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Abstract: The aim of this research is to assess the mechanical performance of concrete 4 

containing different percentages of fine aggregates produced from the waste generated 5 

by the marble quarrying industry (0%, 20%, 50% and 100% of the total volume of ag-6 

gregates). More specifically, the workability and bulk density of fresh concrete were 7 

measured and the compressive strength, splitting tensile strength, modulus of elasticity 8 

and abrasion resistance of hardened concrete were determined. 9 

In general, concrete containing secondary fine aggregates proved to have worse 10 

mechanical properties than conventional concrete, made with primary siliceous sand, 11 

basalt and granite fine aggregates. This poorer performance was more noticeable when 12 

the replacement percentage was higher. However, the reduction in mechanical 13 

performance is acceptable and does not compromise the use of these secondary 14 

aggregates in structural concrete. 15 

Subject headings: Secondary fine marble aggregates; structural concrete; 16 

mechanical performance. 17 
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INTRODUCTION 19 

Preliminary remarks 20 

The uncontrolled exploitation of natural resources by humans has been harshly 21 

criticized in recent decades. Every year millions of tonnes of marble waste pile up in 22 

Estremoz, Borba and Vila Viçosa region (the most important Portuguese marble 23 

quarrying area), a by-product of the local quarrying industry. This enormous waste 24 

represents 80% to 90% of the total volume of rock extracted (Figure 1). It has therefore 25 

become necessary to create sustainable destinations for this waste material, to mitigate 26 

or put a stop to this trend. Using waste generated by the marble quarrying industry to 27 

produce fine aggregates for the production of structural concrete has therefore been 28 

studied as a useful alternative, from the perspective of both environmental protection 29 

and the sustainability of natural resources. However, in order to publicize and 30 

implement this alternative within the construction sector it is necessary to ensure quality 31 

and safety, in addition to providing a clear understanding of the performance of concrete 32 

containing fine aggregates from waste generated by the marble quarrying industry. 33 

Research significance 34 

This research addresses the important environmental problem of how to dispose 35 

of the waste generated by the Portuguese marble quarrying industry and analyses the 36 

feasibility of a possible solution, which is to use fine aggregates from that waste in 37 

concrete production, with respect to mechanical performance. Part of the innovation lies 38 

in eliminating the entropy caused in the analysis of results by the grading curve of the 39 

aggregate, the effective water-cement ratio (w/c) or any composition-related factors 40 

except those directly resulting from changing from fine primary aggregates to fine 41 

secondary aggregates, while keeping the workability constant. 42 

 
 



STATE-OF-THE-ART 43 

Although a relatively extensive bibliography is now available on the subject, it is 44 

the lack of experience in Portugal plus the facts that some areas have not been sufficiently 45 

clarified and that inconsistencies exist in others, which has motivated this study. 46 

Concerning aggregates' properties, de Brito (2005) emphasizes that it is only 47 

possible to compare conventional concrete and recycled aggregates concrete in terms of 48 

their performance and durability if the size grading of both the fine and coarse aggregates 49 

is the same in the two types of concrete. In fact, Leite (2001) claims that size distribution 50 

of the aggregates is one of the most important properties as it influences several concrete 51 

characteristics, such as workability, mechanical strength and water absorption. 52 

The effect of aggregate type on the mechanical properties of concretes with 53 

different strengths was reported by Özturan and Çeçen (1997). They concluded that 54 

normal strength concrete made with basalt and sandstone had similar compressive 55 

strength while limestone concrete achieved a somewhat higher strength. Higher tensile 56 

strength was obtained with crushed basalt and limestone than with sandstone aggregate 57 

when used in high strength concrete. 58 

Larrard and Belloc (1997) reported that the strength of concrete is determined by 59 

the characteristics of the mortar, coarse aggregate, and interface. For the same quality 60 

mortar, different types of coarse aggregate of different shapes, textures, mineralogy and 61 

strengths may result in different concrete strengths. However, one of the basic concepts 62 

is the limitations of the water/cement ratio (w/c) to produce high-strength and high-63 

performance concrete in which the aggregate plays a more important role. 64 

Kiliç et al (2008) note that the factors influencing the strength of concrete are: 65 

the amount and type of cement, w/c ratio, aggregate type and grading, workability of 66 

fresh concrete, mineral admixtures, curing conditions and time. 67 

 
 



