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Abstract: In North America and Europe, asphalt shingle waste created during the installation of
roofing membranes and tear-off shingles retrieved at the end of the membrane’s life cycle are two
major sources of municipal solid waste. Since almost 15-35% of recycled asphalt shingles (RAS)
consist of an asphalt binder, the effective recycling of RAS into asphalt mixtures could also allow a
reduction in the consumption of non-renewable resources such as asphalt binders. In this context,
several studies investigating the use of RAS in asphalt mixtures can be found in the literature,
although they exhibit widespread and sometimes conflicting information about the investigated
materials, the mix preparation and testing methodologies and the experimental findings. Given this
background, this review paper aims at summarizing the existing information and research gaps,
providing a synthetic and rational picture of the current literature, where similar attempts cannot
be found. In particular, different research studies show that the use of RAS in asphalt mixtures is
an economical as well as an eco-friendly option. RAS with up to 20% by weight of binder or 5% by
weight of aggregate/mixtures (eventually in combination with 15% reclaimed asphalt pavement
aggregate) were found to be relatively suitable to improve the performance properties of asphalt
mixtures, both in the laboratory and in the field. Adding RAS to asphalt mixtures could enhance their
stiffness, strength and rutting resistance (i.e., high-temperature properties), while negatively affecting
the mixtures’ fatigue and thermal cracking resistance. However, the addition of specific biomaterials
(e.g., bio-binders, bio-oils) or additives to asphalt mixtures can mitigate such issues, resulting in
lower brittleness and shear susceptibilities and thus improving the anti-cracking performance. On
the other hand, the literature review revealed that several aspects still need to be studied in detail.
As an example, RAS-modified porous asphalt mixtures (fatigue, rutting, moisture susceptibility and
thermal cracking) need specific research, and there are no comprehensive research studies on the
effects of the RAS mixing time, size and mixing temperature in asphalt mixtures. Moreover, the
addition of waste cooking/engine oils (biomaterials) as asphalt binder rejuvenators in combination
with RAS represents an attractive aspect to be studied in detail.

Keywords: recycled asphalt shingles; circular economy; smart pavements; asphalt mixtures

1. Introduction

It is well known that there is an urgent need to reduce the energy consumption in
paving activities and utilize sustainable methods that benefit the environment, users and
industry. In most cases, recycling byproduct materials saves money and reduces the need
for virgin materials. However, the use of alternative materials is effective provided that
the pavement’s performance properties are not compromised [1-5]. Asphalt mixes cover
approximately 90% of the road pavements worldwide. The long-term viability of these
roadways is critical, and the recycling of materials has been proven to be a cost-effective
and environmentally responsible solution. Materials such as reclaimed asphalt pavement
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(RAP), recycled concrete aggregates, waste plastic, steel slag, discarded tire crumb rubber,
fly and bottom ash and recycled asphalt shingles have all been used to prepare asphalt
mixtures. Indeed, the utilization of waste products in the production of hot-mix asphalt
(HMA) can lead to (1) a decrease in the virgin materials that are used; (2) a reduction in
emissions, energy consumption and by-product materials that are disposed of in landfills;
(3) a reduction in public anxiety regarding emissions; and (4) increased paving construction
competitiveness [6-9].

In this regard, RAS addition to HMA is gaining increasing interest. As an example,
nearly 11 million tons of asphalt shingles are produced yearly in the United States [10-12].
This recycled asphalt shingle waste is produced from two primary sources, i.e., post-
consumer and post-industrial roofing membranes. Over ten million tons of recycled
asphalt shingles were obtained from post-consumer shingles (tear-off scrap shingles—
TOSS). The remaining 1 million tons of waste consist of shingles produced during the
installation of roofing membranes, commonly known as manufactured waste scrap shin-
gles (MWSS) [13-16]. Hence, TOSS have been mostly used to improve the performance
properties of modified asphalt mixtures due to the large quantity of such scrap waste
available, although MWSS-modified asphalt mixtures have also been investigated.

In this regard, this paper provides a critical overview of the existing literature to
synthesize the diverse information provided in several research studies addressing different
materials and methodologies.

