kT buildings

Article

Application of Wasted and Recycled Materials for Production
of Stabilized Layers of Road Structures

Milan Marinkovié !

check for
updates

Citation: Marinkovi¢, M.;
Zavadskas, E.K.; Mati¢, B.;
Jovanovig, S.; Das, D.K.; Sremac, S.
Application of Wasted and Recycled
Materials for Production of Stabilized
Layers of Road Structures. Buildings
2022,12,552. https://doi.org/
10.3390/buildings12050552

Academic Editor: Andrea Petrella

Received: 30 March 2022
Accepted: 15 April 2022
Published: 26 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Edmundas Kazimieras Zavadskas 2-*0, Bojan Mati¢ 1, Stanislav Jovanovié !,
Dillip Kumar Das 3 and Sini$a Sremac

1
1

Faculty of Technical Sciences, University of Novi Sad, Trg Dositeja Obradovica 6, 21000 Novi Sad, Serbia;
milan.marinkovic@uns.ac.rs (M.M.); bojanm@uns.ac.rs (B.M.); stasha@uns.ac.rs (S.].); sremacs@uns.ac.rs (S.S.)
Institute of Sustainable Construction, Vilnius Gediminas Technical University, LT 10223 Vilnius, Lithuania
Civil Engineering, Sustainable Transportation Research Group, School of Engineering, University of Kwazulu
Natal, 238 Mazisi Kunene Rd., Durban 4041, South Africa; dasd@ukzn.ac.za

*  Correspondence: edmundas.zavadskas@vilniustech.lt

Abstract: The construction industry, as one of the most complex sectors, depends on using wasted
and recycled materials, timely decision-making, and adequate execution of all activities in supply
chains. This paper presents tests of mixtures for cold in-place recycling where existing material
is used. In this research, we used cement and bitumen emulsion as well as fly ash, zeolite, slag,
and Bakelite. A total of seven mixtures were tested in order to increase sustainability. It was tested
the indirect tensile strength and dynamic modulus of elasticity after seven and 28 days for dry
specimens, after 28 days for water-saturated specimens and for specimens exposed to frost. After
completing the tests using the MEREC (MEthod based on the Removal Effects of Criteria) and CoCoSo
(Combined Compromise Solution) multi-criteria model, mixtures were evaluated and ranked in terms
of mechanical properties, price, and environmental protection. Considering the ranking of mixtures
using the CoCoSo method, the highest quality mixtures, for most combinations of weight factors,
are mixtures with slag, mixtures with fly ash, and mixtures with 2% of cement and 2% of bitumen
emulsion. Sensitivity analysis was also performed with new simulated values of the criteria in order
to determine the individual influence of the criteria on the ranking of mixtures. The conclusions
are as follows: the use of bitumen emulsion, cement, waste materials, and other materials in cold
recycling would reduce the cost of recycling pavement structures, increase environmental protection,
while the mechanical properties of the pavement structures are within acceptable limits.

Keywords: cold in-place recycling; bitumen emulsion; cement; sustainable supply chain; waste and
recycled materials; indirect tensile strength; MEREC; CoCoSo

1. Introduction

Supply chain management (SCM) is an essential element in many sectors and indus-
tries with different levels of influence and integration [1]. The development of modern
society requires the development of infrastructure and efficiency of a sustainable supply
chain. As we should strive to develop new infrastructure, so we should take care of the
existing infrastructure [2] and its maintenance [3]. In that way, we justify the funds we
have invested in the construction of the existing infrastructure. When constructing new
and maintaining existing infrastructure, an optimum relation between investment in con-
struction/maintenance and future maintenance should be found. For this reason, in cases
where it is possible and justified, we must tend to use both alternative and waste materials
when building pavement structures. First of all, we should strive to reduce the use of
quarry stone and gravel from separation because obtaining the material in this way leads
to permanent consequences for the environment.

The reasons for the use of recycled asphalt and recycling in order to increase sustain-
ability, as well as the rationale for the research in this paper are as follows: increase in the
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price of main raw materials (oil, stone materials) [4], savings in terms of raw materials
because the amount of new materials is reduced [5,6], reduced need for disposal of old
material, environmental protection as an important part of sustainability [7], energy sav-
ing during asphalt production, reduction in air pollution during the production of new
asphalt [8], and reducing the need to transport materials [9].

Political events in the countries that are the main producers of oil, which is the basic
raw material for bitumen production, very often affect the price of oil and bitumen and
it certainly causes an increase in the price of asphalt production through the price of
materials, but also through the costs of energy sources used for transport and production.
The possibility to make savings in terms of raw materials in the supply chain does not
need to be specifically proven or explained. A review of previous studies will indicate
the quantities of conventional materials that have been replaced with recycled asphalt,
cement, bitumen emulsion, fly ash, zeolite, and Bakelite as a type of plastic. It should be
emphasized that it is particularly important to use materials that can no longer be used in
the primary production from which they originate, such as fly ash and some types of plastic.
Considering the reports of statistical offices related to the amount of waste, it is clear that it
is necessary to examine, as much as possible, the use of different waste materials which, in
addition to taking up huge space during their disposal, also have a very negative impact
on the environment.

Population growth and urban development have led to the need to develop modern
infrastructure. For the same reason, there is an increase in generation of waste materials,
so it is necessary to use waste materials as much as possible in the construction of infras-
tructure. Use of waste materials has reduced the load on the complete supply chain raw
material in asphalt production. Therefore, it is necessary to increase the scope of research
in the field of waste materials in the construction and maintenance of infrastructure. It is
also essential to adopt appropriate legal documents that would regulate and encourage the
use of waste materials. Through these tasks are manifested essential needs in a sustainable
supply chain in construction. The use of such materials in the construction of infrastructure
would lead to a decrease in harmful gas emissions as an important part of sustainability.
In-place recycling would further reduce emissions and heat.

The use of bitumen emulsion, cement, waste materials (slag, fly ash, and Bakelite), and
other materials (zeolite) in cold recycling would lead to a reduction in the cost of recycling
pavement structures, increase in environmental protection (sustainability), but, at the same
time, remaining mechanical properties of pavement structures within permissible limits.
The basic aims (BA) of the research in this paper are as follows:

e BAL. To reduce the cost of cold in-place recycling by replacing parts of cement and
bitumen emulsion with waste materials.

e BAZ2. Toreduce a negative impact on the environment by reducing the amount of ce-
ment and bitumen emulsion compared to standard cold in-place recycling procedures.

e  BAS3. To apply and (or) use materials that can no longer be used in the main production
processes from which they originate. This means to reduce the load on the complete
supply chain raw material in the construction industry.

In addition to the basic aims, the secondary aims (SA) of the research are as follows:

e  SA1L. The research should serve as a basis for emphasizing the advantages and popu-
larization of recycling of old pavement structures by cold in-place recycling in relation
to other types of recycling, reconstruction and rehabilitation that are more prevalent
in the Republic of Serbia.

e  SA2. To prove that zeolite, fly ash, slag, and Bakelite in addition to cement and bitumen
emulsion, which are commonly used as additives in cold recycling processes, can be
used, while meeting the requirements in terms of mechanical properties.

e SA3. Creating a novel integrated MCDM (multi-criteria decision-making) MEREC-
CoCoSo model for evaluating mixtures. This is particularly important because, ac-
cording to Anysz et al. [10], one of the biggest problems in civil engineering is making
objective decisions, especially when it comes to the selection of technologies and
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material variants as was a case in [11]. Operational research provides a consistent
and applicable groundwork for engineering decision-making. It is evidenced by a
significant number of publications related to this topic, such as [12-14].

