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Abstract: Rubberized asphalt mixtures, including dry-process, wet-process with asphalt
rubber binder, and wet-process with terminal blend binder, are superior options for pave-
ment construction compared to conventional hot mix asphalt (HMA). This study compared
these mixtures in terms of performance, cost, and environmental impact, considering their
expected lifespan. Their performances were assessed through a literature review, the costs
for material production and construction were estimated, and the environmental impacts
were evaluated using a life cycle assessment (LCA) with the SimaPro software. The results
showed that rubberized mixtures, overall, outperformed conventional asphalt by about
25%, making them a viable choice for sustainable pavements. Despite the higher mate-
rial and construction costs, an economic analysis revealed that rubberized mixtures are
more cost-effective in the long term due to their extended service lives. The wet-process
rubberized mixture made with asphalt rubber binder proved to be the most cost-effective
over the pavement’s lifespan, followed by the terminal blend and dry-process mixtures.
The LCA indicated higher environmental impacts during production for rubberized as-
phalt due to increased fuel consumption and material usage. However, when normalizing
emissions over the pavement’s lifespan, the wet-process rubberized mixtures made with
asphalt rubber binder exhibit the lowest equivalent CO, emissions per year, making them
the most sustainable option. The comparative approach used in this study highlights
the pros and cons of rubberized asphalt mixtures, offering valuable insights for informed
decision-making in pavement construction.

Keywords: rubberized asphalt; wet process; dry process; terminal blend; life cycle assessment

1. Introduction

Rubberized asphalt mixtures, which exhibit superior performance and durability
compared to conventional hot mix asphalts based on numerous laboratory studies and field
performance, provide an effective solution for lowering long-term expenses by enhancing
the lifespan and durability of the pavement. Additionally, the crumb rubber or powder
incorporated into rubberized asphalt mixtures is sourced from grinding the rubber of
used or discarded tires, effectively addressing the issue of landfilling worn tires from an
environmental perspective.

In general, three main technologies for using rubber in the production of rubberized
asphalt mixtures can be defined: the dry process, the wet process with the production of
asphalt rubber binder, and the wet process with the production of rubber-modified binder
(known as terminal blend binder). Based on a study conducted by Ghabchi et al., several
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transportation agencies, including the Alabama Department of Transportation (ALDOT),
California Department of Transportation (Caltrans), and Texas Department of Transporta-
tion (TxDOT), were examined. The study found that 77.3% of these agencies utilize asphalt
rubber binder, 54.5% use terminal blend binder in the production of rubberized asphalt
mixtures, and the use of dry process rubberized asphalt mixtures is limited to only 13.6%
of these organizations [1].

Although the benefits of rubberized asphalt mixtures have been proven, their usage
is not without concerns. Technical problems, such as the poor storage stability of asphalt
rubber binder or even terminal blend binder, the high viscosity of the binders, and the
increased emissions of hazardous air pollutants during pavement construction, exist [2].

The production of each kilogram of synthetic rubber generates more than 2 kg of
carbon dioxide, based on the SimaPro software data. By recycling and reintegrating
used tires into the consumption cycle, it is possible to make better use of these materials,
considering the significant emissions already associated with their production.

While the use of any additive that enhances asphalt properties may slightly increase
environmental impacts in life cycle studies—since the production of a chemical substance
is required—this issue does not apply to crumb rubber. The process does not involve pro-
ducing a new raw material; it only requires shredding, preparation, and similar operations.

With growing sustainability concerns in the pavement industry, numerous studies
have been conducted over the past decade to assess the environmental impacts of various
pavement materials throughout their life cycles.

Pratico et al. conducted a study to assess the life cycle of pavement technologies with
recycled materials (reclaimed asphalt pavements, crumb rubber, and waste plastics). The
results show that the production of the materials has the highest contribution (60-70%) in
all environmental aspects [3].

In a study by Lima et al., the environmental impact of impact-absorbing pavements
made with crumb rubber was evaluated. The results showed that using crumb rubber
in the dry process increases the overall environmental impact due to the need for higher
amounts of asphalt binder. However, if the lifespan of the alternative pavement structures
is 20% longer than that of the reference pavement, the total environmental impact will
be lower [4]. A life cycle assessment case study in Brazil demonstrated that, considering
various environmental and economic factors, a pavement structure with an asphalt binder-
stabilized base containing 15% crumb rubber is the optimal option [5].

In addition to life cycle assessment studies of rubberized asphalts, numerous studies
have been conducted to evaluate the performance of this type of material. In one study,
Xie et al. investigated the dynamic modulus, rutting resistance, moisture sensitivity, and
fatigue resistance of various rubberized stone matrix (SMA) mixtures through performance
tests. The mixtures were produced in the laboratory using three processes: the dry process,
the wet process with asphalt rubber binder, and the wet process with terminal blend
binder. The results showed the following: (1) the incorporation of crumb rubber into SMAs
improved the high-temperature dynamic modulus, rutting resistance, and fatigue life;
(2) the production methods may affect the high-temperature dynamic modulus and rutting
resistance while having no significant effect on the moisture sensitivity and fatigue life
of the mixture; and (3) the use of a Styrene-Butadiene-Styrene (SBS) polymer and rubber
blends in the terminal blend binder significantly improved the rutting and fatigue cracking
resistance [6].

Chavez et al. compared rubberized asphalt mixtures produced by dry and wet pro-
cesses and pointed out the disadvantages of each process; the wet process requires expen-
sive equipment and the dry process requires long mixing times, both of which have been
cited as reasons for the stagnation of the development of this technology. The development
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of pre-prepared rubber binder (semi-wet) has expanded the use of this type of asphalt by
providing advantages to compensate for the disadvantages of other processes [7].

Bilema et al.’s review highlights the fundamental principles of crumb rubber-modified
asphalt, noting its superior performance and longer service life compared to conventional
asphalt. Despite its benefits, the lack of detailed information on greenhouse gas emissions,
energy consumption, and life cycle costs deters its widespread adoption, leading many
in the global asphalt industry to prefer more expensive and energy-intensive additives
like Styrene-Butadiene-Styrene (SBS). The study concludes that adding rubber increases
the optimum binder percentage and viscosity, which can be mitigated with additives.
Rubberized asphalt also offers significant environmental benefits by reducing maintenance
operations and energy consumption throughout its life cycle [8].

In a study, Picado-Santos et al. examined various technologies for using crumb rubber
and stated that, in addition to improving environmental indicators due to the recycling of
scrap tires, rubberized asphalt also has other benefits. In terms of direct costs, it can be said
that rubberized asphalt is up to 30% more expensive; however, considering the longer life
cycle of the pavement, it saves on pavement maintenance costs. They also stated that the
use of terminal blend binder has a simpler and more controlled process, and if developed
and combined with the warm asphalt (WMA) process, it will be beneficial for the pavement
industry [9].

2. Research Purpose

The aim of this study is to compare three methods or processes of producing rubber-
ized asphalt (the dry process, wet process with asphalt rubber binder, and wet process with
terminal blend binder) with conventional hot asphalt mixtures in terms of performance,
the costs related to production and construction, and the environmental side effects from
the stage of raw material production to the end of pavement construction.