Zhou et al (1995) studied the effect of coarse aggregate on the compressive 68 

strength of high-performance concrete. They reported that weaker aggregates reduced 69 

the strength of concrete. 70 

Giaccio and Zerbino (1996) stated that because concrete is a composite material 71 

its properties depend on those of its components and the interactions between them. 72 

They emphasize that the boundaries between the various components are the weakest 73 

link in concrete and have an important role in the rupture process. 74 

Costa et al. (1991) carried out research at the Portuguese National Laboratory of 75 

Civil Engineering (LNEC) with the purpose of evaluating the mechanical properties of 76 

marble waste for its use as aggregate. They concluded that this waste has good 77 

mechanical properties and can be used as aggregate in concrete. 78 

According to de Brito (2005), the density of fresh concrete reflects the particle 79 

density of each component, especially the aggregates, because they comprise the greater 80 

part of the concrete’s volume. Therefore, higher densities of each component result in 81 

mixes with higher densities. 82 

The initial moisture of the recycled aggregates is also expected to influence the 83 

mixing water absorption, and therefore the concrete’s workability. Poon et al. (2004) 84 

studied several concrete compositions, incorporation rates (0%, 20%, 50% and 100%) and 85 

aggregates’ moisture content. The results of the workability variation over time, for 86 

different replacement rates with coarse aggregates and in three moisture conditions (oven-87 

dry, air-dry and saturated surface dry), showed that the initial slump for the mix with 88 

oven-dry particles is always highest. Moreover, recycled aggregates concrete with oven-89 

dry aggregate has higher slump than conventional concrete because of the extra water 90 

added to the mix to compensate for absorption by the aggregates. After the initial period, 91 

these mixes have a significant loss of workability compared with the others. This 92 

 
 



behaviour is more obvious as the incorporation rate increases. 93 

Corinaldesi et al. (2010) showed that 10% replacement of sand by marble 94 

powder yields maximum compressive strength with about the same workability; mixes 95 

were evaluated based on cement or sand replacement by marble powder. 96 

Binici et al. (2007) studied some mechanical properties of concrete containing 97 

marble and limestone powder; mixes were modified to 5%, 10% and 15% marble and 98 

limestone powder instead of fine sand aggregates and their compressive strength was 99 

compared. Binici et al. (2008) went on to look at the durability and fresh properties of 100 

concrete made with granite and marble as recycled aggregates. There is a much better 101 

bond between the additions, cement and aggregates in the specimens containing marble 102 

and granite. Furthermore, it may be said that marble and granite replacement provided a 103 

good dense matrix. The increased durability of concrete can be attributed to the quartz 104 

content and chemical composition of granite. This study showed that marble and granite 105 

waste aggregates can be used to improve the mechanical properties, workability and 106 

chemical resistance of conventional concrete mixes. 107 

Topçu et al. (2009) and Corinaldesi et al. (2010) stated that the use of marble 108 

powder as mineral addition for mortars and concretes, especially for self-compacting 109 

when a superplasticizing admixture is used, provided maximum compressive strength for 110 

the same workability level, comparable to that of the reference mix. 111 

Ergun (2011) carried out a study on the mechanical properties of concrete 112 

specimens containing diatomite and waste marble powder (WMP) as a partial 113 

replacement of cement. Test results indicated that the concrete specimens containing 10% 114 

diatomite, 5% WPM and 5% WPM +10% diatomite replacement by weight for cement 115 

had the best compressive and flexural strength, and replacing cement with diatomite and 116 

WMP separately and together, using a superplasticizing admixture, would improve the 117 

