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Optimal design for epoxy polymer concrete based on mechanical properties

and durability aspects

Abstract

Polymer concrete has shown a number of promising applications in building and construction,
but its mix design process remains arbitrary due to lack of understanding of how constituent
materials influence performance. This paper investigated the effect of resin-to-filler ratio and
matrix-to-aggregate ratio on mechanical and durability properties of epoxy-based polymer
concrete in order to optimise its mix design. A novel combination of fire-retardant, hollow
microsphere and fly ash fillers were used and specimens were prepared using resin-to-filler
ratios by volume from 100:0 to 40:60 at 10% increment. Another group of specimens were
prepared using matrix-to-aggregate ratios from 1:0 decreasing to 1:0.45, 1:0.90 and 1:1.35 by
weight at constant resin-to-filler ratio. The specimens were inspected and tested under
compressive, tensile and flexural loading conditions. The epoxy polymer matrix shows
excellent durability in air, water, saline solution, and hygrothermal environments. Results show
that the resin-to-filler ratio has significant influence on the spatial distribution of aggregates.
Severe segregation occurred when the matrix contained less than 40% filler while a uniform
aggregate distribution was obtained when the matrix had at least 40% filler. Moreover, the
tensile strength, flexural strength and ductility decreased with decrease in matrix-to-aggregate
ratio. Empirical models for polymer concrete were proposed based on the experimental results.
The optimal resin-to-filler ratio was 70:30 and 60:40 for non-uniform and uniform distribution
of aggregates, respectively, while a matrix-to-aggregate ratio of 1:1.35 was optimal in terms of

achieving a good balance between performance and cost.



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Keywords

Epoxy polymer concrete; resin-to-filler ratio; matrix-to-aggregate ratio; empirical modelling;

properties; optimal design.

1. Introduction
Concrete, the second most consumed material in the world after water, is increasingly being
used due to the rapid growth of the construction sector particularly in developing countries. Its
high compressive strength, excellent elastic modulus and durability, and widespread
availability at low cost are the key advantages. However, the use of Portland cement concrete
may be limited in applications where high tensile strength, good bond strength or excellent
resistance to certain extreme exposure conditions are required. One approach to overcome these
limitations is through the use of polymer concrete. The characteristics of high tensile strength,
good bond strength, excellent durability, fast curing times, low permeability, and casting
flexibility make polymer concrete an interesting alternative construction material [1-5]. The
construction sectors are accepting alternative materials beyond the traditional approach [6-8].
Polymer concrete consists of aggregates bonded together by a resin instead of a cement.
The most commonly used resins are epoxy [9], polyester [10] and vinyl-ester [11]. Although
polyester and vinyl-ester resins are less expensive, epoxy resins are preferable because of their
excellent mechanical and thermal properties, superior resistance to humidity, low shrinkage and
high elongation that produces durable and flexible polymer matrix [12]. To mitigate the high
cost of epoxy resins, a range of fillers can be added to dilute the resin content. Fly ash is the
commonly used filler in polymer concrete [13]. This study employed two other fillers named a
fire-retardant filler and hollow microsphere to improve fire and shrinkage performances
respectively. The main application for polymer concrete is in chemical storage, but this has

been recently extended to include bridge decks, concrete crack repairs, railway sleepers,



101  pavement overlays, decorative construction panels, waste-water pipes and other structures in
102  aggressive environmental conditions [1, 11, 14, 15].

103 While polymer concrete offers superior mechanical performances over Portland cement
104  concrete, the main challenge is their prohibitive cost. Polymer concrete is approximately 5-10
105 times more expensive than normal concrete and therefore, their application is currently limited
106  to structures where an enhanced performance justifies the higher cost. Despite their use in many
107  building and construction applications, there is limited attempt to establish design procedure
108  for polymer concrete [11]. The current approach of selecting mix proportions is random or
109  based on current experience for Ordinary Portland Cement concrete. The extensive literature
110  review suggest that the only reported studies are [16, 17], which developed design procedure
111 based on a small variation of resin (only 4%) and aggregate sizes. Following experimental and
112  analytical approaches, Muthukumar and Mohan [16] optimised polymer concrete composed of
113  different quantities of furan resin, silica aggregates and microfiller. Their findings suggested
114  that the best mechanical properties (compressive, tensile and flexural) can be obtained when
115  the polymer concrete contains 8.5% resin, 76.5% aggregates and 15% microfiller. Recently,
116  Jafari et al. [17] attempted to optimise polymer concrete with three different polymer ratios
117 (10%, 12%, and 14% by weight) and two different coarse aggregate sizes (4.75-9.5 mm and
118  9.5-19 mm) tested at temperature levels (=15 °C, +25 °C, and +65 °C). Based on compressive,
119  splitting-tensile, and flexural strengths, they suggested that the optimum mix should contain 14%
120  of polymer and coarse aggregates from 9.5 to 19 mm when tested the concrete at a temperature
121 of —15°C. However, these studies did not elaborate on how the coarse aggregates were
122  distributed in polymer matrix and how durability aspects such as alkaline and hygrothermal
123 environments affects the polymer properties, which are critical for an optimal mix polymer

124  concrete design. Therefore, an improved understanding of the effects of mix parameters on the
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performance of polymer concrete and an approach for optimal mix design [3] are deemed
necessary.

Several parameters affect the properties of polymer concrete such as the type and
content of the resin and filler, curing method, curing temperature, humidity and particularly,
resin-to-filler ratio and matrix-to-aggregate ratio [18]. Lokuge and Aravinthan [11] studied
polymer concretes made with three different resins (polyester, vinylester and epoxy resin) and
observed that epoxy and vinylester resins produced concrete with better mechanical properties
compared to polyester. The effect of different fillers (fly ash and silica fume) on the mechanical
properties of polymer concrete has been studied by Barbuta et al. [19] and they concluded that
the addition of these fillers improves the mechanical properties of polymer concrete. Elalaoui
et al. [9] studied the mechanical properties of epoxy polymer concrete after exposure to high
temperatures and they observed a significant strength loss occurred at temperatures greater than
150°C. The effects of water absorption on the mechanical properties of epoxy resin system has
been studied by Nogueira et al. [20] and their study found a gradual reduction in tensile
properties with increase in absorbed water. Nevertheless, the effects of resin-to-filler ratio and
matrix-to-aggregate ratio remain unclear, yet optimising these parameters may have major
performance and cost implications.

