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Preface to ”Advances in Asphalt Pavement

Technologies and Practices”

The MPDI Applied Sciences Special Issue, “Advances in Asphalt Pavement Technologies and

Practices”, aimed to compile and curate the latest state-of-the-art research in the field of asphalt

pavement technology worldwide. The special issue is a joint effort between the MPDI Applied

Sciences Editorial Office and three Guest Editors: Dr. Amir Tabaković, Dr. Jan Valentin and Dr. Liang

He. The selected papers went through a rigorous MDPI Applied Sciences review process. All authors

of the accepted papers have made special efforts to increase the quality of the technical content via a

rigorous review process. The special issue comprises 19 papers describing a unique and innovative

research work focusing on the current challenges facing road owners and the asphalt industry.

The published papers cover research on new materials and new technologies for asphalt

pavement design, construction, and maintenance, such as the development of a unique self-healing

asphalt technology, conductive alginate capsules that encapsulate rejuvenators, and an application

of android sensors and Google Earth for pavement maintenance. Another paper uses a random

forest model to predict the location of potential damage on asphalt pavements. A number of papers

investigate specific distress problems in asphalt pavements, such as the correlation between pavement

distress and the roughness measurement, the low-temperature performance of a porous asphalt

mixture, and the influence of the crumb rubber asphalt mixture on a multiscale. There is also a paper

that evaluates and corrects the method of the asphalt pavement rutting performance prediction model

based on the RIOHTrack long-term observation data. This Special Issue also benefits from a review

paper on the influential factors and evaluation methods of the performance of grouted semi-flexible

pavement (GSP). In a special effort to tackle climate change and to introduce the sustainability of

asphalt pavement, two papers investigate recycling aged asphalt using a hard bituminous binder for

hot-mix recycling, whereas another paper discusses the use of shredded cigarette filters as stabilizing

fibres in stone mastic asphalts. The Special Issue also includes an editorial where Guest Editor

Dr. Tabaković presents the current challenges facing the asphalt industry with the depletion of the

petroleum-based asphalt binder (bitumen), but he also discusses solutions to this challenge, including

the utilisation of biomass for the production of bio-based rejuvenators and bitumen modifiers.

The Guest Editors of this Special Issue would like to give their appreciation to the authors of the

papers for their efforts in contributing good quality research, and to the staff in the Editorial Office

of MDPI Applied Sciences, especially Jim Wang, for their assistance during the course of organizing

and publishing this issue.

Last, but not least, the Guest Editors would like to thank the dedicated reviewers who

contributed their valuable time to review the papers.

Amir Tabakovic, Jan Valentin, and Liang He

Editors
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Bio-Binder—Innovative Asphalt Technology

Amir Tabaković 1,2,3

1 Centre for Research in Engineering Surface Technology (CREST), FOCAS Research Institute,
Technological University Dublin, 13 Camden Row, Kevin Street, D08 CKP1 Dublin, Ireland;
amir.tabakovic@tudublin.ie

2 School of Civil Engineering, University College Dublin, D04 K3H4 Dublin, Ireland
3 Civil Engineering and Geosciences, Delft University of Technology, 2628CN Delft, The Netherlands

Received: 10 November 2020; Accepted: 30 November 2020; Published: 3 December 2020

The global road network spans 16.3 million km [1], of which 5 million km is in the EU. These road
networks fulfil major economic and social goals by facilitating the movement of goods and people
throughout the EU, and are therefore of the utmost importance to the economic and social life of the
EU [2]. National governments invest heavily in their road networks, e.g., in 2014, EUR 53.33 billion was
invested in the development and maintenance of the EU road network [3]. Each year, the world produces
1.6 trillion tonnes of asphalt [4], of which 218 million tonnes is produced in the EU [5]. The average cost
of asphalt in the EU is EUR 200 per tonne. These figures show that the construction and maintenance
of road networks are a significant cost to the tax payer. These costs are set to rise further as the sources
of bitumen (a product of crude oil) diminish [6,7]. Improved road design and enhanced road materials
offer the road industry the potential for improved efficiency and financial savings. The challenge is to
develop road materials and construction methods which will improve the environmental cost and
reduce the economic cost of road construction. Unlike other construction materials, road materials
have developed minimally over the past 100 years [8], but since the 1970s, the focus has been on more
sustainable road construction materials, e.g., recycled asphalt pavements [9]. Recycling asphalt involves
removing old asphalt, and mixing it with new (fresh) aggregates, binder and/or rejuvenator [9,10].
The primary purpose of the recycling process is to restore the original molecular structure of the aged
bitumen in order to extend the lifespan of the asphalt pavement (road). The road lifespan is extended by
adjusting the properties of the asphalt mix, i.e., reducing its stiffness [11]. Some commercially available
rejuvenating agents include Modeseal R20, Reclamite, Paxole 1009, Cyclepave and ACF Iterlene 1000.
Two recent studies by Garcia et al. [12] and Su et al. [13] demonstrated that food by-products (i.e.,
vegetable oil) can also be used as rejuvenators and offer an alternative to crude oil. Other recent road
material innovations, i.e., warm asphalt mixtures, have had unanticipated environmental impacts, e.g.,
contaminating soil and groundwater [14]. There is growing pressure on the road industry to reduce its
environmental impact. Self-healing asphalt has potential in this regard, but it has not yet delivered in
terms of improved sustainability [15], or demonstrated its reduced cost and environmental impact [16].

Bitumen, which has traditionally been used as a binder within asphalt mix, is a product of crude
oil. The production of crude oil is in decline [7], and the environmental and financial costs of extraction
are on the increase [6,7]. There is a need to identify alternatives to bitumen—preferably cheaper and
more sustainable alternatives. Researchers have considered replacing bitumen with a plant-based
alternative [17], but diverting plants from food resources to asphalt would be unacceptable given
the increased pressure on food resources globally. Researchers [18,19] have studied the utilization
of waste cooking oil as a binder rejuvenator in the asphalt recycling process. Lignin, a by-product
of wood processing, was identified by Van Vliet et al. as a suitable source of biomass [20] for the
production of bitumen [21], but the uncertain future of wood processing plants makes this potentially
an unreliable/unsustainable material source.

Appl. Sci. 2020, 10, 8655; doi:10.3390/app10238655 www.mdpi.com/journal/applsci

1



Appl. Sci. 2020, 10, 8655

Microalgae have been considered as an alternative source of bio fuel [22], but also have potential
as an alternative bitumen or asphalt binder [23]. Audo et al. [23] demonstrated that microalgae can
be converted into crude oil, which is an ideal material for the production of bio-binder. The bio-oil
produced has an equivalent energy value to fossil fuels [24], making it suitable for bio-fuel but also
possibly as an asphalt binder source [23]. Maximum biocrude yields in the range of 40–50% have
been reported [23], though they are in an initial stage of development. The BioRePavation project [25]
demonstrated that microalgae oil can be used as an asphalt binder in the construction of new asphalt
mixtures and in the asphalt recycling process.

This is a promising development in terms of the improvement of the sustainability of microalgal
cultivation [26]. The high uptake capacity of microalgae for nitrate and phosphate, coupled with its
sustained photosynthetic activity, is the basis of its recognized potential in treating wastewater [27].
Pal et al. [28] have shown that this approach is especially relevant in arid areas, where food and water
resources are scarce and microalgae can play an indispensable role in nutrient and carbon recovery
from waste resources, as well as in the treatment/use of waste or other marginal water resources.
The microalgae obtains nutrition from the dissolved nitrogen and phosphorus found in the wastewater
(which would otherwise be a pollution threat) [29]. This process will convert the nutrients found
in wastewater into an environmentally friendly fertilizer. Microalgae that proliferate in wastewater
facilities are not suitable for human consumption [29], but are ideal for the production of products to be
implemented in road construction, such as asphalt binder and bitumen rejuvenators [23]. This presents
a unique opportunity to create a circular economy, whereby microalgae can be cultivated within the
wastewater treatment process and later processed to extract the oil from the algae. The oil can be
further used in the production of the asphalt bio-binder, and other co-products of the process can be
used as animal feed or land fertilizer. The utilization of bio-oils in bitumen and asphalt production
presents a timely opportunity for the asphalt industry to simultaneously improve its sustainability
record and reduce its negative impact on the environment.

Funding: This research received no external funding.

Acknowledgments: This Special Issue would not be possible without the contributions of all authors and
reviewers. Special thanks to Jim Wang for his continuous support with organising this Special Issue.

Conflicts of Interest: Author declares no conflict of interest.

References

1. OECD. Road Traffic, Vehicles and Networks. 2013 in Environment at a Glance 2013: OECD Indicators;
OECD Publishing: Paris, France, 2013.

2. Vita, L.; Marolda, M.C. Road Infrastructure—the Backbone of Transport System; EU Directorate General for
Research and Sustainable Surface Transport: Brussels, Belgium, 2008.

3. Federation, E.U.R. Roads Statistics: Year Book 2017; European Union Road Federation Place Stéphanie
6/B B-1050: Brussels, Belgium, 2017.

4. EAPA. The Asphalt Paving Industry, A Global Perspective; EAPA: Brussels, Belgium, 2011.
5. EAPA. Key Figures of the European Asphalt Industry in 2014, in Asphalt in Figures; EAPA: Brussels, Belgium, 2016.
6. Leggett, J. Big Oil’s Looming Bubble. In New Internationalist; McGowen House: Northampton, UK, 2014;

pp. 20–21.
7. Worth, J. Ending the oil age. In New Internationalist; McGowen House: Northampton, UK, 2014; pp. 12–16.
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Amir Tabaković 1,2,*, Christopher Faloon 3 and Declan O’Prey 3

1 Structural Reliability Section, Department of Infrastructure & Maritime, TNO, Stieltjesweg 1,
2628 CK Delft, The Netherlands

2 Department of Materials, Mechanics, Management & Design (3Md), Faculty of Civil Engineering and
Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands

3 Lagan Breedon House, Rosemount Business Park, Ballycoolin Road, D11 K2TP Dublin, Ireland;
christopher.faloon@breedongroup.com (C.F.); declan.oprey@breedongroup.com (D.O.)

* Correspondence: a.tabakovic@tudelft.nl; Tel.: +31-15-27-81985

Featured Application: Conductive alginate capsules encapsulating a bitumen rejuvenator (Heal-

Road capsules) is a unique self-healing asphalt technology which reinforces the asphalt pave-

ment by improving its tensile and compressive strength and enhances its autonomous healing

properties. The concept combines two existing self-healing asphalt technologies (induction heat-

ing and rejuvenator encapsulation) to create a self-healing system which provides quick and ef-

fective asphalt pavement repair. The induction heating is used to repair asphalt damage (cracks

and ravelling) while the rejuvenator is released to rejuvenate aged asphalt binder (bitumen).

Abstract: Conductive alginate capsules encapsulating a bitumen rejuvenator (HealRoad capsules)
has demonstrated good healing abilities in pure bitumen and mortar mixes. HealRoad capsules
can efficiently heal damage via induction heating. They also release the encapsulated rejuvenator,
thereby rejuvenating aged bitumen. These findings indicate that HealRoad capsules and induction
heating systems combined could represent a possible asphalt pavement maintenance method. This
paper investigated the effect of HealRoad capsules on the mechanical performance of the 10 mm
stone mastic asphalt mix and measured the damage repair (healing) efficiency of the capsules in an
asphalt mix. The results indicate that in small amounts, >1%, HealRoad capsules do not degrade the
mix performance (indirect tensile strength and rutting resistance) and in some cases, the HealRoad
capsules actually improve mix performance, e.g., in terms of the indirect tensile strength ratio (water
sensitivity). However, the HealRoad capsules are unable to stimulate induction healing due to the
small volume of capsules within the mix. Further investigation demonstrated that increasing the
capsules in the mix to >5% can stimulate induction heating effectively. However, it also indicated
that a high content of HealRoad capsules reduces the asphalt mix strength. The study has shown that
HealRoad capsules are an effective healing system for high bitumen content mixtures such as mortar
mixtures but is an inefficient healing system for a full asphalt mix, such as the 10 mm stone mastic
asphalt mix.

Keywords: asphalt pavements; self-healing; hybrid self-healing system; induction heating; indirect
tensile strength; water sensitivity; wheel tracking rutting resistance

1. Introduction

For the past two decades, researchers have been intensively developing self-healing
asphalt technology as a cheaper, safer and more sustainable method of maintaining and
repairing asphalt roads [1–4]. The idea of the self-healing road stemmed from the concept
of the “forever open road”, motivated by the need to avoid the traffic disruption and
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associated risk of accidents caused by road maintenance activities on busy roads. The
challenges for the road industry are to improve road material performance (make roads
more durable), improve the sustainability of road construction methods (by introducing
green technology) and improve the safety of the roads for both road users and road
construction workers [5–7]. Self-healing asphalt technology has the potential to address
several of the technical, economic, environmental and safety challenges currently facing the
road industry. For example, self-healing asphalt technology has the potential to reduce the
need for maintenance-related road closures, thereby reducing the risk to road maintenance
workers, while simultaneously reducing the environmental impact of road construction
and maintenance. It is estimated that self-healing asphalt technology could reduce energy
consumption and CO2 emissions by 30% over the lifetime of a road [8].

To date, researchers have tested three extrinsic self-healing methods for asphalt pave-
ments, which are [1]: induction heating [1,9–12], microwave heating [4,13,14], rejuvenation
(rejuvenator encapsulation) [2,15–18].

The rejuvenator encapsulation approach represents a more favourable method of
asphalt self-healing as it is a passive healing system and does not require external action
in order to initiate healing. The rejuvenation enables the aged bitumen to return to its
original chemical, physical and mechanical properties. However, there are limitations
with this method of self-healing because the healing rate is slow and healing efficiency
low [2,18]. Researchers have demonstrated that the induction and microwave heating
methods are efficient methods for healing asphalt damage (3 to 5 min) in comparison to
rejuvenation [2,19]. However, a challenge with both methods is that the heating process
(both induction and microwave) ages the bitumen, causing binder brittleness and the
premature failure of the asphalt [9,20].

Hybrid self-healing systems provide a solution to the challenges associated with
induction, microwave and encapsulated rejuvenation. The hybrid self-healing technology
combines induction heating and encapsulated rejuvenation [2]. In this process, induction
heating is used to repair the asphalt damage (and the cracks), while rejuvenation is used to
replenish the aged asphalt binder (bitumen). Xu et al. [2] demonstrated that a hybrid healing
system improves healing efficiency allowing for rapid damage repair and a simultaneous
rejuvenation of the aged asphalt. However, a challenge with this approach is that the
bituminous mix must be adjusted to accommodate both capsules and steel fibres. A
solution to this challenge lies in combining the induction and rejuvenation into one product.
Wan et al. [4,21] developed calcium alginate/nano-Fe3O4 composite capsules for controlled
rejuvenator oil release using microwave heating. Wan et al. showed that the capsules
demonstrated superior levels of healing with microwave heating due to the combined
effect of thermal induction and rejuvenator healing. Wen et al. showed that hybrid Fe3O4–
calcium alginate capsules encapsulating a rejuvenator have a higher self-healing capacity
(8.6%) when compared to the mix containing pure calcium alginate capsules encapsulating a
rejuvenator and 19.3% in comparison to a standard asphalt mix. The asphalt mix containing
2% of the capsules achieved up to 87.2% healing after 40 s of healing time.

The author (Tabaković et al. [3]) has developed a novel extrinsic self-healing asphalt
technology: conductive alginate capsules encapsulating a bitumen rejuvenator (HealRoad
capsules). The HealRoad technology combines two existing self-healing asphalt methods:
(i) rejuvenator encapsulation and (ii) induction heating. Initial results demonstrated that the
HealRoad capsules had sufficient thermal and mechanical strength to survive the asphalt
mixing process and also that they sufficiently healed the asphalt bitumen damage [3]. Initial
results also demonstrated that the capsules can improve the mechanical properties of the
asphalt mix in terms of improving tensile strength and stiffness. With a capsule content
of 20% in pure bitumen, the mix strength of the material increased to 118%, whereas for
mortar bituminous mixtures (bitumen + fine aggregates − sand), the mix strength of the
material increased by up to 67%.

This study evaluated the effect of HealRoad capsules in a 10 mm stone mastic asphalt
(SMA) mix. The aim of the work was to investigate whether the HealRoad capsules
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can efficiently repair the damage in an asphalt mix (close cracks and restore asphalt mix
strength). A second aim of the research was to ascertain how the inclusion of HealRoad
capsules would affect the mechanical performance of the asphalt mix. Indirect tensile
strength (ITS), water sensitivity and resistance to rutting tests were conducted to evaluate
the effect of HealRoad capsules in the 10 mm stone mastic asphalt (SMA) mix.

2. Materials and Methods

2.1. Materials
2.1.1. The 10 mm Stone Matic Asphalt Mix

The 10 mm Stone Mastic Asphalt (SMA) mix was prepared in accordance with the
Transport Infrastructure Ireland (TII) Specification for Road Works Series 900 guidance.
The aggregate was an Irish Metasandstone PSV60. The filler was an imported limestone
filler to EN. The bitumen was a polymer-modified 65/105-60 bitumen. Figure 1 shows the
mix grading curve.

Figure 1. The 10 mm SMA grading curve.

Table 1 summarises the SMA mix constituents and shows their proportions in the mix,
both with and without capsules. The HealRoad capsules were added in amount of 0%,
0.31%, 0.44%, 0.64%, 1.02% and 1.45%. These proportions reflect the following proportions
of capsules in the capsule and bitumen portion of the mix: 0%, 5%, 7%, 10%, 15% and 20%.
The HealRoad capsules are assumed to comprise the bitumen portion of the mix as their
purpose is to initiate healing and rejuvenate the bitumen.

2.1.2. Capsule Design

The HealRoad capsules were prepared using a drop process [16,22] from an emulsion
of rejuvenator suspended in a water solution of sodium alginate. To this aim a 6 wt %
solution of sodium alginate in deionized water was prepared. At the same time, a 2.5 wt %
poly(ethylene-alt-maleic-anhydride) (PEMA) polymeric surfactant solution was prepared
by dissolving the copolymer in water at 70 ◦C and mixing it for 60 min. After the PEMA
was dissolved in water, it was allowed to cool to room temperature (20 ± 2 ◦C) and was
then combined with the rejuvenator. For this study, a vegetable oil of 0.9 g/cm3 density
at room temperature (20 ± 3 ◦C) was used, forming a bitumen healing agent solution, in
a PEMA/rejuvenator with a 1/1.5 proportion by weight. The sodium alginate solution
was mixed with iron powder (40 μm particle size), at 700 rpm for 1 h to allow the uniform
dispersal of iron particles within the alginate mix. Following the initial investigation [3],
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an Alginate (Alg):iron powder (Fe) mix ratio was prepared in proportion by weight of dry
constituents ratios: 20:80. After the sodium alginate and iron solution was fully mixed,
the PEMA and rejuvenator (oil) solution was added to the alginate—iron powder solution
mix in a ratio of 70% rejuvenator:30% sodium alginate [23]. The full capsule solution
(20 L) was then mixed at 700 rpm for 20 min. More detail on capsule production can
be found elsewhere [3]. All chemicals used in the production of the HealRoad capsules
were purchased from the Merck Group—Sigma Aldrich, Wicklow, Ireland, except for the
rejuvenator (vegetable oil) which was purchased from a local supermarket.

Table 1. Mix constituents proportions.

Mix Constituent Mix Constituent Proportions

Aggregates 94.2 93.9 93.8 93.6 93.2 92.8
Bitumen 5.8 5.8 5.8 5.8 5.8 5.8
Capsules 0 0.31 0.44 0.64 1.02 1.45

Total % of constituents in the mix 100 100 100 100 100 100

Capsules + bitumen percentage in the mix 5.80 6.11 6.24 6.44 6.82 7.25

Capsule percentage in capsule +
bitumen mix proportion 0 5 7 10 15 20

2.1.3. Test Specimen Compaction

Cylindrical test specimens were compacted following EN 12697-31:2019. A Coopers
Gyratory CRT-GYR-EN was used to compact the test specimens. Test specimens were
compacted in dimensions of 100 mm diameter and 70 mm height. After 12 h of curing,
specimens were cut, using a masonry saw to a diameter of 100 mm and a height of 32 mm.

2.2. Methods

The 10 mm SMA mix containing varying percentages of capsules were evaluated
following the TII Series 900 Asphalt mix design. The aim was to optimize the 10 mm SMA
mix containing HealRoad capsules, i.e., to determine the optimum capsule content for the
10 mm SMA mix.

2.2.1. Binder Drainage Test

The binder drainage test was conducted in accordance with EN12697-18 using the
Schellenberg method. A sample of mixed 10 mm SMA material was placed in the glass
jar and kept at 180 ◦C for 1 h. The contents of the jar were then emptied out and the jar
reweighed to calculate the amount of binder remaining on the inside of the glass jar.

The principle behind the binder drainage test is to quantify the amount of material
lost by drainage, i.e., the material that has adhered to the truck or mixer at the plant.
Therefore, it is important to verify what effect the addition of capsules would have on the
binder drainage of the 10 mm SMA mix. The equation employed for calculating the binder
drainage is as follows:

BD = 100 × [W5 − W3 − W6]
[W4 − W3]

(1)

where: BD = the drained material (%); W3 = mass of the empty beaker (g); W4 = mass of
the beaker plus batch (g); W5 = mass of the beaker plus retained material after upturning
(g); W6 = mass of the dried residue retained on the sieve (g).

2.2.2. Water Sensitivity Test—Indirect Tensile Strength Ratio (ITSR)

An indirect tensile strength ratio (ITSR) was used to evaluate the asphalt mix resistance
to the moisture damage. The ITSR test was performed in accordance with European
standard EN 12697-12. For each mix, six specimens were prepared. The specimens were
then divided into two subsets of three. One set was stored in the laboratory at room
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temperature, 20 ± 3 ◦C, and the second set was placed under distilled water and subjected
to a vacuum of 6.7 kPa for 30 min. After conditioning in vacuum, the second set was placed
into a water bath at 40 ◦C for 72 h. Both sets of test specimens were then conditioned at
a test temperature of 15 ◦C for two hours prior to testing. The dry set was conditioned
in a temperature-controlled air chamber, and the wet set conditioned in a temperature-
controlled water bath. A Controls 34T-107 compression testing machine with a Controls
Digimax Plus (ver2.11-1) data acquisition instrument was employed to complete the indirect
tensile strength test (ITST) in accordance with EN 12697-23.

2.2.3. Indirect Tensile Strength Test

The indirect tensile strength (ITS) test was conducted in accordance with EN 12697-23.
The test specimens were conditioned in a temperature-controlled chamber at 15 ◦C for 2 h.
The tests were conducted at 15 ◦C. The ITS test applies a vertical compressive strip load at
a constant loading rate, in this case 50 mm/min, to the cylindrical specimen. The load is
distributed over the thickness of the specimen through two loading strips at the top and
bottom of the test specimen [24]. The specimens were loaded until the load value had fallen
back to zero or the specimen had fully split into two. Use of the ITS test created two halves
of a test specimen that could then be recombined and subjected to induction heating.

2.2.4. Wheel Tracking Test

The wheel tracking test is a test conducted on an asphalt material in order to establish
the asphalt materials ability to resist the accumulation of permanent deformation under
repeated loading, also known as rutting. The wheel tracking tests were conducted out in
accordance with EN 12697-22. These tests were conducted on specimens oscillating under
a wheel with a load of 700 N at a frequency of 26.5 cycles per minute for 10,000 cycles at the
temperature of 45 ◦C. The specimen slabs had a depth of 40 mm and a length and width of
305 mm × 305 mm. The wheel tracking test was conducted on asphalt mixes containing
0%, 0.44% and 0.64% of HealRoad capsules.

2.2.5. Extrinsic Healing Regime

The aim of the healing test was to determine the optimum volume of HealRoad
capsules in the mix in order to achieve full repair of the test specimen after the ITS test.
The healing was performed using the induction heating system Abrell EKO 10/100C,
PWR, CNTRL EKOHEAT® 10/100C, ES, with a solid-state induction power supply CE
rated (input: WYE configured, 360–520 VAC, 50/60 Hz, 3-phase; output: 10 kW terminal,
50–150 kHz). A solenoid coil was used to apply the induction heating to the test specimen.
Figure 2 shows the induction system set up. The heating (healing) was performed at
7.6 kW and 148 Hz induction machine energy output for a duration of 300 s (5 min). The
temperature of the specimen during the healing period was measured using Eventek Infra
Red Non-Contact Digital Laser Temperature gun with a temperature range between −50 ◦C
and 420 ◦C.

The healing index (HI) was calculated employing the following rule [16,25]:

HI =
ITSh
ITSi

× 100 (%) (2)

where: ITSi—initial ITS test result (MPa), ITSh—ITS test result after healing (MPa).
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Figure 2. Ambrell Ekoheat 10 kW induction machine—laboratory induction apparatus.

3. Results

3.1. Binder Drainage Test

Table 2 summarizes the binder drainage test results of six 10 mm SMA mixes contain-
ing varying amounts of HealRoad capsules. The results show that the HealRoad capsules
slightly increase binder drainage, but that they remain within acceptable limits. The mix
containing 0.44% of capsules shows the same drainage level as the control mix (0% of cap-
sules), whereas the mixes containing 0.64% and 1.45% of HealRoad capsules demonstrate
an increased binder drainage level. This is probably due to the release of the rejuvenating
oils caused by exposure to high temperatures of 180 ◦C.

Table 2. Binder Drainage.

Mix No.
Capsule Content in

the Mix (%)
Capsule/Bitumen

Ratio (%)
Mix Binder

Drainage (%)

1 0 0 0.03
2 0.31 5 0.04
3 0.44 7 0.03
4 0.64 10 0.05
5 1.02 15 0.04
6 1.45 20 0.05

3.2. Indirect Tensile Strenght Test

Figure 3 shows the effect of the HealRoad capsule content in the 10 mm SMA mix. The
results indicate that the mixes containing 0.44% and 0.64% of HealRoad capsules are the
only mixes performing as well as the control mix. The results also indicate that increasing
the capsule content above 1% results in a decreased ITS. These results indicate that in
terms of 10 mm SMA mix strength performance, the optimal HealRoad capsule content is
between 0.44% and 0.64%.

3.3. Water Sensitivity Test

Following the ITS test, it was decided to focus on mixtures containing 0.44% and 0.64%
of HealRoad capsules to further investigate the effect on the 10 mm SMA mix. Figure 4
shows the indirect tensile strength ratio of the mixes. The results show that all mixes
outperform the standard ITSR requirement of 80%. Furthermore, the results demonstrate
that the HealRoad capsules have a positive effect on the water sensitivity of the 10 mm
SMA mix. An increase of HealRoad capsule content in the mix, up to 0.64%, results in an
increased ITSR. The ITSR value for both mixes containing HealRoad capsules is higher
than 90%.
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Figure 3. Indirect tensile strength test results.

Figure 4. Water sensitivity test results—ITSR.

3.4. Wheel Tracking Test

The wheel tracking tests results are presented in Figure 5. The results show a very
slight increase in rut depth with 0.4% of HealRoad capsules in the mix. The results also
show that by increasing the HealRoad capsule content to 0.64%, the rut depth within the
mix decreases by 15%, to below the control mix. These results indicate that the HealRoad
capsules can improve the mix resistance to rut deformation.
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Figure 5. Wheel tracking results—resistance to rut deformation.

3.5. Extrinsic Healing
3.5.1. SMA Mix with Low Capsule Content

Following the ITS tests (see Section 3.2), cylindrical test specimens were subjcted to
induction heating. The aim was to determine whether the HealRoad capsules within an
asphalt mix can conduct induction energy and initiate asphalt healing. Unfortunately, none
of the asphalt mixtures demonstrated healing capacity. This is because of the low volume
and high dispersion rate of the HealRoad capsules within the mix, which resulted in poor
conductivity of the induction energy. Figure 6 shows a cross section of test specimen
containing the highest volume of HealRoad capsules—1.45%. The image shows that
the HealRoad capsules are well embedded in the test specimen, however, such capsule
dispersion causes the HealRoad capsules to have poor induction energy conductivity.

Figure 6. Image of 10 mm SMA—mix 6 containing 1.45% capsules in the mix.

3.5.2. High Capsule Content SMA Mix

In order to test the HealRoad capsules for induction heating in an asphalt mix, the
amount of HealRoad capsules was increased to 5%, 10% and 20% (when capsule content is
higher than 20%, the HealRoad capsules do not disperse evenly in the mix). The percentages
of constituent material in each mix are summarized in Table 3. These mixtures were not
investigated for standard mix performance, the aim was only to test whether the increased
volume of HealRoad capsules had the capacity to initiate induction heating and self-heal.
Figure 7 shows the images of 10 mm SMA mix containing varying percentages of HealRoad
capsules, 0–20%. From the Figure 7c,d, it is evident that the mixes containing 10% and
20% of HealRoad capsules show evidence of corrosion. Another finding is that the mixes
containing 20% of HealRoad capsules had fewer large aggregates in comparison to mixtures
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without HealRoad capsules. This could be an issue for the material strength as large angular
aggregates, which determine the load carrying performance of a mix, are replaced by softer,
round HealRoad capsules.

Table 3. The 10 mm SMA mix designs.

Aggregate Type
Constituent Content in the Mix (%)

Mix 1 (Control Mix) Mix 2 Mix 3 Mix 4

14 4.02 4.01 3.79 3.34
10 47.21 44.60 42.10 37.11
6.3 7.55 7.14 6.74 5.92

Dust 32.10 30.33 28.63 25.23
Filler 3.30 3.12 2.95 2.60

Capsules 0.00 5.00 10.00 20.0
Binder 5.8

Figure 7. The 10 mm SMA mix containing varying amounts of capsules: (a) 0% capsules,
(b) 5% capsules, (c) 10% capsules and (d) 20% capsules.

The specimens were subjected to the ITS test protocol described in Section 2.2.4 and
test specimen healing was performed following the protocol described in Section 2.2.5.
After the ITS test, the test specimens were tied with cable ties to join two test specimen
parts and to allow test specimens without HealRoad capsules to heal. Figure 8 shows the
tied test specimens.
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Figure 8. The 10 mm SMA test specimen containing 5% capsules ready for induction healing.

The healing results show a positive response to induction heating with a test spec-
imen temperature increase. As expected, test specimens containing higher amounts of
HealRoad capsules were able to reach high temperatures, while test specimens containing
20% of HealRoad capsules reached a temperature of 80 ◦C. Figure 9 shows the temperature
readings (measured using an infrared laser temperature gauge).

Figure 9. Temperature reading of the induction healing.

Figure 10 shows the test samples after the ITS test and before healing. The damage
in the mixture containing 20% of HealRoad capsules was significant. We believe that
this was caused by the high proportion of capsules in the mix, which replaced larger
aggregates. Large aggregates (angular, flaky and elongated aggregates) in an asphalt mix
form a load carrying skeleton which is responsible for pavement strength and for resistance
to rutting [26]. Figure 11 shows the images of the same samples after healing. It is evident
that mixtures with a high HealRoad capsule content—Mix 3 with 10% of capsules and Mix
4 with 20% of capsules—more efficiently repaired the damage, i.e., closed the cracks, in
comparison to the control mix—Mix 1 containing 0% of capsules and Mix 2 containing 5%
of capsules.
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Figure 10. Images of test specimens after ITS test: (a) control mix—Mix 1, (b) Mix 2–5% capsules,
(c) Mix 3–10% capsules and (d) Mix 4–20% capsules.

Figure 11. Images of test specimens after induction healing: (a) control mix—Mix 1, (b) Mix 2–5%
capsules, (c) Mix 3–10% capsules and (d) Mix 4–20% capsules.
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Figure 12 shows the initial ITS result for mixtures with a HealRoad capsule content
of ≥5%. When compared with data from the initial tests, for mixes containing <1.45%
of HealRoad capsules, the material strength was reduced as capsule content increased.
In mixes containing 20% of HealRoad capsules, the ITS was reduced by 55%. There are
two possible reasons for this:

1. The increased amounts of circular aggregates in the mix reduces the quantity of large
aggregates, thereby reducing the interlocking strength of the material,

2. The release of the rejuvenator during the mixing stage results in the softening of the
bitumen.

Figure 12. Initial ITS results.

Figure 13 illustrates the ITS results after healing. The results demonstrate that mixes
containing HealRoad capsules did not achieve the expected healing. Figure 14 shows the
healing index of each mix indicating that HealRoad capsules did not improve material
strength recovery, whereas the control mix achieved up to 32.5% of strength recovery and
the mix containing 20% of HealRoad capsules achieved up to 35.07% of strength recovery.
However, looking at the initial material strength (Figure 12) and recovered material strength
(Figure 13), it is evident that the control mix has the highest strength level both before and
after healing. This indicates that there are no benefits to be accrued from including the
HealRoad capsules in the asphalt mix.

Figure 13. ITS results after healing.
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Figure 14. Healing index of the 10 mm SMA mix with and without capsules.

4. Conclusions

The asphalt mix performance test results indicate that mixes containing low amounts
of HealRoad capsules (0.44% and 0.64%) have as good and better mix performance as
the control mix in terms of strength, water sensitivity and rutting. Unfortunately, mixes
containing a low amount of HealRoad capsules, 0–1.45%, do not conduct inductive energy
and therefore do not initiate healing. This is due to the poor conductivity properties of iron
powder and the high dispersion of the HealRoad capsules in the mix. However, increasing
the HealRoad capsule content of the mix to >5% demonstrates increased temperatures
when test specimens are subjected to the induction heating. The results show that mixtures
containing 20% of HealRoad capsules can reach a temperature >80 ◦C and can recover up to
35% of its initial ITS. However, mixes without HealRoad capsules recovered 32.5% of their
initial strength, without increased temperature. This indicates that although HealRoad
capsules are capable of heating the mix and efficiently initiate self-healing, they do not
assist the mix in recovering its material strength. Furthermore, increasing the HealRoad
capsule content in the mix above 5% gradually decreases the mix strength, whereas the
mix containing 20% of HealRoad capsules has a 55% lower initial ITS in comparison to
the control mix, i.e., mix without capsules. These results show that HealRoad is not an
efficient asphalt damage repair system. The results of our initial investigation [3], where
HealRoad capsules were tested in pure bitumen and bitumen mortar mixes, indicated that
HealRoad capsules may be suitable for use in asphalt mixtures with high bitumen and low
aggregate content. Further studies will therefore focus on testing HealRoad capsules as
a healing system in asphalt plug joint mixes. To enhance the conductivity of HealRoad
capsules, the pure iron powder (Fe) will be replaced with magnetite (Fe3O4) as a conductive
material. Wan et al. [4,21] have demonstrated that alginate capsules containing magnetite
as a conductive material have good conductive properties. The assumption is that a more
conductive material can improve energy conduction and perhaps also the healing efficiency
of the system. Despite weak healing performance, HealRoad capsules may still have the
potential to improve asphalt mix performance, paving the way for further improvement
and development of the self-healing systems for asphalt pavement mixes.

5. Patents

An intellectual property application titled: “A Conductive Alginate Capsule Encap-
sulating a Healing Agent”, was submitted by the TU Dublin and Amir Tabaković to the
European Patent Office, international patent application number: PCT/EP2021/075254.
The objective of the IP application is to ring-fence specific capsule formulation for potential
production and licensees’ particular applications.
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5. Seneviratne, S.; Tabaković, A. Self-healing Asphalt HealRoad Customer Discovery and Needs Analysis Report. 2020; Unpublished.
6. United Kingdom Government. Road Accidents and Safety Statistics. 2021. Available online: https://www.gov.uk/government/

collections/road-accidents-and-safety-statistics (accessed on 18 February 2022).
7. National Work Zone Safety. Work Zone Fatal Crashes and Fatalities. 2021. Available online: https://www.workzonesafety.org/

crash-information/work-zone-fatal-crashes-fatalities/#national (accessed on 18 February 2022).
8. Butt, A.A.; Birgisson, B.; Kringos, N. Optimizing the Highway Lifetime by Improving the Self Healing Capacity of Asphalt.

Procedia-Soc. Behav. Sci. 2012, 48, 2190–2200. [CrossRef]
9. García, Á.; Schlangen, E.; van de Ven, M.; Liu, Q. Electrical conductivity of asphalt mortar containing conductive fibers and fillers.

Constr. Build. Mater. 2009, 23, 3175–3181. [CrossRef]
10. García, Á.; Schlangen, E.; van de Ven, M.; Liu, Q. A simple model to define induction heating in asphalt mastic. Constr. Build.

Mater. 2012, 31, 38–46. [CrossRef]
11. Liu, Q. Induction healing of porous asphalt concrete. In Faculty of Civil Engineering and Geosciences; TU: Delft, The Netherlands,

2012.
12. Bueno, M.; Arraigada, M.; Partl, M.N. Damage detection and artificial healing of asphalt concrete after trafficking with a load

simulator. Mech. Time-Dependent Mater. 2016, 20, 265–279. [CrossRef]
13. Norambuena-Contreras, J.; Garcia, A. Self-healing of asphalt mixture by microwave and induction heating. Mater. Des. 2016, 106,

404–414. [CrossRef]
14. Norambuena-Contreras, J.; Serpell, R.; Vidal, G.V.; Gonzalez, A.; Schlangen, E. Effect of fibres addition on the physical and

mechanical properties of asphalt mixtures with crack-healing purposes by microwave radiation. Constr. Build. Mater. 2016, 127,
369–382. [CrossRef]
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24. Tabaković, A.; Karač, A.; Ivanković, A.; Gibney, A.; McNally, C.; Gilchrist, M.D. Modelling the quasi-static behaviour of
bituminous material using a cohesive zone model. Eng. Fract. Mech. 2010, 77, 2403–2418. [CrossRef]
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Abstract: The major goal of sustainable practices is to preserve raw resources through the utilization
of waste materials as an alternative to natural resources. Decreasing the temperature required to
produce asphalt mixes contributes to environmental sustainability by reducing energy consumption
and toxic emissions. In this study, warm mix asphalt incorporating coarse steel slag aggregates was
investigated. Warm mix asphalt was produced at different temperatures lower than the control
asphalt mixes (hot mix asphalt) by 10, 20, and 30 ◦C. The performances of the control and warm mix
asphalt were assessed through laboratory tests examining stiffness modulus, dynamic creep, and
moisture sensitivity. Furthermore, a response surface methodology (RSM) was conducted by means
of DESIGN EXPERT 11 to develop prediction models for the performance of warm mix asphalt. The
findings of this study illustrate that producing warm mix asphalt at a temperature 10 ◦C lower than
that of hot mix asphalt exhibited the best results, compared to the other mixes. Additionally, the warm
mix asphalt produced at 30 ◦C lower than the hot mix asphalt exhibited comparable performance
to the hot mix asphalt. However, as the production temperature increases, the performance of the
warm mix asphalt improves.

Keywords: steel slag aggregate; warm mix asphalt; RSM; stiffness modulus; dynamic creep; mois-
ture sensitivity

1. Introduction

In most cases, hot mix asphalt (HMA) is manufactured at a temperature ranging
from 150 ◦C to 180 ◦C. A high production temperature is necessary to dry the aggregates,
coat them with bitumen, and achieve the desired workability. However, carbon dioxide
emissions associated with the production of HMA have become a serious concern due
to the negative effects of these emissions on the environment. Accordingly, warm mix
asphalt (WMA) has recently acquired salability because of its effective ability to reduce
toxic emissions and contribute to the preservation of the environment. The main function
of WMA is to produce asphalt mixes at temperatures ranging from 20 ◦C to 40 ◦C lower
than HMA, at which time the materials are blended, compacted, and placed on roads. The
decreased production temperature is attributed to warm-mix asphalt technologies such as
chemical additives, organic additives, and foaming that reduces binder viscosity [1,2]. Also,
WMA decreases the energy required to produce asphalt mixes and provides a less harmful
environment for workers and the areas surrounding asphalt mixing plants because its
production process features reduced carcinogenic polycyclic aromatic hydrocarbon (PAH)
emissions [3]. The production of WMA may decrease greenhouse emissions and energy
consumption up to 40%, compared to the conventional asphalt mix [4]. Young [5] concluded
that the fuel consumption is decreased by 2–3% for every 6 ◦C reduction to the production
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temperature. Similarly, Olard et al. [6] reported that for every 10 ◦C decrease in mixing
temperature, energy and CO2 are reduced by 5.5%. Furthermore, WMA technologies have
minimized the influence of short- and long-term aging on the performance of the asphalt
mix in comparison to HMA, due to the reduced oxidation of binders modified by WMA
technologies [7,8].

Industrial waste and by-product materials are utilized in pavement applications as
an alternative for natural aggregates to contribute toward environmental sustainability.
One of the common by-products used in pavement applications is electric arc furnace
steel slag aggregate. The common use of steel slag aggregate is attributed to its superior
mechanical properties. Many studies have investigated the suitability of utilizing steel
slag aggregate in asphalt mixes. Behnood and Ameri [9] assessed the performance of
the stone mastic asphalt (SMA) containing steel slag aggregate as a coarse portion. The
findings of the study illustrated that utilizing steel slag aggregates in stone mastic asphalt
improved the resilient modulus, Marshal stability, and tensile strength. Ziari et al. [10]
noted that hot mix asphalt containing steel slag aggregate as a coarse portion showed
higher Marshal stability, indirect tensile strength, and higher fatigue life in comparison
to the control mix. These enhancements were attributed to the angularity, toughness,
and roughness of the steel slag aggregate [11]. Similarly, Ahmedzade and Sengoz [12]
conducted a study assessing hot mix asphalt performance incorporated coarse steel slag
aggregates. The study concluded that the characteristics of asphalt mixes consisting
of coarse steel slag aggregates exhibited higher cracking resistance, stiffness modulus,
and moisture sensitivity than the control mixes. Chen and Wei [13] investigated the
characteristics of hot mix asphalt incorporating basic oxygen furnace steel slag as a coarse
aggregate. The outputs of the laboratory tests indicated that utilizing steel slag aggregate
improved the rutting resistance and moisture damage resistance of the asphalt. Alnadish
et al. [14,15] carried out several investigations on the performance of hot mix asphalt
incorporating coarse steel slag aggregate. The findings of the studies showed that asphalt
mixtures composed of steel slag aggregate as a coarse portion enhanced the stiffness
modulus, rutting resistance, and cracking resistance, as well as it displayed slightly lower
tensile strength ratio as compared to the control mix. Furthermore, limited studies have
investigated WMA containing steel slag aggregates. Ameri et al. [16] observed that the
WMA produced by Sasobit additive and composed of steel slag aggregates as a coarse
portion has improved Marshal stability, resilient modulus, permanent deformation, and
moisture sensitivity. Goli et al. [17] investigated the performance of WMA incorporating
steel slag aggregates. The incorporation of additives Sasobit and Rediset at a dosage
of 2% by weight of the bitumen was used to produce WMA. The findings of the study
showed that the WMA composed coarse steel aggregate exhibited better performance than
HMA and steel slag aggregate replacements in terms of permanent deformation, fatigue
life, and moisture susceptibility. Similarly, Amelian et al. [18] concluded that utilizing
coarse basic oxygen furnace steel slag aggregate in warm mix asphalt manifested better
performance than asphalt mixtures incorporating conventional aggregates. Ziaee and
Behnia [19] assessed WMA modified with 1.5% of Sasobit and coarse steel slag aggregates.
The laboratory experiments of the study showed that WMA incorporating coarse steel slag
aggregate was significantly improved in stiffness modulus, permanent deformation, and
tensile strength, in comparison to HMA.

Permanent deformation and moisture damage are among the main drawbacks of
warm mix asphalt, due to the fact that reducing the production temperature may cause
inchoate drying of the aggregates, insufficient film thickness, and reduced hardening of the
binder [20].

Few studies have evaluated warm mix asphalt at various production temperatures.
Furthermore, all the previous studies have assessed the performance of warm mix asphalt
incorporating steel slag aggregates using the additive Sasobit. Therefore, the objectives
of this study are to investigate the characteristics of warm mix asphalt containing coarse
steel slag aggregates, modified with LEADCAP. The warm mix asphalt was investigated at
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different mixing temperatures of, 150, 140, and 130 ◦C to introduce a better understanding
and evaluation of the behavior of warm mix asphalt at different production temperatures.
A response surface methodology by means of DESIGN EXPERT 11 [21] was conducted to
develop prediction models for the performance of the warm mix asphalt as a contribution
in terms of identifying the performances of the asphalt mixes at various production tem-
peratures. The laboratory performance tests were stiffness modulus at the temperatures
of 25 ◦C and 40 ◦C, dynamic stability, and moisture sensitivity. This study focused on the
tests for permanent deformation and moisture sensitivity because warm mix asphalt is
highly susceptible to permanent deformation and moisture damage.

2. Materials and Methods

2.1. Materials

The grade of the bitumen utilized to produce the asphalt mixes was 80/100, which is
suitable for the wearing course. The characteristics of the base and modified bitumen are
listed in Table 1. Also, an organic additive called LEADCAP was utilized to produce warm
mix asphalt. LEADCAP is a wax-based component that consists of a crystal controller
and an adhesion promoter to control the crystallization of the wax components at low
temperatures and to improve the bonding between the aggregates and the binder [22].
LEADCAP is produced by KUMHO petrochemical (Seoul, South Korea). Figure 1 shows
the LEADCAP additive. Electric arc furnace (EAF) steel slag was used as the coarse
aggregate, while granite aggregates were utilized as the fine aggregates in the preparation
of the asphalt mixes. The EAF steel slag was supplied by NCL chemicals Ltd. chemical
products, Singapore. Table 2 displays the characteristics of the electric arc furnace steel slag
and granite aggregates. The gradations of the aggregates are listed in Table 3.

Table 1. Characteristics of the base and modified binders.

Properties Base Binder Modified Binder Test Basis

Grade of binder 80/100 80/100 -
Penetration grade (0.1 mm) 93 84 ASTM D5 [23]

Softening Point (◦C) 45 47 ASTM D36 [24]
Viscosity @ 135 ◦C (cP) 487 398 -
Viscosity @ 165 ◦C (cP) 144 123 ASTM D4402 [25]
Ductility @ 25 ◦C (cm) >100 >100 ASTM D113 [26]

Figure 1. LEADCAP additive.
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Table 2. Characteristics of the aggregates.

Properties Granite EAF Steel Slag Limits Test Basis

Loss Angeles Abrasion (%) 22 17.80 ≤25% ASTM C131 [27]
Aggregate Crushing Value (%) 25 22.60 ≤25% IS: 2386 (Part IV) [28]

Density (g/cm3) 2.63 3.22 N/A ASTM C127 [29]
Absorption (%) 0.84 2.75 ≤3% ASTM C127

Elongated and Flat Particles (%) 8.40 3.90 ≤10% ASTM D4791 [30]
Coarse angularity (%) 84 95 ≥80% ASTM D5821 [31]

Content of free CaO (%) - 1.17 ≤4% -

Table 3. Gradation of the EAF steel slag and granite aggregates.

Sieve Size (mm) Passing (%) Retained (%)

19 100 -
12.5 95 5
9.5 85 10
4.75 60 25
2.36 43 17
1.18 33 10
0.6 26 7
0.3 20 6

0.075 5 15
Pan - 5

2.2. Preparation of the Samples

In this study, the base binder (80/100) was modified with the warm mix asphalt
additive LEADCAP with the wet process, using a high-shear mixer at 1000 RPM until
homogeneity was achieved (i.e., 10 min). LEADCAP was introduced to the base binder
at the dosage recommended by the supplier (2% by weight of the bitumen). The hot
mix asphalt (HMA) was produced at a mixing temperature of 160 ◦C and compacted at
a temperature of 150 ◦C. The warm mix asphalt was manufactured at different mixing
temperatures (i.e., 150, 140, and 130 ◦C), and compacted at the compaction temperatures of
140, 130, and 120 ◦C, respectively. The control asphalt mixes incorporating the granite and
steel slag aggregates were labeled as HG160◦C and HS160◦C, while the produced WMA
containing steel slag aggregate at the temperatures of 150, 140, and 130 ◦C were coded
as WS150◦C, WS140◦C, and WS130◦C, respectively. The asphalt mixtures were produced
in accordance with the specifications stated in Superpave mix design (SHRP-A-407) [32].
The aggregates were conditioned at the production temperature for at least four hours.
Thereafter, the aggregates were blended with a binder using a 20 L auto mixer with a mixing
speed of 75 RPM. The loose asphalt mixes were kept in the oven for at least two hours at the
compaction temperature to simulate the short-term aging. Then, the conditioned asphalt
mixes were compacted using a Superpave gyratory compactor (SGC, Controls Group,
Milan, Italy) at 100 revolutions. The diameter and height of manufactured specimens were
100 ± 1 mm and 63 ± 2.5 mm, respectively. The optimum bitumen contents of the hot mix
asphalt incorporating the granite and the coarse steel slag aggregate asphalt were 4.78%
and 4.9%, respectively, while the optimum bitumen content of the warm mix asphalt was
4.8%. The slight decrease in the optimum bitumen content of the warm mix asphalt was
caused by the LEADCAP additive, which decreased the viscosity of the bitumen due to the
wax component. The densities of the asphalt mixes containing granite, steel slag aggregate,
and LEADCAP were 2.343, 2.56, 2.564 g/cm3, respectively.

2.3. Laboratory Tests

The stiffness modulus (resilient modulus) test was carried out to investigate the
stiffness of the asphalt mixes. The stiffness modulus of the asphalt mixes was used to
describe the characteristics of the asphalt mixes. A universal testing machine (UTM-5P)
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(Inopave Group, Singapore) was utilized to conduct the stiffness modulus test. The stiffness
modulus test was carried out in accordance with ASTM D7369 [33]. The test was conducted
at two testing temperatures, i.e., 25 ◦C and 40 ◦C. However, a total of 15 samples with air
void contents of 4 ± 1% were manufactured for this test. The specimens were conditioned
in the environmental chamber for four hours at every testing temperature prior to the test.
Thereafter, a load of 1000 N was applied to the specimens. The duration of the applied load
with the haversine wave pulse was 0.1 s, while the rest period was 0.9 s.

To assess the permanent deformation of the asphalt mixes, the dynamic creep test
was performed. The test was conducted using a universal testing machine (UTM-5P).
The procedures of the dynamic stability test were conducted in accordance with BS DD
226 [34]. To accomplish this test, a total of 30 specimens with air void contents of 4 ± 1%
were produced. The specimens were kept in the environmental chamber for four hours at
the testing temperature of 40 ◦C. Thereafter, a stress of 10 kPa was applied for 120 s as a
pre-load. Then, the specimens were subjected to different compressive stress i.e., 100 kPa
and 200 kPa, for 1 h. The stress was applied with a square wave pulse consisting of 1 s for
loading and 1 s for the rest period. The total number of load applications was 1800 cycles.

The test of moisture sensitivity was carried out to investigate the resistance to moisture
damage of the asphalt mixes. The moisture sensitivity test was conducted according to the
procedures stated in AASHTO T 283 [35]. To perform this test, 30 samples were produced.
The air void content of the produced specimens was targeted at 7 ± 0.5%. Six specimens
were manufactured for every mix. Three represented the dry condition, while the rest
corresponded to the wet condition. In the dry condition, the specimens were kept in
the environmental chamber for at least two hours at a temperature of 25 ◦C. Then, the
specimens were subjected to an indirect tensile strength. For the wet condition, the samples
were exposed to a water saturation of 70–80%. Thereafter, the specimens were conditioned
in a water bath for 24 h at a temperature of 60 ◦C. Then, the specimens were immersed
in the water bath for at least 2 h at a temperature of 25 ◦C. Thereafter, every sample was
subjected to the applied indirect tensile strength at a constant rate of 50 mm/minute. The
tensile strength of the asphalt mix should be higher than 80%. Figure 2 shows the tests
setup of the stiffness modulus, dynamic creep, and moisture sensitivity.

Figure 2. Laboratory tests: (a) stiffness modulus (b) dynamic creep; (c) Indirect tensile strength.

3. Results and Discussion

3.1. The Stiffness Modulus of the Asphalt Mixes

The stiffness modulus of the asphalt mixes at 25 ◦C and 40 ◦C are shown in
Figures 3 and 4. As it is seen in the figures, the asphalt mixes composed of steel slag
aggregate as the coarse portion exhibited better stiffness modulus results than the refer-
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ence asphalt mix incorporating conventional aggregates. The higher stiffness modulus
of HS160◦C was caused by the superior toughness and angularity of the EAF steel slag
aggregates. Furthermore, warm mix asphalt produced at 150 ◦C exhibited the highest
stiffness modulus at 25 ◦C and 40 ◦C as compared to the other mixtures. The stiffness
modulus of WS150◦C at 25 ◦C was higher than that of the HS160◦C by 18.6%, while at the
40 ◦C WS150◦C showed a higher stiffness modulus than that of the HS160◦C by about 11%.
Also, the stiffness modulus of WS140◦C at 25 ◦C and 40 ◦C were higher than that of the
HS160◦C by about 10% and 3%, respectively. The warm asphalt mix produced at the mixing
temperature of 130 ◦C, which was lower than the control mix by 30 ◦C, showed similar
stiffness modulus results to the HS160◦C at the temperatures of 25 ◦C and 40 ◦C. Moreover,
WMA produced at 150, 140, and 130 ◦C revealed better stiffness modulus than HG160◦C.
The higher stiffness modulus of the warm mix asphalt produced at the temperatures of
150 ◦C and 140 ◦C was attributed to the hardening and crystallization of the wax competent
in the modified binder during the conditioning of the specimens to simulate short-term
aging. As the production temperature of the warm mix asphalt increased, the bitumen
hardening increased, and this, in turn, improved the stiffness of the asphalt mixes.

Figure 3. Stiffness modulus and the standard error bars of the mixes at 25 ◦C.

Figure 4. Stiffness modulus and the standard error bars of the mixes at 40 ◦C.

3.2. Permanent Deformation of the Asphalt Mixes

Figure 5 presents the results of the permanent deformation test at the applied stresses
of 100 kPa and 200 kPa. It is clearly seen in Figure 5 that the higher accumulated strain
indicates the lower resistance to permanent deformation of the asphalt mixes. As shown
in Figure 5, HG160◦C exhibited a slight decrease in permanent deformation resistance in
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comparison to HS160◦C. On the other hand, the produced asphalt mix at the mixing tem-
perature of 150 ◦C incorporated 2% of LEADCAP exhibited the lowest accumulated strain
in comparison to the other mixes. The accumulated strain was lower than the HS160◦C
by about 25% and 20% for the applied stresses of 100 kPa and 200 kPa, respectively. Addi-
tionally, WS140◦C exhibited better permanent deformation resistance than the HS160◦C
by about 15% and 9% for compressive stresses of 100 kPa and 200 kPa, respectively. The
permanent deformation of the mixtures produced at the mixing temperature of 130 ◦C
(WS130◦C) was approximately comparable to that of the HS160◦C mix. Furthermore, the
warm mix asphalt produced at 150, 140, and 130 ◦C displayed lower accumulated strain
than the reference mix incorporating natural aggregates (HG160◦C). The better resistance
to permanent deformation of the mixes incorporating the LEADCAP additive was caused
by the crystallization of the wax component in the additive, which stiffened the binder [22].

Figure 5. Accumulated strain and the standard error bars of the asphalt mixtures.

3.3. Resisitance of the Aspahlt Mixes to Moisture Damage

Moisture susceptibility is the most serious concern associated with producing warm
mix asphalt. The damage of moisture sensitivity in WMA is attributed to the incomplete
drying of the aggregates and the coating of the aggregate with bitumen due to the lowering
of the production temperature. Modifying the binder with WMA additive may decrease
the efficacy of the bonding between the binder and the surface of the aggregates. In this
study, the efficiency of using LEADCAP in producing WMA was investigated through
a test of moisture susceptibility. The conditioned and unconditioned indirect tensile
strengths, as well as the ratio of the tensile strength of the asphalt mixes, are demonstrated
in Figures 6 and 7. It is shown in Figure 7 that HG160◦C demonstrated slightly higher
resistance to moisture damage, compared to HS160◦C. This was caused by the high porosity
of the EAF steel slag aggregates. Additionally, it is seen in the figures that WS150◦C
displayed a higher tensile strength ratio (TSR) and indirect tensile strength (ITS) than the
reference asphalt mixes. Production of the warm mix asphalt at 140 ◦C exhibited higher
ITS and TSR than that of the HS160◦C. This is because the LEADCAP additive contained
an adhesion promoter. Decreasing the production temperature by 30 ◦C slightly decreased
the indirect tensile strength and tensile strength ratios in comparison to the control mixes
produced at 160 ◦C. As the manufacturing temperature of the warm mix asphalt increased,
the tensile strength and ratio of tensile strength improved.
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Figure 6. Indirect tensile strength and the standard error bars of the asphalt mixes.

Figure 7. Tensile strength ratio and the standard error bars of the mixes.

4. Developing Prediction Models for the Performance of the Warm Mix Asphalt

Response surface methodology (RSM) was utilized, by means of DESIGN EXPERT
11, to develop prediction models for the stiffness modulus and accumulated strain of
the warm mix asphalt incorporating LEADCAP and the coarse steel slag aggregate. The
response surface methodology (RSM) approach is used to illustrate the relationship and
correlations between different factors (variables) and responses through the development
of a mathematical model. Hence, the responses are predicted based on the relationship
and correlation between the factors and the responses. The response surface methodology
approach offers different mathematical equations i.e., linear, 2FI, quadratic, cubic, fifth-,
and sixth-order, to introduce the best equation to most accurately describe the correlations
between the factors and the responses.

The prediction models were developed to study the effect of the production tempera-
tures on the performance of WMA. This is because the WMA was produced at different
production temperatures i.e., 150, 140, and 130 ◦C. The prediction models were developed
for the stiffness modulus and accumulated strain because the results of these tests are based
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on the factors of the tests, such as the testing and production temperatures for the stiffness
modulus test, while the factors of the dynamic creep test are the applied stress and the
production temperature. However, the results of the moisture sensitivity test were not
considered in developing the prediction model. This is because the tensile strength ratio
(TSR) is determined through the dry indirect tensile strength and the wet indirect tensile
strength. Therefore, the factors of the moisture sensitivity are the results of the test, and in
this case, the model cannot be considered as a prediction model since the factors are the
obtained results. Moreover, developing a prediction model for the moisture susceptibility
test based on the factor of production temperature and the response of TSR may introduce
an inappropriate model. This is because that the main factors that affect the TSR, the dry
and wet indirect tensile strength, are not included.

4.1. Developing a Prediction Model for the Stiffness Modulus of Warm Mix Asphalt

Table 4 summarizes the input data of the response surface methodology to develop a
prediction model for the stiffness modulus of the warm mix asphalt. Table 4 consists of
two factors: the testing temperatures and the production temperatures, while the response
is the results obtained from the stiffness modulus test. Table 5 presents the fit summary of
the models. As reported in Table 5, the two-factor interaction model (2FI) adequately fits
the data, since the lack of fit is insignificant and the coefficient of determination (R2) is very
strong. Lack of fit is used to describe the adequacy of the model based on the functional
relationship between the independent and the dependent variables. The insignificant lack
of fit (p-value > 0.05) indicates that the model fits the data well, while the significant lack
of fit implies that the model does not accurately fit the data, which in turn requires the
addition of new terms or a transformation of the data. Furthermore, the difference between
the adjusted and predicted coefficient of determination (R2) of the 2FI model was less than
0.2, which implies that the model fits the data. Table 6 shows the outputs of the ANOVA
for the 2FI model. It can be seen that the model is significant since the p-value is less than
0.05. Also, the significant p-value of the factors indicates that the testing temperatures and
production temperatures have a significant influence on the stiffness modulus. This reveals
that there is a very strong agreement between the factors and the response. The 2FI model
is described in Equation (1).

Table 4. Input data of the stiffness modulus model.

Testing Temperature (◦C) Production Temperature (◦C) Stiffness Modulus (MPa)

25.00 130.00 6079
25.00 130.00 6301
25.00 130.00 6507
40.00 130.00 825
40.00 130.00 811
40.00 130.00 715
25.00 140.00 6570
25.00 140.00 7010
25.00 140.00 6897
40.00 140.00 925
40.00 140.00 725
40.00 140.00 832
25.00 150.00 7105
25.00 150.00 7422
25.00 150.00 7542
40.00 150.00 905
40.00 150.00 815
40.00 150.00 955
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Table 5. Fit summary of the models.

Source Sequential p-Value Lack of Fit p-Value R2 Adjusted R2 Predicted R2 Performance

Linear <0.0001 0.0032 0.9938 0.9930 0.9906
2FI 0.0001 0.9962 0.9979 0.9975 0.9966 Suggested

Quadratic 0.9481 0.9533 0.9979 0.9973 0.9961 Aliased

Table 6. ANOVA for the 2FI model.

Source Sum of Squares df Mean Square F-Value p-Value Performance

Model 1.633 × 108 3 5.442 × 107 2270.79 <0.0001 Significant
A-Testing temperature (◦C) 5.475 × 107 1 5.475 × 107 2284.79 <0.0001 Significant

B-Production temperature (◦C) 1.024 × 106 1 1.024 × 106 42.74 <0.0001 Significant
AB 6.807 × 105 1 6.807 × 105 28.40 0.0001 Significant

Residual 3.355 × 105 14 23,964.56
Lack of Fit 213.78 2 106.89 0.0038 0.9962 Not significant
Pure Error 3.353 × 105 12 27,940.83
Cor Total 1.636 × 108 17

Stiffness Modulus (MPa) = −1727.11 + 45.13 × testing temperature (◦C) + 132.42 × production temperature (◦C) − 3.176 × testing
temperature (◦C) × production temperature ◦C (1).

Figure 8 displays the error distributions of the relationships between the testing
temperatures, production temperatures, and stiffness modulus at 25 ◦C and 40 ◦C. The error
distribution refers to normality. As seen in Figure 8, the residuals are close to the straight
line, which indicates that the residuals are distributed normally. Also, the Anderson–
Darling test was conducted to check the residual distribution. The outputs of the Anderson–
Darling displayed test that the p-value was insignificant (p-value = 0.255 > 0.05), which
indicates that the residuals are distributed normally. Figure 9 shows the correlation between
the actual and predicted values. The correlation between the actual and predicted values
was used to check the ability of the model to predict the dependent variables. It is seen
in Figure 9 that the actual and predicted values were close to the 1:1 line, which indicates
that the model is capable of predicting the stiffness modulus at 25 ◦C and 40 ◦C. Figure 10
illustrates the interaction between the factors and the responses. The function of this figure
is to introduce a better understanding of the relationship between the testing temperatures,
production temperatures, and stiffness modulus. As can be observed from Figure 10, there
was a significant influence of the testing temperatures and production temperatures on the
stiffness modulus. The higher the production temperature, the better the stiffness modulus
was, while the higher the testing temperature, the lower the stiffness modulus.

Figure 8. Plot of normality of 2FI model.
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Figure 9. Plot of actual versus predicted values of the 2FI model.

Figure 10. Plot of the interaction between the factors and the response of the 2FI model.

4.2. Developing a Prediction Model for the Accumlated Strain of the Warm Mix Asphalt

Table 7 displays the data input to DESIGN EXPERT. In Table 7, the factors represent
the compressive stress and the production temperatures applied, while the response was
the observed values of the accumulated strain at the applied loads of 100 kPa and 200 kPa.
The fit summary of the models is summarized in Table 8. As reported in Table 8, a linear
model is suggested to predict the accumulated strain of the warm mix asphalt. This is
because the sequential p-value is significant, while the sequential p-value of the other
models was not significant. Also, the lack of fit of the linear model is insignificant because
the p-value is greater than 0.05. This, in turn, suggests that the model suits the data. The
high coefficient of determination of the linear model implies that there is a very strong
relationship between the compressive stress, production temperatures, and accumulated
strain applied. In addition, the less difference between the adjusted R2 and predicted R2,
which was less than 0.2, refers to the high agreement between the factors and the response.
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Table 7. Input data of the accumulated strain model.

Compressive Stress (kPa) Production Temperature (◦C) Accumulated Strain (%)

100.00 130.00 0.284
100.00 130.00 0.315
100.00 130.00 0.305
200.00 130.00 0.559
200.00 130.00 0.542
200.00 130.00 0.525
100.00 140.00 0.270
100.00 140.00 0.241
100.00 140.00 0.281
200.00 140.00 0.520
200.00 140.00 0.512
200.00 140.00 0.490
100.00 150.00 0.239
100.00 150.00 0.245
100.00 150.00 0.212
200.00 150.00 0.459
200.00 150.00 0.427
200.00 150.00 0.438

Table 8. Fit summary of the models.

Source Sequential p-Value Lack of Fit p-Value R2 Adjusted R2 Predicted R2 Performance

Linear <0.0001 0.2923 0.9820 0.9796 0.9740 Suggested
2FI 0.1337 0.4513 0.9848 0.9815 0.9749

Quadratic 0.4662 0.3082 0.9854 0.9809 0.9722 Aliased

Table 9 shows the ANOVA for the linear model. As seen in Table 9, the significant
p-value of the factors implies that the applied compressive stress and production tempera-
tures had a considerable effect on the accumulated strain of the warm mix asphalt. The
linear model is expressed in Equation (2).

Table 9. ANOVA for the linear model.

Source Sum of Squares df Mean Square F-Value p-Value Performance

Model 0.2620 2 0.1310 409.13 <0.0001 Significant
A-Compressive stress (kPa) 0.2404 1 0.2404 750.57 <0.0001 Significant

B-Production temperature (◦C) 0.0217 1 0.0217 67.69 <0.0001 Significant
Residual 0.0048 15 0.0003

Lack of Fit 0.0012 3 0.0004 1.39 0.2923 Insignificant
Pure Error 0.0036 12 0.0003
Cor Total 0.2668 17

Accumulated strain (%) = 0.629667 + 0.002311 × compressive stress (kPa) − 0.004250 × production temperature ◦C (2).

The assumptions of the linear model should be investigated to examine its adequacy.
Figure 11 illustrates the assumptions of the normality of the linear regression. The plot of
normal probability displays the shape of the error distribution. The straight distribution of
the errors indicates that linear regression fits the data well, whereas the other shapes such
as right skew, left skew, S, or long and short tails, imply that the error distribution is not
normal, and thus that linear regression is not suitable. As seen in Figure 11, the residuals
are distributed normally, since the points are close to the line of the theoretical residual. In
addition, the Anderson–Darling test was carried out to check the assumption of normality.
The p-value of the Anderson–Darling test was insignificant (p-value = 0.3505 > 0.05), which
indicates that the errors were normally distributed.
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Figure 11. Plot of the normal probability of the linear model.

A plot of the externally studentized residuals versus the predicted values was used
to assess the assumption of homoscedasticity (equal variance). In other words, linear
regression assumes that the variance in the residual versus predicted value plot is constant,
with a symmetric shape. Therefore, a symmetrically shaped distribution of errors around
the zero in the scatter plot indicates homoscedasticity, while asymmetric shapes in the
scatter plot are heteroscedastic. The asymmetric shapes in the scatter plot indicate that
the linear model is not suitable. Figure 12 shows that the predicted values versus residual
values are distributed around zero in a symmetric shape. Thus, the linear model was
suitable to predict the accumulated strain of the warm mix asphalt.

Figure 12. Plot of the externally residuals versus predicted values of the linear model.

To check the assumption of independence in the linear regression, a plot of the
externally studentized residuals versus the run number is worthwhile. The residuals versus
run number plot is used to detect autocorrelation between disturbances. Autocorrelation
occurs when the residuals have a pattern where they remain positive or negative. As shown
in Figure 13, there was no autocorrelation among the disturbances, since the residuals
randomly transitioned between positive and negative values, which indicates that the
dependent variable of accumulated strain was not independent.
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Figure 13. Plot of the externally residuals versus run number of the linear model.

The plot of the actual versus predicted values is influential to understand the linear
relationship between the actual and the predicted values. Also, the assumption of linearity
was checked through a plot of the relationship between the actual and the predicted values.
As observed in Figure 14, there is a strong agreement between the actual and predicted
values, since the data of the actual values and predicted values are close to the 1:1 line. The
strong agreement indicates the capability of the linear model to predict the accumulated
strain. The regression coefficient of the variance inflation factor (VIF) was utilized to check
the assumption of multicollinearity in the models. The VIF is determined based on the
variance of the predicted model divided by the variance of every factor. Multicollinearity
occurs when the independent variables are highly correlated to each other, and thus a
large change may occur in the model if one of the factors is removed or changed. To
ensure that the multicollinearity assumption is met, the VIF value should not exceed
5. The variance inflation factor for the factors of the linear model was 1, which implies
that the multicollinearity assumption is met. To introduce a better understanding of the
effect of the applied compressive stress and production temperatures on the accumulated
strain of the warm mix asphalt, Figure 15 is worthwhile. As indicated in Figure 15, the
applied compressive stress and production temperatures have a great influence on the
accumulated strain of the warm mix asphalt. As the applied load increases, the accumulated
strain significantly increase. Also, the higher the production temperature, the better the
permanent deformation resistance.

Figure 14. Plot of the actual versus predicted values of the linear model.
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Figure 15. Plot of the interaction between the factors and the response of the linear model.

5. Conclusions

This study aimed to investigate the characteristics of warm mix asphalt incorporat-
ing coarse steel slag aggregate. The findings of the study illustrate that asphalt mixes
incorporating EAF steel slag exhibited better characteristics than the asphalt mixes made
with conventional mixes. The stiffness modulus of the produced warm mix asphalt at
150 ◦C was the best performing, as compared to the other production temperatures. The
warm mix asphalt produced at 30 ◦C lower than the reference mix (HMA) exhibited a
comparable stiffness modulus to the stiffness modulus of the reference mix incorporated
steel slag. Also, the warm mix asphalt produced at a mixing temperature of 10 ◦C lower
than the hot mix asphalt exhibited superior permanent deformation resistance than the
other mixes. Moreover, decreasing the production temperature up to 30 ◦C less than the
control mix resulted in a similar permanent deformation resistance to that of the control
asphalt mix (HMA). The results of the moisture susceptibility experiment demonstrated
that the resistance of the produced warm mix asphalt at 130 ◦C to moisture damage was
slightly lower than that of the reference mixes, while the moisture damage resistance of
the produced warm mix asphalt at 150 ◦C was the best. Furthermore, the produced warm
mix asphalt at 150, 140, and 130 ◦C revealed higher stiffness modulus and permanent
deformation resistance in comparison to the HMA incorporated natural aggregates. In
general, as the mixing temperatures increased, the performance of the warm mix asphalt
improved. However, producing the warm mix asphalt mixtures incorporating EAF coarse
steel slag aggregate at a temperature of 130 ◦C is recommended since the results of the
performance tests showed performance comparable to that of hot mix asphalt.
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Abstract: Increasing the content of reclaimed asphalt pavement material (RAP) in hot-mix recycled
asphalt mixture (RHMA) with a satisfactory performance has been a hot topic in recent years. In
this study, the performances of Trinidad lake asphalt (TLA), virgin asphalt binder, and aged asphalt
binder were first compared, and then the modification mechanism of TLA on virgin asphalt and aged
asphalt was explored. Furthermore, the RHMA was designed in accordance with the French norm
NF P 98-140 containing 50% and 100% RAP, and their high-temperature stability, low-temperature
cracking resistance, and fatigue performances were tested to be compared with the conventional
dense gradation AC-20 asphalt mixture. The results show that the addition of TLA changes the
component proportion of virgin asphalt binder, but no new functional groups are produced. The
hard asphalt binder modified by TLA has a better rutting resistance, while the fatigue and cracking
resistance is lower, compared to both aged and virgin asphalt. The high-modulus design concept
of RHMA is a promising way to increase the RAP content in RHMA with acceptable performance.
Generally, the RHMA with 50% RAP has similar properties to AC-20. And, when the RAP content
reaches 100%, the high- and low-temperature performance and anti-fatigue performance of RHMA
are better than AC-20 mixture. Thus, recycling aged asphalt using hard asphalt binder for hot-mixing
recycled asphalt mixture to increase the RAP content is feasible.

