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ABSTRACT 10 

The objective of this experimental investigation is to use the ASTM C1138 (underwater) test method to 11 

investigate the influence of the quantity and type of coarse aggregates on the hydrodynamic abrasion 12 

resistance of concrete. Thereafter, relationships between the abrasion resistance of concrete with its 13 

principal mechanical properties are comparatively examined. It is found that the use of natural coarse 14 

aggregates to replace fine aggregates by up to 25% does not significantly affect concrete abrasion 15 

performance but the use of recycled tyre rubber aggregates with aspect ratios of ~ 4 to replace 25% of 16 

natural coarse aggregates  increases abrasion resistance by up to 64% depending on the test duration. 17 

Further, concretes produced with natural rounded coarse aggregates of 10 mm significantly 18 

outperformed those with angular 20 mm maximum particle size at all test durations by up to 57%. 19 

Finally, for the concrete mixtures tested, results indicate that tensile splitting strength is a superior 20 

parameter to compressive strength for prediction of concrete abrasion resistance in the ASTM C1138 21 

test and the relations developed for the concretes tested predicted percentage abrasion loss within the 22 

margin of ±0.5%. 23 

Keywords 24 

Abrasion resistance; rubber aggregates; mechanical properties; hydraulic structures.  25 

1. INTRODUCTION 26 

In recent years, there has been increased concern about the durability of concrete structures exposed 27 

to the action of water-transported coarse sediments such as hydroelectric dam spillways and stilling 28 

basins, coastal defences, navigation locks, bridge aprons etc. The concrete surfaces of these structures 29 
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are prone to disintegration on interaction with hard-coarse sediments carried by the flow in a process 30 

termed as hydrodynamic abrasion or abrasion-erosion (ACI Committee 207 2017). The damage 31 

inflicted on the affected surfaces not only reduces section thickness through sustained material loss 32 

over time but can also incite other modes of structural degradation like corrosion of embedded rebar 33 

(Cunningham et al. 2015; Omoding et al. 2020). Figure 1 shows abraded stepped revetment armour 34 

units which form the coastal defences at Cleveleys in the North West of England after circa 15 years of 35 

exposure to abrasion by pebbles moved by breaking ocean waves. The consequences of this 36 

phenomenon include higher safety risks, increased maintenance expenditure due to frequent repair 37 

needs and an overall reduction in the service life of such strategic infrastructure. Therefore, in the 38 

selection of concrete mixtures used for the construction of new and repair of existing hydraulic 39 

structures situated in abrasive environments, it is important that a thorough assessment of their 40 

hydrodynamic abrasion resistance is undertaken. 41 

Several test methods exist for evaluation of concrete performance in different abrasive environments 42 

but the underwater method developed by (Liu 1981) standardised as (ASTM C1138 2012) and the ring 43 

method (Kang et al. 2012; SL 352 2006) are particularly recommended for hydrodynamic abrasion. In 44 

the underwater test (ASTM C1138 2012), also referred to as the steel ball method (SL 352 2006), a 45 

concrete disc (300 x 100 mm [ф x thickness]) is subjected to the abrasive action of 70 chrome steel 46 

balls of diameters; 25.4 mm (10 Nos), 19.1 mm (35 Nos) and 12.7 mm (25 Nos). The steel balls are 47 

moved by water agitated by an immersed paddle rotating at a speed of 1200 rpm. In testing normal-48 

performance concretes (NPC), abrasion is measured as mass loss at 12-hour intervals for a total 49 

duration of 72 hours. However, this duration can be extended up to 120 hours for high-performance 50 

concretes (HPC) because these do not suffer abrasion damage within the standard 72-hour test period 51 

sufficient to make meaningful comparisons of different mixtures (Horszczaruk 2005; Sonebi and Khayat 52 

2001). In the ring method, sand (0.4 to 2 mm diameter) is used as the abrasive charge with the 53 

solids/water mixture proportioned at a ratio of 1:4. This mixture is contained in the annulus of a ring-54 

shaped concrete sample and agitated using a paddle rotating at a speed of about 2700 rpm to cause 55 

abrasion of vertical sides of the annulus. The mass loss in the concrete sample is measured at 15-56 

minute intervals over a test period of 60 minutes. Finally, hydrodynamic abrasion performance of 57 

concrete is then reported as the rate of mass loss per unit area (Kang et al. 2012; SL 352 2006). Based 58 

on the size of the abrasive charge adopted, the ring test method is more suited for performance 59 
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assessment of concrete whose field operating environment is dominated by sand-sized (0.05-2 mm) 60 

sediments on the (Wentworth 1922) scale. In contrast, the ASTM C1138 test is recommended for 61 

testing concrete exposed to abrasion by coarse sediments i.e., pebbles (2-64 mm) and cobbles (64-256 62 

mm). Qualitative similarities have been observed in the nature of damage exhibited by concrete 63 

surfaces abraded in the ASTM C1138 test to those in field conditions for the cases of hydroelectric dam 64 

stilling basins (Kryžanowski et al. 2009) and stepped coastal revetment armour units (Cunningham et 65 

al. 2015) both of which were abraded by coarse sediments. Since severe hydrodynamic abrasion 66 

damage in concrete is more prevalent when flowing sediments are within the pebble and cobble size 67 

range, many researchers have used the ASTM C1138 test method to investigate the resistance of 68 

concrete. These studies have focussed on understanding factors that influence the performance of both 69 

normal and high-strength concretes to identify the most abrasion resistant. These factors include 70 

compressive strength, water to binder ratio, coarse aggregate type (Horszczaruk 2005; Liu 1981; 71 

Sonebi and Khayat 2001), fine rubber aggregate use (Kang et al. 2012; Kryžanowski et al. 2009), 72 

supplementary cementitious materials, steel and synthetic fibre addition (Horszczaruk 2009; 73 

Kryžanowski et al. 2009; Liu and McDonald 1981; Sonebi and Khayat 2001), and surface finishing (Liu 74 

1981), etc. 75 

(Liu 1981) undertook a thorough investigation of the ASTM C1138 abrasion resistance of 20 concrete 76 

mixtures with cylinder compressive strengths of 22 to 69 MPa at 28 days, and water to cement ratios of 77 

0.33 to 0.72. The mixtures were produced with ordinary Portland cement (ASTM C150 1978) and 78 

different coarse aggregate types, i.e. trap rock, chert, limestone, siliceous gravel, quartzite, granite and 79 

blast-furnace slag. The results showed that for the same coarse aggregate type, the average 72-hour 80 

abrasion loss decreased with reduced water to cement ratio and increased compressive strength. The 81 

study also concluded that for the same water to cement ratio, mixtures made of hard coarse aggregates 82 

based on Mohs hardness scale such as chert (6.6) performed much better than those with 83 

comparatively softer aggregates such as limestone (3.5). Whilst the Mohs hardness test is only 84 

qualitative in nature, strong correlations exist with Vickers micro-indentation tests in the case of 85 

minerals (Young and Millman 1964) thus it provides a rapid method for assessing the quality of rocks 86 

used as coarse aggregates in abrasive environments. Although (Liu 1981) also reported the flexural 87 

strength of the concretes adopted, their relationship with abrasion resistance was not evaluated and 88 

neither was the influence of the quantity of coarse aggregates. A recent review by the authors 89 
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(Omoding et al. 2020) postulated on the significance of concrete tensile behaviour on the mechanisms 90 

by which material is removed from the surface during the abrasion process. The importance of coarse 91 

aggregate content has been underscored by (Choi and Bolander 2012) who observed increased 92 

abrasion resistance of concretes with high ratios of exposed coarse aggregate to total surface areas 93 

and (Cunningham et al. 2015) who in contrast reported concretes with high coarse aggregate contents  94 

exhibited lesser abrasion resistance due to poor particle packing.  95 

(Horszczaruk 2005) tested the ASTM C1138 abrasion resistance of 9 concretes with water to 96 

cementitious materials ratios that ranged from 0.26 to 0.27 and cylinder compressive strengths varying 97 

from 74 to 116 MPa. The concretes were produced using basalt coarse aggregates with maximum 98 

particle sizes of 8 mm and 16 mm and dosages that varied from 1006 to 1279 kg/m
3
. Two steel fibre 99 

types (0.5 x 30 mm [φ x L] and 1.0 x 50 mm [φ x L]) were introduced in five concretes at contents of 70 100 

kg/m
3
 whilst one mixture incorporated polyvinyl chloride (PVC) fibres of 19 mm length at a dose of 1.8 101 

kg/m
3
. The cement types used were in accordance with the requirements of (BS EN 197-1 2011) for 102 