 
 



mechanical properties of conventional concrete mixes. 118 

Belachia and Hebhoub (2011) tried to prove the technical feasibility of using the 119 

waste marble aggregates in hydraulic concrete. The results showed that marble scrap can 120 

be used as a replacement material. Aruntas et al. (2010) studied the usability of waste 121 

marble powder as an additive in blended cement. The results showed that cements 122 

containing waste marble powder can be used as an addition in cement manufacture. 123 

Hebhoub et al. (2011) carried out a study to demonstrate the possibility of using 124 

marble waste instead of natural aggregates in concrete production. The results showed 125 

that the mechanical properties of concrete specimens produced using the marble waste 126 

were found to conform to the concrete production standards and the replacement of 127 

natural aggregates by waste marble aggregates, up to 75% of any formulation, is 128 

beneficial for concrete strength. 129 

According to Dhir et al. (1991), abrasion resistance depends on multiple factors, 130 

such as w/c ratio, curing, workability, maximum aggregate size and components. 131 

According to Evangelista and de Brito (2007), it seems to be generally agreed that 132 

concrete performance in terms of this property improves as the incorporation rate of 133 

recycled aggregates increases, for both coarse and fine fractions. 134 

EXPERIMENTAL PROGRAMME 135 

Materials used 136 

Primary aggregates are limestone gravel, basalt sand, granite sand and siliceous 137 

river sand. The secondary aggregates are sand made from waste generated by the 138 

Solubema marble quarry, a by-product of this industry. CEM II 42.5 R cement from the 139 

SECIL cement works in Outão, Setúbal was used as binder. Tap water was used. 140 

Characterization of the aggregates 141 

Some tests were performed to characterize the aggregates, enable the correct design 142 

 
 



of concrete mixes and understand possible differences in/effects on the results: 143 

• Sieve analysis - NP EN 933-1 (2000) and NP EN 933-2 (1999); 144 

• Bulk density and water absorption - NP EN 1097-6 (2003); 145 

• Apparent bulk density - NP EN 1097-3 (2003); 146 

• Shape index - NP EN 933-4 (2002) (coarse aggregates only); 147 

• Los Angeles abrasion test - LNEC E237 (coarse aggregates only). 148 

Reference concrete 149 

Considering Portuguese standard NP EN 206-1 (2005), the purpose was to 150 

produce a concrete of average compressive strength, tested on cubic samples of 151 

approximately 44 MPa (C 30/37 according to Eurocode 2) and with workability defined 152 

by the slump range 125 ± 10 mm. Table 1 presents the proportions of the materials used. 153 

No admixtures or additions were used. 154 

Composition of concrete mixes 155 

Faury’s concrete design method (1958) was used to determine the mixes' 156 

composition, assuming a target slump of 125 ± 10 mm. 157 

The replacement ratios were set at 0%, 20%, 50% and 100% of the total aggregate 158 

volume. Fine aggregates are particles below 4 mm, "rice grain" is particles below 6 mm, 159 

gravel 1 is particles below 12 mm below and gravel 2 is particles below 16 mm. 160 

As both the fine and coarse mixes were subdivided into various particle size 161 

fractions, one must explain exactly how the replacement was carried out. The 162 

underlying concept was to minimize any discontinuity in the grading curve of the 163 

aggregates, which also affected the intervals for the sieves that were used. This meant, 164 

for example, that to replace a particular percentage of fine aggregate, all the particle size 165 

fractions that were less than 4 mm were affected to the extent that each contributed 166 

towards defining the standard curve. In simple terms, each primary particle was 167 

