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Abstract

This paper reports on impact behavior of concrete panels protected by Polypropylene and Zylon fabric, respectively. Concrete panels were cast
with different thickness and subjected to impact by a steel projectile. The initial and residual velocities were measured experimentally and the
energy absorbed by the different concrete panels with and without fabric was calculated. All concrete panels were able to absorb almost all the
kinetic energy of the projectiles. For concrete panels protected by fabric scabbing of concrete from the back face was considerably reduced and the
debris contained by the fabric. Upper and lower bounds are proposed for energy absorbed per unit thickness and penetration results are compared
with the available empirical formulas. It is shown that current penetration equations do not accurately predict impact parameters for concrete
protected by fabric.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete structures may be required to withstand impact
loads which can result, for example, from kinetic energy weap-
ons, turbine blade fragments, and tornado generated projectiles.
Impacting missiles are divided into “hard” or “soft” depending
on the relative stiffness of the missile compared to the target.
Missile impact can cause local and global damage to the struc-
ture [1–4]. Local damage can lead to concrete fragmentation
from the front surface, projectile penetration into the target,
scabbing of concrete from the back face, and finally, perforation
through the target. The extent of damage depends on a variety of
factors, such as impact velocity, mass, geometry, material prop-
erties of the projectile, and the material properties and thickness
of the target [5]. Global damage consists of flexural deformation
or macroscopic cracking which depends on the strain energy
capacity of the target. To measure local damage, different in-
dices have been proposed (Fig. 1), such as penetration depth (x),
perforation thickness (he), scabbing thickness (hs), and ballistic
limit (ν50).
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Currently, the local effects of the impact caused by the “hard”
missile may be estimated using various empirical formulas
based on data fitting of laboratory and in-situ test results [2,3].
However, these methods yield dimensionally inhomogeneous
formulas, and are valid only for a short range of velocities.
Moreover, they are based on tests performed on very thick
elements. These problems are addressed using analytical and
semi-empirical studies [6–8]. In the analytical methods, the
governing equations are obtained by assuming one mode of
failure. The two-stage model and the cavity expansion model
are two popular analytical models. A combination of these two
models has been also proposed recently [6]. In the two-stage
model, the first stage is the dynamic penetration in which a bell-
shaped plug is formed. During the second stage, the projectile
pushes the plug and shears it off [3]. In the spherical cavity
expansion model, the penetration of projectile is represented by
the expansion of a spherical cavity at velocity νc. Then, a
closed-form solution between velocity of the projectile and the
force exerted on it is obtained. Using this solution, the depth of
penetration is obtained using Newton's second law [8–10].
Semi-empirical models, based on some theoretical basis, are
also commonly used [11]. In all methods, dimensional analysis
can be applied to make the impact parameters dimensionless so
scaling of the results can be achieved more easily [12].
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Fig. 1. Schematic view of complete perforation and partial penetration;
kd=depth of conical entry crater; d=diameter of the projectile, he=perforation
thickness, νi = initial velocity of projectile, νr = residual velocity of the projectile
after perforation.
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To protect concrete structures against impact, different
methods can be employed [13]. One approach is to improve
the concrete properties by increasing its strength or applying
additional internal reinforcement, e.g., fiber-reinforced con-
crete. Varying results have been obtained for the strength
approach. Test results on the resistance of high strength concrete
(HSC) to projectile impact show that the penetration depth and
crater diameter are reduced with an increase in the compressive
strength [5]. However, in another study [14,15] HSC exhibits a
larger crater surface area and hence a lower fracture energy
under impact loading. Steel fibers are shown to be able to reduce
the crater diameter and crack propagation, but their effect on
penetration depth is not significant [16].

Another approach is to reduce damage by protecting the
concrete with external elements [13]. These elements can act as a
sacrificial layer. In this study, two types of fabric (Polypropyl-
ene, and Zylon) are used to protect or reinforce concrete ex-
ternally. With this approach existing concrete structures can also
be retrofitted.

