
Kudryavtsev О.A., Sapozhnikov S.B., Zhikharev M.V. Numerical study of the influence of gaps between tiles and backing type on 
overall high-velocity impact performance of a ceramic-faced protective structure. PNRPU Mechanics Bulletin, 2019, no. 4, pp. 80-90.  
DOI: 10.15593/perm.mech/2019.4.08 
 

 

ВЕСТНИК ПНИПУ. МЕХАНИКА 
№ 4, 2019 

PNRPU MECHANICS BULLETIN 
http://vestnik.pstu.ru/mechanics/about/inf/ 

 

 
DOI: 10.15593/perm.mech/2019.4.08 
УДК 539.3 

NUMERICAL STUDY OF THE INFLUENCE OF GAPS BETWEEN TILES  
AND BACKING TYPE ON OVERALL HIGH-VELOCITY IMPACT PERFORMANCE  
OF A CERAMIC-FACED PROTECTIVE STRUCTURE 

О.A. Kudryavtsev*, S.B. Sapozhnikov, M.V. Zhikharev   

South Ural State University, Chelyabinsk, Russian Federation 

О  СТАТЬЕ 
 

АННОТАЦИЯ 

Received: 24 May 2019 
Accepted: 26 June 2019 
Published: 30 December 2019 

 The intelligent design of lightweight, protective systems requires the use of numerical simu-
lations widely to weed unsuccessful tests and minimise the number of expensive experiments. At 
the same time, it is necessary to have verified numerical models of all materials that are used in 
a protective structure to obtain adequate numerical simulation results. In this research, the 
impact performance of the ceramic-faced mosaic panel against the impactor with a complicated 
structure was studied using numerical simulations in thу commercially available package LS-
DYNA. Backing types being considered were Aluminium AA 5083 and Dyneema® HB80 UD 
composite. A new mesoscale model of 99.5% alumina based on the bonded particle method was 
calibrated and verified through the comparison with the known experimental data. 

Further, designs with different configurations of mosaic ceramic layers having hex tiles were 
studied and compared. The results indicated that even small lateral gaps between ceramic tiles 
decreased the overall panel performance regardless of both the impact site and a backing type. 
At the same time, the presence of gaps reduces damages of the ceramic layer and can change 
the impactor trajectory that can be used in multi-layered structures with distant layers. Thus, it is 
necessary to find a balance between survivability and mass efficiency for each protective  
structure. 
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Introduction 
 
Lightweight ceramic-faced structures are widely used 

for aircraft, vehicles, and personal protection against differ-
ent high-velocity threats. Ceramic layer defeats or blunts a 
hard impactor core and spreads energy on a large area of a 
backing plate. The backing material, commonly made of 
composites or metals, must support the ceramic face layer 
during the penetration process and absorb the residual kinet-
ic energy of both defeated impactor and ceramic debris. 

Florence et al. [1, 2] and Wilkins et al. [3-5] published 
the earliest researches devoted to some important basic fea-
tures of ceramic composite panel-impactor interaction. The-
se works became the basis for all further studies in this area. 
Since then, the impact loading of high-strength fabrics and 
composites [6-13], ceramics [14-20], as well as their com-
binations [21-29], has been widely studied using both ex-
perimental and numerical approaches. 

Most previous studies have focused on structures with a 
monolithic ceramic layer of a constant thickness. At the 
same time, a mosaic ceramic front layer is commonly used 
to enhance the multi-hit capability of a structure [30]. In this 
case, a monolithic ceramic plate is replaced by a panel con-
sisted of ceramic tiles or cylinders that are embedded within 
a polymer-based matrix like polyurethane. There are also 
ceramic plates with geometric features like perforations or 
knobs on the front side [31]. On the authors’ knowledge, 
only a few researchers studied ceramic-faced composite 
panels with untypical ceramic layer geometry.  