2. Background
2.1. Overview of Studies with Asphalt Mixture

In the Republic of Serbia, in 2002, Uzelac and a group of authors, on behalf of the
Republic Roads Directorate, defined instructions and conditions for deep recycling under
a cold procedure [15]. This document is the basis for further research since we did not
have many cold-procedure rehabilitations in the past, so all studies, including this paper,
will serve to supplement and improve these guidelines. Within [16], Miljkovi¢ presented
the influence of the percentage of bitumen emulsion on asphalt mixtures. After technical
instructions, it was the first significant research of Serbian scientists on bitumen emulsion.
However, those tests were not related to cold recycling. The tests have shown an increase
in indirect tensile strength and stiffness modulus over time, especially in the first 28 days.
Significant research in the field of application of bitumen emulsion and cement in a cold
recycling process in Serbia was conducted by Jakovljevié¢ [17]. He examined six groups of
mixtures that differed from each other in a content of crushed stone 0/22 mm, recycled
asphalt, bitumen emulsion and cement. Based on the examination of indirect tensile
strength and compressive strength, it can be seen that for mixtures bound only with cement,
lower values are obtained by increasing the amount of recycled asphalt. When it comes to
mixtures where binder materials are both cement and bitumen emulsion, it can be seen that,
by increasing the amount of recycled asphalt in the mixture, the values of indirect tensile
strength and compressive strength increase, too, i.e., the values of these two parameters
are higher for mixtures with 80% of recycled asphalt compared to mixtures with 50% of
recycled asphalt and mixtures without recycled asphalt.

The research [18] compares three asphalt mixtures: (a) hot mixture containing lime-
stone aggregate-filler (HMA), (b) HMA containing jet grouting waste JGW (HMA]), (c) cold
recycled asphalt mixture containing JGW (CRAJ). Leaching tests of JGW and reclaimed
asphalt pavement (RAP) were conducted; the best configurations of the three mixtures
were determined by using the volumetric method through gyratory compaction.

Kavussi [19] also examined fatigue at different temperatures (—10 °C, 5 °C, 20 °C)
and different curing times (7, 28, and 120 days). The author concluded that the addition
of cement led to a reduction in the fatigue curve slope, which is especially evident at
temperatures of —10 °C. Dotzycki and Jaskuta [20] made a review of the situation in Poland,
and partly in the world, in terms of the use of emulsion and cement. The same authors also
examined the influence of the content percentage of emulsion and cement on the stiffness
of the asphalt mixture. The reason why they examined the influence is that, during the end
of the last century, a significant number of roads for light and medium traffic in Poland
were rehabilitated by cold recycling. Maurizio Crispino and Claudio Brovelli [21] presented
some results obtained during the construction of roads in Italy. The obtained results refer
to specimens of recycled base layers with bitumen emulsion cured for 72 h and at 40 °C.
Their results show that there is no significant difference in Indirect Tensile Strength (ITS)
with foam bitumen and bitumen emulsion. Raschia et al. [22] conducted tests of the effects
of water and cement on cold recycled mixtures. A total of four mixtures with two different
water contents (2% and 4%) and two different cement contents (0% and 1.5%) were tested.
The emulsion content was 5% by aggregate mass. One of the conclusions of the research is
that cement-free mixtures provide sufficiently high values of ITS, so that the use of cement
is unnecessary. The authors in [23] examined the influence of the content of cement and
bitumen emulsion on the values of indirect tensile strength (in dry and wet condition), rut
resistance (at 60 °C), and the values of the BBR (bending beam rheometer) test (at —10 °C).
According to these authors, the percentage of cement of 1.5% is also the optimum cement
content for cold recycled mixtures. The authors in [24] examined the influence of bitumen
emulsion and cement on mixture properties. The recycled asphalt was from the territory



Buildings 2022, 12, 552

4 of 27

of China. They made a total of 12 mixtures. They introduced the term CTI (cracking test
index), which is a function of the mixed effect of the content of bitumen emulsion and
cement and shows resistance to cracking. Increasing the emulsion content and decreasing
the cement content increase the resistance to cracking.

Ma Tao et al. [25] investigated the influence of cement and bitumen emulsion content
on tensile strength, and also paid attention to the type of aggregate. Softic¢ et al. [26] varied
the content of cement and bitumen emulsion within the research. They tested ITS on dry
specimens and water-saturated specimens. After preparation, the specimens were kept in
a dryer at 60 °C for 72 h. In general, from the tests performed, it can be concluded that
with an increase in cement content, the values of ITS also increase. They concluded that the
increase in cement content leads to an increase in tensile strength in both dry specimens
and wet specimens. Significant increase in strength was expressed for up to 1.5% of cement.
Various authors [27,28] have concluded similarly. It is noticeable that ITS first increases and
then decreases with a further increase in water content. As in other studies, it is evident
that ITS increases with increasing cement content [29-31].

Pi, with four other authors [32] in China, conducted a series of experiments to analyze
the effect of granulometry, emulsion type, water content, and cement content on mixtures
by cold procedures. What distinguishes this research is that they observed mortar obtained
from cement and bitumen emulsion under a microscope [33]. The conclusions of the
research are that cement hydration products increase the contact surface between the
mortar (of cement and emulsion) and the aggregate since the surface of the mortar becomes
uneven. The authors emphasized the importance of controlling the amount of all materials
because a larger increase in the amount of emulsion could weaken the binding properties of
cement. Increasing the early strengths of cold mixtures, which are small, can be achieved by
using emulsion activators or other emulsion additives as well as better emulsion types [34].
In his research [35], Chen came to the conclusion that the order of mixing the components
is important. As the best variant, he suggests mixing cement and emulsions, then adding
aggregates, but the author does not recommend a variant where all ingredients are mixed
together or first to mix water, aggregate and cement.

During road maintenance works, it often happens that a large amount of waste
materials appears. All materials that are originally treated as waste must be stored properly,
which requires huge disposal areas. However, some materials do not necessarily have to
be disposed of; they can also be reused. The recommendation of the European Asphalt
Pavement Association (EAPA) is that 100% of the recycled asphalt should be used and
recycled [36]. Recycled asphalt is obtained by scraping the existing asphalt layers, grinding,
and crushing them. The RAP obtained by grinding is finer and denser compared to the
RAP obtained by crushing. Table 1 lists the statistical data from 2017 on the quantities of
recycled asphalt in some European and world countries.

In the available research, cold recycling mixtures were prepared with bitumen emul-
sion and cement. Some authors have tested mixtures only with cement or only with
emulsion. As stated in regulations, attention must be paid to such mixtures because they
are specific in relation to mixtures in which cement and bitumen emulsion are combined.
In most studies, the cement content was 2% or less [37,38], although in some studies the
cement content was 6% [22]. The bitumen emulsion content in the studies was between 2%
and 5% with few studies where the emulsion content was higher than 5%.

Based on the reviewed available literature, it can be concluded that the studies are
very heterogeneous.
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Table 1. Overview of the quantities of recycled asphalt in Europe and in the world, and its use [39].

