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Experimental and theoretical behavior of cementitious plates
containing ethylene vinyl acetate reinforced with glass woven
fabric under impact load
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The paper is an analysis of the experimental and theoretical behavior of cementitious plate containing waste ethylene
vinyl acetate (EVA) with and without reinforcement with glass fiber woven fabric (GFRP) under low-velocity impact load
effect. Cementitious plates of 150 mm x 150 mm size and three different thicknesses (15 mm, 30 mm, 50 mm) are produced
by replacing the cement mixture aggregate with EVA at 0%, 18%, 32%, 45%, and 56% by volume of aggregate. Then, the
cementitious plates are coated with GFRP using vacuum infusion method. The effect of EVA and GRFP coatings on the dynamic
impact behavior of cementitious plates is investigated by applying a low-velocity impact test on the produced cementitious
plates with an impactor of 18 mm diameter, 10.50 kg weight, and 500 mm height. The data obtained from the experimental
results are analyzed based on the mass-plate theory, lightweight (LWC) and normal weight (NWC) concrete, and the consistency
of the theoretical results with the experimental results is compared. It has been determined that the use of NWC is more suitable
for cementitious plates with an EVA replacement rate in the range of 0-32%, while the use of LWC offers more optimum
results if the EVA ratio is in the range of 32-56%. Especially when the EVA displacement exceeds 32%, it causes excessive
void formation in the structure, resulting in a reduction in the dynamic impact loads of cementitious plates. GFRP coating with
vacuum infusion method is not recommended for cementitious plate structures when the EVA replacement rate exceeds 32%
by volume of aggregate.
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1. Introduction must be at least 40% of the calculated penetration
depth for an undeformed missile. Adhikardy et al.,
[3] along with interpreting the results of the au-
thors’ previous test data, examined the transforma-
tion of the failure mode from bending failure under
static loading to shear failure under impact load,
and highlighted several issues regarding the im-
pact response of beams. Yoo and Banthia [4] have
made a review study on the impact strength of fiber-
reinforced concrete. They suggested combinations
of fiber types to increase impact resistance. For this
purpose, it is of great importance to develop con-
crete structural elements that will provide better re-
sistance against overload conditions and to exam-
ine the dynamic impact behaviors of these struc-
tures.

Today, concrete is one of the most used building
materials, with high strength, durability, longevity,
and resilience [1]. In recent years, various unex-
pected structural collapses have occurred in rein-
forced concrete structures. Various overload condi-
tions such as impacts, explosions, and earthquakes
often cause structural damage or even collapse in
concrete structures. In order to reduce such dam-
ages, studies on the structural design of concrete
structures to withstand the impact load have in-
creased day by day. Kennedy [2] reviewed the var-
ious empirical procedures used to determine pen-
etration depth, perforation thickness, and scabbing
thickness for concrete targets subjected to “hard”
missile impact. It concluded that for projectile de-
formation to have a significant effect on perfora-
tion and scabbing thicknesses, missile deformation

In concrete production, sand and gravel (natu-
ral aggregate) sources or building materials such
as polymers, ceramics, or waste materials obtained
" E-mail: nurullah karaca@iste.edu.tr from them (synthetic aggregate) are used. Senthil
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Vadivel et al. [5] investigated the behavior of plain
cement concrete and waste tire rubber aggregate
concrete for impact loads under the effect of a steel
ball drop weight. They stated that waste tire rub-
ber aggregate, in which both fine and coarse aggre-
gates are replaced by 6% rubber aggregates, signif-
icantly improves the impact resistance and ductil-
ity properties of concrete. Alwesabi et al. [6] in-
vestigated the effect of hybridization of polypropy-
lene fiber and steel fiber on the fracture proper-
ties of plain and rubberized concrete (derived from
waste tire) to determine the optimized blend ratio
of fibers. They reported that concrete compressive
and tensile strengths decrease due to crumb rubber
change, but increase with hybrid (0.1% polypropy-
lene, 0.9% steel) fiber mixture. Ismail and Al-
Hashmi [7] investigated the use of waste plastic
(0%, 10%, 15%, and 20% ratio) instead of sand
in concrete production. They said that by adding
waste plastics to concrete mixes, the propagation
of microcracks is stopped. Factors such as lim-
ited natural resources, damage to the environment
during the extraction of natural aggregates, and
higher cost of natural aggregates have led to the
widespread use of synthetic aggregates. In this con-
text, the use of recycled concrete aggregates as a
complete or partial replacement for natural aggre-
gates is of great importance in terms of sustainabil-
ity, economy, and environmental impact. Makul et
al. [8] investigated the development and capacity
of practical applications of recycled aggregate con-
crete in Southeast Asia. They said that much needs
to be learned about the activities and operations
of construction and building waste to be effective
towards the development of sustainable, durable,
cost-effective, green concrete using recycled aggre-
gates. Also, Makul et al. [9] presented a critical re-
view of recycled concrete aggregates for the pro-
duction of high-performance concrete structures.
They reported that, depending on the source and
type of recycled aggregate, it has a possible use in
the production of high-performance structural con-
crete and can be used safely. Ethylene vinyl acetate
(EVA) is one of the important synthetic polymers.
EVA is a copolymer material; it is a waste mate-
rial that cannot be reprocessed due to its chemical
properties, occupies a significant volume due to its