2. Motivation and Objectives

Sustainable landfill disposal, as well as the use of non-renewable resources, is a world-
wide problem. Sustainable construction involves developing roads, buildings and energy
and water infrastructure with due consideration of their economic, social and environ-
mental implications. On a broader scale (related to transport infrastructure), sustainable
pavements meet basic human needs, use resources effectively and preserve/restore the
surrounding ecosystems. In this regard, RAS (both MWSS produced during installation
and TOSS obtained at the end of life) can be effectively recycled into asphalt mixtures, since
they are mainly composed of bitumen, so that a significant reduction in the consumption
of such non-renewable resources can be achieved. Given this background, this review
article could help in understanding the benefits and drawbacks of using roofing shingle
waste in asphalt pavements in order to effectively promote circular economy principles.
In particular, this paper aims at summarizing the existing information and research gaps,
providing a synthetic and rational picture of the current literature, where similar attempts
cannot be found.

3. Recycled Asphalt Shingles (RAS)
3.1. Shingle Composition

There are two common sources of asphalt shingles, i.e., organic and fiberglass. Organic
shingles consist of 30 to 35% asphalt binder, with mineral fibers ranging from 5 to 15%,
while mineral and ceramic-coated granules vary from 30 to 50%. Fiberglass shingles contain
15-20% asphalt binder, 15% felt, 15-20% mineral filler, and 30-50% mineral granules, with a
ceramic coating. Moreover, glass fiber shingles have a fiberglass-reinforced backing, while
organic shingles have a cellulose-felt base derived from paper [17-20]. A schematic view of
RAS is given in Figure 1.

As can be seen from Figure 1, shingles consist of organic or fiberglass fibers impreg-
nated with an asphalt binder and surfaced with granules to avoid physical or sun damage.
The back surface is coated with fine sand to avoid adhering during transport and packaging.

Asphalt shingles are mostly produced from an oxidized asphalt binder (blowing of
air at 230-260 °C). During “air blowing”, the asphalt binder used to produce shingles is
subjected to oxygen as part of the manufacturing process to enhance the viscosity and
minimize the temperature susceptibility. As a consequence, the asphalt binder is pre-aged,
and the oxidative hardening process renders it substantially stiffer. As roofing membranes
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are typically exposed to the environment for at least 15 or 20 years, the effect of stiffening
on post-consumer TOSS is more pronounced.
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Figure 1. Schematic view of RAS composition [21].

3.2. RAS Processing

RAS processing consists of mainly six steps, i.e., collection, asbestos testing, sorting,
grinding, screening, and storage, as shown in Figure 2.
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Figure 2. Processing flow chart for asphalt shingles [22].

Figure 2 highlights two key challenges associated with collecting RAS, i.e., quality
(cleanliness) and long-term supply. MWSS are relatively clean and they consist of relatively
less aged bitumen in comparison to the bitumen in TOSS shingles, but their availability
is limited. On the other hand, TOSS contain more stiff/oxidized bitumen since they are
subjected to environmental exposure during their service life. Hence, a softer virgin binder
may be necessary to adjust the mix design according to the specifications [22,23]. Moreover,
the TOSS’s cleanliness (or contamination) is a significant issue. Asbestos exposure, for
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example, can cause cancers of the larynx and ovary, lung cancer, and mesothelioma. Ac-
cording to recent research, asbestos exposure has also been linked to cancers of the throat,
stomach, and colorectum. However, in RAS, the asbestos level of such shingles is almost
less than 1%. Thus, the related health issues are generally negligible. Finally, MWSS require
very minimal sorting work, while TOSS, on the other hand, need comprehensive sorting
due to their higher impurity content [22].

The grinding machine converts the shingle particles into smaller pieces of less than
13 mm. All existing research studies have used RAS in asphalt mixtures with a size of less
than 13 mm or as an ultra-fine powder. In the case of RAS with a size greater than 13 mm
or beyond the specifications, the operators should ideally screen the processed RAS with a
trommel screener to remove large pieces. Storing processed RAS in the ideal conditions
is very important to avoid agglomeration. Because of the reduced size of RAS particles, a
stockpile can absorb a lot of water, causing issues with HMA mixing (inadequate coating),
compaction (mat softness), and performance (increased stripping potential), as well as
requiring more energy for drying. Stored RAS should ideally be protected [13].

3.3. RAS Modification Mechanism

The addition of RAS generally affects the chemical properties of the asphalt binder
which can be observed through Fourier transform infrared spectroscopy (FTIR) and saturate,
aromatic, resin, and asphaltene (SARA) analysis. Test results show that there is a linear
relationship between the carbonyl index and RAS content, whose increase gradually leads
to higher asphaltene and lower maltene content [24-28]. Atomic force microscopy (AFM)
can also be useful to scan the interfacial zones of recycled asphalt shingles and virgin asphalt
binders. In this context, Zhao noticed both bees and humps in the AFM images of the
interfacial zone, showing poor compatibility between the shingles and virgin bitumen. Zhao
also used confocal laser scanning microscopy and found a relatively larger concentration
of wax crystals in the shingle binder compared to virgin bitumen. However, wax crystals
were not detected in shingle-modified bitumen, possibly due to the absorbance of the wax
crystals by the RAS binder. Moreover, in high-pressure gel permeation chromatography, it
was noticed that an increase in the RAS content in virgin bitumen led to high-molecular-
weight fractions [29].

