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Optimal design for epoxy polymer concrete based on mechanical properties 52 

and durability aspects 53 

 54 

Abstract 55 

Polymer concrete has shown a number of promising applications in building and construction, 56 

but its mix design process remains arbitrary due to lack of understanding of how constituent 57 

materials influence performance. This paper investigated the effect of resin-to-filler ratio and 58 

matrix-to-aggregate ratio on mechanical and durability properties of epoxy-based polymer 59 

concrete in order to optimise its mix design. A novel combination of fire-retardant, hollow 60 

microsphere and fly ash fillers were used and specimens were prepared using resin-to-filler 61 

ratios by volume from 100:0 to 40:60 at 10% increment. Another group of specimens were 62 

prepared using matrix-to-aggregate ratios from 1:0 decreasing to 1:0.45, 1:0.90 and 1:1.35 by 63 

weight at constant resin-to-filler ratio. The specimens were inspected and tested under 64 

compressive, tensile and flexural loading conditions. The epoxy polymer matrix shows 65 

excellent durability in air, water, saline solution, and hygrothermal environments. Results show 66 

that the resin-to-filler ratio has significant influence on the spatial distribution of aggregates. 67 

Severe segregation occurred when the matrix contained less than 40% filler while a uniform 68 

aggregate distribution was obtained when the matrix had at least 40% filler. Moreover, the 69 

tensile strength, flexural strength and ductility decreased with decrease in matrix-to-aggregate 70 

ratio. Empirical models for polymer concrete were proposed based on the experimental results. 71 

The optimal resin-to-filler ratio was 70:30 and 60:40 for non-uniform and uniform distribution 72 

of aggregates, respectively, while a matrix-to-aggregate ratio of 1:1.35 was optimal in terms of 73 

achieving a good balance between performance and cost. 74 

 75 



2 

Keywords 76 

Epoxy polymer concrete; resin-to-filler ratio; matrix-to-aggregate ratio; empirical modelling; 77 

properties; optimal design. 78 

 79 

1. Introduction 80 

Concrete, the second most consumed material in the world after water, is increasingly being 81 

used due to the rapid growth of the construction sector particularly in developing countries. Its 82 

high compressive strength, excellent elastic modulus and durability, and widespread 83 

availability at low cost are the key advantages. However, the use of Portland cement concrete 84 

may be limited in applications where high tensile strength, good bond strength or excellent 85 

resistance to certain extreme exposure conditions are required. One approach to overcome these 86 

limitations is through the use of polymer concrete. The characteristics of high tensile strength, 87 

good bond strength, excellent durability, fast curing times, low permeability, and casting 88 

flexibility make polymer concrete an interesting alternative construction material [1-5]. The 89 

construction sectors are accepting alternative materials beyond the traditional approach [6-8]. 90 

Polymer concrete consists of aggregates bonded together by a resin instead of a cement. 91 

The most commonly used resins are epoxy [9], polyester [10] and vinyl-ester [11]. Although 92 

polyester and vinyl-ester resins are less expensive, epoxy resins are preferable because of their 93 

excellent mechanical and thermal properties, superior resistance to humidity, low shrinkage and 94 

high elongation that produces durable and flexible polymer matrix [12]. To mitigate the high 95 

cost of epoxy resins, a range of fillers can be added to dilute the resin content. Fly ash is the 96 

commonly used filler in polymer concrete [13]. This study employed two other fillers named a 97 

fire-retardant filler and hollow microsphere to improve fire and shrinkage performances 98 

respectively. The main application for polymer concrete is in chemical storage, but this has 99 

been recently extended to include bridge decks, concrete crack repairs, railway sleepers, 100 
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pavement overlays, decorative construction panels, waste-water pipes and other structures in 101 

aggressive environmental conditions [1, 11, 14, 15].  102 

While polymer concrete offers superior mechanical performances over Portland cement 103 

concrete, the main challenge is their prohibitive cost. Polymer concrete is approximately 5-10 104 

times more expensive than normal concrete and therefore, their application is currently limited 105 

to structures where an enhanced performance justifies the higher cost. Despite their use in many 106 

building and construction applications, there is limited attempt to establish design procedure 107 

for polymer concrete [11]. The current approach of selecting mix proportions is random or 108 

based on current experience for Ordinary Portland Cement concrete. The extensive literature 109 

review suggest that the only reported studies are [16, 17], which developed design procedure 110 

based on a small variation of resin (only 4%) and aggregate sizes. Following experimental and 111 

analytical approaches, Muthukumar and Mohan [16] optimised polymer concrete composed of 112 

different quantities of furan resin, silica aggregates and microfiller. Their findings suggested 113 

that the best mechanical properties (compressive, tensile and flexural) can be obtained when 114 

the polymer concrete contains 8.5% resin, 76.5% aggregates and 15% microfiller. Recently, 115 

Jafari et al. [17] attempted to optimise polymer concrete with three different polymer ratios 116 

(10%, 12%, and 14% by weight) and two different coarse aggregate sizes (4.75–9.5 mm and 117 

9.5–19 mm) tested at temperature levels (−15 °C, +25 °C, and +65 °C). Based on compressive, 118 

splitting-tensile, and flexural strengths, they suggested that the optimum mix should contain 14% 119 

of polymer and coarse aggregates from 9.5 to 19 mm when tested the concrete at a temperature 120 

of −15 °C. However, these studies did not elaborate on how the coarse aggregates were 121 

distributed in polymer matrix and how durability aspects such as alkaline and hygrothermal 122 

environments affects the polymer properties, which are critical for an optimal mix polymer 123 

concrete design. Therefore, an improved understanding of the effects of mix parameters on the 124 
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performance of polymer concrete and an approach for optimal mix design [3] are deemed 125 

necessary. 126 

Several parameters affect the properties of polymer concrete such as the type and 127 

content of the resin and filler, curing method, curing temperature, humidity and particularly, 128 

resin-to-filler ratio and matrix-to-aggregate ratio [18]. Lokuge and Aravinthan [11] studied 129 

polymer concretes made with three different resins (polyester, vinylester and epoxy resin) and 130 

observed that epoxy and vinylester resins produced concrete with better mechanical properties 131 

compared to polyester. The effect of different fillers (fly ash and silica fume) on the mechanical 132 

properties of polymer concrete has been studied by Bărbuţă et al. [19] and they concluded that 133 

the addition of these fillers improves the mechanical properties of polymer concrete. Elalaoui 134 

et al. [9] studied the mechanical properties of epoxy polymer concrete after exposure to high 135 

temperatures and they observed a significant strength loss occurred at temperatures greater than 136 

