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CTOXaCTUYHOCTb, 061acTb
HEeOOHO3HaYHbIX pe3ynbLTaTos,
KpvBasi 4acTocTu NpoGuUTHS.

Llenbto gaHHow paboTbl BbINo 3KCnepuMeHTanbHoe nccnegoBaHne ocobeHHOCTen B3anumo-
OeNCTBUSA CcTanbHOro cepuyeckoro yaapHuka ¢ obpasuamu creknonnactuka CTO® TonwmHom
4,6 1 7,3 MM npu ckopocTax BOMM3N COOTBETCTBYIOLUMX BannuctTuyecknx npegenos. Jkcnepu-
MeHTanbHoe vccrefoBaHne Gbino NpoBeaAeHo B ABa dTana. Ha nepeBom atane no pesynbratam
nepBoOK cepumn yaapHbIX UCMbITAHUIA C UCNONb30BaHMEM annpokcumaumm Jlambeprta — [xoHaca
ObINY NOCTPOEHbI GannMMCTUYECKUE KPUBLIE W MONyYeHbl OUEHKU Vs, MpeaernbHbIX CKOpOCTen
npobuTna n Henpobutus. Ha BTopom aTane AnNs KaX4oW TOMLWMHbI cTeknonnactuka 6eina npo-
Be[leHa BTOpasl cepusi UCMbITaHUIA, KOr4a HavarbHYK CKOPOCTb yAapHuWka noabupanu Takum
o6pa3om, 4ToObl OHa Mnonagana B 06nacTb HEOAHO3HAYHbIX PE3YNbTATOB C LENbI NOMyveHus
KpUBbIX YacTtocTu npobutus. Mo pesynbtatam Gonee yem 300 ucnbiTaHWiA GbINO yCTaHOBMEHO,
YTO KpUBbIE 4acTOCTW NpobuTus AnA obpasuoB cTeknonnactuka TonwuHonm 6 u 7,3 MM moryT
ObITb NOMy4YeHbl C NPUMBMEYEHNEM HOPMarbHOIO 3aKoHa pacnpeaeneHusi. Takke 6bINo ycTaHoB-
NEeHOo, YTO OTHOLUEHWE LWWPWUHBI 0BracTM HEeOOQHO3HAYHbIX Pe3ynbTaToB K COOTBETCTBYHLLEWN
oueHke Vs, Anst obpasuoB ABYX TOMWMH COCTaBUIO OKOMO 4 %, YTO 3HAYUTENbHO HKe
pa3bpoca NPOYHOCTHLIX XapakTepuctuk obpasuoB CTIO®, nonyyeHHbIX NpU KBa3UCTaTUYECKUX

NCNbITaAHUAX.

Introduction

Fibre-reinforced plastics based on high-strength syn-
thetic fibres are used in many industries as a structural ma-
terial. In some cases, a composite structure can be subject
not only to static/cyclic loading, but also to impact. Under
normal operation conditions, composite structures are most
often subjected to low-velocity impacts (hail, tool drop,
gravel from vehicle wheels, impacts from auxiliary equip-
ment, birds, etc.). Similar phenomena often occur during the
operation of aircraft, wind generators, ship elements and
bridge elements [1—4]. To provide further safe operation of
composite structures, there are requirements for the residual
static strength of composites in the presence of impact damag-
es. In cases related to emergency situations, where the re-
quirements for ensuring the integrity/tightness of the structure
are imposed, the tasks of high-velocity impact interactions are
also widespread [5-10]. For example, fragments formed by
rotor blades fracture must be localized by the aircraft engine
protective case to prevent the fuselage damage [5]. To date, a
plenty of studies have been published on the experimental and
computational analysis of the composite material impact load-
ing features among which several review works [11-16] can be
highlighted that quite fully reflect and structure the accumulat-
ed experience in this field.