Quantities of

Percentage of Total Recycled Asphalt (Different Uses)

Asphalt HMA and Other Civil Landfills/Use
Country Recycled, WMA Half WMA COllc! Unbound Engineering for Other Pur-
2017, (Tons) Produced Production Recycling Road Layers Applications  poses/Unknown

Austria 1,650,000 60 no data no data no data no data no data

Belgium 1030 95 no data no data no data no data no data
Czech Republic 2,600,000 14 0 30 20 10 26
Denmark 1,165,000 66 0 0 8 0 26
Finland 1,200,000 100 0 0 0 0 0

France 6,400,000 70 no data no data no data no data no data
Germany 13,000,000 84 0 0 16 0 0
Great Britain 3,400,000 90 0 0 0
Hungary 120,000 95 0 0 0 4 1

Italy 9,000,000 23 no data no data no data no data no data
Netherlands 4,500,000 71 0 11 0 0 18
Norway 1,101,000 30 0 1 69 0 0
Slovakia 50,000 96 0 2 1 1 0
Slovenia 84,000 24 0 6 10 0 60
Spain 494,000 83 0 0 14 0 3
Turkey 2,570,589 9 0 6 85 0 0
USA 72,500,000 96 0 0 4 0 0

2.2. Overview of the Application of MCDM Methods in Suply Chain and Civil Engineering

Rani et al. [40] applied the MEREC method along with the ARAS (additive ratio
assessment) method for selection of technology for food waste treatment. Keshavarz-
Ghorabaee [41] used the methods of MEREC, SWARA II (stepwise weight assessment ratio
analysis) and WASPAS (The weighted aggregated sum product assessment) for selecting
the location for new distribution centers. Simic et al. [42] applied the MEREC and CoCoSo
methods to increase the resilience of transport systems. In the paper [43], the authors pro-
posed a hybrid framework of the Pythagorean fuzzy analytic hierarchy process (PF-AHP)
and Pythagorean fuzzy combined compromised solution (PF-CoCoSo) for identification
of performance outcomes (POs) realized due to Circular Supply Chain (CSC) enablers
(CSCEs) adoption. Ulutas et al. [44] have proposed an MCDM model that consists of
three fuzzy MCDM methods, including: the PIPRECIA (pivot pairwise relative criteria
importance assessment), the PSI (Preference Selection Index), and the CoCoSo method.
They performed measuring of performance of transportation companies and ranked them
according to performance analysis. The CoCoSo method has been applied in various
fields, so Wen et al. [45] considered one of the most important tasks in the supply chain,
the selection of 3PL (third-party logistics) service supplier selection. They extended the
CoCoSo method to hesitant fuzzy linguistic environment. Yazdani et al. [46] applied the
Grey CoCoSo method to measure the performance of suppliers in a construction company
in Spain. They combined this method together with DEMATEL (decision making trial
and evaluation laboratory) and BWM (best worst method). As one of their conclusions,
the authors noted that their approach facilitates the evaluation process while indicating
trustable outcomes. Zavadskas et al. [47] used integration of Delphi and fuzzy CoCoSo
method in order to help to assess buildings’” end-use efficiency making an emphasis on
sustainability and including criteria of social benefit. Zhang et al. [48] made integration of
BWM and CoCoSo model based on the interval rough boundaries for selecting the most
suitable component supplier for housing development. Rough set theory has also been inte-
grated into the following papers. Stevi¢ et al. [49] developed a combined Rough DEMATEL
and Rough EDAS (evaluation based on distance from average solution) model for supplier
selection in the construction supply chain. A similar problem of supplier assessment in the
construction supply chain has been considered in [50], where the authors have developed
the Fuzzy FUCOM (Full Consistency Method)—Rough COPRAS (COmplex PRoportional
Assessment) model, and in [51] where the authors have developed the Fuzzy FUCOM and
Interval Rough SAW (simple additive weighting) model.
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3. Materials and Methods

The experimental research was performed in accordance with the Wirtgen manual [52].
This method was chosen because of its simplicity, but above all because of its wide distri-
bution around the world. An additional reason for the selection of this manual is the fact
that it represents the base for some national manuals; the Croatian one, for example. The
materials were selected in order to meet the basic objectives of the test in terms of economic,
mechanical, and environmental impact criteria. In previous research, only cement, bitumen
emulsion, sparkling bitumen, or combinations of these materials have been used. Moreover,
a novelty in this research is the examination of the effect of frost on cold recycled mixtures
on the spot. Frost resistance has been tested very little so far. Recycled asphalt and recycled
stone were taken from the pavement construction in Zabalj from homogeneous sections.
Homogeneous sections were defined based on Benkelman beam measurements and visual
inspection (Figure Al—phase 1a, Phase 1b, Phase 2a). The granulometric composition
of recycled material should be within the limits defined in a manual. After checking the
granulometric composition and its possible correction, we proceeded to determine the
optimum fluid content, which was determined for each different combination of binders.
After determining the optimum fluid content, specimens with a certain optimum fluid
content were made. The manual defines the conditions for curing specimens. After curing
specimens, indirect tensile strength and the dynamic modulus of elasticity were tested
after 7 and 28 days in dry conditions, 28 days in a water-saturated state and for specimens
exposed to frost.

3.1. Materials Used in the Experiments

The emphasis is on the application of materials that would be used in a cold recycling
process for base layers of pavement structures. The materials to be used in the tests are shown
in Table 2 (recycled asphalt, bitumen emulsion, cement, zeolite, Bakelite, slag, and fly ash).

Table 2. Materials to be used in testing.

Material Main Properties Main Information about Material
Recycled asphalt granulometric composition, bitumen content 78% of RAP is used +6% added filler
Bitumen emulsion bitumen content, setting time cationic stable emulsion C 60 B 4 (60% bitumen) [53]
Cement Chem.l(.:al Comp051t10p, mlner.a}oglcal CEM 1 42.5R (PC)
composition, bulk density, specific surface
Zeolite chemical composition, mineralogical Particle size < 0.125 mm, Blaine surface
composition, pozzolanic activity class area = 8292.97 cm?/ g, Specific weight = 2.386 g/cm?
Bakelite softening temperature, pozzolanic activity class Particle size <0.125 mm, Loss on ignition = 98%
Sla chemical composition, mineralogical Particle size < 0.045 mm, Blaine surface
& composition, pozzolanic activity class area = 2798.90 cm? /g, Specific weight = 2.689 g/cm?
Flv ash chemical composition, mineralogical Particle size < 0.045 mm, Blaine surface
Y composition, pozzolanic activity class area = 10,212.47 cm? /g, Specific weight = 2.313 g/cm?

We pointed out that 78% of the existing recycled material was used because it lacked
fine particles, so we had to add a smaller filler.

All materials were dry when making samples. Zeolite, cement, slag, and fly ash were
dried to constant mass at a temperature of 105 &+ 5 degrees.

3.2. Granulometric Composition

After mixing materials, a representative specimen was taken by the quartering method.
The representative specimen was taken to determine the granulometric composition of
the recycled mixture. The sifted material, as is common in recycled asphalt and recycled
mixtures, had a shortage of fine grains (Table 3). This can be explained by the fact that
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small particles of stone flour and sand are bound with bitumen, and also depends on the
milling machine used [54].

Table 3. Granulometric composition of recycled material.

Before the Granulometric Correction

Sieve size (mm) 0.06 0.25 0.5 1 2 4 8
Passing percentage (%) 0.00% 1.10% 2.92% 6.75% 14.65% 27.74% 47.36%

Sieve size (mm) 11 16 22.4 31.5 45 63 75
Passing percentage (%) 57.00% 67.62% 84.35% 99.59% 100.00% 100.00% 100.00%

After the granulometric correction

Sieve size (mm) 0.06 0.25 0.5 1 2 4 8
Passing percentage (%) 6.00% 22.80% 24.40% 27.23% 33.39% 43.61% 58.92%

Sieve size (mm) 11 16 22.4 31.5 45 63 75
Passing percentage (%) 66.44% 74.73% 87.78% 99.68% 100.00% 100.00% 100.00%

Therefore, it is necessary to correct the granulometric composition by adding finer
fractions. All tests within this paper were performed according to the Wirtgen manual for
cold recycling [52]. The granulometric composition of the mixture was corrected by adding
a stone filler. Filler was material passing at 0.063 mm. Since the tests were performed on
specimens of 5500 g, it was determined the content of individual fractions for that amount
of material on the basis of the content percentage obtained by the calculation.