Lanz et al. [32] studied two types of alumina tile con-
figurations: with direct contact between tiles and with 1 mm 
rubber layer between them. The authors showed that the 
addition of damping components between ceramic tiles 
might reduce the amount of damage in a mosaic ceramic 
panel. Karandikar et al. [33] performed an experimental 
assessment of a ceramic tile geometry influence the high-
velocity performance of the composite panel. For this pur-
pose, ceramic tiles (100 × 100 mm) with various geometric 
features such as perforations, blind perforations, knobs and 
cones on the front and the back sides were manufactured. 
High-velocity tests showed that a combination of rounded 
knobs on the front side and blind features in the back side of 
the ceramic plate allows increasing high-velocity limit ve-
locity (V50) in comparison with a standard plate. 
Stanislawek et al. numerically studied several ceramic-faced 
composite panels with the front layer consisted of ceramic 
hemispheres [34], hexagonal bars [35, and tetrahedrons 
[36]. It was observed that the energy absorption capabilities 
of the multi-piece ceramic panel were easier to penetrate in 
comparison with a reference structure. Despite this fact, a 
mosaic ceramic layer was much less susceptible to overall 
fracture and demonstrated possibilities to change a projec-
tile trajectory in some cases. Hazell et al. [37] evaluated the 
influence of ceramic tile size on a ceramic panel high-
velocity performance. The authors manufactured SiC rec-
tangular tiles with varying side’s dimensions and tested 

them together with a backed polycarbonate layer. Also, nu-
merical simulations were carried out to elucidate the pene-
tration and failure mechanisms. It was shown that the 
strength of the failed material was considerably reduced due 
to the relative proximity of the radial boundary. Wang et al. 
[38] designed and characterized a lightweight hybrid com-
posite panel target consisting of alumina ceramics pellets, 
ultrahigh molecular weight polyethene (UHMWPE), and 
two layers of Ti–6Al–4V. It was demonstrated that a ration-
ally designed composite backing greatly enhanced the per-
formance of a ceramic mosaic panel. All the researches 
mentioned above did not study an influence of ceramic mo-
saic layer geometry and imperfections like lateral gaps on 
high-velocity resistance of a full panel system properly.  

The goal of this study was to develop a numerical ap-
proach to study how a distance between ceramic tiles influ-
ences an overall composite panel behaviour during high-
velocity impact in cases different backings. For this pur-
pose, the mesoscale numerical model of alumina ceramic 
was developed and verified. Calculations using the 
developed approach showed that a slight modification of the 
mosaic ceramic layer might change an overall composite 
panel resistance significantly. 

 
1. Ceramic material model 

 
Ceramic materials are inherently brittle. To consider de-

formation and fracture of brittle materials under high pres-
sure and high strain rates, several constitutive models were 
developed and implemented into numerical codes. The 
Johnson–Holmquist strength and failure models (JH-1 and 
JH-2) [36, 37] are the most commonly used for modelling 
of ceramic material under the high-velocity impact. Exam-
ples of this model application can be found in [18, 28, 36, 
37]. However, to determine the material parameters for nu-
merical analysis, these models require a large number of 
expensive and complicated experiments like Depth-Of-
Penetration (DOP) tests. Most of the developed tests meth-
ods have several drawbacks such as limitation in tile thick-
ness, wide variation in test results and response of the ce-
ramic tile. 

Moreover, tested specimens cannot be representative of 
a panel configuration [41]. Therefore, researches prefer to 
use already validated data for numerical analysis. At the 
same time, thousands of types of ceramics with significant 
scatter of properties are now being produced, but only a few 
have been studied enough to obtain reliable data for consti-
tutive modelling.  

The previous work [42] has shown that using of Dis-
crete Element Method (DEM) is a good alternative to con-
stitutive models for numerical simulations of ceramic target 
subjected to high-velocity impact. This approach allows 
obtaining both realistic fragmentations of ceramic target and 
reasonable agreement of calculated and experimental energy 
absorption. Moreover, the interaction of fractured ceramic 
material and intact structures (neighbour tiles and backing 
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layer) can be easily considered, which is very important for 
the current study. Limitations of this approach were also 
discussed earlier. 

 
1.1. Material description 

 
In this work, all the calculations were performed for 

alumina ceramic AD-995 produced by CoorsTek. Accord-
ing to the manufacturer [43], the material has a density of 
3.90 g/cm3 and an average flexural strength of 379 MPa. 
The elastic modulus of the material is 370 GPa, and the 
Poisson ratio is 0.22. 