For this purpose, the performances of the mixtures were estimated through a review
of the literature and previous research. For economic estimation, the costs related to
production and implementation were calculated by referring to the official item price list,
which is used in pavement construction projects in Iran (refer to Appendix A). Finally,
to quantitatively calculate the environmental impacts, the life cycle assessment from the
stage of raw material production to the end of pavement construction for the considered
mixtures was calculated and compared using the SimaPro software.

The production and implementation costs and life cycle assessment were considered
for the production of 1000 tons of mixture (approximately equivalent to the asphalt required
to pave 1 km of a two-lane road with a width of 7 m at a thickness of 50 mm thickness).

3. Life Cycle Assessment Framework

A life cycle assessment of an asphalt mixture is a systematic approach to evaluate the
environmental impacts associated with all stages of its life cycle, from the extraction of raw
materials to the production, use, and end-of-life of the pavement. This assessment helps
identify critical points in the asphalt life cycle where environmental improvements can be
made, such as reducing greenhouse gas emissions and the consumption of raw materials
and energy resources. Recent studies emphasize the importance of considering various
factors, including the selection of appropriate materials, construction methods, and mainte-
nance practices, to achieve more sustainable asphalt design. The life cycle of any pavement
includes different phases, including material production, construction, road operation and
maintenance, and finally, end-of-life (Figure 1). Each of these phases can have significant
environmental impacts, including energy consumption, greenhouse gas emissions, and
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other pollutants; therefore, it is essential to assess the impacts comprehensively throughout
their entire life cycle.
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Figure 1. Phases of pavement life cycle assessment.

The life cycle assessment framework consists of four stages as shown in Figure 2.
Depending on how many stages of a product’s life cycle is considered, and the scope of the
research, different types of life cycle assessment studies can be conducted; for example [10]:

e  Cradle-to-grave LCAs with complete life cycle stages included in the system boundary.

e  Cradle-to-gate LCAs with options (which include the production stage and selected
further life cycle stages).

e  Cradle-to-laid (also referred to as “cradle-to-end of construction”) LCAs with the
construction stage added to the system boundary.

e  Specific parts of the life cycle (e.g., waste management, components of a product, or

use stage).

LiIfe-Cycle Life-Cycle Goal and
Interpretation A ssr:gerlrften ¢ h‘(ILer(lth(;ry S?OP?
(LCIA) Definition

Figure 2. LCA study framework.

4. Life Cycle Inventory

In this study, four asphalt mixture samples were evaluated, including conventional hot
mix asphalt (HMA), dry process rubberized asphalt (RHMA-dry), wet process rubberized
asphalt prepared by asphalt rubber binder (RHMA-wet), and rubberized asphalt prepared
with terminal blend binder (RHMA-tb). The following is a brief description of each process
for producing rubberized asphalt mixtures:

Wet Process Asphalt Rubber Binder: This process involves mixing crumb rubber and
asphalt binder to produce an improved binder for asphalt mixtures, known as asphalt
rubber binder. This binder contains at least 15% of rubber by weight and may include
some additives, such as aromatic oils, to aid the interaction between the asphalt binder
and rubber, reduce viscosity, and improve workability. The rubber particle sizes in this
process range from approximately 0.56 mm to a maximum of 2 mm. The asphalt binder
and crumb rubber must first be mixed at 170 to 200 °C for 45 min to 2 h, depending on
the project requirements. The mixture produced by this method offers many technical
and functional advantages; however, its widespread use is challenging due to the need for
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expensive equipment, constant stirring to prevent the separation of the asphalt binder and
rubber, and the limited storage time [7,9].

Wet Process Terminal Blend Binder: The final binder product in this method is a
sticky material in which the rubber particles are completely digested into the asphalt
binder and must be prepared in asphalt binder production centers. The maximum size
of the rubber particles is 0.6 mm, and the main difference from the previous method is
the amount of rubber consumed and the equipment used. In the terminal blend method,
the recommended percentage of rubber is 5 to 15% of the binder weight. To prepare the
terminal blend binder, a production temperature of 220 to 280 °C is required, and the
digestion time is about 2 to 8 h. There are also stability problems in maintaining the product
to achieve proper performance, and the fuel consumption of this method is high. To solve
this problem, warm asphalt additives are usually used in production, which can help
improve the application of the product from an environmental perspective. The mixing
mechanism and properties of the terminal blend binder differ from those of asphalt rubber
binders, and the production of rubberized asphalt mixtures with terminal blend binders is
generally similar to asphalt mixtures made with polymer-modified binders [9,11].

Dry Process: The dry process involves the direct addition of crumb rubber or rubber
powder to the hot aggregate in the asphalt plant, followed by the addition of neat asphalt
binder to create a rubberized asphalt mixture. In this case, the optimum binder percentage
is higher than that in conventional asphalt mixtures. To achieve a similar performance to
the wet process, a fine rubber powder size is recommended (approximately 0.2 mm, with
a maximum size of 0.6 mm). In this method, the amount of rubber is about 20% by the
weight of the binder or about 1.5% by the weight of the mixture. The dry process rubber-
ized asphalt mixtures, like the wet process ones, have better technical performance than
conventional asphalt mixtures, with improved cracking, fatigue, and rutting resistance. The
dry process is a promising method for recycling used and scrap tires due to its ease of use.
When the proper mix design and manufacturing instructions are followed, the mechanical
performance of dry process mixtures would be better than conventional mixtures and even
comparable or close to that of wet process rubberized mixtures [9,12].

The mixing design was determined based on international regulations and guidelines,
such as Caltrans, FHWA reports, and the Asphalt Institute MS2 guideline, with reference
to previous studies [9,13]. The optimal binder content was also estimated, and the values
for rubberized asphalts were modified compared to the conventional mixture, referencing
the literature review [14,15]. The amount of materials needed to produce one ton of
each mixture can be seen in Table 1. Additionally, the gradation chart is illustrated in
Figure 3. Figure 3a depicts the dense-graded gradation used for HMA and RHMA-tb
mixtures, while Figure 3b shows the gap-graded gradation applied for RHMA-dry and
RHMA-wet mixtures.

Table 1. Volumes of materials to produce one ton of asphalt mixture.

Gravel Sand Filler Asphalt Binder (kg) Crumb Rubber (kg)
Mixture Title K Kk K . . - .
(kg (kg (kg Quantity Description Quantity Description
HMA 4735 435.62 37.88 53.00 5:3% by weight - -
of the mixture
7% by weight 20% by weight
RHMA-dry 595.4 293.12 27.48 70.00 of the mixture 14 of the binder
; 7% by weight 20% by weight
RHMA-wet 595.4 293.12 27.48 70.00 of the mixture 14 of the binder
RHMA-th 4735 435.62 37.88 53.00 53% by weight 53 10% by weight

of the mixture of the binder
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Figure 3. (a) Dense-graded and (b) gap-graded aggregate gradation for asphalt mixtures [13].

For the material production stage, the values were assumed according to the table
above and for 1000 tons. For the production of crumb rubber, based on the available
resources and specifications of the devices used, the time for using these devices was
included in the modeling. The production time and temperature for the preparation of the
asphalt rubber binder and terminal blend binder were considered to be 1 h at 190 °C and
2 h at 220 °C, respectively [9]. For transporting materials to the mix production site and the
project construction site, the details of each mix and the distances considered are provided

in Figure 4.