3.3. Composition of the Mixtures

With the aim of reusing materials from existing pavement structures and waste mate-
rials from other industries, reducing the cost of construction and reducing environmental
pollution, materials tested within cold recycling mixtures were selected. The materials
were selected on the basis of previous experiences of the usage of waste materials as well
as considering materials used in other technologies of construction, rehabilitation, and
reconstruction of roads. The following materials were selected for testing:

Bitumen emulsion;

Cement—as a common additive to bitumen emulsion in cold recycling;
Zeolite—a partial replacement of cement;

Fly ash—a partial replacement of cement;

Slag—a partial replacement of cement;

Bakelite as a type of plastic—a partial replacement of bitumen emulsion.

After correcting the granulometric composition, the optimum fluid content was ex-
amined for the mixtures. The optimum fluid content means the fluid content at which
the maximum bulk density is reached. When the term fluid is used, it means the water
content added to the mixture and the water content contained in the emulsion. For each
different binder combination, it was necessary to determine the optimum binder content.
The optimum binder content was determined for:

Mixtures with 2% of cement;

Mixtures with 3% of cement, which were later rejected due to efforts to reduce the
cement content as much as possible; however, most recommendations are based on
limiting the cement content to 2%;

Mixtures with cement and slag (20% of cement mass has been replaced by slag);
Mixtures with cement and fly ash (20% of cement mass has been replaced by fly ash);
Mixtures with cement and zeolite (20% of cement mass has been replaced by zeolite);
Mixtures with cement and Bakelite (20% of bitumen emulsion mass has been replaced
by Bakelite).

When testing specimens to determine the optimum fluid content, water and bitumen
emulsion were added to the previously prepared mixture of the fractions of recycled asphalt
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and stone, filler, and cement. It is important to note that both recycled asphalt and stone
were dried to constant mass and only in that case was it possible and justified to determine
the optimum fluid content. After preparing a test specimen and compacting it with a
compactor, the specimen was dried at 40 °C to constant mass. The synthetic representation
of optimum fluid contents depending on the mixture is shown in Figure 1.

2 3 4 5 6 7 8

optimum fluid content

B CEM 2%+BE 1.6%+BA 0.4% B CEM 1.6%+BE 2%+SL 0.4%
O CEM 1.6%+BE 2%+FA 0.4% @ CEM 1.6%+BE 2%+ZE 0.4%
= CEM 3%

B CEM 2%

Figure 1. Optimum fluid content for different mixtures.

The experiment can be described in two parts. The first part represents the optimum
determination of fluid content (OFC). The optimum fluid content is determined for each
different content of hydraulic binder (binder such as cement, slag, zeolite, and fly ash).
Optimum fluid content represents optimum water content and bitumen emulsion. For
example, we have determined the optimum fluid content for a mixture with 2% of cement.

In the second part of the experiment, the mixtures with the determined OFC content
were prepared. If we added 3% of bitumen emulsion (which is a liquid in itself) to the
mixture with 2% of cement, we had the same OFC (for 2% of cement) again, but by adding
more emulsion, less water was needed.

By determining the optimum fluid content, all the data for defining the quantities of
individual materials for specimen preparation were determined.

The formulation of all mixtures tested is given in Table 4.

Table 4. Formulations of mixtures tested.

M1 M2 M3 M4 M5 Meé6 M7

Recycled material and filler (g) 5500 5500 5500 5500 5500 5500 5500
Cement (%) 2 2 2 1.6 1.6 1.6 2

Cement mass (g) 110 110 110 88 88 88 110
Zeolite (%) - - - 0.40 - - -
Zeolite mass (g) - - - 22 - - -

Fly ash (%) - - - - 0.40 - -
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Table 4. Cont.

M1 M2 M3 M4 M5 Meé M7

Fly ash mass (g) - - - - 22 - -
Slag (%) - - - - - 0.40 -
Slag mass (g) - - - - - 22 -
Bakelite (%) - - - - - - 0.40
Bakelite mass (g) - - - - - - 22.44
Bitumen emulsions (%) 2 3 4 2 2 2 1.60
Bitumen emulsion mass (g) 11220 168.30 22440 112.20 11220 11220 89.76
Optimum fluid content (%) 6.5 6.5 6.5 6.5 7.6 6.4 6.4
Water content reduction (%) 1.35 135 1.35 1.35 1.68 1.32 1.32
Water content for the Proctor test (%)  5.15 515 5.15 5.15 5.92 5.08 5.08
Water addition (%) 3.75 3.05 235 3.75 4.52 3.68 3.68
Water mass (g) 210.37 171.10 131.83 210.37 253.57 206.45 206.45

3.4. Preparing and Curing of Specimens

A total of 56 specimens were made in the second part of the study. Bitumen emulsion
was added to the prepared mixture of recycled asphalt, stone, and filler. All materials were
then mixed to obtain a compact mixture. The mixture was compacted by compactor so that
five layers of the mixture are poured into a mold. The compaction energy, according to the
modified Proctor test, is 2750 kNm /m?3.

The specimens that were compacted and removed from the mold were placed in a
dryer at 40 °C and dried to constant mass. The mass of the specimens is periodically
checked, and all specimens reached a constant mass in a period of about three days from
the beginning of drying. After reaching a constant mass, the specimens were cured in
a humid chamber (increased humidity) at a temperature of 20 £ 2 °C to simulate field
conditions. The specimens tested dry were cured in a humid chamber until the day of the
test and then removed from the chamber one hour before the test. The specimens tested
wet were cured in a humid chamber for up to one day before the test, then immersed in
water for one day, and after removal from the water were wiped off (excess surface water
was wiped off) and then tested. The specimens tested for frost were cured in a humid
chamber for up to 14 days, and then exposed to freezing and thawing cycles for 14 days,
before being tested on the last day (28th day) according to EN 13286-54 [55].

3.5. Laboratory Tests

Indirect tensile strength was tested in accordance with EN 12697-23 [56] for dry
specimens, while for water-saturated specimens, the strength was determined in accordance
with EN 12697-12 [57].

The specimens were tested on a press manufactured by Matest. Indirect tensile strength
is determined on the basis of Equation (1):

2P 3
where:
e  [TS—indirect tensile strength (MPa);
e P—maximum applied load (kN);
e  H—average height of specimen (mm);
e D—diameter of specimen (mm).

The specimens were broken in a way that the load was applied at a speed of 50.8 mm/min.
It is set on the press that the load is applied until the moment when, after reaching the
maximum strength, the strength decreases by 10%. Since the dimensions of specimens
varied very little from standard dimensions, with a height of 120 mm and diameter of
150 mm, all obtained results were corrected to be comparable. In general, the corrections
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were very small, so even if they were not made, the results obtained would not be much
different. The differences between the corrected and uncorrected values are less than 1%.