2. Review of empirical and semi-empirical models

Available empirical models provide expressions for maxi-
mum penetration depth of a projectile that is impinging on a
“thick target” in the normal direction. Based on the penetration
depth into an infinitely thick sample, perforation and scabbing
thicknesses are obtained. Perforation and scabbing thickness
are the minimum thickness of the target to prevent perforation
or scabbing, respectively. Numerous reviews of common
methods have been published by different authors (Table 1)
[6,17]. In this section only the modified National Defense
Research Committee (NDRC) method and the cavity expansion
model, which are commonly used, are presented in greater
detail.

2.1. NDRC method

According to this method the impact force per unit contact
area at any time is a function of both penetration depth and the
instantaneous velocity. After some data fitting [2], and using
Newton's second law, the penetration depth, x, is determined
from:
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Here, M is the projectile mass, d its diameter, V the initial
velocity, fc′ the compressive strength of concrete,N the projectile
nose shape factor (flat: 0.72; spherical: 1.00; and sharp: 1.14)
and G a non-dimensional parameter. Since these formulas are
not dimensionless, use of consistent units is important. Here, all
the parameters are in SI units. Using regression analysis, the
perforation and scabbing thicknesses are found from the fol-
lowing equations [2]:
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The results of our experimental program are compared with
the NDRC prediction and other empirical and semi-empirical
models.

2.2. Cavity expansion models

Post-test concrete targets have a conical entry crater as
shown in Fig. 1 with depth kd followed by a tunnel with the size
of projectile diameter d. A value of k=2.0 has been suggested
[6]. Therefore two regions are introduced in Eq. (1), x/d≤2 for
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Empirical perforation formulas in SI units [6]
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the crater phase and x/dN2 for the tunnel phase. The spherical
cavity expansion model is employed to approximate the tunnel
phase of penetration [8,18].

For a rigid projectile, motion and final depth can be
calculated when the forces acting on the projectile are known.
The passage is modeled by the expansion of a spherical cavity at
velocity νc, surrounded by regions of plastic and incompressible
materials. From cavity expansion analysis, the relationship be-
Table 2
Mix proportions of concrete

Material kg/m3

Portland cement 393
Water 227
Coarse aggregate (MSA: 6.35 mm) 695
Fine aggregate 918
w/c 0.57
tween the radial stress σr and the expansion velocity is obtained
by:

rr ¼ SfcVþ qm2c ð3Þ
where ρ is the density of target material. Based on this rela-
tionship the force on the projectile is obtained and finally, using
Newton's second law, the penetration depth is calculated, as
briefly explained below.

During the crater phase the axial resistant force on the pro-
jectile nose is:

FR ¼ cx xbkd ð4Þ
where x is the instantaneous crater depth and c is a constant. In
the tunnel region, the axial force is:

FR ¼ pd2

4
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where ν is the instantaneous velocity, and S is a dimensionless
parameter which is related to the compressive strength of the
target. N⁎ is the projectile nose factor and equal to 0.5 for the
spherical case [6,7]. Now by using the continuity of force, ve-
locity, and displacement between two phases (i.e., crater and
tunnel) and the boundary condition for each phase (I: ν=Vat t=0;
II: ν=0 at final depth), the depth of penetration x according to [19]
is:
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whereM is the projectile mass and V1 the projectile velocity at the
beginning of the tunnel phase:
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For each test, S can be calculated based on the recorded
impact velocity and the penetration depth according to Eq. (9).
It is observed [7] that the concrete compressive strength, fc′, can
Table 3
Test data and calculated results based on NDRC formulas for 3.81-cm-thick sample