Project site

Aggregates
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Figure 4. Proposed transportation distances for each mixture.

For the mixture production stage, according to the recommended temperatures found
in the related literature, the mixing temperature was considered to be 160 °C for the
conventional hot mix asphalt, 180 °C for the rubberized asphalt mixtures produced in the
dry process and in the wet process using asphalt rubber binder, and 170 °C for rubberized
asphalt mixtures produced with the terminal blend binder [9,16]. Additionally, for the
production of asphalt rubber binder using the wet process, it was assumed that the asphalt
binder and crumb rubber are mixed together at a temperature of 190 °C [9].

The thermal energies used for the production of the terminal blend binder and asphalt
rubber binder in the wet process were calculated using the heat calculation relationship.
Also, the thermal energies required for the production of asphalt mixtures were based on
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the relationships commonly used in other studies (Equation (1)) [16,17]. This equation took
into account the details of the aggregates, asphalt binder, and energy wasted due to heating

the binder tank.
M
'Zo m; X Cj X (tmix — to) + Mpie X Cpi¢ X (tmix — to)+
i=
M
TE = Y m; x Wi x Cyy x (100 — o)+ x (1+CL) 1)
i—0
Mo M
Ly x ¥ mj x Wi+ ¥ mj X Wi x Cyap X (tmix — 100)
i=0 i=0

e TE is the thermal energy (MJ/ton mixture) necessary to produce one ton of
asphalt mixture;

m; is the mass of aggregates of fraction i (Table 1);

C; is the specific heat capacity coefficient of aggregate fraction i (0.74 kJ /kg/°C);
M is the total number of aggregate fractions;

tmix is the mixing temperature of an asphalt mixture;

to is the ambient temperature (15 °C);

my;; is the mass of the asphalt binder (Table 1);

Cypit is the specific heat capacity coefficient of the asphalt binder (2.093 k] /kg/°C);
Wi is the water content of the aggregates of fraction i (0.3);

C,y is the specific heat capacity coefficient of water (4.1855 kJ /kg/°C);

Ly is the latent heat required to evaporate water (2256 k] /kg);

Cyap is the specific heat capacity coefficient of water vapor (1.83 kJ/kg); and

CL is the casing losses factor (0.27).

The production and construction equipment, including an asphalt plant, paver, dump
truck, rubber wheel loader, steel wheel roller, and rubber wheel pneumatic roller, were also
included in the modeling with the SimaPro software. Assuming the consecutive operation
of road construction equipment, the operation time was calculated in a manner similar to
the cost estimate, based on the typical durations of construction operations. The types of
construction equipment or machinery were assumed to be the same for all four types of
mixtures. For rubberized asphalt mixtures, correction factors were applied to the hours of
equipment usage. It should be noted that rubber wheel rollers are not recommended for
compacting rubberized mixtures and were therefore not considered for the three rubberized
asphalt mixes evaluated [13].

In the dry process, to ensure the complete mixing of the rubber particles with other
components, it is necessary to consider an appropriate time for producing the mixture.
Additionally, for wet processes (utilizing asphalt rubber binder and terminal blend binder),
the efficiency of the asphalt plant decreases due to the increase in the viscosity of the binders
used. Since the operation of the asphalt plant and road construction equipment occurs
continuously and proportionately, it is evident that the operating time of the construction
equipment will also increase. Furthermore, the speed of construction may vary due to
differences in the properties of the asphalt mixtures. Considering the above explanations
and the lack of specifics, three scenarios of a 10, 20, and 30 percent increase in equipment
operation time were assumed for the rubberized mixtures. If the operation time increases
by more than 30%, the technology becomes less appealing to the industry due to the
significantly increased construction time and project delays, as discussed with pavement
construction experts and practitioners. All of the data utilized and the items considered in
this study are summarized in Figure 5.
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Materials Energy Energy Energy Energy
Equipment Equipment Equipment Equipment Equipment
Material Transporting to Mixing and preparation Transporting Pavement
production production site the mixture to construction
Asphalt rubber binder production for the project site
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Aggregate Asphalt binder for 1 hour at 190°C Dump truck (0.0638 h),
88reg - : - Asphalt
Crumb rubber Crumb rubber Terminal blend binder production for transportation for loader (0.0213 h), steel-
Crusher for Asphalt rubber RHMA-tb: 32 GJ and using a mixer for oL wheel roller (0.0481 h),
producing crumb —¥» binder or terminal —# 2 hour at 220°C > - rubber-wheel
rubber with an blend binders Thermal energy for Mixing: HMA pneumatic roller
output of 400 kg/ xx Further details are (238 GJ), RHMA-dry (260 GJ), RHMA- (0.0238)
o provided in Figure 3xx.  wet (229G]J), RHMA-tb (248 GJ) for 1000 10, 20 and 30 percent
ton time increase for RHMA
Asphalt batch plant for 0.0238 hours
to produce each ton of HMA and with
10, 20 and 30 percent more for RHMAs
Pollution Pollution Pollution Pollution Pollution
Waste Waste

Moisture sensitivity

All three rubberized
mixtures outperform
conventional asphalt

against moisture, with
RHMA-tb providing a

5% improvement,
RHMA-dry a 10%
improvement, and
RHMA-wet a 15%
improvement.

Figure 5. Life cycle inventory data values and details.

5. Result and Discussion
5.1. Performance Evaluation

Based on a review of previous studies, the performance of the three rubberized asphalt
mixtures has been investigated and estimated for (I) the resistance to cracking [18-21], (II)
fatigue resistance [6,22], (III) rutting resistance [6,23], and (IV) moisture sensitivity [6,23],
as well as overall performance life [8,24,25]. The results are presented in Figure 6. It is
important to note that the performance evaluation based on the findings of the reviewed
studies may be influenced by both the properties of the materials tested and the test
conditions. A conservative approach is taken in this study by considering the general
findings and engineering judgments for scoring mixture performance properties, while
acknowledging that specific values may be affected by the test conditions in each study.

[
Rutting resistance Fatigue resistance Cracking resistance
The RHMA -tb, RHMA- The fatigue life of  AllRHMAs have
wet, and RHMA-dry rubberized asphalt similar cracking

have 50%, 40%, and mixtures is much higher resistance, which is
20% higher rutting about 20% better than

resistance than the the conventional

than that of conventional
asphalt. RHMA prepared
by the and dry
processes  show 70%
improvement in fatigue
crack resistance, while the

wet

mixture.

conventional mixture, A

respectively.
terminal blend mixture has

twice better fatigue life
than conventional asphalt.

Figure 6. Performance evaluation summary for evaluated mixtures.
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For quantification and comparison, a score of one was assigned to the conventional
hot mix asphalt for the four performance criteria. Rubberized asphalts were then scored
based on the percentage increase observed for each performance criterion. For example, if
an asphalt sample exhibited a 30% improvement in cracking resistance, it received a score
of 1.3. The performance summary for the three rubberized asphalt samples is illustrated in
Figure 6, and the assigned scores are detailed in Table 2. In each performance category, the
highest score was standardized to 25, with other samples’ scores adjusted proportionally.
These scores were then summed, and the highest total was normalized to 100, with other
totals adjusted proportionally.