 
1.2. Discrete Element Method in LS-DYNA  
and model parameters 

 
Discrete Element Method (DEM) is a discontinuous ap-

proach based on computing motions of a large number of 
particles. Implementation of DEM into LS-DYNA is ex-
plained in details elsewhere [44, 45], and just a brief over-
view is presented below. In LS-DYNA, the DEM is realised 
using rigid spherical particles by Cundall and Strack [46]. 
The calculations in DEM alternate the application of New-
ton’s second law to the particles and a force-displacement 
law at the contacts. A penalty-based contact algorithm is 
used to capture particle-particle and particle-wall interac-
tion. Interaction distance (see Fig. 1) 

 int 1 2 1 2d R R= + − −x x  (1) 

defines two collision states. When int 0d ≤  mechanical con-
tact occurs between the particles. There is no particle-
particle interaction if int 0.d >  The normal contact force is 
defined as 

 1 1 2 2
int

1 1 2 2

withN N N
K R K RF K d K NormK
K R K R

⋅ ⋅ ⋅
= ⋅     = ⋅

⋅ + ⋅
 (2) 

where iK  are the compression moduli of two neighbouring 
particles, R1 and R2 are the radii of particles. Setting the 
parameter NormK allows scaling of a penalty stiffness. The 
tangential spring constant is given relative to the normal 
spring constant 

 .T NK K ShearK= ⋅  (3) 

Suggested default values for NormK = 0.01 and  
ShearK = 0.286 were used in all simulations.  

 

 

Fig. 1. Penalty-based particle-particle interaction 

Defined loose spherical particles are bonded through 
special card *DEFINE_DE_BOND to model solid elastic 
material and brittle material fracture. All particles are linked 
to neighbouring particles through special bonds which are 
independent of the DEM model. Possible force and moment 
transmission modes include tension, compression, bending, 
shearing, and twisting (beam-like behaviour). The proper-
ties of the bonds are established by assigning parallel-bond 
modulus and shear stiffness/normal stiffness ratio. Maxi-
mum normal and shear stress for bond rupture define bond 
strength. By adjusting the bond radius multiplier, it is possi-
ble to bond each particle to several other particles. Thus, a 
few broken bonds can be interpreted as micro cracks, which 
finally transform to a macro crack. 

The previous work [42] revealed that such parameters 
as discrete sphere radius and bond radius multiplier influ-
ence on results of numerical simulations. It was determined 
that a discrete sphere radius of 0.2 mm and corresponding 
bond radius multiplier of 0.52 mm allow obtaining a good 
agreement between experimental and numerical results in 
case of high-velocity impact onto alumina ceramic. These 
values we were used for all ceramic tiles directly subjected 
to projectile impact. Other tiles were modelled using a 
discrete sphere radius of 0.3 mm and corresponding bond 
radius multiplier of 0.6 mm on computational reasons. It 
may be done because the tiles were only boundary confine-
ment for impacted pellets. 

The parallel-bond modulus for both sphere radii was 
equal to the material elastic modulus – 370 GPa. Shear 
stiffness/normal stiffness ratio of 0.41 was determined 
based on the values of Poisson ratio of ν = 0.22 and elastic 
theory relation 

 1 .
2(1 )

G
E

=
+ ν

 (4) 

In order to determine bonds strengths and slid-
ing/rolling friction, two different calibration procedures 
were carried out. The results of the calibrations are present-
ed below. 

 
1.3. Bond strength calibration 

 
At the first stage of ceramic DEM modelling, it was 

necessary to determine bond strength. Bond strength as-
sessment was performed through hybrid DEM/FEM three-
point bending test simulations for both discrete sphere radii. 
A specimen volume was modelled through bonded particles 
while usual finite elements were used for bearings. Numeri-
cal models were based on recommendations of ASTM 
C1161-13 standard [47] for the specimen’s dimensions and 
shape (Configuration B). Fig. 2 demonstrates the numerical 
model for a sphere radius of 0.2 mm that was developed 
using LS-PrePost 4.3. The specimen had a width of 4.0 mm, 
and a thickness of 3.0 mm, and a length of 45 mm. The ra-
dius of the bearings was 4.5 mm. 
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Average packing density was 49% and 51% for sphere 
radii of 0.3 mm and 0.2 mm respectively. In this connection, 
the density of discrete spheres was increased to keep overall 
density equals to a continuous one. 