Test # Mass (g) Initial V. (m/s) Res. V. (m/s) Initial E (J) Final E (J) Δ

PC1 8.3 235 N/A 229.2 N/A N
PC2 34 167 N/A 474.3 N/A N
PC3 34 192 22 623.8 8.2 61

PP1 34 200 0 677.3 0.0 67
PP2 34 189 0 605.6 0.0 60
PP3 34 188 9 602.2 1.4 60

PZ1 34 187 0 595.4 0.0 59
PZ2 34 184 0 576.2 0.0 57
PZ3 34 196 0 655.8 0.0 65

PP1a 34 187 13 595.4 2.9 59
PP2a 34 186 24 589.6 9.6 58
PP3a 34 171 9 495.3 1.3 49

P: perforated (full penetration of the projectile).
PL: perforation limit (projectile was stuck).
UP: unperforated (specimen was punched but projectile bounced).
PB: perforated and then bounced.
x/d: ratio of penetration depth to diameter of projectile.
hs: scabbing thickness (Eq. (2)).
he: perforation thickness (Eq. (2)).
a The front face was the loose side.
define S, which is a dimensionless parameter. Thus, an
empirical S–fc′ curve can be generated. This curve could be
used to predict penetration depth of other concrete grades
according to Eq. (6) [7].

3. Experimental program

Impact tests were performed on square concrete panels of
30.5 cm×30.5 cm. Specimens having fabric on either one side
or both sides were compared with plain concrete panels. Tests
were conducted using a gas gun with a barrel of 1.27 cm in
diameter and 132 cm in length. The gun used compressed
nitrogen gas with a maximum attainable pressure of 10.3 MPa.
Pressure in the range of 1–9.6 MPa was used in these tests
depending on the desired initial velocities, which were obtained
from the calibration curve for each projectile. Except for one
case (PC1) in which a spherical bullet was employed, all other
tests used the 34 g cylindrical projectiles with 1.27 cm diameter,
2.54 cm length and a sharp head with a 45° angle. The concrete
panels were attached to a 1.27-cm-thick steel plate by four C-
clamps, one at each corner. The steel plate was at the front side
of the panel, and had a circular opening for the projectile to pass
through. The same procedure was used to fix all the panels.

To determine the initial velocity, the time it takes for the
projectile to pass between two laser beams directed perpendic-
ular to the path of the projectile was measured with a digital
timer, and the residual velocity was obtained by analyzing the
videos taken by a high speed digital camera. Two cameras were
employed: the first one could capture a maximum of 10,000
frames per second and was operated manually. This camera was
used for the 3.81-cm-thick specimens. The other camera had a
capability of 35,000 frames per second and was used for the
2.54-cm-thick specimens. This camera was computer controlled
s

E (J) ΔE/t (J/cm) Response G x/d hs (cm) he (cm) fc′ (MPa)

/A N/A UP 0.185 0.86 4.18 2.81
/A N/A P 0.468 1.37 5.06 3.83 41
5.6 161.6 P 0.599 1.55 5.37 4.11

7.3 177.8 PL 0.656 1.62 5.49 4.23
5.6 159.0 PL 0.594 1.54 5.35 4.10 40
0.9 157.7 P 0.591 1.54 5.35 4.10

5.4 156.3 PB 0.561 1.50 5.28 4.04
6.2 151.2 PB 0.545 1.48 5.24 4.00 43
5.8 172.1 PL 0.612 1.56 5.39 4.14

2.5 155.5 P 0.679 1.65 5.54 4.27
0.0 152.2 P 0.673 1.64 5.53 4.26 30
4.0 129.6 P 0.575 1.52 5.31 4.07



Table 4
Test data and calculated results based on NDRC formulas for 2.54-cm-thick samples

Test # Mass (g) t (cm) Initial V. (m/s) Res. V. (m/s) Initial E (J) Final E (J) ΔE (J) ΔE/t (J/cm) Response G x/d hs (cm) he (cm) fc′ (MPa)

