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Abstract: One of the challenges of using recycled materials in road structures is to maintain safe and
durable pavements. A multitude of research has been conducted over the years on various recycled
materials, with a focus on the structural performance of pavements. Another crucial, but almost
overlooked, aspect is the pavement’s ability to provide adequate skid resistance for road users under
different climatic conditions. With this in mind, the present study aimed to investigate the skid
resistance of asphalt mixtures containing two different types of recycled materials under laboratory-
simulated weather conditions. Conventional hot-mix asphalt (HMA) and mixtures containing either
reclaimed asphalt pavement (RAP) for aggregate replacement or crumb rubber (CR) as a bitumen
additive were prepared and tested at different temperatures and different surface conditions (i.e.,
dry/wet) following a wetting protocol. Skid resistance was measured using a British Pendulum
Tester (BPT). The results showed that the recycled mixtures performed similarly to conventional ones
in terms of the skid resistance when the temperature was varied and under variable simulated surface
conditions too. In some cases, they performed even better than conventional mixtures. Overall, a
promising potential is demonstrated towards the use of the investigated recycled materials in asphalt
surface courses.

Keywords: recycled materials; skid resistance; weather conditions; RAP; crumb rubber; British
Pendulum Tester

1. Introduction

Designing, building, and maintaining resilient infrastructure is a clear goal for most
countries in the world. In the case of roads, it is crucial to meet the ever-increasing demands
of traffic and freight transport while road authorities have to operate under specific and
limited budgets, which should also be used to maintain durable pavements [1]. In Europe,
durable pavements are referred to as “long-life pavements (LLPs)”. LLP is a type of
pavement in which there is no significant deterioration of the subgrade or base courses,
provided that the surface is properly maintained [2]. In the USA, the related term “perpetual
pavement” refers to an asphalt pavement designed to last more than 50 years without
requiring major structural rehabilitation, except for periodic resurfacing [3]. In other words,
maintenance planning for these pavements is mainly triggered by a deteriorating pavement
surface. Considering these observations, it seems challenging for researchers to investigate
alternative solutions for pavement maintenance that could act in favor of the sustainability
of the road infrastructure in the long term.

In recent decades, attempts have been made to use recycled pavement materials for
both the construction and maintenance/rehabilitation of pavements [4–7]. It is a widely
held belief that recycled pavement materials help meet environmental requirements by
limiting the need for new material resources, which is also consistent with budgetary con-
straints [8]. They also contribute towards the creation of a circular economy [9]. However,
pavement engineers face many challenges when incorporating recycled materials into
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pavement construction or rehabilitation [4,10]. This means that pavement engineers today
need to have a solid background knowledge of the properties and potential limitations of
recycled materials in order to use them effectively for safe, resilient, and functional roads.

The best-known example of recycled material being incorporated into pavements is
the reclaimed asphalt pavement (RAP), which is used extensively around the world to
reduce the need for virgin aggregates. It is mainly obtained by milling during the reha-
bilitation of existing pavements and helps minimize waste production [11]. In general, it
should be noted that most research studies related to RAP have focused mainly on the
structural performance of roads rather than on issues related to functional road safety.
The main challenge for road agencies is to assess whether the use of high RAP contents
in conventional hot-mix asphalt (HMA) can negatively affect the long-term performance
of asphalt structures and, consequently, the life-cycle costs [12]. High RAP contents (e.g.,
more than 25% according to [13,14]) might reduce the mixture’s cracking resistance because
of the aged binder’s brittleness [6]. Other issues include RAP homogeneity, changes in the
rheological properties of the binder of RAP and its stiffening due to oxidation, volatilization
and segregation [15], problems with durability due to the high stiffness and low ductil-
ity of RAP, and problems with the interaction between virgin and recycled aggregates.
Nevertheless, there is an agreement that RAP is an environmentally friendly solution that
performs satisfactorily in terms of the rutting susceptibility and water sensitivity when
used in asphalt mixtures, even at high percentages [16,17]. More information about the
advantages and disadvantages of RAP can also be found elsewhere, e.g., [6].

Another recycled material that may not have been studied as thoroughly as RAP is
the recycled rubber derived from scrap tires and processed in the form of crumb rubber
(CR) [18]. It has been mentioned that CR can improve the compound performance, ex-
tend the pavement life with lower maintenance costs, and potentially contribute to noise
reduction [19]. Although the recycling of tire rubber for use in road construction is now
mature, there is a different trend in its use worldwide, which depends, among others, on
the number of new cars, which affects the recycling rate of the available scrap tire rub-
ber [20,21]. For instance, in China, the number of new passenger cars is expected to double
from 2016 to 2024, thereby necessitating the recycling of the scrap tires of existing cars that
are to be replaced [20]. However, reclaiming waste tires for use in new ones is very limited
due to the demanding process of re-vulcanizing rubber [21]. Therefore, alternative tire
recycling solutions are in demand. To meet this need, roadway engineering and pavement
construction/reconstruction might be a sector benefiting from the increased availability of
waste tires.

