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ABSTRACT 15 

A more extensive use of recycled aggregate in road construction is key to meeting the ambitious 16 

targets of the EU circular economy action plan. However, scepticism among designers, contractors 17 

and road agencies remains a bottleneck. This integrated structural-environmental study 18 

demonstrates the advantages of using recycled construction and demolition waste aggregate 19 

(CDW-RA) in substitution of primary natural aggregate (NA) for the formation of subbase layers in 20 

both flexible and semi-rigid road pavements. The structural responses of different pavements with a 21 

0.30 m subbase layer made up of four materials, i.e., two unbound and two cement-stabilized 22 

obtained including NA and CDW-RA, were compared. The environmental-related impacts were also 23 

assessed by means of a life cycle assessment (LCA). 24 

Laboratory tests and structural design led to pavement structures with the same thickness for 25 

the upper hot-mix asphalt layers, i.e., 0.26 and 0.28 m for the two unbound and the two 26 

cement-stabilized subbase materials respectively. The pavement with unbound CDW-RA subbase 27 

showed the best LCA outcomes because of the more favourable environmental performance of 28 

CDW-RA compared to NA. Although the stabilization of NA and CDW-RA reduces the thickness of 29 

the top hot-mix asphalt layers by 0.02 m, the environmental benefits are outweighed by the impact 30 

associated with the usage of cement. This study encourages the use of CDW-RA in road subbase 31 

layers with similar characteristics to those investigated here. The LCA results also support the use 32 

of alternative and more environmentally friendly binders that can enhance the environmental 33 

sustainability of stabilized materials in road construction.  34 
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HIGHLIGHTS 39 

 An integrated and comparative structural-LCA analysis of flexible and semi-rigid road pavements  40 

 Construction and demolition waste aggregate (CDW-RA) in lieu of natural aggregate (NA) for 41 

subbase layer formation 42 

 Unbound CDW-RA shows the most favourable LCA outcomes for the same pavement service life 43 

 The thickness reduction in cement-stabilized materials offset by the negative environmental 44 

impact of the use of cement 45 

 Subbase with CDW-RA used in substitution of NA results in a reduction of 9% in pavement costs 46 
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1. INTRODUCTION 49 

The use of recycled aggregate is strategic for the sustainability of the construction sector and the 50 

preservation of natural resources (Peng et al., 1997; Ghisellini et al., 2018). The recycling of 51 

construction and demolition waste (CDW) is among the priorities of the European Circular Economy 52 

Action Plan (European Commission, 2020). At present, the production of secondary aggregate from 53 

CDW is increasing and, together with primary aggregates from quarrying activities, it is able to meet 54 

the needs of the construction industry. In 2018, around 80% of the 850 million tons of CDW 55 

generated in EU-28 was sent for recovery and recycling (Villoria Sáez and Osmani, 2019), while 56 

2.45 billion tons of primary aggregates coming from quarries and gravel pits were produced 57 

(European Aggregates Association, 2020). 58 

 CDW contains solid particles of concrete, asphalt, ceramics, and soils, all of which can be reused 59 

as road construction materials. CDW is transformed into recycled aggregate (RA) through cleaning, 60 

crushing and sieving operations (Kourmpanis et al., 2008; Marzouk and Azab, 2014; Zhao et al., 61 

2010). Due to the large volume involved, the greatest amount of CDW-RA is currently employed as 62 

a filling material in earthworks (Arulrajah et al., 2013; Cardoso et al., 2016), and occasionally in 63 

unbound and stabilized layers of road pavements (Ossa et al., 2016; Tefa et al., 2021). In these 64 

applications, CDW-RA performs satisfactorily (Bassani and Tefa, 2018; Bennert et al., 2000; Leite 65 

et al., 2011; Tavira et al., 2018) and is also appreciated because it is cheaper than natural aggregates 66 

(Zhao et al., 2021).  67 

Despite this evidence, there is significant scepticism among engineers and contractors regarding 68 

the use of CDW-RA due to the low quality of some recycled products and the conservative approach 69 

among users (Silva et al., 2019). Furthermore, several contractual clauses still require the exclusive 70 

use of materials of natural origin, hence ruling out the use of CDW-RA (Park and Tucker, 2017; 71 

Huang et al., 2018). In the current scenario, the economic benefits of a widespread use of CDW-RA 72 

in roadworks must be established beyond doubt, while also considering the significant 73 

environmental, sustainability-related issues.  74 

 75 

1.1 Problem statement 76 

Flexible and semi-rigid road pavements are layered systems. Hot mix asphalt (HMA) top layers 77 

require high quality aggregates but limited quantities of recycled materials. Conversely, the subbase 78 

and the subgrade can be made up with a predominant amount of RA as they are subjected to lower 79 

stress levels from vehicular traffic (Behiry, 2013). The mechanical properties of the subbase affect 80 

the structural response of the upper HMA layers in terms of design life and thickness (Christopher 81 

et al., 2006). Thicker HMA layers are necessary to compensate for a weaker subbase layer. 82 

Therefore, the environmental balance of the entire pavement structure may be compromised if the 83 

subbase contains low-quality RA.  84 
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A number of Life Cycle Assessment (LCA) studies have demonstrated the environmental 85 

benefits of converting CDW into RA rather than resorting to the use of primary aggregates (Di Maria 86 

et al., 2018; Knoeri et al., 2013; Marzouk and Azab, 2014; Jain et al., 2020; Simion et al., 2013). For 87 

instance, Ghanbari et al. (2018) compared the energy consumption and the level of CO2 emissions 88 

for natural aggregate (NA) and RA production, concluding that CDW-RA is the best solution with 60 89 

and 72% of energy saving and CO2 emissions respectively. Other studies have demonstrated the 90 

environmental benefits of CDW recycling with respect to NA quarrying (Blengini and Garbarino, 91 

2010; Blengini et al., 2012; Faleschini et al., 2016; Borghi et al., 2018). However, in these studies 92 

the LCA was limited to the production stage boundaries, i.e., the cradle-to-gate approach, without 93 

exploring the implications of using RA instead of NA in the construction and in the service life of a 94 

road pavement. 95 

 96 

1.2 Study objective 97 

This study integrates structural and LCA analyses so as to compare the environmental impacts of 98 

the use of NA and CDW-RA in the subbase layer of flexible and semi-rigid road pavements. 99 

Therefore, unbound granular materials (NA and CDW-RA), and cement-stabilized mixtures with both 100 

NA and CDW-RA were included in the comparative analysis. This study extends the “cradle-to-gate” 101 

approach, which typically characterizes LCA studies, to the specific application in which this 102 

secondary resource is employed. To meet this objective, the structural response of the entire 103 

pavement was assessed to determine the thickness of the upper HMA layers when different 104 

materials were employed for the subbase layer.  105 

This integrated structural-LCA approach was supported by a laboratory investigation aimed 106 

at including the mechanical properties of the four subbase materials (i.e., unbound NA, 107 

cement-stabilized NA, unbound CDW-RA, and cement-stabilized CDW-RA) in the analysis. Four 108 

different pavement structures were considered while assuming the thickness of the HMA top layers 109 

to be dependent on the stiffness of the four subbase materials. Thus, the same subbase layer 110 

thickness and loading conditions were assumed for a standard 20-year service life. The LCA was 111 

set up by considering a functional unit of 1 m2 of pavement including HMA layers, the subbase, and 112 

the subgrade.  113 

Six different LCA scenarios were modelled and compared: two scenarios with unbound NA 114 

and CDW-RA, and four others with cement-stabilized materials with the two aggregate types (NA 115 

and CDW-RA) both of which were produced either in-plant or on-site before being laid on-site. The 116 

LCA included all the relevant operations required to build the road pavement: (i) the production and 117 

transport of raw and composite materials, (ii) the mixing in-plant or at the construction site of 118 

cement-stabilized materials, (iii) the construction of pavement layers with laying and compaction 119 

operations. Maintenance cycles and end-of-life scenarios were not included. 120 

 121 
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2. METHODS 122 

2.1 Structural design and analysis  123 

Table 1 lists the assumptions for (i) the structural behaviour of materials, (ii) the layer characteristics, 124 

and (iii) the pavement composition. The stress-strain response of each pavement structure was 125 

evaluated using KENPAVE pavement analysis software from Huang (2003). Three reference 126 

seasonal periods (Winter, Summer, and Spring/Autumn) were considered to account for the thermo-127 

dependant behaviour of HMA layers. For each of these periods, the average temperature inside the 128 

pavement was estimated from the mean air temperature in the Turin area (North-West of Italy) 129 

according to the Witczak model (Witczak, 1972). 130 

The HMA was considered a linear elastic isotropic material with a constant Poisson ratio of 0.35. 131 