Keywords: Trinidad lake asphalt; aged asphalt; hot-mix recycled asphalt mixture; reclaimed asphalt
pavement; high-modulus asphalt mixture

1. Introduction

Recycling the old asphalt pavement is a common operation used worldwide for
saving natural materials, investment, and energy in highway maintenance projects [1–4].
In practice, the hot-mix recycled asphalt mixture (RHMA) has similar durability and
performance to the conventional dense asphalt mixture if the RAP content is limited at
10–40%, depending on the design of mixture [5–7]. According to recent official data, China
produces approximately 790 million tons of reclaimed asphalt pavement (RAP) per year
through asphalt pavement rehabilitation projects [8]. This figure is expected to significantly
increase in the next five years as the demand for road maintenance is increasing. Following
the issuance of the most stringent environmental protection law in China’s history, the
exploitation of natural stone has been significantly restricted, leading to an estimated
capacity reduction of over 60%. Consequently, in some parts of the country, such as the
Jiangxi Province, the price of natural aggregate has nearly tripled in the past five years [9].
Thus, the Chinese transportation infrastructure sector faces years of ineffective reuse of
accumulated RAP and increasing natural aggregate costs in future asphalt pavement
rehabilitation projects. Therefore, increasing the RAP content in RHMA has attracted
increasing attention over the past few years [10,11].

Although the aged asphalt binder in RAP is a considerable asset for construction, the
incorporation of RAP could potentially reduce the durability in terms of fatigue resistance,
low-temperature cracking resistance, and moisture stability due to its poor rheological
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properties after volatilization and oxidation in the field [12]. To this end, the most widely
and traditional solution is adding rejuvenators or using soft asphalt binder as the modifier
to recover the performance of aged asphalt binder [13,14]. This solution was shown to be
effective in previous publications and engineering projects. However, when RAP content
reaches a high percentage (for example, over 50% by the weight of RHMA), the extra
softening additives could reduce the rutting resistance of RHMA [15,16]. Thus, the use of a
high percentage of RAP in RHMA has not been properly addressed in current recycling
technology.

To overcome the negative effect of softening additives on RHMA, previous studies
reported that the high-modulus asphalt concrete (HMAC) that originated in France in the
early 1980s could be a potential solution [17]. The basic design concept of high-modulus
asphalt mixtures is that through the use of hard-grade asphalt binder (with a penetration
of about 10–20), fine aggregate gradation, high asphalt binder content (about 6%), and
low porosity (generally 3%), the high-modulus asphalt mixture is obtained through the
high modulus properties of the hard-grade asphalt binder itself [18]. For example, Ma
et al. indicated that the HMAC has a higher binder/aggregate ratio, lower void content,
and finer aggregate gradation compared to the conventional dense asphalt concrete [19].
The results show that the addition of RAP can be incorporated into HMAC at relatively
higher contents, due to the similar stiffness between the aged asphalt binder in RAP and
the high-modulus asphalt binder. To achieve good rutting resistance, hard asphalt binder is
a suitable modifier of HMAC. In most cases, the hard asphalt is produced in refineries, and
it also can be obtained by blending the virgin asphalt and natural asphaltite, for example,
Trinidad lake or Gilsonite-like materials, whose penetration is in range of 8–28 (0.1 mm) [20].
Thus, the design concept of HMAC has the potential of incorporating more RAP contents
in the asphalt mixture. However, using hard asphalt binder as the rejuvenator to recover
the aged binder is rarely reported in previous studies. The traditional asphalt mixture
regeneration technology is to add rejuvenator or soft asphalt to reduce the viscosity of the
aged asphalt, thereby restoring its performance. Therefore, this topic may go against the
concept of the traditional solutions. The objectives of this work can be summarized as
follows.

• Compare the performances of Trinidad lake asphalt, virgin asphalt binder, hard asphalt
binder, aged asphalt binder, and recovered asphalt binder.

• Reveal the modification mechanism of Trinidad lake asphalt on aged asphalt binder.
• Verify the feasibility of increasing RAP content in RHMA by using the concept of

HMAC.

2. Experiments

2.1. Materials
2.1.1. Binder

The TH-70# virgin asphalt binder produced by Xinjiang Tarim Petrochemical Co., Ltd,
Urumqi, China. was used. Its performance was tested according to a Chinese specifica-
tion entitled Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering (JTG E20-2011), and the results are shown in Table 1.

Aged binder was obtained using the thin film oven test (TFOT), and each virgin
asphalt binder sample with 3.2 mm thickness of asphalt film (50 g) was placed in the oven
at 163.5 ± 0.5 ◦C for a designated duration. To create samples with different aging levels,
the heating durations of virgin asphalt binder were 0 h, 5 h, 12 h, 19 h, and 26 h, while the
penetration of samples after heating was 64.2, 48.6, 42.4, 34.2, 27.5, respectively.

The hard asphalt binder was used as newly-added virgin asphalt binder in the recycled
mixture for recovering the performances of aged asphalt binder. The hard asphalt binder
was blended with virgin asphalt binder and Trinidad lake asphalt (TLA). TLA is a stiffer
binder with high modulus and poor workability. It is a common modifier for producing
hard asphalt binder. The basic performance of TLA was tested according to JTG E20-2011,
and the results are shown in Table 2. The TLA was cut into the 1 cm diameter pieces. Virgin
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asphalt binder and TLA were respectively heated to 150 ◦C, and then they were mixed
using a high-speed shear mixer for 15 min at 165 ◦C to reach a uniform state.

Table 1. Typical characteristics of TH-70# asphalt binder.

Item TH-70# Test Methods

Penetration at 25 ◦C (0.1 mm) 64.2 ASTM D5

Softening point (◦C) 49.0 ASTM D36

Ductility at 15 ◦C (cm) >100 ASTM D113

After thin film oven test (TFOT for short, 163 ◦C, 5 h)

Mass loss (%) 0.21 ASTM D2872

Penetration at 25 ◦C (0.1 mm) 48.6 ASTM D5

Softening point (◦C) 60.5 ASTM D36

Ductility at 15 ◦C (cm) 40.1 ASTM D113

Table 2. Typical characteristics of Trinidad lake asphalt (TLA).

Item TLA Specification

Penetration at 25 ◦C (0.1 mm) 2.5 0–5

Softening point (◦C) 95.0 ≥90

Ductility at 15 ◦C (cm) - -

Ash content (%) 19.2 -

Density (g/m3) 1.383 1.3–1.5

After TFOT (163 ◦C, 5 h)

Mass loss (%) 0.24 <2.0

Penetration ratio (%) 81 ≥50

To achieve the objectives of this study, 11 kinds of asphalt binder samples were
prepared or used for the laboratory tests. To better organize and introduce this study’s
work, the specific component, mark, and description of the asphalt binder samples are
listed in Table 3.

Table 3. Details of the prepared asphalt binder samples.

Number Description Mark Component

1 Virgin asphalt (VA) binder, TH-70# VA 100% VA

2
Trinidad lake asphalt (TLA), the modifier
for virgin asphalt binder to produce the

hard asphalt (HA) binder
TLA 100% TLA

3
Hard asphalt binder, produced by TLA and

VA, used as newly-added virgin asphalt
binder for recycled mixture

HA 40% TLA + 60% VA

4 Aged asphalt binder, obtained by heating
VA, numbered by their aging hours

A5h
A12h
A19h
A26h

100% aged asphalt
binder

5
Recycled asphalt binder, produced by

mixing the different aging level of asphalt
binder with HA

A5h + HA
A12h + HA
A19h + HA
A26h + HA

50% aged asphalt
binder +50% HA
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2.1.2. Mixture

Research shows that the asphalt mixture with a finer gradation and a higher asphalt
binder content has better low-temperature crack resistance and fatigue performance [21].
Therefore, for different RAP contents, different asphalt mixture gradations were designed
in this paper. The greater the RAP content, the finer the asphalt mixture gradation. Three
mixtures were designed and tested in this work: (i) the conventional hot-mix dense asphalt
mixture using natural aggregates, AC-20; hot-mix recycled asphalt mixture designed with
EME-20 (a high-modulus asphalt mixture originally recommended by the French industry)
containing (ii) 50% reclaimed asphalt pavement (RAP), and (iii) 100% RAP. The designed
aggregate gradation is shown in Figure 1.

Figure 1. The aggregate gradation of the three designed mixtures.

The RAP was collected from a pavement maintenance project; it was then sieved into
three classifications: 0–8, 8–12, and 12–20 mm. The aged binder contained in the RAP
was extracted from the aggregates according to ASTM D2172-05, and its properties are
listed in Table 4. The gradation of three classifications was determined according to ASTM
C136, and the results are shown in Figure 2. The gradation was then used in the recycled
mixture design by adjusting the ratio of the three classifications. In addition, the asphalt
content of the three RAP classifications was tested, and the results were 6.42% (0–8 mm),
3.21% (8–12 mm), and 2.05% (12–20 mm). The physical properties of the virgin and old
aggregates are shown in Table 5. The produced hard asphalt (HA), made with 40% TLA
and 60% virgin asphalt (VA) was used as the newly-added binder for EME-20@50%RAP
and EME-20@100%RAP. The performance of HA is listed in Table 6. Based on the Marshall
test, the optimal asphalt contents for AC-20, EME-20@50%RAP, and EME-20@100%RAP
were determined. Details are shown in Table 7.

Table 4. The performances of aged asphalt binder extracted from reclaimed asphalt pavement (RAP).

Penetration at 25 ◦C (0.1 mm) Softening Point (◦C) Ductility at 15 ◦C (cm) Density (g/m3)

27 57 21 1.44

Table 5. Physical properties of the aggregates tested according to JTG E42—2005.

Properties
Limestone RAP Aggregates Mineral

Filler
Test

MethodCoarse Fine Coarse Fine

Bulk-specific gravity (kg/m3) 2751 2715 2720 2622 2648 T0308
Flat-elongated Particles (%) 11.4 - 13.5 - - T0311

Water absorption (%) 0.5 - 0.4 - - T0308
Crush value (%) 12.6 - 14.2 - - T0316
LA abrasion (%) 22 - 24 - - T0317
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Figure 2. Gradation of the aggregates in the three RAP classifications.

Table 6. Typical characteristics of used hard asphalt binder.

Item HA Specification

Penetration at 25 ◦C (0.1 mm) 31 20–40

Softening point (◦C) 59 ≥54

Ductility at 15 ◦C (cm) 45 -

Density (g/m3) 1.42 1.3–1.5

After TFOT (163 ◦C, 5 h) Mass loss (%) 0.22 <2.0

Table 7. Asphalt contents of the three mixtures.

Mixtures
Newly-Added

Binder
Optimal

Binder/Aggregate Ratio

Newly-Added
Binder/Aggregate Ratio (in
Mass of Recycled Mixture)

AC-20 VA 4.20% 0
EME-20@50%RAP HA 5.50% 2.79%

EME-20@100%RAP HA 6.10% 1.36%

2.2. Test Methods
2.2.1. Dynamic Modulus Test

The objective of the dynamic modulus test is to determine the optimal TLA content in
hard asphalt binder considering the improvement of hard asphalt binder on the dynamic
modulus of recycled asphalt mixture (RHMA). The LPC Bituminous Mixture Design Guide
requires that the dynamic modulus of the high-modulus asphalt mixture is over 14,000 MPa
under the conditions of a temperature of 15 ◦C and a load frequency of 10 Hz [7]. On the
other hand, considering that TLA is more expensive than ordinary asphalt, the minimum
TLA content that meets the above requirements is the optimal TLA content in hard asphalt.
Therefore, the optimal TLA can be determined when the modulus of RHMA reaches
14,000 MPa under 15 ◦C, 10Hz. A UTM-35 test machine was used, and the investigated
frequency was 0–25 Hz. The specimens were prepared with EME-20@50%RAP as it was
previously introduced in Table 7, wherein the TLA content in hard asphalt binder was 30%,
40%, 50%, and 70%. The RHMA specimens were compacted using a gyration compactor.
The diameter was 150 mm, and the height was 170 mm. The specimens were cored to a
diameter of 100 mm and a height of 150 mm, as shown in Figure 3.
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Figure 3. The testing of the dynamic modulus of the recycled asphalt mixture.

2.2.2. Rheology Test

A dynamic shear rheometer (DSR) was used to evaluate the high-temperature per-
formance of asphalt binder samples according to AASHTO T315. The temperature sweep
mode was used to investigate the performance of samples under 58–82 ◦C. The complex
modulus G* and phase angle δ were recorded to calculate the fatigue factor (G*sinδ) and
rutting-resistance factor (G*/sinδ). Furthermore, a bending beam rheometer (BBR) was
used to determine the low-temperature performance of asphalt binder samples wherein the
creep stiffness (S) and creep rate (M) were recorded to evaluate the low-temperature crack
resistance of prepared samples. The investigated temperatures were −12 ◦C and −18 ◦C.

2.2.3. FTIR Spectra Analysis

The FTIR spectra analysis was conducted to characterize and compare the difference in
the functional group of asphalt binder samples. A Nicolet iS10 Fourier transform infrared
spectrometer produced by Thermo Scientific Co., Ltd., Waltham, MA USA was used. The
spectral resolution was 0.4 cm−1 and the spectral range was 4000–400 cm−1. Lake asphalt is
a solid at room temperature; thus, a small amount of TLA powder and potassium bromide
crystal were ground and mixed in an agate mortar, and then the samples were pressed by a
YP-2 tablet pressing machine to obtain the samples for the FTIR spectra test.

2.2.4. Atomic Force Microscope Test

The atomic force microscope (AFM) observation of asphalt binder samples aims to
reveal the difference in the microstructure of samples. A Bruker’s cloth Dimension ICON
AFM was used with a tap model. The scan area was 90 μm × 90 μm × 10 μm, the
data sampling rate was 50 MHz, and the imaging temperature was 27 ◦C. The asphalt
binder sample was heated to 150 ◦C and was dropped on a glass slide to obtain the
specimen. The bee-like structures in the AFM images were identified by color deference
using a commercial software, and then the features of bee-like structure were extracted and
calculated. Three parameters, including the maximum bee-like area, the average area of all
bee-like structures, and the area ratio of bee-like structures to image area, can be obtained.

2.2.5. Performances Test of Recycled Asphalt Mixture

To investigate the effect of hard asphalt binder on the performance of produced asphalt
mixtures, the high-temperature rutting test, low-temperature bending test, and fatigue
test were conducted. The rutting test was performed under 60 ◦C ambient temperature.
The size of the specimen was 30 cm × 30 cm × 5 cm; each test required three specimens.
The high-temperature rutting resistance is characterized by dynamic stability and can be
calculated by Equation (1).

DS =
(t2 − t1)× N

d2 − d1
(1)
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where DS is the dynamic stability, load/mm; t1 and t2 are the 45th and 60th min, respec-
tively; d1 and d2 are the deformations at the 45th and 60th min, respectively; N is the
wheeling speed, 42 load/min.

The three-point bending test was performed to evaluate the low-temperature crack
resistance of the mixture, as shown in Figure 4. The specimens were 250 mm × 30 mm ×
35 mm cuboids, and the loading rate was 50 mm/min. Bending stiffness modulus, bending
strength, and maximum bending strain were obtained by the test. Generally, greater
maximum bending strain and higher bending strength lead to a better low-temperature
performance of the mixture. Furthermore, the fracture energy can be calculated from the
area of the stress-strain curve before the material reaches the maximum stress. According to
research experience, the evaluation of low-temperature performance by fracture energy is
more reasonable than the traditional index of maximum bending strain [22]. Therefore, the
fracture energy was selected as the indicator to describe the low-temperature performance
of the mixtures.

 
Figure 4. Three-point bending test of recycled asphalt mixture.

A UTM-35 test machine was used to conduct the three-point fatigue test of the asphalt
mixture, and a stress control model under 15 ◦C with 10 Hz was used. Three specimens
were tested under each stress level. The specimens were 250 mm × 30 mm × 35 mm
cuboids. The fatigue characteristic is given by Equation (2), and after taking logarithms
on both sides of the equation, it can be written as a linear equation, Equation (3). In
Equation (3), the intercept k denotes the average fatigue life of the specimens, and the
absolute value of slope σ stands for the decay rate of the fatigue life with an increasing
stress ratio.

Nf = K
(

1
σ

)n
(2)

lgNf = −nlgσ + k (3)

where Nf is the loading time when specimens break; σ is the stress of repeat loading; 20%,
30%, and 40% of maximum bending stress were used, respectively.

Maximum bending stress of specimens of different mixtures was first tested, and
the results are shown in Table 8. A maximum bending stress of 20%, 30%, and 40% was
calculated for each type of mixture. We performed the three-point fatigue test of different
asphalt mixtures according to the calculation results in Table 8.

Table 8. Bending stress of specimens of different mixtures.

Mixture Type Maximum Bending Stress (KN)
Stress Ratio

0.2 0.3 0.4

AC-20 8.2 1.6 2.5 3.3
EME-20@50%RAP 10.1 2.0 3.0 4.1
EME-20@100%RAP 9.7 1.9 2.9 3.9
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3. Results and Discussion

3.1. Performance of Hard Asphalt Modified Aged Asphalt
3.1.1. Determining the Optimal Content of Lake Asphalt in Hard Asphalt

The asphalt mixture with a higher modulus tends to have better rutting resistance to
traffic. Generally, its modulus can be improved by using hard asphalt binder and additives.
This study investigated the feasibility of using TLA as the modifier to increase the modulus
of the recycled asphalt mixture. To this end, the dynamic modulus of the EME-20 mixture
containing 50% RAP (EME-20@50%RAP) was determined. Its newly-added asphalt binder
was hard asphalt made with 30% to 70% proportion of TLA, and the results are shown in
Figure 5.

Figure 5. Test results of the EME-20 asphalt mixture containing 50% of RAP under 0–25 Hz.

According to Figure 5, the first finding is that the increasing TLA content in hard
asphalt binder can significantly increase the modulus of the recycled mixture at every
frequency. The optimal TLA content can be obtained when the modulus of RHMA reaches
14,000 MPa under 15 ◦C, 10 Hz. Therefore, the TLA content in hard asphalt binder was
determined as 40%.

3.1.2. FTIR Spectra Analysis of Recycled Asphalt Binder

Figure 6a presents the FTIR spectra of virgin asphalt (VA) and aged virgin asphalt. In
Figure 6, a frequency band present at 3800–3500 cm−1 is caused by the vibration of bound
water or free water and CO2 in ambient air; the strong peaks around 2922–2852 cm−1 are
associated with the stretching vibrations in the aliphatic chain of the asphalt binder [23];
the peak at 1600 cm−1 denotes to the vibration of C=C in the benzene skeleton; the peak
at 1462 and 1376 cm−1 relates to the deformation vibrations of the aliphatic chain; the
peak at 1031 cm−1 is the stretching vibrations of the sulfoxide group (S=O); the peaks at
863, 811, and 747 cm−1 are resulting from the bending vibration of C-H in the aromatic
ring. The aging level of asphalt binder samples can be determined by comparing the
absorbance of the functional group. The significant difference between three samples is that
the transmittance of the functional group of C=C, C=O, and S=O increased after the virgin
asphalt binders were aged, and a greater aging level leads to a higher absorbance of those
functional groups. The increase in C=O indicates that the oxygen-containing functional
groups such as aldehydes, ketones, esters, and carboxylic acids are formed during the
aging process of the asphalt binder. Furthermore, the increase in S=O demonstrates that
the sulfur element reacts with oxygen to form a polar functional sulfoxide group.
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Figure 6. Fourier transform infrared (FTIR) spectra of virgin and aged asphalt binder samples: (a)
VA, A12h, and A26h; (b) TLA, VA, and HA; (c) HA, A12h, and A12h + HA; (d) HA, A26h, and A26h
+ HA.

Figure 6b illustrates the FTIR spectra of virgin asphalt (VA), Trinidad lake asphalt
(TLA), and hard asphalt produced with 60% of VA and 40% of TLA. By comparing the
FTIR spectra of VA and TLA, most of the transmittance peaks of TLA are near the ab-
sorption peaks of the matrix asphalt. The only new absorption peaks appear at 535, 467,
and 428 cm−1, which correspond to naphthalene functional groups. The addition of a
naphthalene functional group is helpful for enhancing the structural strength of petroleum
asphalt molecules, which will increase the viscosity of asphalt and enhance the cohesion of
asphalt binder and the adhesion with aggregate. In addition, the transmittance peak area
of sulfoxide group S=O at 1031cm−1 of TLA is significantly larger than that of ordinary
asphalt binder. The TLA was intensively exposed in an open-air environment, which
accelerated the oxidation of TLA. The sulfur and oxygen have sufficient chemical reaction
to form more sulfoxide groups. Furthermore, HA and TLA have the same characteristic
peaks, in which the transmittance of each functional group in HA is smaller than that of
TLA. The above results show that the addition of TLA only changes the proportion of each
component in VA, and there is no chemical reaction in this process.

One of the objectives of this work is to rejuvenate the aged asphalt binder using HA
containing TLA for producing a high-modulus recycled mixture with high RAP content.
Thus, blended asphalt binder samples containing 50% aged asphalt (A12h, A26h) and 50%
HA were prepared. Their FTIR spectra are shown in Figure 6c,d. From the effect of HA on
aged asphalt, it can be concluded that the sulfoxide group S=O peaks at 1031 cm−1 in both
A12h + HA and A26h + HA are sharper compared to that in aged asphalt. This is because
the sulfoxide group tends to disintegrate under high temperatures. Furthermore, the
appearance of peaks at 535, 467, and 428 cm−1 in both A12h+HA and A26h+HA indicates
that the naphthalene functional group in TLA was introduced in the rejuvenated asphalt
binder.

3.1.3. Analysis of Microstructure Characteristics of Recycled Asphalt Binder

Based on the colloid structure theory of the asphalt binder, asphaltene is considered as
the colloid center with a high molecular weight, and the micelles are formed by absorbing
the colloidal particles that have greater polarity. The micelles are dispersed in oil [24]. To
date, asphaltene is widely believed to be the main component of the convex part of the bee-
like structure [25]. By comparing the characteristics of the bee-like structure, the differences
in colloid structure of the asphalt binder can be determined. In this section, Figure 7a–c
shows virgin asphalt and the aged virgin asphalt after 12 h and 26 h of thermal aging,
respectively. The surfaces of aged asphalt samples are rougher than the virgin asphalt
when aging time is increased, as shown in Figure 8a. Furthermore, the characteristics
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including maximum area, average area, and total area ratio of bee-like structures in A12h
and A26h are significantly higher than those in VA. This means thermal aging contributes
to a higher content of asphaltene and changes the microstructure of asphalt binder.

 

Figure 7. Microstructure and 3D structural side view of the asphalt binder imaged using atomic force
microscopy (AFM): (a) virgin asphalt, VA; virgin asphalt after (b) 12 h and (c) 26 h thermal aging,
denoted by A12h and A26h, respectively; (d) hard asphalt mixed with (e) 12 h and (f) 26 h aged
virgin asphalt, denoted by A12h + HA and A26h + HA, respectively.

μ μ

Figure 8. Results of the microstructure characteristics of asphalt binder samples: (a) roughness of
AFM surface; (b) statistics of bee-like structure.

Furthermore, there is no obvious difference in surface morphology between VA and
HA, and they have a similar bee-like structure, as shown in Figure 7a,d. This means the
incorporation of TLA in VA did not significantly change the microstructure of VA. To
evaluate the rejuvenation effect of HA on aged asphalt with different aging levels, AFM
images of HA, A12h + HA, and A26h + HA were obtained, as shown in Figure 7d–f,
respectively. By comparing A12h and A12h + HA, as shown in Figure 8b, the characteristic
values of the bee-like structure of A12h + HA were determined as slightly lower than

49



Appl. Sci. 2021, 11, 5698

those of A12h, indicating that there was a limited rejuvenation effect on aged asphalt in
view of the microstructure. On the other hand, there was a greater improvement in the
microstructure of the A26h sample because the characteristic values in A12h + HA were
higher than those in A26h. Finally, when HA was added into the asphalt binder with
a higher aging degree, the characteristics of the bee-like structure changed dramatically,
showing a significant improvement in the maximum area, average area, and total area ratio
of bee-like structures.

3.1.4. Rheological Properties of Recycled Asphalt Binder

The creep stiffness (S) and creep rate (m) of asphalt binder samples were measured
using the BBR test at −12 ◦C. Generally, the larger the S and the lower the m are, the
worse the resistance of the asphalt binder to brittle fracturing in low-temperature envi-
ronments, which is not conducive to the durability of asphalt pavement. It can be seen
from Figure 9a,b that the low-temperature crack resistance of HA was worse than that of
VA, which was caused by the addition of TLA. In addition, the low-temperature crack
resistance of the virgin asphalt significantly deteriorated after aging, and the S value of a
26 h was 3.2 times that of the VA. In addition, when 50% HA was added to the aged asphalt,
the low-temperature stability of the recycled asphalt binder was significantly worse than
that of the VA after the corresponding aging time. Therefore, the use of HA as a rejuvenator
for aged asphalt leads to worse low-temperature stability, and this conclusion suggests that
the HA modifier is not recommended for use in cold regions.

Figure 9c shows that the high-temperature rutting factor of HA was significantly
higher than that of VA, especially at 58 ◦C and 64 ◦C. In addition, with the increase of the
VA aging degree, the rutting factor of A26h asphalt binder increased significantly. The
rutting resistance factor of A26h asphalt binder was about seven times higher than that
of VA. Furthermore, the rutting factor of asphalt binder with different aging degrees was
greatly improved after mixing with 50% HA. For example, at 58 ◦C, the rutting factor of
A26h + HA was about 20% higher than that of A26. The results of Figure 9a show that
HA had a significant effect on improving the rutting resistance of aged asphalt binder.
Compared to the conventional asphalt binder, TLA has a high asphaltene and ash content,
which contribute to a high stiffness of hard asphalt binder produced with TLA, increasing
the high-temperature performance of the hard asphalt binder.

The fatigue factor G*sinδ was used to compare and evaluate the anti-fatigue charac-
teristics of asphalt binder samples; G*·sinδ refers to the energy lost by the asphalt binder
under repeated loads. The smaller the G*·sinδ, the less energy is lost and the better the
fatigue resistance. The fatigue factor test results are shown in Figure 9. Figure 9 shows that
the fatigue factors of HA and VA were very close, indicating that they have similar fatigue
resistance. In addition, with the increase of aging time, the anti-fatigue performance of
virgin asphalt decreased significantly. For example, the fatigue factor of A26h was about 30
times higher than that of VA. The reason is that as the aging time increased, the asphaltene
and gum content in the asphalt binder increased, and the saturated and aromatic compo-
nents decrease, resulting in an increase in the complex modulus and the fatigue factor. In
addition, when HA was mixed with aged asphalt, its fatigue factor was slightly higher
than that of aged asphalt. For instance, the fatigue factor of A26h + HA was about 10%
higher than that of A26h. The above results show that the fatigue performance of aged
asphalt decreases with the addition of HA. This is due to the fact that TLA has a relatively
large ash content. After the ash particles precipitate, the elasticity and toughness of HA
are reduced, which leads to a decrease in fatigue performance. From this point of view,
rejuvenating the aging asphalt binder using HA is not preferred for high-traffic pavements.
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Figure 9. Rheological properties of recycled asphalt binder: (a) creep stiffness; (b) creep rate; (c) rutting factor; (d) fatigue factor.

3.2. Performance of Hot-Mix Recycled Asphalt Mixture Containing Hard Asphalt

Three kinds of asphalt mixtures were prepared to reveal the difference in performance
between the conventional and the hot-mix recycled asphalt mixture (RHMA). The RHMA
was designed based on the principle of the high-modulus mixture using the hard asphalt
as a binder, containing 50% and 100% RAP, denoted by EME-20@50% and EME-20@100%,
respectively. Figure 10a indicates that EME-20@100% and EME-20@50% had similar dy-
namic stability (DS). Compared with the ordinary asphalt mixture containing hard asphalt
binder, the high-temperature performance was lower.

As shown in Figure 10b, the AC-20 specimens had the highest bending strain com-
pared to others, indicating the conventional AC-20 could bear a higher deformation
than EME-20 specimens. Furthermore, there was no significant difference between EME-
20@50% and EME-20@100%, which means that they have a similar deformation resistance.
Figure 10c shows the bending strength of tested samples; the results indicate that AC-20
has the lowest bending strength. In summary, the specimens designed using the concept
of high-modulus asphalt mixture were stiffer than the conventional one, which it led to
a greater bending strength and lower bending strain. To compare the low-temperature
performance of samples, fracture energy was used, which can reveal the performance
differences in terms of energy; the results are shown in Figure 10d. Figure 10d shows that
EME-20@50% had a similar fracture energy to AC-20, indicating that the incorporation
of hard asphalt and 50% RAP had no negative effect on the low-temperature cracking
resistance of the asphalt mixture. Moreover, when the RAP content was increased to 100%,
the fracture energy of EME-20@100% increased by 23% compared to that of AC-20 due to
the fine gradation and high asphalt binder content.
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Moreover, Figure 10e suggests that EME-20@100% had the highest fatigue life under
different stress ratios. The fatigue lives of EME-20@100% and EME-20@50% were both
higher than that of AC-20, but the slope of the fatigue curve was greater, indicating that
they were more sensitive to stress. This paper used a stress-controlled mode to carry out
the fatigue experiment. The experimental results obtained under strain-controlled mode
may be different, which should be further studied. In summary, fine gradation and a high
asphalt binder content improved low-temperature crack resistance and fatigue life while
maintaining a good high-temperature performance of RHMA. Therefore, the high modulus
design concept can be adopted to increase RAP content in recycling.

ε

 

N
f

σ

Figure 10. Performance of hot-mix recycled asphalt mixture containing hard asphalt: (a) High-temperature rutting resistance;
(b) Maximum bending strain; (c) Bending strength; (d) Fracture energy; (e) Fatigue performance.
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4. Conclusions

In this paper, the modification mechanism, microstructure, and rheological properties
of hard asphalt binder produced by mixing TLA and VA were analyzed using infrared
spectroscopy, atomic force microscopy, and DSR and BBR experiments. The performance
of RHMA produced with hard asphalt was tested, and the following conclusions can be
drawn.

(1) The addition of TLA leads to a change in the component proportion of asphalt binder,
but no new functional groups are produced; the addition of TLA leads to a decrease in
the number and total area of bee structures, which indicates that lake asphalt changes
the interaction between asphaltene and other asphalt molecules. This is conducive to
the dissolution of asphaltene and forms a more stable system.

(2) The low-temperature performance of recycled asphalt binder and aged asphalt binder
has the same change rule. With the extension of aging time, the low-temperature
performance of recycled asphalt binder gradually decreases, the high-temperature
performance increases, and fatigue damage develops rapidly.

(3) As high-modulus asphalt mixture and RAP have similarity in terms of asphalt binder
performance and fine gradation, adopting the high modulus design concept for
recycling can increase the RAP content. Through the optimization of gradation and
the use of hard asphalt, the high- and low-temperature performance and anti-fatigue
performance of 100% recycled asphalt mixture are better than when using the AC-20
mixture. Thus, recycling with a high-modulus asphalt mixture design concept to
increase the RAP content is feasible.
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Abstract: Cigarette butts can be considered as one of the most common contemporary sources of
waste, considering the large consumption of cigarettes all over the world. Despite the fact that
different solutions have been developed and tested in the recent years aiming to recycle them,
cigarette butts are currently landfilled and incinerated. Following the circular economy principles,
the experimental application proposed in this paper is an exploratory investigation on the use of
shredded cigarette filters as sustainable alternative to the addition of fibers into Stone Mastic Asphalts
(SMAs). This represents the preliminary step for a wider research project, aiming to find a possible
recycling solution for cigarette butts as fibers in bituminous materials. The use of fibers is a common
and well-established solution for the production of high bitumen content mixtures. The fibers
have a double function: acting, generally, as a stabilizing agent and, where possible, improving
the mechanical performance of the bituminous mixtures. In the present research, two different
SMAs were produced and tested aiming to analyze the effects given by the addition of the shredded
cigarette filters. The first asphalt concrete, produced with traditional cellulose fibers was taken as a
reference mixture, while the experimental mixture was produced with the shredded cigarette filters.
The data highlight interesting and promising results for future development, making the use of waste
cigarette filters a potential eco-friendly alternative to common cellulose fibers for SMAs.

Keywords: cigarette filters; recycled cigarette butts; asphalt concrete; SMA; fibers

1. Introduction

Sustainable and responsible development is probably the most important task for a
modern society finally aware of the damage caused to the environment by the uncontrolled
growth of the last 30 years. As stated in the 7th Environment Action Programme (EAP)
produced by the EU, the recycling and reuse of waste can be considered as one of the
principal tools for addressing this new challenge [1].

Cigarette butts (CBs) can be classified as one on the most common sources of waste,
considering their large consumption all over the world [2]. According to the most recent
estimates, around 1.2 million tons of cigarette butts are produced every year [3]. From an
environmental point of view, the CBs represent a real problem considering the lack of
disposal control and their slow degradation rate. Several researches based on interviews
to cigarette smokers, highlighted that around the 73% of the users do not have specific
practices for the CBs disposal [4,5]. Furthermore, as stated in the report “Tobacco and its
Environmental Impact: an overview” from the World Health Organization, around 70%
of CBs are released into the environment, generally discarded directly on the ground [6].
The vast majority of cigarette filters are mainly made of cellulose acetate with a very limited
degradation rate [7]. Brodof (1996) assessed that the breakdown of a common cellulose
acetate generally takes around 18 months under normal conditions [8]. Recent studies
verified that the slow process of degradation of CBs discarded on the ground could last up
to 13 years [9].
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Furthermore, the presence of toxic chemicals within CBs is now a well-known fact [10,11].
A cigarette filter is mainly designed to reduce the inhalation of several substances during
tobacco combustion; as a result, it absorbs and retains toxic substances that can be released
into the environment when discarded. Several detailed studies and researches highlighted
that around 7000 chemicals (USDHHS, 2010) are released by CBs into the environment, with
potential effects on humans and ecosystems [12–16].

Still, the lack of standardized protocols or best practices for CB disposal makes the
management of this kind of waste a real issue. Thus, the majority or CBs are currently
landfilled and incinerated. In the light of the above, it is clear that these disposal solutions
will no longer be feasible, and it is evident that finding recycling alternatives to disposing
of CBs in landfill is now crucial.

Different recycling methods and applications have been tested and are currently un-
der investigation in order to find possible solutions in line with the principles of circular
economy [17]. Several alternative solutions are available in the literature for the recy-
cling and re-use of CBs. Good results have been obtained for the recycling of CBs in the
production of new construction materials (i.e., fired bricks, lightweight bricks, precast
concrete blocks) or acoustic insulation systems [18–20]. A few studies have also been
developed on the use of CBs as bituminous materials for road pavements, and the pro-
posed experimental applications were mostly focused on the use of waste CBs as bitumen
modifiers/additives [21,22].

The research proposed in this paper is a preliminary study on the direct application of
brand new cigarette filters (CF) for the production of asphalt concretes (AC). The work is
the preliminary and exploratory step of a wider research project aiming to study the re-use
of waste cigarette butts as a potentially sustainable alternative to fibers (both traditional and
innovative ones) for ACs. The use of fibers, in fact, is a common practice for the production
of high bitumen content mixtures for pavements such as stone mastic asphalt (SMA) and
porous asphalt [23]. The fibers can have the double function of working as a stabilizing
agent, avoiding the separation between the aggregates and the bitumen during the storage
and transport operations, and are also used to improve the mechanical performance of the
final AC [24,25].

Considering the wide use of fibers, a new market to recycle waste in the production
process of new cellulose-based fibers has been generated, taking into account the good prop-
erties of the waste in terms of binder absorption, when compared to mineral fibers [26–31].
In order to evaluate the effects given by the addition of the grinded brand new CFs in the
bituminous mixture, two different SMAs were produced in the laboratory and tested: one
(labelled SMA0) with common cellulose stabilizing fibers, and another (labelled SMAF)
containing CFs. The aim of the present research is to explore the possible use of this waste
as a pavement material, and therefore to develop a new recycling application to limit the
landfilling of waste cigarette butts.

2. Materials and Methods

As aforementioned, the experimental application of CFs in substitution of common
stabilizing fibers has been carried out, adding common shredded CFs during the mixing
operation of a traditional SMA.

2.1. Cigarette Filters and Stabilizing Fibers

In the case being studied, brand new cigarettes were collected and filters were cut off.
In order to represent what could happen on a real scale, cigarette from different producers
were used in this experimental application. However, it is worth mentioning that all the
collected CFs were made of cellulose acetate-based material.

The CFs were grinded using a mechanical shredder, set up in order to have particles
up to 10 mm. From a visual analysis of the obtained shredded CFs (Figure 1), the mate-
rial is mostly composed of cellulose acetate fibers, with traces of plug wrap paper and
tipping paper.
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Figure 1. Shredded cigarette filters and a EUR 1 coin as size reference.

Some traditional cellulose-based stabilizing fibers were used as reference fibers.
The physical and mechanical properties of the reference fibers are reported in Table 1.

Table 1. Properties of cellulose stabilizing fibers.

Fibers Technical Data

Avg. fibers length min 200 μm, max 1100 μm
Avg. fibers diameter min 25 μm, max 45 μm

Melting point >230 ◦C
Water solubility (%) 0.450–0.500 kg/m3

2.2. SMA Mix Design

Stone mastic asphalt was first developed in Germany in the 1960s and it was soon used
in the rest of Europe, the United States, Canada and Australia due to its good performance.
The combination of selected aggregates according to a gap-graded gradation and the
adoption of modified bitumen allows for a high resistance to plastic deformation, making
SMA suitable for high- and heavy-traffic roads. Furthermore, the use of high quality
aggregates ensures remarkable skid-resistance properties.

In the present research, the adopted mix design for the SMA followed the District of
Bologna technical specification [32]. The grading distribution is presented in Figure 2 and
Table 2, while the rheological properties of the used bitumen are reported in Table 3.
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Figure 2. SMA grading distribution.

Table 2. SMA gradation.

Sieve (mm) Retained Material (%) Passing Material (%)

14 0.00 100.00
12 0.68 99.32
10 19.10 80.22
8 15.01 65.21

6.3 13.65 51.57
4 10.14 41.42
2 14.62 26.80
1 7.36 19.45

0.5 3.96 15.49
0.25 2.88 12.61
0.125 1.64 10.97
0.063 1.16 9.81

<0.063 9.81 -

Table 3. Conventional properties of the adopted bitumen.

Property Unit Characteristic Value Standard

Penetration @ 25 ◦C dmm 50–70 EN 1426 [33]
Softening Point ◦C 46–54 EN 1427 [34]

Penetration Index - 1.05–0.70 EN 12591 [35]
Dynamic Viscosity @

60 ◦C Pa·s 145 EN 12596 [36]

Ductility % 80 ASTM D 113 [37]

Based on previous studies and laboratory tests on the same SMA mix design, the
optimum binder content was fixed at 6% on the weight of aggregates, while the amount of
filler was 10% on the weight of aggregates [38].

Following the technical specification of the commercial fibers and the optimum bi-
tumen content, their ratio was 0.3% of the weight of the aggregates for the reference mix
(SMA0). As for the SMAF, as shown in the following paragraph, specific drain-down tests
(ASTM D6390-11 [39]) were carried out in order to evaluate the absorption properties of
the shredded CFs and to define their optimum dosage within the bituminous mixture.
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2.3. Experimental Program

The experimental program was based on the physical and mechanical characterization
of two different SMAs produced with and without CF as stabilizing fibers. Once the mix
design and the absorption properties of the shredded CFs were defined, tests were carried
out on SGC (Superpave Gyratory Compactor, EN 12697-31 [40]) specimens. The mixing
and compaction operations and temperatures (170 ◦C) were fixed univocally in order to
obtain comparable results.

The volumetric properties of the two different SMAs were assessed with the air voids
(AV) content analysis (EN 12697-8 [41]) on three samples for each mixture according to three
different compaction levels (10, 100 and 180 gyrations). The evaluation of the workability
and compactability properties of the mixtures was corroborated also by the analysis of the
gyratory compaction curves.

For each mixture, nine SGS samples (100 gyrations [40]) were prepared for the me-
chanical characterization. The cohesion properties were assessed in terms of indirect tensile
strength (ITS) at 25 ◦C, according to the EN 12697-23 standard [42]. The mechanical analysis
was supported with indirect tensile stiffness modulus (ITSM) tests following the EN 12697-
26 standard [43]. The thermal sensitivity of the mixtures was evaluated, repeating the ITSM
test at three reference temperatures: 10, 20 and 30 ◦C. Furthermore, the water susceptibility
of the SMAs was investigated in terms of ITS reduction (ITSR, EN 12697-12 [44]), carrying
out ITS tests on specimens after saturation in a water bath at 40 ◦C for 72 h.

The durability of the experimental bituminous mixture was also evaluated in terms of
resistance to permanent deformation, in compliance with the EN 12697-25 standard [45], ac-
cording to a uniaxial test configuration. The repeated load axial test (RLAT) is a laboratory-
based, quick method for determining the creep characteristics of bituminous mixtures
under cyclic loads at a high temperature (40 ◦C).

3. Results

3.1. Evaluation of the Absorption Properties of CFs

As mentioned before, drain-down tests were performed in order to assess the bitumen
absorption properties of the CFs. The test was carried out in compliance with the [39]
standard. This test allows the amount of drain-down in a loose bituminous mixture to
be determined, when this is held at high temperature, compared to the amount obtained
during the mixture in-plant production, storage and transportation. It is very useful for
high bitumen content mixtures, where the addition of fibers is required precisely to prevent
the separation of bitumen from aggregates.

Four mixtures were tested, containing shredded CFs at a ratio of 0, 0.2, 0.3 and
0.4% of the weight of the aggregates, and two samples were produced for each mixture.
The average results are presented in Table 4.

Table 4. Average drain-down results for the shredded CFs.

Fibers Amount Drain-Down (%)

0% Fibers 0.6 (±0.2)
0.2% Fibers 0.4 (±0.2)
0.3% Fibers 0.4 (±0.1)
0.4% Fibers 0.3 (±0.1)

Based on these results, the addition of experiment fibers equal to 0.4% of the weight
of the aggregates seemed to be suitable, showing average drain-down values below the
recommended 0.3% [46]. All in all, the shredded CFs exhibit similar absorption properties
to the reference cellulose fibers, even if an increase by 0.1% in their dosage is required to
achieve the same drain-down limit effect.
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3.2. Physical Characterization

The physical characterization was based on the evaluation of the air voids content
(AV, [41]) in SGC samples according three different compaction levels equal to 10, 100 and
180 gyrations. This method represents a rapid control of the compactability and workability
properties of bituminous mixtures. The average results are shown in Table 5, while the
gyratory compaction curves are plotted in Figure 3.

Table 5. Average AV content for SGC samples.

AV Content SMA0 SMAF

AV (%) at 10 gyrations 15.3 (±0.6) 15.5 (±0.4)
AV (%) at 100 gyrations 6.0 (±0.2) 6.4 (±0.3)
AV (%) at 180 gyrations 4.5 (±0.2) 4.9 (±0.1)

Figure 3. Bituminous mixtures gyratory compaction curves.

All in all, the results are in line with the adopted technical specification requirements
(AV < 5% at Nmax). However, a slight reduction in AV content was recorded for the
reference SMA mixture at every compaction level considered.

Overall, there is not a relevant difference between the two mixtures: the presence of
CFs does not negatively affect the volumetric properties of the bituminous mixture. Still,
the addition of the experimental fibers did not modify or influence the laboratory mixing
and compaction operations, confirming the potential application of this material for a real
asphalt concrete production. The analysis of the gyratory compaction curves verified the
absence of difference in terms of compactability properties due to the presence of CFs. Both
SMAs showed comparable densification properties.

3.3. Mechanical Characterization

The mechanical characterization was based on the evaluation of the cohesion proper-
ties (ITS, [42]) and the mixtures’ stiffness (ITSM, [42]). Furthermore, the stiffness depends
on temperature variation in terms of ITSM. Furthermore, the durability of the SMAs was
analyzed considering their water susceptibility and the rutting resistance properties.
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3.3.1. Indirect Tensile Strength Analysis

The mechanical properties were analyzed in terms of cohesion between aggregates
and bituminous mastic with the evaluation of indirect tensile strength (ITS, [42]) at 25 ◦C.
Three SGC samples (100 gyrations [40]) were tested, and the results are presented in Table 6.

Table 6. Indirect tensile strength at 25 ◦C results.

Mixture Thickness (mm) Max Load (N)
Displacement

(mm)
ITS (MPa)

SMA0_1 60.6 11400 2.44 1.20
SMA0_1 60.6 12860 1.94 1.35
SMA0_1 61.1 12720 2.28 1.33

avg. SMA0 - - - 1.29
SMAF_1 60.8 9250 2.96 0.97
SMAF_1 61.8 9990 2.60 1.03
SMAF_1 61.3 9250 2.60 0.96

avg. SMAF - - - 0.99

Overall, both SMAs show ITS values above the threshold limit suggested by the
adopted technical specification (ITS > 0.90 MPa). However, the reference mixture has the
best performance. This phenomenon might be attributed to presence of the commercial
stabilizing fibers, able to create a stronger cohesion between particles. It is worth noting
that, as the SMA mixtures are rich in bitumen, the presence of fibers is fundamental in
order to fix the bituminous mastic with the aggregates. The better performance of the
reference fibers could be further confirmed by analyzing the displacement data from the
ITS tests. Thus, the lower displacement registered for the SMA0 can be attributed to its
stiffer structure. Furthermore, the higher ITS results for the reference mixture could also be
related to the lower AV content.

3.3.2. Indirect Tensile Stiffness Modulus Analysis

The evaluation of the stiffness modulus was carried out according to the [43] with
an indirect tensile test configuration. Three SGC samples (100 gyrations [40]) for each
mixture were tested at 10, 20 and 30 ◦C in order to investigate the thermal sensitivity of the
bituminous mixtures. The relation between the stiffness modulus and temperature can be
described by the following equation:

logS = −α·T + β (1)

where S is the stiffness modulus at the specific temperature T, while α and β are ex-
perimental parameters depending on the material properties. The former parameter is
directly related to the temperature sensitivity, as it is generally higher for very temperature-
sensitive materials.

The ITSM results are presented in Table 7. In Figure 4, the average results are depicted,
but the equations, as well as the coefficients of determination (R2), are related to the
individual values.
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Table 7. Indirect tensile stiffness modulus results.

Mixture ITSM @ 10 ◦C (MPa) ITSM @ 20 ◦C (MPa) ITSM @ 30 ◦C (MPa)

SMA0_1 11,114 4518 1493
SMA0_1 12,608 5809 2262
SMA0_1 11,873 5577 2372

avg. SMA0 11,865 5301 2014
SMAF_1 11,041 4486 1683
SMAF_1 11,422 4665 1721
SMAF_1 11,592 4649 1653

avg. SMAF 11,352 4600 1686

Figure 4. ITSM average results and temperature sensitivity.

In terms of ITSM, the only indication from the technical specification taken as reference
is the lower limit for the stiffness modulus at 20 ◦C (ITSM > 3500 MPa). In this case, both
mixtures exceed the threshold limit. The reference SMA shows higher values for each
test temperature. Nevertheless, there is not a remarkable difference in terms of stiffness
between the two mixtures. The data are in line with the previous physical characterization,
with the SMA0 being stiffer than the experimental mixture. In terms of thermal sensitivity,
both SMAs show the same trend as confirmed by the comparison of the α parameter in the
equations. Thus, the presence of shredded CFs does not modify the mechanical behavior
of the SMA mixture in terms of a response to dynamic loads at different test temperatures.

3.3.3. Water Susceptibility

The durability of both mixtures has been assessed in terms of water susceptibility.
Following the [44] standard, three SGS samples (100 gyrations, [40]) were submerged in
a water bath at 40 ◦C for 72 h. The water susceptibility is addressed as indirect tensile
strength reduction (ITSR).

The ITS results after saturation in water are reported in Table 8, while the ITSR average
results are reported in Table 9.
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Table 8. Indirect tensile strength results after saturation in water at 40 ◦C for 72 h.

Mixture Thickness (mm) Max Load (N)
Displacement

(mm)
ITSwet (MPa)

SMA0_1 60.4 10,540 2.40 1.11
SMA0_1 60.0 10,420 2.32 1.11
SMA0_1 60.2 11,250 2.40 1.19

avg. SMA0 - - - 1.13
SMAF_1 61.8 7280 4.06 0.75
SMAF_1 60.9 10,290 2.76 1.08
SMAF_1 61.2 9020 3.50 0.94

avg. SMAF - - - 0.92

Table 9. Average ITSR results.

Mixture ITS (MPa) ITSwet (MPa) ITSR (%)

SMA0 1.29 (±0.04) 1.13 (±0.02) 88
SMAF 0.99 (±0.03) 0.92 (±0.03) 93

All in all, both SMAs are above the ITSR limit imposed by the reference technical
specification (ITSR > 75%). The experimental mixture shows a reduced ITS both in normal
and wet conditions if compared to the reference SMA. However, it is worth underlining that,
in absolute terms, the ITSR is higher for the SMAF. Thus, it can be stated that the presence
of CFs does not negatively affect the water susceptibility of the bituminous mixtures.

3.3.4. Repeated Load Axial Test

The durability of the bituminous mixtures was also evaluated in terms of rutting
resistance. In fact, this represents a common pavement disease for high bitumen content
mixtures for surface layers. According to the [45] standard, method A, a bituminous
sample is placed between two parallel plates. The upper plate applies a cyclic compression
load and has a dimension smaller than the bituminous sample in order to achieve a
certain confinement. The standard specifies a load frequency of 0.5 Hz and a pressure of
100 ± 2 kPa. The specimen’s accumulated axial deformation is measured after 3600 loading
cycles at 40 ◦C. Three SGS samples (100 gyrations, [40]) were tested for each mixture and
the average results are presented in Table 10 and Figure 5.

Table 10. Average RLAT results.

Mixture Accumulated Strain (%) Creep Modulus (MPa)

SMA0 0.36 (±0.1) 29.6
SMAF 0.38 (±0.1) 26.5

Overall, in terms of accumulated strain, there is not a remarkable difference between
the two mixtures. The reference SMA, confirming the higher performance highlighted in
the previous mechanical characterization, recorded the lowest accumulated strain and,
therefore, the highest creep modulus. In this case, the reference technical specifications do
not specify any limit for the RLAT but the obtained results were in line with values recorded
in previous studies on SMAs with polymer-modified bitumen and modified fibers [38].
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Figure 5. RLAT average results at 40 ◦C.

The lower performance of the experimental SMA might be related to the higher
porosity of the mixture and therefore to the lower stiffness recorded for the SMAF mixture
during the ITSM characterization at high temperatures.

4. Discussion

In the present work, an exploratory experimental application of CFs as stabilizing
fibers for the production of a bituminous mixture has been proposed. The final aim of this
research project is to develop a new recycling solution in order to promote the recycling of
waste cigarette butts. Of course, a life cycle analysis (LCA) will assess the sustainability of
the proposed recycling process and final application. However, it should be highlighted
that the lack of disposal control for this waste is a significant problem, and only with a
specific collecting and disposal protocol would the recycling of cigarette butts be feasible.

As for this first experimental application, based on the results:

• The production of the experimental fibers was based on the simple shredding of
brand new CFs. The entire outcome of this process was added to the bituminous
mixture as a common commercial stabilizing fiber. From the drain-down test results,
the shredded CFs show properties similar to the reference fibers. Thus, from an
absorption point-of-view, the behavior of the experimental fibers can be compared to
the normal cellulose-based stabilizing fibers.

• The addition of shredded CFs into the experimental SMA does not affect the work-
ability and compactability properties of the mixture. The air voids content is in
line with the reference mixture and with the technical specifications for this type of
asphalt concrete.

• In terms of mechanical properties, the presence of the experimental fibers leads to
a slight reduction in the ITS, despite the fact that the obtained values are above
the requirements imposed by the reference technical specifications. This reduction
could be an indication of a lower cohesion, probably due to the limited effect of
the experimental fibers in stabilizing the high bitumen content, and in generating a
strong mastic with the finer particles of the mixture. However, the stiffness of the
experimental SMA, as well as its thermal sensitivity, was not negatively affected by
the addition of CFs.
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• As for the water susceptibility, a minimum ITS reduction was registered for the
experimental mixture. Furthermore, this reduction was lower even if compared to the
reference SMA.

• The presence of shredded CFs does not alter the rutting resistance properties of
the bituminous mixture, which were in line with common values for stone mastic
asphalt mixtures.

5. Conclusions

All in all, these preliminary results confirm that the addition of shredded CFs as
stabilizing fibers for bituminous mixture could be a feasible application.

However, it is worth noting that in this exploratory study, the CFs were simply
shredded and directly added to the mixture in a total substitution of commercial fibers.
This could represent a simple way to re-use this waste, which can be easily reproduced on
an industrial scale.

Nevertheless, the obtained promising results highlighted some downsides that might
be exceeded with a proper CFs treatment that could make this material much more similar
to the common stabilizing fibers or could mean that it gives an even better performance.
In fact, the presence of limited quantities of plug wrap paper and tipping paper after the CF
shredding are probably responsible for the lower cohesion properties of the experimental
SMA, if compared to the reference one.

Following the positive outcomes of this preliminary experimental application, in the
development of this research project, the use of waste cigarette butts will be investigated.
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Abstract: The performance of Styrene-butadiene-styrene (SBS) modified asphalt is closely related
to the content of SBS modifier. In the production process of modified asphalt, a certain amount of
additive such as sulfur and rubber oil may be added to reduce the segregation and promote the
swelling of the polymer, but the effect of these additives on determining SBS content in asphalt is
not yet clear. This paper presents the calibration curves of SBS content based on rutting factor and
creep slope and points out its defects according to the temperature scanning test and the bending
beam rheometer test. Subsequently, using Fourier transform infrared spectroscopy (FTIR) for rapid
determination of polymer content in SBS modified asphalt based on orthogonal test and then the
effects of additives such as asphalt type, SBS content, rubber oil and sulfur on the accuracy of polymer
content determination by FTIR were investigated. Moreover, in the orthogonal tests of adding sulfur
and rubber oil, the multivariate analysis of variance (MANOVA) was firstly used to analyze the
additives influence on the test accuracy of FITR. Results indicated that the influencing degree of
different additives is different. The influence of sulfur on the determination accuracy is greater than
that of rubber oil. Therefore, the rapid determination method needs further improvement.

Keywords: SBS modified asphalt; high and low temperature performance; infrared spectroscopy;
additives; orthogonal test

1. Introduction

By virtue of its excellent performance and environmental protection characteristics,
SBS-modified asphalt has become the most commonly used modified asphalt around the
world by blending SBS modifier and base asphalt [1–3]. SBS polymer is used as a dispersed
phase and physically dispersed into the continuous phase of base asphalt. Due to the large
differences between SBS polymer and matrix asphalt in chemical structure and physical
parameters such as density, polarity, solubility, and molecular weight, SBS is distributed
only in the form of particles in asphalt medium. It has a two-phase structure, which is
an unstable thermodynamic incompatible system [4]. Therefore, in order to reduce the
segregation and promote the swelling of the polymer in the production process of the
modified asphalt, a certain amount of additive such as solubilizer and stabilizer may be
added. The solubilizer usually uses petroleum distillate with high aromatic hydrocarbon
content and low asphaltene content to improve the ratio of four components in the base
asphalt [5–7]. The aromatic hydrocarbon can promote the dissolution of polystyrene
blocks in the SBS polymer, making the SBS modifier more compatible with the matrix
asphalt. Among all the solubilizers used in the market, rubber oil is widely accepted
because of its low cost and good solubilizing performance. In terms of stabilizer, it is often
used to improve the storage stability of SBS-modified asphalt and reduce the problem of
segregation. The stabilizers currently used for SBS-modified asphalt mainly include the
following four categories [8]: sulfur containing stabilizer, such as elemental sulfur and
sulfur compounds, polyolefin stabilizer, like polyisobutene, inorganic acid and inorganic
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metal oxide stabilizers, such as phosphoric acid and zinc oxide, and inorganic clay stabilizer
like montmorillonites and kaolin clay. Among them, sulfur-containing stabilizers, especially
sulfur, stand out and are widely used in the industrial production of SBS-modified asphalt
because of construction convenience, low requirements for equipment and low cost. It can
be used directly after mixing with modified asphalt, and the vulcanization crosslinking
reaction is mild and easy to control [5,9,10].

SBS is a block polymer of polystyrene-polybutadiene-polystyrene. After being added
to asphalt, it is sheared into fine particles and swelled, gradually forming a network-like
crosslinked structure. The modification effect of asphalt will be affected by its content. Stud-
ies have shown that the microstructure of SBS modified asphalt is largely determined by the
content of SBS [11]. The morphology and interaction between modified asphalt molecules
will be different with a different SBS content, thus affecting the rheological properties and
mechanical properties of modified asphalt. At present, the main methods to determine the
modifier content of SBS-modified asphalt include fluorescence microscopy, gel permeation
chromatography, chemical analysis, and infrared spectroscopy [12–15]. Fourier-Transform
Infrared (FTIR) spectroscopy stands out among various methods, because of the simple
test process, quick and easy operation, short data processing time and little error. Being
able to quickly determine the content of SBS modifier with higher accuracy, it has become
the main method for rapid determination of SBS content in engineering.

However, existing studies on the rapid determination of SBS content by FTIR had
only considered a single factor of SBS content and had not considered the influence of
admixtures on the test results [16,17]. Therefore, for the SBS modified asphalt with additives
such as sulfur and rubber oil, the results of determining SBS content by FTIR may have a
certain bias, and the accuracy is not known. It is necessary to design tests to explore the
influence of additives on the accuracy of using FTIR to determine the polymer content in
modified asphalt. For the case with multiple influencing factors, the commonly used test
methods include comprehensive test and orthogonal test. Compared with comprehensive
test, the orthogonal test can reduce test times and improve efficiency, which is essential for
the cases with multiple influencing factors and levels.

Therefore, in view of this problem, this paper firstly analyzes the effect of SBS content
on the high and low temperature performance of modified asphalt, and then establishes the
calibration curve of SBS content and characteristic absorption peak absorbance in modified
asphalt according to the infrared spectrum. Finally, the orthogonal test is designed, and
the results are analyzed by the multivariate analysis of variance to explore the influence of
additives on the determination results of SBS in modified asphalt.

2. Experimental

2.1. Temperature Scanning Test by Dynamic Shear Rheometer

The DSR (Dynamic Shear Rheometer) can be used to measure the complex shear
modulus (G*) and phase angle (δ) of the asphalt binder at multiple temperatures to charac-
terize the viscoelastic characteristics of the asphalt materials. At the same time, the rutting
factor (G∗/sinδ) is calculated and used as the main index to evaluate the high temperature
performance of asphalt. The complex shear modulus (G*) can be considered to measure
the total resistance to deformation of the asphalt when it is repeatedly sheared [18]. The
higher the temperature, the smaller the complex shear modulus (G*) and the worse the
anti-deforming capability of the asphalt. The phase angle (δ) is defined as the ratio of
the time of strain hysteresis stress to the corresponding stress cycle in a loading cycle. It
can be used to characterize the sensitivity of asphalt binders under certain temperature
as environmental conditions change. The smaller the phase angle (δ), the more elastic the
material. When δ = 0

◦
, the material is purely elastic; and When δ = 90

◦
, the material is

purely viscous [18].
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2.2. Bending Beam Rheometer Test

A BBR test was employed to characterize the low-temperature performance of SBS
modified asphalt in all combinations according to ASTM D6648. The test temperature was
−12, −18 ◦C and the average results of three replicates were used as the testing results.
Creep stiffness modulus (S) and creep rate (m-value) was employed to characterize the low
temperature performance. The greater the creep stiffness modulus S value, the more elastic,
less viscous and more brittle the asphalt, and the worse the low temperature resistance to
deformation. The larger the creep slope m value, the stronger the anti-deformation ability
of the asphalt and the better the low temperature performance [19,20].

2.3. Infrared Spectroscopic Analysis

The content of SBS in modified asphalt is quantitatively detected by infrared spec-
troscopy. As literature indicates, when continuous infrared light is irradiated on the
material, the energy level transition occurs in the material molecules, and the substance
absorbs infrared light of a specific wavelength to obtain a graph showing changes in ab-
sorbance at different wavelengths, which is an infrared spectrum. Its molecular structure
is reflected by the infrared spectrum, thereby identifying heteroatom compounds in the
asphalt and functional groups of SBS [17,21].

Generally, in the SBS modified asphalt, the base asphalt and the SBS modifier are
physically mixed without chemical reaction, so the functional groups of the two do not
disappear or add. In the modified asphalt, the vibration frequency of the SBS polymer
molecules and the matrix asphalt molecules after infrared light irradiation is different,
and the wavelengths of the infrared light absorption are also different, so the positions of
the absorption peaks displayed on the infrared spectrum differ. For the modified asphalt
with different SBS content, although the absorption peaks positions of the SBS polymer
molecules and the matrix asphalt molecules are roughly the same in the infrared spectrum,
their absorbance is not the same. Therefore, by comparing the absorption peaks of matrix
asphalt and modified asphalt in the infrared spectrum, the existence of SBS modifier can be
qualitatively identified and the content of modifier can be quantitatively analyzed [22].

Fourier infrared spectroscopy is based on Lambert-Beer law to achieve quantitative
analysis of SBS modifier in modified asphalt as shown in Equation (1). Lambert-Beer law
is that when a beam of light penetrates a sample of material, the absorbance at a certain
wavenumber (v) is related to the concentration and the optical path length of the material
sample, i.e.,

A(v) = lg
(

1
T(v)

)
= a(v)bc (1)

where: A(v) is the absorption intensity (absorbance) at wavenumber v, T(v) is the trans-
mittance at wavenumber v, a(v) is the absorbance coefficient at wavenumber v, is the
optical path length (the thickness of the sample, mm), is the concentration of the material
sample (%).

Therefore, under the same test conditions, the characteristic absorption peak area
ratio of SBS has linear relation with its content. The absorption peak area is selected as
the characterization of absorption intensity in the infrared test. Infrared spectroscopy
tests are carried out on a series of modified asphalt samples with known SBS content to
establish a calibration curve of characteristic absorption peak area ratio and SBS content.
By measuring the ratio of characteristic peak areas of SBS modified asphalt under the same
test conditions the SBS content can be determined according to this calibration curve.

In order to establish the calibration curve of different SBS content, the matrix asphalt,
SBS modifier and different modified asphalt samples with the SBS content of 2%, 4%, 6% are
completely dissolved in tetrahydrofuran and titrated to KBr tablets. These tablets are placed
in an oven at 60 ◦C for 20 min, and the infrared spectrum samples are prepared after the
solvent is completely evaporated. By scanning each sample with an infrared spectrometer,
the infrared spectrum is obtained. The spectral acquisition interval is 366~4000 cm−1 and
the resolution is 2 cm−1.
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2.4. Orthogonal Experimental Design

Three factors including SBS, rubber oil and sulfur, which could influence the testing
index of infrared spectroscopy, are considered in this paper. Each factor includes three
levels of content, which are listed in Table 1. The properties of SBS-modified asphalt and
base asphalt are listed in Table 2. Orthogonal tests can be used for multi-factor and multi-
level tests. The orthogonal test is based on the orthogonality to select some representative
points from the comprehensive test. These representative points have the characteristics of
uniformity, dispersion and comparability, which can analyze the comprehensive influence
of multiple factors with a small amount of test. It can reduce the number of tests, shorten
the test period, and then improve the test efficiency. Therefore, for the case where there are
many influencing factors and levels in this subject, the orthogonal test can not only reduce
the number of tests, but also make the testing results intuitive and easy to analyze, which
is of high rationality.

Table 1. Levels of different factors.

Level B (SBS Content/%) C (Sulfur Content/%) D (Rubber Oil Content/%)

I 2% 0.0% 0%
II 4% 0.1% 2%
III 6% 0.2% 4%

Table 2. Properties of Asphalt.

Test Parameters SBS Modified Asphalt Base Asphalt

Penetration(25 ◦C, 100 g, 5 s)/0.1 mm 56 67.4
Softening point/◦C 85.8 46.5

Ductility(5 ◦C, 5 cm/min)/cm 32 –
Ductility(15 ◦C, 5 cm/min)/cm 115

Mass change/% 0.11 0.04

Three factors and three levels are involved in this study. Due to the repeated tests, the
L9 (33) orthogonality table without blank columns can be used for the sake of simplicity. If
the three-factor and three-level tests are carried out in accordance with the requirements of
comprehensive test, 33 = 27 combinations of tests must be carried out, and the parallel tests
of each combination have not been considered. However, if the test is arranged according
to the L9 (33) orthogonality table, only 9 rounds of tests need to be carried out, obviously
reducing the workload. The factor level table is listed in Table 1.

2.5. MANOVA

The results of the orthogonal test are usually analyzed in two ways: direct-viewing
analysis and analysis of variance (ANOVA). The direct-viewing analysis method is also
called the range analysis method, which determines the primary and secondary relation-
ships among the influencing factors by calculating the range of data and comparing its
size. However, when the test results corresponding to different levels of a certain factor are
different, the direct-viewing analysis method cannot distinguish whether this difference is
caused by different levels of the factor or experimental errors. ANOVA can make up for the
limitations of direct-viewing analysis and provide reliable analysis results [23]. ANOVA
is usually used in the significance test for differences between two or more sample data,
which is also known as F test or analysis of variability [24]. Generally, due to the influence
of various factors, the data obtained from the test will fluctuate. ANOVA can be used to
evaluate the volatility of the test data and the influence of various factors on the test results
to find certain regularity. ANOVA for orthogonal test can be carried out by SPSS (Statistical
Program for Social Sciences) data analysis tool.

Therefore, this paper uses ANOVA to analyze the results of orthogonal tests. The
orthogonal test is a multi-factor and single-index test. The influencing factors are SBS
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content, sulfur content and rubber oil content. It is assumed that the effects of the three are
independent of each other and there is no correlation. Thus, the multi-factor univariate
ANOVA model with no interaction in SPSS is used to compare and analyze the test results
of three factors and three levels. Multivariate analysis of variance (MANOVA) uses the F
test, whose null hypothesis is H0: the observed variable values at different levels of each
factor have no significant difference. SPSS will automatically calculate the F value and
provide the corresponding probability p value according to the F distribution table. It can
be judged whether the different levels of each factor have a significant influence on the
observed variables by comparing the p value with the magnitude of the significance level α.

3. Results and Discussion

3.1. Rheological Test Results
3.1.1. Temperature Scanning Test Results

The temperature sweep test is carried out on different virgin SBS modified asphalt
samples by DSR. The complex shear modulus G* and phase angle δ of three modified
asphalt at multiple temperatures are measured to calculate the rutting factor G∗/sinδ.
According to the test results, the curves of rutting factor G∗/sinδ with temperature under
different SBS content are plotted, as shown in Figure 1.
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Figure 1. Curves of rutting factor with temperature under different SBS content.

Figure 2 reflects the temperature curves of rutting factor G∗/sinδ of the three modified
asphalt. With the increase of the modifier content, the G∗/sinδ value of the modified asphalt
increases; and as the test temperature increases, the G∗/sinδ value tends to decrease. This
means that the higher the SBS content, the lower the temperature, and the larger the
value of G∗/sinδ, indicating that the asphalt is more elastic, the high-temperature flow
deformation is smaller, the high-temperature performance is better, and the anti-rutting
ability is stronger.

The high temperature performance index of modified asphalt increases with the
increase of SBS content, indicating that the higher the SBS content, the better the high
temperature performance of the modified asphalt. This is because SBS polymer and matrix
asphalt are two completely different materials. SBS is dispersed as particulates in the
matrix asphalt under mechanical force. With a different SBS content, SBS has a different
distribution in the asphalt. When the SBS content is small, SBS is scattered as a dispersed
phase in the continuous asphalt phase. When the SBS content is high, the SBS dispersed
phase forms a network structure in the asphalt. If the SBS content is continuously increased,
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the asphalt will change phase. Therefore, the larger the content of SBS, the more uniform it
is distributed in the asphalt. The formation of a three-dimensional network structure can
well limit the movement of the entire molecular system of the modified asphalt at high
temperature, thereby improving the high temperature performance of the asphalt.
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Figure 2. Calibration curves of SBS content based on rutting factor.

According to the SBS content and the calculation results of rutting factor, the fitting
curves of G∗/sinδ value and SBS content at different test temperatures can be drawn,
taking 73 ◦C, 76 ◦C and 79 ◦C as examples, as shown in Figure 2. It is obvious that the
rutting factor has a good linear relation with the SBS content at different temperatures,
which can be used for the calibration of SBS content in modified asphalt. However, the
good linear relation is related to temperature. The rutting factor increases linearly with
the increase of SBS content at different temperatures, but its growth slope is significantly
different. When using this result to determine the SBS content in the modified asphalt, the
specific calibration curve at the actual temperature of the asphalt needs to be found. So,
this method is not simple. In addition, there is another problem with the determination of
SBS content in modified asphalt using a calibration curve based on the rutting factor: this
method is susceptible to other modifiers in the asphalt. Due to the high market price of
SBS, some modified asphalt manufacturers privately reduce the SBS content and add some
cheap modifiers to reduce the cost for personal gain. This makes the rutting factor value of
the produced SBS modified asphalt can also meet the requirements of the specification, but
its road performance is unknown. In this case, the SBS content measured by the calibration
curve based on the rutting factor is qualified with a quite different truth.

3.1.2. Bend Beam Rheometer Test Results

The creep stiffness modulus S, creep rate m of the matrix asphalt and the three modified
asphalts in long-term aging were determined by bending beam rheometer at different test
temperatures. The test results are recorded in Table 3.

According to the above test results, the linear fitting curves of the stiffness modulus
S and the creep slope m with the SBS content at different test temperatures are plotted
respectively, as shown in Figure 3. It is obvious that at −18 ◦C, the creep stiffness S of
modified asphalt decreases with the increase of the SBS content, which indicates that as
the SBS content increases, the asphalt becomes more elastic, more viscous and less brittle,
and the resistance to deformation increases. At −12 ◦C, although the S value of modified
asphalt is smaller than that of matrix asphalt, its variation with the SBS content is not stable.
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At the same time, the creep stiffness m value of modified asphalt is lower than that of
matrix asphalt at both test temperatures, both decreasing with the increase of SBS content.
Moreover, when the SBS content is the same, the lower the test temperature, the lower the
m value, which means that with the decrease of temperature, the anti-deformation ability
of the asphalt decreases, and the low temperature performance becomes worse.

Table 3. BBR test results.

Temperature (◦C) SBS Content S (MPa) m

−12

0% 125 0.420
2% 102 0.417
4% 109 0.409
6% 103 0.387

−18

0% 387 0.287
2% 256 0.329
4% 232 0.314
6% 209 0.298
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Figure 3. Calibration curves of SBS content based on (a) stiffness modulus S and (b) creep slope m.

It can be seen from the figures that the linear fitting results of creep slope m with
SBS content at both test temperatures are more precise. The stiffness modulus S and SBS
content also have a good linear relation at −18 ◦C, but the linear fitting results at −12 ◦C
are not accurate. This is because, as can be seen from Table 3 the stiffness modulus of the
matrix asphalt has reached 125 MPa at −12 ◦C, which is not much different from that of
the modified asphalt after the addition of 2% modifier. Therefore, the change of S value
with the increase of the amount at −12 ◦C is not obvious. The fitting result of creep slope
m with SBS content can be used to calibrate the SBS content in modified asphalt, but the
good linear relation of the result is also related to temperature, which means the calibration
curves differ at different temperatures. The problem with this method is also the same as
the calibration method based on the rutting factor.