 

 

Fig. 2. The model for LS-DYNA simulation of the three-point 
bending test (front view) with a discrete sphere radius of 0.2 mm 

Discrete elements/finite elements interactions were real-
ized using constraint-based node-to-surface contact definitions 
(*CONTACT_AUTOMATIC_NODES_TO_SURFACE with 
SOFT=1 on Optional Card A) with friction coefficient of 
0.1. Discrete elements were defined as the slave side, and 
finite-element structures (the piston and the bottom ring) 
were the master side. The top bearing was loaded by a line-
arly increasing force, whereas the flat surfaces of the bottom 
bearings were fixed (Fig. 2).  

According to the standard [47], the relation between ce-
ramic strength and peak force in three-point flexure for a 
rectangular specimen is as follows: 

 2

3 ,
2

PLS
bd

=  (5) 

where P is a break force, L is a support span, b is a speci-
men width and d is specimen thickness. It is easy to evalu-
ate that the peak force for the specimen with the average 
flexural strength of 379 MPa is about 227 N for the test con-
figuration B. The bond strength was adjusted so that differ-
ence between a calculated force and break force did not 
exceed 5%. Parallel-bond maximum shear stress was as-
sumed to be equal to half of the parallel-bond maximum 
normal stress. The bearings were made of steel with a 
Young modulus of 200 GPa and a Poisson ratio of 0.3. Cal-
culation time was 1.0 millisecond. Progressive loading 
gives negligible kinetic energy (less than 5%) and ensures a 
quasi-static aspect of the simulation. 

Obtained bond strength parameters for both discrete 
sphere radius are listed in Table 1. 

Table 1 

Calibrated bond strength 

Discrete sphere radius 
(mm) 

Parallel-bond maximum normal stress 
(MPa) 

0.20 370 
0.30 450 

 
1.4. Rolling and sliding friction calibration 

 
To choose correct values for rolling and sliding friction 

coefficients between discrete elements is of great im-
portance. Shattered highly interlocked ceramic materials 
under projectile tip have a sufficient high-velocity perfor-
mance [48] and greatly influence on penetration process. 

Calibration procedures were based on two series of ex-
periments performed by NII STALI JSC [49]. In these 
experiments, AD-995 hexagonal tiles with in-radius of 20 
mm and thicknesses of 6 mm and 9 mm were backed with 
Armox 560T steel (thickness of 5 mm) and AA5083 alu-
minium (thickness of 8 mm) respectively. Areal density of 
panels was 63 kg/m2 for alumina/steel composition and 57 
kg/m2 for alumina/aluminium one. Specimen’s size was 
100×100 mm. A projectile with a velocity of 830 m/s [50] 
was used for testing of both types of fully clamped panels. 
Properties of the projectile are given in Table 2. In all the 
cases, there was no perforation. 

Table 2 

Properties of the projectile [50] 

Type Property 
Jacket material Mild steel 
Core material Hardened steel 

Overall weight 10.4 g 
 
The tests mentioned above were reproduced numerical-

ly to estimate friction coefficients for the ceramic DEM 
model. Calibration was performed only for sphere radius 0.2 
mm. The friction coefficients for a sphere radius of 0.3 mm 
were assumed to be the same. This assumption was made 
because this sphere radius was used only for ceramic tiles 
which did not have direct contact with the projectile. Fig. 3 
demonstrates the numerical model for alumina/steel simula-
tions. No planes of symmetry were assumed in the model 
because of the random nature of the ceramic fracture.  

