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ABSTRACT 14 

This study analyses the potential environmental impacts of the use of tire 15 

rubber residue (TRR) and rice husk ash (RHA) for the production of concrete slabs 16 

in Brazil, to support decision-making regarding management alternatives for TRR 17 

and RHA. Three scenarios were assessed: (1) slab production without inclusion of 18 

TRR or RHA (discarded in landfills); (2) slab production with incorporation of TRR 19 

alone; and (3) slab production with incorporation of TRR and RHA. The impact 20 

assessment based on the ReCiPe 2016 method showed that Scenario 3 had the 21 

lowest environmental impacts and Scenario 1 had the highest impacts.  22 

 23 

Keywords: Life cycle assessment (LCA); waste valorisation; agro-industrial 24 

wastes; landfilling; construction materials.   25 
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1 INTRODUCTION 26 

Concrete and cement are widely used in the construction sector due to their 27 

mechanical properties, adaptability and affordability (Meyer, 2009). In 2016, the 28 

world concrete and cement industry produced about 33 billion tonnes, with an 29 

expected growth rate of 2.5% per year (ISO, 2016), representing yearly increase of 30 

over 800 million tonnes (GCCA, 2018).The construction sector was responsible for 31 

36% of global energy consumption in 2018, contributing to approximately 39% of 32 

energy and process-related carbon dioxide (CO2) emissions (IEA, 2019). Therefore, 33 

efforts are under way in this sector to develop new and more sustainable 34 

construction materials, in particular through the incorporation and consequent 35 

valorisation of waste (e.g. tire rubber residue –TRR and rice husk ash – RHA) 36 

(Batayneh et al., 2008; Thomas et al., 2016), with reduced need for virgin materials 37 

(e.g., limestone, sand, gravel) to produce concrete and cement (Albano et al., 2009; 38 

Nakic, 2018; Liu et al., 2022). 39 

According to the Global Cement and Concrete Association, which represents 40 

around 80% of the world’s concrete industry, reducing the quantities of raw 41 

materials through improved design processes and use of reprocessed and recycled 42 

materials are priorities of their roadmap to achieve net zero CO2 emissions from 43 

products across the whole life cycle. This goal includes carbon capture from 44 

industrial plants, but excludes offsetting measures such as planting trees (GCCA, 45 

2020).  46 

The valorisation of TRR and RHA by their incorporation in construction 47 

materials such as concrete to replace natural aggregates reduces costs and 48 

environmental burdens related to their disposal in landfills while reducing 49 

consumption of virgin materials and energy during concrete production (Raheem 50 
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and Ikotun, 2020; Roychand et al., 2020). The global tire market is estimated to 51 

produce over 2.2 billion tires each year, and about 1.5 billion old tires are discarded 52 

worldwide (Mashiri et al., 2015; Smithers, 2017). In 2018, 74.1 million tires were 53 

produced in Brazil (ANIP, 2020). Also, the global production of paddy rice in 2018 54 

was 762 million tonnes, of which about 1.5% was produced in Brazil (FAOSTAT, 55 

2020; IBGE, 2020). Rice husk represents 20% of paddy rice weight, and it is 56 

commonly burnt to generate energy, producing RHA (António et al., 2018; Gursel 57 

et al., 2016). 58 

Over 50% of tires are discarded in landfills without treatment (Roychand et al., 59 

2020). The disposal of these tires is problematic since landfill space is being 60 

depleted. Besides this, their disposal is dangerous to the environment and human 61 

health since they are not biodegradable and can serve as breeding grounds for 62 

mosquitoes and other pests (Rashad, 2016). The use of TRR in concrete is 63 

associated with a lack of mechanical strength due to interface (tire rubber and 64 

cement matrix) which can cause localized problems such as water accumulation 65 

and reduced bond strength, among others. However, improved mechanical 66 

properties of concrete can be attained when rubber is used as a replacement 67 

material for aggregates, especially when the particle size is small (Ince et al., 2022). 68 

Regarding RHA, its landfill disposal can be problematic because of the 69 

mentioned space limitations, and its disposal in water bodies also has potentially 70 

negative environmental impacts (Ahsan and Hossain, 2018; Sensale, 2006). The 71 

processing and use of RHA as a supplementary cementitious material for concrete, 72 

partially substituting Portland cement, has been rising as an interesting RHA 73 

valorisation option, since RHA can increase the mechanical properties of concrete 74 

due to the chemical reaction between RHA and the calcium hydroxide released 75 
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during Portland cement hydration (pozzolanic reaction), forming additional C-S-H 76 

gels (Ambedkar et al., 2017; Tashima et al., 2012). 77 

Concrete slabs are used as structural elements of buildings in various 78 

construction systems, such as conventional reinforced concrete structures, flat plate 79 

slab systems (a structure without beams), precast concrete structures, and 80 

structural masonry systems (Evangelista et al., 2018; Oliveira et al., 2018; Mansour 81 

et al., 2015). The slabs provide a flat surface for occupants, transfer loads to the 82 

beams, and are responsible for building stability, acting with the columns to achieve 83 

the rigid diaphragm effect (Alves and Feitosa, 2020). 84 

The environmental performance of conventional slabs has been evaluated 85 

through life cycle assessment (LCA) (Ahmed and Tsavdaridis, 2018; Paik and Na, 86 

2020; Wang et al., 2018). LCA is a standardised and comprehensive method that 87 

evaluates environmental aspects and potential impacts of a product or service over 88 

its life cycle (ISO, 2006a). Existing LCA studies of slabs have focused on evaluating 89 

different concrete slab systems but not the slabs’ concrete composition. Wang et al. 90 

(2018) studied the life cycle impacts of three slab systems (cast-in-situ slabs, 91 

precast slabs, and composite slabs) based on the carrying capacity and floor depth. 92 

Paik and Na (2020) compared the environmental impacts of the construction stage 93 

of a solid slab, a flat plate slab, and a voided slab. Ahmed and Tsavdaridis (2018) 94 

performed a combined LCA and life cycle costing study of three floor slabs: a 95 

prefabricated system, a hollow-core precast slab, and a proposed alternative using 96 

lightweight prefabricated concrete. 97 

To date, only a few LCA studies have evaluated the potential environmental 98 

impacts of concrete composites with TRR (Fiksel et al., 2011; Rashid et al., 2019, 99 