3.2. FTIR Test Results
3.2.1. Analysis of FTIR Test Results

The infrared spectrum of each sample is obtained by scanning it with an infrared
spectrometer. Figure 4 shows the infrared spectrum of matrix asphalt, SBS, rubber oil and
SBS-modified asphalt in the wave number region between 500–1400 cm−1. Comparing
the infrared spectrum of matrix asphalt and SBS modifier, it can be found that the methyl
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and methylene groups in matrix asphalt produce a characteristic absorption peak near
1377 cm−1, which is not affected by SBS modifier because SBS does not have this peak. The
infrared spectrum of SBS has two strong absorption peaks, one is formed by the out-of-
plane rocking vibration of C-H (polystyrene) in benzene ring at 699 cm−1, and the other is
formed by the out-of-plane rocking vibration of trans-butadiene = CHC2 (polybutadiene)
at 966 cm−1 [25].
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Figure 4. Infrared spectrum of SBS, base asphalt, rubber oil and SBS modified asphalt.

Since the SBS modifier is physically compatible with matrix asphalt, the infrared
spectrum of SBS-modified asphalt is a simple superposition of that of SBS and base asphalt,
where no new peaks appear, or existing peaks disappear [13]. It can be seen from Figure 4
that the modified asphalt retains the SBS characteristic absorption peaks at 699 cm−1 and
966 cm−1, as well as a characteristic absorption peak of matrix asphalt at 1377 cm−1. The
absorption peaks of modified asphalt at 699 cm−1 and 966 cm−1 can be used to judge the
existence of SBS modifier, and the SBS content can be quantitatively analyzed according to
the intensity of the absorption peak.

Figure 5 is the infrared spectrum of the modified asphalt with different SBS content.
The peak area of the absorption peak at 699 cm−1 and 966 cm−1 has a certain relationship
with SBS modifier content, and the intensity of the three absorption peaks does not affect
each other. Therefore, the content of SBS modifier can be quantitatively analyzed based on
the ratio of the absorption peak area at 699 cm−1, 966 cm−1 and 1377 cm−1 in the infrared
spectrum of the modified asphalt.

The absorbance A is measured by spectral peak area. In this paper, the ratio of
characteristic peak area at 699 cm−1 to that at 1377 cm−1 is A1, and the ratio of the peak
area at 966 cm−1 to that at 1377 cm−1 is A2, i.e.,

A1 =
peak area (intensity) at 699 cm−1

peak area (intensity) at 1377 cm−1

A2 =
peak area (intensity) at 966 cm−1

peak area (intensity) at 1377 cm−1

Without any other additives, two kinds of base asphalt (SK70# and Zhongshiyou
asphalt) are used to respectively prepare SBS-modified asphalt with the SBS content of
2%, 4% and 6%. Five sets of parallel tests were conducted for each content. By using
the OMNIC software reading tool to read the absorbance value the infrared spectrum of
these two modified asphalt groups and the two kinds of matrix asphalt is determined. The
standard curves of characteristic absorption peak area ratio A1, A2 and SBS content are
drawn, as shown in Figure 6.
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Figure 6. Standard curves of A value with SBS content at different absorbance (a) 699 cm−1 and
(b) 966 cm−1.

Regardless of the type of matrix asphalt, the A1 and A2 values at 699 cm−1 and
966 cm−1 also increase with the increase of SBS content. The A value has a good linear
relation with the SBS content, and the correlation coefficient is very close to 1, it is consistent
with the results of existing studies [16,17]. Both the A1 and A2 values can be used as the
basis for determining the SBS content in modified asphalt with the correlation not being
affected by the type of matrix asphalt. However, the standard equations of the two kinds
of base asphalt are quite different, so the original matrix asphalt must be obtained when
using this method to determine SBS content, and it cannot be replaced by matrix asphalt of
different sources.

3.2.2. Analysis Impact of Additives Based on Orthogonal Test

According to the orthogonality table, nine kinds of modified asphalt are prepared
by 0.0%, 0.1%, 0.2% sulfur combined with 0%, 2%, 4% rubber oil. Five parallel samples
are prepared for each kind of modified asphalt. FTIR test is carried out on each sample,
reading the corresponding absorption peak areas and calculating the infrared spectrum A
value as a test index. The test plan is listed in Table 4.
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Table 4. Orthogonal test plan.

Test Number
B (SBS

Content/%)
C (Sulfur

Content/‰)
D (Rubber Oil

Content/%)
Test Plan

1 2 0 0 B1C1D1
2 2 1 2 B1C2D2
3 2 2 4 B1C3D3
4 4 0 2 B2C1D2
5 4 1 4 B2C2D3
6 4 2 0 B2C3D1
7 6 0 4 B3C1D3
8 6 1 0 B3C2D1
9 6 2 2 B3C3D2

Taking A1 and A2 values as the test indexes, MANOVA is conducted on the orthogonal
test results respectively using SPSS21.0, which adopts the system default significance level
α = 0.05. The results of MANOVA are listed in Tables 5 and 6, which show the calibration
model test in ANOVA. The original hypothesis is that the SBS content, sulfur content and
rubber oil content in the model have no effect on A value that is the test index. If the
probability p value is less than the significance level α, it means that the variance model is
statistically significant, that is, at least one of the three influencing factors has a significant
influence on the A value.

Table 5. Inter-subject effect test of three factors.

Source
Type III Sum of

Squares
df

Mean
Square

F p

Corrected Model 0.152 a 6 0.025 131.704 1.000 × 10−13

Intercept 0.474 1 0.474 2462.990 1.000 × 10−13

SBS content 0.145 2 0.072 376.333 1.000 × 10−13

Sulfur content 0.004 2 0.002 10.373 2.771 × 10−4

Rubber oil content 0.002 2 0.001 6.094 5.255 × 10−13

Error 0.007 36 0.000 — —
Total 0.642 43 — — —

Corrected Total 0.159 42 — — —
a. R2 = 0.956 (Adjusted R2 = 0.949), Dependent Variable: A1 Value (699 cm−1).

Table 6. Inter-subject effect test of three factors.

Source
Type III Sum of

Squares
df

Mean
Square

F p

Corrected Model 0.246 a 6 0.041 162.999 1.000 × 10−13

Intercept 1.533 1 1.533 6093.735 1.000 × 10−13

SBS content 0.222 2 0.111 441.598 1.000 × 10−13

Sulfur content 0.017 2 0.008 33.542 1.000 × 10−13

Rubber oil content 0.005 2 0.002 9.867 1.000 × 10−13

Error 0.009 36 0.000 — —
Total 1.824 43 — — —

Corrected Total 0.255 42 — — —
a. R2 = 0.964 (Adjusted R2 = 0.959), Dependent Variable: A2 Value (966 cm−1).

1. A1 value as the test index

Comparing the p value with the significance level α = 0.05, it can be known whether
each factor has a significant influence on the observation results, while the comparison of
F value shows the influencing degree of each factor. It can be seen from Table 5 that the
p values of SBS content, sulfur content and rubber oil content are much smaller than the
significance level α, indicating that these three factors have significant influence on the
infrared spectrum absorbance A1 value. However, it’s quite different from the influencing
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degree of the three factors. Table 5 showed FB > FC > FD, the F value of SBS content is
376.333, which is much larger than that of sulfur and rubber oil content, and the F value
of sulfur content is also larger than that of rubber oil content. It indicates that the most
influential factor for the absorbance A1 value is the SBS content, followed by sulfur content
and rubber oil content.

2. A2 value as the test index

Similarly, as can be seen from the results of MANOVA in Table 6, for the absorbance
A2 value, the probability p values of SBS content, sulfur content and rubber oil content are
all close to 0, all significantly less than the significance level α = 0.05, which means all these
three factors have significant influence on the A2 value. According to the critical value of
the 3-factor significance level α = 0.05 for the 2 degrees of freedom is F(2,3)0.05 = 19.164, Table
showed Fsbs = 441.598 > F(2,3)0.05, Fsulfur = 33.542 > F(2,3)0.05, Frubber oil = 9.867 < F(2,3)0.05.
Moreover, comparing the F values of the three factors, it is found that the F value of SBS
content is much larger than that of sulfur content and rubber oil content, and the F value of
sulfur content is also larger than that of rubber oil content. This means that the influence
of these three factors on the absorbance A2 value is different, which is the same as the
case where the A1 value is the test index. In order of their effect, SBS content is the largest,
sulfur content followed, and rubber oil content is the smallest. Furthermore, Using SPSS to
remove the effects of other variables, the marginal mean was estimated at different levels of
each factor and was shown in Figure 7. Figure 7 illustrated that the A2 increased when the
content of SBS and rubber oil increased, but reduced when the content of sulfur increased.
Therefore, at the significance level α = 0.05, the three factors of SBS content, sulfur content
and rubber oil content have significant influence on the A1 and A2 values, which are the
characteristic peak area ratios of SBS-modified asphalt at 669 cm−1 and 966 cm−1 in the
infrared spectrum. The influencing degree is both: SBS content > sulfur content > rubber
oil content. This means under different SBS content, the addition of sulfur and rubber oil
will have a significant effect on the accuracy of FTIR test results, and the influencing degree
of sulfur is greater than that of rubber oil. The reason may be that the rubber oil added
to the modified asphalt promotes the cross-linking of SBS polymer without changing the
characteristic functional groups in SBS. However, after the addition of sulfur, the double
bond of polybutadiene block in the SBS polymer reacts with the hetero atom in asphalt to
form SBS-asphalt grafts, which changes the characteristic functional groups in SBS, thereby
affecting the magnitude of A value. Therefore, the method of rapidly determining the SBS
content in modified asphalt by infrared spectroscopy needs to be further improved.

 

Figure 7. Marginal mean of all three factors.
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4. Conclusions

In this paper, based on temperature shear test and bending beam rheological test, the
influence of SBS content on the high and low temperature performance of modified asphalt
is preliminarily analyzed. The calibration curves of SBS content based on rutting factor and
creep slope are presented and its defects are pointed out. Meanwhile, the calibration curve
of determining SBS content by FTIR is established, and the orthogonal test is designed to
explore the influence of additives sulfur and rubber oil on the determination results. The
main conclusions are as follows:

(1) The rutting factor G∗/sinδ and the creep slope m both have a good linear relation with
the SBS content. The calibration curves of the two indexes can be used to determine
the SBS content in modified asphalt. However, the linear fitting of these two factors
is related to temperature, and the determination results are also susceptible to other
modifiers in the asphalt, so it is not worth promoting.

(2) It can be seen from the infrared spectrum that the SBS modified asphalt retains the
characteristic absorption peaks of SBS modifier at 699 cm−1 and 966 cm−1, as well
as the characteristic peak of matrix asphalt at 1377 cm−1. The area of the absorption
peaks at 699 cm−1 and 966 cm−1 has a certain relationship with the SBS modifier
content. Thus, the characteristic peak area at 1377 cm−1 can be used as a reference
to respectively establish the linear regression curve of SBS content and the ratio of
the absorption peak area at 699 cm−1 and 966 cm−1 to that at 1377 cm−1. It can well
predict the content of the modifier in SBS modified asphalt.

(3) In the orthogonal tests, MANOVA is used to analyze the effect of different additives
on the determination results. It is found that at the significance level α = 0.05, the
additive sulfur and rubber oil have significant effect on the determination of SBS
content in modified asphalt by FTIR, and the influence of sulfur content is greater
than that of rubber oil. Therefore, the FTIR method for rapid determination of SBS
content in modified asphalt needs to be further improved.

Author Contributions: Conceptualization, G.X. and X.C.; methodology, X.G.; validation, X.C., Y.Y.;
formal analysis, X.G.; investigation, G.X.; resources, X.C.; data curation, X.G.; writing—original
draft preparation, G.X.; writing—review and editing, X.G. and Y.Y.; supervision, X.C.; project
administration, X.C.; funding acquisition, X.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (No. 51778136),
Technology Research and Development Program of China State Railway Group Co., Ltd. (K2020G032).
And the APC was funded by Technology Research and Development Program of China State Railway
Group Co., Ltd., Beijing, China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. Stangl, K.; Jaeger, A.; Lackner, R. The effect of styrene-butadiene-styrene modification on the characteristics and performance of
bitumen. Monatsh. Chem. 2007, 138, 301–307. [CrossRef]

2. Larsen, D.O.; Alessandrini, J.L.; Bosch, A.; Cortizo, M.S. Micro-structural and rheological characteristics of SBS-asphalt blends
during their manufacturing. Constr. Build. Mater. 2009, 23, 2769–2774. [CrossRef]

3. Liang, M.; Liang, P.; Fan, W.; Qian, C.; Xin, X.; Shi, J.; Nan, G. Thermo-rheological behavior and compatibility of modified asphalt
with various styrene-butadiene structures in SBS copolymers. Mater. Design. 2015, 88, 177–185. [CrossRef]

4. Lin, P.; Huang, W.; Li, Y.; Tang, N.; Xiao, F. Investigation of influence factors on low temperature properties of SBS modified
asphalt. Constr. Build. Mater. 2017, 154, 609–622. [CrossRef]

5. Jin, H.L.; Gao, G.T.; Zhang, Y.; Zhang, Y.X.; Sun, K.; Fan, Y.Z. Improved properties of polystyrene-modified asphalt through
dynamic vulcanization. Polym. Test. 2002, 21, 633–640. [CrossRef]

78



Appl. Sci. 2021, 11, 10911

6. Huang, W.; Tang, N. Characterizing SBS modified asphalt with sulfur using multiple stress creep recovery test. Constr. Build.
Mater. 2015, 93, 514–521. [CrossRef]

7. Aguirre de Carcer, I.; Masegosa, R.M.; Teresa Vinas, M.; Sanchez-Cabezudo, M.; Salom, C.; Prolongo, M.G.; Contreras, V.;
Barcelo, F.; Paez, A. Storage stability of SBS/sulfur modified bitumens at high temperature: Influence of bitumen composition
and structure. Constr. Build. Mater. 2014, 52, 245–252. [CrossRef]

8. Yang, L. Research progress of SBS modified asphalt stabilizer. Shanxi Transp. Technol. 2013, 4, 1–2.
9. Zhang, F.; Yu, J.; Wu, S. Effect of ageing on rheological properties of storage-stable SBS/sulfur-modified asphalts. J. Hazard. Mater.

2010, 182, 507–517. [CrossRef]
10. Wen, G.; Zhang, Y.; Zhang, Y.X.; Sun, K.; Chen, Z.Y. Vulcanization characteristics of asphalt/SBS blends in the presence of sulfur.

J. Appl. Polym. Sci. 2001, 82, 989–996. [CrossRef]
11. Li, W.C.; Fan, L.; Lin, L.P. Effect of SBS content on performance of modified asphalt. Shandong Transp. Technol. 2009, 1, 35–37.
12. Shi, Y.M.; Yang, Q.L.; Pan, C.L.; Cao, S.J.; Liu, Y.L.; Wang, W.L. Feasibility analysis of SBS content determination in modified

asphalt based on infrared spectrum. Transp. Technol. 2018, 1, 127–130.
13. Xiao, P.; Kang, A.H.; Liu, P.P. Study on the quantitative performance of modified asphalt by fluorescence microscopy. Pet. Asph.

2005, 19, 45–48.
14. Geng, J.G.; Chang, Q.; Yuan, J.A.; Dai, J.L. Study on crosslinking structure and stability of SBS modified asphalt by GPC. J.

Zhengzhou Univ. Eng. 2008, 29, 14–17.
15. Wang, L.H.; Xia, Y. Study on detection method of SBS content in modified asphalt. Chem. Eng. 2012, 2, 24–25.
16. Wang, K. Application of FTIR spectroscopy and artificial neural networks for the quantification of SBS content in modified

asphalt. Chem. Resea. Appl. 2018, 30, 1938–1942.
17. Zhong, K.; Cao, D.; Luo, S. Determination the modifier content in SBS modified asphalt based on infrared spectroscopy technique.

In Proceedings of the International Conference on Mechanical Engineering and Green Manufacturing (MEGM) 2010, Xiangtan,
China, 19–22 November 2010; pp. 1129–1134.

18. Zhang, X.Y. Effect of powder-to-gel ratio on properties of SBS modified asphalt binder. Shandong Transport. Technol. 2016, 2,
109–112.

19. Fu, Y.K.; Zhang, L.; Tan, Y.Q.; Meng, D.Y. Low-Temperature Properties Evaluation Index of Rubber Asphalt; Crc Press-Taylor & Francis
Group: Boca Raton, FL, USA, 2016; p. 16.

20. Chen, J.S.; Liao, M.C.; Shiah, M.S. Asphalt modified by styrene-butadiene-styrene triblock copolymer: Morphology and model. J.
Mater. Civ. Eng. 2002, 14, 224–229. [CrossRef]

21. Yan, C.Q.; Huang, W.D.; Xiao, F.P.; Wang, L.F.; Li, Y.W. Proposing a new infrared index quantifying the aging extent of SBS-
modified asphalt. Road Mater. Pavement 2017, 1, 1–16. [CrossRef]

22. Masson, J.F.; Pelletier, L.; Collins, P. Rapid FTIR method for quantification of styrene-butadiene type copolymers in bitumen.
Appl. Polym. 2001, 79, 959–1149. [CrossRef]

23. Deng, Z.W.; Yu, P.; Chen, L. Application of SPSS software in orthogonal experimental design and results analysis. Comput. Learn.
2009, 5, 15–17.

24. Gong, J.; Shi, P.C.; Li, C.Y. Multivariate analysis of variance using SPSS software. Agric. Net. Infor. 2012, 4, 31–33.
25. Xiao, P.; Kang, A.H.; Li, X.F. Blending mechanism of SBS modified asphalt based on infrared spectroscopy. J. Jiangsu Uni. Nat. Sci.

2005, 26, 529–532.

79





applied  
sciences

Article

Evaluating the Rheological, Chemical and Morphological
Properties of SBS Modified Asphalt-Binder under Multiple
Aging and Rejuvenation Cycles

Xiaobing Chen 1,*, Yunfeng Ning 1,*, Yongming Gu 2, Ronglong Zhao 1, Jinhu Tong 1, Juntian Wang 3,

Xiaorui Zhang 1 and Wei Wen 1

Citation: Chen, X.; Ning, Y.; Gu, Y.;

Zhao, R.; Tong, J.; Wang, J.; Zhang, X.;

Wen, W. Evaluating the Rheological,

Chemical and Morphological

Properties of SBS Modified

Asphalt-Binder under Multiple Aging

and Rejuvenation Cycles. Appl. Sci.

2021, 11, 9242. https://doi.org/

10.3390/app11199242

Academic Editors: Amir Tabakovic,

Jan Valentin and Liang He

Received: 31 August 2021

Accepted: 1 October 2021

Published: 4 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Transportation, Southeast University, Nanjing 211189, China; along@seu.edu.cn (R.Z.);
101010035@seu.edu.cn (J.T.); zxr@seu.edu.cn (X.Z.); 220203258@seu.edu.cn (W.W.)

2 Suzhou Communications Investment Group Co., Ltd., Suzhou 215004, China; szgtsn@sina.com
3 Hangzhou Transportation Development Support Center, Hangzhou 310030, China; 220183082@seu.edu.cn
* Correspondence: xbchen@seu.edu.cn (X.C.); 220193090@seu.edu.cn (Y.N.)

Featured Application: This paper presents the trends in the rheological, chemical, and morpho-

logical properties of SBS-modified asphalt-binders under multiple cycles of aging and rejuvena-

tion. The results from this study may provide guidance for the future development of rejuvena-

tors and application of repeated penetrating rejuvenation.

Abstract: To investigate the influence of multiple cycles of aging and rejuvenation on the rheologi-
cal, chemical, and morphological properties of styrene–butadiene–styrene (SBS)-modified asphalt-
binders, the asphalt-binders were aged using two laboratory simulation methods, namely a rolling
thin film oven (RTFO) test for short-term aging and pressure aging vessel (PAV) for long-term aging.
The asphalt-binders were then rejuvenated with three types of rejuvenators (Type I, II, and III) with
different dosages (i.e., 6%, 10%, and 14% for the first, second, and third rejuvenation, respectively). A
dynamic shear rheometer (DSR) was then used to analyze the effect of rejuvenators on the rheological
properties of all the asphalt-binders. The changes in the functional groups and microscopic morphol-
ogy in the process of multiple aging and rejuvenation cycles were studied using Fourier transform
infrared (FTIR) and atomic force microscopy (AFM). The results indicated that the three rejuvenators
could soften the stiffness and restore the microstructures of the aged asphalt-binders in the process of
repeated aging and rejuvenation from DSR and AFM testing. Considering the rutting and fatigue
properties, the Type I rejuvenator exhibited the potential to achieve the desired rejuvenation effects
under multiple rejuvenation cycles. During the multiple aging and rejuvenation cycles, the aging
resistance of SBSMA decreased gradually from the FTIR results. This inherently limited the number
of repeated rejuvenation cycles. This research is conducive to promoting the application of repeated
penetrating rejuvenation.

Keywords: multiple aging and rejuvenation cycles; SBS modified asphalt; morphological properties;
DSR; FTIR; AFM

1. Introduction

Due to the mature production process, cost-effectiveness, and the outstanding perfor-
mance in terms of rutting, cracking, and moisture resistance, styrene–butadiene–styrene-
modified asphalt-binder (SBSMA) is one of the most commonly used asphalt-binders for
pavement construction, particularly as a surfacing layer [1]. The principle idea is to take
advantage of the good binding and hardening properties of the SBS polymer to achieve
effective modification of the bituminous material [2]. Thus, SBSMA has broad market
prospects and accounts for more than 50% of the modified asphalt-binder around the
world [3].

Appl. Sci. 2021, 11, 9242. https://doi.org/10.3390/app11199242 https://www.mdpi.com/journal/applsci81



Appl. Sci. 2021, 11, 9242

Nevertheless, SBSMA is inevitably prone to aging during the service life of the pave-
ment as a result of the negative effects of oxygen, heat, and ultraviolet (UV) light, which
ultimately lead to the hardening and embrittlement of the asphalt-binder [4,5]. These
effects usually result in the degradation of the SBS polymer and oxidation along with
the volatilization of light components and the polycondensation of the asphalt-binder,
consequently causing a decay in the physico-rheological properties [6–8]. Many researchers
have observed an increase in the complex modulus (G*), elastic modulus (G′ ′) and creep
recovery (R), but a reduction in phase angle (δ) and non-recoverable creep compliance (Jnr)
with the deepening of the aging by DSR, which means that the viscous behavior of the
asphalt-binder has partly moved to elastic behavior [9–11].

SBSMA’s performance decay accelerates pavement distresses and shortens its service
life under traffic loading and fluctuating environmental conditions. It is essential to make a
proper decision to restore the physico-rheological properties of the asphalt-binder at an
appropriate time during the life cycle of the pavement [12]. Therefore, rejuvenators are often
added to aged asphalt-binders to soften them and make the rejuvenated asphalt-binders
more fluid. Specifically, the effects of the rejuvenators on the asphalt-binders include an
increase in the penetration grade, ductility, phase angle, m-value, and a corresponding
decrease in the softening point, viscosity, shear complex modulus, rutting factor, and
stiffness, respectively [13,14].

During the aging and rejuvenation processes, the change in the physico-rheological
properties of the SBSMA can be attributed to the chemical composition and microstruc-
tures. Fourier transform infrared (FTIR), atomic force microscopy (AFM), environmental
scanning electron microscope (ESEM), and other new technologies have been successfully
applied to analyze the aging mechanism and rejuvenating process of SBSMA at a micro
scale [11,15–25]. FTIR was used to investigate the aging and rejuvenation mechanism of
SBSMA as well as the relationship between the chemical and rheological characteristics
by identifying the differences between the absorption peaks which represent the func-
tional groups and contents in the asphalt-binder based on Lambert–Beer’s Law [15–18].
Yang et al. [20] found that the oxygen content of the asphalt-binder increased greatly after
thermal aging, leading to an increase in the polar functional groups such as carbonyl and
sulfoxide groups in the asphalt-binder. In terms of rejuvenation, rejuvenators regularly
decreased the carbonyl and sulfoxide indices [21]. The AFM can obtain the microscopic
morphology of the asphalt-binder surface [10]. Guo et al. [22] observed that the bee struc-
tures slightly increased after PAV aging, and rejuvenator made the microstructures larger.
Ozdemir et al. [23] studied aging effects of varying processing parameters on the phase
structure of SBSMA. Cong et al. [24] observed a decrease in the surface roughness with
aging. Aghazadeh Dokandari et al. [25] observed that tiny bee structures appeared with
the addition of the rejuvenator.

The rejuvenation of aged SBSMA and reuse of asphalt mixtures reduces the environ-
mental impacts, such as land occupation and consumption of nonrenewable resources [4].
Rapid in-place pavement recycling at an appropriate time is a very promising technology
for preventive maintenance, and has an advantage of time- and cost-efficiency [26]. How-
ever, one cycle of rejuvenation has become inadequate to meet the current environmental
and traffic demands. Considering the availability of bitumen and its price uncertainty,
the need for multiple instances of maintenance in road construction has become essential.
Three or four instances of maintenance has been proposed to extend the service life by
10–15 years with over 50% cost savings [12].

With the above background, it is therefore imperative to conduct a laboratory study
on the multiple aging and rejuvenation cycles of asphalt-binder where rejuvenated asphalt-
binder is widely used. Furthermore, multiple-cycle rejuvenation is expected to be a com-
mon practice in the future. To explore the mechanisms of multiple cycle aging and reju-
venation, various technological methods including FTIR and AFM were applied in this
study for quantitatively evaluating the chemical and morphological properties of SBSMA
through repeated aging and rejuvenation laboratory testing. Another aim of this study
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was to investigate the effects of multiple aging and rejuvenation cycles on the rheological
parameters of SMSMA and the potential for repeated rejuvenation of flexible pavements,
so laboratory experimentations were accomplished by using DSR for investigating.

2. Materials and Test Methods

SBSMAs were separately blended with three types of rejuvenators at different dosages
in multiple aging and rejuvenation cycles. Basic performance tests, namely DSR, FTIR, and
AFM, were used to test the original, aged, and rejuvenated asphalt-binder samples. The
high-temperature rutting parameters and intermediate-temperature fatigue parameters
were obtained using the DSR test device [27]. The functional group changes of the asphalt-
binder samples were obtained by analyzing the results from FTIR [20]. The microstructures
of asphalt-binder samples were observed and characterized with AFM [10].

2.1. Materials

The main materials used in this study were asphalt-binder and three types of rejuve-
nators, namely Type I, Type II, and Type III, respectively.

2.1.1. Asphalt-Binder

The physical properties of the SBS-modified asphalt-binder (SBSMA) used in this
study were acquired from SHELL Co., Ltd. The physical properties of SBSMA are listed in
Table 1.

Table 1. Technical indices of SBS modified asphalt-binder (SBSMA).

Technical Index Unit Virgin
RTFO

Residue
PAV

Residue
Test Method

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 50.6 35.0 22.4 ASTM D5
Softening point, TR&B

◦C 78.9 81.0 83.2 ASTM D36
Ductility (5 ◦C, 5 cm/min) cm 25.2 14.7 2.0 ASTM D113

2.1.2. Rejuvenators

The three different types of rejuvenators were asphaltene-free cationic rejuvenating
emulsions fabricated from petroleum-based oil. The principal properties and infrared spec-
tra of the three rejuvenators used are listed in Table 2 and shown in Figure 1, respectively,
all indicating nearly similar components and chemical structures.

2.2. Experimental Design Plan

Laboratory short-term aging was carried out using the rolling thin-film oven test
(RTFO, 163 ◦C, 1.0 MPa, 85 min) to simulate aging during storage, mixing, transport,
and placing. Thereafter, the pressurized aging vessel test (PAV, 100 ◦C, 2.1 MPa, 20 h)
was performed to roughly simulate 5 years of field aging [28] in accordance with ASTM
D2872 [29] and ASTM D6521 [30]. The virgin SBSMA was subjected to RTFO and PAV
aging to obtain the first aged SBSMA.

Table 2. Technical indices of the rejuvenators.

Technical Index Unit Type I Type II Type III Test Method

Viscosity @25 ◦C SFS 25~150 20~60 25~150 ASTM D7496
Residue % >64 60~65 >65 ASTM D6934

Particle charge — Positive Positive Positive ASTM D7402
Asphaltenes % <11.5 2~4 <11 ASTM D2006

Maltene distribution ratio
(PC+A1)/(S+A2) 1 — 0.8~1.4 0.5~0.9 0.7~1.1 ASTM D2006

PC/S ratio — >1.2 >1.2 >0.5 ASTM D2006
1 PC = Polar Compound; A1 = First Acidaffins; A2 = the Second Acidaffins; S = Saturated Hydrocarbons.
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Figure 1. FTIR spectra of the three rejuvenators.

For the purpose of investigating the influence of multiple aging and rejuvenation
cycles on the SBSMA in the field, 6%, 10%, and 14% by weight (wt%) of the asphalt-binder
were selected as the rationale dosage of the rejuvenator for the first, second, and third
rejuvenation, respectively, in accordance with previous research studies [26]. The first aged
SBSMA was heated to 140~160 ◦C for melting and blended with three rejuvenators for
30 min to prepare the first rejuvenated SBSMA. Thereafter, the first rejuvenated SBSMA
was directly placed in the PAV (100 ◦C, 2.1 MPa, 20 h) for long-term aging (rather than
RTFO first) to obtain the second aged asphalt-binder on account of the in-place penetrating
rejuvenation without the need for heated construction. The second rejuvenated asphalt-
binder was prepared by adding 10 wt% of the rejuvenator to the second aged SBSMA. The
third aged asphalt-binder and the third rejuvenated asphalt-binder were obtained by the
same method. Figure 2 illustrates the experimental design plan for this research study.

Blend with 6% rejuvenator

Blend with 10% rejuvenator

Blend with 14% rejuvenator

PAV

PAV

PAV

Figure 2. Experimental flow chart.
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2.3. Laboratory Testing
2.3.1. Rheological Property Tests

The dynamic rheological properties of the SBSMA at different cycles of aging and
rejuvenation were measured using the DSR test device (Kinexus Pro+, Malvern, Wolver-
hampton, UK).

Temperature sweep tests were carried out under the strain-controlled loading mode
at a constant frequency of 10 rad·s−1 in accordance with the ASTM D7405 [31]. The
temperature range was 58~82 ◦C for the rejuvenated asphalt-binders, and 22~34 ◦C for
the aged asphalt-binders. The applied strain levels for the temperature sweep tests were
controlled in the linear viscoelastic range. The rejuvenated asphalt-binder samples were
molded to a diameter of 25 mm by 1 mm thick whilst the aged asphalt-binder samples to a
diameter of 8 mm by 2 mm thick.

Multiple Stress Creep Recover (MSCR) tests were conducted at 76 ◦C in line with
the ASTM D7405 [31] test specification at standard stress levels of 0.1 kPa and 3.2 kPa,
respectively. After subjecting the asphalt-binder samples to 10 loading cycles, each level
with a 1 s loading period followed by a 9 s recovery period, two major rheological parame-
ters, namely the percentage recovery (R) and non-recoverable creep compliance (Jnr), were
calculated automatically at both stress levels of the DSR test.

Linear Amplitude Sweep (LAS) tests were performed using the DSR test device with
8 mm parallel plates and 2 mm gap to determine the asphalt-binders’ resistance to fatigue
damage in accordance with the AASHTO T391-20 [32] test specification. The LAS test
procedure consisted of two phases. Firstly, the frequency sweep test was performed at
0.1% strain level with a frequency range of 0.1~30 Hz to obtain the undamaged property
of the samples (α). Then, in the amplitude sweep, the load was applied from 0 to 30%
strain at 10 Hz for 300 s under strain-controlled loading mode. The LAS test data were
processed using a Visco-Elastic Continuum Damage (VECD) model approach to determine
the fatigue parameters A and B. In this study, all the LAS tests were performed at a room
temperature of 25 ◦C.

2.3.2. FTIR Tests

FTIR tests were performed using a Bruker Alpha FTIR spectrometer (Germany)
equipped with a reflection diamond ATR accessory to analyze the functional groups of sam-
ples qualitatively or quantitatively with an accumulation of 32 scans in a 400~4000 cm−1

range and a resolution of 4 cm−1 (Figure 3a). The samples were directly placed on a
zinc selenide horizontal ATR crystal, which should be totally cleaned using kerosene and
alcohol after each test operation [33]. The raw FTIR data were processed and analyzed
using a software program called OPUS.

  
(a) (b) 

Figure 3. Microscopic analysis equipment: (a) FTIR-ATR; (b) AFM.
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2.3.3. AFM Tests

Atomic force microscopy (AFM, Bruker Dimension ICON, USA) was used to in-
vestigate the micro-morphology of the asphalt-binder at different cycles of aging and
rejuvenation using the tapping mode (see Figure 3b). Because of the AFM requirement for
a smooth surface of the sample molded, all the asphalt-binder samples for the AFM tests
were prepared using the thermal method. This was necessary to avoid toxic solvents from
dissolving and damaging the microstructures of the asphalt-binder [10].

A hot liquid drop of asphalt-binder (160 ◦C) was placed on a 10 × 10 × 2 mm glass
substrate and put into the oven at a constant temperature of 145 ◦C for about 5 min and
thereafter, cooled to the ambient temperature. The AFM samples with a flat and smooth
surface were obtained and then moved to a closed dust-free container for storage before
AFM observations.

Height and Z-images were scanned using an etched silicon probe. The probe (NANOSEN-
SORTM, PPP-NCL-20) was used under the tapping mode. All the experiments were con-
ducted at a temperature of 25 ◦C. The scanning range of 10 × 10 μm was used for the
microstructure of the sample surfaces, and the range of 30 × 30 μm for analysis of the mor-
phology was deemed a good statistical representation of the overall asphalt-binder samples.

2.3.4. Sample Replicates

For each rejuvenator type, content, aging condition, and test type, three sample
replicates were tested. Overall, a total of 261 asphalt-binder samples (153 samples for the
DSR tests, 54 samples for the FTIR tests, and 54 samples for the AFM tests) were prepared
and tested.

3. Test Results, Analyses, and Discussion

3.1. Rheological Properties

The rheological properties of the asphalt-binders from the DSR test were used to
evaluate the high-temperature rutting resistance and intermediate-temperature fatigue
resistance of the modified asphalt-binder in the process of multiple aging and rejuvenation
cycles. The specific DSR test results are presented and discussed below.

3.1.1. Temperature Sweep Analysis

The DSR temperature sweep tests were conducted with an isochronal plot to evaluate
the temperature sensitivity of the asphalt-binder. The complex shear modulus (G*) and
phase angle (δ) were measured for subsequent computation of the analyzed rutting factor
(G*/sinδ) and fatigue factor (G*·sinδ).

The rutting factor (G*/sinδ) reflects the deformation resistance of asphalt-binders at
high temperatures [21]. Asphalt-binders with larger rutting factors have better rutting
resistance at high temperatures. Figure 4 shows that the G*/sinδ values of the rejuvenated
asphalt-binders decreased with an increase in temperature, and that the logarithm of
G*/sinδ had a linear correlation with temperature.

After the second rejuvenation cycle, the G*/sinδ values of the asphalt-binders with
Type I and Type III rejuvenators were comparatively close to those of the RTFO residue.
However, only the third rejuvenated SBSMA with Type I rejuvenator had a G*/sinδ that
was approximately equivalent to that of the RTFO residue. The superiority rank or-
der of the rutting factors of the first, second, and third rejuvenated asphalt-binders was
Type II > Type I > Type III, respectively. With an increase in the rejuvenation cycles, the
rutting factor of the rejuvenated asphalt-binder with the Type II rejuvenator increased
steadily, while that with the Type III rejuvenator decreased. Notably, the rutting factor of
the aged SBSMA could be rejuvenated close to that of the RTFO residue by adding the
Type I rejuvenator.
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Figure 4. Rutting factor of SBS asphalt-binders at different rejuvenation cycles: (a) First cycle; (b) Second cycle; (c) Third cycle.

As the rejuvenation cycles increased, the dispersion of the rutting factor increased,
indicating that repeated rejuvenation had a great influence on asphalt-binder’s rutting
resistance. In general, the following was observed: (a) Type II rejuvenator enhanced the
rutting resistance of the asphalt-binder, (b) Type III rejuvenator exhibited the potential to
reduce the rutting resistance, and (c) Type I rejuvenator indicated the potential to help
maintain the rutting resistance of the rejuvenated asphalt-binder.

The fatigue factor (G*·sinδ) reflects the anti-fatigue property of the asphalt-binder
at intermediate temperatures [21]. Figure 5a,b show that the fatigue factors of the aged
asphalt-binders decreased with an increase in temperature, and that the logarithm of
G*·sinδ had a linear correlation with temperature. The G*·sinδ values of the second aged
asphalt-binders with the three rejuvenators were close to that of the first aged asphalt-
binder, whereas only the third aged SBSMA with Type I rejuvenator had nearly the same
values as that of the PAV residue.
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Figure 5. Fatigue factor of SBS asphalt-binders at different aging cycles: (a) Second cycle; (b) Third cycle.

From Figure 5, the fatigue factors of the third aged asphalt-binders ranked as follows:
Type II > Type I > Type III. The fatigue property of the third aged asphalt-binders with the
Type I rejuvenator was closest to that of the PAV residue, whilst that with the Type II reju-
venator was deemed as poor. The Type III rejuvenator, on the other hand, was found to be
satisfactory and better than the other two types in terms of potential for fatigue resistance.

It was interesting to note that the widest dispersion of the fatigue factor was produced
by the third aged asphalt-binders, followed by the second aged asphalt-binders as shown in
Figure 5, indicating that the repeated aging process had a great influence on the rheological
properties of the SBSMA. By comparison, the fatigue factor of the second and third aged
asphalt-binders with the Type I rejuvenator were seen to be close to those of the PAV
residue. This observation suggested that the expected rejuvenation performance can be
achieved by blending with the Type I rejuvenator.

Theoretically, low continuous grade of the asphalt-binders at high temperature means
poor high-temperature rutting resistance. As the number of rejuvenating cycles increased,
the high-temperature continuous grade of SBSMA with Type I and III rejuvenators de-
creased continuously, while the grade of the asphalt-binder with Type II rejuvenator
maintained an increasing trend. After the third cycle of rejuvenation, with an increase in
high temperature, the grade of the asphalt-binder with Type II demonstrated an insuffi-
cient effectiveness of the repeated rejuvenation with Type II. By contrast, Type I and III
rejuvenators could be applied to the repeated rejuvenation of SBSMA to reduce its high
temperature grade. However, the grade reduction associated with the Type I rejuvenator
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was relatively low. On the other hand, whilst the third rejuvenated asphalt-binder reached
84.1 ◦C, the third rejuvenated asphalt-binder with Type III was only 79.8 ◦C (see Figure 6a).
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Figure 6. Failure temperature of SBS asphalt-binders at different aging and rejuvenation cycles: (a) High-temperature
continuous grade; (b) intermediate-temperature continuous grade.

For asphalt-binders rejuvenated with Type I and II rejuvenators, the intermediate
temperature continuous grade decreased to 18.3 ◦C and 18.7 ◦C (Type I and Type II,
respectively), and then increased by 19.0 ◦C and 21.6 ◦C (Type I and Type II, respectively)
with an increase in the number of aging cycles. For the asphalt-binders rejuvenated with
Type III, the continuous grade at the intermediate temperature decreased with the aging
cycles (see Figure 6b). The continuous grading temperature of the first, second, and third
aged asphalt-binders rejuvenated with Type I were extremely close, showing that the
fatigue properties of SBSMA rejuvenated with Type I could satisfactorily reach the virgin
asphalt-binder level. Based on the results of the rutting and fatigue behavior of the asphalt-
binders in different aging and rejuvenation cycles, Type I was considered to achieve the
expected rejuvenation effects among the three types of rejuvenators evaluated.

3.1.2. MSCR Analysis

Percentage recovery (R), which reflects the recovery deformation for a period of ten
creep and recovery cycles at each stress level, represents the elastic recovery performance
of an asphalt-binder [34]. The larger percent recovery (R) indicates better rutting resistance
of asphalt-binders [35]. Figure 7a shows the recovery response of the rejuvenated SBSMA
with different rejuvenators at different rejuvenation cycles measured at 0.1 kPa and 3.2 kPa
stress levels, respectively.

From Figure 7, it is evident that as the rejuvenation cycles increased, the percentage
recovery of the asphalt-binder decreased under the same stress level. This meant a decline
in the percentage recovery ability of the asphalt-binders after rejuvenation and the conver-
sion promotion of the rejuvenators to the viscous component of the asphalt-binder. The
percentage recovery of the third rejuvenated asphalt-binder with the Type III rejuvenator
was 25.62% (3.2 kPa), which compared to the RTFO residue and the third rejuvenated
asphalt-binder with Type II, represents a reduction factor of three. At the same stress level,
the superiority ranking of the percentage recovery of SBSMA after similar rejuvenation
cycles was Type II > Type I > Type III.
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Figure 7. MSCR rutting evaluation of the repetitively rejuvenated asphalt-binders: (a) Recovery; (b) non-recoverable creep
compliance (Jnr) (Red bars: the asphalt-binders rejuvenated with Type I; blue bars: the asphalt-binders rejuvenated with
Type II; green bars: the asphalt-binders rejuvenated with Type III).

The non-recoverable creep compliance (Jnr) reflects the residual strain level of asphalt-
binders after the loading-recovery cycle, which represents the rutting resistance of asphalt-
binder. With an increased number of rejuvenation cycles, the rejuvenated asphalt-binders
with Type I and Type III rejuvenators exhibited an increasing trend in the Jnr value and the
non-recoverable strain at the same stress level (see Figure 7b). This implies a continuous
drop in the rutting resistance. Particularly, the Jnr0.1 and Jnr3.2 values of the third rejuve-
nated asphalt-binder with Type III reached 0.684 kPa−1 and 0.959 kPa−1, over 3 times the
corresponding values of the RTFO residue. On the contrary, the rejuvenated asphalt-binder
with Type II exhibited a continuously decreasing trend, indicating an improvement in
the rutting resistance of the asphalt-binder. These findings are consistent with the results
from temperature sweep tests and further illustrate that the Type II rejuvenator had a poor
repeated rejuvenation effect.

When comparing the differences of the MSCR evaluation indices (R and Jnr) under
the two stress levels shown in Figure 7, the results showed that the differences in Jnr0.1 and
Jnr3.2 of the rejuvenated asphalt-binders with the Type I and III rejuvenators increased with
an increase in the rejuvenation cycles. The discrepancy between Jnr0.1 and Jnr3.2 revealed
that the stress sensitivity of the asphalt-binder, namely an increasing sensitivity of the
rejuvenated SBSMA to the variation of stress loading as the rejuvenation cycles increased.
The trend was mainly attributed to the degradation of the SBS polymer in the SBSMA
asphalt-binder during the repeated rejuvenation, which weakened the modification effects
of the asphalt-binder.

Comparing Figures 7a and 8a, the percentage recovery of the asphalt-binder slightly
increased after aging, pointing to improved resistance to permanent deformation. This
increase in percentage recovery indicates a potential increase in elasticity of the asphalt-
binders due to aging. Figure 7a also shows that under the same stress level, the creep
recovery of the asphalt-binder decreased when the rejuvenation cycles increased. This
indicates that the addition of the rejuvenators could supplement the viscous component of
the asphalt-binder to effectively compensate and delay the aging of the asphalt-binder [36].
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Figure 8. MSCR rutting evaluation of repetitively aged asphalt-binders: (a) recovery; (b) non-recoverable creep compliance
(Jnr) (Red bars: the asphalt-binders rejuvenated with Type I; blue bars: the asphalt-binders rejuvenated with Type II; green
bars: the asphalt-binders rejuvenated with Type III).

Comparing Figures 7b and 8b, it is observed that the non-recoverable creep compliance
of the aged asphalt-binder declined significantly. This indicates that aging partly provided
an improvement in elasticity and that the elasticity of the asphalt-binders after rejuvenation
was obviously restored. With an increase in the aging cycles, the asphalt-binders with Type I
and Type III rejuvenators exhibited an increasing trend in Jnr, whilst the aged asphalt-binder
with Type II exhibited a decreasing trend at 0.1 kPa and 3.2 kPa, respectively (see Figure 8b).
Under the same stress level, the superiority ranking of the non-recoverable creep compliance
of SBSMA in the equivalent aging cycle was Type I ≈ Type III > Type II, and that of SBSMA
in the equivalent rejuvenation cycle was Type III > Type I > Type II, respectively.

3.1.3. LAS Analysis

To evaluate the fatigue life (Nf) of the asphalt-binders with the parameters A and B,
strain levels of 2.5%, 5%, and 10% were used in this study. The fatigue behavior of the
rejuvenated SBSMA significantly depends on the applied strain loading and the rheological
property of asphalt-binder as well as the type of rejuvenators. The results in Figure 9 show
a significant decrease in the fatigue life of asphalt-binders at elevated strain levels. That is,
high strain loading significantly weakened the fatigue resistance of the SBSMA.

At low strain levels, thermal oxidative aging did not appear to significantly affect the
fatigue life of the asphalt-binders. In fact, there was an increase in the fatigue life at lower
strain levels. However, this was not the case at the 10% strain level. This may be explained
from the perspective that the increase in viscosity and stiffness of the asphalt-binder due
to aging promoted the asphalt-binders to convert to more linear-elastic behavior at low
strain levels with a logical decline in the fatigue life under the adverse effects of aging at
high strain levels [37]. As the aging and rejuvenation cycles increased, both the aged and
rejuvenated asphalt-binders roughly showed a decreasing trend in fatigue life at the high
strain level.
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Figure 9. LAS fatigue life results: (a) rejuvenated asphalt-binders; (b) aged asphalt-binders.

3.2. FTIR Analysis

To quantitatively investigate the influence of multiple aging and rejuvenation cycles
on the SBSMA chemical structure and the vibration of the functional groups under repeated
aging and rejuvenation, the 600~2000 cm−1 functional group peak area was selected as a
reference to calculate the butadiene (CH=CH), carbonyl (C=O), and sulfoxide (S=O) relative
contents. This helped to eliminate the influence of the thickness and concentration of the
asphalt-binders. The chemical aging indices, namely butadiene index (BI), carbonyl index
(CI), and sulfoxide index (SI), were determined using Equations (1)–(3) [38]:

CI =
Area of the carbonyl centered around 1700 cm−1

Area of spectral bands between 2000 and 600 cm−1 (1)

SI =
Area of the sulfoxide centered around 1030 cm−1

Area of spectral bands between 2000 and 600 cm−1 (2)

BI =
Area of the butadiene centered around 966 cm−1

Area of spectral bands between 2000 and 600 cm−1 (3)

Figure 10 gives more intuitive information about the changes in the functional groups.
As the aging cycles increased, repetitively aged asphalt-binders showed an obviously
increasing trend in the CI value. The indistinctive increasing and decreasing trends in
the SI and BI values, respectively, are obvious. In the aging process of SBSMA, due to
oxidation, dehydrogenation, and cross-linking reactions of the asphalt-binder and SBS
polymer, degradation occurred simultaneously, and the spatial network structure was
destroyed [39,40]. By comparing the aged and rejuvenated asphalt-binders, it can be seen
that the rejuvenating effect was obvious in each aging and rejuvenation cycle, and that the
decrease in the BI, CI, and SI values were significant.

92



Appl. Sci. 2021, 11, 9242

 
(a) (b) 

   
(c) (d) 

  
(e) (f) 

0.00

0.02

0.04

0.06

0.08

Type I Type II Type III

C
ar

bo
ny

l I
nd

ex

Binder Type

PAV Residue 2nd-AG+6% 3rd-AG+10%

0.00

0.02

0.04

0.06

0.08

Type I Type II Type III

C
ar

bo
ny

l I
nd

ex

Binder Type

RTFO Residue 1st-RE+6%
2nd-RE+10% 3rd-RE+14%

0.00

0.02

0.04

0.06

0.08

0.10

Type I Type II Type III

Su
lfo

xi
de

 In
de

x

Binder Type

PAV Residue 2nd-AG+6% 3rd-AG+10%

0.00

0.02

0.04

0.06

Type I Type II Type III

Su
lfo

xi
de

 In
de

x

Binder Type

RTFO Residue 1st-RE+6%
2nd-RE+10% 3rd-RE+14%

0.00

0.02

0.04

0.06

Type I Type II Type III

Bu
ta

di
en

e 
In

de
x

Binder Type

PAV Residue 2nd-AG+6% 3rd-AG+10%

0.00

0.02

0.04

0.06

Type I Type II Type III

Bu
ta

di
en

e 
In

de
x

Binder Type

RTFO Residue 1st-RE+6%
2nd-RE+10% 3rd-RE+14%

Figure 10. Chemical aging indices of repetitively aged and rejuvenated SBSMA: (a) AG−CI; (b) RE−CI; (c) AG−SI;
(d) RE−SI; (e) AG−BI; (f) RE−BI.

Based on the theory of compositional harmonic on rejuvenation mechanisms [41],
the rejuvenators rich in aromatics are added to the aged asphalt-binder to dilute the aged
asphalt-binders, enhance the proportion of maltenes, and harmonize the different fractions
in the asphalt-binder. This was not simply the reversal of the transformation from aromatics
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into asphaltenes during the aging process, expressing that the aromatics were consumed
and asphaltenes increased.

However, as the dosage of rejuvenators increased in each cycle, the CI and SI values
of the rejuvenated asphalt-binders also increased, whilst the value of BI decreased during
the repeated aging and rejuvenation cycles. In other words, the aging of the rejuvenated
asphalt-binder was faster than the asphalt-binder after RTFO aging. This might be ex-
plained by the decrease of the aging resistance due to the oxidative degradation of SBS
polymer in the multiple aging process [42]. Meanwhile, the oxidation and breaking of
polybutadiene (PB) segments of SBS would produce more oxygen-containing groups such
as –OH, C=O, –COOH, etc. [43,44]. Hence, the increased aromatic hydrocarbon oil might
have also led to the acceleration of the asphalt-binder aging. The addition of the rejuvenator
indicated the potential to improve the rheological properties of the aged asphalt-binders
but could not restore the chemical aging indices to the same level as the RTFO residue.
As a result, the rejuvenating effect was not significant enough to achieve an appreciable
repeated rejuvenation.

With an increase in the rejuvenation cycles, the CI value decreased, especially for the
Type III rejuvenator. This indicated that all the three types of rejuvenators had certain
rejuvenating effects on the aged asphalt-binders, with the Type III rejuvenator being more
impactful. On the other hand, the SI value of the third rejuvenated asphalt-binder with
Type II was the smallest while the third rejuvenated asphalt-binder with Types I and III
had the largest SI value in magnitude. These results indicated that the Type II rejuvenator
was relatively more effective at inhibiting aging of the asphalt-binder. By contrast, the BI
value of the rejuvenated asphalt-binder with Type II had the lowest rate of decay, whilst
that of the asphalt-binder with Type III declined rapidly. A possible explanation for this
could be that the Type II rejuvenator had some chemical components to minimize the SBS
degradation, whilst Type III had more maltenes to dilute the contents of SBS [45].

3.3. AFM Analysis
3.3.1. Microstructure of the Asphalt-Binder Surface

By means of the NanoScope Analysis software [46], the AFM height images of various
SBSMA asphalt-binders after being subjected to multiple aging and rejuvenation cycles are
shown in Figure 11. The roughness indices of the asphalt-binders determined from these
images are shown in Figure 12.

 
(a) (b) 

Figure 11. Cont.
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(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 11. Microstructures obtained from AFM images of the asphalt-binders: (a) Virgin; (b) RTFO
Residue; (c) PAV Residue; (d) 1st−RE I + 6%; (e) 2nd−AG I + 6%; (f) 2nd−RE I + 10%; (g) 3rd−AG
I+10%; (h) 3rd−RE I + 14%.

Figure 11 shows the two-dimensional (2-D) AFM images of different asphalt-binders
subjected to multiple aging and rejuvenation cycles to illustrate the influence of multiple
aging and rejuvenation cycles on the microstructure evolution of the asphalt-binder’s
surface. The appearance of many beelike structures with different sizes could be clearly
seen on the surface of the virgin SBSMA (see Figure 11a). After aging, the number of
large-sized beelike structures in the PAV residue declined noticeably.

With the addition of the rejuvenator, tiny beelike structures appeared on the rejuve-
nated asphalt-binder samples with increased morphological undulations. Compared to
the asphalt-binder before aging, the size of the beelike structures in the second and third
aged asphalt-binders decreased considerably, with the height of the beelike structures
increasing as well. By contrast, the quantity, size, and height of the beelike structures of
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the second and third rejuvenated asphalt-binder increased substantially. However, the
quantity declined in contrast to the asphalt-binder before rejuvenation (see Figure 11d–h).
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Figure 12. AFM roughness analysis: (a) rejuvenated asphalt-binders; (b) aged asphalt-binders.

3.3.2. Morphological Features of the Asphalt-Binder Surface

The surface roughness indices reflected the degree of development of the beelike
structure. Figure 12 shows the roughness indices that were calculated from the height of
30 × 30 μm AFM images. The roughness indices selected for analysis were the average
roughness (Ra) and root-mean-square roughness (Rq).

After multiple aging and rejuvenation cycles, the Ra and Rq values of the asphalt-
binders with different rejuvenators had a similar response trend. After aging, the Ra and
Rq values of the asphalt-binder surface decreased. By contrast, the roughness indices
appeared to have been restored after rejuvenation, which is similar to the findings reported
by Yu et al. [47]. This could be because the molecular movement of the asphalt-binders
decreased after aging, with the accumulation and nucleation of the polar components
being hindered. This led to the reduction in the size and height of the beelike structures.
The addition of the rejuvenator to supplement maltenes could promote the mobility of
the asphalt-binder molecules. Therefore, the size and height of the beelike structures of
rejuvenated asphalt-binder were greater than those of the aged asphalt-binder. This helps
to explain the mechanism responsible for the formation of the beelike structures during the
rejuvenation process.

However, the three rejuvenators showed different rejuvenation effects. The surface of
the asphalt-binders with the Type III rejuvenator were the roughest and had the greatest
beelike structures in height. The asphalt-binders with the Type II rejuvenator had the least
roughness, with the lowest height in the beelike structures. After three rejuvenation cycles,
the roughness of the rejuvenated asphalt-binder with Type III was more than twice that of
the asphalt-binder with Type II. This might be because the Type III rejuvenator replenished
most of the light components and greatly improved the mobility of the maltene molecules.
By contrast, Type II only slightly promoted the accumulation of the polar components.
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4. Conclusions and Recommendations

This study investigated the effects of the three aging and rejuvenation cycles with
three types of rejuvenators designated as Type I, II, and III with different dosages (6%, 10%,
and 14%, respectively). The rheological (thermal, rutting, and fatigue resistance), chemical,
and morphological characteristics of SBSMA were evaluated using the DSR, LAS, FTIR,
and AFM tests. From this study, the following conclusions were drawn:

• The superiority ranking for the rutting factor of the repetitively aged asphalt-
binders and fatigue factor of the repetitively rejuvenated asphalt-binders was
Type II > Type I > Type III, respectively. Multiple rejuvenation cycles reduced the
percentage recovery of the SBSMA with varying rejuvenators and made the asphalt-
binder depend more sensitively on the strain levels. The fatigue life of the rejuvenated
SBSMA with the three rejuvenators increased at low stress level and decreased at
high strain level as the rejuvenation cycles were increased. Considering the high- and
intermediate-temperature performance, the Type I rejuvenator exhibited a satisfactory
rejuvenation effect.

• From FTIR analysis, the carbonyl and sulfoxide groups of SBSMA increased whilst
the chain segments of butadiene decreased after repeated aging and rejuvenation
cycles. The addition of the rejuvenator could not restore the chemical aging indices
to the same level as the RTFO residue. During the multiple aging and rejuvenation
cycles, the aging resistance of SBSMA gradually decreased. This inherently limited
the expected rejuvenation effects under the repeated rejuvenation cycles.

• From AFM morphological analysis, PAV aging decreased the quantity of the beelike
structures and the surface roughness of the asphalt-binders. The rejuvenators sig-
nificantly changed the microscopic morphology and phase dispersion of the aged
asphalt-binders. The three rejuvenators showed different rejuvenation effects, but
generally increased the morphological undulations and surface roughness.

Overall, plausible results were obtained in this laboratory study with promising
potential for using rejuvenators to improve the rheological properties of asphalt-binders.
The study has also shown that rejuvenators have the potential of achieving satisfactory
repeated aging and rejuvenation in terms of performance characteristics (rutting, thermal,
and fatigue cracking resistances) and morphological features of SBSMA. Nonetheless, the
conclusions drawn are not exhaustive nor exclusive as the test results presented herein
pertain to the specific materials evaluated in this study. Future research should include a
wide array of different materials including high-activity rejuvenators to further supplement
this study’s findings including field application trials and validation.
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Abstract: In order to study the influence of moisture on the interface of crumb rubber–asphalt (CR)
mixture, the interface bonding performance and crack resistance of a crumb rubber–asphalt mixture
under dry and wet conditions were studied at three scales. At the macroscale, the characteristics of
medium temperature fatigue cracking and low temperature fracture were studied by semi-circular
bending tensile test (SCB) on the example of digital image correlation (DIC) technique. At the
microscale, the surface energy of CR with basalt and limestone was measured using the contact angle
measurement test, and then the adhesion work was calculated and analyzed. At the molecular scale,
the model of CR, the model of basalt representative mineral (augite) and limestone representative
mineral (calcite) were studied by molecular dynamics simulation. The relationship between these
three scales was further explored to reveal the mechanism of the damage of moisture on the interface
deterioration of the CR mixture. The results show that moisture has a certain effect on the interface
of the CR mixture, which is characterized by macroscopically reducing the crack resistance of the
asphalt mixture, microscopically reducing the adhesion ability between the asphalt and the aggregate
and weakening the interaction between the asphalt and aggregate molecules at the molecular scale.
Molecular dynamics can accurately simulate the deterioration of micro asphalt-aggregate adhesion
under the damage of moisture. The decrease in microadhesion leads to the decrease in the crack
resistance of the macro-CR mixture.

Keywords: moisture; interface cracking; digital image correlation (DIC); molecular dynamics; crumb
rubber asphalt (CR)

1. Introduction

The study of a crumb rubber–asphalt (CR) mixture proved that it had good road
performance and diverse functions [1–6]. However, in the service process of crumb rubber–
asphalt pavement, the looseness, spalling, cracks and other diseases have seriously affected
the service performance and service life of crumb rubber–asphalt pavement [7–9]. The
reason is that many issues are related to moisture. The performance of the interface between
CR and aggregate decreases under the condition of moisture, resulting in moisture damage
to the CR mixture, thus affecting the service life of asphalt pavement [10,11]. Therefore,
clarifying the interaction mechanism between the CR and the aggregate in the presence of
moisture is the core issue to ensure the service durability of a CR mixture and provides a
reference for the application and promotion of a crumb asphalt mixture.

The interface behavior of asphalt mixtures under the action of moisture is usually
evaluated by macro-indicators such as the crack strength and spalling rate [12–15]. In
addition, some scholars have used microcharacterization technology to study the asphalt
mixture, including the surface morphology, structure, mechanical properties and other
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microproperties of the material [16–20]. Molecular simulation [21,22] is a computer numer-
ical simulation test, which is not limited by the detection means, specimen preparation
or other conditions. It effectively complements the shortcomings of macro tests and can
reveal the molecular-scale mechanism of many macro tests. In recent years, it has also been
more widely applied to the research of asphalt mixtures. From the current research, the
research on the interface effect of asphalt mixtures mainly focuses on single-scale research
and analyses of macroperformance and materials’ microcharacteristics, but the multiscale
and cross-scale research idea can better solve the mechanism problem of asphalt mixture
performance. Many scholars have also carried out multiscale studies on different prop-
erties of asphalt and asphalt mixtures, including asphalt aging performance [23,24], the
combination of old and new materials in recycled asphalt mixtures [25–27], the diffusion
of modifiers [28,29], and the interaction between asphalt and aggregates [30,31]. A large
number of studies have confirmed that the multiscale idea is feasible in the research of
asphalt and asphalt mixtures.

Therefore, in order to study the interface adhesion and failure mechanism of CR
mixtures under the action of moisture using the multiscale method, this study carried out
a cracking resistance test of a CR mixture at the macroscale and compared the effects of
different cracking forms on the CR mixture. At the microscale, the surface free energies
of asphalt and aggregate were calculated and analyzed by the surface energy theory, and
the damage from moisture on the surface adhesion of asphalt and aggregate was studied.
At the molecular scale, the interaction mechanism between CR and aggregate under the
action of moisture was studied by constructing a 12-component CR model, a representative
molecular aggregate model, and an interface model of CR and aggregate. Finally, the
interface adhesion mechanism and failure behavior of the CR mixture under the action of
moisture was revealed by correlating the interface properties under different scales.

2. Materials and Models

2.1. Preparation of Test Materials and SCB Specimens
2.1.1. Asphalt

The penetration degree of matrix asphalt used in this study was 90, and the modifier
was 0.25 mm rubber powder particles. The rubber powder particle content was 20% by
weight of asphalt. The quantitative matrix asphalt was weighed, the quality accuracy was
controlled at 0.01 g, the temperature of the matrix asphalt was controlled at 140 ◦C, and
the rubber powder particles preheated and dried in advance were slowly added to the
matrix asphalt many times, and gradually heated up and stirred. Finally, the temperature
of asphalt and rubber powder mixture was controlled at 180 ◦C, and the mixture was
stirred for 30 min. The evenly mixed mixture of asphalt and rubber powder was put into
the high-speed shear emulsifier to maintain the shear rate of 6000~7000 r/min and the
temperature of 160 ◦C for 30 min, and then it was kept in the oven at 120 ◦C for 2 h to
prepare the CR. The technical matrix asphalt and CR indices indices are shown in Table 1.

Table 1. Technical indices of CR and matrix asphalt.

Technical Index CR Matrix Asphalt

Penetration (25,100 g, 5 s) (0.1 mm) 68.2 91.5
Softening Point/◦C (Ring and ball test) 57.3 51.5

Ductility (5 cm/min,10 ◦C)/cm 17.2 9.4

Asphalt is a complex mixture of macromolecules. In the study of the chemical compo-
sition of asphalt, the asphalt was divided into several parts according to different solubility
and physicochemical properties by using the different solubilities of various organic com-
pounds in asphalt. According to the four-component analysis method stipulated in Standard
Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [32],
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the four-component analysis test of matrix asphalt was carried out. The mass percentages
of the four components of matrix asphalt are shown in Table 2.

Table 2. Mass percentages of four components of matrix asphalt.

Asphalt Components Asphaltene Saturate Aromatic Resin

Mass percentage (w/%) 9.4 25.2 28.8 36.6

2.1.2. Aggregate and Gradation of CR Mixture

The aggregate used in this study was basalt machine-made crushed aggregate, and
relevant tests were carried out according to Test Methods of Aggregate for Highway Engineering
(JTG E42-2005) [33]. The technical indices of the coarse aggregate and fine aggregate are
shown in Tables 3 and 4, respectively.

Table 3. Technical indices of coarse aggregate.

Item Unit Specification
Test Result

Method
10~20 mm 5~10 mm 3~5 mm

Crushing value of stone % ≤26 13.0 11.0 T0316
LA abrasion value % ≤28 9.5 10.5 T0317

Soundness % ≤12 1.5 1.6 T0314
Soft stone content % ≤2 1.1 1.0 2.0 T0320
Water absorption % ≤2 0.8 0.9 0.9 T0304
Water washing

method <0.075 content % ≤1 0.1 0.3 0.4 T0310

Table 4. Technical indices of fine aggregate.

Item Unit Specification Test Result Method

Apparent relative density g/cm3 ≥2.5 2.734 T0328
Soundness (>0.3) % ≥12 25 T0340

Mud content (<0.075 mm) % ≤3 0.4 T0333
Sand equivalent % ≥60 88 T0334

Methylene blue value g/kg ≤25 1.8 T0346

The filler was lime powder ground from limestone. Relevant tests were carried out
according to Test Methods of Aggregate for Highway Engineering (JTG E42-2005). The technical
indices are shown in Table 5.

Table 5. Technical indices of filler.

Item Unit Specification Test Result Method

Appearance — No
agglomerate

No
agglomerate —

Water content % ≤1 0.5 T0103
Apparent density t/m3 ≥2.5 2.686 T0352

Hydrophilic coefficient — <1 0.5 T0353
Plasticity index % <4 2.1 T0354

Heating stability —
Actual

observation
record

No
deterioration T0355

Particle size
range

<0.6 mm % 100 100
T0351<0.15 mm % 90~100 100

<0.075 mm % 75~100 99.6
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The gradation of the CR mixture was AC-16, and the gradation was designed in
accordance with the requirements of Technical Specifications for Construction of Highway
Asphalt Pavement (JTG F40-2004) [34]. The gradation composition is shown in Table 6.

Table 6. Gradation composition of CR mixture.

Particle size (mm) 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Synthetic gradation 100 94.2 83.6 71.8 48.5 33.6 25.4 18.6 12.9 9.6 6.6

2.1.3. Preparation of SCB Specimen

The SCB specimen was simple in molding and had strong repeatability. In addition,
the stress state of the specimen was more in line with the actual use of road surface and
better simulates the wheel load [35].

The CR mixture was formed by a rotary compaction instrument. The diameter of
the specimen was 150 mm, the compressive stress was 600 kPa, the deviation angle was
1.16◦, the speed was 30 r/min, and the compaction control method was 170 mm height
control. The target void ratio was 5.0%. A 100 mm diameter core machine was used to
core the cylindrical CR mixture. The core sample was cut into a semicircle specimen with a
thickness of 40 mm ± 0.5 mm. Then, a pre-cut with a depth of 1 cm and width of 4 mm was
made in the middle of the semicircle span. Preparation process of SCB specimen is shown
in Figure 1.

 

Figure 1. SCB specimen preparation.

Half of the SCB specimens were saturated with water for 15 min under the vacuum
degree of 97.3 kpa and then soaked in water for 48 h to achieve the purpose of soaking. The
water temperature was 25 ◦C. The dried specimen was used as a control for reserve.

2.2. Preparation of Contact Angle Measurement Sample

The CR was heated to a molten state and placed on the glass slide. The glass slide
and asphalt were put into the oven and heated at 120 ◦C for 30 min to make the asphalt
on the surface of the glass slide fully leveled. The leveled asphalt and the glass slide were
removed and put into the drying chamber for cooling. The basalt and limestone aggregates
were cut into cubes of 60 mm × 60 mm × 60 mm and then polished with lithographic
polishing machine to remove surface particles to avoid their impact on experimental results.
The polished test blocks were put into the drying chamber for standby. Contact angle
measurement samples are shown in Figure 2.
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(a) (b) 

Figure 2. Contact angle measurement sample: (a) Crumb rubber sample, (b) Basalt and lime-
stone blocks.

2.3. Construction of Models
2.3.1. Model of CR

In order to better study the physical, mechanical and rheological properties of asphalt,
Li et al. [36] proposed a 12-component model of asphalt, including 3 asphaltenes, 5 resins,
2 saturates and 2 aromatics. The matrix asphalt molecular model was constructed according
to the four-component ratio of asphalt obtained in the experiment (as shown in Table 2)
and the 12-component asphalt model. The molecular ratio of each component was listed in
Table 7.

Table 7. Ratio of matrix asphalt component model.

Components
Number of
Molecules

Mass Ratio
Simulated
Mass Ratio

Experimental
Mass Ratio

Asphaltene
AS-1 1 3.9%

9.5% 9.4%AS-2 1 2.5%
AS-3 1 3.1%

Resin

R-1 4 9.7%

36.7% 36.6%
R-2 3 7.3%
R-3 4 5.1%
R-4 3 7.3%
R-5 4 7.3%

Aromatic
Ar-1 8 15.8%

28.3% 28.8%Ar-2 7 12.5%

Saturate
S-1 6 12.7%

25.7% 25.2%S-2 7 13%

Representative molecular models of asphaltenes, aromatics, saturates and resins were
added according to the ratio calculated in Table 7 to construct the matrix asphalt molecular
group model, as shown in Figure 3.

The rubber components of waste tire rubber powder were mainly natural rubber,
butadiene rubber and styrene butadiene rubber. The main rubber components of radial
truck tires were natural rubber and styrene–butadiene rubber, and the mass ratio of natural
rubber to styrene–butadiene rubber was 7:3. Natural rubber was the homopolymer of
the natural rubber repeat unit, while styrene–butadiene was formed by the emulsion
polymerization of styrene and butadiene at low temperature. The content of each structural
unit is shown in Table 8 below.

The natural rubber was polymerized into a single natural rubber chain according to 15
repeating units, the styrene–butadiene rubber was polymerized into a single styrene–butadiene
rubber chain according to the content in Table 8, and then the structure and energy of the
single natural rubber chain and the single styrene–butadiene rubber chain were optimized
according to the ratio of 7:3. After optimization, the Amorphous Cell module was used
to construct the rubber powder molecular group model. The construction process of the
rubber powder molecular group model is shown in Figure 4.
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Figure 3. Matrix asphalt model composition.

Table 8. Content of styrene butadiene rubber polymer structure repeat unit (w%).

Styrene Trans 1-4 Butadiene Cis 1-4 Butadiene 1,2-Butadiene Others

23.5 58 5.5 12 1

Figure 4. Construction process of the crumb rubber molecular group model.

After the molecular model of asphalt and rubber powder was established, the molecu-
lar model of CR was constructed by combining the two molecular group models according
to a 20%mass ratio of rubber powder to asphalt, as shown in Figure 5.

106



Appl. Sci. 2022, 12, 6940

Figure 5. Composition of molecular CR model.

2.3.2. Model of Aggregate Mineral

Basalt was the most commonly used aggregate in engineering applications in Inner
Mongolia. Therefore, basalt was selected as the representative aggregate in this study,
and limestone was selected as the control group. The main mineral composition of basalt
was augite, and the main mineral composition of limestone was calcite. The crystal cells
were treated with supercell, and the crystal surface was cut along the direction of (0 0 1)
to form a two-dimensional supercell system. A 10 Å vacuum layer was established on
the surface of the supercell along the Z direction, which had a three-dimensional periodic
boundary condition. It was used as the representative molecular model of the aggregate.
The molecular model and information are listed in Table 9.

Table 9. The representative aggregate molecular models and information.

Mineral Type Cell Model Lattice Parameters Molecular Model

Augite a = 9.7 Å b = 8.9 Å c = 5.3 Å
α = 90◦ β = 106.8◦ γ = 90◦

Calcite a = 5.0 Å b = 5.0 Å c = 17.1 Å
α = 90◦ β = 90◦ γ = 120◦

Note: a, b and c are lattice lengths, α, β, γ are the lattice angles.

2.3.3. Interface Model of CR-Aggregate

The CR-aggregate interface model was constructed by attaching the asphalt layer
to the aggregate model, a 50 Å vacuum layer was established along the Z direction on
the asphalt layer and the aggregate model was fixed to eliminate the basement effect of
three-dimensional periodic boundary conditions. Water molecules were added between
the asphalt and aggregate interface to form the asphalt–aggregate interface model under
water immersion conditions. The asphalt–aggregate interface model is shown in Figure 6.
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(a) (b) 

  
(c) (d) 

Figure 6. (a) Interface model of CR–augite. (b) Interface model of CR–water–augite. (c) Interface
model of CR-calcite. (d) Interface model of CR–water–calcite.

3. Results and Analysis

3.1. SCB Test and Analysis
3.1.1. SCB Test

The loading equipment was a universal material testing (UTM) machine, and the
distance between the two fulcrum points at the bottom of the semicircular specimen was
80 mm. The two failure modes adopted different loading methods. Sinusoidal wave was
selected for the loading waveform of the medium-temperature fatigue failure test, and the
loading frequency was determined by simulating the actual road speed. Considering the
highway driving speed (60–120 km/h), when the driving speed was 60 km/h, the road
surface was unfavorable, and the corresponding frequency was 10 Hz. According to the
preliminary semi-circular bending (SCB) test, the failure load of the specimen with a pre-cut
slot was 2500 N and the selected stress ratio was 0.2, so the loading range was 50 to 500 N.
The test termination condition was that the specimen was completely fractured. In the
low-temperature fracture test, the specimens were subjected to vertical uniform load at
a loading rate of 1 mm/min. The test termination condition was that the specimen was
completely fractured. The loading conditions are shown in Table 10.
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Table 10. Loading conditions of SCB.