4. RAS Laboratory Mixing Methods

In essence, there are two mixing methods to add RAS to asphalt mixtures, i.e., the wet
and dry mixing methods.

4.1. Wet Mixing Method

A schematic view of the wet laboratory mixing method used to add RAS to asphalt
binders is given in Figure 3, where it can be seen that an RAS powder (less than 0.075 mm)
or small particles are mixed with a virgin binder with the help of a standard or high-shear
mixer to achieve an RAS-modified asphalt binder.

Then, such a binder is blended with aggregates to prepare RAS-modified asphalt
mixtures. In this method, relatively high effort (time, temperature, shear stress, etc.) is
required to achieve the homogenous mixing of the RAS powder/particles in the binder.

4.2. Dry Mixing Method

A schematic view of the dry laboratory mixing method used to add RAS to asphalt
mixtures is given in Figure 4, where it can be seen that shingles are mixed directly with
aggregates prior to adding the virgin binder to prepare RAS-modified asphalt mixtures.

During the preparation of asphalt mixtures, the RAS asphalt binder partially/completely
mixes with the virgin asphalt binder. The degree of blendability of the RAS asphalt binder
with the virgin asphalt binder depends upon different factors, like the mixing methodology,
time, use of rejuvenators, types of rejuvenators, and temperature.
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Figure 3. RAS wet mixing method in laboratory [8,18,24,30,31].
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Figure 4. RAS dry mixing in laboratory [18,32].

The dry mixing method is relatively easier and more convenient, especially for real-
scale production at the plant, with respect to the wet mixing method, which requires
greater effort to prepare homogeneous blends of recycled asphalt shingle-modified bitu-
men at a large scale. However, in the dry mixing method, there only the partial modi-
fication/interaction between the shingles and virgin bitumen is possible, while a stable
and homogeneous RAS-modified binder is generally achieved thanks to wet modification
(either involving an extracted RAS binder or fine RAS particle addition).
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5. Effect of RAS on Performance Properties of Asphalt Binders and Mixtures

Overall, RAS addition to asphalt binders or asphalt mixtures generally increases
the stiffness and strength of bituminous materials. As a result, RAS-modified flexible
pavements perform relatively better in warmer regions. However, RAS-modified mixtures
can be characterized by relatively low fatigue and thermal cracking resistance due to
reduced ductility. In this regard, the addition of some recycling agents or specific additives
can improve the cracking resistance [24,33,34]. In this section, the effects of RAS (either
on asphalt binders or asphalt mixtures) on high-/low-temperature resistance, fatigue, and
moisture susceptibility are summarized from existing research studies. The main findings
related to RAS-modified asphalt blends are summarized in Tables 1 and 2.

Table 1. Previous research studies on RAS-modified asphalt materials: summary of methods and

experimental conditions.

Reference RAS Type and RAS Mixing Details RAS Dosage (% by Mixing Method Asphalt
Study Particle Size in Asphalt Binder Binder/Mix Weight) Used Dry/Wet Mixture Type
[1] TOSS < 12.5 mm N/G 5, 6% by aggregate N/G HMA
[8] TOSS extracted binder Mixing at 3690 rpm 5% by binder Wet Binder only
for 30 min
[11] TOSS < 12.5 mm N/G 4% only by aggregate Dry WMA, HMA
(aggregate replacement)
[12] TOSS binder N/G N/G Wet Binder only
2.5,5,75,10,12.5% by HMA
[13] TOSS < 9.5 mm N/G mixture Dry WMA
[14] TOSS < 13 mm N/G 1,2,3,4,5,6% by aggregate Dry HMA
weight
[15] TOSS < 12.5 mm N/G N/G N/G HMA
[16] MWSS, TOSS binder N/G 15, 30, 100% by binder Wet Binder only
Mixing at 750 rpm,
[17] TOSS 70% < 1 mm 30 min, 135 °C to 5,15, 30, 40% by binder Wet Binder only
obtain BMAS
Mixing 30 min at
[18] TOSS < 0.075 mm 180-200 °C N/G Both HMA
[19] TOSS binder N/G 5% by binder Wet Binder only
[20] TOSS binder N/G 20% by binder Wet HMA, WMA
Mixing at 180 °C, o . .
[30] TOSS < 9.5 mm 1h, 450 rpm 5,15, 30, and 40% by binder Wet Binder only
[31] MWSS, TOSS < 9 mm Mlxeé“;i;h}gmder 0.6-1.5% by mix Wet HMA
Virgin and extracted o
[24] MWSS and T 0SS binder blended for 5,10,15, 30, 4.5 , 60, 80,100% Wet Binder only
extracted binder . by binder
7 min
5 min mixing with
[32] TOSS <2.36 mm aggregate before 5% by mix Dry WMA
adding binder
MWSS and TOSS o . .
[34] extracted binder N/G 5,10, 15, 20% by binder Wet Binder only
[35] MWSS < 12.5 mm N/G 3,5,7,10% of total mix Dry HMA
[36] RAS < 12.5 mm N/G 3, 5% by aggregate Dry HMA
(7]~ MWSSand TOSS Both N/G 3, 5% by binder Dry HMA