Hossein et al., 2022) and RHA (Gursel et al., 2016; Moraes et al., 2010). However, 100 
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so far, no LCA studies have evaluated and compared the environmental impacts 101 

and benefits between TRR and RHA use for slab production, avoiding the disposal 102 

of these wastes in landfills. Therefore, this study analysed the potential 103 

environmental impacts of the use of TRR and RHA in lattice girder slabs produced 104 

in Brazil to support decision-making regarding management alternatives for TRR 105 

and RHA. 106 

 107 

2 MATERIALS AND METHODS 108 

This study presents a process-based attributional LCA that follows the 109 

requirements of ISO 14040 and 14044 standards (ISO, 2006a, 2006b). 110 

 111 

2.1 Functional unit, multifunctionality, and system boundaries 112 

Three different scenarios were evaluated based on the experiments 113 

developed by Fazzan (2011) and Sousa (2014), who empirically studied the effect 114 

of TRR and RHA in the mechanical properties of concrete slabs. The lattice girder 115 

slabs (hereafter referred to as “slabs”) analysed in this study are lab-scale floor 116 

slabs of 1.806 m2 (210 cm X 86 cm). Fig. S1 of the Supplementary Material (SM) 117 

shows the slab model cross-section. It comprises lattice joists with a precast 118 

concrete base and a partially embedded lattice reinforcement. Between the lattice 119 

joists, filling elements (hollow clay bricks) are placed to reduce the element's weight 120 

and complete the lower part of the slab. Finally, on top, a layer of concrete is poured 121 

to complete the slab (Sartorti et al., 2013). The properties of the slabs analysed in 122 

each scenario are presented in Table 1.  123 

In Scenario 1, the slab was produced with conventional concrete without TRR 124 

and RHA, which were discarded in a landfill. In Scenario 2, the slab was produced 125 
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from concrete with the addition of TRR in partial replacement of sand and disposal 126 

of RHA in the landfill. The amount of TRR incorporated in the slab was equivalent 127 

to 3.6% (by mass) of the amount of sand in Scenario 1. In Scenario 3, the slab was 128 

produced from concrete with the addition of both TRR and RHA, in partial 129 

replacement of sand and cement, respectively. The amounts of TRR and RHA 130 

incorporated in the slab was equivalent to 3.7% (by mass) of the amount of sand 131 

and 4.8% (by mass) of the amount of cement in Scenario 1, respectively. 132 

To deal with the multifunctionality of the valorisation scenarios, the system 133 

expansion by adding the final disposal of TRR and RHA in a sanitary landfill was 134 

considered (JRC-IES, 2010). Therefore, the functional unit (FU) was defined as the 135 

production of 1 lab-scale floor slab that supports a 720 kg load and the management 136 

of 2.81 kg of TRR and 1.38 kg of RHA. The 720 kg load was defined based on a 137 

regular residential building slab with floor tile and cement mortar bed, including its 138 

weight and the load due to use and occupancy of the building (ISO, 1986, 1987). 139 

This load imposes a bending moment of 240 kN.cm, which all slabs studied can 140 

support, according to Table 1 (Fig. S2 of the SM shows further details of the 141 

calculations). Therefore, the slabs were assumed to fulfil the same function. 142 

The slabs considered in all scenarios were produced to meet the Ultimate and 143 

Serviceability Limit States requirements (ISO, 2014). In addition, the studied floor 144 

slabs were considered to have distributed loads without walls or concentrated loads 145 

at a lab scale. Therefore, the flexural strength was more carefully evaluated. The 146 

flexural strength of the slabs was analysed by simulating the pure bending situation 147 

in the middle thirds of the models. The slabs’ ends were simply supported. The 148 

forces were applied by two hydraulic actuators, with a 10 tonne force (tnf) load cell 149 

coupled to each actuator, to measure the intensity of the forces. For the distribution 150 
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of forces in the span of the slabs, two steel profiles were used (Fig. S3 of the SM 151 

shows the experimental arrangement) (Fazzan, 2011; Sousa, 2014). 152 

 153 

Table 1. Mechanical properties of the proposed slabs. Source: adapted from Fazzan (2011) and 154 
Sousa (2014). 155 

Mechanical Property Unit Scenario 1 Scenario 2 Scenario 3 

Compressive strength MPa 26.3 28.5 26.5 

Tensile strength MPa 4.9 4.2 5.0 

Modulus of elasticity GPa 33.2 30.9 33.3 

Density kg/m³ 2459.8 2262.1 2305.8 

Air content % 2.2 4.7 4.2 

Water absorption % 5.6 2.4 4.1 

Flexural strength kN.cm 462.9 498.1 489.3 

 156 

The system boundaries (Fig. 1) included raw materials production, the 157 

transportation of these raw materials to the slab production plant, and the slab 158 

assembly process, which comprises the concrete production and pouring in the 159 

mould alongside the steel bars and hollow clay bricks. It also includes the 160 

transportation of wastes (to the slab production plant or the sanitary landfill) and 161 

management of these wastes. The transport of workers and production of capital 162 

goods were excluded. The use and end-of-life stages of the slabs were not included 163 

in the system boundaries since they were considered similar in all scenarios. 164 
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 165 

 166 

 167 

Fig. 1. System boundaries for: a) Scenario 1; b) Scenario 2; c) Scenario 3. 168 
 169 
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2.2 System description and inventory data 170 

The life cycle inventory data to assemble one lab-scale slab, including the 171 

sieving of TRR, for the scenarios under study are presented in Table 2, considering 172 

that the production occurs in the Brazilian city of Ilha Solteira, in São Paulo state. 173 

Table S1 of the SM shows the Ecoinvent processes utilized and Table S2 shows 174 

the composition of the mixes in kg/m³. 175 

 176 

Table 2. Inventory data for the sieving and slab assembly processes per FU for the scenarios 177 
under study. Adapted from: Fazzan (2011) and Sousa (2014). 178 

Inputs: Unit Scenario 1 Scenario 2 Scenario 3 

Portland cement kg 28.84 26.96 26.25 

Sand kg 74.62 57.87 59.13 

Gravel kg 84.65 89.66 91.26 

RHA kg - - 1.38 

TRR kg - 2.811 2.812 

Superplasticizer kg - 0.216 0.210 

Tap water m³ 0.016 0.011 0.011 

Hollow clay bricks kg 73.50 73.50 73.50 

Steel bars kg 2.70 2.70 2.70 

Electricity (kWh) kWh 0.32 0.43 0.44 

Outputs:     

Slab un 1 1 1 

Wastewater m³ 0.0029 0.0029 0.0029 

TRR kg - 0.11 0.05 
RHA kg - - - 

1 2.70 kg is incorporated in the slab and 0.11 kg is residue from the sieving process. 179 
2 2.76 kg is incorporated in the slab and 0.05 kg is residue from the sieving process. 180 

 181 

In Scenario 1, the slab was produced with conventional concrete, and the 182 

wastes (TRR and RHA) were disposed of in a landfill, considering an average 183 

distance of 50 km by lorry. In Scenario 2, the slab was produced from concrete with 184 

TRR (substituting sand), and the RHA was disposed of in the landfill, considering 185 

an average distance of 50 km by lorry. Lastly, in Scenario 3 the concrete to produce 186 

the slab contained TRR (substituting sand) and RHA (substituting cement). In this 187 

scenario, TRR and RHA were transported to the slab production plant considering 188 
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an average distance of 50 km by lorry. Background data on transport were obtained 189 

from the Ecoinvent database (Wernet et al., 2016). 190 

In Scenarios 2 and 3, TRR was used to partially replace sand. However, a 191 

previous sieving process in a vibratory sieve was needed to reduce the TRR particle 192 

size, by discarding the ticker residues (1.7% of the TRR by total weight). Besides 193 

this, as a consequence of the TRR addition, the workability needed to be adjusted 194 

with a superplasticizer at a dose of 0.8% of the binder mass (aqueous solution of 195 

sulphonated salts and carbohydrates, with density of 1.20 ± 0.02 kg/L). Using a 196 

superplasticizer can also increase the compressive and flexural strength of the 197 

mixtures (Dash et al., 2022), which compensates for the reduction caused by the 198 

incorporation of TRR. The concrete in Scenarios 2 and 3, as shown in Table 1, had 199 

lower density (kg/m³) than in that in Scenario 1. 200 

Data on raw materials and wastewater quantities to produce all the slabs were 201 

collected from Fazzan (2011) and Sousa (2014), and data on energy consumed 202 

were obtained from Van den Heede and de Belie (2014). Data on emissions from 203 

wastewater treatment and the Brazilian electricity mix were obtained from the 204 

