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Preface

Road pavements represent a fundamental component of modern transportation infrastructure,

directly influencing mobility, safety, economic development, and quality of life. As traffic demands

increase and environmental constraints become more stringent, the design, construction, monitoring,

and maintenance of road pavements face increasingly complex challenges. Addressing these challenges

requires continuous innovation, interdisciplinary approaches, and the integration of advanced

materials, modeling techniques, and monitoring technologies.

This reprint collects selected contributions from the Special Issue “Advances in Road Pavements”

published in the journal Buildings (MDPI). The volume aims to provide a comprehensive overview

of recent scientific and technological developments in road pavement engineering, highlighting both

theoretical advancements and practical applications. The included chapters cover a wide range

of topics, including innovative pavement materials and construction methods, pavement surface

characteristics and safety, numerical modeling and simulation of pavement behavior, monitoring

techniques, sustainability-oriented design approaches, and emerging challenges related to urban

mobility.

The contributions reflect the diversity and dynamism of current pavement research, combining

experimental investigations, numerical analyses, and real-world case studies. Particular emphasis is

placed on improving pavement performance and durability while reducing environmental impacts

and life-cycle costs. The reprint is intended to serve as a valuable reference for researchers, engineers,

and practitioners involved in pavement engineering, as well as for policymakers and infrastructure

managers seeking informed, science-based solutions.

By bringing together state-of-the-art research and applied studies, this volume aims to foster

knowledge exchange and support the development of safer, more resilient, and more sustainable road

pavements.

Emanuele Toraldo and Misagh Ketabdari

Guest Editors
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Abstract: One of the environmental problems worldwide is the enormous number of surgical
masks used during the COVID-19 pandemic due to the measures imposed by the World Health
Organization on the mandatory use of masks in public spaces. The current study is a potential
circular economy approach to recycling the surgical masks discarded into the environment during the
COVID-19 pandemic for use in bituminous asphalt pavement. FTIR analysis showed that the surgical
masks used were made from ethylene propylene diene monomer (EPDM) rubber modified with
polypropylene. The effects of the addition of surgical masks in bituminous asphalt on the performance
of the base course were demonstrated in this study. The morphology and elemental composition
of the bituminous asphalt pavement samples with two ratios of surgical mask composition were
investigated by SEM-EDX and the performance of the modified bituminous asphalt pavement was
determined by Marshall stability, flow rate, solid–liquid ratio, apparent density, and water absorption.
The study refers to the technological innovation of using surgical masks in the formulation of AB
31.5 bituminous asphalt base course, which brings tremendous benefits to the environment by
reducing the damage caused by the COVID-19 pandemic.

Keywords: EDPM rubber; bituminous asphalt pavement; recycling

1. Introduction

The COVID-19 pandemic has resulted in significant health, financial, and environmen-
tal challenges worldwide [1]. The global public health initiative necessitated the use of
surgical face masks as a crucial measure in combatting the spread of the coronavirus, lead-
ing to an increased demand for facemasks worldwide [2]. An estimated compound annual
growth rate of 20% is projected for the supply of surgical and facial masks from 2020 to 2025,
with this upward trend expected to persist [3]. The World Health Organization estimated
at the beginning of the COVID-19-pandemic that approximately 89 million masks would
be required each month to stem the spread of the pandemic [4]. Global production capacity
of surgical masks is anticipated to rise alongside the surge in COVID-19 infection cases [5].
The effects of wearing facemasks on the cardiopulmonary system have been shown by
several authors [6–10]. Disposable face masks, composed of polymeric materials, are enter-
ing the environment primarily through disposal in landfills, dumpsites, and littering in
public spaces, subsequently finding their way into freshwater sources and oceans as a new
source of microplastic fibers [11]. Currently, the primary recycling methods for disposable
medical mask waste encompass high-temperature incineration, landfill decomposition,
and chemical and mechanical recycling [12,13]. Surgical masks are obtained using different
polymers and inorganic additives, and usually, there is no available detailed information
on their composition [14], but the chemical composition of most disposable face masks is
polypropylene, polyethylene, and polyurethane [15]. The high-temperature incineration
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method causes a variety of toxic byproducts that cause serious environmental pollution.
The landfill degradation process involves breaking down polymers using soil microorgan-
isms, but it is slow and can lead to secondary soil pollution. Mechanical recycling involves
melting and combining pulverized disposable surgical masks with other materials to create
lower-grade products. Chemical recycling converts high molecular weight polymers into
smaller compounds through processes like pyrolysis or gasification, allowing them to
be reformed into new materials. However, the current methods of recycling and treat-
ing waste surgical masks do not fully maximize waste utilization or generate significant
energy and economic benefits for value-added utilization [12,13]. In order to efficiently
minimize the impact of medical waste on humans and the environment, implementing a
circular economy approach is crucial for success. Certain solid waste materials that have
shown positive modification effects are being extensively utilized as modifiers in asphalt
production [16]. To sustain the circular economy, we proposed in a previous study the
use of recycled polypropylene and waste grit in a hot asphalt mixture used as the wear
layer in road construction [17–19]. The authors of [20] conducted exploratory research
on concrete incorporating face masks, demonstrating that the mechanical properties of
concrete can be enhanced by integrating fibers made from surgical masks into the concrete
mixture. Other researchers investigated the viability of incorporating disposable medical
masks in asphalt binder, assessing its impact on the overall performance of asphalt. They
observed positive effects on the high-temperature anti-rutting and low-temperature anti-
cracking performance of both the asphalt binder and asphalt mixtures [21]. Researchers
investigated the potential of repurposing face masks as an additive for hot mix asphalt to
enhance the mechanical properties of asphalt pavement, creating a pathway to mitigate
the rising pollution from personal protective equipment [22]. Other researchers stated that
waste polypropylene fiber can significantly enhance the impact resistance and ductility
of concrete, attributing this to its crack-bridging and reinforcing properties [23]. Several
research studies in the literature have examined the fundamental mechanical properties
of conventional aggregate concrete containing only face mask fibers [24]. The authors of
one study devised a novel fiber-hybridization method to repurpose disposable medical
face masks as fiber materials for creating environmentally friendly recycled concrete [25].
The used medical masks were repurposed as an agent to reduce viscosity and depress pour
point in order to analyze its effectiveness in improving the flow characteristics of crude oil
samples by authors [25]. The authors of further research presented a solution to use waste
masks in fibered or crushed form in concrete. The results showed that both forms of mask
waste can be used in concrete and the optimum value that increased the mechanical and
durability properties was 0.5% crushed mask fiber [26]. Other researchers developed an
expansion joint using styrene–butadiene–styrene as the filling material for rubber-modified
asphalt which significantly improved the elasticity and adhesion of the asphalt mixture [27].
The authors of a later study designed a novel mask by modifying a surgical face mask
with the adoption of a sealing frame and support and enhanced the filtration efficiency,
concentration of CO2, O2, and N2, dead space, and water vapor compared with the face
masks from the market [28].

In order to overcome the issue of environmental pollution, this study proposed the
use of surgical masks in bituminous asphalt pavement type AB 31.5. The investigation
of bituminous asphalt pavement samples with two weight ratios of surgical masks exam-
ines the morphological characterization and the Marshall characteristics. The novelty of
incorporating surgical masks into bituminous asphalt paving, particularly as a base layer
in road construction, lies in the potential to address environmental concerns effectively.
Despite existing studies on this topic, the focus on minimizing environmental impact
by repurposing surgical masks in road construction can lead to significant sustainability
benefits. This innovative approach aims to offer a practical solution for reusing medical
waste while also enhancing the performance and durability of road infrastructure.
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2. Materials and Methods

2.1. Life Cycle Assessment

The goal of this study is to recycle surgical masks in bituminous asphalt pavement
with the aim of extending their life cycle and implementing circular economy principles
for responsible waste management. In Figure 1, the life cycle assessment of surgical masks
with a sustainable approach to extending their life cycle is presented.

Figure 1. Life cycle assessment of surgical masks.

Implementing the circular economy by extending the life cycle of protective equipment
such as surgical masks for use in technical-grade road construction is an innovative and
sustainable approach. Extending the life cycle of surgical masks by recycling and using
them in the construction of road base layers can bring several benefits.

The use of recycled materials contributes to reducing the consumption of natural
resources and minimizing the waste generated, thereby having a positive impact on the
environment. Surgical masks can find a new useful life without being thrown into the
environment and polluting the soil or water. Such practices support the circular economy,
promoting the reuse and recycling of materials, reducing carbon emissions, and contribut-
ing to efficient resource management. The use of surgical masks in road construction can
bring practical benefits, such as improving insulation properties, water resistance, and
the ability to stabilize the soil in the road base layer. This practice can lead to reduced
construction and maintenance costs of road infrastructure by using more durable and
sustainable materials. Thus, the implementation of the circular economy in extending
the life cycle of surgical masks for their use in road infrastructure can bring advantages
both from an environmental and economic point of view, contributing to more efficient
management of resources and protecting the environment for future generations.

2.2. Bituminous Asphalt Paving Sample Preparation

The hot asphalt mix used in this study consisted of base courses with the designation
bituminous asphalt pavement AB 31.5, whereby the value 31.5 indicates the maximum
grain size of the granulate [29]. The samples of bituminous asphalt pavement type AB
31.5 were prepared in accordance with the indicative normative AND 546-2013, Norm on
the hot execution of bituminous coatings for the bridge path, (2013) and AND 605-2016:
Normative regarding hot asphalt mixes [29,30], tested in the Laboratory for Analysis and
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Testing in Construction—Class II of SC. Antrepriza de Constructii Drumuri si Autostrazi
SRL Road Company. The weight percentages of the components of the standard base
course of bituminous asphalt type AB 31.5 consist of 40.8% natural screened aggregate with
a size greater than 4.0 mm, 50% crushed sand with a grain size between 0.1 and 4.0 mm,
5% limestone filler, and 4.2% road bitumen type 50/70 [29,31]. The bitumen properties
of penetration at 25 ◦C type 50/70 are as follows: softening point 46/54 ◦C; resistance to
hardening at 163 ◦C: change in mass 0.5%, retained penetration 50 min, softening point after
hardening 58 ◦C, flashpoint 230 min; solubility at specification 99 min; kinematic Viscosity
135 ◦C specification 295 min [32]. Two formulations were prepared for the Marshall test
with the addition of a percent by weight of surgical masks. Surgical masks used (worn
surgical masks cannot be used in the laboratory due to public safety measures for the
prevention of SARS-CoV-2 contamination). When placed in the casting mixture (160 ◦C),
there is no risk of soil contamination/population and, due to the fact that the sterilization
process takes place at a temperature of 130 ◦C, the masks become inert. Thus, the weight
proportions of the asphalt mix sample constituents consist of 40.8% natural screened
aggregate with a size above 4.0 mm, 50% crushed sand with a particle size between 0.0 and
4.0 mm, 5% graded limestone filler with a particle size of 0.063 and 0.100 mm, 4.1% paving
bitumen type 50/70 with 0.1% surgical masks for sample 1, and 3.9% paving bitumen type
50/70 with 0.3% surgical masks for sample 2, as shown in Table 1. The bituminous asphalt
paving samples were modified with the masks by bitumen replacement, i.e., a percent of
0.1% surgical masks added for Sample 1 and a percent of 0.3% surgical masks added for
Sample 2, with a bitumen percent of 4.1% for Sample 1 and 3.9% for Sample 2.

The formulation of hot bituminous asphalt type AB 31.5 containing 0.3% surgical
masks as used in Sample 2 was the subject of the patent filed in 2021 [33]. The samples
used for Marshall tests have a cylindrical shape with a diameter of 10 cm and a height of
6.3 cm.

Figure 2 shows the gradation determined for the bituminous asphalt paving, and the
size distribution of the aggregate particles used in the asphalt composition for the standard
sample and for the sample with a surgical mask content of 0.3% can be seen. The grading
results show a well-balanced granulometry that ensures a homogeneous mixture, offering
resistance and long-term durability.

Figure 2. Gradation of standard bituminous asphalt pavement type AB 31.5 and Sample 2 (0.3%
EDPM-PP).

4
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Table 1. Recipes for bituminous asphalt pavement samples type AB 31.5.

Component Standard Sample 1 Sample 2

Crushed siliceous stone [%] 40.8 40.8 40.8
Crushed sand [%] 50 50 50

Sort limestone filler [%] 5 5 5
Road bitumen 50/70 [%] 4.2 4.1 3.9

Surgical masks [%] - 0.1 0.3

2.3. Characterization Methods

The quantitative determination was conducted using the FTIR-attenuated total re-
flection (FTIR-ATR) method, which records spectra through attenuated total reflection.
The Fourier transform infrared (FTIR) spectra of the surgical mask were captured us-
ing an IR-Spirit-T FTIR Spectrometer from Shimadzu, equipped with a built-in ATR ac-
cessory type QATR-S, DLATGS detector, and KBr beam splitter. The scan range was
set between 400–4600 cm−1 with a resolution of 2 cm−1, and each scan was repeated
45 times. The FTIR spectrometer was operated within a temperature-controlled (20 ◦C)
air-conditioned chamber.

The morphology and elemental composition of the bituminous asphalt paving samples
were examined by scanning electron microscopy (SEM) in high vacuum conditions with a
4th generation TESCAN VEGA electron source and tungsten filament which combines SEM
imaging and elemental composition analysis directly in a single Essence™ from TESCAN
software (1.2.1.0 build 5762, March 2023) window. This integration greatly streamlines
the collection of morphological and elemental information from the sample, positioning
VEGA SEM as a highly effective analytical tool for routine material evaluation in quality
control, failure analysis, and research settings. Prior to analysis, the samples underwent
a coating process with a 6 nm thick conductive layer of Au utilizing the SPI-Module™
sputter coater system.

The physical and mechanical properties were determined through tests conducted on
Marshall cylinders. The test principle involves identifying the compressive strength of a
cylindrical sample when subjected to a force applied by a generator. This test is performed
on a sample contained within the mold at a temperature of 60 ◦C. The Marshall method is
a common approach used to determine the optimal mix design for asphalt paving. The
Marshall method provides a systematic approach to designing high-quality asphalt mixes
that meet the specific requirements of a paving standard. The general steps involved for the
Marshall method are as follows: selection of aggregate based on factors such as size, shape,
and gradation to ensure good compaction and durability of the asphalt mix; selection of
asphalt binder; mixing of design through blending of components in the right proportions;
compaction testing of the bituminous asphalt paving in a mold to a specific density using a
hammer; and density and stability testing. The compacted samples are then subjected to
testing to determine parameters such as density, stability, flow, and solid–liquid ratio.

The physical–mechanical characterizations were performed according to Romanian
Standard SR EN 12697-6 [34] and SR EN 12697-34 [35] as follows:

Stability (S) represents the load at which the cylindrical specimen fractures at 60 ◦C,
measured in kN.

The flow index (I), measured in mm, indicates the deformation of the vertical diameter
of the specimen at the point of fracture.

The apparent density (g/cm3) is the mass of a unit volume of compacted bituminous
asphalt pavement, accounting for the air-filled voids. It is calculated using the formula that
relates sample mass to volume (1):

ρa =
mu

V

( g
cm3

)
(1)

For the standard sample, the following holds:

5
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- ρa represents the apparent density of the bituminous asphalt pavement (g/cm3);
- mu is the mass of the sample measured on the analytical balance in a dry state;
- V denotes the volume of the cylindrical sample with a diameter of 10 cm and a height

of 6.3 cm.

Water absorption [%] refers to the amount of water absorbed by the externally accessi-
ble voids in a bituminous asphalt paving sample. This was determined through evaporation
after immersing the sample in water using the static thermal method. Following removal
from the water, the sample was wiped with a damp cloth to eliminate excess surface and
gravity water. Subsequently, the wet sample underwent drying in an oven at 60 ◦C and
relative humidity below 2.5%. The water absorption or wetting capacity is expressed as a
percentage of the initial sample mass and the mass after wetting. The volume percentage
of water absorption is calculated using the following relationship:

A = 100
mi
m f

(2)

where the following holds:

- mi represents the initial mass of the sample.
- mf is the final mass of the sample after wetting.

Each test result in this research study is the average of three replicate tests.

3. Results and Discussion

3.1. Structural Characterization of Bituminous Asphalt Paving Samples

The resulting FTIR spectra of components of the surgical mask used in this study
are shown in Figure 3. The surgical mask is made of an elastic ear loop (blue color),
heat-welded seam (brown color), and non-woven fabric (red color). Analyzing the FTIR
database revealed that the tested surgical mask exhibited similarities with the spectrum
of ethylene propylene diene (EPDM) rubber modified with polypropylene (PP). The FTIR
spectrum showed intense bands in the wavenumber 2914, 2354, 1643, 1454, 1372, 1161, 827,
670 and 448 cm−1.

Figure 3. FTIR spectra of surgical mask.

The transmittance band distribution on the FTIR spectra of the surgical mask sample
showed broad ranges from 1161 to 1454 cm−1 and 2914 cm−1 attributed to CH2 asymmetric
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stretching, which are characteristic for the FTIR spectrum of polypropylene (PP) [36]. The
FTIR spectrum also showed bands at 1643, 827, 670, and 448 cm−1; the band at 1643 cm−1

was attributed to C=C stretching, which is characteristic for EPDM, the weak transmittance
band at 827 cm−1 could be attributed to the possible degradation (cross-linking) processes
between EPDM rubber and PP, and the band at 670 cm−1 corresponds to the Si-O-Mg bond
in talc filler [37], while the band from 448 cm−1 is associated with the S-S of cross-linked
EPDM-PP [38]. The FTIR spectra of the surgical masks used in this study showed that the
chemical composition is mainly ethylene propylene diene (EPDM) rubber modified with
polypropylene (PP). In Figure 4 are presented the FTIR spectrum of spectra of standard
bituminous asphalt pavement (black), Sample 1 (0.1% EDPM-PP) (green), and Sample 2
(0.3% EDPM-PP) (orange). The FTIR spectra of all three components of the surgical mask
display almost identical peaks, albeit with varying intensities, distinctly indicating the
presence of EPDM-PP.

Figure 4. FTIR spectra of standard bituminous asphalt pavement (black), Sample 1 (0.1% EDPM-PP)
(green), and Sample 2 (0.3% EDPM-PP) (orange).

Figure 5 depicts SEM images of the standard bituminous asphalt pavement type
AB 31.5, Sample 1, and Sample 2. The standard sample appears smooth and uniform.
Observably, a compact arrangement between the components is evident with the addition
of EPDM-PP in Sample 1 and Sample 2. Due to the different surface microstructures of the
bituminous asphalt pavement, the structure of the interface of the standard sample was

7
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different from that of the samples with EPDM-PP (Sample 1 and Sample 2). The morphology
of Sample 1 shows a higher porosity than the sample with higher EPDM-PP content.

Figure 5. SEM images of standard bituminous asphalt pavement, Sample 1 (0.1% EDPM-PP), and
Sample 2 (0.3% EDPM-PP).