PC4 34 2.54 99 21 166.1 7.7 158.4 62.4 P 0.189 0.87 4.19 2.83
PC5 34 2.54 92 11 144.8 1.9 142.9 56.2 P 0.167 0.82 4.10 2.70 30
PC6 34 2.67 82 0 114.4 0.0 114.4 42.9 PB 0.135 0.73 3.96 2.48

PC7 34 2.54 84 0 121.3 0.0 121.3 47.7 PB 0.132 0.73 3.95 2.46
PC8 34 2.54 72 0 87.7 0.0 87.7 34.5 PB 0.099 0.63 3.77 2.18 35
PC9 34 2.79 90 0 137.1 0.0 137.1 49.1 PB 0.147 0.77 4.02 2.57

PP4 34 2.29 142 72 343.0 87.2 255.8 111.9 P 0.413 1.29 4.91 3.70
PP5 34 2.16 103 34 180.2 19.1 161.1 74.6 P 0.232 0.96 4.35 3.05 30
PP6 34 2.41 89 14 136.1 3.2 132.9 55.1 P 0.180 0.85 4.16 2.78

PP7 34 2.54 106 0 189.7 0.0 189.7 74.7 PB 0.219 0.93 4.31 2.99
PP8 34 2.16 95 12 152.8 2.5 150.3 69.6 P 0.180 0.85 4.16 2.78 37
PP9 34 2.54 87 0 129.7 0.0 129.7 51.1 PL 0.155 0.79 4.05 2.63

PZ4 34 2.29 106 0 191.3 0.0 191.3 83.7 PB 0.220 0.94 4.31 3.00
PZ5 34 2.29 113 0 215.7 0.0 215.7 94.4 PL 0.245 0.99 4.40 3.12 37
PZ6 34 2.29 123 0 258.1 0.0 258.1 112.9 PB 0.288 1.07 4.55 3.30

PZ7 34 2.41 131 0 290.2 0.0 290.2 120.2 PL 0.312 1.12 4.62 3.39
PZ8 34 2.54 143 0 345.5 0.0 345.5 136.0 PL 0.365 1.21 4.78 3.56 39
PZ9 a 34 2.41 142 17 341.7 4.8 336.9 139.6 P 0.361 1.20 4.77 3.55
a The front face was the loose side.
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and was synchronized with the firing mechanism for the gun. To
measure the velocity, the camera was calibrated with a length
scale before each set of tests to determine the size of the pixels
along the projectile flight path. Measuring the residual velocity
is not an easy task in the case of concrete samples without
fabric, since debris particles also fly off from the back face and
make it difficult to identify the projectile.

3.1. Materials

Concrete panels with Type I/II Portland cement, sand and
coarse aggregate of 6.35 mm maximum aggregate size were
cast. The mix proportion is given in Table 2. The ratios of water,
coarse aggregate, and sand to cement by weight were 0.57, 1.76,
and 2.33, respectively. Two different fabrics were employed to
reinforce the concrete panels: Polypropylene (PP) and Zylon.
The Polypropylene fabric was tested by the strip test (ASTM D
5035-95) [20] and yields a maximum load of 450 N and
maximum displacement of 50 mm. The tensile strength of the
Zylon fabric is 0.8 GPa based on individual yarn strength, and
the failure strain is 2.45% [21]. The maximum strength for the
Zylon and PP fabric corresponds to 1550 N/cm and 180 N/cm
maximum linear load, respectively.

3.2. Specimens

Ten batches with same mix proportions were cast in a mold
with three compartments. For each batch, three concrete panels
and three control cylinders (10.2 cm×20.3 cm) were cast. The
concrete panels were squares of 30.5 cm×30.5 cm, with
different nominal thickness (2.54 cm or 3.81 cm). For the 2.54-
cm-thick samples, the actual thickness ranged from 2.16 cm to
2.80 cm. The thickness has a significant effect on projectile
penetration resistance as will be discussed later. A total of 30
samples were prepared, including 9 without fabric. For the
samples with fabric, the fabric was placed at the bottom of the
mold and concrete was placed on top of the fabric. Another
sheet of fabric was then positioned on top of the concrete. No
glue was used in the process. The fabric placed on the top did
not bond as well with the concrete compared to the fabric at the
bottom of the mold.