low density, and is difficult to dispose of in land-
fills, but has fire retardant properties, provides flex-
ibility and sound insulation, and can be used as a
substitute material in composite structures due to
its low cost [10-13].

Based on a perusal of the literature, it can be in-
ferred that when EVA is used in the concrete mix-
ture, it increases the ductility and sound absorption
capacity of the concrete. Lima et al. [14] investi-
gated the effect of using two types of recycled ag-
gregates from demolition and EVA waste as a sub-
stitute for natural coarse aggregates on the density,
compressive strength, tensile splitting strength, and
flexural behavior of recycled concrete. They re-
ported that it is possible to use EVA and demoli-
tion waste to produce lightweight concrete (LWC)
with semi-structural properties. Zuchetto et al. [15]
investigated a cementitious flooring material used
in floating floor systems made from recycled poly-
mer EVA. The proposed material exhibits satisfac-
tory acoustic properties and low mass per unit area
compared to conventionally used materials and has
great potential for use as the floating flooring ma-
terial. In addition, it is observed that alternative ap-
plication areas for the use of waste material EVA
have been studied [12]. However, there are still de-
bates on the effectiveness of the use of recycled
EVA granules in concrete production, due to the
decrease in especially mechanical properties and
strength [14, 15].

Recently, there has been great interest in the
impact behavior and engineering properties of
fiber-reinforced concretes. This is because fiber-
reinforced concrete behaves more ductile than con-
ventional concrete [4, 6]. Various fibers such as
metallic, glass, and synthetic polymer fibers are
used as reinforcement elements in concrete struc-
tures. Magbool and Zeyad [16] studied the ef-
fect of the inclusion of volcanic pumice powder
and various steel fibers on the fracture toughness
parameters of self-compacting concrete. They re-
ported that the steel fiber reduces the fresh con-
crete properties of self-compacting concrete. Bal-
cikanli Bankir and Sevim [17], interactional effects
of four different fiber types (steel, glass, synthetic
and polypropylene), fly ash replacement ratio with
cement, electric arc furnace slag replacement ra-
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tio with natural aggregate and binder dosage on the
mechanical properties of hybrid fiber concrete have
been studied. Analysis of variance was performed
using experimental test results and regression mod-
els were obtained. They have been suggested that
the optimum combination, optimizing the depen-
dent variables.

Glass/carbon-fiber—reinforced polymer
(GFRP/CFRP) have found more widespread
use in engineering applications compared to
other reinforcement elements due to their high
strength/weight ratio and high corrosion resistance.
Similarly, fibers used in cementitious matrices
increase the properties of concrete such as tensile
and flexural strength, impact resistance, and
fracture energy. Anil et al. [18] investigated the
behavior of reinforced concrete slabs under impact
load with four different support arrangements
for both fixed and articulated support conditions.
They also created a finite element model. They
reported that the type of support and their place-
ment had a significant effect on the behavior
of reinforced concrete slabs when subjected to
impact loads. They further reported that the finite
element analysis results would be useful in terms
of providing an idea about the impact capacity
and behavior of reinforced concrete slabs at the
design stage. Mubin et al. [19] reviewed previous
research on experimental and numerical studies on
the impact behavior of fiber-reinforced polymer
strips reinforced concrete slabs with various strip
arrangements. They reported that the experimen-
tal results significantly improved the diagonal
two-way arrangement of the fiber-reinforced
polymer strips externally bonded on the bottom
surface of the reinforced concrete slabs and the
impact strength of the applied four hinge supports.
Composite structures are formed by adding fibers
to the structure by methods such as hand lay-up,
filament winding, compressing molding, spray-up,
or vacuum infusion. Although the vacuum infusion
method [20] is a more costly production method
than other methods, it is preferred in composite
structures [21] due to its advantages such as homo-
geneous distribution of reinforcement elements in
the structures, lower void ratio, repeatability, and
higher mechanical properties [22].

