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Abstract: Transport infrastructure’s asphalt pavement deteriorates under the influence of destructive factors. 

Damages which have been occurred during its exploitation period are repaired, and when their further 

rehabilitation is economically and technically irrational, the asphalt pavement is recycled. The material from 

the asphalt pavement layer that has reached its limit state is milled out or broken and crushed and then is 

repeatedly used in the production of hot-mix asphalt (HMA) or warm-mix asphalt (WMA) mixtures. In this 

paper, the dynamics of the percentage recycling ratio (RR) of old asphalt pavement material was investigated. 

RR represents the quantity of reclaimed asphalt pavement (RAP) used in the production of HMA and WMA 

mixtures in Europe and the USA, divided by the total amount of RAP prepared in the country. Factors and 

goals affecting it are analyzed. An original system of 10 criteria that increase the RR country has been created. 

By applying different multiple criteria decision making (MCDM) methods and using the importance given to 

these criteria by 14 experts, the normalized subjective weights of the criteria were determined. Analytic 

Hierarchy Process (AHP), rank correlation, Average Rank Transformation into Weight - Linear (ARTIW-L) and 

Non-linear (ARTIW-N), Direct Percentage Weight (DPW) methods were used in the study. The results display 

that the RAP recycle rate is close to 100% in countries with a sustainable economic background. In the Baltic 

countries, it is mostly increased by the adequacy of regulatory documents, the strategy promoting asphalt 

recycling in the country, and the homogeneity and classifying of RAP. The number and capacity of RAP stocks, 

the number and productivity of asphalt milling equipment and the wear and tear of the asphalt pavement have 

the least influence on the increase of RR. The opinions of experts in assessing the significance of all criteria are 

consistent. The averages of the weights of criteria determined by four MCDM methods (AHP, ARTIW-L, 

ARTIW-N, DPW) made it possible to obtain more reliable results. These results can be used to make strategic 

decisions and to create a plan of practical actions to increase the RAP recycling rate in the developing countries. 

Keywords: asphalt recycling; reclaimed asphalt pavement (RAP); recycling rate; MCDM; criteria weight; expert 

evaluation; opinion consistency 

 

1. Introduction 

Countries where sustainable economy is developed are repeatedly using (recycling) asphalt 

from the old pavement of the transport infrastructure. Old asphalt grains are properly prepared for 

the further recycling, called reclaimed asphalt - RA or reclaimed asphalt pavement - RAP. Grains are 

extracted from asphalt layers by cold milling or breaking them, followed by crushing old pavement 

blocks and screening. Reclaimed asphalt (RA) is asphalt reclaimed by milling of asphalt road layers, 

by crushing of slabs ripped up from asphalt pavements or lumps from asphalt slabs and asphalt from 

surplus production [1]. 

Used asphalt grains of the determined maximum size (RAP) are dosed at the plant during the 

production of hot-mix asphalt (HMA) and warm-mix asphalt (WMA) mixtures (hot-mix recycling). 

In some cases, they are cold-mixed with or without virgin mineral materials and binders and paved 

in the base layer (cold-mix recycling). In both operations, economic and environmental benefits are 
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targeted as virgin resources and energy are saved, and production waste is not generated. One of the 

most important goals in the road construction industry is increasing the amount of RAP, i.e. the target 

is that all or almost all RAP available in the country is reused as rationally as possible. 

High quality material milled from a street, aircraft runway and vehicle parking lot pavement the 

lower or upper asphalt layer course is most beneficial for repeated use in the production of recycled 

hot and warm asphalt mixtures (RHMA and RWMA). The higher the percentage of RAP is used, the 

lower the cost of the recycled asphalt mix is [2]. The aim is that the recycled asphalt mixture has no 

worse properties than a mixture produced only from virgin materials. For this purpose, it is necessary 

to use homogeneous RAP, to separate the RAP removed from different pavement’s layers, to assess 
its properties with sufficient accuracy, to be able to choose the mass ratio between it and virgin 

materials, to choose a suitable renewing material (rejuvenator) or a more liquid bituminous binder, 

and to accurately dose and mix all materials. It is especially important to produce a recycled mixture 

of HMA and WMA in an asphalt mixing plant (AMP) that corresponds to its job mix formula (JMF), 

strictly controlling the required temperature and completely mixing its components. In the process 

of its production, storage and transportation, it is necessary to reduce segregation, oxidative aging of 

the bituminous binder and decrease in temperature. 

The aim of this paper is to investigate the ratio of the amount of RAP used in the production of 

HMA and WMA mixtures in individual countries to the total amount of prepared RAP available in 

the country, to systematize the factors (criteria) that increase this recycling rate and, after using expert 

assessments, four MCDM methods to determine the weights of these criteria and analyze them. 

2. Literature Review 

During the service period of the asphalt wearing layer, the deterioration of physical and 

mechanical properties is most influenced by changes in the bituminous binder due to aging processes.  

Due to the influence of temperature and oxygen, a change in the structure and/or composition 

of the binder occurs, and it turns harder and more brittle [3]. The oils turn to resins, the resins covert 

to asphaltenes in the result of oxidation process [4]. Oxygen diffusion and oxidative reaction are two 

main factors in bitumen oxidative aging discovered by experiment, (but the dynamic balance 

between them could not be easily studied by experimental methods due to its comprehensiveness). 

A pavement oxidation model for a bituminous binder was used to simulate this process. Oxygen 

molecules penetrate the bitumen film and react with binder molecules [5]. By decreasing oxygen 

diffusion, bitumen oxidation can be slowed down, but only works for oxygen diffusion determined 

cases. 

Except binder determination, a numerical model to predict the diffusion and reaction of oxygen 

in petroleum bitumen film was developed by Herrington [6]. Model parameters for the diffusion-

oxidation process was obtained by correlating oxygen uptake of bitumen solutions to changes in 

carbonyl infrared spectral absorption and viscosity. 

The aim of research [7] was to define the effect of oxidative aging on the chemical and rheological 

properties of neat and styrene-butadiene (SBS) polymer-modified bitumen.  

Increasing the amount of RAP in mix asphalt production has been set as target for the industry 

[8]. This leads to mitigate the impact of tripled binder costs [9]. As the demand for virgin bitumen 

and virgin mineral aggregates decreases, the use of reclaimed materials is increasing [10]. 

During rehabilitation RAP is produced milling paved HMA road. HMA recycling is not 

something unusual as the first site of hot in-place recycling was completed and documented in the 

1930s. Invention and development of a big road milling machine and in conjunction with the oil crisis 

in 1970s leaded the growth of the interest in asphalt recycling [11]. 

The RAP properties play an initial role in defining the performance of the recycled mixture when 

high percentage of RAP is used in HMA production. Gradation and the composition of the old 

asphalt pavement not only define RAP properties as the milling process also has an influence [12].  

The asphalt pavement milling machine’s picks wear intensity impacts on the gradation of RAP, 
the cost of job done, and the utilization of the milling machine [13]. Milled RAP is widely used to in 

AMP for recycled HMA and WMA mixtures production [14]. In research it was demonstrated that 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2023                   doi:10.20944/preprints202310.1660.v1

https://doi.org/10.20944/preprints202310.1660.v1


 3 

 

the asphalt mixtures with RAP content performed at least like, or better than, as conventional HMA 

mixtures [15]. The process of production a recycled HMA or WMA mixtures is more complex than 

the process of production an asphalt mixture only out of the virgin materials. The storage, 

transportation, dosing and drying and heating of RAP require additional equipment [14], the design 

of which depends on whether the heat is transferred to the RAP by conduction or convection.  

The HMA mixture production errors of and designed suboptimal mass ratio of constituents have 

an immediate effect to poor quality of asphalt pavement [16]. The type of asphalt plant and 

production parameters have an impact on the properties of the recycled asphalt mixture and the 

degree of mixing of the old and new bituminous binder [17]. New generation asphalt production 

equipment complying new industry standards replaces outdated design equipment with an 

insufficient control system to produce high-quality asphalt mixtures [18]. Current HMA’s quality 
control (QC) methods are work power and time consumptive which makes inefficient processing of 

information needed to monitor and control the production [19].  

Hot recycling in plant is one of the advanced applications adapted for recycling of asphalt 

pavement materials. Defined in the recipe quantity of RAP, virgin binder and mineral aggregates are 

added, heated, and mixed to produce the recycled HMA during hot recycling in plant process. 

Different types of rejuvenators are added [20].  

HMA mixtures are stored in heated ready-mix silos before they are ready to be transported to 

construction sites. The HMA storage time in the silo varies and depends on several factors. Short-

term aging of the binder may occur if HMA is exposed to higher temperatures. Blending or diffusion 

could occur between the RAP and virgin binders in their interaction [21]. 

The design of individual equipment and the recycling technology plays significant role 

influencing the process parameters and sequence of hot RAP recycling in an AMP which should be 

suitable for the application of the most important principles of recycling, which have been 

systematized and analyzed [22]. 

Review [23] says that the fundamental thermodynamics and kinematics involved in the plant 

production of RAP mixtures. This review states that the mixing time, mixture discharge temperature, 

and silo storage time are fundamental on the mechanical performances of RAP mixtures produced in 

laboratory or AMP as it was found during experimental studies. 