Different codes were assigned to the specimens: P indicates
the panel geometry of the test specimens; C, represent the
control specimens without fabric, P the PP fabric and Z the
Zylon fabric. For each set numbers 1–3 correspond to the panel
thickness of 3.81 cm, and numbers 4–9 represent the 2.54-cm-
thick panels. For the 3.81-cm-thick specimens, the testing age
was 52 days, while for 2.54 cm samples the testing age was
28 days. Except for samples PP4–PP6 and PZ4–PZ6, which
had fabric on one side only, all the other reinforced panels had
fabric on both sides. When shooting at the specimens with
fabric on both sides the loose side (top side of the mold when
casting) was on the back face, except for PPa and PZ9a samples
where the loose side was in the front when testing the panels.
For samples with fabric on one side only (PP4–PP6, PZ4–PZ6)
the back face contained the tightly bonded fabric.

4. Results and discussion

4.1. Impact response of concrete panels

The results of the impact tests including the initial and
residual velocities are presented in Tables 3 and 4. The
perforation and scabbing thickness are calculated based on the



Fig. 3. Front and back face damage in a 3.81-cm-thick concrete panel protected
by PP fabric (PP3) on both sides. The projectile perforated the panel but debris
due to scabbing from the back face was contained by the PP fabric.

Fig. 2. Front and back face damage in a 3.81-cm-thick plain concrete panel
(PC2). The projectile perforated the panel.
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NDRC method for plain concrete (Eqs. (1) and (2)). The re-
sponses of different specimens and their average compressive
strength (35 MPa and 38.5 MPa for 2.54- and 3.81-cm-thick
specimens, respectively) are also included in the tables. Four
response types have been classified, in accordance to the con-
vention used in [3] (i.e., perforated (P) (the projectile passed
through the specimen entirely), perforation limit (PL) (projectile
was stuck), perforated and then bounced (PB) (the projectile
went through the panel and then bounced back), and non-per-
forated (UP) (panel was punched but the projectile bounced
back).

Figs. 2–5 depict the damage induced on the front and back
face of plain and fabric protected concrete panels of 3.81 cm
nominal thickness. Fig. 2 shows a plain concrete sample where
craters formed on the front and back faces of the specimen due to
spalling (front face) and scabbing (back face). Brittle failure was
observed for all plain concrete specimens, with macroscopic
cracks extending through the specimen to the back face, splitting
the specimen into four pieces. Whereas all 3.81 cm control
specimens (Table 3) reveal perforation with a projectile of 34 g,
only one out of three concrete panels protected by PP fabric
revealed perforation with loosely bonded PP fabric on the back
face and the tightly bonded PP on the front face. This specimen is
shown in Fig. 3. Contrary to the control specimens, no macro-
cracks were observed and the debris from scabbing was
contained by the PP fabric. In the other two panels protected
by PP fabric, the projectile was not able to perforate the PP
fabric. Two types of responses were also observed for the
concrete panels protected with loosely bonded Zylon fabric on
the back face: either the projectile went through the panel and
then bounced back (PB) or the projectile was stuck in the fabric



Fig. 4. Damage of front and back face in a 3.81-cm-thick sample protected by
Zylon fabric (PZ3).

Fig. 5. Damage of back face with bonded fabric in a 3.81-cm-thick sample
protected by Polypropylene fabric (PP3a).
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(PL). The PL response causes a bulge to form on the back face
when the concrete panels are protected by either the PP or Zylon
fabric as shown in Fig. 4 for a concrete panel protected by Zylon.
Both fabrics are able to hold the debris caused by scabbing.