 
 



replaced by a secondary particle of the same size to the extent of the replacement ratio 168 

established for each mix. 169 

Finally, the w/c ratio was calibrated so as to maintain the level of workability, 170 

which was expected to be affected by an increase in the amount of secondary aggregates 171 

incorporated (Table 2). 172 

Testing of fresh concrete 173 

The following tests were carried out on fresh concrete: 174 

• Slump test (Abrams cone) - NP EN 12350-2 (2002); 175 

• Bulk density - NP EN 12350-6 (2002). 176 

Testing of hardened concrete 177 

The following tests were carried out on hardened concrete: 178 

• Compressive strength at 7, 28 and 56 days - NP EN 12390-3 (2003); 179 

• Splitting tensile strength at 28 days - NP EN 12390-6 (2003); 180 

• Modulus of elasticity at 28 days - LNEC E397; 181 

• Abrasion resistance at 91 days - DIN 52108 (2002). 182 

The compressive strength test method is specified in NP EN 12390-3, using a 183 

total of eleven 15 x 15 x 15 cm3 wet-cured specimens, three for tests at 7 days, five for 184 

tests at 28 days and three for tests at 56 days. 185 

The method described by standard NP EN 12390-6 was used to determine the 186 

splitting tensile strength. Tests were performed on wet-cured specimens: three cylinders 187 

30 cm tall and 15 cm diameter per concrete mix analysed. 188 

The modulus of elasticity method is specified in the standard LNEC E397, using 189 

two cylinders 30 cm tall and 15 cm diameter per concrete mix analysed. 190 

The determination of the wear resistance by abrasion followed the test method 191 

specified in the German standard DIN 52108, using four 8 x 8 x 5 cm3 specimens. 192 

 
 



RESULTS AND DISCUSSION 193 

Aggregates’ properties 194 

Table 3 shows the results of the tests on the aggregates. 195 

Table 3 shows that the fine aggregate with the highest bulk density is basalt sand. 196 

Granite sand and fine river sand have lower bulk density than basalt and marble sand. 197 

Regarding water absorption after 24 h immersion, Table 3 shows that secondary 198 

fine marble aggregates had the lowest value (0.14%), a conclusion that was also reached 199 

by Costa et al. (1991) and Cardani and Meda (1999). There is a significant difference 200 

between the water absorption of marble sand and basalt sand. 201 

The Los Angeles abrasion test shows that all the aggregates complied with the limits 202 

set for use in structural concrete. Results varied from 22.45% to 26.52%. The shape index 203 

results showed a similar geometry for the various coarse aggregates. 204 

Fresh concrete properties 205 

Workability - Table 4 shows the slump test result and the water cement ratio for 206 

each concrete produced. 207 

Table 4 shows that although the secondary aggregates negatively but slightly 208 

affect the workability of the concrete in which they are incorporated, changing the w/c 209 

ratio effectively addresses the problem. In fact, slump figures within the target interval 210 

were obtained, regardless of the replacement percentage. It was also noticed that the w/c 211 

ratio had to be increased as the percentage of aggregate replacement increased. 212 

Marble sand is the fine aggregate with the lowest water absorption according to our 213 

study. Therefore, it was expected that workability would improve with the incorporation of 214 

marble sand, which it did not. In their study, Hebhoub et al. (2011) obtained the same result. 215 

They conclude that some of the factors that may affect the workability of concrete are the 216 

grading and shape of fine aggregates, the proportion of fine to coarse aggregates and the 217 

 
 



characteristics of the materials. Corinaldesi et al (2010) state that marble sand has a high 218 

specific surface area and its addition to concrete should enhance cohesiveness, which 219 

decreases the workability. Pereira et al. (2007) found that it was necessary to add water to 220 

concrete produced with saturated marble aggregates to obtain the same workability as that 221 

of conventional concrete. They stated that the reason for the extra water was to counter the 222 

highly cohesive, but low workability, mixture, which resulted from the high values of the 223 

shape index and smooth surface of the marble particles. 224 

The target slump loss was 125 ± 10 mm, so some corrections would still have to 225 

be made to the w/c in some of the mixes to ensure that they all had the correct slump 226 

value. In the basalt sand concrete family (BB), a very small amount of water would 227 

have to be added to the BRB mix and the water would have to be reduced for the 228 