Ecoinvent database (Wernet et al., 2016). Sand, gravel, hollow clay bricks, and steel 205 

bars are transported over 50 km by lorry to the slab production plant. The Portland 206 

cement was transported over 300 km (Celik et al., 2015) and the superplasticizer 207 

was hauled over 500 km (Souza et al., 2016) by lorry from regional producers. Data 208 

on the environmental impacts of transport by lorry were obtained from the Ecoinvent 209 

database. 210 

2.2.1 Disposal of TRR and RHA in the landfill  211 

The TRR and RHA landfilling were modelled based on the Ecoinvent model 212 

for waste disposal at a sanitary landfill (Doka, 2003), considering the TRR and RHA 213 
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compositions (shown in Tables S3 and S4 of the SM). The inventory data for TRR 214 

and RHA landfilling and downstream activities are shown in Table 3 (Table S5 of 215 

the SM shows the processes used). Background data related to the production of 216 

the inputs shown in Table 3 were obtained from the Ecoinvent database (Wernet et 217 

al., 2016). It was assumed that, at the sanitary landfill, the TRR and RHA are 218 

distributed and compacted by special loaders (Doka, 2003). Other energy 219 

requirements are associated with the heat and electricity demands of the 220 

administrative facilities (Doka, 2003). 221 

The sanitary landfill produces landfill gas and leachate. In addition, the 222 

decomposition of organic materials under the anaerobic conditions prevailing in the 223 

landfill mainly produces carbon dioxide (CO2) and methane (CH4) (Doka, 2003). 224 

Nonetheless, RHA does not generate landfill gas since it does not have carbon in 225 

its composition (Sousa, 2014). Even though the model evaluates the long-term 226 

emissions (more than 100 years after TRR and RHA deposition), it is challenging to 227 

predict emissions over long timespans (da Costa et al., 2019). Therefore, this study 228 

did not consider these emissions. 229 

Leachate is formed when water infiltrates and permeates through the waste. 230 

The short-term emissions (less than 100 years after waste deposition) are 231 

calculated from TRR and RHA decomposition rates and chemical compositions. 232 

Following Doka (2003), stable decomposition rates of 1% for TRR and 5% for RHA 233 

were assumed during the first century after deposition. All pollutants are released 234 

from the waste to the leachate at the same rate for each waste type. The landfill 235 

leachate generated in the first 100 years is assumed to be collected and treated in 236 

a municipal wastewater treatment plant (with a total treatment capacity of over 4.7 237 

million per-capita equivalents per year) with a three-stage treatment (mechanical, 238 
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biological, and chemical) (da Costa et al., 2020). The wastewater treatment plant 239 

needs electricity for lighting and to drive pumps to aerate the activated sludge bed. 240 

Other energy requirements are associated with the heat and electricity demands of 241 

the administrative facilities. The sludge generated in this step is transported 10 km 242 

by lorry to a waste incinerator plant. The solid residues generated in the incineration 243 

process are disposed in slag compartments and residual material landfills (Doka, 244 

2003). 245 

The slag compartment is a landfill sector (physically separated from the 246 

sanitary landfill) destined for slags that do not have more than 3% total organic 247 

carbon (TOC) in their composition. Residual material landfills are used for wastes 248 

with less than 5% TOC and that are not reactive in water. In residual material 249 

landfills, the ashes buried must be solidified with cement to comply with technical 250 

regulations. Loaders are used to distribute the slag and ashes in these landfill 251 

sectors (Doka, 2003). 252 

 253 

Table 3. Inventory data for the landfilling of 1 kg of TRR and RHA. 254 

 Unit TRR RHA 

Inputs:    

Sanitary landfill    

Electricity kWh 1.37E-03 1.37E-03 

Light fuel oil kg 3.77E-05 3.77E-05 

Diesel kg 1.09E-03 1.09E-03 

Wastewater treatment    

Electricity kWh 2.20E-04 5.50E-04 

Light fuel oil kg 8.58E-07 2.60E-05 

Natural gas MJ 4.92E-05 1.49E-03 

Iron chloride kg 5.49E-07 - 

Hydrochloric acid kg 1.81E-09 2.84E-12 

Municipal waste incineration    

Electricity  kWh 2.18E-05 4.37E-04 

Natural gas MJ 7.45E-06 1.50E-04 

Ammonia  g 7.64E-05 1.53E-03 

Chromium g 4.47E-08 8.97E-07 

Titanium dioxide g 2.18E-06 4.38E-05 
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Water L 1.51E-04 3.04E-03 

Slag compartment    

Electricity kWh 3.81E-12 2.06E-08 

Light fuel oil kg 9.65E-12 5.23E-08 

Diesel kg 2.40E-10 1.30E-06 

Residual material landfill    

Electricity kWh 3.75E-10 1.04E-08 

Light fuel oil kg 9.50E-10 2.63E-08 

Diesel kg 4.20E-09 1.16E-07 

Cement kg 6.67E-06 1.85E-04 

Outputs:    

Water emissions (after leachate treatment)   

Sulphate g 4.21E-02 - 

Cl g 0.50 - 

Cd mg 7.15E-03 - 

Hg mg 2.17E-07 - 

Pb mg 4.53E-04 - 

Zn mg 2.34 - 

Si g - 6.54E-02 

Fe mg - 0.22 

Ca g - 6.51E-02 

Al mg - 2.00 

K g - 0.60 

Mg g - 0.10 

Na g - 0.49 

Air emissions (landfill gas)    

CO2 g 21.40 - 

CO mg 1.21 - 

CH4 g 3.28 - 

NMVOC mg 2.29E-02 - 

Cd mg 9.38E-05 - 

Hg mg 2.74E-07 - 

Pb mg 1.37E-06 - 

Zn mg 1.68E-03 - 

PM2,5 mg 0.41 - 

SO2 mg 4.83 - 

HCl mg 7.26 - 

Air emissions (sludge incineration)    

CO2 g 0.71 - 

CO mg 0.46 0.68 

CH4 g 1.40E-03 1.94E-05 

NMVOC mg 6.35E-03 - 

Cd mg 3.85E-07 - 

Hg mg 1.16E-12 - 

Pb mg 1.36E-07 - 

Zn mg 8.56E-05 - 
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Si mg - 2.38 