The elastic modulus (EHMA) was assumed equal to the norm of the complex modulus (|E*HMA|) and 132 

predicted according to the Hirsh model (Christensen Jr et al., 2003), which considers the shear 133 

complex modulus of the bitumen (G*) and the volumetric properties of the mixture (Table 2). G* at 134 

the specific temperature (depending on the seasonal period) and frequency (10 Hz) was retrieved 135 

from the master curve and the corresponding model parameters of a 50/70 pen grade virgin bitumen 136 

provided by Mazzoni et al. (2018). Base, binder, and wearing HMA layers were considered by 137 

bonding them together with a tack coat of bitumen emulsion, thus a full adhesion was assumed in 138 

the structural model. Similarly, the interface between the HMA base layer and stabilized subbase 139 

was deemed to be fully bonded in the analysis due to the presence of a prime coat. 140 

Each subbase material was modelled as non-linear elastic isotropic. Unbound and cement-141 

stabilized granular materials exhibit a stiffness that depends on the stress state (Lekarp et al., 2000). 142 

As a result, in the structural analysis the 0.30 m subbase layer was split into six 0.05 m sublayers, 143 

and the resilient modulus of each sublayer was iteratively calculated (Huang, 2003). The resilient 144 

response of the subbase layer was determined according to the k-θ model (Hicks and Monismith, 145 

1971) using the regression coefficients k1 and k2, garnered from the laboratory tests performed on 146 

subbase materials (see Section 3). A Poisson ratio of 0.40 and 0.25 was assumed for unbound and 147 

cement-stabilized materials respectively. Details about the stress-strain response of the four 148 

investigated subbase materials listed in Table 1 are in Section 3. Finally, the subgrade was modelled 149 

as a semi-infinite elastic isotropic layer with a constant modulus of 50 MPa and a Poisson ratio of 150 

0.45. 151 

The pavement structure was designed to support 3∙106 load applications of 80-kN equivalent 152 

single axle load (Huang, 2003), which can be regarded as a medium loading condition for a two-lane 153 

rural highway in Italy. The number of allowable load repetitions was estimated with the Asphalt 154 

Institute criteria for (i) fatigue cracking due to repeated horizontal tensile strain at the bottom of the 155 

HMA layers, and (ii) permanent deformation failure due to excessive repeated compressive vertical 156 

strain at the top of the subgrade (Asphalt Institute, 1982). The Miner’s law was used for the 157 
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cumulative damage computation for failures caused by fatigue and permanent deformations in the 158 

HMA layers and on top of the subgrade layer respectively (Huang, 2003). 159 

 160 
Table 1 – Hypotheses for the structural analysis of pavements 161 
Layer Thickness Materials Structural behaviour 

HMA layers variable HMA elastic, isotropic 
Subbase 0.30 m U-NA, U-CDW-RA, CS-NA, CS-CDW-RA non-linear elastic, isotropic  
Subgrade semi-infinite  Soil  elastic, isotropic 

 

Notes: HMA = hot mix asphalt, U-NA = unbound natural aggregates, U-CDW-RA = unbound construction and 
demolition waste recycled aggregate, CS-NA = cement-stabilized natural aggregate, CS-CDW-RA = cement stabilized 
construction and demolition waste recycled 

 162 
Table 2 – Assumptions on volumetric properties of HMA layers 163 

Layer 
Volume in the asphalt mixture (%) 

Bitumen Aggregate Void content 

Base 10.5 83.4 6.1 
Binder 11.7 83.0 5.3 
Wearing 12.9 82.7 4.1 

 164 

2.2 Life Cycle Assessment 165 

The LCA was developed according to (i) ISO 14040 (International Organization for Standardization, 166 

2006a), (ii) ISO 14044 (International Organization for Standardization, 2006b), and (iii) International 167 

Reference Life Cycle Data System (ILCD) Handbook (European Commission - Joint Research 168 

Centre - Institute for Environment and Sustainability, 2010). The life cycle impact assessment (LCIA) 169 

was evaluated as per the ILCD Midpoint+ (version 1.0.9) and the Cumulative Energy Demand (CED) 170 

methods, as recommended by the European Commission, with attention paid to the indicators of (i) 171 

acidification, (ii) climate change, (iii) photochemical ozone formation, (iv) total human toxicity, (v) 172 

total consumption of non-renewable resources, and (vi) total consumption of renewable resources. 173 

The choice was based on the relevance of these impact categories to the construction sector and/or 174 

on the higher level of readiness of the calculation method (European Commission - Joint Research 175 

Centre - Institute for Environment and Sustainability, 2012). The analysis was supported by 176 

openLCA 1.10.3 software and Ecoinvent 3.1 database. 177 

 178 

2.3 Functional unit and scenarios 179 

Fig. 1 shows the functional unit of 1 m2 of pavement structure considered in the LCA. The pavement 180 

section includes the HMA layers divided between the surface layer (wearing and binder course), and 181 

the road base; the subbase layer is made up of unbound or cement-stabilized NA and CDW-RA and 182 

is laid over the subgrade. 183 

Starting from the four pavement structures deriving from a combination of four different subbase 184 

materials (U-NA, U-CDW-RA, CS-NA, CS-CDW-RA), a total of six LCA scenarios were analysed by 185 

considering two common construction techniques for cement-stabilized subbase materials: (i) in-186 

plant mixing with subsequent transport of the cement-stabilized material to the construction site, and 187 

(ii) on-site mixing and laying by means of a soil stabilizer machine. 188 
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The following codes were adopted to univocally identify the six structural and LCA scenarios: (i) 189 

U-NA, unbound NA; (ii) CS-NA-p, cement-stabilized NA mixed in-plant; (iii) CS-NA-s, 190 

cement-stabilized NA mixed on the construction site; (iv) U-CDW-RA, unbound CDW-RA; (v) CS-191 

CDW-RA-p, cement-stabilized CDW-RA mixed in-plant; and (vi) CS-CDW-RA-s, cement-stabilized 192 

CDW-RA mixed on the construction site. 193 

 194 

 195 
Fig. 1 – Section of the four functional units considered in the structural and LCA analyses of the six scenarios 196 

 197 

2.4 System boundaries 198 

The system boundaries included all relevant activities required for the six LCA scenarios, consistent 199 

with the adopted functional unit and considering the three sub-systems shown in Fig. 2. First, the 200 

production of primary (NA, cement, bitumen) or recycled (CDW-RA) materials was considered. 201 

Exploitation of non-renewable primary resources, quarrying operations with resource consumption, 202 

land use, emission levels, and the re-cultivation of the depleted quarry were included in the LCA 203 

model for the NA production (Blengini and Garbarino, 2010). In the case of CDW-RA, (i) the transport 204 

of waste from the construction/demolition site to the stationary recycling plant, (ii) treatment 205 

operations, and (iii) the avoidance of landfill operations for CDW were considered (Blengini and 206 

Garbarino, 2010). Moreover, a system expansion was introduced to consider the reduction in the 207 

production of primary steel due to the recovery of steel scraps in CDW (Borghi et al., 2018).  208 

Primary/recycled materials were combined to evaluate the environmental impacts of the 209 

production of composite materials, i.e., cement-stabilized granular materials (CS-NA, CS-CDW-RA) 210 

and HMA, considering the levels of energy consumption for handling and mixing.  211 
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The construction of road pavement entailed: (i) transport, laying, humidification, and compaction 212 

of granular materials for the subbase formation, and (ii) paving and compaction for the HMA layer 213 

formation. Operations like cleaning, grubbing, and levelling of natural soil on which the embankment 214 

is built were not included in the system boundaries because they are identical in each scenario. 215 

Similarly, the preparation and the construction operations of the subgrade were not modelled in the 216 

LCA. Finally, maintenance and renovation phases were also excluded from the system boundaries. 217 

 218 

 219 
Fig. 2 – Schematic representation of system boundaries in the investigated LCA scenarios  220 
 221 

3. LABORATORY TESTING OF THE STRUCTURAL PROPERTIES OF SUBBASE 222 

MATERIALS  223 

A dedicated laboratory investigation aimed at characterizing the four unbound and stabilized 224 

materials was conducted. This stage was preparatory to obtaining the mechanical parameters of the 225 

subbase materials to be used as input data in the structural analysis.  226 

Table 3 lists the mix-design proportions and the main properties of unbound (U-NA, U-CDW-RA) 227 

and cement-stabilized (CS-NA, CS-CDW-RA) subbase materials. To avoid any secondary effects 228 

on influencing factors, all materials had the same grading distribution in accordance with the Italian 229 

technical specifications (Ministero delle Infrastrutture e dei Trasporti, 2001). A Proctor study 230 

conforming to EN 13286-2 (European Committee for Standardization, 2010) was performed to 231 

estimate the optimum moisture content (wopt). The two cement-stabilized materials included 3% in 232 

mass of a limestone Portland CEM-II/B-LL cement conforming to the EN 197-1 (European 233 

Committee for Standardization, 2011).  234 
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Table 3 – Composition and properties of granular materials employed in the construction of the subbase layer 235 

Material 
wopt (1) 

(%) 
Stabilizer %s (2) 

Curing 
(days) 

Compacted dry 
density (kg/m3) 

k-θ model parameters and fitting 
evaluation 

k1 k2 R2 Se/Sy (4) 

U-NA 6.5 - - - 2168 698 0.69 0.99 0.094 
CS-NA 6.5 CEM-II/B-LL (3) 3.0 7 2172 3127 0.59 0.96 0.211 
U-CDW-RA 8.5 - - - 1943 801 0.75 0.97 0.177 
CS-CDW-RA 8.5 CEM-II/B-LL (3) 3.0 7 2069 2771 0.60 0.90 0.322 
  

Notes: (1) optimal water content as mass percentage with respect to dry aggregates; (2) stabilizer content as mass 
percentage with respect to dry aggregates; (3) cement type II/B-LL according to EN 197 (European Committee for 
Standardization, 2011); (4) Se/Sy is the ratio between the standard error of estimate (Se) and the standard deviation 
(Sy) and expresses the goodness-of-fit as “excellent” for Se/Sy ≤ 0.35, “good” for 0.36 ≤ Se/Sy ≤ 0.55, “fair” for 
0.56 ≤ Se/Sy ≤ 0.75, and “poor” for 0.76 ≤ Se/Sy ≤ 0.90 (Pellinen and Witczak, 2002).  