Despite the large number of publications devoted to
FRPs impact loading, there are almost no works on the ran-
dom nature of the perforation process of the layered compo-
sites under high-velocity impact. When a projectile interacts
with a target, there are two outcomes that indicate the target
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damage, and they are perforation or non-perforation (failure
or resistance) [17; 18]. It is believed that at each projectile
velocity V; the target behaviour has a binary result (response)
U, where U=1 if perforation takes place and U=0 if no perfora-
tion occurs. There is also a zone of mixed results (ZMR),
which is characterized by two limit velocities ¥y and Vigo.
When using a probabilistic approach, Vj determines the projec-
tile velocity, corresponding to the zero probability of target
perforation, and Voo determines the upper limit of the zone of
mixed results and corresponds to the velocity at which the tar-
get is perforated with a 100 % probability.

When designing composite structures that can be sub-
ject to high-velocity impact, engineers are faced with the
task of determining rational configurations of composite
targets that would guarantee no perforation over the entire
expected operating range of projectile velocities [19; 20]. In
[19], using a simple protective barrier consisting of one
steel plate as an example, it is presented that the solution to
this problem comes down to determining the thickness of
the plate for which the value V5o will exceed the design ve-
locity Vp by a certain amount. Figure 1 shows the depend-
ence of target perforation probability on the initial projectile
velocity. The average value of projectile velocity in the
zone of mixed results is Vs (the projectile velocity at which
the probability of target perforation is 50 %), and the stand-
ard deviation ¢ characterizes the width of the zone of mixed
results. Velocity V) is calculated based on the results of bal-
listic limit tests. The permissible design velocity /b must be
lower than ¥ by the design tolerance value A. In fact, the
value of A is determined by the standard safety factor [19;
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20]. Thus, when designing a structure, the value of the per-
missible velocity Vp is lower than the value Vp, then this
configuration excludes the possibility of target perforation
in a given operating range of projectile velocities. For sim-
ple structures consisting of, for example, a single steel plate,
the width of the zone of mixed results can be quite narrow
and amount to about 5 m/s. However, for more complex
structures (multilayer and heterogeneous), which include
structural composites, the width of ZMR can be several tens
of meters per second [19].

4

T

1

Estimated value

from ballistic tests A- safety factor

Design velocity

Target perforation probability, P

Estimated value ¥/,
from ballistic tests
A /
P=0
A |4 ¥,

Projectile velocity, V'

Fig. 1. Perforation probability vs projectile velocity

The works [21-27] present various approaches to pro-
cessing experimental data to obtain estimates of Vo, Vso and
Vioo. Unfortunately, it was not possible to find in open
sources any estimates of the zone of mixed results width for
FRPs, as well as data on the influence of target thickness on
it. Meanwhile, this information is extremely important when
constructing computational models of deformation and frac-
ture of a composite under high-velocity impact, since ballis-
tic curves are used to verify their parameters [28].

This paper presents an experimental study on the fea-
tures of the impact interaction of a steel spherical projectile
with GFRP specimens with the thicknesses of 4 mm, 6 mm,
and 7.3 mm at the velocities near the corresponding ballistic
limits. The experimental study was carried out in two stag-
es. At the first stage, based on the results of the first series
of impact tests using the Lambert-Jonas approximation [27],
ballistic curves and estimates of V5o, maximum perforation
and non-perforation velocities were obtained for each thick-
ness of specimens. At the second stage, another series of
tests for each thickness of specimens, when the initial pro-
jectile velocity was selected so that it fell into the zone of
mixed results was carried out in order to obtain perforation
frequency curves. Based on the results of more than 300
impact tests, estimates of the zone of mixed results width
were obtained, which can later be used by engineers and
designers when creating critical structures potentially sub-

jected to impact loading during operation.

Chronograph

Barrel

Fig. 2. The powder gun stand for ballistic tests

1. Material, specimens and methods

1.1. Material

Commercially available glass fibre-reinforced plastic
«STEF» (JSC Elektroizolit) with a nominal thickness of 4
mm (4.1 £ 0.07) and 6 mm (6.1 + 0.05 mm) based on a hot-
curing epoxyphenol matrix was used as material for the
research. Plain weave glass fabric (E-glass) was used as a
reinforcement in the composite. The number of reinforcing
filler layers in the composite was 20 and 30 for thicknesses
of 4 and 6 mm, respectively. The material density was 1.77—
1.79 g/cm?®. The fibre volume fraction in the material was
determined by the burning method and was 42 % for both
thicknesses. Tests were also carried out on specimens with a

thickness of 7.3+0.05 mm, in which two types of glass fab-
ric plain weave with different areal densities were used as
reinforcement. The total number of reinforcement layers
was 28. The material density was 1.83 g/cm® in this case,
and the fibre volume fraction was 44 %. The elastic and
strength characteristics of the material used in the research
can be found in [29].