In study [24], thermodynamics and heat transfer principles were used to estimate virgin 

aggregate temperature. Gradation, moisture content and the mix proportion of virgin aggregates and 

RAP were the main factors for virgin aggregate temperature estimation in the drum plant. 

A numerical model was developed to investigate the RAP grain inside melting potential in 

asphalt mixing drum based on the thermal properties of asphalt materials [25]. The presented model 

provides the practice-ready calculation of the minimum time needed for any spherical particle to heat 

to a required temperature considering the initial temperature, ambient temperature, thermal 

diffusivity, and particle radius. The resulting equation displays that there may occur conditions 

where the RAP grain core could not be sufficiently heated in asphalt mixing drum. 

The usual method requires a significant amount of energy for production of bituminous binder, 

drying aggregates, and subsequent production of HMA at AMP. For example, approximately 6 liters 

of fuel are used for drying and heating one ton of aggregates. Significant amount of greenhouse gases 

and harmful pollutants are released during the production of tremendous quantities of HMA [26].  

Asphalt pavement maintenance and rehabilitation are more frequently performed on porous 

asphalt (PA) as of its low longevity. This leads to the accumulation of a significant amount of RAP 

which is not used totally as the use of RAP is not usually allowed in PA [27]. 

The paper [20] forces to find a solution on the problem of constituent proportioning with the 

help of a generalized formulation that does require any prefixing of the quantity (or property) of any 

of the constituents. A linear programming (LP) method has been proposed. An asphalt mixture 

designer can minimize of the total material cost or maximize of the total RAP quantity to be used in 

the recycled mixture. 

The work [28] presents a method for determining the consumption of the recycled hot-mix 

asphalt (RHMA) mixture, which allows calculating the maximum allowable percentage of RAP 
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depending on its homogeneity. Getting the established maximum RAP amount as a constant size, the 

required content of new mineral materials is estimated thus considering bitumen capacities.  

Assessing the scale of the blending between virgin and old binders and identifying the key 

affecting factors are increased during recent years. Viscosity as a function of temperature, exposure 

time, and film thickness have been mentioned as the main factors controlling the blending between 

two binders that are in contact [29]. 

Researchers say [30] that RAP should not be considered a “black rock” because significant 
blending occurs between the RAP and virgin asphalt binders. In study is recommended that blending 

charts based on virgin and recovered RAP binder properties be used to account for the RAP 

contribution to the total binder properties and / or to select a lower grade virgin binder when RAP is 

used in lower quantities. 

The result [31] indicates with short mixing time, RAP tends to work as inert black rock and the 

complete blending process proceeds towards if the mixing time significantly increased. However, 

longer RAP and virgin aggregate mixing times could result in recycled HMA higher stiffness 

modulus and greater homogeneity. 

The objective of publication [32] is to provide a methodology to determining the degree of partial 

blending in high RAP mixtures. When RAP is mixed with virgin aggregates and virgin binder, partial 

blending of RAP binder with virgin binder develops in the HMA. because As the degree of blending 

between the RAP and the virgin materials is not known, authorities limit the amount of RAP. 

The temperature characteristics of RHMA mixtures were studied through viscosity – 

temperature dependency of asphalt binders and temperature storage stability of blended mixtures 

[33]. The characteristics of temperature storage stability would be greatly influenced by the preheated 

temperatures of various components in asphalt mixtures. The results showed that the control 

optimization of RHMA mixture could lead to good rheological properties of asphalt binder 

containing reclaimed (old) and fresh (new) asphalt binder. 

The properties of the old bituminous binder are restored in bitumen films, the thickness of which 

depends on the size (diameter) of the mineral grains. Only the optimal amount of aggregate (old and 

new) binder allows to obtain the best properties of the regenerated asphalt mixture. Excess and 

deficiency of aggregate binder deteriorates the properties of RHMA mixture. The design of the 

bitumen dosing system of the asphalt mixer and its management has a significant influence on the 

increase in the amount of bituminous binder in the produced asphalt mix from the deviations from 

the JMF [34]. 

The average bitumen film thickness (BFT) is not a measured physical property. This parameter 

is calculated as material’s volumetric characteristics and gradation [35]. Another computational 
method significantly improves the current conventional method for the asphalt film thickness 

calculation because grain shape factors and flat surface factors for sieve sizes are considered [35]. The 

field and laboratory experimental data both show that the bitumen film thickness is a significant 

factor influencing the rutting performance for asphalt mixtures. The research results [36] show that 

there is a dependence between the thickness of the bituminous film of the aggregate specific surfaces 

and the residual deformation. 

Mixtures with greater amounts of RAP are enhanced by adding rejuvenator additives. The use 

of suitable rejuvenators allows to refine the properties of the old binder and the percentage of RAP 

in recycled asphalt mixture could be increased [9]. Recycled asphalt mixtures can be also produced 

using a significant amount of different waste materials [37]. The tests performed on the recycled 

asphalt mixtures containing lard imidazoline confirm the suitability of this agent for paving 

applications [38]. 

Rejuvenator is not a commonly used softening agent to be used in recycling of RAP. In study 

[39] Superpave mixtures containing RAP were designed on a base of rejuvenator and a soft binder. 

Later mixtures were evaluated in regard of the volumetric result obtained the indirect tensile strength 

(ITS) of samples and assessing the mixtures for rutting using the asphalt pavement analyzer (APA). 

All Superpave mixtures wit RAP contents displays same quality properties as the two control virgin 

mixtures.  
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Rejuvenator is an oil consistency material which restores RAP binder during hot recycling in 

plant. Ten potential locations for rejuvenator addition in asphalt plant were ranked and full-scale 

asphalt mixtures production experiment was performed to compare rejuvenator addition to cold 

RAP on conveyor belt versus addition to hot RAP in mixer [40, 41]. The effects of rejuvenator addition 

were evaluated to cold RAP before the RAP heating drum as opposed to the more conventional 

approach to add rejuvenator to hot RAP [40].  

The minimum RAP content (min. RAP %) depends on the capability of AMP equipment to 

provide addition of the RAP accurately and consistently. The maximum amount of RAP (max. RAP 

%), that can be added to a mixture, depends on several factors including: amount of RAP available; 

specification limits; capability of the hot-mix plant to dry, heat, and effectively mix the RAP material; 

gradation of the RAP aggregate, particularly the amount of material passing 0.075-mm sieve (mineral 

filler); variability of the RAP; properties of the RAP binder and available new binders [42]. 

The homogeneity of the feedstock shall be determined from the variability of the percentages of 

coarse and fine aggregates and of fines in the reclaimed asphalt, the binder content of the reclaimed 

asphalt and either the penetration, the softening point or the viscosity of the binder recovered from 

the reclaimed asphalt [1, 43]. 

The Literature Review shows that the following are the most important goals of asphalt 

pavement recycling: 

1. All the old asphalt removed from the road, street or other transport infrastructure element 

should be reused to produce hot and warm mixed asphalt mixtures aim for a recycling ratio 𝐾𝑅𝑒𝑐  equal to or close to 100%. Factors increasing the relative amount of asphalt pavement 

recycling in the country and their significance have not been studied. 

2. Use as much RAP as possible in the recycled asphalt mixture (RAP percentage in the mix), 

depending on the design and technological parameters of the recycling equipment and the 

homogeneity of RAP, because this strategy allows RAP to be used at the highest level of value 

creation. 

3. Aim for the recycled asphalt mixture to be of the same or close quality as the (conventional) 

mixture made only from new materials. The recycling process is considered complete when the 

new and old materials are evenly mixed mechanically and when the diffusion mixing of the old 

and new bituminous binder in the films covering the mineral particles has ended. 

3. Asphalt pavement recycling rate in various countries 

Worn asphalt pavement layers are recycled in a cold or hot state. The first phase of the recycling 

process consists of milling or breaking the asphalt pavement layer. During the cold recycling process, 

the removed asphalt pavement is crushed to a certain size of grains, suitable for their re-use in the 

production of new (recycled) asphalt mixtures and material mixtures for the construction of road 

base layers without binders. 

The cold milling of asphalt pavement layers should be processed so that the different mixes from 

the different layers are separated if possible. Selectively milled asphalt pavement can be used at the 

highest level of the value creation according to its origin (e.g. also for asphalt pavement upper courses 

construction) [44]. 

Greater economic benefits can be obtained by increasing the proportion of domestically 

prepared RAP used in the production of recycled hot-mix and warm-mix asphalt mixtures. The 

model (Figure 1a) shows that the entire amount of RAP prepared in the country in one year is divided 

into two parts of its use: for RHMA and RWMA mixtures production (QRec) and for cold road base 

materials (QMM) production. The amount of RAP prepared in the country QRAP depends on the length 

of the road network, the degree of wear and tear of the asphalt pavement surface, and investments 

for the development and maintenance of roads in the country. 

The required amount of the virgin materials that improve the gradation of RAP and the 

properties of the old bituminous binder (mVM) is added to the determined optimal amount of RAP 

(mRAP) in the design and production process of the recycled asphalt mixture (Figure 1 (b)). The 

maximum amount of RAP grains 𝑚𝑅𝐴𝑃max that can be added to the asphalt mixture depends on the 
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homogeneity of the RAP and the method of the heat energy transfer to the RAP granules in AMP, i.e. 