To understand the influence of these parameters, the study first prepared and
investigated seven polymer matrices with different resin-to-filler ratios and shortlisted four of
these for further investigation under elevated temperature. Subsequently, the most suitable
matrix for durability study was determined. Polymer concrete specimens were prepared with
four different matrix-to-aggregate ratios to investigate its effect on the mechanical properties
from which the optimal mix was identified. Finally, empirical models for strength and stiffness

of polymer concrete were proposed and compared with the existing models for normal Portland
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cement concrete. The outcome of this study will help better understand the properties of epoxy

polymer concrete and its component material optimisation.

2. Experimental program

2.1. Materials

The epoxy polymer concrete was prepared using a mixture of resin, fillers and coarse aggregate
as described below:

2.1.1. Resin

The resin used in this study was a DGEBA (diglycidyl ether of bisphenol-A) type liquid epoxy
resin produced from bisphenol A and epichlorohydrin. It has medium viscosity (110 — 150 poise
at 25°C) which helps to disperse the filler and provides a good resistance to settling. It also has
good mechanical properties and a high level of chemical resistance in the cured state. The resin
has a density of 1.068 g/cm? and epoxy molar mass of 190 g, i.e. the amount of resin per gram
equivalent of epoxide. For curing, the resin was mixed with an amine based liquid hardener.
The amine hydrogen equivalent weight of the hardener was 60 g while the measured density
was 1.183 g/cm?®. To make the resin mix reactive, one equivalent weight of resin (190 g) was
mixed with one equivalent weight of hardener (60 g). When cross-linked and hardened with
curing agents, the desired properties can be obtained.

2.1.2. Fillers

A novel combination of three fillers: fire retardant filler (FRF), hollow microspheres (HM) and
fly ash (FA) were used in the preparation of polymer concrete. FRF is a non-toxic, non-
corrosive and smoke-suppressant material, and effective fire-retardant due to its
thermodynamic properties that absorb heat and release water vapour. This filler was used to
help address a limitation of polymer concrete that is its inability to withstand high temperatures
[21]. HM are lightweight, hollow, spherical, low density, free-flowing, alumino-silicate powder

that is added to reduce weight, shrinkage and cracking, and improve flow and workability. Fly
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ash is added to improve the performance of epoxy concrete by resisting ultraviolet radiation
and reducing the permeability of water and aggressive chemicals due to the fact that spherical
and smooth surface of fly ash can reduce the average pore size [1, 22, 23]. The absolute density
of FRF, HM and FA were 2.411, 0.752 and 2.006 g/cm? while their particle size ranged between
75- 95 pum (surface area 3.4 m?/g), 20-300 pm and 0.1-30 um (surface area 4 m?/g), respectively.
The combined action of these fillers is expected to produce a highly durable polymer concrete.
2.1.3. Coarse aggregate

Aggregates used were angular limestone obtained from quarry in crushed form, which were
then washed and screened for cleanliness and gradation. The angular shape and rough surface
texture of the aggregates creates a strong bond with the epoxy matrix and therefore contribute
to higher strength development. The aggregates had a nominal particle size of 5 mm, absolute
density of 2.929 g/cm? and are free from undesirable impurities that might interfere with the
setting and hardening of the epoxy resin matrix. Single-sized coarse aggregate was used because
preference is given on specific gravity and the spacing between aggregates is such that it can

be easily filled with the epoxy matrix and fillers used in this study.

2.2. Specimen preparation

Casting of polymer concrete was done by three steps. Firstly, the fillers were dry mixed at FRF :
HM : FA weight ratio of 100 : 10 : 30. This produced a combined filler density of 1.976 g/cm?®.
After several trial mixes, this mixing ratio was found to provide a good balanced combination
of fillers to the polymer concrete. The required amount of coarse aggregates were also prepared
for the mix. Secondly, the resin and hardener were mixed at resin-to-hardener weight ratio of
100 : 32. This produced a combined density of 1.094 g/cm?®. This ratio is based on the
requirement of mixing one equivalent weight of resin (190 g) to one equivalent weight of

hardener (60 g) to produce a reactive mix that can maintain its fluidity for around 120 minutes
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before complete polycondensation [1]. Finally, the mixed filler was added to the resin system
and stirred until the matrix became homogeneous. Then, the coarse aggregate was added to the
matrix and mixed approximately 5 mins to obtain a fresh polymer concrete. All mixing was
done by hand since the volume of each mix was small and easy to handle. An earlier study
showed that hand mixed polymer concrete does not require vibration for the manufacture of

polymer railway sleepers in order to obtain good compaction and consistent properties [14].

2.2.1. Design of optimal resin-to-filler ratio

To determine the optimal resin-to-filler ratio, different resin-to-filler ratios from 100:0 to 40:60
by volume were prepared. The optimal resin-to-filler ratio was determined based on two criteria
(a) aggregate particle distribution in polymer matrix and (b) temperature effect on compressive
properties of polymer matrix. Seven mixes with different resin-to-filler ratios were prepared at
constant aggregate volume fraction of 30% for investigating the aggregate particle distribution
in polymer matrix. These samples were not compacted since the purpose was to check the
distribution of coarse aggregates and any compaction would affect their natural distribution.
Table 1 provides the seven mix proportions for investigating aggregate distribution where the
first two rows (resin + hardener and combined fillers) represent the mix proportions for polymer
matrix from which four mixes were shortlisted for investigating temperature effects on
compressive properties of polymer matrix. The optimal resin-to-filler ratio can be determined
at this stage.

Table 1: Mix proportions for investigating aggregate particle distribution

Sample ID Fo F1o F20 F3o Fao Fso Feo
Resin-to-filler ratio 100:0 90:10 80:20 70:30 60:40 50:50 40:60
Resin + Hardener (gm) 158 142 126 110 95 79 63
Combined fillers (gm) 0 29 57 86 114 143 171
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Aggregates (gm) 181 181 181 181 181 181 181

Density (kg/m?3) 1732 1770 1817 1840 1869 1873 1834

Note: Resin-to-filler ratio (by volume) = (Resin + Hardener) : Filler

It can be seen that the optimisation of the resin-to-filler ratio is based on aggregate
particle distribution and thermo-mechanical properties, without any considerations for
durability aspects. Therefore, the optimal polymer matrix were further exposed to four different
environmental conditions and tested over a period of one year to examine their durability

properties.