1.2. Ballistic tests procedure

A powder gun stand was used to perform ballistic tests
[30] (fig. 2). Specimens with dimensions in the plane of 100
mmx140 mm (wxh) were cut from a large GFRP plate of
corresponding thickness. A steel sphere with the diameter of
6.35 mm and the mass of 1.05 g was used as the projectile.
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Standard mounting cartridges were used as the energy
source. The initial projectile velocity was controlled by var-
ying the amount of gunpowder in the cartridge.

The initial projectile velocity was determined at the bar-
rel cut using an optical chronograph. To estimate the residu-
al projectile velocity, a frictional trap with a weight of 665 g
was used. Compacted aramid fabric was used as a filler to
the frictional trap.

The projectile/trap interaction was considered absolute-
ly inelastic. The coefficient of sliding friction f'between the
trap and the rail was determined experimentally and was
0.27. The residual projectile velocity was determined using
a formula based on the laws of conservation of energy and
momentum

V(S)=[1+£]J2gf S. (1)
m

P

In formula (1) S is the sliding distance after the projec-
tile and debris hit the trap, mp is the projectile mass (includ-
ing debris mass), M is the mass of the trap, and g is the ac-
celeration of gravity.

The specimen prepared for testing was fixed on one
side in a vice grip (Fig. 3). A shot was fired after installing
the specimen.

Impact point

./

140 mm

65 mm

Fixed support

20 mm

100 mm

Fig. 3. Specimen fastening scheme

To approximate experimental points and obtain ballistic
curves, the Lambert-Jonas equation was used [27]

0if V., <V,
K:{ fl 50

2
A=V iV, 2y, ©

where A, Vso and m are three regression parameters, V, and
V;are residual and initial projectile velocities, respectively.
It was decided to perform ballistic tests in two stages. At
the first stage, ballistic curves were obtained based on the test
results of at least 20 specimens of each thickness using the
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Lambert — Jonas approximation. Initial estimates of Vs and
the maximum perforation and non-perforation velocities were
also obtained for GFRP specimens of three thicknesses. At
the second stage, a series of tests was carried out for GFRP
specimens of each thickness, in which the initial projectile
velocity was selected so that it fell into the zone of mixed
results to obtain perforation frequency curves.

1.3. Processing of results

To obtain a perforation probability curve (perforation
frequency) near Vs, the result of the target/projectile inter-
action at various impact velocities was considered as a bina-
ry value U, where U=1 if perforation took place, and U=0 if
no perforation occurred. Assuming that the initial projectile
velocity near the ballistic limit was a random variable, and
it followed the normal distribution law, the value of V5o for
specimens of each thickness was determined as the arithme-
tic mean of the limit velocities ¥y and V0. For the consid-
ered range of projectile velocities (ZMR), the value of Vs
was also the mathematical expectation p. The standard de-
viation (SD or ), in this case, determined the zone of mixed
results width.

To test the hypothesis about the normality of the initial
projectile velocity distribution near Vso, the considered ve-
locity range was divided into 7 intervals with a step of
3 m/s. At each interval, the relative probability of perfora-
tion/non-perforation was determined. It should be noted that
it is necessary to relate the number of perforations to the
number of shots fired in the ZMR in the Vy—Vso range, and
the number of non-perforations to the number of tests in the
ZMR in the Vso—Vigo range. This action is explained by the
fact that the value of V5o represents the velocity at which an
equally probable outcome of the binary target/projectile
interaction is possible. As the velocity shifts from Vs to-
wards ¥y, the probability of perforation decreases, and as it
shifts towards Vi, the probability of non-perforation de-
creases. The hypothesis, that the random variable under
consideration followed the normal distribution law, was
tested using the % (Chi-square) goodness-of-fit criterion

xczr =Xfr ((l,k),

\2
L a(n-n) 3
X _Z n; 5

i=1

where n, are relative probabilities values of perfora-
tion/non-perforation obtained from the experiments;

n. are relative probabilities values of perforation/non-
perforation obtained from the theoretical distribution;

a is significance level,

k=m—-r—1 is degrees of freedom number of Chi-
square distribution.