150oC. The effects of water absorption on the mechanical properties of epoxy resin system has 137 

been studied by Nogueira et al. [20] and their study found a gradual reduction in tensile 138 

properties with increase in absorbed water. Nevertheless, the effects of resin-to-filler ratio and 139 

matrix-to-aggregate ratio remain unclear, yet optimising these parameters may have major 140 

performance and cost implications.  141 

To understand the influence of these parameters, the study first prepared and 142 

investigated seven polymer matrices with different resin-to-filler ratios and shortlisted four of 143 

these for further investigation under elevated temperature. Subsequently, the most suitable 144 

matrix for durability study was determined. Polymer concrete specimens were prepared with 145 

four different matrix-to-aggregate ratios to investigate its effect on the mechanical properties 146 

from which the optimal mix was identified. Finally, empirical models for strength and stiffness 147 

of polymer concrete were proposed and compared with the existing models for normal Portland 148 
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cement concrete. The outcome of this study will help better understand the properties of epoxy 149 

polymer concrete and its component material optimisation. 150 

2. Experimental program 151 

2.1. Materials  152 

The epoxy polymer concrete was prepared using a mixture of resin, fillers and coarse aggregate 153 

as described below: 154 

2.1.1. Resin 155 

The resin used in this study was a DGEBA (diglycidyl ether of bisphenol-A) type liquid epoxy 156 

resin produced from bisphenol A and epichlorohydrin. It has medium viscosity (110 – 150 poise 157 

at 25oC) which helps to disperse the filler and provides a good resistance to settling. It also has 158 

good mechanical properties and a high level of chemical resistance in the cured state. The resin 159 

has a density of 1.068 g/cm3 and epoxy molar mass of 190 g, i.e. the amount of resin per gram 160 

equivalent of epoxide. For curing, the resin was mixed with an amine based liquid hardener. 161 

The amine hydrogen equivalent weight of the hardener was 60 g while the measured density 162 

was 1.183 g/cm3. To make the resin mix reactive, one equivalent weight of resin (190 g) was 163 

mixed with one equivalent weight of hardener (60 g). When cross-linked and hardened with 164 

curing agents, the desired properties can be obtained. 165 

2.1.2. Fillers 166 

A novel combination of three fillers: fire retardant filler (FRF), hollow microspheres (HM) and 167 

fly ash (FA) were used in the preparation of polymer concrete. FRF is a non-toxic, non-168 

corrosive and smoke-suppressant material, and effective fire-retardant due to its 169 

thermodynamic properties that absorb heat and release water vapour. This filler was used to 170 

help address a limitation of polymer concrete that is its inability to withstand high temperatures 171 

[21]. HM are lightweight, hollow, spherical, low density, free-flowing, alumino-silicate powder 172 

that is added to reduce weight, shrinkage and cracking, and improve flow and workability. Fly 173 
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ash is added to improve the performance of epoxy concrete by resisting ultraviolet radiation 174 

and reducing the permeability of water and aggressive chemicals due to the fact that spherical 175 

and smooth surface of fly ash can reduce the average pore size [1, 22, 23]. The absolute density 176 

of FRF, HM and FA were 2.411, 0.752 and 2.006 g/cm3 while their particle size ranged between 177 

75- 95 µm (surface area 3.4 m2/g), 20-300 µm and 0.1-30 µm (surface area 4 m2/g), respectively. 178 

The combined action of these fillers is expected to produce a highly durable polymer concrete. 179 

2.1.3. Coarse aggregate 180 

Aggregates used were angular limestone obtained from quarry in crushed form, which were 181 

then washed and screened for cleanliness and gradation. The angular shape and rough surface 182 

texture of the aggregates creates a strong bond with the epoxy matrix and therefore contribute 183 

to higher strength development. The aggregates had a nominal particle size of 5 mm, absolute 184 

density of 2.929 g/cm3 and are free from undesirable impurities that might interfere with the 185 

setting and hardening of the epoxy resin matrix. Single-sized coarse aggregate was used because 186 

preference is given on specific gravity and the spacing between aggregates is such that it can 187 

be easily filled with the epoxy matrix and fillers used in this study.  188 

 189 

2.2. Specimen preparation 190 

Casting of polymer concrete was done by three steps. Firstly, the fillers were dry mixed at FRF : 191 

HM : FA weight ratio of 100 : 10 : 30. This produced a combined filler density of 1.976 g/cm3. 192 

After several trial mixes, this mixing ratio was found to provide a good balanced combination 193 

of fillers to the polymer concrete. The required amount of coarse aggregates were also prepared 194 

for the mix. Secondly, the resin and hardener were mixed at resin-to-hardener weight ratio of 195 

100 : 32. This produced a combined density of 1.094 g/cm3. This ratio is based on the 196 

requirement of mixing one equivalent weight of resin (190 g) to one equivalent weight of 197 

hardener (60 g) to produce a reactive mix that can maintain its fluidity for around 120 minutes 198 
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before complete polycondensation [1]. Finally, the mixed filler was added to the resin system 199 

and stirred until the matrix became homogeneous. Then, the coarse aggregate was added to the 200 

matrix and mixed approximately 5 mins to obtain a fresh polymer concrete. All mixing was 201 

done by hand since the volume of each mix was small and easy to handle. An earlier study 202 

showed that hand mixed polymer concrete does not require vibration for the manufacture of 203 

polymer railway sleepers in order to obtain good compaction and consistent properties [14]. 204 