(19 mm)
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Table 1. Cont.

Reference RAS Type and RAS Mixing Details RAS Dosage (% by Mixing Method Asphalt
Study Particle Size in Asphalt Binder Binder/Mix Weight) Used Dry/Wet Mixture Type
[38] ezg‘iitzgiirr{fizr N/G 5% by aggregate Dry HMA
[39] ﬁ:ﬁsffnae“;oﬁif S}gggrfir%%lr?;g 10, 20, 40% by binder Wet Binder only
[40] TOSS < 12.5 mm N/G 3% by binder ?&Zfﬁii"feﬁl’f HMA
[41] TOSS < 12.5 mm N/G 3, 5% by mixture N/G HMA
[42] MWSS < 12.5 mm N/G 0-10% by mixture Dry HMA
[43] TOSS < 12.5 mm N/G 5% by mixture Dry HMA
[44] TOSS <9 mm N/G 5% RAS N/G HMA
[45] TOSS < 12.5 mm N/G 2.5,5,7.5% RAS by mix Dry HMA
[46] TOSS < 3 mm N/G 2.5, 7% RAS by mix Both HMA
[47] TOSS <12.5 mm N/G 10, 15, 17, 30, 34% by mix N/G HMA
[48] TOSS binder N/G 5-10% by binder Wet WMA
[49] MWSS, TOSS < 12.5 mm N/G 5% by mix N/G HMA
[50] MWSS < 1 mm N/G 5,10% by aggregate N/G HMA
[51] TOSS < 12.5 mm N/G 5% by mix Both HMA
[52] MWSS < 12.5 mm N/G 3, 5% by aggregate Dry HMA, WMA
[53] TOSS < 12.5 mm N/G 5% by mix Dry HMA
[54] MWSS, TOSS binder Sh;agﬁi%%ﬁ?;c’ 2.5,5, 10% by binder Wet Binder only
[55] TOSS <12.5 mm N/G 5% by mix N/G HMA
[56] TOSS < 4.75 mm 1%?&5}‘31 ;‘(‘)io"ir;il 2.5, 5% by mix Wet HMA
[57] MWSS, TOSS < 9.5 mm N/G 4.5 and 6% by mix Both HMA
[58] TOSS < 9.5 mm N/G 3.5 and 7% by mix Dry WMA, HMA
[59] TOSS < 12.5 mm N/G 5% by mix Dry HMA
[60] TOSS <12.5 mm N/G N/G Dry HMA
BMAS: Bio-modified asphalt shingles, HMA: hot-mix asphalt, N/G: not given, RAP: recycled asphalt pavement
aggregate, UV: ultraviolet, WMA: warm-mix asphalt, WEO: waste engine oils.
Table 2. Performance properties of RAS-modified asphalt materials (schematic key findings).
Reference Study Binder Mix Test Methods Used
High-Temperature Performance
[1,15,31,40,43-45,47,51,52,58] HWTT (AASHTO T-324)
[31,40,42,53,57,59] Dynamic Modulus (AASHTO T-342)
[14,50] . f APA (AASHTO TP-63)
[32] Dynamic Modulus (AASHTO T-342)
[42] French Wheel Track Test (EN 12697-22)
[60] Flow Number Test (AASHTO TP 79-13)
[8,12,16-20,24,34,39,40,46,51,54,57] f - DSR (ASTM D7175-08)
[11,18,55] . HWTT (AASHTO T-324)
1] > ") Resilent Moduilut Test (ASTM D 7365.09)
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Table 2. Cont.