The dynamic modulus of elasticity, determined by the ultrasound method, was based
on determining the time of travel of longitudinal waves through the base of a specimen of a
certain length. Unlike the resonant frequency method, the ultrasound method does not de-
pend on a shape of specimen, but depends on the elastic properties of medium. Ultrasound
testing equipment consisted of pulse generators, transmitters, receivers, electrical pulse
amplifiers, and timers. The appearance of the ultrasound equipment of the manufacturer
Matest and the method of performing the experiment are shown in Figure 2.

Figure 2. Testing the dynamic modulus of elasticity by ultrasound method.

The time of travel of longitudinal waves was measured from the moment of sending a
pulse from one side of the sample to its reception on the other side of the sample. The time
of travel is denoted by T. Ultrasound speed (V) is determined by the Equation (2):

V== 2
where:
e [—length of the sample (m);
e  T—time of travel of ultrasound waves (s).

Based on the speed of ultrasound, the dynamic modulus of elasticity (E) is calculated
according to the Equation (3):

£ PX 2 x ((11+_vl)))>< (1-20)) 3)

where:

e  V—speed of longitudinal waves;
e  p—bulk density of material;
e v—Poisson’s coefficient.

For cement-stabilized materials, the values of the Poisson’s ratio range from 0.15 to
0.30. A value of 0.25 was adopted for the calculation. The air void contents of the specimens
were determined following EN 12697-8 [58].

3.6. Method Based on the Removal Effects of Criteria (MEREC)

MEREC is an objective weight method constructed on the elimination effects of criteria
to compute the criteria’s weights in an MCDM problem. MEREC uses specific steps to
determine objective weights [59].

Formation of an initial decision matrix.
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Normalization of the initial matrix (X) which consists of elements x;; by simple linear
normalization by applying Equations (4) and (5).

minxij
ni——— if j € Benefit (4)
s
ni—_if i € Cost ®)
" maxx;j
1

Compute the alternatives’ total performance (S;). A logarithmic measure with equal
criteria weights is used to determine the overall performance of alternatives, which is
based on a non-linear function. It ensures that lower values of 1j; generate larger values of
performances (S;) based on the normalized values acquired in the preceding phase, and

Equation (6) is used.
Sl-—ln(l—i— @;]ln(n,])‘)) ©)

Remove each condition and use the logarithmic measure to calculate the performance
of the alternatives. There are m sets of outcomes that are linked to m different criteria.
Sig denotes the total performance of ith option in terms of removing the jth criteria, refer to

/ 1 x
Sj=1In (1 + (m thﬁ“"(”ikﬂ)) @)

Calculate the absolute deviations’ total influenced by the values acquired in stages 3
and 4, the elimination impact of the jth criteria. Let E; signify the effect of deleting the jth
criteria, refer to Equation (8).

E; = Z
1

Determine the criteria’s final objective weights using the removal effects E; from step
v. The weight of the jth criteria is denoted by w; by Equation (9).

Equation (7).

s/] -5 (8)

__E 9
R A ©)

3.7. Combined Compromise Solution (CoCoSo) Method

Yazdani, Zarate, Zavadskas, and Turskis, [60] established the CoCoSo method [61,62].
It is based on the integration of two most popular MCDM methods, namely Simple Additive
Weighting (SAW) and Exponentially Weighted Product (MEP). The CoCoSo method consists
of the following easy steps [63]:

e  Step 1. Formation of the original decision matrix.
e  Step 2. Then, normalize the decision matrix using Equations (10) and (11).

xi/‘ — maxxij . .
rij = —~—————; for benefit criteria (10)
maxxi]- - mmxij

maXX,']' — X i L.
rij = ————————, for cost criteria (11)
maxxij - mlnxi]-
e  Step 3. Estimation of sum of weighted comparability (Si) (Equation (12)) sequence
and power weighted comparability sequences (Pi) (Equation (13)) for each alternative,
respectively.
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n
Si= Z (w]rlj) (12)
j=1
n
Pi=} (rj)" (13)
j=1

e  Step 4. Computation of relative weights of the alternatives: three aggregated appraisal
scores are used to generate relative performance scores of the alternatives, using the
following Equations (14)-(16):

ki, = # (14)
L (Pi+5i)
1=n
5 b;
Kip = min§; + minP; (15)
A(S;))+ (1 —A)(P;
kiC: ( l) ( )( l) (16)

(AmaxS; + (1 — A)maxP;)’

e  Step 5: The final ranking of the alternatives is determined based on ki values—Equation
17):

=

ki = (kiakivkic)3 + 5 (kia + kip + kic) (17)

@ =

4. Results and Discussion
4.1. Indirect Tensile Strength Analysis

Following the results of individual specimens, the mean values of the properties for
all mixtures were calculated (Table 5).

Table 5. Mean values of Indirect Tensile Strength for all mixtures.

) ITS (7 Days) ITS (28 Days)
Mixture Dry[MPa]l  Dry[MPa]l  Wet[MPal  Frost[MPa]l  Air Voids [%]

M1 0.360 0.477 0.343 0.258 8.770
M2 0.316 0.381 0.536 0315 10.100
M3 0.321 0.367 0.366 0.297 11.630
M4 0.214 0.297 0.192 0.257 8.270
M5 0.299 0.367 0.291 0.276 8.750
M6 0.330 0.344 0.277 0.280 9.040
M7 0211 0.272 0.281 0.249 8.050

It is noticeable, for all mixtures, that indirect tensile strength increases over time. The
indirect tensile strength of the specimens tested after 28 days is higher than the indirect
tensile strength after seven days. The highest value of ITS (dry conditions) is registered in
mixture M1. Replacing part of the cement with waste materials reduces the ITS after 7 and
28 days for samples cured in dry conditions. The increase in indirect tensile strength over
time is evident in all mixtures except in mixtures with slag where the increase in strength
is very small. The water-saturated specimens, after 28 days of curing, have mostly less
indirect tensile strength compared to dry specimens. Exceptions are a mixture with 2%
of cement and 3% of bitumen emulsion and a mixture with the addition of Bakelite. The
specimens tested for frost, after 28 days of curing, have lower strength compared to the
strength obtained on dry specimens. The highest value of ITS, for samples exposed to frost
and wet samples, was obtained on samples from mixtures M2. Table 5 shows the results on
air voids content. M3 has the most air voids, while M7 had the least air voids.
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Mixtures M1, M2, and M3 were compared to determine the influence of bitumen
emulsion content on mechanical properties. In these mixtures, cement content is constant
and the bitumen emulsion content is variable. This is the reason why we can draw a
conclusion about the influence of bitumen emulsion on the value of ITS. Mixture M1 is the
basic mixture and other mixtures are compared to it. Increasing the content of bitumen
emulsion in dry specimens (Figure 3) leads to a decrease in indirect tensile strength. Similar
trends were obtained by the authors [20] for mixtures with 4% of cement. In water-saturated
specimens and those exposed to frost (Figure 4) there is an increase and then decrease in
values of indirect tensile strength. Similar trends are observed with the ITS for all four
cases.

0.50
0.48% ITS 7 days,
\
0.45 < dry
\
\
N\
= 040 Y =0.04T547- 0308 F 0919 "~ | 26 o ITS28 days,
E R2=1 M - dry
£ 035 086 < 0.37
2
= 030 032 T ==-="032 - = =Poly. (ITS 7
y =0.024x2 - 0.1635x + 0.5905 days, dry)
0.25 Re=1
- = =Poly. (ITS
0.20 - 28 days,
0 1 2 3 4 5 dry)
Content of Bitumen Emulsion (%)

Figure 3. Dependence of indirect tensile strength (ITS) on emulsion content, dry specimens.