 236 

Cylindrical specimens of 100 mm in diameter and 200 mm in height were compacted into four 237 

layers at the gyratory shear compactor (vertical pressure of 600 kPa, 100 gyrations for each of the 238 

four layers) and subjected to the repeated load triaxial tests for the resilient modulus (RM) 239 

measurement according to the AASHTO T-307 (American Association of State and Highway 240 

Transportation Officials, 2013). U-NA and U-CDW-RA specimens were tested immediately after 241 

compaction, while CS-NA and CS-CDW-RA specimens underwent mechanical tests after 7 days of 242 

curing at 90% of RH and at room temperature. All mixtures were replicated in three samples. Fig. 3 243 

shows the average resilient modulus of the four subbase materials as a function of the first stress 244 

invariant (θ). RM test results were fitted according to the k-θ model (Hicks and Monismith, 1971) of 245 

eq. 1 for the estimation of regression coefficients k1 and k2 reported in Table 3. 246 

(pa is the reference atmospheric pressure). 247 

 248 

 249 
Fig. 3 – Resilient modulus as a function of θ for (a) NA and (b) CDW-RA in both unbound and cement-stabilized 250 
conditions 251 
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4. LIFE CYCLE INVENTORY 253 

Life Cycle Inventory (LCI) data were collected from available literature specific to the Italian context. 254 

Interviews together with an analysis of energy consumption values were carried out to determine the 255 

LCI of the mixing plant to produce the cement-stabilized granular materials. The LCI data for the 256 

production of NA and CDW-RA were obtained from Blengini and Garbarino (2010). Eurobitume 257 

datasets of 2012 and 2020 (Eurobitume, 2012; Eurobitume, 2020) were used to model the production 258 

of bitumen emulsion and bitumen respectively. The LCA model of the pavement construction stage 259 

included the hourly production rates for roadwork machines and their respective fuel consumption 260 

rates (Celauro et al., 2017).  261 

All materials were scheduled to be moved by road freight convoys from production facilities to 262 

mixing stations and/or the construction site. The travelled distances (Table 4) were selected based 263 

on the location of the aggregate quarrying/recycling plants and the binder (bitumen, bitumen 264 

emulsion, and cement) production plants in the North-West of Italy (Blengini and Garbarino, 2010).  265 

 266 

Table 4 – Assumptions on transport distances and truck type  267 

Material Route Truck 
Travelled 
distance 

CDW (waste) 

Demolition site → CDW recycling plant 

3.5-7.5 t (25% of mass) 
7.5-16 t (25% of mass) 
16-32 t (25% of mass) 
>32 t (25% of mass) 

20 km 

Demolition site → Landfill 

3.5-7.5 t (25% of mass) 
7.5-16 t (25% of mass) 
16-32 t (25% of mass) 
>32 t (25% of mass) 

25 km 

CDW steel scrap  CDW recycling plant → Steel production plant >32 t 100 km 

Cement 
Production factory → Mixing plant for stabilized aggregates 16-32 t 50 km 

Production factory → Construction site 16-32 t 50 km 

Bitumen Production factory → Mixing plant for bituminous mixtures 
16-32 t (50% of mass) 
>32 t (50% of mass) 

100 km 

U-NA 
Quarrying plant → Mixing plant for bituminous mixtures >32 t 30 km 

Quarrying plant → Construction site >32 t 20 km 

U-CDW-RA Recycling plant → Construction site >32 t 20 km 

Water Collecting plant → Construction site 16-32 t 10 km 

CS-NA 
Quarrying plant → Mixing plant - 0 km (1) 

Mixing plant → Construction site >32 t 20 km 

CS-CDW-RA 
Recycling plant → Mixing plant - 0 km (1) 

Mixing plant → Construction site >32 t 20 km 

Bitumen emulsion Production factory → Construction site 7.5-16 t 120 km 

HMA Mixing plant → Construction site >32 t 25 km 
 

Note: (1) mixing plants were considered to be located inside the quarrying site (for NA) or the recycling station (for 
CDW-RA) thus no transportation of NA or CDW-RA was accounted for in the LCA of production of in-plant cement-
stabilized materials. 

 268 

4.1 Production of raw materials 269 

4.1.1 NA  270 

The LCA model of NA quarrying was based on data reported by Blengini and Garbarino (2010), and 271 

was in reference to the Piedmont region. A quantity of 0.12 kg of gasoline, 3.0 kWh of electricity, and 272 

0.06 kg of heavy fuel oil were the energy resources used to produce 1 ton of NA. The consumption 273 
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of 1.39 m3 of water, 0.044 kg of steel, 0.007 kg of rubber, and 0.002 kg of lubricating oil was included 274 

in the model as well. According to Blengini and Garbarino (2010), inventory data for the quarrying of 275 

NA also took into account factors relating to the quarrying plant construction and the recultivation of 276 

the site.  277 

 278 

4.1.2 CDW-RA  279 

The CDW recycling process in stationary plants includes the transportation of waste from 280 

demolition/construction sites to the plant, and the operations to produce recycled aggregates 281 

(Blengini and Garbarino, 2010). The latter stage involves (i) cleaning operations of light materials 282 

(i.e., plastic, wood, and paper) and separation of steel residues, (ii) crushing and (iii) sieving (Coelho 283 

and Brito, 2013; Kourmpanis et al., 2008; Borghi et al., 2018). 284 

The average distance from the demolition/construction site to the recycling plant was set equal 285 

to 20 km according to De Melo et al. (2011) and Rodríguez et al. (2015). A data inventory for the 286 

production of 1 ton of CDW-RA was taken from Blengini and Garbarino (2010), which assumed a 287 

consumption of 3.6 kWh of electricity, 0.56 kg of gasoline, 0.007 m3 of water, 0.043 kg of steel, 288 

0.019 kg of rubber, and 0.001 kg of lubricating oil. The LCI for RA production included flows and 289 

processes due to the installation of the stationary recycling plant. For the purposes of the analyses, 290 

an area of land extending to 25,000 m2 was deemed to be occupied and transformed in use for 50 291 

years and an annual production of 250,000 tons was considered for the recycling plant.  292 

When CDW is recycled into RA, it is not disposed of into a landfill site, thus the avoidance of 293 

CDW landfill was included in the LCA according to Blengini and Garbarino (2010). Meanwhile, the 294 

reduction in the level of steel production needed due to the recovery of 0.13% in mass (Borghi et al., 295 

2018) of steel scraps contained in CDW-RA was also introduced into the LCA analysis. 296 

 297 
4.1.3 Binders 298 

The cement production was modelled using the Ecoinvent 3.1 database (Wernet et al., 2016), while 299 

the Eurobitume LCI was adopted for modelling the impacts due to the production of the bitumen 300 

(Eurobitume, 2020) and the bitumen emulsion (Eurobitume, 2012).  301 

 302 
4.2 Production of composite materials 303 

4.2.1 Cement-stabilized NA and RA (in-plant) 304 

Data for the in-plant production of cement-stabilized material were gathered from different sources. 305 

Average electricity consumption values for the mixing plant were calculated from technical 306 

datasheets available in the Italian market. The consumption of lubricating oil and steel and energy 307 

required for mixing aggregates and cement in a stationary plant were derived from Gschösser et al. 308 

(2012) and adjusted for the investigated materials (Table 5). 309 

 310 

 311 
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Table 5 – Energy and material resources required for producing 1 ton of cement-stabilized material 312 
  CS-NA CS-CDW-RA 

Electricity (kW) 0.41 0.46 
Gasoline (1) (MJ) 13.8 15.2 
Lubricating oil (kg) 0.007 0.008 
Steel (kg) 0.014 0.015 
Mixing plant (item) 2.77·10-7 3.07·10-7 

NA (kg) 1505 - 
CDW-RA (kg) - 1337 
Cement (kg) 45 40 
Water (m3) 0.10 0.11 
 

Note: (1) Gasoline burned in wheel loader. 