Most of the relevant research studies have focused on evaluating the mechanical
performance of crumb-rubber-modified compounds. For example, reactivated asphalt
rubber mixtures have been reported to perform better than unmodified mixtures in terms
of the moisture susceptibility, fatigue cracking, and rutting resistance [19,22,23]. On the
other hand, reported issues with the use of CR include the storage stability of the mod-
ified mixtures because of the heterogeneity between binder and rubber particles [24] or
potential detachment of aggregates in the case of dry mixing of binder with CR with poor
cohesion [25]. More information about the advantages and disadvantages of CR can also
be found elsewhere, e.g., [21].

Despite the increased potential of RAP- or CR-modified mixtures for the construction
of structurally sound roads, there appears to be limited experience regarding the surface
performance that these recycled materials could provide when selected to rebuild the
top layer of a pavement. To the best of the authors’ knowledge, limited studies have
investigated the surface performance of mixtures containing recycled materials [9,16].
These studies revealed a satisfactory surface frictional performance of high-RAP mixtures
supplementary to other mechanical tests (i.e., fatigue resistance, permanent deformation,
water sensitivity, etc.). Among the various aspects of pavement surface characteristics (i.e.,
roughness, texture, rutting), this study focuses on skid resistance because it has a major
impact on road safety.
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Specifically, the authors have already developed a laboratory procedure to evaluate the
skid resistance performance of asphalt mixtures containing recycled materials by studying
the polishing behavior of these materials under simulated traffic exposure [26]. Building
on these results, the objective of the present study was to investigate the effects of weather
changes on skid resistance. In other words, the goal was to extend the existing knowledge
by evaluating the skid resistance of asphalt mixtures modified with either CR or RAP under
simulated weather conditions in a controlled laboratory environment and to obtain a more
complete understanding of their behavior.

For this purpose, samples of asphalt mixtures were prepared in the laboratory to
meet the standards for surface course mixtures. A laboratory-scale experiment was then
conducted to simulate temperature variations, rainfalls (through water additions), and the
presence of contaminants on the surface of the prepared samples in the form of slabs (test
specimens). Measurements of the skid resistance were made using the British Pendulum
Tester (BPT), which is used worldwide in both laboratory and field testing [27]. The whole
experimental process was organized and implemented at the premises of the Laboratory of
Pavement Engineering at the National Technical University of Athens (NTUA).

The rest of the study is organized according to the following parts: (i) a brief back-
ground on the performance features of skid resistance together with the use of recycled
materials, (ii) a detailed description of the experimental process (i.e., details of the materials,
specimen fabrication, and skid resistance measurements), (iii) a presentation/discussion of
the experimental results, (iv) discussion points/limitations of the followed process, and
(v) conducing remarks and future prospects.

2. Skid Resistance vs. Recycled Materials in Road Pavements

The skid resistance of pavement surfaces has been shown to be a contributing factor
to traffic accidents, as it is related to the skidding of vehicles and thus the safety of road
users [26,28,29]. Considering that nations worldwide have made road safety one of their
national priorities [30], it is clear that any intervention methods or use of non-conventional
materials for road pavements must meet the requirements for road safety. Therefore, it
is of utmost importance that the use of recycled materials for pavement surfaces should
promote driver safety.

However, uncertainties in the performance of recycled materials and the multi-
parametric nature of skid resistance increase the complexity faced by pavement engineers
in the design and maintenance of surface courses. The main factors affecting skid resistance
include the aggregate type, mix composition, on-site compaction, traffic volume, vehicle
speed, etc. [29]. Moreover, it is well known that skid resistance does not remain constant
even over a short period of time (throughout the year) because, in addition to the traffic
effect, it depends on a variety of weather factors that change seasonally or intermittently
(temperature, rainfall, and presence of contamination on the pavement surface, etc.) [31].

Therefore, the study of the skid resistance of recycled materials is an area that needs
to be explored, as there are only a few relevant research studies [16,32–35] with quite
controversial results. Based on limited material data, Wang et al. [32] reported the promising
potential of the use of asphalt mixtures with a high percentage of RAP in terms of skid
resistance. Among the various properties tested, including both mechanical and functional
behaviors, Antunes et al. [16] found a better performance of RAP mixtures in terms of skid
resistance, but an insignificant decreasing trend was observed when considering an aged
RAP mixture. In the same context, Eskandarsefat et al. [33] demonstrated a slightly better
performance of dense asphalt mixtures with CR compared to conventional mixtures. On the
other hand, Putra et al. [35] demonstrated that the addition of RAP and CR reduced the skid
resistance. Such contradictory results might be related to the properties of the individually
tested materials or other experimental- and case-dependent factors. Nevertheless, the
contradiction itself proves that the frictional performance of recycled mixtures remains an
“open” issue that is subject to additional investigation.
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It is considered that the best method for obtaining knowledge about the performance
of materials is to conduct tests under real environmental and weather conditions in an accel-
erated pavement testing (APT) facility. However, this procedure is both cumbersome and
costly and may discourage pavement engineers and highway agencies from systematically
investigating these issues at this time. In contrast, it makes more sense to test and evaluate
the performance of new recycled materials through controlled laboratory testing to simulate
weather and traffic conditions that occur in the field and understand their effects. In this
case, the “lessons learned” can serve as a precursor to strategic planning of appropriate
field investigations and further verification or improvement of laboratory-scale results. In
either case, an effective experimental design must take into account the prevailing aspects
of skid resistance performance, as described below.