Fe mg - 7.11E-06 

Ca mg - 1.18E-02 

Al mg - 4.90E-02 

Mg mg - 1.53E-02 

 255 

2.3 Impact assessment 256 

The life cycle impact assessment phase was based on the ReCiPe 2016 257 

midpoint method (Huijbregts et al., 2016). The assessment was performed for 8 258 

environmental impact categories – climate change (CC); fine particulate matter 259 

formation (PMF); ozone formation, terrestrial ecosystems (OF); terrestrial 260 

acidification (TA); freshwater eutrophication (FE); freshwater ecotoxicity (FET); 261 

fossil resources scarcity (FRS); and mineral resources scarcity (MRS). The LCA 262 

software SimaPro v.8.5.0.0 was used to perform the impact calculations (Pré 263 

Consultants, 2019). 264 

 265 

2.4 Sensitivity Analyses  266 

Two sensitivity analyses were performed to assess the influence of alternative 267 

ratios of TRR and RHA substitution and distances travelled. The transport distances 268 

for TRR and RHA to the slab production plant were estimated considering the 269 

proximity of suppliers, as these distances can have significant variability. Therefore, 270 

changing the transportation distances from 50 to 1000 km was evaluated.  271 

The effect of changing ratios of TRR and RHA substitution was evaluated 272 

because it is possible to consider a maximum ratio of substitution of sand and 273 

concrete of 10.0% (by volume), without significantly affecting the slab mechanical 274 

properties (Rashid et al., 2019; Roychand et al., 2020; Youssf et al., 2020; 275 

Ambedkar et al., 2017; Givi et al., 2010; Sensale, 2006). For the materials used in 276 

the current study, this substitution ratio is approximately 4.0% by mass of sand by 277 
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TRR and up to 10.0% by mass of cement by RHA. Therefore, two hypothetical 278 

cases to assess the sensitivity of results were used, based on Scenarios 2 and 3, 279 

varying the substitution ratios of wastes. 280 

In Case A, the slab would be produced from concrete with the addition of TRR 281 

(substituting sand in an amount equivalent to 2.0% by mass of the sand consumed 282 

in Scenario 1, i.e., approximately half of the amount considered in Scenario 2) and 283 

landfill disposal of RHA. The mechanical strenght would decrease less by reducing 284 

sand and replacing it with  TRR. Thus, less additional dry cement per m³ would be 285 

needed in the concrete mixture to meet the slab structural requirements in 286 

comparison with Scenario 2. 287 

In Case B, the slab would be produced from concrete with the addition of TRR 288 

(substituting sand in an amount equivalent to approximately 3.7% by mass of the 289 

sand consumed in Scenario 1) and RHA (substituting cement in an amount 290 

equivalent to 10.0% by mass, i.e., approximately twice the amount considered in 291 

Scenario 3). By increasing the RHA incorporation, less cement per m³ would be 292 

required in the mix and less waste would be landfilled compared to Scenario 3.  293 
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3 RESULTS AND DISCUSSION 294 

Fig. 2 presents the environmental impacts of each scenario, demonstrating 295 

that slab material production represents most of the total environmental impacts in 296 

all environmental impact categories (84 to 99% of the total impacts). Transport 297 

impacts were greatest in the OF and FRS impact categories, representing 11 and 298 

13% of the total impacts, respectively. Waste landfilling had a low contribution to 299 

environmental impacts (representing up to 3% of the impacts), which is attributed 300 

to the small amount of landfilled wastes. The slab assembly process, including the 301 

sieving of TRR, had the lowest influence in all impact categories, representing less 302 

than 0.5% of the impacts.  303 

The results showed that Scenario 1 was as the alternative with the greatest 304 

impact in all categories. Scenarios 2 and 3 presented reductions compared to 305 

Scenario 1 in all environmental impact categories. Scenario 3 was the best 306 

alternative for all impact categories, with impacts 0.6 to 6.4% lower than in Scenario 307 

1. Scenario 2 was the intermediate option, decreasing the impacts of Scenario 1 by 308 

0.2 to 4.5%. The impact categories with the most significant reductions compared 309 

to Scenario 1 were CC and OF, for which Scenario 2 presented reductions of 5% 310 

and 4%, respectively, while Scenario 3 showed reductions of 6% for both. For the 311 

absolute contributions of each scenario to the selected impact categories, please 312 

refer to Tables S6 and S7 of the SM. 313 
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314 

 315 

 316 

 317 
 318 

Fig. 2. Comparative environmental profiles of the proposed scenarios for slab production per 319 
FU. 320 
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Fig. 3 depicts the contribution of each material to the slab materials impacts. 322 

In the CC, OF, and TA categories, cement production was the primary hotspot, 323 

representing 57-60%, 47-50%, and 42-45% of the total impact, respectively, mainly 324 

due to clinker production. In the PMF impact categories, reinforcing steel and 325 

cement production had the greatest contributions, 38-39% and 37-39%, 326 

respectively. As in the previous environmental impact categories, clinker production 327 

was the main factorresponsible for these results. For the FE and FET impact 328 

categories, steel bars had the greatest contribution to the impact categories, 329 

representing 58-59% and 78-79% of the total impacts. These impacts were mainly 330 

caused by wastes from hard coal and lignite mining and sulfidic tailings. Lastly, in 331 

the FRS and MRS impact categories, light clay brick production contributed the 332 

most to total impacts, representing 39 and 68%, respectively. The dominant 333 

processes causing these impacts were natural gas and clay extraction, respectively. 334 

 335 
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 338 
(b) 339 

 340 
(c) 341 

 342 
Fig. 3. Contribution of each material for the impacts of slab materials production in Scenarios 1 (a), 343 

2 (b), and 3 (c). Acronyms: CC = climate change; PMF = fine particulate matter formation; OF = 344 
ozone formation, terrestrial ecosystems; TA = terrestrial acidification; FE = freshwater 345 

eutrophication; FET = freshwater ecotoxicity; FRS = fossil resource scarcity; MRS = mineral 346 
resource scarcity. 347 
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According to the results cement production is the primary driver of 350 

environmental impacts from slab production due to the large quantities of virgin 351 

materials and the intensive use of fossil fuels to supply the furnaces that produce 352 

the cement clinker (Stafford et al., 2016). The impacts of this step are caused by 353 

chemical reactions and the combustion of fossil fuels, which can be reduced by an 354 

improvement in the rotary kilns' efficiency and the broader utilization of cleaner 355 

energy sources (Mokhtar and Nasooti, 2020). 356 

The use of TRR instead of sand in concrete mixes avoids extracting this raw 357 

material and disposal of waste in landfills. However, for the conditions of this study, 358 

the sand-TRR tradeoff did not generate a substantial environmental impact 359 

improvement, since sand has low impacts in the categories analysed. Other studies 360 

have reported similar findings related to substituting sand with TRR. For example, 361 