CEM I 52.5R,  CEM I 42.5R and CEM III/A 42.5N. The cement contents in concrete were 450 and 470 103 

kg/m
3
 and all mixtures contained silica fume at a dose of 10% (of cement quantity). The ratio of coarse 104 

to fine aggregate content ranged from 1.0 to 2.0 while superplasticiser contents were varied from 1 to 105 

2% (of cement mass) while one concrete mixture contained 112.5 l/m
3
 of latex. Abrasion losses were 106 

measured at 12-hour intervals over a total duration of 120 hours. The findings showed a very strong 107 

correlation between concrete abrasion losses with compressive strength. It was also concluded that for 108 

concretes with compressive strengths exceeding 80 MPa, abrasion loss exhibited a linear relation with 109 

time when the initial test duration of 12 to 24 hours was ignored. The use of PVC fibres resulted in 110 

improved abrasion resistance but latex addition was not beneficial. (Horszczaruk 2005) also reported 111 

the values of modulus of elasticity of the concretes evaluated but no analysis was carried out on its 112 

relation with abrasion loss. This research did not present the tensile and flexural strengths of the 113 

concretes used. 114 

(Sonebi and Khayat 2001) tested 12 high-strength concretes with 28-day cylinder compressive 115 

strengths ranging from 58 to 117 MPa using the ASTM C1138 test for durations of 48, 72, 96 and 120 116 

hours. The concretes were produced with cement Types 10 and 30 (CAN3-A5-M83 1983) (475 to 498 117 

kg/m
3
), silica fume (51 to 55 kg/m

3
), limestone and granite coarse aggregates (930 to 1100 kg/m

3
). The 118 

water to binder ratios varied from 0.24 to 0.30 while coarse to fine aggregate content ratios ranged from 119 
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1.4 to 1.5. Hooked and crimped fibre types of 50 mm length with aspect ratios of 100 and 50 120 

respectively were added in dosages of 58 to 60 kg/m
3
 to four mixtures and latex at concentrations of 12 121 

to 15% of cement mass was introduced in five concretes. The investigation concluded that there was a 122 

good correlation between 72-hour abrasion losses and those measured at 48, 96 and 120 hours. 123 

Further, fibre and latex addition did not significantly enhance abrasion resistance. 124 

More recently, the sharp increase in the amount of rubber tyre waste worldwide has resulted in attempts 125 

to find its uses in the construction industry in order to achieve environmental sustainability. Besides 126 

studies that have investigated the possible use of recycled rubber particles in concrete for conventional 127 

construction, researchers (Kang et al. 2012; Kryžanowski et al. 2009) have also explored the 128 

performance of rubber-aggregate concretes in abrasive hydraulic environments. 129 

(Kang et al. 2012) used the ASTM C1138 method to test the abrasion resistance of concrete mixtures 130 

containing 1 mm and 2.36 mm crumb rubber aggregate additions in proportions of 9 to 18% and 6 to 131 

9% of the cement content respectively. The concretes tested had a constant water to cement ratio of 132 

0.4 and the amount of ordinary Portland cement (PO-42.5) (GB175 2007) was maintained at 400 kg/m
3
. 133 

Limestone coarse aggregates with a maximum particle size and concentration of 31.5 mm and 1213 134 

kg/m
3
 respectively were used in all mixtures. Further, the ratio of the coarse to fine aggregate content 135 

was kept at 1.86 and all mixtures incorporated 2.8 kg/m
3
 superplasticiser. The results revealed that 136 

abrasion resistance significantly improved with increased amounts of crumb rubber regardless of their 137 

size. Concretes with 1 mm rubber particles outperformed those with 2.36 mm at the same crumb rubber 138 

content. However, compressive strength generally suffered a reduction when rubber aggregates were 139 

added to concrete. This deleterious effect was more notable in mixtures with 1 mm rubber particles. 140 

(Kryžanowski et al. 2009) also used the ASTM C1138 method to test the abrasion of resistance of 141 

concretes with a water to cement ratio of 0.42 in which 9.5% of sand (by volume) was replaced with 142 

crumb rubber particles with a maximum particle size of 4 mm. The concretes were produced with 143 

cement (450 kg/m
3
) that conformed with the requirements of (BS EN 197-1 2011) for CEM IIA-S 42.5R, 144 

natural river sand (30.6-33.6% of total aggregate volume), crushed gravel comprising of 65% carbonate 145 

rocks (56.9-69.4% of total aggregate volume) and polypropylene micro-fibres (0.05-0.10% of volume) 146 

and a dry polymer portion (5-10% of cement mass). The results demonstrated that use of crumb rubber 147 

as a replacement for fine aggregates in concrete improved its abrasion resistance by factors of over 4 148 

and 3 at test ages of 90 and 900 days respectively. However, the enhanced abrasion performance was 149 
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attained at the detriment of compressive strength and modulus of elasticity both of which suffered 150 

reductions. Based on the two studies which have used fine rubber particles, it is unclear whether similar 151 

degrees of abrasion resistance increments can be achieved when coarse crumb rubber is used and 152 

introduced as a replacement for natural coarse aggregates. 153 

In summary, several studies have investigated the hydrodynamic abrasion resistance of concretes of 154 

various compositions and identified governing parameters. Many studies have concluded that concrete 155 

abrasion resistance is directly related to its compressive strength but this is untrue for rubber-aggregate 156 

concretes. This suggests that other mechanical properties such as tensile splitting strength, flexural 157 

strength and flexural toughness could be more suited for modelling concrete abrasion resistance. 158 

However, to date, there are no studies in which the performance of all the major mechanical properties 159 

of concrete are systematically compared to identify the best predictor parameter for its hydrodynamic 160 

abrasion resistance. The effects of coarse aggregate content and type, as well as alternative 161 

approaches of introducing rubber aggregates to concrete on abrasion resistance also require 162 

clarification. Further, past studies have not considered the interactive nature of the hydrodynamic 163 

abrasion process or discussed the effect of surface characteristics. 164 

This experimental study sets out to investigate: (1) the influence of coarse aggregate quantity and type 165 

on concrete abrasion, (2) the effect of introducing coarse rubber particles as a replacement for natural 166 

coarse aggregates in concrete on its abrasion resistance, (3) the relative suitability of compressive, 167 

tensile splitting and flexural strengths as well as modulus of elasticity of concrete as parameters for 168 

modelling its resistance to hydrodynamic abrasion. In this paper, the effect of natural and rubber coarse 169 

aggregates is discussed from the perspective of steel ball-concrete surface interaction.  170 

2. RESEARCH SIGNIFICANCE 171 

An investigation into the influence of the quantity and type of coarse aggregates, as well as the use of 172 

crumb rubber particles on concrete abrasion can aid the specification of effective, economic and 173 

sustainable abrasion-resistant concretes in abrasive hydraulic conditions. Also, the identification of the 174 

most suitable mechanical property of concrete that best correlates to the abrasion resistance is crucial 175 

for both mixture design optimisation and prediction of abrasion losses. Therefore, this study contributes 176 

to the development of effective and economical concrete mixtures, as well as abrasion resistance 177 

models. 178 
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The structure of the paper is as follows. The materials used for concrete production and the rationale for 179 

the choice of mixture proportions are discussed followed by the brief description of the experimental test 180 

procedures used in the research. The experimental results are then presented together with critical 181 

discussions before the main conclusions derived from the results are outlined. 182 

