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Abstract
Reinforced concrete is a material frequently used in protective structures and infrastructure exposed to extreme loading. 
In this study, the ballistic perforation resistance of 100 mm thick plain and reinforced concrete slabs impacted by 20 mm 
ogive-nose steel projectiles was investigated both experimentally and numerically. Two different reinforcement configurations 
were used to investigate the effect of rebar diameter and spacing. Concrete with nominal unconfined compressive strength of 
75 MPa was used to cast material test specimens and slabs. Ballistic impact tests were performed in a compressed gas gun 
facility. The mechanical properties of the concrete were found using standardised tests and two-dimensional digital image 
correlation, and the constitutive relation was described by a modified version of the Holmquist-Johnson-Cook model. Finite 
element models in LS-DYNA reproduced the projectile residual velocity in good agreement with the experimental results. 
The primary objective of the study was thus to validate a rather simple constitutive relation intended for large scale numeri-
cal simulations of concrete structures exposed to ballistic impact loading, while a secondary objective was to investigate the 
effect of reinforcement on the ballistic perforation resistance of concrete slabs both experimentally and numerically since 
the literature is somewhat inconsistent on this matter.
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Introduction

Concrete is by far the most used construction material in the 
world. Of all materials, only water exceeds the consump-
tion of concrete [1]. Owing to its high compressive strength, 
durability and abundance, concrete is used for almost any 
type of structure – ranging from critical infrastructure to 
military fortifications. In either case, it is vital to understand 
how a complex composite material like concrete behaves 
when subjected to extreme and potentially devastating loads 
like explosions or ballistic impact. Thus, numerous studies 
on concrete targets subjected to impact loading can be found 
in the open literature [2–7]. Studies like these typically 

involve experimental works, analytical and/or empirical for-
mulations, numerical studies, or any combination of these. 
Ballistic impact studies on concrete are usually separated 
into studies on semi-infinite slabs and slabs with a finite 
thickness. The former investigate depth of penetration into 
massive concrete structures, while the latter examine per-
foration of concrete slabs. This study is of the latter kind, 
where a special emphasis is put on the effect of conventional 
steel reinforcement.

A common and reasonable assumption in many studies 
modelling concrete, is to treat the concrete as a homoge-
neous solid rather than the porous composite material it 
actually is. When reinforcement is introduced to increase 
the tensile capacity, this assumption is either abandoned 
or kept depending on the type of reinforcement used. Fibre 
reinforcement may be assumed roughly evenly distributed 
and can then be accounted for in the constitutive rela-
tion [8]. Conventional grid reinforcement have specific 
locations in the composite structure and should thus be 
modelled explicitly and separately from the concrete [9, 
10]. There is extensive literature on the effect of reinforce-
ment on ballistic performance for concrete targets sub-
jected to impact loading, and studies on different types of 
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reinforcement can be found in the open literature, e.g., grid 
reinforcement [2, 11–13], fibre reinforcement [14, 15], fer-
rocement [16], wire mesh [17] and prestressed concrete 
[18]. Some studies on the effect of reinforcement on bal-
listic perforation resistance are presented in the following.

In the early 1990s, Hanchak et al. [2] performed experi-
ments on 178 mm thick reinforced concrete (RC) slabs 
with unconfined compressive strengths of 48 and 140 MPa, 
and found that striking the reinforcement had negligible 
effect for projectiles with striking velocity of 750 m/s and 
mass 0.50 kg. Note that only one of the tests had direct 
contact between projectile and rebar, with a velocity well 
above the ballistic limit, i.e., the lowest velocity where the 
projectile perforates the slab with zero residual velocity. 
They also examined how the concrete strength affected 
the ballistic perforation resistance, and speculated that the 
penetration resistance in the crater regions was insensitive 
to unconfined compressive strength.

Abdel-Kader and Fouda [17] performed an extensive 
study on ballistic perforation of 100 mm thick plain slabs 
and slabs with different reinforcement configurations. Using 
projectiles with diameter 23 mm and mass 0.175 kg, they 
found no significant effect on the ballistic performance when 
adding a reinforcement mesh with reinforcement ratio 0.8 %. 
However, they observed that the residual velocity of the pro-
jectile decreased when the reinforcement was struck, but 
only through one test with direct contact between the projec-
tile and the rebars. They also pointed out that considerable 
scatter should be expected when studying RC slabs.

Dancygier et al. [3] performed impact tests on both nor-
mal and high strength concrete reinforced with either steel 
fibres or steel grid bars. They found that different types of 
reinforcement can enhance the ballistic resistance, mainly by 
limiting the damaged area. They also found that the amount 
of reinforcing steel had almost no effect on the perforation 
resistance, and only some effect on reducing the rear face 
damaged area for relatively high reinforcement volumes.

In a study on thinner slabs, Dancygier [12] found that 
increasing the reinforcement ratio enhanced the perfor-
mance against perforation. The 50-60 mm thick slabs were 
impacted by projectiles with mass 0.165 kg. Similar results 
were found when Rajput et al. and Rajput and Iqbal [11, 18] 
compared plain and reinforced concrete slabs subjected to 
impact loading through experimental tests and numerical 
simulations in ABAQUS/Explicit. They also found that the 
reinforced slabs had increased ballistic capacity. Addition-
ally, they found that prestressing stimulated globalisation of 
the deformation and thus enhanced the ballistic resistance of 
the target. A significant decrease in the scabbing area, i.e., 
mass ejected from the back of the slab, for the reinforced 
slabs was also found, and lower scabbing was observed for 
lower striking velocities. Prestressing the concrete both 
increased the ballistic limit velocity, and decreased scabbing 

and spalling (mass ejected on front side of the slab) sig-
nificantly, with less clear effects observed for conventional 
reinforced and plain concrete.

When comparing the presented studies, it seems that the 
literature is somewhat inconsistent with respect to the effect 
of grid reinforcement on the ballistic perforation resistance 
in concrete slabs.

Furthermore, there are several studies where the effect of 
concrete target thickness on ballistic perforation resistance 
has been studied. Shiu et al. [19] performed discrete element 
simulations in YADE [20] on ballistic impact on concrete. 
They used simple compression tests and hydrostatic tests to 
calibrate material behaviour, and argued that compaction 
was a minor part of the perforation process for thin slabs, 
where tensile fracture was the major component. Simulation 
of a slab with a higher ratio between slab thickness and pro-
jectile diameter showed differently distributed compaction, 
which was more intense closer to the missile head.

Li et al. [21] studied slabs with thicknesses in the range 
of 80 mm to 110 mm subjected to armour-piercing ammuni-
tion and found that the damage of the thinner slabs was more 
severe, both for spalling and scabbing sizes. For the thicker 
slabs, they saw less damage, and attributed this effect to 
better confinement. They argued that the impact resistance 
can be enhanced with confinement, which can decrease the 
damage degree.

Several constitutive models have been developed for 
dynamic loading of concrete. Detailed material characteri-
sation of concrete is a difficult task due to the brittleness, 
inherent heterogeneity, microcracking and in general com-
plex behaviour of the material [22]. It is thus common to 
assume that the composite material is a homogeneous solid 
for simplicity [23]. Some frequently used homogenised mod-
els are the K&C model [8, 23], the RHT model [24, 25] and 
the HJC model [14, 26]. These models have been imple-
mented and are available in commercial non-linear finite 
element solvers, such as ABAQUS [27] and LS-DYNA [28]. 
The K&C and RHT models are complex models, and require 
numerous material parameters not necessarily available in 
the design process. Thus, the models have been implemented 
with an automatic parameter generation option where the 
only required input parameter from the user is the uncon-
fined compressive strength of the concrete. This omits the 
need for parameter identification, however, the calibration 
process becomes a black box for the user, where the accu-
racy of the parameters is uncertain [29, 30].

The HJC model allows for simpler material parameter 
calibration, but it does not include some characteristics 
known to be important for concrete, such as dependence 
on the third deviatoric stress invariant [31]. Polanco-Loria 
et al. [32] proposed three main modifications to the HJC 
model; the pressure-shear response of the original model 
was enhanced by including the influence of the third 
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deviatoric stress invariant to account for the difference in 
shear strength for the tensile and compressive meridians. 
Second, the strain rate sensitivity was altered such that 
the strain rate enhancement factor goes to unity for zero 
strain rate. Third, three damage variables were introduced 
to describe tensile cracking, shear cracking and pore com-
paction. The modified Holmquist-Johnson-Cook model (or 
MHJC) was coined a good compromise between simplic-
ity and accuracy for large-scale computations of concrete 
plates impacted by projectiles. However, the modified model 
was only validated against a limited set of experimental data 
from the literature.