Some impact tests were also performed on specimens with
tightly bonded PP fabrics on the back face and loosely bonded
PP fabric on the front face to investigate the influence of
bonding on impact response. In this case the projectile was able
to perforate all three specimens (Table 3). A representative
photograph is shown in Fig. 5. Perforation occurred despite a
lower initial velocity of 171 m/s compared to PP1–PP3 speci-
mens with loosely bonded fabric on their back faces. Having the
loosely bonded fabric on the back face seems to be more
effective in catching the projectile.

Figs. 6 and 7 represent the typical damage induced by the
projectile in 2.54-cm-thick concrete panels. The initial velocity
of the projectile in the 2.54-cm-thick panels was lower compared
to the 3.81-cm-thick specimens with and without fabric. Among
the 2.54-cm-thick samples, the difference between scabbing and
perforation was small (i.e. perforation occurred as soon as
scabbing occurred). In the control specimens, the projectile
either perforated the panels or it perforated and bounced back
(PB). The PB response resulted in multiple macro-crack for-
mations as shown in Fig. 6 but smaller crater sizes compared to
Fig. 2. The difference in crater size may be associated with the
lower initial velocity of 72m/s compared to 180m/s for the 3.81-
cm-thick specimen in Fig. 2.

The thinner concrete panels with loosely bonded Zylon fab-
ric on the back face and tightly bonded Zylon fabric on the front
face exhibit a PL type of behavior, whereas mainly PB type of
behavior was observed for the thicker concrete panels. A dif-
ference in response was also observed for the thinner concrete
panels protected by PP fabric compared to the thicker panels.
Whereas the 3.81-cm-thick specimens with loosely bonded PP
fabric on the back face mainly exhibit PL type of behavior, all
three types of behavior (P, PB and PL) were observed for the
thinner concrete panels protected by PP fabric. Fig. 7 depicts the
PL response of a 2.54-cm-thick specimen where a bulge formed
and spalling was prevented. Fig. 8 reveals the damage at the
back face beneath the PP and Zylon fabric, respectively. In both
cases, scabbing occurred beneath the fabrics but the fabrics
were able to hold the debris.

The response of the thinner concrete panels to impact load-
ing seems to be less consistent. Furthermore, it is more difficult
to correlate the velocities with the corresponding responses. For
example, PP7 and PP9 have the same thickness but PP7 ex-
hibits PB whereas PP9 shows PL despite a reduction in velocity



Fig. 7. Damage of front and back face in a 2.54-cm-thick sample protected by
Polypropylene fabric (PP9).

Fig. 6. Damage of front and back face in a 2.54-cm-thick plain concrete sample
(PC8).
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of 18%. A more consistent behavior was observed for concrete
panels with PP fabric tightly bonded to the back face and no
PP fabric at the front surface, despite their differences in ini-
tial velocities and specimen thickness. All of these specimens
(PP4–PP6) exhibit low penetration resistance and P type
response. Consistent P type failure was also observed for the
3.81-cm-thick concrete panels with tightly bonded PP fabric on
the back surface and loosely bonded PP fabric at the front face
(PP1a–PP3a). The reduced penetration resistance of panels with
PP fabric may be associated with the reduced energy absorbing
capacity of the PP fabric if bonded to the back surface. On the
other hand, Zylon fabric even if tightly bonded to the back face
of concrete panels prevents penetration as shown in Fig. 9.
These differences may be explained as follows: The PP fabric is
a low strength fabric and the energy is absorbed when the fabric
is able to deform, which requires the fabric to be loosely
attached to the sample. Zylon fabric on the other hand, requires
less deformation for the same energy absorbing capacity due to
its high strength. Hence a bonded back face does not impact its
energy absorption.
4.2. Energy absorption