Numerous studies have addressed the changes in skid resistance due to traffic pol-
ishing, the seasonal variations (over the year), and the challenges in quantifying these
changes [36–38]. Once the pavement is placed in service, an initial increase in the skid resis-
tance can be expected as the asphalt bitumen film of the surface aggregates (masking effect)
is removed by traffic flow, affecting the macro- and microtexture components [26,39]. When
the aggregates are then exposed without being covered by asphalt bitumen, variations
in skid resistance occur, mainly due to the traffic effect and seasonal and/or short-term
weather variations [40].

In general, a typical pavement shows a different performance in terms of the skid
resistance during wet and dry periods. The main hypothesis is that after prolonged dry
periods with limited rainfall, the skid resistance is lower due to surface contaminants
and debris (fine dust, clay, loose gravel, rubber, vehicle oil, etc.) deposited on the road.
Their presence affects the contact area between the tire and the pavement through the
mechanisms of adhesion and hysteresis [40]. Adhesion is related to the development of
molecular bonds formed at the contact area between the tire and the aggregate surface
under high pressure while hysteresis is related to the loss of energy of the rubber compound
in its effort to capture the profile of the pavement texture. During the wet months (periods
of heavy rainfall), contaminants are washed and cleaned from the road surface, resulting in
better skid resistance levels [36,41].

Temperature is also a factor that affects the skid resistance of the road surface [42].
However, modern rubber compounds for tires are formulated to compensate for the effects
of temperature on the friction between the road surface and the vehicle at normal driving
speeds. Nevertheless, skid resistance is usually lower at high temperatures because the
rubber becomes softer (due to its viscoelastic nature) and hysteresis is affected more (more
energy loss) [43,44].

3. Experimental Process

The general framework of the laboratory-scale investigation is shown in Figure 1 and
is explained in detail in the following subsections.

3.1. Specimen Fabrication
3.1.1. HMA-CR Mixtures

To investigate the effect of CR additives, the specimen types described below were fabricated:

(1) A semi open-graded HMA with no crumb rubber additives: S-0.
(2) A semi open-graded HMA with crumb rubber additives: S-CR.

The asphalt mixtures were designed to meet the standard specifications for a pavement
surface course with a maximum aggregate size of 12.5 mm. The aggregate gradation is
presented in Figure 2. This gradation conforms to the O-5 mix designation for surface
course mixtures according to [45]. The same aggregate gradation was followed for the
CR-mixture considering the absence of relevant standards. Regarding the aggregates, they
were of limestone origin and were collected directly from a batch plant before being used
for asphalt mix production.
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S-0 was defined as the reference mixture containing polymer-modified asphalt bitumen
at the percentage of 5.4% by the mass of the mixture. The bitumen and HMA properties of
S-0 are given in Table 1.

Table 1. Bitumen and HMA properties.

Bitumen Properties Method Values

Type [46] 25/55–70
Penetration (PEN at 25 ◦C) [47] 44

Softening point (◦C) [48] 75.8
Elastic recovery (%) [49] 94.8

Density (kg/m3) [50] 1030

HMA Properties Method Values

Stability (kN) [51] 11.3
Flow (mm) [51] 4.4

Air voids (%) [52] 10.9
Water sensitivity [53] 0.82
Density (kg/m3) [54] 2245
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For the fabrication of the S-CR mixture, CR additives were procured in the form of
fine particles by a commercial entity that is responsible for proper processing of waste
tires. Figure 3 illustrates the process to obtain CR from shredding waste tires through
ambient grinding.
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It is worthwhile to mention that CR material in its physical state is a black fine viscous
material with a bulk density of approximately 0.6 g/cm3 and a flashpoint of greater than
300 ◦C. The material, on average, consists of 62% fine rubber, 22% soft bitumen, and
16% mineral stabilizer. In terms of its gradation, CR has individual particle sizes below
600 µm based on the information retrieved from the commercial supplier of the material.
Furthermore, the majority of the individual rubber particles were concentrated in the range
of 250–600 µm in size.

In terms of the mix composition, CR was added in the percentage of 10% by weight of as-
phalt bitumen to limit the original bitumen content. Similar approaches have been followed in
relevant investigations, where, in the absence of relevant specifications/recommen- dations,
the optimal dosages of crumb rubber have been reported to range from 5–20% [19,21,23].
In higher quantities, the binder becomes stiff [21]. Therefore, the selected dosage of 10%
was considered as a mean approach. For the production of the modified mixture, CR was
first added to the heated aggregates in a dry process at a mixing temperature of 180 ◦C and
then, the modified asphalt bitumen was added.