Recently, the MHJC model was validated against experi-
mental data by Kristoffersen et al. [33]. Their work included 
an experimental study on 50 mm thick concrete slabs with 
different unconfined compressive strengths. Three sets of 
eight slabs were impacted by ogival steel projectiles with 
mass 0.196 kg. Parallel to the impact tests, the concrete 
strength was measured using standardised material tests, and 
the MHJC model was calibrated using results based on digi-
tal image correlation (DIC) [34] and a reverse-engineering 
approach using LS-OPT [35]. Subsequently, numerical stud-
ies were performed in LS-DYNA using a 2D axisymmetric 
model. The authors argued that the tensile strength exerted 
a significant influence on the ballistic limit velocities of the 
thin slabs.

As already stated, the MHJC model is considered a com-
promise between simplicity and accuracy, and is intended 
used in later studies involving large scale numerical simula-
tions of concrete structures exposed to ballistic impact load-
ing. In this study, the main objective is to further validate 
the rather simple and easily calibrated MHJC model in pre-
dicting the ballistic resistance of both plain and reinforced 
100 mm thick concrete slabs impacted by ogival steel pro-
jectiles. To do so, the ballistic perforation resistance of a 
commercially produced concrete is investigated both experi-
mentally and numerically, and the constitutive relation is 
calibrated using standardised material tests, 2D-DIC and 
some data from the literature. First, a number of 100 mm 
thick concrete slabs with nominal unconfined compressive 
strength of 75 MPa were cast. Two different reinforcement 
configurations with the same steel to concrete ratio were 
used to investigate a second objective, which is to assess the 
effect of reinforcement on the perforation resistance since 
the literature is somewhat inconsistent on this matter. Post 
curing, the concrete slabs were tested in the SIMLab gas 
gun facility [36] with ogival projectiles of mass 0.198 kg 
and diameter 20 mm, using initial velocities ranging from 
235 m/s to 362 m/s. Synchronised high speed cameras were 
used to measure the velocities of the projectiles prior to and 
post impact, providing data for calculation of the ballistic 
limit velocity and curve for each reinforcement configura-
tion. The calibrated constitutive relation was then used in 

numerical simulations applying the non-linear finite element 
solver LS-DYNA. The accuracy and performance of a 2D 
axisymmetric and a 3D solid model were compared, and the 
results from both models were compared to the experimental 
data. Both the experiments and the numerical simulations 
suggest that the reinforcement affected the impact resist-
ance of the concrete slabs through two main effects, namely 
confining and fragment trapping. Further, the numerical 
results indicate that the compressive strength of the con-
crete exerts a significant influence on the ballistic resistance 
for the 100 mm thick slabs tested in this study, in contrast to 
earlier results using rather thin target slabs with thickness 
50 mm [33], where the compressive strength was found to 
be of secondary importance.

Materials

Casting and Fresh Concrete

In this study, only a concrete with a nominal compressive 
strength if 75 MPa was considered. Material tests of the 
fresh concrete were performed prior to casting. The fresh 
density, the air content, and the slump measure of the C75 
concrete were found using standardised tests. The concrete 
was produced commercially, and the recipe from the manu-
facturer is listed in Table 1 along with the results from the 
material tests of the fresh concrete. During casting, the con-
crete was distributed and compacted in the forms using a 
steel rod. While it is possible to tailor the concrete recipe 
[37] to a larger extent that what is done herein, it is a notable 
point of this study to use a standard commercially available 
concrete for use in common concrete structures.

Cylinders and cubes were cast for material tests to cali-
brate the material parameters in the MHJC material model 
presented in Sect. "Numerical Simulations". 24 h post cast-
ing, the cubes and cylinders were demoulded, labelled, and 
weighed in both dry and submerged conditions. They were 
stored in a water container with a temperature of 20◦ C. The 

Table 1   Concrete properties of the C75 concrete from manufacturer

Cement [kg/m3] 434
Silica fume [kg/m3] 49
Water [kg/m3] 171
Fine aggregate 0-8 mm [kg/m3] 917
Coarse aggregate 8-16 mm [kg/m3] 873
MasterGlenium SKY899 [kg/m3] 4.13
W/C-ratio [-] 0.394
Air content [ %] 1.3
Slump [mm] 205
Density fresh concrete, �fresh [kg/m3] 2504
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slabs were kept in the formwork and wrapped with a plastic 
cover. Anchor bolts were installed to provide lifting points.

A total of 24 slabs were cast with three different rein-
forcement configurations. Eight slabs were cast with an 
8 mm hoop reinforcement around the perimeter for the sake 
of preventing secondary failure modes at the edges of the 
slabs post penetration. These slabs were unreinforced in 
the impact zone and labelled UA. The subsequent sixteen 
slabs were cast with two-layered grid reinforcement, eight 
with diameter 7 mm and spacing 150 mm, labelled A1, and 
eight with diameter 5 mm and spacing 75 mm, labelled A2. 
Both A1 and A2 give approximately the same reinforce-
ment ratio �s = Asteel∕Aconcrete . All reinforcement configura-
tions are shown in Fig. 1. Like the concrete, the rebar steel 
was commercially produced. The reinforcement grids were 
placed with a centre-to-centre distance of 30 mm, thus leav-
ing 35 mm of cover on each side, measured from the centre 
of the reinforcement cross-section. Furthermore, the grids 
were centred in the formwork and separated from the bottom 
of the forms using plastic spacers.

Material Tests

The concrete cubes had size 100 mm × 100 mm × 100 mm, 
and the cylinders had diameter 100 mm and height 200 mm. 
As concrete strength develops over time, it was important to 
perform material tests for the calibration at approximately 
the same time as the ballistic impact tests [33]. Cube com-
pression tests, cylinder compression tests and tensile split-
ting tests were performed in parallel. In addition, material 
tests performed 28, 52 and 91 days post casting were instru-
mented with a camera synchronised to the force logger of 
the test machine to perform 2D-DIC. Specimens for cylin-
der compression were ground to have even and parallel sur-
faces. All material tests were performed in a Toni Technik 
3000 [38] using a loading rate of 0.8 MPa/s. Figure 2 shows 
the development of the concrete strength over time, both 

the cube compressive strength (a) and the tensile splitting 
strength (b). The dashed lines indicate the time interval in 
which the impact tests were conducted. [39] provides an 
expression for the strength development of concrete as

The empirical parameters f̄  , s and D̄ were fitted to Equation 
(1) using a least squares fit and are listed in Table 2. The 
parameters were used to plot the curves in Fig. 2.

Table 3 provides the concrete density �c , the cylinder 
compressive strength fc , the cube compressive strength fcc 
and the cylinder tensile splitting strength ft , 28, 52 and 91 
days post casting, respectively. All values are averages of the 
tests performed on their respective days.

From the strength development curves for the concrete, 
it can be seen that the cube strength had significant devel-
opment until day 28 post casting, and further development 
to day 91. The tensile splitting strength seemed to have 
saturated at day 28, and no significant strength develop-
ment occurred post 28 days. Both the cylinder compres-
sion strength and the cube compression strength were 
approximately 10 % higher on day 91 compared to day 
28. The tensile splitting strength, however, was only 1.6 % 
higher on day 91 compared to day 28. From the literature, 
it is known that it is difficult to increase the tensile strength 
in proportion to compressive strength for high-strength 
concrete [40]. Thus, the resulting strength parameters of 
the concrete seem reasonable.

As stated, some of the material tests were synchro-
nised with a camera to provide data for calibration of 
the MHJC material model. The specimens were coated 
with random speckles, and recorded during testing using 
a camera with image frequency 2 Hz. The images were 
synchronised with the force measurements from the Toni 
Technik test machine and recorded until specimen failure. 