However, a study using the vacuum infusion
method in concrete structures has not been found in
the open literature. Thus, in this study, GFRP coat-
ing is applied using the vacuum infusion method
in order to improve the impact resistance of ce-
mentitious plates containing EVA. Then, the force-
time graphs are obtained by exposing the samples
to the low-velocity impact test, and the effect of
EVA contribution and CRFP coating is examined
by calculating the peak impact forces with the help
of the mass-plate theory.

2. [Experimental study

The experimental study involves production of
cementitious plates in four different situations,
namely plain cementitious plates, cementitious
plates coated with GFRP, cementitious plates con-
taining different proportions of EVA (18%, 32%,
45%, and 56% by volume of aggregate), and ce-
mentitious plates coated with GFRP containing
EVA (18%, 32%, 45%, and 56% by volume of ag-
gregate).

The samples are produced in the form of
plates and beams, the dimensions of the plates are
150 mm x 150 mm in side length and 15-30-
50 mm in thickness, and the beams are produced
in the size of 160 mm x 40 mm x 40 mm. The
nomenclature of the samples is given in Table 1.

Table 1. Nomenclature of the produced cementitious
plate samples

Plate Replacement ratio of Coating GFRP
designation EVA (by volume)

PC 0 -

L18 18 -

L32 32 -

L45 45 -

L56 56 -

CPC 0 Coated
CL18 18 Coated
CL32 32 Coated
CL45 45 Coated
CL56 56 Coated

EVA, ethylene vinyl acetate; GFRP, glass fiber woven fabric
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2.1.

2.1.1.

In this study, the aim is normal strength con-
crete design. Standard CEM I 42.5 R Portland ce-
ment is used in the production of samples. Master
Glenium SKY 608 coded from the BASF company
material is used as a superplasticizer concrete ad-
mixture. Table 2 shows the properties of cement
and superplasticizer used.

Materials

Cement

2.1.2. Aggregate

In the study, dolomite-limestone origin aggre-
gate, obtained from quarries in the Iskenderun re-
gion of Turkey, is used. Maximum grain size of the
aggregate is 4 mm.

EVA can be found in two forms, solid and lig-
uid. In the study, solid form EVA material ob-
tained from the waste products of materials used
as insoles and insoles in the footwear industry is
used. EVA is produced waste from shoe soles in
Alkan Sole Factory in Antakya Organized Indus-
trial Zone. To ensure that the granulometry of the
EVA material is in the desired dimensions, sieving
is performed on the materials. Then, EVA between
2 mm and 4 mm grain size is added to the mixture
as a substitute in place of aggregate. The properties
of aggregates and replacement EVA are shown in
Table 2.

Table 2. Properties of the materials that make up ce-
mentitious plates

Materials Properties Type
Cement Density: Type 1 blane
3.15 (g/lem’)  fineness:
3,250 (kg/mz)
Aggregates Density: Sand 4 mm
2.6 (g/em?)
EVA Density: 2-4 mm
0.55 (g/cm?)
Water Potable
Superplasticizer Specific Polycarboxylic
gravity ether based
(20°C):
1.069-1.109
(ke/)

EVA, ethylene vinyl acetate

2.1.3. Glass fiber woven fabric

Glass fiber woven fabric (GFRP) with a density
of 600 g/m? and an orientation angle of 0/90 is used
as the coating material. The properties of glass fiber
woven fabric are given in Table 3 (provided by the
manufacturer).

Table 3. Properties of glass fiber woven fabric

Fiber type Woven fabric (g/m?)
Areal weight 600 g (£5%)
Style/Pattern Biax 0-90 - stitch
Tensile strength 3,500 (MPa)

Tensile modulus 72 (GPa)

2.1.4. Resign epoxy

Hexion brand MGS L160 coded epoxy resin
and H160 coded hardener material is used as matrix
material. The material is commercially available.
Table 4 shows the material properties of epoxy
resin and hardener (provided by the manufacturer).