Both S-0 and S-CR mixtures were maintained in an oven for 1 h at a temperature
of 180 ◦C. After the 1-h heating, the S-0 and S-CR mixtures were placed in square molds
(305 mm × 305 mm) for the rolling compaction process (Figure 4). The mass of the asphalt
mixture required to fill the molds was calculated based on the asphalt mixture’s maximum
density and the desired (targeted) level of air voids. The roller compaction process took
place through a multi-purpose, steel-segmented compactor and the method was based
on [55]. For the current investigation, a static compaction force was applied to the surface
of the materials within the mold. The achieved air void content of the S-0 specimen was
around 11% and it was measured according to [52]. The air void content for the S-CR
specimen was slightly lower (i.e., 10.5%).
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3.1.2. HMA-RAP Mixtures

For the current investigation, RAP material was collected on-site during pavement
rehabilitation activities for research purposes (Figure 5). The related rehabilitated pavement
was part of a heavy-duty interurban motorway in Greece that was around 5 years old. In
particular, RAP material came from the surface course of the initial pavement structure.
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The RAP material was based on the O-5 mix designation according to [45]. Steel slag
was used in the mix design as aggregate type and a 25/55–70 asphalt bitumen was added.
The mixture contained 5% asphalt bitumen by the mass of the mixture as determined from
the bitumen extraction process [56]. The bitumen properties of the RAP were similar to
those shown in Table 1.

RAP was blended in different proportions with fresh HMA mixture produced with
the same characteristics of S-0. The specimens listed below were fabricated:

(3) A semi open-graded HMA with a 30% RAP content by the mass of the total aggregate
mixture: S-R1.

(4) A semi open-graded HMA with a 15% RAP content by the mass of the total aggregate
mixture considering only the fine RAP aggregates: S-R2.

Considering the absence of relevant standards for RAP contents, the previous composi-
tions were selected based on the current state of practice and/or relevant recommendations
made in the international literature mainly based on the optimal mechanical behavior of
HMA-RAP mixtures [14,18]. The Federal Highway Administration (FHWA) has reported
that there is a potential to use RAP up to 30% in the intermediate and surface layers without
compromising the pavement performance compared to virgin pavements with no RAP [14].

Before the specimens’ fabrication, the gradation of the RAP mixture (Figure 6) was
carefully controlled to meet the same specifications as the S-0 gradation since RAP was
intended to be used for surface courses with particular gradation limits, which are also
shown in Figure 6. For the case of S-R2 though, only the fine RAP aggregates (less than
4 mm) were used in the percentage of 15% by the mass of the total aggregate mixture, with
the aim to investigate potential differentiations in their performances.

HMA and RAP materials were heated and blended to produce homogeneous mixtures
while a low amount of virgin asphalt bitumen (25/55–70) was added at the percentage of
around 1% by the mass of the mixture. It is noted that the bitumen and virgin aggregates
used for the HMA-RAP mixtures were identical to those used for the fabrication of the
reference mixture (S-0).

Finally, mixtures were compacted using the roller compactor. The achieved air void
contents were measured according to [52] and are shown in Table 2 together with the
S-0 specimen.
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Table 2. The volumetric properties of all fabricated HMA-RAP specimens.

Specimen Air Voids (%)

S-0 10.9
S-R1 7.7
S-R2 7.9

3.2. Skid Resistance Measurements

Skid resistance measurements were taken on the surface of the fabricated specimens
with a BPT device (Figure 7). The BPT system is a portable friction device and is standard-
ized according to [57]. The measurement output is given in terms of the British Pendulum
Number (BPN), ranging in a scale from 0 to 150 BPN. A BPN value of 0 corresponds
to a frictionless surface while a BPN value of 150 represents a rough surface with very
high friction.
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BPN measurements on each slab were performed in the center and at four points of a
cyclic area, as shown in Figure 8, in two perpendicular directions. The final BPN value is
the average of these five points. This approach was followed with the aim of minimizing
the effect of roller compaction on the surface, which may cause small irregularities that
could be detrimental for the BPN measurements.
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3.3. Simulation of Weather Conditions
3.3.1. Temperature Variations

In order to investigate the influence of temperature variations, each specimen was
tested at a defined set of temperatures. Temperature variations were controlled based on
proper preconditioning of both specimens (i.e., through a chamber) and the testing envi-
ronment (i.e., through air-conditioning). In particular, the specimens were appropriately
placed in a chamber before testing and were left for a minimum of 6 h to reach the desired
temperature on their surfaces. In addition, the laboratory room was air-conditioned too in
order to ensure the desired ambient temperature was similar to the testing temperature.
The selected tested temperatures included the values of 10, 15, and 25 ◦C. Since the BPT
slider directly contacts the specimen’s surface, temperature was continuously measured on
the specimen’s surface to ensure that it had already reached the desired value before the
beginning of the test (Figure 9).
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It is noted that the testing took place during late autumn, so it was practically difficult
to achieve preconditioning for the even higher temperatures that can be encountered during
summer months. On the other hand, it would also be interesting to consider even lower
temperatures and/or consider snow and icy conditions that are critical for slip resistance.
However, such conditions are less likely to be encountered in the field in south Europe (i.e.,
the Mediterranean climate zone). Therefore, the selected temperatures corresponded to a
typical and average temperature range that can be anticipated within an annual basis.