2.2.2. Design of optimal matrix-to-aggregate ratio
The optimal matrix-to-aggregate ratio were determined based on the effect of aggregate volume
fraction on mechanical properties of polymer concrete. To investigate the effect of aggregate
volume fraction on mechanical properties, cylindrical (50 mm in diameter and 100 mm in height)
and beam specimens (25 x 25 x 250 mm) were cast in plastic moulds and plywood formworks,
respectively for compressive, splitting tensile and flexural strength tests. The samples were
demoulded next day and cured at room temperature (20°C) at 30% relative humidity and tested
after 7 days. Unlike conventional Portland cement concrete, epoxy polymer concrete generally
achieves approximately 90% of its 28-day strength in 7 days [24].

Four different matrix-to-aggregate ratios of 1:0, 1:0.45, 1:0.90 and 1:1.35 by weight at
a constant resin-to-filler ratio (optimal one) were prepared to investigate their effect on
mechanical properties. It should be noted that the resin-to-filler ratio is measured by volume
while the matrix-to-aggregate ratio is considered by weight. This is because the use of three
different fillers having different densities makes the design by weight basis complicated for
resin-to-filler mix. Once the resin-to-filler ratio is finalised, coarse aggregate can be easily

added to the matrix by traditional weight based mixing. Many trials involving mixes beyond
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the selected range of the mixing ratio were also prepared but these were not considered in the
reported study because of their low workability checked by visual inspection of entrapped air
voids formation [1]. The cylindrical polymer concrete specimens were compacted in three equal
layers by rodding each layer uniformly for 25 times. The mix proportions of the materials are
provided in Table 2.

Table 2: Mix proportions for investigating the effect of matrix-to-aggregate ratio

Matrix-to-aggregate ratio 1:0 1:0.45 1:0.90 1:1.35
Resin-to-filler ratio 60:40 60:40 60:40 60:40
Resin + Hardener (gm) 1189 971 821 711
Combined fillers (gm) 1431 1169 988 856
Aggregates (gm) 0 971 1642 2132
Volume of aggregates (%) 0 18 31 40

Note: Matrix-to-aggregate ratio (by weight) = (Resin + Hardener + Filler) : Aggregate

2.3. Strength and durability testing
The polymer concrete cylinders prepared for aggregates distribution study were sectioned
through the longitudinal direction using wet-cutting diamond blades to observe the spatial
distribution of coarse aggregates within the polymer matrix (Fig. 1a). A careful observation of
the distribution of aggregates in different resin-to-filler ratios and the performance of polymer
matrix at different temperature helps to determine the optimal polymer matrix for further testing
in the next stage. Four shortlisted polymer matrices were then prepared, cured for 7 days and
tested on small cylindrical samples (25 mm in diameter and 25 mm in height) at room
temperature (RT, 20°C), 30°C, 40°C, 60°C and 80°C under compressive load (Fig. 1b).

To ensure durability performance of the optimal polymer matrix, the small cylindrical
samples were exposed to air, water, saline solution, and hygrothermal environmental conditions

(Fig. 1c and 1d). Air exposure with 20°C and 30% humidity was taken as the control
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environment. Water exposure was carried out by immersing specimens in tap water at room
temperature in a glass container with lid (to prevent evaporation). Exposure to saline solution
was carried out in the same manner, but using 3.5% sodium chloride (by weight) solution to
mimic seawater salinity. To simulate the common hygrothermal environment, specimens were
placed in a water bath filled with tap water at constant 40°C temperature. The specimens
exposed to air, water and saline solution were tested under compression over a period of one
year, specifically at 7-day, 1-month, 2-month, 4-month, 6-month and 1-year while the

hygrothermal samples were tested at 1-day, 3-day, 7-day and 1-month due to limited facilities.

Fig. 1: Methods for determining optimal resin-to-filler ratio and durability study on optimal
matrix: (a) aggregates distribution along height, (b) compression testing under elevated
temperature, (c) conditioning of optimal matrix in air, water and saline solution, and (d) optimal
matrix in hygrothermal condition.

The concrete prepared with optimal polymer matrix were tested under compression (Fig.

2a), splitting tension (Fig. 2b) and flexural (Fig. 2c) loading conditions according to ASTM

10
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C39 [25], ASTM C496 [26] and ASTM C293 [27] standards respectively, to determine the
compressive strength and modulus of elasticity, splitting tensile strength, and flexural strength.
The nominal dimension of the concrete cylinder was 50 mm diameter and 100 mm in height
while the beam specimen was 25 x 25 x 250 mm and tested at 200 mm span. Three replicates
for each specimen type and property were tested and averaged. Prior to testing, the height and
diameter of each cylinder were measured for strength calculation and confirming the
dimensions do not differ by more than 2 % as per requirements of ASTM C39. The load was
applied until the load indicator shows a decreasing trend and the specimen displayed a well-
defined fracture pattern. The splitting tensile strength and flexural strength were determined by
the relationship of f.: = 2P/ndL and fer = 3PL/2bd?, where, P, L, b, d, fe: and fcr are the maximum
applied load, cylinder length or span length, width of the beam, diameter of cylinder or depth

of the beam, splitting tensile strength and flexural strength, respectively.

Fig. 2: Strength testing to determine optimal matrix-to-aggregate ratio: (a) compression, (b)

splitting tension (c) flexure, and (d) distribution of aggregates in the optimal matrix

11
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3. Results and discussion

3.1. Effect of resin-to-filler ratio on aggregates distribution

Resin binds the aggregates together and gives the polymer concrete its strength. Polymer
concrete with low resin content results in a brittle product and is normally very dry and difficult
to work with. The flowability of the concrete greatly depends on the resin-to-filler ratio. Fig.
3(a) shows the distribution of aggregates in polymer concrete composed of different resin-to-
filler ratios starting from 100:0 decreasing to 90:10, 80:20, 70:30, 60:40, 50:50 and 40:60
denoted by Fo, F1o, F20, F30, Fa0, Fso and Feo, respectively. In contrast to the traditional concept,
this study applied a new approach of selecting aggregates based on their specific gravity (SG)
rather than their size. The coarse aggregates are heavier (SG = 2.929) and hollow microspheres
are lighter (SG = 0.752) than resin systems (SG = 1.096). The new approach results in mix
formulations with excellent flowability. The use of high resin-to-filler ratio (Fo to Fzo) produces
a light and flowable matrix, which is less capable of keeping the denser aggregates in
suspension prior to setting. At filler content of 40% and above, uniform distribution of the
coarse aggregates throughout the full depth of the concrete is achieved and no distinct
separation between the aggregates and matrix can be observed. At high filler content (Fao to
Feo), the resin matrix was less flowable and settlement of aggregates did not occur. However,
the fillers were distributed uniformly in the concrete for all resin-to-filler ratios. This is due to
the small particle size and the use of low density HM filler that help to stay in suspension within

the resin.