BB/M20 and BB/M50 mixes. This might in fact change some of the test results and 229 

explain some of the trends detected further on. The other two families (river sand and 230 

granite concrete families (BC and BG)) could be analysed in the same way. 231 

Bulk density - Table 5 shows the bulk density test on fresh concrete. Figure 2 232 

shows the fresh-state bulk density of each mix relative to the corresponding reference 233 

concrete, as a function of the aggregate replacement ratio. 234 

It shows that incorporating fine aggregates from marble quarrying waste into 235 

concrete has a small influence on the bulk density in the fresh state. This is due to the 236 

similar values of the fine, primary and secondary, aggregates’ bulk density. 237 

Hardened concrete properties 238 

Compressive strength - Tables 6, 7 and 8 show the compressive strength test 239 

results for the BB, BC and BG mixes, respectively. So as to understand the influence of 240 

the aggregate replacement ratio on the compressive strength of concrete at 28 days, the 241 

test results are shown in Figure 3. 242 

 
 



The BB showed a compressive strength decrease with the incorporation of 243 

secondary marble fine aggregates at 7 and 28 days. This is due to the increase of the w/c 244 

ratio with the incorporation ratio. Since the purpose is to produce a concrete of average 245 

compressive strength of approximately 44 MPa (C 30/37), tested using cubic samples, 246 

rupture is expected to occur mostly through the cement matrix. Adding extra water to 247 

the mix for higher incorporation ratios will increase the porosity of the matrix, thereby 248 

weakening it. Martins et al. (2013) stated in his study that excess water in the mix (more 249 

than is strictly necessary for the hydration reactions) can result in increased workability, 250 

but leads to greater porosity and a consequent loss of compressive strength. Poon et al. 251 

(2004) observed that the saturation of recycled aggregates may lead to a slight reduction 252 

in concrete strength because the mechanical bond between the cement paste and 253 

recycled aggregates is weaker when surface moisture is higher. Therefore, a higher 254 

proportion of recycled aggregates for the same effective w/c ratio, together with the 255 

addition of extra water needed to saturate the recycled aggregates, leads to lower 256 

compressive strength results, as found by Tavakoli and Soroushian (1996). At 56 days 257 

the compression test results do not conform exactly to this reasoning, which may be 258 

caused by an unidentified laboratory error. 259 

The BC and BG showed a compressive strength decrease with the incorporation 260 

of secondary marble fine aggregates at 7, 28 and 56 days. The BC results are higher 261 

than those of the other two families. River sand showed low water absorption, close to 262 

the marble sand value. This means that, to achieve the same workability level, concrete 263 

incorporating river sand will have a lower w/c ratio than concrete incorporating basalt 264 

and granite sand, as seen in Table 4. The reduction of water in this concrete family (BC) 265 

thus resulted in higher compressive strength than found for the other two concrete 266 

families. Özturan and Çeçen (1997) reached similar conclusions in their study. They 267 

 
 



concluded that normal strength concrete made with basalt and sandstone had similar 268 

compressive strength while concrete made with river sand achieved a perceptibly higher 269 

strength. The reason for the reduction in compressive strength with the secondary 270 

marble sand aggregates incorporation ratio is the same as that for the basalt sand family 271 

at 7 and 28 days. Similar conclusions were presented by Belachia and Hebhoub (2011), 272 

Hebhoub et al. (2011) and Martins et al. (2013). 273 

The poor compressive strength of the 100% replacement rate concrete (BRM) 274 

compared with other mixes with similar workability and w/c ratio can be explained by 275 

the smooth surface of the marble particles. This results in a poor adhesion and bonding 276 

strength to the cement matrix. This was concluded by Larrard and Belloc (1997). 277 

Splitting tensile strength - According to Coutinho (1988), concrete tensile 278 

strength decreases with the w/c ratio. This parameter is also influenced by the 279 

characteristics of the aggregates, such as their nature and shape, especially the coarse 280 

ones. Evangelista and de Brito (2007) argue that it is expected that a higher 281 

incorporation ratio decreases the splitting tensile strength. 282 

Table 9 and Figure 4 show the splitting tensile strength test results for the BB, BC 283 

and BG families, respectively. 284 

As with the trend shown for compressive strength, the results in this case also 285 

reveal a reduction in performance as the percentage of incorporated secondary 286 

aggregates increases, for the BC and BG families. The reasons for this strength decrease 287 

are the same as those for the compression strength loss. However, the BB family 288 

exhibited a contrary trend in compressive strength, i.e. the splitting tensile strength 289 

increased with the incorporation ratio. This is due to the fact that, in the test process, the 290 

load is distributed over a cross section of the sample. Thus, the lamellar geometry of the 291 

basalt particles causes weaker zones to form on the cross section, leading to a premature 292 