Given these issues, BPN measurements were taken as described previously and the
average BPN value was considered as characteristic of each temperature.
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3.3.2. Dry and Wet Contamination

The dry and wet phases were simulated in the laboratory environment by adopting a
related wetting simulation protocol [58]. The aim of this protocol is to consider the weather
variations reflected in the dry, wet, dry-dusty, and wet-dusty surfaces that a pavement is
typically exposed to during its operation period. Therefore, the idea was to simulate a
series of such on-site (real) conditions within a controlled laboratory environment. These
conditions are illustrated in Figure 10, which presents both the considered on-site condi-
tions and the corresponding conditions simulated in the laboratory. In order to limit the
complexities of simultaneously considering the effect of variable weather conditions (i.e.,
both temperature changes and variable surface conditions), it was decided to adopt a con-
stant temperature for the current stage of investigation. This temperature was set to 20 ◦C,
which is the mean approach for a typical range of room temperatures (e.g., 15–25 ◦C) that
have been also used for other similar investigations (e.g., [59]). In its generalized form, the
wetting protocol that was followed for the laboratory simulation of the weather conditions
on the fabricated specimens is shown in Figure 11 and described in detail thereafter.

The simulation process included the following:

• Phase (1)—“dry surface”: BPN was measured without the addition of water to the surface.
• Phase (2)—“water on clean surface”: Water was added (2–3 gr) and BPN was measured.
• Phase (3)—“dry and dusty surface”: In this phase, testing specimens were left for

2–3 days to become dry. Afterwards, a wet mixture of the finest aggregates consisting
of sand and clay (20 g) with water (7 g) was spread on the testing surfaces, simulating
the presence of contamination from loose debris on the pavement surface. Then, the
specimens with the contamination were left to dry for a couple of days. Finally, the
BPN was measured to assess the presence of the dry contamination.

• Phase (4)—“wet contamination”: The previously described mixture (water and finest
aggregates) was added and BPN was measured immediately after.

• Phase (5)—“water addition up to cleaning”: A continuous rainfall event was simulated
using this wetting process to wash off contamination by progressively rinsing water
and measuring the BPN at each stage of the water showers. The addition of water
stopped when there were no remarkable changes in the BPN levels (dBPN < ±2 BPN).

The process was repeated twice per specimen (after each process, the specimen was
cleaned and dried effectively) and the maximum acceptable variance between the testing
phases was considered to be equal to ±4 BPN. If the variance was greater than 4 BPN, the
process was repeated with a third testing phase on the same specimen. Thereafter, the
averaged results were used to interpret the experimental findings.

3.4. Remarks on the Experimental Process for HMA-RAP Specimens

This study is part of ongoing research on the skid resistance performance of asphalt
mixtures with recycling materials, with an ultimate goal of developing a comprehensive
laboratory-scale framework that could act as a precursor for future enhancement of the
investigations. Considering that the aim of this study was to assess different weather
conditions, which are, indeed, variable even locally, it was decided to slightly modify the
testing procedure and circumstances for the HMA-RAP specimens.

On these grounds, the tested temperatures for the HMA-RAP specimens were changed
to 10, 25, and 30 ◦C, including an even higher value (that of 30 ◦C). Further, phase (3) was
performed for the S-0 and S-CR specimens, simulating a prolonged dry period (i.e., dry
contaminated surface). This phase was omitted in HMA-RAP specimens in order to
directly simulate the effect of rainfall on a wet contaminated surface (i.e., continuous water
additions) and assess how contamination interferes with wet surfaces. As such, a different
weather condition was approached and phase (4)—“wet contamination” was performed
directly after phase (2) in the HMA-RAP specimens. These changes enabled the authors to
gain insight into the distinct material behavior in order to propose a broader test protocol
that will be able to perform a comparative assessment of different materials under identical
weather conditions in the future.
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4. Results and Discussion
4.1. HMA-CR Mixtures

Figure 12 illustrates the effect of temperature changes on the asphalt mixture contain-
ing CR (i.e., S-CR) for each set of testing temperatures in comparison with the corresponding
changes for the reference mixture (i.e., S-0). Additionally, the error bars with fixed mean
error values were added. It is noted that the upper BPN threshold is 150; however, for a
better visualization of the BPN differences, an upper limit of 100 BPN was set in Figure 12.
This was followed for the next figures too, based on the presented values.