0.55 5t
0.50 SN
/ \ ITS 28 days,

0.45 - : —f v wet
E 040 Y= -0.181x 1;21_.(197 DX, - 1.128 \ ITS 28 days,
2 035 i b 037 frost
" 0.34 031 - = =Poly. (ITS 28
E 0.30 peas S>30 days, wet)

025 0.26 & — — =Poly. (ITS 28

y =-0.0372x2 + 0.2433x - 0.08 days, frost)
0.20 R 1
0.15
0 1 2 3 4 5
Content of Bitumen Emulsion (%)

Figure 4. Dependence of indirect tensile strength (ITS) on emulsion content, wet specimens, and

specimens exposed to frost.
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4.2. Tensile Strength Ratio Analysis

Tensile strength ratio (TSR), i.e., the strength ratio of wet and dry specimens is deter-
mined on the basis of the following Equation (18):

avITSwet

TSR = ————
avITS

x 100 (18)

TSR—Tensile Strength Ratio (%);
avlTSyrr—average ITS value of wet specimens (MPa);
avlTSpry—average ITS value of dry specimens (MPa).

The tensile strengths after immersion are mostly lower than in dry specimens (Table 6).
Within this research, tensile strengths were made for specimens exposed to frost, which was
not a common practice in previous studies. No specific tensile strengths have been defined
for cold-recycled mixtures with the addition of cement and bitumen emulsions. Croatian
guidelines [64] require TSR to be higher than 80% for cold recycling with hydraulic binders.
The same is stated according to the standard EN 13286-41:2021 [55].

Table 6. Comparison of indirect tensile strength after 28 days of specimens immersed in water and
exposed to frost with specimens cured in dry conditions.

28 Days
Mixture ITS ITS Tensile ITS Tensile Strength
Not Immersed Immersed Strength Frost Ratio-TSR (%)
[MPa] [MPa] Ratio-TSR (%) [MPa]
M1 0.477 0.343 71.910 0.258 54.090
M2 0.381 0.536 140.870 0.315 82.790
M3 0.367 0.366 99.7300 0.297 80.930
M4 0.297 0.291 97.980 0.267 89.900
M5 0.367 0.192 52.390 0.257 70.120
Meé 0.344 0.277 80.520 0.280 81.400
M7 0.272 0.281 103.50 0.249 91.710

4.3. Analysis of Dynamic Modulus of Elasticity

The mean values of dynamic modulus of elasticity, for all mixtures, were calculated
(Table 7) and, based on these data, it can be concluded that the dynamic modulus decreases
with increasing bitumen emulsion content. Additionally, it is noticed that the dynamic
modulus of elasticity of mixtures increases over time, i.e., that it is higher on specimens
cured for 28 days compared to specimens cured for seven days (Figure 5). The dynamic
modulus of elasticity for specimens exposed to frost is smaller compared to specimens
cured in a dry state (Figure 6).

Table 7. Mean values of dynamic modulus of elasticity for all mixtures.

_ DME (7 Days) DME (28 Days)

Mixture Dry [GPal Dry [GPal] Wet [GPal] Frost [GPa]
M1 12.561 14.459 8.279 6.408
M2 11.065 10.522 15.739 7.450
M3 11.345 12.113 13.882 7.063
M4 7.883 9.961 10.715 9.691
M5 11.463 11.713 12.981 9.184
Mé6 11.819 12.089 11.455 9.802

M7 6.952 9.489 10.645 8.881
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Figure 5. Dependence of dynamic modulus of elasticity (DME) on emulsion content, dry specimens.
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Figure 6. Dependence of dynamic modulus of elasticity (DME) on emulsion content, wet specimens,

and specimens exposed to frost.

The dynamic modulus of elasticity is the greatest for M1 mixtures (dry conditions).
For wet samples, mixture M2 has the highest DME value. Mixture M6 has the highest DME

for samples exposed to frost.

4.4. Economic Analysis of Mixtures Tested
The following assumptions were adopted for the economic analysis of the mixtures
tested:
1. Itis considered the amount of material required to stabilize one kilometer of road by
cold in-place recycling.
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2. Itis considered the stabilization of existing structure in the thickness of 20 cm by cold
recycling.
3. The width of the road is assumed to be 6.50 m.
Prices of materials and transport of materials per ton are given in Table 8. These prices
we have obtained from companies that sold these materials.

Table 8. Price of materials per ton and price of material transport.

Material Price of Material per Ton [€]  Price of Material Transport per Ton [€]

Cement 92.5 3.6
Bitumen Emulsion 416.6 20.8
Filler Dust 40 2.5
Water 1 4.17
Zeolite 333.3 20.8

Fly Ash 2 36

Slag 40 25
Bakelite 0 20.8

For each mixture analyzed (Table 9), it was adopted a mean bulk density to obtain the
cubic meter weights of the mixture. Per kilometer of stabilized layer (thickness of 20 cm),
the most expensive is a mixture with 2% of cement and 4% of bitumen emulsion, while
the cheapest is a mixture in which Bakelite is used. The price of binder for mixtures with
2% of cement and 2% of emulsion is very similar to the price of binder mixtures with the
addition of slag and fly ash. The cheapest price of binder is for a mixture with Bakelite, and
the most expensive, as expected due to the price of bitumen emulsion, is a mixture with 2%
of cement and 4% of bitumen emulsion.

Table 9. Information about price of mixtures.

. 2 Price of Bitumen Emulsion Price of Additive per Total Price per 1 m>
Mixture Price of Cement per 1 m” and er 1 m? and a Layer 1 m? and a Layer nd a Layer Thickn
a Layer Thickness of 20 cm [€] pe Y . y anda -aye cxness
Thickness of 20 cm [€] Thickness of 20 cm [€] of 20 cm [€]
M1 0.860 3.949 0.000 4.809
M2 0.855 5.890 0.000 6.745
M3 0.843 7.738 0.000 8.581
M4 0.689 3.956 0.641 5.286
M5 0.697 4.000 0.069 4.766
Mo 0.691 3.967 0.077 4.736
M7 0.850 3.123 0.037 4.010

4.5. Analysis of Environmental Protection

Analysis of environmental protection is an important task of sustainable construction
supply chain, so it is explained in detail in this subsection. The use of waste materials in
cold recycling of pavement structures reduces the amount of materials (primarily stone)
used in standard recycling procedures. This further affects the reduced need for stone
aggregate and reduces the need for exploitation of quarry stone, which leads to a reduction
in emissions of harmful gases and dust during stone extraction, but also less disruption of
the environment. As it was not possible to collect all the data for all the materials used in
the research, the following assumptions were adopted for the analysis of environmental
protection:

1. Only the emission of CO; for cement and bitumen emulsion was analyzed based on
their quantitative difference in mixtures.

2. CO; emission values have not been adopted for all waste materials, as these are
products generated in other production processes. These materials occupy certain
areas where they are disposed.
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3. Waste materials occupy certain areas, so it is possible to state a “positive” effect on
environmental protection when using it. Avoiding the disposal and treatment of
waste materials also reduces costs.

4.  The quantities of recycled material and fillers are the same for all mixtures and are
therefore excluded from the calculation.

5. No analysis was performed for the transport of materials since it is not possible to
determine the capacities of means of transport that are different for all materials.

The values of CO, emission of cement and bitumen emulsion are given in Table 10
according to source [65] for cement and [66] for bitumen emulsion.

Table 10. Unit CO, emission.