12
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Fig. 3: (a) Polymer concrete with different resin-to-filler ratio showing the distribution of coarse
aggregates and epoxy matrix, (b — h) microscopic observation for voids in the samples, and (i)
total porosity.

Figs. 3(b) to 3(h) shows the microscopic observation of the specimens from Fig. 3(a).
One important aspect noted in Figs. 3(b) to 3(h) is the presence of air voids in the less flowable
matrices (i.e., from Fao to Feo). The number and size of these air voids increased with the
decrease in resin-to-filler ratios. These are air bubbles were entrapped during concrete mixing
and not completely removed because the samples were prepared without any compaction as
explained in Section 2.2.1. However, mixes with high resin-to-filler ratios (i.e., from Fo to Fso)
entrapped less air due to their good flowability.

Density increased gradually from 1732 to 1869 kg/m? with increase in filler from Fo to

Fs0 and then remained fairly consistent at Fso (1873 kg/m®) and Fgo (1834 kg/m®) as shown in

14
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Table 1. The increase in density is due to the higher specific gravity of the combined fillers
(1.976) compared to resin (1.096). However, the slight decrease in density at Feo is mainly due
to the formation of large voids. The average void size and total porosity were analysed using
“TBitmap” software on the microscopic images. It was observed that the average diameter of
the voids gradually increased from 265 to 560 pm and the porosity (Fig. 3i) increased from 0.7%
to 3% with increase in filler from 0% to 60%. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) have been carried out in a previous study [1] by the
authors and not repeated in the present study as the type of resin and filler used are the same.
Moreover, the SEM analysis showed that fracture occurs through the filler [1] indicating a good
bond between resin and fillers.

A careful inspection of the specimens in Fig. 3(a) shows that the colour of the matrix
changes from orange (Fo mix) to grey (Feo mix) with the decrease in resin-to-filler ratio. This
can be attributed to the dark grey colour of fly ash and its increasing content in the matrix with
decrease in resin-to-filler ratio. The darkness of the matrix could block ultraviolet radiation and
protect the concrete from physical and mechanical deterioration due to photo-oxidative
reactions that alter its chemical structure [1]. However, the hardened Fo mix achieved a smooth
exterior surface and surface roughness increased with decrease in resin-to-filler ratio. Surface
smoothness is particularly important for decorative works, so there are advantages and
disadvantages of decreasing resin-to-filler ratio. As such, four mixes from low to high filler

content were shortlisted (Fo, F20, F40 and Feo mix) for investigating the effect of temperature.

3.2. Effect of temperature and resin-to-filler ratio on stress-strain behaviour

An in-depth understanding of temperature effects on mechanical properties is important for the
design of polymer concrete for outdoor applications. The compressive stress-strain behaviour

of the four shortlisted matrix are plotted in Figs. 4(a) to 4(d) while the variations of the strength

15
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and elastic modulus are illustrated in Figs. 4(e) and 4(f), respectively. The stress-strain plot
indicates that the behaviour of specimens heated at 60°C or above are very different to those
heated up to 40°C. At 60°C or above, the specimens deformed drastically and showed
significant drop in strength and stiffness. At 40°C, the strength and modulus of elasticity
retained up to 50% of the values at room temperature while the retention is only approximately
10% at 60°C. This is because of the lost of internal resistance at 60°C which is the glass
transition temperature of the polymer matrix as determined by the authors in a previous study
[1]. At glass transition temperature, the specimen changes from a hard, rigid or glassy state to
a softer, compliant or rubbery state [28].

A general observation is that a lower resin-to-filler ratio achieved a slightly lower
strength, but higher elastic modulus at the same temperature. Furthermore, the stress-strain
curves show that the ductility of the polymer decreases significantly with decrease in resin-to-
filler ratio. This is due to lowering of the bonding capability between resin and filler on which
the strength of the matrix is dependant. On the other hand, the higher modulus of filler compared
to resin increases the overall stiffness properties with the decrease of resin-to-filler ratio.
Moreover, Figs. 4(e) and 4(f) indicate that the reductions in mechanical properties between
20°C and 80°C are less for polymers containing high amount of fillers. This phenomenon can
be attributed to the heat absorption capacity of fillers, therefore the higher the fillers content,
the higher the heat resistance and lower the negative effect of temperature on strength and

elastic modulus.

16



375
376

377

378

Stress (MPa)
w iy a1 [ep)
o o o o

N
o

Stress (MPa)
= N w n
o o o o

o

(€)

Strength (MPa)
= N w B a1 (o]
o o o o o o

o

(€)

—RT

—30°C
40 °C
60 °C

—80°C

10 20
Strain (%)

30

—RT

—30°C
40 °C
60 °C

—80°C

20
Strain (%)

30

-=-100:0

0 10

20 30 40 50 60 70 8
Temperature (°C)

60
—RT
50 - ; —30°C
I 40 °C
T 40 60 °C
o S 0
S 80 °C
& 30
7]
o
n 20 -
10 -
0 : .
0 10 20 30
(b) Strain (%)
60
—RT
50 - —30°C
40 °C
<40 60 °C
o
s —80°C
% 30
7]
o
o 20 \,
10 -
0 L7 . :
0 10 20 30
(d) Strain (%)
1600
-=-100:0
< 1400 A
o
21200 A
2>
‘G 1000
2
S 800 A
© 600 -
=
S 400
o
(@]
= 200 -
0 T T T T T
0O 10 20 30 40 50 60 70 80

(f)

Temperature (°C)

Fig. 4. Effect of temperature on compressive stress-strain behaviour of samples with resin-to-

filler ratio (a) 100:0, (b) 80:20, (c) 60:40 and (d) 40:60. Figure (e, f) shows decrease in strength

and elastic modulus at elevated temperature.
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Previous study by the authors [1] on the properties of polymer matrix (without
aggregates) found an optimal resin-to-filler ratio of 70:30 on the basis of mechanical properties.
However, the current study shows that this mix is not capable of achieving a uniform
distribution of aggregates and thus inappropriate for concrete. Therefore, the 70:30 mix would
not be suitable for investigating the effect of matrix-to-aggregate ratio. Moreover, the
detrimental effect of temperature on mechanical properties decreases with the increase in fillers
content. The results from this study suggests that the 60:40 resin-to-filler ratio is a more
appropriate matrix and so this will be used to prepare polymer concretes with different

aggregate contents for strength and durability testing.

