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A B S T R A C T   

This paper evaluates the feasibility of using a cellular foam as a substitute for capsules containing rejuvenators to 
mitigate the ravelling of Stone Mastic Asphalt and enhance its durability. While encapsulated rejuvenators have 
been shown to effectively release the rejuvenator and partially restore asphalt viscosity, recent research has 
found that the capsules exhibited a porous structure that has a non-negligible effect on the arrangement of the 
aggregate skeleton in SMA mixtures, which might impact the asphalt performance in mitigating ravelling by 
absorbing the energy from the external loads. To address this, a Polyethylene Terephthalate (PET) foam with 
three different densities is used in this study to assess the effect of an energy-absorbing cellular structure on 
asphalt performance and ravelling mitigation. Mechanical tests have been conducted on SMA mixtures con-
taining 1 % and 5 % of the total volume of the mixture to determine the resistance to rutting, fatigue and particle 
loss. Results indicate that foam density influences particle loss and rutting resistance, with higher foam content 
enhancing fatigue life. Moreover, all foam types exhibit improved surface ravelling resistance, suggesting that 
integrating porous particles with inherent energy absorption capabilities could enhance SMA mixture durability.   

1. Introduction 

Stone Mastic Asphalt (SMA) mixtures are gap-graded with a coarse 
aggregate skeleton and high filler and asphalt binder contents [1], [2]. 
The purpose behind the gap gradation of crushed aggregate is to in-
crease pavement stability via stone-to-stone contact gripped together 
through a strong mix of filler and other additives [3]. Typical applica-
tions of SMA surface in the UK include heavily trafficked and high-speed 
roads due to its high anti-rutting performance [4]. However, further 
research is required to determine the design of the aggregate structure to 
maximise the performance of stone-to-stone contact and to understand 
the relation between the aggregate structure and the mixture properties 
[5], [6]. 

SMA mixtures are prone to ravelling because of the interconnected 
voids and high stresses concentrated on stone-to-stone contacts, which 
can result in cohesive and/or adhesive failure [7], [8]. It is a 
mixture-associated defect in which the loosening of coarse aggregates 
from the surface layer occurs because of the shear stresses generated 
from tyre movement, particularly during driving manoeuvres [8], [9], 
[10]. In pavement engineering, there have been many approaches to 
treating ravelling resistance, including altering the rheological proper-
ties or replacing part of the aggregate-mastic skeleton [11]. 

Polymer-modified bitumen, for instance, enhances adhesion between 
bitumen and aggregate at lower temperatures, however asphaltene 
content has a stronger effect on adhesion than bitumen modification 
[12]. Both organic polymer and inorganic substrates can also improve 
adhesion between the materials [13]. These additives are most effective 
at lower temperatures and address minor factors contributing to ravel-
ling compared to bitumen aging, mechanical loading, and aggregate 
interaction [14]. 

In recent years, rejuvenation methods through sunflower oil encap-
sulated particles have been developed to increase the self-healing po-
tential of oxidised and aged bitumen by re-establishing the natural ratio 
of solid particles to oils and resins [15]. The potential enhancement of 
ravelling resistance through bitumen healing lies in the restoration of 
the ability of the bitumen to flow, enabling the closure of the micro-
cracks [16], [17], [18], [19], [20], [21]. However, in recent studies 
focusing on testing asphalt containing encapsulated rejuvenators [16] 
under impact loading to assess its resistance to abrasion through the 
Cantabro test [22], [23], it was concluded that the reduction observed 
could not be ascribed to a self-healing mechanism since there were no 
resting periods applied to allow the diffusion and promotion of oil by the 
rejuvenator. Consequently, this mitigation was attributed to the cap-
sules’ internal porous structure and the cells’ ability to absorb energy 
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while gradually collapsing. Further research studied the influence of 
various variables during asphalt manufacturing on the energy absorp-
tion of the capsules in SMA mixtures produced at an asphalt plant, and 
the derived conclusion stated that for optimal effectiveness of the cap-
sules, they should be integrated into the aggregate skeleton instead of 
floating within the mastic [24]. 

These findings suggested researching an alternative to encapsulated 
rejuvenators’ by looking into materials with mechanical responses 
solely defined by their porous structure. This is to minimise the variables 
influencing the encapsulated rejuvenators and determine whether the 
observed outcomes in previous studies should be attributed to energy 
absorption of the cellular structure of the capsules. This structural 
configuration, encompassing foams, meshes, and micro lattices [25], 
[26], is used in several biological systems, including honeycomb, wood, 
and cork. The material’s porous structure provides a unique but desir-
able combination of lightweight [27] and strength, and its mechanical 
properties can be tailored to fulfil specific needs [26], [28]. For instance, 
energy absorption efficiency might be adjusted by selecting the right 
material, designing the cells, controlling the material thickness, and 
adjusting the porosity [29]. 

Under loading, polymer foams follow a stress-strain behaviour 
characterised by a long plateau region corresponding to large plastic 
deformation, in which a significant amount of energy is expected to be 
completely dissipated [30], [31]. Foams can be broadly classified as 
closed-cell and open-cell structures. Closed-cell foams tend to be more 
rigid and have higher compressive strength [33]. A variety of closed-cell 
polymer foams with varied structural designs, including tubes, sand-
wiches [32], [33], and plates [34] have been widely used in the auto-
mobile, railway, construction, and aerospace industries [35]. However, 
no previous studies have employed polymeric cellular foam in asphalt to 
evaluate the effect of their porous structure and the intrinsic energy 
absorption characteristic in enhancing asphalt ravelling. 

Hence to study the effect of energy absorbing foams and their den-
sities in delaying asphalt ravelling, this research used a commercially 
available Polyethylene Terephthalate (PET) foam core with three 
different densities 130, 200 and 320 kg/m3 that withstands tempera-
tures higher than 165◦C and presents good mechanical characteristics to 
be mixed with asphalt. The three types of foam were mixed with asphalt 
at 1 % and 5 % of the total volume of asphalt mixture to study the in-
fluence of foam content on asphalt performance. Asphalt mixtures were 
manufactured to assess the stiffness, rutting, particles loss, fatigue, and 
wear resistance, using the Indirect Tensile Stiffness Modulus (ITSM), 
Hamburg Wheel tracker, Cantabro test, Indirect Tensile Fatigue Test 
(ITFT), and the scuffing test. The inclusion of foam yielded similar re-
sults to the encapsulated porous particles, indicating that the physical 
effect might impact asphalt performance by creating a different aggre-
gate arrangement, resulting in a distinct stone-to-stone contact where 
the foam absorbs the energy from external loads, mitigating the poten-
tial dislodgment and loss of the aggregates. 