 313 

The mixing plants were considered to be located inside the quarrying site for NA, and at the 314 

recycling station for CDW-RA, thus no occupation and transformation in land use was included in 315 

the inventory analysis of the infrastructure. The production of cement-stabilized materials also 316 

included the consumption of NA or CDW-RA, water, and cement. No transportation of aggregates 317 

was added, while the transport distance of cement from the production factory was set equal to 50 318 

km (Table 4). 319 

 320 

4.2.2 Hot mix asphalt (HMA) 321 

A data inventory for the production of 1 ton of HMA was derived from Gschösser et al. (2012) and 322 

included 11.1 MJ of gasoline burned by wheel loaders, 8.6 kWh of medium voltage electricity, 323 

175.8 MJ of heat produced by natural gas and light fuel oil, 0.003 kg of lubricating oil and 0.009 m3 324 

of water. The impact due to the construction of a HMA plant was included in the inventory and 325 

quantified as 2.51·10-7. The production of HMA also requires NA (Section 4.1.1) and bitumen in 326 

different proportions depending on the bitumen-bounded layer, i.e., the base, binder, and wearing 327 

courses.  328 

  329 

4.3 LCA modelling of the six scenarios for road construction 330 

The LCA model for the six scenarios relating to the functional unit included some common activities. 331 

Primary/recycled materials and composite mixtures were to be transported from the plant to the 332 

construction site in dump trucks for the distances reported in Table 4. The construction of HMA layers 333 

was modelled according to the LCI of values for the productivity and fuel consumption of equipment 334 

documented in Celauro et al. (2017). The impact of (i) the dump trucks for the transportation of HMA 335 

mixtures, (ii) the road pavers for laying the material, and (iii) the tandem vibratory rollers for 336 

compaction were accounted for in the LCA inventory of HMA layer formation. Each HMA layer (road 337 

base, binder and wearing courses) was modelled so as to include the impacts and the consumption 338 

rates of bituminous emulsion used to form tack and prime coats. The thickness of the HMA layers 339 

varied depending on the scenario, thus different quantities of HMA were included in the input data. 340 

The subbase construction was split into two sublayers of 0.15 m height each. Fig. 4 illustrates 341 

all the activities and equipment considered in the LCA model for the subbase formation. The layers 342 

made from unbound granular materials (U-NA, U-CDW-RA) were laid, levelled, water corrected, and 343 
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compacted. Cement-stabilized materials produced in plant (CS-NA-p, CS-CDW-RA-p) were 344 

considered simply laid and compacted on-site. For CS-NA-s and CS-CDW-RA-s scenarios (on-site 345 

mixing), (i) laying, (ii) spreading of cement, (iii) moistening and mixing through soil stabilizer 346 

machines (e.g., Pulvimixer), and (iv) compaction operations were all taken into account. 347 

 348 

         (a) 

                             (b) 

    (c) 

Fig. 4 – Operations included in the LCA model for the construction of subbase layer depending on the scenario: 349 
(a) U-NA, U-CDW-RA, (b) CS-NA-p, CS-CDW-RA-p, and (c) CS-NA-s, CS-CDW-RA-s 350 

 351 

5. RESULTS AND DISCUSSION 352 

5.1 Pavement structural analysis 353 

Table 6 shows the results of the structural design of the road pavements for the four materials 354 

included in the subbase layer. Pavement structures with unbound materials (U-NA and U-CDW-RA 355 

scenarios) required a HMA layer to have a thickness of 0.28 m (0.16 m of base, 0.08 m of binder, 356 

and 0.04 m of wearing course) independently of the aggregate used (NA or CDW-RA).  357 

The stabilization of both NA and CDW-RA with 3% (in mass) of cement entails an improvement 358 

in their stress-strain properties with respect to the unbound materials (Table 3 and Fig. 3). The 359 

structural analysis revealed that a stiffer subbase was able to reduce the horizontal tensile strain at 360 

the bottom of the HMA base layer (423.6 and 371.5 μm/m for the U-NA and CS-NA; 422.1 and 378.6 361 

μm/m for the U-CDW-RA and CS-CDW-RA respectively). The vertical strain at the top of the 362 

subgrade remains almost constant regardless of the subbase material treatment (117.6 and 123.3 363 

μm/m for the U-NA and CS-NA; 118.1 and 124.1 μm/m for the U-CDW-RA and CS-CDW-RA 364 

respectively). Therefore, a stiffer subbase made up of stabilized aggregates ensures a longer 365 

pavement service life than a subbase made of unbound aggregates. According to the assumption 366 

made in this study (i.e., HMA layer thickness adjusted to achieve a 20-year service life under design 367 

traffic), a reduction of 0.02 m in the upper HMA layer thickness for cement-stabilized subbases was 368 

assumed (Section 2.1). Table 6 shows the thickness (input for the structural analysis) and the critical 369 

strains resulting from the six scenarios. 370 
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Therefore, the total thickness of the HMA layer (i.e., 0.14, 0.08, and 0.04 m of base, binder, and 371 

wearing course respectively) of pavements with cement-stabilized subbase was set equal to 0.26 m 372 

independently of the origin of the aggregate (CS-NA or CS-CDW-RA). The structural analysis 373 

indicates that the use of CDW-RA in place of NA does not require thicker HMA layers due to the 374 

similar mechanical properties shown by NA and CDW-RA in both their non-stabilized and stabilized 375 

forms, as evidenced in Fig. 3.  376 

Table 6 also summarizes the total cost (per m2) for each scenario, derived from the unit cost of 377 

construction of each road layer as per the Regional Unit Cost list of the Piedmont Region, Italy 378 

(Regione Piemonte, 2021). The pavement structure with U-CDW-RA subbase has the lowest total 379 

construction costs (47.30 €/m2) due to the significantly lower unit cost of recycled aggregates with 380 

respect to NA. Comparing U-NA and U-CDW-RA pavement solutions, the latter results in a cost 381 

saving of 9.5%. Despite the stabilization with cement of both types of aggregates leading to a thinner 382 

HMA base, the high construction unit costs of cement-stabilized subbase increase the total costs of 383 

CS-NA and CS-CDW-RA scenarios by 4.6 and 5.1% in comparison to pavements with unbound 384 

subbase layers (U-NA and U-CDW-RA). 385 

 386 

Table 6 – Thickness, structural response, and total costs (m2) of pavement layers for the six LCA scenarios.  387 

LCA scenarios U-NA U-CDW-RA 
CS-NA-p 
CS-NA-s 

CS-CDW-RA-p 
CS-CDW-RA-s 

 

Thickness (m) 

 Subbase 0.30 0.30 0.30 0.30 
 HMA base 0.16 0.16 0.14 0.14 
 HMA binder 0.08 0.08 0.08 0.08 
 HMA wearing 0.04 0.04 0.04 0.04 

 

Structural response in strain for 20-year design life (μm/m) 

 Horizontal strain at the bottom of HMA base 423.6  422.1 416.9 425.6 
 Vertical strain on top of the subgrade layer 117.6 118.1 137.8 138.8 

 

Unit costs (€/m3) (*) 

 Subbase 28.88 12.16 46.85 30.13 
 HMA base 144.02 
 HMA binder 162.76 
 HMA wearing 189.62 

 

Total costs (€/m2) 52.31 47.30 54.83 49.81 
 

Notes: HMA = hot mix asphalt, (*) = Unit Costs list (Regione Piemonte, 2021). 

 388 

5.2 LCIA of subbase materials production 389 

Fig. 5 compares the main impacts arising from the production of 1 ton of different subbase materials 390 

albeit it only includes the LCA results to produce unbound (NA and CDW-RA) and cement-stabilized 391 

NA and CDW-RA materials mixed in-plant.  392 

The LCA outcomes indicate that the production of CDW-RA has a lower environmental impact 393 

and resource consumption than the production of NA. All ILCD and CED indicators show negative 394 

values for the CDW-RA production, thus confirming the environmental benefits of this waste 395 

treatment. For instance, the acidification indicator (Fig. 5-a), which is mainly caused by air emissions 396 

of NH3, NO2, and SOX (Joint Research Centre and Institute for Environment and Sustainability, 397 
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2012), is equal to 0.019 Mole H+ eq./ton for NA, while it results negative and equal 398 

to -0.036 Mole H+ eq./ton in the case of CDW-RA. Analogously, when considering the consumption 399 

of non-renewable resources (Fig. 5-e), its value is equal to 44.3 and -119.6 MJ/t for NA and CDW-RA 400 

production respectively. The negative impact values for CDW-RA production are mainly ascribable 401 

to the environmental benefits stemming from the avoided CDW landfill (Blengini and Garbarino, 402 

2010). This aspect can be appreciated in the climate change contribution analysis of Fig. 6-b, which 403 

expresses the percentage contributions of each factor to the overall climate change impact arising 404 

from the production of 1 ton of CDW-RA. The avoidance of CDW landfilling accounts for an 405 

environmental credit (i.e., a negative impact) of 229.4% when determining the impact of total climate 406 

change, thus compensating for the impacts (positive) of the operations conducted to convert the 407 

waste into a resource. In line with previous LCA studies on the management of CDW (Bovea and 408 