 
 



tensile rupture. This susceptibility may have been amplified by the less effective 293 

intermolecular bonding between the cement matrix and the basalt particles (Van der 294 

Waals forces). Tasong et al. (1999) report that the chemical reaction between basalt and 295 

cement paste resulted in a reduction of bond strength. They concluded that the tensile 296 

bond strength between basalt and the cement paste was lower than that of limestone and 297 

quartzite. These observations confirm the findings of Odler and Zurz (1987), who 298 

reported that the cleavage strength of the basalt-cement paste composite was lower than 299 

that of limestone. Hebhoub et al. (2011) found that higher carbonate content improves 300 

the aggregate-cement paste bond. The higher carbonate content is a characteristic of 301 

marble aggregates. Tasong et al. (1999) consider that the main reason for the low 302 

cement paste-basalt bond strength is the chemical breakdown of feldspars due to their 303 

interaction with the hydrating cement to produce clay materials, which swell on 304 

absorbing water. Alternatively, the chemical breakdown of feldspars and other mineral 305 

grains on the basalt surface in contact with the cement paste may reduce the surface 306 

roughness and weaken the mechanical interlocking effect between the rock surface and 307 

the hydration products, resulting in a weaker bond. 308 

Modulus of elasticity - Table 10 and Figure 5 show the modulus of elasticity test 309 

results for the BB, BC and BG families, respectively. 310 

Table 10 shows that the modulus of elasticity was the property that showed least varia-311 

tion. The BB and BG families demonstrate a nearly constant behaviour. The BC family 312 

exhibits the greatest decrease in modulus of elasticity. 313 

The reasons for the high values of the BC family are the same as those for 314 

compressive strength. The low water absorption levels shown by the river sand resulted in a 315 

lower w/c ratio than that of concrete incorporating basalt and granite sand. As concluded, a 316 

lower w/c ratio results in increased compressive strength. Experience shows that the 317 

 
 



modulus of elasticity has a strict relation with the compression strength. Therefore, these 318 

conclusions can be applied to the results of the BC's modulus of elasticity. 319 

Abrasion resistance - Table 11 and Figure 6 show the average abrasion wear test 320 

results for the BB, BC and BG families, respectively. 321 

Table 11 shows that the abrasion resistance decreases with the incorporation 322 

ratio. This decrease is mainly due to the higher w/c ratio. However, a secondary cause 323 

may have amplified this trend. Martins et al. (2013) performed the Los Angeles wear 324 

test on coarse basalt, granite, limestone and marble aggregates from the same locations 325 

as the ones used in this study. The results showed that marble is the aggregate most 326 

sensitive to wear. Therefore, due to the marble aggregates’ limitations in terms of wear 327 

relative to basalt, river sand and granite, its incorporation may have led to a decrease in 328 

abrasion resistance. This conclusion was also reached by Martins et al. (2013) when 329 

comparing concrete mixes with various replacement ratios of primary basalt, granite and 330 

limestone coarse aggregates by secondary marble coarse aggregates. 331 

CONCLUSIONS 332 

The mechanical performance of structural concrete containing fine aggregates 333 

from waste generated by marble quarrying, i.e. a by-product of this industry, has been 334 

analysed. After completing the work, the following conclusions can be drawn: 335 

1. - The incorporation of secondary marble fine aggregates negatively influenced 336 

the workability of concrete; this is mostly because the geometry of the marble particles 337 

and smooth texture of its surface resulted in a highly cohesive mix. 338 

2. Compressive strength is affected by the incorporation of secondary aggregates, 339 

and as the replacement ratio increases the compressive strength of all the concrete fami-340 

lies studied decreases. This decrease was found to be caused by the increase in the w/c 341 

ratio due to the incorporation of marble fine aggregates. 342 

 
 