RHMA mixture production technologies. 

Domestical percentage of available RAP re-use in hot and warm mix asphalt production in 

separate (each) year percentage RR is calculated from formula: 𝐾𝑅𝑒𝑐 = 𝑄𝑅𝑒𝑐𝑄𝑅𝐴𝑃 ∙ 100, (1) 

where 𝐾𝑅𝑒𝑐  – domestical asphalt pavement recycling rate, %; 𝑄𝑅𝑒𝑐 – amount of prepared RAP used 

in recycled hot and warm asphalt mixtures in the country during the research year, t; 𝑄𝑅𝐴𝑃 – amount 

of prepared all RAP in research year, t. 

 

 

(a) (b) 

Figure 1. Re-use models of old asphalt pavement: (a) Relative recycling rate KRec in the country, (b) 

RAP percentage mass in the asphalt mixture when heat energy is transferred to it by conduction (1) 

or convection (2). 

According to formula above, 𝐾𝑅𝑒𝑐  is calculated considering the data of 𝑄𝑅𝑒𝑐 and 𝑄𝑅𝐴𝑃, using 

statistical data officially published, for example asphalt pavement associations [45]. 

Presented model in (Figure 2) displays RAP used in production of HMA and WMA mixture 

relative amount to the overall RAP amount. 

 

Figure 2. The interface model of percentage recycling rate in the country. 
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The recycling rate 𝐾𝑅𝑒𝑐  changes from country to country and varies from 0% to 100%. 

Conditionally, this variation range can be divided into 4 equal intervals: 𝐾𝑅𝑒𝑐 = 0 ÷ 25% (small RAP 

amount is used to produce HMA and WMA); 𝐾𝑅𝑒𝑐= 25 ÷ 50% (satisfactory use); 𝐾𝑅𝑒𝑐  = 50 ÷ 75% 

(good or sufficient utilization) and 𝐾𝑅𝑒𝑐  = 75 ÷ 100% (very good utilization). This ratio 𝐾𝑅𝑒𝑐shows the 

actual potential of the restoration of the country's road infrastructure and the degree of its utilization, 

to achieve a sustainable economic effect aligned with environmental protection, saving virgin 

material resources, and reducing the cost of construction. In some case certain amounts of RAP are 

imported from another country, so its 𝐾𝑅𝑒𝑐  can be higher than 100% (Figure 2). 

European Asphalt Pavement Association (EAPA) Asphalt in Figures [45] statistics provides the 

percentage of RAP prepared in European countries and the USA, which is used in recycled HMA 

and WMA mixtures during the last three years. Table 1 displays that the % of available RAP re-use 

in hot and warm mix asphalt production in 2017‒2019 varies from 100% (Finland) to 0% (Romania). 
10 European countries did not provide these results to EAPA, including 3 Baltic countries and Poland. 

In this research 3 years average was taken because not all countries provided their data each year. 

Three years average recycling rate 𝐾𝑅𝑒𝑐  (Table 1) shows that it is in the interval from 0 to 25% 

in five out of nineteen European countries: CZ, IT, SI, TR, RO. 𝐾𝑅𝑒𝑐   is found in three European 

countries: HR, GB, NO in the interval from 25 to 50%. More than half (from 50 to 75%) of RAP is used 

to produce HMA and WMA mixtures in six European countries: AT, DK, FR, SK, ES, NL. The highest 

value of 𝐾𝑅𝑒𝑐 = 75 – 100% is presented by five European countries: FI, BE, CH, HU, DE and the United 

States of America (USA). 

The ranks (priorities) assigned to the countries according to 𝐾𝑅𝑒𝑐 values show that the leaders 

in Europe are Finland (𝐾𝑅𝑒𝑐= 100%), Belgium (𝐾𝑅𝑒𝑐  = 91%) and Switzerland (𝐾𝑅𝑒𝑐 = 90%). The USA, 

which data is provided in report as non-European country, also has a high recycling rate (𝐾𝑅𝑒𝑐= 94%).  

Table 1. The relative amount of RAP (recycling rate KRec) used in hot and warm mixed asphalt 

mixtures in European countries and the USA. 

Country 

% of available reclaimed asphalt 

re-use in hot and warm mix 

asphalt production (KRec) 

Average 𝑲̅𝑹𝒆𝒄, 

% 

Rank 

(priority) 

2017 2018 2019 

Austria (AT) 60 70 70 67 11 

Belgium (BE) 95 100 79 91 2 

Croatia (HR) no data no data 35 35 12 

Czech Republic (CZ) 14 12 14 13 17 

Denmark (DK) 66 68 70 68 10 

Finland (FI) 100 100 100 100 1 

France (FR) 70 73 75 73 6‒8 

Germany (DE) 84 82 82 83 5 

Great Britain (GB) half warm 90 30 30 30 14 

Hungary (HU) 95 70 98 88 4 

Italy (IT) 23 no data 25 24 15‒16 

Netherlands (NL) 71 no data no data 71 9 

Norway (NO) 30 34 28 31 13 

Romania (RO) no data no data 0 0 19 

Slovakia (SK) 96 82 40 73 6‒8 

Slovenia (SI) 24 24 23 24 15‒16 

Spain (ES) 83 76 59.6 73 6‒8 

Switzerland (CH) no data no data 90 90 3 

Turkey (TR) 9 1 9 6 18 

USA 96 90.5 94.1 94 (2) 
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Applying multiple criteria decision making (MCDM) methods can be determined what factors 

(criteria) identify the 𝐾𝑅𝑒𝑐  in the country. For this purpose, a system of criteria with their detailed 

descriptions is created, MCDM methods are selected, questionnaires are prepared to be answered by 

road building sector experts (specialists) who are involved in the field of the problems solving of 

asphalt pavement recycling and experts were selected, then the applied methods and the procedure 

for filling out the questionnaires are explained to them. 

4. Systematized criteria increasing the asphalt recycling rate in the country 

4.1. Criteria, increasing asphalt recycling rate 

Criteria that increase the relative amount of asphalt pavement recycling (recycling rate) in the 

country were systematized during discussions with dedicated professionals in the mix design, 

asphalt production technologies and asphalt mixtures application in the construction process of 

transport infrastructure, employees of scientific institutions and analyzing scientific publications. The 

full description and abbreviations of these ten criteria (A, B, C, D, E, F, G, H, I, J) with a detailed 

explanation of the research object are given below. 

Factors which are increasing the recycling rate 𝐾𝑅𝑒𝑐  of highways, roads, streets, airport runways 

and taxiways, and other transport infrastructure areas (percentage ratio QRec of the quantity of RAP 

used in the recycled hot and warm asphalt mixes from the old pavement with the total the amount 

RAP (QRAP)) in the country: 

A. Significant wear and tear of the country's transport infrastructure’s asphalt pavement up to the 
limit state: many damages and their rehabilitation sites, a low strength index of the road 

structure and low residual resource (wear of the asphalt surface). 

B. The number of recycling equipment (remixers, recyclers and asphalt plants adapted to recycle 

RAP) in the country, their innovative design, high productivity and even (proportional to the 

amount of RA) arrangement (number of recycling equipment and productivity). 

C. The large number and cumulative performance of equipment for dismantling, crushing and 

classifying the used asphalt pavement (road milling machines, crushers, screens), their 

innovative design (quantity and performance of road milling machines). 

D. Relevance of normative documents regulating asphalt recycling technologies, requirements for 

RAP sorting, storage and quality, design of optimal composition of recycled mixture, testing 

methods and environmental protection (relevance of the normative documents). 

E. Qualification, experience, training system developed in the country of managers, professional 

specialists and other staff members who intend and can recycle asphalt pavement (personnel 

qualification and skills). 

F. Comprehensible regulation of the ownership of RAP, increasing the economic benefits of their 

use in the recycled asphalt mix (RAP ownership and economic utility). 

G. Classifying and storage of RAP from the upper, bottom, and base layers of different roads and 

streets in separate stacks, increasing the homogeneity of recycled asphalt and its maximum 

useable amount (RAP homogeneity and classifying). 

H. Sufficient number and large capacity (volume) of stocks (buildings, stacks with roofs) adapted 

to store prepared RAP) protecting them from precipitation and self-compaction (possible 

sticking) (number and capacity of RAP stocks). 

I. Abundance of rejuvenating materials (additives) for restoring the properties of aged viscous 

bitumen in RAP on the market, their reasonable price and high efficiency, developed industry 

of their production in the country (quality of rejuvenating materials). 

J. A strategy for the maintenance and development of the country's transport infrastructure, 

encouraging energy and material saving by using reclaimed asphalt which quality is not worse 

than an asphalt mixture made from virgin resources (asphalt recycling strategy). 