Reference Study Binder Mix Test Methods Used

Low-Temperature Performance

[36] ' TSRST (AASHTO TP10-93)

[48] ABCD (AASHTO M-320)
[17] ' - Three-Point Bending Beam Test (CEN/TS 15936)
[50,51] IDT Test (ASTM D 4123)
[1] Creep Compliance Test (AASHTO T-322)
[13] - ‘ Acoustic Emission Test
[38] SCB (ASTM D-8044)
[57] FPBBT (AASHTO T321)
[16,19,20,51,54] ‘ -— BBR (AASHTO M-320)
[18,45] SCB (ASTM D-8044)
[35,42,55] TSRST (AASHTO TP10-93)
[31,41,58] FPBBT (ASTM D7460-08)
[32] ACCD
[44] <:> IDT Test (AASHTO T322-07)
[11] DC (T) (ASTM D7313)
[37] BBR (AASHTO M-320)
[40] Creep Compliance Test (AASHTO T-322)
[8,39] ) BBR (AASHTO M-320)
Fatigue Resistance
[1] Creep Compliance Test (AASHTO T-322)
[31] Direct Tension Cyclic Fatigue Test (AASHTO TP 107-14)
[42] i TCFT (EN 12697-26)
[45] Push Pull Fatigue Test (AASHTO T-400)
[46] Shear strength test
[58] SCB (ASTM D-8044)
[18,20,57] SCB (ASTM D-8044)
[40] <:> IDT Test (ASTM D 4123)
[41] FPBBT (AASHTO T321)
[15,43,44,49,55,59,60] SCB (ASTM D-8044)
[50,51] IDT Test (ASTM D 4123)
[32] . ‘ Texas Overlay Test
[46] Shear Strength Test
[47] DC (T) (ASTM D7313)
[56] FPBBT (AASHTO T321)
[51] ‘ - DSR (ASTM D7175-08)

Moisture Resistance

[32,44,52]
[14,42]

HWTT (AASHTO T-324)
TSR (AASHTO T-283)

(58] ‘ TSR (AASHTO T-283)
—

[11,40,43,47] HWTT (AASHTO T-324)

Performance increases ', neither increases nor decreases <:> performance decreases ‘, empty box ---,
ACCD (asphalt concrete cracking device test), APA (asphalt pavement analyzer), BBR (bending beam rheometer),
DC (T) (disk-shaped compact tension test), DSR (dynamic shear rheometer), FPBBT (four-point bending beam
test), HWTT (Hamburg wheel track test), IDT (indirect tensile test), SCB (semicircular bend test), TCFT (tension
compression fatigue test), TSRST (thermal stress restrained specimen test), TSR (tensile strength ratio).
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In Table 1, the RAS type, particle size, mixing details, RAS dosage, and other additives
eventually used in combination with RAS are summarized for each research study analyzed.
Meanwhile, in Table 2, conclusions regarding the key findings, as well as the test methods
used to assess the performance properties of the RAS-modified asphalt materials in each
research article, are presented.

In Table 1, it can be seen that most researchers used tear-off scrap shingles (in large
quantities, obtained from construction and demolition waste or at the end of membrane
life) with a particle size smaller than 12.5 mm. Some researchers used extracted RAS (either
MWSS or TOSS) binders and some used RAS particles of less than 12.5 mm. Both the dry
and wet mixing methods were used to add RAS in asphalt blends. In the dry method, up
to 12.5% RAS by mix weight was added in different research studies. Meanwhile, in the
wet mixing method, up to 80% RAS by binder weight (which approximatively corresponds
to 4% by mix weight) was added. Reclaimed asphalt pavement and rejuvenators in combi-
nation with RAS were also used in some research to study the performance properties of
modified asphalt materials. In all research studies, RAS were added in hot-mix asphalt,
except for six articles, in which RAS-modified warm-mix asphalts were studied.

As reported in Table 2, to assess the high-temperature performance of RAS-modified
asphalt mixtures, the DSR test, Marshall stability test, Hamburg wheel track test, flow
number test, dynamic modulus test, resilient modulus test, French wheel track test, and
asphalt pavement analysis have been performed. On the other hand, the low-temperature
performance is determined with the TSRST, ABCD, acoustic emission test, and BBR, while
the fatigue performance is assessed using the push—pull fatigue test, shear strength test,
fatigue crack test, overlay test, and DSR. Moreover, the semicircular bend test, four-point
bending beam test, disk-shaped compact tension test, tension compression test, creep
compliance test, and indirect tensile test are common tests used to evaluate both the fatigue
and low-temperature performance of RAS-modified asphalt materials. The tensile strength
ratio and HWTT are used to determine the moisture susceptibility of mixtures.