3. EXPERIMENTAL PLAN 183 

3.1. Materials  184 

3.1.1. Cement 185 

The study used ordinary Portland cement that complied with the requirements of (BS EN 197-1 2011) 186 

for CEM I 42.5 R. 187 

3.1.2. Aggregates 188 

Bunter quartzite―Uncrushed orthoquartzite pebbles made up of almost entirely quartz with Mohs 189 

hardness of ~7. The grains ranged from white to red colour due to the varied amounts of iron oxide 190 

present. The orthoquartzite pebbles constituted up to 75% of the particles and the rest were sandstone, 191 

basalt and other igneous rocks. The particles exhibited sub-rounded to rounded shapes. 192 

Hornfels―This is the exact coarse aggregate used for the fabrication of pre-cast stepped revetment 193 

armour units at Cleveleys (see Figure 1). It was comprised of angular particles of crushed hornfels 194 

derived from contact metamorphism of andesite which produced a dense, durable and hard rock with 195 

Mohs hardness of ~7. The hornfels coarse aggregates were obtained from a quarry in Shap, Cumbria, 196 

UK. This aggregate is also known commercially as either Shap blue or Shap blue granite.  197 

Rubber ―As shown in Figure 2, these were elongated recycled rubber tyre particles with an average 198 

length and cross-sectional dimension of ~8 mm and 2 mm respectively. The rubber aggregates were 199 

supplied free from wires by SRC Products Ltd, Stockport, UK.  200 

Fine aggregates―These were natural river sand particles made of quartzite. 201 

The relative density and water absorption values of the natural aggregates used are presented in Table 202 

1 while Figure 3 shows their grading.  203 

The grading of bunter quartzite, hornfels and fine aggregates used in the present investigation met the 204 

requirements of (BS EN 12620 2002) for 10, 20 and 4 mm maximum particle size respectively.  205 
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3.1.3. Water 206 

Ordinary tap water free from contamination was used.  207 

3.1.4. Additional concrete making materials 208 

Materials in this category included silica fume, synthetic micro-fibres and a concrete admixture which 209 

were used in two specific concretes. The silica fume was supplied in slurry form (50% solids and 50% 210 

water) by Elkem AS, Norway. The properties of the monofilament, surfactant-coated polypropylene-211 

based micro-fibres used are presented in Table 2. Further, a chloride-free mid-range water reducer 212 

(MRWR) based on modified polycarboxylate was also used. Both the synthetic micro-fibres and water 213 

reducer were supplied by Sika UK Ltd. These materials were as per those used in the concrete for the 214 

aforementioned revetment armour units that form the coastal defences at Cleveleys. 215 

3.2. Test specimens 216 

3.2.1. Concrete mixture design  217 

The proportioning of constituents of the concretes used in this study is presented in Table 3. The 218 

mixtures adopted incorporate variations in the quantity, shape and size of natural coarse aggregates, 219 

introduction of rubber particles and compressive strength. The variation in concrete mixtures were 220 

designed to allow a wide range of applicability of the findings and enable the influence of key mixture 221 

design parameters to be evaluated. The influence of coarse aggregate quantity was evaluated by 222 

considering concrete mixture C1 as a reference mixture based on which concretes C2 and C3 were 223 

derived by replacing 15% and 25% (by mass) respectively of fine with coarse aggregates. The 224 

replacement approach ensured that the total aggregate content was maintained in all the three 225 

mixtures. High water to cement ratios were used in mixtures C1 to C3 so as to facilitate the occurrence 226 

of coarse aggregate removal by plucking, and thus maximise the effect of coarse aggregate quantity. 227 

Concretes C1, C4 and C5 were designed in accordance with BRE guidance (Teychenne et al. 1997) to 228 

achieve target cube compressive strengths of 20, 35 and 45 MPa so that the performance of concrete 229 

specified based on compressive strength is evaluated. The effect of using 25% (by mass) rubber 230 

particles in mixture C6 as replacement for bunter quartzite coarse aggregates was assessed by 231 

comparing its performance with that of C5.  232 

Concrete mixture C7 replicated the specification used in the fabrication of pre-cast units for the stepped 233 

coastal defence revetment armour units at Cleveleys in the Northwest of England (Cunningham et al. 234 
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2015). These units, situated in one of the most abrasive environments along the UK coast currently 235 

appear to exhibit considerable resilience to abrasive action from pebbles driven by breaking waves. The 236 

design of concrete C7 was consistent with requirements for concretes used in abrasive conditions as 237 

set out in (BS 6349-1-4 2013) in that the cube compressive strength exceeded 50 MPa, water to binder 238 

ratio was less than 0.45 and the minimum binder content was greater than 350 kg/m
3
. The compositions 239 

of mixtures C7 and C8 were only differentiated by entire replacement of hornfels coarse aggregates 240 

with bunter quartzite from which the effect of aggregate type, particularly maximum size could be 241 

investigated. This was because both aggregates had the same value of Mohs hardness, a critical 242 

parameter for concrete abrasion resistance (Liu 1981).  243 

3.2.2. Fabrication of test specimens 244 

For each concrete mix, three specimens were made for abrasion, tensile strength, modulus of elasticity 245 

and fracture toughness tests while several cubes were cast for compressive strength tests. The 246 

manufacture procedure for test specimens was as follows. Concrete constituents were weighed in 247 

accordance with the proportions shown in Table 3 and mixed using a rotary-drum mixer. The moulds 248 

were lubricated with mould oil prior to placing concrete. For each of the specimens, concrete was 249 

placed in three approximately equal layers with compaction using a vibrating table following the 250 

placement of each layer. Top surfaces of all specimens were neatly finished with a steel float, covered 251 

with a polythene sheet to minimise moisture escape, and then stored in a room maintained at a 252 

temperature of 20±3
0
C for 24 hours. Thereafter, the specimens were demoulded and cured by 253 

immersion in a water tank until the age of 28 days when they were removed for various tests. 254 

3.3. Test procedures  255 

The study tested hydrodynamic abrasion resistance and its mechanical properties at 28 days.  256 

3.3.1. Concrete abrasion tests 257 

The ASTM C1138 method (ASTM C1138 2012) was used to test the resistance of concretes to 258 

abrasion for a maximum duration of 72 hours. Three (03) specimens for each concrete mixture were 259 

tested, thus a total of 24 were subjected to abrasion in the experimental set-up illustrated in Figure 4. 260 

In this test, a concrete disc test specimen is immersed in a steel cylinder with a diameter of 300 mm. 261 

The specimen is abraded by the action of 70 chrome steel ball bearings comprised of 25 Nos of 12.7 262 

mm, 35 Nos of 19.1 mm and 10 Nos of 25.4 mm. The motion of the abrasive ball bearings is induced by 263 
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the agitation of water using a paddle with a rotating speed of 1200 rpm. The changes in test specimen 264 

volumes as a result of abrasion were measured at test intervals of 12, 24, 48 and 72 hours. The 265 

volumes of the concrete specimen at a given test increment, t, was calculated as, 266 

𝑉𝑡 =
𝑀𝑎 −𝑀𝑤

⍴𝑤
, 

(1) 

where, Ma = mass of test specimen in air, Mw = mass of test specimen in water and ⍴w = density of 267 

water. It should be noted that mass was measured to the nearest 1 gram at each test duration while the 268 

density of water was assumed to be 1000 kg/m
3
. Concrete abrasion loss (Vabr,t) at each test duration is 269 

estimated as, 270 

𝑉𝑎𝑏𝑟,𝑡 = 𝑉0 − 𝑉𝑡 , (2) 

in which, Vo = specimen initial volume (before the test); and Vt = specimen volume at a specified test 271 

duration. The calculated concrete abrasion at the four test time increments was expressed as a 272 

percentage of the initial volume of the test specimen. In this investigation, all the surfaces tested were 273 

the bottom as-struck to ensure that the quality of the concrete surface finish and the density was 274 

comparable to those exhibited by revetment armour units used in coastal protection. These are often 275 

precast units that are cast face-down so that the surface exposed to abrasion is that which was 276 

originally in direct contact with the mould (Cunningham et al. 2012, 2015; Cunningham and Burgess 277 