In the SEM image of Sample 2 (containing 0.3% EPDM-PP), it is evident that the
crushed silica crisps, crushed sand, and limestone filler are effectively embedded in a
polymer matrix. This embedding matrix and the interconnections between the components
exhibit minimal pores and reduced roughness.

After the asphalt was embedded in the polymer matrix, its loading area increased
due to the content of surgical masks, which significantly improved its resistance to exter-
nal forces. In Sample 2, the fibers originating from the surgical masks that connect the
components of the asphalt mix can be seen at higher magnification.

The elemental composition of Sample 2 (with 0.3% surgical masks), consisting of
the most important chemical elements C, O, Ca, and Si, is shown in Figure 6. The high
concentration of carbon, oxygen, and silicon indicates the presence of surgical masks. It

8
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can be noted that the fibrous structures have a high percentage of carbon, most likely
originating from polypropylene staple fibers. The presence of calcium (Ca) is also favorable
due to its good interaction with bitumen.

Figure 6. EDX elemental map of Sample 2 (0.3% EDPM-PP) bituminous asphalt pavement.

3.2. Physical–Mechanical Properties of Bituminous Asphalt Paving Samples

The Marshall test is a crucial laboratory procedure used to evaluate the properties
of bituminous asphalt pavement, including those improved with EDPM-PP (ethylene
propylene diene monomer–polypropylene) additives. This test provides valuable insights
into the performance characteristics of asphalt mixes, helping to ensure that they meet
specified requirements for use in road construction and paving projects. Here are some key
aspects of the Marshall test as it pertains to bituminous asphalt pavement improved with
EDPM-PP:

The primary objective of the Marshall test for bituminous asphalt pavement improved
with EDPM-PP is to assess its mechanical properties, durability, and resistance to defor-
mation under simulated traffic and environmental conditions. By subjecting the asphalt
specimens to controlled loading and temperature conditions, the test aims to determine
their stability, flow, density, and other key performance indicators.

During the sample preparation phase, the bituminous asphalt pavement improved
with EDPM-PP is compacted in the Marshall molds to achieve the desired density and air
void content. The compaction process involves applying a specific number of blows with a
compaction hammer to ensure proper aggregate particle orientation and interlocking, as
well as consistent distribution of the bitumen and EDPM-PP additives within the mixture.
Once the specimens are prepared and conditioned, they are subjected to stability and flow
tests under controlled loading and temperature conditions. The stability test measures
the resistance of the bituminous asphalt pavement to deformation and rutting, providing
insights into its ability to withstand traffic-related stresses. The flow test, on the other hand,
assesses the deformation or consolidation of the specimen under compressive loading,
indicating its flow characteristics under applied pressure.

In addition to stability and flow testing, the Marshall test involves evaluating the
compacted density and air void content of the asphalt specimens improved with EDPM-PP.
These analyses provide critical information about the degree of compaction achieved during
specimen molding, as well as the amount of air voids present in the bituminous asphalt
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pavement, which can impact its long-term performance, permeability, and resistance to
moisture damage.

The results of the Marshall test for bituminous asphalt paving improved with EDPM-
PP play a critical role in predicting the performance of the bituminous asphalt pavement
under actual field conditions. Additionally, the test data can be used to optimize the
mix design by adjusting the composition, proportion of additives, and binder content to
achieve the desired performance targets, such as enhanced resistance to cracking, fatigue,
and deformation.

In the context of regulatory compliance and quality assurance, the Marshall test serves
as a tool for verifying that the EDPM-PP-modified bituminous asphalt pavement meets the
specified performance requirements and industry standards. Compliance with test-based
performance criteria is essential for ensuring the durability, safety, and longevity of asphalt
pavements, particularly when enhanced with additives such as EDPM-PP.

Marshall stability measures the maximum load that bituminous asphalt can withstand
at a temperature of 60 ◦C and correlates well with measurements of rutting in bituminous
asphalt pavement during operation.

In line with STAS recommendations [34,35], AB 31.5 bituminous asphalt pavement
should ideally exhibit a Marshall stability of at least 6.3 kN. All test results of the bituminous
asphalt samples meet the performance standards in Romania, as depicted in Figure 4.
Notably, the rut resistance improves with the rising EDPM-PP content. With an increase in
EDPM-PP content to 0.3% (as seen in Sample 2), the mixture’s strength enhances due to the
presence of polymer matrix fibers, impacting gradation and mechanical properties. Figure 4
illustrates that stability increases with higher surgical mask content, attributed to its lower
specific gravity compared to standard asphalt. This allows it to penetrate between particles,
enhancing aggregate interlocking and overall stability. Consequently, the bituminous
asphalt featuring 0.3% EDPM-PP (Sample 2) exhibits optimal stability, leading to improved
deformation resistance in the mixture. The flow rate, as per STAS 12697-34 [35], can range
between 1.5 to 4.5 mm. In Figure 7, the flow rates of both standard and modified hot asphalt
mix samples are illustrated. It is evident from the figure that the flow rate rises with the
inclusion of EDPM-PP but decreases notably at a higher content of 0.3% EDPM-PP. This
shift can be correlated with the enhanced interlocking of fibers from the surgical masks
with the asphalt binder and aggregates. The flow values escalate with the surgical mask
content, suggesting increased deformations under the same pressure. This observation
underscores that as the EDPM-PP content elevates, the resistance to deformation improves,
particularly when the surgical mask content reaches 0.3%. Also, the flow rate values of
bituminous asphalt pavement samples meet the performance standards needed in Romania
for this type of bituminous asphalt pavement.

The solid–liquid ratio must meet a minimum threshold of 1.6 kN/mm. As illustrated
in Figure 8, both standard and bituminous asphalt pavement samples containing EDPM-PP
adhere to Romania’s performance standards. Notably, the solid–liquid ratio sees an increase
with a higher EDPM-PP content, indicative of the strengthening effect as the surgical masks
interacts with bitumen. Additionally, Figure 8 displays the water absorption levels for both
the standard and modified bituminous asphalt pavement samples featuring EDPM-PP.
Per Romanian Standard STAS 12697-34/2020, water absorption values should fall within
the range of 1.5–6.0%. In samples with a minimal percentage of surgical masks, water
absorption aligns with the standard sample, decreasing as the EDPM-PP content rises.

Furthermore, Figure 9 depicts the apparent density of bituminous asphalt pavement
samples. For AB 31.5 bituminous asphalt pavement, the apparent density should not be
less than 2.330 g/cm3 in accordance with SR 12697-6/2020.
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Figure 7. Stability at 60 ◦C and flow rate of standard bituminous asphalt pavement, Sample 1 (0.1%
EDPM-PP), and Sample 2 (0.3% EDPM-PP).

Figure 8. Solid–liquid report and water absorption of standard bituminous asphalt pavement, Sample
1 (0.1% EDPM-PP), and Sample 2 (0.3% EDPM-PP).

All bituminous asphalt pavement samples comply with Romania’s performance stan-
dards. The solid–liquid ratio values decline with higher EDPM-PP content. The base layer’s
performance is closely linked to the density of the bituminous asphalt pavement. It is
evident that the apparent density increases with the addition of surgical masks. Achiev-
ing a higher apparent density is crucial to prevent potential rutting issues caused by
insufficient air voids due to base layer densification from traffic loads. In summary, the
sample containing 0.3% surgical masks recorded the highest apparent density among the
samples tested.

Incorporating EDPM-PP derived from surgical masks into bituminous asphalt pave-
ment used as a base layer in road construction can have significant environmental benefits.
Despite the existing research findings, there are several reasons to consider this approach
from an environmental standpoint: utilizing EDPM-PP from surgical masks in asphalt
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pavement provides a sustainable solution for recycling these materials, reducing waste in
landfills, and promoting a circular economy approach; by repurposing EDPM-PP in road
construction, we reduce the dependency on virgin materials, conserving natural resources
and lowering the environmental impact associated with traditional construction materials;
incorporating recycled materials like EDPM-PP can lead to energy savings during produc-
tion processes, as recycling typically requires less energy compared to manufacturing new
materials from raw sources; recycling EDPM-PP from surgical masks in asphalt pavement
helps mitigate greenhouse gas emissions associated with conventional production methods,
contributing to overall carbon footprint reduction; reusing EDPM-PP in road construction
helps alleviate environmental pollution by preventing these materials from ending up in
landfills or being improperly disposed of, thus reducing the burden on ecosystems and
waste management systems; and embracing the use of recycled materials like EDPM-PP
demonstrates a commitment to sustainable practices in construction, aligning with broader
environmental objectives and fostering a culture of responsible resource management.

Figure 9. Apparent density of standard bituminous asphalt pavement, Sample 1 (0.1% EDPM-PP),
and Sample 2 (0.3% EDPM-PP).

Incorporating EDPM-PP from surgical masks in bituminous asphalt pavement not only
offers environmental benefits but also supports the transition towards more eco-friendly
infrastructure development, contributing to a greener and more sustainable future.

4. Conclusions

One solution to address pressing environmental concerns stemming from the increased
use of surgical masks during the COVID-19 pandemic, in line with World Health Organiza-
tion directives mandating their use in public spaces, is recycling to mitigate environmental
impact. This study presents an innovative approach to combat pandemic-generated waste
by repurposing used face masks in bituminous asphalt pavement. Analyses utilizing FTIR
spectroscopy revealed that the composition of the surgical masks studied closely resembles
ethylene propylene diene (EPDM) rubber modified with polypropylene (PP). Incorporating
EDPM-PP into the base layer mix of bituminous asphalt pavement type AB 31.5 resulted in
enhanced performance of the mixture, as confirmed by test results.

SEM analysis indicated that when 0.3% EDPM-PP was added to the bituminous as-
phalt pavement, the crushed siliceous stone chipping, crushed sand, and limestone filler
were effectively integrated into a polymer-matrix-like structure, exhibiting increased resis-
tance to external forces. The study observed improvements in the Marshall properties of
the bituminous asphalt pavement with the inclusion of ethylene propylene diene rubber
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modified with polypropylene, wherein higher stability, solid–liquid ratio, and apparent
density were noted, attributed to the fibrous reinforcement from the surgical masks enhanc-
ing aggregate interlock. Following analysis of Marshall results, 0.3 percent EDPM-PP was
identified as the optimal content for the mixture.

In summary, the utilization of surgical masks as a cohesive material proved effective
in stabilizing bituminous asphalt pavement components, thereby mitigating the significant
environmental impacts resulting from the COVID-19 pandemic on a global scale. The
findings of this research present valuable insights for industry stakeholders and govern-
ment bodies seeking to explore sustainable practices within the pavement sector. Overall,
the implementation of circular economy strategies in extending the lifespan of surgical
masks through their incorporation into road infrastructure showcases a win-win scenario.
It not only contributes to a more sustainable and environmentally friendly approach, but
also reaps economic benefits by optimizing resource utilization and paving the way for
a greener future for generations to come. Future studies aim to further experiment with
innovative approaches to advance sustainable solutions in road construction.

5. Patents

The recipe of Sample 2 of bituminous asphalt pavement type AB 31.5 with a content of
0.3% of surgical masks was the subject of the patent entitled RECYCLING OF SURGICAL
MASKS IN HOT ASPHALT MIXTURES, RO135384A0, 2021.
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Abstract: Cement-stabilized soil is a commonly used pavement base/bottom base material. Adding
a suitable curing agent to cement-stabilized soil can effectively reduce the dosage of cement, meet
the strength requirements, and also greatly improve its water stability. In this paper, three kinds of
cement dosage (6%, 8%, and 10%) of cement-stabilized soil were selected to add a 0.04% organic liquid
curing agent, and then compared with high-dose cement (10% and 12%)-stabilized soil. The influence
of wetting–drying cycles on the mechanical properties of the five stabilized soils was discussed. The
mineral composition of cement-stabilized soils before and after the addition of a curing agent was
analyzed by X-ray diffraction (XRD), and the microscopic morphology of 10% cement-stabilized soils
with a curing agent was studied by scanning electron microscopy (SEM). The macroscopic test shows
that the unconfined compressive strength of solidified cement-stabilized soil can be divided into
three stages with the increase in the times of the wetting–drying cycles, which are the rapid decay
stage, stable enhancement stage, and stable decay stage. The wetting–drying stability coefficient
first increases, and then decreases with the increase in the times of the wetting–drying cycles. The
microscopic test shows that the addition of a curing agent can enhance the content of hydration
products in the cement-stabilized soil specimen; at the curing age of 28 d, with the increase in the
times of the wet–dry cycles, the structure of the solidified cement-stabilized soil gradually broke
down. The surface porosity P and pore diameter d showed an overall upward trend but decreased at
the fifth wetting–drying cycle. The pore orientation weakened. The results show that the resistance
of cement-stabilized soil with a curing agent is obviously better than that of cement-stabilized soil
under wet–dry conditions.

Keywords: curing agent; cement-stabilized soil; wetting–drying cycle; macro and micro properties

1. Introduction

As the base/bottom base material for roads, cement-stabilized soil has the following
characteristics compared with cement-stabilized granules [1–6]: (1) more cement; (2) local
materials can be used and stone can be saved, which can produce obvious economic and
environmental benefits; (3) poor water stability; and (4) low strength. Based on the above
points, by adding an organic liquid curing agent to cement-stabilized soil, the goal of re-
ducing the cement dosage, increasing the strength, and improving the water stability can
be achieved. The anti-deterioration ability of a material under the action of wetting–drying
cycles is an important index to reflect its water stability. When the climate conditions change,
the base/bottom base material is subjected to periodic wetting–drying cycles caused by the
alternating influence of rainfall and evaporation, and the physical and mechanical properties
continue to decay, which will eventually affect the regular use of the road. It is necessary to
study the performance changes of solidified cement-stabilized soil in a changing environment
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(wetting–drying cycle). Liu Kai et al. [7] discussed the change in unconfined compressive
strength of cement light soil and geopolymer light soil during wetting–drying cycles, and
the research results showed that the wetting–drying cycle had a great influence on geopoly-
mer light soil. Hou ZJ et al. [8] studied the effects of different cement contents on the
wetting–drying resistance of Pisha sandstone cement-stabilized soil and found that adding
cement can effectively improve the water erosion resistance of the sample, and the opti-
mal cement content is 20%. Li N et al. [9] studied the effect of polypropylene fiber on the
wetting–drying degradation resistance of coastal cement-stabilized soil and found that the
strength and brittleness index of the sample increased with the increment of the number
of wetting–drying cycles. Wang J et al. [10] studied the durability of calcium carbide
slag–fly ash solidified shield residuum during wetting–drying cycles and found that the
first wetting–drying cycle strongly influenced the compressive strength of the specimen.
After the wetting–drying cycles, the stress–strain curve of the specimen changed from strain
hardening to strain softening. Yang H et al. [11] analyzed the properties of marine waste silt
solidified by PZ-1 under wetting–drying cycles. Neramitkornburi A et al. [12] studied the
wetting–drying cycle resistance of the cement solidified clay–fly ash light-weight material
and found that the incorporation of fly ash could improve the fluidity and durability of the
light-weight material, and the effect was most significant when the fly ash replacement rate
was greater than 40%. Kamei T et al. [13] found that adding recycled bassanite and coal ash
simultaneously can improve the durability of very soft clay in wet and dry conditions.

In summary, thus far, domestic and foreign scholars have discussed the changes in
mechanical properties of different road materials during wet–dry cycles, but relatively
few studies have been conducted on the deterioration properties of and microstructure
changes in cement-stabilized soil with a curing agent added under wetting–drying cy-
cles. The main test methods used in the microstructure research of solidified soil under
wetting–drying cycles are as follows: X-ray diffraction (XRD) and scanning electron mi-
croscopy (SEM) [14–16]. Therefore, this study takes cement-stabilized soil and cement-
stabilized soil with an organic liquid curing agent as the research objects and evaluates
the evolution law and microstructure changes of its anti-deterioration ability during
the wetting–drying cycle process through a wet–dry cycle test, unconfined compressive
strength test, and microscopic test. The effects of different curing ages and cement con-
tents on the mechanical strength and physical properties of cement-stabilized soil and
cement-stabilized soil mixed with a curing agent were discussed. The changes in hydration
products in cement-stabilized soil before and after adding a curing agent and the effects
of wetting–drying cycles on the microstructure of specimens were studied. The above
research results can provide technical support for solidified cement-stabilized soil used as
road base/bottom base material.

The highlights are as follows:

• The macro and micro characteristics of solidified cement-stabilized soil under wetting–drying
cycles were studied;

• Adding a curing agent can improve the resistance to wetting–drying cycles of cement-
stabilized soil;

• The addition of a curing agent can enhance the content of hydration products in
cement-stabilized soil.

2. Test Materials and Methods

2.1. Test Materials

(1) Soil sample. The test soil sample was taken from an expressway expansion project
in Shandong Province. Figure 1 shows the particle distribution of the soil sample. Table 1
shows the physical property indices of the soil sample.
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Figure 1. Particle distribution curve of the soil sample.

Table 1. Main physical property indices of the soil sample.

Natural
Moisture

(%)
PH

Coefficient of
Curvature

Cc

Coefficient of
Nonuniformity

Cu

Optimum
Moisture

(%)

Maximum Dry
Density
(g/cm3)

Soil Sample
(d < 0.5 mm)

Liquid
Limit
(%)

Plastic
Limit
(%)

Plasticity
Index
(%)

3.9 8.17 1.0 6.875 12.19 1.9509 42.3 24.6 17.7

The coefficient of nonuniformity Cu is calculated with the following equation:

Cu =
d60

d10
(1)

The coefficient of curvature Cc is calculated with the following equation:

Cc =
d2

30
d60 × d10

(2)

where d60, d30, and d10 = the cumulative percentage of soil weighing less than a certain
particle size: 60%, 30%, and 10%, respectively.

(2) Cement. The ordinary silicate P.O42.5 grade cement was used in the test. The main
performance indices are shown in Table 2.

Table 2. Main performance indices of cement.

Specific Surface Area
(m2/Kg)

Initial Setting Time
(min)

Final
Setting Time

(min)
Stability

3D
Bending Strength

(MPa)

3D
Compressive Strength

(MPa)

381 115 184 Eligible 6.2 33.8

(3) Curing agent. The curing agent is an organic liquid, as shown in Figure 2. Dilut-
ing the product with a certain proportion of water and applying it to ordinary soil will
completely change the hydrophilicity of the soil. The solidified soil not only has good
compressive and flexural strength, but also has very prominent water stability.
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Figure 2. Flow chart of test and data analysis.

2.2. Test Method

Five sets of samples were tested. The sample numbers are shown in Table 3. The
specimens used in the wetting–drying cycle test were cylinders (d = 50 mm, and h = 50 mm).
The curing age is 7 days and 28 days. After completion of the maintenance, the specimens
were placed indoors to air-dry for 24 h, and then wholly soaked 2.5 cm below the water
surface for 24 h, which constituted a wetting–drying cycle. Nine wetting–drying cycles
were carried out in this experiment. Unconfined compressive strength tests were conducted
on the samples after 0, 1, 3, 5, 7, and 9 cycles, respectively. The wetting–drying cycle
coefficient (Kw) was used as the evaluation index of the resistance to wetting–drying cycle
strength deterioration. The larger the value, the stronger the resistance to deterioration of
the specimen. The Kw is calculated with Formula (3):

Kw =
Rt

R0
× 100% (3)

where Kw is wetting–drying cycle coefficient (%); R0 is the unconfined compressive strength
(MPa) of the specimen without wetting–drying cycles; and Rt is unconfined compressive
strength (MPa) of the specimen at the wetting–drying cycles.