Fiksel et al. (2011) compared the impacts of using scrap tires in different LCA 362 

applications. Employing finely shredded tires to replace sand in lightweight backfill 363 

caused small reductions of impacts in all categories analysed. However, it was 364 

negligible compared to other uses, such as incineration in cement plants. Rashid et 365 

al. (2019) observed that the substitution of 10% of fine aggregate with rubber in 366 

concrete mixtures led to slight increases of compressive strength and CO2 footprint 367 

because the scope of the study included the energy required for shredding the 368 

rubber, which was higher than sieving the natural aggregate. Gravina and Xie 369 

(2022) used a large database to model the mechanical properties of crumb rubber 370 

concrete and assessed the environmental performance of its production. The 371 

authors found that high crumb rubber incorporation in the concrete (over 25% 372 

replacement ratio substituting natural aggregates) was associated with the worst 373 

environmental performance in comparison with conventional concrete, due to the 374 
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energy consumption involved in the crumb rubber collection and retreading process. 375 

Finally, Ince et al. (2022) investigated the effects of pretreated and natural rubber 376 

in concrete. Although the compressive strength decreased slightly, the authors 377 

found that the rubber enhanced the concrete flexural strength, similar to the present 378 

study (Table 1), leading to a more ductile failure mode. 379 

Contrarily, the substitution of cement for RHA was more effective, reducing 380 

the potential impacts in all impact categories analysed, although the RHA mass 381 

represented less than 1% of the mixture. These findings agree with previous 382 

studies, such as Moraes et al. (2010), who substituted cement by RHA in mortar 383 

coatings. Besides enhancing mechanical properties, incorporating RHA, an 384 

available regional waste in Brazil, reduced the number of significant environmental 385 

impacts in the studied mortars. Gursel et al. (2016) analysed “green” concrete 386 

mixtures using fly ash, RHA, and limestone flour. The conventional concrete (only 387 

Portland cement) showed higher compressive strength (9-20%) but had the worst 388 

environmental performance. Impacts related to air emissions (CO2, NOx, PM, CO, 389 

SO2), the focus of the study, decreased with the increase of supplementary 390 

cementitious materials (up to 50%). However, the regional availability of these 391 

materials determines the feasibility of the application since these wastes have low 392 

economic value, and long transport distances can significantly impact sourcing cost.  393 

A concern related to RHA was discussed by Ahsan and Hossain (2018), for 394 

whom to achieve good mechanical performance with RHA, it is necessary to control 395 

the quality of the grinding and burning processes, since coarse particles and 396 

incomplete combustion can lead to a considerable decrease in the mechanical 397 

properties of those materials. Amin et al. (2022) studied binary concrete mixtures 398 

containing RHA to replace cement. The authors found that cement production was 399 
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by far the major factor responsible for the CO2 emissions of the mixtures, followed 400 

by the transportation of material, which is in line with the results of the present study. 401 

Portland cement production is the largest source of CO2 emissions from 402 

carbonate decomposition and combustion of fossil fuels. Cement production has 403 

constantly increased, inscreasing 30-fold since 1950 and more than 3-fold since 404 

1990. The current global production level is equivalent to more than half a ton of 405 

cement per person annually. This demand will continue growing for some time, 406 

since several countries like China, Brazil and India, are developing quickly, requiring 407 

risign amouts of cement and aggregates to build infrastructure (Andrew, 2019). As 408 

a widely used material with increasing demand, it is possible to obtain significant 409 

emission and waste generation reductions if there is an improvement in its 410 

production or application efficiency. With solutions like the one proposed in this 411 

study, a small reduction in the impacts of this material applied comprehensively can 412 

achieve significant results, helping countries to reach the reduction targets 413 

proposed in international agreements such as the Paris Agreement or the recent 414 

Leaders Summit on Climate. 415 

The results of the mechanical tests (Table 1) indicated that the slabs with 416 

residues had slightly higher flexural strength. This can be directly influenced by 417 

using a superplasticizer (in Scenarios 2 and 3), increasing the modulus of elasticity 418 

and reducing the air content. However, simply supported lab-scale slabs with a span 419 

of 2 meters were analysed. If the study had been carried out with commercial slabs, 420 

larger than those considered, the slabs with incorporation of residues would not 421 

have met the mechanical strength requirements, changing the material 422 

requirements. 423 
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In addition, reductions in density were observed in the alternative slabs in 424 

relation to Scenario 1, indicating the possibility of reducing the structural weight, 425 

and thus reducing the amount of materials used in pillars and foundations, for 426 

example. In this study, all slabs were assumed to have the same durability. 427 

However, the alternative slabs of Scenarios 2 and 3, with less water absorption, 428 

could have a longer service life or need less maintenance. In this case, potential 429 

environmental gains over time could be achieved. 430 

  431 
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3.1 Sensitivity analysis 432 

Emissions from diesel combustion due to transport by road are relevant for the 433 

OF and FRS impact categories. Fig. 4 presents the sensitivity analysis results for 434 

OF and FRS by varying the transport distances from TRR and RHA origin to the 435 

slab production plant (the remaining categories are shown in Fig. S4 of the SM). 436 

For OF, the alternative ranking was the same, with Scenario 3 being the best option 437 

for this impact category, even for long distances. This outcome was the same for 438 

the remaining categories, except for FRS.  439 

Points A and B in Fig. 4 show the distances for which there is a change in the 440 

environmental impact ranking among the proposed alternatives for the FRS impact 441 

category. Up to 520 km (point A), the classification of scenarios remained the same. 442 

From distances between 520 km (point A) and 733 km (point B), Scenario 2 443 

surpassed Scenario 1, the most alternative with the greatest impact, while Scenario 444 

3 remained the best option for this impact category. For distances greater than 733 445 

km (point B), Scenario 1 showed the lowest environmental impact for the FRS  446 

category, followed by Scenario 3 and Scenario 2, respectively. The sensitivity 447 

analysis showed that since the wastes have a small weight compared to the slab, 448 

the environmental performance rank related to the impact categories remained the 449 

same even for longer distances, only changing for transport distances greater than 450 

520 km.  451 

This observation is valid for the transport of TRR and RHA considered in this 452 

study. Other studies evaluating the Brazilian context have demonstrated that 453 

transporting raw materials to produce concrete inputs can significantly impact the 454 

cost and thus the attractiveness of the final product (Souza et al., 2015; Stafford et 455 
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al., 2016). This is caused by the heavy weight of these materials and the 456 

predominance of road transportation in Brazil. 457 

 458 

 459 

 460 
Fig. 4. Sensitivity analysis considering changes in TRR and RHA transportation distances. 461 

 462 

Fig. 5 presents the sensitivity analysis results for the alternative cases 463 

proposed, changing TRR and RHA substitution rates in the concrete used to 464 

produce the slabs. In the CC, OF, TA and MRS impact categories, Scenario 1 465 

presented the worst environmental performance. In the PMF, FE, FET and FRS 466 

categories, sensitivity analysis Case A (SA-CA) was the option with the greatest 467 

negative impact. However, Scenario 1 and SA-CA had similar results, with 468 
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variations lower than 2% for all analysed impact categories. This confirms that 469 

cement is the predominant factor in the impact of the product studied. 470 

The SA-CA results were not significant because the reduction of TRR would 471 

cause an increase in the concrete density, since it would have less air incorporated. 472 