2. Materials and methods 

2.1. Experimental work 

The experiments designed in this study were as follows:  

1) Characterise the mechanical properties of the three types of foam to 
determine the energy absorption characteristics.  

2) Perform aggregate loss test using the Cantabro machine on asphalt 
mixtures with 1 %, 3 %, 4 %, and 5 % of the total volume of the 
mixture.  

3) Based on the results from the Cantabro and the availability of T92 
foam, only 2 percentages, 1 % and 5 %, were used for the remaining 
experimental tests which included: volumetrics, rutting resistance, 
stiffness modulus and wear resistance. 

2.2. Selection and sample preparation of polymer foam 

This study used commercially available and high-performance 
structural polymeric foams called Airex-T92. The cross-linked closed- 
cell Polyethylene Terephthalate (PET) foam manufactured by a high- 
pressure nitrogen gas solution process was produced by 3 A Composite 
Core Materials and provided by Trident. Specifically, three variants of 
closed-cell thermoplastic and recyclable T92 foam, Airex T92.130, 
T92.200 and T92.320, with nominal densities of 130 kg/m3, 200 kg/m3 

and 320 kg/m3, respectively, were selected due to their mechanical 
characteristics, which enable them to perform effectively in environ-
ments exposed to high temperatures, and fatigue requirements [36]. 3 A 
Composites Core Material reported the mechanical properties of Airex 
T92 and asserted that they are designed to meet the needs of very highly 
loaded applications with their high strength, stiffness, and fatigue 
resistance [36]. 

The samples were provided in the form of 4 m x 4 m x 0.005 m sheets. 
Subsequently, these sheets were precisely sectioned via a saw-cutting 
process at the University of Nottingham to yield beam sheets with di-
mensions of 4 m x 0.005 m x 0.005 m. These beam sheets were manually 
further sectioned using sharp blades into small 5 mm cubes for subse-
quent analysis, as this was visually deemed by the authors to be the 
smallest sample size that maintained the integrity of the pores within the 
sample. See Fig. 1 showing T92.200 foam manually cut into 5 mm cubes. 
The foam size and content in the asphalt mixture were derived from 
prior research on encapsulated porous particles [23], [24], [37], [38], 
[39], [40] 

2.3. Asphalt mixture and manufacturing procedure 

Stone Mastic Asphalt (Ultrapave 10 surf), in accordance with EN 
13108 Part 5, a material commonly used to build surface courses on 
roads in the UK, was manufactured with 0 %, 1 %, 3 %, 4 % and 5 % of 
Airex T92.130, T92.200 and T92.320 (melting point: 240◦) by the total 
volume of the mixture. 1 % of the total mix volume was selected from 
previous literature [23] that determined that it is the optimum content 
for 1.6 mm energy-absorbing particles to increase asphalt durability. To 
calculate the total volume of the foam, the mass percentage of the 
capsules is first converted to a volume percentage based on the 
maximum mass of asphalt and the density of the capsules. This volume 
percentage is then used to estimate the foam volume using the maximum 
asphalt volume, determined from the maximum density (2551 kg/m3) 
and mass of the mixture without foam. The materials used were grit-
stone aggregates (2.800 g/cm3), granite dust (2.670 g/cm3), cellulose 
fibre (0.095 g/cm3) and 40/60 pen bitumen (1.027 g/cm3). The mixture 
was composed of 15 % of granite dust, 16 % of 6 mm gritstone, 48.4 % 
of 10 mm gritstone, 5 % of 14 mm gritstone, 8.5 % filler, 0.3 % fibre and 
6.4 % binder content by total weight of the mixture. The target air void 
is 3 % and the maximum targeted volume is 0.0045 m3. A total of 16 
asphalt slabs were manufactured, with an average weight and height of 
11448 ± 2 g and 50 mm, respectively. In addition, 60 asphalt cores were 
prepared in groups of 5 samples of 150 mm diameter, averaging 1128 g 
in weight and 60 mm in height. Aggregates and bitumen were preheated 
at 165◦C for 6 and 4 h, respectively. For both slab and core 
manufacturing, the mixture procedure and time of adding the foam was 
done following [23], [39] 

The assessment of bulk density, ρbin asphalt mixtures, both with and 
without T92 foam, was carried out in accordance with British standard 
BS EN 12697–6:2020. To calculate ρb, the mass of the dry specimen was 
divided by the difference between its mass in air and water and then 
multiplied by the density of water at ambient temperature. Furthermore, 
the air void content (Va) in the asphalt mixture was determined using 
bulk density measurements and the maximum theoretical density ac-
cording to BS EN 12697–8: 2018 [41]. The maximum theoretical density 
was calculated analytically, including the foam density, according to BS 
EN 12697–5: 2009 [42]. 

M. Abedraba-Abdalla et al.                                                                                                                                                                                                                   



Construction and Building Materials 438 (2024) 137208

3

2.4. Foam morphological characterisation 

The quantitative study of cellular material structure, properties, and 
mechanical response is mostly limited to cell diameter, cell topology, 
and the relative density of the foam material, the density being the most 
substantial parameter that describes a mechanical characteristic of the 
foam morphology [43], [44]. The relative density of the foam material 
(ρ*) is an expression of the solid fraction, and it is given by Eq. (1) in 
accordance with ASTM D3575 as follows: 

ρ∗ =
ρf

ρp
(1) 

where ρ∗ is the relative density of the foam, ρf is the foam density, 
and ρp is the polymer density, with the latter being approximated as 
952 kg/m3, which falls within the density range of PET materials re-
ported in the literature [45] [46]. The relative densities for the specific 
foam variants, T92.130, T92.200 and T92.320, are 0.14, 0.2, and 0.33, 
respectively. Greater relative density is generally attributed to higher 
proportions of bulk material within the foam [30]. Moreover, the 
morphology investigation of foams is typically conducted in two di-
mensions [44], [47]. The internal structure of the foams was examined 
using a light microscope (Nikon Eclipse LV100ND) equipped with TU 
Plan Fluor EPI lenses and a 4080 × 3120-pixel colour sensor. The images 
obtained at a magnification of x5 were used to determine the pore size 
and porosity of the foams. For each sample, three sections were evalu-
ated, covering an area of 25 mm2 per section. Image analysis was per-
formed using automated image thresholding coupled with 
morphological segmentation in ImageJ software to calculate the cell 
dimension and the porosity. Given the irregular nature of cells, the 
diameter was defined as the maximum diameter between vertices [44], 
[48]. 