Table 3. Overall test scheme design.

No.
Dosage of Curing Agent

(%)
Cement Content

(%)

Wetting–Drying Cycles
Microscopic Testing

Curing Age (d) Number of Cycles

S6,0.04 0.04 6 7, 28 0, 1, 3, 5, 7, 9 /
S8,0.04 0.04 8 7, 28 0, 1, 3, 5, 7, 9 /
S10,0.04 0.04 10 7, 28 0, 1, 3, 5, 7, 9 XRD, SEM

S10 0 10 7. 28 0, 1, 3, 5, 7, 9 XRD
S12 0 12 7, 28 0, 1, 3, 5, 7, 9 /

After the wetting–drying cycle test, the small pieces of the samples were selected
for the XRD test and scanning electron microscope test. The XRD scanning range 2θ was
5◦–80◦, and the scanning speed was 2◦/min. The data were analyzed using JADE software
(MDI Jade 6) [17]. SEM images were first binarized by MATLAB software R2022b [18],
and then Image-Pro Plus (IPP) software 6.0 was used to measure and extract the binarized
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images [19–22]. The overall test scheme design of this study is shown in Table 3, and the
test and data analysis process are shown in Figure 2.

3. Mechanical Properties of Stabilized Soil at Different Ages after
Wetting–Drying Cycles

3.1. 7 d Curing Age

Figure 3a,b, respectively, show the unconfined compressive strength and wetting–drying
cycle coefficient of solidified cement-stabilized soil and cement-stabilized soil under different
wetting–drying cycle times at a 7 d curing age.

 
(a) (b) 

Figure 3. The influence of the number of wetting–drying cycles on unconfined compressive strength
and wetting–drying cycle coefficient (7 d): (a) unconfined compressive strength; and (b) wetting–drying
cycle coefficient.

As shown in Figure 3a:
(1) The unconfined compressive strength of the specimen cured for 7 days increases

with the increment of cement content under the same wetting–drying cycles. The un-
confined compressive strength of S10,0.04 is higher than S10, but lower than S12. It is
indicated that adding a 0.04% curing agent is helpful to the resistance of specimens to dry
and wet damage.

(2) The development of the unconfined compressive strength of solidified cement-
stabilized soil and cement-stabilized soil at the age of 7 days can be divided into the
following three stages with the number of wetting–drying cycles:

1© The rapid attenuation stage. This mainly occurs during the process of the first
wetting–drying cycle. The binding materials in the sample are damaged under the action
of the wetting–drying cycles, and the viscosity of the soil mass decreases, which leads to a
rapid decrease in the strength of the specimen. The attenuation range of the unconfined
compressive strength of the specimen is extensive; Tte maximum is 34.7% (S6,0.04), and the
minimum is 10% (S12).

2© The stable enhancement stage. This stage mainly occurs during the third, fifth, and
seventh wetting–drying cycles. With the increase in the number of wetting–drying cycles,
the internal hydration reaction of the specimen was more sufficient, the hydration products
were increased, and the pores of the specimen were filled, which led to a gradual increment
of the unconfined compressive strength of the specimen. In this stage, the unconfined
compressive strength of the S6,0.04, S8,0.04, and S10,0.04 specimens increased by more than
10% compared with the strength after rapid decay. The unconfined compressive strength
of the S10 and S12 specimens increased less than 10% compared with the strength after
rapid decay.
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3© The stable attenuation stage. This stage occurs after the fifth wetting–drying
cycle. The internal hydration reaction of the solidified soil sample is completed. With the
continuous increment of the number of wetting–drying cycles, the internal structure of
the sample is damaged, resulting in the unconfined compressive strength of the solidified
cement-stabilized soil decreasing.

As shown in Figure 3b, the wetting–drying cycle coefficients of the specimens cured
for 7 days under different dosages increased first, and then decreased with the increment of
the number of wetting–drying cycle. At the ninth wetting–drying cycle, the wetting–drying
cycle coefficients of the S6,0.04, S8,0.04, S10,0.04, S10, and S12 specimens were 67.02%,
76.78%, 86.21%, 77.82%, and 84.35%, respectively. It shows that the addition of curing
agents and the increment of cement content can significantly improve the ability of the
specimen to resist failure under a wetting–drying cycle.

Figure 4 shows the appearance changes in the specimens cured for 7 days after nine
wetting–drying cycles. As shown in the pictures, the increment of cement content and the addi-
tion of curing agents affect the failure state of the sample appearance under
wetting–drying cycles. The higher the dosage of the cement and curing agent is, the more
intact the specimen’s appearance is after 9 wetting–drying cycles. Among them, S6,0.04
experienced the most severe morphological damage, with many surface and edge parts falling
off. S12 has a relatively intact shape, with some shallow pits on the surface of the specimen
and the edge parts remaining intact.

   
(a) (b) (c) 

  
(d) (e) 

Figure 4. The appearance changes of the specimens cured for 7 days after 9 wetting–drying cycles:
(a) S6,0.04; (b) S8,0.04; (c) S10,0.04; (d) S10; and (e) S12.

3.2. 28 d Curing Age

Figure 5a,b, respectively, show the unconfined compressive strength and wetting–drying
cycle coefficient of the specimens cured for 28 days after nine wetting–drying cycles.

21



Buildings 2024, 14, 1716

 
(a) (b) 

Figure 5. Influence of the number of wetting–drying cycles on unconfined compressive strength and
wetting–drying cycle coefficient (28 d): (a) unconfined compressive strength; and (b) wetting–drying
cycle coefficient.

As shown in Figure 5a:
(1) The variation rules of the unconfined compressive strength of the specimens cured

for 28 days is the same as those cured for 7 days, which also decrease, then increase, and
then decrease. But the duration and the strength growth of the stable strengthening stage
decreased. In this stage, the S10,0.04 and S12 specimens showed a relatively noticeable
strength growth.

(2) After each wetting–drying cycle, the unconfined compressive strength of S10,0.04
and S12 was almost the same. Under the same number of wetting–drying cycles, the
compressive strength curves of the two specimens are also similar, indicating that the
addition of a curing agent can reduce the cement content while maintaining the wetting–
drying cycle resistance of the sample.

As shown in Figure 5b, the wetting–drying cycle coefficients of the specimens cured for
28 days also showed a tendency to rise up at the beginning and decline at a later stage with
the increment of the number of wetting–drying cycles. At the ninth wetting–drying cycle,
the wetting–drying cycle coefficients of S6,0.04, S8,0.04, and S10,0.04 were 69.4%, 72.7%,
and 85.3%, respectively. It can be seen that the higher the cement dosage, the stronger the
specimen’s resistance to the wetting–drying cycle damage. S10,0.04 and S12 had similar
wetting–drying cycle coefficients under different wetting–drying cycles, and the change
trend was the same. At the ninth wetting–drying cycle, the wetting–drying cycle coefficient
of sample S10,0.04 was slightly higher, indicating that, with the joining of a curing agent,
the ability of the sample to resist wetting–drying cycle erosion was also enhanced.

The influence of the number of wetting–drying cycles on the appearance change in
specimen S10,0.04 cured for 28 d is shown in Figure 6. As can be seen from Figure 6, the
surface of S10,0.04 did not change significantly after the first wetting–drying cycle, and the
edge fell off slightly after the third wetting–drying cycle. The damage was the most serious
after the ninth wetting–drying cycle, with shallow pits on the surface and edge caused by
repeated erosion. Due to the water loss and absorption at the edge of the sample surface,
the particle shedding first occurred in this area [23].
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(a) (b) (c) 

  
(d) (e) 

Figure 6. The influence of the number of wetting–drying cycles on the appearance changes of S10,0.04
(28 d): (a) one wet–dry cycle; (b) three wetting–drying cycles; (c) five wetting–drying cycles; (d) seven
wetting–drying cycles; and (e) nine wetting–drying cycles.

4. Mechanical Properties of Stabilized Soil at Different Ages after
Wetting–Drying Cycles

4.1. XRD Analysis

An XRD phase analysis was conducted on S10 and S10,0.04 cured for 28 days. Figure 7
shows that the mineral composition of the two soil samples mainly include quartz, calcium
silicate hydrate, ettringite, etc. Both S10 and S10,0.04 have a crystal diffraction peak.
However, the diffraction peaks of AFt and C-S-H crystals in S10,0.04 increase. It can be
seen that the main change in the sample before and after the joining of the curing agent is
the content of hydration products. The curing agent plays a role in accelerating the cement
hydraulic and pozzolanic reaction.

Figure 7. XRD phase analysis of S10 and S10,0.04 (28 d).
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4.2. SEM Analysis

S10,0.04 cured for 28 d was tested by SEM after zero, one, five, and nine wetting–
drying cycles, at magnifications of 200 times and 2000 times. The SEM results are shown in
Figures 8 and 9. As can be seen from the figures, with the increment of the wetting–drying cycles,
soil particles were broken, the pore structure was gradually loosened, and the cementation
between soil grain was obviously weakened. The contact mode of particles changed from close
contact to point or surface contact, and the structure became loose. The number of large pores
in the soil pores obviously increased, and the strength property of the soil was weakened. This
indicates that S10,0.04 experienced repeated expansion and contraction deformation during
the wetting–drying cycles, soil particles were scoured by water flow, and the corresponding
material components and hydration products in the soil continued to migrate and disperse,
resulting in changes in soil micromorphology and severe damage to mechanical properties.

  

(a) (b) 

  

(c) (d) 

Figure 8. S10,0.04. SEM image ×200 times after wetting–drying cycles: (a) zero wetting–drying cycle;
(b) one wetting–drying cycle; (c) five wetting–drying cycles; and (d) nine wetting–drying cycles.
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(a) (b) 

 
(c) (d) 

Figure 9. S10,0.04. SEM image ×2000 times after wetting–drying cycles: (a) zero wetting–drying cycle;
(b) one wetting–drying cycle; (c) five wetting–drying cycles; and (d) nine wetting–drying cycles.

4.2.1. Surface Porosity P

Surface porosity is calculated according to Formula (4):

P =
∑N

i=1 Si

Stotal
(4)

where N is the total number of pores in the electron microscope picture; Si is the area of the
ith pore (μm2); and Stotal is the area of the picture (μm2).

The variation of the surface porosity P of S10,0.04 under different wetting–drying cycles
is shown in Figure 10. The surface porosity of S10,0.04 showed an overall upward trend with
the increment of the number of wetting–drying cycles, but the surface porosity decreased
after five wetting–drying cycles. This indicates that, under wetting–drying cycles, the internal
structure of the sample gradually broke down, and pores and cracks increased continuously.
After the fifth wetting–drying cycle, the decrease in surface porosity was due to the wetting–
drying cycle process promoting the internal hydration reaction, and the hydration products
generated filled the expanded pores and cracks. After the fifth wetting–drying cycle, the
hydration reaction was nearly complete. AFt, C-H-S, and other hydration products no longer
increased significantly, and the surface porosity of S10,0.04 increased again.
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Figure 10. Changes in surface porosity of S10,0.04 under different wetting–drying cycles.

4.2.2. Pore Diameter d

The pore diameter distribution of S10,0.04 under different wetting–drying cycles is
shown in Figure 11a, and the change in the average pore diameter is shown in Figure 11b.
The pore diameter of S10,0.04 was mainly concentrated within 1~5 um under the wetting–
drying cycles. With the increment of the number of wetting–drying cycles, the tiny pores
with a diameter of less than 1 um gradually decreased; in contrast, the large pores with
a diameter of more than 10 um continuously increased, and the average pore diameter
showed an upward trend. After the ninth dry–wet cycle, the average pore size of S10,0.04
is 1.41 times that of the sample without wetting–drying cycles, and 1.14 times that of the
sample after the first wetting–drying cycle.

 
(a) (b) 

Figure 11. Changes in pore diameter of S10,0.04 under different wetting–drying cycles: (a) distribution
pattern of pore diameter; and (b) variation pattern of average pore diameter.

According to the pore diameter distribution of S10,0.04 under different wetting–drying
cycles, the relationship between pore diameter distribution and surface porosity was
established, and the fitted results are demonstrated in Figure 12. As can be seen from
Figure 12, ≤1 um and 1~5 um apertures have the worst correlation with surface porosity.
The contribution rate of ≤1 um and 1~5 um apertures to the porosity increase is negative.
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>10 um and 5~10 um apertures have a higher correlation with surface porosity. The
contribution rate of >10 um aperture to the increment of porosity is positive, and the
contribution rate of the 5~10 um aperture is negative. This shows that the rise in surface
porosity is mainly related to the >10 um aperture.

Figure 12. Relationship between pore diameter distribution and surface porosity under different
wetting–drying cycles.

According to the pore diameter distribution of S10,0.04 under different wetting–drying
cycles, the relationship between pore diameter distribution and unconfined compressive
strength was established, and the fitted results are demonstrated in Figure 13. It can be
seen from Figure 13 that the four aperture ranges all had an impact on the unconfined
compressive strength. The pore diameter ≤1 um, 1 um~5 um, and 5 um~10 um have a
low correlation with the strength, and the correlation index R2 is 0.27064, 0.03754, and
0.31628, respectively, and they are all positively correlated. The pore diameter >10 um has
a high correlation with the strength, and the correlation index R2 is 0.50022, showing a
negative correlation.

Figure 13. The relationship between pore diameter distribution and unconfined compressive strength
under different wetting–drying cycles.
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4.2.3. Pore Abundance

The porosity is calculated according to Formula (5):

C =
B
L

(5)

where B is the pore short-axis length (um); L is the long-axis length of the pore (um).
The pore abundance distribution of S10,0.04 under different wetting–drying cycles is

shown in Figure 14a, and the change in average pore abundance is shown in Figure 14b.
As can be seen from Figure 14a, the porosity of S10,0.04 was mainly concentrated in the
range of 0.4~0.6, and the porosity of 0.0~0.2 accounts for a very tiny proportion during the
wetting–drying cycles, indicating that most of the pore shapes tended to be elliptical and
elongated pores were very rare. As shown from Figure 14b, the average pore abundance of
S10,0.04 fluctuated within the small range of 0.4~0.6 under different wetting–drying cycles,
indicating that the wetting–drying cycles had little influence on the pore shape.

(a) (b)

Figure 14. Changes in pore abundance of S10,0.04 under different wetting–drying cycles: (a) distribu-
tion rule of pore abundance; and (b) variation rule of average pore abundance.

4.2.4. Fractal Dimension

The fractal dimension is calculated according to Formula (6), which reflects the com-
plicacy of the pore shape. Its value is generally between 1 and 2. The greater the value, the
more multiple the pore profile [24,25].

D = − lim
ε→0

ln N(ε)

ln ε
(6)

where ε is the pore diameter (μm); and N(ε) is the percentage (%) of the total number of
pores greater than this diameter.

The variation law of the mean fractal dimension of S10,0.04’s pores under different
wetting–drying cycles is shown in Figure 15. The mean fractal dimension of S10,0.04’s
pores decreased first, then increased with the increment of the number of wetting–drying
cycles, mainly between 1.108 and 1.115. The average fractal dimension of pores after the
ninth wetting–drying cycle increased by 0.36% compared with that without wetting–drying
cycles, and by 0.51% compared with that after the first wetting–drying cycle, indicating that
the wetting–drying cycle process had a limited influence on the average fractal dimension
of pores.
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Figure 15. Changes in S10,0.04’s mean fractal dimension of pores under different wetting–drying cycles.

4.2.5. Pore Orientation Angle

The angle between the long axis of the pores in the binarized picture and the Y-axis of
the picture co-ordinate system is called the pore orientation angle [26]. The distribution
frequency of the pores in a specific direction is equally divided in the interval range of
0~180◦ by every 10◦, so that, within the range of 0~180◦, the orientation frequency of the
pores in the i interval can be calculated according to Formula (7) [27]:

Fi =
mi

M
× 100% (7)

where mi is the number of pores in the i interval in the binary picture; and M is the total
number of pores.

In the range of 0◦~360◦, the data are processed in mirror symmetry. The pore orien-
tation frequency of S10,0.04 under different wetting–drying cycles is shown in Figure 16.
As seen from Figure 16, the porosity has a specific orientation, and its orientation angle is
mainly distributed in the range of 90◦~100◦. With the increment of the number of wetting–
drying cycles, the pore orientation gradually decreased, and the pore distribution became
more disordered, showing a trend of uniform distribution at all angles. However, the
proportion of the orientation angle within 90◦~100◦ was still considerable.
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(a) (b) 

 
(c) (d) 

Figure 16. Pore orientation frequency of S10,0.04 under different wetting–drying cycles: (a) pore
orientation frequency after zero wetting–drying cycle; (b) pore orientation frequency after one
wetting–drying cycle; (c) pore orientation frequency after five wetting–drying cycles; and (d) pore
orientation frequency after nine wetting–drying cycles.

5. Conclusions

The macro and micro characteristics of solidified cement-stabilized soil under wetting–
drying cycles were studied. The effects of wetting–drying cycles on the mechanical proper-
ties of solidified cement-stabilized soil (S6,0.04, S8,0.04, and S10,0.04) and cement-stabilized
soil (samples S10 and S12) were investigated through compressive strength tests. The
mineral composition changes of cement-stabilized soil before and after the addition of
the curing agent (S10, and S10,0.04) were analyzed by X-ray diffraction (XRD), and the
microscopic morphological changes of solidified cement-stabilized soil (S10,0.04) under
different wetting–drying cycles were further studied by scanning electron microscopy
(SEM). The conclusions are as follows:

(1) With the increase in the number of wetting–drying cycles, the unconfined com-
pressive strength of all samples decreased first, and then increased, and decreased finally.
It indicates that the specimen underwent significant damage in the early stage of the
wetting–drying cycles, the hydration reaction was enhanced in the middle period in the
immersed water environment, and the strength could be restored. In the later stage, the
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hydration reaction was completed, and no hydration products were produced. Therefore,
the unconfined compressive strength of the specimen declined again.

(2) With the increase in wetting–drying cycles, the wetting–drying cycle coefficient of
solidified cement-stabilized soil first increased, and then decreased, the specimen structure
was gradually damaged, the surface shallow pits gradually increased, and the edge parts
continued to fall off. The erosion of S6,0.04 was the most serious, and the increment of
cement content and the incorporation of the curing agent could effectively improve its
resistance to wetting–drying erosion.

(3) The addition of the curing agent effectively promoted the hydration reaction and
improved the resistance to deterioration of the samples during the wetting–drying cycles.
The unconfined compressive strength, wetting–drying cycle stability coefficient, and mass
change rate of S10,0.04 were superior to that of S10. The performance of S10,0.04 was very
similar to that of S12.