Powell, 2016; Chowdhury et al., 2010; Hossain et al., 2016), the transport of waste from the 409 

generation site to the recycling plant represents the greatest contribution (almost 79%) to the climate 410 

change impact figure. A significant contribution to the same indicator is also caused by the 411 

consumption of electricity and fossil fuels during the recycling operations. The beneficial impact due 412 

to the recovery of steel is limited because of the small percentage of steel scraps in CDW set equal 413 

to 0.13%. 414 

As far as NA is concerned (Fig. 6-a), around two thirds of the climate change value 415 

(2.93 kg CO2 eq./ton) due to its production is caused by the electricity consumption needed to quarry 416 

and treat the raw material. 417 

The LCA results in Fig. 5 indicate that the addition of small quantities of cement to both NA and 418 

CDW-RA significantly increases the impacts. The acidification indicator increases around 3.5 and 2 419 

times when passing from NA and CDW-RA to CS-NA and CS-CDW-RA respectively. When cement 420 

is added to stabilize the granular material, there is a marked increment in the climate change results, 421 

as well as the consumption of non-renewable (Fig. 5-e) and renewable (Fig. 5-f) resources. When 422 

considering the production of CS-CDW-RA, the addition of cement nullifies the environmental credits 423 

gained from CDW-RA production. Fig. 7 shows that the presence of cement in stabilized materials 424 

makes the greatest contribution to climate change (around 85.8% and 117.0% for CS-NA and CS-425 

CDW-RA respectively), while the impact figures due to the aggregate production and mixing 426 

operations become relatively negligible. 427 

Despite the use of limestone Portland cement significantly increasing all environmental 428 

indicators, the production of CS-CDW-RA has a lower environmental impact and resource 429 

consumption than the more common and traditional CS-NA because of the environmental credits 430 

associated with CDW-RA production. From an LCA point of view, the outcomes of this level of 431 

investigation strengthen the case for the use of CDW-RA in substitution of NA to produce cement-432 

stabilized material to be employed in the subbase layers of road pavements.  433 

 434 
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 435 

   

(a) (b) (c) 

   

(d) (e) (f) 

Fig. 5 – Impacts associated with the production of 1 ton of NA (unbound and cement-stabilized) and CDW-RA 436 
(unbound and cement-stabilized), for subbase layer formation: (a) acidification, (b) climate change, 437 
(c) photochemical ozone formation, (d) total human toxicity, (e) total consumption of non-renewable resources, 438 
(f) total consumption of renewable resources 439 
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(a) (b) 

Fig. 6 – Impact amounts and percentage contributions to climate change impact associated with the production 442 
of 1 ton of (a) U-NA and (b) U-CDW-RA. Notes: (1) “Others” include all factors with a percentage contribution lower 443 
than 1.0%. (2) The “%value” is the ratio between the impact amount and the total. In the case of negative total 444 
impact (U-CDW-RA), the sum of %value is -100%. For instance, considering that the impact of electricity on the 445 
production of 1 ton of U-NA is +1.87 kg CO2 eq., its percentage contribution (% value) to the total climate change 446 
of +2.93 kg CO2 eq. is 63.7% [= 100 · 1.87 / |2.93|]. In the case of production of 1 ton of U-CDW-RA, the electricity 447 
consumption generates +0.62 kg CO2 eq., which is 9.9% [= 100 · 0.62 / |-6.31|] of the total (-6.31 kg CO2 eq.) impact. 448 
The negative total impact of U-CDW-RA is due to the steel recovery and landfilling avoidance. The latter two factors 449 
permit the saving of 0.16 and 14.46 kg CO2 eq. respectively, thus contributing as negative percentages to the total 450 
impact: steel recovery: -2.5% [= 100 · (-0.16) / |-6.31|], landfill avoidance -229.4% [= 100 · (-14.46) / |-6.31|]. 451 
 452 
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(a) (b) 

Fig. 7 – Contributions to climate change impact associated with the production of 1 ton of (a) CS-NA and (b) CS-453 
CDW-RA (in-plant). Notes: (1) “Others” include all factors with a percentage contribution lower than 1.0%. (2) The 454 
“%value” is the ratio between the impact amount and the total. 455 

 456 

5.3 LCIA for the road pavement construction 457 

5.3.1 Road pavements with unbound subbase layers  458 

Fig. 8 shows the LCIA results for the subbase layer containing U-NA and U-CDW-RA. For each 459 

impact category, the results are expressed as a percentage of the maximum value obtained in that 460 

category. 461 

The indicators are always lower in the case of pavement structures with CDW-RA than they are 462 

with NA. The U-CDW-RA-C scenario leads to an average reduction of 20-25% in almost all indicators 463 

(acidification, climate change, freshwater ecotoxicity, freshwater eutrophication, total human toxicity, 464 

ionizing radiation, marine eutrophication, ozone depletion, particulate matter, photochemical ozone 465 

formation, mineral resources depletion, terrestrial eutrophication, and total renewable resources). 466 

Both the U-NA and U-CDW-RA pavement structures have the same thickness, thus the 467 

environmental advantages deriving from the production of CDW-RA (discussed in Section 5.2) are 468 

entirely reflected in the construction of the pavement. The two scenarios show large differences in 469 

terms of land use: while the production of NA radically transforms the territory due to quarrying 470 
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operations, the recycling of CDW and the storage of CDW-RA takes place in localized areas and 471 

large spaces of land are saved from being designated landfill sites for waste disposal.  472 

 473 

 474 
Fig. 8 – Comparative ILCD 2011 (midpoint) and CED results for the construction of 1 m2 of road pavement with 475 
subbase layer containing U-NA or U-CDW-RA. 476 

 477 

5.3.2 Road pavements with cement-stabilized subbase layers 478 

Fig. 9 illustrates the LCA impacts depending on (i) the cement-stabilized materials employed in the 479 

subbase layer and (ii) the different construction techniques (in-plant production or on-site mixing). 480 

Once again, the results are shown as a percentage of the maximum value obtained in each impact 481 

category. The pavement structure with CS-NA in the subbase layer shows greater impacts than the 482 

one made from CS-CDW-RA. Both scenarios have HMA layers of equal thickness (see Section 5.1), 483 

therefore the environmental advantages of the CS-CDW-RA scenario derive entirely from the use of 484 

CDW-RA in lieu of NA. In line with pavement solutions with unbound subbases (U-NA and 485 

U-CDW-RA), the use of CDW-RA in cement-stabilized layers leads to an average reduction of 20-486 

25% in all ILCD and CED impact indicators with respect to the CS-NA-p and CS-NA-s scenarios.  487 

The stabilization technique (in-plant or on-site) has a marginal influence on the environmental 488 

impact calculation. When the material is mixed in a plant, the impact is slightly higher than when it is 489 

prepared on-site. The difference is attributable to the higher energy consumption (electricity and 490 

gasoline) of mixing plants. These LCA outcomes are valid under the hypothesis that cement-491 

stabilized materials produced directly on-site have the same properties as those mixed in-plant. 492 

However, it is worth mentioning that a better control of mix proportion is usually obtained in-plant, 493 

where aggregates, stabilizing agent, and water are precisely dosed. The stabilization of materials 494 
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on-site by means of soil stabilizers is less precise and characterized by less accurate dosage of 495 

constituent materials. 496 

 497 

 498 
Fig. 9 – Comparative ILCD 2011 (midpoint) and CED results for the construction of 1 m2 of road pavement 499 
according to the different scenarios for cement-stabilized subbase materials. 500 

 501 

 502 

5.3.3 Comparison between scenarios 503 

Fig. 10 shows the best scenario of the six considered. Apart from the consumption of non-renewable 504 

resources impact category (Fig. 10-e), the impacts of pavements including cement-stabilized 505 

subbase layers are greater than those containing unbound aggregates.  506 

The CS-NA-p and CS-NA-s scenarios have a greater influence on the values of the impact 507 

indicators. In these cases, the benefits deriving from the reduction of 0.02 m in the HMA road base 508 

layer with respect to the U-NA scenario do not offset the negative environmental impacts deriving 509 

from the use of cement. The same consideration holds when CS-CDW-RA-p and CS-CDW-RA-s 510 

scenarios are compared to the U-CDW-RA one. The benefits of a 0.02-m thinner HMA base layer 511 

do not compensate for the impact of cementitious products in the subbase layer. Conversely, despite 512 

U-CDW-RA implying a thicker HMA base layer, this scenario is the least impactful among those 513 

analysed here due to the significant advantages deriving from the production of CDW-RA without 514 

the use of cement. 515 

 516 
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               (a)            (b)                (c) 

   

                  (d)                  (e)             (f) 

Fig. 10 – Impacts associated with the construction of 1 m2 of pavement with unbound and CS materials in the 518 
subbase (U-NA, U-CDW-RA, CS-NA and CS-CDW-RA) and different construction techniques (mixing in-plant or 519 
on-site for cement-stabilized mixtures): (a) acidification, (b) climate change, (c) photochemical ozone formation, 520 
(d) total human toxicity, (e) total consumption of non-renewable resources, (f) total consumption of renewable 521 
resources. 522 

