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Abstract 11 

Purpose Highways constitute an essential part of transportation infrastructure. They have critical impacts on the 12 

environment, economy and society, which indicates the significance of achieving sustainability in the pavement industry. 13 

However, traditional highway pavement maintenance mainly focuses on pavement defects. This study proposes an 14 

integrated model unifying life cycle assessment (LCA) and multicriteria optimisation to schedule the optimal maintenance 15 

scheme for sustainable highway pavement maintenance. 16 

Methods To achieve this purpose, the system scope is defined to establish a life cycle inventory (LCI) considering all 17 

phases of maintenance activities. A phase-by-phase approach is developed to capture the sustainability impacts of 18 

pavement maintenance treatments, including embodied carbon emissions (EC), embodied energy consumption (EE), costs 19 

and performance. A multicriteria optimisation model is proposed to create a new maintenance scheme through the life 20 

cycle considering the environmental impacts, life cycle costs (LCCs) and long-term performance (LTP). The model is 21 

tested on an existing highway in China. Five maintenance schemes that adopt three proactive treatments (chip and fog 22 

seal (CF), micro-surfacing (MS) and thin overlay (TO)) and two reactive treatments (mill and fill (MF) and reconstruction 23 

(RC)) respectively are conducted for comparative analysis to validate this model. 24 

Results and conclusions The maintenance scheme created by the model plans 23 maintenance interventions over the 25 

pavement life cycle, with the application times of CF, MS and TO of 14, 7 and 2, respectively. It outperforms the five 26 

comparison schemes. Compared to those that adopt reactive treatments, the optimal scheme can reduce more than 76% 27 

of environmental impacts, reduce the LCCs by 74% and enhance LTP by 25%. The results indicate that the proposed 28 

model can schedule the optimal maintenance scheme, which follows a proactive policy and can effectively reduce 29 

environmental impacts and LCCs while benefiting society more than the reactive policy widely adopted by the pavement 30 

industry. 31 
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1 Introduction 36 

While the rapid development of highway networks has brought convenience to people's lives, a new problem has emerged: 37 

maintaining existing highways (Perez-Acebo et al. 2018). Many causes, such as heavy traffic loads and temperature 38 

fluctuations, can accelerate the deterioration of pavement defects. When dealing with these problems, some highway 39 

agencies and companies take measures after the pavements deteriorate into bad condition, while others apply preservative 40 

treatments when the pavement conditions are still good. These two kinds of measures can be considered maintenance; 41 

thus, pavement maintenance treatments can be categorised into proactive and reactive treatments (Zhang & Mohsen 2018). 42 

In traditional pavement maintenance, practitioners confront several issues that cause negative impacts on both the 43 

maintenance process and the result. 44 

Firstly, most highway owners do not have clear plans for maintenance activities. Instead, they adopt a reactive 45 

maintenance policy and rehabilitate their pavements after some critical defects are observed (Zulu et al. 2020). However, 46 

many studies have shown that waiting for the pavement deteriorates into a bad condition before repairing is equivalent to 47 

conducting major rehabilitation or reconstruction activities, which is very costly (Chan et al. 2011, Torres-Machi et al. 48 

2015, Torres-Machi et al. 2018, Zulu et al. 2020). In other words, if the pavement condition is maintained at a reasonable 49 

level through preservation, the spending on pavement maintenance can gradually decrease. 50 

Secondly, maintenance activities affect the surrounding environment through factors like carbon emissions and energy 51 

consumption. Researchers commonly deal with greenhouse gas emissions and the energy consumption of vehicles by 52 

developing more advanced engine models or alternative fuels. However, pavement maintenance activities can also cause 53 

energy consumption and carbon emissions in the transportation sector. Nonetheless, due to a lack of guidelines or on-site 54 

inspections, the environmental impacts of maintenance activities are likely to be overlooked (Santos et al. 2020). 55 

Thirdly, road users will likely require higher quality, comfort, and safety (Torres-Machi et al. 2017). Thus, pavement 56 

maintenance can improve pavement performance and offer better service to road users by addressing their specific needs. 57 

Generally, traditional pavement maintenance mainly concerns pavement defects. However, sustainability can reflect 58 

environmental, economic and societal needs (Bueno et al. 2015). Therefore, sustainable pavement maintenance can be a 59 

reasonable option to minimise these adverse effects and benefits the pavement maintenance industry. 60 

There has been growing awareness that pavement maintenance is influential to the environment, economy, and society in 61 

recent years. Therefore, integrating these three maintenance activities in the decision-making process is essential and a 62 

tremendous challenge for decision-makers (Santos et al. 2019). Life cycle assessment (LCA) has been developed to assess 63 

the sustainability of maintenance techniques or treatments (Cao et al. 2016, Giani et al. 2015, Giustozzi et al. 2012, Liu 64 

et al. 2015, Santos et al. 2015). However, sustainability in pavement maintenance cannot be achieved only by adopting 65 

more sustainable techniques. It is also important to formulate the optimal maintenance scheme that appropriately 66 

schedules maintenance activities over the whole pavement life cycle to maximise long-term effectiveness and minimise 67 

life cycle costs (LCCs) and environmental impacts on a management level. 68 

The optimisation has been recognised as a powerful tool for infrastructure management problems (Santos et al. 2020). It 69 

has promising capabilities that can address the challenges noted above. Several optimisation models have been applied to 70 

formulate maintenance schemes (Fwa & Farhan 2012, Gao & Zhang 2013, Gomes Correia et al. 2021, Liu et al. 2015, 71 

