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Abstract: The paper presents an impact of the addition of
industrial machining chips on the mechanical properties
of polymer concrete. As an additional filler, six types of
industrial waste machining chips were used: steel fine
chips, steel medium chips, steel thick chips, aluminium
fine chips, aluminium medium chips, and titanium fine
chips. During the research, the influence of the addition
of chips on the basic parameters of mechanical proper-
ties, i.e., tensile strength, compressive strength, splitting
tensile strength, and Young’s modulus, was analyzed. On
the basis of the obtained results, conclusions were drawn
that the addition of chips frommachining causes a decrease
in the value of the mechanical properties parameters of the
polymer concrete even by 30%. The mechanism of cracking
of samples, which were subjected to durability tests, was
also explored. In addition, it was found that some chip
waste can be used as a substitute for natural fillers during
preparation of a mineral cast composition without losing
much of the strength parameters.

Keywords: polymer concrete, machining chips, strength
tests, mechanical properties, industrial waste

Nomenclature

d diameter of the cross-section
fc compressive strength
fct splitting tensile strength
fr tensile strength
F maximal force
L length of the specimen contact line
sE standard deviation of the average value of

Young’s modulus
sfct standard deviation of the average value of

splitting tensile strength
sfc standard deviation of the average value of

compressive strength
sfr standard deviation of the average value of ten-

sile strength
x̄E average value of Young’s modulus
x̄fct average value of splitting tensile strength
x̄fc average value of compressive strength
x̄fr average value of tensile strength

1 Introduction

Over the past ten years, the development of polymer con-
crete research has prompted their widespread use. A
PC – polymer concrete (mineral cast), is a heterogeneous
material, which consists of a filler in the form of natural
grains of various aggregates and a binder in the form of a
polymer resin, together with a hardener [1–6]. Polymer
concrete is used for the production of various products,
such as prefabricated sanitary devices, corrosion-resistant
constructions, acid tanks, wells, drains, highway barriers,
repair materials, railway sleepers, or machine parts, i.e.,
guides, tables, and machine tool beds [7–10]. Polymer
concrete has very good dynamic properties; however,
mechanical properties are characterized by low values of
parameters. Table 1 presents a comparison of the mecha-
nical and dynamic properties of traditional structural
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materials, such as steel and cast iron, with a polymer con-
crete [3,6,11,12].

Already in the 1990s, the influence of the number of
ingredients on the mechanical properties of mineral casts
was studied. Kim et al. conducted studies on the influ-
ence of the amount of filler and binder on the mechanical
and thermal properties of a mineral cast. In their research,
they used stones of various sizes, sand, and resin [13].
Lokuge and Aravinthan investigated the effect of fly ash
(FA) and various types of resins included in the mineral
cast on its mechanical properties. Three types of resin were
used for the tests: polyester, vinyl, and epoxy. From the
conducted research, it was possible to deduce that the
compressive strength value for all three types of resin
was from 90 to 100MPa. The value of tensile strength
was reached at the level of 15MPa for amineral cast, which
was made using a vinyl resin [14]. Also, Golewski has
investigated the effect of FA on mechanical properties,
interfacial microcracks, and reducing the energy used in
cement production [15–17]. Based on obtained test results
[15], it was found that using the 20% FA additive causes
favorable changes in the microstructure of mature con-
crete. In this composite, the average value of width of
the microcracks was lower by more than 40% compared
to the result obtained for the reference concrete. In con-
trast, concrete containing 30% FA additive had greater
microcracks in the interfacial transition zone area by
over 60% compared to the material without additive. In
all analyzed composites, an increase in the width of the
microcracks value by almost 70% to over 110% in the case
of occurrence of dynamic loads was also observed [15].
Based on the obtained test results [16], it was found that
concretes made on quaternary binders containing nanoad-
ditives have very favorable mechanical parameters. The
quaternary concrete containing 80% OPC, 5% FA, 10%
SF, and 5% nS has shown the best results in terms of
good compressive strength and splitting tensile strength,
whereas the worst mechanical parameters were character-
ized by concrete with more content of FA additive in the
concrete mix, i.e., 15%.Moreover, the results of compressive

strength and splitting tensile strength are qualitatively con-
vergent. Furthermore, reducing the amount of OPC in the
composition of the concrete mix in quaternary concretes
causes environmental benefits associated with the reduc-
tion of raw materials that are required for burning clinker,
electricity, and heat energy in the production of cement [16].
The use of some mineral additives as substitutes for the
cement, e.g., the siliceous FAs, has a positive effect on redu-
cing the energy used in cement production. On the other
hand, such activities may have negative effects due to the
lowering of strength parameters of composites in early
stages of curing [17].