Table 4. Properties of resin epoxy and resin hardener

L160 H160
Density (g/cm?) 1.13-1.17  0.96-1.00
Viscosity (MPa) 700-900 10-50
Epoxy equivalent 166-182
(g/equivalent)
Epoxy value 0.55-0.60
(value/100 g)
Refractor 1.5480- 1.5200-
index 1.5530 1.5210
Measurement 25°C 25°C
conditions
Flexural strength 110-140
(MPa)
Modulus of elasticity ~ 3.2-3.5
(GPa)
Tensile strength 70-80
(MPa)
Elongation at break 5.0-6.5
(%)
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Table 5. Concrete mix design

Sample | Weight cement | Weight water | Weight plasticizer | Weight aggregate | Weight EVA
(kg) (kg) (kg) (kg) (kg)

PC 507.28 253.64 2.54 1,521.83 0

L18 507.28 253.64 2.54 1,369.65 61.46

L32 507.28 253.64 2.54 1,217.47 122.92

L45 507.28 253.64 2.54 1,065.28 184.38

L56 507.28 253.64 2.54 913.10 245.83

EVA, ethylene vinyl acetate

2.2. Production of test samples

2.2.1.

While the cementitious plate is being produced,
the mixture is prepared in a 3:0.5:1 ratio [23] with
sand-aggregate, water, and cement, respectively, as
the constituents, and mixed with the help of a con-
crete mixer. To improve the workability and flowa-
bility of mortar in molds, a 0.5% superplasticizer
is added during the mixing of the slurry. To al-
low the concrete mixture to penetrate deeply into
the molds, the concrete mixture is rodding with
the help of an iron rod. The produced samples are
retained in the molds for 24 h. The samples are
taken out of the molds after 24 h and cured under
weather conditions. The mixing amounts of the ma-
terials required for cementitious plates’ production
are given in Table 5.

Molding of cementitious plates

2.2.2. Fabrication of GFRP-cementitious
plates with vacuum infusion

In the production using the vacuum infusion
method, glass fiber woven fabric with a density of
600 g/m? and a 00/900 angle orientation is used.
Hexion brand MGS L160 epoxy and H160 coded
hardener is used as matrix material. The process
steps of the vacuum infusion method can be seen
schematically in Figure 1. For the core region of
the coated composite plate, cementitious plates are
used. While producing hybrid composite plates,
they are produced with two glass fiber layers at the
bottom (90°/0°/90°/0°), a cementitious plate layer
in the middle and two layers of glass fiber woven
fabric at the top (0°/90°/0°/90°, Figure 1). The ratio
(f/m) of fiber and matrix materials used for the pro-
duced hybrid composite samples is approximately

Prepare the vacuum ingredients. (Cutting glass fabric, vacuum
bag vs.)

J

Prepare the sample for vacuum infusion (Moulding)

Operate the system. (There should be no air leaks in the
system.)

¥

Mixing epoxy system throughly for 3 mins (Resin:
Hardener=100:25 by mass)

Rz

Give the resin to the system.

7

Curing the specimens under room temperate at least 24 hours.

S

Turn off the system and demoulding of the sample.

Sample

Infusion
Mesh \

Vacuum
Bag Spiral
Horse

Peel Ply
\ Vacuum

Sealant Tape Blanket

GFRC 90°

Fig. 1. Processes of vacuum infusion
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60% by weight. For matrix materials, epoxy MGS
L160 and hardener H160 are mixed in the mass ra-
tio of 100:25. The curing is carried out at room tem-
perature for 24 h under a pressure of 0.35 MPa.

2.2.3. Compressive and drop weight impact
test

The compression test is applied to the pro-
duced cementitious beam samples with dimensions
of 160 mm x 40 mm x 40 mm, in accordance with
the ASTM C349-02 [24] standard, on the 28th day
(Figure 2A).

An INSTRON brand CEAST 9350 model im-
pact test device is used for the low-velocity im-
pact tests applied to the samples (Figure 2B). The
samples are impacted with a hemispherical steel
impactor tup of 18 mm diameter with a mass of
10.5 kg. The plate samples are exposed to impact
with the help of an object released from a height
of 500 mm. All experiments are conducted at room
temperature and the type of support is a four-sided
sliding bearing.