Temperature/◦C Control Mode Loading Mode

Medium-temperature
fatigue failure test 20 Stress control

Repeated load: 10 Hz
sine wave, loading range

50–500 N
Low-temperature

fracture test −10 Displacement control Uniform load: 1 mm/min

3.1.2. Digital Image Measurement System

The digital image measurement system consisted of two fixed light sources, image
acquisition equipment (two CCD cameras), calibration equipment, image processing equip-
ment, a loading system, etc. The basic principle of digital image correlation (DIC) tech-
nology is shown in Figure 7. Speckle images before and after the surface deformation
of the measured object were recorded by image acquisition equipment. The reference
subregion with displacement point (x, y) as the center and side length of (2 M + 1) × (2 M + 1)
was selected in the speckle images before deformation. By searching the speckle image
after deformation, the target subregion with the greatest correlation with the reference
subregion was found. The center point of the target subregion was defined as (x’, y’). The
horizontal and vertical displacement components u and v of the subregion before and after
deformation were obtained by the changes of the center points of the reference subregion
and the target subregion after deformation.

 

Figure 7. Displacement diagram before and after deformation.

3.1.3. Strain Energy and Interfacial Damage Factor

The horizontal strain density DE was the area enclosed under the Exx-t curve be-
fore the horizontal strain reached the maximum value (macrofracture), namely, the cu-
mulative value of horizontal strain of asphalt mixture from the beginning of loading
to the macrofracture. The higher the horizontal strain density DE value was, the better
the cracking resistance of the asphalt mixture was, and its function expression [37] was
as follows:

DE =

t0∫
0

Exx(t)dt (1)

where Exx (t) is a horizontal strain–time curve function; t0 is the time corresponding to the
maximum horizontal strain; and dt is the derivative of time.

The interfacial damage factor can represent the damage degree of the interface, thus
reflecting the aggregate–asphalt interface bonding strength. The greater the interface
damage factor DI was, the greater the damage degree of the aggregate–asphalt interface
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was and the weaker the interface bonding strength was. The interfacial damage factor was
defined as DI [38]:

DI = Exx/Exxmax (2)

where Exx max is the maximum value of Exx, that is, Exx at the time of specimen failure.
The medium-temperature fatigue fracture strain density DE was the loading time

obtained according to the loading times of repeated load, and the horizontal strain be-
fore the cumulative horizontal strain reached the maximum value (macrofracture) was
integrated with the loading time to obtain the area surrounded under the Exx-t curve,
that is, the cumulative value of horizontal strain of asphalt mixture from the beginning
of loading to the macrofracture. In the interfacial damage factor DI, Exxmax selected the
maximum horizontal strain before crack penetration. Taking Figure 8 as an example,
the variation curve of the horizontal strain of the medium-temperature fatigue fracture
with the loading time/times of repeated load under dry condition, the dark area in the
figure was the integral area of Exx to the loading time, that is, the horizontal strain energy
density DE. The peak value of the Exx curve in the figure was the maximum horizontal
strain Exxmax.

Figure 8. Variation curve of horizontal strain with loading time/times of repeated load.

3.1.4. Analysis of Influence of Moisture on Cracking Resistance of the CR Mixture

The cracking of the asphalt mixture was mainly characterized by low-temperature
fracture and medium-temperature fatigue cracking. Based on DIC technology, the strain
energy density (DE) and interfacial damage factor (DI) of the CR mixture before and after
immersion with different failure forms were analyzed, as shown in Figures 9–12.

Figure 9. DE of CR mixture before and after immersion under medium temperature fatigue failure.
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Figure 10. DI of CR mixture before and after immersion under medium temperature fatigue failure.

 
Figure 11. DE of CR mixture before and after immersion under low temperature fracture.

Figure 12. DI of CR mixture before and after immersion under low-temperature fracture.

It can be seen from Figures 9–12 that the DE of CR decreases after immersion, and the
DI occurs earlier than that of the dry environment. In addition, it can be seen that the DI
increases faster in the environment with water, indicating that the interface is easier to be
destroyed in the environment with water.

As a kind of viscoelastic–plastic composite material, the temperature and loading
mode have great significance to the performance of the asphalt mixture. By comparing
Figures 9 and 11, the strain energy density of the asphalt mixture at low temperature
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is significantly reduced by three orders of magnitude compared to that under repeated
medium-temperature load. This indicates that when the temperature is lower, the loading
time is shorter, the force is larger and the accumulated microstrain of the asphalt mixture
before fracture is smaller; that is, the specimen fracture occurs when there is no obvious
deformation. Although the strain energy density of the specimen decreases due to both
failure modes, it can be found that the strain energy density of the specimen after immersion
is 15.5% lower than that of the dry specimen under low-temperature fracture failure, and
the strain energy density of the specimen after immersion is 4.1% lower than that of the dry
specimen under medium temperature repeated load. Obviously, the damage from water is
more serious under the low-temperature fracture. This is due to the decrease in asphalt
adhesion caused by water immersion in the asphalt mixture, which makes the asphalt peel
off from the aggregate surface. Under the low-temperature condition, the temperature
stress generated in the asphalt layer exceeds the tensile strength of the asphalt mixture, and
cracks occur at the adhesion interface between the asphalt and the aggregate. Therefore,
the low-temperature condition intensifies the damage effect from water on the interface
between the asphalt and the aggregate.

Comparing Figures 10 and 12, it can be seen that the curve in Figure 10 shows that
the damage factor of repeated medium-temperature load increases gradually with time,
which can be divided into three stages. The first stage is the rapid growth stage, in which
Exx increases rapidly, but the duration is short. The specimen as a whole resists the applied
repeated load, but there is no cracking, and the strain increases rapidly, indicating that the
crumb rubber–asphalt mixture has a certain deformation resistance. The second stage is
the accelerated growth stage, in which Exx and the growth rate gradually increase until
reaching the peak value, which is caused by the gradual generation and full development
of cracks until they are penetrated. The third stage is the abrupt fluctuation decline stage.
In this stage, Exx drops suddenly after the peak value. Then, the fluctuation drops to
the lowest value because the specimen is completely cracked, and the horizontal strain
gradually decreases with the release of horizontal stress. However, in Figure 12, the peak
in the damage factor value of low-temperature fracture failure occurs suddenly. The
results show that the cracks of specimens under medium temperature repeated load are a
cumulative process from damage to micro-cracks and then to macro-cracks, while the cracks
in specimens under low-temperature fracture failure appear suddenly, and the damage
process is very short. The interfacial damage factors of the two failure modes reach the peak
value in advance after immersion, while the dry one lags behind. However, the change
in the interfacial damage factors of the two failure modes with time is also significantly
different. It is not difficult to find that the distance between the two peaks before and
after immersion under low-temperature fracture failure is greater than that before and
after immersion under repeated medium-temperature load, which is consistent with the
conclusion of the above-mentioned strain energy density. That is to say, the damage from
water is more serious under low-temperature fracture.

3.2. Contact Angle Measurement Test and Analysis
3.2.1. Contact Angle Measurement Test

According to material surface theory, surface free energy in a vacuum was the energy
that separated a solid or liquid to create a new interface. Gibbs free energy refers to
the difference between the initial and final free energy of a certain system, which was
represented by ΔG. According to Gibbs free energy, the asphalt–aggregate model in the dry
condition and the asphalt–water–aggregate adhesion-cracking model in the wet condition
were established, as shown in Figure 13.
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(a) (b) 

Figure 13. Schematic diagram of asphalt–aggregate adhesion-cracking model: (a) Dry condition;
(b) Wet Condition.

Fowkes et al. [39] assumed that the dispersion force between the liquid and solid
interface can be expressed by the geometric mean of the dispersion components of the free
energy on liquid and solid surfaces. On this basis, Owens et al. [40] further developed this
method to make it applicable to polar components. Adhesion work between asphalt and
aggregate is calculated as follows:
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where Was is the adhesion work between asphalt and aggregate under dry conditions
(mJ/m2); Wasw is the adhesion work between asphalt and aggregate under wet conditions
(mJ/m2); γW

a is the surface free energy between the asphalt and water interface (mJ/m2);
γw

s is the surface free energy between the aggregate and water interface (mJ/m2); γs
a is the

surface free energy between the asphalt–aggregate interface (mJ/m2); γd
w is the dispersion

component of the surface free energy of water (mJ/m2); γd
S is the dispersion component

of the surface free energy of aggregate (mJ/m2); γd
a is the dispersion component of the

surface free energy of asphalt (mJ/m2); γ+
S is the Lewis acid component of the surface free

energy of aggregate (mJ/m2); γ−
S is the Lewis basic component of the surface free energy

of aggregate (mJ/m2); γ+
a is the Lewis acid component of the surface free energy of asphalt

(mJ/m2); γ−
a is the Lewis basic component of the surface free energy of asphalt (mJ/m2);

γ+
w is the Lewis acid component of the surface free energy of water (mJ/m2); and γ−

w is the
Lewis basic component of the surface free energy of water (mJ/m2).

The water stability index W ′ [41] was defined, and its calculation is shown in
Equation (4). The larger W ′ was, the less the adhesion work of the material was affected by
water, and the better its surface adhesion ability was:

W ′ =
∣∣∣∣Wasw

Was

∣∣∣∣× 100% (4)

where W ′ is the water stability index; Was is the adhesion work between the asphalt and
aggregate under dry conditions (mJ/m2); and Wasw is the adhesion work between the
asphalt and aggregate under wet conditions (mJ/m2).

3.2.2. Analysis of the Contact Angle Measurement Results

The surface free energy parameters obtained through the contact angle measurement
test were listed in Table 11.

Table 11. Surface free energy parameters of different materials (mJ/m2).

γ γd γp γ+ γ−

CR 22.80 21.94 0.86 0.17 1.10
Basalt 32.39 24.64 6.75 1.08 10.56

Limestone 37.74 31.77 5.97 0.75 11.89
Distilled water 72.8 21.8 51.0 25.5 25.5

113



Appl. Sci. 2022, 12, 6940

The surface free energy parameters listed in Table 11 were substituted into Equation (3)
to obtain the adhesion work Was and Wasw between CR and basalt and limestone in dry and
wet conditions, respectively. The water stability indices of the adhesion work of different
aggregates and CR were further calculated, and the results are plotted in Figures 14 and 15.

Figure 14. Influence of water on adhesion work of CR.

Figure 15. Influence of different aggregates and CR on W ′.

It can be seen from Figure 14 that the wet surface reduces the adhesion work between
the aggregate and the CR. Although the adhesion work between the CR and the basalt
and limestone aggregates decreases, it is obvious that water has a greater impact on the
limestone. Under the wet condition, the adhesion work between the limestone and CR
decreases more than that between the basalt and CR on the wet surface. It can be seen from
Figure 15 that the W ′ between CR and basalt is greater than that between CR and limestone,
indicating that the adhesion between limestone and CR decays faster under wet conditions.
Although limestone has better adhesion with CR under dry conditions, limestone does not
have good water stability.

3.3. Molecular Dynamics Simulation and Analysis
3.3.1. Optimization and Calculation of Molecular Dynamics Model

After the construction of the molecular dynamics model, it is necessary to optimize
the model to ensure its accuracy, rationality and stability. (a) In order to eliminate the
unreasonable configurations generated in the process of molecular model construction, the
molecular model needed to be geometrically optimized first. The molecular model was
iterated 100,000 times under the Compass II force field. At this time, the molecular group
energy decreased and tended to be stable with the increase in the number of iterations. (b) In
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order to eliminate the unreasonable energy in the process of molecular model construction,
an annealing treatment was carried out on the geometrically optimized molecular model.
The NVE ensemble was selected at 300~500 K, and the number of steps was set to 50,000 for
annealing. (c) In order to make the molecular model achieve energy and volume stability,
the molecular model after annealing was optimized dynamically. The NVT ensemble was
set at 1500 K, one configuration was output every 1000 steps and the dynamics calculation
time was 100 ps. (d) At this time, the molecular model reached the stability of configuration,
energy and volume, and the dynamics calculation can be carried out. The NVT ensemble
was selected to set the temperature at 298 K, and one configuration was output every
1000 steps. The dynamics calculation time was 200 ps, and the dynamics calculation results
can be obtained.

3.3.2. Intermolecular Interaction Energy

In order to quantify the adhesion between the aggregate and the asphalt binder, the
interaction energy of the asphalt aggregate system was calculated. The interface interaction
energy represented the energy absorbed or released by the formation of a new interface
when the interface was separated. The interaction energy between terms A and B in system
(A − B) was calculated by Formula (5) [42]:

Einteraction = E(A − B) − (EA + EB) (5)

where Einteraction is the interaction energy between system A and system B; EA is the potential
energy of term A; EB is the potential energy of term B; and E(A − B) is the total potential
energy of system (A − B).

Considering the influence of the interface’s molecular weight on the adhesion energy
of the crystal model, the influence of the molecular weight difference of the crystal interface
model can be eliminated by converting the interface interaction energy into interface
interaction energy density. The interface interaction energy density is the energy required
or released per unit area during interface peeling. Because of the linear correlation between
the interaction energy density and the interaction energy, the interaction energy density
can also be used to evaluate the bonding degree of the interface. The interaction energy
density was calculated by Equation (6):

Eρ = Einteraction/A (6)

where Eρ is the interaction energy density; Einteraction is the interaction energy between
system A and system B; and A is the area of the model interface.

3.3.3. Analysis of Molecular Dynamics Results

It can be seen from Figure 16 that there are great differences in the interaction energy
between different aggregates and CR. It is obvious that limestone has a better interaction
relationship with CR, while basalt is worse. At the same time, it can be seen that the
addition of water reduces the interaction energy between aggregates and CR. In order to
eliminate the influence of contact area on the interaction energy between the aggregate
and the asphalt in the molecular model, the interaction energy per unit area between the
aggregate and CR in dry and wet conditions was further compared, as shown in Figure 17.
It can be seen from Figure 17 that the addition of water has a significant impact on the
interaction between aggregate and CR. By comparing the two aggregates, it can be found
that the interaction energy density between basalt and CR decreases by only 38.2% after the
addition of water, while the interaction energy density between limestone and CR decreases
by 64.5% after the addition of water. It can be seen that the interaction relationship of
basalt, as an aggregate mineral, decays more slowly after it is combined with CR. From
the perspective of interaction energy, the interaction performance between basalt and CR
is not as good as that of limestone, but the interaction energy density decreases less after
immersion, indicating that basalt has better adhesion to asphalt under the action of water,
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and it is an aggregate mineral with better resistance to water damage of asphalt mixture.
The reason why the performance of limestone is inferior to that of basalt in the presence of
water is that the main component of limestone is calcium carbonate, and a small part of it
will be hydrolyzed and ionized after encountering water, which destroys its original crystal
structure and destroys the interaction relationship between limestone and CR, so it shows
instability after encountering water. In addition, the combination of asphalt and aggregate
is mainly in the form of hydrogen bond. When water molecules appear at the interface
between asphalt and aggregate, the aggregate will be bonded with some water molecules in
the form of hydrogen bonds, thus reducing the binding ability between the asphalt and the
aggregate. The interaction between the asphalt and the aggregate is weakened. Limestone,
as a more polar molecule than basalt, is more likely to bond with water molecules, so its
interaction with asphalt decreases more dramatically in the presence of water.

Figure 16. Influence of water on the asphalt–aggregate interaction energy.

Figure 17. Influence of water on interaction energy density.

3.4. Multiscale Association Analysis

For the unified research object, observation and analysis at multiple scales can provide
basis and method at micro and molecular scales to solve the macroscopic performance
problem. The relationship between multiple scales is shown in Figure 18. The influence
indices of water at multiple scales on the interface of crumb rubber–asphalt mixture are
shown in Table 12.
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Figure 18. Multiscale association analysis.

Table 12. Multiscale indices of the influence of water.

Scales Indexes Unit Dry Wet

Molecular scale Basalt-Asphalt Eρ (kJ/mol/A2) 6.131 3.789
Limestone-Asphalt Eρ (kJ/mol/A2) 11.944 4.243

Micro scale Basalt-Asphalt W ′ (%) 100 93.49
Limestone-Asphalt W ′ (%) 100 87.02

Macro scale Medium temperature
fatigue failure DE

- 36.83254 35.3172

Low temperature
fracture DE

- 0.077 0.06505

Through molecular dynamics simulation calculation, it can be known that the interac-
tion energy and interaction energy density of the asphalt and aggregate at the molecular
scale decrease with water participation; the interaction energy density of basalt and CR
decreases by 38.2%, and the interaction energy density of limestone and CR decreases
by 64.5%. Due to the decrease in the interaction energy between CR and the aggregate,
the adhesion ability between the asphalt and the aggregate at the microscale decreases
obviously under the wet condition, the W ′ of basalt and CR decreases by 6.51%, and the
W ′ of limestone and CR decreases by 12.98%. Since the adhesion ability between the
crumb rubber asphalt and aggregate is an influencing factor on the crack resistance of the
crumb rubber–asphalt mixture, the decrease in adhesion ability between the asphalt and
aggregate at the microscale leads to the decrease in the crack resistance of the macro crumb
rubber–asphalt mixture. The DE of medium-temperature fatigue failure decreases by 4.11%,
and the DE of low-temperature fracture failure decreases by 15.52%. It can be seen from the
above that the influence of water on the interface between the crumb rubber–asphalt and
the aggregate is basically the same at the molecular scale, microscale and macroscale. The
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macrocracking of the asphalt mixture can further be analyzed for its internal mechanism
and changes caused at the micro and molecular scale, so as to provide a certain theoretical
basis for further improving the performance of asphalt mixtures. However, due to the
influence of the size effect, the correlations of the three scales need to be further studied.

4. Conclusions

The influence of water on the interface of the crumb rubber–asphalt mixture was
studied using the multiscale method. At the macroscale, the performance of the crumb
rubber–asphalt mixture before and after water immersion under the two failure modes of
medium-temperature fatigue failure and low-temperature fracture failure were analyzed.
At the microscale, the adhesion work and water stability index between crumb rubber
asphalt and basalt and limestone under dry and wet conditions were analyzed. A molecular
dynamics simulation was carried out on the molecular model of crumb rubber asphalt
and a representative molecular model of basalt and limestone at the molecular scale. The
interaction energy and interaction energy density between the asphalt model and the
mineral model were calculated and analyzed. The research conclusions are as follows:

(1) At macroscale, water damage is more serious under low-temperature fracture damage
than that of medium-temperature fatigue failure;

(2) At the microscale, the adhesion energy between the crumb rubber asphalt and ag-
gregate decreases under wet conditions, indicating that the participation of water
has a certain damage to the adhesion ability between the crumb rubber asphalt and
the aggregate;

(3) The adhesion ability between limestone and crumb rubber asphalt is more affected by
water than by basalt;

(4) The results of the molecular-scale simulation are consistent with those of the micro-
adhesion test and the macrofracture test, indicating that molecular simulation has
certain significance in simulating the adhesion ability of water to the interface.
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Abstract: Using an AMPT tester and based on laboratory tests, this paper performed a comparative
study on the dynamic characteristics of different asphalt mixtures, analyzed the influence of different
asphalt binders on the characteristic parameters of the dynamic modulus master curve and the phase
angle master curve of asphalt mixture, and expounds the evaluation function of the phase angle
master curve for mixture relaxation characteristics. The results show that the modulus master curve
parameters of the asphalt mixture are closely related to voids in the mineral aggregate, mixture
density, and asphalt content of the asphalt mixture. For the same kind of asphalt mixture, because the
gradation of mineral aggregate is fixed and the volume parameters are almost the same, the ultimate
modulus of the mixture at different temperatures is unique; when the temperature changes or the
asphalt changes, the shape parameter β of the modulus master curve changes regularly, which brings
different dynamic responses, and the lower β will show the characteristics of a higher modulus.
Asphalt is the source of the viscoelasticity of the asphalt mixture. Although the influence of particle
gradation of the mixture will bring about the change of modulus, the phase angle of the mixture
depends on the viscoelastic properties of asphalt, and the initial phase angle in the main curve is
positively correlated with asphalt penetration and negatively correlated with the softening point and
viscosity, while the peak phase angle A is negatively correlated with penetration, and the softening
point viscosity is positively correlated. The viscoelastic interval, represented by ω, is negatively
correlated with penetration but positively correlated with the softening point and viscosity. The peak
position, parameter ωc, of the phase angle master curve can evaluate the relaxation characteristics of
the mixture, and the crack resistance of different mixtures can be compared without complex model
calculation. In the comparison of the relaxation time of asphalt mixture, the relaxation time of foam
cold-recycled mixture is the largest, which is significantly higher than that of other forms of cement
mixture; the emulsified asphalt cold-recycled mixture is equivalent to AC20 and LSPM30 mixtures;
the SBS-modified asphalt mixture has the best relaxation characteristics.

Keywords: asphalt mixture; master curve; characteristic parameter; relaxation characteristics; cold
recycling; foamed asphalt; emulsified asphalt

1. Introduction

In the 1970s, the dynamic performance master curve was first used to study polymer
damping materials and was used as the main content of the product specification of damp-
ing materials [1]. The master curve contains the basic dynamic parameters of viscoelastic
materials, including dynamic modulus and phase angle, both of which express the material
properties as a whole, and the phase angle can better express the relaxation characteristics
of the material. Materials with the same dynamic modulus and different phase angles are
different materials [2,3]. However, in the research and application of master curves, it is
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not appropriate to pay more attention to dynamic modulus and ignore the study of phase
angle master curves.

At present, the dynamic performance of the asphalt mixture is also characterized by
the method of the master curve [4–6]. The actual state of the asphalt pavement under
dynamic load is complex, which can be regarded as the superposition of multiple sine
waves. The response of asphalt pavement materials to a single sine wave is the basic
dynamic property. Because asphalt pavement material is a viscoelastic system, its dynamic
modulus and phase angle parameters constitute the basis for understanding pavement
load response [7]. Generally speaking, the mechanical response of asphalt pavement is
closely related to driving speed; that is, the stiffness modulus is dependent on the loading
time, and the shorter the stress pulse time is, the greater the modulus of the asphalt mixture
is, which has the characteristics of high frequency and high elasticity [8–18]. However, the
current research pays more attention to the dynamic modulus of asphalt pavement and
does not perform an in-depth study on the phase angle, which is an important parameter
reflecting the viscoelastic structure. Based on laboratory tests, this paper studied the
dynamic response characteristics of different asphalt mixtures and discussed the influence
of the asphalt binder on the characteristic parameters of the dynamic modulus master curve
and phase angle master curve of the asphalt mixture. The evaluation functions of phase
angle master curve and mixture relaxation characteristics are expounded.

2. Acquisition of Dynamic Principal Curve

The asphalt mixture was tested by an AMPT performance tester, and the modulus
and phase angle at 20, 30, 40, and 50 ◦C under nine frequency conditions in the range of 0.1
to 25 Hz were obtained, and the modulus and phase angle at different temperatures were
transformed into master curves at the same reference temperature by using the principle
of time–temperature equivalence. Based on the existing research, the Sigmoid model was
used to fit the dynamic modulus master curve, and the improved Gauss model was used
to fit the phase angle master curve [9,19].

(1) Dynamic modulus master curve
The Sigmoid model of the modulus master curve is shown in Equation (1).

lg(E∗) = E0 +
α

1 + eβ+γ(lgωr)
(1)

Among them, E* is the dynamic modulus, ωr is the load frequency at the reference
temperature, E0 represents the minimum value of dynamic modulus, E0 + α represents
the maximum value of dynamic modulus, and β and γ are the shape parameters of the
model curve.

(2) Phase angle master curve
The phase angle master curve was fitted according to the improved Gauss model with

the same displacement factor as the modulus principal curve. The Gauss model is shown
in Equation (2).

δ = δ0 + Ae
(lgωr−ωc)2

2ω2 (2)

In the formula, δ is the phase angle, ωr is the frequency at the reference temperature, ωc
is the frequency corresponding to the peak of the phase angle, and δ0, A is the eigenvalues
of the master curves.

Figure 1 shows the master curve of the AC-20 type mixture. Among them, the modulus
master curve in Figure 1A shows a smooth S-shaped curve, which reflects the mechanical
properties of the full frequency range. The asphalt mixture has the characteristics of high
frequency and high elasticity, and the dynamic modulus increases and tends to have a
stable value at high frequency; under the condition of low frequency, the dynamic modulus
decreases and tends to a minimum.
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(A) (B) 

Figure 1. Example of master curves of the asphalt mixture. (A) Dynamic modulus master curve,
(B) Phase angle master curve.

Figure 1B is the phase angle master curve. It can be seen that parameter δ0 represents
the initial phase angle, parameter A represents the variation amplitude of the phase angle,
parameter ω represents the full width at half maxima (FWHM) of the phase angle curve, and
ωc represents the position of the phase peak. According to the theory of polymer physics,
the FWHM parameter of the phase angle master curve covers more of the viscoelastic state
of the material, the left range tends to the rubber state, and the right range tends to the
glass state [10,20,21]. In this paper, the division between the amplitude of phase angle
A and FWHM (A/ω) is used to represent the significant degree of viscoelasticity of the
material; the higher the A/ω value, the greater the sensitivity of the material to frequency,
and vice versa.

3. Characteristic Parameters of Master Curves

Taking the same hot-mix asphalt mixture AC-20 as the research object, three kinds of
asphalt mixtures were prepared according to different petroleum asphalts. The volume
index of the mixture is shown in Table 1. The dynamic modulus and phase angle of the
mixture were obtained on the AMPT tester, and the main curve was drawn by model fitting
according to Equations (1) and (2). The characteristic parameters of the main curve are
shown in Table 2, and the master curves are shown in Figure 2.

Table 1. Asphalt and asphalt mixture indexes.

Mixture Type ZH50-AC20 ZH70-AC20 ZH90-AC20

Penetration grade 50 70 90
Asphalt content (Pb) % 4.3 4.4 4.3

Mixture density (γf) g/cm3 2.42436 2.42498 2.4296
Mixture void percent (Vv) % 4.59 4.42 4.4

Aggregate void ratio (VMA) % 14.15 14.1 14.4
Asphalt saturation (VFA) % 67.32 68.54 68.47
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Table 2. Master curve parameters for three asphalt mixtures.

Type
Tempe-

rature, ◦C

Fitting Parameters for E* Master Curve Fitting Parameters for δ Master Curve

E0 α β γ R2 δ0 A ωc ω R2

ZH50-AC20

20

1.4522 2.844

−1.537

−0.664 0.997 4.436 29.961

−2.084

2.893 0.989
30 −0.743 −0.889
40 −0.046 0.161
50 0.561 1.074

ZH70-AC20

20

1.4926 2.7866

−1.339

−0.694 0.995 15.259 19.253

−1.607

2.063 0.990
30 −0.607 −0.551
40 0.149 0.536
50 0.924 1.654

ZH90-AC20

20

1.3762 2.9551

−0.998

−0.627 0.996 18.223 16.309

−1.216

2.025 0.987
30 −0.461 −0.364
40 0.156 0.624
50 0.846 1.725

 

 
(A) (B) 

Figure 2. Master curves of three kinds of asphalt mixtures. (A) Dynamic modulus master curve,
(B) Phase angle master curve.

3.1. Modulus Master Curve Parameters

Figure 2A shows that the modulus master curve of the asphalt mixture tends to a stable
modulus value—the minimum modulus value (10E0 ) and the maximum modulus value
(10E0+α) under the condition of extremely low frequency and extremely high frequency.
This shows that the dynamic modulus of the asphalt mixture at very low frequency (or
high temperature) and very high frequency (low temperature) is not affected by load
frequency and only shows obvious frequency sensitivity in the general range of 1 × 10−5 to
1 × 105 Hz. According to the related research, the ultimate modulus of the asphalt mixture
is only related to the mixture gradation, which depends on the mixture volume parameters
and presents uniqueness [9,11]. Due to the use of the same gradation, the volume indexes
of the three kinds of asphalt mixtures are almost the same. The ultimate modulus is also
close to each other, and the difference is small. The parameters α and γ of the principal
curve of modulus are also stable.

The linear correlation analysis was carried out by using the master curve parameters
of three kinds of mixture modulus (E0, α, γ) and the volume index of the mixture. Figure 3
shows that the correlation coefficients of the aggregate void ratio (VMA), mixture density
(γf), and asphalt content (Pb%) are the highest, while the effects of the asphalt saturation
(VFA) and void percentage (Vv%) are not significant.
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Figure 3. Correlation between the modulus master curve parameters and mixture volume indexes.

However, the parameter β of the master curve increases monotonously with the
increase of the reference temperature and presents the linear relationship shown in Figure 4.
This phenomenon is related to the shift factor of the principal curve and is essentially related
to the temperature sensitivity of asphalt. A good power-law relationship can be established
by using the principal curve parameter β at 20, 30, 40, and 50 ◦C and the complex modulus
(G*) of asphalt at the same temperature (test conditions: stress 100 Pa, frequency 5 rad/s).
Figure 5 shows that the shape parameter β of the main curve of mixture modulus decreases
with the increase of complex modulus G* of asphalt (when the temperature decreases or
the asphalt hardens). Under the same gradation condition, a low β value is more likely to
lead to a higher modulus. In the range of 10−5 to 105 Hz, the modulus of mixture made
by penetration grade 50 asphalt is slightly higher than that of penetration grade 70 and
grade 90 asphalt. Relative to the influence of modulus brought by gradation, the influence
of asphalt is weak.

 

Figure 4. Relationship between shape parameter β and temperature.
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Figure 5. Relationship between asphalt modulus and shape parameter β.

It can be said that for the same kind of asphalt mixture, due to the fixed gradation
of mineral aggregate and little difference in volume parameters, the ultimate modulus
of the mixture at different temperatures is unique; when the temperature changes or the
asphalt changes, the shape parameter β of the modulus master curve changes regularly,
which brings different dynamic responses, and the lower β will show the characteristics of
higher modulus.

3.2. Phase Angle Master Curve Parameters
3.2.1. δ0, A, and ω

In the same mixture, different asphalt will create a difference in the viscoelasticity of
the mixture, which is mainly reflected in the change of the master curve parameters of
the phase angle. Table 1 and Figure 2B show that the phase angle master curve parameter
δ0 increases significantly with the increase of asphalt penetration grade, and the height
parameter A of the master curve decreases with the increase of asphalt penetration grade.
The half-width parameter ω decreases with the increase of asphalt penetration grade. This
shows that different asphalt brings different viscoelastic characteristics to the same mixture;
the viscous component of high-grade asphalt is large, so the viscous component of asphalt
mixture is also high, resulting in a higher initial phase angle (δ0), which brings a narrower
phase angle change range (A value) and a narrow viscoelastic response frequency range,
which is reflected in the reduction of FWHM value (ω).

Figure 6 shows the correlation analysis between the phase angle curve parameters
and the asphalt indexes. The master curve of the phase angle of the mixture is closely
related to the asphalt properties. The initial phase angle (δ0) is positively correlated with
penetration and negatively correlated with softening point and viscosity; phase angle
height A is negatively correlated with penetration; softening point viscosity is positively
correlated; and the viscoelastic interval, represented by FWHM (ω), is negatively correlated
with penetration, but positively correlated with softening point and viscosity. It can be
considered that asphalt is the source of the viscoelasticity of the asphalt mixture. Although
the influence of particle gradation of the mixture will bring about the change of the modulus,
the phase angle of mixture depends on the viscoelastic properties of asphalt, which is
consistent with the previous studies; that is, there is a good sinusoidal relationship between
the phase angle of asphalt and the asphalt mixture [11,22–24]. Moreover, the phase angles of
different asphalt mixtures from previous studies, stone mastic asphalt (SMA-13), large-stone
porous asphalt mixture (LSPM-25), F fine asphalt mixture AC-13F, and asphalt mixture
AC-25, are shown in Figure 7.
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Figure 6. Correlation between master curve parameters of phase angle and asphalt indexes.

Figure 7. Phase angle relationship between asphalt and mixture.

3.2.2. Phase Angle Peak Position Parameter-ωc

ωc is a parameter that varies with temperature. Figure 8 shows that the ωc value
of the phase angle master curve moves to the high-frequency position with the increase
of temperature, which shows that the viscoelasticity of the asphalt mixture changes with
temperature, which has nothing to do with aggregate but is only caused by the temperature
sensitivity of asphalt. Figure 9 shows the relationship between ωc and the phase angle of
the asphalt binder at the same temperature, with R2 greater than 95%, which is sufficient to
illustrate this temperature sensitivity issue.
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Figure 8. Relationship between ωc and temperature.

Figure 9. Relationship between ωc and asphalt phase angle.

In the theory of polymer physics, the ωc position is related to the relaxation character-
istics of polymer materials, which is defined as the relaxation peak [10]. Its significance is
to characterize the response ability of the viscoelasticity of materials under external action.
Only when the load time (t) is close to the material relaxation time (τ), that is, the action
frequency (ωr) is the same as the reciprocal of the relaxation time (τ−1) (ωr = τ−1), is the
energy consumption of the material the highest, which reflects the peak value of the phase
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angle or loss angle tangent; when the frequency is high, the action time of external force is
short, and the viscous pot effect of the material is too late to respond, reflecting the elastic
characteristics and glass state. When the frequency is low, the action time of the external
force is long, the spring effect of the material is completely restored, which shows the full
sticky pot effect, and the material shows more viscous characteristics and a rubber state.

Because the asphalt mixture will not appear with absolute flow behavior, there will
not be multiple relaxation characteristic peaks like polymer materials, and there is only
one phase angle peak or loss angle tangent peak. Therefore, at a certain temperature, the
peak position of the phase angle of the asphalt mixture can be used as a reflection of its
relaxation ability, which is also important information given by the phase angle master
curves, which is often ignored by researchers. According to the peak position of the phase
angle master curve, the relaxation time and ability of the mixture at a certain temperature
can be calculated and investigated according to the relationship ω = τ−1. The relaxation
times of three kinds of asphalt mixtures at different temperatures are shown in Table 3.

Table 3. Peak position of phase angle and relaxation time.

Mixture Type Temperature, ◦C ωc 10ωc, Hz τ, s

ZH50-AC20

20 −2.084 0.008 121.34
30 −0.889 0.129 7.74
40 0.161 1.449 0.69
50 1.074 11.858 0.08

ZH70-AC20

20 −1.607 0.025 40.46
30 −0.551 0.281 3.56
40 0.536 3.436 0.29
50 1.654 45.082 0.02

ZH90-AC20

20 −1.216 0.061 16.44
30 −0.364 0.433 2.31
40 0.624 4.207 0.24
50 1.725 53.088 0.02

Figure 10 shows the relationship between relaxation time and temperature. It shows
that in the range of 20 to 50 ◦C, the higher the temperature is, the smaller the relaxation
time of the asphalt mixture is, and it shows an exponential attenuation relationship. For
penetration grading 50 asphalt, the relaxation time of AC20 asphalt mixture is 121.3 s at
20 ◦C, but it can be reduced to 0.08 s at 50 ◦C. This explains the reason for the cracking
disease caused by the stress concentration of the asphalt mixture under the condition
of low temperatures. In addition, for the same kind of asphalt mixture, the high-grade
asphalt has less relaxation time; for example, at 20 ◦C, the relaxation times of grades
50, 70, and 90 asphalt mixtures are 121.3, 40.5, and 16.4 s, respectively. This shows that
high-grade asphalt is helpful for improving the cracking resistance of the mixture. At
the same time, the relaxation time is of great significance to the characterization of crack
resistance of the asphalt mixture. Under the condition of low temperatures, cooling will
bring greater temperature stress; if the relaxation time of the asphalt mixture is short, it
can relax most of the temperature stress and greatly reduce the possibility of pavement
cracking. This is consistent with the conclusion of the existing study using the relaxation
time spectrum [12,13].
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τ

Figure 10. Relationship between relaxation time (τ) and temperature.

4. Master Curves of Different Asphalt Mixture

Table 4 shows the material types and volume indexes of several kinds of asphalt
mixtures. The data of the dynamic modulus and phase angle were obtained on an AMPT
tester. The master curve parameters were analyzed by Equations (1) and (2), and the main
curve diagram of the mixture at 40 ◦C was drawn.

Table 4. Material types and volume indices of several asphalt mixtures.

Code Asphalt Type Mixture Type Pb, % Vv, % VMA, % VFA, %

ZH50-AC20 Pen-grade 50 HMA, AC20 4.3 4.6 14.2 67.32
ZH70-AC20 Pen-grade 70 HMA, AC20 4.4 4.4 14.1 68.54
ZH90-AC20 Pen-grade 90 HMA, AC20 4.3 4.4 14.4 68.47

SBS-SMA13 SBS modified
asphalt HMA, SMA13 6 4.2 17.1 75.6

MAC-AC20 MAC modified
asphalt HMA, AC20 4.4 4.3 13.4 68.3

ZH70-AC-25 Pen-grade 70 HMA, AC25 4.1 4.1 12.6 68

MAC-LSPM30 MAC modified
asphalt HMA, LSPM30 3.2 15.2 23.5 /

SBS-AC13 SBS modified
asphalt HMA, AC13 6.2 2.4 15.2 82.9

E-CRM Emulsified asphalt Cold recycling 3.5 (plus 1.5%cement) 10.2 / /
F-CRM1 Formed asphalt Cold recycling 3 (plus 1.5%cement) 11.5 / /
F-CRM2 Formed asphalt Cold recycling 3 (plus 1.5%cement) 12.0 / /

(1) Figure 11A shows the modulus master curve of the asphalt mixtures. Due to the
difference in aggregate gradation, asphalt content, and volume index of asphalt mixtures,
the difference in the dynamic modulus is obvious; due to the different form and properties
of the asphalt binder, the shape of the modulus master curve is obviously different, and
the shape parameters (β) are also different. Figure 12 shows that grade 50, grade 70, and
grade 90 petroleum asphalt is obviously different from SBS and MAC-modified asphalt,
and the modulus is more sensitive to frequency. At the same time, it is also different from
the binder form of emulsified asphalt (containing cement) and foamed asphalt (containing
cement). The existence of emulsified asphalt and foamed asphalt combined with cement can
improve the low-frequency ultimate modulus of the mixture. The dynamic characteristics
of different asphalt mixtures are determined by the factors of mixture and binder.
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(A) (B) 

Figure 11. Comparison of master curves of different asphalt mixtures. (A) Dynamic modulus master
curve, (B) Phase angle master curve.

Figure 12. Comparison of shape parameters (β) of modulus master curves.

(2) Figure 11B shows the phase angle master curve of the mixture. Table 5 shows the
phase angle master curve parameters. Due to the different forms and properties of the
binder, the phase angle master curve of the mixture is obviously different. Among them,
the change range of phase angle (A) of foam cold-recycled asphalt mixture is much smaller
than that of other asphalt mixtures and emulsified asphalt mixtures. Figure 13 shows
that its A/ω value is the smallest, reflecting the weakest viscoelastic characteristics, and
tends to be rigid, which is related to the cement cementitious state and the non-continuous
distribution of foamed asphalt on the aggregate surface. Although the cold-recycled
mixture of emulsified asphalt has a lower initial phase angle (δ0), it shows more significant
viscoelasticity and the variation range of FWHM (ω) and phase angle height (A) is larger
than that of foamed asphalt. This is related to the continuous distribution of emulsified
asphalt among aggregate particles, shown in Figure 14. For the binder of the hot-mix asphalt
mixture, SBS-modified asphalt mixture SBS-AC13 has the best viscoelastic performance,
and its A/ω ratio is the highest.
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Table 5. Fitting parameters of phase angle master curves.

Mixture Type δ0, ◦ A, ◦ ωc, Hz ω, Hz A/ω

F-CRM-2 1.53 17.94 0.08 1233.81 0.01
F-CRM-1 4.29 12.92 0.10 800.49 0.02

MAC-AC20 5.35 22.63 0.57 303.40 0.07
ZH50-AC20 4.44 29.96 1.45 781.38 0.04

E-CRM 1.20 31.10 1.53 432.83 0.07
MAC-LSPM30 5.64 19.05 1.86 259.68 0.07

SBS-SMA13 6.16 22.34 3.37 187.31 0.12
ZH70-AC20 15.26 19.25 3.44 115.51 0.17
ZH70-AC25 5.70 26.40 3.92 148.42 0.18
ZH90-AC20 18.22 16.31 4.21 105.94 0.15
SBS-AC13 8.62 23.98 8.96 56.52 0.42

δ
°

ω

Figure 13. Comparison of master curve parameters (A/ω, δ0) of phase angle.

 
(A) (B) 

Figure 14. Cold recycling asphalt mixture (A) Emulsified asphalt cold recycling, (B) Foam
cold recycling.

(3) Due to the different phase compositions and viscoelasticities of different asphalt
mixtures, they reflect different stress relaxation behavior and relaxation times under specific
temperatures and alternating stress environments. According to the phase angle master
curve parameter ωc, the relaxation time of different mixtures can be calculated according
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to the same calculation method in Table 2. Figure 15 shows the comparison of relaxation
time of different asphalt mixtures. Among them, the relaxation time of foam cold-recycled
mixture is the longest, which is significantly higher than that of other forms of asphalt
mixture; the relaxation time of E-CRM cold-recycled mixture is similar to that of AC20 and
LSPM30 mixtures; SBS-modified asphalt mixture SBS-AC13 has the best relaxation char-
acteristics. In the current cold-recycling technology for a flexible base, it can be predicted
that foam cold-recycling cannot achieve the effect of the LSPM30 mixture, but emulsified
asphalt cold-recycling can.

ω
Η

Ζ

τ

τ

Figure 15. Comparison of relaxation time of different asphalt mixtures.

In this sense, the peak position parameter ωc of the phase angle master curve can
evaluate the relaxation characteristics of the mixture.

5. Conclusions

(1) The modulus master curve parameters (E0, α, γ) of asphalt mixtures are closely related
to the mineral voidage (VMA), mixture density (γf), and asphalt content (Pb%) of
the asphalt mixture. For the same kind of asphalt mixture, because the gradation
of mineral aggregate is fixed, the volume parameters are almost the same, and the
ultimate modulus of the mixture at different temperatures is unique. When the
temperature changes or the asphalt changes, the shape parameter β of the modulus
master curve changes regularly, which brings different dynamic responses, and the
lower β will show higher modulus characteristics.

(2) Asphalt is the source of the viscoelasticity of the asphalt mixture. Although the
influence of particle gradation of the mixture will bring about the change of modulus,
the phase angle of the mixture depends on the viscoelastic properties of the asphalt.
The initial phase angle (δ0) in the main curve is positively correlated with asphalt
penetration and negatively correlated with softening point and viscosity, the peak
height A is negatively correlated with penetration and softening point viscosity, and
the viscoelastic interval represented by FWHM (ω) is negatively correlated with
penetration, but positively correlated with the softening point and viscosity.

(3) The peak position parameter ωc of the phase angle master curve can evaluate the
relaxation characteristics of the mixture and avoid the complex process of model
calculation. In the comparison of the relaxation time of the asphalt mixture, the
relaxation time of the foam cold-recycled mixture is the largest, which is significantly
higher than that of other forms of asphalt mixture; emulsified asphalt cold-recycled
mixture is equivalent to AC20 and LSPM30 mixtures; SBS-modified asphalt mixture
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has the best relaxation characteristics; different relaxation times indicate different crack
resistance, the longer the relaxation time, the worse the crack resistance. However,
less relaxation time (less viscosity) leads to a large viscous flow in a very short time,
creating a large rutting, which is one of the most serious issues in asphalt pavement
on heavy-duty roadways.
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Abstract: Porous asphalt mixture can be used as a road surface paving material with the remarkable
advantage to prevent water accumulation and ponding. However, the performance of porous asphalt
mixture in low temperature environment has not been thoroughly investigated, and this forms
the subject of research in the present study. The mineral aggregate gradation of porous asphalt
mixture was designed based on Bailey method, and the low temperature performance of porous
asphalt mixture was studied by means of the low temperature bending test. The factors affecting
the low temperature performance of porous asphalt mixture were analyzed through the orthogonal
experimental design method, and the effects of porosity, modifier content, aging condition, and test
temperature on the low temperature performance of porous asphalt mixture were evaluated. The
results showed that the modifier content was the most important factor affecting the low temperature
performance of porous asphalt mixture, followed by the test temperature, while the porosity and
the aging condition were the least. Among the three performance evaluation indicators, namely the
flexural tensile strength, maximum bending strain, and bending stiffness modulus, the maximum
bending strain had the highest sensitivity to the porosity. It can be seen from the single factor influence
test of porosity that there existed an approximately linear relationship between the maximum bending
strain and the porosity of porous asphalt mixture, and the maximum bending strain decreased with
increasing porosity. Furthermore, in order to ensure the good working performance of porous asphalt
mixture in low temperature environment, the porosity should also satisfy the required limits of the
maximum bending strain.

Keywords: pavement; porous asphalt mixture; low temperature performance; orthogonal experi-
mental design; porosity

1. Introduction

The existence of water film on road surface in rainy weather affects the effective
contact between the tire of vehicle and the road surface. When the water film on road
surface reaches a certain thickness, the braking distance of the vehicle will increase, and
skid resistance of tires will decrease. These might cause drift of the vehicle and possibly
endanger road-users’ safety. Moreover, problems such as splashing water, water mist, and
night glare caused by the discharge of water from road surface also adversely affect driving
safety. The porous asphalt pavement is a surface layer paved with open-grade asphalt
with interconnected gaps, and an impervious bonding layer is constructed underneath the
surface layer [1]. In rainy weather, the rainwater infiltrates downwards through the porous
surface layer, arrives at the surface of the impervious layer and then drains from the side
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along the edge of the pavement [2]. Moreover, due to the macro-texture of the surface, a
higher skid resistance can be obtained for porous asphalt mixture when compared to other
surface layer materials [3]. Therefore, the use of porous asphalt pavement is a method to
effectively prevent the accumulation and ponding of water on road surface [4,5], which
has been conceived and adopted in numerous countries including France, Germany, Spain,
United Kingdom, New Zealand, Japan and the United States [6–12].

Porous asphalt is a composite material comprising of mineral materials, binders and
additives. From pavement engineering viewpoint, the selection of raw materials is the key
to determine the pavement properties of porous asphalt mixture [13,14]. In the process
of mix proportioning, the identification of design objectives is of prime importance [15].
To determine the best combination of aggregate and binder so as to achieve good overall
performance of the asphalt pavement, the mix proportion design of asphalt mixture must be
engineered, which includes the identification of design objectives, the control of gradation
and the determination of binder content [16,17]. Adjusting the design goals according to
the application requirements is the prerequisite for ensuring the durability and economy
of the pavement structure. Due to the diversity of design goals, there is no established
universal specification for the mix proportion design, and different design methods for
porous asphalt mixtures have been proposed for different design goals. Currently, many
researchers have studied the mix proportion design of porous asphalt. Jiang [18] and
Xing [19] studied the relationship between porosity and passing rates of series of sieve
apertures through laboratory tests, and improved the mix proportions design method
of porous asphalt. Zhang [20] applied the Bailey method to the mix proportion design
of porous asphalt, and proposed the concept of “reserved porosity” to determine the
target porosity. Luo et al. [21] proposed a new open-graded porous asphalt mixture that
used epoxy asphalt as the binder to improve the pavement durability, and the results
showed superior overall performance of the epoxy modified open-graded porous asphalt
mix compared to conventional open-graded porous asphalt mixes. Qian and Lu [22]
conducted an experimental study and performance evaluation of small particle porous
epoxy asphalt mixture, and the mixture was designed with the aid of a binder drainage test
and a raveling test. They found that the proposed porous epoxy asphalt mixture had good
mechanical properties while retaining satisfactory frictional resistance and permeability.
Xiao and Zhang [23] applied the Coarse Aggregate Void Filling (CAVF) method to the mix
proportions design of porous asphalt, and proposed the method to determine the optimum
compaction temperature of porous asphalt mixture.

Although the porous asphalt has many advantages, there are also some drawbacks in
its application. The low temperature cracking problem of asphalt pavement is reported
to be prominent in some cold regions [24–27]. Survey results showed that more than one
third of the damages of porous asphalt in cold regions were attributed to its inferior low
temperature cracking resistance performance [28]. Asphalt mixture has the characteristics
of stress relaxation. When the ambient temperature decreases slowly, the tensile stresses in
asphalt mixture caused by temperature drop that accumulate gradually with time would
be relieved by relaxation and would not reach the ultimate tensile stress level to cause
cracking. On the other hand, the thermal contraction cracks of asphalt mixture often
occur in extreme weather where the temperature descends rapidly, such as that caused
by an acute cold current or cold wave. In such weather condition, the tensile stresses
induced in asphalt mixture accumulate at a faster rate than the relaxation, so that cracks
would appear when the ultimate tensile stress level is attained. It should be noted that for
porous asphalt pavement in cold regions, in addition to the cracks caused by the ambient
temperature reduction, the fluctuation of ambient temperature around the freezing point
will cause the water trapped inside internal voids to undergo freeze and thaw and induce
damages [29–31].

Porous asphalt pavement is more susceptible to freeze-thaw cycles in winter compared
to ordinary dense gradation asphalt pavement [32]. Therefore, porous asphalt pavement
used in cold regions should be designed to have excellent low temperature performance.
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At present, research on porous asphalt has focused on various aspects including moisture
susceptibility [2,22], fatigue resistance and healing effect [33], material optimization [34–36],
filtration characteristics [37], rutting resistance [22,38], ravelling resistance [39], and noise
reduction characteristics upon siltation [40]. However, research on low temperature perfor-
mance of porous asphalt mixture is relatively in lack [41]. Fortier and Vinson [42] studied
the relationship between low temperature cracking and aging performance of asphalt mix-
ture and highlighted the importance of the appropriate use of modifier. Cheng et al. [43]
found that the incorporation of ethylene bis stearic acid amide (EBS) and stearic acid amide
(SA) could improve the low temperature deformability, reduce the failure stiffness modulus,
and improve the low temperature crack resistance of warm-mixed porous asphalt mixture.
Liu et al. [44] explored the feasibility of the application of porous asphalt mixture with
steel slag for seasonal frozen regions, and ascertained the optimal replacement percentage
of natural aggregate. In their test, steel slag coarse aggregate was used to replace basalt
coarse aggregate at four levels (25%, 50%, 75%, 100%) by equal volume, and the results
indicated that the low temperature cracking resistance of the mixture was significantly
enhanced and acoustic emission energy was uniformly released by the incorporation of
steel slag. Ma et al. [45] analyzed the effect of aging on the low temperature performance
of porous asphalt mixture through the Thermal Stress Restrained Specimen Test (TSRST),
and the results showed that the low temperature performance of porous asphalt mixture
decreased after aging, while it was not much different from that of dense graded asphalt
mixture. However, other factors such as porosity, modifier content, and test temperature
also had effects on the low temperature performance of porous asphalt mixture. From
literature review, the effects of these factors had not been adequately investigated, thus
further research is needed.

In this paper, the low temperature performance of porous asphalt mixture is stud-
ied by means of the low temperature bending test. The mineral aggregate gradation of
porous asphalt mixture is designed based on Bailey method [46,47], and the effects of
porosity, modifier content, aging condition, and test temperature on the low temperature
performance of porous asphalt mixture are assessed through orthogonal experimental
design. The works have enabled the development of porous asphalt mixture with desirable
engineering properties and resistance to low temperature.

The porous asphalt mixture developed in this research has been successfully applied to
the viaduct bridge pavement of Liangdang County to Hui County section of G316 National
Expressway in China. G316 National Expressway is a major highway from southeast
part to northwest part of China, connecting Fuzhou City in Fujian Province and Lanzhou
City in Gansu Province. The total length of the expressway is 2915 km. The section from
Liangdang County to Hui County is located in Gansu Province in northern part of China
and has a length of 53.4 km. Its major construction works took place from year 2016 to 2018.
The porous asphalt surface layer has a thickness of 40 mm and has been testified to have
good drainage performance as well as good overall performance in the cold environment
of northern China.

2. Low Temperature Performance Test

The commonly used low temperature performance test methods include indirect
tensile test, thermal stress restrained specimen test [24], low temperature bending test, creep
test, and shrinkage coefficient test. Gong [48] conducted a comprehensive comparative
analysis of the commonly used low temperature performance test methods from the aspects
of test accuracy and reliability, correlation between test objective and low temperature
performance, test practicality and operability, and found that indirect tensile test and
low temperature bending test were better test methods for evaluating low temperature
performance of porous asphalt mixture. In this paper, low temperature bending test was
used for studying the low temperature performance of porous asphalt mixture.
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2.1. Raw Materials

The aggregate included S10, S12 and S16 diabase gravel produced in Heyuan, Guang-
dong Province of China. S10 and S12 were coarse aggregates with a maximum size of
13.2 mm and S16 was fine aggregates. The filler was limestone powder, and the asphalt
used in the test was 70# matrix asphalt initially developed in a refinery laboratory in
Nanjing City of China (the notion 70# refers to a needle penetration range of 70 ± 10 at
25 ◦C in 5 s using a 100 g needle). The modifier was SINOTPS modifier manufactured by
Shenzhen Oceanpower New Material Technology Company (Opmaterial) Ltd., China. It
was a high-viscosity modifier and was a proprietary mixture of thermoplastic elastomer,
thermoplastic resin, rubber-type polymers, and additives. Figure 1 depicts the SINOTPS
modifier. The mean particle size of the SINOTPS modifier was 2.5 mm.

 

Figure 1. SINOTPS modifier.

The specifications and technical indicators of coarse aggregate are respectively sum-
marized in Tables 1 and 2, and the specifications and technical indicators of fine aggregate
are respectively tabulated in Tables 3 and 4. According to the test method described in
Chinese Standard JTG E20-2011 [49], screening tests for aggregate and limestone powder
were conducted. Figure 2 illustrates the test process, and the results are listed in Table 5.
The technical requirements of limestone powder and the corresponding test results are
given in Table 6.

Table 1. Specifications of coarse aggregate.

Designation
Nominal Size
Range (mm)

Percentage Passing through the Following
Sieve Apertures (%)

19.0 mm 13.2 mm 9.5 mm 4.75 mm 2.36 mm

S10 10~15 100 90~100 0~15 0~5 —
S12 5~10 — 100 90~100 0~15 0~5

 

Figure 2. Aggregate and limestone powder screening.
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Table 2. Test results of technical indicators of coarse aggregate.

Test Item Unit
Test Result

5~10 mm 10~15 mm

Crushed value % 6.8
Los Angeles abrasion loss % 9.7
Apparent relative density — 2.930 2.962

Water absorption % 0.74 1.11
Soundness (mass loss with sodium

sulfate) % 5.2

Needle flake granule content % 10.2 8.5
Silt content (<0.075 mm particle

content by water washing method) % 0.5 0.9

Soft mineral content % 1.3 0.7
Polished stone value — 45
Adhesion to asphalt — 5

Note: Tests were carried out according to Chinese Standard JTG E20-2011 [49].

Table 3. Specifications of fine aggregate.

Designation
Nominal Size
Range (mm)

Percentage Passing through the Following
Sieve Apertures (%)

4.75
mm

2.36
mm

1.18
mm

0.6
mm

0.3
mm

0.15
mm

0.075
mm

S16 0~3 100 80~100 50~80 25~60 8~45 0~25 0~15

Table 4. Technical indicator requirements and test results of fine aggregate.

Test Item Unit Test Result
Indicator

Requirement

Apparent density g/cm3 2.929 ≥2.60
Silt content (<0.075 mm

particle content by water
washing method)

% 1.2 ≤3

Table 5. Screening results of aggregates and filler material.

Materials

Percentage Passing through the Following Sieve Apertures (%)

16
mm

13.2
mm

9.5
mm

4.75
mm

2.36
mm

1.18
mm

0.6
mm

0.3
mm

0.15
mm

0.075
mm

Coarse
aggregate

S10 100 91.3 35.9 0.8 0.4 0.4 0.4 0.4 0.4 0.4
S12 100 100 99.1 3.3 0.6 0.6 0.5 0.5 0.5 0.5

Fine
aggregate S16 100 100 100 97.0 68.3 47.4 33.5 22.9 17.4 11.9

Limestone powder 100 100 100 100 100 100 100 99.2 95.7 77.6

The properties of the matrix asphalt affect the properties of high-viscosity mod-
ified asphalt. The matrix asphalt used for preparing high-viscosity modified asphalt
should meet the technical requirements of road petroleum asphalt in Chinese Standard
JTG F40-2004 [50]. In this study, 70# matrix asphalt developed in Nanjing was adopted,
and the test results of technical indicators per JTG E20-2011 [49] are shown in Table 7. It
can be seen from the table that the matrix asphalt was classified per JTG F40-2004 [50] as a
grade A asphalt, which is suitable for all grades of highways. Therefore, it is suitable to
employ the matrix asphalt for preparing high viscosity modified asphalt.
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Table 6. Technical indicator requirements and test results of limestone powder.

Test Item Unit Test Result
Indicator

Requirement

Apparent density g/cm3 2.699 ≥2.50
Water content % 0.43 ≤1

Particle size range
(by washing

method)

<0.6 mm % 100 100
<0.15 mm % 95.7 90~100
<0.075 mm % 77.6 75~100

Appearance — No agglomeration No agglomeration
Hydrophilic coefficient — 0.46 <1

Plasticity index % 2.9 <4

Table 7. Technical indicator requirements and test results of 70# matrix asphalt.

Test Item Unit
Test

Result
Indicator

Requirement

Needle penetration (25 ◦C, 5 s, 100 g) 0.1 mm 70.5 60~80
Softening point (ring and ball method) ◦C 48.5 ≥46

Ductility (10 ◦C) cm 24.1 ≥20
Density g/cm3 1.031 Measured value

Relative density — 1.035 Measured value

Rolling thin film
oven heated

(RTFOT)

Quality change % −0.6 ±0.8
Residual needle
penetration ratio % 69.1 ≥61

Residual ductility (10 ◦C) cm 7.8 ≥6
Note: Tests were carried out according to Chinese Standard JTG E20-2011 [49].

Currently, the high-viscosity modifiers commonly used in porous asphalt mixture in-
clude synthetic polymers such as SBS and proprietary systems such as SINOTPS. Gong [48]
found that SINOTPS modifier had certain superiority. For instance, the ductility of
SINOTPS modifier at low temperature was significantly better than that of SBS modi-
fier. In view of the desirable performance of SINOTPS modifier, it was adopted in the
present work. As confirmed by the experimental trial in this study, SINOTPS had good
compatibility with asphalt and could melt to integrate with the asphalt quickly.

Gong [48] selected 70# asphalt as matrix asphalt, and tested the properties of mod-
ified asphalt with SINOTPS modifier content of 6%, 9%, 12%, and 15% respectively. By
comparing the indicators of modified asphalt with different contents of SINOTPS modifier,
it was found that at a modifier content of 12% or 15%, all the indicators of modified asphalt
could meet the requirements of Chinese Standard JTG F40-2004 [50]. At 15% content of
SINOTPS modifier, the viscosity of modified asphalt at 60 ◦C and 135 ◦C was much higher
than that of modified asphalt with 12% content of SINOTPS. However, it should be noted
that excessive viscosity of modified asphalt would adversely affect the field construction
works. Considering the economic factors and aversion of negative effect on production
and construction, the optimum content of SINOTPS in modified asphalt was set to be 12%
in this study, and the technical indicators of the modified asphalt per JTG E20-2011 [49] are
shown in Table 8.
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Table 8. Technical indicators of modified asphalt (12% SINOTPS).

Test Item Unit Matrix asphalt/SINOTPS = 88/12

Needle penetration (25 ◦C, 100 g, 5 s) 0.1
mm 49.5

Softening point (ring and ball method) ◦C 93.9
Ductility (5 ◦C) cm 45.3

Elastic restitution % 96.8
Dynamic viscosity (60 ◦C) Pa·s 69,618

Viscosity (135 ◦C) Pa·s 2.883
Viscous toughness N·m 23.47

Toughness N·m 15.57

Rolling thin film
oven heated

(RTFOT)

Quality change % 0.07
Residual needle
penetration ratio % 76.2

Residual ductility (5 ◦C) cm 29.1
Note: Tests were carried out according to Chinese Standard JTG E20-2011 [49].

2.2. Design of Mix Proportion

In the current experimental programme, the gradation design method based on
Bailey method was adopted [51,52], and the gradation design process is illustrated in
Figure 3. At the outset, to conduct the gradation design of porous asphalt mixture using
Bailey method, the parameters including the 0.075 mm sieve passing percentage, design
density, volume ratio of coarse aggregate, and reserved porosity need to be determined.
The reasonable gradation obtained based on Bailey method is listed in Table 9. The
bitumen/aggregate ratio was 5.36%, the porosity was 20.55%, and the Marshall stability
was 4920 N. In the gradation design, two types of coarse aggregates (denoted as CA-1
and CA-2), one type of fine aggregate (denoted as FA) and one type of filler (denoted
as MF) were used. The percentage by mass passing through 0.075 mm sieve aperture
was 5% and the design density was 103% of the loose density. The volume ratio of
coarse aggregate (CA-1:CA-2) was determined to be 55:45 according to the requirements
in JTG F40-2004 [50]. The reserved porosity was determined to be 25% according to the
requirement of the target porosity.

 

Figure 3. Gradation design of porous asphalt mixture based on Bailey method.

Table 9. Mineral aggregate composition of gradation scheme.

Bitumen/Aggregate Ratio (%)
Percentage of Mineral Aggregate (%)

S10 S12 S16 Limestone powder

5.36 46.68 37.02 12.83 3.47
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Because of porous asphalt is an open-graded mixture, its optimal bulk density, Mar-
shall stability and flow are not directly comparable with dense graded asphalt. Therefore,
it is not viable to determine the optimum asphalt content of porous asphalt mixture directly
by using Marshall test method. Instead, the desirable range of asphalt content for porous
asphalt mixture should be first determined by employing the binder drainage test and
Cantabro test, and then the optimum asphalt content can be determined with respect to the
functional requirements of porous pavement. The binder drainage test measures the mass
of binder leakage from asphalt mixture through the perforated metal basket [53], and it
determines the upper bound of bitumen/aggregate ratio. The Cantabro test measures the
mass of disintegration from asphalt mixture under the effect of simulated traffic load in the
Los Angeles machine [54], and it determines the lower bound of bitumen/aggregate ratio.

Reference is made to Table 9 of the mineral aggregate composition of porous asphalt
mixture as the starting point. Assuming the initial bitumen/aggregate ratio as 5.36%,
five different bitumen/aggregate ratios were taken in the proximity of the initial bitu-
men/aggregate ratio as tabulated in Table 10, where the bitumen/aggregate ratio ranged
from 3.6% to 5.6% with equal increment of 0.5%. For each mix in the table, after Marshall
test specimens were fabricated and demoulded as shown in Figures 4 and 5 respectively,
binder drainage test was conducted to obtain the binder leakage loss rate and Cantabro
test was conducted to obtain the cohesion loss rate. The test results are summarised in
Table 10. The relationships between binder leakage loss rate, cohesion loss rate and bitu-
men/aggregate ratio are respectively plotted in Figure 6. From the inflection points of the
two curves in Figure 6, the lower bound of bitumen/aggregate ratio determined by the
Cantabro test was 4.15%, and the upper bound of bitumen/aggregate ratio determined by
the binder drainage test was 5.05%.

Table 10. Test results of binder drainage test and Cantabro test.

Test Item
Bitumen/Aggregate Ratio (%)

3.6 4.1 4.6 5.1 5.6

Binder leakage loss rate (%) 0.03 0.05 0.11 0.20 0.65
Cohesion loss rate (%) 6.25 4.25 4.43 4.48 3.19

 

Figure 4. Marshall test specimens.
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Figure 5. Demoulding process of Marshall test specimens.

Figure 6. Relationships between binder leakage loss rate, cohesion loss rate and bitumen/aggregate ratio.

Porous asphalt mixture has the characteristic of high porosity. In order to ensure the
durability of pavement structure, the thickness of porous asphalt film should be thicker
than other types of asphalt mixtures. Therefore, the optimum asphalt content tends to have
a larger value. Equation (1) can be used for computing the optimum bitumen/aggregate
ratio [50].

OAC= 0.25OACmin+0.75OACmax (1)

where OAC is the optimum bitumen/aggregate ratio (in %); OACmin is the lower bound of
bitumen/aggregate ratio determined from the Cantabro test (in %); OACmax is the upper
bound of bitumen/aggregate ratio determined from the binder drainage test (in %).

The optimum bitumen/aggregate ratio calculated from Equation (1) is 4.8%, and the
optimum amount of asphalt is determined to be 4.58%. Upon obtaining the reasonable
gradation and the optimum bitumen/aggregate ratio of porous asphalt mixture, these
parameters need to be validated by examining whether the performance of the resulting
porous asphalt mixture could meet the requirements stipulated in JTG F40-2004 [50]. The
verification results are demonstrated in Table 11. It can be seen from the table that the
properties of the porous asphalt mixture so obtained can fulfill the application requirements.
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Table 11. Performance verification of porous asphalt mixture.

Test Item Unit Test Result
Indicator

Requirement

Marshall test
Porosity % 20.7 18~22

Marshall stability (double-
sided compaction 50 times) N 5480 ≥5000

Flow value mm 2.38 2~4

Water
permeability

Water permeability
coefficient mL/15 s 1602 >800

High
temperature

stability

Dynamic stability (60 ◦C,
0.7 MPa) times/mm 5458 ≥5000

Water
immersion

stability

Residual stability of
water immersion % 94.0 ≥85

Water immersion loss % 2.49 ≤15
Freeze-thaw splitting

strength ratio % 91.4 ≥80

2.3. Orthogonal Experimental Design

Orthogonal experimental design [55] is a commonly used scientific method for de-
signing multi-factor experiments. It uses a set of standardized orthogonal tables to arrange
experiments, and the technique has been widely adopted in the planning and design of
experimental trials in production engineering and quality control [56]. In the implemen-
tation, the combinations of different experimental factors and levels are evenly matched
and rationally divided. The experimental results are processed by statistical methods
and as a result scientific conclusions can be obtained. The main advantage of orthogonal
experimental design is to enable the selection of representative combinations of experi-
mental factors instead of exhausting all possible combinations. Through the analysis of
some representative experimental results, the influence degree of different factors on each
evaluation indicator can be obtained, and the best combination of multiple factors can be
obtained to achieve the experimentation purpose.

In this study, the choice of factors in the orthogonal experimental design was based on
the environmental conditions and the representative mix designs. Four factors, namely the
porosity (in %), modifier content (in %), aging, and test temperature (in ◦C), were included.
For each factor, three levels were considered. The resulting matrix can cover a wide range
of design scenarios of porous asphalt mixture in low temperature conditions.

(1) Orthogonal table design

The mineral aggregate gradation and optimum asphalt content of porous asphalt
mixture obtained in Section 2.2 were used in the test. The types and properties of raw
materials have been described in detail in Section 2.1. Based on the above discussions, the
selected levels of modifier content and porosity are presented in Table 12, henceforth, a
four-factor three-level orthogonal table as tabulated in Table 13 is set up.

Table 12. Values of levels of each factor.

Level Number

Factor

A B C D
Porosity Modifier content Aging Test temperature

1 16.2% 9% No aging 0 ◦C
2 20.7% 12% Short-term aging −10 ◦C
3 23.8% 15% Long-term aging −20 ◦C
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Table 13. Orthogonal test table.

Group Number Porosity (%)
Modifier

Content (%)
Aging

Test Temperature
(◦C)

1 16.2 9 No aging 0
2 16.2 12 Short-term −10
3 16.2 15 Long-term −20
4 20.7 9 Short-term −20
5 20.7 12 Long-term 0
6 20.7 15 No aging −10
7 23.8 9 Long-term −10
8 23.8 12 No aging −20
9 23.8 15 Short-term 0

To simulate the aging of porous asphalt mixture from construction process to service
stage, the aging of porous asphalt mixture was divided into short-term and long-term
aging levels. Short-term aging refers to the aging of porous asphalt mixture caused by
temperature during the paving construction process from mixing plant to pavement com-
paction. Long-term aging refers to the aging caused by external environmental factors
including air, sunlight, precipitation, and traffic loads during the service of porous asphalt
pavement. The simulation methods for aging in this test were as follows:

I) Short-term aging

The fresh porous asphalt mixture was evenly spreaded in an enamel pan, with the
mass per unit area in loose state of approximately 21 to 22 kg/m2. It was placed in an oven
and heated at 135 ◦C under forced ventilation for 4 h, then was taken out for test.

II) Long-term aging

The specimens were prepared from porous asphalt mixture after short-term aging
according to the required time, size, and moulding method. The specimens were allowed
to cool down for no less than 16 h and then were demoulded. Subsequently, the specimens
were placed in the oven at 85 ◦C, and were continuously heated under forced ventilation
for 120 h. Afterwards, the oven door was opened so that the specimens were natural cooled
for no less than 16 h to room temperature. Lastly, the specimens were taken out for test.

(2) Evaluation indicator

I) Flexural tensile strength

The flexural tensile strength directly reflects the ability of porous asphalt mixture to
resist bending failure under low temperature condition. The higher the flexural tensile
strength of porous asphalt mixture, the better the low temperature performance of porous
asphalt mixture.

II) Maximum bending strain

The bending strain reflects the deformation ability of porous asphalt mixture and is a
main indicator for evaluating the low temperature performance. The larger the maximum
bending strain, the higher the energy absorbing capacity of porous asphalt mixture before
failure, and the better the low temperature crack resistance of porous asphalt mixture.

III) Bending stiffness modulus

The bending stiffness modulus is the ratio of flexural tensile strength to maximum
bending strain. It reflects the flexibility of porous asphalt mixture under low temperature
condition. A smaller bending stiffness modulus means a higher flexibility and is generally
accompanied by a better low temperature crack resistance of the porous asphalt mixture.

147



Appl. Sci. 2021, 11, 4029

3. Experimental Method and Results

3.1. Range of Evaluation Indicator Values

The rutting panel specimens were prepared and were cut into small prismatic tra-
becular specimens. The low temperature bending test was conducted at a loading rate of
50 mm/min and under the preset temperatures. The fabrication and loading process of
prismatic specimens are depicted in Figures 7 and 8, respectively.

  
(a) (b) 

Figure 7. (a) Fabrication of prismatic specimen; (b) prismatic specimen prior to testing.

 

Figure 8. Bending test of specimen.

The flexural tensile strength, maximum bending strain, and bending stiffness modulus
of specimens under the corresponding conditions were obtained as presented in Table 14.
Based on the test results, to obtain the influence degree of various factors on the evaluation
indicators, intuitive analysis was performed on the test data. By performing range analysis
of the data listed in Table 14, the range analysis table as given in Table 15 can be obtained.
In Table 15, ki represents average response value of each evaluation indicator at each level
of factors, where i means the factor level number, i = 1, 2, 3. According to the value of ki at
each factor level, the ranges of different evaluation indicators corresponding to the factor
levels can be obtained, and the order of the primary and secondary factors can be judged
according to the value of the range.
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Table 14. Results of low temperature bending test.

Group Number
Flexural Tensile
Strength (MPa)

Maximum Bending
Strain (με)

Bending Stiffness
Modulus (MPa)

1 5.60 4996 1120
2 5.26 5388 976
3 5.15 5667 908
4 5.57 4832 1153
5 5.16 5491 939
6 5.05 6257 807
7 5.17 5220 991
8 5.56 5063 1098
9 5.22 5915 882

Table 15. Range analysis of results of low temperature bending test.