3. The splitting tensile strength exhibited trends (losses as the incorporation ratio 343 

increased) that were similar to those of compressive strength for the BG (granite) and 344 

BC (siliceous river sand) families; the BB (basalt) family showed a contrary trend 345 

(gains), mostly due to the geometry of basalt particles and their weak intermolecular 346 

bond with the cement. 347 

4. The modulus of elasticity results showed no significant variation with the re-348 

placement ratio for the BB and BG families; the BC family suffered a significant de-349 

crease, mostly due to its low w/c ratio. 350 

5. All the concrete families showed a decrease of abrasion resistance with the re-351 

placement ratio, the reasons being a higher w/c ratio and the poorer wear resistance of 352 

the secondary fine aggregates, compared with the primary ones. 353 

In general, the incorporation of fine aggregates from waste generated by marble 354 

quarrying in concrete yielded good results. They showed a slight decrease in the mechanical 355 

properties of concrete, especially for high replacement ratios. The incorporation of fine 356 

aggregates using marble quarrying waste in concrete does not compromise the mechanical 357 

properties and these aggregates can be used to produce structural concrete. 358 
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Table 1 - Composition of the reference concrete mixes 485 

Size grading Basalt sand River sand Granite sand 

Fine aggregates 

< 0.063 0.063 3.68 2.4 3.02 
0.063 0.125 4.62 3.01 3.79 
0.125 0.25 6.43 4.19 5.27 
0.25 0.5 3.18 2.07 2.61 
0.5 1 4.37 2.85 3.58 
1 2 5.18 3.37 4.25 
2 4 4.8 3.13 3.94 

> 4 3.12 2.03 2.56 

Coarse aggre-
gates 

"Rice grain" 9.55 8.9 16.08 
Gravel 1 6.07 10.68 3.57 
Gravel 2 23.43 31.15 25.01 

Cement 17.88 18.34 18.41 
Water 7.69 7.89 7.92 

   
100 100 100 
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Table 2 - Main characteristics of the composition of the concrete mixes  488 

  
W/C 

Reference basalt concrete BRB 0.55 
Basalt concrete with 20% aggregate replacement BB/M20 0.55 
Basalt concrete with 50% aggregate replacement BB/M50 0.56 
Concrete with 100% aggregate replacement BRM 0.54 
Reference river sand concrete BRC 0.49 
River sand concrete with 20% aggregate replacement BC/M20 0.5 
River sand concrete with 50% aggregate replacement BC/M50 0.5 
Reference granite concrete BRG 0.54 
Granite concrete with 20% aggregate replacement BG/M20 0.55 
Granite concrete with 50% aggregate replacement BG/M50 0.56 
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Table 3 - Aggregate test results 491 

 Gravel "Rice 
grain" 

Sand 

 2 1 Coarse 
river 

Fine 
river Basalt Granite Marble 

Bulk density (kg/m3) 2606 2620 2489 2600 2523 2820 2467 2684 
Water absorption (%) 1.50 1.30 2.84 0.75 0.20 1.05 0.59 0.14 

Apparent bulk density (kg/m3) 1363 1356 1354 1542 1526 1838 1560 1784 
Los Angeles abrasion test (%) 26.52 25.45 22.45 - - - - - 

Shape index (%) 15.3 16.8 18.4 - - - - - 
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Table 4 - Slump test results 494 

 w/c h (cm) 
BRB 0.55 11.3 

BB/M20 0.55 14.3 
BB/M50 0.56 14.3 

BRM 0.54 13.5 
BRC 0.49 13.3 

BC/M20 0.50 12.7 
BC/M50 0.50 13.2 

BRG 0.54 12.7 
BG/M20 0.55 11.6 
BG/M50 0.56 13.0 

 495 

  496 

 
 