2012). This approach ensures that it is a denser and higher-quality surface finish that is exposed to the 278 

aggressive environment, thus minimising the risk of ingress of sulphates and chlorides (Cunningham et 279 

al. 2012) which are deleterious to concrete.  280 

3.3.2. Mechanical properties 281 

The concrete properties evaluated comprised of the basic mechanical properties i.e. compressive 282 

strength, tensile splitting strength and modulus of elasticity, as well as flexural toughness. Table 4 283 

presents the scope of tests on the basic mechanical properties of concrete. 284 

The flexural behaviour of the concretes used was investigated with the three-point bending test using 285 

the experimental setup illustrated in Figure 5. The test specimens used were notched prisms that 286 

measured 80 x 150 x 700 mm in accordance with (RILEM TC89-FMT 1990) and cast in triplicate for 287 

each concrete mixture. The notches of 3.6 mm x 50 mm (width x depth) were all cast-in at the bottom of 288 
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the prism mid-span whilst the effective span length was maintained at 600 mm in all tests. A linear 289 

variable displacement transducer (LVDT) attached to the lower side of the beam was used to measure 290 

the crack-mouth opening displacement (CMOD) of the prism under load. The specimens were loaded 291 

by a displacement-controlled machine at a constant rate of 0.02 mm/s. The applied loads and 292 

respective values of CMOD were continuously recorded until the failure crack propagated throughout 293 

the entire concrete section above the notch. The results obtained were used estimate the flexural 294 

strength and flexural toughness of concrete.  295 

Flexural strength―This was estimated at peak load from the formula recommended by (BS EN 12390 296 

2009) and expressed in Equation (3).  297 

𝜎𝑓 =
3𝐹𝐿

2𝑏𝑑2
, 

(3) 

where, σf =flexural strength; F=peak load; L=distance between roller supports; b= width and d=depth of 298 

concrete above the notch. 299 

In the flexural strength computation, no adjustment was made to the measured peak load to account for 300 

the weight of the concrete section in the notch depth which is absent in the standard (BS EN 12390 301 

2009) test. This is due to the fact that the bending moment induced by its equivalent point load was very 302 

small (<1% of the measured peak load). Also, the breadths of test specimens were 80 mm compared to 303 

100 mm in (BS EN 12390 2009). However, since the effective depth (100 mm) which is critical in 304 

bending was consistent with the standard, the small difference in width was deemed not to significantly 305 

affect the flexural strength. 306 

Flexural toughness―The load and CMOD results from the three-point bending tests were used to 307 

calculate the flexural toughness of the concretes used. Flexural toughness was estimated as the total 308 

area under the load versus CMOD curve up to a specified value of 0.3 mm. The use of a constant 309 

CMOD value of 0.3 mm in all tests ensured that the work done by the external load was comparable 310 

across the concretes examined and the average result of the three test specimens was reported as 311 

flexural strength. 312 

4. TEST RESULTS AND DISCUSSION 313 
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In the first step of analysis of test results, the mean values and coefficients of variation (ratio of standard 314 

deviation to mean) were used to respectively describe concrete abrasion resistance and the dispersion 315 

of test data. Thereafter, it was determined whether or not the differences in the abrasion resistance 316 

were statistically significant at 95% confidence. The 95% confidence used is consistent with the level 317 

generally used to determine characteristic material strength (BS EN 1990 2002). For all the parameters 318 

tested, the small sample size of nine for compressive strength and three for the rest of the tests were 319 

insufficient to determine whether or not the samples were drawn from a population with a normal 320 

distribution. Consequently, nonparametric tests, i.e. Kruskal-Wallis ANOVA and Mann-Whitney tests 321 

(Hayter 2012) were used to compare the results of three or more and two concrete mixtures 322 

respectively. To perform the Kruskal-Wallis ANOVA test, the data from each sample group is pooled 323 

and ranked. Thereafter, the sum of ranks for each sample group is calculated, and the H statistic 324 

computed. The H-statistic follows the Chi-Square (χ
2
) distribution with degrees of freedom (DF) equal to 325 

the number of sample groups minus one (Hayter 2012). The Mann-Whitney test is applicable to two-326 

sample unpaired data and is also performed by first pooling and ranking the test data of each sample 327 

group. Subsequently, the total ranks sum is determined for each sample group and the U-statistic 328 

calculated. In both tests, the p-values were estimated and compared with the significance level (α=0.05) 329 

to determine whether the differences were statistically significant (Hayter 2012). The aforementioned 330 

statistical tests have been successfully applied by various researchers in the field of concrete research 331 

(Branston et al. 2016; Cross et al. 2000; Hasparyk et al. 2000; Proverbio 2001).  332 

4.1. Mechanical properties  333 

The mechanical properties of the concretes tested at the age of 28 days are summarised in Table 5. 334 

The results presented are the means of three test specimens while the corresponding coefficients of 335 

variation (%) are shown in the parenthesis. 336 

4.2 Concrete abrasion tests 337 

Figures 6 presents concrete abrasion losses measured at test durations of 12, 24, 48 and 72 hours. 338 

The plotted values are the means obtained from three test specimens. 339 
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4.2.1. Dispersion of abrasion test results 340 

It can be observed in Figure 6 that the measured abrasion loss in the concrete mixtures exhibited 341 

inherent deviations from the mean. The deviations were assessed using coefficients of variation of the 342 

test data shown in Table 6 for the durations tested. 343 

Table 6 shows that coefficients of variation in abrasion losses varied from 1.6 to 22.2%, 7.1 to 19.4%, 344 

1.3 to 29.2 and 6.1 to 20.4% at test durations of 12, 24, 48 and 72 hours respectively. It is important to 345 

note that these values are consistent with those from the few past studies that declared  the variability 346 

in test data through either coefficients of variation (Sonebi and Khayat 2001), standard deviation (Wang 347 

et al. 2018) or reporting the abrasion losses of all the individual test specimens (Liu 1981).  348 

An analysis of test results by (Liu 1981) for concretes with cylinder compressive strengths of  22 to 69 349 

MPa showed that maximum coefficients of variations were 57.5%, 25.3%, 24.1% and 20.7% at test 350 

periods of 12, 24, 48 and 72 hours respectively. These deviations were based on results of 3 351 

specimens for 12 mixtures and 2 specimens for the other two concretes. If the higher value obtained at 352 

12 hours is considered to be an outlier and due to fact that only the matrix layer is abraded in this 353 

period, it can be observed that the coefficients of variation in abrasion test data were less than 30% and 354 

thus in agreement with the results of the present investigation. Test results obtained by (Sonebi and 355 

Khayat 2001) are also consistent with this assertion. The maximum values of coefficients of variation 356 

computed from test results of 3 specimens produced from 12 high-strength concretes with cylinder 357 

compressive strengths of 58 to 117 MPa were 25.3%, 15.0%, 16.1% and 8.1% for test durations of 48, 358 

72, 96 and 120 hours respectively (Sonebi and Khayat 2001). However, remarkably low deviations in 359 

abrasion loss measurements were reported by (Wang et al. 2018) at 72 hours for 6 concrete mixtures 360 

with cube compressive strengths of 31 to 60 MPa tested at 28, 90 and 180 days. The coefficients of 361 

variation ranging from 1.0 to 2.6% were calculated from the reported means and standard deviations of 362 

3 test results. 363 

Based on the analysis of test data from the present investigation together with three other detailed data 364 

sets available in literature, it is evident that the ASTM C1138 test is a repeatable test method that 365 

produces concrete abrasion loss measurements with maximum coefficients of variation of ≈30%. 366 

Therefore, in the assessment of the reliability of concrete abrasion resistance models developed from 367 

the ASTM C1138 test results, this degree of deviation in test data needs to be taken into account. 368 
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4.2.2. Influence of concrete mixture design variables 369 