3.3. Effect of environmental conditions on strength and absorption

The effects of exposure to air, water, saline solution and hygrothermal conditions on the stress-
strain behaviour, strength and absorption properties of the optimal polymer matrix (60:40) are
shown in Fig. 5. The data were recorded up to 1 year in air, water and saline conditions and up
to 1 month in hygrothermal condition after taking the initial reading on 7 days cured (20°C, 30%
relative humidity) specimens. Fig. 5 (a-d) shows that the exposure type and duration induced a
small effect on the initial slope of the stress-strain curve and a much more noticeable effect on
strength. Unlike Portland cement-based matrix, the polymer matrix showed a significant
amount of plasticity beyond peak stress, and therefore a less brittle failure.

Fig. 5 (e) plots the variation in compressive strength for different exposure conditions
and times. The increase in strength with time is expected for air exposure. However, it is
interesting to see that strength also increased when the specimens were exposed to water, saline
solution and hygrothermal environments. Strength increased by up to 33%, 26% and 25% for
air, water and saline conditions respectively, during the first 4-month period and then no

significant changes were noticed thereafter. The rate of strength increase was slightly higher in
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hygrothermal condition for the measured period and this suggests that the combination of water
and heat curing is beneficial.

Fig. 5 (f) shows the effect of exposure condition on the specimen weight over time. It
can be seen that weight increased in all environmental conditions, but at different rates. After 1
year of exposure, the largest increase occurred in water (0.45%), followed by saline solution
(0.42%) and air (0.13%). This shows that the polymer matrix can absorb a small amount of
water in a wet environment. The slight reduction in weight gain in saline environment is
probably due to salt deposition on the surface. Samples in air achieved the lowest weight
increase which is expected. In contrast, samples in hygrothermal condition absorbed the most
water compared to all other environments (after 1 month exposure) because the absorption
process is accelerated at elevated temperature. In any case, the percentage of water absorption
for polymer matrix (up to 0.45%) is significantly lower when compare to the absorption
capacity of ordinary Portland cement-based grouts which can be up to 30% [29].

The strength development and water absorption results in different environmental
conditions suggest that the polymer matrix has excellent durability against these aggressive
environments. After selecting the suitable resin-to-filler ratio of 60:40 and assessing the
durability aspects of the selected matrix, the next section investigates the effect of matrix-to-

aggregate ratio to obtain an optimal mix proportion for polymer concrete.
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3.4. Effect of matrix-to-aggregate ratio on mechanical properties

The effects of matrix-to-aggregate ratio on the mechanical properties of polymer concrete are
presented in Fig. 6(a) to Fig. 6(d). The compressive stress-strain behaviour in Fig. 6(a) shows
that for the same stress level, strain decreases with increase in aggregate fraction. Therefore,
the corresponding decrease in the epoxy matrix fraction makes the concrete stiffer. This effect
was also observed in the post peak behaviour. The failure process of the mix without aggregate
(1:0 mix) is much more ductile and shows a greater level of plasticity. The peak stress of the
1:0 mix occurred at 0.035 mm/mm strain while the ultimate failure strain was 0.072 mm/mm.
In contrast, the post peak behaviour of the mixes with aggregates (i.e., 1:0.45, 1:0.90 and 1:1.35
mixes) is relatively more brittle with peak stress occurring around 0.025 mm/mm strain and
ultimate failure strain around 0.035 mm/mm which decreases slightly with the increase of
aggregates. Therefore, ductility decreases with the increase in aggregate content.

Fig. 6(b) shows the variation of compressive strength and compressive modulus of
elasticity with matrix-to-aggregate ratio. With the exception of the 1:0 mix, compressive
strength slightly increases with the decrease in matrix-to-aggregate ratio. The higher strength
of 1:0 mix (42.3 MPa) compared to 1:0.45 mix (34.1 MPa) can be attributed to its uniform stress
distribution along the depth of cylinder. In contrast, the 1:0.45 mix would experience non-
uniform stress distribution due to the presence of stiff aggregates and high stress concentration
at the aggregate-matrix interface, which can cause early failure of the specimen. However, when
comparison is made between mixes with aggregates (i.e., from 1:0.45 to 1:1.35), the slightly
increasing trend of compressive strength (i.e., from 34.1 MPato 39.9 MPa) is due to the gradual
increase of aggregate volume in the mix that has higher crushing strength (30 t0100 MPa) than
the matrix. The slope of the stress-strain curve represents the modulus of elasticity and this
increases from 1.86 GPa to 2.26 GPa with decrease in matrix-to-aggregate ratios from 1:0 to

1:1.35. This is due to the fact that the aggregate has higher elastic modulus (15 to 55 GPa) than
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the polymer matrix. As such, the elastic modulus of the polymer concrete increases with

increase in compressive strength.
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Fig. 6: Effect of matrix-to-aggregate ratio on mechanical properties (a) Compressive stress-

strain behaviour, (b) Compressive strength & elastic modulus, (c) Tensile stress-deformation

behaviour and (d) Splitting tensile and flexural strength

Fig. 6(c) shows the tensile stress-deformation behaviour of polymer concrete for

different matrix-to-aggregate ratios. Similar to the behaviour in compression, deformation at

the same load level increases with the increase in matrix-to-aggregate ratio. However, one

critical difference is that the mode of failure in tension is much more brittle compared to the

failure mode in compression. Beyond the ultimate tensile load, a significant drop in load (~
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50%) occurred suddenly followed shortly by ultimate failure as shown in Fig. 6(c). This
behaviour was observed in all samples.

Fig. 6(d) shows the splitting tensile and flexural strengths with variation in matrix-to-
aggregate ratio. The splitting tensile strength ranged from 8.4 to 12.3 MPa, while the flexural
strengths ranged from 12.5 to 15.1 MPa. It can be seen that both the splitting tensile and flexural
strengths slightly decreased with decrease in matrix-to-aggregate ratio. This is due to the
decrease of resin content that binds the aggregate together and the concrete containing a lower
percent of resin resulted in a lower tensile and flexural strength as evident from [1, 11]. It can
be noted that the flexural strength is approximately 35% higher than the splitting tensile strength
for the same matrix-to-aggregate ratio. This is perhaps due to the assumption of linear elastic
behaviour of the flexural specimens until failure (i.e., fer = 3PL/2bd?) which provides slightly
higher flexural strength than the actual. The higher flexural strength may also be attributed to
the differences in failure modes of splitting tensile and flexural test. The flexural failure occurs
on a small area of the bending section of beam due to the high compressive resistance above
neutral axis (Fig. 2c) whereas in the splitting tensile test, the entire longitudinal section of the
cylinder is under maximum stress (Fig. 2b). Therefore, it is more likely to find a weak point in
the splitting section from which cracking initiates and propagates. This could explain why

splitting tensile strength is lower than the flexural strength.