Recent trends in mineral cast research show attempts
to dope the composition with other construction materials
in order to improve their mechanical properties. Saribiyik,
Piskin, and Saribiyik studied the effect of adding 10, 20,
30, 40, and 47% of glass powder on the flexural strength
and compressive strength of a mineral cast. The largest
increase in strength parameters was obtained for a sample
with a 30% addition of glass powder [18]. Bulut and Sahin
investigated the impact of plastic electronic waste on the
mechanical properties of polymer concrete. The tests were
carried out on samples containing 5, 15, and 25% of waste.
The highest values of compressive strength, flexural
strength, and splitting tensile strength were obtained for
samples with 5% plastic waste (PET) [19]. Kaya and Kar
investigated the mechanical properties of polymer con-
crete containing an addition of waste expanded poly-
styrene. Samples were made with 20, 40, 60, and 80%
admixture of foamed polystyrene. The tests showed that
the best mechanical properties in terms of compressive
strength, as well as tensile strength, were obtained for
samples containing 20% addition of foamed polystyrene
[20]. Barbuta and Harja investigated the influence of the
addition of cellulose fibres on the mechanical properties of
the mineral cast. Both in the case of compressive strength
and splitting tensile strength, lower values of strength
parameters were obtained than in the case of a pure
mineral cast [21]. Byung-Wan, Seung-Kook, and Jong-
Chil attempted to create material from PET and recycled

Table 1: Comparison of mechanical and dynamic properties of steel, cast iron, and polymer concrete

Parameters Unit Steel Cast iron Polymer concrete

Compressive strength MPa 250 ÷ 1,200 350 ÷ 650 ∼100
Tensile strength MPa 300 ÷ 800 200 ÷ 1,200 ∼10
Flexural strength MPa 400 ÷ 1,600 150 ÷ 400 25 ÷ 40
Young’s modulus GPa 210 80 ÷ 140 15 ÷ 40
Density kg/m3 7,850 7,150 ÷ 7,250 2,100 ÷ 2,400
Logarithmic decrement of damping — 0.002 0.003 0.02 ÷ 0.03
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concrete. Compositions containing up to 100% of waste
components were created. It turned out that in the case
of the complete replacement of natural components with
waste or recycled materials, the values of the mechanical
properties parameters dropped compared to mineral com-
position. The value of compressive strength decreased by 40%.
The value of splitting tensile strength decreased by 12%,
and the value of flexural strength decreased by 21% [22].

Currently, industrial waste in the form of machining
chips is recycled by remelting it in the ironworks. The
authors have decided to use these chips to produce
the composition of polymer concrete and take an attempt
to improve the mechanical properties of such composi-
tion that will discover a new field in manufacturing of
polymer concretes.

2 Materials and methods

Experimental research was divided into two parts. In the
first part, tensile strength tests were carried out, and
Young’s modulus was determined. For this purpose, a
number of specimens with length l = 200mm, grip sec-
tion with diameter d = Ø32mm, as well as gauge section
diameter d = Ø28mmwith gauge length l0 = 100mmwere
made. In the second part of the experiment, a series of
cylindrical samples with dimensions: diameter d = Ø40
mm and height h = 60mm, was prepared for compressive
strength, as well as for splitting tensile strength tests.
As an additional filler, six types of industrial waste
machining chips were used: steel fine chips (SFC), steel
medium chips (SMC), steel thick chips (STC), aluminium
fine chips (AFC), aluminium medium chips (AMC), and
titanium fine chips. This filler is an extremely cheap
ingredient as it can be purchased at the scrap price.
Moreover, this filler is readily available. In every city,
there are production plants whose by-products (waste)
are chips from machining. Figure 1 shows a view of the
chips used for testing.