(1)f (Dt) = f̄ ⋅ exp

(

s ⋅

[

1 −

(

D̄

Dt

)0.5
])

Fig. 1   Reinforcement grids. All measurements in mm. Most projectiles were aimed at the circles, while two projectiles were aimed at the crosses
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Post-processing was performed using a subset analysis 
in the in-house DIC software eCorr [34]. In the 2D-DIC 
analyses, opposing subset pairs provided five estimates of 
the engineering strain. The axial engineering strain was 
found using (l − l0)∕l0 , where l is the current distance and 
l0 is the initial distance in each subset pair.

For the cylinder compression tests, the curved surface 
was used in the 2D-DIC analyses. As out of plane defor-
mations were negligible, the same procedure with five 
subset pairs as for the cube tests was applied to track the 
axial strain in the specimens. The average of the measure-
ments from the five subsets was used to represent each 
specimen. In the tensile splitting tests, subset pairs were 
placed to measure the transverse strain in each specimen. 
Figure 3 shows the placement of the subset pairs on (a) a 
cylinder compression specimen, (b) a cube specimen and 
(c) a tensile splitting (Brazilian) specimen. Figure 4 shows 
the engineering stress–strain curves for (a) the cylinder 
compression tests, (b) the cube compression tests and (c) 
the tensile splitting tests. All curves are averages of three 
tests performed 28 days post casting. Note that the data 
for the tensile splitting tests was filtered prior to plotting.

Figure 5 shows a typical effective strain field evolution 
as found by a 2D-DIC analysis in eCorr. The effective 
strain measure �eff is based on the von Mises norm [34], 
and is calculated as

(2)�eff =

√

4

3

(

�2
1
+ �1�2 + �2

2

)

where �1 and �2 are the in-plane principal logarithmic strains. 
The labels in Fig. 5 indicate the stress value. For the pre-
sented specimen, there is no visual damage on the surface 
in the left picture. In the middle picture, several cracks have 
developed, indicated by the red lines. The cracks continued 
to grow to complete failure, as seen in the right picture, 
taken post unloading. It appears that the 2D-DIC analysis 
captured the cracking in the specimen.

The data from the tensile splitting tests was filtered 
numerically due to some noise in the measurements. The 
noise is more pronounced in the tensile splitting tests 
because the strains are one order of magnitude lower 
compared with the compression tests. The engineering 
stress–strain curves for the cylinder compression tests will 
be used for calibration of the MHJC material model, which 
has proved successful in previous works [32, 33]. Engineer-
ing stress–strain curves from the cube compression tests will 
serve as validation of the calibrated material parameters.

In addition to material tests on the concrete, tensile tests 
were also performed on three steel specimens from each of 
the reinforcement diameters of 5 and 7 mm. The specimens 
were sharpened at the middle of the longitudinal direction 
to induce necking, and the initial diameters were meas-
ured with a micrometre. Tensile tests were performed in an 
Instron 5982 Tensile Machine [41], with a loading velocity 
of 3 mm/min. The deformation was recorded using a camera 

(a) (b)

Fig. 2   Concrete strength development over time. a Cube compressive strength f
cc

 . b Cylinder tensile strength f
t

Table 2   Strength development parameters, fitted to Equation (1)

Test type f̄  [MPa] s [–] D̄ [days]

Cube compression 94.5 0.229 37.5
Tensile splitting 5.8 0.158 36.3

Table 3   Development of concrete parameters

Days post cast-
ing

�c fc fcc ft

[kg/m3] [MPa] [MPa] [MPa]

28 2484 82.7 93.0 6.1
52 2503 85.7 96.6 5.9
91 2516 91.6 103.2 6.2
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with a frequency of 2 Hz. The equivalent stress-plastic strain 
curves from these tests are shown in Fig. 6 a alongside the 
geometry of the specimens (b).

Component Tests

Experimental Setup

All ballistic impact tests were performed in a gas gun facil-
ity at NTNU as described by Børvik et al. [36]. The main 
components of the gas gun include a 200-bar pressure tank, 
a firing section, a 10 m3 impact chamber, a 10 m long 50 
caliber barrel and a sabot trap. The projectile is placed in 
a 3D printed plastic sabot, and positioned into the barrel 
close to the firing section before it is accelerated towards 
the impact chamber. After two meters of free flight in the 
impact chamber, the sabot trap leaves the projectile free fly-
ing towards the target.

Ogival steel projectiles with diameter Dp of 20 mm and 
mass mp of 0.198 kg were used in the impact tests. The 
caliber radius head (CRH) was 3, and the Rockwell C value 

after heat treatment was measured to be 53. A picture of the 
projectile geometry is shown in Fig. 7.

The impact tests were performed 31 to 37 days post cast-
ing. The slabs were lifted out of the formwork and fastened 
in the impact chamber using clamps. All slabs and projec-
tiles were weighed prior to and post impact. The reinforced 
slabs were scanned using a Proceq reinforcement scanner 
[42], and positioned such that the projectile would strike in 
the centre of the middlemost reinforcement grid. One slab 
from each reinforcement configuration was positioned such 
that the projectile struck the reinforcement. The plain slabs 
(UA) were positioned such that the projectiles impacted at 
the centre of the slabs.

Two synchronised Phantom v2511 high-speed cameras 
were used to record the impacts. Using DIC in post-pro-
cessing, the camera setup allowed for measurements of the 
initial and residual velocities of the projectile, as well as the 
initial projectile pitch. The cameras were thus positioned to 
record the front and back of the slabs. The image frequency 
in these tests was 50 000 Hz, and lighting was provided by 
two Cordin 550 J flashlights and halogen lamps.

Fig. 3   Examples of subsets placement. a Subsets on cylinder. b Subsets on cube. c Subsets on cylinder

(a) (b) (c)

Fig. 4   Engineering stress–strain curves on day 28. Average of three tests. a Cylinder compression. b Cube compression. c Tensile splitting
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Fig. 5   Effective strain field on cube specimen. Stress value is stated for each image

Fig. 6   Results from steel tensile tests
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Experimental Results

The main experimental results are presented in Table 4. The 
results include the slab thickness ht , projectile pitch � , ini-
tial velocity vi , residual velocity vr , horizontal and vertical 
measurements of the spall dspall and scab dscab wounds, as 
well as initial mass mi and final mass mf of the slabs. The 
projectile masses are not reported in the table, as the maxi-
mum mass loss was found to be 0.4 %. The initial velocity 
measurements in the post-processing software were found 
to have a precision in the range ±0.3 m/s, while the accuracy 
of the residual velocity measurements is less accurate due 

to possible path changes and out-of-plane movements of the 
projectile after perforation.

The thicknesses of the slabs were measured using a cal-
liper at eight different positions at the outer edge of the slabs. 
The thickness deviation was less than 1 % for all slabs. The 
maximum measured pitch � was 2.0◦ . While a sufficiently 
large impact angle may result in ricochets [43], experimental 
results reported by Goldsmith [44] showed that the penetra-
tion process is hardly affected by yaw angles up to 3-5◦ . Note 
that the total yaw � = tan−1(tan2� + tan2�)1∕2 , where � is 
the yaw, has not been obtained, because the only measured 
angle was pitch. Furthermore, abrasions were observed on 
several projectiles post impact, but significant permanent 
deformation was not seen on any projectiles. Measurements 
of the spall and scab wounds were measured using a ruler in 
the horizontal and vertical direction. Figure 8 shows time-
lapses from one test on each reinforcement configuration, 
with approximately the same initial velocity, close to the 
ballistic limit velocity. The fragments around the projec-
tile in the first row of pictures are pieces from the shattered 
sabot. Note that all three projectiles were completely hid-
den in the slab for some time, and the large amount of dust 