(4) With the increase in the times of the wetting–drying cycles, the surface porosity
P and pore diameter d of S10,0.04 showed an overall upward trend, and decreased at
the fifth wetting–drying cycle. The pore orientation was weakened, and the changes in
pore abundance and fractal dimension were small. The unconfined compressive strength
of S10,0.04 was inversely proportional to the pore percentage content of a >10 um pore
diameter, and proportional to the pore percentage contents of a ≤1 um, 1 um~5 um, and
5 um~10 um pore diameter.
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Abstract: In this paper, the effectiveness of reinforcements for flexible pavements is evaluated through
an analysis of reflective cracking. Different stiffness and thickness reinforcements are considered
for the rehabilitation of an already cracked pavement. The effect of the reinforcement is assessed
from two different perspectives: (i) the ability to reduce stresses in the rehabilitated pavement layers,
and (ii) the capacity to mitigate the crack propagation from deeper layers. A finite element model
(FEM) is adopted to study the stress and strain state of the pavement layers. The pavement model has
been properly validated, transitioning from a simply supported beam scheme to an elastic multilayer
model. In addition, to represent crack propagation, fracture evolution is analyzed using Linear Elastic
Fracture Mechanics (LEFMs) and Paris’ law. The effect of different reinforcements on the pavement
is then simulated. The results show that the reinforcement performance is strictly dependent on
the interlayer thickness and stiffness. In particular, high stiffness reinforcements (geomembranes)
show increasing effectiveness with stiffness, both in terms of reflective cracking and stress reduction.
Conversely, low stiffness reinforcements (SAMIs) show a variable trend with the stiffness modulus.
In fact, extremely low stiffness is effective in slowing down crack propagation but is detrimental to
the wearing course’s stress condition. However, as the stiffness increases, the likelihood of cracking in
the wearing course decreases, though only a small beneficial effect is registered for crack propagation
in the base layer.

Keywords: pavement cracking; pavement reinforcement; SAMI; geomembrane; fracture mechanics;
finite element modeling; elastic multilayer model

1. Introduction

Fatigue cracking is one of the most common distress mechanisms in asphalt pavements.
It consists of the initiation and propagation of cracks due to the repeated loading of the
pavement [1]. The fracture severity and speed of propagation depend on various intrinsic
and extrinsic parameters of hot mix asphalt pavement, such as layer thickness, mechanical
properties, applied load, and temperature [2]. Cracked pavement causes the loss of regularity,
friction, and comfort for vehicles, with significant safety implications.

One possible intervention to slow down reflective cracking is the implementation of
reinforcement layers. To place the reinforcement layer on an initially cracked pavement,
it is necessary to partially mill the pavement so that the final level of the pavement is not
changed. An interlayer of variable thickness is then placed, and a final asphalt overlay
is applied to restore the pavement surface characteristics. The effectiveness of the rein-
forcement depends on the cracking extension in the original pavement, the thickness and
stiffness of the reinforcement, the adhesion of the reinforcement to the adjacent layers, and
the accuracy of the execution. This paper focuses mainly on the interlayer reinforcement
properties to define the optimal solution in terms of reinforcement thickness and stiffness.
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Until now, several reinforcement materials have been considered for applications, but
a generic approach aimed at comparing different alternatives has not yet been developed.
In fact, the objective of this paper is to define a range of possible effective reinforcement
solutions, in terms of thickness and stiffness, that could be obtained by adopting various
materials available on the market.

2. Literature Review

The fatigue resistance of pavements depends on a combination of factors; therefore,
machine learning and predictive methods have been used to describe it [3].

Various techniques can be adopted to prevent crack initiation [4] or to delay crack
propagation [5]. Some methods even involve the adoption of recycled materials [6].

In particular, to delay fatigue cracking propagation, different reinforcement interven-
tions could be implemented. The process mainly consists of milling part of the surface
course to place a reinforcement interlayer, over which an overlay is applied. A widely used
method consists of placing a geocomposite interlayer between the existing pavement and
a new asphalt overlay. The effectiveness of the geocomposite in delaying crack initiation
and propagation has been evaluated through laboratory tests, showing that material prop-
erties play a crucial role [7]. For instance, the suitability of the mechanical properties of
reinforcing materials could be assessed for both natural and synthetic textiles [8]. It should
be noted that the effect of geosynthetics in delaying crack initiation and propagation is
usually evaluated by laboratory tests, which do not take into account a previously cracked
pavement [9]. Moreover, laboratory tests conducted to characterize fatigue resistance are
affected by great dispersion and require a large sample size [10].

The Stress Absorbing Membrane Interlayer (SAMI) could also be implemented as
interlayers. Various studies in the literature have analyzed the effectiveness of SAMIs
through laboratory tests designed to simulate fatigue cracking through accelerated loading
tests [11]. The effectiveness of SAMIs might depend on various boundary conditions, and
it was shown that their introduction is not always beneficial to the road pavement. In
particular, the benefits of the SAMI depend on its thickness and the shear stiffness of the
interlayer, especially when applied to a cracked pavement [12,13]. Moreover, depending
on the temperature, the effect of the SAMI could vary, and when dealing with visco-elastic
materials, such as asphalt pavements, a change in temperature results in a change in
stiffness. This confirms the importance of considering both reinforcement thickness and
stiffness as study variables.

SAMIs are low stiffness interlayers that are able to absorb stress due to their deforma-
bility. A Finite Element Analysis, which was used to evaluate SAMIs, revealed that low
stiffness is necessary, but extremely low stiffness could lead to undesirable effects, such as
excessive strain in the overlay [14].

In addition, SAMIs that employ innovative materials, such as a fiber reinforced SAMI [15]
and asphalt rubber SAMI [16], have also been considered.

Bonding efficiency is another important aspect of interlayer reinforcement. In fact, a
defect in interlayer bonding could compromise the effectiveness of the reinforcement [17,18].
Researchers investigated the feasibility of applying geocomposites to a milled surface
and showed that they can be successfully applied if properly implemented [19]. It was
demonstrated that bonding properties depend on the reinforcement system type [20].
Moreover, the adoption of innovative materials (such as a basalt fiber mesh geotextile [21])
to improve adhesion has been taken into account.

Finite Elements Models (FEMs) have been adopted in the literature to describe crack
propagation by means of Paris’ law [22]. This method involves an energetic approach to
describe fatigue cracking [23] based on the introduction of a Stress Intensity Factor (SIF)
and the J-integral [24].
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3. Research Objectives

In this study, the effectiveness of the reinforcement is evaluated according to the state
of the art. In particular, as interlayer thickness and stiffness are essential characteristics,
different values for these variables have been taken into account. To simulate the effect on
crack propagation and stress condition in the pavement layers, a FEM method is adopted.
The simulations consider an already cracked pavement as the initial condition, representing
a more realistic situation for reinforcement implementation. In fact, crack initiation occurs
at a localized defect and the number of load cycles inducing initiation is strictly dependent
on the specific defect and is thus influenced by randomness [25]. However, the crack
propagation trend depends on the overall pavement layer properties. Therefore, the focus
of this study is to describe and simulate the crack propagation phase. In detail, crack
propagation is simulated in accordance with Paris’ law, which, based on the literature, is
the most widely adopted approach to date.

In addition, the unreinforced pavement condition is also considered for crack prop-
agation simulations. This allows the performance of the specific reinforcement type to
be evaluated by comparing it with the zero-intervention solution. As a result, a set of
appropriate reinforcement characteristics could be determined.

Specifically, the effectiveness of each type of reinforcement is assessed on the basis of
the following criteria: (i) the ability to limit the stress condition in the asphalt overlay and
prevent it from cracking, and (ii) the ability to slow down and delay the propagation of
cracks in the initially cracked pavement. In fact, the cracking of the overlay would again
compromise the surface properties of the pavement in terms of friction and therefore safety.

4. Materials and Methods

The purpose of this study is to assess the effectiveness of asphalt pavement reinforce-
ment in counteracting reflective cracking. It is assumed that the rehabilitation intervention
is carried out on an initially cracked pavement to limit the negative impact on user safety.

4.1. Pavement Rehabilitation and Reinforcement Layer

Road pavement rehabilitation involves the partial milling of the cracked pavement
layers, the application of a reinforcement interlayer, and a final asphalt overlay to restore
the surface characteristics. In particular, various reinforcement interlayer typologies have
been taken into account in terms of stiffness and thickness. To evaluate the effectiveness
of different types of reinforcement, it is necessary to simulate crack propagation scenarios
in pavements without and with reinforcement. By comparing the results for the different
reinforcements, the most effective solutions in terms of thickness and stiffness can be iden-
tified. In particular, the pavement layouts without reinforcement and with reinforcement
are shown in Figure 1a and Figure 1b, respectively.

  
(a) (b) 

Figure 1. Analyzed pavement scheme: (a) without reinforcement; (b) with reinforcement.
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There are different types of reinforcement interlayers in terms of material properties,
stiffness, and operating principle. In this study, different interlayer typologies are consid-
ered regarding stiffness and thickness. In particular, by assuming a reasonable stiffness of
8000 MPa (at 20 ◦C and 10 Hz load frequency [26]) for the asphalt overlay, the following
two categories of reinforcement have been identified.

• Low stiffness reinforcements refer to reinforcements characterized by a modulus
of elasticity less than 8000 MPa. This stiffness range is usually associated with the
Stress Absorbing Membrane Interlayer (SAMI). Thanks to their low stiffness and high
deformability, these layers can absorb stresses and dissipate energy through vertical
and horizontal deformation. The SAMI consists of a modified bituminous emulsion
covered with a washed and crushed aggregate, forming a diaphragm that distributes
the stresses and limits the propagation of cracks from the lower layers of the pavement.

• High stiffness reinforcements refer to reinforcements characterized by a modulus
of elasticity greater than 8000 MPa. This reinforcement stiffness can be associated
with geomembranes, which are layers of polymer modified bitumen and glass fiber
reinforcements, characterized by a waterproofing function [27]. To ensure adhesion
between layers, the geomembrane is composed of a three-layer system consisting of a
self-adhesive bituminous lower layer, a glass fiber grid middle layer, and a bituminous
upper layer with a thermo-adhesive surface.

For the simulations, different values of the elastic modulus are considered for low and
high stiffness reinforcements, as shown in Table 1.

Table 1. Reinforcement elastic modules for low stiffness and high stiffness reinforcements.

Reinforcement Stiffness—Elastic Modulus [MPa]

Low Stiffness Reinforcements
-SAMI-

High Stiffness Reinforcements
-Geomembranes-

400; 500; 600; 700; 800; 900; 1000; 1500; 2000;
3000; 4000; 5000. 10,000; 50,000; 100,000; 200,000.

4.2. Fracture Mechanics

The reflective cracking phenomenon on the pavement is typical of fatigue cracking
under repeated load cycles [28,29]. In this study, crack propagation is analyzed by em-
ploying Linear Elastic Fracture Mechanics (LEFMs). This assumption is valid for linear
elastic material properties. For visco-elastic materials, such as asphalt pavement, specific
adjustments should be considered to adapt the LEFMs, as detailed below.

Crack propagation in a pavement can follow two typical paths: bottom-up [30] and top-
down [31]. Bottom-up crack propagation occurs when the first crack appears at the bottom
of the bonded layers and then propagates upwards, while top-down propagation starts at
the surface layer and propagates downwards. Bottom-up propagation is considered for
the present analysis, as it is the most common initiation condition caused by tensile stress
at the lower surface of the base layer. To describe crack propagation, fracture mechanics
should be considered. LEFMs divide the phenomenon into three stages: (i) crack initiation,
(ii) crack propagation, and (iii) system failure. In addition, crack propagation may follow
a different trend if a reinforcing layer is applied to an already cracked pavement. The
crack propagation scheme for an unreinforced and a reinforced pavement is synthesized in
Figure 2.

Relevant to this study, each stage of crack propagation is described in detail below.

1. Stage 1: Crack initiation. The crack initiation phase consists of two steps: an initial
microcrack and a subsequent macrocrack, corresponding to the formation of a visibly
damaged zone. The initiation phase is characterized by the number of repeated load
cycles (Ni) causing the appearance of the first damage state within the affected layer.
The location of the crack initiation zone depends on the presence of a localized defect.
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It is hypothesized that the first crack initiates at the base of the bonded layers and then
propagates upwards (bottom-up fatigue cracking), as this crack initiation mechanism
is the most common in fatigue cracking [30]. The loading condition causing the crack
formation is assumed to be a tensile stress opening the crack, since it has been shown
to be the most critical condition for the crack propagation stage as well (Stage 2) [32].

2. Stage 2: Crack propagation. Once the first crack has appeared, if the pavement
continues to be cyclically loaded, the crack will continue to propagate. A plastic zone
develops at the tip of the crack, the size of which increases as the crack grows [33]. If
the plastic region is small enough to be contained within the elastic singularity region,
the Stress Intensity Factor (SIF) can be adopted to describe the stress field around the
defect [34]. The SIF, represented by the variable K, can be adopted to estimate the
fracture dimension (a) during its propagation. The SIF depends on the geometric and
loading conditions and can be expressed in general terms for different loading modes
by Equation (1).

 
Figure 2. Crack propagation scheme for a non-reinforced and a reinforced pavement.

K = Yσ
√

πa (1)

where σ is the applied stress, a is the crack size, and Y is an adimensional shape factor
depending on the geometry and loading mode. To define the SIF, an energetic approach
based on the J-integral is adopted. The J-integral is the energy parameter describing the
concentration of stress over an area, as given by Equation (2).

J = −dU
dA

(2)

where U is the potential energy, and A is the fracture area. For visco-elastic materials such
as asphalt pavement, the J-integral is expressed by Equation (3), through which the SIF is
obtained, as expressed in Equation (4).

J =
K2(1 − ν2)

ER
(3)

K =

√
ER·J

(1 − ν2)
(4)
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where ER is the reference stiffness modulus for the material, and ν is the Poisson’s coeffi-
cient. The crack growth rate is a function of the change in the SIF (ΔK). The relationship
describing crack propagation is expressed by Equation (5):

da
dN

= f (ΔK, R) (5)

where a is the fracture dimension, N is the number of loading cycles, da/dN is the crack
growth per load cycle, ΔK is the change in the SIF, and R is the fracture resistance of the ma-
terial. Equations (6) and (7) can be adopted for determining the aforementioned parameters.

R =
Kmin
Kmax

(6)

ΔK = Kmax − Kmin (7)

By means of the relationship described in Equation (5), it is possible to estimate the
fatigue life of the pavement, which refers to the number of load cycles that will bring the
pavement to failure. The number of cycles to failure is calculated as the number of cycles
required to propagate the crack from an initial height (a0) to a final height (a f ), as expressed
by Equation (8).

N =
∫ a f

a0

da
f (ΔK, R)

(8)

In the crack propagation phase, the evolution essentially depends on the material
properties. Indeed, the literature has shown that it is possible to characterize the trend
of the defect propagation rate as a function of the K parameter using an exponential law
that can be linearized in the logarithmic plane. The exponential law describing this trend
is known as Paris’ law and is expressed in Equation (9), where A and n are parameters
characterizing the material.

da
dN

= A(ΔK)n (9)

In particular, n is assumed to be equal to 3.4 [35,36], while A is determined through
Molenaar theory [37], as shown in Equation (10). This approach allows one to account for
the visco-elastic properties of the analyzed material.

log A = 4.389 − 2.52 log(Er·σt·n) (10)

where σt is the tensile strength of the material, which is assumed to be equal to 1.8 MPa.

3. Stage 3: System failure. System failure corresponds to the loss of the safety and
operability of the road surface. In the case of a reinforced pavement, system failure
is reached when the crack has propagated through the full thickness of the base
layer reaching the reinforcement layer. For consistency, the system failure for a non-
reinforced pavement is assumed to occur when the crack propagates through the
entire base layer.

4.3. Method Validation

To validate the method adopted for the solution, an elementary model to describe the
pavement is initially considered, namely a single-layer beam. The aim of validation is to
confirm the ability of the software considered (COMSOL Multiphysics, and Abaqus) to
describe the pavement behavior in terms of the following:

1. Stress trend, which should be consistent with the stress results from the de Saint
Venant theory;

2. Crack propagation, which must be in accordance with the results based on Paris’ law.
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In particular, the validation is performed on a single-layer beam in the absence of a
crack for the stress condition and in the presence of a crack for the crack propagation case.
Moreover, the following hypotheses have been considered:

• Linear elastic material is assumed to describe asphalt behavior (reasonable assumption
in the case of fatigue behavior with a high number of load cycles [38]); the material
properties are therefore expressed in terms of the Young’s modulus (E = 8000 MPa)
and Poisson’s coefficient (ν = 0.3);

• Plane deformation state (εx �= 0, εy �= 0, εz = 0);
• Beam dimensions (length L = 500 mm and height h = 50 mm) are assumed to comply

with the slender beam condition (L/h ≥ 8), so that de Saint Venant’s theory can
be applied;

• A three-point loading condition is needed, with a load of 120 N distributed over an
area of 10 mm (distributed load of 12 N/mm).

For the cracked beam simulation scenario, different crack dimensions (a) are assumed
for the two software programs:

• For COMSOL Multiphysics, a variable crack height from 2.5 mm to 30 mm with
0.5 mm increments is considered;

• For Abaqus, crack heights of 5, 10, 15, 20, and 25 mm are considered.

Therefore, the single-layer beam scheme considered for stress validation is illustrated
in Figure 3a, while the adopted configuration for crack propagation validation is repre-
sented in Figure 3b.

 
(a) (b) 

Figure 3. Single-layer beam scheme considered for model validation: (a) non-cracked single-layer
beam for stress condition validation; (b) cracked single-layer beam for crack propagation validation.

4.3.1. Stress Condition

The validation of the stress condition is performed on the single-layer beam without
a crack (Figure 3a). In fact, the stress results obtained from the software are compared
with those obtained by de Saint Venant’s theory. The stresses are calculated at the beam
mid-point at various heights. However, as these stresses are influenced by local effects due
to the presence of the load at the mid-point, stresses are also calculated at 200 mm from this
point. Considering the trend of stresses corresponding to a section slightly shifted from the
centerline (at 200 mm), where the concentrated load is applied allows for the effect of stress
concentration to be isolated.

The graphical representation of the stresses at the beam centerline (Figure 4a) and
200 mm from the centerline (Figure 4b) shows that there is an almost perfect correspondence
between the software and de Saint Venant’s theory, except for localized effects caused by the
load application. It can be seen that the middle section is affected by stress concentration
effects due to the presence of the load, while the section 200 mm away shows an almost
perfect correspondence between the software and de Saint Venant’s theory. In fact, the
stresses assume the pattern of the typical butterfly diagram.

39



Buildings 2024, 14, 2264

 
(a) (b) 

Figure 4. Comparison of stress diagram in single-layer beam obtained with de Saint Venant theory
and software: (a) at the beam centerline; (b) at 200 mm from the beam centerline.