Table 2. Scoring based on technical performance.

Cracking Fatigue Rutting Moisture Sensitivity Lifetime
Mixture Type S Score out s Score out S Score out S Score out s Sum Normalized
core of 25 core of 25 core of 25 core of 25 core
HMA 1 20.8 1.0 12.5 1 16.7 1 21.7 1 71.7 733
RHMA-dry 1.2 25.0 1.7 21.3 1.2 20.0 1.1 23.9 14 90.2 92.2
RHMA-wet 12 25.0 1.7 213 14 23.3 1.15 25.0 1.5 94.6 96.7
RHMA-tb 1.2 25.0 2.0 25.0 1.5 25.0 1.05 22.8 1.25 97.8 100.0

As shown in Table 2, the rubberized asphalt mixture prepared using the asphalt
rubber binder (RHMA-wet) demonstrated the best performance. The mixture made with
the terminal blend binder (RHMA-tb) followed closely in second place. The rubberized
asphalt prepared by the dry process ranked third, with only a 5% performance difference
compared to the other two rubberized asphalt mixtures; however, it still outperformed
the conventional asphalt mixture by about 20%. It is important to note that the lifespan
of unmodified asphalt was considered to be 10 years, and the lifespans of the mixtures
were calculated proportionally based on this assumption. The scores and rankings were
determined assuming that all asphalt mixtures were prepared and placed under optimal
conditions, with construction defects considered to be negligible.

It must be mentioned that improving the properties of a mix may come at the cost
of other properties. For example, mixtures with reclaimed asphalt pavement (RAP) may
exhibit improved rutting performance, compared to the conventional mix, but have a higher
cracking potential. In the case of rubberized mixtures, it is acknowledged, in all studies, and
claimed that rubberized mixtures have improved rutting, fatigue, low-temperature, and
moisture damage resistance compared to conventional HMA. The increase in performance
of these criteria, compared to the control mix, was considered independent of each other in
this study.

5.2. Economic Evaluation

The costs were estimated based on actual conditions and existing operational costs,
including the preparation and transportation of crumb rubber, excess fuel consumption
compared to the conventional mixture, and additional machinery time. Appendix A
provides the explanations and details of the cost items considered in the estimation of
cost for each type of asphalt mixture evaluated. For an appropriate and clear economic
evaluation, the cost for the production and paving of 1000 tons of conventional hot mix
asphalt was considered as the basis (referred to as x), and the cost for other mixtures was
represented as a ratio of x. The results of the cost estimate for 1000 tons of each type of
mixture are presented in Table 3. This approach is useful and beneficial as it can serve as a
basis for cost estimation. By knowing the cost of HMA production and placement, one can
estimate the cost of RHMA mixtures accordingly for any given project.
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Table 3. Scoring based on production costs.
Equivalent Uniform Annual Cost (X)
Mixture Title Production Cost (X) Score
—10% —5% Average Lifetime 5% 10%

HMA 1.000 0.174 0.168 0.163 0.158 0.154 89.4
RHMA-dry+10% M * 1.106 0.158 0.154 0.150 0.147 0.144 96.9
RHMA-dry+20% M 1.116 0.160 0.155 0.152 0.148 0.145 96.0
RHMA-dry+30% M 1.127 0.161 0.157 0.153 0.149 0.146 95.1
RHMA-wet+10% M 1.106 0.153 0.149 0.145 0.142 0.140 100.0
RHMA-wet+20% M 1.117 0.154 0.150 0.147 0.144 0.141 99.1
RHMA-wet+30% M 1.127 0.156 0.152 0.148 0.145 0.142 98.2
RHMA-tb+10% M 1.046 0.159 0.154 0.150 0.147 0.143 96.8
RHMA-tb+20% M 1.057 0.161 0.156 0.152 0.148 0.145 95.9
RHMA-tb+30% M 1.067 0.162 0.157 0.153 0.149 0.146 94.9

* X% M is the percentage increase in machinery time.

Despite the higher initial production cost, rubberized asphalts are economically justi-
fied in the long term due to their longer lifespan and superior performance. Therefore, to
ensure a fair comparison, the annual uniform cost was calculated based on engineering
economics principles, considering a discount rate of 10% and the number of years according
to the performance lifespan of the mixture, as shown previously in Table 2 [26].

To account for the uncertainty of the mixture performance lifespan, uniform costs were
also calculated for scenarios where the lifespan was 10% longer or shorter than indicated
in Table 2. For a quantitative and multi-purpose comparison, the annual uniform costs
for the average lifespan were then converted into scores out of 100. The mixture with the
lowest cost received a score of 100, and the scores of the other mixtures were calculated
proportionally, as shown in Table 3.

The scoring based on production costs reveals that RHMAs have higher production
costs compared to conventional HMA. However, the Equivalent Uniform Annual Cost
(EUAC) indicates that RHMAs, particularly those produced using the wet process, are more
cost-effective over their life cycle. Among the evaluated mixtures, RHMA-wet achieved
the highest score (100), demonstrating a superior cost efficiency and performance. While
increasing machinery usage time leads to higher production costs, it slightly reduces the
overall score. Overall, the wet process appears to be the most effective in balancing cost
and performance for sustainable pavement construction. It is worth noting that variations
in lifespan can alter the rankings. For example, if the lifespan of a rubberized mixture is
10% shorter and the equipment usage time increases by 30%, conventional HMA would be
a more economical option.

A broader cost comparison can be achieved by performing a sensitivity analysis on the
discount rate, analysis period, fluctuations in material and equipment usage costs, which
was out of the scope of this current study. One should be aware of the boundaries of the
economic evaluation when using the findings from this study.

5.3. Environmental Impact Evaluation

There are several methods for life cycle assessment, including those conducted at the
midpoint and endpoint. Interpreting the results of the endpoint method does not require
extensive knowledge of environmental impacts and includes only three impact categories,
allowing for quick information retrieval and decision-making. However, a disadvantage
of endpoint methods is the higher statistical uncertainty. Data gaps and assumptions
accumulate along the cause-and-effect chain, making environmental results less reliable
further along the chain. If such a method is used, it must be ensured that the differences
are significant enough to compensate for this uncertainty (e.g., Figure 7).
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Figure 7. Example of a cause—effect chain and the midpoint and endpoint method.

In some situations, it might be more effective to present results at the midpoint. While
midpoint results can be more complex and take longer to understand, they offer much more
precise insights. For example, one product might have a high impact on climate change,
while another has a high impact on ozone depletion. These effects both contribute to
human health and ecosystem quality endpoints and may cancel each other out in endpoint
results. However, at the midpoint, these differences are clearly visible, allowing for a
better consideration of the trade-offs. Additionally, midpoint results have less statistical
uncertainty, making them more reliable. The disadvantage is that interpreting midpoint
results requires some knowledge of multiple environmental impacts, making it harder to
draw general conclusions [27].