20

62 33

Fig. 7   Ogival steel projectile with dimensions in mm

Table 4   Experimental results

∗Struck rebar
†Projectile completely obscured in video

Type Slab ht � vi vr dspall dscab mi mf Δm

# [mm] [o] [m/s] [m/s] [mm] [mm] [kg] [kg] [kg]

UA 3 100.4 0.5 235.5 0.0 200/200 360/280 97.4 94.8 2.6
UA† 4 99.9 2.0 244.7 0.0 180/180 410/280 96.8 92.6 4.2
UA 2 100.3 2.0 253.2 2.2 195/195 390/365 96.6 92.6 4.0
UA 7 99.7 0.5 265.4 2.6 165/185 385/425 97.3 92.6 4.7
UA† 6 100.3 1.0 276.6 0.0 240/200 360/360 96.9 92.7 4.2
UA 8 100.4 0.5 280.2 10.3 245/200 330/420 98.5 94.5 4.0
UA 1 100.2 0.5 301.9 62.5 165/190 260/245 97.2 95.6 1.6
UA 5 100.5 0.5 359.7 146.7 220/200 280/280 97.2 94.4 2.8
A1 4 100.4 0.5 252.7 0.0 210/215 230/220 98.2 96.1 2.1
A1 3 100.3 2.0 259.1 6.4 160/160 225/305 98.9 96.7 2.2
A1 7 100.4 0.0 274.0 36.0 120/125 260/290 98.8 95.8 3.0
A1† 2 100.4 0.5 275.0 0.0 170/165 400/340 98.3 95.3 3.0
A1 6 100.3 0.5 296.7 49.0 240/225 310/340 98.8 95.0 3.8
A1∗ 1 100.4 1.0 299.6 11.8 200/200 340/380 98.2 93.7 4.5
A1 8 100.5 0.5 325.4 74.8 280/195 320/280 96.4 93.7 2.7
A1 5 100.4 0.0 361.1 180.1 195/170 340/280 97.1 93.8 3.3
A2 3 100.7 1.0 258.9 0.0 210/175 295/250 97.6 95.7 1.9
A2 7 100.3 0.5 260.9 21.0 205/185 265/235 97.7 95.3 2.4
A2 2 100.1 0.5 274.9 25.9 200/250 210/285 98.2 95.5 2.7
A2 1 100.5 0.5 292.3 21.8 210/215 290/340 98.7 95.5 3.2
A2 6 100.4 1.0 299.0 36.2 125/140 320/310 98.2 95.7 2.5
A2∗ 8 100.6 0.5 301.2 41.0 200/195 335/335 98.6 95.8 2.8
A2 5 100.2 1.5 327.3 80.8 160/175 270/280 97.7 94.7 3.0
A2 4 100.6 1.0 362.2 146.4 150/195 250/250 99.1 96.3 2.8
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and fragments detaching from the slabs. In the pictures, the 
white arrows and boxes show the position of the projectile. 
Further, note that scabbing occurred for all tests, even when 
the projectiles did not perforate the slabs. For those tests, the 
projectiles punched holes in the slabs slightly smaller than 
the projectile diameter.

Experimental Observations

The average mass loss for the three slab sets was 3.5 kg, 
3.1 kg and 2.7 kg, for slabs UA, A1 and A2, respectively. 
The scab craters were generally larger than the spall craters. 
Both the spall and scab measurements appeared lower for the 
reinforced slabs compared to the plain slabs, and decreased 
further when the spacing of the rebars was decreased. This 
is also supported by the average values for mass loss, as 
narrower spacing resulted in less ejected mass. Hence, rein-
forcement configuration A2, where the reinforcement had 
a closer grid, gave the least amount spalling and scabbing. 
However, the slabs that displayed minimum and maximum 
values for mass loss were both of type UA. Additionally, 
fragments detached from the backside of the slabs despite 
perforation not occurring. This is mostly due to the com-
pression stress waves propagating through the slab thickness 
which are reflected as tension waves on the backside when a 
slab is impacted. For some of the reinforced slabs, fragments 
were hindered from detaching from the back of the slabs. 
This effect is called fragment trapping [9], and is exemplified 

on slabs A2-1 (a) and A2-4 (b) in Fig. 9. The fragment trap-
ping effect was most prominent for slabs of type A2. There 
seems to be no clear trend with respect to mass loss when 
varying the initial velocity.

The two experiments where the reinforcement was struck 
are indicated in Fig. 11. We observe that for the larger rebar 
diameter, there is a reduction in the residual velocity of the 
projectile compared to the test with almost the same ini-
tial velocity without striking any rebars. However, the same 
effect was not observed for the smaller rebar diameter. This 
indicates that the ballistic perforation resistance is affected 
by the rebar diameter when struck directly. However, it is 
not clear how much of this effect is caused by the scatter 
in the data, and it is thus difficult to draw any clear conclu-
sion regarding the effect of striking the rebars based on the 
experiments in this study. This effect will be studied further 
in the numerical study.

Five slabs were sliced through the penetration channel 
to investigate the profiles of the craters. All five slabs had 
vi of approximately 300 m/s. Figure 10 shows opposing 
cross-sections with the penetration channel outlined in 
red. The figure confirms that the scabbing crater is larger 
than the spalling crater. In concrete perforation tests, there 
is usually significant tunnelling between the two craters 
when the thickness is large enough [2, 45]. From Fig. 10, 
possible tunnelling effects are not clear. This indicates that 
that the thickness is not large enough to clearly identify 
tunnelling. For two of the sliced slabs ((d) and (e)), the 

Fig. 8   Time-lapses for each configuration with v
i
≈ 300 m/s
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projectiles struck the reinforcement. No clear difference 
regarding tunnelling was observed for these tests either, 
and it does seem like tunnelling effects are affected by add-
ing reinforcement for the slabs in this study. Note that the 
front rebars were completely cut through, while the back 
rebars was severely bent. This is possibly due to trajectory 
deviation of the projectile during perforation.

Ballistic Limit Velocities and Curves

Ballistic limit velocities and curves can be found from the 
data presented in Table 4. The generalised Recht-Ipson 
model [46] was used with a least squares fit to calculate 
the model constants. Using conservation of momentum and 

Fig. 9   Examples of fragment trapping. a Slab A2-1. b Slab A2-4

Fig. 10   Opposing cross-sectional slices of five slabs showing the perforation channel (red). The arrows indicate the impact direction (Color fig-
ure online)
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energy, the model defines the residual velocity after impact 
as

where a and p are model constants. It can be shown that 
a = mp∕(mp + mpl) , where mp is the mass of the projectile 
and mpl is the mass of the plug and fragments. Theoretically, 
a should be close to unity and p = 2 . However, in this study, 
a and p were considered empirical constants.

In some of the impact tests where the residual velocity 
was close to zero, perforation was considered to be driven by 
dynamic effects caused by the amount of debris that detached 
from the slab. These perforations were not considered clean 
perforations, and thus not used when calculating the model 
parameters in the Recht-Ipson model. The estimated model 
parameters for each slab type can be found in Table 5, and 
the corresponding ballistic limit curves are shown in Fig. 11. 
The parameter a was fixed to 1.00, and vbl and p were fitted to 
the data points. For reinforcement configurations A1 and A2, 
the projectiles that struck reinforcement are indicated in the 
figures. Furthermore, a straight dashed line with a maximum 
slope of 1.0 has been drawn in each of the plots to indicate 
an area that contains all the tests with residual velocity larger 
than zero from the experiments performed in this study.

Determining the ballistic limit velocity exactly was dif-
ficult due to some scatter in the data. In some of the tests, 
the projectiles were completely obscured by fragments when 
exiting the slab. For these tests, that is UA-4, UA-6 and 
A1-2, the residual velocity was set to zero and excluded from 
the fit. When comparing the reinforced slabs to the plain 
slabs, adding reinforcement appeared to have minor effects 
on the ballistic limit velocity, increasing it by approximately 
4 % for both series A-1 and A-2. Finally, the p-values for all 
slabs were found to be between 1.3 and 1.6.