Santos et al. 2020, Torres-Machi et al. 2017). These methods search for optimal maintenance schemes applied over the 72 

analysis period despite the differences in the system boundary and the mathematical approach employed to obtain the 73 
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optimal solution. However, current optimisation models mainly focus on optimising the budget allocation to maximise 74 

the economic benefits for highway owners, and therefore, integrated consideration of environmental, economic and social 75 

aspects is lacking (Fwa & Farhan 2012, Gao & Zhang 2013, Gomes Correia et al. 2021, Liu et al. 2015). In addition, 76 

some studies have considered sustainability issues; however, the system boundaries in these studies fail to include some 77 

critical phases of maintenance activities, e.g., the transportation of materials and products and the disposal of milled 78 

pavements (Torres-Machi et al. 2017), which could also be a critical source of carbon emissions and energy consumption. 79 

These limitations create the demand to develop a multicriteria optimisation model for a sustainable maintenance scheme 80 

that considers the three dimensions of sustainability impacts over the whole pavement life cycle. 81 

By realising these aspects, this study aims to a) develop approaches to quantify the sustainability performance of 82 

maintenance treatments, including embodied carbon emissions (EC) and embodied energy consumption (EE), costs and 83 

effects; b) construct an LCA-based optimisation model to identify the optimal maintenance scheme in terms of the 84 

environmental impacts over the whole pavement life cycle, LCCs and long-term performance. Since most highway 85 

pavements worldwide are asphalt pavements, this study considers only this kind of pavement. A case study was conducted 86 

to analyse the feasibility of the proposed model based on a highway project located in the Sichuan Province in China. 87 

2 Methodology 88 

Based on the identified research limitations, this section proposes an optimisation model that aims to maximise the overall 89 

effectiveness of pavements on a project level by reducing EC, EE and costs in the whole project life cycle and improving 90 

pavement performance to provide road users better service. 91 

The proposed optimisation model includes four modules: parameters, the assessment module, the optimisation module, 92 

and solutions. The relationships between the four modules are illustrated in Fig. 11. Notably, the proposed optimisation 93 

model can be applied to different pavements that all the input data required are available. 94 

Figure 1 95 

2.1 Parameters 96 

The parameters include information on the highway regarding the inventory, such as the number of pavement segments, 97 

segment length and initial segment pavement conditions. They also include technical information such as the expected 98 

pavement deterioration trend (also known as the deterioration model), several maintenance treatments that can be used to 99 

preserve or rehabilitate the pavement condition, and their effects. Finally, environmental and economic parameters refer 100 

to the unit environmental impacts and cost of each treatment. As parameters, they are the input data of the optimisation 101 

model, and the parameter values can be obtained based on the following step-by-step guide. 102 

2.1.1 Technical parameters 103 

Pavement conditions can be evaluated through different overall condition indices that indicate pavement deterioration 104 

over time, such as Pavement Quality Index (PQI) (Yu et al. 2017), Pavement Serviceability Index (PSI) (Islam & Buttlar 105 

2012), International Roughness Index (IRI) (Liu et al. 2015) and Pavement Condition Index (PCI) (Gomes Correia et al. 106 

2021). Therefore, different condition indices can be used in the proposed optimisation model. Due to data availability in 107 

the latter case study, this study uses PCI for pavement condition evaluation. PCI is an index to assess pavement overall 108 

condition, ranging from 0 to 100 in correspondence with a condition of complete failure to a perfect condition (Gomes 109 

Correia et al. 2021). 110 
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The maintenance treatment's effect refers to the treatment's ability to improve the pavement condition. The change in the 111 

PCI value can measure after a maintenance intervention. However, data on the PCI values before and after treatments are 112 

not always available. Therefore, in this study, the effect of different maintenance treatments is estimated by the life 113 

expectancy of the maintenance treatments, which can be obtained from the historical data of highway owners or other 114 

sources chosen by the user. 115 

2.1.2 Environmental parameters 116 

Fig. 12 shows the phases and life cycle inventory (LCI) of the maintenance activities considered in this study. The 117 

proposed optimisation model entails four phases: material extraction and production, transportation, construction, and the 118 

disposal of milled pavements. 119 

Figure 2 120 

In general, the EC and EE of maintenance activities occur during the above four phases. The material extraction and 121 

production phase consists of extracting raw materials, initial processing of aggregates, bitumen and material 122 

manufacturing, including asphalt mix heating; The construction phase includes the operation of pavement maintenance 123 

equipment and machinery, e.g., mill pavers and rollers. The transportation phase includes transporting raw materials to 124 

the plant, transporting manufactured materials to the construction site, and transporting milled pavement components to 125 

the recycling plant. The environmental impacts of the disposal phase are not separately calculated because milling and 126 

transporting the deteriorated pavements are already included in the construction and transportation phases. 127 