The concrete mixture proportions in Table 3 enabled the analysis of the effect of coarse aggregate 370 

quantity and type, as well as the use of rubber particles to be analysed.  371 

Quantity of coarse aggregates 372 

The effect of the quantity of coarse aggregate on concrete abrasion was evaluated from Figure 6 based 373 

on the resistance of mixtures C1, C2 and C3 which had the coarse to fine aggregate ratios of 1.2, 1.6 374 

and 2.1 respectively. At test durations of 12 to 48 hours, increasing the quantity of coarse aggregates 375 

by 15% reduced the mean concrete abrasion loss by about 2% to 23%. In contrast, mean concrete 376 

abrasion loss increased by 18% at 72 hours due to the 15% increase in coarse aggregate quantity. The 377 

increment of the coarse aggregate content by 25% in mixture C3 had not effect on mean abrasion loss 378 

at 12 hours when compared to C1. However, increases of about 7% to 23% were obtained at 24 to 72-379 

hour test durations. The fact that coefficients of variation in abrasion loss measurements of these 380 

concretes shown in Table 6 varied from 3% to 22% implies that differences in abrasion loss values 381 

were not reliable for evaluating variations in the performance of these mixtures. Therefore, statistical 382 

significance of the differences in the abrasion loss was tested using the Kruskal-Wallis ANOVA test at 383 

95% confidence and results summarised in Table 7. 384 

The results in Table 7 show that at  test durations of 12 to 72 hours and at 95% confidence, abrasion 385 

losses in concretes C1, C2 and C3 were not significantly different (p>0.05). 386 

In normal-strength concretes, the influence of the quantity of coarse aggregates on concrete abrasion 387 

resistance could be related to the concept of the aggregate exposure ratio (AER), defined by (Choi and 388 

Bolander 2012) as a fraction of the concrete surface area occupied by coarse aggregates. AER is 389 

intrinsically related to maximum size, distribution, shape and volume of coarse aggregates within the 390 

concrete mixture. Therefore, as the quantity of coarse aggregates is gradually increased, the AER also 391 

increases. The implication of this is that more coarse aggregates would be exposed after the 392 

disintegration of the matrix surface layer, and consequently become vulnerable to being plucked due to 393 

hydrodynamic action. Therefore, the co-operative effect of the grinding and plucking mechanisms would 394 

lead to a higher rate of concrete material removal than when only a single abrasion mechanism is 395 

present. It would also be expected that plucked coarse aggregate particles deposited on the surface 396 

become additional abrasive sediments and thus exacerbate the rate of material loss during the abrasion 397 

process. A further effect of coarse aggregate quantity is on the workability of concrete whereby the use 398 
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of large amounts can result in reduced slump due insufficient paste available to coat the coarse 399 

aggregate particles. The negligible differences in the abrasion losses in mixtures C1, C2 and C3 400 

suggests that specification of coarse to fine aggregate quantity ratios of up 2 does not reduce the 401 

abrasion resistance of the resultant concretes. The use of more coarse aggregate in concrete without 402 

significantly reducing its abrasion performance provides economic benefits. However, (Cunningham et 403 

al. 2015) found that in high-strength concretes with cube compressive strengths exceeding 80 MPa, 404 

increasing the proportion of coarse aggregates in the mixture by 25% led to 66% reduction in abrasion 405 

resistance. The reduction in resistance in this case was attributed to the poor particle packing in 406 

mixtures incorporating higher coarse aggregate quantities (Cunningham et al. 2015). This discrepancy 407 

highlights the differences in the effect of coarse aggregate content on the abrasion resistance of normal 408 

and high-strength concretes.  409 

Thus, it appears that for both normal and high-strength concretes, no enhancements in abrasion 410 

resistance are achieved by specifying coarse aggregate dosages exceeding those required for a 411 

compressive strength-based mixture design. 412 

Coarse aggregate type 413 

The effect of the type of coarse aggregates on concrete abrasion resistance was evaluated from test 414 

results of mixtures C7 and C8 in Figure 6. It is observed that on the basis of mean abrasion loss, 415 

concrete C8 out-performed C7 by 57%, 46%, 32% and 34% at test durations of 12, 24, 48 and 72 hours 416 

respectively. To determine whether or not the abrasion losses in concretes C7 and C8 were significantly 417 

different, the Mann-Whitney test was used. It was found that at 95% confidence, the abrasion losses of 418 

concrete C7 tended to be significantly greater than those of concrete C8 (U=9, p=0.040). This implied 419 

that mixture C8 exhibited significantly better abrasion resistance. Based on the 28-day compressive 420 

strength, both mixtures C7 and C8 can be classified as high-strength concretes and the influence of 421 

individual coarse aggregates on the mechanical properties of such concretes has been investigated in 422 

the past (De Larrard and Belloc 1997). High-strength concretes are characterised by the matrix and 423 

coarse aggregate phases exhibiting similar strengths (ACI Committee 363 2010). On examination of the 424 

composition of the abraded material and the topography of the damaged surfaces of both mixtures, no 425 

visible plucking of coarse aggregates was noted within the test duration of 72 hours. However, it was 426 

evident from the surface topography that coarse aggregate particles were more resistant to abrasion 427 
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than the matrix since the former and latter respectively comprised the crests and troughs of the 428 

damaged concrete surface.  429 

The low matrix hardness relative to the coarse aggregate phase in both concretes suggests that the 430 

differences in abrasion resistance is due to the influence of maximum aggregate size and particle size 431 

distribution. Figure 7 presents the combined particle size distribution of the aggregates, i.e. sand and 432 

hornfels (C7), and sand and bunter quartzite (C8). 433 

Figure 7 shows that both mixtures C7 and C8 were produced with gap-graded aggregates, deficient in 434 

5 to 8 mm particles. However, the two gradings were differentiated by the higher percentage of particles 435 

passing the respective sieve sizes in concrete C8 compared to C7. This demonstrates that for the 436 

respective sieve size, mixture C8 comprised of higher proportion of small aggregate particles. Further, 437 

the maximum aggregate size of mixture C7 was twice that of C8. Therefore, it appears that the increase 438 

in the proportion of small coarse aggregate particles together with the reduction in the maximum 439 

aggregate size increased the abrasion resistance of mixture C8. This behaviour can be attributed to the 440 

dense packing of aggregate particles which also influences the surface areas occupied by the matrix 441 

and coarse aggregate particles. These areas are influenced by the maximum size and distribution of 442 

coarse aggregate particles. The bound matrix areas in both mixtures presented latent localised zones 443 

for rapid abrasion damage owing to their lower hardness and the size of these areas is a function of 444 

coarse aggregate size. This surface area of the matrix increases with aggregate size as illustrated in 445 

Figure 8 for the case of dry-packed single-sized 10 mm and 20 mm idealised spherical aggregates. 446 

Therefore, once the coarse aggregate particles have been exposed, the concrete surface transforms 447 

into patches of hard (coarse aggregate phase) and soft (matrix phase) areas. With the continued 448 

interaction of the mobile steel balls with the softer matrix phase, further abrasion damage will depend 449 

on coarse aggregate particle dispersion and the size of abrasives. If an arbitrary matrix area of 8 mm 450 

diameter is considered, the maximum matrix depths accessible by the three steel ball sizes used in the 451 

standard ASTM C1138 test are in the ratios of 1.00: 0.61: 0.45 (13:19:25 mm ɸ). These ratios indicate 452 

that at a later stage of the abrasion process, the contribution of 19 and 25 mm ɸ steel balls to abrasion 453 

of the cement/sand matrix is greatly diminished. A period then occurs when the large-sized abrasive 454 

balls will only participate in abrading the harder coarse aggregate particles whilst the interaction of the 455 

small-size balls with both the coarse aggregate particles and matrix endures. The better shelter-effect of 456 
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the smaller coarse aggregates on the matrix results in relatively low material removal rates in such 457 

concretes provided the coarse aggregate phase is harder than that of the matrix. This also suggests 458 

that there is a relationship between maximum aggregate size and the size of abrasive sediments; better 459 

abrasion resistance would be expected when the average size of the abrasive is greater than the 460 

maximum aggregate size used. This hypothesis however needs further experimental investigation. 461 