5.1. High-Temperature Performance of RAS-Modified Asphalt Binders and Mixtures

Several researchers have found that RAS-modified asphalt mixtures have relatively
higher stiffness, Marshall stability, and high-temperature performance, mainly due to the
stiff aged bitumen coming from RAS [24]. Moreover, they require smaller quantities of
virgin asphalt binders than conventional asphalt mixtures, making them eco-friendlier and
relatively more economical [50].

In asphalt binders, RAS can be added as a fine RAS powder or extracted RAS binder.
Elseifi et al. determined that the addition of an RAS fine powder to an asphalt binder
increased its stiffness, viscosity, and high-temperature performance. In their study, the
upper limit of the performance grade (PG) of the virgin asphalt binder increased from
52 °C to 58 °C due to RAS addition [39]. Zhou et al. studied an extracted RAS binder from
both MWSS and TOSS shingles. The addition of the RAS binder increased the complex
shear modulus (DSR test results), asphaltene (SARA analysis) content, and carbonyl index
(FTIR); the result was a stiffer and less temperature-susceptible modified binder [25].
MWSS-extracted RAS binders have an average high PG of 131 °C, while TOSS-extracted
binders have an average high PG of 178 °C. The high PG of extracted RAS binders causes
blendability issues, so a maximum of 30% in total of the virgin asphalt binder has generally
been recommended [34].

5.2. Low-Temperature Performance of RAS-Modified Asphalt Binders and Mixtures

Elseifi et al. evaluated the low-temperature performance of an RAS fine powder-
modified asphalt binder and concluded that the elongation at failure at low temperatures of
the modified binder was reduced, i.e., the ductility of the binder decreased [39]. Hassan et al.
concluded that 10% RAS addition in asphalt binders could not fulfil the Superpave low-
temperature criteria [54]. However, the addition of some rejuvenators/recycling agents and
bio-binders can improve the low-temperature performance. Oldham et al. evaluated the
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low-temperature performance of an RAS-modified asphalt binder in combination with a bio-
binder and concluded that the bio-binder’s addition in an RAS-modified binder improved
the fracture energy at low temperatures with respect to the virgin asphalt binder [17].

Mabher et al. concluded that RAS-modified asphalt mixtures without the incorporation
of RAP performed relatively well in low-temperature regions. At 3% RAS addition, the
failure temperature (using TSRST) of the mixture was approximately —35 °C. Overall, the
addition of 5% RAS and 15% RAP with some appropriate recycling agents led to similar
mixture performance to virgin asphalt mixtures [41]. Arnold et al. used the acoustic
emission technique to evaluate the low-temperature performance of RAS-modified asphalt
mixtures. It was concluded that increasing the RAS content decreased the embrittlement
temperature (i.e., decreased the low temperature performance). Meanwhile, increasing the
mixing temperature of the specimens increased the embrittlement temperature (improving
the low-temperature performance) [13]. However, a bio-binder improved the thermal
cracking resistance of RAP/RAS-modified asphalt mixtures [14].

5.3. Fatigue Performance of RAS-Modified Asphalt Binders and Mixtures

Fatigue failure is one of the main issues in flexible pavements due to the cumulative
damage induced by traffic load repetitions. Wu et al. found that RAS-modified mixtures
had almost the same fatigue resistance as neat mixtures. Moreover, in a statistical analysis,
it was noticed that an RAS-modified binder had relatively higher failure stress and lower
failure strain [40]. Maher et al. concluded that 3% RAS-modified asphalt mixtures had
almost better fatigue resistance than a control mix [41]. Baaj et al. used both RAP and an
asphalt shingle modifier in asphalt mixtures and noticed a significant improvement in the
fatigue resistance of the modified mixtures [42]. Aguirre et al. used the strain energy values
(Jc) to assess the fatigue performance and found that the Jc values for the control mixes
were larger than those for the RAS-modified mixtures. Moreover, rejuvenated mixtures
had lower (Jc) values than RAS-modified mixtures [43]. Ghabchi et al. found that the
addition of 5% RAS and 5% RAP in PG 64-22 was the optimum value to increase the fatigue
resistance of the modified mixtures [1].