 

Fig. 3. The numerical model for alumina/Armox 560T steel impact 
simulations (section view) 

The aluminium AA 5083 plate, the projectile hardened 
steel core, and mild steel jacket were modelled using John-
son-Cook (JC) material model [51] (*MAT_15) including 
strain hardening, strain rate effects and thermal softening:  

 
0

( ) 1 ln 1
m

pn r
p

m r

T TA B C
T T

  ε   −   σ = + ε + −      ε −        





 (6) 

where σ is the von Mises tensile flow stress, A, B, C, m and 
n are material-dependent constants, pε is the equivalent plas-

tic strain rate, 0ε is the reference equivalent plastic strain 
rate, T is the current temperature, Tr is the room tempera-
ture, and Tm is the melting temperature. A fracture occurs 
when the damage parameter 
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 p
f
p

D
∆ε

=
ε∑  (7) 

reaches the value of 1. Here p∆ε  is the incremental equiva-

lent plastic strain during a cycle and f
pε  is the failure equi-

valent plastic strain defined as 
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 (8) 

In the above equation, D1, D2, D3, D4 and D5 are di-
mensionless material constants and σm is the average of the 
three normal stresses (mean stress). Johnson-Cook strength 
and failure parameters used in the simulations are shown 
below in Table 3.  

Table 3 

J-C strength parameters for AA5083 aluminium,  
projectile core and jacket 

Definition Sym-
bol Unit 

AA5083 
aluminium 

[52] 

Hardened 
steel core 

[53] 

Mild steel 
jacket 
[54] 

Density ρ0 kg·m-3 2700 7850 7850 
Elastic modulus E GPa 70 210 210 
Shear modulus G GPa 27 80 80 
Poisson ratio ν  0.3 0.33 0.33 

Strain hardening A MPa 167 1576 448 
B MPa 596 2906 303 
n  0.551 0.1172 0.15 

Strain rate 
hardening C  0.001 0.00541 0.00333 

Reference strain 
rate 0ε  s-1 1 1 1 

Temperature 
softening 

Cp J·kg-1·K-  910 450 448 
Tr K 293 293 293 
Tm K 893 1800 1773 
m  0.859 0.87 1.03 

JC failure D1  0.0261 0.0356 2.25 
 D2  0.263 0.0826 0.0005 
 D3  -0.349 -2.5 -3.6 
 D4  0.147 0 0.0123 
 D5  16.8 0 0 

 
The Gruneisen equation-of-state (*EOS_GRUNEISEN) 

with cubic shock velocity-particle velocity (vs – vp) was 
used. The Gruneisen equation is given as [45] 

( )
( )

( )

( )

2 20
0

02
2 3

1 2 3 2

2
0 0

1 1
2 2

for 0

1 1
1 1

for 0

aC
a E

p
S S S

C a E

  γ  ρ µ + − µ − µ      + γ + µ µ ≥
 = µ µ − − µ − −  + µ + µ  
ρ µ + γ + µ µ <

 (9) 

where ρ0 is initial material density, ρ is current density, C is 
the intercept vs – vp curve (sound speed), 0γ  is the 
Gruneisen coefficient, a is dimensionless, first order volume 
correction to 0γ  and µ is defined by 

 
0

1ρ
µ = −

ρ
  (10) 

where S1, S2, and S3 are the coefficients of vs – vp curve 
slope. Parameters of the Gruneisen EOS for aluminium 
plate, projectile core and jacket are tabulated in Table 4.  

Table 4 

Gruneisen equation parameters for AA5083 aluminium, 
projectile core and jacket used in simulations 

Definition Sym-
bol Unit 

AA5083 
aluminium  

[53, 55] 

Hardened 
steel core 

[53] 

Mild steel 
jacket 
[54] 

Sound speed C m·s-1 5200 4596 4596 
Coefficients of 
vs – vp curve 

slope 

S1  1.4 1.49 1.40 
S2  0 0 0 
S3  0 0 0 

Gruneisen 
coefficient 0γ   1.9 1.93 1,93 

Volume 
correction factor a  0 0.5 0 

 
Armox 560T steel plate was modelled using modified 

Johnson-Cook (MJC) relation [56] (*MAT_107 in LS-
DYNA). For this model, the equivalent stress is expressed as  

 
0

( ) 1 1
С m

pn r
p

m r

T TA B
T T

 ε   −
   σ = + ε + −     ε −     





 (11) 

where A, B, C, m and n are material constants. The rest pa-
rameters have the same meaning as in the original model 
(see equation (6) above). The temperature increment due to 
adiabatic heating is defined as 