Also, provided the values of coarse aggregates’ Mohs hardness are comparable, the particle shape 462 

does not appear to negatively affect the concrete resistance to abrasion given that mixture C8 produced 463 

with sub-rounded to rounded aggregate outperformed C7 which incorporated angular coarse aggregate 464 

particles. 465 

Use of rubber particles to replace coarse aggregates 466 

The effect of rubber was investigated by replacing the 25% (by weight) of natural coarse aggregates in 467 

concrete mixture C5 with rubber aggregate particles to produce mixture C6. The results presented in 468 

Figure 6 show that in comparison with the control mixture (C5), the rubber-aggregate concrete 469 

exhibited lower mean abrasion loss. The use of rubber reduced abrasion loss by 3%, 42%, 57% and 470 

64% at 12, 24, 48 and 72 hours respectively.  471 

The significance of the difference in the performance of mixtures C5 and C6 was tested with the Mann-472 

Whitney test. At 12 hours, the abrasion loss in concretes C5 was not significantly greater (U=6, p>0.05) 473 

than that of C6. However, at 24, 48 and 72 hours, the abrasion loss of mixture C5 tended be 474 

significantly greater than that of C6 (U=9, p<0.05) at 95% confidence. Therefore, concrete abrasion 475 

resistance improved with the addition of rubber particles from 24 to 72 hours. The similarity in the 476 

abrasion resistance of the two concretes at the 12-hour test duration suggests that the structures of the 477 

as-struck matrix surface layers for natural and rubber-aggregate concretes were similar. The increase in 478 

abrasion resistance at 24, 48 and 72 hours due to the addition of rubber particles agrees with the 479 

conclusions of previous studies (Kang et al. 2012; Kryžanowski et al. 2009) despite the different 480 

approaches used in the introduction of rubber particles and their size. (Kryžanowski et al. 2009) 481 

incorporated rubber as replacement for fine aggregates while (Kang et al. 2012) introduced rubber 482 

addition to the control concrete mixture and both studies reported abrasion resistance increments of up 483 

to 306% (900 days) and 371% (28 days) respectively.  484 
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Therefore, the enhanced abrasion resistance exhibited by the rubber-aggregate concrete in the present 485 

study confirms that use of rubber to replace coarse aggregates has a consistent effect as to when it is 486 

introduced as a replacement for fine aggregates and as an additional material. However, the approach 487 

of replacing natural coarse aggregates with rubber appears to produce smaller increments in abrasion 488 

resistance of concrete compared to use as a replacement for fine aggregates or as an addition.  489 

Scanning electron microscopy analyses have shown that voids and cracks are prevalent at the interface 490 

of rubber aggregate particles and the matrix in comparison to natural aggregates (Thomas et al. 2016). 491 

Therefore, the higher abrasion resistance of rubber aggregate concretes may be attributed to the 492 

properties of individual rubber particles rather than the quality of their bond with the matrix. In particular, 493 

the high energy absorption capacity of rubber (Kang et al. 2012) due to its low modulus of elasticity and 494 

large Poisson’s ratio (Finnie 1960) means that very limited material can be detached from the surface 495 

due to the action of the abrasive steel balls. Further, the interactive nature of the abrasion process 496 

which has mostly been ignored in previous studies on rubber aggregate concretes also plays a role. By 497 

examining the characteristics of abrasion-damaged surfaces of the rubber-aggregate concrete, it was 498 

observed that some elongated rubber particles anchored to the cement/sand matrix provided flexible 499 

roughness to the concrete surface. The presence of flexible surface roughness retards flow speeds and 500 

increases flow energy dissipation (Carollo et al. 2002; Chen and Kao 2011; Kouwen et al. 1969). Thus, 501 

the combination of flexible roughness  and roughness due to differential abrasion rates of the coarse 502 

aggregates and cement/sand matrix results in reduced speeds of the abrasive steel balls hence 503 

minimising material removal. The rubber particles can also shelter the natural coarse aggregates and 504 

matrix from direct impact of the abrasive solids. 505 

It is also observed that the damaged rubber-aggregate concrete surface appeared less aesthetic 506 

compared to that of natural coarse aggregates as compared in Figure 9 for a test duration of 72 hours. 507 

This could make rubber-aggregate concretes less desirable for use in abrasive field conditions where 508 

the appearance of the concrete surfaces is important such as coastal defences accessible to the public. 509 

Other concerns on the use of concretes containing rubber particles in hydrodynamic abrasive conditions 510 

relating to their resistance to ultraviolet, chemical and biological degradation, as well as the impact of 511 

rubber particles on aquatic and marine life have previously been highlighted by the authors (Omoding et 512 

al. 2020). 513 
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 In summary, regardless of the approach to introducing rubber, rubber-aggregate concretes possess 514 

higher abrasion resistance compared to those with only natural aggregate for the same water to cement 515 

ratio and cement content. The better resistance exhibited by rubber aggregate concrete is attributable 516 

to the combined effect of the high-energy absorption capacity of rubber particles, attenuated flow 517 

energy levels which reduce the abrasive power of the steel balls and the sheltering effect of rubber 518 

particles on the natural coarse aggregates and cement/sand matrix. 519 

4.3. Prediction of concrete abrasion resistance 520 

4.3.1. Dependence of concrete abrasion loss on mechanical properties 521 

The relationship between abrasion loss and mechanical properties was first investigated by evaluating 522 

whether or not there was consistency in the effect of the concrete mixture parameters on concrete 523 

abrasion loss and its mechanical properties. Subsequently, regression analysis of the test data was 524 

undertaken to propose empirical relations to predict concrete abrasion loss from mechanical properties. 525 

Since the abrasion loss of mixtures C1 to C3 were not significantly different, the Kruskal-Wallis ANOVA 526 

test was used to determine whether or not their mechanical properties were also drawn from the same 527 

population. In contrast, since the abrasion loss of mixtures C5 and C6, as well as C7 and C8 were 528 

significantly different, the Mann-Whitney test was used determine whether or not the mechanical 529 

properties also exhibited significant differences. The two statistical tests were undertaken at 95% 530 

confidence with the results presented in Table 8, from which analysis of the effect of coarse aggregate 531 

quantity and type, as well as rubber particles use as a replacement for natural aggregates was made. 532 

The results in Table 8 indicate that at 95% confidence, the variation in coarse aggregate content did not 533 

have a significant effect on tensile strength, flexural strength and flexural toughness. This is in 534 

agreement with the behaviour exhibited by concrete abrasion test results at all test durations (12, 24, 48 535 

and 72 hours. Conversely, the compressive strength and modulus of elasticity results of mixtures C1 to 536 

C3 were shown to be significantly different. Whilst mixture C5 suffered significantly higher abrasion 537 

loss, i.e. a low abrasion resistance compared to C6, at 95% confidence all the mechanical properties of 538 

concrete C6 tended to be significantly less. This suggests that the abrasion loss of rubber aggregate 539 

concretes increases with reduced mechanical properties which contradicts with the behaviour of 540 

natural-aggregate concretes whose resistance is mostly enhanced with increased mechanical 541 

properties such as compressive strength. As a result, specific empirical models that cater for the 542 

beneficial impact of rubber addition will be required for concretes containing rubber aggregates. Due to 543 
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this behaviour, the results of the rubber aggregate concrete have been omitted in the regression 544 

analysis presented in 4.3.2. In the case of concretes with different types of natural coarse aggregates, 545 

mixture C7 exhibited significantly higher abrasion loss compared to C8 while Table 8 shows that at 95% 546 

confidence, all the mechanical properties of concrete C7 tended not to be significantly less than those 547 

of C8. This discrepancy indicates the limitations of the mechanical properties of concrete tested for 548 

defining its abrasion resistance for the range of mixtures examined.  549 

4.3.2. Regression analysis 550 

The aim of this section is to determine the most appropriate mechanical property for defining the 551 

resistance of concrete to hydrodynamic abrasion for the mixtures evaluated. This is undertaken through 552 

a comparative evaluation of the relation between abrasion loss and compressive strength, tensile 553 

splitting strength, modulus of elasticity, flexural strength and toughness. The first step was to establish 554 

the form of relation by fitting of data to linear, power, exponential, logarithmic and polynomial functions 555 

and comparing the coefficients of determination (R
2
). The form of relation that provided the highest R