SimaPro is a leading software for life cycle assessment (LCA), widely used in research
and the industry to analyze environmental impacts. With its comprehensive databases and
support for various assessment methods, like ReCiPe, it helps to identify environmental
hotspots and compare alternatives effectively. The ReCiPe 2016 Endpoint (H) method
was chosen for its balanced and widely accepted approach which allows effects to be
extracted in two ways: characterization (more detailed categories) and impact assessment
(more general categories). It aggregates detailed midpoint indicators into three endpoint
categories—human health, ecosystems, and resource availability—simplifying interpreta-
tion and decision-making. The Hierarchist (H) perspective provides a consensus-based
balance between short- and long-term impacts, making it suitable for studies aiming to
deliver actionable and widely applicable insights.

In this study, to perform an environmental comparison, all the data described in the
previous sections were entered into the SimaPro software version 9.6.0.1. The rows used in
the software were selected by reviewing previous studies and searching within the software
database, based on availability [28]. For example, items “Bitumen, at refinery/kg/US”,
“Gravel, crushed {GLO} | market for | Cut-off, U”, “Sand {GLO} | market for sand | Cut-off,
U”, and “Inert filler {GLO} | sand to generic market for inert filler | Cut-off, U” were used
for raw materials, the item “Transport, freight, lorry 16-32 metric ton, EURO3 {GLO} |
market for | Cut-off, U” was used for transportation, the item “Diesel, burned in building
machine {GLO} | market for diesel, burned in building machine | Cut-off, U” was used
for thermal energy, and the item “Machine operation, diesel, >= 74.57 kW, high load factor
{GLO} | machine operation, diesel, >= 74.57 kW, high load factor | Cut-off, U” was used
for machinery.

5.3.1. Result of Characterization

Using the aforementioned mix design and other data introduced in the previous
sections, ten asphalt mixtures were modeled in the SimaPro software. The results are
presented as characterizations, highlighting only the most important factors, in Figure 8,
and Table 4 presents the characterization data across various impact categories, normalized
to a maximum value of 100%. This visualization highlights the environmental performance
of different mixtures, using a color spectrum from green to red, where the color green
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indicates lower impacts and red indicates higher impacts. As seen from the results, the
results vary among production processes and machinery usage time.

Global warming, Human  Stratospheric ozone = Ozone formation, Human Mineral resource scarcity =~ Fossil resource scarcity

health depletion health
ODHMA ORHMA-dry+10% machinery O RHMA-dry+20% machinery
B RHMA-dry+30% machinery ORHMA-wet+10% machinery B RHMA-wet+20% machinery
B RHMA-wet+30% machinery ORHMA-tb+10% machinery B RHMA-tb+20% machinery

B RHMA-tb+30% machinery

Figure 8. Environmental impacts in the form of characterization.

Table 4. Schematic of the characterization results for all categories.
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Global warming, human health 85.9 94.9 97.1 95.4 88.5 90.8 93.1
Global warming, terrestrial ecosystems 859 949 971 954 977 88,5 908 931
Global warming, freshwater ecosystems 859 949 971 954 977 88,5 90.8 93.1
Stratospheric ozone depletion 88.0 923 957 932  96.6 92.0 954 | 98.8
Ionizing radiation 90.8 973 985 97.6 ~ 98.8 91.9 93.1 94.3
Ozone formation, human health 99.0 97.2 98.6 91.3 92.7 94.1

Fine particulate matter formation
Ozone formation, terrestrial ecosystems 99.0 97.2

98.2 87.0 87.9 88.8

91.1 92.5 93.9

Terrestrial acidification 98.4 844 852  86.0
Freshwater eutrophication 97 .4 91.1 924 937
Marine eutrophication 8562 958 977 96.3 87.3 89.1 91.0
Terrestrial ecotoxicity 95.1 98.4 98.6 957 964 971
Freshwater ecotoxicity 849 988 98.9 8.4 8.9 865
Marine ecotoxicity 85.5  98.6 98.8 86.1 86.7 873

Human carcinogenic toxicity
Human non-carcinogenic toxicity

95.2

Land use 97.9 99.0

Mineral resource scarcity
Fossil resource scarcity
Water consumption, human health
Water consumption, terrestrial ecosystem
Water consumption, aquatic ecosystems

95.4
98.3

97.7

In comparing the processes, the results indicate that the rubberized mixtures produced
through the terminal blend process consistently have the lowest impacts across most
categories, while the performances of the other rubberized mixes are approximately similar.
This suggests that the terminal blend method is more efficient in the environmental aspect
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of sustainability, due to lower resource (fuel and binder) consumption, which leads to a
reduction in emissions compared to other methods. The effects of machinery usage time
can also be detected. The increase in environmental impacts is obvious but slight, by about
2%, with each 10% increase in usage time.

For instance, in the global warming potential category, RHMA-tb+10%M exhibits a
reduction of approximately 8% compared to RHMA-dry+10%M and RHMA-wet+10%M.
Similar trends are observed for the impacts on other categories, where the RHMA-tb
mixtures outperform those obtained from the dry and wet processes. Due to lower mixing
temperatures, equipment time, and a different mix design—specifically, lower binder
content—the HMA sample remains in the green area across all categories.

In some instances, such as stratospheric ozone depletion, the environmental perfor-
mance of asphalt mixtures is influenced by machinery operation time, which can alter
the ranking of production methods across certain impact categories. Therefore, while the
terminal blend method generally excels, its sustainability advantage is sensitive to increases
in machinery operation time. Decision-makers should carefully evaluate these trade-offs,
particularly in projects where machinery use is expected to extend significantly, to select
the most appropriate method for reducing environmental impacts.

In contrast to the previous explanations, in the water consumption category, the
impacts of producing RHMA-tb are increased. Terminal blend mixtures have a greater
aggregate content compared to other rubberized samples, and these characterizations
(water consumption) are probably more reliant on aggregate amounts than others.

In summary, the terminal blend method proves to be the most environmentally favor-
able approach, reducing impacts by up to 20-25% across several categories compared to the
dry and wet methods. This advantage is particularly significant in mitigating the effects of
increased machinery operation time. These findings underscore the importance of select-
ing efficient production methods to minimize the environmental footprint of rubberized
asphalt mixtures.

5.3.2. Result of Impact Assessment

After classification and characterization, the impact assessment at the endpoint focuses
on interpreting and aggregating impacts into broader, decision-oriented outcomes. This
section presents the environmental losses and impacts in three categories: human health,
ecosystems, and resources. The graphs illustrate the contribution of each mixture to these
components. Due to the significant differences in the values of various categories (based on
their nature and units), the results are also presented in a normalized or weighted form
by the software. Figure 9 displays these results, with DALY (It is a measure that measures
the impact of disease, disability, and mortality by measuring the length of life lived with
disability and the time lost from life due to premature death. A DALY can be thought of
as a year of “healthy” life lost) used as the unit for human health, species-yr (This unit
indicates the rate of loss of animal or plant species during one year (yr)) as the unit for
ecosystems, and USD2013 (This unit refers to the United States dollar (USD) in 2013 and is
used as a standard currency in economic evaluations, particularly in life cycle assessment
(LCA)) as the unit for resources.