4.3.2. Crack Propagation

The validation of the crack propagation is performed on the single-layer beam with
the crack (Figure 3b). The software results are compared in terms of the Stress Intensity
Factor (SIF) with the literature equations for the three-point bending test. In particular, the
formulations of Anderson [33] and Carpinteri [39], described by Equations (11) and (12),
respectively, are considered.

K =
Q·L
h

3
2 ·B

·g
( a

h

)
=

Q·L
h

3
2 ·B

·
3
√

a
h

2 +
(
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h
) 3

2
·
[
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where Q is the concentrated load, L is the beam length, h is the beam height, B is the beam
thickness, and a

h is the ratio between the crack dimension and the beam height.
The results in terms of the SIF for different crack dimensions are synthesized in

Table 2. It can be noted that the SIF shows a good correspondence between the software
and literature equations.

Table 2. Comparison of the SIF obtained with the literature equations and software for different
crack dimensions.

Crack Dimension Stress Intensity Factor—K [N/m1.5]

a [mm] Abaqus COMSOL Anderson Carpinteri

5 91,444 90,577 90,906 89,071
10 129,826 129,317 126,101 125,430
15 169,746 168,887 163,277 163,446
20 220,866 218,773 212,711 212,629
25 291,328 291,290 285,769 286,028

The validation process confirmed the reliability of using both software programs to
represent the stress condition and crack propagation. Therefore, only COMSOL Multiphysics
is referred to in the following, as it allows for the easier modeling of the crack dimension.
In particular, the crack is modeled with a variable height ranging from 2.5 mm to 30 mm
with 0.5 mm increments.
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4.4. Two-Layer System

Once the feasibility of adopting the software has been validated, the assumed model
is refined to better represent the actual on-site condition of the pavement. Therefore, a two-
layer beam is considered, with the top layer representing the wearing course and the bottom
layer representing the base layer. It is assumed that there is perfect adhesion between the
two layers. This condition is proven to be achieved in properly constructed pavements [19].
The graphical representation of the two-layer beam is shown in Figure 5. This pavement
configuration allows for the investigation of the effect of different fracture dimensions on
the stress condition and crack propagation of the two-layer system. Therefore, simulations
for the two-layer beam can be extrapolated to the behavior of a non-reinforced pavement.

Figure 5. Non-reinforced pavement represented by a two-layer beam scheme.

The following results obtained from the software simulations are analyzed.

1. σx: stress along the x-direction calculated at the beam centerline for the entire beam
height. Based on Figure 6, it can be noted that when considering increasing crack
dimensions (a), an increasing stress trend is registered along the beam centerline. In
addition, the maximum tensile stress is recorded in correspondence with the crack tip.
Moreover, larger crack heights increase the stress in the wearing course, increasing
the likelihood of crack initiation. If the crack extends through the entire base layer
(a = 25 mm), the stress in the bottom layer is null and the stress in the top layer
is maximized.

2. The J-integral and SIF for different crack dimensions and different radii of the circular
integration area (r). A different J-integral will be calculated according to the selected
circular radius for the integration area, as shown in Figure 7a. In particular, the
value of the J-integral depends on the radius of the circular integration area (r) when
the integration surface intersects the boundary between the lower and upper layers.
Consequently, a specific SIF is obtained, as illustrated in Figure 7b.

3. Nnr: the number of load cycles to failure without reinforcement, where failure is
reached when the crack propagates through the entire base layer. The number of
cycles leading to system failure is calculated as the cumulative number of load cycles
for several increasing crack heights. Thus, according to results expressed in Figure 8,
the total number of load cycles that will cause the system to fail without reinforcement
is approximately Nnr = 6.71·108.
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Figure 6. Stress at the beam centerline in a two-layer system for different crack dimensions (a).

 
(a) (b) 

Figure 7. Paris’ law parameters in a two-layer system for different crack dimensions: (a) J-integral;
(b) Stress Intensity Factor.

Figure 8. Cumulative load cycles leading the two-layer beam system to failure.

4.5. Three-Layer System

To simulate the effect of reinforcement with reference to the pavement scheme con-
sidered in Section 4.4, a three-layer beam is considered. Therefore, the pavement scheme
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considered is shown in Figure 9. It should be noted that the effect of the reinforcement de-
pends on its thickness and stiffness; thus, different simulations are performed for different
reinforcement characteristics.

Figure 9. Reinforced pavement represented by a three-layer beam scheme.

Software simulations allow the number of cycles to failure to be determined for
different reinforcement thicknesses and stiffnesses. In fact, the output data obtained from
the software are the same as those considered in Section 4.4. However, for the reinforced
pavement, the number of load cycles that bring the system to failure (crack propagation
affecting the whole base layer) is expressed through the symbol Nr.

To determine the effect of the reinforcement on the wearing course, the maximum ten-
sile stress recorded in the surface layer is evaluated for different reinforcement thicknesses
and stiffnesses. The results reported in Figure 10 show that the tensile stress in the wearing
course increases with the crack dimension. In fact, as the crack propagates from the deeper
layer (base) upwards, the maximum stress in the surface layer increases. In addition, the
positive effect of the reinforcement in containing the tensile stress in the wearing course is
more pronounced at greater thicknesses and stiffnesses. When comparing two different
reinforcing layer thicknesses, 0.15 mm (Figure 10a) and 2 mm (Figure 10b), for the same
stiffness, the reinforcement proves to be more effective with a greater thickness. This means
that the reinforcement layer should be sufficiently stiff and thick to prevent cracking in the
wearing course.

 
(a) (b) 

Figure 10. Maximum tensile stress in the wearing course for increasing crack dimension: (a) for a
reinforcement thickness d = 0.15 mm; (b) for a reinforcement thickness d = 2 mm.
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Similarly, when comparing the effect of reinforcement for two different crack dimen-
sions, 1 mm (Figure 11a) and 25 mm (Figure 11b), a combined effect of the layer thickness
and stiffness is registered. In small crack dimensions, the effect of the reinforcement layer is
significant only for high reinforcement stiffness (>8000 MPa). Conversely, for larger crack
dimensions, the effect of reinforcement is noticeable even for lower stiffness layers when
they have a sufficient thickness.

 
(a) (b) 

Figure 11. Maximum tensile stress in the wearing course for increasing reinforcement thickness:
(a) for a crack dimension a = 1 mm; (b) for a crack dimension a = 25 mm.

4.6. Reinforcement Performance

To evaluate the effect of the reinforcement layer on the base layer, crack propagation
should be considered. In particular, the performance of the reinforcement is described
in terms of the number of cycles to failure with and without reinforcement, through the
following Equation (13):

η =
Nr

Nnr
=

∫ H
0 · da

(Δ Kr)
n∫ H

0 · da
(Δ Knr)

n

(13)

where η is the reinforcement performance, Nnr is the number of load cycles to failure
without reinforcement, Nr is the number of load cycles to failure with reinforcement, ΔKnr
is the SIF for the non-reinforced pavement, and ΔKr is the SIF for the reinforced pavement.
Whenever the performance value is greater than one, the reinforcement has a positive effect
on crack propagation in the base layer.

The results in terms of reinforcement performance for different thicknesses and stiff-
nesses are synthetized in Table 3.
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The results show that high modulus reinforcements consistently exert a positive effect
on crack propagation in the base layer due to their stiffening effect. Specifically, they offer
increasingly significant benefits with a higher modulus and thickness. Conversely, low
stiffness modulus reinforcements have no stiffening effect and, due to stress redistribution,
increase the tensile stresses in the base layer and reduce the number of cycles to failure. In
fact, for low stiffness reinforcements, the performance η is generally less than one, which
represents a negative effect on crack propagation. The only low stiffness reinforcement con-
figuration associated with a positive effect is for extremely low stiffness moduli (<700 MPa)
and for intermediate thicknesses (d = 1 mm or d = 1.5 mm).

Figure 12 synthetizes the reinforcement performance at different stiffness levels, con-
firming that high modulus reinforcements always have a positive effect in delaying crack
propagation, while low modulus reinforcements are mainly inefficient except at very low
stiffness values.

 
(a) (b) 

Figure 12. Reinforcement performance at different thicknesses and stiffnesses for: (a) low stiffness
reinforcements; (b) high stiffness reinforcements.

4.7. Multilayer System

Once the main trends between reinforcement thickness/stiffness and its performance
have been defined, a more realistic pavement configuration is simulated. In particular, a
multilayer system representing an asphalt pavement is considered. Specifically, the asphalt
bonded layers (wearing course and base) are placed on top of an unbonded layer (sub-base)
laying on the subgrade. The specific pavement scheme without reinforcement and its
relative material properties and boundary conditions is shown in Figure 13. In particular,
the bottom of the subgrade is considered fixed (displacements are not allowed along both
the x and y directions). Lateral boundaries of the multilayer system are represented as a
trolley, which prohibits any movement along x and allows translations only along y. The
interaction between the different layers is simulated according to two different schemes:
(i) a condition of perfect adhesion is assumed at the interface between the bonded layers, i.e.,
total cooperation with the transfer of vertical stresses and the same horizontal deformations,
and (ii) at the interface with at least one unbonded layer, the total absence of adhesion is
assumed, with the layers being completely independent from the tensile-deformation point
of view, thus eliminating the transfer of horizontal forces. To simulate reflecting cracking, a
variable crack dimension between 0.1 mm and 170 mm in 0.5 mm increments is assumed
so that for the maximum crack height, the entire base layer is cracked. For the purpose of
finite element modeling, the mesh characteristics were determined. A structured triangular
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mesh with a maximum dimension of 5 mm and densification near the fracture apex was
assumed, as detailed in Figure 13.

 
Figure 13. Multilayer pavement scheme without reinforcement.

To calculate the J-integral, four different circular integration surfaces with an increasing
radius r (10 mm, 20 mm, 30 mm, and 40 mm) are considered. The software, therefore,
simulates the stress condition and crack propagation to failure.

Similarly, the reinforced pavement scheme is assumed, as shown in Figure 14. In this
case, the software is used to run simulations for different reinforcement thicknesses and
stiffnesses. It should be noted that for low stiffness reinforcements (SAMIs), a thickness of 5
mm is taken into account, while for high stiffness reinforcements (geomembranes), a thick-
ness of 0.15 mm is considered. In particular, since the geomembrane is a three-layer system
composed of two bituminous layers comprising a fiberglass grid, an equivalent thickness is
taken into account. This allows for the consideration of the average reinforcement material
properties for software simulation purposes.

Figure 14. Multilayer pavement scheme with reinforcement.
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The thickness of the asphalt overlay depends on the thickness of the reinforcement,
ensuring that the total thickness of reinforcement and overlay is equal to 40 mm. Regarding
the elastic modulus, various values have been considered for both low and high stiffness
reinforcements, as reported in Figure 14.

5. Results and Discussion

The effect of the reinforcement on the schematized pavement is evaluated by compar-
ing the non-reinforced configuration (Figure 13) with the reinforced one (Figure 14). In
particular, two aspects should be considered: the effect on the stress condition in the wear-
ing course, and the crack propagation in the base layer. In fact, the reinforcement should be
able to both prevent new cracking in the wearing course and delay crack propagation into
a deeper layer of the pavement.

5.1. Reinforcement Effect on the Stress Condition of the Wearing Course

To evaluate the effectiveness of the reinforcement in preventing cracking in the wear-
ing course, the maximum tensile stress is considered for various scenarios. In particular,
the unreinforced pavement is compared with the reinforced pavement for various stiff-
ness values.

5.1.1. Low Stiffness Modulus Reinforcements—SAMI

The results of the simulations in terms of the maximum tensile stress in the wearing
course for low stiffness reinforcements are shown in Figure 15. It can be noted that
low stiffness reinforcements (E < 8000 MPa) with a thickness of 5 mm are not always
beneficial for preventing cracking in the wearing course. In fact, extremely low stiffness
reinforcements (E < 700 MPa) induce a tensile stress in the wearing course that is even
more critical compared to the unreinforced pavement. This phenomenon may be due to
the presence of an interlayer contributing to the transfer of stresses from the lower cracked
layers to the new asphalt overlay, overloading it. Only for fairly large cracks (a > 150 mm),
which nearly affect the entire base layer, a slight positive effect of the reinforcement is
observed. Conversely, stiffness values equal or greater than 700 MPa allow a positive effect
to be achieved in the wearing course. In addition, the benefit is more pronounced for
increasing stiffness. However, for the simulated scenarios, any reinforced pavement will
still reach a fracture state if the crack extends to the full height of the deeper layers, as the
tensile strength (1.80 MPa) is overcome.

Figure 15. Maximum tensile stress in the wearing course for low stiffness reinforcements.
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5.1.2. High Stiffness Modulus Reinforcements—Geomembranes

Regarding high stiffness reinforcements (E > 8000 MPa), a constant thickness of
0.15 mm is considered. As shown in Figure 16, high stiffness reinforcements are almost
always effective in preventing cracking in the wearing course. In fact, even for a crack
dimension of 170 mm affecting the entire base layer, the maximum tensile stress in the
wearing course is below the tensile strength (equal to 1.8 MPa). The tensile strength is
exceeded for a crack dimension of 170 mm only in the case of a reinforcement stiffness of
10,000 MPa, meaning that cracking will occur in the wearing course.

Figure 16. Maximum tensile stress in the wearing course for high stiffness reinforcements.

Therefore, high stiffness reinforcements with a modulus of elasticity greater or equal
to 50,000 MPa are effective in preventing cracking in the surface layer. In addition, the
maximum tensile stress in the wearing course is reduced as the stiffness of the reinforcement
layer increases.

5.2. Reinforcement Effect on the Cracking State of the Base Layer

To evaluate the effectiveness of the reinforcement in delaying crack propagation in
the base layer, the number of load cycles to failure are considered for various scenarios.
Specifically, the unreinforced pavement is compared with the reinforced one for vari-
ous stiffness values. Thus, the reinforcement performance (η) is computed according to
Equation (13). Performance values greater than one express a positive effect of the rein-
forcement, as the number of cycles to failure is increased compared to the unreinforced
pavement. Conversely, performance values lower than one indicate a detrimental effect of
the reinforcement on crack propagation in the base layer.

5.2.1. Low Stiffness Modulus Reinforcements—SAMI

Performance values for low stiffness reinforcements are calculated by comparing the
number of cycles to failure with no reinforcement and with 5 mm of reinforcement. The
results presented in Figure 17 show that a beneficial effect is registered for a reinforcement
stiffness of less than 900 MPa. In fact, for this condition, a performance value greater than
one is obtained, meaning that the reinforcement can counteract crack propagation in the
base layer. This means that low stiffness reinforcements, due to their high deformability,
can slow down crack propagation. Conversely, as stiffness increases, the positive effect of
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stress absorption is gradually reduced, so that for a modulus of elasticity between 900 MPa
and 5000 MPa, the reinforcement is neither deformable enough to absorb stresses nor stiff
enough to reinforce the deeper layers. As a result, the performance values are less than one
and the reinforcement is not beneficial.

Figure 17. Reinforcement performance for low stiffness reinforcements.

5.2.2. High Stiffness Modulus Reinforcements—Geomembranes

Performance values for high stiffness reinforcements are calculated by comparing
the number of cycles to failure with no reinforcement and with 0.15 mm of reinforcement.
The results presented in Figure 18 show that a beneficial effect is always registered. In
fact, for a modulus of elasticity greater or equal to 10,000 MPa, the performance values
are always greater than one. This means that the number of cycles to failure is always
increased compared to the unreinforced pavement. In the case of high stiffness reinforce-
ments, the beneficial effect on the base layer in terms of crack propagation delay increases
with stiffness.

Figure 18. Reinforcement performance for high stiffness reinforcements.

6. Conclusions

This study aimed to evaluate the effectiveness of reinforcement interlayers in road
pavement rehabilitation by mitigating fatigue cracking. Two types of interlayers were
considered: (i) low stiffness reinforcements (SAMIs) and (ii) high stiffness reinforcements
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(geomembranes). The benefits of reinforcement were evaluated based on the stress condi-
tion of the wearing course and the cracking state of the base layer.

The results showed that geomembranes always have a positive effect in terms of tensile
stress in the wearing course. Moreover, interlayers with a very high stiffness (≥50,000 MPa)
are effective in preventing cracking in the surface course, even with a fully cracked deeper
course. In addition, geomembranes can delay crack propagation as the performance values
are always greater than one. The performance increases with increasing stiffness, ranging
from 1.05 (for 10,000 MPa reinforcement stiffness) to 3.57 (for 200,000 MPa reinforcement
stiffness). For example, a 50,000 MPa geomembrane (0.15 mm thick) can increase the service
life of a pavement by approximately 30%.

While geomembranes always have a positive effect, SAMIs do not always have a
positive effect. In terms of tensile stress in the wearing course, a stiffening effect is required
and a sufficiently high stiffnesses is necessary to have a positive effect on the existing
pavement (≥700 MPa). In addition, the tensile strength in the wearing course is always
exceeded for a totally cracked base layer, meaning that SAMIs are not fully effective in
preventing cracking. In terms of crack propagation in the base layer, SAMIs only have a
positive effect for sufficiently low stiffness (sufficiently deformable), showing performance
values greater than one for reduced stiffness (≤800 MPa). Therefore, SAMIs present some
critical issues related to the fact that they should be sufficiently deformable to delay crack
propagation in the base layer, but stiff enough to prevent cracking in the wearing course.

In conclusion, geomembranes always have a positive effect both in delaying crack
propagation in the deeper layers and in preventing cracking in the surface layer. On the
contrary, SAMIs have a positive effect in reducing the probability of cracking in the wearing
course for sufficiently high stiffnesses (≥700 MPa) and in retarding the propagation of
cracks for sufficiently low stiffnesses (≤800 MPa). Thus, SAMIs could be effective for
intermediate stiffnesses (700/800 MPa). However, the effect would be slightly positive and
not comparable to that of geomembranes.

The results of this study, based on the simulation of pavement behavior, could be
useful to plan an experimental analysis to confirm the results obtained, as the focus of a
further agenda.
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Abstract: The adhesive properties of tack coats between asphalt pavement layers are crucial for
the pavement’s structural behavior. This study first involved numerical analyses to compare stress
patterns, deformations, and displacements in the pavement structure under various geometric and
mechanical conditions. A rational calculation method based on the theory of elastic multilayer
systems was used to quantify the impact of layer properties such as thickness, stiffness modulus, and
Poisson’s ratio on interlayer bonding. Three bonding conditions—Full Friction, Partial Bonding, and
Full Debonding—were analyzed to understand the tack coat’s effect between the top two layers. The
second phase involved characterizing the mechanical behavior of the interface through shear strength
tests (Leutner shear test) on both laboratory-prepared specimens and samples from a 10-year-old
highway. Specimens were prepared using a Roller Compactor and tested under different interface
conditions: hot-on-hot (H/H), residual bitumen 200 g/m2 (RB 200), and residual bitumen 400 g/m2

(RB 400). The tests examined the bonding effects in terms of tangential force and shear displacement
at failure, as well as the impact of vehicular traffic on rutting and fatigue failure. Finally, this study
investigated the long-term aging effects of the binder on interlayer bonding and sought to correlate
the results of numerical calculations with those of the laboratory tests.