 205 

2.2.1. Design of optimal resin-to-filler ratio 206 

To determine the optimal resin-to-filler ratio, different resin-to-filler ratios from 100:0 to 40:60 207 

by volume were prepared. The optimal resin-to-filler ratio was determined based on two criteria 208 

(a) aggregate particle distribution in polymer matrix and (b) temperature effect on compressive 209 

properties of polymer matrix. Seven mixes with different resin-to-filler ratios were prepared at 210 

constant aggregate volume fraction of 30% for investigating the aggregate particle distribution 211 

in polymer matrix. These samples were not compacted since the purpose was to check the 212 

distribution of coarse aggregates and any compaction would affect their natural distribution. 213 

Table 1 provides the seven mix proportions for investigating aggregate distribution where the 214 

first two rows (resin + hardener and combined fillers) represent the mix proportions for polymer 215 

matrix from which four mixes were shortlisted for investigating temperature effects on 216 

compressive properties of polymer matrix. The optimal resin-to-filler ratio can be determined 217 

at this stage.  218 

Table 1: Mix proportions for investigating aggregate particle distribution 219 

Sample ID F0 F10 F20 F30 F40 F50 F60 

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/m3) 1732 1770 1817 1840 1869 1873 1834 

Note: Resin-to-filler ratio (by volume) = (Resin + Hardener) : Filler 220 

It can be seen that the optimisation of the resin-to-filler ratio is based on aggregate 221 

particle distribution and thermo-mechanical properties, without any considerations for 222 

durability aspects. Therefore, the optimal polymer matrix were further exposed to four different 223 

environmental conditions and tested over a period of one year to examine their durability 224 

properties. 225 

 226 

2.2.2. Design of optimal matrix-to-aggregate ratio 227 

The optimal matrix-to-aggregate ratio were determined based on the effect of aggregate volume 228 

fraction on mechanical properties of polymer concrete. To investigate the effect of aggregate 229 

volume fraction on mechanical properties, cylindrical (50 mm in diameter and 100 mm in height) 230 

and beam specimens (25 × 25 × 250 mm) were cast in plastic moulds and plywood formworks, 231 

respectively for compressive, splitting tensile and flexural strength tests. The samples were 232 

demoulded next day and cured at room temperature (20oC) at 30% relative humidity and tested 233 

after 7 days. Unlike conventional Portland cement concrete, epoxy polymer concrete generally 234 

achieves approximately 90% of its 28-day strength in 7 days [24]. 235 

Four different matrix-to-aggregate ratios of 1:0, 1:0.45, 1:0.90 and 1:1.35 by weight at 236 

a constant resin-to-filler ratio (optimal one) were prepared to investigate their effect on 237 

mechanical properties. It should be noted that the resin-to-filler ratio is measured by volume 238 

while the matrix-to-aggregate ratio is considered by weight. This is because the use of three 239 

different fillers having different densities makes the design by weight basis complicated for 240 

resin-to-filler mix. Once the resin-to-filler ratio is finalised, coarse aggregate can be easily 241 

added to the matrix by traditional weight based mixing. Many trials involving mixes beyond 242 
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the selected range of the mixing ratio were also prepared but these were not considered in the 243 

reported study because of their low workability checked by visual inspection of entrapped air 244 

voids formation [1]. The cylindrical polymer concrete specimens were compacted in three equal 245 

layers by rodding each layer uniformly for 25 times. The mix proportions of the materials are 246 

provided in Table 2. 247 

Table 2: Mix proportions for investigating the effect of matrix-to-aggregate ratio 248 

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  249 

 250 

2.3. Strength and durability testing 251 

The polymer concrete cylinders prepared for aggregates distribution study were sectioned 252 

through the longitudinal direction using wet-cutting diamond blades to observe the spatial 253 

distribution of coarse aggregates within the polymer matrix (Fig. 1a). A careful observation of 254 

the distribution of aggregates in different resin-to-filler ratios and the performance of polymer 255 

matrix at different temperature helps to determine the optimal polymer matrix for further testing 256 

in the next stage. Four shortlisted polymer matrices were then prepared, cured for 7 days and 257 

tested on small cylindrical samples (25 mm in diameter and 25 mm in height) at room 258 

temperature (RT, 20oC), 30oC, 40oC, 60oC and 80oC under compressive load (Fig. 1b).  259 

To ensure durability performance of the optimal polymer matrix, the small cylindrical 260 

samples were exposed to air, water, saline solution, and hygrothermal environmental conditions 261 

(Fig. 1c and 1d). Air exposure with 20oC and 30% humidity was taken as the control 262 
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environment. Water exposure was carried out by immersing specimens in tap water at room 263 

temperature in a glass container with lid (to prevent evaporation). Exposure to saline solution 264 

was carried out in the same manner, but using 3.5% sodium chloride (by weight) solution to 265 

mimic seawater salinity. To simulate the common hygrothermal environment, specimens were 266 

placed in a water bath filled with tap water at constant 40oC temperature. The specimens 267 

exposed to air, water and saline solution were tested under compression over a period of one 268 

year, specifically at 7-day, 1-month, 2-month, 4-month, 6-month and 1-year while the 269 

hygrothermal samples were tested at 1-day, 3-day, 7-day and 1-month due to limited facilities. 270 

 271 

Fig. 1: Methods for determining optimal resin-to-filler ratio and durability study on optimal 272 

matrix: (a) aggregates distribution along height, (b) compression testing under elevated 273 

temperature, (c) conditioning of optimal matrix in air, water and saline solution, and (d) optimal 274 

matrix in hygrothermal condition. 275 

The concrete prepared with optimal polymer matrix were tested under compression (Fig. 276 