2.1.2.1 Embodied carbon emissions and embodied energy consumption of pavement materials and equipment 128 

operation 129 

To correctly calculate the EC and EE of raw materials and machinery/equipment operation in maintenance activities, it is 130 

necessary to know every single quantity of carbon emissions produced and energy consumed in every phase involved. 131 

An LCI analysis is conducted through a literature review, and the results of the unit EC and EE for materials (in kg) and 132 

equipment operation (in m2) are shown in   133 
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Table 1 and   134 
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Table 2 below. The items listed in   135 
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Table 1 consider all the phases to obtain final products ready for use. 136 

Table 1 137 

Table 2 138 

2.1.2.2 Embodied carbon emissions and embodied energy consumption of maintenance treatments 139 

With the EC and EE of the materials, activities and equipment/machinery involved, the total EC and EE of different 140 

maintenance treatments can be calculated based on each treatment's mix design and application rate. The mix designs and 141 

application rate for different pavement maintenance treatments should be determined based on the industry criterion for 142 

road maintenance in different countries and regions. An example in China will be discussed in the latter case study. 143 

2.1.3 Economic parameters 144 

Since a highway project can be in service for many years, the economic analysis should consider the value of money in 145 

different years. Therefore, the Producer Price Index (PPI) (Wen et al. 2019) is considered to estimate the unit cost of 146 

maintenance treatments applied in different years. Thus, PPI reflects industrial production costs in different years to obtain 147 

the average treatment costs. In addition, to compare the LCCs of different maintenance schemes, the costs for maintenance 148 

treatments in different years should be transferred to the same level to obtain the equivalent costs, which, in this study, is 149 

the last year before the analysis period. The bank interest rate is used for the transfer, as represented by the following 150 

equation. 151 

                                                      (1) 152 

where Cs,t refers to the unit cost of treatment s in year t and r refers to the cost increase rate; z refers to the bank interest 153 

rate. 154 

2.2 Assessment module 155 

The second component is the assessment module. This module evaluates different maintenance schemes to the three 156 

dimensions of sustainability, i.e., the environment, economy and society, based on LCA. Given a maintenance scheme, 157 

the environmental module assesses the environmental impacts of the scheme to the EC and EE during the analysis period. 158 

The economic module estimates the LCC of the maintenance scheme. The social module evaluates the LTP of the 159 

pavement condition. As illustrated in Fig. 13, LTP is evaluated for every pavement segment in terms of the area bounded 160 

by the PCI curve and a threshold (denoted as PCImin). LTP has been widely used as a substitute for road user benefits in 161 

pavement studies since an appropriately maintained pavement with a larger area bounded by the condition curve can 162 

benefit society more than a poorly maintained pavement (Torres-Machi et al. 2017). For a given maintenance scheme, 163 

the equations for calculating its three categories of indicators are provided below. 164 

Figure 3  165 

                                                       (2) 166 
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                                                      (3) 167 

                                                        (4) 168 

                                              (5) 169 

where f1-f4 refer to the EC, EE, LCC and LTP of a given maintenance scheme, respectively; N and T refer to the number 170 

of pavement segments and years of analysis period; ECn,t, EEn,t and Cn,t refer to the EC, EE and cost of the maintenance 171 

treatment applied to segment n in year t, respectively; PCIn,t refers to the PCI value of segment n in year t; and Wn and Ln 172 

are the width and length of segment n, respectively. 173 

When assessing and comparing different maintenance schemes, the standardisation of these indicator values is required 174 

because the units of the indicators are different. The equations for standardising these indicators are listed below. 175 

                                                                (6) 176 

                                                                (7) 177 

                                                                (8) 178 

                                                                (9) 179 

where F1-F4 refer to the standardised indicator values and fa,max and fa,min refer to the maximum and minimum values of 180 

indicator a (a = 1-4) among all the possible maintenance schemes. 181 

2.3 Optimisation module and solution 182 

Theoretically, to obtain the optimal maintenance scheme, all the possible solutions should be compared, and there are 183 

ST×N possible solutions in a highway project with N pavement segments and S possible treatments over an analysis period 184 

of T years (Torres-Machi et al. 2017). Importantly, different kinds of maintenance treatments are applicable in different 185 

ranges of pavement conditions. For instance, micro-surfacing (MS) is a kind of preservative treatment applicable for 186 

highway projects in China when the PCI value ranges from 70 to 90; therefore, when the PCI values fall outside of this 187 

range, MS should not be considered. Appropriate maintenance treatments should be selected to guarantee the reliability 188 

of the proposed optimisation model based on pavement conditions. The pavement conditions could vary based on the 189 

maintenance treatments selected in earlier years. Therefore, this optimisation turns out to be a dynamic process. The 190 

following objective function and constraints are set to obtain the optimal solution. 191 
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                                                       (10)  192 