2.5. Distribution of foam in asphalt 

X-ray Computed tomography scanning was utilised to analyse the 
distribution and deformation of foam within the asphalt with a Phoenix 
Vtomex M scanning device produced at Waygate Technologies, Ger-
many. The device operated at 200 kV and has 40 µm spatial resolution. 
To assess any changes in the morphology of the foam post asphalt 
manufacturing and to inspect its resistance to the mixing process, two 

cylindrical cores with 5 % T92.130 and T92.320 of 60 mm height and 
40 mm diameter were extracted from a manufactured slab prior to 
testing. Additionally, two cores of 40 mm in height and 70 mm in 
diameter were extracted from a wheel-tracked slab to assess any changes 
in the foam’s shape. Following the data acquisition, the scans were 
processed and constructed using VGStudio MAX (version 2023.2) and 
ImageJ (version 1.41) software. The assessment was conducted 
considering the initial and undamaged foam volume average prior to 
mixing, which is 125 mm3. 

2.6. Foam mechanical properties and energy absorption 

The mechanical response of individual T92 foam pieces was evalu-
ated through uniaxial compression testing using an Instron device 
(5969). Cubic foam samples were subjected to 0.5 mm/min loading rate. 
The specimens were carefully cut using a blade knife to ensure accurate 
and straight cuts of 5 mm x 5 mm x 5 mm. Three specimens from each 
set were tested at a temperature of 20◦ C with the foams compressed 
between two steel loading platens. Compressive stress-strain curves 
were obtained by dividing the applied load by the initial specimen area 
and calculating strain as displacement divided by the original height. An 
optical extensometer was employed to precisely measure strain height 
and contact area between the steel plate and foam material. 

Energy absorption was also obtained from the test results and was 
calculated up to the start of the densification region, a point visually 
identified from the curve. The calculation involved determining the area 
underneath the stress-strain curve, representing the absorbed energy W 
between two strain levels, as defined in Eq. (2): 

W =

∫ εf

ε0

σ(e)de (2) 

[49] proposed to use the energy efficiency (E) to evaluate the energy 
absorption characteristics of foam materials. Energy efficiency is when 
the absorbed energy at εf is divided by σ

(
εf
)
; it is obtained with Eq. (3) as 

shown below: 

E =

∫ εf
ε0

σ(e)de
σ
(
εf
) (3) 

where ε0, εf and σ
(
εf
)

are the initial and final arbitrary strain and its 
corresponding stress. This formula expresses the ratio of the energy 

Fig. 1. Illustration of T92.200 foam manually cut into 5 mm cubes for analysis and mixing with asphalt.  
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absorbed by the foam to the applied stress, which is usually used to 
determine the optimum energy absorption working state for a given 
foam [50], [51]. 

2.7. Rut depth test 

The resistance to rutting development was determined by testing 
asphalt slabs in the Hamburg Wheel Tracker Test (HWTT), following BS 
EN 12697–22 [52]. Each 305 x 305 x 50 mm3 specimen was prepared 
using a roller compactor and, after demoulding, was immersed in water 
at 45 ± 1 ◦C for 8 hours to precondition. Specimens were tracked by a 
55 mm wide wheel at 26.5 load cycles per minute and a load of 705 ±
4.5 N for 10,000 cycles or until a rut depth of 20 mm was reached. The 
rut depth was determined by averaging the measurements taken in the 
centre of the slab’s loading area, and the proportional rut depth (%) at 
cycle n (PRD)n was calculated using Eq. (4), where t is specimen 
thickness in millimetres, rn the vertical displacement after n cycles (mm) 
and r0 the initial displacement (mm). 

PRDn(%) = 100
rn − r0

t
(4)  

2.8. Stiffness modulus test 

To determine the Indirect Tensile Stiffness Modulus (ITSM) in 
accordance with BS EN 12697–26 [53], a Cooper Universal Testing 
Machine UTM (NU-10) was used. The test samples were preconditioned 
for 4 hours at two different temperatures (10 ºC and 20 ºC). The hori-
zontal displacement was measured using two oppositely positioned 
Linear Variable Differential Transformers (LVDTs). The test procedure 
was repeated across two perpendicular diameters and the measured 
average stiffness modulus of the test pulses from the two tested di-
ameters was recorded as the stiffness modulus of the specimen and ob-
tained through Eq. (5), in which F, v, z and h correspond to peak value of 
the applied vertical load in Newtons, Poisson’s ratio, the amplitude of 
the horizontal deformation in mm and, the mean thickness of the 
specimen in mm, respectively. 

Sm =
F × (v + 0.27)

(z × h)
(5)  

2.9. Aggregate loss test 

Asphalt mass loss was characterised using the Cantabro test, con-
ducted in a Los Angeles abrasion machine in compliance with BS EN 
12697–17 [54]. This test was used to evaluate and quantify the influence 
of 1 %, 3 %, 4 % and 5 % of T92 foam on asphalt’s aggregate loss. Five 
samples of T92.130, T92.200 & T92.320 were tested. Before testing, 
samples were conditioned for 24 hours at 20 ◦C, then weighed, and 
introduced into a Los Angeles machine. The samples were subjected to a 
total of 300 cycles, after which the samples’ weights were recorded 
again. Lastly, the mass loss (ML) was then estimated using Eq. (6), where 
Mi is the initial sample mass and M is the sample mass after 300 cycles. 
Before and after testing, samples were photographed to examine the 
change in core shape. 

ML(%) = 100
Mi − M

Mi
(6)  

2.10. Fatigue test 

The behaviour of the bituminous mixtures under repeated load was 
evaluated through an indirect tensile fatigue test using the same ma-
chine as an ITSM. This test was conducted in accordance with EN 
12697–24–2018 Annex E by repeatedly applying a haversine loading of 
0.1 seconds with 0.4 second resting period through the vertical diame-
tral plane. The test was carried out in a controlled stress mode, with a 

single horizontal stress value of 650 kPa[55]. The controlled tempera-
ture was 10◦C. The test’s primary objective is to determine the fatigue 
life, defined as the total number of load cycles before the fracture of the 
specimen occurs for samples with 0 %, 1 % and 5 % of T92 foam. The 
specimens were conditioned for 4 hours prior to testing. The permanent 
deformation was determined as the accumulation of irrecoverable 
deformation, for each loading pulse. 

2.11. Abrasion test 

To measure asphalt mass loss from the surface, the scuffing wheel 
test was adopted to indicate asphalt’s resistance to ravelling. The test 
consists of a loaded wheel that bears on a specimen held on a moving 
table with the axle of the wheel held at an angle of 20 ± 1 degrees to the 
vertical plane perpendicular to the direction of travel. The test follows 
the TRL report, Appendix G (Test procedure for scuffing) [56]. Two slabs 
were manufactured for each material and cut in equal halves of 305 x 
152.5 x 50 mm3 for repeatability. The samples were conditioned and 
tested at 30◦C, a deliberately lower temperature than the standardized 
condition, to extend the test duration and augment the surface loss effect 
without compromising the integrity of the sample under loading con-
ditions of 520 ± 5 N and an average contact pressure of 310 ± 10 kPa. 
The pneumatic tyre was inflated to 312 kPa and if the ribbed tread 
became less than 1 mm the wheel was changed. 