2a), splitting tension (Fig. 2b) and flexural (Fig. 2c) loading conditions according to ASTM 277 
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C39 [25], ASTM C496 [26] and ASTM C293 [27] standards respectively, to determine the 278 

compressive strength and modulus of elasticity, splitting tensile strength, and flexural strength. 279 

The nominal dimension of the concrete cylinder was 50 mm diameter and 100 mm in height 280 

while the beam specimen was 25 × 25 × 250 mm and tested at 200 mm span. Three replicates 281 

for each specimen type and property were tested and averaged. Prior to testing, the height and 282 

diameter of each cylinder were measured for strength calculation and confirming the 283 

dimensions do not differ by more than 2 % as per requirements of ASTM C39. The load was 284 

applied until the load indicator shows a decreasing trend and the specimen displayed a well-285 

defined fracture pattern. The splitting tensile strength and flexural strength were determined by 286 

the relationship of fct = 2P/πdL and fcf = 3PL/2bd2, where, P, L, b, d, fct and fcf are the maximum 287 

applied load, cylinder length or span length, width of the beam, diameter of cylinder or depth 288 

of the beam, splitting tensile strength and flexural strength, respectively.  289 

 290 

Fig. 2: Strength testing to determine optimal matrix-to-aggregate ratio: (a) compression, (b) 291 

splitting tension (c) flexure, and (d) distribution of aggregates in the optimal matrix 292 
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3. Results and discussion 293 

3.1. Effect of resin-to-filler ratio on aggregates distribution 294 

Resin binds the aggregates together and gives the polymer concrete its strength. Polymer 295 

concrete with low resin content results in a brittle product and is normally very dry and difficult 296 

to work with. The flowability of the concrete greatly depends on the resin-to-filler ratio. Fig. 297 

3(a) shows the distribution of aggregates in polymer concrete composed of different resin-to-298 

filler ratios starting from 100:0 decreasing to 90:10, 80:20, 70:30, 60:40, 50:50 and 40:60 299 

denoted by F0, F10, F20, F30, F40, F50 and F60, respectively. In contrast to the traditional concept, 300 

this study applied a new approach of selecting aggregates based on their specific gravity (SG) 301 

rather than their size. The coarse aggregates are heavier (SG = 2.929) and hollow microspheres 302 

are lighter (SG = 0.752) than resin systems (SG = 1.096). The new approach results in mix 303 

formulations with excellent flowability. The use of high resin-to-filler ratio (F0 to F30) produces 304 

a light and flowable matrix, which is less capable of keeping the denser aggregates in 305 

suspension prior to setting. At filler content of 40% and above, uniform distribution of the 306 

coarse aggregates throughout the full depth of the concrete is achieved and no distinct 307 

separation between the aggregates and matrix can be observed. At high filler content (F40 to 308 

F60), the resin matrix was less flowable and settlement of aggregates did not occur. However, 309 

the fillers were distributed uniformly in the concrete for all resin-to-filler ratios. This is due to 310 

the small particle size and the use of low density HM filler that help to stay in suspension within 311 

the resin. 312 
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      316 

      317 

Fig. 3: (a) Polymer concrete with different resin-to-filler ratio showing the distribution of coarse 318 

aggregates and epoxy matrix, (b – h) microscopic observation for voids in the samples, and (i) 319 

total porosity. 320 

Figs. 3(b) to 3(h) shows the microscopic observation of the specimens from Fig. 3(a). 321 

One important aspect noted in Figs. 3(b) to 3(h) is the presence of air voids in the less flowable 322 

matrices (i.e., from F40 to F60). The number and size of these air voids increased with the 323 

decrease in resin-to-filler ratios. These are air bubbles were entrapped during concrete mixing 324 

and not completely removed because the samples were prepared without any compaction as 325 

explained in Section 2.2.1. However, mixes with high resin-to-filler ratios (i.e., from F0 to F30) 326 

entrapped less air due to their good flowability.  327 

Density increased gradually from 1732 to 1869 kg/m3 with increase in filler from F0 to 328 

F40 and then remained fairly consistent at F50 (1873 kg/m3) and F60 (1834 kg/m3) as shown in 329 
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Table 1. The increase in density is due to the higher specific gravity of the combined fillers 330 

(1.976) compared to resin (1.096). However, the slight decrease in density at F60 is mainly due 331 

to the formation of large voids. The average void size and total porosity were analysed using 332 

“TBitmap” software on the microscopic images. It was observed that the average diameter of 333 

the voids gradually increased from 265 to 560 µm and the porosity (Fig. 3i) increased from 0.7% 334 

to 3% with increase in filler from 0% to 60%. Scanning electron microscopy (SEM) and energy 335 

dispersive X-ray spectroscopy (EDX) have been carried out in a previous study [1] by the 336 

authors and not repeated in the present study as the type of resin and filler used are the same. 337 

Moreover, the SEM analysis showed that fracture occurs through the filler [1] indicating a good 338 

bond between resin and fillers. 339 

A careful inspection of the specimens in Fig. 3(a) shows that the colour of the matrix 340 

changes from orange (F0 mix) to grey (F60 mix) with the decrease in resin-to-filler ratio. This 341 

can be attributed to the dark grey colour of fly ash and its increasing content in the matrix with 342 

decrease in resin-to-filler ratio. The darkness of the matrix could block ultraviolet radiation and 343 

protect the concrete from physical and mechanical deterioration due to photo-oxidative 344 

reactions that alter its chemical structure [1]. However, the hardened F0 mix achieved a smooth 345 

exterior surface and surface roughness increased with decrease in resin-to-filler ratio. Surface 346 

smoothness is particularly important for decorative works, so there are advantages and 347 

disadvantages of decreasing resin-to-filler ratio. As such, four mixes from low to high filler 348 

content were shortlisted (F0, F20, F40 and F60 mix) for investigating the effect of temperature. 349 