 193 

where wa refers to the weights of indicator a in the optimisation, which indicates the decision-maker's preference; PCImin 194 

is the minimal condition index that should be guaranteed; LCCmax is the budget planned for pavement maintenance; Ψ is 195 

the pavement deterioration model; PCIn,0 is the initial PCI value of segment n; En,t is the effect of the maintenance 196 

treatment applied to segment n in year t; S is the number of available treatments; [as,bs] is the application range of 197 

treatment s; xn,t,s is the decision coefficient, which is determined by pavement conditions, and only if xn,t,s is equal to 1 198 

will maintenance treatment s be considered as one of the alternatives being applied to segment n in year t. 199 

Equation (10) is the objective function of the multicriteria approach. The four sustainability indicators (i.e., EC, EE, LCC 200 

and LTP) are considered to obtain the optimal solution for the maximum overall effectiveness, which is the weighted sum 201 

of their indicator values. Equation (11) is the LCC constraint. The summation of the scheme's LCC should be lower than 202 

the set budget based on equation (11). Equation (12) indicates the minimum acceptable PCI value constraint, in which 203 

the pavement's PCI cannot be lower than a logical value. Equation (13) corresponds to the pavement condition function 204 

during the optimisation process related to the pavement deterioration model, the initial segment pavement condition, and 205 

the treatments' effects. In this formulation, the pavement condition develops based on the deterioration model, and once 206 

a maintenance treatment is applied, the PCI value of the treated segment will be improved by a value that is equal to the 207 

effect of the applied treatment. Then, the pavement condition will continue to develop from the improved value following 208 

the deterioration model. Equations (14) and (15) aim to determine the decision coefficient based on the pavement 209 

condition. They represent the feasible treatment sets if the corresponding coefficient equals 1, i.e., the maintenance 210 

treatments can be applied to preserve or rehabilitate the pavement with corresponding PCI values. 211 

As the solution to this optimisation problem, an optimal maintenance scheme is defined. First, given the objective function, 212 

there should be a unique optimal solution. Then, based on the result obtained from the optimisation module, the parameters 213 

can be retrofitted to guarantee feedback between the optimisation results and these parameters. 214 

3 Case study 215 

3.1 General description 216 

The case identified for this study is one of the four lanes of a 15.3 km highway located in Sichuan Province, China. A 217 

local highway company operates it, and the analysis period is considered to be 20 years. The highway consists of two 218 

3.75 m double lane carriageways and two 9.5 m broad shoulders. The pavement surface layer consists of a 40 mm stone 219 

matrix asphalt (SMA) layer as the asphalt wearing course and 60 mm/80 mm asphalt concrete (AC) layers as the asphalt 220 

intermediate and base course. Beneath the surface layer, the pavement structure includes a 200 mm cement-stabilised 221 



 

10 

 

crushed stone base, a 300 mm cement-stabilised crushed stone sub-base and a 150 mm crushed stone subgrade layer. The 222 

analysed lane can be divided into five segments based on the PCI data collected in the field in 2020. The initial condition 223 

of the analysed pavement is listed in   224 
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Table 3. In this study, PCImin and LCCmax are set to 50 and ¥ 6 million, respectively, and the cost increase rate and interest 225 

rate are set to 0.06 and 0.05, respectively. 226 

Table 3 227 

The maintenance treatments considered in this study are do nothing (DN), chip and fog seal (CF), MS, thin overlay (TO), 228 

mill and fill (MF) and reconstruction (RC). CF, MS and TO are three typical preservative treatments. MF and RC represent 229 

intermediate and major rehabilitation, respectively, and are reactive treatments and the primary treatments adopted by the 230 

owner of the case project. 231 

In this case study, the pavement deterioration model is represented by equation (16), which Shi proposed for highways 232 

with a similar structure in China (Shi 2019). The constants in the equation are determined here through regression analysis 233 

of the historical PCI data of highways in the same area. These data were collected before these highways were preserved 234 

or rehabilitated. Therefore, the regression analysis results can reflect the natural development of PCI values shown in Fig. 235 

14. 236 

                                                        (16) 237 

where t' is the year after the pavement was finished and a and b are constants. 238 

Figure 4 239 

3.2 Mix design and environmental impacts of treatments 240 

To measure the environmental impacts of the considered treatments, the assumptions for the material transportation of a 241 

maintenance project in this case study are identified by consulting the managers of the highway company: 1000 km from 242 

the bitumen plant to the mixing plant; 50 km from the cement plant to the mixing plant; 50 km from the aggregate quarry 243 

to the mixing plant; 10 km from the mixing plant to the construction site; and 10 km from the water supply to the 244 

construction site. 245 

The mix design of each treatment is determined based on data from projects in Sichuan Province, China, and the pavement 246 

maintenance guidelines (Department of Transportation of Sichuan Province 2014) applied in the province, which is shown 247 

and discussed below. 248 

1) Chip and fog seal (CF) 249 

A chip seal is a double layer dressing with 13 mm and 6.5 mm crushed aggregates with application rates of 1.75 kg/m2 250 

and 15.75 kg/m2, respectively, and a bitumen application rate of 2 kg/m2 is applied as a binder. A fog seal is a mix of 251 