Keywords: tack coat; bonding effect; bituminous interlayers; Leutner shear test; pavement layers

1. Introduction and Literature Review

From a global perspective, transportation infrastructure plays a fundamental role in
the movement of people and goods, connecting centers and contributing to economic and
social exchange. In particular, over the past years, roads and highways have witnessed
continuous growth, driven by the ever-increasing demand for transportation and by the
advent of new technologies and construction methodologies that led to the creation of safer,
more functional, and durable infrastructures. In recent years, scientific research conducted
in the field of road pavements has paid significant attention to the poorly understood
topic of the adhesion between the layers of asphalt pavement [1–13]. For instance, in
2002, Mohammad et al. [1], evaluated the use of tack coats in asphalt pavements through
controlled laboratory shear tests to determine the optimum application rate. Four emulsions
(CRS 2P, SS-1, CSS-1, and SS-1 h) and two asphalt binders (PG 64-22 and PG 76-22 M) were
selected as tack coat materials. The results showed that CRS-2P emulsion at 0.09 L/m2

provided the maximum interface shear strength at both 25 ◦C and 55 ◦C. In 2009, another
study [5] examined the long-term behavior of bonding properties in the lower layers of the
pavement, finding that bond can decrease significantly over time. Results from the layer
parallel shear test (LPDS) on Swiss roads show that rehabilitations or older constructions
do not exhibit bond improvement, with shear force values potentially decreasing by up to
50% after 9–13 years.
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Chun et al. [9], evaluated the impact of different interlayer bonding conditions on
pavement performance and service life using finite element analysis and full-scale field
tests, highlighting the importance of accurate modeling. Results showed that improved
interlayer bonding positively affects pavement strain responses, enhancing structural
performance and service life.

A study conducted on pavements in Malaysia [14] revealed that one of the major
factors contributing to the degradation of the pavement is the poor bonding between layers,
especially when it occurs between the wearing and binder courses, as compared to what
happens along the deeper interfaces. Furthermore, degradation is amplified when high
horizontal forces act in addition to vertical loads. This phenomenon can occur, for example,
at road intersections, curves, slopes, and highway junctions where vehicles commonly
brake and accelerate. Considering the simultaneous loss of pavement functionality due to
fatigue and the accumulation of permanent deformation, the authors have found that the
reduction in service life caused by poor bonding between wearing and binder courses is
approximately from 94 to 98%.

A significant decrease in pavement service life may be also observed where bonding
is poor between the base and binder layers courses. From a study conducted on the
performance of pavements in Poland [15], it was observed that a low level of bonding
between the base and binder courses leads to a simultaneous increase in tensile deformation
(εt) on the intrados of these layers, resulting in a reduced fatigue resistance of the pavement
and service life. From numerical calculations, it was observed that fatigue-induced failure
initiates at the base of the binder layer, because the tensile deformations are greater than
those observed at the bottom of the base layer. In addition, a low level of bonding also
increases vertical deformations (εz) on the subgrade’s extrados, increasing the likelihood
of deep settlements leading to the subsequent surface rutting of the pavement. Hence, the
need to design and build road pavements composed of well-connected layers to make a
monolithic structure with an extended service life.

In 2014, the study on the behavior of bonded interfaces in bituminous pavements
has highlighted interesting information regarding the physical and mechanical charac-
terization of the pavement components [16]. In particular, it has been observed that the
presence/absence of bonding coats, the type of bituminous emulsion, and the compaction
method of the material play a fundamental role in the level of adhesion. The effect of each
of these parameters on bonding has been evaluated in terms of tangential plain stress at
failure following the Leutner shear test executed on laboratory-made samples as well as
on cores extracted onsite. Specifically, the test results showed that choosing a bituminous
emulsion composed of hard bitumen (50/70) provides a better connection between the
wearing and binder courses compared to an equal amount of emulsion made out of soft
bitumen (160/200). This result is justified by the fact that a bond coat made of soft bitumen
generates a significant stiffness gradient between the bond coat itself and the layers of the
pavement, which are made of a harder binder (35/50). The tangential stress value observed
on specimens characterized by the presence of a soft residual bitumen at the interface is
comparable to that one obtained on specimens without a bond coat. Furthermore, using a
bond coat made of hard bitumen ensures better bonding than using none, except for the
hot-on-hot laying technique. The latter promotes aggregate interlocking, thus improving
the resistance to tangential shear. Under these conditions, in fact, the interlocking phe-
nomenon at the interface becomes dominant compared to the tangential load causing the
slipping of layers past each other. Often, the hot-on-hot technique allows the achievement
of performances comparable to bond coats. In addition to the type and/or presence of the
bond coat, a fundamental role in the connection between one layer to the other is played by
the compaction method of the material. Laboratory tests have shown that compaction with
a gyratory press guarantees the best bonding condition, as opposed to compaction of the
same material with a static roller.

Laboratory compaction performed with a vibrating roller or Standard Compactor [17]
leads to similar results. It has also been observed that the tangential resistance at the
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wearing and binder courses’ interface improves with an increase in compaction level of the
surface layer. Greater compaction of the wearing course, in fact, promotes the interlocking
of the aggregates at the interface, thus leading to an increase in the shear strength required
for the specimen’s failure.

In the context outlined in the literature, the primary objective of the initial phase of
this study is to assess, through a combination of numerical analyses and experimental
investigations, the influence of the bonding between bituminous layers (in flexible road
pavements) on their overall performance. More specifically, this research delves into the
impact of bonding strength on the response to stresses induced by traffic, considering the
continual growth in road transportation demands. The central focus of this investigation
is on the bituminous layers of the pavement, where traffic-induced stresses are most
pronounced and where maintaining exceptionally high performance is essential to avert
impairments that could jeopardize road safety and driving comfort.

The research activity of the second part of this study refers to the materials, techniques,
and regulatory requirements in force in Switzerland, where the analysis of bonding between
pavement layers has gained importance in recent years and is the subject of study in many
laboratories and research institutes. The Swiss standard VSS 40 430, 2022, which is used to
verify the routine compliance of materials used in construction sites, currently prescribes a
minimum value of tangential force at failure (measured at the interface between the layers
through direct shear tests), which is indicative of the bonding strength [18]. However,
the standard does not set a specific limit for the displacement at failure, permitting the
material to reach the minimum tension regardless of the amount of relative slip between
the layers. Through the investigations conducted, the impact of the level of bond between
the bituminous layers on the durability of the superstructure is determined, as well as
how the displacement at failure, which is obtained from mechanical characterization tests,
controls the interface’s performance.

2. Goals and Methodology

The scope of this study is divided into two parts: the theoretical investigation on the
effect of tack coat on the structural behavior of a road pavement, followed by laboratory
investigations on the performance of the tack coat in double layers (asphalt lab-made
specimens and asphalt cores taken from site).

To accomplish the first goal, the theoretical behavior of a typical pavement section
of Swiss highways has been determined using a mechanistic method. In addressing this
topic, a rational calculation method tailored specifically for flexible pavements is adopted.
This method focuses only on the layers’ structural characteristics, making it a key reference
tool for design and verification. The algorithm for the rational method is illustrated in
Figure 1a.

The second goal is reached by conducting shear strength tests (Leutner shear test) on
specimens both prepared in the laboratory and taken from an existing highway pavement.
The Swiss standard procedures were adopted to characterize the mechanical behavior of
the interface between the bituminous layers. Moreover, the mixtures used for preparing the
specimens in the laboratory are those ones commonly specified for the construction of high-
way pavements in this country, which are designed to withstand significant and frequent
loading cycles. The algorithm of laboratory investigations is presented in Figure 1b.
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(a) (b) 

Figure 1. (a) Rational calculation method algorithm; (b) laboratory investigation algorithm.

3. Rational Calculation Method

To investigate the bonding between the double layers (wearing course and binder
course), a numerical analysis was conducted. This analysis compared stress, deformations,
and displacements at selected points within the pavement structure under varying thickness
and mechanical properties [19]. To achieve this, a rational calculation method based on the
theory of elastic multilayer systems was employed, consisting of two main steps.

First, the modeling of the pavement to calculate its structural response to vehicle
loads and environmental conditions has been outlined. According to the Elastic Multilayer
Theory, the pavement structure is represented as layers extending infinitely radially but
finite vertically, except for the subgrade, which extends infinitely in both directions. Each
layer is characterized by its thickness (t), stiffness modulus (E), and Poisson’s ratio (ν).

Secondly, the prediction of the pavement’s long-term performance was carried out using
semi-empirical models to correlate the structural response with progressive deterioration.

While the study primarily focused on examining the interface between bituminous
pavement layers, the calculated mechanical values highlighted the critical role that bonding
between layers plays in determining the pavement structure’s service life.

3.1. Pavement Structure

The modeled pavement has the typical layer stratigraphy of a Swiss highway pave-
ment, as presented in Figure 2. It consists of four bonded asphalt courses and a granular
mixed foundation layer (unbound), which is responsible for transmitting the stresses to the
subgrade. Focusing on the bonded layers of the pavement, different types of mixtures are
placed at different depths, each with specific characteristics and functions.

The Semi-Dense Asphalt (SDA) mixture is used for the wearing course, characterized
by a noise-absorbing feature (to reduce tire–road noise). Additionally, modified bitumen
of type PmB CH-E 45/80-65 is employed to further enhance the viscoelastic behavior of
the mixture.

High modulus asphalt mixtures (EME, French: Enrobés à Module Elevé) are used
for the base and the binder layers to provide high durability with heavy vehicular traf-
fic, including trucks. The high stiffness mixtures reduce the pavement’s thickness and
maintenance costs [20]. The stiffness of these mixtures is achieved with graded “hard”
binders (15/25 or 10/20) and selected (high performance, maximum packed) aggregates.
This, combined with the correct binder dosage, results in a low void content (1% to 6%),
which optimizes stress transmission. However, the use of very hard binders requires
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special attention in achieving optimal compaction, which is why they are only justified
for pavements subjected to high dynamic loads. Specifically, high modulus bituminous
mixtures, as specified by the SN 640 431-1-NA standard [21], serve the dual purpose of
increasing fatigue resistance and limiting the accumulation of permanent deformations in
the pavement.

Figure 2. Stratigraphy of the modeled pavement.

Finally, the pavement structure ends with a fourth bitumen-bound layer that serves as
the hot mix subbase. It is composed of the AC F 22 90% RA mixture, which is characterized
by its composition of 90% recycled bituminous aggregate by weight.

3.2. Scenarios Definition
3.2.1. Layers Characteristics

For a thorough analysis of the model, various scenarios, each of which represents
a specific geometric and mechanical condition of the pavement, are considered. These
scenarios are defined according to the parameters listed in Table 1.

Table 1. Modeling parameters.

Layer Composition
Thickness Range
According to VSS 40
430–40 436 [18] [mm]

Selected
Thicknesses
(t) [mm]

Stiffness Modulus (E) [MPa] Poisson’s
Ratio (ν) [-]T [◦C] = 10 T [◦C] = 20 T [◦C] = 30

SDA 8–12
(Wearing Course) 25 to 40 30 and 40 4000 2500 700 0.35

AC EME 22 C1
(Binder Layer) 80 to 120 80, 90 and 100 14,000 8000 3000 0.35

AC EME 22 C2
(Base Layer) 80 to 120 100 17,000 12,000 6500 0.35

AC F 22 90% RA
(Sub-base Layer) 60 to 150 100 15,000 10,000 5500 0.35

Granular Mixed
Foundation 400 400 500 500 500 0.40

Subgrade - - 50 50 50 0.40

The thicknesses of the layers have been chosen in compliance with VSS 40 430–40
436 [18], which defines a reference range for each type of mixture. Based on this reference,
thickness values are comparable with those commonly adopted in design practice, to keep
the model as close as possible to real conditions. The 30 and 40 mm thick wearing courses
and the 80, 90, and 100 mm thick binder layers are evaluated through this model. Since
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the stiffness moduli of the bituminous layers are dependent on temperature and loading
frequency (at the same frequency, the higher the temperature, the lower the modulus)
three different reference temperatures were selected.

The level of bonding between the bituminous layers is also considered as a further
parameter to define the modeling scenarios, which can be defined by assigning a specific
value to the Standard Spring Compliance (AK), with which the rational method models the
behavior of the interface. This parameter is correlated to the horizontal reaction modulus
(K) according to Equation (1).

AK = 1/K (1)

In this equation, K expressed in N/m3, or K [MPa/mm] = 1/(AK × 10−9).
It is worth emphasizing that this parameter varies only at the interface between the

wearing course and binder layer, while it remains constant for all the others, where an
intermediate condition of Partial Bonding is always considered (AK = 10−11 [m3/N]). An
exception is the Full Friction condition, which has been applied to all the interfaces of
the road structure. Therefore, a total of three different bonding conditions, each of which
corresponds to a specific value of the parameter AK, have been defined between the first
two layers as presented in Table 2.

Table 2. Level of bonding at the wear–binder interface.

Level of Bonding (Wear–Binder Interface) AK [m3/N]

Full Friction -
Partial Bonding 10−11

Full Debonding 10−7

It is important to specify that the Full Friction condition is purely ideal, where the
layers are perfectly bonded to form a fully monolithic system. This eliminates relative
displacements along the interface ensuring improved short-term and long-term perfor-
mances. Also, it optimizes the overall mechanical behavior of the pavement, and, finally, it
ensures extended durability. However, this ideal condition differs from what can actually
be achieved in the field or in the laboratory.

The Partial Bonding condition (AK = 10−11 m3/N), although defined as “partial”, is
characterized by a horizontal reaction modulus (K) large enough to minimize displacements
like for the Full Friction (complete bonding), but unlike the latter, it is actually reproducible
in the lab or in the field.

Lastly, the extreme condition of Full Debonding (AK = 10−7 m3/N) is related to a
scenario where the pavement’s layers work independently of each other, resulting in
significant relative displacements along the interface. In practice, this extreme condition
never occurs thanks to the roughness of the surface of the layers in direct contact with each
other providing always some residual shear strength of the interface.

3.2.2. Load Configurations

Two different load configurations have been modeled, reflecting the actual behavior
of vehicle wheels traveling on the pavement, as presented in Figure 3.

Load configuration 1 involves the application of a vertical load (Fv) of 40 kN on a single
wheel corresponding to an axial weight of 80 kN (standard axle load) (Figure 3a). Load
configuration 2 involves the application of both a vertical load of 40 kN and a horizontal
load (Fh) of 20 kN on a single wheel (Figure 3b). In this scenario, the horizontal force,
mobilized in the direction of travel, models the accelerating force of vehicles (positive as
per the selected reference system). This force arises from the bonding phenomenon at the
interface between the vehicle wheel and the road pavement, influenced by the surface
characteristics of the wearing course. Therefore, the horizontal force can be defined by
Equation (2).
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(a) (b) 

Figure 3. (a) Load configuration 1; (b) load configuration 2.

Fh = f ·Fv (2)

In this equation, a coefficient of friction for tire–pavement (f ) equal to 0.5 [22] has been
considered.

3.2.3. Pavement Stress–Strain Calculation Domain and Reference Points

The applied loads are distributed on the surface of the pavement over a circular contact
area whose radius is inversely proportional to the tire inflation pressure. This aspect is
crucial as loads distributed on the surface can lead to significant variations in the stress
state within the pavement structure. To this end, a pressure of 0.8 MPa (8 bar) was applied,
resulting in a contact area with a radius of 126 mm, as shown in Figure 4a.

  
(a) (b) 

Figure 4. (a) Load footprint; (b) reference points for calculating pavement mechanical properties.

The coordinates of the stress–strain calculation points refer to a Cartesian coordinate
system {x, y, z}, where the x-axis runs along the direction of travel, the z-axis defines the
depth from the surface, and the y-axis completes the right-handed coordinate system.

These reference points are distributed both on the pavement surface, and at the
interface between the first two layers of the pavement, as shown in Figure 4b. This approach
allows us to track the variation in stress and strain along the x-coordinate, making it possible
to identify the maximum values. These maximum values were then selected as the primary
parameters for comparison in the subsequent analyses.

3.3. Model Analysis

Considering the above-mentioned combinations of thickness and mechanical proper-
ties, 108 different scenarios were analyzed, and the results from the scenarios related to the
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30 mm thick wearing course and the 80 mm thick binder course are reported below as exam-
ples. To carry out the simulation, as mentioned before, a rational calculation method based
on the theory of elastic multilayer systems was employed, implemented using BISAR®

3.0 (Bitumen Structures Analysis in Roads), a software developed by Shell (Shell Global
Solutions, based in The Hague, Netherlands) and widely utilized in professional practice
for the design and verification of flexible and semi-rigid pavements. The simulation results
are presented in Section 5.1.

4. Laboratory Investigation

The shear resistance between bitumen-bound pavement layers is evaluated using the
Leutner shear test, as per the European standard EN 12697-48 [17]. Proposed in 1979 by
Professor Rolf Leutner, this test is the primary method used in Germany and Switzerland
to assess the bonding level between layers. It is preferred over other methods because it
can test both laboratory-made specimens and field samples, and it is faster to perform. The
Leutner test was utilized in the experimental phases of the current study.

The Leutner apparatus features two metal semi-rings: a fixed lower ring and a movable
upper ring, which applies controlled displacement to the bituminous layer, as demonstrated
in Figure 5. The test focuses on the shear behavior of the interface, which must be accurately
positioned to reflect a condition of simple shear.

 

Figure 5. Leutner test equipment components [17].

In Figure 5, A is base body, B is sample support, C is lower shear ring, D is upper shear
ring, E is upper body, F is guiding bar, and 1 shows a range max of ±20 mm. According
to EN 12697-48 standard, the test typically uses cores with a diameter of 150 ± 2 mm
and requires at least four samples for a representative series. The interface must be
perpendicular to the core’s axis, with a maximum deviation of 5 mm. The jaws holding the
core must match or slightly exceed the core’s radius by up to 2 mm.

Before testing, cores must be conditioned at 20 ± 1 ◦C for at least 4 h. The testing
procedure involves assembling the Leutner frame, securing the core, and aligning the layer
interface. The core is marked to indicate traffic or compaction direction. The press is started
to record force and displacement data until the core breaks. The force–displacement curve
is saved, and the layers are carefully separated post-test.

The standard mandates that the test must be completed within 15 min of removing
the core from a temperature-controlled environment. The key measurements taken during
the test include shear force, displacement, maximum shear force, the slope of the elastic
linear segment, peak displacement, and the energies pre- and post-peak.

4.1. Laboratory-Prepared Specimen Experimentation

Specimens used in the experimentation were prepared in the laboratory by coring
binder course’s slabs. These slabs (500 × 180 mm module with a total height of 100 mm)
were compacted using a Large Roller Compactor (Figure 6a). Each slab comprises a
40 mm thick surface layer (SDA 8–12) compacted over a 60 mm thick binder layer (AC
EME 22 C1). This choice ensured continuity with the bituminous mixtures discussed in
Section 3, maintaining consistency throughout the experimental phase. The study focused
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on analyzing three different interface conditions as the primary variables: no tack coat in
Hot-on-Hot (H/H) conditions, tack coat with residual bitumen of 200 g/m2 (RB 200), and
tack coat with residual bitumen of 400 g/m2 (RB 400). Additionally, three levels of dynamic
loading were applied to the specimens: 0 cycles, 30,000 cycles, and 60,000 cycles.