Consequently, this alternative would need more materials per cubic meter of 473 

concrete. Besides this, the substitution of sand by TRR did not provoke significant 474 

results, because sand represented less than 2% of the total impacts. On the other 475 

hand, sensitivity analysis Case B (SA-CB) had better outcomes since 10.0% of the 476 

cement mass would be sreplaced by RHA, along the sand-TRR tradeoff. This 477 

situation would combine the benefits of both wastes, as the concrete would have 478 

the lowest density (due to TRR addition) and the lowest cement consumption 479 

(because of the RHA). With 2% of the total concrete mass substituted by wastes, 480 

SA-CB had the best environmental profile in all scenarios studied, with impacts 481 

between 1.2% (MRS) and 8.9% (CC), lower than the most impacting alternative. 482 

 483 
Fig. 5. Sensitivity analysis considering changes in TRR and RHA substitution. Acronyms: CC = 484 

climate change; PMF = fine particulate matter formation; OF = ozone formation, terrestrial 485 
ecosystems; TA = terrestrial acidification; FE = freshwater eutrophication; FET = freshwater 486 

ecotoxicity; FRS = fossil resource scarcity; and MRS = mineral resource scarcity. 487 
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4 CONCLUSIONS 489 

This study evaluates the environmental impacts of different valorisation 490 

scenarios for TRR and RHA by incorporating these wastes in concrete slabs, and 491 

thus avoiding their disposalint landfills. The following conclusions can be drawn: 492 

• The production of concrete slab materials had the gratest impact in all impact 493 

categories analysed, mostly due to production of cement and steel bars. 494 

Therefore, Scenario 3, where both residues are incorporated in the slabs, 495 

thus lowering the amount of cement consumed, ranked as the best option for 496 

all impact categories. The reduction in the impacts in relation to Scenario 1, 497 

where the wastes are totally discarded in landfills, ranged between 0.6 and 498 

6.4%. 499 

• The sensitivity analysis of different substitution rates of TRR and RHA 500 

showed that the SA-CB scenario, consisting of the replacement of sand by 501 

TRR (3.7% by mass) and cement by RHA (10.0% by mass), had the best 502 

results. It would decrease the concrete density and cement consumption of 503 

the slabs, reducing the environmental impacts by up to 8.9% by replacing 504 

only 2% of the total concrete mass by wastes. 505 

• The sensitivity analysis also showed that changes in the transportation 506 

distances of wastes resulted in minor modifications of the impacts, due to the 507 

low weight of the wastes.  508 

• Future research on incorporating wastes in concrete elements should focus 509 

on reducing the total amount of cement and steel bars, which are the primary 510 

adverse materials. The effect on the durability of these new materials should 511 

also be further studied, to ensure obtaining more durable and sustainable 512 

construction materials. 513 



 

28 

  514 



 

29 

ACKNOWLEDGMENTS 515 

The authors would like to thank FAPESP (São Paulo Research Foundation - 516 

Brazil) for the scholarship granted to Daniel Sampaio (2018/23233-4). The authors 517 

would like to thank Programa Institucional de Internacionalização - CAPES – PrInt. 518 

The authors are grateful to FCT/MCTES for the financial support to CESAM 519 

(UIDB/50017/2020+UIDP/50017/2020+LA/P/0094/2020), through national funds. 520 

Thanks are also due to FCT/MCTES for contracts granted to Paula Quinteiro 521 

(CEECIND/00143/2017) and Ana Cláudia Dias (CEECIND/02174/2017). 522 

Additionally, the authors would like to thank Gabor Doka for his support.  523 



 

30 

REFERENCES 524 

Ahmed, I.M., Tsavdaridis, K.D., 2018. Life cycle assessment (LCA) and cost (LCC) 525 

studies of lightweight composite flooring systems. Journal of Building 526 

Engineering 20, 624–633. https://doi.org/10.1016/j.jobe.2018.09.013. 527 

Ahsan, M.B., Hossain, Z., 2018. Supplemental use of rice husk ash (RHA) as a 528 

cementitious material in concrete industry. Construction and Building Materials 529 

178, 1–9. https://doi.org/10.1016/j.conbuildmat.2018.05.101. 530 

Albano, C., Camacho, N., Hernández, M., Matheus, A., Gutiérrez, A., 2009. 531 

Influence of content and particle size of waste pet bottles on concrete behavior 532 

at different w/c ratios. Waste Management 29, 2707–2716. 533 

https://doi.org/10.1016/j.wasman.2009.05.007. 534 

Alves, E.C., Feitosa, L.A., 2020. Analysis of the global tall buildings stability in flat 535 

slabs considering the soil structure interaction. Revista IBRACON de 536 

Estruturas e Materiais 13, 183–199. https://doi.org/10.1590/s1983-537 

41952020000100013. 538 

Ambedkar, B., Alex, J., Dhanalakshmi, J., 2017. Enhancement of mechanical 539 

properties and durability of the cement concrete by RHA as cement 540 

replacement: Experiments and modeling. Construction and Building Materials 541 

148, 167–175. https://doi.org/10.1016/j.conbuildmat.2017.05.022. 542 

Amin, M., Ur Rehman, K., Shahzada, K., Khan, K., Wahab, N., Abdulalim 543 

Alabdullah, A., 2022. Mechanical and microstructure performance and global 544 

warming potential of blended concrete containing rice husk ash and silica 545 

fume. Construction and Building Materials 346, 128470. 546 

https://doi.org/10.1016/J.CONBUILDMAT.2022.128470. 547 



 

31 

Andrew, R.M., 2019. Global CO2 emissions from cement production, 1928–2018. 548 

Earth System Science Data 11, 1675–1710. https://doi.org/10.5194/essd-11-549 

1675-2019. 550 

António, J., Tadeu, A., Marques, B., Almeida, J.A.S., Pinto, V., 2018. Application of 551 

rice husk in the development of new composite boards. Construction and 552 

Building Materials 176, 432–439. 553 

https://doi.org/10.1016/j.conbuildmat.2018.05.028. 554 

Associação Nacional da Indústria de Pneumáticos- ANIP, 2020. ANIP em números 555 

- Dados gerais e publicações [WWW Document]. National Tire Industry 556 

Association. URL http://www.anip.org.br/anip-em-numeros/dados-gerais/ 557 

(accessed 3.13.20). 558 

Batayneh, M.K., Marie, I., Asi, I., 2008. Promoting the use of crumb rubber concrete 559 

in developing countries. Waste Management 28, 2171–2176. 560 

https://doi.org/10.1016/j.wasman.2007.09.035. 561 

Celik, K., Meral, C., Petek Gursel, A., Mehta, P.K., Horvath, A., Monteiro, P.J.M., 562 

2015. Mechanical properties, durability, and life-cycle assessment of self-563 

consolidating concrete mixtures made with blended portland cements 564 

containing fly ash and limestone powder. Cement and Concrete Composites 565 

56, 59–72. https://doi.org/10.1016/j.cemconcomp.2014.11.003. 566 

da Costa, T.P., Quinteiro, P., Tarelho, L.A.C., Arroja, L., Dias, A.C., 2019. 567 

Environmental assessment of valorisation alternatives for woody biomass ash 568 

in construction materials. Resources, Conservation and Recycling 148, 67–569 

79. https://doi.org/10.1016/j.resconrec.2019.04.022. 570 



 