52.63% emulsion, 31.58% sand and 15.79% potable free water, and it is applied at a rate of 0.95 kg/m2 and evenly sprayed 252 

above the chip seal to finish the treatment. The results show EC of 1.31 kg/m2 and EE of 18.69 MJ/m2. 253 

2) Micro-surfacing (MS) 254 

The design of the MS mixture in this study is 81.24% type III aggregate gradation, 10.25% potable water, 6.58% modified 255 

emulsion and 1.93% cement filler. The goal is to obtain a 20 mm surface layer that can provide sufficient surface 256 

protection and maintain good pavement serviceability. The results show EC of 3.86 kg/m2 and EE of 47.76 MJ/m2. 257 

3) Thin overlay (TO) 258 
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A typical mix design for TO was chosen. The intervention thickness is 40 mm SMA concrete. The mix design is 5.7% 259 

polymer-modified bitumen, 2% hydrated lime, 67.1% crushed aggregate, 8.3% stone chipping, 9.2% fly ash, 7.4% sand 260 

and 0.3% lignin fibres. The production of SMA follows the normal process, including heating and drying aggregates at 261 

high temperatures and then mixing the materials. The results show EC of 7.58 kg/m2 and EE of 127.35 MJ/m2. 262 

4) Mill and fill (MF) 263 

This treatment consists of milling the 40 mm SMA surface layer and then resurfacing it with 60 mm new SMA. The mix 264 

design of the new SMA layer is the same as TO. The results show EC of 17.38 kg/m2 and EE of 278.09 MJ/m2. 265 

5) Reconstruction (RC) 266 

RC is the last resort intervention for the pavement in terrible conditions or when the new traffic volume exceeds the 267 

pavement structure's loading capacity. It includes milling the 180 mm existing surface layer, replacing it with a new 40 268 

mm SMA layer and 60/80 mm recycled asphalt (RA) layers. The recycling rate of the milled asphalt intermediate and 269 

base course is 75%, which is used to mix with virgin materials by heating in place to produce RA for the new pavement. 270 

The results show EC of 29.72 kg/m2 and EE of 443.53 MJ/m2. 271 

3.3 Application scope and effect of treatments 272 

The application scope of the five pavement maintenance treatments is determined based on the highway maintenance 273 

technical guidelines and specifications (Department of Highway of Zhejiang Province 2009, Department of 274 

Transportation of Sichuan Province 2014) applied in Sichuan Province, China. The treatment effects are estimated by its 275 

average life expectancy in the province with the obtained pavement deterioration model. For instance, TO is often applied 276 

to pavements with PCI values of 60 to 80, and the life expectancy of TO tends to be five years in Sichuan Province, which 277 

means the PCI values are likely to decrease back to 60 to 80 in the sixth year after TO is applied. Therefore, based on the 278 

pavement deterioration curve, the average effect of TO is set to 24.1 in the optimisation model. The environmental 279 

impacts, costs of application per kilometre, life expectancy and effects of these treatments are summarised in   280 
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Table 4. 281 

Table 4 282 

3.4 Weighting 283 

In this case study, the weights of the four indicators (i.e., EC, EE, LCC and LTP) in the optimisation process are 284 

determined through the ordered weighted averaging (OWA) aggregation approach (Yager 1988), which was proposed by 285 

Yager in 1988 and has been acknowledged to be a powerful method for decision-making. Furthermore, compared with 286 

other widely used weighting methods, e.g., the analytic hierarchy process (AHP) (Saaty 1980), the OWA approach can 287 

avoid the inconsistent pairwise comparison matrix in the AHP method decision-makers could obtain more reliable results. 288 

The steps of preference aggregation for OWA weight vectors based on accumulations are as follows (Jin et al. 2021). 289 

Step 1: Obtain a set of OWA weight vectors W = (wij)m×n (i≤m, j≤n) for further aggregation. 290 

Step 2: Convert these m-dimensional OWA weight vectors into a set of m-dimensional accumulations of themselves 291 

, , . 292 

Step 3: Use orness degree δ to represent a given extent of preference, and set an OWA weight vector v = (v1,…, vm) with 293 

orness(v) = δ, representing the optimism/pessimism preference of specific decision-making for the aggregation of W. 294 

orness(v) is defined as follows: 295 

                                                 (18) 296 

Step 4: For each j∈(1, …, n), use OWA operator OWAv: [0,1]m→[0,1] to aggregate sequence  and 297 

obtain the result , as shown below: 298 

                            (19) 299 

Step 5: For  with , transform  back into an OWA weight vector q to obtain the 300 

final aggregation result q = (q1j)1×n, as shown below: 301 

 302 

The Delphi method (Okoli & Pawlowski 2004) was used to obtain the weights of the four indicators through the OWA 303 

aggregation approach. The method collects the views of experts and members of different sectors through a questionnaire. 304 

Fifteen respondents were invited, including five from the government, five experts from the highway company responsible 305 

for the project, and five academics in universities. The questionnaire was designed to be anonymous to obtain more 306 

accurate and neutral answers, and it provided five values for the participants to choose from to express their opinions 307 

regarding the importance of the four indicators. The meanings of the five values and the survey results are shown in   308 
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Table 5 and   309 



