velocity pro le towards the left, indicating
a delay of the particle response. As a result, the obtained patrticle velocity is a ected by
the size of particle spacing with a xed CSLH. To better illustrate the in uence of the
CSLH on the shock pro le response, the observed trend for CSLH is shown in Figure 4
(b) with a xed patrticle spacing of 0.4 mm. Figure 4 (b) shows the shock pro le response
is slightly a ected by the CSLH at the Hugoniot state when the values of smooth length
is less than 1.2. Lastly, it is noted that there is a seven times increase in computational
time when the particle spacing decreases from 1 mm to 0.3 mm, as shown in Figure 4 (c).

To assess the e ects of particle spacing on the predicted results of ballistic simulations,
a series of particle spacing values covering the recommended range of 0.4 mm to 1.2
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Figure 4: Sensitivity analysis of particle spacing and constant applied to smooth length and compu-
tational cost analysis of particle spacing used in the SPH framework for the impact con guration of
Figure 3 at the striking plate velocity of 1070 m/s. (a) Sensitivity analysis on particle spacing with
xed CSLH=1.2: 0.3 0.4, 0.6, 0.8, and 1 mm. (b) Sensitivity analysis of constant applied to smooth
length. (c) Computational cost for varying particle spacing with xed CSLH=1.2. Experimental results
are taken from Grady and Moody [22].

mm [17] are used with a xed CSLH of 1.2. Figure 5 (a) shows the e ect of patrticle
spacing on the predicted residual mass and velocity of the projectile in ballistic impact
simulations. In Figure 5 (a), the associated error bar at each particle spacing re ects
the di erence between the simulated and experimental results. Figure 5 (a) conrms
that a reasonable prediction of residual velocity and mass of projectile can be reached
when using a particle spacing between 0.4 mm and 1.2 mm, where a particle spacing of
1.0 mm gives the most accurate prediction with an associated error bar aR%. The
maximum deviations of the velocity forp. = 0.4 mm p. = 0.5 mm, p. = 0.8 mm, p. =1
mm, and p. = 1.2 mm from the experimental results, are 12% 135%, 54%, 02%, and
0:8% for the residual velocity prediction, respectively, and 11%, 10%, 8%3% and 07%

for residual mass prediction, respectively. Generally, the trend demonstrates that the
predicted projectile residual velocity and mass decrease with increasing particle spacing,
and this trend is consistent with observations in other FEM simulations from the literature
[17]. In previous simulations performed in an FEM framework, the mesh sensitivity
has been mainly attributed the strain softening behavior which is widely observed in
brittle materials [50, 51]. Such strain softening behavior leads to the strain and damage
localization in a reduced volume after the mesh is re ned [19]. In the SPH framework,
the non-local e ect is reduced with decreasing particle spacing, which leads to the strain
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and damage becoming more localized, resulting in less global damage and resistance of
the projectile penetration. This is evident in Figure 5 (a) where decreasing the particle
spacing results in an increased residual velocity and mass of the projectile. A similar trend

is observed for the CSLH where a decrease in the CSLH constant results in an increased
residual velocity and mass of the projectile by xing the particle spacing at 1.0 mm (see
Figure 5 (b)). Finally, a trade-o should be often sought between computational e ciency

and accuracy when choosing an appropriate particle spacing. For example, a twenty times
increase in computational time is recorded when the particle spacing decreases from 1.2
mm to 0.4 mm (see Figure 5 (c)).
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