Numerical Simulations

MHJC Material Model

The modified Holmquist-Johnson-Cook concrete model [32] 
was used for the numerical calculations. A description of the 

(3)vr = a(v
p

i
− v

p

bl
)1∕p

main characteristics of the material model is presented in the 
following. In the MHJC model, the Cauchy stress tensor �ij 
is decomposed into deviatoric and hydrostatic parts

where Sij is the deviatoric part, P = �kk∕3 is the hydrostatic 
pressure and �ij is the Kronecker delta. Furthermore, the von 
Mises equivalent stress is defined as

The deviatoric part D′
ij
 of the rate of deformation tensor Dij 

is defined by

D′
ij
 is decomposed into an elastic and a plastic part by

where

In this expression, S∇J
ij

 is the Jaumann rate of the stress devi-
ator, G is the shear modulus and 𝜀̇peq is the equivalent plastic 
strain rate, given by

To avoid a discontinuous description for P∗ = 0 , the modi-
fied model presents the normalised equivalent stress as

where T∗ = T∕fc and T is the maximum tensile hydrostatic 
pressure the material can withstand, assumed equal to ft as 
recommended by Polanco-Loria et al. [32]. The function 
F(𝜀̇∗

eq
) is a function of the normalised equivalent strain rate 

and accounts for the strain rate sensitivity of the material. It 
is defined as

where C is the strain rate sensitivity parameter. R(�, e) is a 
function of the deviatoric angle � and the normalised out-
of-roundness parameter e, stated as
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Table 5   Parameters fitted to the Recht-Ipson model

Reinforcement type vbl [m/s] p [–] a 
[–]

UA, No rebar 276.7 1.36 1.00
A1, Ø7S150 286.9 1.52 1.00
A2, Ø5S75 286.9 1.37 1.00
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This function was introduced in the MHJC model to account 
for the reduction of shear strength on the compressive 
meridian. Furthermore, the model accounts for the pressure 
sensitivity of concrete by separating the pressure-volume 
response into three different regions. The first region is lin-
ear elastic, and limited by ( �crush,Pcrush ), where Pcrush is the 
pressure that occurs in a uniaxial compression test and �crush 
is the corresponding volumetric strain. The second region 
is a transition region, limited by Pcrush ≤ P ≤ Plock , where 
Plock is the pressure where all air voids are removed from 
the concrete and �lock is the corresponding strain. In this 
region, the air voids are gradually compressed out of the 
concrete, resulting in volumetric plastic strains. The third 
region starts when all air voids are removed from the con-
crete, resulting in a fully dense material. Then, the pressure 
is expressed as a function of the modified volumetric strain 
𝜇̄ , as P = K1𝜇̄ + K2𝜇̄

2 + K3𝜇̄
3 , while 𝜇̄ is defined as

The parameter K1 is dependent on the shear modulus G, and 
can be expressed as

The total damage D in the model is calculated as

where DS is the shear damage, and DC is the compaction 
damage. The damage evolution is described by

where the plastic strain to fracture is found from

(12)

R(�, e) =
2(1 − e2)cos� + (2e − 1)[4(1 − e2)cos2� + 5e2 − 4e]1∕2

4(1 − e2)cos2� + (1 − 2e)2

(13)𝜇̄ =
𝜇 − 𝜇lock

1 + 𝜇lock

(14)K1 =
2(1 + �)

3(1 − 2�)
G

(15)(1 − D) =
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(1 − DS)(1 − DC)

(16)ḊS =
𝜀̇
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eq

𝜀
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f

, ḊC =
𝜇̇p

𝜇lock

where � and � are fracture parameters. 𝜇̇p is the plastic volu-
metric strain rate. The MHJC material model is implemented 
in the explicit non-linear FEM solver LS-DYNA R12 as a 
user defined material model (UMAT). The reader is referred 
to [32] for a complete description of the model.

Model Calibration

To calibrate the material parameters not found directly from 
material tests nor in the literature, an inverse numerical 
modelling approach in LS-OPT [35] was used. LS-OPT is a 
graphical optimisation tool that interfaces with LS-DYNA, 
well suited for material calibration, and was used to cali-
brate the fracture constants � and � , the pressure hardening 
exponent N and the pressure hardening coefficient B in the 
MHJC model, as well as the shear modulus G.

A 2D axisymmetric numerical model of the cylinder 
compression test was created with dimensions 200 mm × 
50 mm, representing a cylinder with height 200 mm and 
diameter 100 mm after rotating about the symmetry axis. 
The cylinder was compressed by two rigid steel platens, one 
fixed and one moving in the loading direction. Typical steel 
parameters were assigned to the platens, with the density set 
to 7800 kg/m3 , Young’s modulus of 210 GPa and Poisson’s 
ratio of 0.33. Contact was modelled using a 2D automatic 
surface-to-surface formulation, with a frictional coefficient 
of 0.37. Baltay and Gjelsvik [47] presented values for the 
static and dynamic frictional coefficients of steel in the 
range 0.2 to 0.6, but as reported by Kristoffersen et al. [33], 
varying the frictional coefficient in this type of test did not 
affect the results significantly. The cylinder was assigned the 
MHJC model as a UMAT. The model geometry (a) and a 
comparison of the resulting engineering stress–strain curve 
to the experimental curve (b) are presented in Fig. 12, where 
the nodes used to measure the engineering strain are indi-
cated by yellow dots in (a).

(17)�
p

f
= �(P∗ + T∗)� ≥ (�

p

f
)min

(a) (b) (c)

Fig. 11   Resulting experimental ballistic limit curves. a UA, No reinforcement. b A1, Ø7S150. c A2, Ø5S75
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In the actual experiments, the duration of the cylinder 
compression tests was approximately 100 s. To avoid exten-
sive simulation time in the numerical model, a time scaling 
factor of 104 was used, resulting in a simulated time for the 
analysis of 0.01 s. Due to the time scaling, the strain rate 
sensitivity constant C was set to zero. As the actual tests 
had a loading rate of 0.8 MPa/s, they were considered quasi-
static [48] and strain rate effects were neglected. However, 
C was still needed for the impact tests and set to 0.04 in the 
ballistic impact simulations based on Polanco-Loria et al. 
[32]. The resulting material parameters from the optimisa-
tion are presented in Table 6.

Verification with Cube Model

To assess the validity of the calibrated material param-
eters, a cube compression test was simulated. A 3D model 
of a cube specimen was created in LS-DYNA with two 
symmetry planes. The model consisted of three parts, 
namely the bottom platen, the top platen, and the cube 
specimen. The element size was 1 mm × 1 mm × 1 mm, 
and constant stress solid elements (element formulation 1 
in LS-DYNA) were used. Contact was modelled using an 
automatic node-to-surface formulation, with a frictional 
coefficient of 0.37. As with the cylinder compression 
simulations, the strain rate sensitivity parameter C was 
set to zero. The total number of elements in the numeri-
cal model was 2.5 ⋅ 105 . A comparison of the stress–strain 
curves from the cube experiments and the numerical simu-
lation can be seen in Fig. 13.

The force in the numerical model was found using a 
cross-section plane perpendicular to the loading direction. 
The strain was found from the distance between two nodes, 
in the same manner as for the subsets in the experiments. As 
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Fig. 12   Axisymmetric model of concrete cylinder. a Geometry of LS-OPT model. b Comparison with experiment

Table 6   Material parameters MHJC model

Parameter Unit From Value

�c [kg/m3] Tests 2522
fc [MPa] Tests 82.7
fcc [MPa] Tests 93.0
ft [MPa] Tests 6.1
𝜀̇0 [1/s] Tests 10−5

Pcrush [MPa] fc

3
27.6

�crush [–] fc

3K1

1.66 ⋅ 10−4

K1 [MPa] Equation (14) 16566.8
G [MPa] LS-OPT 12425.1
B [–] LS-OPT 1.356
N [–] LS-OPT 0.368
� [–] LS-OPT 0.124
� [–] LS-OPT 1.681
� [–] Literature 0.20
K2 [MPa] Literature − 171000
K3 [MPa] Literature 208000
(�

p

f
)min

[–] Literature 0.002
Plock [MPa] Literature 800
�lock [–] Literature 0.01
C [–] Literature 0.04
Smax [–] Literature 7.0
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seen in Fig. 13, the agreement between the test and simula-
tion was acceptable.