As can be seen, the figures in the human health and ecosystem sections are so small,
compared to the resource section, that they are not visible in the diagram. To address
this issue, life cycle assessment studies often examine environmental impact results in
a normalized form. Normalization involves comparing the results with a reference situ-
ation to convert them into units that facilitate the comparison of different categories of
environmental impacts. The normalized results are presented in Figure 10.
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HMA
RHMA-dry+10% M
RHMA-dry+20% M
RHMA-dry+30% M
RHMA-wet+10% M
RHMA-wet+20% M
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Figure 9. Results of environmental impact assessment.
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Figure 10. Normalized environmental impact assessment.

In the next step, coefficients are applied to each category of effects based on their
importance, allowing the results to be summarized and compared. At the end of this step,
the unit of the numbers is in points (The unit pt stands for point, which is a scaled score
used to make simple comparisons between different impacts. For example, if one process
scores 10 pts and another scores 20 pts, we can say that the second process has twice as
many environmental impacts) (pt). The results are presented in weighted form in Figure 11.
As shown in the figure, the overall process of the impact assessment section is similar to

that of characterization.

HMA
RHMA-dry+10% M
RHMA-dry+20% M
RHMA-dry+30% M
RHMA-wet+10% M
RHMA-wet+20% M
RHMA-wet+30% M

RHMA-tb+10% M

RHMA-tb+20% M
RHMA-tb+30% M
0.00 2.00 4.00 6.00 8.00
kPt
B Human health B Ecosystems @ Resources

Figure 11. Weighted environmental impact assessment.
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The results of the weighted environmental impact assessment indicate that the lowest
environmental impacts are associated with the HMA and RHMA-tb mixtures. This can
be attributed to the lower binder content in these mixtures compared to other rubberized
asphalts. In contrast, RHMA-dry and RHMA-wet mixtures exhibit higher environmental
impacts due to the elevated mixing temperatures and increased asphalt binder usage
required in their production processes. However, it is noteworthy that the terminal blend
method (RHMA-tb) also demonstrates slightly higher impacts compared to HMA, primarily
due to the higher mixing temperatures, despite its overall better performance among
rubberized asphalt mixtures. The graph highlights the significant influence of asphalt
binder on environmental impacts.

Furthermore, across all mixtures, the highest weighted impacts are observed in the
“Human Health” category. This is a direct result of the weighting applied in the assessment
process, emphasizing the critical importance of human health in environmental evaluations.
This finding underscores the need for the careful consideration of health-related factors in
pavement material selection and life cycle analysis.

The results of the normalized damage assessment for the conventional hot mix asphalt
are presented in Figure 12. This graph indicates that the asphalt binder has the largest con-
tribution to environmental effects, with a significant difference from other components. The
general trend of this graph is consistent across all of the mixtures evaluated in this study.

Normalaized envirnmental damage

2.5

2.0

1.5

1.0

0.5

0.0

Asphalt binder Aggregate Transport Diesel Machinery

OHuman health @ Ecosystems @ Resources

Figure 12. Normalized damage assessment section for the conventional hot mix asphalt.

5.3.3. Emission

To assess the air pollutants emitted, the three gases, CO,, N;O, and CHy, which have
the most impact were selected for comparison and converted to carbon dioxide equivalents.
These are reported to be equivalent to 28 and 265 kg of carbon dioxide per kilogram of
methane and nitrous oxide, respectively [29,30]. Since rubberized asphalts are more durable
than the conventional asphalt pavements, the total pollutant amount was divided by the
lifespan of each for a fair comparison. The results of the calculations are shown in Table 5
and Figure 13. In this table, to account for the uncertainty of the assumed lifespans, the
pollutant amounts per year were also calculated for lifespans 10% higher and lower than
the assumed value. Finally, the environmental impact section score was calculated based
on the annual pollutant per average lifespan.
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Table 5. Amount of greenhouse gas emission.
Pollutant Pollutant in Pollutant in CO, Equivalent Per Year
Mixture Title (kg) CO, Equivalent (ton/Year) Score
CO, N,O CH, (ton) —10% —5% Average Lifetime 5% 10%

HMA 108,789.9 2.7 511.1 123.8 13.8 13 12.4 11.8 11.3 73.9
RHMA-dry+10% M 118,849.5 29 601.4 136.5 10.8 10.3 9.7 9.3 8.9 93.9
RHMA-dry+20% M 121,881.7 3.0 609.9 139.8 11.1 10.5 10.0 9.5 9.1 91.7
RHMA-dry+30% M 124,928.8 31 618.5 143.1 114 10.8 10.2 9.7 9.3 89.6
RHMA-wet+10% M 119,610.0 29 603.6 137.3 10.2 9.6 9.2 8.7 8.3 100.0
RHMA-wet+20% M 122,642.3 3.0 612.1 140.6 10.4 9.9 9.4 8.9 8.5 97.7
RHMA-wet+30% M 125,689.3 3.1 620.6 143.9 10.7 10.1 9.6 9.1 8.7 95.4

RHMA-tb+10% M 112,232.4 29 521.0 127.6 11.3 10.7 10.2 9.7 9.3 89.7
RHMA-tb+20% M 115,264.6 3.0 529.5 130.9 11.6 11.0 10.5 10.0 9.5 87.4
RHMA-tb+30% M 118,311.7 3.1 538.0 134.2 11.9 113 10.7 10.2 9.8 85.3
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Figure 13. Amount of greenhouse gas emission: (a) total and (b) per year.

As seen in the average lifespan scenario, the rubberized mixtures produced using
an asphalt rubber binder in the wet process (even with a 30% increase in production and
machinery time) are the most sustainable option among others. The rubberized mixtures
produced in the dry process come in second place if the increase in production time is
limited to 20%. Finally, the rubberized mixtures produced with the terminal blend binder
are the third option, provided that the increase in machinery time is limited to 10%. It
should be noted that if the lifespan values differ, the results will change; the effects of +£10%
lifespan changes can also be seen in Figure 13b.

5.4. Multi-Factor Ranking

With the scores from the previous three sections, the optimal mixture can be selected
in different ways. By weighting the scores so that the sum of the coefficients equals 100,
the optimal mixture for a given project can be chosen based on the project priorities. For
example, four ranking scenarios were defined and examined. The evaluation results for
these scenarios are provided in Table 6 and Figure 14.

Scenario 1: Equal weight for the three categories
Scenario 2: 60% performance, 20% economic, and 20% environmental impact
Scenario 3: 40% performance, 40% economic, and 20% environmental impact

Scenario 4: 40% performance, 20% economic, and 40% environmental impact

In the scenarios, the rubberized mixtures with asphalt rubber binder (RHMA-wet)
scored the highest points due to their significant scores in terms of economic and environ-
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mental impact, along with their acceptable performance. If the performance proportion
increases, the terminal blend sample also achieves a high overall score, as seen in the
second scenario.

Table 6. Results of scenario determination for optimal mixture selection.