From the results, it appears that the increase in temperature from 10 to 15 ◦C caused a
slight increase of around 5–7% in the BPN levels of both specimen surfaces (S-0 and S-CR).
However, this finding is not in accordance with the state-of-the-art knowledge, according
to which an increase in temperature decreases skid resistance levels. This finding may
be attributed to the mixture components’ interaction or other case factors related to the
experiment and may require further investigation with additional samples. Nevertheless,
the observed increase was tolerable. On the other hand, as the temperature increased from
15 to 25 ◦C, a clear decrease in the skid resistance in terms of BPN was noted. This is
reasonable given that both asphalt and rubber compounds of the BPT slider tend to become
softer due to their viscoelastic nature as temperature increases [44,60,61].
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Figure 12. Temperature effect on the fabricated S-0 and S-CR specimens.

Overall, with respect to the CR impact, it seems that its addition did not produce
clear evidence for an increase or decrease in the skid resistance at the tested temperatures,
given the almost equal BPN levels for S-0 and S-CR at all tested temperatures. This
remark is considered positive, as it seems that in this experimental process, the evolution
trend of the skid resistance was similar irrespective of the materials used without any
substantial differentiation at least for the factor of temperature changes. Consideration of
additional temperatures could enable further elaboration of the material’s effect against
temperature changes.

Figures 13 and 14 show the BPN values for each stage of the simulated weather
conditions on the specimens’ surface based on the protocol that was previously described.
The wetting process of phase (5)—“water addition up to cleaning” in Figure 14 took place
after phase (3)—“dry and dusty surface”, according to the added amount of water, which is
shown in the horizontal axis. It is noted that in Figure 14, during each measurement stage
of phase (5), the standard errors were rather low, and the error bars would be practically
invisible. Hence, they were omitted.

Recycling 2022, 7, 47 14 of 22 
 

 
Figure 13. BPN levels during phases (1), (2), and (3) for the S-0 and S-CR specimens. 

 
Figure 14. BPN levels during phase (5)—“water addition up to cleaning” for S-0 and S-CR speci-
mens. 

Based on the related findings, it seems that the CR addition in the asphalt mixture 
did not negatively influence the skid resistance performance in terms of BPN due to the 
various changes in the simulated conditions. Instead, it seems that BPN increased by al-
most 10% for S-CR in comparison to S-0 for all phases of the simulation, except for phase 
(2), where a slight decrease of ~4% was observed for S-CR. 
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create a very slippery road surface, a case that has been described in the international 
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Based on the related findings, it seems that the CR addition in the asphalt mixture did
not negatively influence the skid resistance performance in terms of BPN due to the various
changes in the simulated conditions. Instead, it seems that BPN increased by almost 10%
for S-CR in comparison to S-0 for all phases of the simulation, except for phase (2), where a
slight decrease of ~4% was observed for S-CR.

Remarkably, the addition of water during phase (5) reduced the BPN levels for both
specimens. This is a reasonable finding considering that after a prolonged dry period, as
simulated in phase (3), the first shower (i.e., initial water drops of the wetting process)
can create a very slippery road surface, a case that has been described in the international
literature as “summer ice” [40]. In real weather conditions, this case can be very dangerous
for moving vehicles, as a contaminated road surface is very slippery when it first becomes
wet. Despite the washing off due to the addition of extra water (i.e., the end of the testing
in Figure 14), the BPN levels remained lower at the end of the test compared to those
of phase (2)—“water on clean surface”. This probably occurred because the additional
water rinses did not completely “wash and clean” the surface aggregates from the initial
dry contamination.

4.2. HMA-RAP Mixtures

Figure 15 presents the effect of the temperature changes comparatively. It is obvious
that the increase from 10 to 25 ◦C and from 25 to 30 ◦C reduced the BPN levels.
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However, at 10 ◦C, the addition of RAP seemed to produce significant variations in
the BPN levels amongst the specimens. There are two reasons for these results. First, the
tested specimens are non-polished (non-trafficked), an issue that is detrimental, especially
for the surface aggregates of S-0, which are masked by a film of asphalt bitumen (masking
effect). Thus, the microtexture was not fully revealed in S-0. For S-R1 and S-R2 though,
the presence of RAP aggregates that are polished to some extent (because they were part
of an existing surface course before rehabilitation) in conjunction with the low addition
of virgin asphalt implies that the revealed microtexture may vary. In addition, at low
temperatures, the BPT slider is stiffer and more elastic due to the slider’s viscoelastic nature
and thus, more energy is needed (generation of hysteresis) for the slider to capture the
profile of the aggregates (i.e., microtexture) [42]. Hence, the gripping action of the BPT
slider, which is dependent on the surface microtexture, is amplified when the temperature
decreases [42,62].