 
0

d
p

p
po

T
C

ε
σ

∆ = χ ε
ρ∫  (12) 

where ρ0 is the material density, Cp is the specific heat and 
χ is the Taylor–Quinney coefficient which demonstrates 
ratio between heat and plastic work. Failure was specified 
using the Cockcroft-Latham (CL) fracture criterion [57]: 

 ( )1max ,0 d
p

p cr
o

W W
ε

= σ ε ≤∫  (13) 

where σ1 is the first principal stress, and Wcr is the critical 
value of the plastic work per unit volume. It should be noted 
that no additional EOS was specified for Armox 560T plate. 
Material constants for the numerical simulations are pre-
sented in Table 5. 

*CONTACT_ERODING_NODES_TO_SURFACE 
was used to simulate interactions between the core and the 
jacket, the core and the metal plates, the ceramic and the 
metal parts (the core, the jacket and the metal plates). Contacts 
between the metal bodies were assumed to be frictionless, by 
Børvik et al. in Ref. [58]. The coefficient of friction between 
the ceramic tiles and the metal parts was 0.28 [59]. Bonding 
between the ceramic tiles and the metal plates was made using 
*CONTACT_TIED_NODES_TO_SURFACE algorithm.  
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Table 5 

Parameters for Armox 560T steel modelling  
using MJC model [58] 

Definition Symbol Unit Parameter value 
Density ρ0 kg·m-3 7850 

Elastic modulus E GPa 210 
Shear modulus G GPa 80 
Poisson ratio ν  0.33 

Strain hardening A MPa 2030 
B MPa 568 
n  1.0 

Strain rate hardening C  0.001 
Reference strain rate 0ε  s-1 0.0005 

Temperature softening Cp J·kg-1·K-1 452 
Tr K 293 
Tm K 1800 
m  1.0 
χ  0.9 

CL failure Wcr MPa 2310 
 
Unfortunately, there was no information about bounda-

ry conditions during experiments, fully clamped edges of 
the metal plates (the worst case) were considered.  

 

a   b 

Fig. 4. Contours of result displacement for alumina/aluminium (a) 
and alumina/steel (b) configurations obtained with calibrated  

friction coefficients 

Several calibration simulations were performed with 
different values of sliding (fs) and rolling (fr) friction coeffi-
cients. Acceptable results were obtained with values of 
fs=0.9 and fr=0.9. For these values, there was no penetration 
for backed layers and corresponding ceramic thicknesses. 

The friction coefficients for discrete elements in this work 
should be considered only as “tunable” parameters, and they 
can be different for other discrete sphere radii. Results of 
simulations with the calibrated friction coefficients are pre-
sented in Fig. 4.  

It is seen that in both cases there was a cone formation 
under the projectile despite the mosaic structure of a front 
ceramic layer. However, the cone of highly fractured mate-
rial was less distinct for thinner ceramic tiles, and the 
damaged area was higher.  
 
2. Ceramic panel modeling 
 
2.1. Description of full ceramic-faced panel models 

 
The basic motivation of the design study was to see 

how different lateral gaps between ceramic tiles affected 
overall panel behaviour. These gaps may be introduced de-
liberately to reduce the damage of neighbour pellets during 
impact or due to shape imperfections of ceramic elements. 
The developed and validated alumina model was used to 
study the behaviour of the panel plate with different config-
urations of mosaic ceramic tiles. In addition to Aluminium 
AA 5083, previously discussed and verified yarn-level 
model of UHMWPE composite Dyneema® HB80 [60] was 
also used for the analysis of backing type influence on the 
high-velocity performance of the mosaic panel. Mosaic 
front layer consisted of hex tiles with the same sizes as dur-
ing the calibration procedures. Specimen’s size being con-
sidered was 100 × 100 mm. Edges of panels were clamped. 
No planes of symmetry were specified in order to allow the 
possibility of projectile trajectory changes during impact. 
The projectile had a velocity of 830 m/s. 