4. Empirical modelling

The lack of information on predicting the behaviour of polymer concrete motivated this study
to develop empirical relationships between compressive strength, elastic modulus, tensile
strength and flexural strength. To increase the reliability of the proposed model, this study also
considered the data from published research. These relationships are compared to those for

conventional Portland cement concrete.
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4.1. Elastic modulus

Elastic modulus, the slope of the initial linear portion of the stress-strain curve, generally
increase with the strength of concrete. The two main parameters that affect elastic modulus of
concrete are density and compressive strength [30]. The unit weight of concrete is an important
parameter for estimating elastic modulus particularly in case of low density concrete.
Theoretically, the density of polymer concrete (y) can be estimated using the density of its
constituent ingredients as provided in Eq. (1). The ratio of w/y represents the percentage
weight of each ingredient in the concrete mix to the density of the corresponding ingredient
such as resin, hardener, FRF, HM, FA and aggregate. The effect of density on the stiffness of

concrete is high for low strength concrete [30].

100
Y= Z_‘% 1)

The American Concrete Institute (ACI) recommends an empirical equation to estimate
modulus of elasticity for normal strength conventional concrete from its compressive strength.
Fig. 7 plots the modulus of elasticity with respect to compressive strength according to the ACI
code and experimental results. It can be seen that the elastic modulus of the polymer concrete
does not follow ACI code [31], and in fact it is substantially lower than the conventional
concrete. The more appropriate model for resin based polymer concrete is expressed in Eq. (2),

where both the modulus of elasticity (E) and compressive strength of concrete (f) are expressed

in MPa.

E = 530V, )
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Fig. 7: Relationship between modulus of elasticity and compressive strength for conventional
concrete and polymer concrete [3, 5, 11, 32].

At the same compressive strength, the elastic modulus of polymer concrete is
significantly lower than the normal concrete. This is probably due to the lack of coarse
aggregates, low sand fraction and low elastic modules of the epoxy matrix in polymer concrete
relative to cement-based matrix. Nevertheless, a flexible concrete is desirable when it is used
for the purpose of binding and coating material for structural load carrying components. For
example, the recent development in polymer railway sleeper manufactured from composite
sandwich panels (load carrying components) bonded and coated with polymer concrete
(provides structural integrity) requires a flexible concrete material to ensure the failure in main

structural load carrying components under bending load [14, 33, 34].

4.2. Splitting tensile strength

Splitting tensile strength is an important parameter to evaluate the shear resistance provided by
concrete and to determine the development length of reinforcement. The splitting tensile
strength is generally greater than direct tensile strength. The Australian standard of concrete
structures AS 3600 [35] proposed that the splitting tensile strength is 40% of the square root of

compressive strength. Fig. 8 plots the AS 3600 model and the experimental splitting tensile
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strength, against compressive strength. The tensile strength of polymer concrete increases with
the increase of compressive strength. For same compressive strength, it can be seen that tensile
strength of the polymer concrete is 2.25 times higher than the conventional Portland cement
concrete. This suggests a stronger bond between polymer matrix and aggregates compared with
cement-based matrix. This also suggests that there is less inherent flaws within the polymer
matrix that would propagate and contribute to failure under tension. The higher tensile strength
of polymer concrete makes it a potentially viable material for many civil engineering
applications. The relationship between tensile (f.;) and compressive (f.) strength of the

polymer concrete can be expressed by Eg. (3).
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Fig. 8: Tensile and compressive strength relationship [11, 19, 36-38]

4.3. Flexural strength

Flexural strength measures the capacity of concrete to resist failure in bending. The flexural
and tensile properties are correlated. Fig. 9 plotted the AS 3600 code for normal Portland
cement concrete and the flexural test results from polymer concrete. Similar to tensile strength
properties, the flexural strength of polymer concrete increases with increase in compressive

strength. The AS 3600 code proposed that flexural strength for conventional concrete is 60%
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of the square root of compressive strength, but this does not capture the behaviour of polymer
concrete and significantly underestimates its flexural strength. Therefore, a suitable correlation
between flexural and compressive strength needs to be developed for polymer concrete. The
relationship between flexural strength (f ;) and corresponding compressive (f;) strength of the
polymer concrete can be expressed by Eq. (4). This suggest that the flexural strength of polymer

concrete is approximately three times higher than the normal concrete with same compressive

strength.
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Fig. 9: Flexural and compressive strength relationship [5, 19, 37, 38]

From the analyses presented in this section, it is clear that existing empirical models
developed for conventional Portland cement concrete are not suitable for predicting the
behaviour of polymer concrete. It is discussed earlier that the polymer concrete undergoes a
polycondensation reaction to attain structural strength. The composition of the hardened
polymer matrix is not the same as cement based concrete. The regression analysis of the
proposed models for modulus, tensile and flexural strength gave R? values of 0.66, 0.71 and
0.75, respectively which is shows strong correlation compared with other advance modelling
such as artificial neural network approach for normal concrete [39]. However, the simplified

empirical relationship to estimate elastic modulus, splitting tensile and flexural strength could
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be improved further by establishing a material design process such as micromechanical models
that bridge microscale to mesoscale. This is beyond the current scope of the study but
recommended for future work. It should be noted that the proposed relationships for polymer
concrete are based on the results from a normal strength concrete. Therefore, further
investigation on high strength concrete with different types of resin and aggregate sizes or

gradation need to be conducted to verify the reliability of the proposed models.

5. Optimal design for polymer concrete

The term optimal design refers to the effective use of resin-to-filler ratio and matrix-to-
aggregate ratio that achieves the desired physical and mechanical properties of the polymer
concrete. This study has formulated two types of polymer concrete: (a) concrete with uniformly
distributed aggregates and (b) concrete separated by resin rich and aggregate rich layers as
shown in Fig. 3(a). Typically, concrete with uniformly distributed aggregates is preferred for
structural elements where the main purpose is to carry loads, while concrete showing high
degree of segregation is not desirable. However, recent studies suggest that a composite with
resin rich and aggregate rich layers is advantageous for the purpose of bonding and coating
structural components. For example, a recently developed polymer railway sleeper was
manufactured from sandwich panels where the panels were bonded together using layer-based
polymer concrete to achieve higher compressive strength at the top half and greater tensile
strength at the bottom half of sleeper [14]. Therefore, it is required to optimise both types of
concrete for their effective utilisation in civil construction.