In terms of the macrotexture, the relationship between the air voids and skid resistance
is illustrated in Figure 16 for each temperature and achieved air void content (S-0: 10.9%,
S-R1: 7.7%, and S-R2: 7.9%). Sharper differences in the BPN levels were observed for the
lowest temperature tested. Again, at low temperatures, the BPT slider becomes stiffer, so a
specimen with an increased air void content, which corresponds practically to a rougher
surface (i.e., improved macrotexture), makes it more difficult for the slider to bypass its
surface (generation of adhesion). In other words, more energy is dissipated, resulting in
higher BPN values [42,62]. Therefore, the difference in the air void content appears to be
more critical at lower temperatures. Hence, both texture profile components appear to
critically affect the BPN values at low temperatures.
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With respect to the simulation of the weather conditions, Figures 17 and 18 show the
effect of the water additions and contamination according to the implemented protocol.
For the HMA-RAP specimens, the amount of the total added water was much lower than
in the case of the S-CR specimen (<35 g, in total), simulating, in this case, a shorter event
of water additions. It is noted that phase (4)—“wet contamination” was simulated for the
HMA-RAP specimens instead of phase (3)—“dusty contamination”. Again, the variance
in each measurement stage of phase (5) was tolerable, so error bars were not added in
Figure 18.
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S-R2 specimens.

Among the specimens, S-R2 exhibited the lowest BPN levels for phases 1, 2, and
4 compared to S-0 and S-R1. The low air void content of S-R2 in conjunction with the
presence of fine RAP aggregates (i.e., poor microtexture) imply that the added water
could not effectively penetrate into the specimen, something that accounts for the low
BPN records. The S-R1 specimen exhibited higher skid resistance, providing an increased
potential of this mixture to maintain skid resistance in wetting conditions. Furthermore, it
seems that when the first amount of water was added during phase (5)—“water addition
up to cleaning”, the BPN levels increased compared to phase (4)—“wet contamination” for
all specimens tested. This phenomenon (i.e., the comparison of phase (4) and the initiation
of phase (5)) is probably explained by the development of the capillary pressure between
the wet asperities of the mixture used for simulating contamination and the asperities of
the asphalt mixture aggregates [63].

In other words, by adding a small amount of water, capillary bonds were formed that
caused strong attraction amongst the aggregates, thereby increasing the resistance against
the load of the BPT slider. This means that the BPT slider lost more energy in an effort to
develop friction and consequently, the measurement of the BPN value was higher. Accord-
ing to Figure 7, a low angle of the BPT arm corresponds to a higher BPN measurement as
more kinetic energy is dissipated for the development of friction. The addition of extra
water during phase (5)—“water addition up to cleaning” led to the proportional break of
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these capillary bonds as the wet contamination became more saturated and entered the air
voids or was bypassed by the movement of the BPT slider.

Moreover, the fact that contamination entered the air voids led to trapped contamina-
tion that blocked the water runoff (as explained illustratively in Figure 19). As a result, the
BPN levels did not change remarkably, especially for S-R2, where the air void content was
low and fine RAP particles were used. Therefore, water additions were continued for S-R2,
although the stoppage criterion for phase (5) (i.e., dBPN < ±2 BPN) was met earlier enough
based on Figure 18. Visual inspection of the specimen’s surface during testing necessitated
the continuation of the experiment. Indeed, after some extra water additions, BPN was
found to slightly increase (i.e., a slow rate of runoff). On the contrary, the S-0 and S-R1
specimens did not appear to suffer from trapped contaminants probably because of the
higher air voids and the absence of fine RAP particles, respectively, resulting in shorter
testing events during phase (5). Finally, phase (5) was overall shorter for the HMA-RAP
mixtures compared to the HMA-CR mixtures (Figure 14) because in phase (5) of the latter
case, the contamination was dry, something that necessitated additional effort (i.e., longer
testing events) for an effective wash off of the dusty contamination.
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By the end of the testing for all HMA-RAP specimens, it can be seen that phase (5)
produced nearly equal BPN levels to those observed in phase (2), since the asperities of the
aggregates (i.e., microtexture) were almost clean because of the added wet contamination.
Nevertheless, the issue of blocking of the water runoff may be detrimental to the provided
macrotexture of the surface and this can be considered as a limitation of the BPT device as
discussed in the following section.

5. Limitations of the Laboratory Process

It is worth noting that potential field-related factors affecting skid resistance cannot be
fully accounted for in laboratory-scale testing. Undoubtedly, in a field-scale approach, there
are factors related to weather conditions (e.g., an abrupt increase in the water film because
of intense rainfalls or temperature fluctuations, etc.) that cannot be accurately simulated in
the laboratory. However, it is believed that the present study sheds light on some critical
cases and serves as a preliminary step for possible future field studies aiming to improve
the performance evaluation compared to the current laboratory results.

In addition, the BPT device used in this study cannot fully simulate tire–road contact,
as real vehicle tires are much rougher to provide better grip on the pavement surface.
BPN measurements are known to be affected more by the microtexture component of
skid resistance than the macrotexture. This problem could have led to slight changes in
the skid resistance values, especially in cases where entrapped aggregates in the HMA-
RAP specimens clogged the voids or macrotexture, which could not be detected by BPT.
However, when vehicles move at low speeds on wet surfaces, microtexture has been shown
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to contribute more than macrotexture to providing tires with adequate grip for effective
braking [64,65].