 

 

   a          b             c 

Fig. 5. Impact cases for panel analysis: (a) Case I: direct impact  
on the centre of a ceramic tile, (b) Case II: impact on the conjunction 
of two tiles, and (c) Case III: impact on the conjunction of three tiles 

Three typical impacting sites (Fig. 5) were chosen for 
analysis of ceramic panel behaviour. For these three cases, 
different lateral distances between hexes – zero gaps, 
0.5 mm and 1 mm – were considered for both composite 
(Dyneema® HB80) and aluminium (AA 5083) backings. 
The thickness of the aluminium layer was 8 mm. The 
thickness of Dyneema® HB80 (8 mm) laminate was chosen 
based on preliminary calculations. Thus, areal densities of 
considered alumina/aluminium and alumina/UHMWPE 
composition were 57 kg/m2 and 43 kg/m2, respectively.  
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Also, simulations with a reduced and increased strength 
of ceramic tiles (200 MPa and 500 MPa respectively) were 
undertaken for the first impact case and zero gaps between 
the elements. It was done through changing of particle-
particle bond strength. 

 
2.2. Results and discussion 

 
Table 6 summarises results of the simulations. Alumi-

na/aluminium and alumina/UHMWPE composition demon-
strated quite a different behaviour during high-velocity im-
pact. Fig. 6 shows the relation between core velocity vs time 
for both types of backings (Case I, zero gaps).  

 

 

Fig. 6. Projectile core residual velocity versus time 

Core projectile velocity decreases more steeply in case 
of alumina backing. Moreover, the projectile core velocity 
changes sign after 90 µs. The same moment for Dyneema® 
HB80 backing takes place only at 105-110 µs. From Fig. 7, 
it appears that final projectile core lengths were less in all 
impact cases for aluminium backing.  

 

Fig. 7. The core length reduction as a function of backing for three 
impact cases 

It is also remarkable that back side deflection (see Ta-
ble 6) for the aluminium backing is also smaller. These facts 
can be explained by significant differences in backing 
transversal stiffness. Aluminium AA 5083 is a quite iso-
tropic material, and its transversal stiffness is very close to 
the elastic modulus of 70 GPa. At the same time, the elastic 
modulus of Dyneema® HB80 in z-direction does not exceed 

1.5 GPa. Thus, the aluminium provides much stronger sup-
port for the ceramic layer and increases its effectiveness.  

Table 6 

A summary of all impact simulations results, showing  
backing deflection and final core length 

Impact 
case 

Lateral 
gaps 
(mm) 

Backing 

Stopping 
or 

penetra-
tion 

Back 
side 

deflec-
tion 

(mm) 

Residual 
core 

length 
(mm) 

Core 
length 
reduc-

tion (%) 

Case I 

0 
AA 5083 S 5.57 20.3 29 

Dyneema® 
HB80 S 8.37 22.1 22 

0.5 
AA 5083 P  21.7 24 

Dyneema® 
HB80 P  22.5 21 

1 
AA 5083 P  21.7 24 

Dyneema® 
HB80 P  23.4 18 

Case II 

0 
AA 5083 S 4.28 19.0 33 

Dyneema® 
HB80 S 7.13 21.2 26 

0.5 
AA 5083 P  21.2 26 

Dyneema® 
HB80 P  23.0 19 

1 
AA 5083 P  22.1 22 

Dyneema® 
HB80 P  23.8 16 

Case III 

0 
AA 5083 S 4.27 18.6 35 

Dyneema® 
HB80 S 7.39 21.2 26 

0.5 
AA 5083 S 6.11 21.2 26 

Dyneema® 
HB80 P  25.2 12 

1 
AA 5083 P  25.6 10 

Dyneema® 
HB80 P  25.2 12 

Case I, 
increa-

sed 
strength 

0 AA 5083 S 4.53 18.2 36 

Case I, 
reduced 
strength 

0 AA 5083 P  23.4 18 

 
A delamination area was assessed through a pattern of 

matrix elements removed from the calculation due to fail-
ure. Fig. 8 demonstrates a pattern of matrix elements after 
the impact for all the three impact cases and three variants 
of lateral gaps between ceramic tiles. 