Calibrating the Steel Parameters

To calibrate the material parameters of the steel reinforce-
ment, 2D edge tracing in eCorr was used for post-processing 
of the data from the tensile tests to track the diameter reduc-
tion. The strain in each specimen was found using

where A0 is the initial area in the specimen prior to testing 
calculated from the initial diameter D0 . A is the current area 
calculated from the current diameter D measured by edge 
tracing. Three tests from each diameter were averaged to 
calibrate the material parameters for the modified Johnson-
Cook material model [49]. Therein, the equivalent stress �eq 
is a function of the yield strength, strain hardening, strain 
rate hardening and temperature softening, viz.

where A,C,m,Q1,C1,Q2 and C2 are model parameters. 
ṗ∗ = ṗ∕ṗ0 is the normalised plastic strain rate, where ṗ0 
is a user-defined reference strain rate. The homologous 

(18)�l = ln

(

A0

A

)

= 2ln

(

D0

D

)

(19)𝜎eq = (A +

2
∑

i=1

Qi(1 − e−Cip))(1 + ṗ∗)C(1 − T∗m),

temperature is defined as T∗ = (T − Tr)∕(Tm − Tr) , where T 
is the absolute temperature, Tr is the room temperature and 
Tm is the melting temperature. The data for the Cauchy stress 
and logarithmic plastic strain was fitted to Equation (19), and 
is plotted in Fig. 6 a. To model fracture in the reinforcement, 
the Cockcroft-Latham fracture criterion [50] was used. Wc 
limits the plastic work per volume, and erodes an element 
when the critical value is reached. Wc was found by calcu-
lating the area under the Cauchy stress-logarithmic plastic 
strain curve until failure. The resulting model parameters 
can be found in Table 7. Additionally, the density was set to 
7800 kg/m3 , Young’s modulus 210 GPa, Poisson’s ratio 0.33, 
and a specific heat value Cp of 452 J/kgK was used.

2D Modelling of Plain Slabs

The 2D axisymmetric model of the ballistic impact test was 
established in LS-DYNA, and consisted of a rectangular 2D 
slab and a projectile. Both parts were modelled with an ele-
ment size of 1 mm × 1 mm. By utilising the same element size 
as in the material calibration, a computational cell approach 
was ensured [51], thereby reducing mesh sensitivity in the 
model. The experimental setup in the gas gun only exposed a 
circular part with diameter 520 mm for the slabs, and the slab 
was thus modelled as a rectangle with dimensions 260 mm 
× 100 mm, resulting in a circular slab when rotating about 
the symmetry axis. The average slab thickness in the experi-
ments varied with less than 1 % from the nominal thickness 
of 100 mm, and the thickness in the numerical simulations 
was therefore set to the nominal value. The total number of 
elements in the slab was 2.6⋅104.

Axisymmetric volume weighted shell elements (element 
formulation 15 in LS-DYNA) were used for both parts. The 
projectile was modelled as a rigid part with density 7800 
kg∕m3 , Young’s modulus 210 GPa and a Poisson’s ratio of 
0.33. A pinhole with diameter 0.1 mm was applied to avoid 
strong distortion of the elements under the tip of projectile. 
The total amount of elements in the projectile was 840. The 
model prior to impact can be seen in Fig. 14a.

Furthermore, the slab was assigned the calibrated MHJC 
material model through a UMAT, with parameters as presented 
in Table 6. To ensure erosion of elements with high strains, 
erosion criteria with the maximum effective strain (EFFEPS) 
and the maximum principle strain (MXEPS), both equal to 1.0, 
were included using MAT_ADD_EROSION. Contact between 
the two parts was modelled as an automatic single surface 2D 

Fig. 13   Validation of MHJC parameters using a 3D cube model

Table 7   Material parameters for 
reinforcement steel

Diameters A Q1 C1 Q2 C2 𝜀0 C m Wc

[mm] [MPa] [MPa] [–] [MPa] [–] [s−1] [–] [–] [MPa]

7 682.3 130.8 0.66 177.1 0.66 5 ⋅ 104 0.010 1.0 620
5 731.6 135.8 0.68 199.5 0.68 5 ⋅ 104 0.010 1.0 620
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contact type, with the scale factor for penalty force stiffness 
set to 3.0. Friction was set to zero as a conservative estimate. 
The projectile nodes along the symmetry axis were restricted 
to move merely in the impact direction. The nodes on the right 
boundary of the slab were fixed.

Analyses were run with initial velocities ranging from 
260-360 m/s, and the simulated times were 1-3 ms. The 
data points were fitted to the Recht-Ipson model, and 
the resulting plot is compared to the experimental data 
in Fig. 14b. The ballistic parameters are summarised in 
Table 8. The axisymmetric model underestimated the bal-
listic limit velocity for the slab by 6 %, with simulation 
times of 2-3 min when run in parallel on 16 CPUs on a 
high-performance cluster, making it suitable for a param-
eter study.

The strength parameters are among the most descriptive 
and quantifiable parameters when investigating the concrete 
behaviour. In the parameter study, one of the parameters 
fc and ft was altered at a time, either halved or doubled. 
The material model was updated with the material param-
eters and the impact simulations were re-run. Halving the 
unconfined compressive strength from 82.7 MPa to 41.4 
MPa resulted in a 19.2 % decrease in ballistic limit velocity, 
while doubling fc to 165.4 MPa increased the ballistic limit 
velocity by 19.2 %.

Varying the tensile strength also affected the ballistic 
resistance. Halving ft from 6.1 MPa to 3.1 MPa resulted in 
an 11.5 % decrease in ballistic limit velocity, while doubling 
ft resulted in an increase of 5.8 %. It thus seems that the 
unconfined compressive strength had considerably larger 

Fig. 14   Axisymmetric model

(a) (b)

Fig. 15   Ballistic limit curves for parameter study on strength. a Cube compressive strength f
cc

 . b Cylinder tensile strength f
t
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effect on the ballistic resistance compared to the tensile 
strength. This suggest that vbl depends strongly on fc for the 
100 mm thick slabs, which is different to the findings of [33] 
for 50 mm thick slabs. The resulting ballistic limit curves 
for fc (a) and ft (b) are compared to the reference model in 
Fig. 15.

For dynamic problems, the effects of strain rate are 
important [49]. The specific strain rate sensitivity of the C75 
concrete used in this study is not known. However, previous 
studies [32, 33] have used a strain rate parameter C equal to 
0.04 for concretes with similar strengths. To study the effects 
of strain rate, two new series of simulations were run, using 
C-values of 0.00 and 0.08. Completely omitting the strain 
rate resulted in a reduction of vbl of 30.7 %. Doubling C 
increased vbl by 23.1 %. It thus seems both safe and reason-
able to include strain rate effects, however, notice that the 
effect of increasing C is significant. Further, it is generally 
difficult to discern strain rate effects from inertial effects in 
material tests [52]. We also note that concrete has different 
strain rate sensitivity in compression and tension [53], how-
ever, the study of these differences are considered to be out 
of scope for this study. The resulting ballistic limit curves 
from the parameter study can be seen in Fig. 16a.

In the reference model, � was conservatively set to zero. 
To study frictional effects, � was set to 0.40 and assumed 
equal for both static and dynamic friction. Including fric-
tional effects increased vbl by 24.4 %. In a ballistic impact 
problem, the projectile must push material away from its tra-
jectory to allow for penetration and perforation. This process 
dissipates energy when 𝜇 > 0 , and it is thus reasonable that 
increasing � increases the ballistic resistance of the model. 
The resulting curves can be seen in Fig. 16b.

Finally, the effect of varying the Poisson’s ratio � of the 
concrete was studied. In the reference model, � was set to 
0.20. In the parameter study, decreasing � to 0.10 resulted 
in an increase in vbl of 3.8 %, while increasing � to 0.30 
decreased vbl by 3.8 %. It thus seems that varying � had a 
minor effect on vbl for the 100 mm thick slabs. The resulting 

curves can be seen in Fig. 16c. The results from the param-
eter study are summarised in Table 8.

3D modelling of Plain Slabs

In addition to the axisymmetric 2D model, a full 3D model 
with solid elements was created in LS-DYNA to model the 
component tests. The slab was modelled with dimensions 
520 mm × 520 mm × 100 mm with no symmetry planes, 
and meshed in different zones, as shown in Fig. 17. Note that 
the projectile nose is truncated to avoid strong distortion of 
elements under the tip of the projectile. The total number of 
elements in the slab was 3.02 ⋅ 106 , with element size 1 mm 
× 1 mm × 1 mm in the impact zone. Constant stress solid ele-
ments (element formulation 1 in LS-DYNA) were used for 
both the slab and the projectile. The projectile was modelled 
as a rigid part with dimensions from Fig. 7. Material model 
and parameters for the slab and the projectile were equal to 
those in the 2D axisymmetric model. Interior contact was 
included in the slab, and contact between the projectile and 
the slab was modelled with an eroding surface-to-surface 
formulation. The scale factor for the penalty stiffness was 
set to 1.5. The nodes on the outer edge of the slab were fixed.