(A) B)

Fig. 2. Test machine (A) compressive strength (B) low-
velocity impact

3. Results and discussion
3.1.

The workability decreased with the incorpora-
tion of EVA into cementitious slabs. Superplasti-
cizer is added to restore workability. The results are
in good agreement with those reported in a previ-

Densities

2500

2250 - -
a
£ 2000 1
o
< .
£ 1750 T~
‘©
3
=
‘e 1500
=]
"
1250 - \
"
1000 T T T T T
0 (PC) 18 32 45 56
Uncoated samples by EVA replacement ratio (%)
(A)
2500
2250 - -
"1
— \I
"«
£ 2000
o
=
=
5 1750 -
[
H \
-
*E 1500 4 "
=]
1250
1000 T T T

0 (CIPC) 18 32 45 56
Coated samples by EVA replacement ratio (%)

B)

Fig. 3. Unit weight changes of cementitious samples
depending on (A) EVA replacement ratio by vol-
ume (B) EVA replacement ratio by volume and
GFRP coating process. EVA, ethylene vinyl ac-
etate; GFRP, glass fiber woven fabric

ous study [15]. Figure 3 shows the unit weight val-
ues of the samples depending on the EVA replace-
ment. As shown in Figure 3A, with the increase of
EVA replacement, a decrease is determined in the
unit weight values of the samples compared to the
control concrete, and this decreased value is in the
range of 17-46%, which is consistent with the re-
sults of studies in the literature [14, 15]. Lima et
al. [14] stated that with EVA replacement in the
range of 50%, the unit weight values of concrete
decreased in the range of 92%, while Zuchetto et al.
[15] determined a decrease of 5—-63% in concrete
unit weight values with 0-100% EVA replacement.
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The fact that the data obtained in our current study
are close to those provided in Strong’s study [20]
but slightly different from those in Lima et al.
[20] can be attributed to two reasons, namely the
EVA replacement rate and the EVA particle size
employed in the experiments conducted as part of
these studies. The first of these, as seen in our study,
caused excessive void formation in concrete struc-
tures when the EVA replacement exceeded 32%.
The other is that due to the smaller particle size,
the EVA admixture is mixed more homogeneously
in the concrete content while reducing the amount
of space in the structure of the concrete and increas-
ing the concrete unit weight value. On the other
hand, there is a normal decrease in unit weights
of GFRP-coated plate samples up to samples con-
taining 32% replacement EVA. (Figure 3B). The
decrease in sample unit weight is more noticeable
after the percentage of replacement EVA exceeds
32%. This is because of the amount of gap between
the EVA and cement matrix. On the other hand, it is
determined that the GFRP coating exhibited a grad-
ual decrease in the concrete unit weight values up
to 32% replacement rate due to the increase in the
EVA additive, while it showed a dramatic decrease
after 32% (Figure 3B). The reason for this is that
epoxy can be absorbed in the range of 10-15% due
to the reasonable level of void ratios in the concrete
up to 32% EVA replacement ratio, while in cases
the EVA replacement ratio exceeds 32%, depend-
ing on the excessively increased amount of voids
in the concrete structure, the epoxy absorption of
the concrete may be increase its efficiency up to
30—40% range [25].

3.2. Static test results

Compressive strength values obtained from
EVA-replaced and GFRP-coated samples after
EVA replacement, which are subjected to the com-
pressive strength test according to ASTM C349-02
[24] standard, are shown in Figure 4.

As seen in Figure 4A, it has been deter-
mined that the control cementitious sample pro-
vides higher compressive strength than the EVA-
replaced samples, and this has been reported in
many studies in the literature. Moreover, although

it has been determined that there is an unexcep-
tional decrease in the compressive strength values
due to the increase of EVA replacement, it has also
been determined that the compressive strength val-
ues show a dramatic decrease after 32% EVA re-
placement, and the compressive strength value de-
creases to approximately 1 MPa with 56% EVA re-
placement. This is due to the fact that the density
value (0.55 g/cm3) of the EVA material is lower
than that of the aggregate materials (2.7 g/cm?)
[14, 15].

The GFRP coating process increased the com-
pressive strength values of both the control cemen-
titious sample and all of the EVA-replaced samples
(Figure 4B). This is a result of the mechanical prop-
erties of GFRP-added epoxy being superior to con-
crete [26]. As a matter of fact, in our study, the
control cementitious sample exhibited a compres-
sive strength value of 31.43 MPa, while the GFRP-
coated sample exhibited a compressive strength
value of 42.07 MPa. On the other hand, compres-
sive strength values of EVA-replaced and GFRP-
coated samples are lower than those of the control
cementitious samples. However, the decrease in
compressive strength of EVA-replaced and GFRP-
coated samples is less than that of EVA-replaced
samples. This shows that GFRP coating provides
an improvement in compressive strength to a cer-
tain extent. As a matter of fact, after 32% EVA re-
placement, the compressive strength value in the
EVA-replaced samples without GFRP coating is
found to be in the range of 0—-1 MPa, while the
compressive strength value in the samples that are
GFRP-coated and contain more than 32% EVA is
found to be in the range of 4-23 MPa. In particular,
the 22.91 MPa pressure value detected in the 45%-
EVA-substituted-and-GFRP-added sample is note-
worthy. The increase in the compressive strength
value obtained in the sample with more than 32%
EVA substitute is a result of the filling of the voids
in the structure with resin as a result of the cemen-
titious samples shown in Figure 4C absorbing more
resin.
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3.3. Dynamic test results