    
(a) (b) (c) (d) 

Figure 6. (a) Large Roller Compactor; (b) wheel tracker; (c) core drilling machine; (d) Specimen
subjected to Leutner shear test.

The loading cycles were applied to the compacted slabs using a wheel tracker (Figure 6b)
before coring the specimens. The program also included creating one slab for each com-
bination of variables (n = 9). From each slab, 3 core samples with a diameter of 150 mm
were extracted (Figure 6c), resulting in a total of 27 specimens. Each specimen was then
subjected to shear testing using the Leutner shear test method (Figure 6d) to determine
the shear strength of the interface under different imposed conditions. The results of
laboratory-prepared specimens’ experimentation are presented in Section 5.2.

4.2. Field Sample Experimentation

Alongside the investigation on laboratory-prepared specimens, the interface behavior
between bituminous layers in an operational pavement was analyzed. Leutner shear tests
were conducted on 40 cores extracted from a section of the A2 highway, a vital corridor
crossing Switzerland from North to South and linking Southern and Northern Europe. This
route experiences substantial daily traffic from heavy commercial vehicles, subjecting the
pavement to significant stresses.

Tests were conducted on samples from an unloaded portion of the road section
(emergency lane), assuming that the mechanical stresses on the examined material have
been negligible in service. The coring of the 40 samples was concentrated along the
emergency lane (South–North) near a rest area and its acceleration and deceleration lanes,
between the Lugano Nord and Lugano Sud exits (chainage 24 + 400 km to 24 + 980 km), as
depicted in Figure 7.

Figure 7. Scheme of core drilling performed along the A2 highway.

The cores are distributed along 20 pairs of sections, with each pair spaced 20 m
apart. Within each section, the two cores are spaced approximately 1 m apart (Figure 8a).
The coring process utilized a core drilling machine, which extracts samples using a rigid
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cylindrical steel motor-driven shaft. A core barrel at the end of the shaft penetrates the
layers to obtain samples for the Leutner test (φ150 mm, variable length), as shown in
Figure 8b.

  
(a) (b) 

Figure 8. (a) Site inspection and coring points identification; (b) sample core drilling.

Data from a 2010 investigation identified the mixtures used for the surface and binder
layers of a specific road section. The surface layer was constructed with an AC MR 11
mixture (macro-textured asphalt), characterized by a grain size distribution with a high
percentage of aggregates between 8 and 11 mm in diameter, providing a highly frictional
macro-texture suitable for a wearing course. The underlying binder layer used the HMT 22
mixture, now known as AC B 22.

The average thicknesses of the surface and binder layers were found to be 35 mm and
60 mm, respectively. The samples were divided into odd-numbered samples (longitudinal
failure direction) and even-numbered samples (transverse failure direction) to identify an
anisotropy coefficient linking failure values in the longitudinal and transverse directions.
After conditioning at 20 ◦C, the samples underwent failure testing through the Leutner
Shear Test. The results of field sample experimentation are presented in Section 5.3.

5. Results and Discussion

This section summarizes and discusses the results of both the modeling and the exper-
imental phases, linking them through the common theme of bonding between bituminous
layers and proposing new strategies to control performance. A reference value has been
established for optimizing pavement mix designs based on the materials’ mechanical
characteristics. Additionally, using experimental data, a maximum displacement value at
failure is defined. This, combined with the minimum tangential stress requirement from
the VSS 40 430 standard (Leutner shear test), enhances the overall requirements for the
shear behavior of the materials.

5.1. Outcomes of the Rational Calculation Method
5.1.1. Interface Shear Stress

Figure 9 represents the values of shear stress (τxz) generated at the wear–binder inter-
face resulting from the rational calculation method, under the selected model parameters
(different bonding conditions, loading configurations (1 and 2, as defined above), stiffness
modulus, temperature, etc.).
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(a) (b) 

Figure 9. Shear stress trend at the wear–binder interface, under different bonding conditions and
temperatures (a) for loading configuration 1; (b) for loading configuration 2.

According to the results of loading configuration 1, it emerges that the shear stress
τxz at the wear–binder interface reaches its maximum at 125 mm from the vertical axis
of the wheel, both in the front and rear parts, as shown in Figure 9a. This is because the
application of vertical loads only leads to the symmetry of stresses, which is consistent
with the theory of elastic multilayers. The symmetry is with respect to the origin of the
chosen reference system, for equilibrium and for the sign convention of the shear stresses.

Regarding loading configuration 2, the maximum shear stress is also located at 125 mm
from the vertical axis of the wheel, but here, it is localized in the front part only. This is
due to the introduction of a horizontal component of load on the surface, in addition to
the vertical one, resulting in an asymmetrical stress distribution that varies depending on
the intensity and direction of application of the shear force. Moreover, the abscissa of the
maximum is 125 mm for both the conditions of Full Friction and Partial Bonding. In the
condition of Full Debonding, this abscissa is 63 mm (half of the contact radius) as shown in
Figure 9b.

It can be concluded that the asymmetry generated by the introduction of the horizontal
component of load on the surface leads to a decrease in tension in the rear part of the wheel
and to an increase in the front part, especially in the conditions of Full Friction and Partial
Bonding. Thus, the maximum shear stress is always within the contact area and is localized
near the edge, especially in the presence of a high bonding between the layers.
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Therefore, it emerges that, for both loading configurations, the shear stress τxz takes
on higher values as the bonding between the wearing and binder layers increases, that
is, as the AK parameter becomes smaller (for the same temperature and thicknesses). In
this regard, it is crucial to underline that the shear stress that occurs in the Full Debonding
condition is three orders of magnitude smaller (two in the presence of horizontal load)
compared to the stress that develops in the other two conditions with progressively higher
levels of bonding.

5.1.2. Interface Horizontal Stress

Figure 10 represents the normal stress (σh,i) developed near the interface between
the two bituminous layers as calculated from the rational method, and under the selected
model parameters (different bonding conditions, loading configurations, stiffness modulus,
temperature, etc.).

  
(a) (b) 

Figure 10. Horizontal stress trend at the wear–binder interface, under different bonding conditions
and temperatures (a) for loading configuration 1; (b) for loading configuration 2.

The normal stress σh,i (symmetric as well as the tangential stress) developed near the
interface between the two bituminous layers reaches its maximum value at 150 mm from
the wheel axis in those scenarios including the vertical load only. In scenarios involving
both vertical and tangential loads, the absolute maximum value is reached at −150 mm
(behind the wheel) in Full Friction and Partial Bonding conditions, and at −125 mm in the
Full Debonding condition. This is true for all temperatures.
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From the comparison between the two load configurations, it emerges that, in the
presence of the horizontal force component, there is a significant variation in the normal stress
(σh,i), which increases by an order of magnitude as compared to the vertical load only.

The results also show that in Full Debonding condition, tensile stresses arise at all
temperatures and for both load configurations. In Full Friction and Partial Bonding,
however, compression dominates at all temperatures when the pavement is subjected to
the application of a vertical load of 40 kN only. While with the addition of the horizontal
load, even if bonding is present, the stresses show positive values (tensile). In this regard, it
is important to note that the increase in the value of the maximum horizontal stress refers
not only to an increase in absolute tensile values but also to a decrease in compressive
values. It is also evident that the Full Debonding condition is the most unfavorable since it
maximizes, for the same load configuration, the value of the tensile stress at the interface,
thus promoting cracking and the subsequent deterioration of the pavement.

From Table 3, it is possible to highlight several observations regarding the sensitivity
of the interface horizontal stress to the variation of the thickness of the bituminous layers
of pavement.

Table 3. Percentage variations of the horizontal stress at the interface.

Bonding
Condition

T [◦C]

t binder layer = Variable, t wearing course = 40 mm t binder layer = 100 mm, t wearing course = Variable

D[σh,i] [%] D[σh,i] [%]
Loading Config. 1 Loading Config. 2 Loading Config. 1 Loading Config. 2

Full Friction

10 2.74 10.40 −5.49 −477.28

20 2.39 15.22 −6.33 −196.23

30 1.49 25.78 −17.48 −55.37

Partial Bonding

10 1.99 14.29 −0.13 −342.49

20 1.78 81.65 −2.12 −98.85

30 1.20 14.10 −14.28 −47.53

Full Debonding

10 −1.91 −0.25 2.83 −32.33

20 −1.34 −0.21 2.09 −32.76

30 −0.25 −0.12 −5.23 −33.12

The mean percentage variation of stress with increasing thickness of the layers (D[σh,i])
is considered as an indicator of sensitivity, which can be computed through Equation (3).

D[σh,i](%) = 100·σmean

σre f

(
twearing course, tbinder

)
(3)

It is evident from Table 3 that there is a greater sensitivity to a change in the thickness of
the wearing course layer from 30 to 40 mm, particularly when both vertical and horizontal
loads act simultaneously on the pavement. In this case, it can be observed that the stress at
the interface decreases in all the modeled conditions of bonding and at all temperatures as
the thickness of the wearing course increases. From Table 3, the high sensitivity of σh,i with
increasing thickness of the binder layer at a temperature of 20 ◦C needs to be recognized in
the condition of Partial Bonding (+81.65%). In the condition of Full Debonding, however,
the stress decreases at all temperatures and in both loading configurations.

5.1.3. Surface Horizontal Stress

The horizontal normal stress developed at surface (σh,s) reaches its maximum value in
tension at 138 mm from the center of the imprint contact area symmetrically for loading
configuration 1, and asymmetrically for configuration 2. In the latter, the maximum
horizontal stress is localized 138 mm from the wheel axis in the rear for each bonding
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condition. Figure 11 compares the behavior of the maximum horizontal stress (σh,s) at the
surface for the two considered loading configurations.

 
(a) (b) 

Figure 11. Horizontal stress at surface, under different bonding conditions and temperatures (a) for
loading configuration 1; (b) for loading configuration 2.

From the graphs, it can be observed that the surface horizontal stress reaches the
highest values in the Full Debonding condition, in both loading configurations. Moreover,
it is evident that the stress values, for a given bonding condition, are greater when there is
a horizontal force at the surface. In fact, as far as loading configuration 2 is concerned, the
resulting stresses are tensile at the interface for every bonding condition and at all temper-
atures. On the other hand, with the first loading configuration both in Full Friction and
Partial Bonding, the horizontal stress is tensile only at 30 ◦C, while at other temperatures,
tension is never reached. This is different in Full Debonding, where tensile stresses are
present at every temperature.

It is noteworthy that, when subjected to the vertical load only, the stress magnitude
rises with temperature, irrespective of the bonding condition. However, when a horizontal
force is present, the stress increases with temperature only in the Full Friction condition. In
the other two cases, the stress reaches the peak value at 20 ◦C. Being this maximum value
negligible, it is possible therefore to consider stress as constant with temperature under
such conditions.

5.1.4. Interface Relative Sliding

The behavior of the relative sliding at the interface (ΔUX) is evaluated at the point
of maximum shear stress, where the sliding itself is also maximum (using the horizontal
reaction modulus K). Firstly, it is important to highlight that this quantity is defined by
Equation (4).

ΔUx = Ux(wearing course)− Ux(binder) (4)

In this equation, ΔUX represents the magnitude of displacement at the interface of the
upper layer (wearing course) relative to the underlying one (binder layer).

Figure 12 represents the values obtained for the relative sliding at the interface, under
the adopted model parameters (different bonding conditions, loading configurations,
stiffness modulus, temperature, etc.).

According to Figure 12, the displacement is higher as the bonding level decreases, at
the same temperature. Indeed, in Full Friction, there is no relative sliding (ΔUX).
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(a) (b) 

Figure 12. Relative sliding at the interface during (a) loading configuration 1; (b) loading configuration 2.

Moreover, for the same bonding level, temperature, and layer geometry, larger relative
sliding is generated by the horizontal force of 20 kN, in agreement with the increase in the
shear stress τxz for this loading configuration. According to the results, it can be noted that:

• For the vertical load only, the values obtained in Full Debonding are one order of
magnitude higher than those obtained in Partial Bonding;

• For the horizontal force in Partial Bonding, the values remain of the same order of
magnitude as those obtained with the first loading configuration;

• With Full Debonding, on the other hand, relative displacement is 10 times larger
compared to that obtained from the application of the vertical load only.

Therefore, it is confirmed that the presence of a horizontal load, such as that caused
by the braking or the accelerating forces of traveling vehicles, can significantly impact the
relative slippage between the layers, especially when the bonding at the interface is on the
lower end of spectrum.

5.2. Results of Experimentation on Laboratory-Prepared Specimens

Figure 13 summarizes the results obtained from the Shear Bonding Tests (SBT), under
three different load cycles and interface condition scenarios, in terms of maximum breaking
force (FSBT,max) and horizontal reaction modulus (KSBT), which corresponds to the slope of
elastic linear portion of the failure curve.

It was observed that the maximum breaking force (shear breaking force according
to the Leutner test) increases with the load cycles under the same interface condition,
indicating an improved bonding strength between the surface and underlying layers over
time. This increase is likely due to post-compaction from vehicle traffic. However, after
this period, the breaking force values of the cores show a decline over time.

The necessity of a tack coat when laying down bitumen pavement layers can be
influenced by temperature. In hot-over-hot paving conditions, the bituminous materials are
more fluid and have lower viscosity, which can potentially improve bonding between layers
without a tack coat. However, this does not mean that a tack coat is unnecessary. Even
in hot conditions, a tack coat can ensure a stronger and more reliable bond, minimizing
the risk of layer separation under traffic loads. According to Graziani et al. [23], the
interlayer shear stress (ISS) values are significantly improved with a tack coat at lower
paving temperatures (5 ◦C), highlighting its importance in ensuring proper layer adhesion,
although the improvement is less significant at higher paving temperatures (40 ◦C). In
fact, in low paving temperatures, bituminous materials become stiffer and less adhesive,
increasing the risk of poor bonding between layers. In such conditions, a tack coat is crucial
to compensate for the reduced bonding capacity.
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Figure 13. Obtained results from specimens subjected to the Leutner shear test: (a) average values of
breaking force; (b) horizontal reaction modulus.

This trend suggests that the breaking force tends to increase with t load cycles initially,
without a sudden decrease. This result is plausible given the differences between laboratory
testing conditions and actual site conditions. Laboratory conditions cannot simulate the
long-term aging of the binder caused by environmental exposure. Over time, this aging
in actual pavements could lead to a gradual decrease in the interface’s resisting force.
Additionally, a high number of vehicular loads, combined with aging, can cause rutting
and fatigue failure, promoting delamination between pavement layers and thus reducing
shear resistance.

The test results indicate that a residual bitumen content of 200 g/m2 (RB 200) is optimal
for bonding. Under the same load cycles, this condition has achieved the highest value
of the breaking force. An exception is noted for specimens not subjected to load cycles,
where an interlayer content of 400 g/m2 yields a slightly higher shear force. However, the
differences in breaking forces between these conditions are negligible.

For specimens subjected to cyclic traffic loading, the horizontal reaction modulus
varied significantly, ranging from 0.45 MPa/mm to 1.72 MPa/mm. The mean values, as
shown in Figure 13b, remain relatively constant to around 1 MPa/mm, with an overall
mean value of 1.03 MPa/mm. This corresponds to a bonding parameter AK value of
approximately 10−9 m3/N. As discussed in Section 3, this AK value indicates a Partial
Bonding condition between the layers.

Although the KSBT parameter indicates the bonding level between layers by defining
the slope of the linear portion of the failure curve and the AK parameter used in rational
calculations, it does not provide information about the peak force and displacement values
from experimental tests. Mechanistic methods are based on simplifying assumptions that
approximate the behavior of pavement materials to be elastic linear.

However, laboratory mechanical tests reveal the elastoplastic nature of bituminous
mixtures and their interfaces. To further analyze failure behavior, the peak force and
displacement values of the F-δ curve were considered to derive a new modulus value (K*),
representing the average behavior of the interface at failure. This parameter is the slope of
the line passing through the origin and tangent to the failure curve at its maximum point,
as shown in Figure 14a.

Figure 14b presents a scatter plot of the peak force and displacement values from tested
specimens under three different interface conditions. A linear regression was performed on
these data, with the intercept at the origin, yielding a modulus K* value of 0.65 MPa/mm.
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(a) (b) 

Figure 14. (a) KSBT and K* modules; (b) breaking points obtained from the Leutner test.

Figure 14b reveals significant dispersion in results due to the substantial variability in
the KSBT modulus and displacement, underscoring the variable nature of the K* modulus.
This dispersion likely stems from the limited number of specimens and the suboptimal
reliability of the chosen compaction method. Compaction using a Roller Compactor often
struggles with achieving volumetric homogeneity in the produced slab, which, along
with the manual brushing method used for spreading the interface material, could have
significantly impacted the results’ variability.

Despite this dispersion, the K* value obtained from linear regression is considered a
global reference parameter. Comparing the elastic modulus (KSBT) with the peak modulus
(K*), a slight deviation is observed, confirming that bituminous materials exhibit some
ductility, where the mechanical behavior of the interface becomes plastic during failure.

5.3. Results of Experimentation on Field Samples

Figure 15 presents the average values of the test results conducted on all 40 core samples,
in terms of maximum breaking force (FSBT,max) and horizontal reaction modulus (KSBT).

 
(a) (b) 

Figure 15. Obtained results from samples subjected to the Leutner shear test: (a) average values of
breaking force; (b) horizontal reaction modulus.

As seen in Figure 15, there are no significant differences observed between the values
along the two different failure directions. In terms of peak force (FSBT,max), values ranging
from 32 kN (longitudinal direction) to 34 kN (transverse direction) were recorded, resulting
in only a 6% difference between the two. Likewise, the value of horizontal reaction modulus
(KSBT), has a negligible 1% variation observed between the longitudinal and transverse
failure conditions. The parameter stabilizes at a value of 1 MPa/mm, corresponding to a
value of AK equal to 10−9 m3/N. Thus, once again, it is evident that the AK parameter
takes a value comparable to that one found in the laboratory-prepared specimens.
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Thanks to the distinct group of results, it is possible to relate the average values
obtained to define a coefficient of anisotropy (Ca) that connects the data recorded along
the two different cutting directions. To encompass the magnitude of the breaking force
and the displacement, the average values of the accumulated energy during the test before
reaching the peak condition (ESBT) were used. In particular, the value of the coefficient Ca
is defined by Equation (5).

Ca =
EL
ET

(5)

In this equation, EL is the average pre-peak energy along the longitudinal direction;
and ET is the average pre-peak energy along the transverse direction.