Ozer et al. determined that a 2.5% RAS-modified PG 46-34 binder had relatively better
fracture energy and fatigue resistance than the PG 58-28 one [45]. Kanaan et al. used both
stress and strain control modes to assess the fatigue resistance of RAS-modified mixtures.
The results showed that an increase in RAS content decreased the fatigue resistance in strain
control mode and improved the fatigue resistance in stress control mode [46]. Aguirre et al.
performed semicircular bending tests and found that rejuvenator addition in RAS-modified
mixtures decreased the strain energy even below the minimum threshold value (0.5 k] /m?),
i.e., modified mixtures had less intermediate temperature crack resistance [43]. Haddadi
et al. used RAS/RAP mixtures and found that an increase in the asphalt binder content
above the optimized value could increase the fatigue crack resistance of the modified
mixtures [60]. Tapsoba et al. suggested the addition of 40% RAP and up to 5% shingles in
order to improve the fatigue resistance of conventional asphalt mixtures [36].

5.4. Moisture Damage Resistance of RAS-Modified Asphalt Mixtures

The tensile strength ratio (TSR) is the most common parameter used to evaluate the
moisture susceptibility of asphalt mixtures. Nam et al. used 4.77% optimum virgin asphalt
binder and noted a 54% TSR value for virgin asphalt mixtures without shingles. The
addition of 3% and 6% RAS led to 81 and 87% TSR values, respectively [14]. Wu et al.
concluded that the addition of RAS had no effect on the moisture susceptibility of asphalt
mixtures [40]. Baaj et al. suggested that the addition of 5% RAS and 15% RAP slightly
affected the moisture resistance of modified mixtures, while 10% RAS and 25% RAP gave
TSR values lower than the acceptance limit (80%) [42]. Aguirre et al. used the Hamburg
wheel track test to evaluate the rut depth as well as moisture damage resistance. They
concluded that there was no stripping inflection point in both virgin and RAS-modified



Appl. Sci. 2024, 14, 10145

11 of 15

asphalt mixtures. Thus, RAS addition does not increase the moisture susceptibility of
asphalt mixtures [43].

Tran et al. discovered that 25% RAP and 5% RAS did not affect the moisture damage
resistance of modified asphalt mixtures [44]. Mogawer et al. found that RAS/RAP-modified
mixes had relatively higher moisture damage resistance. Moreover, WMA provided similar
or better moisture damage resistance [32]. Shivaprasad et al. used two different aggregate
sources, but mostly RAS-modified test specimens had more than 80% TSR values, which is
a common acceptance criterion [52]. Buss et al. found that there was an inverse relationship
between the RAS quantity and moisture damage resistance. However, in the Hamburg
wheel track test, there was an improvement in the stripping inflection point and rutting
depth with an increase in the RAS quantity. The increase or decrease in RAS mixtures’
moisture damage resistance is strictly related to the specifications [58].

6. Field Performance of RAS-Modified Asphalt Mixtures

In 1993, RAS-modified dense-grade asphalt and stone mastic asphalt (SMA) mixtures
were prepared using two pen-grade bitumens (85/110, 120/150) and three different RAS
types (i.e., end-life roofing membrane shingles, felt-backed MWSS, and fiberglass MWSS).
In the laboratory, specimens were prepared for dense-grade as well as stone mastic as-
phalt [33]. Then, some field experiments were performed to obtain the actual performance
of the modified mixtures. According to the volumetric analysis and binder extraction,
RAS decreased the quantity of the virgin binder required for the conventional mixtures.
Moreover, 5% RAS did not affect the thermal cracking and moisture susceptibility of the
corresponding virgin binder reference mixtures. However, the permanent deformation
performance of the mixes improved [33].

In 1998, a field study related to the use of RAS in asphalt mixtures was documented
by the Georgia Department of Transportation. In 1994 and 1995, Watson performed tests
on two sections of flexible pavement built with 5% RAS. Visual inspection showed that
the RAS-modified flexible pavements performed relatively better than conventional as-
phalt mixtures. It was also concluded that adding RAS to an asphalt mixture renders it
stiffer in comparison with traditional asphalt mixtures, improving the high-temperature
performance while compromising the low-temperature performance of asphalt mixtures.
Their study recommends the addition of 5% RAS in order to improve the high-temperature
performance in Georgia’s warm climates [61].