A total of 2800 cycles was achieved for each tested sample. Each 
cycle consists of a translation movement with the angled wheel in the 
horizontal plane, with the tyres simulating the mechanical effect of 
vehicles when they are turning. The testing procedure was divided into 
sets, with the first four sets lasting 15 minutes and the last three sets 
lasting 30 minutes. Each set is structured in intervals, with the wheel 
running for 312 cycles (approximately 15 minutes) followed by a pause 
for sample removal, de-moulding, removal of loose material from the 
surface with a vacuum, slab weighing and Mean Profile Depth mea-
surement using an Ames Laser Texture Scanner 9400. After that, the 
sample was reinserted for another set of cycles of 15- or 30-minutes 
duration. A total of 4 samples were tested for each material. The test 
equipment is depicted in Fig. 2. 

3. Results and discussion 

3.1. Foam morphological characteristics 

Fig. 3(a) shows the three different foams, T92.130, T92.200 and 
T92.320, sectioned manually in 5 mm cubes and their inner closed-cell 
structure. In Fig. 3(b), foam observations by a light microscope show a 
2D inner cell morphology and size. In the three density types, the inner 
structure comprises dense cells enclosed by walls, appears non-uniform 
geometrically and is shown to have a polyhedral structure. In the three 
materials, cell sizes exhibit uniformity with topological disorders and 
random orientation in all directions, which align with attributes asso-
ciated with isotropic materials, as explained in previous studies [48], 
[57]. From the microscope examination, the cell shape appears consis-
tent, albeit with size variations, particularly the denser material, 
T92.320, exhibiting smaller cell sizes than T92.130 and T92.200. Ana-
lysing the images through morphological segmentation using ImageJ 
allowed the estimation of cell size and area distribution. Fig. 4 shows the 
cell size distribution of multiple locations of each sample, with a mini-
mum of 200 cells measured in each assembled image, to ensure a 
representative description. It is clear from Fig. 4 that the peak fre-
quencies of cell size for T92.130, T92.200, and T92.320 correspond to 
cells sized between 0.3 and 0.4 mm, 0.2–0.3 mm, and 0.1–0.2 mm, 
respectively. The mean cell size, d, is obtained using Equation (7): 

d =
1
n
∑n

i=1
di (7) 
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where di is the size of cell, i and n is the total number of cells. The 
mean cell diameters of the three materials are 0.374 mm, 0.247 mm, 
and 0.114 mm, respectively, being classified as mesocellular structures 
>100 μm [31], [58]. The observed variations in cell dimensions within 
the three materials can be attributed to the cross-linking blowing agent 
and its concentration, which influence bubble expansion and formation 
during the foaming process[59], [60]. Specifically, increasing blowing 
agents generates more gas production, leading to lower foam density, 
evidenced by the formation of larger cells and thinner walls, which re-
duces material per unit volume and decreases the foam’s resistance to 
compression [61], [62] 

3.2. Assessment of mechanical properties and energy absorption 

The evaluation of the mechanical properties of the foam focused on 
the main attributes that characterise the stress and strain curve, which 
are plotted in Fig. 5 and Fig. 6 alongside their energy efficiency curve in  
Fig. 7, and the influence of foam density on its mechanical properties is 
discussed. By examining the stress and strain curves of the three mate-
rials at a fixed 0.5 mm/s strain rate, it becomes evident in Fig. 5 that 
these curves exhibit distinct regions, consistent with descriptions found 
in the existing literature on cellular materials under compressive load 
[26], [28], [63]. The first region corresponds to the linear elastic 
behaviour, which occurs at strain levels of less than 5 %, 8 %, and 10 % 
with a slope equivalent to the foam’s Young’s modulus of 15.2 MPa, 
25.08 MPa and 41.05 MPa for T92.130, T92.200, and T92.320, 
respectively, up to the peak stress where softening begins. 

The subsequent stage is characterised by a plateau region repre-
senting plastic deformation [28]. Following this point, densification 
occurs as most cells have collapsed and opposing cells come into contact, 
resulting in complete compaction of the material and a sharp increase in 
stress observed on the stress-strain curve, at values of approximately 
92 %, 85 %, and 77 % strain for 130, 200 and 320 kg/mm3. Fig. 6 shows 
an illustration of foam damage at different stages during the test. In 
examining these results, it becomes apparent that a lower density de-
creases slope and Young’s modulus. The plateau region begins at a lower 
stress level with greater elongation, and densification is achieved at a 
much higher strain. Conversely, higher material density increases 
Young’s modulus, and the plateau occurs at higher stress levels; how-
ever, compressive strain remains partially utilised. The three types of 
cellular structure foam aim to dissipate the load’s energy while keeping 
the maximum force below the plateau stress level [28]. 

To better understand this, Fig. 5(a) also shows the stress required to 

obtain the same area under the curve, corresponding to a chosen amount 
of energy absorbed (11.38 J/mm3) for all densities. This amount cor-
responds to the selected strain from the curve where T92.130 enters 
densification (92 %). By comparing the stresses for, T92.130, T92.200 & 
T92.320, σ1(10.42MPa), σ2 (4.22MPa), σ3(5.8MPa), respectively, it 
can be seen that the lighter foam requires more deformation and lower 
stress to absorb the energy, whereas the heavier foam absorbs it with 
minimal deformation but experiences high-stress values. By plotting the 
maximum stresses reached by the three foams, as seen in Fig. 5(b), it is 
possible to say that a foam with intermediate density, 200 kg/m3, strikes 
a balance. Table 1 presents the mean value of Young’s modulus, peak 
stress, peak strain, and plateau stress of 5 samples for each foam type. 

The absorbed energy under the stress–strain curve is also calculated 
and plotted as a function of strain. As seen in the energy absorption in 
Fig. 7(a), the absorption increases as the strain increases, which occurs 
as the material undergoes more deformation. By plotting the efficiency, 
it is possible to observe the changes in efficiency ratio across varying 
strain levels and identify the domain where efficiency is at its peak. For 
the three densities, the energy efficiency exhibits a consistent pattern, as 
depicted in Fig. 7(b), with minimal energy absorbed in the elastic re-
gion, followed by subsequent efficiency increase reaching a peak at 
stresses of 1.13 MPa, 2.40 MPa and 4.24 MPa for T92.130, T92.200 and 
T92.320, respectively. The efficiency reaches maxima of 1.85, 1.57, and 
1.55 for the three materials, and beyond that stress level, the energy 
efficiency diminishes with an increase in stress. 