The maximum first peak load values of the sam-
ples can be seen in Figure 5. It is clearly seen from
Figure 5 that the maximum load decreases with an
increasing amount of EVA, and the maximum load
increases as the sample thickness increases [19]. It
can be also said that samples coated with GFRP
have a higher load-carrying capacity than uncoated
samples. As the amount of replacement EVA in
concrete increases, the peak impact force value de-
creases. However, when coated with GFRP mate-
rial, the peak impact force values increase signifi-
cantly (Figure 5). This is because the EVA material
creates voids in the concrete content, while reduc-
ing the mechanical properties; on the other hand,
during the GFRP coating process, the voids on the
surface of the cementitious structures can be filled
with resin with higher mechanical properties than
cement. The reason for the limited increase in these
mechanical properties is that the resin penetrates
only the surface of the concrete and cannot reach
the cavities in the interior.
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Fig. 5. Dynamic test results: maximum load for un-
coated and coated plate samples

In Figure 6A-C, force-time curves under the
impact force of samples containing various pro-
portions of EVA are shown. It is observed that the
peak impact force values decrease as the amount of
replacement EVA increases in the plates contain-
ing PC and replacement EVA. Therefore, PC sam-
ples have higher compressive strength than sam-
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ples containing replacement EVA. As the amount
of EVA increases, its compressive strength and im-
pact strength decrease. In addition, the time to peak
in the force-time figure of the samples containing
56% EVA increases.

Depending on the increase of EVA replacement,
a decrease in the peak impact force values occurred
(Figure 6). In addition, as the thickness of the sam-
ples increases, the peak impact force values and the
peak impact time values also increase (Figure 6A—
C). This indicates that the cementitious samples ex-
hibit a more ductile behavior with the increase in
thickness in the samples.

In Figure 7A-C, the force-time curves of the
GFRP-coated samples under the impact force are
seen. As can be seen from an examination of Fig-
ure 7A-C, as the amount of EVA increases, the
peak impact force values decrease. The peak im-
pact force also shifts to the right along with the
time axis. In addition, the peak impact forces ob-
tained for the different EVA ratios of the GFRP-
coated samples are closer to each other than in the
uncoated case. While the samples containing EVA
are coated by the vacuum infusion method, it is
thought that the peak impact force increases due
to resin filling of the pores in the EVA concrete. As
the amount of EVA increases, the amount of pores
increases. Accordingly, the amount of epoxy taken
into the gaps also increases. As the amount of EVA
increases, the ductility of the plate sample also in-
creases. Therefore, it is thought that the time of the
peak impact force formation is shifted to the right
in samples containing EVA.

Considering the force-time curves of the GFRP-
coated samples (Figure 7A—C) compared to the un-
coated samples (Figure 6A—C), an increase is ob-
served in the peak impact values. In addition, it
can be seen that, unlike the uncoated samples (Fig-
ure 6A-C), double peak impact values are mea-
sured in the force-time curves of the GFRP-coated
samples. The increase in the impact peak values
is a result of the effect of the superior mechani-
cal properties of GFRP in improving the mechan-
ical properties of cementitious samples [26]. The
fact that the samples showed a double peak value
(Figure 7A—C) instead of a single peak value (Fig-
ure 6A-C) is a result of the fact that the GFRP-

added epoxy and the cement core structure have
different impact resistance. Double peak pulse (the
hill-pit-hill formation) value can be seen in Mu-
bin et al. [19]. It is stated that it is also observed in
cementitious samples produced by hand lay-up in
Figure 7A-C, and it is stated that the double peak
impact value increased the damping time. On the
other hand, when the thickness change force-time
curves of the EVA substituted GFRP-coated sam-
ples are examined (Figure 7A-C), it is seen that
the peak impact force values decrease with the in-
crease in the EVA replacement ratio as in the un-
coated EVA samples and increase with the increase
in the thickness values of the samples. It is seen
that the peak impact force values are shifted to the
right in the GFRP-coated samples, as in the sam-
ples without GFRP coating. This indicates that the
addition of the EVA replacement to the samples in-
creases the ductility and is unaffected by the GFRP
coating process. Moreover, an increase in thickness
resulted in a more evident hill-pit-hill formation.
This might be attributed to the fact that under ax-
ial impact, the applied force is mainly taken by the
cementitious part of the sample [27].