In addition, the fact that non-polished specimens were used for the present study is
partially crucial for the results. More specifically, the film of bitumen covering the sur-
face aggregates of the S-0 and S-CR specimens tends to reduce the microtexture, which
is important for BPN measurements. This means that the results would likely have been
different if polished samples were used. In fact, bitumen’s “worn out” behavior due to
the traffic impact can only be evaluated through a distinct dedicated laboratory testing
simulating the polishing effect. The authors have already provided such an assessment [26]
and for more complete insight, they plan to repeat the investigation of simulation of the
weather conditions during several stages of the polishing process. This could enable more
comprehensive definitions of the materials’ behavior in terms of the skid resistance against
weather changes. Nevertheless, the methodology used demonstrates a laboratory frame-
work that is applicable to both non-polished and polished specimens when investigating
the skid resistance potential due to weathering.

6. Conclusions and Future Prospects

Recycled materials seem to be attractive alternatives in pavement construction, es-
pecially when facing the maintenance challenges of LLPs, where the goal is to adopt
sustainable practices for more effective infrastructure management. Since knowledge of the
frictional performance of recycled materials is limited, the present study aimed to undertake
a laboratory-scale investigation of the use of two types of recycled materials, specifically
crumb rubber (CR) and RAP, in HMA surface courses. The experimental findings of this
study can be summarized as follows:

From the laboratory investigation of the CR material:

• The fabricated CR-modified mixture (specimen: S-CR) performed similarly to the
conventional one (specimen: S-0) as the temperature changed. An increase in the
temperature from 15 to 25 ◦C caused a decrease in the BPN levels, probably due to
the viscoelastic nature of both the asphalt mixture and the rubber compound of the
BPT slider.

• The fabricated CR-modified mixture performed slightly better in terms of the measured
BPN levels than the conventional one under almost all simulated weather variations.
However, the addition of water to the dry and contaminated surfaces led to lower
skid resistance values for both S-0 and S-CR. This aspect is probably related to the
condition of “summer ice”, which can occur in the field when a road surface first
becomes wet after a prolonged dry period, resulting in a very slippery surface and
dangerous driving conditions. As a result, by the end of the water additions, the BPN
levels did not reach the corresponding ones of phase (2)—“water on clean surface”, as
the initially dry contamination could not be fully washed off.

From the laboratory investigation of the RAP material:

• An increase in the temperature was found to decrease the BPN levels. Amongst the
fabricated HMA-RAP specimens, the impact of the RAP addition was found to be
more pronounced in the lower tested temperature of 10 ◦C, where the RAP specimens
performed better than the HMA specimen. This remark is probably connected with
the fact that the HMA specimen was non-polished, and its surface aggregates were
covered by asphalt bitumen that blocked the microtexture of the S-0. In addition, at
this temperature, the impact of the air void content (expressing macrotexture) was
found to be critical. On the contrary, almost equal BPN levels were found for the
fabricated HMA-RAP specimens at higher temperatures.

• With respect to the simulated weather conditions, the S-0 and S-R1 specimens proved
to have similar performances while the BPN levels in S-R2 (with fine RAP aggregates)
were found to be lower.
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• The initial addition of water to the wet contaminated surfaces caused an increase
in the BPN level of the HMA-RAP specimens, a condition that was explained by
the development of capillary bonds between the wet asperities of the contaminated
mixture and the asperities of the asphalt mixture aggregates (i.e., when comparing
phase (4) and the initiation of phase (5)). By adding extra water, the capillary bonds
broke and the final BPN levels reached those corresponding to phase (2)—“water on
clean surface”, indicating an effective washing of the initial wet contamination.

• The low air voids and fine particles of the S-R2 specimen were detrimental to the for-
mulation of trapped contamination, which clogged the voids between the aggregates
and blocked water runoff.

In summary, the present study on recycled materials did not show any negative
effects on skid resistance with respect to BPN. Moreover, it is considered that the results
may add to the existing knowledge of the polishing behavior of mixtures containing such
materials. Considering that weather conditions are becoming more critical nowadays due
to worldwide climate change, the skid resistance of asphalt mixtures containing recycled
materials should be systematically further researched. Despite the limited number of
specimens tested, the procedure described here can serve as a preliminary methodological
framework for exploring further aspects of the skid resistance potential of recycled materials.
Therefore, different weather conditions were intentionally considered in order to obtain
several preliminary insights that could indicate areas of improvement for the developed
testing process.

Future research prospects for the authors include the joint consideration of the traffic
and weather effects in a laboratory-scale environment with a wider spectrum of conditions
(e.g., lower and higher temperatures than those tested and expansion of the wetting protocol
to include additional temperatures), and an evaluation of the field performance of recycled
materials on pilot road sections.
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Abbreviations

APT Accelerated Pavement Testing
BPN British Pendulum Number
BPT British Pendulum Tester
CR Crumb Rubber
FHWA Federal Highway Administration
HMA Hot-Mix Asphalt
LLP Long-Life Pavement
NTUA National Technical University of Athens
RAP Reclaimed Asphalt Pavement
S-0 Specimen with HMA only (reference specimen)
S-CR Specimen with HMA and CR at 10%
S-R1 Specimen with HMA and RAP at 30%
S-R2 Specimen with HMA and RAP at 15%
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