32 

da Costa, T.P., Quinteiro, P., Tarelho, L.A.C., Arroja, L., Dias, A.C., 2020. Life cycle 571 

assessment of woody biomass ash for soil amelioration. Waste Management 572 

101, 126–140. https://doi.org/10.1016/j.wasman.2019.10.006. 573 

Dash, A., Sahoo, K., Sekhar Panda, H., Pradhan, A., Jena, B., 2022. Experimental 574 

study on the effect of superplasticizer on workability and strength 575 

characteristics of recycled coarse aggregate concrete. Materials Today: 576 

Proceedings 60, 488–493. https://doi.org/10.1016/J.MATPR.2022.01.324. 577 

Doka, G., 2003. Life cycle inventories of waste treatment services. Part III: Landfills 578 

– Underground Deposits – Landfarming. Ecoinvent report No. 13. Swiss 579 

Centre for Life Cycle Inventories. Dubendorf, Switzerland. p. 137. 580 

Evangelista, P.P.A., Kiperstok, A., Torres, E.A., Gonçalves, J.P., 2018. 581 

Environmental performance analysis of residential buildings in Brazil using life 582 

cycle assessment (LCA). Construction and Building Materials 169, 748–761. 583 

https://doi.org/10.1016/j.scitotenv.2019.05.435. 584 

FAOSTAT, 2020. Food and Agriculture Organization of the United Nations. URL 585 

http://www.fao.org/faostat/en/#data (accessed 5.3.20). 586 

Fazzan, J., 2011. Comportamento estrutural de lajes pré-moldadas treliçadas com 587 

adição de resíduos de borracha de pneu. (Master’s thesis), Department of 588 

Civil Engineering, Universidade Estadual Paulista, Ilha Solteira, Brazil. 589 

Fiksel, J., Bakshi, B.R., Baral, A., Guerra, E., Dequervain, B., 2011. Comparative 590 

life cycle assessment of beneficial applications for scrap tires. Clean 591 

Technologies and Environmental Policy 13, 19–35. 592 

https://doi.org/10.1007/s10098-010-0289-1. 593 

GCCA, 2018. GNR – GCCA in Numbers – 2018 data [WWW Document]. Global 594 

Cement and Concrete Association. URL 595 



 

33 

https://gccassociation.org/sustainability-innovation/gnr-gcca-in-numbers/ 596 

(accessed 10.31.20). 597 

GCCA, 2020. Concrete Future [WWW Document]. Global Cement and Concrete 598 

Association. URL https://gccassociation.org/concretefuture/ (accessed 599 

17.08.22). 600 

Givi, A.N., Rashid, S.A., Aziz, F.N.A., Salleh, M.A.M., 2010. Assessment of the 601 

effects of rice husk ash particle size on strength, water permeability and 602 

workability of binary blended concrete. Construction and Building Materials 24, 603 

2145–2150. https://doi.org/10.1016/j.conbuildmat.2010.04.045. 604 

Gravina, R.J., Xie, T., 2022. Toward the development of sustainable concrete with 605 

Crumb Rubber: Design-oriented Models, Life-Cycle-Assessment and a site 606 

application. Construction and Building Materials 315, 125565. 607 

https://doi.org/10.1016/J.CONBUILDMAT.2021.125565. 608 

Gursel, A.P., Maryman, H., Ostertag, C., 2016. A life-cycle approach to 609 

environmental, mechanical, and durability properties of “green” concrete 610 

mixes with rice husk ash. Journal of Cleaner Production 112, 823–836. 611 

https://doi.org/10.1016/j.jclepro.2015.06.029. 612 

Hossein, A.H., AzariJafari, H., Khoshnazar, R., 2022. The role of performance 613 

metrics in comparative LCA of concrete mixtures incorporating solid wastes: 614 

A critical review and guideline proposal. Waste Management 140, 40–54. 615 

https://doi.org/10.1016/J.WASMAN.2022.01.010. 616 

Huijbregts, M., Steinmann, Z., Elshout, P., Stam, G., Verones, F., Vieira, M., van 617 

Zelm, R., 2016. ReCiPe2016. A harmonized life cycle impact assessment 618 

method at midpoint and endpoint level. Report I: characterization. RIVM 619 

Report 2016–0104, 194 p. 620 



 

34 

IEA, 2019. Global Status Report for Buildings and Construction 2019, IEA, Paris. 621 

Ince, C., Shehata, B.M.H., Derogar, S., Ball, R.J., 2022. Towards the development 622 

of sustainable concrete incorporating waste tyre rubbers: A long-term study of 623 

physical, mechanical & durability properties and environmental impact. 624 

Journal of Cleaner Production 334, 130223. 625 

https://doi.org/10.1016/J.JCLEPRO.2021.130223. 626 

Instituto Brasileiro de Geografia e Estatística - IBGE, 2020. Levantamento 627 

Sistemático da Produção Agrícola [WWW Document]. Brazilian Institute of 628 

Geography and Statistics. URL 629 

https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9201-630 

levantamento-sistematico-da-producao-agricola.html?=&t=resultados 631 

(accessed 3.19.20). 632 

ISO, 1986. Loads due to use and occupancy in residential and public buildings. ISO 633 

2103. International Organization for Standardization, Geneva, Switzerland. 634 

ISO, 1987. Bases for design of structures — Actions due to the self-weight of 635 

structures, non-structural elements and stored materials — Density. ISO 9194. 636 

International Organization for Standardization, Geneva, Switzerland. 637 

ISO, 2006a. Environmental Management – Life Cycle Assessment – Principles and 638 

Frameworks. ISO 14040. International Organization for Standardization, 639 

Geneva, Switzerland. 640 

ISO, 2006b. Environmental management - Life cycle assessment - Requirements 641 

and guidelines. ISO 14044. International Organization for Standardization, 642 

Geneva, Switzerland. 643 



 

35 

ISO, 2014. Performance and assessment requirements for design standards on 644 

structural concrete. ISO 19338. International Organization for Standardization, 645 

Geneva, Switzerland. 646 

ISO, 2016. TC 71 Strategic Business Plan [WWW Document]. URL 647 

https://www.iso.org/committee/49898.html (accessed 1.16.21). 648 

JRC-IES, 2010. General Guide for Life Cycle Assessment - Detailed Guidance. 649 

ILCD Handbook, Ispra, Italy. https://doi.org/10.2788/38479. 650 

Liu, J., Fan, X., Li, Z., Zhang, W., Jin, H., Xing, F., Tang, L., 2022. Novel recycling 651 

application of high volume municipal solid waste incineration bottom ash 652 

(MSWIBA) into sustainable concrete. Science of The Total Environment 838, 653 

156124. https://doi.org/10.1016/J.SCITOTENV.2022.156124. 654 

Mansour, F., Abu Bakar, S., Ibrahim, I.S., Marsono, A.K., Marabi, B., 2015. Flexural 655 

performance of a precast concrete slab with steel fiber concrete topping. 656 

Construction and Building Materials 75, 112–120. 657 

https://doi.org/10.1016/j.conbuildmat.2014.09.112. 658 

Mashiri, M.S., Vinod, J.S., Sheikh, M.N., Tsang, H.-H., 2015. Shear strength and 659 

dilatancy behaviour of sand–tyre chip mixtures. Soils and Foundations 55, 660 

517–528. https://doi.org/10.1016/j.sandf.2015.04.004. 661 

Meyer, C., 2009. The greening of the concrete industry. Cement and Concrete 662 

Composites 31, 601–605. 663 

https://doi.org/10.1016/j.cemconcomp.2008.12.010. 664 

Mokhtar, A., Nasooti, M., 2020. A decision support tool for cement industry to select 665 

energy efficiency measures. Energy Strategy Reviews 28, 100458. 666 

https://doi.org/10.1016/j.esr.2020.100458. 667 



 