As illustrated in Fig. 7(b), the lowest and highest foam density, 
T92.130 and T92.320, respectively, attain the highest stress values 
denoted as σ1(10.42MPa), σ2(5.08MPa), whereas the one in between, 
T92.200, generates the lowest stress value σ3(4, 22MPa) to achieve the 
selected specific amount of energy (11.38 J/mm3). These findings 
indicate that the ideal foam within the three-density range lies between 
T92.130 and T92.320. Consistent with previous researchers, Linul et al. 
[64] documented the significance of the efficiency diagram in foam 
selection, and the outcome of their results involving various foams was 
that foam with a density in between maximum and minimum density 
values, necessitated the lowest stress level to obtain the same energy 
absorption across the selected foams, suggesting that the region of 
maximum efficiency might not only be controlled by the density but also 
by the material type and the pore size. 

3.3. Assessment of the foam state after asphalt manufacturing and testing 

As presented in Fig. 8, along with image analysis and foam 

Fig. 2. Scuffing machine at NTEC.  
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reconstruction, the results revealed height reductions of 24.64 ± 0.3 %, 
21.52 ± 0.2 % and 16.94 ± 0.2 %, with volumes averaging around 
94.20 ± 0.3 mm3 for T92.130, 98.10 ± 0.3 mm3 for T92.200 and 
103.82 ± 0.1 mm3 for T92.320. This suggests that the foam underwent 
some deformation during the manufacturing and compaction process 
due to the rearrangement of aggregates around them. No abraded re-
gions or fragmentation of the foam into pieces were observed in the 
scan. 

Furthermore, to evaluate the deformation of the foam after subject-
ing asphalt to external loading, core specimens were extracted from 
tracked slabs incorporating 5 % T92.200. Illustrated in Fig. 9(a), CT 
scans revealed surface deformation of the core and deformation of the 
foam, particularly in the contact area with aggregates. The foams pre-
dominantly experienced higher deformation in the upper part of the core 

closer to the surface, where foam height was reduced on average by 35 
± 5 %. According to the foam compression stress-strain data, this 
reduction corresponds to the strain levels identified in the plateau re-
gion. This implies that during the asphalt’s exposure to the wheel tracker 
test, the foam cells started collapsing, which deformed the foam while 
absorbing energy, contributing to increased asphalt compaction levels. 
These findings align with Traseira et al. [23], who documented the 
adaptation of the shape of architected energy-absorbing particles 
(“capsules”) to the surrounding aggregates after the Cantabro impact 
test. 

In addition, as seen in Fig. 9, a reconstruction of a deformed foam 
particle and the surrounding areas is presented to illustrate the inter-
action of the foam with the aggregates and the mastic prior to testing the 
asphalt. The three aggregates, measuring 4 mm and 10 mm, 

Fig. 3. (a) Outer structure of T92 (b) inner structure of T92 (c) Morphological segmentation analysis of microscopic images.  
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demonstrate that the foam can be impacted by smaller-sized aggregates, 
up to those larger than the size of the foam’s cell. Conversely, aggregates 
smaller than the cell size of the foam might interact with the foam 
through the mastic. Moreover, the observed deformation of the energy- 
absorbing particle in [23] was also caused by smaller aggregates, and 
given the cell size of these particles, below 0.063 mm, they could be 

optimised to the smallest size aggregate of the asphalt skeleton; how-
ever, the cell sizes of T92.130, T92.200, and T92.320 limit the possi-
bility of optimising the size of the foam without compromising the 
structural integrity of the cells. 

Fig. 4. (a) T92.130 cell size distribution (b) T92.200 (c) T92.320.  

Fig. 5. Stress vs strain diagram (a) Stress-strain curve for the three foams; (b) Peak stress variation at 11.38 J/mm3.  
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3.4. Particle loss resistance 

Average mass loss results of asphalt cores containing (0 %, 1 %, 3 %, 
4 % and 5 % by total weight of asphalt mixture) were tested in a Los 
Angeles drum. The results with their error bars ± standard deviations 
are depicted in Fig. 10. Asphalt mixtures without foam presented the 

Fig. 6. Stress vs strain curve of T92.200 foam with an illustration of foam damage during the test.  

Fig. 7. Energy diagrams (a) energy absorption as a function of strain (b) energy efficiency as a function of stress.  

Table 1 
Mean value of yield stress, yield strain, elastic modulus, and plateau stress.  

Foam 
type 

Loading 
rate 
(mm/s) 

Yield 
stress 
(MPa) 

Yield 
strain 
(%) 

Elastic modulus 
(MPa) 

Plateau 
stress 
(MPa)  

130 0.5 
0.5 
0.5 

0.80  5.52  
15.2 

2.76 

200 2.12  7.79 25.1  3.09 
320 2.27  9.97 41.5  4.72  

Fig. 8. Aggregate-foam contact.  
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highest particle loss, around 10.60 %. As foam content increased in the 
asphalt mixture, the mass loss decreased in the three types of foams. The 
association between the variables of each foam was modelled by a linear 
regression, and the goodness of the fit was assessed through the coeffi-
cient of determination, which was approximately, 0.9649, 0.9893 and 
0.9501 for T92.130, T92.200 and T92.320, respectively. The minimum 
loss of aggregate was obtained with asphalt cores with T92.320 at the 4 
different percentages, followed by T92.200 and T92.130. As can be seen, 

there is an inverse relationship between the foam density and particle 
loss, meaning the higher the foam density, the lower the particle loss. 
Asphalt cores containing T92.130 exhibited a particle loss reduction of 
20 % when the foam concentration was 5 %, whereas 5 % of T92.200 
and T92.320 presented around 41.04 % and 52.83 % lower mass loss, 
respectively, relative to the reference specimen. Based on these findings, 
the focus of comparison for the remainder of this study was restricted to 
1 % and 5 % foam, owing to its limited availability. 

To further illustrate the state of the core following the test, images 
without foam and with various percentages of T92.200 foam were taken 
to show the asphalt’s level of disintegration, see Fig. 11. In comparison, 
the asphalt without foam exhibited more substantial damage, whereas 
the one with foam presented reduced damage at the core’s surface and 
edges. The findings derived from the analysis of the images, in 
conjunction with the inherent characteristics of the foam, indicate that 
the foams might serve as shock absorbers. This is achieved by the 
deformation of the foam and the absorption of the kinetic energy from 
the samples impacting the inner walls of the Cantabro. 