 350 

3.2. Effect of temperature and resin-to-filler ratio on stress-strain behaviour 351 

An in-depth understanding of temperature effects on mechanical properties is important for the 352 

design of polymer concrete for outdoor applications. The compressive stress-strain behaviour 353 

of the four shortlisted matrix are plotted in Figs. 4(a) to 4(d) while the variations of the strength 354 
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and elastic modulus are illustrated in Figs. 4(e) and 4(f), respectively. The stress-strain plot 355 

indicates that the behaviour of specimens heated at 60oC or above are very different to those 356 

heated up to 40oC. At 60oC or above, the specimens deformed drastically and showed 357 

significant drop in strength and stiffness. At 40oC, the strength and modulus of elasticity 358 

retained up to 50% of the values at room temperature while the retention is only approximately 359 

10% at 60oC. This is because of the lost of internal resistance at 60oC which is the glass 360 

transition temperature of the polymer matrix as determined by the authors in a previous study 361 

[1]. At glass transition temperature, the specimen changes from a hard, rigid or glassy state to 362 

a softer, compliant or rubbery state [28].  363 

A general observation is that a lower resin-to-filler ratio achieved a slightly lower 364 

strength, but higher elastic modulus at the same temperature. Furthermore, the stress-strain 365 

curves show that the ductility of the polymer decreases significantly with decrease in resin-to-366 

filler ratio. This is due to lowering of the bonding capability between resin and filler on which 367 

the strength of the matrix is dependant. On the other hand, the higher modulus of filler compared 368 

to resin increases the overall stiffness properties with the decrease of resin-to-filler ratio. 369 

Moreover, Figs. 4(e) and 4(f) indicate that the reductions in mechanical properties between 370 

20oC and 80oC are less for polymers containing high amount of fillers. This phenomenon can 371 

be attributed to the heat absorption capacity of fillers, therefore the higher the fillers content, 372 

the higher the heat resistance and lower the negative effect of temperature on strength and 373 

elastic modulus. 374 
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 375 

Fig. 4: Effect of temperature on compressive stress-strain behaviour of samples with resin-to-376 

filler ratio (a) 100:0, (b) 80:20, (c) 60:40 and (d) 40:60. Figure (e, f) shows decrease in strength 377 

and elastic modulus at elevated temperature. 378 
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Previous study by the authors [1] on the properties of polymer matrix (without 379 

aggregates) found an optimal resin-to-filler ratio of 70:30 on the basis of mechanical properties. 380 

However, the current study shows that this mix is not capable of achieving a uniform 381 

distribution of aggregates and thus inappropriate for concrete. Therefore, the 70:30 mix would 382 

not be suitable for investigating the effect of matrix-to-aggregate ratio. Moreover, the 383 

detrimental effect of temperature on mechanical properties decreases with the increase in fillers 384 

content. The results from this study suggests that the 60:40 resin-to-filler ratio is a more 385 

appropriate matrix and so this will be used to prepare polymer concretes with different 386 

aggregate contents for strength and durability testing. 387 

 388 

3.3. Effect of environmental conditions on strength and absorption 389 

The effects of exposure to air, water, saline solution and hygrothermal conditions on the stress-390 

strain behaviour, strength and absorption properties of the optimal polymer matrix (60:40) are 391 

shown in Fig. 5. The data were recorded up to 1 year in air, water and saline conditions and up 392 

to 1 month in hygrothermal condition after taking the initial reading on 7 days cured (20oC, 30% 393 

relative humidity) specimens. Fig. 5 (a-d) shows that the exposure type and duration induced a 394 

small effect on the initial slope of the stress-strain curve and a much more noticeable effect on 395 

strength. Unlike Portland cement-based matrix, the polymer matrix showed a significant 396 

amount of plasticity beyond peak stress, and therefore a less brittle failure.  397 

Fig. 5 (e) plots the variation in compressive strength for different exposure conditions 398 

and times. The increase in strength with time is expected for air exposure. However, it is 399 

interesting to see that strength also increased when the specimens were exposed to water, saline 400 

solution and hygrothermal environments. Strength increased by up to 33%, 26% and 25% for 401 

air, water and saline conditions respectively, during the first 4-month period and then no 402 

significant changes were noticed thereafter. The rate of strength increase was slightly higher in 403 
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hygrothermal condition for the measured period and this suggests that the combination of water 404 

and heat curing is beneficial. 405 

Fig. 5 (f) shows the effect of exposure condition on the specimen weight over time. It 406 

can be seen that weight increased in all environmental conditions, but at different rates. After 1 407 

year of exposure, the largest increase occurred in water (0.45%), followed by saline solution 408 

(0.42%) and air (0.13%). This shows that the polymer matrix can absorb a small amount of 409 

water in a wet environment. The slight reduction in weight gain in saline environment is 410 

probably due to salt deposition on the surface. Samples in air achieved the lowest weight 411 

increase which is expected. In contrast, samples in hygrothermal condition absorbed the most 412 

water compared to all other environments (after 1 month exposure) because the absorption 413 

process is accelerated at elevated temperature. In any case, the percentage of water absorption 414 

for polymer matrix (up to 0.45%) is significantly lower when compare to the absorption 415 

capacity of ordinary Portland cement-based grouts which can be up to 30% [29].  416 

The strength development and water absorption results in different environmental 417 

conditions suggest that the polymer matrix has excellent durability against these aggressive 418 

environments. After selecting the suitable resin-to-filler ratio of 60:40 and assessing the 419 

durability aspects of the selected matrix, the next section investigates the effect of matrix-to-420 

aggregate ratio to obtain an optimal mix proportion for polymer concrete. 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 
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 429 

Fig. 5: Compressive stress-strain behaviour of the optimal polymer matrix (60:40 resin-to-filler 430 

ratio) after up to 1 year exposure in (a) air, (b) water, (c) saline solution and (d) hygrothermal 431 

conditions. Figure (e, f) show the effect of exposure on strength and absorption properties. 432 