Fig. 10 shows the residual velocity as a function of the initial
velocity. The residual velocity is zero when perforation is
prevented. By increasing the initial velocity for each set it is
possible to obtain the velocity in which perforation happens
(i.e., residual velocity≠0). This figure can be used to measure
ν50 (i.e., the velocity in which 50% of panels in each set are
perforated). Once perforation of the panels has occurred at a
certain critical initial velocity, increasing the initial velocity will
increase the residual velocity as shown for PP (2.54) bonded
fabric on back face (i.e. PP4–PP6 in Table 4) and PC (2.54) (i.e.
PC4–PC9 in Table 4), with an asymptote parallel to the equality
line (i.e. νin=νres). However, the correlation between initial and
residual velocity after perforation could not be established,
because the initial velocity would have to be increased beyond
200 m/s for perforation to occur. This was not possible due to
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the limitation of the maximum allowable pressure of the testing
equipment.

Another method to find the perforation velocity is to measure
the energy absorbing capacity (ΔE) of the panel in each set.
Fig. 11 illustrates the variation in energy absorption as a function
of the initial energy for different specimens. As can be observed,
almost all the specimens absorbed 100% of the initial kinetic
energy. However, the energy absorbing capacity (ΔE) reduces
significantly when the thickness decreases from 3.81 cm to
2.54 cm (see Tables 3 and 4). In order to compare the energy
absorbing capacity among concrete panels of different thickness,
it is more appropriate to measure DE

t , where t is the thickness of
the target, and ΔE is the change in the kinetic energy of the
projectile before and after impact, assuming a constant mass of
projectile. Almansa and Canovas [22] reported that DE

t (for
perforated samples) is sufficient in characterizing the resistance
of concrete due to impact loading associated with a projectile,
regardless of velocity or thickness of the target. Furthermore, it
was proposed that DE

t is only dependent on the type of concrete
(compressive strength, reinforced or unreinforced), and the type
Fig. 9. Damage of front and back face in a 2.54-cm-thick sample protected by
Zylon fabric on one side (back face only) (PZ5).

Fig. 8. Typical back face damage beneath the fabric in 2.54-cm-thick samples
protected by (a) Polypropylene (PP8) and (b) Zylon fabric (PZ8).
of projectile. Hence, it should be constant for each grade of
concrete, when using the same projectiles. However, in our tests
it is not possible to confirm whether DE

t remains constant due to
the limited number of test specimens. But, we can use the results
from non-perforated panels (UP, PB, or PL responses) and
perforated samples to get a lower bound and upper bound for DE

t :

ðDE
t
Þ1V

DE
t

VðDE
t
Þ2

ðDE
t
Þ1 ¼ higher value for

DE
t

between shots not having

perforated the target

ðDE
t
Þ2 ¼ lower value for

DE
t

between shots having

perforated the target

ð10Þ



Fig. 12. Variation of penetration depth with impact velocity for different
empirical formulas.

Fig. 10. Residual velocity versus initial velocity.
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Based on Eq. (10), the lower bound and upper bound for some
sets are measured based on the experimental data from Tables 3
and 4 for concrete panels of different compressive strength:

42:9 J=cmð ÞbðDE
t
ÞPCb56:2 J=cmð Þ fcV¼ 30 MPa

49:1 ðJ=cmÞbðDE
t
ÞPC fcV¼ 35 MPa

ðDE
t
ÞPCb161:6 J=cmð Þ fcV¼ 41 MPa

136:0 J=cmð ÞbðDE
t
ÞPZ fcV¼ 39 MPa

172:1 J=cmð ÞbðDE
t
ÞPZ fcV¼ 43 MPa

No bound is obtained for PP samples due to the inconsistency
in the test results. These inconsistencies may be associated with
the important effect the extent of attachment of the PP fabric to
the back face has on the amount of energy that can be absorbed.
By comparing the energies for different samples it is seen that
adding the Zylon fabric to plain concrete increases DE

t (Table 4).