In Table 2, the percentage mass compositions of indi-
vidual samples are given. The mass proportions were
selected in such a way that the whole composition can
be mixed and that no significant pore size can occur during
specimen formation. Higher percentages of chip filler
resulted in difficulties in correct specimen preparation.

The basic material for the samples was Epument 140/5
A1 – a polymer concrete material produced by RAMPF.
The manufacturer supplies all the components for a self-
making mineral cast. The kit includes three components:
epoxy resin, hardener, and a mixture of aggregates. The

manufacturer also encloses instructions for preparing the
composition and the dedicated mixture ratio: 2.2 (epoxy
resin):0.6 (hardener):27.2 (aggregates), respectively [23].
Sample preparation started with mixing the right amount
of epoxy resin and hardener. After that the chip filler was
added and mixed precisely. The mineral filler was then
added and thoroughly mixed again to distribute the
ingredients evenly throughout the mixture. The speci-
mens flooded in the mold solidified for 24 h, allowing
80–90% of the target hardness to be obtained. After
this, they were removed from the mold and aged for
another 14 days to achieve full hardness. The research
was carried out for five samples of each composition for
each mechanical properties parameter.

Figure 2 presents the views of specimens mounted in
the measuring apparatus during the tensile, compressive,
as well as splitting tensile tests according to Polish Norms
PN-EN 12390-3 and PN-EN 12390-6.

The research was carried out on the INSTRON 4485
testing machine located at the Department of Strength of
Materials of the Faculty of Mechanical Engineering of the
Lodz University of Technology. The tensile tests were
conducted with the speed of 2 mm/min using an extens-
ometer in order to determine the Young modulus of the
investigated material. In other tests (compressive and
splitting), loading speed was also set to 2 mm/min and
used load cell had the range of 300 kN. In the case of
compressive strength, bottom support was in the form
of the spherical bowl to align the specimen to the load.
In the case of splitting tensile strength, specimens were
placed on flat surfaces.

During each of the tests, a record of the increase of
the force value as a function of specimen extension (for

Figure 1: A view of the chips used during the research (a) titanium
fine chip (TFC), (b) aluminium fine chip (AFC), (c) aluminiummedium
chip (AMC), (d) steel fine chip (SFC), (e) steel medium chip (SMC),
(f) steel thick chip (STC).
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tensile) or traverse movement (for compression and split-
ting) was made, on the basis of which it was possible to
analyze the influence of the addition of machining chips
on the mechanical properties of the mineral cast. Each of
the tests was repeated five times. In addition, destructed
samples were analyzed under a microscope to determine
the cracking mechanism for both compressive strength
and splitting tensile strength. After the research, conclu-
sions on the use of industrial waste in the form of machining

chips were formulated in regard to the mechanical proper-
ties of the mineral cast.

3 Results and discussion

In the first part of the research, tensile tests were carried
out in order to determine Young’s modulus and tensile

Table 2: List of percentages of individual specimens

Without chips
[WC] (%)

Titanium fine
chips [TFC] (%)

Aluminium fine
chips [AFC] (%)

Aluminium medium
chips [AMC] (%)

Steel fine
chips
[SFC] (%)

Steel medium
chips
[SMC] (%)

Steel thick
chips
[STC] (%)

Hardener 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Epoxy resin 8.2 8.2 8.2 8.2 8.2 8.2 8.2
Mineral filler 89.6 87.8 86.9 86.9 85.1 85.1 85.1
Chip filler 0 1.8 2.7 2.7 4.5 4.5 4.5

Figure 2: Views of specimens mounted in measuring apparatus (a) for tensile strength, (b) for compressive strength, (c) for splitting tensile
strength.
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strength. The results are presented in Table 3 and
Figures 3–5. Due to the high heterogeneity of the mate-
rial, the obtained results are characterized by a large
dispersion.

Comparing the average values of tensile strength, it
can be observed that the addition of titanium fine chips
(TFC) decreased its value by approximately 12%. In other
cases, the additives did not affect the change in tensile
strength (differences below 5%).