Impact site influenced on delamination area only in cases 
of projectile stopping. When panels were perforated elements 
pattern were approximately the same. It is an interesting fact 
that among the configurations with zero gaps between the 
tiles, the worst one was Case I (11 not penetrated layers). The 
damaged area was more than in the other two cases as well as 
the back side deflection. Case II and Case III had a better 
performance, but in Case II, the number of non-penetrated 
layers was 25 while in Case III, it was only 20. Thus, the 
impact on the conjunction of two tiles is the least dangerous 
case when there are no gaps between tiles. 

Moreover, a similar tendency was observed for alumin-
ium backing. Core length changes and back side deflections 
for these two cases were higher than in Case I. Obtained 
results showed that behaviour of the mosaic panel consisted 
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of hex tiles differs from that for a composite panel with ce-
ramic layer assembled from cylinders. Liu et al. in Ref [61] 
observed that impact on the conjunction of three ceramic 
cylinders was the worst situation for the multi-piece ceramic 
panel. Destruction of the projectile was significantly less in 
comparison with two others (similar to Cases I and II). The 
dissimilarity can be explained by the existence of large gaps 
between three cylinders, whereas hexes were positioned 
without gaps and behave like a large plate with through-
thickness cracks.  

 

Fig. 8. Matrix elements patterns for Dyneema® HB80 after impact 

Presence of the gaps between hex tiles led to mixed 
results. On the one hand, there was no doubt that panel 
performance reduced for both types of backing. Among all 
considered configurations of the mosaic panel with gaps 
only in one case (Case III, aluminium backing and 0.5 mm 
gaps) there was no perforation. Core erosion decreased 
with increasing gaps. Relations between core lengths re-
duction and gap sizes for each impact case are presented 
in Fig. 9.  

This fact is related to insufficient support of impacted 
tiles by neighbour ones. Comminuted ceramic material 
under projectile did not work effectively and transmitted 
projectile kinetic energy to the small area of backing, 
which was insufficient for successful projectile stopping. 
On the other hand, overall damages of the mosaic layer 
with gaps were less in comparison with the configurations 
without any distances between tiles. As an example, imag-
es of overall displacements in ceramic layers after impact 
for plates with direct contact and 1 mm gaps between tiles 
(Case I) are presented in Fig. 10.  

Here it should be noticed that the simulations were per-
formed without consideration of gap filling. At the same 
time, different fillers like polyurea may have a noticeable 
influence on ceramic layer damages because of their energy 
absorption capabilities under impact loading [62]. For this 
reason, further research will be conducted in this area. 

 

а 

 

b 

Fig. 9. Core length reduction versus gap between ceramic tiles:  
(a) Aluminium AA 5083 backing, (b) Dyneema® HB80 backing 

The strength of the ceramic material had quite a strong 
effect on overall panel behaviour. Core length reduction for 
an increased ceramic strength was twice higher in comparison 
with a reduced one.Also, low ceramic strength led to a panel 
perforation. The most plausible explanation of this fact is that 
ceramic with higher strength was less shattered and provided 
better support for comminuted material under the projectile 
tip. The results of the previous work [42] are in a good 
agreement with this assumption. It was shown that a material 
strength directly influenced a crack pattern of a ceramic tar-
get. A strength reduction caused the increase of the area 
where the material was highly shattered and vice versa.  

 
Conclusion 

 
New mesoscale model of alumina ceramic was devel-

oped and verified through comparison with the known exper-
imental data. The model was used to compare the high-
velocity impact efficiency of different mosaic panel construc-
tions. The following remarks and observations can be made: 

– Aluminium AA 5083 backing provides stronger sup-
port for the ceramic-faced layer in comparison with compo-
site one and increases core erosion. However, using 
Dyneema® HB80 UD composite allows reducing backing 
areal density more than two and a half times keeping possi-
bilities to stop a high-velocity projectile. 

– Impacts on the conjunctions of two or three hex tiles 
are less dangerous in comparison with a direct impact in the 
centre of a ceramic tile if there are no lateral gaps between 
elements. 
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– Lateral gaps between tiles decrease the overall high-
velocity performance of the mosaic panel.  

– Ceramic tiles with higher strength provide better per-
formance. 
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Fig. 10. Overall displacements in ceramic layers after impact 
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