Evaluation
Indicator

Mean
Value

Factor Type

A B C D

Porosity Modifier
content Aging Test

temperature

Flexural tensile
strength (MPa)

k1 5.33 5.45 5.40 5.20
k2 5.26 5.32 5.35 5.36
k3 5.32 5.14 5.16 5.46

Range 0.07 0.31 0.24 0.26

Maximum bending
strain (με)

k1 5550.33 5016.00 5438.67 5621.67
k2 5526.67 5314.00 5378.33 5467.33
k3 5399.33 5946.33 5459.33 5187.33

Range 176.33 930.33 81.00 434.33

Bending stiffness
modulus (MPa)

k1 1001.33 1088.00 1008.33 924.67
k2 966.33 1004.33 1003.67 980.33
k3 990.33 865.67 946.00 1053.00

Range 35.00 222.33 62.33 128.33

3.2. Influence Analysis of Factors

By analyzing the values of range in Table 15, the order of influence of factors on each of
the evaluation indicators can be obtained. The order of influence of factors on the flexural
tensile strength is as follows: modifier content > test temperature > aging > porosity. The
order of influence of factors on the maximum bending strain is as follows: modifier content
> test temperature > porosity > aging. The order of influence of factors on the bending
stiffness modulus is as follows: modifier content > test temperature > aging > porosity.

The influence of three levels of each factor on evaluation indicators is graphically
represented in Figure 9. In the figure, A to D indicate the factor type as shown in Table 15,
and 1 to 3 is the level number of each factor.

(1) Porosity

It can be seen from Figure 9 that the porosity has effect on the three low temperature
performance evaluation indicators, but the effect is limited to within 4% over the range
of porosity studied. When the porosity increased from 16.2% to 20.7%, the flexural tensile
strength, maximum bending strain, and bending stiffness modulus of porous asphalt
mixture decreased by 1.3%, 0.4%, and 3.5%, respectively. When the porosity further
increased from 20.7% to 23.8%, the flexural tensile strength and bending stiffness modulus
increased by 1.1% and 2.5% respectively, while the maximum bending strain decreased
by 2.3%. Theoretically, an increase in porosity of asphalt mixture will reduce the flexural
tensile strength. On the other hand, when the porosity is higher, the connected porosity
also increases. The existence of interconnected pores could relieve the expansion pressure
generated by the freezing action, and this could partially offset the adverse effect of porosity
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on flexural tensile strength at low temperature. Through the analysis of orthogonal test
results, it is found that among the three evaluation indicators, the maximum bending
strain has the highest sensitivity to porosity. Therefore, it is advisable to design a single
factor influence test to study the influence of porosity on the maximum bending strain, as
described later in this paper.

 

(a) 

 

(b) 

 

(c) 

Figure 9. Influence of different levels of each factor on evaluation indicators. (a) Curves of flexural
tensile strength; (b) Curves of maximum bending strain; (c) Curves of bending stiffness modulus.

(2) Modifier content

The modifier content is the most important factor affecting the low temperature
performance of porous asphalt mixture. As can be seen from Figure 9, by increasing the
modifier content from 9% to 15%, the flexural tensile strength decreased by 5.7%, the
maximum bending strain increased by 18.5%, and the bending stiffness modulus decreased
by 20.4%. The results demonstrate that SINOTPS modifier can significantly improve the
deformation capacity and energy absorption capability of porous asphalt mixture, so that
the porous asphalt mixture exhibits better low temperature performance.
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(3) Aging

Aging has relatively little effect on the low temperature performance of porous asphalt
mixture. The factors of porosity and aging are together the least and the second-least influ-
ential among the four factors. From Figure 9, it can be seen that the flexural tensile strength,
maximum bending strain, and bending stiffness modulus of porous asphalt mixture with
short-term aging are respectively 0.9%, 1.1%, and 0.5% lower compared to those of porous
asphalt mixture with no aging. The flexural tensile strength and bending stiffness modulus
of porous asphalt mixture with long-term aging are respectively 4.4% and 6.2% lower
whereas the maximum bending strain is 0.4% higher, compared to those of porous asphalt
mixture with no aging. The modest decrease in low temperature performance of porous
asphalt mixture through aging was in line with the findings by Ma et al. [45]. The slight
effect of aging should be due to the effectiveness of the high viscosity SINOTPS modifier in
improving the antiaging performance of porous asphalt mixture.

(4) Test temperature

The influence of test temperature on low temperature bending test results is less
significant than that of modifier content. At this juncture, it is noteworthy that the brittle
point is a threshold temperature of asphalt mixture at which its behaviour is transitioned
from plastic to brittle. In low temperature bending test, in order to prevent possible sudden
brittle fracture from affecting the accuracy of the results, the test temperature is generally
set at higher than the brittle point temperature. For porous asphalt, the brittle point is lower
than that of ordinary dense graded asphalt [57], and the test temperature can generally be
set at −10 ◦C to −20 ◦C. Consequently, in order to investigate the effect of temperature
changes on the low temperature performance of porous asphalt mixture, three levels of test
temperature, namely 0 ◦C, −10 ◦C, and −20 ◦C, were adopted in the test.

From Figure 9, it can be seen that when the test temperature was decreased from
0 ◦C to −20 ◦C, the flexural tensile strength increased by 5.0%, the maximum bending
strain decreased by 7.7%, and the bending stiffness modulus increased by 13.9%. The
results indicated that in this temperature range, the porous asphalt mixture still exhibited
plastic deformation, and the brittle point temperature was not reached [58]. The maximum
bending strain decreased with the test temperature, indicating that the lower the test
temperature, the less capable the porous asphalt mixture in resisting deformation. At
the same time, the bending stiffness modulus of porous asphalt mixture increased with
decreasing test temperature, indicating a reduction in the low temperature crack resistance
of porous asphalt mixture.

3.3. Influence of Porosity on Maximum Bending Strain

The porosity is amongst the most concerned indicator in the design of porous asphalt
mixture. To further analyze the influence of porosity on the low temperature performance
of porous asphalt mixture, the single factor influence test of porosity was conducted. The
test selected the maximum bending strain as the evaluation indicator.

The experiment adopted the same mineral aggregate gradation and raw materials as
those in the orthogonal test, the modifier content was 12%, and the bitumen/aggregate
ratio was 4.8%. The mixing and moulding process of porous asphalt mixture was consistent
with that in the orthogonal test, and the porous asphalt mixture was not subjected to aging.
According to the results analysis of orthogonal test, as the porosity increased from 16.2% to
23.8%, the maximum bending strain decreased by 3.3% only. To attain higher statistical
confidence, in the single factor influence test of porosity, on the basis of the orthogonal test
results, another two groups of specimens with porosity of 18.4% and 26.3% were added.
The five groups of specimens were subjected to low temperature bending test at −10 ◦C.
With reference to the test results, the relationship between the maximum bending strain
εB (in με) and the porosity n0 (in %) was obtained, as depicted in Figure 10.
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n  
Figure 10. Relationship between maximum bending strain and porosity.

It is evident from Figure 10 that there exists an approximately linear correlation
between the maximum bending strain and the porosity of porous asphalt mixture, and the
maximum bending strain decreases as the porosity increases. The relationship between the
maximum bending strain and the porosity is expressed in Equation (2) with coefficient of
determination R2 = 0.986.

εB = 7527.7 − 100.9n0 (16.2 ≤ n0 ≤ 26.3) (2)

when designing the mix proportion of porous asphalt mixture, in order to ensure good
working performance of porous asphalt mixture in low temperature environment, the
porosity should also conform to the required limits of the maximum bending strain in
relevant technical standards. In the cold regions of northern China, when applying porous
asphalt pavement, the maximum bending strain of porous asphalt mixture should not
be less than 5000 με in accordance with JTG F40-2004 [50]. From Equation (2), it is noted
that when the porosity is controlled within 25%, thus the limit requirement on maximum
bending strain is satisfied.

Finally, the possible use of recycled asphalt pavement to enhance the sustainability of
highway infrastructure has attracted vast research interest in recent years [59–61]. Recycled
asphalt mixtures, which are prepared by blending reclaimed asphalt pavement, virgin
bitumen, and mineral additives, offer various advantages including resources recycling,
cost saving, and reduced environmental impact [62]. Further research on the utilization of
reclaimed asphalt in porous asphalt pavements and their low temperature performance
is recommended.

4. Conclusions

In this paper, the low temperature performance of porous asphalt mixture has been
studied through the low temperature bending test. The following major conclusions can
be drawn:

(1) Through orthogonal experimental design, four main factors affecting the low
temperature performance of porous asphalt mixture have been analyzed. The results
revealed that the descending order of influence of factors on flexural tensile strength of
porous asphalt mixture was: modifier content, test temperature, aging condition, and
porosity. The descending order of influence of factors on maximum bending strain was:
modifier content, test temperature, porosity, and aging condition; and the descending
order of influence of factors on bending stiffness modulus was: modifier content, test
temperature, aging condition, and porosity.

(2) The modifier content was the most important factor affecting the low temperature
performance of porous asphalt mixture, followed by test temperature. By increasing
the modifier content from 9% to 15%, the flexural tensile strength decreased by 5.7%,
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the maximum bending strain increased by 18.5%, and the bending stiffness modulus
decreased by 20.4%. The results demonstrated that SINOTPS modifier could significantly
improve the deformation capacity and energy absorption capability of porous asphalt
mixture. By decreasing the test temperature from 0 ◦C to −20 ◦C, the flexural tensile
strength increased by 5.0%, the maximum bending strain decreased by 7.7%, and the
bending stiffness modulus increased by 13.9%. The results indicated that the lower the test
temperature, the less capable the porous asphalt mixture in resisting deformation, and the
poorer the low temperature crack resistance of porous asphalt mixture.

(3) The factors of porosity and aging were the least and the second-least influential
among the four factors. The porosity affected the three low temperature performance
evaluation indicators, but the effect was limited to within 4% when the porosity increased
from 16.2% to 23.8%. Compared with porous asphalt mixture with no aging, the flexural
tensile strength and bending stiffness modulus of porous asphalt mixture with long-term
aging were respectively 4.4% and 6.2% lower, whereas the maximum bending strain was
0.4% higher. The slight effect of aging should be due to the effectiveness of the SINOTPS
modifier in improving the anti-aging performance of porous asphalt mixture.

(4) The orthogonal test results revealed that the maximum bending strain had the
highest sensitivity to porosity among the three performance evaluation indicators, namely
the flexural tensile strength, maximum bending strain, and bending stiffness modulus.
The effect of porosity on low temperature performance of porous asphalt mixture has
been further examined through the single factor influence test. The results showed that
there existed an approximately linear correlation between the maximum bending strain
and the porosity of porous asphalt mixture, and the maximum bending strain decreased
with increasing porosity. Furthermore, when designing the mix proportions of porous
asphalt mixture, to ensure good working performance of porous asphalt mixture in low
temperature environment, the porosity should also satisfy the limit requirements of the
maximum bending strain in relevant technical standards. Further research on the low tem-
perature performance of the porous asphalt mixture containing recycled asphalt materials
is recommended.
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Abstract: Riyadh City established and implemented a Pavement Maintenance Management System
(PMMS) through the General Directorate of Maintenance and operation. The system was created
to address the difficulties that come with maintaining and reserving the pavement network. To
evaluate pavement conditions, Riyadh (PMMS) uses visual checks, structural capacity roughness, and
skid resistance. An Urban Distress Index (UDI) is calculated during the visual assessment process.
Distressed pavement types, severity, and quantity are taken into account when calculating UDI
values. As a result, the procedure gathers extensive data on the pavement’s condition. However,
the procedure is time-consuming and very costly. The Automatic Road Analyzer car provides data
on road roughness in accordance with the International Roughness Index (IRI). The IRI data are
often generated quite quickly and at a cheap cost as compared to the distress survey. This study’s
aim is to examine whether a sample of Riyadh city pavement sections can be connected to the IRI
depending on the distress type. The research develops statistical models that correlate IRI values
with several distress-types associated with roadway classes. Correlating the International Roughness
Index values to distress type will eliminate the necessity to implement the manual inspection at a
network- level. This saves money and time for PMMS employees when preparing annual maintenance
requirements and setting priorities. The finding of the study, of the relationship between the pavement
distresses and the International Roughness Index showed a statistically significant relationship
between pavement roughness and some ride-quality distresses, like depression and patching, as well
as some non-ride quality distresses like potholes and rutting. In addition, for both main and secondary
streets, an analysis of variance shows the existence of a correlation between the two variables.

Keywords: International Roughness Index; pavement condition evaluation; correlation; Saudi Arabia

1. Introduction

Evaluation of pavement condition is one of the major elements of any pavement
maintenance management system (PMMS). Through pavement condition, maintenance
needs, budget, and priority are determined. Pavement condition usually involves distress
surveys, roughness and structural capacities, and skid resistance. Most, if not all highway
agencies incorporate at least one of these components [1].

There are two levels of pavement evaluation: network level and project level. Network
level evaluation gives us a comprehensive overview of the network’s condition. In project
level evaluation, detailed information on pavement conditions are determined.

Riyadh city and through Riyadh Municipality, and the General Directorate for Mainte-
nance and Operation, have been implementing PMMS utilizing visual condition surveys,
roughness measurements, structural capacities, and skid resistance to evaluate pavement
condition. Visual checks and pavement roughness are usually performed annually on
the street network. Pavement skid resistance is conducted annually on only main streets.
Evaluation of structure is only performed at a project-level and is based on manual and
roughness evaluation results [2].

In general, visual condition surveys include analyzing the distress type, as well as its
severity level, extent, and site. As there are various authorities involved, there are many
techniques for conducting pavement condition surveys. The city of Riyadh has its pavement

Appl. Sci. 2022, 12, 3748. https://doi.org/10.3390/app12083748 https://www.mdpi.com/journal/applsci157



Appl. Sci. 2022, 12, 3748

inspection procedure. As part of the procedure, a local pavement condition evaluation
called the Urban Distress Index (UDI) should be established. The index is scaled from 0 to
100, with 100 representing excellent pavement condition. The UDI values are determined
by visual assessment of the type, severity, and extent of pavement distress. Typically,
an investigator is sent to a specific section of pavement in order to gather the necessary
distress data to report the current types, severity levels, and quantities of distress. The
data is gathered by physically walking through the segment. The process delivers specific
information regarding the state of each segment of pavement. Furthermore, due to the large
size of the city’s pavement network, the process is both time-consuming and expensive.

Road pavement surface roughness is generally used to assess the riding condition of a
road pavement surface. It is closely linked to the serviceability of pavement, which is a mea-
surement of the pavement’s physical characteristics. Profilometric, vehicle response, and
subjective evaluation are the three types of roughness measurement techniques currently in
use. The most accurate and well-suited for detailed analysis are profilometric techniques.

Riyadh PMMS uses the profilometric method to measure pavement roughness. The
International Roughness Index (IRI) is used to calculate roughness measures. The IRI
and the road profile are computed at regular intervals and are both shown on the com-
puter. The horizontal and vertical profile data obtained from the profilometric method
are converted into a response of the vehicle’s motion by utilizing the technique of IRI
calculation, which is predicated by a mathematical model. The IRI value is calculated
by dividing the displacement units by the length units. At speeds of (40–50) kilometers
per hour, roughness measurements are taken. Due to this, roughness measurements were
acquired in a reasonably short period of time and at a cheap cost.

The major goal of this study is to determine the relationship between pavement distress
assessment and roughness measures in the Riyadh roadway network. The pavement dis-
tresses were ride quality-related distresses such as cracking, patching, potholes, depression,
rutting, and raveling.

Roughness measurements are indicated by the International Roughness Index (IRI).
The analysis included establishing correlation factors between the distress types of riding
quality and IRI and developing models to forecast the pavement distress type values based
on IRI and highway class.

2. Literature Review

2.1. Background

Any pavement management system (PMS) is required to contain data of the pavement
condition. The main goal of collecting and evaluating the condition of the pavement is
to evaluate the current state of pavement condition at the time of inspection in order to
determine urgent pavement maintenance requirements and plan for future objectives [2].

Pavement management systems (PMS) are increasingly being employed at all levels
of government for effective highway management. Most PMS techniques may provide
support at two levels: the network-level and the project-level. The data collected at the
network level gives management comprehensive information on the whole system. The
network-level level frequently provides information for planning reasons and financial
analyses. Project-level information, on the other hand, contains construction, engineering
design, and cost accounting details. The amount of data necessary for each level varies
greatly. The general goals of network-level pavement condition evaluation are to analyze
current pavement conditions, determine immediate pavement repair needs, and make a
strategy for future requirements. Distress survey, roughness, structural capacity, and skid
resistance are four common approaches for evaluating pavement conditions.

2.2. The Visual Inspection and Roughness Relationship

Research by Mubaraki was performed to find out the relationship between IRI and
specific types of distress. Raveling, rutting, and cracking were among the distresses that
occurred. Three relationships linking IRI and raveling, rutting, and cracking have been
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observed. According to the findings of this investigation, raveling and cracking are related
to IRI and it might be categorized as “ride quality distress.” Furthermore, IRI was shown to
have no statistically significant correlation with rutting [3].

Abdelaziz and his team built an artificial neural network (ANNs) and regression
models to predict IRI as a function of pavement distresses. The LTPP database was used to
create these models. The models that were constructed included prediction of IRI as an
age function, IRI initial, alligator fatigue cracking (all severities), transverse cracking (all
severities), and rut depth standard deviation (RUTSD). The correlation coefficient (R2) of
the regression analysis was 0.57, but the correlation coefficient (R2) of the ANNs model
was 0.75 [4,5].

In the same way [6], examined data from California’s locations in the Bay area of San
Francisco city to see if there was a correlation between IRI and pavement distress. To do
this, the researchers set out with the objective of developing a surface roughness model
that could be used to predict car operating expenses on highways in the Bay region of
San Francisco city. In this study, 39 measurements were taken at 15 m intervals over a
152.4 m test section, the researchers developed a link between IRI and pavement distress.
The outcome was the development of a linear link between IRI and a composite Pavement
Condition Index (PCI. It was computed by taking into account the type and level of distress
observed for each segment of the roadway. The PCI scale ranges from zero to one hundred,
with one hundred representing ideal road conditions. The model obtained an adjusted R2
of 0.52, In other words, the aggregate pavement quality index could predict slightly more
than half of the variation in IRI.

In the United States, researchers investigated the association between pavement
surface roughness and various types of distresses on the pavement [7]. The research
included 462 pavement portions from 37 projects throughout Michigan. The sections
of road pavement were studied to explore the connection between pavement surface
roughness and distress. Assumption number one in this research was that an excess
roughness results in increased dynamic loads on axles, which can then result in a tangible
acceleration of pavement degradation. If this relationship is established, then it will be
possible to plan preventive maintenance (PM) action to smooth the pavement surface.

The transportation department in the State of Connecticut utilized data in order
to determine a relationship between the pavement distresses and IRI. Rutting and total
quantity of cracking were the only distress types used. They called the associations they
discovered “relatively weak.” R2 values for various lengths of pavement sections were 0.177
for 10 m, 0.242 for 30 m, and 0.299 for 90 m. They also found that utilizing neural networks
did not enhance the findings, thus, they concluded that the IRI could not be utilized
to forecast the general condition of pavements. Their study concentrated on pavement
segments less than 90 m in length, and a simple summation was used to aggregate the
value of cracks [8].

Other researchers have discovered that when the IRI is compared to other performance
measures, the R2 value is greater. For example [9], investigated the correlation between IRI
and cracks, depth of rutting, potholes, patchwork, and raveling, and discovered that a R2
value of 0.77 was the best they could come up with. They checked asphalt roads in India
for guidance. Another study [10] investigated the relationship between the IRI and the PSI
in Dubai by using a nonlinear regression model. They discovered that the R2 for differing
types of asphalt roads was 0.67 and 0.44, respectively.

Pavement roughness is a key indicator of pavement performance since it directly
reflects pavement serviceability to road users. Recently, certain governments and provinces
in Canada and the US are utilizing IRI in terms of an objective indicator of their pavement
network conditions in their business plans [11]. For example, The Federal Highway
Administration (FHWA) in the United State utilizes IRI as a performance metric to describe
and monitor its National Highway System’s pavement performance. There are two states
in America, Kansas and Washington, that utilize IRI rating percentages to represent the
status of their highway network. In recent years, it has been a widespread practice among
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several highway organizations to measure IRI at the network level. Many road agencies
now collect roughness on a routine basis since the IRI is a scale that may be transferred, is
repeatable, and stable. Roughness is measured at the network level once a year or twice a
year as a component of the evaluation of pavements, which is critical in setting maintenance
and rehabilitation priorities.

3. Methodology and Data Collection

3.1. Study Methodology

There are two primary phases in the study’s methodology. Collecting the information
required for a sample group of streets in Riyadh City is the first phase in the process. The
data includes information on the type, size, verity, and density for each distress and the
IRI for each section of pavement that is included. The collected data of main streets and
secondary streets were treated separately to avoid the possible effect of highway class and
traffic categories. The second phase in the methodology is to investigate the relationship
between IRI and all other types of distress.

3.2. Data Collection

The city of Riyadh is divided into smaller components for management and mainte-
nance purposes. The city is divided into branch municipalities, districts, and regions. The
region is a subdivision of the district and it’s surrounded by four main streets and contains
no main street within its entire area. The two main categories of the Riyadh street network
are main streets and secondary streets. The main street is defined as the street that connects
two main streets and is more than twenty-five meters wide or has an island. Main streets
account for about 27 percent of the overall network area in Riyadh City. Secondary streets
are all the categories of streets outside the definition of main streets. Secondary streets
represent about 73 percent of the overall network area. Main and secondary streets are
divided into sections. The segment of the main street is defined as distance between two
intersections in the main street. The segment for the secondary street is defined as a region
within a district. The segments for main and secondary streets are divided into several
sample units; a representative unit of sample for the main streets was 100 m in length per
lane. The sample unit of the secondary street is a street in a region.

The mean source of data was the General Directorate for Maintenance and Operation,
Riyadh Municipality. A representative sample of pavement sections from both main and
secondary streets was randomly selected. A section may have two to three lanes. In
secondary streets, each data point represents the section. A total of 1619 main street
sections were included in the study, with a total distance of more than 898.258 km. For
secondary street sections a total of 140 were sections covered in the study. These represent
an area of about 1814 square km.

The data for both main and secondary streets include distress data, pavement, condi-
tion, and International Roughness Index for each observation period. Time between the
pavement condition survey and roughness measurements were less than 6 and 3 months
for main and secondary streets, respectively. Table 1 presents the types and codes for
distress that appear in both main and secondary streets according to the Riyadh Pavement
Maintenance Management System (PMMS).
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Table 1. Distress Types and Codes in Riyadh PMMS.

Main Streets Secondary Streets

Type of Distress Distress Code Type of Distress Distress Code

Fatigue Cracking D1 Block Cracking D2
Block Cracking D2 Long. and Trans. Cracking D3

Long. and Trans. Cracking D3 Patching D4
Patching D4 Potholes D5
Potholes D5 Depressing D6

Depressing D6 Raveling D11
Rutting D7
Shoving D8
Bleeding D9

Polished Aggregate D10
Raveling D11

Patching Cracks D12
Patching Depression D13

3.3. Relationship between Types of Pavement Distress and IRI

Statistical correlation analysis was carried out to analyze the interaction between IRI
and pavement distresses. Riding quality distresses are expected to show a considerable
effect on IRI values. That means that distress is characterized as riding quality distress
if a high degree of linkage exists between the value of IRI and the distress density for a
pavement section. In contrast, distress is characterized not affecting riding quality if the
correlation between distress density and IRI is not significant.

The analysis of IRI and distress types involved investigating the linkage between the
value of IRI and each distress type. It is expected that a section of pavement will have more
than one distress. Therefore, pavement sections are grouped based on the distress that is
dominating in each section. The IRI can then be related to riding quality distresses through
statistical models. Figure 1 describes the suggested procedure of analysis.

 

Figure 1. Analysis of IRI and type of distress.

4. Data Analysis and Results

4.1. Statistical Information

The modeling approach applied in the analysis is based on statistical regression. The
fundamental form of a regression equation is as follows [12]:

Y = b0 + b1 X (1)

The regression equation can be solved to estimate the predicted values of the regression
coefficients (b0 and b1).

To perform the analysis procedure, two types of computer software were used to
examine and study the data. This software was a spreadsheet program and a statistical
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program. The data was entered into an Excel spreadsheet, which then generated the graphs
(charts) that show the overall trend of the data. The “Minitab” statistical software was used
for the following analysis [13]:

• Conduct descriptive and general statistics for the IRI and various distress types.
• Perform correlation tests between IRI and various distress types.
• Model the correlation between IRI and distress types.

In the preliminary analysis, the statistical program (Minitab) was used to select the gen-
eral statistics of the IRI and various distress type data for both main and secondary streets.

4.2. Distresses Related to Ride Quality

Pavement roughness measures are generally used to determine the riding quality
surface of a roadway’s pavement. Pavement roughness is usually connected to pavement
serviceability. The qualities of the pavement’s physical characteristics are measured by
pavement serviceability. So, roughness is connected to the opinions of persons who drive
on the road. It has a major influence on comfort, safety, vehicle operating costs, and
travel speed.

This section attempts to research pavement distresses to generate the types of distresses
that are related to riding quality for both main and secondary streets. All pavement
distresses in the study region were studied for their impact on the IRI measurement.

• Main Street sections

For main street sections, ten types of distress appear in the study sample. The cracking
distresses fatigue cracking (code D1), block cracking (code D2), longitudinal and trans-
verse cracking (code D3) and patching cracks (code D12) have been aggregated into one
group called cracking distress. In addition, the distress types of depression (code 6) and
depression patching have been assembled into one group called depression distress. After
grouping, the distress types were reduced to six. The distress groups in the main sections
are as follows:

Cracking (codes D1, D2, D3 and D12); Patching (code D4); Potholes (code D5); Depres-
sion (codes D6 and D13); Rutting (code D7); Raveling (code D11).

The relation between IRI and each of the distress types in main street samples is
investigated and discussed in the subsequent paragraphs.

1. Cracking vs. IRI

Figure 2a presents crack distress as dominant in the total sample units. It is clear from
the graph that a visible scattering exists in the roughness and density of distress data. The
chart doesn’t show a strong link between the IRI value and cracking density. Furthermore,
the IRI and the crack density correlation coefficient is 0.167. The low correlation factor
means that the two variables have a poor linear relationship. The p-value is equal to zero.
This means that there is enough relation between IRI and distress density. The statistical
test result does not correspond to previous experiences indicating that cracking distress is a
non-ride quality form of distress at all levels of severity.

2. Patching vs. IRI

Figure 2b shows that the patching and IRI values have a positive relationship. The
graph, on the other hand, does not demonstrate any clear-cut conclusions regarding the
relationship’s linearity. IRI and patching density have a correlation coefficient of 0.471 and
a p-value of zero. The coefficient has a positive sign which mean that patching density and
IRI have a positive relationship. The linear relationship distinguished around 47 percent of
the IRI and patching density observations, according to the correlation factor value. The
hypothesis test obtained a p-value of 0, indicating that there is sufficient evidence of a link
between IRI and patching density at a 95% confidence level.
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a) Cracking vs IRI b) Patching vs IRI 

c) Potholes vs IRI d) Depression vs IRI 

e) Raveling vs IRI f) Rutting vs IRI 

N=582 N=351 

N=51 N=55 

N=32 N=190 

Figure 2. Distress types vs. IRI for Main Road, N = number of sections included.

3. Potholes vs. IRI

Figure 2c represents the relation between pothole density and IRI. The pothole distress
was the dominant distress. The graph shows that the relationship’s linearity is not well
defined. The coefficient of correlation is 0.123. The p-value is 0.390, which is larger than the
level of significance of 0.05. As a result, there is not enough evidence of a link between IRI
and the number of potholes.

4. Depression vs. IRI

The graph in Figure 2d shows the relationship between IRI and depression density.
The graph shows that depression and IRI values have a positive relationship. IRI and
depression density have a correlation coefficient of 0.342 and a p-value of 0.011. The
positive sign indicates that depression density and IRI have a positive relation. When the
correlation coefficient equals 0.34, there is no clear choice about the relationship’s linearity.
The p-value for the hypothesis test is 0.011, which is less than the 0.05 level of significance.
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The result is that we have sufficient evidence to understand that there is a statistically
significant correlation between IRI and depression density with 95 percent confidence.

5. Raveling vs. IRI

Figure 2e shows the relationship between IRI and distress of raveling density. The
correlation coefficient is 0.399 and the p-value is zero. There is no clear-cut decision about
the linearity of the relation. The positive sign indicates a positive relation between raveling
density and IRI. In the hypothesis test the p-value= 0, therefore there is sufficient evidence
of the relationship between IRI and raveling density.

6. Rutting vs. IRI

Figure 2f shows the correlation between IRI and rutting density. The graph shows
that rutting density and IRI values have a positive relationship. there is no clear choice
about the relationship’s linearity. The correlation coefficient is 0.357, meaning that the linear
relationship only affected 35.7 percent of the IRI and rutting density observations. There is
insufficient evidence of a link between IRI and rutting density since the p-value is 0.045,
which is extremely near to the 0.05 level of significance.

• Secondary Street Sections

There are six distress types included in secondary pavements of the Riyadh street
network. The cracking distresses Block Cracking (code D2) and Longitudinal and Trans-
verse Cracking (code D3) have been aggregated to one group called cracking distress. After
grouping the distress types were reduced to five. The total distress groups in the second
section are Cracking (codes D2 and D3) Patching (code D4); Potholes (code D5); Depressing
(code D6) and Raveling (code D11).

The relation between IRI and each group of distress types in secondary Streets is
discussed in the subsequent paragraphs.

1. Cracks vs. IRI

The graph in Figure 3a shows the relationship between IRI and crack density. The
correlation coefficient is 0.28, which indicates that the linear relationship only affected
28 percent of the IRI and crack density observations. There is insufficient evidence of a link
between IRI and crack density since the p-Value of the hypothesis test is zero. The positive
sign means a positive correlation between IRI and carack density, the low relationship
factor indicates insignificant linearity relation between crack density and IRI.

2. Patching vs. IRI

The relation between IRI and patching distress density is seen in Figure 3b. The
graphic shows that patching density and IRI have a positive relationship. The coefficient of
correlation is 0.514. The positive sign indicates that patching density and IRI have a positive
relationship. Furthermore, the correlation factor indicates that the linear relationship
distinguished around 51.4 percent of the IRI and patching density data. The p-value for
the hypothesis test is zero. As a result, the relation between IRI and patching density has
sufficient evidence at a 95 percent confidence level.

3. Potholes vs. IRI

Figure 3c shows the relationship between IRI and pothole distress density. The corre-
lation factor is 0.322 indicating low linearity of the relationship. The p-value is 0.208 which
is greater than the 0.05 level of significance; so, there is insufficient evidence of the relation
between the value of IRI and pothole density. This result could be because potholes are
usually avoided during roughness measurements.
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a) Crack vs IRI b) Patching vs IRI 

c) Potholes vs IRI d) Depression vs IRI 

e) Raveling vs IRI 

N=76 N=72 

N=17 N=41 

N=50 

Figure 3. Distress types vs. IRI for secondary roads, N = number of sections included.

4. Depression vs. IRI

The correlation between IRI and depression distress density is presented in Figure 3d.
The graph shows that patching density and IRI have a positive relationship. When the
density of depressions in the pavement sample is high, the IRI value increases. The linear
relationship distinguished about 43.6 percent of the IRI and depression density data, on the
basis of the correlation factor value. The hypothesis test gave a p-value of 0.004, which is
less than the 0.05 level of significance, showing that there is sufficient relation between IRI
and depression density at the 95 percent confidence level.

5. Raveling vs. IRI

The graph in Figure 3e shows the relationship between the value of IRI and the
raveling distress density. The graph shows a relationship between raveling and IRI. The
linear relationship distinguished about 38.7% of the IRI value and raveling density data,
according to the correlation factor value. The p-value in the hypothesis test is 0.006. As
a result, there is sufficient evidence of the association between the value of IRI and the
raveling density at the 95 percent confidence level.
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4.3. Distresses Density and the IRI Model

In this section, the regression method was chosen to create models that related IRI
with the density of different distresses. The linear regression model would be in the form:

IRI = b0 + b1 distress(1) + b2 distress(2) + b3 distress(3) . . . + bn distress(n); (2)

where; b0, b1, . . . , bn: regression coefficients
For each street category, two regression models were generated. The first model

looked at how different types of distress impacted pavement roughness (IRI). The previous
results in detecting ride quality types of distress were then confirmed using this model.
The second model was created to find the best match between IRI and the different types
of ride quality distress. The two models were checked and analyzed using a variety of
statistical tests. The t-test was used to evaluate the relationship between the two regression
coefficients (b0, b1) and the dependent variable at the 95% confidence level. Analysis of
variance was used to determine the regression line’s quality, or if the variation in IRI is
dependent on the distress data. Finally, the correlation coefficient (R2) was used to show
how well the regression model was fitted to the data.

• Main Street Sections
• The influence of pavement roughness on six different types of distress in the main

street sections in Riyadh city was studied and analyzed. The study developed and
tested two regression models; the first model attempted to link the IRI index to all
types of distress in main street samples. The second regression model was developed
to connect the IRI index to different types of distress that have been identified as ride
quality distresses. The linear regression looked like this:

IRI = b0 + b1 Cr + b2 Pa + b3 Po + b4 Dr + b5 Ru + b6 Ra; (3)

where; b0, b1, b2, b3, b4, b5, b6 are regression coefficients; Cr = crack distress density;
Pa = patching distress density; Po = potholes distress density; Dr = depression distress
density; Ru = rutting distress density; Ra = raveling distress density.

1. Model-1—connects IRI to all observable distresses:

IRI = 2.09 + 0.00265 Cr + 0.00554 Pa + 0.00906 Po + 0.0193 Dr + 0.00531 Ru + 0.00317 Ra (4)

Summary of the model parameters is presented in Table 2.

Table 2. Summary of t-tests for main streets (Model-1).

Predictor Coef. St.Dev. T p

Constant 2.09494 0.01593 131.54 0
Cr 0.0026529 0.0002124 12.49 0
Pa 0.0055395 0.000327 16.94 0
Po 0.009056 0.00501 1.81 0.071
Dr 0.019317 0.002978 6.49 0
Ru 0.005306 0.00176 3.01 0.063
Ra 0.0031703 0.0003066 10.34 0

The p-values for most regression coefficients are zero, meaning that there is a significant
correlation between the types of distress and the estimated value of IRI. The p-values of the
potholes (Po) and rutting (Ra) coefficients, on the other hand, are more than the 0.05 level
of significance. As a result, there is sufficient evidence to exclude potholes and rutting in
estimating the roughness index.
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2. Analysis of Variance

Source DF SS MS F p
Regression 6 203.339 33.890 132.26 0.000
Residual Error 1610 412.547 0.256
Total 616 615.886

The p-values for the ANOVA-tests for the model are zero, meaning that there is no
significant variation in the IRI predicted values caused by the regression model. The results
show a strong connection between IRI and various types of distress.

3. Squared multiple correlation coefficient (R2): R-Sq = 32.5% R-Sq(adj) = 32.3%

The squared multiple correlation coefficient (R2) is 32.3 percent. This means that
32.3 percent of the IRI values can be reflected and described by the regression model. It
also shows that while there are statistically significant relationships between IRI and some
types of distress, the relationship isn’t strong enough to use distress types as an accurate
measure of roughness conditions.

(a) Model-2—connects IRI to ride quality distresses:

In this case, the types of distress that had a strong relationship with the IRI index are
called ride quality types of distress. This distress includes cracks distress (Cr), patching
distress (Pa), depression distress (Dr), and raveling distress (Ra).

1. The regression model developed is as follows:

IRI = 2.10 + 0.00267 Cr + 0.00553 Pa + 0.0195 Dr + 0.00316 Ra (5)

A summary of the regression model is shown in Table 3.

Table 3. Summary of t-tests (Model-2).

Predictor Coef. St.Dev. T p

Constant 2.09875 0.01594 131.67 0
Cr 0.0026746 0.0002129 12.56 0
Pa 0.0055299 0.0003278 16.87 0
Dr 0.019547 0.002987 6.55 0
Ra 0.003156 0.0003075 10.26 0

Since all the regression coefficients have p-values equal to zero, this indicates that there
is a statistically significant link between the different types of ride quality distress and the
expected levels of IRI.

2. Analysis of Variance

Source DF SS MS F p
Regression 4 200.181 50.045 194.06 0.000
Residual Error 1612 415.705 0.258
Total 1616 615.886

The p-values for the ANOVA-tests for the model are zero, meaning that there is no
significant variation in the IRI predicted values caused by the regression model. The
results show a strong connection between IRI and various types of distress. The F-value for
model-2 is greater than that in model-1 meaning improvement of model-2 over model-1.

3. Squared multiple correlation coefficient (R2): R-Sq = 33.0% R-Sq(adj) = 32.8%

The squared multiple correlation coefficient (R2) is 32.8 percent. This means that
32.8 percent of the IRI values can be reflected and described by the regression model. It
also shows that while there are statistically significant relationships between IRI and some
types of distress, the relationship isn’t strong enough to use distress types as an accurate
measure of roughness conditions.
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• Secondary street sections

The effect of the pavement roughness on five distress types in the section of the
secondary streets in the Riyadh city network has been studied and analyzed. The study
developed and tested two regression models; the first one was to relate the IRI index to
all distresses in the secondary street samples, whereas the second model was to relate IRI
index to ride quality distress types. The distresses included in the regression evaluations
were, cracks distress (Cr), patching distress (Pa), potholes distress (Po), depression distress
(Dr), and raveling distress (Ra). The linear regression model would be in the form:

IRI = b0 + b1 Cr + b2 Pa + b3 Po + b4 Dr + b5 Ra; (6)

where the number of regression coefficients equal 6.
The distress in the secondary streets class chosen to be ride quality type distresses that

showed a statistically significant association with the IRI were cracks distress (Cr), patching
distress (Pa), depression distress (Dr), and raveling distress (Ra). The linear regression
model would be in the form:

IRI = b0 + b1 Cr + b2 Pa + b3 Dr + b4 Ra; (7)

where the number of regression coefficients equals 5.

(a) Model-1 the linear regression equation for the first model that relates IRI against all
apparent distresses:

IRI = 2.59 + 0.0422 Cr + 0.0411 Pa + 5.75 Po + 1.32 Dr + 0.00996 Ra (8)

The estimated regression coefficients and the overall model statistics were shown in
Table 4.

Table 4. Summary of t-test for secondary streets (Model-1).

Predictor Coef. St.Dev. T p

Constant 2.594 0.1317 19.7 0
Cr 0.042227 0.00892 4.73 0
Pa 0.04107 0.01259 3.26 0.001
Po 5.752 4.146 1.39 0.168
Dr 1.3185 0.4064 3.24 0.001
Ra 0.009962 0.005005 1.99 0.039

The p-values for most of the regression coefficients are zero, clearly showing a sig-
nificant linear correlation between the estimated values of IRI and the different types of
distress. The p-value of the potholes (Po) coefficient is equal to 0.168, which is greater than
the 0.05 level of significance therefore there is significant evidence to exclude the potholes
coefficient which demonstrates no linear relationship between IRI and potholes distress.

1. Analysis of Variance

Source DF SS MS F p
Regression 5 70.405 14.081 17.56 0.000
Residual Error 134 107.463 0.802
Total 139 177.868

Based on the ANOVA-test results, the p-values for the values of IRI response variables
are equal to zero, meaning that the regression model does not account for any statistically
significant variance in the IRI response variables. Furthermore, the data give sufficient evi-
dence of the presence of a dependence relationship between the value of IRI and distresses.
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2. Squared multiple correlation coefficient (R2): R-Sq = 38.7% R-Sq(adj) = 36.9%

The value of the squared multiple correlation coefficient (R2) is 36.9%. This means
that 36.9% of the IRI values can be described by the regression model. This shows adequate
logic of the regression model relating IRI and distress data.

(b) Model-2 the linear regression equation for the second model that relates IRI vs. ride
quality distresses:

IRI = 2.5889 + 0.043121 Cr + 0.04366 Pa + 1.3193 Dr + 0.010589 Ra (9)

The estimated regression coefficients and the overall model statistics were shown in
Table 5.

Table 5. Summary of t-tests for main streets (Modal-2).

Predictor Coef. St.Dev T p

Constant 2.5889 0.1321 19.6 0
Cr 0.043121 0.008927 4.83 0
Pa 0.04366 0.01249 3.49 0.001
Dr 1.3193 0.4077 3.24 0.002
Ra 0.010589 0.005002 2.12 0.036

In this case, the p-values for all ride quality regression coefficients are equal to zero,
meaning that there is strong evidence to accept the regression coefficient of all distress
densities in the regression model with 95 percent confidence. This indicates a statistically
significant linear association between the different types of ride quality distresses and
IRI ratings.

1. Analysis of Variance

Source DF SS MS F p
Regression 4 68.861 17.215 21.32 0.000
Residual
Error

135 109.007 0.807

Total 139 177.868
According to the ANOVA-test results, the p-values for the response variable is equal to

zero, meaning that there is no significant amount of variation within the response variable
in the regression model. The data reflect sufficient evidence of a dependent relationship
between IRI and distressed values. Note that the F-value for model-2 = 21.32, which is
greater than the F-value from model-1 which = 17.56, demonstrating an improvement in
model-2 over model-1.

2. Squared multiple correlation coefficient (R2): R-Sq = 39.6% R-Sq(adj) = 37.3%

The value of the squared multiple correlation coefficient (R2) equals 37.3% which
means that 37.3 percent of the IRI values are described and evaluated by the regression
model showing adequate logic of the regression model relating IRI and distress data.
Note that R2 in the second model (37.3) is greater than the first one (36.9) indicating an
improvement of model-2 over model-1. It also shows that while there are statistically signif-
icant correlations between IRI and some types of distress, these relationships aren’t strong
enough for distress types to be used as a predictable measure for roughness conditions.

5. Findings

The influence of all of the distress types that are present in the study area, on the IRI
measurement was analyzed in order to study the riding quality-related types of distress.
From the main street sections, six distress groups exist in the Riyadh network samples.
While the secondary streets involve five distresses groups. Tables 6 and 7 conclude the final
analysis of the relationship between the roughness evaluation index (IRI) and the pavement
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distress density for both main and secondary streets, sequentially. The correlation between
the value of IRI and distress types has been investigated by two important statistical tests:

1. Testing the individual correlation hypothesis between the value of IRI and each type
of distress.

2. The regression coefficients were used to evaluate the overall regression model that
links the IRI value with the different types of distress.

Table 6. Summary of correlation factors and regression models in main street sections.

Distress Type Correlation Factor Correlation Hypothesis Test

Cracks r = 0.167 p = 0.000
Patching r = 0.471 p = 0.000
Potholes r = 0.123 p = 0.390

Depression r = 0.342 p = 0.011
Rutting r = 0.357 p = 0.045

Raveling r = 0.399 p = 0.000

Regression Model Equation: IRI = 2.10 + 0.00267 Cr + 0.00553 Pa + 0.0195 Dr + 0.00316 Ra

Regression Coefficients Test (t-test)

Distress Type Hypothesis Test

Cracks p = 0.000
Patching p = 0.000
Potholes p = 0.071

Depression p = 0.000
Rutting p = 0.003

Raveling p = 0.000

Analysis Of Variance p = 0

Regression Model Adequacy R2 = 32.8%

Table 7. Summary of correlation factors and regression models in secondary street sections.

Distress Type Correlation Factor Correlation Hypothesis Test

Cracks r = 0.280 p = 0.000
Patching r = 0.541 p = 0.000
Potholes r = 0.322 p = 0.208

Depression r = 0.436 p = 0.004
Raveling r = 0.327 p = 0.006

Regression Model Equation: IRI = 2.10 + 0.00267 Cr + 0.00553 Pa + 0.0195 Dr + 0.00316 Ra

Regression Coefficients Test (T-test)

Cracks 0.280 p = 0.000
Patching 0.514 p = 0.000
Potholes 0.322 p = 0.168

Depression 0.436 p = 0.001
Raveling 0.387 p = 0.036

Analysis Of Variance p = 0

Regression Model Adequacy R2 = 37.3%

Tables 6 and 7 show that p-values for cracking, depression, patching, and raveling in
both main and secondary streets are near zero, indicating a significant relationship between
these distress types and IRI. As a result, the findings of the research in both the main and
secondary street categories suggests that there is a significant relationship between IRI and
cracking, patching, depression, and raveling with a 95% confidence level. Statistical testing
on the overall model between IRI and distress types confirmed these findings. The p-values
for each regression coefficient were obtained in the regression coefficients test. In both the
major and subsidiary streets, the regression coefficients for cracking, depression, patching,
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and raveling are close to zero (less than 0.05), indicating a substantially linear relationship
between IRI and each regression coefficient. IRI is related to different types of distress
in different ways. Patching and depression had the highest correlation to IRI, according
to the values of the correlation factors. While raveling has a lower relationship with IRI,
cracking has the lowest. It was also found that the correlation factors for all the distresses
versus IRI did not reach 50%, meaning that the relationship describes less than half of these
relationships. The relationship is not strong enough to consider pavement conditions as
an indicator of IRI. As a result, the correlation and regression coefficients testing showed
that cracking, patching, depression, and raveling are ride quality types of distress with a
95% confidence level. However, it is unrealistic to claim that IRI can completely describe
pavement distress conditions.

It’s also shown in Tables 6 and 7, that potholes and rutting, point toward a relationship
that is not significant with IRI values in both the main and secondary streets. The p values
(which are larger than 0.05 level of significance) of both potholes and rutting demonstrates
that these distress types have no strong evidence of a significant relationship with IRI.
These results were proven through the statistical tests on the overall model between IRI and
distress types. The p-values for each regression coefficient were obtained in the regression
coefficients test. Potholes and rutting have regression coefficients larger than 0.05, meaning
that there is no significant linear relationship between IRI and each distress type. As a
result, the correlation and regression coefficient tests show that potholes and rutting are
non-ride quality distress types and that IRI could not describe potholes and rutting distress
conditions with 95 percent confidence.

6. Conclusions

The relationship between IRI and pavement distresses was investigated using statisti-
cal correlation analysis. The purpose of the research was to measure the level of distress
related to riding quality. The relationship between distress density and IRI values was
determined using a statistical correlation test. In the pavement portions, the model related
IRI and distress types were calculated. The correlation between the value of IRI and distress
types has been investigated by two important statistical tests:

1. Testing the individual correlation hypothesis between the value of IRI and each type
of distress.

2. The regression coefficients were used to evaluate the overall regression model that
links the IRI value with the different types of distress.

The results of the study indicate that there is a significant correlation between IRI and
cracking, patching, depression and raveling in both main and secondary street groups,
with a 95% confidence level. It has also shown that potholes and rutting distress types did
not have a significant relationship to IRI values in both the main and secondary streets.
This has led to a conclusion that is based on the statistical investigation of the relationship
between IRI and distress types: cracking, patching, depression, and raveling could possibly
be characterized as ride-quality type distresses. While potholes and rutting distress, could
probably be described as non-ride quality type distresses.

Roughness and the extent of correlation can be helpful in detecting the type of distress.
This analysis concludes that IRI can either be used to evaluate pavement quality or to
monitor pavement deterioration. Rapid measurements of IRI using the Automatic Road
Analyzer (ARAN) can ease the process of traditional pavement visual inspection. Using
sample visual inspection ratings from pavement distress images can also be used to deter-
mine an approximate IRI value without having a Road Analyzer and allow subsequent
planning and evaluation to proceed. However, not all surface distresses can be detected by
roughness, especially some types of distress that are of very low severity.
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Abstract: Grouted Semi-flexible Pavement (GSP) is a novel pavement composed of open-graded
asphalt concrete grouted with high-fluidity cement mortar. Due to its excellent load-bearing and
anti-rutting performance, it has great potential as anti-rutting overlay and surface in road construc-
tion. However, the understanding of GSP performance remains limited and pertinent findings are
inconsistent. This article aims to provide a systematic literature review for the articles which were
published between 2000 and 2020 on GSP, explore the problems in the recent research, identify
knowledge gaps, and deliver recommendations for future research. The influential factors and the
relative evaluation methods of GSP performance are summarized and discussed in this article.

Keywords: Grouted Semi-flexible Pavement; influential factor; evaluation method; performance;
laboratory test

1. Introduction

Conventional flexible pavement, namely asphalt concrete (AC) pavement, suffers
from many distresses including rutting, moisture damage, and fatigue failure after long-
term operation, because of weather wearing and traffic volume growing worldwide [1,2].
With soaring demand of transportation, the costs of highway construction and pavement
maintenance have increased dramatically over time. As a solution for these problems,
Grouted Semi-flexible Pavement (GSP), as known as Resin-Modified Pavement, is a type
of high-performance pavement that was derived in France in the 1950s. GSP consists
of an open-graded matrix asphalt (OMA) mattress with a 20–35% void rate, grouted by
high-fluidity cement mortar (HCM) [3–8]. GSP has great resistance to rutting, top-down
cracking, oil corrosion, and fatigue damage, combining advantages of both asphalt and
concrete [9–11]. It is cost-effective and has been used in many fields, which may be under
unfavorable or complex traffic environments that are slow-speed, heavy-duty, or high-
temperature, such as airport runways, factory field pavement, bus rapid transit lanes, and
high-performance reclaimed asphalt pavement [12–14].

Construction of GSP is normally a two-phase operation. First, the OMA mattress is
prepared and paved by equipment lighter than or equal to that used for AC. After the
asphalt is cooled, HCM can be spread on the surface. Due to the good connectivity of voids
in OMA, HCM penetrates the whole layer to obtain a very low residential void rate for
GSP by rubber scrapers and light vibratory rollers. The GSP eventually forms the required
strength for traffic through curing for a few days. The beneficial properties of this material
rely on careful construction process control, and recent related challenges are problems for
mechanical mechanism investigation and distress prevention, such as cracking.

In Europe, GSP was originally invented as a patent of heat-resistant pavement, namely
“Salviacim”, by French company Jean Lefebvre at Cognac airport in 1954 [3,15]. In 1987, two
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companies, Densit and Phoenix, jointly developed and promoted the second generation of
GSP, called “Densiphalt”, of which the residual void rate was reduced after being grouted
to improve in-field performance [15–17]. In 1989, Roffe, the researcher belonging to the
Jean Lefebvre Company in France, published a monograph on the “Salviacim”, which was
still considered a special construction method by the public [3,18].

The U.S. Army issued a series of evaluation reports of GSP and practiced this tech-
nology on airport aprons and tank runways from 1976 [19–21]. The Departments of
Transportation of states and the U.S. were also concerned for the performance of GSP and
conducted many projects to prove its performance [22–24]. Consequently, the specification
of GSP by the U.S. Army was established and applied in many fields, and were updated
several times [25–28].

Wang et al., conducted a trial road of GSP on Huishen pavement in the Guangdong
province in China in 1986 [29]. In 1995, Xu et al., introduced laboratory tests for GSP
and presented the bending tensile strength as an indicator to control its quality [30].
Subsequently, Zhang and Pan adapted the Main Aggregate Filling (MAF) method and the
orthogonal tests to design GSP in 2000 [31,32]. Further, Hao et al., proposed that the optimal
asphalt content of OMA should be determined by the Cantabro test and the Schellenberg
Binder Drainage test, while the low-temperature cracking of GSP was found to be the main
problem affecting its operational life [4–6].

Although GSP was just used originally as a construction technique for special pave-
ments such as airport aprons, it is now considered as a rather new technology because it is
found to be strongly different from rigid pavement and flexible pavement for their working
behaviors. With the theory of perpetual pavement arousing and traffic load increasing in
the recent years, GSP has been welcomed into a rapidly developing period and has become
a potential high-performance and cost-effective pavement which has a higher complex
shear modulus than AC. However, standards of this technology are seldom published in
the world. There are still many unsolved problems in GSP design, such as low-temperature
cracking, unreasonable testing parameters, and undeveloped laboratory methods, etc.,
which need intensive research [6,33]. The poor understanding of these problems limited
further development and application of GSP.

The objectives of this study are to summarize the findings in GSP over the past two
decades and analyze the relationships of various factors and the methods of laboratory
tests on the performance to identify knowledge gaps, promote this technology and deliver
recommendations for future research. 143 papers have been selected and reviewed in
total on three principles: first, the study should illustrate a qualitative and quantitative
evaluation for GSP; second, the research should come from a new perspective for factors
and properties of GSP; third, new findings and different conclusions are included for more
discussion. Finally, relevant recommendations and future studies are proposed.

2. Influential Factors on the Performance of GSP

2.1. Microstructure

Raw materials and structures of GSP are the essential elements affecting laboratory
performance and also yielding technical problems. In a microscopic view, the relationships
among asphalt, aggregate, and cement particles build the macro-strength of GSP. Indeed,
the micro-analysis method is most commonly used in laboratory tests to demonstrate the
intuitive influential factors of micromorphology on the behavior of GSP.

In recent years, resolution of micromorphology techniques, especially the Scanning
Electron Microscope (SEM), has reached to the nanometer level, which can capture the
microstructure views between different particles to analyze their relationships [34,35]. The
GSP samples are observed in various instruments, resolutions, and observing ranges. The
methods and results are shown in Table 1 and Figure 1.
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Table 1. Methods of microscopic observation for GSP.

Authors Observation Methods Zoom Ratios Observing Ranges

Ling et al. [36] SEM 500 times Interfaces

Huo et al. [37] SEM (200SXVFT-IR), Fourier
Infrared Spectrum Analyzer 5000 times Interface transition zone, Chemical

or asphalt aging reaction
Hou et al. [38] SEM (Model JSM-6390LV, JEOL) 10,000 times Microcracking, Fiber-like network

Figure 1. The GSP microscopic images observed by SEM: (a) Microstructure at 90-day age; (b) Interface and fibrous
structures; (c) Wrapping phenomenon of asphalt film; (d) Generation of micro-cracking and bridging effect of the fiber-
like network.

GSF has higher density and solidity than traditional AC, which contributes to great
complex shear modulus and compressive strength [36]. The strength of GSP is reinforced
with increase of age (at ages of 7 d, 28 d, and 90 d), and the inner hydrated cement forms
a fibrous-like network that penetrates through asphalt films, as shown in Figure 1 [39].
This exclusive phenomenon, refered to as three-dimensional lattices or a mosaic spatial
network, bridges asphalt and cement, which increases the thickness of interface transition
zones and enhances the bonding force between asphalt and cement [36]. Meanwhile, the
un-hydrated cement plays a role as mineral powder to strengthen the adhesion between
asphalt and aggregate.

The propagation of micro-cracks in GSP can be also investigated by SEM (Figure 1).
The observation results indicate cracking emerges from the bottoms of samples and ex-
pands along with the interface between asphalt and cement [38,40]. This reveals that
the asphalt-cement interface is the weak interface existing through the whole depth of
GSP structure, approved by the Heavy Vehicle Simulator test and the Dynamic Cone Pen-
etrometer test [41,42]. Additionally, the reaction of internal among raw materials is mainly
physical, because no chemical or asphalt aging processes are identified at the interfaces by
the Fourier Infrared Spectrum Analyzer (FISA) (200SXVFT-IR) [37].
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In general, these characteristics of micro-structure determine the macro properties
of GSP, which has high rutting resistance and low cracking resistance. Moreover, the
micro-analysis method can effectively and intuitively gain the relationships of each of these
components and raw materials. On the other hand, this method is also limited, owing
to the subjectivity of corresponding researchers and the complexity of GSP’s structure.
For example, some different fibrous structures can be observed from GSP samples, but
which has a better coherent strength between materials is unknown because it is hard to
get quantitative analysis from SEM images.

2.2. Raw Materials and Admixtures

GSP is a complex composite, combining multiple materials, such as asphalt binder,
aggregate, cement, and admixtures. Generally, the effects of them can be separated into
two independent steps: intermediate mixes (OMA and HCM) and final grouted or com-
bined mix (GSP). In other words, the properties and the formation of raw materials and
admixtures can directly determine the performance of intermediate mixes, which further
affects the quality of the following GSP.

OAC is an asphalt mattress with high void rate similar to the open grade friction course
(OGFC). According to design principles of OGFC, aggregate gradation can contribute to
the volume of void and binder is able to provide inner cohesive strength in OAC. Likewise,
strength and fluidity are two main properties of HCM, and are controlled by two factors:
formation and types of raw materials.

2.2.1. Aggregate Gradation

Open-grade aggregate is designed primarily as a skeleton of OAC for GSP. It mainly
maintains compressive pressures from traffic loads and forms inter-air voids of OAC.
Therefore, a good gradation can not only provide a good compressive strength but also
construct an even and interconnective space of void.

An optimal gradation mostly can be realized by two design methods: an experiential
method and a volumetric method called the main aggregate filling (MAF) method. The
latter assumes coarse aggregate is supporting the main structure of OAC and can achieve
the required void volume by filling fine aggregate and binder into the compacted coarse
aggregate. Due to back-calculation of the void volume, this method is concise to control
the final void rate of OMA [43,44]. However, interconnectivity of void is overlooked in
this method, which is another important factor for permeability of OAC equally to void
volume [45]. Therefore, factors affecting particle sizes and consecutiveness of aggregate
gradation are considered to establish the relationships between the given characters above,
illustrated in Figure 2, Tables 2–4.

Table 2. Effects of gradations on permeability of OAC [46,47].

Gradation Density [g/cm3] Relative Density Void [%] Permeability Rate

Gradation A 1.83 2.46 25.57 1.34(10−3 [m/s])
Gradation B 1.85 2.46 24.85 1.11(10−3 [m/s])
Gradation C 1.87 2.46 23.78 0.94(10−3 [m/s])

BSI-4% N/A N/A 33.05 362.9(m/day)
Densiphalt12-4.5% N/A N/A 32.08 247.68(m/day)

Table 3. Effects of gradations on physical properties of OAC [47].

Gradation Cantabro Loss [%] Indirect Tensile Strength Test [kPa]

BSI-4% 33.2 113.35
Densiphalt12-4.5% 34.91 136.8
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Table 4. Effects of gradations on physical properties of GSP [48,49].

Gradation

Compressive Rebound
Modulus Test

Low Temperature Bending Test

Compressive
Strength [Mpa]

Rebound
Modulus [Mpa]

Maximum
Load [N]

Flexural
Strength [Mpa]

Maximum
Strain [με]

Stiffness
Modules [Mpa]

Continuous 4.66 1913.48 802.30 6.26 1140 5483.77
Uniform 5.23 2812.60 866.48 6.73 1040 6486.53

Composite
gradation N/A N/A N/A 6.95 1838 3780.6

Upper limit N/A N/A N/A 6.73 1943 3467
Lower limit N/A N/A N/A 7.57 1523 4970.3

Figure 2. Some used gradations with different particle sizes and proportions.

The main coarse aggregate used in GSP normally falls in a range of 4.75 mm–13.2 mm
particle size. Several combinations of different tiers in this range can form OMA with
the requested void rate. Under the similar void rate, gradation with a large particle size
will benefit the whole structure. Moreover, the water permeability of samples which
have a large proportion in larger particles (14~10 mm) is significantly higher than that
of average samples (Table 2) [46]. A lower residual void rate of GSP will be obtained
after grouting [50,51]. Overall, a coarser aggregate gradation can be more conducive to
forming a larger void space, which has better interconnection, to make the grouted cement
mortar more easily able to penetrate the OMA mat [46,52]. Subsequently, flexural tensile
strength and compressive strength of the following GSP are also be improved, which are
positively linked with low-temperature performance and high-temperature performance,
respectively [49]. On the contrary, some other properties may be slightly harmed with the
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increase of particle size. Cantabro loss rises to a certain value, which indicates that the
cohesion between aggregate in GSP is weakened.

From a different perspective, Ding et al., proposed that uniform gradation could
conduct smoother void spaces and less stress concentration than continuous gradation. He
compared two types of gradations: uniform gradation (one tier: 10~5 mm) and continuous
gradation (three tiers: 13~10 mm, 10~5 mm, and 5~3 mm) [53]. It was found that GSP with
uniform gradation was superior to that with continuous gradation in the properties of
Marshall stability, splitting strength, compressive resilience, and low-temperature bending
capacity [53].

Saboo et al., evaluated seven types of gradations using the hierarchical ranking strat-
egy considering parameters as void content, permeability, abrasion resistance, and tensile
strength of OAC; BSI-4% and Densiphalt12-4.5% were selected as the optimal gradation
which had a main tier of 4.75 mm~12.5 mm [47]. In general, gradation with the main
particle sizes in the scope of 4.75 mm~12.5 mm is appropriate to improve the performance
of GSP to form a better structure (Figure 2).

However, a conflict exists in previous hypotheses that mainly concerns coarse particles.
For example, a given continuous gradation may also contain larger-tier aggregate. The
reason may be that the influence of gravel morphology and fine aggregate is overlooked
which needs further research [52]. In our opinion, the two viewpoints are all correct, though
only the applying scope of these principles is different. The definitions for describing
gradation types are difficult to quantify, due to the existence of few samples with untested
properties, such as residual void rate and water permeability. Large particle size and
uniform gradation can both contribute to the formation of evener and larger void space.

2.2.2. Asphalt Binder

The types of asphalt binder in OMA include base asphalt, rubber asphalt, SBS-
modified asphalt, and high-viscosity modified asphalt. Due to various characteristics
at different temperatures, the optimal type and content of asphalt binder as two factors
varies in OMA design, as shown in Table 5. Orthogonal experiment uncovers the effects of
binder on the relative OMA or GSP sample, as illustrated in Tables 5 and 6.

Table 5. Optimal binder and high-temperature performance of OMA.

Author Binder Types
Void Rate

[%]

Optimum
Asphalt

Content [%]

Unconfined
Compressive

Strength [kPa]

Marshall
Stability [kN]

Cantabro Loss
[%]

Setyawan
et al. [46]

50-pen straight run
asphalt 27.44 4 1691.59 N/A 18.7

7%SBS Asphalt 27.20 4 906.56 N/A 10.1

100-pen straight
run asphalt 27.74 4 760.64 N/A 34.3

Ling et al. [48] Rubber-asphalt 22.1 3.6 N/A 6.80 23.8

Zhao et al. [54]

High-viscosity
asphalt 26.0 3 N/A 3.6 19.5

Rubber-asphalt 26.2 3 N/A 2.7 38.4

SBS asphalt 25.9 3 N/A 3.0 32.5

Ordinary asphalt 25.8 3 N/A 2.4 48

Wang et al. [55] 4.4%SBS asphalt 25 4.4 N/A 4.6 N/A

Luo et al. [56] SBS asphalt 22.47 3.4 N/A 4.15 14.7
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Table 6. Optimal binder and low temperature performance of OMA.

Author Asphalt Types Test Test Condition Strength [Mpa] Modulus [Mpa]

Setyawan [46]
50-pen straight run asphalt Indirect Tensile

Strength 20 ◦C
259.65 953.71

7%SBS-Modified Asphalt 155.82 331.44
100-pen straight run asphalt 125.26 548.68

Asphalt binder with high viscosity and low penetration, such as 50-pen straight-run
asphalt, SBS asphalt, rubber-asphalt, and high-viscosity asphalt, can increase strength and
reduce Cantabro loss for OMA which will result in good high-temperature performance of
GSP. However, binder types have little impact on void space structure in OMA, as well as
strength and moisture resistance of GSP [46,54].

OMA samples using SBS asphalt as binder can obtain favorable water permeabil-
ity. Setyawan et al., explained that modified asphalt protected OMA from drainage that
caused void-blocking [46]. Therefore, the performance of following GSP samples was also
enhanced, especially in low-temperature cracking resistance [46,54,55].

Rubber asphalt also promotes high-temperature performance of GSP. It is consid-
ered as a potential candidate due to its excellent cost-effectiveness and environment-
friendliness [48].,High-viscosity asphalt also shows advantages of flexural tensile strain
and stiffness modulus at a low temperature, which is associated with better anti-cracking
performance [54].

Optimal binder content of OMA can be determined by three main parameters in
orthogonal testing: compressive strength, tensile strength, and Cantabro loss. The value
of it mostly falls in a range of 3%~5%, due to different test methods. However, it can be
argued that a high content rate of binder in OMA can increase toughness of OMA, leading
to good anti-cracking performance of GSP [57], because the Marshall stability of OMA
continues to rise with the increase of the binder content rate, even up to 9% [58].

Besides these two factors: binder type and content in OMA, bonding force for the
asphalt-cement interface is overlooked in steps of influential factors analysis, which can
contribute to low-temperature performance of GSP. To achieve a criterion for AC (the
flexural tensile strain in small beam bending test should exceed 2000 με at −10 ◦C [59]),
the factors for anti-cracking characteristics of GSP should be considered of both OMA and
HCM to bridge two materials in whole structure in design.

2.2.3. High-Fluidity Cement Mortar

High-fluidity cement mortar (HCM) is a specialized grouting material which can
penetrate OMA due to its high fluidity to construct a fibrous-like network structure inside
the asphalt mattress. Strength and shrinkage rate are the two main factors of HCM
controlling the performance of GSP. Therefore, to investigate their effects, various formulas
of raw materials and different additives are compared, as shown in Table 7.
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Table 7. Formulas of raw materials and performance of HCM.

Author
Water-
binder
Ratio

Sand-
cement
Ratio

Water
Reducing

Agent

Expansion
Agent

Others
Fluidity

(0.5 h) [s]

Compressive
Strength

(7 d) [Mpa]

Flexural
Strength

(7 d) [Mpa]

Drying
Shrinkage
Rate (60 d)

[0.001]

Hu et al.
[60,61] 0.45 0.25

0.3% polycar-
boxylic

acid
8% UEA N/A 12.98 19.4 4.92 3.188

Pei et al.
[62,63]

0.56 N/A

1.0% TH-928
polycar-
boxylic

acid

10% UEA 0.008%
Saponin ≈10.5 ≈25 ≈6 ≈1.34

0.56~0.58 N/A N/A N/A
10% Fly ash,
10% Mineral

powder
11~14 15~20 2.2~5.7 1.4~2.7

0.61~0.63 15 N/A N/A 10% Fly ash 12~17 9~15 2.7~5.7 1.0~1.8

Koting
et al.

[43,64]
0.32 N/A 2% super

plasticizers N/A 5% of Silica
powder 14.2 57.5 5.8 N/A

Saboo et al.
[45]

0.57~0.59 0.3 2%
naphthalene N/A N/A 10~14 20~24.5 N/A N/A

0.48~0.50 0.3 1% polycar-
boxylate N/A N/A 10~14 21~25 N/A N/A

Ling et al.
[49]

0.65 0.14 N/A N/A
6% Fly ash,

10% Mineral
powder

11.4 17.2 4.4 N/A

0.65 0.2 N/A N/A
10% Mineral
powder, 10%

Polymer
11.1 12.6 5.9 N/A

The water-cement ratio is the critical factor affecting both fluidity and strength of
cement mortar. The fluidity of HCM is positively associated with the water-cement ratio
and negatively related to the sand-cement ratio [65]. However, an excess water-cement ratio
or a short sand-cement ratio will lead to high dry shrinkage [60,61]. In addition, with the
increase of water-cement ratio, the bleeding rate of HCM shows an upward trend, which
may cause void-blocking and slurry leakage [66,67]. Therefore, Cheng et al., recommends
that the water-cement ratio should be less than or equal to 0.55 for HCM, while Saboo et al.,
advises a ratio scope of 0.4~0.6 [45,66]. Additionally, 10~14 s is a recommended range for
HCM fluidity [45,49,67].

The additive type is another factor in determining the performance of HCM. Super-
plasticizer and fly ash are commonly used to increase fluidity of HCM and minimize
residual void after grouting. Some studies indicates that silica fume, mineral powder, and
ultrafine sand also have good effects on fluidity [43,64,68,69]. Expansion agent UEA can
reduce the shrinkage of HCM and furtherly enhance the anti-cracking ability of following
GSP [60–63,70]. However, the strength of cement mortar is inevitably underestimated by
fluidity improving in the methods above. Therefore, to achieve the balance design between
fluidity and strength, a range of strength value is proposed as 10~30 Mpa, and furtherly
narrowed to 20~25 Mpa for HCM [45,49]. Although other factors such as the shrinkage
and flexural strength of HCM have important effects on the low-temperature performance
of GSP, their values are not considered as parameters by recent studies comprehensively.

Cai et al., used ABAQUS software to simulate the shrinkage and expansion of cement
mortar in GSP to estimate the inner stresses [71]. Index values of the deformation were cal-
culated and determined to protect GSP from cracking that is caused by stress concentration
of shrinkage, as shown in Table 8.
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Table 8. Recommended deformation indexes of cement mortar in GSP [71].

Void Ratio of OMA [%]
Maximum Shrinkage

Deformation [%]
Maximum Expansion

Deformation [%]

20 0.13 0.39
25 0.14 0.38
30 0.15 0.34

2.3. Admixtures

Admixtures for GSP refer to specific materials adding to OMA or HCM to improve
workability or strength of following GSP. Resin is the admixture early used in GSP which
can be traced back to 1976 in the U.S. Amy [72], and polymers have been used to enhance
the anti-cracking performance of GSP from the 1980s on the Huishen highway, China [73].
Over the past 40 years, more and more types of admixtures have been developed into a big
family for GSP.

According to different ingredients, GSP admixtures can be roughly classified into
five categories: polymers, fibers, interface modifiers, emulsified asphalt, and other new
functional admixtures. New functional admixtures have been recently explored for ex-
tension in road functions such as emission-reducing, water conservation, and weather
cooling. In addition, two blending methods are usually used for admixtures of GSP: firstly,
admixture is blended into cement mortar to reduce rigidity and dry shrinkage of HCM,
which furtherly improve cracking resistance for following GSP; secondly, it is mixed within
asphalt to enhance the strength of OMA, which achieves a high rutting resistance for the
whole structure. Admixtures and their effects on GSP are illustrated in Table 9.

Table 9. Admixtures and their effects on GSP.

Categories Citations Ingredients Blending
Method

Dosage 1

[%]

Rutting Test
[times /mm]

Low-Temperature Strength

Methods
Tensile

Strength
−10 ◦C [Mpa]

Tensile
Strain

−10 ◦C [με]

Polymer

Ling et al.
[74]

DL latex

Into cement

P/C = 1.0 20,138

Splitting test

1.548 4590

YH resin P/C = 5.0 21,457 1.955 2740

BD emulsion P/C = 4.7 19,079 1.222 5170

Luo et al.
[56] Latex Into cement P/C = 3.0 ≈13,500 Small beam

bending test ≈10.5 ≈2400

Ling et al.
[49]

Styrene-
butadiene
emulsion

Into cement P/C = 10 15,750 Small beam
bending test 6.95 1838

Huang et al.
[75]

Waste rubber
powder Into cement P/C < 20 Increase of

47.5%
Small beam
bending test N/A 1132

Ling et al.
[48]

Rubber-
asphalt Into asphalt P/A = 21 15,000 Small beam

bending test 2.18 5140

Xu et al. [76]

Carboxylated
styrene-

butadiene
latex

Into cement P/C = 10 14,318.18 Small beam
bending test 6.47 1807.23

Wang et al.
[77] Carboxyl Latex Into cement P/C = 8 21,724 Small beam

bending test 7.15 1527
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Table 9. Cont.

Categories Citations Ingredients Blending
Method

Dosage 1

[%]

Rutting Test
[times /mm]

Low-Temperature Strength

Methods
Tensile

Strength
−10 ◦C [Mpa]

Tensile
Strain

−10 ◦C [με]

Fibre Cheng et al.
[78]

PVA fiber
solution Into cement F/C = 5 N/A Small beam

bending test 9.16 3656.82

Interface
modifier

Yang et al.
[79]

Silane
Coupling

agent
Into cement I/C = 0.4 N/A Small beam

bending test 6.97 ≈1025

Xu et al. [76] Silane coupling
agent Into cement I/C = 0.5 16,578.95 Small beam

bending test 7.17 1826.72

Emulsified
asphalt

Zhang et al.
[80]

Cationic
emulsified

asphalt
Into cement A/C = 31.3 N/A Small beam

bending test 11.05 3159.26

Huang et al.
[81]

Emulsified
asphalt Into cement A/C = 30 N/A Small beam

bending test 6.56 1446

Xu et al. [76]
Cationic

emulsified
asphalt

Into cement A/C = 5 42,000 Small beam
bending test 6.98 2133.29

Combination

Sun et al.
[82]

Waterborne
epoxy-

emulsified
asphalt

Into cement E/A = 60;
C/A = 55 N/A Small beam

bending test 6.18 2662

Gong
et al. [83]

Modified
Agent-100 Into asphalt M/A = 14

N/A
Semi-

circular
bending test

12.91

N/AModified
Agent-100

incorporated
fiber

Into asphalt M/A = 14;
F/A = 0.2 10.18

1 A = Asphalt; C = Cement; P = Polymer; E = Epoxy; F = Fibre; I = Interface modifier; M = Modifier.

2.3.1. Polymers

Polymers are the most traditional admixtures used in GSP, including latex, resin,
SBS, styrene-butadiene rubber (SBR), and waste rubber [74,84]. Latex and resin are effi-
cient to smooth the high rigidity of HCM and reinforce the tensile strength of the whole
structure because of their hydrophilicity, which results in bonding at interfaces between
materials [56,76]. However, they have little or no influence on the high-temperature per-
formance of GSP. That is because adding polymers into cement mortar will impair the
compressive strength of HCM.