Comparing the average values of Young’s modulus,
it can be noticed that the addition of SFC, SMC, and TFC
decreased Young’s modulus by about 20–25%, while the
STC increased its value relative to the composite without
the addition of chips (WC) by 28%. The addition of alu-
minium chips did not affect significantly Young’s mod-
ulus (about 6% differences).

Figure 5 shows example courses for each of the sam-
ples during tensile tests.

In the second part of the research, compression tests
were carried out to determine the value of compressive
strength and splitting tensile strength. In order to deter-
mine the value of compressive strength, formula (1) was
used according to Polish Norm PN-EN 1992-1-1.

( )
=

⋅

f F

π d
c

2

2 (1)

where:
fc – compressive strength [MPa]
F –maximal force [N]
d – diameter of the cross-section [mm].
In order to determine the splitting tensile strength

values, formula (2) was used, according to Polish Norm
PN-EN 12390-6.

=
⋅

⋅ ⋅
f F

π L d
2

ct (2)

where:
fct – splitting tensile strength [MPa]
F –maximal force [N]
L – length of the specimen contact line [mm]
d – diameter of the cross-section [mm].
The results are presented in Table 4 and in Figures 6–9.

Table 3: Results for tensile strength and Young’s modulus

x̄fr (MPa) sfr (MPa) x̄E (GPa) sE (GPa)

WC 17.93 2.57 33.95 8.47
TFC 15.81 1.95 25.40 5.33
AFC 17.92 1.96 35.94 16.31
AMC 18.66 2.69 31.92 4.97
SFC 17.88 1.71 26.73 6.78
SMC 17.85 0.77 24.81 4.56
STC 18.59 0.91 43.70 22.03

Figure 3: Results for tensile test.

Figure 4: Results for Young’s modulus.

Figure 5: Example courses of tensile tests.
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The compressive strength of the tested material was
determined on the basis of compression tests. All samples
with the addition of chips showed a lower compressive
strength compared to the material without chips (WC).
These differences did not exceed 15%. The smallest dif-
ference was observed in samples with the addition of
AFC – a difference of about 1.5%. The largest difference
occurred in samples with the addition of SMC – less than

11%. Figure 7 presents example courses for each of the
samples during the compressive tests.

Analyzing the examples of compressive strength test
courses, it can also be noticed that the addition of most
types of chips caused the samples tested to become more
flexible. They had greater shortening value than samples
prepared WC. In the case of AFC, sample shortening
increased by more than 100% compared to a sample
without chips (WC).

The splitting tensile strength was also determined
based on compression tests. All samples with the addi-
tion of chips showed a lower value of splitting tensile
strength compared to the WC. The smallest differences
were observed for samples with the addition of AMC – a
difference of about 12%, and SMC – 13%. The largest dif-
ference occurred for the samples with the addition of
STC – 31%, as well as SFC – over 35% difference. During
the comparison of tensile strength values obtained in
conventional tensile tests (Figure 3) with the values
obtained during splitting tensile strength tests, signifi-
cant differences can be observed. The smallest discre-
pancy of results was obtained for specimens WC. The

Table 4: Results for compressive strength and splitting tensile
strength

x̄fc (MPa) sfc (MPa) x̄fct (MPa) sfct (MPa)

WC 119.00 2.17 17.10 1.59
TFC 109.76 1.74 12.75 0.64
AFC 117.35 0.78 12.65 0.08
AMC 110.87 2.45 15.05 1.91
SFC 108.10 4.95 11.08 2.12
SMC 106.10 3.45 14.45 3.32
STC 112.50 3.66 11.85 0.49

Figure 6: Results for compressive strength.

Figure 7: Example courses of compressive strength tests.

Figure 8: Results for splitting tensile strength.

Figure 9: Example courses for splitting tensile strength.
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difference was about 4.5%. The largest discrepancy of
results was obtained for specimens with the addition of
STC, where the difference was over 36%. These discre-
pancies may result from the directional locating of the
chips in the sample. For conventional and splitting ten-
sile strength, STC in specimens were placed parallel
to the sample height (in the axial direction). During the
tests for splitting tensile strength, the specimens were
loaded in the transverse direction (radially) in the appa-
ratus, which significantly affected the obtained results.
Figure 9 presents specimen courses during the splitting
tensile test.