 523 

A comparison between the CS-CDW-RA-p and CS-CDW-RA-s scenarios and that of the U-NA-C 524 

is of interest. Acidification (Fig. 10-a), photochemical ozone formation (Fig. 10-c), total human toxicity 525 

(Fig. 10-d), and renewable resource consumption (Fig. 10-f) indicators suggest that road pavements 526 

with cement-stabilized CDW-RA subbase layers have a more favourable LCA than the reference 527 

U-NA scenario. These outcomes reveal that, for some impact indicators, the use of CS-CDW-RA in 528 

place of simply compacted NA leads to some environmental benefits due to the small but significant 529 

decrease in the thickness of the HMA road base. These advantages would be even more relevant if 530 

more sustainable stabilizing agents could guarantee a similar or even better structural behaviour. 531 

Alternative stabilizers to limestone Portland cement (e.g., more sustainable blended cements, 532 

supplementary cementitious products, alkali-activated binders, etc.) could improve the LCA results 533 

associated with the climate change indicator. In fact, the high environmental impact of the cement 534 
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industry (Worrell et al., 2001; Schneider et al., 2011) results in significant increases in the emissions 535 

of equivalent CO2 in scenarios with cement-stabilized subbases (Fig. 10-b). Fig. 11 emphasizes the 536 

contribution of each pavement layer to the climate change indicator. For U-NA and U-CDW-RA 537 

scenarios, the subbase layer accounts for around 10% of the climate change for the total pavement 538 

construction. For the sake of clarity, the contribution analysis of the U-CDW-RA scenario breaks 539 

through the value of 100% to compensate for the negative contribution of the subbase layer. As 540 

previously mentioned, the construction of the U-RA-CDW subbase garners environmental credits in 541 

terms of LCA thanks to its avoidance of CDW recycling. Despite the addition of very small quantities 542 

of cement, when the subbase layer is built with cement-stabilized NA (CS-NA-S-p and CS-NA-S-s 543 

scenarios) its contribution to climate change increases to 40% of the entire pavement construction. 544 

In the case of cement-stabilized RA, the contribution is lower (around 30%) since the 10% 545 

contribution from the avoided impact of CDW-RA production is included in the LCA balance as a 546 

credit. 547 

The contribution analysis in Fig. 12 explains the results of Fig. 10-e related to the consumption 548 

of non-renewable resources. The high values relating to the construction of HMA layers are 549 

ascribable to the higher levels of energy consumed in the production processes of bitumen and HMA 550 

(Androjić and Alduk, 2016). According to this impact indicator, the subbase layer has a marginal 551 

contribution, from -2.7 to 6.7%, to the functional unit, while the major contribution, always greater 552 

than 93%, is due to the HMA layers formation. For this reason, 0.02 m more of HMA in the U-NA 553 

and U-CDW-RA scenarios leads to 2.4% and 2.1% of non-renewable resource consumption in 554 

comparison with CS-NA-p and CS-CDW-RA-p scenarios respectively. Vice versa, scenarios with 555 

thinner HMA layers (i.e., those with a cement-stabilized subbase layer), consume fewer 556 

non-renewable resources, notwithstanding the use of cement.  557 
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 559 
Fig. 11 – Contributions to climate change impact associated with the construction of 1 m2 of road pavement 560 
according to different scenarios 561 

 562 

 563 

Fig. 12 – Contributions to consumption of non-renewable resources associated with the construction of 1 m2 564 
pavement according to different scenarios 565 

 566 
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6. CONCLUSION 570 

6.1 Key findings 571 

This integrated structural-LCA study was aimed at evaluating and comparing six different scenarios 572 

depending on (i) the unbound and cement-stabilized material included in the subbase and (ii) the 573 

construction technique adopted. The key findings of the structural analysis are as follows: 574 

 the same total HMA layer thickness (equal to 0.28 m) can be adopted by using 0.30 m of NA or 575 

CDW-RA in the subbase due to the comparable mechanical properties of the two alternative 576 

aggregates; 577 

 similar conclusions are drawn when pavement structures with cement-stabilized NA and 578 

CDW-RA are compared to each other; therefore, primary and secondary aggregates of similar 579 

performance lead to comparable structural performance levels in a road pavement system;  580 

 the addition of 3% of limestone Portland cement (CEM-II/B-LL) as a stabilizer to both granular 581 

materials reduces the thickness of bound HMA layers by 0.02 m. 582 

 583 

The key findings of the LCA as they relate to the construction of the road pavement are as 584 

follows: 585 

 the ILCD and CED impact indicators are all lower for the production of CDW-RA than they are 586 

for the production of NA from quarrying activities, mainly because of the environmental credits 587 

awarded for the avoidance of CDW landfilling; 588 

 transport accounts for 79% of the climate change indicator for CDW-RA, so it is fundamental to 589 

limit the distance between the waste generation site and the recycling plant so as to preserve 590 

the environmental credit gained from its recycling; 591 

 when considering the construction of the entire pavement, the environmental benefits of the 592 

CDW-RA production are preserved; the U-CDW-RA scenario exhibits climate change and 593 

renewable resources indicators which are 16% and 35% lower respectively than those for the 594 

U-NA one; 595 

 the environmental impact and resource consumption due to the in-plant production of 596 

cement-stabilized granular material is attributable to the use of cement, the production of which 597 

is highly energy intensive; 598 

 despite pavements with both cement-stabilized NA and CDW-RA subbases requiring 0.02 m 599 

less HMA in the road base layer, the environmental benefits of using lower quantities of HMA 600 

are lost due to the impact of cement; 601 

 the on-site mixing of stabilized subbase materials provides some environmental benefit mainly 602 

due to energy savings in comparison to the in-plant mixing; considering the climate change 603 

factor, CS-NA-s and CS-CDW-RA-s had 1.0 and 3.6% lower values in comparison with CS-NA-p 604 

and CS-CDW-RA-p respectively; and 0.5 and 1.4% lower total non-renewable consumption 605 
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indicator values respectively for scenarios with NA and CDW-RA stabilized on-site with respect 606 

to those from the in-plant mixing; 607 

 CS-CDW-RA-p and CS-CDW-RA-s scenarios revealed advantages with respect to the U-NA 608 

one for the majority of ILCD and CED impact indicators; however, to register positive results in 609 

terms of climate change, alternatives to CEM-II/B-LL must be considered; 610 

 according to the ILCD impact category, the U-CDW-RA scenario is the most favourable because 611 

of the lowest impacts; the use of CDW-RA in lieu of NA and the avoidance of cementitious 612 

products counterbalance the necessity of a thicker HMA base layer;  613 

 in contrast, since CDW-RA requires a thicker road base made with HMA, there is a greater 614 

consumption of non-renewable resources (according to the CED method); therefore, for this 615 

impact indicator both CS-CDW-RA-p and CS-CDW-RA-s scenarios are the most favourable. 616 

 617 

6.2 Implications  618 

In light of the results of this integrated and comparative structural-LCA analysis, the use of CDW-RA 619 

as an alternative to NA is more favourable in terms of environmental impact. This study supports the 620 

design decisions of engineers who tend to opt for the use of CDW-RA for road pavements. Moreover, 621 

the use of CDW-RA is also encouraged because of its lower costs. In both cases of unbound and 622 

cement-stabilized subbases, more than 9% of total costs can be saved by using CDW-RA in 623 

substitution of NA.  624 

The impact of HMA layers is significant in terms of overall costs and energy consumption 625 

values, thus the use of recycled materials (i.e., reclaimed asphalt) and more sustainable production 626 

cycles (i.e., warm mixtures) should be advocated for with this category of material too. This study 627 

evidences the predominant environmental impact of cement in cement-stabilized materials (more 628 

than 85% of climate change). This outcome encourages new research to develop alternative binders 629 

to cement in order to reduce the environmental impacts of cement-stabilized road subbase layers. 630 

 631 

6.3 Limitation and future needs 632 

Both structural design and LCA modelling were based on several hypotheses and estimates that are 633 

valid for the Piedmont area (North-West of Italy) and should be reconsidered for different locations. 634 

Fluctuations in the availability of both natural and recycled materials may change the conclusions in 635 

terms of costs and environmental impacts. Furthermore, differences in the configuration and location 636 

of quarries in the territory may result in disparate transportation distances and, therefore, different 637 

costs and impacts. Similarly, different configurations of the recycling plants (i.e., mobile, semi-mobile, 638 

fixed), type of incoming waste, distribution of recycling stations throughout the territory all influence 639 

the LCA outcomes. Availability and fuel costs are also linked to the specific geographical area, as 640 

well as the production process for electricity (i.e., from renewable or non-renewable resources). All 641 
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these factors combine to influence the costs of management, transport, and construction operations 642 

and have an impact on the environment.  643 

Since this LCA study specifically aimed at evaluating the construction stage of road pavements 644 

with the same service life, maintenance and end-of-life scenarios were not included in the analysis. 645 