Material CO; Emission per Ton of Material [Ton]
Cement 1.250
Bitumen emulsion 0.255

By analyzing the difference in the amount of cement and bitumen emulsion among
mixtures and their impact on gas emissions, it can be concluded that mixtures with fly ash
and slag have the lowest total CO; emission, while a mixture with 2% of cement and 4%
of bitumen emulsion emits the most CO,. In addition, Table 11 shows the quantities of
additional materials per kilometer of road. The quantities of used materials are over 10 t
per km of road, which are large quantities of waste materials.

Table 11. Amounts of CO, emission of cement and bitumen emulsion for all mixtures.

¥ Amount of CO, Amount of CO, for Total CO, for Used Additional
2 for Cement per Bitumen Emulsion Cement and Material per
'§ Kilometer of per Kilometer of Bitumen Emulsion Kilometer of
Road () Road (t) per Kilometer (t) Road (t)
M1 64.862 13.532 78.394 0.000
M2 64.469 20.175 84.644 0.000
M3 63.505 26.498 90.003 0.000
M4 52.010 13.563 65.574 10.402
M5 51.890 13.532 65.422 10.378
M6 51.919 13.539 65.458 10.384
M7 64.141 10.686 74.827 10.449

4.6. Final Analysis of Mixtures Using an MCDM Model
4.6.1. The Application of Integrated MEREC-CoCoSo Model

The final analysis was performed taking into account all three criteria: criterion
of mechanical properties (C1), economic criterion (C2), and criterion of environmental
protection (C3).

The mixtures have been ranked based on the multi-criteria MEREC-CoCoSo model.
All seven mixtures were ranked taking into consideration all three criteria in order to
determine the mixture that has the best mechanical properties, while having the least
impact on the environment and having the lowest construction costs.

The mixtures were evaluated on the basis of a linguistic scale 1-7 where 1 represents
the best characteristic, while 7 represents the worst characteristic. Taking this into account,
all three criteria were modeled as cost criteria. The initial decision matrix is shown in
Table 12.

After applying the procedure of MEREC method described in Appendix B.1, the final
criteria weights have been obtained (Figure 7).
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Table 12. Initial decision matrix in the MEREC-CoCoSo model.

Criteria
Mixture C1 C2 C3
M1 3 4 5
M2 1 6 6
M3 1 7 7
M4 6 5 3
M5 5 3 1
M6 3 2 2
M7 7 1 4

weight

0.297
0.300
0.403
C1 2 C3
Criterion

Figure 7. Criteria weights obtained using the MEREC method.

The results obtained after the application of the MEREC method show that the first,
criterion of mechanical properties, is of the greatest importance in the evaluation of mix-

tures.

After calculating the weights of the criteria, the mixtures were ranked using the
CoCoSo method. The initial matrix is previously shown in Table 12, but normalization is
performed using Equation (11). The normalized matrix for the CoCoSo method is shown in
Table A3. Estimation of sum of weighted comparability (Si) sequence and power weighted
comparability sequences (Pi) for each alternative respectively has been performed and
showed in Table A4. By applying Equations (14)—(17), the final results are obtained, and
presented in Table 13.

Table 13. Results after applying the CoCoSo method.

Mixture Si+ Pi Kia Kib Kic Ki Rank
M1 2.901 0.158 3.800 0.826 2.386 3
M2 2.673 0.146 3.546 0.762 2.217 4
M3 1.403 0.076 2.102 0.400 1.260 7
M4 2.457 0.134 3.092 0.700 1.970 5
M5 3.159 0.172 4.257 0.900 2.647 2
M6 3.510 0.191 4.841 1.000 2.985 1
M7 2.263 0.123 3.043 0.645 1.893 6

Based on the final analysis using the MCDM model, it can be concluded that the best
mixtures are M6, M5, and M1 under the given conditions of consideration. Considering
the ranking of mixtures using the CoCoSo method, the highest quality mixtures, for most
combinations of weight factors, are mixtures with slag, mixtures with fly ash, and mixtures
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with 2% of cement and 2% of bitumen emulsion. These results can help decision-makers
to make adequate decisions in different conditions. The usefulness of this model can be
manifested through decision-making in real-time on the basis of considering more influence
factors.

4.6.2. Sensitivity Analysis

In this section, the weights of the criteria are simulated through 18 new scenarios
(51-518), (Table 14) by applying Equation (19). Criteria weights are changed in a range of
15-90%, starting from the most significant criterion C1, followed by criteria C2, and C3. For
example, the values of the first criterion are as follow: 0.343, 0.282, 0.222, 0.161, 0.101, and
0.040, respectively, for scenarios S1-5S6.

We

Wap = (1= W) 5 (19)

Table 14. New simulated criterion values through 18 scenarios.

Criteria Weights
Scenario w1 w2 W3 W1 W2 W3
S1 0.342 0.331 0.327 510 0.506 0.120 0.374
52 0.282 0.361 0.357 S11 0.532 0.075 0.393
S3 0.221 0.391 0.387 S12 0.558 0.030 0.412
54 0.161 0.422 0.417 S13 0.428 0.319 0.253
S5 0.101 0.452 0.447 514 0.454 0.338 0.208
56 0.040 0.482 0.477 S15 0.479 0.357 0.163
S7 0.429 0.255 0.316 S16 0.505 0.376 0.119
S8 0.454 0.210 0.335 517 0.530 0.395 0.074
59 0.480 0.165 0.354 S18 0.556 0.415 0.030

The next step is the implementation of new simulated criterion values in the evaluation
and ranking of alternatives using the CoCoSo method. Figure 8 shows the ranks of all
mixtures through the change of criterion weights in 18 scenarios.

il

WSO @S1 @S2 OS3 @S4 @S5 MS6 WS7 WMS8 MSS WS10 MS11 @S12 m@S13 @™S14 OS15 @S16 @MS17 MS18

Ranks
(OS]

— N

M1

M3 M4 M7

Mixtures

Figure 8. Result of sensitivity analysis.

Sensitivity analysis shows that the ranking results of mixtures depend on the values
of the criteria. Out of a total of 18 scenarios, there are no changes in the ranks of mixtures
in only five scenarios (S1, S7-S9, and S13). It is important to note that the best mixture, M6,
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does not change its position in any scenario, regardless of the value of the criteria. When it
comes to the second-best mixture, M5, it does not change its position in the first 15 scenarios,
while in the last three scenarios, when the value of the criterion of environmental protection
is reduced to a minimum, it takes the third and fourth place, respectively. In the first six
scenarios, when the value of the criterion of mechanical properties decreases by as much
as 90%, the biggest change is with the M7 mixture, which moves from the sixth through
the fifth and fourth position to the third. By reducing the importance of economic and
environmental criteria, no significant changes in the ranks of mixtures occur.

Given that there have been changes in the ranks of mixtures in the sensitivity analysis,
it is necessary to calculate their correlation. For these purposes, two statistical correlation
tests were applied: Spearman [67] and WS correlation coefficient [68], which is shown in
Figure 9.

1.000
0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

S5 S6 S7 S10 S11 S12 S13 S14 S15 S16
BSCC 1.00 1.00 0.89 0.85 0.75 0.67 0.67 1.00 1.00 1.00 0.96 0.96 0.92 1.00 0.96 0.96 0.85 0.85 0.82
BWS 1.00 1.00 0.94 0.95 0.91 0.87 0.87 1.00 1.00 1.00 0.94 0.94 0.94 1.00 0.98 0.98 0.83 0.83 0.84
Scenarios S1-S18

Values of SCC and WS coefficients
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Figure 9. SCC and WS rank correlation coefficients in sensitivity analysis.