(11)
Fig. 11. Energy absorption versus initial energy.
For Zylon fabric DE
t is not very sensitive to the thickness,

contrary to the plain concrete and PP specimens where an in-
crease in thickness changes DE

t values significantly (see Tables 3
and 4). It is important to note that in the velocity range used for
thicker samples (3.81 cm) the concrete itself was able to absorb
almost all the kinetic energy and the only effect of the fabric in
protected samples was to catch the debris. However, for thinner
samples the fabric absorbed some of the impact energy as well.

4.3. Penetration depth

Tables 3 and 4 show the calculated penetration depth ( xd),
scabbing thickness (hs) and perforation thickness (he) for our
tests based on the NDRC approach. Penetration depth is cal-
culated from Eq. (1), and its value used to determine the scab-
bing and perforation thickness (Eq. (2)). It should be noted that
the perforation and scabbing formulas are valid for any thick-
ness, but the penetration depth formulas were derived for thick
panels. However, they are commonly used for thickness com-
parable to our test specimens [14], and are utilized in this study
Fig. 13. Variation of perforation thickness vs. impact velocity for different
empirical formulas.
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to predict penetration. For our thickness, scabbing is inevitable
as indicated in Tables 3 and 4 {if tbhs⇒scabbing}. For the
panels protected by fabric, scabbing develops in the concrete,
but the fabric is capable of holding the debris. The models are
also able to predict the values of the perforation thickness for
plain concrete panels {if tNhe⇒(PL or PB) e.g., PC7–PC9}.
For samples protected by fabric, even though the concrete is
perforated, the perforation cannot be predicted because the
fabric catches the debris and the projectile.

Figs. 12 and 13 present the theoretical results for penetration
depth and perforation thickness, using methods in Table 1 for
plain concrete panels of 34 MPa compressive strengths, and a
projectile of 34 g. By using our velocities, we can check if these
models provide reasonable predictions of our experimental
results. Based on post-test observations the crater regime is
observed when x/db2 [23]. According to Fig. 12 using our
experimental velocities for 2.54-cm-thick plain concrete panels
(ranging from 72 m/s to 100 m/s) this is indeed the case. The
NDRC method provides the average x

d value when compared to
all other methods for velocities below 120 m/s. As an example,
in PC7–PC9 the average velocity is 82 m/s. Hence using this
velocity the predicted x/d is approximately 0.7 (Fig. 12) and the
predicted penetration depth x is 0.89 cm for the projectile diam-
eter (1.27 cm) used in our tests, and this result agrees with our
experimental results (i.e., no penetration observed for PC7–PC9).

Also, for perforation thickness, Fig. 13 yields a value less
than 2.54 cm for the same samples mentioned above, which
predicts that our samples will not perforate, as observed
experimentally. Also, the results from three perforated panels
(PC3–PC5) are depicted in Fig. 13. As observed, these points
are close to the NDRC predictions. However, these figures are
only practical for plain concrete, since Zylon fabric and PP
fabric loosely bonded to the back face of concrete panels
successfully prevent perforation.

5. Conclusion

In this paper, experiments were performed to analyze the
impact response of concrete panels of different thickness
protected by either PP or Zylon fabric. It was found that the
thickness of concrete panels has a significant effect on
penetration resistance. All targets were able to absorb most of
the kinetic energy of the projectiles in our tests. Moreover, in the
case of samples protected by fabric, they can effectively catch
the debris and hold the scabbed crater from the back face of the
targets. Furthermore, PP fabric loosely bonded to the back face
was more effective in absorbing the impact energy. Panels
protected by Zylon fabric, either on one side or both sided,
exhibit a higher energy absorbing capacity compared to plain
concrete panels. An upper and lower bound were proposed for
DE
t values for plain concrete samples and concrete panels with

Zylon. However, these bounds were not attainable for the
concrete protected by the PP fabric. For this type of fabric, the
extent of bond to the concrete sample plays an important role in
the amount of energy absorbed, so it was not possible to set a
bound for DE

t . NDRC method predictions match our results for
plain concrete samples. However, the current penetration
formulas are not able to predict the impact parameters for
concrete panels protected by fabric.
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