It should be noted that more accurate assumptions on the effects of material properties and 646 

construction processes deserve specific investigations. In terms of the structural design of road 647 

pavements, this study considered the specific environmental and traffic conditions for a medium-648 

trafficked two-lane rural highway in Italy. The extension to different traffic conditions (i.e., more and 649 

less trafficked roads) will evaluate the advantages of employing recycled materials as well as 650 

stabilized products in subbase pavement layers. 651 

On a final note, further research is necessary to evaluate the use of more sustainable 652 

stabilizers than cement because of its significant impact on ILCD and CED indicators in this 653 

investigation.  654 

 655 

ACKNOWLEDGEMENTS 656 

The research was funded with the European Regional Development Fund by the Regione Piemonte 657 

(P.O.R. FESR 2014-2020, Asse I, Azione I.1b.1.2, PRISM-E) in the frame of INTREC (INnovative 658 

Technologies for RECycled aggregates from construction and demolition waste in road 659 

constructions) project. The cooperation with CAVIT S.p.A. in this project is greatly acknowledged. 660 

 661 

REFERENCES 662 

American Association of State and Highway Transportation Officials, 2013. Standard method of test 663 
for determining the resilient modulus of soils and aggregate materials, AASHTO T 307-99. 664 

Androjić, I., Alduk, Z.D., 2016. Analysis of energy consumption in the production of hot mix asphalt 665 
(batch mix plant). Can. J. Civ. Eng. 43, 1044–1051. https://doi.org/10.1139/cjce-2016-0277 666 

Arulrajah, A., Piratheepan, J., Disfani, M.M., Bo, M.W., 2013. Geotechnical and Geoenvironmental 667 
Properties of Recycled Construction and Demolition Materials in Pavement Subbase 668 
Applications. Journal of Materials in Civil Engineering 25, 1077–1088. 669 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000652 670 

Asphalt Institute, 1982. Research and Development of the Asphalt Institute’s Thickness Design 671 
Manual (MS-1), 9th edition (Research Report No. 82–2). Asphalt Institute, Lexington, KY, 672 
United States. 673 

Bassani, M., Tefa, L., 2018. Compaction and freeze-thaw degradation assessment of recycled 674 
aggregates from unseparated construction and demolition waste. Construction and Building 675 
Materials 160, 180–195. https://doi.org/10.1016/j.conbuildmat.2017.11.052 676 

Behiry, A.E.A.E.-M., 2013. Utilization of cement treated recycled concrete aggregates as base or 677 
subbase layer in Egypt. Ain Shams Engineering Journal 4, 661–673. 678 
https://doi.org/10.1016/j.asej.2013.02.005 679 

Bennert, T., Papp Jr, W., Maher, A., Gucunski, N., 2000. Utilization of construction and demolition 680 
debris under traffic-type loading in base and subbase applications. Transportation research 681 
record: journal of the transportation research board 33–39. 682 

Blengini, G.A., Garbarino, E., 2010. Resources and waste management in Turin (Italy): the role of 683 
recycled aggregates in the sustainable supply mix. Journal of Cleaner Production 18, 1021–684 
1030. https://doi.org/10.1016/j.jclepro.2010.01.027 685 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



27 

Blengini, G.A., Garbarino, E., Šolar, S., Shields, D.J., Hámor, T., Vinai, R., Agioutantis, Z., 2012. Life 686 
Cycle Assessment guidelines for the sustainable production and recycling of aggregates: the 687 
Sustainable Aggregates Resource Management project (SARMa). Journal of Cleaner 688 
Production 27, 177–181. https://doi.org/10.1016/j.jclepro.2012.01.020 689 

Borghi, G., Pantini, S., Rigamonti, L., 2018. Life cycle assessment of non-hazardous Construction 690 
and Demolition Waste (CDW) management in Lombardy Region (Italy). Journal of Cleaner 691 
Production 184, 815–825. https://doi.org/10.1016/j.jclepro.2018.02.287 692 

Bovea, M.D., Powell, J.C., 2016. Developments in life cycle assessment applied to evaluate the 693 
environmental performance of construction and demolition wastes. Waste Management 50, 694 
151–172. https://doi.org/10.1016/j.wasman.2016.01.036 695 

Cardoso, R., Silva, R.V., Brito, J. de, Dhir, R., 2016. Use of recycled aggregates from construction 696 
and demolition waste in geotechnical applications: A literature review. Waste Management 697 
49, 131–145. https://doi.org/10.1016/j.wasman.2015.12.021 698 

Celauro, C., Corriere, F., Guerrieri, M., Lo Casto, B., Rizzo, A., 2017. Environmental analysis of 699 
different construction techniques and maintenance activities for a typical local road. Journal 700 
of Cleaner Production 142, 3482–3489. https://doi.org/10.1016/j.jclepro.2016.10.119 701 

Chowdhury, R., Apul, D., Fry, T., 2010. A life cycle based environmental impacts assessment of 702 
construction materials used in road construction. Resources, Conservation and Recycling 703 
54, 250–255. https://doi.org/10.1016/j.resconrec.2009.08.007 704 

Christensen Jr, D.W., Pellinen, T., Bonaquist, R.F., 2003. Hirsch model for estimating the modulus 705 
of asphalt concrete, in: Journal of the Association of Asphalt Paving Technologists. 706 
Presented at the Asphalt Paving Technology 2003Association of Asphalt Paving 707 
Technologists (AAPT). 708 

Christopher, B.R., Schwartz, C.W., Boudreaux, R., Ryan R. Berg & Associates, Inc., 2006. 709 
Geotechnical Aspects of Pavements (Final Report No. FHWA-NHI-05-037). Federal Highway 710 
Administration, Woodbury, MN, US. 711 

Coelho, A., Brito, J. de, 2013. Environmental analysis of a construction and demolition waste 712 
recycling plant in Portugal – Part I: Energy consumption and CO2 emissions. Waste 713 
Management 33, 1258–1267. https://doi.org/10.1016/j.wasman.2013.01.025 714 

De Melo, A.B., Gonçalves, A.F., Martins, I.M., 2011. Construction and demolition waste generation 715 
and management in Lisbon (Portugal). Resources, Conservation and Recycling 55, 1252–716 
1264. https://doi.org/10.1016/j.resconrec.2011.06.010 717 

Di Maria, A., Eyckmans, J., Van Acker, K., 2018. Downcycling versus recycling of construction and 718 
demolition waste: Combining LCA and LCC to support sustainable policy making. Waste 719 
Management 75, 3–21. https://doi.org/10.1016/j.wasman.2018.01.028 720 

Eurobitume, 2020. The Eurobitume Life-Cycle Inventory for Bitumen. Version 3.1. European Bitumen 721 
Association, Brussels, Belgium. 722 

Eurobitume, 2012. Life-Cycle Inventory: Bitumen. 2nd Edition. European Bitumen Association, 723 
Brussels, Belgium. 724 

European Aggregates Association, 2020. A sustainable industry for a sustainable Europe. Annual 725 
review 2019-2020 (Annual report). Brussels, Belgium. 726 

European Commission, 2020. Communication from the Commission to the European Parliament, 727 
the Council, the European Economic and Social Committee and the Committee of the 728 
Regions. A new Circular Economy Action Plan for a Cleaner and more Competitive Europe, 729 
COM/2020/98. 730 

European Commission - Joint Research Centre - Institute for Environment and Sustainability, 2012. 731 
Characterisation factors of the ILCD - Recommended Life Cycle Impact Assessment 732 
methods - Database and supporting information (No. EUR 25167). Publications Office of the 733 
European Union, Luxembourg. 734 

European Commission - Joint Research Centre - Institute for Environment and Sustainability, 2010. 735 
International Reference Life Cycle Data System (ILCD) Handbook - General guide for Life 736 
Cycle Assessment - Provisions and Action Steps (No. EUR 24378 EN). Publications Office 737 
of the European Union, Luxembourg. 738 

European Committee for Standardization, 2011. Cement - Part 1: Composition, specifications and 739 
conformity criteria for common cements, EN 197-1:2011. 740 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



28 

European Committee for Standardization, 2010. Unbound and hydraulically bound mixtures - Part 2: 741 
Test methods for laboratory reference density and water content - Proctor compaction, EN 742 
13286-2:2010. 743 

Faleschini, F., Zanini, M.A., Pellegrino, C., Pasinato, S., 2016. Sustainable management and supply 744 
of natural and recycled aggregates in a medium-size integrated plant. Waste Management 745 
49, 146–155. https://doi.org/10.1016/j.wasman.2016.01.013 746 

Ghanbari, M., Abbasi, A.M., Ravanshadnia, M., 2018. Production of natural and recycled 747 
aggregates: the environmental impacts of energy consumption and CO2 emissions. J Mater 748 
Cycles Waste Manag 20, 810–822. https://doi.org/10.1007/s10163-017-0640-2 749 

Ghisellini, P., Ripa, M., Ulgiati, S., 2018. Exploring environmental and economic costs and benefits 750 
of a circular economy approach to the construction and demolition sector. A literature review. 751 
Journal of Cleaner Production 178, 618–643. https://doi.org/10.1016/j.jclepro.2017.11.207 752 