3.4. Damage views after impact test

The damage appearances of the samples sub-
jected to the low-velocity impact test under 10.5 kg
impact load are shown in Figure 8A-I. As seen in
Figure 8, all uncoated samples have failed after the
applied load of 10.5 kg, except the PC sample with
50 mm thickness. When the failure mechanisms are
examined (Figure 8A, B), it can be seen that the
failure mechanism occurred as thin linear fractures
in the samples without EVA replacement, while it
can be seen that the failure mechanism occurred in
the form of more prominent thick linear fractures
and local dispersions (surrounding impact zone) in
the samples with EVA replaced (Figure 8C-F).

On the other hand, it is seen that linear fracture
did not occur in all of the GFRP-coated samples.
The damage of the samples is limited to only the
impact zone area, and this type of damage is re-
ported by Cheng et al., [28] who named it “whiten-
ing”. The authors defined whitening as the damage
of only the GFRP coating in the structure of the
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Fig. 8. Cementitious samples after impact test; (A) uncoated cementitious control plate (B) uncoated cementitious
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cementitious plates, resultant to the effect of ap-
plied force. The level of stress decreased with the
decrease of deformation; so, whitening formation
tended to decrease with increasing sample thick-
ness (Figure 8G-I). Since the thickness of the mate-
rial increases, the bending strength increases [29].

3.5. Theoretical formulations

Peak impact force is an important parameter
in structures subjected to impact load to evalu-
ate the impact resistance behavior of the materi-

als [30]. In this section, analytical models are used
to approximately forecast the peak impact force
of coated GFRP and uncoated GFRP-cementitious
plates. Coated and uncoated plates are considered
isotropic. In addition, friction and energy losses are
neglected.

The mass-plate effect is modeled as an equiva-
lent system, as shown in Figure 9 [30-32].
The initial velocity of the striker hitting the

plate element is zero (V = 0). The free-falling
striker from the height iy suddenly hits the plate
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R

Fig. 9. Mass-plate impact sketch and equivalent system
(30]

with velocity Vy = v/2ghg. The impactor can be
made simpler, as a spring (contact stiffness k), a
vibration dampener (C), and an impact mass (M).
The peak impact force, Pm, is found according to
Egs (1)—(3) [30, 31].

_ _ —1.053
Pm% (Pms 0.95+Pmd 0'95) (1)
P,s = VovVkM 2)
Pna =CVp (3)

where P, is the value of peak contact force be-
tween the mass-spring system and the rigid plate
and P, is the peak damping force. The damper
viscosity (C) is shown in the following equation:

C = 27°rg\/Ghygmy/5 (4)

where ry is the radius of impact at the center of the
plate under the effect of impact force, ry = 4/2, and
h is the plate thickness. G is the shear modulus of
the plate [30].

Ep

Ty ®

where Ep and . are the modulus of elasticity and
Poisson’s ratio obtained by dynamic tests, respec-
tively; Ay is the shear thickness of a solid plate of
thickness h.(hs = h/1.2); and my is the unit weight
of the surface of the plate.

The contact stiffness k in Eq. (2) is calculated
with the help of Eq. (6), which is the impact model
of the hard spherical impactor.

k = 27Rf, (6)

where R is the distance from the point where the
striker hits the sample to the support and f. is the
dynamic bearing power.

Eqgs (1)—(5) are used for the values in Method 1.
The value of k is calculated with the help of Eq. (6).
Here, f., dynamic bearing power, is calculated by
increasing the static compressive strength by 20%.

The dynamic elasticity module is used in calcu-
lating the shear modulus. The following formulas
are used for the dynamic elasticity calculation [33]:

Eg = 0.97W>\/Uy (7)
Ep = 1.16W?\/Uy (8)
1
v=—[0.16E5 + 20Uy 9)
Eg

where W (kg/m?) is the density of the concrete, Uy
(N/mm?) cubic compressive strength, v Poisson ra-
tio, and E (kN/mm?) concrete elasticity modules.
Here, s index represents static and D index repre-
sents dynamic data.

Eqgs (1)-(6) are used for the values in Method
2. The static elasticity modulus of the samples is
calculated according to ACI 318-95 [34] using the
stress values obtained from the pressure tests. The
Poisson ratio is taken as v = 0.2. While calculating
the shear modulus, the dynamic elasticity module
is used. The following formula is used for Method
2 of dynamic modulus of elasticity (GPa) [35].