 433 
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3.4. Effect of matrix-to-aggregate ratio on mechanical properties 434 

The effects of matrix-to-aggregate ratio on the mechanical properties of polymer concrete are 435 

presented in Fig. 6(a) to Fig. 6(d). The compressive stress-strain behaviour in Fig. 6(a) shows 436 

that for the same stress level, strain decreases with increase in aggregate fraction. Therefore, 437 

the corresponding decrease in the epoxy matrix fraction makes the concrete stiffer. This effect 438 

was also observed in the post peak behaviour. The failure process of the mix without aggregate 439 

(1:0 mix) is much more ductile and shows a greater level of plasticity. The peak stress of the 440 

1:0 mix occurred at 0.035 mm/mm strain while the ultimate failure strain was 0.072 mm/mm. 441 

In contrast, the post peak behaviour of the mixes with aggregates (i.e., 1:0.45, 1:0.90 and 1:1.35 442 

mixes) is relatively more brittle with peak stress occurring around 0.025 mm/mm strain and 443 

ultimate failure strain around 0.035 mm/mm which decreases slightly with the increase of 444 

aggregates. Therefore, ductility decreases with the increase in aggregate content. 445 

Fig. 6(b) shows the variation of compressive strength and compressive modulus of 446 

elasticity with matrix-to-aggregate ratio. With the exception of the 1:0 mix, compressive 447 

strength slightly increases with the decrease in matrix-to-aggregate ratio. The higher strength 448 

of 1:0 mix (42.3 MPa) compared to 1:0.45 mix (34.1 MPa) can be attributed to its uniform stress 449 

distribution along the depth of cylinder. In contrast, the 1:0.45 mix would experience non-450 

uniform stress distribution due to the presence of stiff aggregates and high stress concentration 451 

at the aggregate-matrix interface, which can cause early failure of the specimen. However, when 452 

comparison is made between mixes with aggregates (i.e., from 1:0.45 to 1:1.35), the slightly 453 

increasing trend of compressive strength (i.e., from 34.1 MPa to 39.9 MPa) is due to the gradual 454 

increase of aggregate volume in the mix that has higher crushing strength (30 to100 MPa) than 455 

the matrix. The slope of the stress-strain curve represents the modulus of elasticity and this 456 

increases from 1.86 GPa to 2.26 GPa with decrease in matrix-to-aggregate ratios from 1:0 to 457 

1:1.35. This is due to the fact that the aggregate has higher elastic modulus (15 to 55 GPa) than 458 
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the polymer matrix. As such, the elastic modulus of the polymer concrete increases with 459 

increase in compressive strength. 460 

 461 

Fig. 6: Effect of matrix-to-aggregate ratio on mechanical properties (a) Compressive stress-462 

strain behaviour, (b) Compressive strength & elastic modulus, (c) Tensile stress-deformation 463 

behaviour and (d) Splitting tensile and flexural strength 464 

Fig. 6(c) shows the tensile stress-deformation behaviour of polymer concrete for 465 

different matrix-to-aggregate ratios. Similar to the behaviour in compression, deformation at 466 

the same load level increases with the increase in matrix-to-aggregate ratio. However, one 467 

critical difference is that the mode of failure in tension is much more brittle compared to the 468 

failure mode in compression. Beyond the ultimate tensile load, a significant drop in load (~ 469 
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50%) occurred suddenly followed shortly by ultimate failure as shown in Fig. 6(c). This 470 

behaviour was observed in all samples.   471 

Fig. 6(d) shows the splitting tensile and flexural strengths with variation in matrix-to-472 

aggregate ratio. The splitting tensile strength ranged from 8.4 to 12.3 MPa, while the flexural 473 

strengths ranged from 12.5 to 15.1 MPa. It can be seen that both the splitting tensile and flexural 474 

strengths slightly decreased with decrease in matrix-to-aggregate ratio. This is due to the 475 

decrease of resin content that binds the aggregate together and the concrete containing a lower 476 

percent of resin resulted in a lower tensile and flexural strength as evident from [1, 11]. It can 477 

be noted that the flexural strength is approximately 35% higher than the splitting tensile strength 478 

for the same matrix-to-aggregate ratio. This is perhaps due to the assumption of linear elastic 479 

behaviour of the flexural specimens until failure (i.e., fcf = 3PL/2bd2) which provides slightly 480 

higher flexural strength than the actual. The higher flexural strength may also be attributed to 481 

the differences in failure modes of splitting tensile and flexural test. The flexural failure occurs 482 

on a small area of the bending section of beam due to the high compressive resistance above 483 

neutral axis (Fig. 2c) whereas in the splitting tensile test, the entire longitudinal section of the 484 

cylinder is under maximum stress (Fig. 2b). Therefore, it is more likely to find a weak point in 485 

the splitting section from which cracking initiates and propagates. This could explain why 486 

splitting tensile strength is lower than the flexural strength. 487 

4. Empirical modelling 488 

The lack of information on predicting the behaviour of polymer concrete motivated this study 489 

to develop empirical relationships between compressive strength, elastic modulus, tensile 490 

strength and flexural strength. To increase the reliability of the proposed model, this study also 491 

considered the data from published research. These relationships are compared to those for 492 

conventional Portland cement concrete. 493 

 494 



24 

4.1. Elastic modulus 495 

Elastic modulus, the slope of the initial linear portion of the stress-strain curve, generally 496 

increase with the strength of concrete. The two main parameters that affect elastic modulus of 497 

concrete are density and compressive strength [30]. The unit weight of concrete is an important 498 

parameter for estimating elastic modulus particularly in case of low density concrete. 499 