Gschösser, F., Wallbaum, H., Boesch, M.E., 2012. Life-cycle assessment of the production of Swiss 753 
road materials. Journal of Materials in Civil Engineering 24, 168–176. 754 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000375 755 

Hicks, R.G., Monismith, C.L., 1971. Factors influencing the resilient response of granular materials. 756 
Highway Research Record 15–31. 757 

Hossain, Md.U., Poon, C.S., Lo, I.M.C., Cheng, J.C.P., 2016. Comparative environmental evaluation 758 
of aggregate production from recycled waste materials and virgin sources by LCA. 759 
Resources, Conservation and Recycling 109, 67–77. 760 
https://doi.org/10.1016/j.resconrec.2016.02.009 761 

Huang, B., Wang, X., Kua, H., Geng, Y., Bleischwitz, R., Ren, J., 2018. Construction and demolition 762 
waste management in China through the 3R principle. Resources, Conservation and 763 
Recycling 129, 36–44. https://doi.org/10.1016/j.resconrec.2017.09.029 764 

Huang, Y.H., 2003. Pavement Analysis and Design, 2nd Edition. ed. Pearson, Upper Saddle River, 765 
NJ. 766 

International Organization for Standardization, 2006a. Environmental management - Life cycle 767 
assessment - Principles and framework, ISO 14040:2006. 768 

International Organization for Standardization, 2006b. Environmental management - Life cycle 769 
assessment - Requirements and guidelines, ISO 14044:2006. 770 

Jain, S., Singhal, S., Pandey, S., 2020. Environmental life cycle assessment of construction and 771 
demolition waste recycling: A case of urban India. Resources, Conservation and Recycling 772 
155, 104642. https://doi.org/10.1016/j.resconrec.2019.104642 773 

Joint Research Centre, Institute for Environment and Sustainability, 2012. Characterisation factors 774 
of the ILCD Recommended Life Cycle Impact Assessment methods (Database and 775 
Supporting Information No. EUR 25167 EN). European Commission, Luxembourg. 776 

Knoeri, C., Sanyé-Mengual, E., Althaus, H.-J., 2013. Comparative LCA of recycled and conventional 777 
concrete for structural applications. The International Journal of Life Cycle Assessment 18, 778 
909–918. https://doi.org/10.1007/s11367-012-0544-2 779 

Kourmpanis, B., Papadopoulos, A., Moustakas, K., Stylianou, M., Haralambous, K.J., Loizidou, M., 780 
2008. Preliminary study for the management of construction and demolition waste. Waste 781 
Management & Research 26, 267–275. https://doi.org/10.1177/0734242X07083344 782 

Leite, F. da C., Motta, R. dos S., Vasconcelos, K.L., Bernucci, L., 2011. Laboratory evaluation of 783 
recycled construction and demolition waste for pavements. Construction and Building 784 
Materials 25, 2972–2979. https://doi.org/10.1016/j.conbuildmat.2010.11.105 785 

Lekarp, F., Isacsson, U., Dawson, A., 2000. State of the Art. I: Resilient Response of Unbound 786 
Aggregates. Journal of Transportation Engineering 126, 66–75. 787 
https://doi.org/10.1061/(ASCE)0733-947X(2000)126:1(66) 788 

Marzouk, M., Azab, S., 2014. Environmental and economic impact assessment of construction and 789 
demolition waste disposal using system dynamics. Resources, Conservation and Recycling 790 
82, 41–49. https://doi.org/10.1016/j.resconrec.2013.10.015 791 

Mazzoni, G., Bocci, E., Canestrari, F., 2018. Influence of rejuvenators on bitumen ageing in hot 792 
recycled asphalt mixtures. Journal of Traffic and Transportation Engineering (English Edition) 793 
5, 157–168. https://doi.org/10.1016/j.jtte.2018.01.001 794 

Ministero delle Infrastrutture e dei Trasporti, 2001. Studio a carattere pre-normativo delle norme 795 
tecniche di tipo prestazionale per capitolati speciali d’appalto. 796 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



29 

Ossa, A., García, J.L., Botero, E., 2016. Use of recycled construction and demolition waste (CDW) 797 
aggregates: A sustainable alternative for the pavement construction industry. Journal of 798 
Cleaner Production 135, 379–386. https://doi.org/10.1016/j.jclepro.2016.06.088 799 

Park, J., Tucker, R., 2017. Overcoming barriers to the reuse of construction waste material in 800 
Australia: a review of the literature. International Journal of Construction Management 17, 801 
228–237. https://doi.org/10.1080/15623599.2016.1192248 802 

Pellinen, T., Witczak, M., 2002. Use of stiffness of hot-mix asphalt as a simple performance test. 803 
Transportation Research Record: Journal of the Transportation Research Board 80–90. 804 

Peng, C.-L., Scorpio, D.E., Kibert, C.J., 1997. Strategies for successful construction and demolition 805 
waste recycling operations. Construction Management and Economics 15, 49–58. 806 
https://doi.org/10.1080/014461997373105 807 

Regione Piemonte, 2021. Prezzario Regione Piemonte 2021 - Allegato B - Elenco Prezzi Unitari 808 
[WWW Document]. URL http://www.sistemapiemonte.it/cms/privati/territorio/servizi/929-809 
consultazione-prezzario-regionale-opere-pubbliche/3596-prezzario-2021 (accessed 9.1.21). 810 

Rodríguez, G., Medina, C., Alegre, F.J., Asensio, E., Sánchez de Rojas, M.I., 2015. Assessment of 811 
Construction and Demolition Waste plant management in Spain: in pursuit of sustainability 812 
and eco-efficiency. Journal of Cleaner Production 90, 16–24. 813 
https://doi.org/10.1016/j.jclepro.2014.11.067 814 

Schneider, M., Romer, M., Tschudin, M., Bolio, H., 2011. Sustainable cement production—present 815 
and future. Cement and Concrete Research, Special Issue: 13th International Congress on 816 
the Chemistry of Cement 41, 642–650. https://doi.org/10.1016/j.cemconres.2011.03.019 817 

Silva, R.V., de Brito, J., Dhir, R.K., 2019. Use of recycled aggregates arising from construction and 818 
demolition waste in new construction applications. Journal of Cleaner Production 236, 819 
117629. https://doi.org/10.1016/j.jclepro.2019.117629 820 

Simion, I.M., Fortuna, M.E., Bonoli, A., Gavrilescu, M., 2013. Comparing environmental impacts of 821 
natural inert and recycled construction and demolition waste processing using LCA. Journal 822 
of Environmental Engineering and Landscape Management 21, 273–287. 823 
https://doi.org/10.3846/16486897.2013.852558 824 

Tavira, J., Jiménez, J.R., Ayuso, J., Sierra, M.J., Ledesma, E.F., 2018. Functional and structural 825 
parameters of a paved road section constructed with mixed recycled aggregates from non-826 
selected construction and demolition waste with excavation soil. Construction and Building 827 
Materials 164, 57–69. https://doi.org/10.1016/j.conbuildmat.2017.12.195 828 

Tefa, L., Bassani, M., Coppola, B., Palmero, P., 2021. Strength development and environmental 829 
assessment of alkali-activated construction and demolition waste fines as stabilizer for 830 
recycled road materials. Construction and Building Materials 289, 123017. 831 
https://doi.org/10.1016/j.conbuildmat.2021.123017 832 

Villoria Sáez, P., Osmani, M., 2019. A diagnosis of construction and demolition waste generation 833 
and recovery practice in the European Union. Journal of Cleaner Production 241, 118400. 834 
https://doi.org/10.1016/j.jclepro.2019.118400 835 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The 836 
ecoinvent database version 3 (part I): overview and methodology. Int J Life Cycle Assess 21, 837 
1218–1230. https://doi.org/10.1007/s11367-016-1087-8 838 

Witczak, M.W., 1972. Design of full-depth asphalt airfield pavements, in: Third International 839 
Conference on the Structural Design of Asphalt Pavements Sept. 11-15, 1972. Presented at 840 
the Third International Conference on the Structural Design of Asphalt Pavements, London, 841 
UK, pp. 550–567. 842 

Worrell, E., Price, L., Martin, N., Hendriks, C., Meida, L.O., 2001. Carbon dioxide emissions from the 843 
global cement industry. Annual review of energy and the environment 26, 303–329. 844 

Zhao, W., Leeftink, R.B., Rotter, V.S., 2010. Evaluation of the economic feasibility for the recycling 845 
of construction and demolition waste in China—The case of Chongqing. Resources, 846 
Conservation and Recycling 54, 377–389. https://doi.org/10.1016/j.resconrec.2009.09.003 847 

Zhao, Y., Goulias, D., Tefa, L., Bassani, M., 2021. Life Cycle Economic and Environmental Impacts 848 
of CDW Recycled Aggregates in Roadway Construction and Rehabilitation. Sustainability 13, 849 
8611. https://doi.org/10.3390/su13158611 850 

 851 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 