The absorbed energy might prevent the aggregate from being de-
tached by enhancing the tensile strength and contributing to the cohe-
sion of the material. In addition, the correlation between the percentage 
of mass loss and the addition of foam indicates that the hypothesis of 
energy absorption holds true; increasing the amount of foam would 
result in a decrease in mass loss. Furthermore, if the asphalt were 
exclusively composed of foam, the result of the Cantabro test would 
exhibit a compacted material without any foam loss. Similar results were 
seen with energy-absorbing particles reported by Traseira et al. [23], 
whereby the inclusion of these particles in asphalt led to a significant 
reduction of 30 % in mass loss. It was also observed that the air void 
content and varying compaction energy significantly influence the 

Fig. 9. (a) CT-scan view of tested asphalt core with foam under Hamburg Wheel Tracker (b) Reconstruction of deformed foam and interaction with surrounding 
aggregates after Hamburg Wheel tracker-test. 

Fig. 10. Particle loss resistance with 5 %, 4 %, 3 %, 1 % and 0 % of T92. Foam.  

Fig. 11. Asphalt cores with different content of T92.200 foam after 300 cycles in the Cantabro test.  
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decrease in mass loss of asphalt-containing energy-absorbing particles 
due to the improved creation of a solid framework that can withstand 
external loads and give a better energy distribution [23]. 

3.5. Influence of foam on asphalt volumetric properties 

Table 2 represents the average (± 1 standard deviation) of bulk 
density and air void content measurement of core sample sets containing 
0 % 1 % and 5 % of the three foam types. The values were calculated 
from five tested specimens for each foam type and content level. Results 
show that the bulk density of compacted cores decreased with adding 
1 % and 5 % foam compared to specimens without foam. Air void 
content for 1 % foam increased by 0.15 %, 0.26 % and 0.34 %, while 
5 % foam content exhibited even higher increases of 0.51 %, 0.60 % and 
0.61 % for T92.130, T92.200 and T92.320, respectively, as compared to 
the reference specimens. The addition of foam might have reduced 
compaction efficiency, likely stemming from the impact of their size and 
density on the solid skeleton and interlocking properties. This influence 
might result in modifications of the asphalt matrix and aggregate 
arrangement compared to those without foam, explaining the increase 
of air void content. Moreover, a more pronounced increase is observed 
in T92.200 and T92.320 compared to T92.130, the latter characterised 
by a lower density and compressive stiffness, enabling the foam to 
deform slightly more than T92.200 and T92.320, potentially contrib-
uting to better compaction. 

3.6. Rutting resistance of SMA mixtures 

In contrast to mass loss testing, adding foam to asphalt increases the 
rutting; see Fig. 12. The proportional rut depth evolution over time 
revealed different asphalt deformation rates for each asphalt containing 
1 % and 5 % content of T92 foams. The rut depth of materials with 1 % 
foam content increased by 10 %, 16 %, and 17 %, registering maximum 
rut depths of 1.75 mm, 1.95 mm, and 2.08 mm for T92.130, T92.200 
and T92.320, respectively. With 5 %, a higher increase occurred of 
24 %, 26 % and 32 % with maximum rut depths of 2.29 mm, 2.3 mm 
and 2.59 mm, see Table 3. However, these values are considered far less 
than 12.5 mm after 10.000 cycles, considered the maximum allowable 
rut depth for mixtures using HWTT according to [65], [66]. In addition, 
according to [67], HWTT is a repeatable test capable of generating good 
quality data with low variability and acceptable statistical credibility 
correlated to field performance. 

The present findings from the rutting test, volumetrics, and Cantabro 
tests are related, indicating that the inclusion of these foams affects the 
arrangement and interlocking of the aggregate. This impact is evident in 
the air void, which confirms that the foams create a distinct aggregate 
skeleton. However, the foams are only deformed by external forces, 
modifying the asphalt rut depth and particle loss. 

3.7. Asphalt stiffness 

Fig. 13 depicts the results of stiffness modulus of asphalt samples 
containing 1 % and 5 % foam at 10◦C and 20◦C, along with their 

corresponding error bars. It is evident that asphalt samples with 1 % of 
any type of T92 foam show average stiffness modulus similar to the 
control specimens at 10◦C and 20◦C. However, increasing the foam 
content to 5 % reduces the stiffness modulus for both tested tempera-
tures. Specifically, at 10◦C, the reduction of stiffness of asphalt with 5 % 
foam content is approximately 33 %, 25 % and 18 % for T92.130, 
T92.200 and T92.320, respectively. However, the stiffness at 20◦C ex-
hibits higher variability among the specimens within each set. From the 
analysis of ITSM mean values in Fig. 13, it becomes apparent that the 

Table 2 
Densities and air void content of asphalt mixtures with 0 %, 1 % and 5 % of T92 
foam.  

Type of 
mixture 

Theoretical maximum 
density (kg/m3) 

Bulk density 
(kg/m3) 

Air void 
content (%) 

Without foam  2551 2411± 0.017 5.50 % ± 0.5 
T92.130–1 %  2529 2386 ± 0.005 5.64 % ± 0.3 
T92.130–5 %  2436 2290 ± 0.010 6.01 % ± 0.2 
T92.200–1 %  2529 2383 ± 0.012 5.76 % ± 0.2 
T92.200–5 %  2448 2315 ± 0.018 6.10 % ± 0.4 
T92.320–1 %  2530 2333 ± 0.007 5.84 % ± 0.2 
T92.320–5 %  2450 2299 ± 0.017 6.11 % ± 0.4  

Fig. 12. Rut depth cycles.  

Table 3 
Summary results of rut depth.  

Type of 
mixture 

Proportional rut 
depth (%) 

Wheel track slope in water (mm/ 
1000 load cycles) 

Without foam  2.11  0.059 
T92.130–1 %  2.38  0.061 
T92.130–5 %  2.58  0.066 
T92.200–1 %  3.47  0.067 
T92.200–5 %  3.89  0.076 
T92.320–1 %  4.55  0.089 
T92.320–5 %  5.15  0.108  

Fig. 13. Stiffness results from ITSM test at two different temperatures with 0 %, 
1 % and 5 % of T92 foam. 
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standard deviation is higher at 20◦C degrees than at 10◦C. This could be 
attributed to the higher influence of the viscoelastic properties of 
bitumen on the deformation control during the test conducted at high 
temperatures [68]. In greater detail, it’s possible to observe that 
graphically, there is no notable variation between ITSM values of 
asphalt with 5 % of T92.130, T9.200, and T92.320 exhibited at 20◦C. 
However, the increase in foam content clearly impacts on stiffness at 
both temperatures. 