36 

Moraes, C.A.M., Kieling, A.G., Caetano, M.O., Gomes, L.P., 2010. Life cycle 668 

analysis (LCA) for the incorporation of rice husk ash in mortar coating. 669 

Resources, Conservation and Recycling 54, 1170–1176. 670 

https://doi.org/10.1016/j.resconrec.2010.03.012. 671 

Nakic, D., 2018. Environmental evaluation of concrete with sewage sludge ash 672 

based on LCA. Sustainable Production and Consumption 16, 193–201. 673 

https://doi.org/https://doi.org/10.1016/j.spc.2018.08.003. 674 

Oliveira, R.A., Silva, F.A.N., Sobrinho, C.W.A.P., Azevedo, A.C., Delgado, 675 

J.M.P.Q., Guimarães, A.S., 2018. Structural performance of unreinforced 676 

masonry elements made with concrete and horizontally perforated ceramic 677 

blocks – Laboratory tests. Construction and Building Materials 182, 20–34. 678 

https://doi.org/10.1016/j.conbuildmat.2018.06.092. 679 

Paik, I., Na, S., 2020. Comparison of Environmental Impact of Three Different Slab 680 

Systems for Life Cycle Assessment of a Commercial Building in South Korea. 681 

Applied Sciences 10, 7278. https://doi.org/10.3390/app10207278. 682 

Pré Consultants, 2019. SimaPro 8.5.0.0. [WWW Document]. URL https://pre-683 

sustainability.com/ (accessed 11.23.20). 684 

Raheem, A.A., Ikotun, B.D., 2020. Incorporation of agricultural residues as partial 685 

substitution for cement in concrete and mortar – A review. Journal of Building 686 

Engineering. https://doi.org/10.1016/j.jobe.2020.101428. 687 

Rashad, A.M., 2016. A comprehensive overview about recycling rubber as fine 688 

aggregate replacement in traditional cementitious materials. International 689 

Journal of Sustainable Built Environment 5, 46–82. 690 

https://doi.org/10.1016/j.ijsbe.2015.11.003. 691 



 

37 

Rashid, K., Yazdanbakhsh, A., Rehman, M.U., 2019. Sustainable selection of the 692 

concrete incorporating recycled tire aggregate to be used as medium to low 693 

strength material. Journal of Cleaner Production 224, 396–410. 694 

https://doi.org/10.1016/j.jclepro.2019.03.197. 695 

Roychand, R., Gravina, R.J., Zhuge, Y., Ma, X., Youssf, O., Mills, J.E., 2020. A 696 

comprehensive review on the mechanical properties of waste tire rubber 697 

concrete. Construction and Building Materials 237, 117651. 698 

https://doi.org/10.1016/j.conbuildmat.2019.117651. 699 

Sartorti, A.L., Fontes, A.C., Pinheiro, L.M., 2013. Analysis of the assembling phase 700 

of lattice slabs. Revista IBRACON de Estruturas e Materiais 6, 623–660. 701 

https://doi.org/10.1590/S1983-41952013000400008. 702 

Sensale, G., 2006. Strength development of concrete with rice-husk ash. Cement 703 

and Concrete Composites 28, 158–160. 704 

https://doi.org/10.1016/j.cemconcomp.2005.09.005. 705 

Smithers, 2017. Global industry tire volume to reach 2.7 billion units by 2022. URL 706 

https://www.smithers.com/resources/2017/dec/global-industry-tire-volume-to-707 

reach-2-7-billion (accessed 1.16.21). 708 

Sousa, L.C., 2014. Estudo experimental do comportamento estrutural de lajes 709 

treliçadas com adição de resíduos de borracha de pneu e cinza de casca de 710 

arroz comercial. (Master’s thesis), Department of Civil Engineering, 711 

Universidade Estadual Paulista, Ilha Solteira, Brazil. 712 

Souza, D.M. de, Lafontaine, M., Charron-Doucet, F., Chappert, B., Kicak, K., 713 

Duarte, F., Lima, L., 2016. Comparative life cycle assessment of ceramic brick, 714 

concrete brick and cast-in-place reinforced concrete exterior walls. Journal of 715 

Cleaner Production 137, 70–82. https://doi.org/10.1016/j.jclepro.2016.07.069. 716 



 

38 

Stafford, F.N., Raupp-Pereira, F., Labrincha, J.A., Hotza, D., 2016. Life cycle 717 

assessment of the production of cement: A Brazilian case study. Journal of 718 

Cleaner Production 137, 1293–1299. 719 

https://doi.org/10.1016/j.jclepro.2016.07.050. 720 

Tashima, M.M., Fioriti, C.F., Akasaki, J.L., Bernabeu, J.P., Sousa, L.C., Melges, 721 

J.L.P., 2012. Cinza de casca de arroz (CCA) altamente reativa: método de 722 

produção e atividade pozolânica. Ambiente Construído 12, 151–163. 723 

https://doi.org/10.1590/S1678-86212012000200010. 724 

Thomas, B.S., Gupta, R.C., Panicker, V.J., 2016. Recycling of waste tire rubber as 725 

aggregate in concrete: Durability-related performance. Journal of Cleaner 726 

Production 112, 504–513. https://doi.org/10.1016/j.jclepro.2015.08.046. 727 

Van den Heede, P., de Belie, N., 2014. A service life based global warming potential 728 

for high-volume fly ash concrete exposed to carbonation. Construction and 729 

Building Materials 55, 183–193. 730 

https://doi.org/10.1016/j.conbuildmat.2014.01.033. 731 

Wang, J.J., Tingley, D.D., Mayfield, M., Wang, Y.F., 2018. Life cycle impact 732 

comparison of different concrete floor slabs considering uncertainty and 733 

sensitivity analysis. Journal of Cleaner Production 189, 374–385. 734 

https://doi.org/10.1016/j.jclepro.2018.04.094. 735 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 736 

2016. The ecoinvent database version 3 (part I): overview and methodology. 737 

International Journal of Life Cycle Assessment 21, 1218–1230. 738 

https://doi.org/10.1007/s11367-016-1087-8. 739 

Youssf, O., Mills, J.E., Benn, T., Zhuge, Y., Ma, X., Roychand, R., Gravina, R., 2020. 740 

Development of Crumb Rubber Concrete for Practical Application in the 741 



 

39 

Residential Construction Sector – Design and Processing. Construction and 742 

Building Materials 260, 119813. 743 

https://doi.org/10.1016/j.conbuildmat.2020.119813. 744 