Each expert received the description of the criteria and the questionnaire in the appropriate 

form, where he had to give the criteria ranks, percentage weights and scores to fill in the AHP 

(Analytic Hierarchy Process) pairwise comparison matrix. 
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4.2. Experts 

One of the most important stages of the research was the selection of an expert group of 

professional specialists in the area under consideration. It was expected that the evaluation of the 

experts would not be the same, and their slight differences would allow to calculate the significance 

of the criteria, expressed as average ranks or weights. The opinion of a group of experts is always 

more accurate than the opinion of a single expert. 

A particularly difficult task was to select experts out of potential asphalt professionals, who 

agreed to participate in the study, range in order properly fill out the questionnaires handed to them. 

There were 14 experts in the Baltic States, of which 8 were asphalt production and pavement 

construction professionals, 4 university scientists and 2 researchers working in the road construction 

and asphalt production companies. 

5. Criteria significance research methods 

The significance of indexes (criteria), expressed by their subjective normalized weights, can be 

determined using different methods (algorithms). None of them have a theoretical advantage over 

other methods. However, the general principle of all these algorithms is the same: the most important 

criterion must be assigned to the highest weight. The sum of the weight values of all criteria must be 

equal to one, i.e. they are normalized. 

To increase the reliability of the research result, four Multiple Criteria Decision Making (MCDM) 

methods were chosen. Initially, the rank correlation method presented by Kendall [46] was used. 

From the ranks of the studied criteria, applying new average rank transformation into weights linear 

and non-linear (Average Rank Transformation into Weight-Linear - ARTIW-L and Average Rank 

Transformation into Weight - Non-linear - ARTIW-N) methods [47, 48, 49], the normalized criteria 

weights were calculated. The experts also provided percentage importance estimates for the criteria, 

which were used to calculate all the normalized weights of their subjects using the Direct Percentage 

Weight (DPW) method. The Analytic Hierarchy Processes AHP method [50] was the most 

widespread in scientific papers in the world, but it was complicated, because not all experts were 

able to correctly fill in the pairwise comparison matrix to respect the condition of transitivity and 

make it consistent. 

5.1. Average Rank Transformation into Weight-Linear (ARTIW-L) method 

This method calculates the averages of the ranks given by the experts (j = 1, 2, ..., n) participating 

in the research for each criterion (i = 1, 2, ..., m): 𝑅̅𝑖 = ∑ 𝑅𝑖𝑗𝑛𝑗=1𝑛 , (2) 

where Rij – the rank assigned to the i-th criterion of the j-th expert; n – number of experts. 

The subjective normalized weight of each criterion is calculated using the linear method of 

transforming rank averages into weights (ARTIW-L) [47]. 𝜔𝑖 = (𝑚+1)−𝑅̅𝑖∑ 𝑅̅𝑖𝑚𝑖=1 , (3) 

where 𝑅̅𝑖 – i-th criterion average rank; m – the number of criteria describing the research object. 

The criteria weights ωi calculated by the ARTIW-L method are linearly correlated with the 

average ranks of these criteria 𝑅̅𝑖. 
To be able to take the experts group opinions’ average expressed in ranks, scores, or weights, as 

the result of solving the problem, it is necessary to check whether the opinions of all experts are not 

contradictory. Only when the assessments of all experts are similar (non-contradictory), the average 

is a reasonable decision. For this reason, Kendall's variance concordance coefficient W [46], which 

shows the compatibility of expert opinions, is calculated and its the numerical value can vary from 0 

to 1: 
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𝑊 = 12𝑆𝑛2(𝑚3−𝑚) = 12𝑆𝑛2𝑚(𝑚2−1) . (4) 

The sum of the squares S of the deviations of the sum of ranks ∑ 𝑅𝑖𝑗𝑛𝑗=1  of each m-th criterion 

from the average rank 𝑅̅ is calculated from the formula: 𝑆 = ∑ [∑ 𝑅𝑖𝑗 − 12 𝑛(𝑚 + 1)𝑛𝑗=1 ]2𝑚𝑖=1 , (5) 

where m – criterions number (i = 1, 2, ..., m); n – expert number (j = 1, 2, ..., n). 

The calculated value of W is compared with its minimum value Wmin, depending on the chosen 

significance level α (take α = 0.05 or stricter α = 0.01) and the number of degrees of freedom ν = m – 1 

[47]: 𝑊min = 𝛼,𝜈2𝑛(𝑚−1), (6) 

where 𝛼,𝜈2  – the Pearson's criterion statistic is found in the Appendix Table of Mathematical 

Statistics [51]. 

Whether the opinions of the experts are consistent can be checked by calculating a random 

variable: 

2 = 𝑊𝑛(𝑚 − 1) = 12𝑆𝑛𝑚(𝑚+1), (7) 

which is distributed according to the 2 (chi-square) distribution with ν = m – 1 degree of freedom. 

According to the selected significance level α (0.05 or 0.01) from the 2 distribution table [52] with 

ν = m – 1 degree of freedom, the critical value 𝛼,𝜈2  is found. If the value of 2 calculated according 

to formula (7) is greater than 𝛼,𝜈2 , it is considered that the experts' assessments are consistent 

(uncontradictory, similar). 

How many times the calculated concordance coefficient W is greater than its minimum (critical) 

value Wmin and how many times 2   is greater than its critical value 𝛼,𝜈2  is shown by the new 

consistency coefficient kc, which is calculated from the formula: 𝑘𝑐 = 𝑊𝑊min = 2
𝛼,𝜈2  . (8) 

When the experts' opinions are aligned, then kc > 1. Otherwise (when kc < 1), the opinions of the 

expert group differ significantly, i.e. they are not aligned. 

5.2. Average Ranks Transformation into Weight-Non-linear (ARTIW-N) method 

Criterion-normalized weights ωi can be calculated using another method of transforming the 

rank average 𝑅̅𝑖 into weights. According to formulas (9) and (10), the criteria weights ωi calculated 

with the averages of criteria ranks 𝑅̅𝑖 are connected by a non-linear inverse correlation (functional) 

dependence. Therefore, this method is called the ARTIW-N method by the authors [49]. 

When applying the ARTIW-N method, the ratio of the most important criterion with the lowest 

rank average min𝑖 𝑅̅𝑖 to the average ranks 𝑅̅𝑖 of all other i-th criteria is calculated at the beginning: 𝑢𝑖 = min𝑖 𝑅̅𝑖𝑅̅𝑖 . (9) 

After normalizing the 𝑢𝑖 values of each criterion, their subjective significances (weights) ωi are 

calculated: 𝜔𝑖 = 𝑢𝑖∑ 𝑢𝑖𝑚𝑖=1 . (10) 

5.3. Direct Percentage Weight (DPW) method 

This method is mostly used in practice. The DPW method is as clear and logical as the method 

of ranking indicators (criteria) (rank correlation), but its accuracy is much higher. When using the 
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direct method of determining percentage weights, the sum of the weights of all evaluations of the 

research criteria of each expert object must be equal to 100%. With percentage ratings, they are 

divided by 100. It is easier to evaluate criteria directly in percentages if they were ranked at the 

beginning: a lower rank corresponds to a higher weight. 

The sums of percentage weights pij of all n experts (j = 1, 2, ..., n) of each i-th criterion ∑ 𝑝𝑖𝑗𝑛𝑗=1  

and their normalized weights ωi are calculated: 𝜔𝑖 = ∑ 𝑝𝑖𝑗𝑛𝑗=1100𝑛 , (11) 

where 𝑝𝑖𝑗  – expert j-th assigned the weight given to i-th the criterion in percentage; n – expert 

number. 

When assigning percentage weights to the criteria, it is preferable that there are no identical 

(duplicate) weights. As a result, they can be given to the nearest tenth of a percent. 

The weights ωi of the criteria calculated by the DPW method are nonlinearly correlated with the 

average ranks of these criteria 𝑅̅𝑖 . Most often, non-linearity is determined by the increased 

significance of the most important criteria. 

5.4. Analytic Hierarchy Process (AHP) method 

Hierarchy analysis method is usually called Analytic Hierarchy Process (AHP) method. It allows 

the criteria arranged at the beginning to be compared with each other in terms of importance, giving 

them a quantitative priority in relation to each other, expressed by the intensity (level) of the mutual 

importance of the two criteria. The essence of the method consists of the square matrix A of pairwise 

comparison. The expert compares with each other all the criteria (factors, indicators) Ci and Cj (i,j = 1, 

2, ..., m) that make up the object, where m is the compared criteria (factors increasing the relative 

amount of asphalt pavement recycling (KRec in the country) number. The Saaty scale of five levels of 

importance (1-3-5-7-9) is used to compare the criteria. Intermediate even estimates (2-4-6-8) can also 

be used. 

The AHP method is convenient because it is easier for the expert to compare the factors that 

increase the relative amount of asphalt pavement recycling in the KRec country, two at a time, instead 

of all at once. Such a comparison of criteria is simple and reliable only for an expert who is well versed 

in the AHP method, and especially in the principles of filling in the pairwise comparison matrix. A 

matrix indicates how much one of its elements is more important than another element. The method 

allows the qualitative (linguistic, verbal) assessment of factors (criteria) to be presented in a 

quantitative (numerical) assessment. 