By integrating the probability density function, perfora-
tion probability curves for GFRP specimens near Vs were
obtained.
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2. Results and discussion
2.1. Ballistic curves

The values of parameters 4, m and Vs, (2) for each type
of specimen were determined using the least squares meth-
od and are presented in Table 1. Figure 4 shows the ob-
tained ballistic curves for each specimen thickness with
actual test measurements plotted.

Table 1
Lambert — Jonas approximation parameters
Thickness, mm A m Vs0, m/s
4.0 0.825 2.171 280
6.0 0.893 1.962 399
7.3 0.843 1.893 465

The obtained estimates of the ballistic limit for the con-
sidered configuration of GFRP specimens with thicknesses
of 4 mm, 6 mm and 7.3 mm were 280 m/s, 399 m/s and
465 m/s, respectively.

Figure 5 shows zones of mixed results (fragments of bal-
listic curves near Vsp) for specimens of three thicknesses with
the limit values of the initial projectile velocities plotted.

When determining the zone of mixed results width for
GFRP specimens with a thickness of 4 mm, the maximum
non-perforation velocity 7y and the minimum perforation
velocity Vigo observed in the experiment were taken as the
limit velocities Vo and Vigo as a first approximation. For
specimens with a thickness of 6 mm, the maximum non-
perforation velocity was taken as Vo, and the velocity of 403
m/s was taken as Vigo, since at a lower velocity both perfo-
ration and non-perforation of the specimen were observed.

800

Similarly, for specimens with a thickness of 7.3 mm, the
maximum non-perforation velocity was taken as ¥y, and the
velocity of 486 m/s was chosen as V.

At the second stage of ballistic tests, the energy of the
mounting cartridge was selected in such a way that the ini-
tial projectile velocity fell into the zone of mixed results. At
least 70 tests were carried out for each thickness of GFRP
specimens.

Based on the results of a new tests series, the estimation
of Vso was refined, the width of the ZMR was adjusted, and
new values of the velocities 7y and V190 were obtained for
specimens with a thickness of 4 mm. The refined Vs esti-
mation was 275 m/s. The limit ZMR velocities ¥y and Vg
were 271 m/s and 279 m/s, respectively (Fig. 6). The ad-
justed zone of mixed results width was 9 m/s.

2.2. Perforation stochasticity of 4 mm thick
GFRP specimens

It should be noted that in the case of perforation, there
was a significant scatter in the residual projectile velocities
(up to + 25 m/s) relative to the ballistic curve approxima-
tion. As the initial projectile velocity increased, the discrep-
ancy between the experimental points and the approxima-
tion decreased. The observed scatter in the residual projec-
tile velocities may be a consequence of the random nature
of the material fracture on the specimen back side and the
acceleration of the specimen debris.

It is also worth noting that constructing a perforation
frequency curve with such a small ZMR width (less than
3% of the Vs value) is devoid of practical meaning. Shift-
ing the permissible design velocity Vp [19] by 5 % of the
Vs estimation eliminates the possibility of perforation.

4 mm — Fit curve

B B B4 mm — Experimental points
6 mm — Fit curve

E B B 6 mm — Experimental points
7.3 mm — Fit curve

600

- Without target

B B B 7.3 mm — Experimental points

400

Residual projectile velocity, m/s

200

0 200 400

600 800 900

Initial projectile velocity, m/s

Fig. 4. Ballistic curves (Lambert — Jonas approximation) for GFRP specimens of three thicknesses
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Fig. 5. Zones of mixed results for three thicknesses of GFRP specimens
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300
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Initial projectile velocity, m/s

Fig. 6. Refined ZMR width for GFRP specimens with a thickness of 4 mm

340

Table 2
Refined values of V5o estimation and ZMR limit velocities
Thickness, mm Vs0, m/s Vo, m/s V100, m/s ZMR width, m/s
6.0 401 394 408 15
73 463 457 471 15