Theoretically, the density of polymer concrete (𝛾) can be estimated using the density of its 500 

constituent ingredients as provided in Eq. (1). The ratio of 𝑤 𝛾⁄  represents the percentage 501 

weight of each ingredient in the concrete mix to the density of the corresponding ingredient 502 

such as resin, hardener, FRF, HM, FA and aggregate. The effect of density on the stiffness of 503 

concrete is high for low strength concrete [30]. 504 

𝛾 =
100

∑
𝑤𝑖
𝛾𝑖

          (1)  505 

The American Concrete Institute (ACI) recommends an empirical equation to estimate 506 

modulus of elasticity for normal strength conventional concrete from its compressive strength. 507 

Fig. 7 plots the modulus of elasticity with respect to compressive strength according to the ACI 508 

code and experimental results. It can be seen that the elastic modulus of the polymer concrete 509 

does not follow ACI code [31], and in fact it is substantially lower than the conventional 510 

concrete. The more appropriate model for resin based polymer concrete is expressed in Eq. (2), 511 

where both the modulus of elasticity (𝐸) and compressive strength of concrete (𝑓𝑐) are expressed 512 

in MPa. 513 

𝐸 = 530√𝑓𝑐          (2) 514 

 515 
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 516 

Fig. 7: Relationship between modulus of elasticity and compressive strength for conventional 517 

concrete and polymer concrete [3, 5, 11, 32]. 518 

At the same compressive strength, the elastic modulus of polymer concrete is 519 

significantly lower than the normal concrete. This is probably due to the lack of coarse 520 

aggregates, low sand fraction and low elastic modules of the epoxy matrix in polymer concrete 521 

relative to cement-based matrix. Nevertheless, a flexible concrete is desirable when it is used 522 

for the purpose of binding and coating material for structural load carrying components. For 523 

example, the recent development in polymer railway sleeper manufactured from composite 524 

sandwich panels (load carrying components) bonded and coated with polymer concrete 525 

(provides structural integrity) requires a flexible concrete material to ensure the failure in main 526 

structural load carrying components under bending load [14, 33, 34]. 527 

 528 

4.2. Splitting tensile strength 529 

Splitting tensile strength is an important parameter to evaluate the shear resistance provided by 530 

concrete and to determine the development length of reinforcement. The splitting tensile 531 

strength is generally greater than direct tensile strength. The Australian standard of concrete 532 

structures AS 3600 [35] proposed that the splitting tensile strength is 40% of the square root of 533 

compressive strength. Fig. 8 plots the AS 3600 model and the experimental splitting tensile 534 
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strength, against compressive strength. The tensile strength of polymer concrete increases with 535 

the increase of compressive strength. For same compressive strength, it can be seen that tensile 536 

strength of the polymer concrete is 2.25 times higher than the conventional Portland cement 537 

concrete. This suggests a stronger bond between polymer matrix and aggregates compared with 538 

cement-based matrix. This also suggests that there is less inherent flaws within the polymer 539 

matrix that would propagate and contribute to failure under tension. The higher tensile strength 540 

of polymer concrete makes it a potentially viable material for many civil engineering 541 

applications. The relationship between tensile (𝑓𝑐𝑡 ) and compressive (𝑓𝑐 ) strength of the 542 

polymer concrete can be expressed by Eq. (3). 543 

𝑓𝑐𝑡 = 0.9√𝑓𝑐          (3) 544 

 545 

Fig. 8: Tensile and compressive strength relationship [11, 19, 36-38] 546 

 547 

4.3. Flexural strength 548 

Flexural strength measures the capacity of concrete to resist failure in bending. The flexural 549 

and tensile properties are correlated. Fig. 9 plotted the AS 3600 code for normal Portland 550 

cement concrete and the flexural test results from polymer concrete. Similar to tensile strength 551 

properties, the flexural strength of polymer concrete increases with increase in compressive 552 

strength. The AS 3600 code proposed that flexural strength for conventional concrete is 60% 553 
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of the square root of compressive strength, but this does not capture the behaviour of polymer 554 

concrete and significantly underestimates its flexural strength. Therefore, a suitable correlation 555 

between flexural and compressive strength needs to be developed for polymer concrete. The 556 

relationship between flexural strength (𝑓𝑐𝑓) and corresponding compressive (𝑓𝑐) strength of the 557 

polymer concrete can be expressed by Eq. (4). This suggest that the flexural strength of polymer 558 

concrete is approximately three times higher than the normal concrete with same compressive 559 

strength. 560 

𝑓𝑐𝑓 = 1.9√𝑓𝑐          (4) 561 

 562 

Fig. 9: Flexural and compressive strength relationship [5, 19, 37, 38] 563 

From the analyses presented in this section, it is clear that existing empirical models 564 

developed for conventional Portland cement concrete are not suitable for predicting the 565 

behaviour of polymer concrete. It is discussed earlier that the polymer concrete undergoes a 566 

polycondensation reaction to attain structural strength. The composition of the hardened 567 

polymer matrix is not the same as cement based concrete. The regression analysis of the 568 

proposed models for modulus, tensile and flexural strength gave R2 values of 0.66, 0.71 and 569 

0.75, respectively which is shows strong correlation compared with other advance modelling 570 

such as artificial neural network approach for normal concrete [39]. However, the simplified 571 

empirical relationship to estimate elastic modulus, splitting tensile and flexural strength could 572 
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be improved further by establishing a material design process such as micromechanical models 573 

that bridge microscale to mesoscale. This is beyond the current scope of the study but 574 

recommended for future work. It should be noted that the proposed relationships for polymer 575 

concrete are based on the results from a normal strength concrete. Therefore, further 576 

investigation on high strength concrete with different types of resin and aggregate sizes or 577 

gradation need to be conducted to verify the reliability of the proposed models. 578 