(a) (b) (c)

Fig. 16   Ballistic limit curves for parameter study on C, � , and � . a Strain rate sensitivity C. b Friction coefficient � . c Poisson’s ratio �

Table 8   Recht-Ipson model parameters for the parameter study com-
pared to reference model

Parameter Value vbl [m/s] p [–] a [–] Deviation [%]

Reference – 260.0 1.64 1.00 –
fc 41.4 MPa 210.0 1.70 1.00 −19.2
fc 165.4 MPa 310.0 1.65 1.00 19.2
ft 3.1 MPa 230.0 1.61 1.00 −11.5
ft 12.3 MPa 275.0 1.48 1.00 5.8
C 0.00 180.3 1.47 1.00 −30.7
C 0.08 320.0 1.83 1.00 23.1
� 0.40 323.6 1.38 1.00 24.4
� 0.10 270.0 1.65 1.00 3.8
� 0.30 250.0 1.60 1.00 −3.8
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The projectile was assigned initial velocities in the 
impact direction. The resulting data for initial velocities 
in the range 260-360 m/s are shown in Fig. 18, with the 
resulting Recht-Ipson fit. The resulting ballistic param-
eters are compared to the experimental values and the 
results from the 2D axisymmetric model in Table 9. The 
3D model overestimated the ballistic limit velocity by 1 %. 
However, the residual velocities were overestimated for 
velocities above vbl , yielding conservative results. The 
simulation times for the 3D model were between 10 and 

29 h on a high-performance cluster using 16 CPUs. Thus, 
the CPU time increased by a factor 300-600 compared to 
the axisymmetric model.

Figure 19 shows a comparison of the volumetric strain 
evolution during penetration for a 2D simulation and a 3D 
simulation with vi = 300 m/s. Generally, the shape of the 
resulting strain pattern is similar to the perforation chan-
nels from the experiments shown in Fig. 10. However, the 
scabbing cones are smaller than that of the experiments 
and there is almost no fragmentation. Also, the volumetric 
strain does not differ significantly between the two models.

Element erosion is a technique commonly used for FE 
simulations, and can be introduced in LS-DYNA by using 
the MAT_ADD_EROSION keyword. To highlight the effect 
of different values of the erosion criteria, we performed a 
series of simulations on the 3D model. As stated, the 2D 
model and the reference 3D model employed values for the 
maximum effective strain (EFFEPS) and maximum principle 
strain (MXEPS) of 1.0. To study the effect on ballistic perfo-
ration resistance in the 3D model, values for both criteria of 
0.5 were used. Figure 20 shows the resulting ballistic limit 
curve compared to the reference model.

3D modelling of Reinforced Slabs

In the component tests, we observed that adding reinforce-
ment to the concrete slabs had negligible effect on the 
ballistic resistance when not striking the reinforcement. 
However, a reduction in residual velocity was seen for A1 
compared to UA and A2 for the same initial velocity when 
the projectile struck the reinforcement. To study the effect 
of reinforcement in the slabs numerically, a reinforcement 
mesh was embedded in the aforementioned solid slab mesh. 
Simulations where projectiles did not strike the reinforce-
ment yielded exactly the same ballistic parameters as the 
plain slab simulations, and are thus not presented in detail 
in this study. Direct interaction between projectile and rebars 
was also simulated. To avoid extensive simulation times, 
the reinforcement was only added in the impact zone of the 

Fig. 17   Cross-section of 3D 
slab model geometry

Fig. 18   Comparison of ballistic limit curves for the 2D model, 3D 
model and the experiments

Table 9   Comparison of the calibrated Recht-Ipson model parameters 
for plain slabs

Model vbl [m/s] p [-] a [-]

Experimental 276.7 1.36 1.00
2D Axisymmetric 260.0 1.64 1.00
3D Solid 280.9 1.34 1.00
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slab. Preliminary studies showed no significant strains in the 
reinforcement outside the impact zone. Interaction between 
the reinforcement grid and the slab was modelled using a 
solid-in-solid contact, thus assuming a perfect bond. Contact 
with the projectile was modelled using a surface-to-surface 
formulation. Reinforcement diameters from 5 to 8 mm were 
investigated. All meshes had element size of approximately 
1 mm, and constant stress solid elements (element formula-
tion 1 in LS-DYNA) were used.

The reinforcement was modelled using the modified 
Johnson-Cook material model [54], that is MAT_107 in 

LS-DYNA, with the calibrated material parameters for A1 
from Table 7. Simulations were run with an initial velocity 
of 300 m/s. Simulation times were between 46 and 110 h 
with the same computational power as the simulations of 
the plain slabs. Table 10 shows the numerical results for 
all reinforcement diameters. In all simulations, the pro-
jectile struck both layers of reinforcement. It is interesting 
to see that for the smallest simulated rebar diameter, the 
projectile perforated the slab with a higher residual veloc-
ity than the plain slab. Fringe plots of the volumetric strain 
in the concrete during penetration is shown in Fig. 21.

Fig. 19   Volumetric strain for 
2D model (left) and 3D model 
(right) with v

i
 = 300 m/s. Slab 

UA-1 from experiments: v
i
 = 

301.9 m/s and v
r
 = 62.5 m/s t = 0.00 ms

t = 1.12 ms

t = 0.32 ms

t = 0.64 ms

t = 0.80 ms

vr  = 105.5 m/s vr  = 36.8 m/s

t = 0.16 ms
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Discussion

It is known from the literature that the tensile strength is 
an important parameter for ballistic resistance for both thin 
and thick concrete slabs [15, 33, 55]. The three strength 
parameters fc , fcc and ft of the concrete were found using 
standardised material tests performed 28 days post casting. 
The impact tests were performed 31 to 37 days post cast-
ing, resulting in a possible underestimation of the strength 
parameters. Consequently, the ballistic limit velocity vbl 
of the slabs might have been slightly underestimated in 
the FE simulations. Furthermore, the tensile strength of 
the concrete was found from tensile splitting tests. These 
tests have been claimed to underestimate the tensile capac-
ity of the concrete [56], leading to another possibility of 
underestimation of vbl in the FE simulations. Additionally, 
the different curing conditions for the material specimens 
and the slabs might have lead to different compaction 
behaviour. Experimental studies have shown that there is 
a significant influence on the triaxial behaviour from the 
water saturation ratio [57] of the concrete. This effect is 
most prominent for high confinement. However, very few 
elements in the simulations showed pressure levels above 
400 − 500 MPa, and we would thus assume that these 
effects did not affect the results significantly.

The porosity of the concrete can have significant effects 
on the triaxial compression behaviour, and can affect bal-
listic performance [58, 59]. When a concrete is not vibrated 
after casting, there is a possibility of entrapped air porosity 
in the structure. Vibrating was not performed for the con-
crete in this study, leading to possible effects on the porosity. 
As one point of the study was to calibrate the material model 

Fig. 20   Ballistic limit curves for parameter study on erosion criteria 
in the 3D model

Table 10   Results from numerical simulations when striking rein-
forcement with vi = 300 m/s

Slab type Drebar [mm] No. elems. 
along rebar 
diameter

Numerical Experimental

(Drebar∕Dp) vr [m/s] vr [m/s]

UA – – 36.8 62.5
A2 5 (0.20) 10 75.3 41.0
– 6 (0.30) 12 31.6 –
A1 7 (0.35) 14 0.0 11.8
– 8 (0.40) 16 0.0 –

Fig. 21   Volumetric strain for 
reinforced slab with rebar 
diameter 5 mm. v

i
 = 300 m/s, 

v
r
 = 75.3 m/s. Slab A2-8 from 

experiments: v
i
 = 301.6 m/s and 

v
r
 = 41.0 m/s

t = 0.00 ms

t = 0.32 ms

t = 0.96 ms

t = 0.16 ms

t = 0.64 ms

t = 1.60 ms
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based on simple material tests, we have not tried to quantify 
the porosity of the concrete.