2.3. Perforation stochasticity of GFRP specimens

with the thickness of 6 mm and 7.3 mm

For GFRP specimens with a thickness of 6 mm and
7.3 mm, the Vsy estimations were also refined, the ZMR
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widths were adjusted, and new values of the velocities V)

and Vipo were obtained (Table 2). Figure 7 shows the
fragments of ballistic curves in the vicinity of Vs with

plotted limit ZMR velocities for GFRP specimens of two
thicknesses.
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Fig. 7. Refined ZMR width for GFRP specimens with a thickness of 6 mm and 7.3 mm

The presented figure shows that as the target thickness
increased, the scatter of the residual projectile velocity
near Vs, increased. For specimens with a thickness
of 6 mm, a scatter of residual projectile velocities near Vso
was up to = 35 m/s, while for specimens with a thickness
of 7.3 mm the scatter of residual projectile velocities
was up to £ 60 m/s.

For the considered GFRP specimens of two thickness-
es, the zone of mixed results width was 15 m/s. The ratio
of the ZMR widths to the corresponding Vso values for
specimens with nominal thicknesses of 6 mm and 7.3 mm
did not exceed 4 %, which was significantly less than the
scatter in the strength properties of the considered
GFRP [29].

Figure 8 shows the results of the GFRP specimens
6 mm and 7.3 mm thick interaction with projectile at vari-
ous impact velocities near the corresponding V.

Assuming that the initial projectile velocity near the
ballistic limit was a random variable, and it followed the
normal distribution law, the value of V5o for the specimens
6 mm thick was obtained as the arithmetic mean of the ve-
locities Vo and Vipp and was 401 m/s. The mathematical
expectation p determined for the specimens with a thickness
of 7.3 mm was 463 m/s. The standard deviation, in fact de-
termining the width of ZMR, was 4.59 m/s and 4.62 m/s for
GFRP specimens with actual thicknesses of 6 mm and
7.3 mm, respectively.

Figure 9 shows the calculated and experimental distri-
bution density functions of a random variable for GFRP
specimens of two thicknesses. The hypothesis that the ran-
dom variable under consideration followed the normal dis-

tribution law was tested using the 2 (Chi-square) goodness-
of-fit criterion.
In accordance with (3)

1 (0,99;4) =0,297;
Xf(zé mm) = O’ 038 < Xczr’

s mm = 0113 <00,

It was established that the variable under consideration
followed the normal distribution law. Therefore, the proba-
bility (frequency) curve of GFRP specimens’ perforation of
two thicknesses can be described using normal probability
distribution law.

Figure 10 shows the obtained perforation probability
curves for GFRP specimens of two thicknesses with corre-
sponding 2c ranges.

The data on the ZMR width and perforation probability
curve will be used in the future work dedicated to numerical
analysis of GFRP perforation stochasticity under high-
velocity impact. It is planned to conduct computational
studies on the influence of material properties scatter on the
energy absorption of the composite at impact velocities near
the ballistic limit.

Conclusions
This paper presented the results of the experimental
study on the steel sphere projectile interaction with GFRP

specimens of three thicknesses at impact velocities near the
corresponding ballistic limits, and the widths of the zones of
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mixed results were obtained. For GFRP specimens with
a thickness of 6 mm and 7.3 mm, the corresponding perfora-
tion probability curves were obtained using the normal dis-
tribution law. It was found that for GFRP specimens of
three thicknesses considered, the ratio of the zone of mixed
results width (in the 2c range) to the corresponding Vs es-
timation was about 4 %. Thus, the scatter in determination
of the maximum projectile velocity, corresponding to the

zero probability of specimen perforation V5, is less than the
scatter of strength characteristics of GFRP specimens ob-
tained during static tests. The data obtained can be used by
engineers and designers to select a rational value for the
safety factor when developing critical structures, as well as
when planning similar experimental studies. Moreover, the
width of zone of mixed results can be considered as a char-
acteristic of the quality of material production.
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®duHaHcupoBaHHe. VccaenoBanue HE UMEIIO CIIOHCOPCKOM MOAAEPHKKH.
KoHpaukT HHTEpECcOoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHU KOH(INKTa HHTEPECOB.

Bk1ag aBTOPOB paBHOLIEHEH.
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