Mixture Title Performance Score Economic Score Env. Score Scenario 1 Scenario 2 Scenario 3 Scenario 4

HMA 73.3 89.4 739 789 76.7 79.9 76.8
RHMA-dry+10% M 92.2 96.9 93.9 94.3 93.5 94.4 93.8
RHMA-dry+20% M 92.2 96.0 91.7 93.3 92.8 93.6 92.7
RHMA-dry+30% M 92.2 95.1 89.6 92.3 92.2 92.8 91.7
RHMA-wet+10% M 96.7 100.0 100.0 98.9 98.0 98.7 98.7
RHMA-wet+20% M 96.7 99.1 97.7 97.8 97.4 97.8 97.6
RHMA-wet+30% M 96.7 98.2 95.4 96.8 96.7 97.0 96.5
RHMA-tb+10% M 100.0 96.8 89.7 95.5 97.3 96.6 95.2
RHMA-tb+20% M 100.0 95.9 87.4 94.4 96.7 95.8 94.1
RHMA-tb+30% M 100.0 94.9 85.3 93.4 96.0 95.0 93.1
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Figure 14. Results of scenario determination for optimal mixture selection.

6. Conclusions

In this study, rubberized asphalt mixtures produced using three main processes (the
dry process, wet process with asphalt rubber binder, and wet process with terminal blend
binder) were compared with each other and a control conventional hot mix asphalt. Along-
side the use of the life cycle method to assess the environmental impacts, the mixtures were
also compared based on performance and construction and execution costs. In the perfor-
mance section, the results from previous studies were utilized through a comprehensive
literature review, and environmental comparisons were made using the SimaPro software.
The findings from this study are summarized as follows:

e  Performance Scores: RHMA-tb, RHMA-wet, and RHMA-dry samples scored 100,
96.7, and 92.2, respectively, compared to HMA'’s score of 73.3, indicating superior
performance in cracking, rutting, stripping, and moisture sensitivity.

e  Production Costs: RHMA-tb+10%M mix was the most suitable option, with only a 5%
higher cost than producing 1000 tons of HMA mix. The cost rose by approximately
1% for every 10% increase in machine usage time. Rubberized asphalt mixes from
dry and wet processes were the most expensive, incurring approximately 13% higher
costs, considering a 30% increase in machine usage time.

e  Economic Viability: Using the EUAC approach, RHMA-wet was identified as the
most economically viable due to its superior long-term performance and lifespan.
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RHMA-wet+10%M achieved a score of 100 (21% higher than HMA), followed by other
rubberized asphalt mixes with scores of around 96. A 10% increase in machine usage
time resulted in a 1% decrease in the mix’s score. The confidence intervals for lifespan
performance were calculated at +10% and £5%.

e  Environmental Impacts: The environmental assessments began with the characteri-
zation phase, examining 23 impact categories. Wet- and dry-process mixes showed
the highest impacts (normalized values 94-97), RHMA-tb had slightly lower impacts
(~90), and HMA had the lowest impact (~88). The higher mixing temperatures and
binder content in rubberized mixes led to greater environmental effects.

e Impact Assessment: The endpoint method categorized the results into human health,
ecosystems, and resources, showing consistent patterns and rankings with the charac-
terization phase.

e  GHG Emissions: Considering the expected lifespan for each of the mixtures, HMA pro-
duction generated 12.4 tons of CO, equivalents per 1000 tons per year of its lifespan. In
comparison, RHMA-wet, RHMA-dry, and RHMA-tb produced 9.2, 9.7, and 10.2 tons
per year of their lifespans, respectively. The emissions increased by approximately
0.2 tons of CO, equivalents annually for every 10% increase in machine usage time.

e  Ranking: The ranking of asphalt mixtures in various scenarios showed that rubberized
asphalt prepared with asphalt rubber binder took first place due to its high scores
in most scenarios. The rubberized asphalt mixture prepared with the terminal blend
binder also received a high score in scenarios where the weight of mixture performance
score was significant.

Overall, it can be concluded that rubberized asphalt mixtures, while more costly and
pollutant-producing during the production stage, are more sustainable in the long term.
This sustainability is due to their performance advantages, as they have a longer perfor-
mance life, which results in lower uniform annual costs and fewer pollutants produced per
year of lifespan compared to conventional hot mix asphalt.

7. Limitations and Recommendations

The presented data are only applicable to the mixtures with properties as mentioned
in the paper, and the specific values should not be generalized to other mixtures.

Although life cycle assessment (LCA) studies are often conducted separately from
laboratory experiments, the inclusion of performance evaluations alongside environmental
impacts in this study suggests that combining LCA results with experimental and practical
studies could yield more reliable outcomes.

While rubberized asphalts have been identified as more favorable options due to their
extended service life, their higher mixing temperatures and increased fuel consumption
result in greater pollutant emissions. Therefore, integrating rubberized asphalt with warm
mix asphalt technologies could lead to improved solutions that maintain high performance
while reducing emissions. Such options could potentially exhibit even lower environmental
impacts compared to using traditional HMA.
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Appendix A

For cost estimation, the standard and official item price list in Iran, which is employed
in all construction projects, was utilized. This reference provides specific codes for all of
the stages and details of pavement construction, which can be applied depending on the
type of project. By multiplying the work volume by the unit price and summing up the
relevant items, the cost is calculated. Additionally, this reference allows for defining special
items (marked with a star) for unique asphalt types or specific project conditions.

Each item includes a detailed breakdown table specifying the costs of labor, machinery,
materials, and transportation. To define special items, an analysis of the existing items can
be used. In this research, new items were defined for increased machine operation time and
the cost of acquiring rubber powder (based on price inquiries from domestic suppliers). As
mentioned, all of the tables were normalized to the cost of producing 1000 tons of HMA.
Tables A1-A4 present the results for producing one ton.

Table A1. Details of cost calculation per ton of HMA.

Code Description Unit Unit Price (X) Quantity Total Price (X)
Preparation and execution of asphalt concrete using crushed
150605 river materials (for topeka layer), graded from 0 to 19 mm, per m? 2.085 x 1075 42.55 8.872 x 1074
1 cm thickness.
150702 Additional cost to 150605 whgn mountain aggregates are used m? 4664 x 10-7 4255 1.985 x 10-5
instead of river materials.
Additional cost for the excess amount of asphalt binder
150801 compared to the values stated in this source, per square meter m? 1.334 x 107° 0.46 6.070 x 1077
of asphalt, for each centimeter of asphalt thickness.
200516 Transport of aggregate from thg mine to the asphalt m3-km 1.847 x 10-6 2468 4559 % 10-5
production site.
200517 Transport of asphalt mixture from the batching plant to the m3-km 2220 x 106 16.60 3.685 x 105
implementation site.
200607 Transport of asphalt binder with a tanker truck. ton-km 6.903 x 1077 14.31 9.879 x 10°°
Total 1.000 x 1073
Table A2. Details of cost calculation per ton of RHMA-dry.
+10%M +20%M +30%M
. . Unit Price
Code Description Unit X) Quantity Total Price Quantity Total Price Quantity Total Price
X) X) X)
Preparation and execution of
asphalt concrete using crushed
150605 river materials (for topeka m? 2.085 x 107° 42.55 8.872 x 107* 42.55 8.872 x 1074 42.55 8.872 x 1074
layer), graded from 0 to 19 mm,
per 1 cm thickness.
Additional cost to 150605 when
150702 mountain aggregates are used m? 4.664 x 1077 42.55 1.985 x 10~° 42.55 1.985 x 10~° 42.55 1.985 x 10~°
instead of river materials.
i 0,
+151210 . Additional cost fora 10% m? 2383107 4255 1014 x 1075 - - - -
increase in machine usage time.
+151209 ~ . Additional cost fora 20% mikm 4766 x 107 - - 4255  2028x10° - -
increase in machine usage time.
+151230 ~  Additional cost fora 30% mikm  7.150 x 10~ - - - - 25  3042x10°
increase in machine usage time.
Additional cost for using crumb
*151201 rubber in the asphalt mix using ton-km 1.852 x 107 42.55 7.881 x 1075 42.55 7.881 x 1075 42.55 7.881 x 1075
the dry method.
Additional cost for the excess
amount of asphalt binder
150801~ compared to the values stated in m? 1334x 107 445  593x106 445  5936x10°° 445 5936 x 106

this source, per square meter of
asphalt, for each centimeter of
asphalt thickness.
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Table A2. Cont.