5. Optimal design for polymer concrete 579 

The term optimal design refers to the effective use of resin-to-filler ratio and matrix-to-580 

aggregate ratio that achieves the desired physical and mechanical properties of the polymer 581 

concrete. This study has formulated two types of polymer concrete: (a) concrete with uniformly 582 

distributed aggregates and (b) concrete separated by resin rich and aggregate rich layers as 583 

shown in Fig. 3(a). Typically, concrete with uniformly distributed aggregates is preferred for 584 

structural elements where the main purpose is to carry loads, while concrete showing high 585 

degree of segregation is not desirable. However, recent studies suggest that a composite with 586 

resin rich and aggregate rich layers is advantageous for the purpose of bonding and coating 587 

structural components. For example, a recently developed polymer railway sleeper was 588 

manufactured from sandwich panels where the panels were bonded together using layer-based 589 

polymer concrete to achieve higher compressive strength at the top half and greater tensile 590 

strength at the bottom half of sleeper [14]. Therefore, it is required to optimise both types of 591 

concrete for their effective utilisation in civil construction.  592 

The formation of resin rich and aggregate rich layers in concrete are dependent on the 593 

resin-to-filler ratios. The resin-to-filler ratios from 100:0 to 70:30 (from F0 to F30) can produce 594 

a layered concrete while ratios between 60:40 and 40:60 (from F40 to F60) produce a more 595 

homogeneous material. The results of this study suggest that there are no major differences in 596 

flowability and void formation between resin-to-filler ratios from 100:0 to 70:30 (Fig. 3). 597 
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However, the increase in filler content produces a less transparent matrix that would be more 598 

effective in blocking ultraviolet radiation. In addition, there is also a cost advantage since resin 599 

is the most expensive component in polymer concrete as discussed in [1]. Therefore, the optimal 600 

resin-to-filler ratio would be 70:30 (i.e., F30) to produce a layered concrete. On the other hand, 601 

the concrete with uniformly distributed aggregate (from F40 to F60 mix) contains voids as a 602 

result of their low workability (Fig. 3). The void content increased with the decrease in resin-603 

to-filler ratio. A high percentage of void can create a porous microstructure that may allow 604 

unwanted liquids and gases into the concrete. Thus, the optimal resin-to-filler ratio would be 605 

60:40 (i.e., F40) to achieve a well compacted durable polymer concrete with uniform distribution 606 

of aggregates. 607 

The matrix-to-aggregate ratio has an influence on the mechanical properties of polymer 608 

concrete. The tensile strength decreased by 22%, 29% and 32% and flexural strength decreased 609 

by 15.8%, 17% and 17.3% with the increase of coarse aggregate by 1, 2 and 3 times of the resin, 610 

respectively. It can be seen that there are no major differences in the variation of strength even 611 

when the aggregates are increased by 3 times of the resin (i.e., 1:1.35 mix). However, mixes 612 

with much higher aggregate contents were not considered for investigation because of their low 613 

workability. The major challenges associated with the use of polymer concrete are their high 614 

cost, odour, toxicity and flammability due to the use of resin [40]. It can be expected that 615 

decreasing the matrix-to-aggregate ratio could mitigate some of these challenges, e.g. lowering 616 

the cost [1], odour and toxicity, and improve fire resistance by reducing resin content per unit 617 

volume of concrete. However, further investigation is needed to verify this. Based on the results 618 

from this study, the optimal matrix-to-aggregate ratio is 1:1.35 to achieve a good balance 619 

between cost, durability and mechanical properties.  620 

6. Conclusions 621 
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Epoxy polymer concrete with different resin-to-filler ratios and matrix-to-aggregate ratios were 622 

investigated by physical observation, mechanical and durability testing. Empirical models were 623 

proposed to predict the behaviour of polymer concrete. The optimal resin-to-filler ratio and 624 

matrix-to-aggregate ratio were determined from which the following conclusions are drawn:  625 

 The distribution of aggregates within the concrete is heavily dependent on the resin-to-626 

filler ratio of the mix. Mixes with low filler content (< 40%) show significant segregation 627 

and produces a layered polymer concrete with resin rich layer at the top and aggregate rich 628 

layer at the bottom. In contrast, a uniform distribution of aggregates was achieved 629 

throughout the depth of concrete when the polymer matrix contained at least 40% filler 630 

(60% or less resin). This was due to reduction of flowability of the epoxy matrix.  631 

 The higher the fillers in the matrix the lower the negative effect of temperature due to the 632 

heat absorption capacity of fillers and consequently the lower the loss of strength. Epoxy-633 

based polymer matrix shows excellent durability against air, water, saline solution and 634 

hygrothermal environments. 635 

 The mechanical properties of the polymer concrete are influenced by the matrix-to-636 

aggregate ratio. A decrease in matrix-to-aggregate ratio decreases the tensile strength, 637 

flexural strength and ductility. This is because the tensile and flexural properties, and 638 

ductility are dependent on resin content in the concrete.  639 

 The tensile strength of polymer concrete is more than 2 times higher than conventional 640 

Portland cement concrete because of the better bonding characteristics between the matrix 641 

and aggregates. Flexural strength of polymer concrete is about 35% higher than its splitting 642 

tensile strength.  643 

 Existing empirical models for elastic modulus, tensile strength and flexural strength that 644 

were developed for conventional Portland cement concrete are not applicable to epoxy 645 
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polymer concrete. New models are proposed for elastic modulus, tensile strength and 646 

flexural strength of polymer concrete.  647 

 The optimal resin-to-filler ratio is 70:30 to achieve a layered composite material and 60:40 648 

to achieve a homogenous material with uniform distribution of aggregates. Furthermore, 649 

the optimal matrix-to-aggregate ratio is 1:1.35 to ensure a good balance between 650 

performance and cost.  651 

A careful selection of resin-to-filler ratio and matrix-to-aggregate ratio in the mix design can 652 

mitigate some of the limitations of epoxy polymer concrete such as cost, odour and toxicity. 653 

The unique combination of fire-retardant filler, hollow microsphere and fly ash may able to 654 

improve fire resistance, minimise shrinkage, control crack propagation and improve durability. 655 

However, further investigations are required on these areas to fully understand their effects and 656 

to increase confidence in their usage. 657 
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