Adding reinforcement in concrete slabs is a way of 
increasing the tensile capacity of the structure. Thus, add-
ing reinforcement should be a way of increasing the impact 
resistance of the concrete slabs. However, from the experi-
ments performed in this study, it was seen that adding grid 
steel reinforcement did not affect vbl significantly when 
projectiles did not hit the rebars. These results are similar 
to results in the literature [2, 3, 17]. Two effects of add-
ing reinforcement were observed in this study. First, it was 
observed that the reinforcement trapped fragments in some 
of the component tests, thus reducing the amount of debris 
that detached from the back of the slabs. Similar to stud-
ies by Lee et al. [9] and Rajput and Iqbal [18], it seemed 
that the possibility of fragment trapping increased when the 
rebar spacing was reduced. The other effect observed for 
the reinforced slab sets was that when a projectile struck the 
reinforcement during perforation, the residual velocity was 
lower compared to not striking the reinforcement. This effect 
was observed for the bars with diameter 7 mm, but not for 
diameter 5 mm, suggesting that the perforation resistance 
when striking the reinforcement is affected by the diameter 
of the rebar, contrary to the findings of Lee et al. [9]. The 
ratio Drebar∕Dp could also be of importance when striking 
the reinforcement, and might explain the difference in results 
compared to the results in [9]. However, for the slabs in this 
study, it is difficult to conclude whether this effects stems 
from the inherit scatter in the data. Hanchak et al. [2] found 
that striking reinforcement had negligible effect on the bal-
listic resistance for thicker slabs than those used herein and 
for initial velocities vi two times vbl . For the projectiles strik-
ing the rebar in this study, vi was less than 10 % larger than 
vbl , showing that the significance of striking the reinforce-
ment might also be affected by the ratio vi∕vbl.

The shear modulus G, fracture parameters � and � , and 
hardening parameters B and N for the concrete were found 
using an inverse modelling procedure of a cylinder com-
pression test in LS-OPT. The experimental engineering 
stress–strain curves were found using 2D-DIC and subse-
quently used as target curves for the inverse modelling. The 
numerical model provided good results for the cylinder com-
pression test and the results were validated against a cube 
compression test in a 3D model. Neither model included 
the post-peak behaviour, mainly because the deformations 
cannot be reasonably assumed to be homogeneous post 
peak. The description of the post-peak behaviour might be 
important in perforation simulations, especially when high 
levels of confinement appear. Additionally, as reported by 
Antoniou et al. [5], triaxial compression tests are needed if 
a proper description of the pressure hardening is needed.

Table 9 compares vbl and Recht-Ipson parameters for the 
plain slabs. The MHJC model provided good agreement 

between experiments and FE simulations. The ballistic limit 
velocity found using the 3D model was only 1% higher than 
the experimental value, yielding slightly non-conservative 
results. For higher initial velocities, the 3D results and 
experimental results were in good agreement. The results 
from the 2D model were conservative, with vbl 6 % lower 
than the experimental value, i.e., lower accuracy than the 3D 
model. One reason that the 2D model has lower resistance 
might be related to element erosion in the models. Eroding/
deleting an axisymmetric element is equivalent to eroding 
an entire torus of elements when we rotate about the sym-
metry axis, which in turn could reduce the resistance. Typi-
cal simulation times for the 2D model were 2-3 min, and 
10-29 h for the 3D model. Thus, the 2D model is well suited 
in engineering purposes and numerical assessments in the 
design phase of concrete protective structures.

In the parameter study, it was seen that doubling fc 
resulted in a 19.2 % increase in vbl , while doubling ft resulted 
in an increase of 5.8 %. This suggests that fc has a larger 
effect on the ballistic limit velocity than ft , contrary to the 
findings of Kristoffersen et al. [33]. They found that ft had 
a greater influence on vbl than fc for 50 mm thick slabs, with 
the same type of projectile as used in this study. Li et al. [21] 
found experimentally that tensile damage is more important 
for thinner slabs, while thick slabs will have strong influ-
ence on compaction during perforation. When comparing 
the results from Kristoffersen et al.[33] and the results in this 
study, the same phenomena is observed, and this might thus 
explain the increased effect of fc on vbl in this study. This 
is also in line with the numerical results presented by Shiu 
et al. [19], where the influence of compaction increased with 
slab thickness.

Regarding the strain-rate formulation in MHJC material 
model, Polanco-Loria et al. [32] modified the original strain-
rate function to avoid negative rate enhancement predicted 
by the HJC model for low strain rates. In 2018, Johnson 
et al.[60] argued that new experimental data showed that the 
strain-rate enhancement effects in concrete were greater than 
previously determined for the HJC model. When compared 
to material data available in the literature [61] for different 
concrete types, we see that the non-linear formulation with 
C = 0.04 as used by Polanco-Loria et al. [32] provides rea-
sonable results.

Element erosion is a commonly used technique in FE 
simulations. Applying erosion criteria to erode/delete ele-
ments that have undergone severe deformation to ensure 
computational efficiency is not correct in a physical sense, 
however, these elements are considered to have little to no 
effect further in the simulation. Nevertheless, it is interest-
ing to study how the application of such a numerical feature 
affects the ballistic results. The parameter study on erosion 
criteria showed slightly different results compared to the 
3D reference model. Decreasing the values of EFFEPS and 
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MXEPS from 1.0 to 0.5 resulted in a decrease in residual 
velocities above the ballistic limit. This shows that erosion 
parameters can be tuned to adjust the numerical perforation 
resistance, and for example provide conservative results if 
wanted by the user. By applying the same values in both the 
2D and 3D models, the numerical description is consistent, 
which is important for comparison.

FE simulations with different reinforcement diameters 
showed that the impact resistance was affected by the rein-
forcement diameter when striking the reinforcement. The 
residual velocity of the projectile decreased as the rebar 
diameter increased when the initial velocity was kept con-
stant. Increasing the rebar diameter to 7 and 8 mm even 
completely stopped the projectile. However, for the small-
est simulated rebar diameter (5 mm), the projectile unex-
pectedly perforated the slab with a higher residual velocity 
compared with the plain concrete slab. We emphasise that 
the rebar diameter was the only parameter that was varied 
between the simulations of reinforced slabs – even the ele-
ment size of all rebar diameters were the same. This result 
warrants further investigation, and we speculate that small 
rebar diameters may cause more localised deformation and 
thereby cracking directly behind the steel, which results in 
higher residual velocity.

Conclusions

From the experimental work performed in this study, the 
following conclusions can be drawn:

•	 Digital image correlation successfully estimated the 
engineering stress–strain relation for the commercially 
produced concrete.

•	 In the component tests, the scabbing area was generally 
larger than the spalling area. Fragmentation from the 
scabbing area occurred for all slabs, despite perforation 
not occurring for all cases.

•	 No clear effect on the ballistic parameters was found 
when adding reinforcement. However, fragment trap-
ping was observed for some of the reinforced slabs. This 
effect seemed to increase when the spacing of the rebars 
was reduced, and the mass loss decreased for closer rein-
forcement spacing. When striking the reinforcement, the 
results indicated that the ballistic resistance increased 
with increasing rebar diameter. It is difficult to conclude 
whether or not this was caused by scatter in the ballistic 
data.

Both 2D and 3D finite element models were created using a 
modified version of the Holmquist-Johnson-Cook model to 
represent the material in the simulations of the impact tests. 

From the numerical results, the following conclusions can 
be drawn:

•	 Parameters for the MHJC model were found from stand-
ardised material tests, from inverse modelling, and from 
the literature. Using the calibrated material constants and 
reasonable assumptions, good predictions of the ballistic 
limit velocities were obtained using both a 2D axisym-
metric model and a 3D solid model of the concrete slab.

•	 The axisymmetric model was efficient and thus well 
suited for engineering approaches. A parameter study 
revealed that the inclusion of strain-rate effects in the 
phenomenological material model applied in this study is 
important to have decent results from the numerical sim-
ulations. Also, both the compressive and tensile strength 
affected the ballistic resistance of the slabs. However, a 
larger influence was found for the compressive strength 
for the slabs investigated in this study. FE simulations 
where projectiles struck the reinforcement bars revealed 
that the ballistic perforation resistance was affected by 
the reinforcement diameter.

•	 The calibration and implementation of the MHJC model 
is relatively simple, and it remains a reliable alternative 
to other concrete models where significantly more mate-
rial parameters are required.
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