In contrast, GSP with rubber as an admixture has little promotion to the low-temperature
cracking resistance, due to the weak interface between rubber and cement [48,75], although
the fatigue life of rubber-modified GSP is prolonged with the increase of rubber content [85].
In this category, waste rubber is thought to be a cost-effective and environmental-friendly
admixture as a substitute to replace raw materials with a high blending ratio up to 20% [75].
Its weakness of insufficient strength can be enhanced by adding an interface modifier,
which will be introduced later in this paper [86].

2.3.2. Fibers

Fiber plays a role in reinforcing tensile strength in GSP [87]. It can be blended into
GSF in two ways: adding into OMA alone or into both OMA and HCM. However, the
effect of fiber mainly works in OMA structure, as there is no obvious advantage showed by
the latter method [78].

Nevertheless, it is possible that fiber may harm GSP. GSP samples with 0.3% loose
cellulose fiber show a high abrasion loss, which is difficult to meet the requirement as a
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surface course [46]. Moreover, the tensile strength of fiber-modified GSP may decrease
sometimes, even though the fatigue life was increased [83]. The reason is unknown.

2.3.3. Interface Modifiers

Interface modifier commonly refers to silane coupling agent (SCA) or other additives,
which can enhance the cohesive strength of interfaces between asphalt and cement to
protect weak interfaces from cracking [79]. With the increase of the dosage of SCA, all
properties of GSP are improved, especially shear resistance [88,89].

However, SCA needs to be combined with other additives such as rubber or latex to
loosen the inner stress in HCM, due to its high stiffness after reaction. It is found that the
workability and fluidity of HCM modified by SCA are improved, while the dry shrinkage
rate and bleeding rate are greatly alleviated. Therefore, the following GSP samples are
strengthened in the cracking and rutting resistance [90].

2.3.4. Emulsified Asphalt

Anionic emulsified asphalt and cationic emulsified asphalt are two types of emulsified
asphalt which are always blended with cement to produce cement asphalt (CA) as grouting
material for GSP. Cationic CA efficiently increases the flexibility of grouting material,
compared to anionic CA and average cement mortar [80]. In addition, CA (especially
Cationic CA) has better cohesion with asphalt than average cement mortar, which can also
act as a kind of interface modifier [76].

Despite advancement in anti-cracking resistance, CA-modified GSP will be inevitably
sabotaged in both the compressive strength of grouting material and the rutting resistance
of GSP. Accordingly, Xu et al., presents a method using SBS in OMA to offset the decrease
in strength of CA-modified GSP [76].

2.3.5. Complex Admixtures

The purpose of complex admixtures for GSP is to combine advantages of different
admixtures. However, some combinations are not always as expected, because of underly-
ing contradictive influences of combined admixtures on GSP. Therefore, in its composition
design, more factors and more procedures should be considered in a comprehensive way
to achieve desired outcomes, comparing to the individual components [83].

2.3.6. New Functional Admixtures

Some novel admixtures are applied in GSP to extend functions of a road, such as
environment conservation and road life extension. For example, water-retaining material
is mixed into grouting material to produce water-retaining GSP. This pavement can cool
down 8 ◦C–10 ◦C for eight hours for the surrounding area by evaporating the water
absorbed from rain, while it maintains a high anti-rutting performance [91,92]. Phase-
change material (PCM) is also added into GSP to adjust the ambient temperature. The
PCM-modified GSP can be protected from the damage of temperature fluctuation by the
thermal storage capacity of PCM. It is proved that GSP mixed with 5% PCM can relieve the
temperature of pavement by 11.5 ◦C for 4 h [93,94].

3. Evaluation Methods of the Performance of GSP

3.1. Common Laboratory Testing Methods

Common traditional laboratory tests are used for the evaluation of GSP, including: the
Marshall test and the rutting test to assess high-temperature performance, splitting test,
semi-circular bending test, small beam bending test at −10 ◦C to measure low-temperature
performance, and Immersion Marshall Residual Stability test to estimate moisture resis-
tance, as shown in Table 10.
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Table 10. Traditional laboratory tests and performance of GSP.

Authors
Void Rate of

OMA

Marshall Test Rutting Test
Immersion

Marshall Test

Small Beam
Bending Test

(−10 ◦C)

Splitting Test
(−10 ◦C,

1 mm/min)

Stability [kN]
Flow Value

[0.1 mm]

Dynamic
Stability

[times/mm]

Residual
Stability [%]

Tensile
Strength

[Mpa]

Tensile
Strength

[Mpa]

Xu et al.
[30,95] 25% >25 10~25 >12,000 N/A 4.82 25%

Hao et al. [6] 25% 17.12 19.8 10,242 85.2 6.408 25%

Wu et al.
[96,97] 25% 33.1 51.4 22,096 95.9 N/A 25%

Dong [98] 24.9% 17.7 32.4 15,750 78.4 7.57 24.9%

Zhang [99] 25% 7.38 27.1 21,000 100.4 6.71 25%

Pang et al.
[100,101] 22% N/A N/A >6000 N/A N/A 22%

Hou et al. [38] 29.5% N/A N/A 15,750 110% 5.2 29.5%

Li et al. [102] 25% >20 N/A >10,000 >75 N/A 25%

Hu et al. [103] 30% N/A N/A 21,725 N/A N/A 30%

Huo et al. [104] 25% 29.52 N/A 22,096 95.9 N/A 25%

3.1.1. High-Temperature Performance

The Marshall test is most commonly employed to evaluate high-temperature perfor-
mance of GSP and then results can be easily compared by this index from different projects.
GSP has greater Marshall stability and lower flow value than traditional AC, due to its
enhanced strength and fewer residual voids by grouting cement mortar. Additionally, the
compressive strength of GSP continues to improve with growth of the OMA void [6]. GSP
containing reclaimed asphalt pavement (RAP) is also evaluated by the Marshall test, which
shows a promising stability value of 53.9 kN [105].

The Rutting test is another popular method, and shows the great anti-rutting resistance
of GSP. Average dynamic stability of GSP can be up to 15,000 times/mm, compared to
the value of AC-16 at only 2000 times/mm [49,106]. GSP samples can keep their excellent
function even at a high test-temperature of 70 ◦C [103]. Additionally, the Static Indentation
Creep test is also adopted to illustrate these characteristics of GSP [107].

3.1.2. Low-Temperature Performance

Evaluation methods for the low-temperature performance of GSP include the small
beam bending (SBB) test, splitting test, and semi-circular bending (SCB) test. Additionally,
the creep test and indirect tensile strength (ITS) test are also employed at −10 ◦C to inspect
the anti-cracking resistance of GSP [6,108].

Tensile strength of GSP can approximated to AC in the SBB test, while tensile strain is
found lower than AC. This is because the excess stiffness of GSP limits the deformation
of whole structure. However, admixtures can be efficient to accomplish a significant
enhancement in tensile strength of GSP [38]. That is, the modified GSP shows improved
low -temperature performance in the SCB test, creep test, and ITS test at −10 ◦C [108].

However, the laboratory behavior of GSP in splitting tests is far different from that
in SBB tests, and both tensile strength and strain are significantly lower than AC’s [70].
Modifiers also had a mild effect on GSP in this test. Therefore, these methods need further
investigation and selection to uncover properties of GSP concisely. Further, Ding et al.,
investigated recycled Semi-flexible Pavement material by splitting test at 20 ◦C, which
indicated its anti-cracking resistance was positively linked with viscoelasticity of the
binder [109].
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3.1.3. Moisture Resistance

GSP is considered as a promising anti-moisture pavement as it prevents water per-
meation by its high density and low residual void. This property can be assessed by
freeze-thaw test and Immersion Marshall test. The freeze-thaw test is divided into the
freeze-thaw splitting test (ST) and freeze-thaw indirect tensile strength (ITS) test. Thus, the
results of retained Marshall stability (RMS) and tensile strength ratios (TSR) are summa-
rized and illustrated in Figure 3 [6,38,49,70,77,103,104,110,111].

Figure 3. Moisture resistance of GSP.

Moisture resistance of GSP is significantly enhanced with high void rate OMA. The
reason is that a high void rate can lead to void interconnection and saturated grouting [112].
From the figure, results of Immersion Marshall testing are commonly higher and easier
to reach design requirement than those in freeze-thaw tests, because of the more rigorous
experimental environment of the latter. There is another interesting phenomenon where
some RMS results exceed 100%. This phenomenon may be triggered by further hydration
of cement in GSP. Therefore, from this aspect, the freeze-thaw test may be more accurate
than the RMS test in the evaluation of moisture resistance for GSP.

3.1.4. Oil Corrosion Resistance

GSP is made to possess an excellent oil corrosion resistance by its good density. Hao
et al., adopted oil corrosion resistance test to assess GSP samples. Marshall samples were
soaked in #90 gasoline for 24 h to test its retained Marshall stability (RMS), which was
88.5% twice bigger than AC [6]. Hirato et al., also immersed Marshall samples in kerosene
for 48 h to attain RMS values, which exceeded 80% [111].

3.1.5. Impact Resistance

Impact resistance of GSP was just tested for some airport lanes by Split Hopkinson
Pressure Bar equipment, which was raised by Kolsky to measure stress pulse propaga-
tion [113]. The peak stress and failure modes of samples were collected and analyzed by
Dong-Hua Test Real-Time Data Measurement Analysis Software System under various air
pressures and different OMA void rates. It was found that GSP with 25% void rate had the
best impact resistance in the low-pressure areas (0.25 Mpa and 0.30 Mpa), and the 27%-GSP
sample could resist the peak stress value of 19.67 Mpa in the high-pressure areas (0.35 Mpa
and 0.4 Mpa) [113].
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3.1.6. Anti-Weather-Exposure Ability

Anti-weather-exposure ability of GSP was tested by conserving samples in an exposing
environment for 7 days, 90 days, 180 days, and 240 days. Its strength and fatigue life were
shown no decline in Marshall stability test and cyclic wheel load test [114].

In addition, thermal cracking equipment was adopted to evaluate long-necked speci-
mens at −5 ◦C. It was found the thermal resistance of GSP was positively related to the
content and viscosity of binders [115].

3.2. Fatigue Life Performance

The fatigue life of GSP has raised more concern in recent years, because of its different
fatigue life behavior from asphalt and concrete [116]. The results of fatigue life of GSP are
summarized in characteristics and correction factors, which are attained by the Indirect
Tensile Fatigue test (ITFT), Fatigue Bending test, Cyclic Wheel Load test, Proportion-scale
Accelerated Road test, and Full-scale Accelerated Road test. Test methods and fatigue
equations of these studies are also shown in Table 11.

Table 11. Fatigue life behavior of GSP.

Author Test
Loading

Mode
Void Rate
of OMA

Fatigue Equation Failure Standard
Fatigue

Correction Factor

Oliveira et al.
[117,118]

Two-point
bending test

Stress mode 25% Nf = 1.5659 × 103
(

1
ε

)0.23

R2 = 0.82

10% residual
stiffness 45

Strain mode 25% Nf = 2.2034 × 103
(

1
ε

)0.2474

R2 = 0.87

50% initial
stiffness data

ITFT Strain mode 25% Nf = 3.4809 × 102
(

1
ε

)0.1323

R2 = 0.9134

9 mm vertical
displacement or

cracking
45

Ling et al. [119] Four-point
bending test Stress mode 23% Nf = 1.0624 × 105

(
1
σ

)4.6636

R2 = 0.9526
Fracture 128.5

Huang et al. [120] Three-point
bending test Stress mode 30% Nf = 2.4177 × 105

(
1
σ

)0.6166

R2 = 0.9134
Fracture N/A

Wang et al. [55] Four-point
bending test Strain mode 25% Nf = 8.3 × 1020

(
1
ε

)7.0972

R2 = 0.9915
Fracture N/A

Ding et al. [109]

Dynamic splitting
tensile test on

mechanics testing
system (MTS)

Stress mode N/A Nf = 5.5 × 107
(

1
σ

)1.2903 Fracture 1703.3

Hou et al. [38] Four-point
bending test Stress mode 28.9% Nf = 1.7056 × 106

(
1
σ

)4.8951

R2 = 0.9956
Fracture N/A

Wang et al. [77] ITFT Stress mode 28% Nf = 6.1589 × 108
(

1
σ

)2.0113

R2 = 0.9684
Fracture N/A

Gong et al. [83] Semi-circular
bending Stress mode 22% Nf = 3.0199 × 104

(
1
σ

)4.44

R2 = 0.92
Fracture N/A

Yang et al.
[121,122]

Cyclic wheel
loading test Times 26% Ne = 4.8551 ×

(
1
ε

)0.3483

R2 = 0.9311
20 mm cracking N/A

3.2.1. Characteristics of Fatigue Life of GSP

Raw materials have effects on the fatigue characteristics of GSP. To assess the fatigue
life of GSP, the indirect tensile fatigue test (ITFT) and two-point bending test are commonly
used under stress or strain control mode. Fatigue curves illustrate that modified asphalt
(polymer asphalt or rubber asphalt) and low-shrinkage cement mortar dominate the fatigue
life behavior, while binder content has a slight influence [123]. Moreover, cement may be the
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most effective material for fatigue life in GSP, compared with asphalt and aggregate [120].
The fatigue life also increases with the growth of the void rate in OMA, which means more
cement mortar will be grouted in OMA [77]. Additionally, from the aspect of test conditions,
the fatigue life decreases with the rising test temperature and cannot be changed with
different loading frequencies [119,124].

The fatigue life of GSP has a linear relationship with stiffness modulus, of which the
equation is expressed as below [125]:

logNf = log α + β · logσ + γ · logE100 (1)

α, β, γ are the regression parameters. E100 is the stiffness parameter on the 100th cycle of
the fatigue test according to the European standard, and R2 could reach 0.79.

In general, GSP shows a better fatigue life than traditional AC, especially in a low-
stress level [120,125]. However, the fatigue life of GSP decreases more rapidly than that of
AC and more slowly than that of semi-rigid material at the high-stress level. Due to this
reason, GSP may be inferior to AC in anti-fatigue performance with a higher stress [38].
The cumulative fatigue life of GSP will be also shorter than that of AC based on MINER’s
Linear Fatigue Damage Accumulation theory, according to the traditional fatigue failure
standard (50% of initial stiffness) [126].

However, far different from the pattern of fatigue curves of AC, GSP does not have
a sudden drop after loss of the 50% initial stiffness, and thus can still maintain its work
capacity instead of failing with loading time [117]. Consequently, 10% residual stiffness is
presented to be a new failure standard for GSP, and then the fatigue life of GSP is found to
be greatly underestimated [127]. Therefore, failure standards are important and can lead to
different results for the evaluation of fatigue life. Additionally, the strain control mode is
recommended for fatigue life test of GSP due to its thin course structure applied in field,
which shows a better fatigue life than the stress-control mode [123,128].

In 2015, Yang et al., adopted the Cyclic Wheel Loading test on GSP with different
OMA void ratios (20%, 23%, 26%, and 30%) [121,122]. The failure standard was defined as
a 20 mm crack on the surface. Finally, the repeated wheel loading times Ne was derived,
which was close to the actual fatigue life in the field [121].

3.2.2. Fatigue Correction Factor

The correction factor or shift factor of fatigue life is an experiential effective coefficient
expressing the relationship between the fatigue life in test and that in field. According
to complex test conditions including material types, test methods, loading mode, and
testing temperatures, the shift factor is difficult to be unified and determined through
different studies.

Ling et al., calculated the fatigue correction coefficient of GSP as follows [119]:

Nf =
1
5
× 1

3
× 0.50 × 60

365
· Ne = 5.48 × 10−3Ne (2)

Specifically, the intermittent time coefficient was selected as 5; the stress-reduction
multiple of the fatigue life was 3 times; the transverse distribution coefficient was adopted
as 0.5; and the unfavorable season days was 60 [119].

Similarly, in another test, Ding et al., considered different factors from Ling: the
intermittent time coefficient was 7; the crack propagation coefficient was 20; the Days
number of the unfavorable season was 60; and the transverse distribution coefficient was
0.5. The result was expressed as follows [109]:

Ne =
1

0.5
× 7 × 20 × 365

60
· Nf = 1.703 × 103Nf (3)
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Olivia et al., indicated the fatigue life correction factor of GSP should be calculated
based on ITFT data, considering the intermittent time and loading mode, as shown in
Table 12 [117,118].

Table 12. Fatigue Correction Coefficient of GSP [117,118].

Loading Mode Fatigue Life Correction Factor

Continuous loading 17,739 1.0
1000 cycles Loading and Equivalent

Intermittent Time 40,980 2.3

2 cycles loading + 1 cycle intermission 50,823 2.9
1 cycle loading + 1 cycle intermission 140,050 7.9
1 cycle loading + 2 cycles intermission 734,395 41.4

Due to an additional factor of 1.1 for the lateral load distribution, 45 was finally
determined as the correction factor [117,118]. However, this factor was still thought to be a
conservative value, because the loading intermission in field was much longer than that
in experiment.

3.3. Computationand Simulation Method
3.3.1. Finite Element Method under Various Contact Models

The Finite Element Method (FEM) is widely utilized in study of material engineering.
FEM software such as ANSYS, ABAQUS, and BISAR are practiced in computation and
simulation for GSP. Physical properties of GSP are calculated under various contact models
according to different computational hypothesis and parameters from experience and tests,
as shown in Tables 13 and 14.

Table 13. Computational parameters of GSP in FEM.

Author Thickness H [cm] Elastic Modulus E [Mpa] Poisson’s Ratio [μ]

Yu et al. [129] 15 1200 0.25
Huang et al. [130] 10 2000 0.25
Chen et al. [131] 15 2000 0.25

Xu et al. [132] 20 2500 0.25
Wang et al. [133] 5 2000 0.25
Yang et al. [122] 30 3600 0.15

Setyawan et al. [40] 6 7600 0.24

Table 14. Results of FEM Calculation.

Author
Maximum Shear

Stress (Strain)
Maximum Tensile

Stress (Strain)
Maximum Deflection

Value [mm]

Huang et al. [130] 0.235 Mpa 0.155 Mpa 0.572
Chen et al. [131] N/A 0.1224 Mpa 0.480

Xu et al. [132] 444.5με 266.1με 3.502
Wang et al. [133] 621.1 Kpa ≈800 Kpa 0.213
Yang et al. [122] ≈1.28 Mpa ≈1.25 Mpa N/A

Setyawan et al. [40] 0.576 Mpa 3.80 Mpa N/A

FEM can calculate load status of GSP structures using the Elastic Layered System
model in three dimensions (3D) and two dimensions (2D). This model easily describes
the relationship between the traffic load and the whole structure of GSP. It is found that
the bonding of interlayers can reduce the shear stress, bottom tensile stress, and rebound
deflection in GSP [133,134]. Thus, the structure shows a better anti-shear capability than
AC, which results in a high rutting resistance [120–131]. This method also fits well and
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gains consistent conclusion in many circumstances, such as airports, which have different
structures and requirements, [122,132].

The toughness of GSP is calculated using the Visco-Elastoplastic model as the contact
model by the ABAQUS software. It is found that the toughness is affected by the OMA
void: when it was 25%, GSP has the highest toughness of 11.358 kJ/m2, showing the best
anti-cracking capacity [135].

A 2D sectional image model is established by a CCD digital camera and CAD software
to analyze the position of cracking for GSP. OMA is assumed to be visco-elastoplastic, and
cement mortar is defined as elastic in the computational process. Then, expansion force and
contraction force in GSP are calculated by ABAQUS. The results show that expansion of
cement mortar has little or no effect on GSP; but contraction can dramatically increase stress
on asphalt-cement interfaces to lead to cracking [71]. In short, low-temperature shrinkage
of cement mortar is the main reason causing cracking and asphalt-cement interfaces are
the weak interfaces.

3.3.2. Compressive Strength Prediction Model

Compressive strength of GSP is assessed by Cube compressive strength test. The
values have a linear relationship with that of grouted hydrated cement mortar [136]. The
expression is shown as below:

y = 1.3619x0.4736, R2 = 0.8525 (4)

x is the compressive strength of cement mortar; y is the compressive strength of GSP.
And the relationship can be illustrated in Figure 4:

Figure 4. Relationship of compressive strength between cement mortar and GSP [136].

In addition, Wu et al., indicated that void rates of OMA and compressive strength of
GSP had an empirical regression relationship as follows [137,138]:

y = 8.3x2 − 319.7x + 5181.4 (5)

x was the void rate of OMA (20%~30%); y was the resilient modulus of GSP.
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3.3.3. 2S2P1D Model

Cai et al., evaluated the viscoelastic behavior of GSP according to the 2S2P1D model
(composed of 2 spring units, 2 parabolic units, and 1 clay pot unit). It was found that the
2S2P1D model had a good correlation with the test results. The equation was expressed as
follows [139]:

E∗(w) = Ee +
Eg − Ee

1 + μ(iwτ0)
−k + (iwτ0)

−h + (iωβτ0)
−1 (6)

E∗(w) was the complex modulus; Ee was the equilibrium modulus; Eg was the glassy
modulus; w was the angular frequency; μ was a calibration constant; i was the complex
number; τ0 was the characteristic relaxation time; k and h were constant values defined as
0 < k < h < 1; and β was a constant that depended on the viscosity of the dashpot.

The reinforcement effect of GSP is positively linked with the OMA void ratio, and the
dynamic modulus is associated with the gradation [139]. In other words, cement can play
a role to enhance the strength of GSP under high-temperature and low-frequency loads.

3.3.4. Weak Interlayer Model

A cracking model is specially introduced to calculate cohesion strength of interfaces
to determine the position of cracking and explain the internal factors through a full-scale
Heavy Vehicle Simulator test [42,140]. Then, the strain energy of distortion (SED) is defined
as the response parameter to predict weak interlayers. A high SED value presents a higher
vulnerability to to cracking at this position. The equation is illustrated as follows:

V0 =
1

2E

(
σ2

x + σ2
y + σ2

z

)
− ν

E
(
σxσy + σyσz + σxσz

)
+

1
2G

(
τ2

xy + τ2
yz + τ2

xz

)
, (7)

SED = V0 − 1 − 2ν

6E
(
σx + σy + σz

)2 (8)

SED is the strain energy of distortion (N·m/m3); V0 is the total strain energy per unit
volume; E is Young’s Modulus (Mpa); ν is Poison’s Ratio; G was shear modulus (Mpa); σ is
compressive or tensile stress; and τ is shear stress (Mpa).

From the traditional perspective, thicknesses and Poisson’s ratios of GSP are selected
from experiential values referring to traditional AC pavement, rather than the values
from actually measuring. Therefore, though specialized parameters are adopted in tests
for GSP, these values vary widely. For instance, the U.S. Air Force recommends that the
elastic modulus of GSP should be 12,000 Mpa at 20 ◦C, following the given modulus-
temperature correlation curve (Figure 5), and Poisson’s ratio should be 0.27 [27]. However,
the design manual in the United Kingdom suggests the elastic modulus should be 8000 Mpa
and Poisson’s Ratio should be 0.25, according to an Indirect Tensile Stiffness Modulus
(ITSM) test at the frequency of 5 Hz and the temperature of 20 ◦C [118,141]. In contrast,
Pożarycki et al., back-calculated the in-situ GSP modulus by a Falling Weight Deflectometer,
of which the value reaches to 23,700 Mpa [142]. For this reason, the full-scale pavement
test is suggested to obtain the more precise property parameters [140].
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Figure 5. GSP Resilient Modulus Versus Temperature Design Curve.

4. Conclusions

According to the influential factors and the evaluation methods, recent studies of GSP
have been investigated over the last twenty years in this review article. It is concluded that:

• Microstructure can be analyzed by microscopic observation method in the study
of influential factors. However, the result is generally subjective, because image
capturing and judging mainly rely on personal experience. Thus, associating tests
should be introduced to acquire results in qualitative and quantitative ways;

• Effects of raw materials such as asphalt content and fine aggregate on GSP are not
clear enough, due to assumptions in GSP design. More conditions and parameters
need to be revised and developed for the evaluation of GSP;

• Individual admixture cannot completely meet the requirement for the low-temperature
performance of GSP, while the combination of admixtures cannot be designed reason-
ably. More effective modifiers should be developed to improve the cracking resistance
of GSP;

• Some other characteristics of GSP including interface strength, skid resistance, and
other properties are seldom studied, which should be explored to assess the perfor-
mance of GSP;

• Models used in GSP simulation are based on assumptions of traditional AC. Therefore,
these computations and predictions cannot be accurate, as they ignore the difference
in behaviors and parameters between GSP and AC.

5. Future Studies

Based on the current literatures, some recommendations for future studies are pro-
vided, as follows:

• Advanced technologies like X-ray CT and AFM technology can be used for character-
izing the micro-structure of GSP;

• More factors need to be considered and revised by laboratory tests, including binder
content and fine aggregate;

• High-efficiency interface modifiers and combined admixtures need to be developed
and evaluated;

• Full-scale accelerated test is recommended to assess the fatigue life and other proper-
ties of GSP;

• Models of GSP should be carefully considered according to the influential factors in
simulation and computation.
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Abstract: In order to improve the accuracy and reliability of an existing rutting performance pre-
diction model, based on the long-term observation data of the RIOHTrack’s full-scale pavement
structure, the rutting performance prediction model in China’s Specifications for Design of Highway
Asphalt Pavement was evaluated, and the model correction method was proposed, which improves
the model’s reliability and makes it more suitable for rutting estimation in the region. The research
found that the rutting model in China’s Specifications for Design of Highway Asphalt Pavement has
significant structural dependence. The model with the highest prediction accuracy and the smallest
error is the semi-rigid base asphalt pavement structure with an asphalt concrete layer thickness of
12 cm; the prediction accuracy of other structures is not high. In order to improve the accuracy and
reliability of the rutting prediction model, a new model is established by introducing local correction
coefficients into the existing model. After local correction, the accuracy of the rutting prediction
models for all structures has been greatly improved, and the determination coefficient R2 is greater
than 0.87. Since the basic data has already reflected the characteristics of different pavement structures
and materials, as well as the impact of local climate environment and traffic load conditions, the new
model is more suitable for rutting prediction of various pavement structures in the region where the
RIOHTrack is located.

Keywords: rutting performance prediction model; long-term observation data; full-scale pavement
structure; model accuracy evaluation; local correction coefficient; rutting prediction

1. Introduction

Rutting is one of the main diseases of asphalt pavement, and it is also a key design
index in the structural design of asphalt pavement in many countries such as: the American
Mechanistic-Empirical Pavement Design Guide (MEPDG) [1], the Shell Pavement Design
Manual [2], China’s Specifications for Design of Highway Asphalt Pavement [3], etc.; all
control the structural design through the allowable rutting deformation within the design
life. In these design methods, the rutting performance prediction model is mainly used to
predict the rutting deformation of the asphalt concrete structure at the end of the design life,
and through structural combination and material performance optimization, the rutting
deformation at the end of the design life is less than the allowable value, so as to ensure the
rationality of pavement structure design. It can be seen that how to ensure the accuracy
and reliability of the rutting performance prediction model is one of the key issues of these
design methods.

The core basis of the rutting performance prediction model is the conversion re-
lationship between the permanent strain accumulation of the laboratory repeated load
test and the actual road rutting accumulation [4,5]. At present, two methods are mainly
used to establish the rutting performance prediction model. The first is the layered strain
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method [6–11], which combines the mechanical analysis of pavement structure, material
performance tests, and actual rutting measurement results of pavement structures, and
predicts the rutting deformation according to the layered strain accumulation method. For
example, in the MEPDG research [12], Kaloush [13,14] first established the relationship
between the permanent strain of each layered asphalt mixture and the number of loading
times. Then 387 sets of observation data from 88 LTPP observation sections in 28 states were
used to calibrate and verify the relationship, and finally the prediction model for asphalt
layer rutting performance [1] was obtained. As for China’s Specifications [3], considering
the difference of stress distribution at different depths of asphalt pavement and the rutting
resistance performance of different layers, the permanent deformation is calculated layer
by layer, and based on 229 rutting test results of various asphalt mixtures, a rutting perfor-
mance model based on the layered strain accumulation method was established, and the
model was revised and verified using the rutting data of more than 10 highways and 5 test
sections [5]. The Shell Pavement Design Manual [2] uses simplified linear elastic stress
analysis and laboratory static load creep tests without confining pressure to establish a
model for predicting the permanent deformation of the asphalt layer. The model considers
the thickness of the asphalt layer, the average stress in the layer, and the asphalt concrete
stiffness, which could compare the resistance to permanent deformation of different asphalt
mixtures. Yang [15] introduced the generalized stiffness modulus of the viscosity part of
the asphalt layer on the basis of the Shell model, and Finn and Monismith [10] suggested to
directly use the asphalt mixture stiffness from the static load creep test under given load
stress and temperature conditions, further optimizing the Shell model’s rutting estimation
equation. Verstvaeten, Ververka, and Francken et al. [16] established a rutting model consid-
ering the intermittent time of load action. Zhang et al. [17] established a high-grade asphalt
pavement rutting prediction model by using the elastic layered system theory combined
with the rheological model of asphalt mixture. Kenis [18] considered that the permanent
deformation depends on parameters such as stress, loading time, and temperature, and
assumed that the viscoelastic deformation of the asphalt mixture had sufficient recovery
time within the load interval, and established a corresponding rutting model accordingly.

The second is the empirical method [19], which directly uses the observation data
accumulated over several years to establish the regression relationship between the rutting
amount and the relevant influencing variables through statistical analysis. Considering the
actual conditions of test sections or field roads and laboratory tests, this method establishes
an empirical equation for predicting the relationship between the permanent strain of
the asphalt mixture layer and the properties of load and material. Finally, the rutting of
the asphalt pavement under long-term repeated loads is determined. For example, Kim
et al. [20] used data collected from 930 test points in 39 test road sections in Michigan from
1991 to 1997, and established a rutting prediction model through structure analysis and
nonlinear regression analysis, which took into account the correlation between the amount
of rutting and the pavement structure, material parameters, and axle loads. Based on the
laboratory asphalt pavement analyzer (APA) test, Shami et al. [21] extended to APA test
prediction research under different temperatures and axis loads. Through a large number of
experiments, Monismith et al. [22,23] obtained an empirical method for rutting prediction;
that is, the relationship between rutting and influencing factors. A. Wijeratane et al. [24]
established a double-logarithmic model of the relationship between permanent strain and
cumulative axis loads. Huang [25] conducted regression analysis on the data through a
laboratory loop test, and established an empirical model including the thickness of the
asphalt layer and the cumulative axis loads. Because the second method is limited by
observation objects and regional conditions, the model is less applicable. Therefore, the first
method is mainly used in the design of asphalt pavement in many countries to establish a
rutting performance prediction model.

For the prediction model of rutting performance established by the first method,
due to the natural environment and loads that the actual pavement structure bears, there
are certain differences from the test conditions imposed in the laboratory. It is necessary
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to continuously accumulate actual observation data during the service process to make
periodic corrections and improvements to the established prediction model [26–33]. Taking
the American MEPDG as an example, the first edition of the guide [1] was officially
promulgated in 2008, and the rutting prediction model was established based on the
observation data and research results at that time. Afterwards, in the process of using this
guide, in order to improve the accuracy and reliability of the rutting model, in the second
edition of the guide [34] in 2015 and the third edition of the guide [35] in 2020, both of
them have made a relatively large revision to the rutting prediction model. Although the
model expression remains unchanged, the model parameters are adjusted greatly, and the
prediction effect of the rutting performance prediction model after the correction has been
greatly improved. The rutting model established by the first method is also used, as well
as China’s Specifications [3] promulgated in 2017. Due to the late promulgation of the
specification, the asphalt pavement designed and opened to traffic in China in accordance
with this specification has a longest service life of only 2 years. Due to the lack of long-term
observation data of rutting in actual engineering, the effect of using the rutting prediction
model is still unknown, and the model cannot be revised and improved periodically.

Therefore, this research uses the long-term observation data of the RIOHTrack’s full-
scale pavement structures to carry out the accuracy analysis of the rutting performance
prediction model in China’s Specifications, and proposes a model correction method for
the structure with poor model prediction to improve the reliability of the model, and make
it more suitable for rutting prediction in the local region. As of April 2022, according to
the rutting equivalent conversion principle, the RIOHTrack has completed 51.6 million
equivalent single-axle loads (ESALs), which is equivalent to the traffic load level of the
expressway heavy traffic level in China’s Specification for more than 30 years. The service
time of the simulated pavement structure is long enough, and can be used as the basic data
to evaluate the accuracy of the rutting prediction model of China’s asphalt pavement and
propose a correction method.

This research is relatively new work. As mentioned above, after the rutting perfor-
mance prediction model is established, it is necessary to continuously correct the model
according to the long-term observation data accumulated during actual service life, which
is very important and practical work. However, there are few asphalt pavements designed
and put into operation according to this the newest design specification in China, and
long-term observation data cannot be accumulated in the short term, so it is difficult to
carry out the work to correct the rutting model. In order to solve this problem, this research
analyzes the long-term rutting observation data of the RIOHTrack, and explores a new
correction method for the rutting model used by China’s Specification. By introducing
correction coefficients to locally correct the existing rutting model, the accuracy of the
model can be significantly improved. This is of great significance for rutting prediction,
and also has important reference value for application in other regions.

2. Objective and Scope

This research aims to evaluate the accuracy of the rutting performance predication
model in China’s Specifications by using the long-term observation data of full-scale
pavement structures and present a model correction method to improve the reliability of
the model and make it more suitable for the rutting prediction in the region. The research is
mainly carried out on the full-scale test track of the Research Institute of Highway Ministry
of Transport (RIOHTrack). A total of 14 kinds of asphalt pavement test sections from
7 categories, including semi-rigid base asphalt pavement, rigid base asphalt pavement,
inverted asphalt pavement, and full-depth asphalt pavement with different thicknesses of
asphalt concrete materials, are selected as the research object.

3. Methods

This research is mainly carried out on the RIOHTrack, which was completed in October
2015, and has been officially in operation for loading tests since December 2016. To date,
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the RIOHTrack has been in operation for more than 5 years for accelerated loading tests
using real vehicles. As heavy trucks are used for the accelerated loading test, according to
China’s Specifications, each axle load of the truck should be converted into the cumulative
number of equivalent standard axle loads (10 t) to characterize the traffic load level and
correspond to the design service life of the pavement structure. During the test, heavy
trucks are used for accelerated loading. Given that the pavement structure simulated by
the RIOHTrack accelerated loading test has been in service for long enough, the accuracy
of the rutting prediction model of asphalt pavement in China can be evaluated on the basis
of the evolution data of the pavement structure rutting depth obtained during accelerated
loading tests, and the correction method is proposed.

4. Overview of RIOHTrack Full-Scale Pavement Test Track

The RIOHTrack, for which this research based, is the first full-scale pavement test track
of road fields in China. It is located in Beijing, where the average air temperature of the
coldest month is −4.6 ◦C and the average air temperature of the hottest month is 25.8 ◦C.
The RIOHTrack, with a total length of 2039 m, is an enclosed curve composed of straight
lines and circular curves, with a north–south trend and a symmetrical arrangement. The
long-term observation data of each pavement structure of the RIOHTrack is selected to carry
out the model accuracy analysis, for several reasons. First, various pavement structures
paved by the RIOHTrack are very representative in China, basically covering more than
90% of the commonly used pavement structure types on the asphalt pavement of China’s
expressways. Moreover, each test section of the RIOHTrack was constructed with the same
structure thickness, pavement material, and construction technology as the actual project.
The width of each test section is 7.5 m, and two inner and outer lanes are set; each lane is
3.75 m wide, the section length is 50–60 m, and the test size is also completely consistent
with the actual engineering project. Therefore, these test structures can better reflect the
real situation of actual engineering projects, and the performance observations carried out
on this basis are also well representative. Second, the evaluation and accuracy analysis
of the rutting model requires the support of long-term service performance observation
data. We know that the evolution of pavement service performance is a long-term process.
If calculated according to natural life, the service life of pavement usually reaches several
decades, which is too long for model verification, and it is difficult and impractical to obtain
continuous observation data for decades. The RIOHTrack is a very efficient accelerated
loading test platform with the ability to simulate long-term performance in short-term tests.
It accelerates the service performance of pavement by increasing the test load of the vehicle.
According to the axle load conversion equation, it can be known that each time the test
load of the existing RIOHTrack acts once, it is equivalent to dozens or hundreds of times
the ESAL of 10 t acts. In this way, the simulation of the long-term service performance of
pavement can be realized in the short term. These long-term performance observations can
be used to verify the model.

Structure I is a semi-rigid base pavement with an asphalt layer thickness of 12 cm,
and the structure numbers are STR1 and STR2. Structure II is rigid base asphalt pavement,
the structure numbers are STR4 and STR5. Structure III is a semi-rigid base pavement
with an asphalt layer thickness of 18 cm, and the structure numbers are STR7 and STR8.
Structure IV is inverted asphalt pavement, and the structure numbers are STR10 and STR12.
Structure V is a semi-rigid base pavement with an asphalt layer thickness of 24–28 cm, and
the structure numbers are STR11 and STR13. Structure VI is a semi-rigid base pavement
with an asphalt layer thickness of 36 cm, and the structure numbers are STR16 and STR17.
Structure VII is full-depth asphalt pavement, and the structure numbers are STR18 and
STR19 [36–39].

The RIOHTrack layout is shown in Figure 1, and the structure is shown in Figure 2.
In the base layer shown in Figure 2, CBG25-I and CBG25-II are cement-bonded graded
aggregate material, and the 7-day unconfined compressive strengths are 6 MPa and 4.5 MPa,
respectively. CS is cement-stabilized soil, and the 7-day unconfined compressive strength
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is 2 MPa. LCC and CC are lean cement concrete and cement concrete, respectively. GA is
graded aggregate.

 

Figure 1. The RIOHTrack layout.

Figure 2. The RIOHTrack structure.

To ensure test efficiency, heavy trucks are used for the accelerated loading on the
RIOHTrack. From December 2016 to December 2018, loading mode I is adopted for loading.
The loading vehicles include four three-axle trucks (Figure 3). Since January 2019, loading
mode II is adopted for loading. The loading vehicles, including six six-axle trucks, are
updated, as shown in Figure 4. The test loading efficiency is increased to more than 3 times
that of loading mode I. The axle load of the loading vehicles is heavy, more than 10 t, the
standard axle load stipulated in China’s Specifications. Therefore, it is necessary to convert
it into the cumulative number of ESALs taking the rutting as a design indicator based on
Equation (1). Based on this, the cumulative number of ESALs in RIOHTrack loading tests
has been 51.60 million from December 2016 to April 2022, as shown in Figure 5.

Ne = C1C2

(
Pi
10

)4
(1)

where C1 refers to the axle-number coefficient of converted vehicles, converted according
to the rutting equivalence principle; when the distance between the front and rear axles is
greater than 3 m, take 1. when the distance between the front and rear axles is less than
3 m, take 1.05; C2 refers to the wheel-set coefficient of converted vehicles. 1.0 for double
wheels and 4.5 for single wheels; and Pi refers to the axle load of the converted vehicles (t).
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Figure 3. Axle load and axial distribution of trucks in loading mode I.

 

Figure 4. Axle load and axial distribution of trucks in loading mode II.

Figure 5. Curves of the cumulative number of equivalent single-axle loads.

5. Rutting Prediction Model and Parameter Values of China’s Asphalt Pavement

The rutting performance prediction model in China’s Specifications is established
by the cumulative permanent deformation. First, each asphalt mixture layer is layered,
and then according to the rutting test under standard conditions, the rutting permanent
deformation of each layer of asphalt mixture is obtained, and the permanent deformation of
each layer and the total permanent deformation of the asphalt mixture layer are calculated,
so as to achieve the purpose of controlling the structure design. The rutting performance
prediction model expressions are shown in Equations (2) and (3).

204



Appl. Sci. 2022, 12, 6805

Ra =
n

∑
i=1

Rai (2)

Rai = 2.31 × 10−8kRiT2.93
pef p1.80

i N0.48
e R0i (3)

where Ra is the permanent deformation of the asphalt mixture layer (mm); Rai is the
permanent deformation of the i-th layer (mm); R0i is the permanent deformation of the i-th
layer of the asphalt mixture in the laboratory rutting test at 60 ◦C (mm); Ne is the cumulative
number of ESALs; Tpef is the rutting equivalent temperature of the asphalt mixture layer
(◦C); pi is the vertical compressive stress on the top surface of the i-th layer (MPa); kRi is
the comprehensive correction coefficient, calculated according to Equations (4)–(6); zi is the
depth (mm) from the midpoint of the i-th layer to the road surface; and ha is the thickness
of the asphalt mixture layer (mm); when it is greater than 200 mm, take 200 mm.

kRi = (d1 + d2·zi)·0.9731zi (4)

d1 = −1.35 × 10−4h2
a + 8.18 × 10−2ha − 14.50 (5)

d2 = 8.78 × 10−7h2
a − 1.50 × 10−3ha + 0.90 (6)

Since the long-term evolution data of rutting in this research is obtained based on
the RIOHTrack full-scale pavement test track, the traffic loads on each pavement structure
are exactly the same, so the Ne of each structure should take the same value for rutting
prediction, which can be taken according to Equation (1) and Figure 5.

According to the regulations in China’s Specifications, Tpef is related to the temperature
in the region where the pavement structure is located and the thickness of the asphalt
mixture layer. It can be seen from the calculation that for the STR1, STR2, STR4, and
STR5 in this research, the equivalent temperature of the rutting is 22.02 ◦C; the equivalent
temperature of rutting of STR7 and STR8 is 22.98 ◦C; and the equivalent temperature of
rutting of STR10, STR12, STR11, STR13, STR16, STR17, STR18, and STR19 is 23.30 ◦C.

There are 10 kinds of asphalt mixtures in the structures of this research. The test results
of the permanent deformation of each asphalt mixture in the laboratory rutting test at 60 ◦C
are shown in Table 1. The value of R0i can be selected according to Table 1. In addition, pi
and kRi can be calculated according to the layered model of each pavement structure, and
calculated according to the mechanics of the elastic layered system and Equations (4)–(6),
and will not be repeated here.

Table 1. Permanent deformation of asphalt mixture rutting test.

AC Type AC10 AC13-I AC13-II SMA13 AC20 AC20 AC20 AC25 AC25 AC25

Asphalt Type SBS SBS SBS SBS AH30 AH50 SBS AH30 AH50 AH70

Permanent
Deformation (mm) 2.40 1.54 1.65 1.82 1.70 2.67 1.30 1.96 2.12 2.82

6. Results and Discussion

6.1. Evaluation on Asphalt Pavement Rutting Prediction Model

Figure 6 shows the comparison between the predicted value of the model and the
measured value during the long-term evolution of rutting of seven categories of structures.
To evaluate the accuracy and prediction effect of the rutting prediction model quantitatively,
the mean square error (MSE), root mean square error (RMSE), mean absolute error (MAE),
mean relative error (MAPE), coefficient of determination (R2), and other indicators between
the predicted value of the rutting model and the measured value are calculated and
summarized in Table 2.
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Figure 6. Cont.
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(i)  (j)  
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(m)  (n)  

Figure 6. Comparison between the predicted value of the model and the measured value. (a) Struc-
ture I-STR1. (b) Structure I-STR2. (c) Structure II-STR4. (d) Structure II-STR5. (e) Structure III-
STR7. (f) Structure III-STR8. (g) Structure IV-STR10. (h) Structure IV-STR12. (i) Structure V-STR11.
(j) Structure V-STR13. (k) Structure VI-STR16. (l) Structure VI-STR17. (m) Structure VII-STR18.
(n) Structure VII-STR19.

Table 2. Error between the predicted value of the rutting model and the measured value.

Structure Type MSE RMSE MAE MAPE R2

Unit mm2 mm mm - -

I
STR1 1.16 1.08 0.91 18.3% 0.6346
STR2 1.12 1.06 0.85 17.6% 0.6223

II
STR4 7.70 2.78 2.40 53.7% −8.2491
STR5 3.67 1.92 1.69 32.1% −1.2133

III
STR7 3.52 1.88 1.64 25.2% 0.3337
STR8 5.68 2.38 2.29 30.9% 0.2222

IV
STR10 5.63 2.37 2.20 30.5% 0.0469
STR12 3.09 1.76 1.35 23.0% 0.0860

V
STR11 2.89 1.70 1.43 23.1% 0.4220
STR13 2.45 1.56 1.26 21.8% 0.2500

VI
STR16 2.67 1.63 1.31 24.4% 0.0444
STR17 1.72 1.31 1.15 23.1% 0.2084

VII
STR18 7.23 2.69 2.20 25.3% −0.0792
STR19 5.51 2.35 2.01 31.8% −1.0787
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It can be seen from Figure 6 and Table 2 that:

(1) For Structure I, the predicted value of the rutting model is relatively close to the
measured value. The measured result fluctuates up and down near the prediction
curve, and the error of the model prediction is small. For STR2 with the smallest error,
the MSE is 1.12 mm2; the RMSE is 1.06 mm; the MAE is 0.85 mm; and the MAPE is
17.6%. The R2 of STR1 and STR2 rutting models are 0.6346 and 0.6223, respectively.
According to [12], the R2 of the predicted value of the model and the measured value
in MEPDG is 0.6425. For Structure I, the accuracy of the rutting model in China’s
Specifications is basically equivalent to that in American MEPDG, and the model has
a similar prediction effect.

(2) For Structures II and VII, the correlation between the predicted value of the rutting
model and the measured value is similar. A great difference is observed between the
predicted value and the measured value of the rutting model with the two categories
of structures. The predicted value is significantly larger than the measured value.
The predicted curve is above the measured value. In addition, with the increase in
the cumulative number of ESALs, the error in the model prediction rises. For STR5
with the smallest error, the MSE is 3.67 mm2; the RMSE is 1.92 mm; the MAE is
1.69 mm; and the MAPE is 32.1%. The R2 of STR4, STR5, STR18, and STR19 structural
rutting models, namely, −8.2491, −1.2133, −0.0792, and −1.0787, respectively, are
all negative. According to the meaning of the determination coefficient R2, when R2

is negative, the effect of the simulated prediction is poor and even cannot reach the
prediction accuracy of the average value curve of the measured value. Therefore, for
Structures II and VII, the accuracy of the rutting model in China’s Specifications is
relatively poor. This model is not suitable for the rutting prediction. The reason for
this phenomenon may be that the characteristics of the two structures are not fully
considered when Equation (3) is established, thereby resulting in the poor prediction
effect of the model. Figure 2 shows that Structure II belongs to the rigid base asphalt
pavement. The lean concrete or cement concrete is adopted for the base, and the
modulus and strength of the base are relatively high in value. Structure VII belongs
to the full-depth asphalt pavement structure with the thickness of asphalt materials
reaching 48–52 cm. According to [3], the rutting model in China’s Specifications is
established on the basis of the rutting data of 10 highways and 5 test sections. Semi-
rigid materials are used as the base or subbase of more than 95% of asphalt pavement
in China, and the thickness of the asphalt concrete structural layer generally does not
exceed 30 cm. Therefore, to make the rutting model in the design specification more
widely applicable, semi-rigid materials are used as the base in the construction of
10 highways and 5 test sections used in the model, and the thickness of the asphalt
concrete is in the range of 16–28 cm. When establishing Equation (3), Structure II,
which has lean concrete or cement concrete as the base, and Structure VII, which
has 48–52 cm-thick asphalt material layer thickness, are not considered, which is
also the main reason for the poor prediction effect of Equation (3) on the two kinds
of structures.

(3) For Structure III and STR10 in Structure IV, the predicted value is significantly larger
than the measured value. The predicted curve is below the measured value. After the
initial loading stage (Ne is about 5 million), the predicted curve is basically parallel to
the measured curve, and the difference between the predicted value and the measured
value is basically constant with the increase in cumulative ESALs. For STR7 with the
smallest error, the MSE is 3.52 mm2; the RMSE is 1.88 mm; the MAE is 1.64 mm; and
the MAPE is 25.2%. The R2 of STR7, STR8, and STR10 structural rutting models are
0.3337, 0.2222, and 0.0469, respectively. R2 is in the range of 0–0.4. The prediction
effect is not ideal.

(4) For the remaining structures, namely, STR12 in Structures IV, V, and VI, an intersection
between the model prediction curve and the measured curve of the rutting model ex-
ists with the increase in ESALs. Therefore, it can be obviously divided into two stages.
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The first stage is the first section of the whole rutting evolution curve. When the
ESALs reach a certain critical value (Ne

′) from 0 at the beginning, the predicted value
of the rutting model is obviously less than the measured value. However, with the
increase in ESALs, the error of the model prediction gradually becomes small. When
it reaches the critical value (Ne

′) of ESALs, the predicted value is almost the same
as the measured value. The second stage is the latter section of the whole rutting
evolution curve. When the number of ESALs is greater than the critical value (Ne

′),
the predicted value of the rutting model is higher than the measured value. With the
increase in ESALs, the model prediction error gradually rises. For different structures,
the critical values (Ne

′) of ESALs vary greatly. For STR17 with the smallest error, the
MSE is 1.72 mm2; the RMSE is 1.31 mm; the MAE is 1.15 mm; and the MAPE is 23.1%.
The critical values (Ne

′) of STR12, STR11, STR13, STR16, and STR17 are 35 million,
50 million, 30 million, 45 million, and 25 million, respectively. The R2 of five structural
rutting models are 0.0860, 0.4220, 0.2500, 0.0444, and 0.2084. R2 is in the range of 0–0.5.
The prediction effect is not ideal. From the meaning of the R2, although the rutting
model can be used to predict these structures with R2 between 0 and 0.5, the accuracy
is not high. The main reason is that the rutting observation data in this research
are based on the RIOHTrack accelerated loading test. Compared with 10 highways
and 5 test sections used for establishing the model in China’s Specification, some
differences are observed in the geographical location, climate environment, and traffic
load, etc. A local correction coefficient should be introduced into the rutting model by
referring to [26–33], and the model must be modified to obtain a rutting prediction
model suitable for the location of the RIOHTrack, thereby improving the accuracy of
model prediction.

According to the equivalence relationship between the design life and the cumulative
ESALs in China’s Specification, under the heavy traffic load level, the expressway with a
30-year design life is equivalent to more than 50 million cumulative ESALs of pavement.
Table 3 summarizes the measured rutting values and model-predicted values of each
pavement structure of the RIOHTrack under the cumulative 50 million ESALs in Figure 6.
From the data in Table 3, it can be seen that, at the end of design life, the structures with the
largest difference between the measured rutting values and the model predicted values are
Structure II and VII, which are also predicted poorly in Table 2. Furthermore, STR7 and
STR11 have the smallest difference between the measured rutting values and the model
predicted values. However, from the rutting evolution curve in Figure 6, the rutting model
has the highest prediction effect only when it reaches the end of design life. The prediction
effect of the whole life cycle is not ideal, which is basically consistent with the results of the
previous analysis.

Table 3. Rutting values at the end of design life.

Structure
Type

I II III IV V VI VII

STR1 STR2 STR4 STR5 STR7 STR8 STR10 STR12 STR11 STR13 STR16 STR17 STR18 STR19

RIOHTrack
Measured values (mm) 7.70 7.89 5.15 6.40 9.99 11.60 10.69 8.90 10.05 8.50 7.89 6.63 10.45 7.36

Model
Predicted Values (mm) 9.20 9.19 9.69 9.87 9.91 9.85 9.57 9.28 10.02 9.91 8.25 8.86 15.72 11.96

MAPE (%) 19.5 16.5 88.1 54.2 0.8 15.1 10.5 4.3 0.4 16.6 4.5 33.8 50.5 62.5

The aforementioned analysis results show that the rutting model in China’s Specifi-
cations has significant structural dependence. Some problems are encountered in using
a unified rutting model for the prediction of different structures, especially for rigid base
and full-depth asphalt pavements. The rutting evolution process of the two structures is
not considered when the model is established, so the prediction effect of the model on
both structures is poor. To ensure the prediction accuracy of the rutting model, we should
correct, improve, and optimize the established rutting model combined with the long-term
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evolution data of rutting deformation of pavement structure with load and environment
according to the characteristics of the pavement structures and materials in different areas,
as well as the geographical location, climate environment, and traffic load, to improve the
prediction accuracy. Finally, a high-precision rutting prediction model suitable for different
pavement structures and areas is obtained.

6.2. Correction of Asphalt Pavement Rutting Prediction Model

To ensure the wide applicability of the rutting prediction model in China’s Specifica-
tions and the model in MEPDG, the measured rutting data from actual projects and test
tracks in different regions of the country were used in establishing the model. As a result,
the applicability is ensured, but the prediction accuracy of the model is limited. As shown
in [12], when R2 is higher than 0.60, the prediction effect of the model is acceptable and
can be used for design. After verifying the rutting prediction models of different pavement
structures based on the RIOHTrack measured results, the predicted value of only the rutting
with Structure I is close to the measured value. The R2 of the rutting model can reach 0.60
and above, and the accuracy of other structures cannot reach the value. The reason for this
phenomenon is that, on the one hand, the structure and material characteristics of some
sections, such as rigid base structure and full-depth asphalt concrete layer structure, are
not considered when the model is established, which leads to the poor prediction effect
of the model on these structures. On the other hand, the RIOHTrack, which provides the
measured data in this research, has certain differences from the model in climate and traffic
environments. The rutting model can only be used with local correction.

At present, in terms of the rutting model, the commonly used correction method
aims to introduce a local correction coefficient based on the existing model expression
to improve the model, thereby improving the prediction accuracy. In [26–33], the local
correction is carried out for the rutting model in MEPDG. The main method is that three
local correction coefficients, namely, β1, β2, and β3, are introduced to correct the constant
term of the model, the exponential term of temperature, and the exponential term of
cumulative ESALs, respectively. Subsequently, the model parameters are calibrated using
the rutting observation results of local actual projects or test tracks. The rutting model
in China’s Specifications is similar to that in the MEPDG in its principles and expression.
Therefore, this method can be used to make the local correction of the rutting model to
establish a high-precision rutting model suitable for the region where the RIOHTrack is
located. According to this idea, we propose a local correction method for the prediction
model of the rutting performance of China’s asphalt pavement, which is briefly described
as follows:

(1) On the basis of the existing rutting performance prediction model Equation (3) in
China, the local correction coefficients β1, β2, and β3 are introduced to improve a
new rutting prediction model; see Equation (7). Among them, β1 is used to correct
the constant term of the existing rutting model, β2 is used to correct the exponen-
tial term of the temperature, and β3 is used to correct the exponential term of the
cumulative ESALs.

(2) Relying on local projects and test sections, long-term observation of rutting defor-
mation of asphalt pavement is carried out, and the measured rutting data with the
cumulative ESALs are obtained. These data can reflect the long-term evolution of
pavement rutting under the combined effect of multiple factors such as local climate
environment, traffic load, pavement structure, and material type.

(3) Based on the long-term observation results of rutting deformation, a new rutting
prediction model after correction is used to fit the rutting data according to the least
squares method, so the local correction coefficients β1, β2, and β3 can be obtained,
and the model prediction errors are obtained to judge the model accuracy. Finally,
taking these coefficients into Equation (7), the new rutting prediction model after local
correction can be obtained.
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Ra =
n

∑
i=1

2.31 × 10−8·β1kRiT
2.93·β2
pef p1.80

i N0.48·β3
e R0i (7)

Equation (7) is adopted to fit the measured results shown in Figure 6. The local
correction coefficients of different structures and all kinds of errors in the model prediction
can be obtained (Table 4). Table 4 shows that the accuracy of rutting prediction models
of all structures is greatly improved after local correction. The determination coefficients
R2 are higher than 0.87, which indicates that the new rutting prediction model after local
correction is suitable for the rutting prediction of all kinds of pavement structures where
the RIOHTrack is located.

Table 4. Local correction coefficients and errors of rutting model.

Structure Type β1 β2 β3 MSE RMSE MAE MAPE R2

I
STR1 6.1319 1.2123 0.5440 0.21 0.46 0.38 8.6% 0.9331
STR2 6.1201 1.2120 0.5425 0.18 0.42 0.31 7.4% 0.9400

II
STR4 9.4764 1.2749 0.3677 0.11 0.33 0.24 6.6% 0.8722
STR5 7.5312 1.2573 0.4409 0.13 0.36 0.26 6.4% 0.9237

III
STR7 7.0638 1.2254 0.5330 0.31 0.56 0.40 8.2% 0.9415
STR8 5.4336 1.1970 0.6079 0.30 0.55 0.39 7.5% 0.9591

IV
STR10 7.2853 1.2287 0.5340 0.47 0.69 0.49 10.1% 0.9203
STR12 10.0245 1.2674 0.4357 0.41 0.64 0.48 10.6% 0.8787

V
STR11 7.0344 1.2237 0.5301 0.34 0.59 0.46 8.7% 0.9311
STR13 9.6484 1.2624 0.4367 0.31 0.56 0.42 9.2% 0.9045

VI
STR16 9.9075 1.2660 0.4412 0.31 0.55 0.39 10.0% 0.8901
STR17 8.2984 1.2436 0.4598 0.24 0.49 0.38 9.6% 0.8913

VII
STR18 4.8346 1.1941 0.5643 0.46 0.68 0.52 10.8% 0.9312
STR19 6.9198 1.2416 0.4625 0.25 0.50 0.37 7.9% 0.9073

Figure 7 shows the comparison of results before and after the local correction of the
rutting models of several representative pavement structures. After local correction, the
predicted values of the rutting models with these structures are relatively close to the
measured values. The measured result fluctuates up and down near the prediction curve,
the error of the model prediction decreases, and the accuracy is improved significantly.
For Structures II and VII, the prediction curve is no longer above the measured curve but
fluctuates up and down near the measured curve. R2 becomes higher than 0.87 from a
negative value. For STR5 with the smallest error, the MSE is 0.13 mm2; the RMSE is 0.36 mm;
the MAE is 0.26 mm; and the MAPE is 6.4%. The rutting model can fit the measured value
of rutting better, and the prediction effect of the model is better. For Structures III, IV, V, and
VI, the prediction curve is no longer parallel to the measured curve and no longer crosses
in the middle but fluctuates up and down near the measured curve. R2 increases to 0.87
and above from 0–0.50. For STR8 with the smallest error, the MSE is 0.30 mm2; the RMSE is
0.55 mm; the MAE is 0.39 mm; and the MAPE is 7.5%. The accuracy of the model has been
improved significantly.

Comparing the results in Figures 6 and 7, it can be seen that the prediction effect of
the new rutting model after correction is significantly better than that of the model before,
which is mainly related to the introduction of local correction coefficients β1, β2, and β3.
The evolution curves of the measured rutting values of 14 kinds of pavement structures
in Figure 6 with the cumulative ESALs basically show a similar phenomenon; that is, the
rutting deformation in the initial loading stage (Ne is about 0 to 5 million ESALs) increases
rapidly, and the rutting evolution curve is relatively steep. When the initial stage is over, the
rutting deformation begins to increase slowly, and the rutting evolution curve also becomes
relatively flat. The reason for this phenomenon may be that in the initial loading stage,
the voids inside the mixture of the newly paved asphalt pavement are compressed under
the load, resulting in obvious compaction deformation of the asphalt concrete structure
layer, as can be seen from Figure 6. At the end of the initial loading stage (generally Ne is
about 5 million ESALs), the compaction deformation of the asphalt pavement can reach
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about 4–6 mm. After that, due to the limited compressible voids inside the asphalt mixture,
when the voids can no longer be compressed, the asphalt mixture begins to produce plastic
permanent deformation. Compared with the compaction deformation, the increase of the
plastic deformation is relatively slow and not as rapid as the compaction deformation in
the initial stage.

 
(a)  (b)  

 
(c)  (d)  

Figure 7. Comparison of predicted and measured values before and after rutting model correction.
(a) STR2. (b) STR5. (c) STR7. (d) STR17.

As can be seen from Figure 7, although the overall change in trend of the new and
old models is in the form of a monotonically increasing power function, the new model
has a steeper curve shape in the initial loading stage, which can better simulate the initial
compaction deformation of asphalt mixture when Ne is from 0 to 5 million ESALs. As seen
in Equation (7), correction coefficients β1 and β2 respectively correct the constant term of
the model and the exponential term of the equivalent temperature, and the equivalent
temperature is fixed for the same structure, so the coefficient β2 can also be regarded
as a correction to the constant term. According to the results in Table 4, it can be seen
that when correction coefficients β1 and β2 are introduced, the constant term of the new
model is numerically at least approximately 6 times higher than that of the old model. In
addition, when the initial loading stage is over, the evolution curve of the second stage
of the new model is smoother than that of the old model, and it can better simulate the
slowly increasing plastic permanent deformation, and the model prediction effect is also
better. It can be seen from Equation (7) that β3 mainly corrects the exponential term of Ne,
and Ne is also the only independent variable in Equation (7), and the evolution curve in
the second stage of the model mainly depends on the value of the exponential term. The
smaller the value, the smoother the curve. From the values in Table 4, it can be seen that
the average value of β3 is about 0.5, the exponential term of the new model is half of that
of the old model, and its curve is gentler, which can better simulate the slowly increasing
plastic permanent deformation after the initial loading stage.

It should be noted that the measured rutting data of 14 kinds of structures in Figure 6
are obtained based on the accelerated loading test of the RIOHTrack’s full-scale pavement
structure. Since the test section is built in the wild, it has always been bearing the long-term
effect of the local climate environment, and the pavement structure and material type are
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quite different. In other words, the measured rutting data in Figure 6 is the test result under
the combined effect of local climate environment, traffic load, pavement structure, and
material type, which also comprehensively reflects the influence of these factors. On the
basis of this test data, the new rutting prediction model obtained after local correction will
have higher regional applicability, and is more suitable for rutting prediction of various
pavement structures in the area where the RIOHTrack is located, and the accuracy is
also higher.

7. Conclusions

Based on the measured value of the rutting model with the pavement structure
represented by the RIOHTrack full-scale test track, the rutting prediction model in China’s
Specifications is analyzed. Moreover, the following conclusions are drawn:

(1) The rutting model in China’s Specifications for Design of Highway Asphalt Pavement
has significant structural dependence. Different structures are predicted using a
unified rutting model with different prediction accuracies.

(2) The existing rutting model is used for prediction. Structure I has the highest accuracy
and the smallest error, and the R2 is greater than 0.6. Rigid base and full-depth asphalt
pavement structures have the worst accuracy, and the R2 is negative. The prediction
accuracy of other structures is not high, and the R2 is in the range of 0–0.5.

(3) To improve prediction accuracy, local correction coefficients are introduced in the
existing rutting prediction model to establish a new one. The RIOHTrack rutting
measured value is adopted to fit the new rutting prediction model, and the local
correction coefficients of different structures are obtained.

(4) After local correction, the accuracy of the rutting prediction model of all structures is
greatly improved. The R2 values are greater than 0.87. The predicted values of the
rutting models with these structures are relatively close to the measured values. The
measured result fluctuates up and down near the prediction curve, the error of the
model prediction declines, and the accuracy is improved significantly.

(5) The measured rutting data in this research are the test results under the combined
effect of local climate environment, traffic load, pavement structure, and material type.
On the basis of this test data, the new rutting prediction model obtained after local
correction will also have higher regional applicability, and is more suitable for rutting
prediction of various pavement structures in the area where the RIOHTrack is located,
and the accuracy is also higher.

In this research, a local correction method of the rutting prediction model is proposed.
Although this method is discussed for the rutting model in China’s Specification, the basic
principle of this method is to introduce correction coefficients. The constant terms, expo-
nential terms of loads, and environment parameters in the model are modified respectively
to improve the prediction accuracy of the model. The ideas and methods of this model
correction also have a certain reference value for the correction of rutting models in other
regions. When the accuracy of the estimation of the existing rutting models in other regions
is poor, you can refer to this research’s method to make local correction on key parameters
to improve accuracy and enhance regional applicability. In addition, the RIOHTrack full-
scale pavement test track, which this research is based on, is still carrying out accelerated
loading tests. It is expected that by the end of 2022, cumulative ESALs will reach 65 million
ESALs. The related work in this research will also carry out further tracking research and
analysis with the update of long-term observation data of rutting.
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Abstract: Governments and road agencies face the challenging task of maintaining roads. One of the
reasons this is challenging is that the maintenance process requires utilizing a substantial amount
of road network condition data. There are many approaches for measuring road surface conditions
which are very costly and time-consuming, as well as requiring skillful operators. Developing
countries have limited budgets for planning and monitoring road maintenance. This research aims to
establish a low-cost pavement maintenance management system for intermediate and small cities in
developing countries. The system utilizes low-cost sensors embedded in smartphones that can be
used to measure road surface conditions. Google Earth is then used to present maintenance data,
select a maintenance strategy, and view the maintenance output information. Road Lab Pro, an
android application, is used to collect the data and estimate the surface condition of roads by using
accelerometers, gyroscopes, and a GPS. The road network is divided into segments and the road
surface conditions are estimated for each segment using the smartphone application and a suspension
vehicle. The required maintenance activities for these segments are then established. A priority index
is determined for each segment to decide which segments should be maintained with the available
budget. This effort allows us to investigate the feasibility of assessing road surface roughness using
a smartphone to determine the presence of road distresses and the overall road condition, which
is taken into account when making maintenance decisions. The application of this system reveals
that these new technologies can provide cost-effective, easy-handling, and efficient ways for a road
agency to perform good maintenance planning.

Keywords: flexible pavement; pavement maintenance; management system; smartphone sensors;
Google Earth

1. Introduction

Developing countries lack suitable road maintenance, which leads to the deterioration
of roads. The current maintenance program reveals that the system used is insufficient
to reflect changing conditions and is lacking in its ability to assist in decision making
during pavement design [1]. A good pavement management system is therefore necessary
to reduce the rate of deterioration and maintain the pavement in a serviceable state [2].
To plan for maintenance properly, sums of data are needed—particularly data on road
conditions. Road condition data change over time, especially since collecting them regularly
requires a significant investment of resources and time.

A pavement maintenance management system (PMMS) consists of a series of decision-
based components used to determine where and how repairs should be carried out. Often,
maintenance decision making is achieved by feedback from assessments conducted by
the local authority. To attain the best utilization of available funds, it is essential to have
convenient methods for assessing the road conditions and a database of these conditions so
that analyses can be performed, which provides useful information for decision making.
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Unfortunately, this is not the case in many developing countries due to their limited budgets
and less advanced technology. Therefore, most road maintenance decisions are made based
on engineering judgments [3].

Road pavement roughness is an acceptable indicator for evaluating the overall condi-
tion of a pavement’s surface. Road roughness can give agencies useful information for the
decision-making processes of maintenance planning and programming [4].

Road roughness is usually measured by an index such as the international roughness
index (IRI). Many approaches are available for measuring the IRI, although most of them
require sophisticated profilers and tools that are highly accurate but costly to obtain, operate,
and maintain, as well as skillful operators. On the other hand, a popular practice in many
developing countries is visual inspection. Visual inspection is a relatively cheap option
but is very labor-intensive and time-consuming. Therefore, it is necessary to investigate
low-cost, practical methods for evaluating roughness.

Nowadays, smartphones usually come with many useful and inexpensive embedded
sensors, such as three-axis accelerometers, a gyroscope, and a GPS [5]. These sensors can
measure the acceleration in m/s2 along each of the x, y, and z axes, and can be used to
recognize motion. Accelerometers in smartphones are primarily used for detecting the
orientation of the screen. The embedded sensors in smartphones are capable of recording
useful signals for road surface condition estimation, similar to those recorded by high-tech
equipment [6].

The embedded sensors within smartphones have been studied with regard to their ability
to measure road roughness. The “SmartRoadSense” system presented by Alessandroni et al.
(2014) aimed to measure road surfaces using smartphones. They established a model for
determining a road roughness index from data obtained by the system [7]. Douangphachanh
and Oneyama (2014) estimated road conditions by using the intelligent vehicle monitoring
system (IVMS) as a reference for establishing a road roughness index. They collected data via the
AndroSensor smartphone application to determine road profiles and compute the IRI [6]. Islam
et al. (2014) processed integrated acceleration data using computer software. The study collected
road profile and acceleration data with both an inertial profiler and a smartphone mounted on a
vehicle. The results showed that smartphones measured road roughness with an acceptable
accuracy when compared with an inertial profiler [8]. Zeng et al. (2015) determined that road
roughness depends on a normalized acceleration index. The data were collected by mounting
two tablets on a vehicle dashboard. Data were captured on the acceleration in three dimensions,
the GPS coordinates, and the speed. This revealed that the recommended index could define
road surface deficiencies with a high precision (between 80 and 93 percent) [9]. Hanson et al.
(2014) made an effort to correlate road roughness between a smartphone and a conventional
profiler. They obtained measurements from 11 road segments on a secondary highway in New
Brunswick, Canada, and thereafter concluded that there was a strong correlation between the
results of the profiler and the smartphone [10]. To evaluate the feasibility of such a technique,
Zeng et al. (2018) created a prototype smartphone app. In Virginia, the prototype app was used
for collecting acceleration data from two routes by running the app on tablets. The suggested
smartphone application technique enables the gathering of roughness data, according to the
evaluation in Virginia. [11]. Yeganeh et al. (2019) used the embedded sensors of a smartphone
to calculate pavement roughness and investigate the feasibility of assessing pavement surface
conditions with smartphones [12]. Chatterjee and Tsai (2020) used low-cost smartphone sensor
data to estimate pavement conditions, which were then entered into a known geographic
information system (GIS) [13]. Dong and Li (2021) utilized an android-based application for
collecting accelerometer data on a local road in Ireland. Their results revealed the ability of the
application to collect data for the identification of road surface defects. This method attempts
to ensure road serviceability at lower costs for inspection and maintenance [14]. Pavement
roughness is a key indicator of pavement surface performance, since it directly reflects the
pavement’s serviceability to road users. In recent years, several road agencies have employed
the IRI as an objective indicator of their pavement network conditions in their business plans. A
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significant relationship exists between the IRI and features of pavement surface distress, such as
cracking, patching, depression, and raveling [15].

This paper presents an application method for android sensors in addition to the use
of the Google Earth platform to aid the decision-making process in pavement maintenance
management systems. The main objective of this paper is to provide a simple and cost-
effective road maintenance management system that can be used by small and intermediate
cities in developing countries. Efforts have been made to obtain a data inventory and
prioritize road maintenance using sensors embedded in smartphones, as well as using the
Google Earth platform to handle data and visualize the output of reporting.

2. Research Methodology

The suggested low-cost pavement maintenance management system (PMMS) includes
the basic elements of a common PMMS: defining the roadway network and breaking it
into manageable segments; creating an inventory for each segment; gathering pavement
conditions; determining the maintenance activity required; developing a method for priori-
tizing segments; and documenting and reporting results. This system was implemented on
a road network segment in the city of Hajjah, Yemen. Yemen is a developing country that
lacks a proper and strategic maintenance plan and has a limited budget for road evaluation
and maintenance. Hajjah is a small city in a mountainous area of northern Yemen without
any systematic road maintenance strategies. Figure 1 illustrates some of the road segment
statuses that were investigated.