The formation of resin rich and aggregate rich layers in concrete are dependent on the
resin-to-filler ratios. The resin-to-filler ratios from 100:0 to 70:30 (from Fo to F3o) can produce
a layered concrete while ratios between 60:40 and 40:60 (from Fao to Feo) produce a more
homogeneous material. The results of this study suggest that there are no major differences in

flowability and void formation between resin-to-filler ratios from 100:0 to 70:30 (Fig. 3).
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However, the increase in filler content produces a less transparent matrix that would be more
effective in blocking ultraviolet radiation. In addition, there is also a cost advantage since resin
IS the most expensive component in polymer concrete as discussed in [1]. Therefore, the optimal
resin-to-filler ratio would be 70:30 (i.e., Fso) to produce a layered concrete. On the other hand,
the concrete with uniformly distributed aggregate (from Fao to Feo mix) contains voids as a
result of their low workability (Fig. 3). The void content increased with the decrease in resin-
to-filler ratio. A high percentage of void can create a porous microstructure that may allow
unwanted liquids and gases into the concrete. Thus, the optimal resin-to-filler ratio would be
60:40 (i.e., Fao) to achieve a well compacted durable polymer concrete with uniform distribution
of aggregates.

The matrix-to-aggregate ratio has an influence on the mechanical properties of polymer
concrete. The tensile strength decreased by 22%, 29% and 32% and flexural strength decreased
by 15.8%, 17% and 17.3% with the increase of coarse aggregate by 1, 2 and 3 times of the resin,
respectively. It can be seen that there are no major differences in the variation of strength even
when the aggregates are increased by 3 times of the resin (i.e., 1:1.35 mix). However, mixes
with much higher aggregate contents were not considered for investigation because of their low
workability. The major challenges associated with the use of polymer concrete are their high
cost, odour, toxicity and flammability due to the use of resin [40]. It can be expected that
decreasing the matrix-to-aggregate ratio could mitigate some of these challenges, e.g. lowering
the cost [1], odour and toxicity, and improve fire resistance by reducing resin content per unit
volume of concrete. However, further investigation is needed to verify this. Based on the results
from this study, the optimal matrix-to-aggregate ratio is 1:1.35 to achieve a good balance

between cost, durability and mechanical properties.

6. Conclusions
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Epoxy polymer concrete with different resin-to-filler ratios and matrix-to-aggregate ratios were

investigated by physical observation, mechanical and durability testing. Empirical models were

proposed to predict the behaviour of polymer concrete. The optimal resin-to-filler ratio and
matrix-to-aggregate ratio were determined from which the following conclusions are drawn:

e The distribution of aggregates within the concrete is heavily dependent on the resin-to-
filler ratio of the mix. Mixes with low filler content (< 40%) show significant segregation
and produces a layered polymer concrete with resin rich layer at the top and aggregate rich
layer at the bottom. In contrast, a uniform distribution of aggregates was achieved
throughout the depth of concrete when the polymer matrix contained at least 40% filler
(60% or less resin). This was due to reduction of flowability of the epoxy matrix.

e The higher the fillers in the matrix the lower the negative effect of temperature due to the
heat absorption capacity of fillers and consequently the lower the loss of strength. Epoxy-
based polymer matrix shows excellent durability against air, water, saline solution and
hygrothermal environments.

e The mechanical properties of the polymer concrete are influenced by the matrix-to-
aggregate ratio. A decrease in matrix-to-aggregate ratio decreases the tensile strength,
flexural strength and ductility. This is because the tensile and flexural properties, and
ductility are dependent on resin content in the concrete.

e The tensile strength of polymer concrete is more than 2 times higher than conventional
Portland cement concrete because of the better bonding characteristics between the matrix
and aggregates. Flexural strength of polymer concrete is about 35% higher than its splitting
tensile strength.

e Existing empirical models for elastic modulus, tensile strength and flexural strength that

were developed for conventional Portland cement concrete are not applicable to epoxy

30



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664
665
666
667
668
669
670
671
672
673
674
675

polymer concrete. New models are proposed for elastic modulus, tensile strength and
flexural strength of polymer concrete.

e The optimal resin-to-filler ratio is 70:30 to achieve a layered composite material and 60:40
to achieve a homogenous material with uniform distribution of aggregates. Furthermore,
the optimal matrix-to-aggregate ratio is 1:1.35 to ensure a good balance between
performance and cost.

A careful selection of resin-to-filler ratio and matrix-to-aggregate ratio in the mix design can

mitigate some of the limitations of epoxy polymer concrete such as cost, odour and toxicity.

The unique combination of fire-retardant filler, hollow microsphere and fly ash may able to

improve fire resistance, minimise shrinkage, control crack propagation and improve durability.

However, further investigations are required on these areas to fully understand their effects and

to increase confidence in their usage.

Acknowledgements

The first author acknowledges the Endeavour Research Fellowship sponsored by the Australian
Government Department of Education and Training. The authors are thankful to Professor
Gerard Van Erp and Professor Hao Wang for their valuable suggestions and acknowledge the

support from Ms Ashlii Timms and Ms Amy Beutel during experimental work.

References

[1] W. Ferdous, A. Manalo, T. Aravinthan, G. Van Erp, Properties of epoxy polymer concrete
matrix: Effect of resin-to-filler ratio and determination of optimal mix for composite railway
sleepers, Construction and Building Materials 124 (2016) 287-300.

[2] K. Shi-Cong, P. Chi-Sun, A novel polymer concrete made with recycled glass aggregates,
fly ash and metakaolin, Construction and Building Materials 41 (2013) 146-151.

[3] K.-C. Jung, L.-T. Roh, S.-H. Chang, Evaluation of mechanical properties of polymer
concretes for the rapid repair of runways, Composites Part B: Engineering 58 (2014) 352-360.
[4] W. Ferdous, A. Manalo, T. Aravinthan, Bond behaviour of composite sandwich panel and
epoxy polymer matrix: Taguchi design of experiments and theoretical predictions, Construction
and Building Materials 145 (2017) 76-87.

[5] L. Agavriloaie, S. Oprea, M. Barbuta, F. Luca, Characterisation of polymer concrete with
epoxy polyurethane acryl matrix, Construction and Building Materials 37 (2012) 190-196.

31



676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725

[6] W. Ferdous, Y. Bai, A.D. Almutairi, S. Satasivam, J. Jeske, Modular assembly of water-
retaining walls using GFRP hollow profiles: Components and connection performance,
Composite Structures 194 (2018) 1-11.

[7] W. Ferdous, A.D. Almutairi, Y. Huang, Y. Bai, Short-term flexural behaviour of concrete
filled pultruded GFRP cellular and tubular sections with pin-eye connections for modular
retaining wall construction, Composite Structures 206 (2018) 1-10.