The result of the pairwise comparison of the criteria is the square matrix 𝑨 = ‖𝑎𝑖𝑗‖𝑚×𝑚 (i,j = 1, 

2, ..., m). Comparing the importance of factors Ci and Cj, which increase the relative amount of asphalt 

pavement recycling KRec in country, it is marked by estimates ω1, ω2, ..., ωm the ratio 𝑎𝑖𝑗 = 𝜔𝑖𝜔𝑗, (i,j = 1, 2, ..., m) (12) 

shows how many times the i-th factor (criterion) Ci is more important than the j-th factor Cj , aij = 1 / aji. 

The elements of matrix A (whole and fractional numbers on a nine-point scale) are filled in 

according to the following requirements. The elements of matrix A aij = 1, when the significance of 

both compared criteria in relation to the research object (KRec) is the same. In this case, all elements of 

the main diagonal aij = 1 (i = 1, 2, ..., m) since each criterion is compared with itself. The elements of 

the matrix A aij = 3, when the criterion Ci is slightly more important than the criterion Cj. The elements 

of matrix A aij = 5 when the criterion Ci is much more important than the criterion Cj. The elements of 

the matrix A aij = 7, when the criterion Ci is very much (significantly) more important than the criterion 

Cj. The elements of the matrix A aij   = 9, when the criterion Ci is incomparably (absolutely) more 

important than the criterion Cj (Table2). 

The elements aij of the matrix A can be considered as the ratio of the values of the criteria Ci and 

Cj after the normalization of these values - as the ratio of the weights of the criteria. The square matrix 

of the pairwise comparison of the criteria assessed by one expert looks like this (i - rows, j - columns): 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2023                   doi:10.20944/preprints202310.1660.v1

https://doi.org/10.20944/preprints202310.1660.v1


 12 

 

𝐀 =
[  
   
𝑎11 𝑎12 ⋯ 𝑎1𝑗 ⋯ 𝑎1𝑚𝑎21 𝑎22 ⋯ 𝑎2𝑗 ⋯ 𝑎2𝑚⋮ ⋮ ⋮⋮⋮ ⋮ ⋮⋮⋮ ⋮𝑎𝑖1 𝑎𝑖2 ⋯ 𝑎𝑖𝑗 ⋯ 𝑎𝑖𝑚⋮ ⋮ ⋮⋮⋮ ⋮ ⋮⋮⋮ ⋮𝑎𝑚1 𝑎𝑚2 ⋯ 𝑎𝑚𝑗 ⋯ 𝑎𝑚𝑚]  

   =
[  
   
   
  𝜔1𝜔1 𝜔1𝜔2 ⋯ 𝜔1𝜔𝑗 ⋯ 𝜔1𝜔𝑚𝜔2𝜔1 𝜔2𝜔2 ⋯ 𝜔2𝜔𝑗 ⋯ 𝜔2𝜔𝑚⋮ ⋮ ⋮⋮⋮ ⋮ ⋮⋮⋮ ⋮𝜔𝑖𝜔1 𝜔𝑖𝜔2 ⋯ 𝜔𝑖𝜔𝑗 ⋯ 𝜔𝑖𝜔𝑚⋮ ⋮ ⋮⋮⋮ ⋮ ⋮⋮⋮ ⋮𝜔𝑚𝜔1 𝜔𝑚𝜔2 ⋯ 𝜔𝑚𝜔𝑗 ⋯ 𝜔𝑚𝜔𝑚]  

   
   
  
 (13) 

The expert, comparing two criteria of the object under investigation, applies the linguistic 

description of the intensity of mutual importance presented in Table 2 and assigns the corresponding 

level of importance from 1 to 9. It is convenient to assign ranks to the criteria of the object at the 

beginning and compare the most important criterion with the second most important, the third most 

important, etc. t., and at the end - with the last (m-th) according to importance (the line of the most 

important criterion is filled with integers) [53]. After that, the second most important criterion is 

compared with all the remaining criteria in the same sequence (the line of the second most important 

criterion is filled from m-1 integers and one fractional number) and so on. 

Table 2. Intensity of criteria mutual interest (Saaty rating scale and its linguistic description). 

Importance level Linguistic description 

1 Criteria are equally important 

3 One criterion is slightly more important than the other 

5 One criterion is much more important than the other 

7 One criterion is much more important than the other 

9 One criterion is incomparably more important than the other 

2, 4, 6, 8 Intermediate values 

The most accurate of the approximate algorithms for determining object criteria weights 

(relative importance) ωi is based on the calculation of geometric averages of the elements aij of the 

row elements of the pairwise comparison matrix [50, 54]. 

A rational sequence of criteria weight calculation can be the following: 1. A square matrix 𝑨 =‖𝑎𝑖𝑗‖ for the pairwise comparison of object criteria is created. 2. The product of the elements of each 

row of the matrix A is calculated ∏ 𝑎𝑖𝑗𝑚𝑗=1  (i = 1, 2, ..., m). 3. Extract the root of the m-th power of the 

calculated product √∏ 𝑎𝑖𝑗𝑚𝑗=1𝑚
. 4. The obtained values are normalized, i.e. they are divided by the 

sum of all their criteria: 

𝜔𝑖 = √∏ 𝑎𝑖𝑗𝑚𝑗=1𝑚
∑ √∏ 𝑎𝑖𝑗𝑚𝑗=1𝑚𝑚𝑖=1 . (14) 

The calculated true vector ωi corresponds to the significance of the criterion. 

In this way, the weights of each criterion are obtained (their sum equals 1.0000), which allows a 

quantitative comparison of the significance of all criteria for the object under study, determined by 

one expert. 

The compatibility of the pairwise comparison matrix filled by the expert is very important, 

which shows the non-contradiction of its filling logic despite the transitivity condition. The 

compatibility of the pairwise comparison matrix A is checked, for which it is necessary to calculate 

the maximum true value max. For this, the sum of the products of each criterion ∑ 𝑎𝑖𝑗𝜔𝑗𝑚𝑗=1  is divided 

by the value of the real vector (normalized weight) ωi calculated for the corresponding criterion and 

the arithmetic mean of all object criteria is obtained: 
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max = 1𝑚 × ∑ ∑ 𝑎𝑖𝑗𝜔𝑗𝑚𝑗=1𝜔𝑖𝑚𝑖=1 . (15) 

It was established [50] that the maximum true value of the inverse symmetric matrix of the m-th 

order is max  m. Ideally, when the pairwise comparison matrix A is fully aligned, its column elements 

are also proportional, max = m. The compatibility of the matrix A is shown by the difference max ‒ m 

and the row m  m of the matrix A. Consistency index C.I. is calculated as follows: 𝐶. 𝐼. = max−𝑚𝑚−1 . (16) 

The concordance (inconsistency) of the pairwise comparison matrix completed by each expert is 

better, the lower the C.I. value: fully matched matrix C.I. close to zero. A matrix whose C.I. = 0 is very 

rarely obtained in practice, even when the transitivity property of its elements is fully satisfied. 

Quantitatively, the degree of compatibility of an inverse symmetric matrix can be determined by 

comparing the calculated compatibility index C.I. of the evaluated matrix with the random index of 

the inverse symmetric matrix of the same order randomly generated according to the scale 1-3-5-7-9 

R.I. [55], presented in Table 3. 

Table 3. Random Index R.I. dependence of values on the order of the matrix (number of compared 

criteria) m. 

Matrix row m 3 4 5 6 7 8 9 10 11 12 13 14 15 

Random index 

R.I. 

0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59 

The AHP method is best suited for researching an object that consists of 7 criteria. Their number 

is considered optimal when there are two criteria less or more than 7, i.e. from 5 to 9 [55, 56]. The 

method cannot be applied when there are less than 3 criteria because there are no R.I. meanings. 

However, it does not limit the number of criteria beyond m = 9, even though the nine-point Saaty 

scale is used. The greater the number of criteria that make up the research object, the more complex 

their pairwise comparison matrix is (when m > 9), the more identical elements aij are in it. When the 

matrix consists of more than 15 criteria, R.I. value is calculated according to the formula [57]: 𝑅. 𝐼. = 1.98 𝑚−2𝑚 . (17) 

To increase the reliability of the research result, the arithmetic averages of the weights assigned 

to the criteria of the expert group are taken, but only if the opinions of individual experts are 

harmonized. The consistency of expert opinions is determined by the calculated values of W, Wmin, 2 

and 𝛼,𝑣2  (formulas 4...7). 

The arithmetic mean of the weights of criteria calculated by four MCDM methods is calculated 

from the formula, without giving preference to any of them: 𝜔̿𝑖 = ∑ 𝜔𝑖𝑘𝑟𝑘=1𝑟 = 𝜔𝑖𝐴𝑅𝑇𝐼𝑊−𝐿+𝜔𝑖𝐴𝑅𝑇𝐼𝑊−𝑁+𝜔𝑖𝐷𝑃𝑊+𝜔̅𝑖𝐴𝐻𝑃4 , (18) 

here 𝜔𝑖𝑘 – the weight of the i-th criterion calculated by the k-th MCDM method (k = 1, 2, ..., r); r is the 

number of methods used in the study (r = 4). 

It is likely that 𝜔̿𝑖 is closer to the population mean that would be obtained by surveying a large 

number of experts for the values of the criterion weights calculated by any of the four MCDM 

methods used in the study. 