 

15 

 

Table 6. 310 

Table 5 311 

Table 6 312 

With feedback provided by the 15 respondents, the importance scores of LTP, LCC, EC and EE are 4.73, 4.8, 1.66 and 313 

1.73, respectively; thus, the final weights of these four indicators can be obtained by normalising them: 0.366, 0.371, 314 

0.129 and 0.134, respectively. 315 

3.5 Comparative analysis 316 

The optimisation model was programmed and simulated through MATLAB to obtain the optimal maintenance scheme 317 

(denoted as S1) and to examine the capability of the optimisation model; the obtained scheme was compared with five 318 

available maintenance schemes (denoted as S2-S6) that adopt the five available maintenance techniques to preserve or 319 

rehabilitate the analysed pavement segments, as shown in   320 
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Table 7. A threshold value is set for each of the comparison schemes, in which it is planned that the corresponding 321 

maintenance treatment will be used to restore the pavement segment once the PCI value is lower than the threshold. For 322 

some road segments in which the initial conditions fall outside of the application scope of the set maintenance treatment, 323 

other more intensive treatments can be applied in the first year to improve the PCI values beyond the threshold. Then, the 324 

comparison scheme for these segments can be commenced. The results will be presented and analysed in the next section. 325 

Table 7 326 

4 Results and discussion 327 

Figure 5 328 

Fig. 15 shows the EC and EE of the five considered maintenance treatments. Again, materials account for most of the EE 329 

and EC of these treatments. Notably, both the EE and EC of MF and RC are significantly higher than those of the other 330 

preservative maintenance treatments. Additionally, the transportation of materials and mix products accounts for more 331 

significant proportions of EC and EE when these two techniques are adopted. The reason is that a large volume of AC is 332 

milled, which are then transported over a long distance when applying MF and RC, because in China, the milled AC 333 

should be treated appropriately, and in most situations, only one asphalt plant is available for highway companies to treat 334 

these wastes. 335 

Figure 6 336 

Fig. 16 shows the proportions of the treatments applied in the optimal scheme, in which 23 maintenance interventions 337 

were planned based on the optimisation result. Among the 23 maintenance activities, the application times of CF, MS and 338 

TO are 14, 7 and 2, respectively, which indicates that the optimal scheme is subject to a proactive maintenance policy 339 

and that preservative treatments are used when pavement conditions are still good. It can also be concluded that MF and 340 

RC are not sustainable since neither is included in the optimal scheme. Most of the maintenance activities apply CF and 341 

MS; therefore, it can be concluded that the preservative treatments mainly applied are CF and MS. At this point, it is 342 

noteworthy that both CF and MS are less intensive treatments that can only address defects with low severity. For this 343 

reason, their application scopes are set at high levels. These results indicate that the most sustainable way to maintain 344 

pavements is preserving them while they are in good condition. 345 

Figure 7 346 

Fig. 17 shows the comparative analysis's EC, EE, LCC, and LTP of the six maintenance schemes. The optimal 347 

maintenance scheme (S1) has advantages in all the three sustainability dimensions with the lowest EE and LCC and the 348 

highest LTP, which are 8636 GJ, ¥5.45 million and 629.5, respectively. S2 is the best scheme in terms of EC, with a value 349 

of 604.1 tons. Although the optimal scheme is not the most environmentally friendly scheme concerning EC, its value, 350 

628.4 tons, is still the second-lowest. Compared with the two reactive schemes (S5 and S6) that are widely adopted in 351 

current practice, the optimal scheme can lead to budgetary savings of 74% and 86%, respectively, with approximately 352 

76% and 83% lower environmental impacts and an LTP that is 25% and 47% higher. Similar results are also obtained for 353 

the other proactive maintenance schemes when compared with the reactive schemes. These results support the previous 354 

conclusion: proactive maintenance could be more sustainable than reactive maintenance. For decades, many highway 355 

companies or agencies have adopted a reactive maintenance policy, and they are unwilling to use more sustainable or 356 

environmentally friendly maintenance schemes since they believe that a more significant budget will be needed to ensure 357 

the performance and environmental impacts of highway pavement, which will compromise their profit. However, from 358 
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the results of this study, it can be concluded that it is possible to simultaneously improve pavement performance and 359 

reduce its environmental impacts while achieving budgetary savings by adopting more reactive schemes through scientific 360 

decision-making. 361 

Figure 8 362 

Fig. 18 shows the average pavement PCI values when applying the six maintenance schemes during the analysed period. 363 