3.8. Fatigue failure 

In Fig. 14 (b), the correlation between the deformation and the 
number of cycles (N) is presented for asphalt specimens containing 0 %, 
1 %, and 5 % of the three T92 foams conducted at a stress level of 650 
kPa at 10◦C. All materials exhibit a similar trend in which their defor-
mation behaviour might be categorised into three distinct regions 
known as the three-stage law [69] Fig. 14 (a). The first region illustrates 
a rapid increase of deformation over a small number of cycles attribut-
able to a decrease of air void content and viscoelastic damping [70], 
[71]. As the cycles progress, the aggregates become more closely 
packed, leading to a subsequent linear increase in deformation, where 
microcrack initiation occurs [69]. During the last stage, the microcracks 
rapidly propagate to macrocracks, exhibiting a higher increase of 
deformation. These macrocracks eventually result in fatigue failure, at 
the point where the specimen breaks in half [72], [73], [74]. 

The impact of the selected stress level of 650 kPa on different asphalt 
mixtures containing 0 % 1 % and 5 % of T92 foam under indirect tensile 
testing is graphically illustrated in Fig. 14 (b). When subjected to the 
same stress level, asphalt without foam in stage A exhibits a higher 
deformation compared to asphalt with varying foam percentages. In 
contrast, asphalt samples containing 1 % and 5 % of T92 foam all exhibit 
a lower strain rate, possibly due to the effect of the foam on the aggre-
gate arrangement and their energy absorption properties, which might 
manifest at the beginning of the test. This is also corroborated by [75], 
where the inclusion of designed porous particles proved to have a 
physical effect on the asphalt aggregate skeleton, ultimately affecting its 
performance and durability. 

Furthermore, there is a correlation between the relative density of 
the foam and its content in relation to the fatigue life of asphalt. Asphalt 
containing 1 % and 5 % of T92 showed improved fatigue resistance with 
greater foam density despite having lower stiffness modulus. Yet, ma-
terials without foam, while exhibiting higher stiffness, experience a 
lower fatigue resistance. One possible explanation could be that the 
inclusion of energy-absorbing foams might reduce the stresses applied to 

the aggregate and the bitumen, thereby slowing down the propagation 
of cracks. This phenomenon is seen in concrete panels with an integrated 
layer of polymer foam serving as a layer to spread out concentrated 
loads and delay cracking [76]. These results may not represent the 
material fatigue behaviour under all stress conditions. Nonetheless, they 
give valuable insight into how the material might respond under cyclic 
tensile stress. 

Lastly, after the specimens were broken, several foams were visible, 
and upon a closer look at the internal section, it is revealed, as seen in  
Fig. 15 a clean internal section with white surfaces, indicating no 
bitumen absorption. Fig. 15 (b) illustrates a closer view of an extracted 
T92.200 foam from the asphalt, showing no signs of bitumen absorption. 

3.9. Asphalt ravelling resistance 

Previous research investigating the influence of energy-absorbing 
particles on the mitigation of asphalt ravelling has mostly focused on 
evaluating unaged asphalt under repeated cycles of impact loading using 
the Los Angeles machine [22], [23], [77]. However, this test is unlikely 
to reflect the gradual surface loss of aggregates and mastic and the 
braking and cornering forces that lead to asphalt ravelling in most 
practical field conditions [78], [79]. Hence, a scuffing machine has been 
used in this study to directly quantify asphalt surface loss under the 
shear stresses induced by a 20◦ scuffing wheel, simulating in-service 
loading [56]. Two slabs were manufactured for each asphalt type, 
each cut in half, resulting in 4 samples per material [80]. This is to 
examine whether variations in the geometric properties of asphalt sur-
face, which might occur [81], can affect its wear resistance. Visual in-
spection of each slab revealed no aggregate and mastic segregation on 
any sample. The cumulative surface mass loss at 30◦C after 2800 cycles 
for each asphalt type is represented in Fig. 15. 

Asphalt without T92 foam exhibited higher material loss than with 
1 % and 5 % of T92 foam. The minimum loss was attained with 5 % 
T92.320, showing 84 % lower mass loss than asphalt containing 0 % 
T92 foam. However, no significant difference in mass loss was observed 
among the various T92 types and content, as confirmed by a Student’s T- 
test (P > 0.05) and the overlapping of standard deviations for both 
proportions. Moreover, the analysis of gradual particle loss presented in  
Fig. 17 (a) shows an accelerated onset of mass loss after the first set of 
312 cycles for asphalt containing 0 % T92, in contrast to asphalt con-
taining any type and content of T92 foam, where the initiation occurs 
after 624 cycles. This observation suggests that the deformation and 
energy absorption capability of the foam might aid in mitigating the 
early initiation of aggregate loss from the surface induced by load and 

Fig. 14. (a) Schematic relationship between horizontal deformation and number of cycles (b) Indirect tensile fatigue results for different asphalt mixtures containing 
0 %, 1 % and 5 % of T92. 

M. Abedraba-Abdalla et al.                                                                                                                                                                                                                   



Construction and Building Materials 438 (2024) 137208

12

scuffing wheels. It is hypothesised that the foam’s presence aids in 
absorbing the critical horizontal load that might break the bonds be-
tween asphalt components. 

Moreover, the progressive macrotexture evolution for one tested slab 
per material was examined and is presented in Fig. 17, showing a similar 
degradation trend for all mixes. All mixtures initially exhibited a value 
ranging from 0.9 to 1.25 mm, which, according to [82], [83] is 
considered ‘very good’ for surface macrotexture. After the first set of 312 
cycles, all mixtures experienced a drop in the MPD value, which could be 
attributed to the migration phenomenon of the bitumen inside the voids 
of the mix [83], [84]. After the first set of cycles, the texture slightly 
increases again, perhaps resulting from migrated bitumen being 
removed and the aggregates being more exposed [85]. This implies that 
there might be a correlation between the mass loss and macrotexture 
change. However, other studies have explained that this trend might 

differ for different mix types, and it also depends on the PSV values of 
the aggregates [85], [86]. If MPD is used as a metric to assess the early 
fretting and subsequent ravelling in road surfaces, the dust interposed 
between the wheel and the surface, combined with climatic conditions, 
could cause the MPD to fluctuate throughout the year [87]. Therefore, it 
would be difficult to predict the evolution of ravelling in the road. 
Nevertheless, it is clear from the values of MPD from the materials 
without foam that the disintegration of the surface will result in greater 
texture values. 

Images were also taken before and after the test to visually assess the 
surface condition at the end of the test. As seen in Fig. 18 and Fig. 19. 
Visual inspections of the slabs revealed higher surface mass loss in 
material with foam. Wear and abrasion are predominately seen in the 
middle and edges of the slab. 