The width of the sample or the width of the data set (range) ωi of the weights of each criterion 
determined by different methods is calculated from the formula: ∆𝜔𝑖 = 𝜔𝑖max − 𝜔𝑖min, (19) 

where 𝜔𝑖max and 𝜔𝑖min are, respectively, the maximum and minimum weight of the i-th criterion 

determined by the (four) different methods used in the study. 
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The width of the data set ωi is the simplest characteristic of the variation. It can be used for an 

approximate but quick estimation of the standard deviation sωi [58]: 𝑠𝜔𝑖 = ∆𝜔𝑖𝛽 = 𝜔𝑖max−𝜔𝑖min𝛽 , (20) 

here 𝜔𝑖 is the range determined according to the formula (19); β - coefficient depending on the 

number of data r, i.e. number of MCDM methods used in the study. When r = 4, then β = 2.06. 

More precisely, the amount of data dispersion can be determined directly by calculating the 

standard deviation from all data (not from the difference between the maximum 𝜔𝑖max  and 

minimum 𝜔𝑖min values): 𝑠𝜔𝑖 = √∑ (𝜔𝑖𝑘−𝜔̿𝑖)2𝑟𝑘=1 𝑟−1 , (21) 

here 𝜔𝑖𝑘 – the weight of the i-th criterion calculated by the k-th MCDM method (k = 1, 2, ..., r); 𝜔̿𝑖 – 

the weighted average calculated by the i-th criterion r methods according to formula (18). 

The indicator used to determine the relative degree of variation is the coefficient of variation, 

which shows the ratio of the standard deviation to the mean and is usually expressed as a percentage: 𝑉𝑤𝑖′ = 𝑠∆𝜔𝑖𝜔̿𝑖 100% (22) 

or higher accuracy 𝑉𝑤𝑖 = 𝑠𝜔𝑖𝜔̿𝑖 100%. (23) 

According to formulas (22) and (23), the values of the percentage coefficient of variation of the 

i-th criterion must be similar (close). 

6. Results and discussion 

Each of the 14 experts participated in the study read the questionnaire and understood the 

description of the 10 criteria, gave them ranks, percentage weights and filled in the AHP method 

pairwise comparison matrix using their personal expertise, knowledge, experience, and intuition. 

The ranks given to the criteria by all experts are presented in Table 4. 

For the arithmetic averages 𝑅̅𝑖 (formula 2) of the ranks Rij given by all experts for each criterion 

to be reasonably taken as the general (collective) opinion of the expert group, the compatibility of 

their opinions was checked, which is shown by the concordance coefficient W (formula 4). 

When calculating W, the sum of squares of deviations S (formula 5) is determined, which 

consists of ∑ 𝑅𝑖𝑗  𝑛𝑗=1 and 𝑅̅. Average rank (criteria i = 1, 2, ..., m; experts j = 1, 2, ..., n) 𝑅̅ = 12 𝑛(𝑚 + 1) = 12 14(10 + 1) = 77,  

and sum of squared deviations (Table 4) 𝑆 = ∑𝑚𝑗=1 [∑ 𝑅𝑖𝑗 − 12 𝑛(𝑚 + 1)𝑛𝑗=1 ]2 = 6842.  

 Concordance coefficient (formula 4) 𝑊 = 12𝑆𝑛2(𝑚3−𝑚) = 12∙6842142(103−10) = 0.423.  

The smallest value of the concordance coefficient Wmin, when the significance level α = 0.05 and 

the number of degrees of freedom ν = m – 1 = 10 – 1 = 9. 𝑊min = 𝜈,𝛼2𝑛(𝑚−1) = 0.05;9214(10−1) = 16.919126 = 0.134.  

Pearson's criterion statistic 

2 = 𝑛(𝑚 − 1)𝑊 = 14(10 − 1)0.423 = 53.3  

or for the control 
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2 = 12𝑆𝑛𝑚(𝑚 + 1) = 12 ∙ 684214 ∙ 10(10 + 1) = 53.3.  

The fact that the experts' opinions are aligned is shown by the new compatibility coefficient: 𝑘𝑐 = 𝑊𝑊min = 2
𝛼,𝑣2 = 0.4230.134 = 53.316.92 = 3.15.  

Three times higher than the minimum concordance coefficient calculated by kc from the criteria 

ranks allows us to reasonably assume that the opinions of the 14 expert groups are not contradictory 

in determining the normalized weights of the 10 criteria using the ARTIW-L, ARTIW-N, DPW and 

AHP methods. 

Criteria weights determined by the ARTIW-L method (formula 3). The weight of the first 

criterion A is calculated as 𝜔𝐴 = (𝑚+1)−𝑅̅𝑖∑ 𝑅̅𝑖𝑚𝑖=1 = (10+1)−7.28655 = 0.0675.  

The calculated weights of other criterions and the priorities of these criterions are presented in 

Table 4. 

Table 4. The significance of the factors increasing the relative amount of KRec (the percentage ratio of 

the amount of old asphalt pavement RAP QRec used in hot and warm asphalt mixtures to the total 

amount of RAP QRAP) in the country of asphalt pavement recycling in ranks. 

Expert 

j = 1, 2, ..., n 

Criterion, (i = 1, 2, ..., m) 
Sum 

A B C D E F G H I J 

E1 9 5 8 2 7 4 3 10 6 1 55 

E2 6 3 7 9 10 5 1 2 8 4 55 

E3 8 6 10 1 3 7 5 9 4 2 55 

E4 2 8 9 4 7 3 5 10 6 1 55 

E5 6 8 9 1 10 2 4 7 5 3 55 

E6 8 9 10 2 5 6 4 7 1 3 55 

E7 10 9 8 1 7 3 2 5 4 6 55 

E8 10 5 9 1 7 3 4 8 6 2 55 

E9 8 6 9 2 3 5 1 10 7 4 55 

E10 6 7 8 2 1 9 3 10 4 5 55 

E11 8 10 9 2 5 3 4 7 6 1 55 

E12 8 5 6 4 2 7 1 9 10 3 55 

E13 9 2 1 4 3 8 5 10 7 6 55 

E14 4 6 7 2 5 3 8 9 10 1 55 ∑𝑅𝑖𝑗𝑛
𝑗=1  102 89 110 37 75 68 50 113 84 42 770 𝑅̅𝑖 7.286 6.357 7.857 2.643 5.357 4.857 3.571 8.072 6.000 3.000 55.000 ∑𝑅𝑖𝑗 − 𝑅̅𝑛

𝑗=1  25 12 33 -40 -2 -9 -27 36 7 -35 0 

(∑𝑅𝑖𝑗 − 𝑅̅𝑛
𝑗=1 )2

 625 144 1089 1600 4 81 729 1296 49 1225 6842 

ARTIW-L method 𝜔𝑖 = (𝑚+1)−𝑅̅𝑖∑ 𝑅̅𝑖𝑚𝑖=1  0.0675 0.0844 0.0572 0.1519 0.1026 0.1117 0.1351 0.0532 0.0909 0.1455 1.0000 

ui 0.3628 0.4158 0.3364 1 0.4934 0.5442 0.7401 0.3274 0.4405 0.8810 5.5416 

Priority 8 7 9 1 5 4 3 10 6 2 55 

ARTIW-N method 𝜔𝑖 = 𝑢𝑖∑ 𝑢𝑖𝑚𝑖=1  0.0655 0.0750 0.0607 0.1804 0.0890 0.0982 0.1336 0.0591 0.0795 0.1590 1.0000 

Priority 8 7 9 1 5 4 3 10 6 2 55 𝜎 = √∑ (𝑅𝑖𝑗−𝑅̅𝑖)2𝑛𝑗=1 𝑛−1   2.2678 2.3074 2.2823 2.1342 2.7903 2.2138 1.9499 2.3358 2.4179 1.7974 - 
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The criteria weights calculated by the ARTIW-N method (formulas 9 and 10) show that the 

average of the ranks of the most important criterion D is 𝑅̅𝐷 = 2.643, so its uD = 1, and the other 

criteria ui are less than 1. The normalized criteria weights ωi and their priorities are given in Table 4.  

The first criterion A weight is 𝜔𝐴 = 0.36285.5416 = 0.0655 . The weights ωi of other criteria were 

calculated similarly. The criterions priorities calculated by the ARTIW-L and ARTIW-N methods 

coincide, but the criteria weights ωi differ. 

The percentage weights given to the experts' criteria (Table 5) were used to calculate the 

normalized weights ωi of these criteria using the DPW method according to formula (11). The sum of 

percentage weights of the first criterion A is ∑ 𝑃𝐴𝑖 = 86.3𝑛𝑗=1 , and the average of its percentage 

weights is 𝑃̅𝐴 = 6.1643. Therefore, the normalized weight of this criterion A is 𝜔𝐴 = 0.0616. The 

weights ωi and priorities of other criterions (B, C, D, E, F, G, H, I and J) are calculated analogously. 

The criteria weights determined by the DPW method are similar to the weights calculated by the 

ARTIW-L and ARTIW-N methods. However, the difference between the weights of the most 

important D and the least important C or H criteria is greater as calculated per DPW method accuracy 

is much higher. The priorities of the criteria are identical, except for criteria C and H. 