+10%M +20%M +30%M
Unit Price

Code Description Unit - - .
X) Quantity Tota(lXI)’rlce Quantity Tota(lxI)’rlce Quantity Tota(lxl)’rlce

Transport of aggregate from the
200516 mine to the asphalt m?-km 1.847 x 10°° 23.87 4410 x 105 23.87 4410 x 1075 23.87 4410 x 1075
production site.

Transport of asphalt mixture
200517 from the batching plant to the m3-km 2220 x 107° 16.60 3.685 x 1075 16.60 3.685 x 1075 16.60 3.685 x 1075
implementation site.

Transportation of asphalt binder
using a double-walled tanker.

*200810 Transportation of crumb rubber. ton-km 1.399 x 10-¢ 2.10 2.939 x 107 2.10 2.939 x 107 2.10 2.939 x 107
Total 1.106 x 1073 1.116 x 1073 1.127 x 1073

200606 ton-km 1.082 x 10~° 18.90 2.045 x 107> 18.90 2.045 x 107> 18.90 2.045 x 107°

* The special items have been marked with a star for unique asphalt types or specific project conditions.

Table A3. Details of cost calculation per ton of RHMA-wet.

+10%M +20%M +30%M
Unit Price

Code Description Unit - - .
X) Quantity Tota(lxI)’rlce Quantity Tota(lxI)’rlce Quantity Tota(lxl)’rlce

Preparation and execution of
asphalt concrete using crushed
150605 river materials (for topeka m? 2.085 x 107° 4255 8.872 x 107* 4255 8.872 x 107* 42.55 8.872 x 1074
layer), graded from 0 to 19 mm,
per 1 cm thickness.

Additional cost to 150605 when
150702 mountain aggregates are used m? 4.664 x 1077 4255 1.985 x 10~° 42.55 1.985 x 10~° 42.55 1.985 x 107°
instead of river materials.

Additional cost for a 10% 5
increase in machine usage time.

Additional cost for a 20%
increase in machine usage time.

Additional cost for a 30%
increase in machine usage time.

*151210 2383 x 1077 42.55 1.014 x 10~ - - - -

*151220 m?-km 4.766 x 1077 - - 42.55 2.028 x 1075 - -

*151230 m?-km 7.150 x 1077 - - - - 42.55 3.042 x 1075

Additional cost for using crumb
* 151202 rubber in the asphalt mix using m? 1.856 x 107 42.55 7.897 x 107° 42.55 7.897 x 107° 42.55 7.897 x 1075
the wet method.

Additional cost for the excess
amount of asphalt binder
compared to the values stated in
this source, per square meter of
asphalt, for each centimeter of
asphalt thickness.

150801 m? 1.334 x 107 4.45 5.936 x 10°° 4.45 5.936 x 10~° 4.45 5.936 x 10°

Transport of aggregate from the
200516 mine to the asphalt m?-km 1.847 x 107 23.87 4410 x 107° 23.87 4410 x 107° 23.87 4410 x 107°
production site.

Transport of asphalt mixture
200517 from the batching plant to the m3-km 2220 x 107° 16.60 3.685 x 1075 16.60 3.685 x 1075 16.60 3.685 x 1075
implementation site.

Transportation of asphalt binder
using a double-walled tanker.

*200810  Transportation of crumb rubber. ton-km 1.399 x 107° 2.10 2.939 x 107° 2.10 2.939 x 107° 2.10 2939 x 107°
Total 1.106 x 10~° 1.117 x 1073 1.127 x 1073

200606 ton-km 1.082 x 107 18.90 2.045 x 1075 18.90 2.045 x 1075 18.90 2.045 x 1075

* The special items have been marked with a star for unique asphalt types or specific project conditions.
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Table A4. Details of cost calculation per ton of RHMA-tb.

Code Description Unit

+10%M +20%M +30%M

Unit Price 1 Pri 1 Pri 1 Pei
X) . Total Price . Total Price . Total Price
Quantity 0 Quantity 00 Quantity 00

150605

Preparation and execution of asphalt

fgﬁif;ifjjﬁ%gfsgﬁij;g’feri) ﬁagetgallg m? 2085 x 10-5 4255 8872 x 10~% 4255 8872 x 10~* 4255  8.872 x 10~

mm, per 1 cm thickness.

Additional cost to 150605 when

150702 mountain aggregates are used instead m? 4664 x 1077 4255  1.985x 1075 4255 1985 x 107> 4255 1985 x 107

of river materials.

. o -
+ 151210 Additional cost for a 10% increase in 5

machine usage time m 2.383 x 1077 42.55 1.014 x 107> - - - -

151220 Additional cost for a 20% increase in

- . m>-km 4.766 x 1077 - - 4255 2028 x 107° - -
machine usage time

" . -
151230 Additional cost for a 30% increase in

. : m3-km 7.150 x 1077 - - - - 4255  3.042x10°°
machine usage time

Additional cost for using crumb rubber

* 151203 in the asphalt mix using the terminal m? 7174 x 1077 4255  3.053 x 1075 4255  3.053x 107> 4255  3.053 x 107°

blend method.

Additional cost for the excess amount
of asphalt binder compared to the

150801 values stated in this source, per square m? 1.334 x 107 0.46 6.070 x 1077 0.46 6.070 x 1077 0.46 6.070 x 1077

meter of asphalt, for each centimeter of
asphalt thickness.

200516 Transport of aggregate from the mine

to the asphalt production site m?-km 1.847 x 107 24.54 4534 x 1075 24.54 4534 x 107° 24.54 4534 x 107°

Transport of asphalt mixture from the

200517 batching plant to the implementation m?-km 2220 x 107° 1660  3.685x 1075 16.60  3.685 x 107>  16.60  3.685 x 10>

site.

200606 Transportation of asphalt binder using

. -6 -5 -5 -5
a double-walled tanker. ton-km 1.082 x 10 14.31 1.549 x 10 14.31 1.549 x 10 14.31 1.549 x 10

*200810 Transportation of crumb rubber. ton-km 1.399 x 10~ 0.27 3.708 x 1077 0.27 3.708 x 1077 0.27 3.708 x 1077

Total 1.046 x 1073 1.057 x 1073 1.067 x 103

* The special items have been marked with a star for unique asphalt types or specific project conditions.
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