Eg = 57000/ f(psi) (10)

Ep=(Es+4.1)/1.04 an
In this theoretical calculation, the values encom-
passed in Method 1 are obtained by using the elas-
ticity modules calculated with the help of the for-
mulation defined for LWC. In Method 2, calcula-
tions are made with the help of known formulas
(Eqgs [1-6]) for standard concretes.
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The data including the comparison of the peak
impact force values calculated with the help of
Method 1 and Method 2 of the GFRP-coated and
uncoated samples and the peak impact force values
obtained from the experimental results are shown
in Figure 10. When Figure 10 is examined, it is
seen that the values obtained from the experimen-
tal studies and the theoretical data largely overlap
with each other. When the cementitious samples
are examined in detail, depending on the modifi-
cation processes, the following conclusions can be
reached.

When the peak impact force graphs of the
coated and uncoated PC samples are examined
(Figure 10A, B), it is seen that the data obtained
based on Method 2 are closer to the experimental
data. Considering the peak impact force graphs of
the coated and uncoated samples with 18% EVA
replacement are examined (Figure 10C, D), it is de-
termined that the peak impact force values obtained
with Method 2 are closer than the experimental
data, as in the samples without EVA replacement
(Figure 10A, B). The reason for this is that the sam-
ples are in the normal weight concrete (NWC) class
[29]. In cases where the EVA replacement rates are
32% (Figure 10E, F), 45% (Figure 10G, H), and
56% (Figure 101, J), the peak impact force values
obtained from Method 1 are closer to the experi-
mental values than those from Method 2. The rea-
son for this is that the cementitious samples pro-
duced with the increasing EVA replacement rate
fall into the LWC from the NWC class. This con-
firms the unit weight graphs shown in Figure 5.

When the Figure 10 are examined, the calcu-
lated peak impact force values are in good agree-
ment with the experimentally obtained peak impact
force values. However, there may be some differ-
ence between the calculated values and the exper-
imental values, depending on the plate thickness,
the amount of replacement EVA, and the amount
of epoxy resin. It is apparent that the best agree-
ment between experimental and theoretical results
occurs with samples containing 32% EVA. There-
fore, in EVA concrete, it is thought that concrete
samples behave like EVA when the proportion of
EVA exceeds 32%. On examining the effect of the
GFRP coating on the low-velocity impact behav-

ior, it is ascertained that the GFRP coating process
contributed to better agreement of the experimen-
tal results with the theoretical results in all samples
without exception.

4. Conclusion

In this study, the experimental and theoretical
behavior of cementitious plate containing waste
EVA with and without reinforcement with GFRP
under low-velocity impact load testing are investi-
gated. The obtained results are briefly summarized
below.

1. Using EVA, which is classified as hazardous
waste by nature and requires large storage
areas, instead of natural aggregate in cemen-
titious structures, contributes to the protec-
tion of natural aggregate resources, while
transforming waste EVA product into a use-
ful product creates an alternative that re-
duces disposal costs and environmental pol-
lution.

2. It is determined that since EVA has a
lower density than natural aggregate, the
unit weight values of cementitious samples
decreased with the increase in the EVA re-
placement ratio. Specifically, cementitious
samples that contained up to 32% EVA are
in the NWC class, while samples containing
> 32% EVA are converted into LWC.

3. GFRP coating with vacuum infusion
method is not recommended for cemen-
titious plate structures when the EVA
replacement rate exceeds 32% by volume of
aggregate.

4. The peak impact force values of cementi-
tious samples decrease as the EVA replace-
ment ratio increases, while on the other
hand, the peak impact force time is shifted
to the right. This can be attributed to the fact
that the EVA replacement increases the duc-
tility of the samples.

5. While a single peak—pulse—peak is observed

in GFRP uncoated samples, a double peak—
pulse—peak formation is observed in GFRP-



Behavior of cementitious plates containing EVA

505

coated samples. This is a result of the dif-
ferent impact strengths of the GFRP-added
epoxy and cement core structure.

It is seen that the peak impact force val-
ues of the cementitious samples are com-
patible with the values obtained from the
theoretical calculations and the experimen-
tal values. And this shows that by using the
empirical equation obtained as a result of
this study, it is predicted that the peak im-
pact forces of GFRP-coated and uncoated
cementitious plates with EVA replacement
(0%, 18%, 32%, 45% and 56%) can be cal-
culated more economically and practically.
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