Once again, the optimal scheme is the best, as the average PCI values rank first in most years. Meanwhile, the PCI curve 364 

corresponding to S1 remains high in most years and is always higher than 85. On the other hand, the PCI curves of S5 365 

and S6 fluctuate wildly, and their PCI values are less than 85 in 9 and 11 years, respectively. By comparison, as expected, 366 

the optimal maintenance scheme results in better pavement conditions over the analysis period. Pavement in better 367 

conditions can reduce road user costs and vehicle emissions while improving user comfort and safety, thus providing 368 

more significant social benefits. 369 

Figure 9 370 

Fig. 19 shows the annual costs of the six maintenance schemes during the analysis period. The budget is allocated 371 

unevenly over the 20 years when a reactive maintenance scheme is adopted, especially for S6. The annual costs are 372 

extremely high between the 1st and sixth years and between the 13th and 17th years due to costly reconstruction activities, 373 

and in the years after these reconstruction works (7th-12th years and 18th-20th years), the road condition remains at a 374 

relatively high level; thus, no maintenance activities are conducted. Therefore, it is not easy to maintain a constant and 375 

professional maintenance group when adopting this model. Additionally, in some years, road companies cannot provide 376 

a sufficient budget for reconstruction projects; thus, rehabilitation activities will have to be postponed, which can lead to 377 

terrible serviceability, as it can be seen from the pavement deterioration curve expressed by equation (16) that pavements 378 

deteriorate drastically when they are in poor conditions. On the other hand, compared to all the other maintenance 379 

schemes, the annual costs of the optimal scheme are much lower, and the curve is steadier, which makes the highway 380 

more manageable and can guarantee pavement serviceability. 381 

5 Conclusion 382 

This research has proposed an LCA-based multicriteria optimisation model for sustainable maintenance schemes by 383 

integrating environmental, economic and social aspects in the decision-making process. The case study based on a 384 

highway project in Sichuan Province, China, provides several research contributions and recommendations. 385 

The results indicate that incorporating the environmental and social dimensions with the economic dimension considered 386 

in traditional pavement maintenance allows a more sustainable maintenance scheme that can reduce more than 76% of 387 

environmental impacts, reduce the LCC by 74% and enhance LTP by 25% compared to the reactive maintenance schemes 388 

that practitioners conventionally adopt. 389 

According to the case study concerning the suitability of specific maintenance treatments, the recommended treatments 390 

are CF and MS, while MF and RC are not competitive. These results also highlight the significance of proactive 391 

maintenance policies. Compared to reactive policies, preservative policies enable a more sustainable budget allocation, 392 

and they turn out to be more environmentally friendly and effective. This indicates that early maintenance, which is 393 

applied in scenarios in which pavements have good conditions, enables more efficient management from the 394 

environmental, economic and social perspectives. 395 
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Although the authors believe that the proposed optimisation model has been proved to be helpful for practitioners 396 

developing highway infrastructure that is more sustainable, some limitations should still be addressed in the future: 397 

 The environmental assessment in this study considers the EC and EE of maintenance treatments, making it possible 398 

to analyse the environmental benefits of adopting more sustainable treatments. However, this analysis does not 399 

include an impact assessment (e.g., global warming potential). Therefore, further research is needed to improve the 400 

methodology for the environmental assessment. More environmental indicators (e.g., NO2 and SO2 emissions) can 401 

be considered, thus obtaining a more comprehensive life cycle impact assessment. 402 

 The social assessment proposed in this study considers the benefits to road users through the LTP of pavement. 403 

However, further research is needed, including assessing the social benefits obtained from improvements in 404 

pavement conditions (e.g., vehicle operating costs). 405 

 The system boundaries considered in this study do not account for work zone management during maintenance 406 

activities or its impact on road users (e.g., traffic congestion). Thus, it would be interesting to integrate other life 407 

cycle phases of highway projects into the optimisation process. 408 

Data Availability Statement 409 

Some or all data, models, or code generated or used during the study are available in a repository online in accordance 410 

with funder data retention policies. These sources are listed in   411 
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Table 2. 413 

Some or all data, models, or code generated or used during the study are proprietary or confidential in nature and may 414 

only be provided with restrictions. The results of the survey to obtain the weights of the four indicators may only be 415 

provided anonymously. The data concerning the case study analysed in this paper may only be provided with the project 416 

name anonymised. 417 
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Table 1 491 

EC and EE LCI data for pavement materials 492 

Material 
EC 

[kg/kg] 

EE 

[MJ/kg] 
Sources 

Bitumen 0.3025 3.901 
(Alcorn 2003, Giustozzi et al. 2012, Hammond & Jones 

2008) 

Bitumen emulsion  0.221 3.49 (Giustozzi et al. 2012)  

Polymer-modified 

Bitumen 
0.35 5.49 (Zulu et al. 2020) 

Emulsifiers 0.6 63.25 (Giustozzi et al. 2012) 

Cement 0.9589 5.4333 
(Alcorn 2003, Giustozzi et al. 2012, Hammond & Jones 

2008) 

Hydrated lime 0.74 5.3 (Hammond & Jones 2008) 

Lignin fibre 1.5 115 (Janssen et al. 2019) 

Tack coat 3.187 0.225 (Zulu et al. 2020) 

Crushed aggregates 0.0075 0.0389 (Giustozzi et al. 2012) 

Pit-run aggregates 0.0042 0.0397 (Alcorn 2003, Giustozzi et al. 2012) 

Sand 0.006 0.1 (Alcorn 2003, Hammond & Jones 2008) 

Quartz powder 0.02 0.85 (Hammond & Jones 2008) 

Stone chipping 0.0170 0.3 (Hammond & Jones 2008) 

Fly ash 0.01 0.1 (Hammond & Jones 2008)  

Potable water 0.0002 0.1050 (Giustozzi et al. 2012, Hammond & Jones 2008) 
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Table 2 494 

EC and EE of equipment operation 495 

Type Model 
EC 

(g/m2) 

EE 

(MJ/m2) 
Sources 

Paver 

DF145C 15.43 0.20 
(Giustozzi et al. 2012, Zulu et al. 