2
 556 

was adopted and tested for significance using an F-test (Hayter 2012). Figures 10 to 14 show the 557 

dependence of concrete abrasion on mechanical properties while Table 9 presents the regression 558 

equations and statistical significance parameters. 559 

In Table 9, the degrees of freedom (DF) 1 and 2 are for the model and error respectively. Based on the 560 

R
2
 values, it was found that polynomial functions produced the best fit for the relationship between 561 

abrasion loss and all properties. However, the relation with flexural strength could also be described 562 

with a linear function without any significant deterioration in the value of R
2
. A linear relation was thus 563 

adopted for flexural strength. Further, Table 9 shows that compressive strength, tensile splitting 564 

strength, modulus of elasticity, flexural strength and flexural toughness respectively explained 78% to 565 

93%, 86% to 97%, 44% to 65%, 76% to 94% and 71% to 95% variation in the abrasion loss of concrete. 566 

This suggests that for the concrete mixtures investigated, tensile splitting strength exhibited the best 567 

correlation with abrasion loss of concrete when compared to other mechanical properties. The higher R
2
 568 

values obtained for tensile splitting strength agrees with an evaluation of the results of (Horszczaruk 569 

and Brzozowski 2017) for the 72-hour abrasion loss for specimens aged 56 days while for 28 day-old 570 

specimens, the difference in R
2
 values for compressive and tensile strengths were negligible. Also, 571 

marginal differences in R
2
 were observed between compressive strength and modulus of elasticity 572 

based on the test data of (Kryžanowski et al. 2009) while results from (Liu 1981) pointed to compressive 573 
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strength being superior to flexural strength. The results of the F-test in Table 9 indicate that at 95% 574 

confidence, the relations developed were significant (p<0.05) for compressive, tensile splitting and 575 

flexural strengths at all the four test durations investigated while no evidence of a significant relationship 576 

was found for modulus of elasticity and flexural toughness (p>0.05). This suggests that compressive, 577 

tensile splitting and flexural strengths may be suitable for predicting concrete abrasion. Figures 15 to 578 

17 show the capability of the equations proposed in Table 9 to predict the measured concrete abrasion 579 

loss. It can be observed that the residuals, i.e. the difference between predicted and measured concrete 580 

abrasion loss values were higher for compressive strength in comparison to flexural and tensile splitting 581 

strength. While there was no clear relation between the residuals and any of the three concrete 582 

parameters, the residuals tended to be highest at a test duration of 72 hours. The lowest residuals were 583 

obtained when concrete abrasion loss was predicted using tensile splitting strength. Most of the residual 584 

values were in the range of ±0.50% in the case of the tensile splitting strength and rest of the data was 585 

within ±0.63%. 586 

Therefore, for the range of concretes tested, tensile splitting strength appears to be the most capable 587 

parameter for prediction of abrasion resistance. Equations (3) to (6) are therefore proposed to predict 588 

% abrasion loss (Vabr,t) of the concretes tested based on their tensile splitting strength (T in MPa) at test 589 

durations of 12, 24, 48 and 72 hours. 590 

Vabr,12=5.36-2.00T+0.21T
2
; (3) 

Vabr,24=8.74-3.32T+0.36T
2
; (4) 

Vabr,48=12.02-4.26T+0.43T
2
; (5) 

Vabr,72=10.74-2.96T+0.25T
2
. (6) 

The reason for the better predictions of concrete abrasion losses from tensile splitting strength 591 

compared to compressive strength is not obvious given that the two parameters are often considered to 592 

be related (Oloukun 1991; Raphael 1984). One probable explanation for this trend is the similarity in the 593 

mechanisms of concrete material removal in the ASTM C1138 test method and the cracking patterns 594 

developed during the tensile splitting test. When brittle materials such as concrete are impacted by hard 595 

solids, the material is removed from the exposed surface through the development, propagation and 596 

intersection of vertical surface and horizontal sub-surface cracks (Vassou et al. 2008). Based on Hertz’s 597 

equations for elastic contact between solid bodies, the development of surface cracks in brittle materials 598 

is attributed to tensile stress while sub-surface cracks are due to shear stress (Burwell 1957; Finnie 599 
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1960; Jacobsen et al. 2015; Johnson 1985). This indicates that increased tensile and shear strengths of 600 

concrete enhance its abrasion resistance by reducing the rate of development, propagation and 601 

intersection of tensile and shear cracks within the structure of the concrete material. 602 

5. SUMMARY AND CONCLUSIONS  603 

This paper used eight concrete mixtures to compare the relationship between the abrasion resistance of 604 

concrete and its various mechanical properties, i.e. compressive, tensile splitting, and flexural strengths, 605 

as well as modulus of elasticity and flexural toughness. Further, the concrete mixtures used enabled the 606 

influence of the quantity and type of coarse aggregates and introduction of rubber particles as a 607 

replacement for natural coarse aggregates on concrete abrasion resistance to be evaluated. An 608 

analysis of the ASTM C1138 test data showed that the method produces repeatable abrasion results 609 

with coefficients of variations of up to 30%. Within the context of the range of concretes and coarse 610 

aggregates types used, this work offers the following new insights: 611 

1. The increase of coarse aggregate content in concrete above the dosage recommended for a 612 

compressive strength-based mixture design has no significant effect on the abrasion resistance of 613 

normal-strength concretes. Further investigations should be undertaken for high-strength concretes. 614 

2. The use of rubber particles with aspect ratios ~4 in concrete to replace 25% (by weight) of natural 615 

coarse aggregates significantly improves its abrasion resistance by 42 to 64% at test durations of 24 to 616 

72 hours. The enhanced performance is attributable to the better energy absorption capacity of rubber 617 

particles, as well as the presence of a flexible component of surface roughness (due to rubber particles) 618 

which contributes to flow energy attenuation in the test. 619 

3. Concrete abrasion resistance of concrete mixtures with 10 mm rounded coarse aggregates was 620 

significantly greater than that of 20 mm angular coarse aggregates of similar Mohs hardness by 32 to 621 

57% all test durations. This was explained by the dense packing of particles in 10 mm aggregates 622 

which minimised the area of matrix exposed to abrasion action. 623 

4. The use of tensile splitting strength results in the best prediction of concrete abrasion resistance in 624 

the ASTM C1138 test. The empirical relations in Equations (3) to (6) which are applicable to the 625 

concrete mixtures tested are proposed for the prediction of abrasion. The relations established predict 626 

percent concrete abrasion loss within ±0.5%. 627 
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5. There is need for further research in the following areas. Long-term behaviour of rubber-aggregate 628 

concretes in hydrodynamic environments to provide confidence in their use in field conditions, the 629 

relationship between concrete abrasion loss and abrasive charge properties for optimisation of the 630 

coarse aggregate size based on the characteristics of the abrasive sediments present in a specific field 631 

environment, and the influence of aggregate size and grading on the concrete resistance to abrasion 632 

damage. Further, there is need to develop practical empirical relations for prediction of concrete 633 

abrasion resistance from its basic mechanical properties based on a large set of published test data. 634 
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Table 1. Relative density and water absorption of coarse aggregates 774 
Aggregate Relative density Water absorption (%) 

Bunter quartzite  2.59 0.6 

Crushed andesite hornfels 2.84 0.5 

Fine aggregates 2.62 0.5 

Table 2. Properties of polypropylene micro-fibres 775 
Length (mm) 12 

Diameter (µm) 18 

Density (kg/m
3
) 910 

Tensile strength (MPa) 650±50 

Modulus of elasticity (GPa) 3.25±0.25 

Elongation (%) 22.5±2.5 
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Table 3. Proportioning of concrete mixtures 776 
 Unit C1 C2 C3 C4 C5 C6 C7 C8 