Table 5. The significance of the factors increasing the relative amount of KRec in the country of asphalt 

pavement recycling in percentage weights. 

The criteria's normalized weights ωi and compatibility ratios C.R. were calculated by the AHP 

method of the pairwise comparison matrices of the criteria filled out by each expert and presented in 

Table 6. All matrixes were concordant (C.R. < 0.1) except for E7 expert (C.R. = 0.105). Therefore, with 

a small margin of error, all matrixes were used to calculate the general opinion about the significance 

of the criteria for a group of 14 experts. The sums of the weights ∑ 𝜔𝑖𝑗𝑛𝑗=1  of each i-th criterion were 

divided by the number of experts n = 14. The averages of the criteria weights 𝜔̅𝑖 and priorities show 

a similar trend of their significance as determined by ARTIW-L and ARTIW-N and DPW methods. 

However, the significance of the most important criterion D was obtained even higher 

(ωD = 0.2038), the significance of the least important criterion H was lower (ωH = 0.0376). 

Expert 

j = 1, 2, ..., n 

Criterion, (i = 1, 2, ..., m) 
Sum 

A B C D E F G H I J 

E1 3 11 4 17 6 12 15 2 8 22 100 

E2 8.5 12 8 7 6 9 20 12.5 7.5 9.5 100 

E3 3.8 4.5 2 22 17 4.2 10 3.5 15 18 100 

E4 15 6 4 12.5 8 13.5 11 3 9 18 100 

E5 4 2 1.5 54 0.5 14 7 3 6 8 100 

E6 3 2 1 19 7.5 6.5 17 6 20 18 100 

E7 1 2 3 30 4 12 20 10 11 7 100 

E8 3.5 11 2.5 18 9 14 12 4 10 16 100 

E9 3 7 2 20 12 10 28 1 6 11 100 

E10 9 8 7 14 16 6 13 5 12 10 100 

E11 7.5 5 6 14 10.5 12.5 11.5 8.5 9.5 15 100 

E12 7 10 9 11 15 8 16 6 5 13 100 

E13 6 15 16 11 13 7 10 5 8 9 100 

E14 12 8 6 16 7 14 4 5 3 25 100 

DPW method ∑ 𝑃𝑖𝑗𝑛𝑗=1  86.3 103.5 72 265.5 131.5 142.7 194.5 74.5 130 199.5 1400 𝑃̅𝑖 6.1643 7.3929 5.1429 18.9643 9.3929 10.1929 13.8929 5.3214 9.2857 14.2500 100 𝜔𝑖  0.0616 0.0739 0.0515 0.1897 0.0939 0.1019 0.1389 0.0532 0.0929 0.1425 1.0000 

Priority 8 7 10 1 5 4 3 9 6 2 55 
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Table 6. The significance of the factors increasing the relative amount of asphalt pavement recycling 

KRec in the country determined by the AHP method. 

The inverse linear (ARTIW-L method) and non-linear (ARTIW-N, DPW, AHP methods) 

correlation was obtained between the average 𝑅̅𝑖 of the ranks of ten criteria determined by different 

MCDM methods and the calculated weights ωi of these criteria (Figure 3). The dependence of criteria 

weights ωi on 𝑅̅𝑖  is shown by regression equations. The coefficients of determination R2 of these 

equations are equal to 1 (functional association) or very close to it (strong correlation association). 

Among these variables (𝑅̅𝑖 and ωi), the strongest correlation was obtained by the ARTIW-L method 

(R2 = 1), and the weakest by the DPW method (R2 = 0.9571). 
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Rank average   𝑅 𝑖  

Expert 

j = 1, 2, ..., n 

Criterion, (i = 1, 2, ..., m) 
C. R. 

A B C D E F G H I J 

E1 0.0195 0.0791 0.0289 0.1900 0.0413 0.1204 0.1824 0.0128 0.0573 0.2683 0.054 

E2 0.0598 0.1491 0.0418 0.0198 0.0150 0.0878 0.2883 0.1765 0.0297 0.1322 0.051 

E3 0.0261 0.0458 0.0172 0.2714 0.1849 0.0322 0.0708 0.0187 0.0958 0.2371 0.040 

E4 0.2184 0.0255 0.0180 0.1221 0.0391 0.1485 0.0853 0.0128 0.0546 0.2757 0.087 

E5 0.0520 0.0232 0.0178 0.3440 0.0107 0.2106 0.1000 0.0339 0.0851 0.1227 0.099 

E6 0.0204 0.0152 0.0120 0.2050 0.0718 0.0625 0.1410 0.0417 0.2758 0.1546 0.092 

E7 0.0119 0.0168 0.0248 0.3113 0.0347 0.1522 0.2078 0.0863 0.1073 0.0469 0.105 

E8 0.0135 0.0950 0.0195 0.2396 0.0404 0.1795 0.1344 0.0254 0.0604 0.1923 0.060 

E9 0.0324 0.0588 0.0189 0.2144 0.1539 0.1059 0.2253 0.0135 0.0538 0.1231 0.058 

E10 0.0508 0.0374 0.0342 0.2054 0.2498 0.0173 0.1567 0.0109 0.1404 0.0971 0.099 

E11 0.0263 0.0149 0.0157 0.2333 0.0833 0.1552 0.1391 0.0386 0.0592 0.2344 0.081 

E12 0.0262 0.0658 0.0657 0.1062 0.2322 0.0367 0.3031 0.0191 0.0146 0.1304 0.061 

E13 0.0189 0.2621 0.2402 0.1114 0.1513 0.0294 0.0781 0.0142 0.0388 0.0556 0.053 

E14 0.0898 0.0473 0.0369 0.2788 0.0473 0.1598 0.0223 0.0214 0.0174 0.2790 0.040 

AHP method ∑ 𝜔𝑖𝑗𝑛𝑗=1   0.6660 0.9360 0.5916 2.8527 1.3557 1.4980 2.1346 0.5258 1.0902 2.3494 14.0000 𝜔̅𝑖 0.0476 0.0668 0.0423 0.2038 0.0968 0.1070 0.1524 0.0376 0.0779 0.1678 1.0000 

Priority 8 7 9 1 5 4 3 10 6 2 55 

AHP method ∑ 𝜔𝑖𝑗𝑛𝑗=1   0.6660 0.9360 0.5916 2.8527 1.3557 1.4980 2.1346 0.5258 1.0902 2.3494 14.0000 
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(a) (b) 

(c) (d) 

Figure 3. Correlation of the normalized weights ωi of the criteria calculated by different methods with 

the rank averages 𝑅̅𝑖: (a) ARTIW-L; (b) ARTIW-N; (c) DPW, (d) AHP. 

The priorities of the criteria according to their calculated normalized subjective weights ωi are as 

follows:  (Figure 4). The ωi values of the four most important 

criteria (D, J, G, F) are greater than 0.1, i.e. for the average weight of the criteria. The ωi of the other 

six criteria (E, I, B, A, C, H) are lower than 0.1.  

 

Figure 4. The importance (weights) of the factors (criteria) increasing the relative amount of asphalt 

pavement recycling KRec in the country were determined using four different methods. 

The highest weights of almost half of the most important criteria were obtained by the AHP 

method. The weights of the other half of the less important criteria were the lowest when calculated 

also by the AHP method. This shows that the AHP method is the most "sensitive" in determining the 

significance of the criteria, since the difference between the largest and smallest weights determined 

by the 𝑘-th method (𝑘 = 1, 2, ..., 𝑟) ∆𝜔𝑘 = 𝜔𝑘max − 𝜔𝑘min is the largest (Figure 5(a)), i.e. it increases 

the importance of the most important criteria and decreases the importance of the least important 

criteria. 

The research results show that ∆𝜔𝑖  varies from 0.0135 (criterion F) to 0.0519 (criterion D). The 

correlation dependence between 𝜔̿𝑖 and ∆𝜔𝑖   is shown by the regression curve (Fig. 5 (b)) and a 

sufficiently large coefficient of determination 𝑅2 = 0.9458. The smallest weight difference ∆𝜔𝑖  is for 

criteria E and F, that is, those criteria whose average weight 𝜔̿𝑖 is close to the average weight of all 

criteria (in the study 𝜔̿𝑖 =0.1000). As the weight of the criteria 𝜔̿𝑖 increases to one side and the other 
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from 1.0000, the weight difference ∆𝜔𝑖  increases unevenly (asymmetrically): the most important 

criteria G, J, D increase faster. 

 

 

(a) (b) 

Figure 5. Differences in criteria weights ∆𝜔𝑘 = 𝜔𝑘max − 𝜔𝑘min  calculated by different MCDM 

methods (a); Correlation between the differences in criteria weights ∆𝜔𝑖  and weight averages 𝜔̿𝑖  

calculated by four MCDM methods (b). 