2020) 

Super1603 15.85 0.21 
(Giustozzi et al. 2012, Zulu et al. 

2020) 

Miller 

PL2100S 73.45 0.97 
(Giustozzi et al. 2012, Zulu et al. 

2020) 

W120F 78.33 1.04 
(Giustozzi et al. 2012, Zulu et al. 

2020) 

Double drum steel roller 
CC421 50.35 0.684 

(Giustozzi et al. 2012, Zulu et al. 

2020) 

CC421 27.99 0.371 (Zulu et al. 2020) 

Pneumatic tire roller 
CP142 15.41 0.204 (Zulu et al. 2020) 

CP274 13.18 0.175 (Zulu et al. 2020) 

Chip seal machine (spraying and compaction) 46.2 0.6 (Zulu et al. 2020) 

Bitumen distributor for the application of emulsion 

(60%) 
36 0.491 

(Zulu et al. 2020) 

Truck transportation 61.9 0.901 (Zulu et al. 2020) 
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Table 3 497 

Main characteristics of each segment 498 

Segment Length (km) Width (m) PCI 

1 3.0 3.75 82.6 

2 4.0 3.75 88.7 

3 3.5 3.75 77.2 

4 3.0 3.75 72.3 

5 1.8 3.75 67.4 
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Table 4 500 

Environmental impacts, costs, and effects of different maintenance treatments 501 

Treatment EC (kg/m2) EE (MJ/m2) Cost (103 ¥/km) Life expectancy Effect Application range 

DN 0 0 0 0 0 50-100 

CF 1.31 18.69 60 2 years 8.5 75-90 

MS 3.86 47.76 86.25 3 years 13.9 70-90 

TO 7.58 127.35 131.25 5 years 24.1 60-80 

MF 17.38 278.09 487.5 6 years 33.7 50-70 

RC 29.72 443.53 1143.75 10 years to 100a 0-60 

a The PCI will be improved to 100 after reconstruction. 502 
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Table 5 504 

Meanings of different values in the questionnaire 505 

Value 1 2 3 4 5 

Meaning Not important 
Slightly 

important 

Moderately 

important 

Strongly 

important 

Extremely 

important 
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Table 6 507 

Numbers of participants in the three groups choosing different values 508 

Value 1 2 3 4 5 

EC 

Government 1 4 0 0 0 

Universities 2 1 2 0 0 

Highway company 4 1 0 0 0 

EE 

Government 2 2 1 0 0 

Universities 2 1 2 0 0 

Highway company 3 2 0 0 0 

LCC 

Government 0 0 0 2 3 

Universities 0 0 0 1 4 

Highway company 0 0 0 0 5 

LTP 

Government 0 0 0 0 5 

Universities 0 0 0 2 3 

Highway company 0 0 0 2 3 
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Table 7 510 

Maintenance treatments adopted and the threshold values for the comparison schemes 511 

Code Treatment adopted Threshold value 

S2 CF 90 

S3 MS 85 

S4 TO 80 

S5 MF 70 

S6 RC 60 
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Figure Captions 513 

Fig. 1. The framework of the proposed optimisation model 514 

Fig. 2. Phases and LCI of pavement maintenance activities 515 

Fig. 3. Long-term performance (LTP) of segment n 516 

Fig. 4. Results of regression analysis

 

517 

Fig. 5. EE (left column) and EC (right column) in different phases of the five maintenance treatments 518 

Fig. 6. Proportions of the treatments applied in the optimal scheme 519 

Fig. 7. Indicator values of the six maintenance schemes 520 

Fig. 8. Indicator values of the six maintenance schemes 521 

Fig. 9. Average PCI values of the six maintenance schemes over time (years) 522 

Fig. 10. Annual costs of the six maintenance schemes 523 
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 525 

Fig. 11. The framework of the proposed optimisation model 526 
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 528 

Fig. 12. Phases and LCI of pavement maintenance activities 529 
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 531 

Fig. 13. Long-term performance (LTP) of segment n 532 
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 534 

Fig. 14. Results of regression analysis
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 537 

Fig. 15. EE (left column) and EC (right column) in different phases of the five maintenance treatments 538 
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 540 

Fig. 16. Proportions of the treatments applied in the optimal scheme 541 
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 543 

Fig. 17. Indicator values of the six maintenance schemes 544 
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 546 

Fig. 18. Average PCI values of the six maintenance schemes over time (years) 547 
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 549 

Fig. 19. Annual costs of the six maintenance schemes 550 
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