Results showed in Figure 9 represents the correlation of ranks in various scenarios
of sensitivity analysis. Full correlation is between the initial set and the following sets
(51, S7-59, and S13) in which there are no changes. The least correlation is in set S6 in
which the value of the most important criterion has been reduced by 95%. According to the
obtained values, the Spearman’s coefficient value of 0.679 represents a good correlation.
The obtained WS coefficient shows a larger correlation because of no significant changes in
the first places.

5. Conclusions

In this paper, it has been considered cold in-place recycling. In-place recycling has
an advantage over other types of recycling because it increases sustainability in the whole
construction supply chain: it saves material resources, reduces environmental pollution,
reduces the need for disposal of materials and shortens the time of road maintenance works.
Until now, the practice has been to use cement, bitumen emulsion, foamed bitumen, and
a combination of these materials when recycling existing roads. In the research, recycled
asphalt and stone, fly ash, slag, and Bakelite were used as waste materials, while zeolite
was used as other materials. The research included seven types of mixtures with different
contents of cement, bitumen emulsion, zeolite, fly ash, slag, and Bakelite. The three
base mixtures were with 2% of cement and with 2%, 3%, and 4% of bitumen emulsion,
respectively. In the next three mixtures, 20% of the cement content was replaced with
zeolite, fly ash, and slag. In the seventh mixture, 20% of the bitumen emulsion was replaced
with Bakelite. The experimental part of the research can be divided into two parts. The
first part involved determining the sustainable and optimum fluid content for each of the
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different types of mixtures, while in the second, main part of the research, the mechanical
properties of the mixtures were determined.

The indirect tensile strength was tested after 7 and 28 days for specimens cured in dry
conditions, the indirect tensile strength after 28 days for water-saturated specimens, and the
indirect tensile strength after 28 days for specimens exposed to freezing and thawing cycles.
An important note is that mechanical properties were analyzed in relation to permissible
values.

Considering all three criteria together, with different factors of importance of the
criteria obtained using the MEREC method, and the ranking of mixtures using the CoCoSo
method, the highest quality mixtures, for most combinations of weight factors, are mixtures
M6, M5, and M1.

The conclusions related to the hypothesis are as follows: the use of bitumen emulsion,
cement, waste materials (slag, fly ash, and Bakelite), and other materials (zeolite) in cold
recycling would reduce the cost of recycling pavement structures, increase environmental
protection, while the mechanical properties of the pavement structures are within accept-
able limits. The comparison has been made in relation to standard mixtures in which
only cement and bitumen emulsion are used. The use of zeolite, as a substitute for 20%
of cement, with bitumen emulsion in cold in-place recycling would not reduce the cost
of recycling pavement structures, would not increase environmental protection, and me-
chanical properties are not within acceptable limits. The comparison has been made in
relation to standard mixtures in which only cement and bitumen emulsion are used. The
use of Bakelite, as a replacement for 20% of bitumen emulsion, with cement in cold in-place
recycling would reduce the cost of recycling pavement structures, would not increase
environmental protection, and mechanical properties are not within acceptable limits. The
comparison has been made in relation to standard mixtures in which only cement and
bitumen emulsion are used.

As, during the research, the percentages of replacement of individual materials have
been equal (20%) in order to be comparable, further research will strive for the following:

e  Change Bakelite in an amount of less than 20% in relation to the amount of bitumen
emulsion and vary the content of Bakelite to determine the optimum amount of
Bakelite;

Change slag in different quantities to determine the optimum slag content;

Change zeolite in different quantities (less than 20% in relation to the amount of
cement);

Reduce the amount of cement below 1%;

Reduce the amount of bitumen emulsion to 1% and increase the amount of other
materials;

e  Use 100% of recycled material to increase the amount of utilization of existing materials
and save raw materials in construction supply chain;

e  Curing the specimens by faster procedure, i.e., at higher temperatures to shorten
research time and time to obtain results.
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Appendix A. Research Flow Diagram
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Appendix B

Appendix B.1. Calculating the Significance of the Criteria Using the MEREC Method

Since all the criteria are of the cost type, after evaluation using the aforementioned

normalization scale, Equation (5) is applied as follows:

3
¥ = =-=0.429
1y 7

and, in this way, the normalized matrix presented in Table A1 is obtained.

Table A1. Normalized decision matrix for the MEREC method.

(A1)

Criteria
Mixture C1 C2 C3
M1 0.429 0.571 0.714
M2 0.143 0.857 0.857
M3 0.143 1.000 1.000
M4 0.857 0.714 0.429
M5 0.714 0.429 0.143
M6 0.429 0.286 0.286
M7 1.000 0.143 0.571

Then, in the third step of the MEREC method, the calculation of the total performance

of the mixtures is performed using Equation (6):

S, = ln<1 + (%(|1n(0.429)| + |In(0.571)| + |1n(0.714)|)): 0.458;

S2 =In(1+ (4(/In(0143)| + [In(0.857)| + [In(0.857)) ) = 0.560

S3 = In(1+ (4(/In(0.143)| + In(1)| + [In(1)] ) ) = 0.500;

54:111

1
3

i+
=i+
(14

( )
(IIn(0.714)| + |In(0.429)| + |In(0.143)|
( )

IIn(0.429)| + |In(0.286)| + [In(0.286) |)

1(IIn(0.857)| + [In(0.714)| + [In(0.429)| ) ) = 0369

)) 0.715
)

= 0.750

S7=In(1+ (3(In(1)] + [In(0.143)| + [In(0.571)| ) ) = 0.607

(A2)

In the fourth step, using Equation (7), the performance of mixtures without one

criterion is calculated (Table A1) as follows:

= ln(l + (;(|In(0.571)| + |1n(0.714)\)>: 0.261

so the complete matrix obtained is shown in Table A2.

Table A2. Complete matrix S';; for the MEREC method.

(A3)

Criteria
Mixture C1 C2 C3
M1 0.261 0.333 0.385
M2 0.098 0.531 0.531
M3 0.000 0.500 0.500
M4 0.333 0.288 0.151
M5 0.658 0.566 0.333
M6 0.607 0.531 0.531
M7 0.607 0.171 0.500
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Calculation of the removal effect of each criterion on the overall performance of the
alternatives based on the deviation-based formula of Equation (8) is determined as follows:

= 10.261 — 0.458| + [0.098 — 0.560] + |0 — 0.5 + [0.333 — 0.369| + |0.658 — 0.715| + |0.607 — 0.750| + 0.607 — 0.607|= 1.395 (A4)

In the same way, the values E2 = 1.041 and E3 = 1.029 are obtained in order to obtain
the final values by applying Equation (9):

1395

" 1041 1029
1™ 3465 -

Appendix B.2. Ranking the Mixtures Using the CoCoSo Method

Table A3. Normalized decision matrix for the CoCoSo method.

Criteria
Mixture C1 C2 C3
M1 0.667 0.500 0.333
M2 1.000 0.167 0.167
M3 1.000 0.000 0.000
M4 0.167 0.333 0.667
M5 0.333 0.667 1.000
M6 0.667 0.833 0.833
M7 0.000 1.000 0.500

Table A4. Weighted normalized matrix and values for Si and Pi.

Weighted Matrix
3 Si Pi
Mixture C1 C2 C3
M1 0.268 0.150 0.099 0.518 2.383
M2 0.403 0.050 0.050 0.502 2.171
M3 0.403 0.000 0.000 0.403 1.000
M4 0.067 0.100 0.198 0.365 2.092
M5 0.134 0.200 0.297 0.631 2.528
M6 0.268 0.250 0.248 0.766 2.743
M7 0.000 0.300 0.149 0.449 1.814
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