Figure 1. The road segment statuses.

In this study, the implementation of maintenance to the Hajjah pavement network
was developed with a systematic procedure as described above. The systematic procedure
framework is presented in Figure 2.
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Figure 2. Flowchart of the proposed PMMS.

3. Network Coding

The Hajjah road network was classified functionally into three categories:
Major Roads: high-traffic roads that pass through the whole city.
Main Roads: medium-traffic collector roads.
Local Access Roads: low-traffic local roads.
Each road was divided into smaller manageable sections. A road does not always have

consistent characteristics and therefore does not require the same maintenance treatment
throughout its entire length. To identify these segments, the boundary between two
segments was defined according to one of the following factors:

A change in the number of traffic lanes.
A change in pavement type.
A change in traffic patterns or volume.
Roadway intersections.

4. Road Inventory Data

It is important to collect and keep an accurate and reliable database for a particular
road network. Data were collected to characterize each segment accurately. For this study,
the data were collected and extracted from the city’s General Corporation of Roads and
Bridges as well as an internet and field survey. The inventory data for each section included
the road name, the coding of the segment, the coordinates for the beginning and end of the
segment, the number of lanes, the pavement type, and the segment length and width.
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The Google Earth platform can be used to integrate, analyze, and represent a road
network’s inventory information. The main component that distinguishes Google Earth
from other data systems is how data are stored and accessed. The standard Google Earth
functions include thematic mapping, charting, manipulation, and simultaneous access to
several databases. Visualization helps users deal with problems related to the dimensions
of space and time through thematic maps rather than dimensionally restricted data graphs
and tables.

A map of the Hajjah road network is presented in Google Earth, with color-coding
based on the functional classification of the roads. Each road was divided into segments
depending on the aforementioned factors. Road segment coding was then established.
Subsequently, the start and end coordinates were defined. Figure 3 shows the Hajjah road
network on Google Earth.

Figure 3. Hajjah road network with road classes shown on the Google Earth platform.

5. Road Condition Data

Since many existing pavement survey methods can be costly and labor-intensive, there
is a need for simple and low-cost tools to facilitate the evaluation of pavement conditions
with limited resources. To address this need, a smartphone application was utilized to
assess pavement conditions. Smartphones contain accelerometers made of piezoelectric
sensors, which can measure acceleration on the x, y, and z axes. Capable of measuring a
large number of data points per second, accelerometers are very small and require very
little power. A typical accelerometer is shown in Figure 4.

Road Lab Pro is a smartphone application created to measure the road roughness and
monitor the road surface quality. This application was designed as a data collection tool
for engineers by the World Bank in collaboration with the Beldor Center and Softteco [16].
It is used to record data from accelerometers, gyroscopes, and GPS devices to measure
road roughness and create maps of road networks. To present the results graphically, a
color-coding convention was adopted, as shown in Figure 5.
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Figure 4. A typical accelerometer used in a smartphone.

Figure 5. Color coding for road roughness [16].

For this research, a smartphone (Samsung Galaxy S6 (SM-G920x)) was used. The Road
Lab Pro application was installed on the smartphone. The type of vehicle and the speed
range were selected from the main menu of the application. The selected vehicle was a
Toyota Rav4 and the speed was set between 20 and 60 km/h. After the setting process, the
smartphone was mounted on the dashboard of the vehicle, as seen in Figure 6.

Figure 6. Mounting of the smartphone on the vehicle dashboard.

The smartphone application was then run, and a driver drove the vehicle at a prede-
termined speed of 20–60 km/h. A predetermined segment of roads was recognized using
Google Earth, which was also used to determine the spatial information.

The application used the three-axis accelerometer and the GPS in the smartphone to
measure the IRI automatically. The collected data were stored in comma-separated value
(CSV) and keyhole markup language (KML) file formats. The KML files could be used by
Google Earth to display the data and the CSV files could be opened by Excel for further
analysis. Collected data were then zipped into the smartphone and could be exported from
the smartphone by email, by uploading to Dropbox, or via a cable connected to a computer.

222



Appl. Sci. 2022, 12, 5636

Based on the spatial road database that was extracted from Google Earth, there were
many options for enhancing the data and adding attributes such as road class, road width,
segment length, and others.

The measured road map was uploaded to Google Earth to visualize it and attach the
measurement values for analysis. The road segment lengths were adjusted to correspond
with the previous classification of road segments and the start/end coordinates were
redefined. The IRI values were also aggregated and matched to road segments. Based on
this arrangement, the data for each road segment included the coding, road class, number
of lanes, length, width, start and end coordinates, and IRI value. All these data were
exported to an Excel file, as illustrated in Table 1.

Table 1. Sample of road segment condition data.
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Sana’a
Road 1R/100 H Arterial AC 2 1 92 7.1 656 15◦41′32.89”

N
43◦36′9.06′′

E
15◦41′39.20′′

N
43◦36′9.37′′

E 5 Fair Important

Sana’a
Road 2R/100 H Arterial AC 2 1 172 7.1 1221 15◦41′34.82′′

N
43◦36′11.22′′

E
15◦41′39.57′′

N
43◦36′9.51′′

E 6 Fair Important

Al-
Hodaidah

Road
1R/200 H Arterial AC 2 1 211 5 1055 15◦41′33.16′′

N
43◦36′8.58′′

E
15◦41′38.67′′

N
43◦36′5.60′′

E 6 Fair Important

Al-
Hodaidah

Road
1L/00200 H Arterial AC 2 1 396 5 1980 15◦41′33.20′′

N
43◦36′8.39′′

E
15◦41′38.30′′

N
43◦35′59.79′′

E 4 Fair Important

Al-Souq
Street 1/110 H Main AC 2 2 163 7 1141 15◦41′31.98′′

N
43◦36′8.41′′

E
15◦41′27.06′′

N
43◦36′9.68′′

E 7 Poor Important

Al-Souq
Street 2/110 H Main AC 2 2 238 7 1666 15◦41′27.06′′

N
43◦36′9.68′′

E
15◦41′24.69′′

N
43◦36′17.11′′

E 9 Poor Important

Al-
Dahreen

Street
3/120 L Main AC 2 2 319 7.2 2297 15◦41′36.13′′

N
43◦36′20.35′′

E
15◦41′45.84′′

N
43◦36′20.10′′

E 6 Poor Important

Qirwee
Street 1/115 L

Local
Ac-
cess

AC 2 1 431 4 1724 15◦41′34.34′′
N

43◦36′18.52′′
E

15◦41′27.22′′
N

43◦36′15.20′′
E 11 Bad Normal

Figure 7 presents the IRI values of the segments that were captured from the field
using the smartphone application.

Figure 7. The IRI values of each road segment.
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The IRI values for road segments can also be represented by a color-coded map on the
Google Earth platform, as shown in Figure 8.

Figure 8. The IRI values in a color-coded Google Earth map.

6. Maintenance Activities

The maintenance decision criteria established for the developed maintenance man-
agement system were based on the collected IRI values for each segment. Generally, the
maintenance strategies selected ranged from crack seals, slurry seals, and thin asphalt
overlays to thick asphalt overlays. In other words, the selected type of treatment depended
on the IRI values. The decision criteria for the maintenance activities were established
as follows:

• IRI < 2: the deterioration is very slight and there is no need for any treatment.
• 2 < IRI < 4: the pavement deterioration is mainly due to the presence of localized

distresses such as cracks and potholes. This requires routine maintenance such as
crack sealing and patching.

• 4 < IRI < 6: the pavement deterioration is major and the pavement surface needs
treatment that reduces the rate of deterioration; therefore, preventive maintenance
such as a slurry seal is selected.

• 6 < IRI < 10: in this case, enhancing ride quality is needed, so thin asphalt overlaying
is required.

• IRI > 10: this indicates that the pavement surface has become old; thus, a thick asphalt
overlay might be the right choice.

The suggested pavement maintenance activity based on the IRI values is illustrated in
Table 2.
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Table 2. Suggested pavement maintenance activity vs. IRI ranges.

IRI Range
(m/km)

Pavement
Condition

Color Indicator
Suggest

Maintenance
Code

<2 Very good Dark green Do nothing M-00

2–4 Good Green Patching and/or
crack sealing M-01

4–6 Fair Orange Slurry sealing M-02

6–10 Poor Red Thin asphalt
overlaying (30 mm) M-03

>10 Bad Purple Thick asphalt
overlaying (50 mm) M-04

Google Earth was used to reflect the type of maintenance selected for each segment,
as presented in Figure 9.

Figure 9. Road maintenance activity map.

The unit costs of maintenance activities include labor, equipment, and materials. These
were obtained from the city’s General Corporation of Roads and Bridges, as presented in
Table 3.

Table 3. Estimated unit cost for maintenance activities (prices were set in 2018).

Maintenance Activity Cost/Square Meter (USD)

Crack sealing (M-01) 9

Patching and/or slurry sealing (M-02) 35

Thin asphalt overlay layer (M-03) 54

Thick asphalt overlay layer (M-04) 90

The total required maintenance cost calculated for each segment of the road network
is presented in Figure 10.
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Figure 10. The maintenance cost for selected segments.

7. Priority Setting Procedure

Different types of priority methods are commonly used. These models range from sim-
ple subjective rankings to true optimization. It was decided, however, to use a parameter-
based priority ranking method. This method is relatively simple and aims to answer the
basic questions of where to apply maintenance and in which order. For this purpose, the
dependable factors in the decision analysis should be specified. In this study, the selected
factors were roughness, traffic, road class, special factors (to emphasize the importance of
the selected roads), and the maintenance budget. The simple priority method evaluates
the following decision form which has m alternatives (road segments) associated with n
attributes (dependable factors):

B1 . . . Bj . . . Bn
A1
...

Ai
...

Am

⎡
⎢⎢⎢⎢⎢⎢⎣

x11 . . . x1j . . . x1n
... . . .

... . . .
...

x11 . . . xij . . . xin
... . . .

... . . .
...

xm1 . . . x11 . . . xmn

⎤
⎥⎥⎥⎥⎥⎥⎦

where:

Bj = the jth alternative (road segment).
Ai = the ith attribute (dependable factor).

For decision-making issues, the priority method usually uses subjective weights
defined by the decision-makers. In this situation, a set of weights W = (w1, w2, . . . , wn),
Σw =1, was determined by the decision-makers. One of the techniques for determining
objective weights is the Shannon entropy method [17].

The calculation process for the Shannon entropy method is below:

1) Construct the normalized decision ri,

ri =
xi

∑m
i=1 xi

2) Construct the vector of the Shannon entropy e = (e1, e2, . . . , ej, . . . , en),

ej = − 1
ln m

m

∑
i=1

ri ln ri
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3) Calculate the vector of diversification degrees d = (d1, d2, . . . , dj, . . . , dn),

dj = 1 − ej

4) Calculate the vector of criteria weights W = (w1, w2, . . . , wj, . . . , wn),

wj =
dj

∑n
j=1 dj

(1)

For this study, the weight calculation process was performed using the Shannon entropy
method and MS Excel software. Table 4 shows the weight factors for the prioritization.

Table 4. Weight factors for prioritization.

Factor Weights Mark

Traffic factor weight (wTF) 0.127 +

Road class factor weight (wFC) 0.065 +

Special factor weight (WSR) 0.111 +

Roughness weight (wIRI) 0.199 +

Maintenance budget weight (WMF) 0.498 −

The following model determined the maintenance priority for each segment:

PI =
(wIRI ∗ IRI + wTF ∗ TF + wFC ∗ FC + wSR ∗ SR − wMF ∗ MF)

5

where:
PI = priority index.
TF = traffic factor.
FC = road classification factor.
SR = special factor to emphasize the importance of selected roads.
MF = maintenance budget factor.
To decide on the specific segments that should be implemented first, the road segments

were sorted according to their priority index in descending order. Figure 11 presents the
results of the calculated priority indexes of segments in descending order. As can be seen,
the (6/100) road section had the highest priority index score, with 0.98, 0.99, 0.98, 0.97, and
0.32 for the traffic factor, road classification factor, special factor, roughness, and budget,
respectively. The (1/140) road segment, on the other hand, had the lowest priority index
score, with 0.33, 0.66, 0.33, 0.19, and 0.41 for the traffic factor, road classification factor,
special factor, roughness, and budget, respectively.
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Figure 11. Arrangement of priority indexes for selected segments.

8. Conclusions

This research proposes a simple low-cost PMMS utilizing a smartphone app and
Google Earth for small to intermediate cities in developing countries. The system uses
an Android application installed on a smartphone to measure the road surface roughness
based on GPS and accelerometer sensors. Google Earth is utilized for the visual illustration
of the road conditions and other analyses.

The proposed system was implemented in Hajjah, a city in Yemen. The results reveal
that IRI measurements performed by the app and Google Earth can provide a low-cost
solution for cities such as Hajjah to manage their road network at an acceptable level.
Google Earth is an excellent tool that can display road network conditions and all other
attributes related to road maintenance management.

The following conclusions can be drawn from these results:

• Smartphones with built-in accelerometers, gyroscopes, and a GPS may be used to
gather road data and assess road conditions. Smartphones are being used as probe
devices due to their low cost and ease of use, as well as their potential for a large
population coverage.

• Google Earth, which is user-friendly, is an excellent application for presenting mainte-
nance data and subsequently making maintenance strategy decisions.

• A priority index can be established for each road segment in order to identify which
segments should be implemented initially.

• Thematic maps of the output maintenance information can be visually shown using
Google Earth.

• Any country, especially developing countries with limited budgets for producing
maintenance studies, can employ this approach, as it allows for the easy and cost-
effective production of road maintenance studies.
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Abstract: This study introduces a machine learning approach based on Artificial Neural Networks
(ANNs) for the prediction of Marshall test results, stiffness modulus and air voids data of different
bituminous mixtures for road pavements. A novel approach for an objective and semi-automatic
identification of the optimal ANN’s structure, defined by the so-called hyperparameters, has been
introduced and discussed. Mechanical and volumetric data were obtained by conducting laboratory
tests on 320 Marshall specimens, and the results were used to train the neural network. The k-fold
Cross Validation method has been used for partitioning the available data set, to obtain an unbiased
evaluation of the model predictive error. The ANN’s hyperparameters have been optimized using
the Bayesian optimization, that overcame efficiently the more costly trial-and-error procedure and
automated the hyperparameters tuning. The proposed ANN model is characterized by a Pearson
coefficient value of 0.868.

Keywords: bituminous mixtures; stiffness modulus; neural network; Bayesian optimization

1. Introduction

The different types of bituminous mixtures (BMs) used for road pavements have to be
properly designed as mixtures made of aggregates and bitumen, to withstand traffic loads
and climate conditions. Unsuitable mechanical characteristics and volumetric properties of
bituminous mixtures may lead to various types of distress in road pavements, generally
comprising cracks due to fatigue or low temperature, permanent deformations, stripping,
etc. Such failure modes decrease the service life of the pavement and represent serious
safety issues for road users. As a result, it is important to properly characterize the
mechanical behavior of mixes with respect to their composition to allow a performance-
based optimization during the mix design phase [1–3]. Experimental methods, which
require expensive laboratory tests and skilled technicians, are currently used to evaluate the
bituminous mixtures’ performance [4–9]. Consequently, any modification of the mixtures’
composition, in terms of bitumen type or content, rather than of aggregate gradation,
requires new laboratory tests with an increase in time and costs of the design process.

In recent years, many researchers have devoted their efforts to the problem of defining
a mathematical or numerical model of BMs’ mechanical behavior, which could quickly
elaborate a reliable prediction of the bituminous mixture’s response. To develop predictive
equations, two main types of procedures can be used, namely, advanced constitutive mod-
eling methods rather than statistical or data science approaches. Although the mechanistic
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constitutive methods allow a rational and in-depth analysis of the material response to
be performed [10–17], statistical or machine learning approaches are gaining considerable
success in the academic community due to the good reliability of their predictions [18–21],
even if they are not physically based. Nevertheless, it has also been reported that statisti-
cal regressions of experimental data can produce less accurate predictions than machine
learning methods, specifically with regard to Artificial Neural Networks (ANNs) [22–27].
Recently, Lam et al. [28] have found that a multiple regression analysis (coefficient of deter-
mination, R2, equal to 0.790) is less reliable than an ANN approach (R2 = 0.925) searching
the analytical model to infer compressive strength of roller-compacted concrete pavement
from steel slags aggregate and fly ash levels replacing cement.

The ANNs simulate simplified models of human brain: their computing power de-
rive from the number of connections established between artificial neurons, fundamental
computing units, and their main function is to map patterns between input and output
from a representative experimental sample, mimicking the biological learning process.
Such neural models are basically based on a nonlinear fitting approach, neither physical
nor mechanistic, to correlate experimental data; the mathematical framework has already
been widely discussed, e.g., by Baldo et al. [29]. In recent years, an increased number of
researchers have used ANNs in many civil engineering applications, producing impressive
results even with regards to the evaluation of road pavements’ characteristics and perfor-
mance. Tarefder et al. [30] developed a four-layer feed-forward neural network to correlate
mix design parameters and BM samples performance in terms of permeability. Ozsahin
and Oruc [31] constructed ANN-based models to determine the relationship between the
resilient modulus of emulsified BMs and its affecting factors such as curing time, cement
addition level, and residual bitumen content. Tapkın et al. [32] presented an application
of ANN for the prediction of repeated creep test results for polypropylene-modified BMs.
Accurate predictions (R2 between 0.840 and 0.970) of the fatigue life of BMs under vari-
ous loading and environmental conditions were also produced [33,34]. Ceylan et al. [35]
discussed the accuracy and robustness of ANN-based models for estimating the dynamic
modulus of hot mixes: such models exhibit significantly higher prediction accuracy (also at
the input domain boundaries), less prediction bias and better understanding of the influ-
ences of temperature and mixture composition than their regression-based counterparts.
Recently, Le et al. [36] developed an advanced hybrid model, as it is based both on ANNs
and optimization technique, to accurately predict the dynamic modulus of Stone Mastic
Asphalt (R2 = 0.985); also, they use the proposed model to evaluate and discuss the effects
of temperature and frequency on the mechanical parameter. Similarly, Ghorbani et al. [37]
used a simple ANN approach for modeling experimental test results and examining the
impact of different features on the properties of construction and demolition waste, such
as the reclaimed asphalt pavement.

Although the documented research has attempted to introduce new approaches to an
empirical–mechanical mix design, the Marshall approach is still widely adopted in many
laboratories [38–44]. Tapkın et al. [45] have verified the possibility of applying ANNs for
the prediction of Marshall test results of BMs. The proposed NN model uses the physical
properties of standard Marshall specimens to predict the Marshall stability (MS), flow (MF)
and Marshall Quotient values obtained at the end of mechanical tests. Ozgan [46] has
studied the effects of varying temperatures and exposure times on the stability of BMs and
modeled the test data by using a multilayer ANN. Conversely, Mirzahosseini et al. [23]
have validated the efficiency of the multilayer perceptron ANNs for the assessment of
the rutting potential of dense BMs: the flow number of Marshall specimens has been
correlated to the aggregate and bitumen contents, percentage of voids in mineral aggregate,
MS and MF. The mechanical characteristics of the bituminous mixtures depend on the
volumetric properties as well as the bitumen content. Such parameters have to meet the
limits, set by the current local specifications, for the pavement layer interested from the
intervention. Nevertheless, voids in mineral aggregate, voids filled with bitumen and air
voids (AV) are determined with a specific test (EN 12697-8), which requires additional
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time and costs. Khuntia et al. [47] have proposed a neural network model that uses the
quantities of bitumen and aggregate in Marshall specimens to predict the MS, MF value
and AV obtained from the tests. Likewise, Zavrtanik et al. [48] have used ANNs to estimate
air void content in several types of BMs produced according to EN 13108-1. Anyway,
the literature presented has in common the need to provide the road engineer with an
algorithm that can provide accurate predictions of empirical parameters related to BMs,
without the need for sophisticated, time-consuming and expensive laboratory testing.

Despite the fact that ANNs have successfully provided predictive equations to quicken
the empirical Marshall mix design, such computational models were usually based on a
neural network structure set a priori by the research engineer and trained on a random
subset of the available data sample. In case of a relatively small data set, such a practice
may involve the risk of leaving out some relevant trends from the training set and leading
to a variable prediction error, measured on the validation set, due to data sample variability
and selected ANN architecture [49]. These issues can be avoided if an efficient model
selection and appropriate data partition are performed. In particular, the search for the
optimal network architecture, one of the most difficult tasks in ANN studies, consists of
tuning the model settings, called hyperparameters, that yield the best performance score
on the validation set. Applications of the trial-and-error procedure, as random or grid
search, to find the optimal hyperparameters of a machine learning algorithm for a given
predictive modeling problem can be found in the relevant literature [23,24]. Nevertheless,
Baldo et al. [50,51] have highlighted the limits of such a time-consuming approach and
applied a statistical technique of data partitioning, called k-fold Cross Validation, that
allows a more accurate estimation of a model’s performance.

An efficient hyperparameters tuning approach, in contrast to random or grid search,
is the Bayesian optimization, which has become popular in recent years [52]. Given
that evaluating the performance function score for different hyperparameters is extremely
expensive, the Bayesian approach builds a probabilistic model, called “surrogate”, mapping
hyperparameters of past evaluations to a probability of a score on the performance function
and uses such a model to find the next set of promising hyperparameters (i.e., that optimize
the surrogate function) to evaluate the actual performance function [53,54].

This paper aimed to develop an autonomous and impartial procedure of neural model
selection for predictive modeling problems of bituminous mixtures’ mechanical behavior,
using the Bayesian optimization method, that would replace the more costly trial-and-error
procedure. In particular, the ANN approach was used to analyze stiffness modulus (ITSM),
MS, MF and AV content of 320 Marshall specimens tested at the Highway Engineering
Laboratory of the Thessaloniki Aristotle University. The experimental database includes
different types of bitumen and aggregate and covers a wide range of bitumen contents and
aggregate gradations. In addition, both laboratory- and plant-prepared mixtures were used
and their production site was considered among the feature’s variables of the proposed NN
model; it correlates mechanical and volumetric properties, collected by means of laboratory
tests, to fundamental characteristics of bituminous mixtures, such as bitumen content
(% by weight of mix), filler-to-bitumen ratio (%), type of bitumen and aggregate as well as
maximum nominal grain size.

The innovative aspect of the presented research is the application of state-of-the-art
procedures in the machine learning domain (namely, k-fold Cross Validation and Bayesian
optimization) that allow researchers and engineers to solve the problems of classical neural
network applications in bituminous mixtures’ behavior modeling. However, the procedure
is not intended to replace the experimental method for mixture characterization, but to
integrate it with a predictive algorithm that allows the road engineer to improve the mix
design process, reducing time and operational costs. The major drawback of the proposed
approach is that its proper implementation requires human resources with specific skills,
such as machine learning expertise, and large training data sets covering the diversity of
BMs materials.

233



Appl. Sci. 2021, 11, 11710

2. Materials and Experimental Design

Note that 320 Marshall specimens, having a diameter of 100 mm and an average
thickness of 63.7 mm, were produced, both in laboratory and in plant, according to the
impact compactor method of test EN 12697-30. These mixtures, designed as part of a
research project carried out at the Aristotle University of Thessaloniki, were characterized
by different contents of bitumen and aggregate gradations. Aggregates represent the
lithic skeleton of a bituminous mixture, while the bitumen is the component binding the
aggregate grains together.

2.1. Materials

The aggregates employed were limestone- or diabase-type crushed stones with maxi-
mum nominal size of 20 mm or 12.5 mm: the calcareous sedimentary aggregate came from
the same Greek quarry, while the mafic igneous one from three different local quarries.
To control the physical properties of the aggregates, several tests were conducted. The
obtained results are presented in Table 1.

Table 1. Aggregate properties.

Property
Aggregate Type

Limestone Diabase

Los Angeles coeff. (%), EN 1097-2 29 25
Polished stone value (%), EN 1097-8 - 55 to 60

Flakiness index (%), EN 933-3 23 18
Sand equivalent (%), EN 933-8 79 59

Methylene blue v. (mg/g), EN 933-9 3.3 8.3

The bituminous mixtures composed of aggregates with maximum nominal size of
12.5 mm (BM12.5) belong to the category “binder course”, while the ones characterized
by maximum nominal size of the aggregates equal to 20 mm (BM20) to the “base course”
category. In this research, 27 aggregate gradations were considered to meet the gradation
limits for binder and base course, set by the current Greek specifications. In each mix
category, there are various types of compositions related to the aggregate’s maximum
nominal size: for lab-prepared mixtures, 4 types of gradations were used to fit the limits for
BM12.5 and 4 types for the BM20. The remaining ones concern BM20 mixtures prepared
in plant and correspond to different production days. Figures 1–3 show the grading
curves involved.

Figure 1. Gradation curves of lab-prepared BM12.5.
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Figure 2. Gradation curves of lab-prepared BM20.

Figure 3. Gradation curves of plant-prepared BM20 (gradations of different production dates).

The standard 50/70 penetration bitumen was used in the preparation of 129 Marshall
specimens, while the remaining 191 were produced utilizing a bitumen modified in the
laboratory with styrene–butadiene–styrene polymers (SBS). The two types of bitumen were
tested to ensure that their physical properties were compliant with specific acceptance
requisites. The characteristics of bituminous binders are reported in Table 2. No aging
process was performed on bituminous mixtures.

Table 2. Bitumen properties.

Property
Bitumen Type

50/70 Modified

Penetration (0.1 × mm), EN1426 64 45
Softening point (◦C), EN1427 45.6 78.8

Elastic recovery (%), EN 13398 - 97.5
Fraas breaking point (◦C), EN 12593 −7.0 −15.0
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2.2. Experimental Design

The Marshall samples were produced with a bitumen percentage between 3.8% and 6.0%
(by weight of mix), and in number equal to three for each bitumen content adopted. Table 3
summarizes the number of specimens produced for each combination of bitumen and
aggregate; abbreviations coding the mixtures are also reported.

Table 3. Number and codes of Marshall specimens.

Maximum
Size (mm)

Aggregate
Type

Bitumen
Type

Production
Site

Mixture
ID

Specimens

12.5 Limestone 50/70 Laboratory M1 30
12.5 Limestone Modified Laboratory M2 30
12.5 Diabase 50/70 Laboratory M3 30
12.5 Diabase Modified Laboratory M4 30
20 Limestone 50/70 Laboratory M5 39
20 Limestone Modified Laboratory M6 30
20 Limestone Modified Plant M7 41
20 Diabase 50/70 Laboratory M8 30
20 Diabase Modified Laboratory M9 30
20 Diabase Modified Plant M10 30

Among the mechanical parameters of bituminous mixtures, the ITSM allows a rational
performance-based characterization of the mixes to be performed [4,55]. Therefore, the
ITSM test (Figure 4) was executed on all BM samples using the standard testing conditions,
defined by EN 12697-26 (temperature of 20 ◦C, target deformation fixed at 5 μm, and rise
time equal to 124 ms). Subsequently, considering that the Marshall parameters are still
widely used in road pavement design [38–45], MS and MF were evaluated for the bitumi-
nous mixtures produced, according to EN 12697-34. Finally, the specimens’ volumetric
characteristics have been determined applying EN 12697-8. The test results are reported in
Table S1; such experimental data have been already discussed in previous papers [29,50].
Table 4 shows some statistical information (minimum and maximum values along with the
mean value and its standard deviation) about mechanical characteristics and volumetric
property of the BMs.

Table 4. Statistical information about Marshall specimens.

Mixture
ID

Parameter
Minimum

Value
Maximum

Value
Mean
Value

Standard
Deviation

M1

ITSM (MPa) 3756 5554 4556.43 567.93
MS (kN) 7.71 12.17 9.93 1.09
MF (mm) 1.99 4.70 3.18 0.84

AV (%) 1.77 6.37 3.99 1.37

M2

ITSM (MPa) 3628 5142 4345.50 486.50
MS (kN) 8.74 14.00 11.35 1.73
MF (mm) 2.00 4.20 3.20 0.57

AV (%) 2.20 6.29 4.18 1.23

M3

ITSM (MPa) 3812 5942 4804.10 725.03
MS (kN) 10.30 15.20 12.88 1.53
MF (mm) 2.00 5.00 3.35 0.95

AV (%) 1.49 8.91 5.22 2.38

M4

ITSM (MPa) 4035 6293 5076.17 759.06
MS (kN) 11.60 16.43 13.62 1.42
MF (mm) 2.20 5.00 3.40 0.92

AV (%) 1.33 8.36 5.05 2.18
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Table 4. Cont.

Mixture
ID

Parameter
Minimum

Value
Maximum

Value
Mean
Value

Standard
Deviation

M5

ITSM (MPa) 3215 4919 4252.26 502.24
MS (kN) 8.91 14.86 11.37 1.51
MF (mm) 2.18 4.60 3.15 0.50

AV (%) 2.17 6.75 4.28 1.16

M6

ITSM (MPa) 3907 6043 5243.10 538.97
MS (kN) 10.40 13.99 11.81 1.21
MF (mm) 2.24 4.16 3.24 0.40

AV (%) 1.68 5.21 3.49 1.08

M7

ITSM (MPa) 3103 6399 5065.34 906.93
MS (kN) 6.60 14.75 9.86 2.20
MF (mm) 2.10 9.86 3.22 0.62

AV (%) 3.03 2.20 5.22 1.19

M8

ITSM (MPa) 2304 4900 3829.63 783.23
MS (kN) 10.45 15.48 13.05 1.36
MF (mm) 2.20 5.00 3.37 0.83

AV (%) 0.35 8.44 4.37 2.43

M9

ITSM (MPa) 2930 5994 4911.30 851.15
MS (kN) 8.92 15.48 12.22 2.03
MF (mm) 1.85 5.00 3.10 0.72

AV (%) 1.26 8.44 4.97 1.86

M10

ITSM (MPa) 4049 5968 5309.27 565.88
MS (kN) 7.80 16.55 11.98 2.15
MF (mm) 2.70 5.40 3.95 0.76

AV (%) 4.60 9.70 7.12 1.59

Figure 4. ITSM test setup.
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3. Methodology

3.1. Artificial Neural Networks

ANNs are nonlinear mathematical models that aim to simulate the human brain
processing schemes [56–59]. In a first approximation, an ANN is the result of the weighted
and biased connections of logistic regression units, i.e., the artificial neurons. In a multilayer
feedforward network, such neurons are organized into hidden layers between an input
layer, consisting of source nodes (the components of the input vector), and an output layer
composed of one or more computational neurons that compute the response of the network.
Each neuron is characterized by an activation function that limits the range of its response
to a continuous value between 0 and 1.

The input, i.e., the feature vector or the hidden layer output, is weighted, meaning
that a certain weight is associated to each input signal (the components of the input feature
vector or the hidden neurons’ individual responses). These network parameters are learned
through a supervised training process so that the network itself (at this point interpretable
as a nonlinear parametric function) can perform a specific task. In regression problems, the
network’s task is to predict the experimental target associated with a given feature vector,
i.e., to represent the implicit relationship between the input and the ground-truth output.

In formal terms, given a data set of input–output vector pairs:

D =
{(

x (d) , y (d)
)}|D|

d=1 (1)

where x(d) =
[

x(d)0, . . . , x(d)F−1

]
∈ RF and y(d) =

[
y(d)

0, . . . , y(d)T

]
∈ RT (2)

and the input layer of an ANN is referred as being the input feature vector x(d). The first
hidden layer’s output is the vector:

h(1) =
[

h(1)0 , . . . , h(1)N−1

]
(3)

where each item h(1)j is obtained as:

h(1)j = φ

(
F−1

∑
i=0

w(1)
ij ·xi + b(1)j

)
. (4)

In this expression, w(1)
ij are the weights of the connections between the neurons x(d) i

and the neurons h(1)j , b(1)j are the biases and φ is the activation function. The subsequent

layer, h(2), is computed in a similar way, by considering the items of the vector h(1) as input
layer, with corresponding weights w(2)

ij and biases b(2)j :

h(2)j = φ

(
N−1

∑
i=0

w(2)
ij ·h(1)i + b(2)j

)
. (5)

This process is repeated to compute the activations of each layer h(l), l ∈ {1, 2, . . . , L}
and the output ˆy(d) = φ(out)

(
h(L)

)
. All the learnable parameters are considered to form

the set:
W =

{
w(l)

ij , b(l)j

∣∣∣ l ∈ {1, 2, . . . , L}
}

. (6)

In the proposed ANN: the number of source nodes is equal to the number of input
features (F = 3), namely, the bitumen content (BC), the filler-to-bitumen ratio (FtB), along
with a categorical variable that distinguishes the bituminous mixture in terms of bitumen
type, maximum nominal grain size, aggregate type, and production site (values: 1 for M1,
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2 for M2, 3 for M3 and so on). These features are fundamental parameters of the pavement
engineering, related to the composition of the bituminous mixtures.

Each hidden layer is equipped with N neurons and passed to φ(·) being either an ELU,
TanH or ReLU function (Figure 5). The output layer consists of T = 4 neurons (correspond-
ing to MS, MF, ITSM, and AV) and the identity activation function is considered φ(out)(.). In
previous studies, Marshall parameters, as well as ITSM, rather than volumetric properties,
have been always determined separately, by means of different neural models [29,45–48,55],
while in the current paper they can be predicted simultaneously by a single multi-output
ANN model.

Figure 5. Activation functions: exponential linear (ELU), hyperbolic tangent (TanH), rectified linear (ReLU).

3.2. ANN Optimization

The network parameters W are identified by means of a supervised training process,
which is divided into two successive steps, i.e., a forward and a backward phase. In
the latter, a backpropagation algorithm [58] is exploited to update the ANN’s weight
and biases:

W(e) = W(e−1) − α∇E
[
W(e−1)

]
, e ∈ {0, . . . , E − 1} (7)

where E is the number of training iterations, α is the learning rate and W(e−1) are the
parameters values at iteration e − 1. A detailed and comprehensive description of the
Equation (7) has already been widely discussed, e.g., by Baldo et al. [29]. At the end of
the training process (i.e., after the E iterations have been completed), the parameters W of
the e-th iteration that produced the minimum of the loss function L are selected. Such loss
function is usually defined as the 2-norm of the difference between the network output

ˆy(d) and the ground-truth vector y(d), thus being called Mean Squared Error (MSE):

L
(

ˆy(d), y(d)
)
=‖ ˆy(d) − y(d) ‖2

2 (8)

The training process just outlined is known as Stochastic Gradient Descent (SGD).
Such approach is commonly used in the well-known [60,61] and widely used MATLAB®

ANN Toolbox [22,23,29,45,46,50].
With the aim of increasing the convergence speed of the learning algorithm, several

improvements have been proposed in recent years. The first remarkable one, called RAdam
optimizer [62], faces the issue of implementing warmup heuristics to avoid falling in
bad local minima. This problem can occur using adaptive optimizers such as Adam [63].
According to the authors, the variance of the adaptive learning rate in the initial weight
updates can be intractable and direct the solution search towards local minima with poor
performance. Adding a rectifier operation to the adaptive learning rate was shown to
reduce the variance and lead to better solutions. The second remarkable improvement,
Lookahead [64], is a suitable method in reducing the need for extensive hyperparameters
search, and the variance of the parameter updates. The Lookahead algorithm maintains
two copies of the parameters, respectively, the “fast weights” and “slow weights”. The
first is initially updated for k times using a standard SGD-based optimizer. Then, the
second set of weights is updated in the direction (i.e., the gradient) of the last computed
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fast weights. Intuitively, as the name states, the first kind of update looks ahead to acquire
information of the loss function’s surface. Once obtained, the gradients used for the actual
weight update result in a more accurate direction towards the loss function’s minimum.
The combination of the strategies is known as Ranger optimizer. In this work, such
optimization algorithm was used to calculate the optimal weights of the implemented
ANN, in contrast with the common procedures of neural modeling used in previous
literature studies [22,23,29,31,45,46,50].

3.3. ANN Regularization

To perform proper neural modeling, the overfitting phenomenon must be avoided:
a model becomes overfitted when it starts to excessively adapt to the training data and
stops smoothly regressing the selected validation data. In the current study setup, the
weight decay technique [65] (also known as L2 Regularization) has been implemented
to overcome such problem. It consists in adding an additional term to the optimization
objective, which is calculated as the 2-norm of the parameters of the network. In this way,
the global optimization objective becomes:

L opt

(
ˆy(d), y(d), W(e−1)

)
= L

(
ˆy(d), y(d)

)
+ β ‖ W(e−1) ‖2

2 (9)

where β is a hyperparameter to control the magnitude of the term.

3.4. k-Fold Cross Validation

A fixed training–validation split of data is usually performed [60,61]: this tech-
nique, also known as a “hold-out” method, can result in biased model performance as a
consequence of the different descriptive statistics characterizing training and validation
data sets [49].

Conversely, the k-fold Cross Validation (k-fold CV) represents an effective alternative
to evaluate the actual model generalization capabilities. This resampling method suggests
splitting the data set of interest into k folds, equally sized. For example, in the current
study setup, a 5-fold CV was implemented. It means that 5 alternative partitions of the data
set were obtained: in turn, 4 folds were used to train the neural model and the remaining
one to validate it. This involved running 5 experiments, at the end of which the obtained
validation scores were averaged to evaluate the general performance capabilities of the
proposed model [49,51].

3.5. Bayesian Hyperparameters Optimization

Modeling by machine learning (ML) approaches involves the accurate setting of sev-
eral hyperparameters: these parameters are used to define the topology and size of a
neural network (e.g., the number of hidden layers and neurons), and to control the learn-
ing process (e.g., the learning rate). Standard procedures involve a grid or random (i.e.,
based on a sampling method) search for the best combination of hyperparameters within
variation intervals accurately defined by the experimenter on the basis of his/her experi-
ence [23,29,31,45,46,48,50]. However, to obviate the significant time demands and computa-
tional resources of the abovementioned methods, a semi-automatic strategy has been imple-
mented in the current study, namely, the Bayesian Optimization (BO). This method, based
on Bayesian statistics, aims to find the maximum (for maximization problems) or the mini-
mum (for minimization problems) of a function: f (x), x =

[
xp

]
, p ∈ {0, . . . , P}, P ∈ N,

where xp is a parameter in a bounded set Xp ⊂ R. This mathematical problem is solved
by optimization algorithms that define a probabilistic model over f (x), to decide at each
iteration which is the most likely point in X to maximize (or minimize) f (·). In this context,
Snoek et al. [66] were the first to use the BO for the search of ML model hyperparam-
eters: since the trend of the objective function is unknown, the authors treated f (·) as
a random function and placed a Gaussian process (GP) prior [67] over it, to capture its
behavior. During the optimization process, the prior is updated based on ML experiments
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results, produced by different hyperparameters combinations, to form the posterior distri-
bution over the function f (·). The latter, in turn, is exploited by an acquisition function to
determine the next evaluation point.

In practice (Figure 6), a set of O observations of the form
{

x(o), y(o)
}O

o=1
, with

y(o) = N
(

f
(

x(o)
)

, ν
)

and where ν is the variance of noise in the observation of f (·),
is exploited to determine a multivariate Gaussian distribution over RO through a mean
m : X → R and covariance K : X × X → R functions. The next set of hyperparam-
eters xnext ∈ X that should be evaluated during the optimization process is deter-
mined by solving the equation xnext = argmaxxa(x). The function a : X → R+ is called
acquisition function and generally depends on both the previously observed samples{

x(o), y(o)
}O

o=1
and the GP parameters θ. It is formulated as follows: a

(
x;
{

x(o), y(o)
}

, θ
)

.

In the GP prior setting, a(·) relies on the predictive mean μ
(

x;
{

x(o), y(o)
}

, θ
)

and vari-

ance σ2
(

x;
{

x(o), y(o)
}

, θ
)

functions of the GP model. There are several existing defini-
tions for a(·) [68,69], but the GP Upper Confidence Bound (UCB) [70] has been proven to
efficiently reduce the number of function evaluations needed to determine the global opti-
mum of several black-box multimodal functions. UCB implements the acquisition function
as aUCB

(
x;

{
x(o), y(o)

}
, θ
)
= μ

(
x;

{
x(o), y(o)

}
, θ

)
− κσ

(
x;

{
x(o), y(o)

}
, θ

)
, where κ is

a hyperparameter to control the balance between exploitation (i.e., favoring parts that the
model predicts as promising) and exploration.

Figure 6. Flow chart of the optimization process.
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In the actual problem, namely the prediction of mechanical and volumetric properties
of bituminous mixtures for road pavement, f (·) is defined as f : XL × XN × Xact × Xα×
Xβ × XE → [−1, 1] and has to be maximized. Therefore, given the P = 6 hyperparameters
L, N, act, α, β, E, f (·) constructs an ANN with L layers, N neurons per layer and performs
a 5-fold CV experiment in which the ANN is trained for E iterations with α and β as the
learning rate and weight decay parameter, respectively. f (·) returns a scalar value that
expresses the average Pearson coefficient (R) obtained by the ANN on the 5 validation
folds. The BO algorithm performs 500 iterations: at each iteration, f (·) runs an experiment
based on the hyperparameter combination sampled by the UCB algorithm on the posterior
distribution; the result is used to update such probabilistic model and improve sampling of
next points. The step-by-step procedure is described in Figure 7: the modeling procedure
begins with the mixtures design and the execution of laboratory tests for the definition of
features and targets variables; these latter are assumed to be representative of the physical
problem treated; the input-target fitting is performed by a neural network, whose structure
and algorithmic functioning is not known a priori; the search for the topology and the
values of the training process parameters that minimize the prediction error of the ANN
is handled by the Bayesian optimizer, by comparing network outputs and experimental
targets; once the optimal hyperparameters combination has been identified, the model can
be put into service for the designed application, by training it on the entire data set. In the
current study setup, the hyperparameters to be optimized by the Bayesian approach can
range in the following integer or logarithmic intervals:

Figure 7. Step-by-step procedure followed in this study: it starts with the mix design (left side) and testing processes
(bottom side); these tests define the set of target variables (lower right side); the input-target fitting is performed by a neural
network, whose structure and algorithmic functioning are searched by the Bayesian optimizer (upper side) comparing
network outputs and experimental targets (right side).

• XL = {1, . . . , 5}, for the number of hidden network layers L;
• XN = {4, . . . , 64}, for the number of neurons N for each hidden layer;
• Xact = {tanh, ReLU, ELU} for the set of activation functions to be applied after each

hidden layer;
• Xα =

[
10−6, 10−2] for the learning rate α;

• Xβ =
[
10−6, 10−2] for the weight decay parameter β;

• XE = {500, . . . , 5000} for the number of learning process iterations.
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These ranges were defined in the optimizer implementation [67] and have been left
unchanged.

3.6. Implementation Details

Before being inputted to the ANN, each feature contained in the feature vectors x(d)

was standardized, i.e., the respective mean was subtracted and division by the respective
standard deviation was applied. The statistics were calculated on D. The same procedure
was performed for the target feature vectors y(d), where each target variable was subtracted
by its mean and divided by its standard deviation computed on D. Also, the BO observa-
tions x(o) were transformed in a similar fashion. In this case, each hyperparameter was
standardized by the mean and standard deviation of the respective range.

The source code was written with the Python language. ANNs were implemented
using the PyTorch machine learning framework, while the hyperparameters BO procedure
was realized with the Bayesian optimization package [71]. The code was run on a machine
provided with an Intel(R) Xeon(R) W-2125 4GHz CPU and 32GB of RAM running Ubuntu
18.04. Each experiment lasted circa 24 h.

4. Results and Discussion

Figure 8 shows the k-fold CV score of neural models that were designed in the 500 it-
erations of the BO algorithm. The Pearson’s R coefficient averaged over the 5 validation
folds tended to become uniform in value among the different combinations tested by the
BO optimizer at least during the first 350 iterations (Figure 8) but showed more marked
variations afterwards. The algorithm has detected a region of the search space where the
validation error was not significantly changing and, having assessed an over-exploration of
a specific zone, it has decided to focus its search on an unexplored area that might have high-
performing solutions (however, identifying worse combinations). This result highlights the
regulation between exploitation and exploration performed by the UCB algorithm.

Figure 8. Average R-score on the 5 validation folds for the 500 algorithm iterations.

Despite the large size of the search space, the optimal model (i.e., showing the mini-
mum validation loss MSECV = 0.249 and then the maximum value of the Pearson coefficient
RCV = 0.868) was found at iteration 54 (Figure 8). The hyperparameters discovered by the
BO algorithm defined an ANN with L = 5 layers, N = 37 neurons, and hyperbolic tangent
activation function (tanh), that was trained for E = 3552 iterations, with a learning rate of
α = 0.01 and weight decay β = 1·10−6. Table 5 shows the validation MSE (second column)
and the R-score of the optimal model for each of the 5 folds (last column). In addition,
the final average results for each mechanical characteristic and volumetric property are
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reported in the last row of Table 5. Figure 9 shows the relation between network output
and experimental target for each fold.

Table 5. Number and codes of Marshall specimens.

Fold MSEmean

R—Pearson Correlation Coefficient
Rmean

ITSM MS MF AV

0 0.219 0.837 0.866 0.842 0.964 0.877
1 0.203 0.963 0.835 0.725 0.973 0.874
2 0.254 0.872 0.836 0.799 0.917 0.856
3 0.223 0.918 0.826 0.917 0.956 0.905
4 0.346 0.841 0.731 0.834 0.912 0.829

CVresult 0.249 0.886 0.819 0.824 0.944 0.868

Figure 9. Regression analysis on the 5 folds.
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Although there is a high variability in the data set, which can be explained by consid-
ering the different properties of the mixtures analysed, the optimal BO model returns very
successful results (Figure 9). The 5-folds averaged Pearson coefficient for each mechanical
and physical parameter is always greater than 0.819 (last row of Table 5). Fluctuations
in values of the MSE and R parameters (second and seventh column in Table 5) can be
attributed to the different distribution of training and test data that characterize each fold.
This result shows how a fixed split of the data set can lead to an incorrect assessment of
the prediction error, which can be worse (R4 = 0.829) or better (R3 = 0.906) than the most
likely situation represented by the k-fold CV (RCV = 0.868). Random and grid searches
based on the prediction error by a fixed split training test may find solutions that are
not optimal [49], due to fluctuations resulting from considering one partition rather than
another. Figure 10 shows the comparison between experimental targets and predicted
outputs, for the four parameters analyzed, as regards fold 4. Values calculated by the ANN
model characterized by the highest prediction error (MSEmean = 0.346, Table 5) are very
close in value to the experimental data, whatever variable is considered. This result is
relevant from an engineering point of view, because it proves that ANNs can be an accurate
method to model (even simultaneously) the mechanical response and physical properties
of bituminous mixtures, also very different in terms of composition.

Figure 10. Experimental vs. predicted data, related to fold 4.
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Although the presented modeling procedure is conceptually and computationally
more complex than a simple grid search, it overcomes some of the problems (such as
biased performance evaluations and sub-optimal hyperparameters selection) inherent in
traditional methods (i.e., grid and random search) or in the most frequently used toolboxes
(such as the MATLAB® ANN Toolbox), as the above reported results suggest.

5. Conclusions

The main goal of this study was to present and discuss a semi-automatic and unbiased
procedure to select the most reliable ANN model for a given predictive modeling problem,
which can overcome the limitations of conventional approaches. In particular, the focus was
on predicting at once volumetric properties and mechanical characteristics of bituminous
mixtures prepared using different types of bitumen and aggregate, binder content and
maximum nominal grain size, to support the mix design phase, providing numerical
estimations of the investigated parameters without any other costly laboratory test. The
study results can be summarized as follows:

• To perform proper neural modeling, the evaluation of the several network structures
resulting from the selection of different model hyperparameters values is required.
The procedure developed in this article allowed the limitations of the most widely
used ANN toolbox to be overcome.

• The proposed approach with the k-fold CV produces more reliable results in terms of
model validation error, with respect to the standard grid search based on a random
data set partition: in fact, if the procedure were based on a fixed random split of
the available data set, different results are possible, worse (R4 = 0.829) or better
(R3 = 0.906) than the most likely situation represented by the k-fold CV (RCV = 0.868),
due to the different distribution of the training and validation data.

• The BO algorithm has shown to be successful in solving the challenging problem of
properly setting the model hyperparameters: it has identified the optimal solution, in
terms of algorithmic and structural configuration of the ANN, in only 54 iterations.
The hallmark of such a technique lies in the ability to take past evaluations into account
so as to limit the loss function recalls. Nonetheless, the reader should be aware that
the BO procedure results may be linked to the constraints set by the research engineer
in terms of hyperparameters’ variability.

• In the current paper, Marshall parameters, ITSM, as well as AV content have been
determined simultaneously by a single multi-output ANN, unlike previous studies;
therefore, such approach represents an integrated predictive model of the selected
mechanical and volumetric properties.

• The neural network structure best suited (MSECV = 0.249, RCV = 0.868) to model
experimental mixtures data is defined by 5 layers, 37 neurons in each hidden layer
and tanh transfer function. A learning step size α equal to 0.01 and weight decay β
equal to 1×10−6 are implemented in the Ranger training algorithm.

• The algorithms applied and the analytical steps taken by the artificial networks have
been illustrated in detail to make the procedure followed replicable to the reader. If it
is desired to put the proposed model into service for the designed application (e.g.,
use in a laboratory or plant for estimates of mechanical parameters and volumetric
properties of bituminous mixtures), then the optimized ANN must be trained with all
available data.

It is worth recalling that the proposed model is applicable only to the specific types
of aggregate, bitumen and mixture structure considered. This study did not account for
the influence of different aggregate gradation on the results for a specific bitumen content.
An interesting further development would be to investigate such an effect, integrating
new input variables related to aggregate gradation or mix proportioning. Alternatively,
the modeling variables relating to the mechanical characteristics of the mixture could
be replaced by those relating to the road pavement performance, such as fatigue and
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permanent deformation resistance. This replacement would represent further progress
towards a performance-based mix design.
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32. Tapkın, S.; Çevik, A.; Uşar, Ü. Accumulated strain prediction of polypropylene modified marshall specimens in repeated creep
test using artificial neural networks. Expert Syst. Appl. 2009, 36, 11186–11197. [CrossRef]

33. Xiao, F.; Amirkhanian, S.; Juang, C.H. Prediction of fatigue life of rubberized asphalt concrete mixtures containing reclaimed
asphalt pavement using artificial neural networks. J. Mater. Civ. Eng. 2009, 21, 253–261. [CrossRef]

34. Ahmed, T.M.; Green, P.L.; Khalid, H.A. Predicting fatigue performance of hot mix asphalt using artificial neural networks. Road
Mater. Pavement Des. 2017, 18, 141–154. [CrossRef]

35. Ceylan, H.; Schwartz, C.W.; Kim, S.; Gopalakrishnan, K. Accuracy of predictive models for dynamic modulus of hot-mix asphalt.
J. Mater. Civ. Eng. 2009, 21, 286–293. [CrossRef]

36. Le, T.-H.; Nguyen, H.-L.; Pham, B.T.; Nguyen, M.H.; Pham, C.-T.; Nguyen, N.-L.; Le, T.-T.; Ly, H.-B. Artificial intelligence-based
model for the prediction of dynamic modulus of stone mastic asphalt. Appl. Sci. 2020, 10, 5242. [CrossRef]

37. Ghorbani, B.; Arulrajah, A.; Narsilio, G.; Horpibulsuk, S.; Bo, M.-W. Thermal and mechanical properties of demolition wastes in
geothermal pavements by experimental and machine learning techniques. Constr. Build. Mater. 2021, 280, 122499. [CrossRef]

38. Aksoy, A.; Iskender, E.; Kahraman, H.T. Application of the intuitive k-NN Estimator for prediction of the Marshall Test (ASTM
D1559) results for asphalt mixtures. Constr. Build. Mater. 2012, 34, 561–569. [CrossRef]

39. Van Thanh, D.; Feng, C.P. Study on marshall and rutting test of SMA at abnormally high temperature. Constr. Build. Mater. 2013,
47, 1337–1341. [CrossRef]

40. Abdoli, M.; Fathollahi, A.; Babaei, R. The application of recycled aggregates of construction debris in asphalt concrete mix design.
Int. J. Environ. Res. 2015, 9, 489–494. [CrossRef]

41. Sarkar, D.; Pal, M.; Sarkar, A.K.; Mishra, U. Evaluation of the properties of bituminous concrete prepared from brick-stone mix
aggregate. Adv. Mater. Sci. Eng. 2016, 2016, 2761038. [CrossRef]

42. Xu, B.; Chen, J.; Zhou, C.; Wang, W. Study on Marshall design parameters of porous asphalt mixture using limestone as coarse
aggregate. Constr. Build. Mater. 2016, 124, 846–854. [CrossRef]

43. Zumrawi, M.M.; Khalill, F.O. Experimental study of steel slag used as aggregate in asphalt mixture. Am. J. Constr. Build. Mater.
2017, 2, 26–32. [CrossRef]

44. Al-Ammari, M.A.S.; Jakarni, F.M.; Muniandy, R.; Hassim, S. The effect of aggregate and compaction method on the physical
properties of hot mix asphalt. IOP Conf. Ser. Mater. Sci. Eng. 2019, 512, 012003. [CrossRef]
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Featured Application: This article provides guidance for the future studies of new pavement

prediction technology, which may be the concern of many fields in road construction, design,

and maintenance. It can really help engineers to make decisions and predictions, in order to save

money, time, and lives.

Abstract: Potential damage, eventually demonstrated as moisture damage on inner and in-situ road
structures, is the most complex problem to predict, which costs lots of money, time, and natural
resources for maintenance and even leads to safety problems. Traditional linear regression analysis
cannot fit well with this multi-factor task in such in-field circumstances. Random Forest (RF) is a
progressive nonlinear algorithm, which can combine all relative factors to gain accurate prediction
and good explanation. In this study, an RF model is constructed for the prediction of potential
damage. In addition, relative variable importance is analyzed to obtain the correlations between
factors and potential damage separately. The results show that, through the optimization, the model
achieved a good average accuracy of 83.33%. Finally, the controlling method for moisture damage
is provided by combining the traditional analysis method and the RF model. In a word, RF is a
prospective method in predictions and data mining for highway engineering. Trained with effective
data, it can be multifunctional and powerful to solve hard problems.

Keywords: moisture damage; random forest; machine learning; factor importance; prediction

1. Introduction

Moisture damage is one of the main problems of asphalt pavement in service. Road
networks are afflicted by this problem in the world for decades [1]. It is hard to detect
the distress as it always happens underneath the surface in the middle and lower layers
initially as potential damage [2]. As soon as the response emerges on the surface, the
surface course will fail within just a few days, which may lead to serious safety problems.
In another aspect, the unexpected distress on the road should need rapid maintenance,
which will suspend traffic, profuse raw materials, and emit harmful smoke [3,4]. This is a
huge carbon-consuming process, which not only costs massive time and money, but also
natural resources [5]. To solve such a problem, the concise prediction for the positions of
potential damages is one promising way [6–8].

Machine learning (ML) is a good way at building a high-performance prediction
model. In the practice, we can continue to input the maintaining information into the
prediction model. Then, if there is a section of the road that has already lost strength in the
inner or middle of the structure but nothing or little response occurred on the surface, we
can find it by the model. When the positions can be determined, potential distress can be
eliminated in time instead of breaking out. Then, a significant problem can be weakened to
a minor one, which can save lives and increase road value. Additionally, the performance
and interpretability of the model are both important for the evaluation and application of
the model. The propose of this study is using the actual detection data to construct a high
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practical model to solve the daily problem of road maintenance. It can be the complemen-
tary method to really help engineers to more precisely judge the state of the pavement. It
is also important that the construction process and hyperparameters optimization of the
model provide an example to support for development and improvement ML models in
highway engineering.

1.1. Moisture Damage and Potential Distress

Moisture damage is one of the main forms of potential distress that results in strength
loss, stripping, and deformation of pavements [9]. It is generally caused by segregation
in the construction process, which is presented as poorly bonding and compaction [10].
This category of distress is so-called potential damage because it is hard to detect with little
change in its extrinsic feature at the initial phase but the strength has been loosened [11].
When it bears certain loading, a sudden breakdown may happen on the road surface [12].
Because of this hidden distress, maintenance work and driving safety burden more pressure
than the average routine [1].

In order to solve the problem, traditional methods, such as geological radar and falling
weight deflectometer (FWD), are used for in-field projects to detect potential failure inter
road structures [13–15]. Lots of effort has been made in making a long-term detective rou-
tine [16]. However, accuracy of these methods is not achievable. Because moisture damage
and potential distress cause multiple driving problems, they cannot be determined by tests
from a one-directional aspect under the wide-range and complex in-field conditions [9]. A
simple linear relationship cannot construct and explain the correlations between properties
and in-field failure of pavements. Furthermore, predictions and classifications derived from
the traditional methods may be unstable because of the personal experiences of judgment
for potential damage by most nondestructive detection methods [17]. For example, even
though the geological radar technology has developed more automatic and precise for
pavement detection and the radar images are processed by high advanced software, the
detection results are easily affected by the different detection conditions, which will lead to
misjudgment from the engineers with less experience.

1.2. Machine Learning and Random Forest

Machine learning (ML) is a technology using algorithms to let computers analyze
data and process other affairs stimulating the way of humans learning, which can continue
improving their accuracy and capability by the algorithms themselves [18]. ML acts a
significant role in statistical research with the rapid development of computational speed
and artificial intelligence (AI) algorithms [19]. A ML model can be trained like a project
manager to perform classification, prediction, and mining interrelationships on data [20].
Almost every scientific discipline is driven by AI in this big data era, which is growing
hugely day by day [21]. Subsequently, science research aided by computers has become
more popular and there is a higher general demand of researchers nowadays.

Highway engineering is a traditional discipline of applied science. Its basement is
also built by tests and data. With instrument automation in recent years, the data from
pavement detection grows furiously [22]. To understand the inner relationships of the
big data in highway engineering, two major methods can be used: simplification and
comprehension. As an experiential mechanical science, the first method, which combines
simplified data and hypotheses, can make problems easier and solve them with mechanical
models [23]. However, it overlooks some parts of the experimental characters and ran-
domness of the data to gain a general result. The light weight factors, which are ignored
in experiential mechanical models, also have impact in the results. In fact, some unseen
capability loss has already existed before distresses appear, which cannot be measured [24].
That is why the traditional methods can explain the reasons well but cannot predict the
results accurately for potential damage [25,26]. Therefore, ML models can be the perfect
complementary to traditional methods. Neural networks, gradient-boosted model, ran-
dom forest, and support vector machine have been used in mining data for the long-term
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reservation or open assess databases of pavement detection [27–30]. Due to these ML
models, the relationships of data can be found and understood more comprehensively
than conventional physical models. Furthermore, through the predictions, a better decision
can be made by their excellent prediction performance. All in all, ML is an advantageous
tool in experimental and theoretical studies for highway projects. In the practice, model
adaptability, model structures, and inputted variables are the three key matters we need to
consider carefully in a ML construction work.

Random forest (RF) is a promising machine learning algorithm which can help re-
searchers forecast or classify data and information with high performance [31–33]. It is
a model that assembles decision trees using a modified bagging method to improve the
predictive accuracy [34]. The common strategy of ML to solve a nonlinear problem is to
raise data dimension by different weights and biases to discover key features, such as
kernel SVM, a neural network. The process of data transition increases the computational
complexity. Combining their computational frameworks, it may lead to lower computing
productivity as a whole when in a multivariate classification problem. For instance, under
the framework of the one vs rest, SVM consumes huge memory with increasing variables
(data dimensions), especially using a nonlinear kernel. Comparing to this strategy, RF
uses the bagging method to make data into a tree-like 2D structure, which can keep the
simplicity of data. Therefore, it has outstanding computing speed and interpretability.
In addition, RF can perform as well as kernel SVM and neural network by the bagging
method [35]. It has been successfully applied in the predictions of IRI, strength, and
cracking on the pavement, and has gained great performance [36–38]. Moreover, the most
important advantage is that RF is good at processing multicollinear, imbalanced, missing
data with multiple variables [39]. That is the reason the RF model is suitable for the data
derived from in-field tests and detections.

In summary, random forest (RF) model can be trained to predict potential distress
and moisture damage for flexible pavement. Considered the complex factors of the test
environment, it can avoid the deviation in the typical prediction method, which may
just be extracted from a linear regression model. In this study, an RF model is trained
and constructed based on the data from a full-size track road test for potential damage
prediction. The prediction performance and relative factor importance are estimated for
the model. Finally, the analysis method of insight relationships and project problems can
be developed and promoted with the RF model.

2. Objectives

• To construct a random forest model to fit the principles for the potential deterioration
of the typical flexible pavement;

• To predict the process and position of potential damage on asphalt pavement;
• To evaluate the performance and interpretability of the random forest model.

3. Data Collection and Preparation

3.1. Full-Size Track Road Test

A test road was constructed and prepared for the full-size track road test. The track
was designed to be a 40 km single-lane of a typical structure (4 cm + 6 cm Superpave surface
course and an 8-cm asphalt-treated base) on a 50-cm cement-stabilized base (20 + 30 cm
cement-stabilized macadam) (Figure 1). Twenty-five full-load trucks were used to present
the accelerated test in an unfavorable season, which was in hot weather and frequent rain
days during June that year. The average range of air temperature was 16–28◦ and there
were eight days of rain over 20 testing days. The whole loading process was separated
into four stages by every 5 days. After each stage, the quality parameters, such as the
international roughness index (IRI), the deflection value, and the rutting depth, were
collected by automatic devices. Asphalt in-field samples were cored to test their void rates
and splitting strength before and after the process. As 29,820 standardized loading times
were achieved in the whole test, some bumps and pits appeared at random surface areas.
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These positions of potential and emerged distress obtained by coring and observation are
marked as the label for the model.

 

Figure 1. The structure of the test road.

3.2. Data Collection and Preparation

The data related to deterioration were collected and arranged in Table 1. Thirty-four
variables were chosen to build the forest.

Table 1. Description of variables.

Variables Symbol Unit

The original rutting depth R0 mm
The rutting depth on the fifth day R5 mm
The rutting depth on the tenth day R10 mm

The rutting depth on the fifteenth day R15 mm
The rutting depth on the twentieth day R20 mm

Increase in rutting depth at the first stage of the test RI1 mm
Increase in rutting depth in the second stage of the test RI2 mm
Increase in rutting depth in the third stage of the test RI3 mm

Increase in rutting depth in the fourth stage of the test RI4 mm
Increase in rutting depth through the whole test RI20 mm

The original deflection value D0 0.001 mm
The deflection value on the fifth day D5 0.001 mm
The deflection value on the tenth day D10 0.001 mm

The deflection value on the fifteenth day D15 0.001 mm
The deflection value on the twentieth day D20 0.001 mm

Increase in the deflection value in the first stage of the test DI1 0.001 mm
Increase in the deflection value in the second stage of the test DI2 0.001 mm
Increase in the deflection value in the third stage of the test DI3 0.001 mm

Increase in the deflection value in the fourth stage of the test DI4 0.001 mm
Increase in the deflection value through the whole test DI20 0.001 mm

The original IRI value IRI0 m/km
The IRI value on the fifth day IRI5 m/km
The IRI value on the tenth day IRI10 m/km

The IRI value on the fifteenth day IRI15 m/km
The IRI value on the twentieth day IRI20 m/km

Increase in the IRI value in the first stage of the test IRII1 m/km
Increase in the IRI value in the second stage of the test IRII2 m/km
Increase in the IRI value in the third stage of the test IRII3 m/km

Increase in the IRI value in the fourth stage of the test IRII4 m/km
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Table 1. Cont.

Variables Symbol Unit

Increase in the IRI value through the whole test IRII20 m/km
The void rate of the surface course VRS %
The void rate of the bottom ATB VTB %

The splitting strength of the surface course SSS Mpa
The splitting strength of the bottom ATB SSB Mpa

The data can be separated into two groups, which are initial data before the test
running and in-process data during the test. Some variables imply that damage has already
occurred. However, when a decision was made to uncover the surface, it was found that the
result was not accurate. Some variables are linear with predictions that can be accumulated
by different weights, but some variables are non-linear whose margins are hard to decide.
That is why an RF model is needed to improve the accuracy of predictions.

The data are collected as much as detected to avoid disregarding any small factor,
which may also have influence on the predicting result. Nevertheless, some of the variables
are dependent on other inputs. We prefer more information richness than data indepen-
dence. This is because the RF model is very good at multicollinear problems. Besides,
if there are some negative factors introduced in the model, they can be pruned in the
procedure of model optimization for computing spend and model strength.

4. Methodology

As stated in the introduction, the RF model is an ensemble learning (parallel learning)
model with high accuracy. Based on every decision tree, RF can avoid over-fitting and
under-fitting problems by efficiently estimating variables on large databases in most classi-
fication problems [40]. Based on a bagging (an abbreviation for the bootstrap aggregation)
strategy, the database is split into N groups to build and train multiple decision trees [41].
The great number of de-correlated trees can be scored by the different generated branches
to balance and improve predictive performance.

4.1. Decision Trees

In the decision tree algorithm, a set of splitting rules is used to partition data features
into smaller spaces with similar responses by asking simple if-else questions about each
feature. Every sub-space of data presents a simpler model, which is fitted to obtain
predictions. This division-and-conquer technique can produce simple rules that can easily
be understood and visualized by tree diagrams. In the classification trees of this study, the
gini impurity and information gain criteria are computed to evaluate the possibility and
performance of each tree.

4.2. Bagging

Bootstrap aggregation or bagging is a powerful procedure to improve the bagged de-
cision trees learning behavior to achieve low root mean squared error (RMSE) by reducing
the high variance from a single-tree structure [42].

The training data can be split into multiple subsets at random, which are fitted and
trained by independent decision tree models separately. The aggregation of the predictions
across all the trees is averaged to minimize the correlation effects between each couple of
trees. The process is shown as follows:

(1) Set B as the number of the generated trees;
(2) Build bth prediction tree model as f̂ b∗(x) by bootstrapping;
(3) Average all predictions of trees, as shown as Expression (1) [42].

f̂bag(x) =
1
B

B

∑
b=1

f̂ b∗(x) (1)
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According to this procedure, though, every single tree model has high variance. The
averaged B trees, which combine hundreds of trees, can reduce the value as a whole.

4.3. Out-of-the-Box Performance

For the classification problem, which has qualitative outcomes, a voting strategy is
adapted to record the predicted class and pick the most frequently occurring class. It is a
straightforward method to assess the error performance for a bagged prediction model.

Out-of-bag (OOB) observations are used to predict and evaluate the results by trained
model. Comparing the results and observations, the classification error or test error can
be accumulated.

Set the testing data space as T, which has n trees. The data can be presented as:

T = {(x1, y1), (x2, y2), . . . , (xn, yn)}

Fed T to the given RF model, we obtain another data set, such as:

Tf =
{(

x1, y f 1

)
,
(

x2, y f 2

)
, . . . ,

(
xn, y f n

)}
Therefore,

OBB error =
number

(
yi = y f i

)
n

(2)

4.4. The State-of-the-Art Method

The state-of-the-art (SOTA) methods are applied to check if the RF model can achieve
the best performance in this learning work. Decision tree and support vector machines
(SVM) models are selected to compare with the trained RF model. The decision tree
model, which has good strength, is the base unit of the RF model. The SVM is also a
high-performance classification algorithm. They are both commonly used in data mining.

Decision trees are constructed by the significance measurement of data. In addition,
the SVM is built based on the liner kernel. The accuracy of the models is set to be the
baseline for the comparison.

4.5. Relative Importance of Variables

Even though the structure of bagged trees grows bigger to gain significant improve-
ment from a single tree, the whole model becomes harder to interpret. For computing
the relative importance of each variable in the RF model, the importance value of each
predictor in every single tree is recorded and accumulated to realize the comparison pro-
cess. Thus, the most effective factor will be gained in the given predicted result. The high
value of the relative importance means a significant weight in their relationships, which
is a more important factor in the road deterioration process. Each variable importance
can be summed by the reduction in the loss function, which is attributed to each split in a
given tree.

5. Model Construction

5.1. Model Structure Design

Four key steps are organized, as shown in Figure 2. A cyclic process is selected to
train the RF model and optimize the model parameters repeatedly to obtain a minimal
OOB error. Firstly, the quality of the given database is the most important as the basement
in the whole model structure. Next, the main body of the RF model for model training is
built by R language and its packages. The model will be several times to return to this step
for the procedure of model optimization. This interaction of these two steps determines
the final model structure and parameters, which will be applied in testing data. Finally,
the prediction error rate will be estimated to assess the model performance. If insufficient
performance is found, the cyclic process must run again and again after adding new data
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and checking the data effectiveness and correlations until achieving the best fitness of the
RF model.

Figure 2. Structure design of the RF model.

5.2. RF Model Construction

When the structure of the RF model for potential damage is decided, the training set
data are input to fit and grow every single tree with two key hyperparameters, including
mtry and ntree. The mtry is the number of variables tried at each split. The ntree is the total
number of trees the forest will grow. To obtain classification, every tree is run down in the
forest with a number m of variables, which is used to split the node. With no pruning, trees
are grown as large as possible. Random forest cannot be overfit. Therefore, the number of
single trees can be grown as many as the computer capability can do. With the increase in
the tree number, the OOB error will keep decreasing. When all the data are run down the
trees, the proximities, OOB error, and variable importance are computed. Finally, the most
possible result is voted by majority voting to obtain the confident prediction. The process
is shown in Figure 3.
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Figure 3. RF model construction process.

6. Results and Discussions

6.1. Data Characteristics and Correlations

Related variables are considered as many as possible in this study for comprehensive
understanding. Therefore, thirty-four categories of data about the properties of the in-field
road are prepared to train. Data collection is the most important step before a model is
constructed. The resources and data features are matters of the prediction results. The
details of the data used in the training process cannot be exhibited due to the large data
group. A general view of characters and correlations of data sets is plotted in a matrix in
Figure 4.

The diagonal line of plots is the distribution status of variables, which shows that all
datasets collected from road properties are almost on or can be standardized into normal
distribution. Therefore, the training data are effective to work reasonably in the model. A
dataset on normal distribution means it fits with the principles of the average detection
data. There is no need to delete a low or abnormal variable.

The plots on the intersection between every two properties are their correlation index
and fitting curves. It is clear that some of them have obvious linear correlations, which
are always desirable and easy to evaluate in a typical numerical analysis. However, the
other data with non-linear relationships are hard to obtain rules for. Therefore, there are
no consistent principles for these factors that can determine the occurrence of potential
damage. This RF model can help to combine and follow all hints of variables, even those
that are not important to achieve the best prediction.
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Figure 4. Data characteristics and correlations matrix: the * represents the significance level.

6.2. Number of Trees and Number of Variables Tried at Each Split

The two key hyperparameters, ntree and mtry, are determined by the exhaustive
method. At first, an RF forest was constructed with the following default settings: ntree = 500
and mtry = 5. The OOB estimate of the error rate of the RF model is 20.24% and the confu-
sion matrix is shown in Table 2.

Through the exhaustive method, mtry is assigned for 1 to 35 in the default RF model
with the other parameters fixed to gain the minimal error rate. According to the same
method, ntree is taken to traversal algorithm again by fixing mtry value. The results and
the processes are presented in Figures 5 and 6.
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Table 2. Confusion matrix of the default RF model.

Ture N Ture Y Class. Error

Pred. N 39 7 0.1521739
Pred. Y 10 28 0.2631579

Y presents the points marked as distress; N presents the points marked as in good condition.

Figure 5. The relationship between mtry and the error rate.

With the increase in mtry from 1 to 35, the error rate keeps decreasing. Generally, the
number of variables tried at each split in an RF model, namely the maximal deep of a
tree the model grows, is random in the range between one to the number of variables. It
always needs a balance for lower single-tree correlations and a certain prediction strength.
Therefore, it is not a general law for an RF model as the error rate can be reduced by
introducing more variables unless the variables are all effective for the model with little
correlations.