The average of the weights of each criterion 𝜔̿𝑖  determined from formula (18) by four MCDM 

methods is taken as the result of solving the task (Table 7). The priority of criterions weights 

calculated by ARTIW-L, ARTIW-N, DPW and AHP methods (Tables 4‒6) coincides with the priority 
determined from the weight averages 𝜔̿𝑖 (Table 7). It is likely that the average weight of the criteria 𝜔̿𝑖  is closer to the average of the population of experts than the weight 𝜔𝑖  of the i-th criterion 

determined by any one method. 

Table 7. The weights ωi, their average 𝜔̿𝑖 and priority of factors increasing the relative amount of 

asphalt pavement recycling KRec in the country were determined by different methods. 
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Average of all method weights 𝜔 𝑖  

Factor 

(criterion) i = 1, 

2, ..., m 

Method (k = 1, 2, ..., r) and weight Weight average 

of four methods 𝝎̿𝒊 Priority ARTIW-L,  𝝎𝒊𝑨𝑹𝑻𝑰𝑾−𝑳 

ARTIW-N  𝝎𝒊𝑨𝑹𝑻𝑰𝑾−𝑵 

DPW  𝝎𝒊𝑫𝑷𝑾 

AHP  𝝎𝒊𝑨𝑯𝑷 

A 0.0675 0.0655 0.0616 0.0476 0.0605 8 

B 0.0844 0.0750 0.0739 0.0668 0.0750 7 

C 0.0572 0.0607 0.0515 0.0423 0.0529 9 

D 0.1519 0.1804 0.1897 0.2038 0.1815 1 

E 0.1026 0.0890 0.0939 0.0968 0.0956 5 

F 0.1117 0.0982 0.1019 0.1070 0.1047 4 

G 0.1351 0.1336 0.1389 0.1524 0.1400 3 

H 0.0532 0.0591 0.0532 0.0376 0.0508 10 

I 0.0909 0.0795 0.0929 0.0779 0.0853 6 

J 0.1455 0.1590 0.1425 0.1678 0.1537 2 

Sum 1.0000 1.0000 1.0000 1.0000 1.0000 55 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2023                   doi:10.20944/preprints202310.1660.v1

https://doi.org/10.20944/preprints202310.1660.v1


 20 

 

The weight of each i-th criterion calculated by the four methods is different. The difference 

between the weights of the highest 𝜔𝑖max and lowest 𝜔𝑖min criteria indicate the width of variation 

(sample width), which is used to calculate the approximate standard deviation 𝑠∆𝜔′  (Table 8).  

Table 8. Dispersion characteristics of factors increasing the relative amount of asphalt pavement 

recycling KRec in the country. 

After dividing the standard deviation of the criteria weights 𝑠∆𝜔𝑖′  , calculated from the sample 

width and the standard deviation 𝑠𝜔𝑖 , calculated from all values of 4 methods, from the weight 

averages 𝜔̿𝑖 , the percentage coefficient of variation of the criteria weights 𝑉𝑤𝑖′  and  𝑉𝑤𝑖  was 

determined (Table 8). This characteristic showing the relative degree of data variation is calculated 

from formulas (22) and (23). The dispersion of trait variants is considered low if the coefficient of 

variation reaches from 0 to 10%, medium - from 10 to 20%, and high - more than 20% [58]. Six out of 

ten criteria (B, E, F, G, I, J) have low dispersion, and four criteria (A, C, D, H) have medium dispersion. 

The coefficients of variation 𝑉𝑖′ of almost all criteria are slightly higher (ranging from 6.3% to 20.6%) 

than the coefficients of variation 𝑉𝑖 (ranging from 5.6% to 18.1%) and they are linked by a linear 

positive correlation. Therefore, any of them can be taken with sufficient accuracy for practice to 

determine the criteria weights of the MCDM methods used in the study. 

7. Conclusions 

1. The transport infrastructure’s asphalt pavement is recycled applying technological methods, 
which improve its material characteristics adding virgin mineral and rejuvenating bituminous 

materials. The milled or broken into flat blocks asphalt pavement layer removed and then 

crushed to certain asphalt grains size which are intended to be used at the highest level of the 

value creation. The greatest benefit is achieved using RAP in hot mix (HMA) and warm mix 

(WMA) asphalt mixes production at an asphalt mixing plant (AMP).  

2. European Asphalt Pavement Association (EAPA) data present that different percentages of RAP 

are used in the production of HMA and WMA mixes in European countries and the USA in 

2017‒2019. All (100%) or almost all (75%) domestically prepared RAP in Finland, Belgium, 

Switzerland, Hungary, Germany and the United States was used in these asphalt mixes. The 

relative amount of RAP recycling is less than 75% in the other countries. In the Baltic countries, 

recycling rate (RR) has not been studied. The factors (criteria) increasing RR in the country are 

not known, as well as their significance.  

3. The system of ten factors (criteria) created by the authors of this study allowed, with the help of 

the knowledge, experience, and intuition of 14 asphalt pavement recycling theory and practice 

Factor 

(criterion) 

Weight average 

of four methods 𝛚̿𝐢 
Weights’ difference ∆𝝎𝒊 = 𝝎𝒊𝐦𝐚𝐱 − 𝝎𝒊𝐦𝐢𝐧 

Standard deviation 
Coefficient of 

variation, % 

From the 

sample 

width 𝒔∆𝝎𝒊′  

From all 4 

methods 𝒔𝝎𝒊 
From the 

sample 

width 𝑽𝒘𝒊′  

From all 4 

methods 𝑽𝒘𝒊 
A 0.0605 0.0199 0.009660 0.008974 15.97 14.83 

B 0.0750 0.0176 0.008544 0.007230 11.39 9.64 

C 0.0529 0.0184 0.008932 0.008034 16.88 15.19 

D 0.1815 0.0519 0.025194 0.021923 13.88 12.08 

E 0.0956 0.0136 0.006602 0.005484 6.91 5.74 

F 0.1047 0.0135 0.006553 0.005899 6.26 5.63 

G 0.1400 0.0188 0.009126 0.008562 6.52 6.12 

H 0.0508 0.0215 0.010437 0.009213 20.55 18.14 

I 0.0853 0.0150 0.007282 0.007692 8.54 9.02 

J 0.1537 0.0253 0.012281 0.011826 7.99 7.69 
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professionals to evaluate the criteria that increase the significance of the relative amount of RAP 

recycling in the Baltic countries using four MCDM methods. In the submitted questionnaire, 

each expert assigned ranks, percentage weights to the criteria and filled in the pairwise 

comparison matrix of the AHP method criteria. These primary data were transformed into 

criterion-normalized subjective weights using the ARTIW-L, ARTIW-N, DPW and AHP 

methods.  

4. The opinions of the 14 experts who participated in the study differed, however were similar. The 

high degree of concordance of expert opinions, assessed by Kendall's dispersion coefficient of 

concordance, allowed the arithmetic averages of numerical estimates of the significance of 

individual expert opinions (ranks, percentage weights, normalized weights) to be reasonably 

used as the result of task solving obtained by each of the 4 different MCDM methods. The 

weights of the 10 criteria determined by the ARTIW-L, ARTIW-N, DPW and AHP methods are 

different, but their priorities are the same. Arithmetic averages of the percentage weights of the 

10 criteria determined by these methods show that the most significant factors (criteria) 

increasing the RR in the country for experts are the relevance of regulatory documents (18.1%), 

the asphalt pavement recycling strategy (15.4%), the homogeneity and sorting of RAP (14.0 %). 

Less important are RAP ownership and economic utility (10.5%), personnel qualification and 

experience (9.6%), quality of renewable materials (8.5%) and number and performance of 

recycling equipment (7.5%). Experts believe that asphalt pavement wear and tear (6.0%), number 

and productivity of road milling machines (5.3%) and number and capacity of RAP stocks (5.1%) 

are the least significant. By improving the most significant criteria in the country, the maximum 

effectiveness of practical measures that increase of RR is achieved.  

5. The MCDM methods used in the study have different sensitivity, because the difference between 

the normalized weights of the most important criterion and the least important criterion is not 

the same. This difference determined by the ARTIW-L method is equal to 0.0987, by the ARTIW-

N method – 0.1213, by the DPW method – 0.1382, by the AHP method – 0.1662 (Figure 5(a)). The 

maximum difference (sample width) of the weight of each criterion calculated by the four 

methods correlates with the average of the weights of all methods of the criterion. This difference 

is the smallest for those criteria whose average weight is closest to the average weight of all 

criteria of 1.000. As the average of criteria weights moves away from one in the decreasing 

direction, the width of the sample increases slightly, and as it moves away in the increasing 

direction (of the most important criteria), it increases significantly (Figure 5 (b)). The coefficients 

of variation of criteria weights, calculated from the sample range varied from 6.3% to 20.5%, and 

from the standard deviation - from 5.6% to 18.1% (Table 8), i.e. corresponds to a low to medium 

dispersion of trait (weight) variants the difference is insignificant, suggesting that the MCDM 

methods used in the study provide a similar result, but the average of the weights of these 

methods is more reliable than the weights of any of the 4 methods. The difference is insignificant, 

which allows us to say that the MCDM methods used in the study provide similar results. The 

averages of the weights of each criterion calculated by these four MCDM methods are more 

reliable than the criteria weights calculated by any single method. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Conflicts of Interest: The authors declare no conflict of interest. 
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