Fig. 15. Illustration of foam internal structure after asphalt manufacturing and testing (a) Asphalt core fractured from fatigue test with visible white and clean 
surface of T92.200 foam (b) T92.200 foam extracted from damaged core showing the white and clean internal porous structure of the foam. 

Fig. 16. (a) Cumulative mass loss average from two half specimens of a slab containing 0 %, 1 %, % 5 % of T92 from the first batch of asphalt slab manufacturing (b) 
Cumulative mass loss average from two half specimens of a slab containing 0 %, 1 %, % 5 % T92 from the second batch of asphalt slab manufacturing. 
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4. Conclusions 

This study has examined the use of PET foam (Airex T92), a 
commercially available cellular structure, as a possible substitute for 
energy-absorbing encapsulated particles to enhance asphalt durability. 
Three foam types were chosen to characterise the material and assess the 
effect of density and subsequent energy efficiency on the mechanical 
performance of the asphalt, particularly the impact of their inherent 
energy absorption characteristics on mitigating asphalt ravelling. 
Firstly, the foams were examined and classified according to their in-
ternal structure. Subsequently, their behaviour was analysed using 
compression testing to obtain their mechanical properties based on the 
stress and strain response of each foam. Lastly, two percentages of foam 
in asphalt were selected based on the Cantabro findings and also due to 
the constrained availability of the foam coupled with the challenging 
nature of the cutting process, to further study the volumetrics, rutting, 
stiffness, fatigue, particle loss and wear resistance. Based on the results 
of this research, the following conclusions were obtained:  

• PET foam with different densities and pore sizes absorbs a given 
amount of energy at different stress levels. From the efficiency dia-
gram, T92.200 requires lower stress for the same energy absorption.  

• CT scan images revealed that T92 foam was 16.5 %-25 % less in 
volume after asphalt manufacturing. Damaged asphalt from the 
Hamburg Wheel tracker revealed deformed foams based on the ob-
tained images.  

• The addition of foam increased the void content of the mixtures, 
reducing compaction effectiveness, likely stemming from the impact 
of their size and density on the solid skeleton and interlocking 
properties. A more pronounced increase of air void was seen in 
asphalt mixtures with higher-density foams.  

• Asphalt containing 1 %, 3 %, 4 %, and 5 % of the three types of T92 
foam showed a linear trend in mass loss in the Cantabro test, with the 
asphalt without T92 foam exhibiting the highest mass loss. The 
rutting, on the other hand, was higher for asphalt materials con-
taining T92 foam, with an even greater increase when the content of 
the foam was increased. 

Fig. 17. (a) Mass loss evolution every 312 cycles. (b) Mean Profile Depth (MPD) evolution every 312 cycles.  

Fig. 18. (a) 0 % T92 asphalt slab image before test (b) after test and (c) Lost material after 2800 cycles.  
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• A correlation was identified between stiffness and fatigue in asphalt 
compositions containing 0 %, 1 %, and 5 % foam. The number of 
cycles at which the samples fractured and broke was higher for 
materials containing 5 % foam; however, asphalt mixtures without 
foam and with 1 % foam exhibited a comparable fatigue response. 
This observed trend contrasts with the stiffness behaviour, where 
stiffness decreases with increasing foam content.  

• Surface particle loss tested through the scuffing test showed similar 
loss for materials containing 1 % and 5 % in contrast to the Cantabro 
results. Asphalt not containing foam showed much higher mass loss 
and MPD values compared to asphalt with T92 foam. 

5. Limitations and future research 

The mechanical behaviour of cellular structures is primally tailored 
through cell shape, size, and material composition design. However, in 
this study, the foam influence in asphalt was predominantly studied 
through the effect of different densities and a porous structure. Conse-
quently, the effect of cell geometry and overall structural design on the 
mechanical behaviour of asphalt should also be considered, incorpo-
rating an approach aimed at tailoring cellular structures to aid in other 
road performance aspects such as permeability, noise, and skid resis-
tance. In addition, future studies should also evaluate the influence of 
PET foams on the low-temperature performance and water resistance of 
asphalt mixtures. Lastly, the foam distribution in asphalt should be 
further evaluated with additional CT scans, as the difference in densities 
between the aggregates and foam might cause segregation. 
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[23] L. Traseira Piñeiro, T. Parry, F. Haughey, A. Garcia-Hernández, Architected cellular 
particles to mitigate asphalt stone loss, Constr. Build. Mater. vol. 328 (2022) 
127056, https://doi.org/10.1016/J.CONBUILDMAT.2022.127056. 
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and efficiency diagrams of rigid PUR foams. in Key Engineering Materials, Trans 
Tech Publications Ltd, 2014, pp. 246–249, https://doi.org/10.4028/www. 
scientific.net/KEM.601.246. 

[65] B.W. Tsai, E. Coleri, J.T. Harvey, C.L. Monismith, Evaluation of AASHTO T 324 
hamburg-wheel track device test, Constr. Build. Mater. vol. 114 (2016) 248–260, 
https://doi.org/10.1016/J.CONBUILDMAT.2016.03.171. 

[66] K. Mohanraj, A. Gilliland, and TaghaviGhalesari Abbasali, “High-Performance Thin 
Overlays Department of Transportation and Texas Department of Transportation.” 
Accessed: Jun. 01, 2024. [Online]. Available: 〈https://www.fhwa.dot.gov/pav 
ement/tops/pubs/TOPS_HPTO_How_To_Report_508.pdf〉. 

[67] L.F. Walubita, L. Fuentes, A. Prakoso, L.M. Rico Pianeta, J.J. Komba, and B. Naik, 
“Correlating the HWTT laboratory test data to field rutting performance of in- 
service highway sections,” 2019, doi: 10.1016/j.conbuildmat.2019.117552. 

[68] Q. You, J. Ma, X. Liu, An experimentally-based viscoelastic behavior of asphalt 
mastic at high temperatures, Constr. Build. Mater. vol. 177 (Jul. 2018) 358–365, 
https://doi.org/10.1016/J.CONBUILDMAT.2018.05.116. 

[69] J.M. Read, A.C. Collop, Practical fatigue characterization of bituminous paving 
mixture, J. Assoc. Asph. Paving Technol. vol. 66 (1997). 

[70] X. Luo, R. Luo, R. L. Lytton, Characterization of fatigue damage in asphalt mixtures 
using pseudostrain energy, J. Mater. Civ. Eng. vol. 25 (2) (2012) 208–218, https:// 
doi.org/10.1061/(ASCE)MT.1943-5533.0000633. 
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