In our given RF model, there are some correlated factors. This is not the main reason
which affects the model accuracy until mtry equals 23. Before that, the model does not
consider enough variables, which strongly helps with the increase in variables. After that
or even after 19, the model is improved little when there are less independent residual
factors. However, the optimal mtry value is 35 with the lowest error rate. That means that
all factors have their own weights in the model even though some parts are subject to
dependency.

With the increase in ntree, i.e., the number of trees generated by the model, the noise
can be reduced in the model. When ntree arrives at a certain number, the error rate of the
model will maintain stability. However, for the calculating speed of a computer, the best
ntree value is determined. When ntree passed over 400, the prediction error rates for Y, N,
and the average of the model achieved the lowest value and kept the trend. Therefore, the
ntree is selected as 400 for the RF model.
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Figure 6. The relationship between ntree and the error rate.

6.3. The Optimized RF Model

The final RF model used in training and predicting is gained through the two steps of
optimization for the hyperparameters. The main tree sizes, and the node numbers of every
tree in the forest, are distributed, as shown in Figure 7. The most frequent occurrence in
tree sizes is six, which presents the major samples the trees in the forest look like.

Figure 7. The tree size and its occurrence frequency.
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The optimized RF model is estimated by the bagged testing data. The performance
of the accuracy for the model is shown in matrix Table 3. The average OOB of error rate
is 16.67%, which is improved greater from 20.24%. For an in-field project, prediction
accuracy higher than 76% is thought to be a good performance. Compared with some other
studies in highway or road topics, there are more variables in this program, which may
accelerate the accuracy by considering more comprehensively. In particular, the accuracy
of Y prediction, which means that the road has a potential failure at this position, has
arrived at 85.13%. It is very important for road maintenance and safety in the application
for saving money and lives.

Table 3. Confusion matrix of the optimized RF model.

Ture N Ture Y Class. Error

Pred. N 26 6 0.1875000
Pred. Y 4 24 0.148671

Y presents the points marked as distress; N presents the points marked as in good condition.

A decision tree model was constructed to compare with the RF model. The result is
shown in Figure 8 and Table 4. Moreover, a support vector machine (SVM) model was
built, and the relative confusion matrix is shown in Table 5.

Figure 8. The decision tree model.

In general, the accuracy of the decision tree model and the SVM model is 65% and
65.52%, respectively, for the separate predictions of the potential damage. Nevertheless,
the decision tree model is more logical and easier to interpret. In the tree, the RI20, DI3, and
VRS are the three most important factors to classify the data, and the prediction probability
is given. All in all, the performance of the RF model is outstanding among the three models.
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Table 4. Confusion matrix of the decision tree model.

Ture N Ture Y Class. Error

Pred. N 10 3 0.230769
Pred. Y 4 3 0.571428

Y presents the points marked as distress; N presents the points marked as in good condition.

Table 5. Confusion matrix of the SVM model.

Ture N Ture Y Class. Error

Pred. N 10 7 0.411765
Pred. Y 3 9 0.250000

Y presents the points marked as distress; N presents the points marked as in good condition.

6.4. Model Application and Prediction Evaluation

The RF model is applied and the classification performance is examined by margins
and multidimensional scaling (MDS) analysis. If a margin value of a test point is higher
than zero, it is identified as the right prediction. As shown in Figure 9, the prediction data
meets the normal distribution. In addition, the major body of the predictions is in the
upper area, which shows a good model performance, despite some abnormal points.

 
(a) (b) 

Figure 9. The margins of the RF model by class: (a) the margins of outputs checking the classification performance; (b) the
outputs mapping from multiple dimensional data to 2 dimensions.

In another aspect, the MDS plot is made by R language (Figure 10). The positions of
the predictions are marked in this 2D map. The predictions, especially the main bodies
of Y and N predictions, have a clear boundary to each other. However, also, some points
are mixed up with others, because of some inevitable abnormal points. The next step is
to improve the accuracy of the detection in practice. Moreover, here, the predictions are
classified into two groups, showing the classification ability of the RF model.
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Figure 10. The MDS of the RF model.

6.5. Factor Importance

The importance of the variables is evaluated by a mean decrease in the accuracy index
and a mean decrease in the Gini index for the explanation for the RF model, as shown
in Figure 11. The more decrease the indexes have, the more important the factor is. The
RI20, i.e., the increase in rutting over 20 days, is the most important factor, that is, if a point
is rutting deeply in a short time, it is most likely to obtain moisture damage under the
surface or surface failure soon. Following the RI20, i.e., the increase in deflection in the
third test stage, the rutting at the 20th day and 5th day, and the position are outstanding in
all variables. In these five factors, the most interesting thing is that three factors are linked
to rutting, which directly presents the state of a road; a highly important factor is linked
to deflection, which presents the strength of the road; and the point position is effective
for predicting the project (i.e., the different construction method), which companies or
materials adapted to in this road, leading this phenomenon. Based on the main important
factors, it can be asserted that, before moisture damage occurs, there must firstly be a
significant increase in rutting and deflection detected. Some original properties of the
road, such as original rutting, original deflection, and surface splitting strength, have little
weight in the model. This means that the moisture damage matters for a cumulative effect
rather than the initial properties.
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Figure 11. Factor importance.

These specified values of variables and their relationships are analyzed by density
curve plots. For these important variables, the overlap section of the Y and N area is
smaller, which has a higher classification strength (Figure 12). Thus, it will hold a bigger
weight in the model.

To compare the traditional analysis of properties, the three most important categories
of factors from the RF model are selected for making graphics of their relationships. The
void rate, the rutting increase over 20 days, and the increase in deflection in the third test
stage are fitted in Figure 13.
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Figure 12. Specified values of variables and their relationships.

Another interesting phenomenon is found. The void rate between 4% and 6% has the
lowest probability to drop in rutting and deflection [43,44]. This finding is very similar to
the Superpave construction principles. Therefore, to control the moisture damage at an
early age of a road, the most important thing is to minimize construction segregation. The
result proves the interpretability of the RF model, which can be easily connected to the
practice work. Furthermore, the prediction of the model is rational and logical.
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Figure 13. The relationships amongst the three important factors.

7. Conclusions

According to the construction and the evaluation of the RF model, a new method for
predicting the potential damage is built in this article. Compared to the typical method,
interrelationships of variables are analyzed through RF data mining. The excellent perfor-
mance of the model is achieved with high accuracy and good interpretability by model
optimization. It is concluded that:

• The RF model is suitable for the prediction of in-field properties in highway and road
projects under multiple variables;

• The RF model has a good prediction accuracy and interpretability in this study;
• The optimized model can achieve a low OOB error rate of 16.67%, which can be further

improved by the enhanced validity of detection data;
• The RF model and traditional method for analysis in road performance can be bridged

together to obtain a more comprehensive and consistent understanding;
• The early moisture damage can be alleviated by controlling the void rate in the surface

course, which is considered as a main factor by RF mining from another aspect;
• The RF model can be applied in nondestructive examination in roads for potential

failure detection. In addition, by inputting more other roads’ data sets into the
training, the model will become more powerful which can fit almost all situations
and properties.
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Abstract: Cracks are one of the main problems that plague road workers. A correct understanding
of the internal crack propagation mechanism of asphalt pavement will help road workers evaluate
the road’s working status more comprehensively and make more reasonable decisions in design,
construction, and maintenance work. This paper established a three-dimensional asphalt pavement
layered model using the software ABAQUS and fracture mechanics theory and the extended finite
element method were used to explore the mechanical response of the pavement base layer’s preset
reflective cracks. This paper investigated the influence of the modulus of each layer, vehicle load
on the principal stress, shear stress, J-integral, and two stress intensity factors (K1, K2) during the
predetermined crack propagation process of the pavement base layer, and the entropy method was
used to analyze the above-mentioned mechanical response. The results show that the main factor
affecting the propagation of reflective cracks on asphalt pavements is the modulus of the bottom
surface layer. However, from a modeling perspective, the effect of increasing load on crack growth is
obvious. Therefore, in terms of technical feasibility, the prevention of reflective cracks should still be
achieved by controlling the driving load and prohibiting overloading.

Keywords: reflection crack; numerical analysis; extended finite element method; J-integral; stress
intensity factors

1. Introduction

Cracking is a challenging topic which the researchers face. Insufficient and improper
treatment of cracks often negatively impacts the pavement structure and its performance.
Numerous studies on cracks’ behavior have been conducted to reveal their influences on
pavement performance. Initial cracks usually exist in the pavement structure in the form of
micro-cracks, and these cracks grow due to temperature change, traffic loads, and other
environmental factors. So, research on the mechanism of cracking growth will help monitor
the cracks’ behaviors from the beginning of their development and offer feasible ways
of manufacturing and maintenance. Traditional fatigue methods explain the initiation
and growth of cracks [1], but this only provides a rough approach that performs poorly
while calculating longitudinal cracks. To solve this kind of problem, fracture mechanism
theories were established. Paris established the approximate equation of crack growth
rate under repeated load [2]. Majidzadeh expanded this theory, and normal forms of
crack growth were obtained [3]. However, this equation needs four parameters related
to material properties, which decrease its reliability and limit its usage. A life-related
index was established based on engineering data, including traffic load, environment
conditions, and embankment conditions [4]. Conditions included by this index are also
limited, and it will take a long time to perform road surveys, which can be inconvenient.
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These methods are always based on numerous engineering data and cannot involve many
working conditions. Correction factors are always acquired when using these methods, so
a convenient way of researching crack behavior is needed.

Conventional research on crack behavior heavily relies on laboratory-scale experi-
ments, which require considerable time and effort. These experiments always focused on
the final status of cracks and pavement, and the processes of cracks’ growth were ignored
due to testing methods. Over these years, the finite element method has become a popular
approach to simulate the cracks’ behavior during their life cycle. During their growth, every
kind of cracks’ behavior can be calculated using finite element software, requiring much
less time than local experiments. The two-dimensional plane strain model was established
by Myers using finite element software ABAQUS [5]. This model revealed the growth
of pre-set cracks under traffic loads and the direction of cracks’ growth, which offered a
mature way of pavement simulation. García used the finite element method combined with
fracture mechanics theory to investigate the cracking behavior of the orthogonal layered
pavement, and uses the method of preset interlayer cracks to predict the cracking of each
layer of the pavement during use. The results show that the cracking performance of the
orthogonal layered pavement is largely affected by the initial shape and location of the
cracks. These initial cracks mostly occur at the joints between layers, thinner layers and
the free boundaries of each layer [6]. Results show that behaviors of crack growth are
related to the viscoelasticity and creep properties of asphalt deeply. However, compared
with two-dimensional models, three-dimensional models always perform better, especially
when the process of crack growth was taken into consideration [5]. Parameters of crack
growth and their time history curve can be calculated using the finite element method
and predictions of pavement life, degree of damage can be drawn. Road workers can also
choose the appropriate asphalt mixture based on the finite element calculation results, thus
promoting the development of the asphalt mixture.

J-integral and stress intensity factors are often used to describe the behaviors of crack
growth, from which researchers can have a direct understanding of the process. Okada
developed a 3D model to compute the J-integral of large deformation solids [7]. Results
show that J-integral is unconditionally path independent, reflecting that it is not very
important to set a specific path while simulating cracks using J-integral, thus decreasing
the difficulties. Moreover, energy can be used to calculate the J-integral. Okada added the
strain energy density into the J-integral formulation to calculate the deformation histories
of the specimen [7]. Yu proposed a new model of calculating J-integral based on the energy
density equivalence by introducing 3D constraint functions to describe the relationships
between J-integral and load in mode-I cracks [8]. Sasan compared two criteria of stress
intensity factor and fracture energy to investigate the behavior of asphalt mixtures under
combined tensile shear loadings [9]. The SCB (Semi-Cycle Bending Test) fracture test results
show that the fracture behavior of asphalt mixtures is significantly dependent on testing
temperature and loading rate, which can reflect the working conditions of asphalt mixtures
during engineering construction. Moreover, finite element calculation was conducted
to verify the correctness of SCB tests. As for pavement structure, J-integral and stress
intensity factors can be different from theoretical calculations and mechanical experiments
due to the structural differences between theoretical calculation models or mechanical
specimens and pavement structure. Researchers often use elastic layered continuum theory
to describe the structure of asphalt pavement. Alae established a three-layer 3D model of
asphalt pavement with top-down cracks [10]. Working temperature and vehicle speed were
assumed to be the changing working conditions of the pavement structure. Results show
that top-down cracks in pavement structure can be broken down into I + II fracture, and
J-integral can be used to describe stress intensity on the crack tip. Ma developed a wave
propagation-based analytical solution to calculate the mechanical responses of transversely
isotropic viscoelastic multi-layered asphalt pavement subject to moving harmonic load [11].
This solution can be used for asphalt pavement design and analysis with consideration
of realistic load and material parameters. However, a specimen of asphalt mixtures can
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only reveal the crack resistance of the material, but the mixtures’ behaviors in pavement
structure are not widely studied. J-integral and stress intensity factors on the crack tip
in pavement structures have not been researched systematically. Mechanical responses
during the crack growth need to be calculated using the finite element method.

The research described in this paper is aimed to reveal the cracks’ behaviors during
the pavement’s life cycle and under different working situations. The effects of traffic
loads and Young’s modulus of layers on the crack extension were investigated. This paper
uses finite element software ABAQUS to simulate the pre-set crack’s growth during the
pavement’s life cycle. J-integral, stress intensity factors, absolute stress, and strains were
calculated to describe how the cracks extend while working. Moreover, the entropy method
was used to analyze the relationship between these influencing factors aiming to help to
deal with cracking problems efficiently.

2. Methods

2.1. Method

Fracture mechanics were widely used in crack analysis for their high accuracy, and the
development of computer technology offers the convenience of calculating. Thus fracture
mechanics are commonly used in pavement engineering. Using the finite element method
for digital modeling can calculate the behavior of cracks. Responses of cracks could be
summarized by modifying mechanical parameters of finite element model such as working
conditions, structure combination, material composition.

Fracture mechanics divide cracks into three species (open crack—type I, sliding crack—
type II, tear-open crack—type III) and stress intensity factors (KI, KII, KIII) were used to
describe the tendency of cracking [12]. Linear superposition of three kinds of cracks can be
used to describe the stress field at the tip of cracks. Normal stress and shear stress of the
tip of cracks can be calculated using the following equations.
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where r represents the distance from the calculation point to the crack tip. θ represents the
angle between the calculation point and the crack tip in the polar coordinate system and
the polar axis. Analysis of the above formula shows that the key to determining the stress
field at the crack tip is the stress intensity factor. These factors are mainly determined by
the properties of external load, the shape of cracks, and the geometry of elastomer, which
can be expressed by the equation below.

Km = lim
|r|→0

√
2πrZm(r) (6)

where Zm (r) is an analytic function related to the boundary conditions, which can be
calculated using finite element method software ABAQUS. The stress intensity factor at
the ultimate fracture of a material is called fracture toughness, usually expressed by KIC,
which can be determined by experiments.

Compared with the stress intensity factor, J-integral is more suitable for analyzing
fracture problems under elastoplastic conditions [13]. The J-integral is used to solve the
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situation that a certain range of plastic zone appears at the tip of the crack under the
elastoplastic condition, which makes the problem very complicated. The J-integral can
describe the stress and strain field strength in the crack tip area, and it can be easily
determined by experiment. Use stress intensity factor and J-integral can reveal the crack
behavior in pavement engineering. A plane crack problem was assumed when calculating
J-integral. The integral is performed around the crack tip, starting from the lower crack
surface, and stopping counterclockwise to the crack’s upper surface, thus forming an
integral loop. This integral value obviously has nothing to do with the integral path, so
J-integral can reflect the intensity of the stress field near the crack tip. Figure 1 is a schematic
diagram of the calculation of J-integral.

x

y

ds

dx

dy

n

u

T

Figure 1. Calculation of J-integral.

J-integral is defined as:

J =
∫

Γ

(
ωdy −→

T ·∂
→
u

∂x
ds

)
(7)

where ω represents the strain energy density on the loop.
→
T is the stress vector at any point

on the loop.
→
u is the displacement vector at any point on the loop. In the case of linear

elasticity (plane strain), the strain energy density ω is
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where σij and εij respectively represent the stress tensor and strain tensor at the crack.
Substitute (8) into (7), we have

ω =
K2

1
2πr
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If we take a loop Γ with the crack tip as the center and a radius of r,

∫
Γ

ωdy =
∫ π

−π
ωrcosθdθ =

K2
1(1 + μ)(1 − 2μ)

4E
(10)

As for stress vector
→
T →

T = σijηj (11)

274



Appl. Sci. 2021, 11, 7990

So ∫
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Substituting (10) and (12) into (7),

J =
1 − μ2

E
K2

1 =
K2

1
E′ = G1 (13)

That is, the J-integral is the crack propagation energy release rate G in the linear elastic
state. This is a constant and can be obtained through experiments or theoretical calculations.
Therefore, the J-integral is used to establish the basis for the determination of cracks and is
consistent with the establishment of the K value.

When using the traditional finite element method to simulate static non-propagating
cracks, it is necessary to consider the singularity of the crack tip stress field according to
the principles of fracture mechanics. Singular meshes were used to solve the problem, such
as setting the meshes of the crack tip into M font or refining meshes in the crack tip area.
Difficulties in computing were generated due to a large number of meshes, especially in
three-dimensional models. It is hard to compute in crack tip areas due to the low quantity
of meshes. Finite element method software ABAQUS offered Extended Finite Element
Method (XFEM) to solve the problem, which uses shape functions to simulate crack areas
in the pavement structure. Thus, it does not need to remesh and improves the efficiency
of calculating. Based on the thought of unit decomposition, XFEM added functions that
can reflect the discontinuous characteristics of the crack area [14,15]. The thought of unit
decomposition thinks that any functions ψ(x) can be expressed using the equations below.

ψ(x) = ∑
I

NI(x)qIΦ(x), ∑
I

NI(x) = 1 (14)

where qI is a parameter to be adjusted to make the expression reach the best approximation,
NI(x) is a function that satisfies the element decomposition, and Φ(x) is an extended
function. As for crack simulation, XFEM uses the equations below to simulate.

uk = ∑
I

NI(x)uI + ∑
J

NJ(x)qJΦ(x) (15)

where qJ is the newly added degree of freedom and it has no meaning in physics. The only
usage of qJ is to adjust the function Φ(x) to achieve the best approximation. Compared with
the traditional finite element method, XFEM added more freedom degrees, thus improving
its accuracy.

XFEM and fracture mechanics were used in finite element method software ABAQUS,
which can simulate the crack behavior during its growth with considerable accuracy. Crack
behavior can be calculated by modifying properties of models and materials, which can
make predictions on pavement life and different working conditions, thus saves much time
and cost compared with local experiments.

2.2. Simulation

The finite element model was established using the software ABAQUS. Previous
studies show that 6 m × 6 m × 5 m cube specimen was the most suitable kind of simulating
the actual pavement structure [16,17]. C3D8R was selected as the grid type, and no lateral
movement is chosen as the boundary condition to reveal the actual conditions of cracking.
A three-dimensional model of pavement was established, and the pavement structure was
assumed to be composed of five layers, from top to bottom as SMA asphalt mixture, AC-20,
asphalt treated base (ATB), cement stabilized base (CTB), and soil ground (SG). The specific
layer composition is shown in Figure 2, and the properties of different layers are shown in
Table 1. The initial location of the crack was set in CTB is shown in Figure 2.

275



Appl. Sci. 2021, 11, 7990

 

Figure 2. Schematic of pavement structure and crack location.

Table 1. Properties of layers.

Layer
Thickness

(cm)
Young’s Modulus @

20 ◦C (MPa)
Poisson’s Ratio

SMA 4 1400 0.35
AC-20 6 1200 0.3
ATB 24 1000 0.3
CTB 20 1500 0.25
SG - 40 0.4

The initial time of the analysis step was set to 0.1 s on the basis of previous studies,
and the total time of the analysis step was 25 s in order to control the solution time and take
the calculation accuracy into account. The load area of traffic was set as two rectangular
areas with a width of 0.213 m, a length of 6m, and an interval of 0.1065 m based on Chinese
standard traffic load. In the static analysis of the structure, the load changes with the type
of vehicle load. This paper adopts 1.0~2.6 times of the standard axle load specified in the
Chinese highway pavement design code for analysis. When it is 1 time, the load should
be 700 kPa. Boundary conditions were set as no stress, no displacement at the edge of the
side and bottom of the model based on elastic layered system theory. In this paper, the
pavement structure load and boundary conditions were set as shown in Figure 3.

Stress intensity factor and J-integral of the crack can reveal the tendency of crack
growth. In addition, the principal stress and shear stress intensity at the crack tip can also
reflect the cracking situation. Grids at the crack tip were subdivided in order to guarantee
the accuracy of simulation, and four typical grids were selected to investigate the principal
stress and shear stress at the crack tip. The location of the grids was shown in Figure 4.

 

Figure 3. Schematic of load and boundary conditions.
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Figure 4. Selection of typical grids.

3. Results and Discussion

3.1. Behavior of Crack Extension

The relevant Chinese regulations stipulate that the design of asphalt pavement adopts
a sing-axle-two-wheel set axle load with an axle load of 100 kN as the design axle load.
When the vehicle is parked on the road surface, the pressure on the contact area of the
road surface is 0.7 MPa. Overloading and over-limit often occur while working, both of
which will have an adverse effect on the pavement structure. This paper uses 0.2 times as
the axle load gradient to explore the propagation of reflection cracks on the road surface
under the action of 1.0 to 2.8 times axle load. There are 10 working conditions in total. The
principal stress (S33 in ABAQUS) cloud diagram and the shear stress (S23 in ABAQUS)
cloud diagram of the asphalt pavement under the action of 1.0 times the standard axle load
are shown in Figure 5.

(a) (b) 

Figure 5. (a) S33 diagram of crack area (b) S23 diagram of crack area.

Figure 5a indicates that the asphalt pavement structure bears vertical compressive
stress under the vehicle load. The entire road surface is subject to greater compressive
stress in the area of the surface layer directly in contact with the wheel under normal
circumstances, which means that most areas of the pavement structure are compressed in
the +z direction. However, due to the existence of reflective cracks in the base layer, an
area with positive normal stress appears in the predetermined crack area, which indicates
that the pavement structure is compressed in the −z-direction in the crack area due to the
existence of crack. In addition, it can be seen that from the stress contour that the cracks
do not grow strictly in the preset vertical direction during the expansion process. The
normal stress of the crack area is obviously greater than the right on the left side of the
preset vertical direction, and the crack continues to grow on the left. The growing process
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is affected by many factors, such as load, the thickness of each layer, the modulus of each
layer, and the shape function of the crack area in ABAQUS. Figure 5a shows that there
is a type I cracking in the crack growth process, and Figure 5b shows that there is also
type II cracking in the process. Figure 5b indicates that there is a sliding trend between
the different layers. The sliding trend between adjacent layers is caused by the existence
of reflective cracks, the contact between the pavement structure layers is no longer stable.
With the further action of the load, pavement cracks will spread around the entire pavement
structure, causing serious damage to the pavement structure.

Crack development is a process, and ABAQUS believes that only when the mechanical
parameters of the crack tip meet certain conditions, the cracks begin to develop. Meanwhile,
the size of the three-dimensional layered structure of the pavement is considered to be
infinite during the simulation process, and only the stress intensity factors and J-integral
of the preset crack tip are calculated, that is, the destruction of the whole structure is not
displayed for it was replaced by these mechanical factors. The J-integral and stress intensity
factor time history curves of the crack tip were shown in Figure 6.

(a) (b) 

 

(c) 

Figure 6. (a) J-integral time history curve (b) K1 time history curve (c) K2 time history curve.

Figure 6 indicates that under the action of static load, the curve of J-integral is close
to half of the quadratic curve, while the changing trend of the stress intensity factor is a
straight line. The time history curve shows that as the load time increases, the values of
the three are increasing, and the crack propagation trend is also increasing, and the crack
propagation rate will increase at a fixed growth rate before the structure is completely
destroyed. This is because pavement damage will continue to accumulate under the
action of traffic load, but the load will not disappear. As the crack continues to grow, the
rate of crack propagation will gradually become faster and eventually grow at a stable
speed, indicating that the crack has fully cracked in the middle and late stages of crack
propagation, which behave as mesh failure in ABAQUS, and gradually expand around
until the structure is completely destroyed. If the size of the simulating specimen is infinite,
the crack continues to grow at a steady growth rate. In addition, it is not difficult to know
that the accumulation of road damage will accelerate under the action of overload, and the
development trend will increase.
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3.2. Traffic Loads

Pavement may bear different loads during usage, and different traffic loads can
generate different stress in the pavement structure. The principal stress and shear stress of
the crack tip under different loads are shown in Figure 7.

(a) (b) 

Figure 7. (a) Principal stress change curve with load (b) Shear stress change curve with load.

The curve in Figure 7a satisfies Equation (16), where the value of R2 is 0.9999:

y = −46, 682.23x + 273.52 (16)

The curve in Figure 7b satisfies Equation (17), where the value of R2 is 0.9999:

y = 228, 567x − 849.93 (17)

The two curves indicate that the stress in pavement structure increases sharply with
the increment of traffic loads. It can be seen that in the process of increasing the axle loads
to 2.8 times the standard axle load, the principal stress increased by 181.29% and the shear
stress increased by 180.82%, indicating that for every doubling of the load, the pavement
structure will bear one more than the original standard axle load, especially in crack tips.
The higher the stress, the faster the crack propagates, which leads to serious damage.
The foregoing analysis also shows that the accumulation of road damage will accelerate
under overloading, and the development trend will increase, which can be described
using J-integral and stress intensity factors. Figure 8 shows the numerical changes of these
mechanical factors related to crack growth under different overloads when the step time
was set as 25 s.

Consistent with the stress response, the J-integral and the stress intensity factors
continue to increase when the traffic load increases. The J-integral increases by 681.83%, K1
increases by 179.43%, and K2 increases by 177.11%. The above curve and increase indicate
that when the pavement load gradually increases to 2.8 times of the standard axle load,
the mechanical factors related to the growth rate of pavement reflective cracks are also
greatly enlarged, and the reflective pavement cracks develop more rapidly, indicating that
overloading affects the pavement structure. The impact of this is huge, and road traffic
loads should be strictly restricted.
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(a) (b) 

 

(c) 

Figure 8. (a) J-integral curve with load (b) K1 curve with load (c) K2 curve with load.

3.3. Layers with Different Young’s Modulus

The mechanical response of pavement materials to traffic load is not the same, and
its influence on crack growth is also different. In the pavement structure simulation
process in ABAQUS, the difference in properties of various materials is mainly reflected
in the difference in modules. This paper simulated the influence of different modulus of
surface layer, middle surface layer, and bottom surface layer on the crack growth. Both the
three-layer take 500 MPa as the modulus gradient, and the mechanical responses of the
surface layer under 10 working conditions from 1400 MPa to 5900 MPa, the mechanical
responses of the middle surface layer under 10 working conditions from 1200 MPa to
5700 MPa is explored, the mechanical responses of the bottom surface layer under 10
working conditions from 1000 MPa to 5500 MPa were analyzed. The influence of the
modulus of the surface layer, middle surface layer, and the bottom surface layer of asphalt
pavement on the principal stress S33 and shear stress S23 under the action of standard axle
load were shown in Figure 9.

 
(a) (b) 

Figure 9. (a) Influence of the modulus of each layer on the principal stress (b) influence of the modulus of each layer on the
shear stress.

The simulation results show that the influence of the modulus of each layer of the
road surface on the stress of the crack tip during the growth of the reflective crack satisfies
the inverse proportional function. The surface layer modulus has the greatest influence
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on the principal stress, and the bottom surface layer modulus has the greatest influence
on the shear stress. It can be seen from Figure 9a that the principal stress on the crack
area decreases with the increase in the modulus of each surface layer, indicating that the
increase in the modulus of each layer has a certain inhibitory effect on the crack growth.
This is because as the structural layers gradually harden and their strength increases, the
stress that they can withstand progressively increases. The working area of the pavement
structure moves upward, and more traffic loads will be borne by the surface layer structure.
For the reflective cracks of the base layer, its cracking behavior will be suppressed. In
terms of shear stress, it can be seen from Figure 9b that as the layer structure of the road
surface gradually hardens, the shear stress on the crack area becomes smaller. This is also
because the structure layers above the crack become harder, which leads to the upward
movement of the pavement work area. The surface structure bears more load, and less
load is transmitted to the crack area, which has a certain restraining effect. When the
bottom surface layer becomes hard, the energy required for cracking the bottom surface
layer increases correspondingly, and the initial energy required for slipping becomes larger.
From Figure 9b, it can be seen that the layers slide mutually, that is, the distribution of
shear stress. The most concentrated area is between the bottom surface layer and the base
layer, so the change of the bottom surface layer modulus has a relatively large influence
on the shear stress in the crack tip. However, it should be noted that this suppression
effect is not obvious. In the process of changing the modulus of each layer by 4500 MPa,
the largest reduction in normal stress is only 11.93% of the surface layer, and the value is
only about 40,000 Pa. The largest reduction in shear stress is the bottom surface layer, the
amplitude is only 34.13%, and the value is about 400,000 Pa. Compared with the damage
caused by overloading the pavement structure, such an improvement appears inadequate.
In addition, the production of high modulus asphalt mixture often means discarding other
aspects of the mixture, such as anti-rutting performance and water damage resistance, and
the production cost is correspondingly increased. Therefore, it is not feasible to prevent
reflection cracks by increasing the modulus of each structural layer of the pavement. It can
only be used in areas with less overload and over-limit phenomena and low performance
in other areas of the road.

In addition, the values of J-integral and stress intensity factor both decrease with
the increase in the modulus of each layer, and during the change of the modulus of the
three-layer pavement structure, the change of the modulus of the middle surface layer has
the least influence on the three parameters and the modulus of the bottom surface layer has
the greatest influence. Figure 10 shows the curves of J-integral and stress intensity factors
while modulus is changing.

The J-integral is a parameter related to crack initiation, and the K value is a quantity
related to the rate of crack propagation. The constant increase in the modulus of each layer
of the pavement will make it difficult for the crack to initiate. It will take a longer load time
to reach the crack initiation criterion. Specified maximum stress and crack initiation energy.
After the stress and energy in the crack area reach the crack initiation criterion, the further
development of the crack in the structure still requires greater stress and energy than when
the modulus is lower. Therefore, with the gradual increase in the modulus of each layer,
the crack propagation rate, and the severity are suppressed to a certain extent. In addition,
the interfaces with the bottom surface layer are the first and the easiest to reach when the
reflection cracks develop upward due to they are the closest to the base layer, where the
reflective crack was set, so the effect of change of the bottom surface layer modulus on
the crack growth rate is relatively more obvious. Same as the effect on stress, even if the
bottom surface layer with the greatest impact becomes hard, its J-integral was reduced
by 31.3%, and the absolute value was about 8000 Pa·s; the reduction of K1 is 17.26%, and
the absolute value is about 0.34 MPa·m−1/2; the reduction degree of K2 is 15.60%, and the
absolute value is about 20,000 Pa·m−1/2. The above value is too small compared with the
effect of overload on J-integral and stress intensity factors. In actual road engineering, the
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method of increasing the modulus of each layer to suppress the development of reflection
cracks does not have a good effect. Therefore, the vehicle load should be strictly limited.

(a) (b) 

 
(c) 

Figure 10. (a) J-integral curve with modulus (b) K1 curve with modulus (c) K2 curve with modulus.

3.4. Sensitivity of Various Influencing Factors on Asphalt Pavement

The entropy method was used to analyze the influence data of various working
conditions on the mechanical response of the pavement crack tip in the foregoing three
sections to obtain the primary and secondary relationship of the influence of various factors
on the different mechanical responses. In the entropy analysis of this paper, the schemes
to be evaluated are load effect, surface layer modulus, middle surface layer modulus,
and bottom surface layer modulus. Each scheme has 10 working conditions. This paper
counted the values of S33, S23, J-integral, K1, K2 under each working condition, taking
the working condition as the vertical column and the evaluation plan as the horizontal
row, and calculating the influence of each factor on them under 10 working conditions,
and determined the weight of these influencing factors at the same time. The weight of the
influence of various factors on S33, S23, K1, and K2 is shown in Table 2.

Table 2. Weight of various factors.

Mechanical
Response

Surface Layer
Modulus

Middle Surface
Layer Modulus

Bottom Surface
Layer Modulus

Traffic Load

J 0.2444 0.2365 0.2558 0.2633
K1 0.2443 0.2402 0.2872 0.2283
K2 0.1846 0.1817 0.4262 0.2076
S23 0.2335 0.2297 0.2791 0.2577
S33 0.2528 0.2533 0.2568 0.2370
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It can be seen from the table above that among the factors that affect the J-integral,
the modulus of the bottom surface layer of the surface layer is the most important factor,
and the modulus of the surface layer and the middle surface layer modulus have the least
influence. The factor that has the greatest influence on the four mechanical responses
is the modulus of the bottom surface layer. This is because the bottom surface layer is
the closest to the crack area. When the crack propagates to the bottom surface layer, the
stress intensity and energy required for further expansion need to be accumulated at the
contact between the bottom surface layer and the base layer. When the modulus of the
bottom surface layer increases significantly, the cracking tendency becomes smaller, the
cracks need to accumulate on the contact surface for a longer time, and the load needs to
continue to act. Therefore, the most direct factor affecting the crack propagation process is
the bottom surface layer modulus. However, the effects of several other factors need to
be transmitted to the fracture area through the bottom surface layer, and the effect on the
fracture area is not very direct. In addition, the analysis results also show that loads are
not the most important factor affecting the mechanical response of the crack area, but from
the foregoing analysis, it can be seen that they have a significant impact on the numerical
value of the mechanical response of the crack area, far exceeding other working conditions.
Therefore, special attention should be paid to controlling the traffic load.

4. Conclusions

Crack prevention and control is a long-term research field of road engineering. A
correct understanding of the internal crack propagation mechanism of asphalt pavement
will help road workers to evaluate road working conditions more comprehensively, and
make better decisions in design, construction, and maintenance. In this study, the FEM
software ABAQUS was used to establish a three-dimensional asphalt pavement layered
model. Fracture mechanics theory and the extended finite element method were used to
investigate the expansion behavior of preset cracks in the pavement base layer, and the
following conclusions were obtained.

• A feasible three-dimensional pavement layered structure model was established, and
numerical analysis was conducted using fracture mechanics theory and finite element
software ABAQUS. The normal stress S33, shear stress S23, J-integral, and stress
intensity factor K1 and K2 of the crack tip under different working conditions were
calculated. Due to the existence of cracks, the difference between the positive and
negative stresses between the base layer reached 2.209 × 105 Pa, and the difference
between shear stress reached 4.018 × 104 Pa, indicating that the cracks showed a strong
development trend both in the vertical and horizontal directions. The mechanical
response of the crack tip is approximately a straight line when the vehicle load changes,
and it is approximately an inverse proportional function when the modulus of each
layer change. The R values of the fitted curves all reached over 0.99. In addition, the
mechanical response of the stress and the stress intensity factor in some particular
areas is high-order polynomial, generally second or third.

• Cracks will not strictly follow the preset path but will deviate from the preset vertical
direction due to various factors. Therefore, in the actual monitoring of crack behavior,
the normal stress and shear stress changes in the pavement structure should be
monitored simultaneously in a larger area, and should not be limited to the crack tip.

• The load has a significant impact on the stress in the crack area. Under other conditions,
the value of the stress change in the crack area is much smaller than under the load. In
the process of increasing the load by 2.8 times, the principal stress increased by about
181.29%, and the shear stress increased by about 180.82%. In the process of increasing
the modulus of each layer by 4500 MPa, the maximum reduction of normal stress is
11.93% of the surface layer, and the maximum shear stress is 34.13% of the ground
layer. From a numerical point of view, the effect of increasing the modulus on crack
propagation is relatively small compared with the effect of increasing load on cracking.
Therefore, the vehicle load should be strictly limited to prevent road cracks.
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• The entropy method was used to analyze the primary and secondary effects of various
indicators in the process of reflecting crack propagation in asphalt pavement. The
most important factor is the modulus of each layer, and the modulus of the bottom
surface layer is the largest, followed by vehicle load. This shows that it is feasible
to increase the modulus of each layer, especially the modulus of the bottom surface
layer, to suppress the development of reflection cracks, but the impact of increasing
the modulus on other road performance should not be ignored.
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Abstract: With the advancement of intelligent compaction technology, real-time quality control
has been widely investigated on the subgrade, while it is insufficient on asphalt pavement. This
paper aims to estimate the real-time compaction quality of hot mix asphalt (HMA) using an artificial
neural network (ANN) classifier. A field experiment of HMA compaction was designed. The
vibration patterns of the drum were identified by using the ANN classifier and classified based
on the compaction levels. The vibration signals were collected and the degree of compaction was
measured in the field experiment. The collected signals were processed and the features of vibration
patterns were extracted. The processed signals were tagged with their corresponding compaction
level to form the sample dataset to train the ANN models. Four ANN models with different hidden
layer setups were considered to investigate the effect of hidden layer structure on performance. To
test the performance of the ANN classifier, the predictions made by ANN were compared with the
measuring results from a non-nuclear density gauge (NNDG). The testing results show that the ANN
classifier has good performance and huge potential for estimating the compaction quality of HMA
in real-time.

Keywords: hot mix asphalt; compaction quality control; artificial neural networks; degree of com-
paction; vibration

1. Introduction

The compaction of hot mix asphalt (HMA) is the last and most critical process during
asphalt layer construction, which is critical for the safety and durability of an asphalt
pavement. Improper compaction can cause a negative effect on the road surface perfor-
mance of HMA [1]. The compacted layer usually has a high percentage of air voids if
under-compaction. This may cause the pavement to be more vulnerable to oxidation and
moisture infiltration [2]. Conversely, over-compaction will lead to a low percentage of
air voids, which is the main cause of asphalt bleeding in high-temperature weather [3].
Therefore, quality control during compaction is a must for long-term performance assur-
ance of asphalt pavement [4]. Currently, the most reliable method of measuring pavement
density is to evaluate air voids of the extraction gained by field cores at limited locations.
This test method is time-consuming, costly, destructive, and not indicative of the overall
pavement quality [5]. Alternative ways to obtain the density of HMA layers in the field
include nuclear density gauges and non-nuclear density gauges. However, these methods
provide only point-wise measurements of density and cannot reflect the overall quality of
the HMA layer in real time during compaction.

To solve these issues, the intelligent compaction (IC) technique has been evolved
for more than 20 years to evaluate real-time compaction quality in the process of con-
struction. So far, several IC measurement values (ICMVs) are proposed to indicate the
compaction quality, such as some harmonic-based indicators including Compaction Meter
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Value (CMV), Compaction Control Value (CCV), Vibrating Compaction Value (VCV), and
some mechanical-based indicators including vibration modulus (Evib) and soil stiffness
(Ks) [6–10]. Among them, the CMV is calculated by the first and fundamental harmonic
content, which is widely used for quality evaluation in the compaction of roadbed materials.
At present, most research and application of these IC technologies have been conducted
in highway and railway subgrades and earth dams [11–15]. However, some variability
such as operational parameters of the compactor, characteristics of subgrade materials, and
mix properties, make the above-mentioned IC measurement values difficult to accurately
predict compaction quality, and thus not yet widely recognized [16]. In particular, since
the strong nonlinear interaction between the roller drum and the pavement layer, and the
complexity and flexibility of various factors as mentioned above, few studies on IC of
asphalt layers are reported [17–19].

In recent years, a novel IC system based on the artificial neural network (ANN),
named the IC analyzer (ICA), was proposed. It provides another way to estimate the
stiffness of subgrade in real-time and forms an extension for estimating the quality of
asphalt pavement during construction [16,20–22]. To verify the validity of the neural
network-based IC method, a case study of the vibrating compaction process for the asphalt
layer was conducted in this paper. The vibration patterns of the drum were identified
and classified by using an ANN classifier. A field experiment of HMA compaction was
designed. The field experiment was performed in a construction site to collect the vibration
signals, while the degree of compaction was measured. The collected vibration signals were
processed and the frequency features of vibration patterns were extracted. The processed
signals were tagged with their corresponding compaction level to form the sample dataset
for training the ANN model. At last, the predictions made by ANN were compared with
the measuring results from a non-nuclear density gauge (NNDG) to test the performance
of the ANN classifier.

2. Experimental Program and Signal Processing

A coupled system is assumed to be composed of the vibratory roller and the pavement
underneath during the compaction. The response of the coupled system is influenced by
the varying degree of compaction, causing the different vibration patterns of the drum. A
mapping relationship should exist between vibration pattern and degree of compaction.
The vibration signals and the degree of compaction were measured in a field compaction
experiment. Then, the mapping relationship could be obtained by the ANN.

2.1. Experimental Program

In this study, a field test was performed in a construction site of Ning-Liang express-
way project located in Shandong Province, China. Table 1 shows the pavement structure
in the project, including the subgrade, one subbase layer, two semi-rigid base layers, one
flexible base layer, and three hot-mix asphalt (HMA) surface layers. The compaction test
was performed at the AC-25 layer with a thickness of 8 cm, as is shown in Figure 1. A
Bomag roller with a single drum was used in this test. The weight of the drum is 13,000 kg,
exerting a vertical force to the pavement. Other main operating parameters, such as
speed and frequency, were selected by the paving crew based on their experience. The
roller was operated at a speed of about 1 m/s, a frequency of 50 Hz, and an amplitude of
approximately 0.35 mm in the vibrating compaction process.

Two accelerometers were used to collect the vertical vibration acceleration signals:
one was carefully mounted on the drum frame and another one was mounted on the floor
of the cab, as shown in Figure 2. The compaction was performed on two test lanes. The
lengths of “test lane 1” and “test lane 2” were 50 m and 60 m, respectively. The width of the
test lane was 2.13 m. The roller pass trajectory on each test lane is shown in Figure 3. The
number of compaction passes performed for “test lane 1” and “test lane 2” were 14 and 16,
respectively. In this study, TransTech’s Pavement Quality Indicator Model 380 (PQI380) was
employed in in situ tests, as shown in Figure 4. PQI380 uses impedance spectroscopy to
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measure the electrical response of asphalt from which the density is calculated. The density
determined by the PQI380 is highly material-dependent, so it is required that the mix
information for each mix design is input accurately into the gauge. The mix information
includes stone sizes, depth, and maximum theoretical density (MTD). For one pass, the
degree of compaction was measured about every 10 m and the mean value is used to
indicate the degree of compaction of this pass.

Table 1. Pavement structure in the project.

HMA Surface Layers
4 cm SMA-13
6 cm AC-20
8 cm AC-25

Flexible base layer 12 cm LSPM-25

Semi-rigid base layer 2 × 18 cm Cement stabilized aggregate

Subbase layer 18 cm Cement stabilized gravel

Subgrade Compacted natural soil

Figure 1. Pavement structure cross-section of compaction test.

Figure 2. Accelerometer setup.
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Figure 3. Test lanes.

 

Figure 4. PQI380 used in in-situ test.

Figure 5 shows the measuring results of the degree of compaction. The open circles
denote the degree of compaction measured in the in-situ tests, the solid circles denote the
average degree of compaction for each pass. It can be seen from Figure 5 that the degree of
compaction increased with the increasing number of passes. For AC-25 asphalt mixture,
it is generally required that the degree of compaction is at least 97%. In this compaction
experiment, about 10 passes needed to be performed to satisfy the requirement.

Figure 5. Relationship between the number of passes and degree of compaction.
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2.2. Signal Processing

When the vibratory roller moved on the test lanes, the vibration signals measured
by two accelerometers (in the cab and on the drum frame) were continuous. Since the
velocity of the roller was about 1 m/s, it took about 60 s for one pass. Therefore, a 60-s long
vibration signal was obtained from one accelerometer in one pass. A total of 60 long signals
were collected since a total of 30 passes were performed on two test lanes. Theoretically,
the frequency components of the vibration signals from the cab and drum frame should be
the same, even though the amplitudes may be different.

The vibration was sampled at 2 kHz. The 60-s long signal (collected in one pass) was
successively split into many 0.5-s short signals. A short signal had 1000 contiguous data
samples, the first 500 values of a short signal overlapped with the last 500 values of the
previous short signal. The short signals were converted into the frequency domain by using
a fast Fourier transform (FFT). The Nyquist frequency was 1 kHz since the vibration was
sampled at 2 kHz. The Nyquist frequency is half of the sampling rate of a discrete signal
processing system. According to the Nyquist–Shannon sampling theorem, if a system
uniformly samples an analog signal at a rate that exceeds the signal’s highest frequency by
at least a factor of two, the original analog signal can be perfectly recovered from the discrete
values produced by sampling. In other words, the Nyquist frequency should be higher
than the signal’s highest frequency to express the signal’s features accurately. The system
in this study is a low-frequency system, 1 kHz Nyquist frequency is enough. By using
the single-sided FFT, each short signal was converted to a frequency spectrum distributed
between 0 and 1 kHz, expressed as an array of 500 elements, a = (a1, a2, . . . , a500). Therefore,
the frequency features of the vibration signal were extracted by using FFT. In this study, the
amplitude was not considered as a kind of feature. To eliminate the effects of amplitudes,
array a should be normalized. The normalized array x was obtained as follows.

a = ln(a)
x = a

|a|max

(1)

In Equation (1), some inconspicuous frequency components can be amplified by the
logarithmic operation. The signal processing procedure is summarized as the following
three steps:

1. The 60-s long vibration signal collected in one pass is successively split into many
0.5-s short signals.

2. The short signals are converted into the frequency domain by using a single-sided FFT.
3. The short signals are normalized by using Equation (1).

The signal processing method is also diagrammed in Figure 6. The input arrays, x,
were the samples used to train the ANN model, the elements of x were the features of the
sample. Therefore, in this paper, 500 features were considered for a sample. Before the
training, every sample was tagged with a target class, the signal sample’s corresponding
compaction level. In this study, four compaction levels were considered and represented
by four target classes, as is shown in Table 2. Each sample was tagged according to the data
of degree of compaction measured in the in-situ tests shown in Figure 5, then the tagged
samples formed the dataset to train the ANN model.

Table 2. Target class and compaction level.

Target Class Level No. Degree of Compaction (%) Target Array

Class 1 1 <95 (1, 0, 0, 0)
Class 2 2 95~96 (0, 1, 0, 0)
Class 3 3 96~97 (0, 0, 1, 0)
Class 4 4 >97 (0, 0, 0, 1)
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Figure 6. Signal processing.

3. Development of ANN Model

The multi-layer perceptron (MLP) feed-forward neural network was considered. The
network structure shown in Figure 7 consisted of an input layer, several hidden layers, and
an output layer. The input layer included 500 nodes since each sample had 500 features.
There were four nodes in the output layer, representing four classes of compaction levels.
Four networks with different hidden layer setups are considered in this paper, as is shown
in Table 3. In Table 3, Network 4 has three hidden layers, and the first, second, and third
hidden layers contain 20, 20, and 10 nodes, respectively. For convenience, the hidden layer
setup of Network 4 is signified by an array [20, 20, 10], the other three networks follow this
rule of expression.

Table 3. Four networks with different hidden layer setups.

Network 1 Network 2 Network 3 Network 4

Number of hidden
layers 1 1 2 3

Number of nodes [40] [20] [40, 20] [20, 20, 10]

The schematic of a single neuron is shown in Figure 7b. The governing equation of
each node is shown as follows,

x(l+1)
s,j = f

(
k

∑
i=1

x(l)s,i w(l)
i,j +b(l)0,j

)
(2)

In Equation (2), the subscript s denotes the sth sample, the number of nodes is k in the
lth layer. x(l)s,i denotes the ith input of the lth layer. x(l+1)

s,j denotes the jth output of the lth

layer, meanwhile, x(l+1)
s,j also denotes the jth input of the (l + 1)th layer. w(l)

i,j denotes the
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weight from the ith input to the jth output. b(l)0,j denotes the weight from the bias term of
the lth layer to the jth output. f () denotes the activation function. In this study, all the bias
terms were set as 1. A softmax function, So f

(
zj
)
= ezj / ∑4

i=1 ezi , was adopted for the output

layer, and a sigmoid function, Sig(z) =
(
1 + e−z)−1, was used in the rest of the layers.

Figure 7. Structure of the MLP feed-forward ANN: (a) Structure of the MLP feed-forward ANN.
(b) Schematic of a neuron.

4. Training of the ANN Model

A supervised learning method was adopted for the ANN training. The network
was trained for vibration pattern recognition. The targets were expressed as the four-
dimensional arrays of all 0 values except for a 1 in the cth element as shown in Table 2,
where c denoted the compaction level they were to represent.

The network’s performance was measured by the cross-entropy loss function. The
loss of the sth prediction would be

CEs= −
4

∑
c=1

ys,c ln(ŷs,c) (3)

In Equation (3), y denotes the target, ŷ denotes the output from the output layer. The
subscript c denotes the cth element of y or ŷ, and s denotes the sth sample. The entire loss
of the dataset used for training is represented by the average of all samples’ loss.

The scaled conjugate gradient (SCG) algorithm was adopted to perform training
in this study; the derivatives of the loss with respect to the weights were obtained by
backpropagation. SCG is an optimization algorithm based on the conjugate gradient
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method (CGM), it avoids the line-search per learning iteration by using a Levenberg-
Marquardt approach to scale the step size [23].

The dataset used for training was divided randomly into three subsets: training set,
validation set, and test set. The training set was used to calculate the gradient to update
the weights. The overfitting phenomenon during the training was monitored by using
the data of the validation set. Generally, the errors on the training and validation sets
decrease together during the initial phase of training. When the overfitting occurs, the
error on the validation set starts to increase. In this study, the training would be terminated
when the error on the validation set kept increasing for six iterations, and the weights
corresponding to the minimum validation error would be returned. The test set was used
to test the network’s performance after training. In this study, the training set, validation
set, and test set were set to 70%, 15%, and 15% of the original data, respectively. Moreover,
it was considered that the samples should be independent of each other, the samples were
therefore arranged in a random order in the matrix of training data.

The training performances of the four networks are shown in Figure 8. Network 3 had
the best performance 0.062. The performance of Network 3 is visualized in a confusion
matrix in Figure 9. Each column of the matrix denotes the samples in an actual class while
each row denotes the samples in a predicted class. The cells on the diagonal line denote the
correctly classified samples. The off-diagonal cells denote the incorrectly classified samples.
In each cell, the upper number denotes the number of samples and the lower number
denotes the percentage of the total number of samples. The far-right column shows the
accuracy of classification in each predicted class. The bottom row shows the accuracy of
classification in each actual class. The cell in the bottom right shows the overall accuracy.

Figure 8. Output prediction error after each training cycle.
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Figure 9. Confusion matrix of training performance of Network 3: (a) Confusion matrix for all dataset. (b) Confusion matrix
for test set.

5. Validation of ANN Classifier

As shown in Figure 10, an ANN classifier can be gotten by integrating the signal
processing procedure and the ANN model. Once inputting a 0.5-s signal, the ANN classifier
will output an estimated compaction level. Network 3 was used as the ANN model in the
ANN classifier since Network 3 had the best training performance.

 

Figure 10. ANN classifier.

As is mentioned in Section 2.1, the data used to train the ANN models were collected
during the compaction of two test lanes. The validation test of the ANN classifier was
performed on the other 50-m lane in the construction site of the Ning-Liang expressway
project. During the compaction of this validation lane, the degree of compaction was
measured by NNDG for each roller pass. The number of the collected signals in each
compaction level is shown in Table 4. The output accuracy of the ANN classifier is shown
in Figure 11 in the form of a confusion matrix. The overall accuracy was 91.5%, and the
ANN classifier had the worst performance on the recognition for the signals of level 3 with
an accuracy of 82.9%.
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Table 4. Number of the collected signals for the validation test.

Target Class Degree of Compaction (%) Number of Signals

class 1 <95 (Level 1) 850
class 2 95~96 (Level 2) 1000
class 3 96~97 (Level 3) 1040
class 4 >97 (Level 4) 1040

 
Figure 11. Output accuracy of ANN classifier.

6. Conclusions and Findings

In this study, an ANN classifier was developed for the real-time quality estimation of
HMA compaction. Some conclusions and findings are listed as follows.

(1) To investigate the effect of hidden layer structure on the performance of the ANN
model, four ANN models with different hidden layer setups were considered. The double-
hidden-layer networks showed the best performance.

(2) The compaction quality was estimated by the ANN classifier based on the vibration
signals. The results showed the validity of the ANN classifier for the real-time quality
estimation of HMA compaction.

(3) A classifier was developed in this study, but not an estimator. This is due to
the limitation of the accuracy of the non-nuclear density gauge. The range of degree of
compaction was considered in this study, this was a kind of compromise. To develop the
ANN estimator, an accurate measurement of the degree of compaction is necessary.

(4) It should be noted that although this study focused on the compaction of AC-25
asphalt mixture, it is not clear whether the ANN classifier developed in this study can be
used for other asphalt mixes, such as AC-20 and SMA-13. Different materials may lead
to different vibration patterns, thus ANNs may need to be re-designed and re-trained
for different specified materials. Furthermore, different materials and different training
dataset sizes may lead to different optimal network designs; the network in this study
(Network 3) may not be suitable if the material is not AC-25, or if the amount of training
data is very large.

In addition, the amount of training data is limited in this study. Collecting more
training data may improve the performance of the ANN model. However, ANN still shows
a huge potential for the problem of compaction quality control.
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Abstract: In addition to the conventional laboratory tests of input materials and construction mixtures,
the technically correct design of pavement structure involves more frequent functional tests of the
input materials and mixtures. Our study summarizes findings from a long-term monitoring of
pavement on selected road sections with lower traffic intensity. The research involved the comparison
of resilient moduli as a design parameter of unbound pavement base layers’ unbound granular
materials (UGMs), determined in a laboratory by a test device for a cyclical triaxial test and in
situ by impact load test using a falling weight deflectometer (FWD). In particular, the resilient
moduli determined in the laboratory by a cyclic triaxial test (Mr,CTT) were compared with the real
values of resilient moduli measured by FWD (Mr,FWD). A new, unique, and innovative FWD device
was used to determine the Mr,FWD of the UGMs. The innovation lay in the dual-axis deflection
measurement—measurement performed not just in the axis parallel to the road, but also in the axis
in the transversal direction. It was found that, especially on roads with lower traffic load, such
dual-axis (spatial) determination of Mr,FWD moduli was of great importance because it often allowed
the identification of local pavement sections with low bearing capacities, especially at the edges,
which have a significantly lower value of Mr,FWD.

Keywords: resilient modulus; pavement design; unbound granular material (UGM); cyclic triaxial
test (CTT); non-destructive testing; bearing capacity; falling weight deflectometer (FWD); base layers;
subbase layers

1. Introduction

Currently, the most commonly used materials in the base and subbase layers of a
pavement designed to support asphalt mix layers are known as the unbound granular
materials (UGMs). The unbound granular layers and the subgrade of a pavement structure
provide a significant support for the structure as a whole. Hence, the mechanical properties
of these materials are important for the overall performance of the structure [1].

A proper characterization of UGMs and subgrade soils is essential in the design and
rehabilitation of pavement structures. The characteristics of the individual materials are
of extreme importance during the design of pavement structures, and this includes the
determination of optimum moisture content, grain size distribution, resilient modulus, and
permanent deformation of all the materials that are to be used during the construction.
Pavement layers formed by granular materials demonstrate a non-linear, time-dependent,
and elastoplastic response under traffic loading. On the other hand, traditional elasticity
theories consider the response of granular materials as linear-elastic, which requires a
resilient modulus and Poisson’s ratio. The parameters that influence the behavior of UGMs
and fine-grained soils under repeated loads are stress level, density, gradation, fines content,
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grain size, aggregate type, particle shape, and moisture content or matric suction. The
resilient modulus is mostly influenced by the level of applied stresses and the amount of
moisture content in the material [2–4].

The resilient modulus is an important mechanical characteristic widely used for the
analysis and design of pavements. Therefore, the determination of the resilient modulus of
pavement materials is of vital importance for any mechanistically based design/analysis
procedure for pavements. A laboratory resilient modulus test and a falling weight de-
flectometer (FWD) test are usually used to obtain the resilient modulus of a subgrade.
However, the difference between the resilient moduli obtained from these two methods
is considerably large due to the fact that these tests are conducted under quite different
conditions [5–8].

Comprehensive research in this field is provided in [9]. A comparison was made
between resilient moduli obtained from (i) a conventional small-scale resilient modulus
test, (ii) a large-scale model experiment (LSME), and (iii) a falling weight deflectometer
(FWD) in the field. The elastic moduli were back-calculated from the FWD data using the
program MODULUS. The reasonable correspondence between the elastic moduli measured
at different scales was obtained when empirical corrections were made for strain amplitude
using a backbone curve for granular materials and by matching stress levels.

The differences between the back-calculated MR values of various types of roadbed
soils and those obtained in the laboratory were presented and discussed in [10]. It was
shown that the laboratory test results corresponded very well to the back-calculated ones.
It was also shown that the MR of the roadbed soils was more or less constant, whether the
soils were supporting flexible or rigid pavements.

Planning a pavement rehabilitation is based on pavement structure diagnostics, by
which it is possible to determine the extent of pavement disruption as well as the cause of
the disruption and thus subsequently remove this cause [11,12].

Possible causes of disruption include:

• Overall pavement structure—good-quality layers of insufficient thickness;
• Material of pavement structure layers—unsuitable, damaged, or poor-laying [13].

The above-mentioned disruptions of existing pavements can be prevented in the case
of unbound mixtures in base layers by the functional testing of the resilient moduli using
a cyclical triaxial device (Mr,CTT). The most frequently used test to determine the bearing
capacity of the entire pavement structure is the impact load test with determination of the
resilient moduli (Mr,FWD) [14–16].

The optimal solution is to design unbound mixtures for base pavement layers by
functional testing so that it subsequently fulfills the requirements for the entire structure
during control tests performed later [17].

The objective of the research described in this study was to find utilization for the
adjustment of the frame (holder of geophones) of FWD and to describe the optimal way
of designing UGMs by performance testing, which more accurately simulates the load on
the tested base layers. Another objective was to find correlations between bearing-capacity
characteristics derived using:

• A cyclic triaxial test according to EN 13286-7 standard;
• Non-destructive testing of the bearing capacity using FWD from real pavement struc-

tures on test sections using the designed UGMs [18];
• A method of 3D-bearing capacity testing by the adjusted measuring frame of the FWD

device [19].

2. Monitored Sections and Methods

Data regarding the determination of bearing capacity at the monitored sections were
analyzed in order to compare Mr,CTT and Mr,FWD and the development of the measuring
frame of FWD. The following monitored sections were selected for research purposes
(see Figure 1 and Table 1):
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• Test section 1 (road II/379), length 1639 m, two-line road of width 11.5 m.
• Test section 2 (road III/6401), length 751 m, two-line road of width 7.5 m.
• Test section 3 (road III/3785), length 364 m, two-line road of width 7.5 m.

Figure 1. Pavement structure schemes.

Table 1. Pavement structures of the monitored roads.

Section Surface of Pavement Base Layer Subbase Layer

1 180 mm asphalt
concrete

200 mm
GMA

1 0/63
200 mm

GMB
1 0/16

2 170 mm asphalt
concrete

200 mm
GMA

1 0/32
200 mm

GMB
1 0/22

3 AC 50 + 130 mm asphalt
macadam course 2

270 mm
GMA

1 0/63
150 mm

GMB
1 0/16

1 GMA,B: granular mixtures according to EN 13285; 2 asphalt macadam course: granular course 32/63 grouted
with bitumen approximately 5 kg/m2 and filled by finer fraction of aggregate.

The standard design and assessment of unbound mixtures do not commonly include
functional (performance) testing of the pavement base and subbase layers. In addition to
the common laboratory tests of gradation, compactability, and water and frost resistance,
the individually designed mixtures were also subjected to experimental functional tests
to determine the modulus in accordance with the EN 13286-7 standard. This European
standard is intended specifically for testing UGMs. The resilient modulus Mr,CTT was
determined after a constant curing period of the testing specimens. Before the actual
determination of Mr,CTT, the properties of the used building materials were determined.

The properties of UGMs were verified in a CTT. The Mr,CTT of the compacted cylindri-
cal testing specimens was determined, taking into account the assumed number of standard
axles based on the conditions for designing flexible pavements [20].

The measurement of the pavement’s bearing capacity was performed using the FWD
deflectometer Sweco. The bearing capacity measurement was performed during different
seasons and various weather conditions. Material samples taken from the probes focused
especially on unbound base layers.

The Mr,CTT determination was performed using CTT (see Figure 2). The course of the
Mr,CTT of the compacted UGMs was monitored and determined using FWD.

The bearing capacity was determined using FWDs. The dynamic tests (drop of weight
through bumpers to loading plate) simulated the passing of a heavy vehicle at a speed of
60 km/h. At the same time, the values of deflection from sensors (geophones) deployed on
the longitudinal frame to a distance of up to 2500 mm from the center of the loading plate
were recorded.
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Figure 2. CTT device.

In order to be able to gather information about the transversal course of deformation as
well, the standard FWD frame was equipped with a transversal frame with four additional
sensors. These sensors recorded the values of deflection in the transversal direction and
allowed us to make a comparison of the shape of deflection bowl in 3D and calculate the
modulus of the structural layers or half-space in both directions to describe the pavement
stiffness also close to the edge of the structure (see Figure 3).

Figure 3. Layout of an auxiliary cross frame.

The PRIMAX FWD trailer by Sweco was mounted on a double-axle trailer. It was
independent of the towing vehicle. The operator controlled all FWD functions from the PC,
which was placed in the towing vehicle.
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The standard trailer-mounted FWD was supplied with a personal computer, Windows
FWD software, time-history module, transport lock, DMI (Distance Meter Indicator) inte-
grated in the software, three temperature sensors, four-split loading plate, nine geophones
in the longitudinal direction, and four geophones in the transversal direction. The impact
loading applied to the pavement was 50 kN. The scheme of the load frame, including the
position of the geophones, is provided in Figure 4.

Figure 4. Scheme of the frame.

A back-calculation software for road data analysis was used for data treatment. However,
the files generated from the equipment can be applied in any other back-calculation program.

We used the Primax design system from SWECO based on the following theory: When
a force is transmitted to a load plate, this results in a deflection of the road surface—a
“deflection bowl”. The deflection is the largest at the center of the plate and decreases as
the distance from the center becomes greater. The layer stiffness in a road structure is also
called the E-modulus of a layer.

Based on this theory, the shape of a deflection bowl is symmetrical, and deflections
measured using a standard beam normally positioned parallel with the horizontal axis
of the communication should be equivalent also in the transversal direction in the case
of ideal structures. If the measured deflections at geophones are larger than those in
the transversal beam, it means that the structure is less durable in this direction, either
due to a smaller thickness of the structure layers or their lower quality, or due to greater
disruption of these layers. By comparing the deflections at the same distance from the
loading plate in horizontal and transversal direction, one can determine the differences
in pavement durability in that particular direction. We are currently in the process of
verifying the adjusted setup of the evaluation software so that we can directly compare the
elasticity moduli (E-moduli) of the structure layers of an n-layered system in transversal
and horizontal direction.

The calculation of a road surface deflection is based on the theory of elasticity and the
method of equivalent thickness, as framed by engineers Messrs. J. M. Kirk and N. Odemark
on the basis of Boussinesq’s equations. The deflection is the sum of the deformation in
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the layers and the subgrade. The deformation of one layer is linearly elastic, i.e., the
deformation is directly proportional to the force and the thickness of the layer, but inversely
proportional to the stiffness of the layer. The deformation of the subgrade is calculated
from the stress and stiffness.

In accordance with the Czech national standards, sampling at national and regional
communications is required every 25 m. During special measurements or in the case
of severely damaged communications, the distance between two subsequent measuring
points can be up to 5 m in a traffic lane.

3. Results

The obtained results can be divided into several focus sections.

3.1. Assessment of UGM Mixtures

A commonly used parameter for the evaluation of the bearing capacity is the deflection
line parallel to the direction of traffic flow. This, however, might not provide ideal infor-
mation about the bearing capacity of the entire pavement structure area. When evaluating
the properties of the test sections, significant differences have been observed in the bearing
capacity of the pavement. When considering the bearing capacity, the pavement structure
is non-homogeneous in the transversal direction. For this reason, attention was paid to the
development and modification of the test device. The deflectometer was upgraded by an
auxiliary cross frame capable of measuring deflection also in the transversal direction from
the measuring point. The following tables (Tables 2 and 3) describe the test results of func-
tional tests, i.e., the cyclic triaxial test and CBR test. A comparison of Mr,CTT was performed
in relation to the changes in moisture of the unbound mixture tested (see Figure 5) since a
variable moisture state was expected across the pavement width. Tables 2 and 3 therefore
show the Mr,CTT determined at various moisture contents. It was possible to make specific
comparisons of the calculated and measured values of the elasticity moduli of the GMs.
The results show that the proposed Mr,CTT testing for unbound mixtures in base layers and
the control of the non-destructive testing by impact load test with determination of Mr,FWD
are the most optimal systems for the assessment of suitability of used GMs.

Figure 5. Specimens for CTT: GM 0/22 (left); GM 0/32 (right).

304



Appl. Sci. 2022, 12, 5673

Table 2. Average Mr,CTT values and approximate values of CBR for subbase layers of the monitored
road sections.

Test Section
Mr,CTT[MPa]

wopt
1

Mr,CTT [MPa]
wopt-1% 1

Mr,CTT [MPa]
wopt-2% 1

Mr,CTT [MPa]
wopt+1% 1

Mr,CTT [MPa]
wopt+2% 1 CBRsat [%] 2

1 320–480 380–520 * 3 280–330 200–300 124
2 180–250 220–260 * 3 250–300 * 3 139
3 250–350 280–450 300–420 250–300 * 3 187

1 Determined at optimal moisture content (wopt = 4–5%) in accordance with the EN 13286-2 (Proctor modified).
2 Determinations of bearing ratio CBR in accordance with the EN 13286-47 was performed for the comparison of
materials used in pavement subgrades. 3 Test samples for determination of Mr,CTT disintegrated after compaction
during manipulation.

Table 3. Average Mr,CTT values and approximate values of CBR for base layers of the monitored
road sections.

Test Section
Mr,CTT [MPa]

wopt
1

Mr,CTT [MPa]
wopt−1% 1

Mr,CTT [MPa]
wopt−2% 1

Mr,CTT [MPa]
wopt+1% 1

Mr,CTT [MPa]
wopt+2% 1 CBRsat [%] 2

1 420–520 480–550 450–550 350–400 250–300 231
2 420–500 400–450 * 3 450–500 380–420 189
3 300–350 4 280–350 4 * 3 350–500 4 * 3 117

1 Determined at optimal moisture content (wopt = 5–7%) in accordance with the EN 13286-2. (Proctor modified).
2 Determinations of bearing ratio CBR in accordance with the EN 13286-47 was performed for the comparison of
materials used in pavement subgrades. 3 Test samples for determination of Mr,CTT disintegrated after compaction
during manipulation. 4 Values of elasticity moduli for GM at test Section 3 are only approximate because the
gradation had to be adjusted for test purposes from 0/63 to 0/31.5 mm.

3.2. Relationship between Mr,CTT and Mr,FWD

The relationship between Mr,CTT and Mr,FWD is given in Table 4 and Figure 6 at the
current natural moisture content, sampled from the edge of the pavement where higher
moisture content can be expected.

Figure 6. Relationship between Mr,CTT and Mr,FWD of materials from the base and subbase layer.
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Table 4. Determined elasticity moduli of layers at the monitored sections at natural material humidity
during the time of measurement.

Mr,CTT [MPa] Mr,FWD [MPa]

Test Section Base Layer Subbase Layers (Subgrade) Base Layers Subbase Layers (Subgrade)

1 GMA 0/63
403

GMB 0/16
217

GMA 0/63
492

GMB 0/16
281

2 GMA 0/32
338

GMB 0/22
209

GMA 0/32
401

GMB 0/22
221

3 GMA 0/63
389

GMB 0/16
170

GMA 0/63
461

GMB 0/16
159

The average Mr,CTT value for GMA was 350 MPa. The measured values varied from
315 to 403 MPa. The bearing capacity of GMA was especially affected by the gradation
of the mixture with the fine particle content. The average elasticity modulus of GMB was
200 MPa. Some values, however, were below 100 MPa. The reason for this rapid decrease in
bearing capacity of GMB was typically the increase in moisture content. Another reason was
most likely the penetration of the lower unbound layer with a fine-grain base, especially in
the case of pavements with a current lifespan longer than 5 years.

3.3. The Benefit of the Innovated FWD in Determination of Mr,FWD

The FWD device used for the determination of bearing capacity is capable of measuring
in the axis of the traffic line or in the outer track of the wheels. In some cases of pavement
disruptions, especially spatial deformations of pavement edges, the measured values of
deflection determined in longitudinal direction do not correspond to the edges of the
pavement. In situations where this is due to changes in the pavement structure (gradual
historical widening) or changes of the parameters, specifically those of the base layer and
subbase layer, there is a significant decrease or fluctuation of the bearing capacity of the
structure layers. This phenomenon brings about the non-homogeneity of the pavement
base layer or subbase layer characteristics, and this can directly affect the optimum planning
of maintenance and rehabilitations or the reconstructions of the entire road section. An
auxiliary cross frame added to FWD allows the gathering of information about changes of
the parameters in transversal directions, in particular the bearing capacity of the structure
layers. This allows for better description of the causes of disruption of pavement edges.

Searching for places with lower bearing capacity of the base layer and surface of a
pavement allows, for example, a direct comparison of the measured pavement deflection
by a sensor 900 mm away from the roadway center in the longitudinal and transversal
directions. When a positive difference is found, the lower parameters of these layers can
be expected, and closer attention should be paid in these cases during further diagnostic
process (tests and laboratory material analysis) or special rehabilitation actions to be
planned for these sections (see Figure 7).

Figure 7. Comparison of sensors in distance 900 mm from center in X/Y direction.

306



Appl. Sci. 2022, 12, 5673

Another possible use of the data from such modified FWD is to draw up a detailed anal-
ysis of the course of the deflection bowl and surface moduli at selected measuring points.
Such data can then be used either to determine the homogeneity or non-homogeneity of the
bearing capacity parameters of specific structure layers in the longitudinal and transversal
directions or to allow focusing on layers which negatively affect the overall bearing capacity
of the pavement (see Figure 8).

Figure 8. Deflection bowl and values of surface moduli obtained from innovative FWD device.

4. Discussion

Our results show that it was possible to compare the values of the determined Mr,CTT
with the real values of Mr,FWD at selected road sections with a lower traffic load, which
often suffer from the problem of low bearing capacity at their edges. Thanks to the use
of this new, unique, innovative FWD device consisting of a dual-axis system of moduli
measurements, it was always possible to find the spots with lower bearing capacity of
the pavement edges. Materials sampled from these spots were then subjected to a cyclic
compression test, and, indeed, lower parameters of Mr,CTT were found. During subsequent
testing of these samples, a higher level of moisture was also determined, and thus the cause
of the pavement edge disruptions was revealed.
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5. Conclusions

Based on the described research, it can be concluded that:

• A strong correlation was found between Mr,CTT and Mr,FWD for both base layers as
well as subbase layers.

• The indicative values of CBRsat were also determined. For the monitored unbound
mixtures, they ranged between 117% and 231%.

• The values of Mr,CTT and Mr,FWD for the subbase layers are comparable.
• Using the innovative FWD device, it is possible to reveal locally non-durable points at

the edge of the pavement during pavement diagnostics.
• It was verified that the innovative FWD device was usable specifically for pavements

with lower traffic load, at which the problematic durability of the pavement edges can
be assumed.

• Additionally, during the phase of deflections evaluation, it was possible to label a
point as non-durable if there were differences in deflections in the horizontal and
transversal directions larger than approximately 20%. This criterion can be used in
technical regulations dealing with pavement diagnostics during their reconstructions.

An auxiliary cross frame can have various uses in the measurement of durability. It
provides advantages when enlarging the width of roads with various pavement structures
in the cross section or in pavements with neglected maintenance from the perspective of
correct drainage function.
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