[8] W. Ferdous, Y. Bai, T.D. Ngo, A. Manalo, P. Mendis, New advancements, challenges and
opportunities of multi-storey modular buildings — A state-of-the-art review, Engineering
Structures 183 (2019) 883-893.

[9] O. Elalaoui, E. Ghorbel, V. Mignot, M.B. Ouezdou, Mechanical and physical properties of
epoxy polymer concrete after exposure to temperatures up to 250 °C, Construction and Building
Materials 27(1) (2012) 415-424.

[10] A.J.M. Ferreira, C. Tavares, C. Ribeiro, Flexural properties of polyester resin concretes,
Journal of Polymer Engineering 20(6) (2000) 459-468.

[11] W. Lokuge, T. Aravinthan, Effect of fly ash on the behaviour of polymer concrete with
different types of resin, Materials & Design 51 (2013) 175-181.

[12] M. Loos, Carbon Nanotube Reinforced Composites: CNT Polymer Science and
Technology, Elsevier, UK, 2014.

[13] A. Garbacz, J.J. Sokotowska, Concrete-like polymer composites with fly ashes —
Comparative study, Construction and Building Materials 38 (2013) 689-699.

[14] W. Ferdous, A. Manalo, G. Van Erp, T. Aravinthan, K. Ghabraie, Evaluation of an
innovative composite railway sleeper for a narrow-gauge track under static load, Journal of
Composites for Construction 22(2) (2018) 1-13.

[15] W. Ferdous, A. Manalo, G. Van Erp, T. Aravinthan, S. Kaewunruen, A. Remennikov,
Composite railway sleepers — Recent developments, challenges and future prospects,
Composite Structures 134 (2015) 158-168.

[16] M. Muthukumar, D. Mohan, Optimization of mechanical properties of polymer concrete
and mix design recommendation based on design of experiments, Journal of Applied Polymer
Science 94(3) (2004) 1107 - 1116.

[17] K. Jafari, M. Tabatabaeian, A. Joshaghani, T. Ozbakkaloglu, Optimizing the mixture
design of polymer concrete: An experimental investigation, Construction and Building
Materials 167 (2018) 185-196.

[18] N.J. Jin, J. Yeon, I. Seung, K.-S. Yeon, Effects of curing temperature and hardener type
on the mechanical properties of bisphenol F-type epoxy resin concrete, Construction and
Building Materials 156 (2017) 933-943.

[19] M. Barbuta, M. Harja, 1. Baran, Comparison of mechanical properties for polymer concrete
with different types of filler, Journal of Materials in Civil Engineering 22 (2010) 696-701.
[20] P. Nogueira, C. Ramirez, A. Torres, M.J. Abad, J. Cano, J. Lépez, I. Lépez-Bueno, L.
Barral, Effect of water sorption on the structure and mechanical properties of an epoxy resin
system, Applied Polymer Science 80(1) (2001) 71-80.

[21] M.C.S. Ribeiro, P.R. N6voa, A.J.M. Ferreira, A.T. Marques, Flexural performance of
polyester and epoxy polymer mortars under severe thermal conditions, Cement and Concrete
Composites 26(7) (2004) 803-809.

[22] O. Karahan, Transport properties of high volume fly ash or slag concrete exposed to high
temperature, Construction and Building Materials 152 (2017) 898-906.

[23] A.K. Saha, Effect of class F fly ash on the durability properties of concrete, Sustainable
Environment Research 28(1) (2018) 25-31.

[24] Y. Ohama, K. Demura, Relation between curing conditions and compressive strength of
polyester resin concrete, International Journal of Cement Composites and Lightweight Concrete
4(4) (1982) 241-244.

32



726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

[25] ASTM-C39, Standard test method for compressive strength of cylindrical concrete
specimens, ASTM International, USA, 2017.

[26] ASTM-C496, Standard test method for splitting tensile strength of cylindrical concrete
specimens, ASTM International, USA, 2017.

[27] ASTM-C293, Standard test method for flexural strength of concrete (using simple beam
with center-point loading), ASTM International, USA, 2016.

[28] W. Ferdous, T.D. Ngo, K.T.Q. Nguyen, A. Ghazlan, P. Mendis, A. Manalo, Effect of fire-
retardant ceram powder on the properties of phenolic-based GFRP composites, Composites Part
B: Engineering 155 (2018) 414-424.

[29] D. Kim, G. Kim, D. Kim, H. Baek, Experimental and numerical investigation of thermal
properties of cement-based grouts used for vertical ground heat exchanger, Renewable Energy
112 (2017) 260-267.

[30] A. Nilson, D. Darwin, C. Dolan, Design of Concrete Structures, McGraw-Hill Education,
Europe, 2015.

[31] ACI-318, Building code requirements for structural concrete (ACI 318-08) and
commentary, American Concrete Institute, USA, 2008.

[32] V. Toufigh, M. Hosseinali, S.M. Shirkhorshidi, Experimental study and constitutive
modeling of polymer concrete’s behavior in compression, Construction and Building Materials
112 (2016) 183-190.

[33] W. Ferdous, A. Manalo, T. Aravinthan, A. Fam, Flexural and shear behaviour of layered
sandwich beams, Construction and Building Materials 173 (2018) 429-442.

[34] W. Ferdous, A. Manalo, T. Aravinthan, Effect of beam orientation on the static behaviour
of phenolic core sandwich composites with different shear span-to-depth ratios, Composite
Structures 168 (2017) 292-304.

[35] AS-3600, Concrete structures, Standards Australia, Sydney, Australia, 2017.

[36] B.-W. Jo, S.-K. Park, J.-C. Park, Mechanical properties of polymer concrete made with
recycled PET and recycled concrete aggregates, Construction and Building Materials 22(12)
(2008) 2281-2291.

[37] H.A. Bulut, R. Sahin, A study on mechanical properties of polymer concrete containing
electronic plastic waste, Composite Structures 178 (2017) 50-62.

[38] S.-W. Son, J.H. Yeon, Mechanical properties of acrylic polymer concrete containing
methacrylic acid as an additive, Construction and Building Materials 37 (2012) 669-679.

[39] M. Ozturan, B. Kutlu, T. Ozturan, Comparison of concrete strength prediction techniques
with artificial neural network approach, Building Research Journal 56(1) (2008).

[40] D.W. Fowler, Polymers in concrete: a vision for the 21st century, Cement and Concrete
Composites 21(5-6) (1999) 449-452.

33