Analyzing the examples of splitting tensile test courses,
it can also be noticed that the addition of AMC, as well as

STC, caused the samples tested to become more flexible.
They had greater shortening value than samples prepared
WC.

In addition, the analysis of the cracking mechanism
of samples with the addition of a chip filler was carried
out. The breakthroughs of samples destroyed during the
tests are presented in Figure 10.

During observation of the damaged specimens, it can
be noticed that the smooth surface of the chip favors the
propagation of cracks, which arise inside the sample and
lead to its destruction. Figure 10 shows how the chip is
separated from the surrounding binder with the mineral
filler during compression tests. On this basis, a mechanism
for cracking a specimen made of a mineral cast, in which

Figure 10: Example of fracture of the specimen after the test.
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part of the filler has been replaced by chip waste from
machining, reads as follows. The initiation of the cracks
occurs inside the mineral aggregate grains, and they are
then transferred through the binder to the chip surface.
When the cracks reach the chip surface, the chip additive
starts to separate from the surrounding binder and the
sample is destroyed.

Moreover, the crack widths in the ITZ between chips
and ceramic matrix were measured. The same crack
mechanism (material separation along the chip) was
observed for all compositions with the addition of
chips. However, depending on the type of chip, the crack
widths were different. For samples with TC, the crack
width ranged from 0.215 to 0.609mm. For AFC samples,
the smallest crack width was observed, ranging from
0.069 to 0.183 mm. The highest crack width was observed
for the AMC samples, ranging from 0.321 to 1.145 mm.
For SFC samples, the crack width was from 0.123 to
0.302 mm. For SMC samples, the crack width ranged
from 0.261 to 0.544mm. However, for the STC samples,
the crack width was from 0.289 to 0.751 mm. The lowest
crack width in the ITZ for the AFC sample is confirmed
by the compressive strength value tests for which the
AFC sample obtained the highest values from all doped
samples.

4 Summary

The article presents the results of research on the influ-
ence of the addition of chips from machining on the
mechanical properties of polymer concrete. As an addi-
tional filler, six types of industrial waste machining chips
were used: SFC, SMC, STC, AFC, AMC, and TFC. During
the research, the influence of the addition of chips on the
basic parameters of mechanical properties, i.e., tensile
strength, compressive strength, splitting tensile strength,
and Young’s modulus, was analyzed. The following con-
clusions were reached:
(1) The addition of the chip filler did not significantly

affect the tensile strength of the polymer concrete. For
TFC, this value decreased by about 12%, while for the
AMC and STC it increased by 4 and 3.5%, respectively.

(2) In the case of Young’s modulus, an increase in the para-
meter value for samples with the addition of aluminum
fine chips (AFC) and STC was observed by 6 and 29%,
respectively, while for the remaining samples a decrease
in the parameter value by up to 25% was noticed.

(3) During the compressive strength tests, a decrease
of the parameter value was observed for all tested

samples. The smallest difference was recorded for
samples with the AFC, which amounted to less than
1.5%. For samples with the addition of SMC, however,
the largest drop in the value of the parameter was
observed, reaching 11%.

(4) In the case of splitting tensile strength tests, all sam-
ples were characterized by a decrease in the parameter
value. The smallest value of decrease was obtained for
samples with the addition of AMC – 12%. The highest
drop in value was obtained for SFC – over 35%.

Application of machining chips is possible in compo-
sition of polymer concrete. This filler is an extremely
cheap ingredient as it can be purchased at the scrap
price. Moreover, this filler is readily available. In every
city there are production plants whose by-products
(waste) are chips from machining. However, the general
conclusion from the conducted research is that it is
possible to use substitutes of mineral filler, in the form
of industrial waste chips from machining, but this
may cause a decrease in the strength parameters of the
mechanical properties of the polymer concrete.

In addition, a mechanism for cracking a sample made
of a mineral cast, in which part of the filler is replaced
with chip waste from machining, was formulated. The
initiation of the cracks occurs inside the mineral aggre-
gate grains, and they are then transferred through the
binder to the chip surface. When the cracks reach the
chip surface, the chip additive starts to separate from
the surrounding binder and the sample is destroyed.
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