Table 5 - Bulk density of fresh concrete 497 

  Bulk density (kg/m3) 
BRB 2412.5 

BB/M20 2389.5 
BB/M50 2385.2 

BRM 2387.6 
BRC 2356.4 

BC/M20 2381.7 
BC/M50 2384.2 

BRG 2361.6 
BG/M20 2360.4 
BG/M50 2381.1 
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Table 6 - Compressive strength of the basalt sand concrete family 500 

 fcm,7 (MPa) ∆ (%) fcm,28 (MPa) ∆ (%) fcm,56 (MPa) ∆ (%) 
BRB 38.1 - 50.4 - 54.2 - 

BB/M20 35.8 -6.1 49.2 -2.5 58.4 7.8 
BB/M50 35.6 -6.8 46.7 -7.4 54.6 0.9 

BRM 36.8 -3.5 45.3 -10.2 51.4 -5.1 
 501 
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Table 7 - Compressive strength of the river sand concrete family 503 

 
fcm,7 (MPa) ∆ (%) fcm,28 (MPa) ∆ (%) fcm,56 (MPa) ∆ (%) 

BRC 45.6 - 56.9 - 62.0 - 
BC/M20 42.7 -6.3 56.0 -1.5 60.8 -2.0 
BC/M50 40.1 -12.0 51.2 -10.1 54.3 -12.3 

BRM 36.8 -19.3 45.3 -20.4 51.4 -17.1 
 504 
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Table 8 - Compressive strength of the granite sand concrete family 506 

 
fcm,7 (MPa ∆ (%) fcm,28 (MPa) ∆ (%) fcm,56 (MPa) ∆ (%) 

BRG 39.6 - 49.2 - 51.3 - 
BG/M20 38.6 4.1 47.6 -3.2 49.7 -3.0 
BG/M50 38.3 5.0 46.2 -6.0 50.7 -1.2 

BRM 36.8 7.7 45.3 -7.9 51.4 0.1 
 507 
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Table 9 - Splitting tensile strength test results 509 

 Replacement ratio (%) 

 0 20 50 100 

 fctm,sp,28 (MPa) ∆ (%) fctm,sp,28 (MPa) ∆ (%) fctm,sp,28 (MPa) ∆ (%) fctm,28 (MPa) ∆ (%) 
BB 3.5 

- 
3.5 1.5 4.0 15.7 3.6 3.6 

BC 4.4 3.9 -11.4 3.5 -19.4 3.6 -17.5 
BG 3.9 3.9 -0.3 3.5 -9.7 3.6 -7.9 
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Table 10 - Modulus of elasticity test results 512 

 Replacement ratio (%) 

 0 20 50 100 

 Ecm,28 (GPa) ∆ (%) Ecm,28 (GPa) ∆ (%) Ecm,28 (GPa) ∆ (%) Ecm,28 (GPa) ∆ (%) 
BB 32.0 

- 
32.6 1.9 33.3 4.1 33.1 3.5 

BC 38.8 38.0 -2.1 34.2 -11.8 33.1 -14.6 
BG 32.5 32.1 -1.0 32.8 1.2 33.1 2.1 
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Table 11 - Abrasion resistance test results 515 

 
Replacement ratio (%) 

 
0 20 50 100 

 
∆L (mm) ∆ (%) ∆L (mm) ∆ (%) ∆L (mm) ∆ (%) ∆L (mm) ∆ (%) 

BB 5.1 
- 

5.6 10.1 5.7 11.1 6.7 31.9 
BC 4.5 4.7 2.5 4.6 1.9 6.7 47.8 
BG 5.9 6.5 9.8 5.9 0.2 6.7 13.7 
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Figure 1 - Marble waste pile 519 
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Figure 2 - Bulk density of fresh concrete 521 
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Figure 3 - Compressive strength test (28 days) 523 
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Figure 4 - Splitting tensile strength test (28 days) 525 
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Figure 5 - Modulus of elasticity test (28 days) 527 

 528 

Figure 6 - Abrasion resistance test (91 days) 529 
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