McGraw performed tests on RAS- and RAP-modified asphalt mixtures. In the RAS,
both end-life tear-off scrap shingles (TOSS) and manufactured waste scrap shingles (MWSS)
were used. All results were derived from field test sections in Minnesota (data collection
started in 2008). Three test pavement sections were continuously monitored; they were
modified with 5% MWSS + 15% RAP, 5% TOSS + 15% RAP, and 20% RAP, respectively.
PG58-28 as a virgin binder was used in all three mixes. Rutting was not a significant
problem, while transverse cracking occurred in all sections, most of which occurred along
curbs, gutters, and utilities (manholes, sewers, etc.). Because of this, it was impossible to
attribute the damage to the presence of recycled materials only. After the first winter in
service, the RAS pavement developed many reflective cracks and was relatively more brittle.
The RAS pavement also had more transverse cracking than the control section, although
no significant rutting was noticed in any of the pavement sections studied. According to
the authors, other factors, such as “long haul times and late-season paving”, could have
contributed to the poor performance, emphasizing the necessity of maintaining the optimal
compaction temperature [62].

Yang et al. conducted a research study on recycled asphalt shingles in Ontario using
hot-mix asphalt and concluded that 3% recycled asphalt shingles or a smaller percentage
in combination with RAP could meet the design specifications. They also performed a
friction test in the field (using the British Pendulum) in the wheel paths of shingle-modified
trial-laid mixes and noticed an average British Pendulum number greater the 45 with
only a 2.1% standard deviation, indicating very close values to the individual values [63].
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Maupin performed a comparative study of RAP-modified bituminous mixtures and shingle-
modified bituminous mixtures and found similar behavior in both mixes during placement
as well as compaction. In terms of rutting, RAP mixes had borderline results, while shingle-
modified mixes had satisfactory results. Moreover, bitumen extracted from both types
of mixes (RAP as well as shingle-modified bituminous mixture) taken from an asphalt
plant showed an increase in their performance grade from PG 64-22 to PG 70-22. An
economic analysis of 5% asphalt shingle-modified bituminous mixtures in reference to neat
bituminous mixtures was also performed in the cited study. The researchers concluded
that, in 2008, the use of an asphalt overlay of 50,000 tons of bituminous mixture with 5%
recycled asphalt shingles could save up to USD 134,500 [64].

7. Overview and Prospective Developments

It is possible to conclude that tear-off scrap shingles (TOSS) are generally added to
asphalt mixtures using the dry mixing method (relatively more convenient and economical),
even if the wet mixing method, i.e., bitumen modification with RAS (either involving an ex-
tracted RAS binder or fine RAS particle addition), is used to determine the suitable blending
and rheological properties of the modified binder. Based on a number of literature studies,
RAS at up to 5% by weight of aggregate/asphalt mixtures were found to be relatively
suitable to improve the performance properties of asphalt mixtures, both in laboratory
studies and field applications. When properly dosed and combined with specific additives,
RAS could increase the stiffness, stability, and high-temperature performance properties of
asphalt mixtures without compromising the fatigue and thermal crack resistance.

On the other hand, there are still many aspects that need further research, such as (i)
the influence of the mixing time, mixing temperature, and RAS type and size on the final
mix properties; (ii) the possible inclusion of RAS in porous asphalts, warm-mix asphalts,
and other “special mixtures”; and (iii) the use of innovative rejuvenators (e.g., bio-additives)
to enhance the ductility of RAS-modified asphalts.

In particular, the following conclusions are drawn.

e  Comprehensive research studies have not been performed on the RAS mixing time,
RAS size (either particles < 12.5 mm or ultrafine powder of RAS), and mixing temper-
ature (HMA, WMA, CMA) to obtain a relatively optimized modified mixture in terms
of performance properties.

e  Methodologies (such as the use of specific additives) able to optimize the fatigue and
thermal crack resistance without compromising the high-temperature performance
require detailed study.

e  Due to the small number of conflicting experimental findings, there is a need to
investigate the RAS-modified asphalt mixtures’ moisture susceptibility, as well as the
resistance against freeze-thaw cycles of RAS-modified bituminous mixtures.

The addition of RAS into porous asphalt mixtures has not been studied yet.

Very few studies exist about the combination of RAS and warm-mix technologies;
thus, RAS-modified WMA requires extensive investigation, taking into account the
different available warm technologies.

e  There is the need to deeply investigate the rheological and chemophysical properties
of RAS-modified asphalt mastics.

e  There is still a lack of plant-scale validation of RAS-modified bituminous mixtures to de-
velop policies at a national level towards the use of RAS in sustainable asphalt pavements.

e  Thereis a need to prepare a clear road map (either for the wet or dry mixing method)
related to the addition of RAS in asphalt mixtures during real plant production.
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