Water/binder ratio - 0.80 0.80 0.80 0.62 0.52 0.52 0.44 0.44 

Binders Cement  
 
 
 

kg/m
3
 

280 280 280 355 423 423 400 400 

Silica fume slurry - - - - - - 80 80 

Fine 
aggregates 

Natural sand 850 701 601 753 706 706 684 684 

Coarse 
aggregates 

Bunter Quartzite 995 1144 1244 998 976 830 - 1106 

Hornfels - - - - - - 1106  

Rubber - - - - - 146 - - 

Polypropylene micro-fibres - - - - - - 0.9 0.9 

Water reducer - - - - - - 3.2 3.2 

Table 4.  Details of basic mechanical properties of concrete tested 777 
Test parameter Test method Test specimen description Number of 

samples 

Compressive strength  (BS EN 12390-3 2009) 100 mm cubes 9 

Tensile splitting strength  (BS EN 12390-6 2009) 100Φ x 200 mm cylinders 3 

Modulus of elasticity (BS EN 12390-13 2013) 100Φ x 200 mm cylinders 3 

 778 

Table 5. Mechanical properties of the concrete mixtures 779 
Mechanical parameter C1 C2 C3 C4 C5 C6 C7 C8 

Compressive strength (MPa) 22.7 
(2.8) 

22.7 
(3.3) 

20.2 
(8.4) 

39.6 
(5.7) 

44.1 
(3.7) 

18.7 
(5.3) 

65.7 
(3.6) 

61.5 
(9.3) 

Tensile splitting strength (MPa) 2.65 
(9.7) 

2.70 
(5.3) 

2.50 
(8.9) 

3.25 
(9.5) 

3.95 
(7.9) 

2.10 
(9.6) 

5.25* 
(5.5) 

5.20 
(1.4) 

Modulus of elasticity (GPa) 24.6 
(8.1) 

31.8 
(7.5) 

26.9 
(4.4) 

28.8 
(2.9) 

29.2 
(9.0) 

19.4 
(9.3) 

39.3 
(10.1) 

36.4 
(3.0) 

Flexural strength (MPa) 3.4 
(6.0) 

3.4 
(0.0) 

3.5 
(4.9) 

4.7 
(4.6) 

5.4 
(6.9) 

3.0 
(4.2) 

6.1 
(2.7) 

6.0 
(5.6) 

Flexural toughness
†
 (Nmm) 582 

(7.8) 
667 

(18.1) 
647 

(11.4) 
954 
(7.0) 

1003 
(12.1) 

569 
(4.9) 

- - 

Notes 1:  
2: 
3: 

(-) denotes post-crack behaviour was not measured as specimens had brittle failure. 
(*) denotes test result of the third specimen was discarded due to fibre balling. 
(†) load versus crack-mouth displacements can be found in Figure A.1 of Appendix A 

Table 6. Deviations in concrete abrasion loss measurements 780 
Concrete 
mixture 

Coefficients of variation (%) 

12 h 24 h 48 h 72 h 

C1 8.3 16.2 7.2 6.8 

C2 3.8 14.8 2.7 10.1 

C3 21.7 18.5 12.1 7.7 

C4 1.6 13.5 29.2 20.4 

C5 22.2 19.3 17.5 13.4 

C6 7.6 7.1 7.8 14.7 

C7 13.6 12.1 1.3 6.1 

C8 19.9 19.4 17.2 7.2 

Table 7. Kruskal-Wallis ANOVA test results 781 
Test duration 

(hours) 
Χ

2
 DF p-value 

12 5.60 

2 

0.061 

24 4.36 0.113 

48 0.69 0.707 

72 4.36 0.113 
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Table 8. Kruskal-Wallis ANOVA and Mann-Whitney tests on the mechanical properties of 782 
concrete 783 
Mechanical property CA quantity Rubber addition CA type 

Kruskal-Wallis ANOVA 
test 

Mann-Whitney 
test 

Mann-Whitney 
test 

Χ
2
 DF p-value U p-value U p-value 

Compressive strength 11.27 

2 

0.004 81 2.05x10
-4

 55 0.108 

Tensile splitting strength 1.69 0.430 

9 0.040 

3 0.613 

Modulus of elasticity 6.31 0.043 7 0.191 

Flexural strength 0.03 0.987 5.5 0.747 

Flexural toughness 1.69 0.430 - - 

Table 9. Relations between concrete abrasion loss and its mechanical properties 784 
Mechanical  Duration 

(hours) 
Regression equations R

2
 DF 

(1,2) 
F-value P-value 

Compressive 
strength (C) 

12 2.91-0.07C+0.0006C
2
 0.87 

2,4 

12.99 0.018 

24 4.66-0.12C+0.001C
2
 0.83 9.87 0.028 

48 6.61-0.15C+0.001C
2
 0.93 28.51 0.004 

72 6.48-0.09C+0.0003C
2
 0.78 7.16 0.048 

Tensile 
splitting 
strength (T) 

12 5.36-2.00T+0.21T
2
 0.89 

2,4 

16.28 0.012 

24 8.74-3.32T+0.36T
2
 0.86 12.68 0.019 

48 12.02-4.26T+0.43T
2
 0.97 71.36 0.001 

72 10.74-2.96T+0.25T
2
 0.87 13.14 0.017 

Modulus of 
elasticity (E) 

12 10.21-0.51E+0.0069E
2
 0.65 

2,4 

3.77 0.120 

24 13.53-0.65E+0.0086E
2
 0.56 2.51 0.196 

48 12.08-0.45E+0.0046E
2
 0.52 2.17 0.230 

72 2.08+0.25E-0.0065E
2
 0.44 1.57 0.313 

Flexural 
strength (F)  

12 2.82-0.37F 0.84 

1,5 

26.53 0.004 

24 4.24-0.53F 0.76 15.63 0.011 

48 6.80-0.86F 0.94 81.02 0.0003 

72 8.07-0.98F 0.81 21.98 0.005 

Flexural 
toughness (J) 

12 3.19-0.0030J+(6.47x10
-7

)J
2
 0.88 

2,2 

7.30 0.121 

24 -0.25+0.0089J-(7.30x10
-6

)J
2
 0.71 2.49 0.287 

48 -5.78+0.0280J-(2.01x10
-5

)J
2
 0.95 18.55 0.051 

72 -24.44+0.0784J-(5.10x10
-5

)J
2
 0.86 6.25 0.138 

Figure 1. Stepped concrete coastal defence revetment armour units abraded by pebbles 785 
(shingle) 786 

 787 
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Figure 2. Size and shape of recycled rubber aggregates 788 

 789 
 790 
 791 
 792 
 793 
 794 
 795 
 796 
Figure 3. Particle size distribution of natural concrete aggregates 797 
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Figure 4. ASTM C1138 (underwater) test― (a) Laboratory setup; (b) Agitation paddle and (c) 820 
Schematic setup. 821 

 822 
 823 
Figure 5. Flexural strength test― (a) Laboratory setup; (b) LVDT and (c) Schematic setup. 824 

 825 
 826 
 827 
Figure 6. Abrasion loss at 12, 24, 48 and 72 hours  828 
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Figure 7. Gradation of combined fine and coarse aggregates 841 

 842 
Figure 8. Matrix area bound by coarse aggregates 843 

 844 
Figure 9. Damaged concrete surfaces at 72 hours― (a) natural coarse aggregates and (b) 845 
incorporating rubber-aggregates 846 

  847 
Figure 10. Relationship between abrasion loss and compressive strength 848 

 849 
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Figure 11. Relationship between abrasion loss and tensile splitting strength 850 

 851 
Figure 12. Relationship between abrasion loss and modulus of elasticity 852 

 853 
Figure 13. Relationship between abrasion loss and flexural strength 854 

 855 
Figure 14. Relationship between abrasion loss and flexural toughness 856 

  857 
 858 
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Figure 15. Relation between compressive strength and residuals obtained from formulas in 859 
Table 9 860 

 861 
Figure 16. Relation between tensile splitting strength and residuals obtained from formulas in 862 
Table 9 863 

 864 
Figure 17. Relation between flexural strength and residuals obtained from formulas in Table 9 865 

 866 

 867 