Figure 16 shows that the accumulated energy before failure is similar in both directions:
60.95 Nm in the longitudinal direction and 64.20 Nm in the transverse direction, resulting
in an anisotropy coefficient (Ca) of 0.95. This suggests that the failure behavior of the
interface is not significantly affected by the direction of the tangential force. The Ca value
does not indicate the influence of vehicular traffic, as the pavement section sampled was
not subject to vehicle loads. However, it provides insight into the method of laying the
surface layer over the underlying one. The near-unity anisotropy coefficient indicates
that the surface and binder layers were laid in succession with a tack coat of bituminous
emulsion, confirming that there was no milling of the wearing course and its reapplication.
This is supported by the fracture surface characteristics of the lower layer, which lacks
the longitudinal grooves typical of milled surfaces. According to the authors’ experience,
a milled surface would show higher pre-peak energy values (or breaking force) in the
transverse direction due to increased interlocking from the grooves, enhancing the overall
shear strength of the interface.

Figure 16. Average energy at failure for samples subjected to Leutner shear test.

5.4. Comparison between Modeling and Experimental Investigation

The numerical analysis discussed in Section 3, using a rational calculation method,
provided valuable insights into the characterization of the connection between the bitumi-
nous layers of pavement. It was observed that the choice of bonding condition significantly
influences the overall stress–strain state of the superstructure, highlighting the need to
test the bond strength of bituminous materials for informed design decisions. The analy-
sis revealed that the maximum tangential stress at the interface at 20 ◦C under the most
severe condition is 0.40 MPa, which is significantly lower than the 1.43 MPa observed in
laboratory-prepared specimens and below the Swiss standard VSS 40 430 requirement of
0.85 MPa.

However, the numerical modeling and experimental investigation do not align closely
enough for a direct comparison of calculated and measured quantities. The numerical
model assumes a constant load and an elastic linear, homogeneous, isotropic material,
whereas the Leutner test involves a gradually applied tangential force until failure, where
the material exhibits plastic behavior.
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Despite these differences, the calculation software remains a valid tool for simulating
the behavior of layered superstructures like road pavements. The Leutner test, while
conservative, provides shear strength in the “plane shear” mode like in situ shear strength
tests on soils. Although it cannot fully simulate the operational behavior of a pavement,
the modeling of the superstructure helps in understanding the experimental results.

The AK parameter (or KSBT) obtained from tests allows, finally, for the accurate and
unequivocal identification and classification of the bonding level between layers.

5.5. Design Reference and Limit Displacement

While tack coats positively impact shear resistance, they are insufficient for achieving
optimal bonding conditions. Modeling results indicate that the best bonding conditions
enhance the superstructure’s durability. However, the experimental analysis suggests
using the AK parameter obtained from specimens as a reference value in road design. This
approach avoids overestimating pavement service life by assuming overly optimistic AK
values or designing under (unrealistic) Full Friction conditions. Overestimation could lead
to early repairs under budget constraints. Therefore, it is here recommended to use an AK
value of 10−9 m3/N between the wearing and binder layers during the design phase to
ensure the superstructure modeling closely aligns with the materials’ actual performance.

Once the AK parameter design value was determined, focus shifted to meeting the
minimum requirements specified by Swiss standards for the shear performance of bitumi-
nous mixtures. The standard mandates a minimum tangential stress of 0.85 MPa at failure,
which corresponds to a shear force of 15 kN on the cylindrical specimens of φ150 mm
tested in the Leutner test. Notably, the standard does not specify requirements for failure
displacement or other control parameters like the elastic modulus KSBT. Consequently, two
key values were compared for reference:

• The minimum tangential stress (τmin) equals to 0.85 MPa;
• The peak modulus (K*) equals to 0.65 MPa/mm.

The comparison focused on K* and τmin because both are critical to determining the
interface failure condition. Although the peak modulus is an independent parameter,
it strongly correlates with the previously chosen design parameter. Specifically, in this
case, the AK value of 10−9 m3/N (corresponding to KSBT = 1 MPa/mm) aligns with a K*
value of 0.65 MPa/mm. Following the investigation, it is anticipated and required that
Leutner tests conducted on a significant number of samples to control shear performance
will yield average failure values aligning along the slope of the K* peak derived from
linear regression of experimental results. Combining this requirement with the minimum
failure stress defined in Figure 17 establishes a specific limit displacement value (δlim).
This value is determined by the intersection of the peak line (K*) and the horizontal line
τ = τmin = 0.85 MPa, resulting in δlim equal to 1.30 mm in this case.

Figure 17. Definition of the limit displacement at failure.
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This value has dual significance. Firstly, it represents the maximum displacement
value required by the failure test to meet both imposed requirements. Specifically, with
K* set as a design reference, if δSBT,max is less than δlim, it indicates that the failure stress
is below the minimum required. Secondly, δlim is the maximum displacement achievable
under the minimum tangential stress. Exceeding this displacement for the same force
would result in a K* value smaller than that determined by the investigation, thereby
negatively impacting the material’s operational performance.

6. Conclusions

This study combined numerical modeling and experimental investigation to explore
the bonding at the interface of bituminous layers in road pavements. Using a rational
calculation method, the research analyzed how the road superstructure response varies with
design parameters (stiffness, layer thickness, load configuration) and bonding conditions.
Modeling the response of a Swiss highway with high traffic, this study demonstrated that
the interlayer connection (AK parameter) and external load configuration significantly
influence pavement performance. Poor bonding leads to increased displacements and
tensile forces, negatively impacting durability. The study concludes that accurate pavement
design must consider interlayer bonding.

The three different conditions (Full Friction, Partial Bonding, and Full Debonding) pro-
vide a comprehensive understanding of the extremes within which the actual performance
of the pavement layers can vary. By exploring these boundary scenarios, the study can iden-
tify the worst-case and best-case performance outcomes and provide a range of expected
behavior that helps in risk assessment and management. These extreme conditions serve as
a foundation for future research by identifying key parameters that significantly influence
pavement performance. Further studies can then focus on optimizing these parameters for
better outcomes.

BISAR® (Bitumen Structures Analysis in Roads), which is used for these simulations,
is a widely recognized and validated software tool in the field of pavement engineering,
frequently used by researchers and practitioners for its robust and reliable calculations. The
material definitions and system assumptions within BISAR are based on extensive research
and have been thoroughly validated in numerous studies (e.g., [24,25]).

The experimental investigation identified an optimal quantity of tack coat that en-
hances the connection between bituminous layers, as determined by the tangential force
at failure from the Leutner test. Additionally, cyclic loading was found to improve the
interlayer bond strength. The analysis of the horizontal reaction modulus (K) indicated
that, regardless of the interface condition (tack coat presence/absence) and the number of
loading cycles, the interface always exhibits Partial Bonding. This has led to defining a ref-
erence value of AK as 10−9 m3/N for design purposes. By examining the material’s failure
behavior, a limit displacement value at peak condition was established, complementing the
existing requirement of the minimum tangential force at failure for a more comprehensive
design parameter.

Additionally, sampling from an inactive section of the Swiss A2 highway (i.e., emer-
gency lane) revealed that the bonding condition remains partial, even in an environmentally
aged and unloaded pavement. Furthermore, in this specific case, the direction of the tan-
gential force causing specimen failure did not affect the Leutner test results.
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Abstract: Colored polymer anti-skid thin layers are widely used on urban roads to enhance driving
safety, improve road aesthetics, and mitigate the urban heat island effect. However, in thin layers
constructed by the spreading method, the adhesion of cementitious material to the aggregate is
often weak. This leads to early-stage spalling of surface aggregates, thereby reducing the anti-skid
performance of the layer. To investigate the factors contributing to spalling, this study examines the
embedding behavior of ceramic particles and assesses how the fluidity of the cementitious material
and aggregate shape characteristics influence the embedding depth. Using a rotational viscosity test,
it is concluded that a cementitious mix ratio of adhesive/powder filler/sand filler = 1:0.5:1 or 1:0.5:1.5
facilitates effective aggregate embedding. Testing the embedding depth of aggregates with the same
particle size across different cementitious materials revealed that higher cementitious viscosity results
in a reduced aggregate embedding depth. Geometric parameter data for aggregate particles were
extensively collected using an image acquisition device, and quantitative analysis identified the
shape characteristics influencing the embedding depth. A gray correlation analysis determined that
the impact of the shape characteristics on embedding depth follows the order of roundness factor >
prism factor > axial coefficient.

Keywords: ceramic particles; epoxy resin; embedding depth; image processing; colored anti-skid
thin layer

1. Introduction

Roads are composed of multiple layers, each with specific functions, among which
the anti-skid performance of the pavement is a crucial factor affecting the safety of vehicle
driving [1]. However, as the surface layer of the pavement is the outermost layer that
directly comes into contact with vehicles and the natural environment, under the long-term
effects of ultraviolet rays, oxygen, water, and vehicle loads, the pavement structure will be
damaged, mainly manifesting as deformation, cracking, spalling, and surface polishing,
which results in a decrease in the anti-skid performance of the pavement, significantly
affecting the driving safety of vehicles and shortening the service life of the road [2–5].
Therefore, properly repairing existing pavement distresses, preventing their continuous
deterioration, and enhancing the anti-skid performance of pavements have become key
problems that need to be urgently solved in highway maintenance and management. The
ultra-thin wearing layer, as a preventive maintenance measure, can quickly repair pave-
ment damage and enhance the anti-skid performance of pavements and has been widely
used in highway engineering construction [6–8]. Ultra-thin wearing layers are typically
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constructed by blending various binders and aggregates, with modified asphalt and resin-
based polymers frequently used as the primary binding agents. Compared to ordinary
asphalt, epoxy resin-based binders have excellent bonding performance, good durability,
good compatibility with various pavement materials, and better road performance, effec-
tively extending the service life of the pavement coating [9]. The colored ultra-thin wearing
layer is a form of colored pavement and is laid using polymer resin materials, such as
epoxy resin and acrylic, as binders and adding appropriate colored ceramic particles [10].
The colored ultra-thin wearing layer not only provides protection for the pavement but
also features improved anti-skid properties and enhanced visibility, both of which reduce
accident rates. Additionally, it helps mitigate the urban heat island effect and enhances the
aesthetic appeal of the city [11,12].

Currently, surface coating, color mortar, and spreading methods are mainly used
for laying colored polymer anti-skid thin layers on highway pavements. Among the
above-mentioned common construction methods, the surface coating method has achieved
industrialization with a higher degree of mechanization, and the technical solutions for
construction applications are relatively complete and mature. However, the colored mortar
and spreading methods rely more on manual operation. Although this method has stronger
mobility and higher adaptability, it still needs to be standardized and unified in terms of
the construction process and material index [13]. Some studies have shown that a thin
anti-skid layer laid by the spreading method has the best anti-skid performance [14,15].

Throughout long-term service, the colored ultra-thin wearing layer may experience
issues such as aggregate loosening, color fading, reduced anti-skid performance, rutting,
and interface bonding failure, all of which can diminish the layer’s effectiveness in provid-
ing skid resistance [16]. Studies have demonstrated that the surface structure of the road is
an important factor affecting the anti-skid performance of the pavement [17,18]. From a
macroscopic perspective, to accurately describe the surface structure of the road, the geo-
metric statistical indicators usually used by researchers are the mean profile depth (MPD)
and mean texture depth (MTD), which have good synergy with the BPN and can char-
acterize the anti-skid performance of the pavement to a certain extent [19–21]. However,
the surface structure of the pavement is affected by many factors, such as the maximum
size of the aggregate, shape of the aggregate, asphalt content, gradation, and thickness
of the asphalt film [22]. Using the MPD and MTD cannot completely reflect the surface
structure and anti-skid performance of the pavement. From a microscopic perspective,
some scholars have studied the influence of the aggregate shape on the pavement structure.
It was found that the prism of fine aggregates will affect the anti-skid performance of the
asphalt mixture [23,24].

At the same time, for the colored ultra-thin wearing layer constructed by the spreading
method, aggregate spalling is the main manifestation of thin layer damage. Kim et al. [25]
proposed a model that could predict and evaluate the stripping process in the mixture.
Boulangéet al. [26] analyzed the interface stripping mechanism between asphalt and ag-
gregates using physicochemical methods and proposed that increasing the proportion of
aromatic components and colloids in asphalt is beneficial to the adhesion of the asphalt–
aggregate interface, thereby reducing the water sensitivity of the mixture. Most studies
on the stripping mechanism are based on adhesion or stripping tests, focusing on the
stripping of asphalt aggregates by water [27], while research on the embedded state of
aggregates is lacking. For a given aggregate and binder, the degree to which the aggregate
is embedded in the binder determines the behavior of the aggregate–binder interaction [28].
Kumbargeri et al. [29] used finite element analysis to study the influence of the aggregate
shape and embedding percentage on the performance of the chip seal. Ozdemir et al. [30]
quantified the degree of aggregate embedding using image processing methods. Seitllari
and Kutay [31] developed a prediction model for changes in the embedding depth of a
chip seal using multiple linear regression. In addition, the embedding depth determines
the surface tectonic depth and spalling property of the ultra-thin layer. The deeper the
embedding depth of the aggregate on the binder surface, the better the anti-spalling prop-
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erty. But, the surface tectonic depth of the layer will be decreased, leading to a decrease
in anti-skid performance. However, if the embedding depth is shallow, the aggregates
are prone to peel off, which may also be harmful to the anti-skid performance of the thin
layer [32]. Therefore, the embedding depth plays a key role in the anti-skid performance of
the ultra-thin wearing layer on the pavement.

Given that, this study investigates the factors affecting the embedding depth of ag-
gregates in epoxy resin, focusing on the viscosity of the thin layer binder and the shape
characteristics of the aggregates. The embedding depth of the aggregates within the thin
layer is analyzed, and the influence of the binder viscosity and aggregate shape character-
istics is assessed. Using image processing software, the shape characteristics of different
aggregates with identical particle sizes are quantified. Finally, the degree to which each
shape characteristic index impacts the embedding depth is examined. The flow chart of
this work is shown in Figure 1.

Figure 1. Flow chart of the research process.

2. Experiments

2.1. Materials and Specimen Preparation

The materials were water-based composite modified resin, inorganic powder filler
(mainly composed of components such as carbonate and sulfate, with a particle size of
>120 mesh), colored sand sintered from quartz sand and pigment, and colored ceramic
particles (Figure 2a). The colored sand was treated using an 80–120 mesh sieve to ensure its
uniform particle size.

(a) Ceramic particles (b) Specimens

Figure 2. Ceramic particles and specimens.
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The specimen was shown in Figure 2b, and they were prepared as follows: First, mix
the powder, sand, and resin adhesive in a specified ratio for 5 min to form a slurry. Then,
pour the slurry into a circular mold with a diameter of 50 mm and a height of 10 mm. Based
on the target spreading height, freely distribute the ceramic particles into the mold from a
height of 70 cm. Finally, cure the specimens indoors at 25 ◦C for 3 days.

2.2. Rotational Viscosity Test

The rotational viscosity test was carried out with reference to “Plastics-Epoxy Resins-
Determination of Viscosity” (GB/T 22314-2008) [33]. The working principle is that the
motor drives the rotor to rotate at a constant speed. The torque measurement device can
measure the torque required for the rotor to overcome the viscous resistance of the sample
during rotation. The viscosities of the tested samples were obtained after calculation and
processing using the sensor.

2.3. Embedding Depth Measurement Test

Some scholars have measured the embedding depth, perimeter, and area of the ag-
gregates in the chip seal by cutting the specimens and using section image processing to
represent the embedding rate [32]. Although the colored anti-skid thin layer is constructed
using the spreading method, which is similar to the construction process of the chip seal, the
aggregates spread in the colored anti-skid thin layer are mainly single small-sized 2–5 mm
ceramic particles. After the specimen is cut, it will cause serious damage to the embedding
state of the aggregates, which makes image processing difficult. Therefore, to measure the
embedding depth of the aggregates constructed by the spreading method, a test method for
the embedding depth of the aggregates based on the thickness measurement was designed.
The specific test method is as follows:
1© As shown in Figure 3, on the surface of the cured specimen, color the exposed part of

the aggregates in the thin layer to distinguish the critical edge where the aggregates
contact the thin layer.

2© Break the thin layer to take out the aggregates and polish the part of the aggregates
that are not stained with sandpaper to obtain the aggregates to be tested.

3© Place the stained part of the aggregates facing down and press it into an ESP high-
density foam board with a size of 300 × 100 × 20 mm until the stained part is
completely pressed in. The foam board can fix the state of the aggregates after
embedding.

4© After the aggregates are pressed into the foam board, the exposed part that is not
stained on the surface of the foam template is the part where the aggregates are
embedded in the thin layer. Use a thickness gauge to measure the total thickness
of the aggregates and foam board after they are embedded and fixed in the foam
board. Subtract the thickness of the foam board from the total thickness to obtain the
embedding depth of the aggregates in the thin layer.

2.4. Aggregate Contour Information Processing Method Based on U-Net Network Model

Ceramic particles of 3 mm in size were classified into three types, A, B, and C, according
to their different shape characteristics. Aggregate images were collected using a self-
made image acquisition device, as shown in Figure 4. Using a previously trained U-
Net network model, two-dimensional contour image information of the aggregates was
obtained. Based on the contour information image, numerous geometric parameters of the
aggregate particles were obtained, and the shape characteristics of the aggregate particles
were quantified using geometric parameters.

First, the aggregate image dataset completed by manual annotation was deeply trained
in the U-Net network model. The U-Net network code was written in the Python language.
The network structure was built with the help of the neural network TensorFlow library
and Keras library, and image processing was carried out using the OpenCV (version 4.1)
and Scikit-image libraries (version 0.22.0).
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Figure 3. Measurement steps for aggregate embedding depth.

 
Figure 4. Image acquisition device.

After obtaining the aggregate contour map, geometric parameter information was
extracted using the OpenCV image processing code library. Because the unit of the relevant
parameter information of the aggregate contour calculated by the function in the OpenCV
code library is pixels, to establish the connection between pixels and length units, the length
of the ruler was photographed using an image acquisition device, and the number of pixels
corresponding to 1 mm of the ruler was measured using ImageJ image processing software
(version 1.54g) to calculate the conversion relationship between pixels and length units.
As shown in Figure 5, the ImageJ measurement results show that a 1 mm length in the
captured image corresponds to 14.5 pixels. Figure 6 shows the aggregate contour maps
before and after processing.

According to the processed aggregate contour map, the geometric parameter infor-
mation was extracted using the OpenCV image processing code library, and the axial
coefficient, roundness factor, and prism factor of each aggregate were calculated in batches.
The mean values of the shape characteristic parameters of the three types of aggregates
were calculated.
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(a) Particles 

 

(b) Dimension value 

Figure 5. ImageJ pixel point measurement.

   
(a) Type A (b) Type B (c) Type C 

Figure 6. Three types of aggregate contour maps.

The formulas for calculating the axial coefficient, roundness factor, and prism factor
are as follows:

AR =
l
w

(1)

RC =

√
4πA

P2 (2)

PF =
4πA

P2 (3)

where AR represents the axial coefficient, RC is used to denote the roundness factor, PF
refers to the prism factor. The symbol “l” indicates the length of the circumscribed rectangle
of the aggregate, “w” represents the width of the circumscribed rectangle of the aggregate,
“A” stands for the average area of the aggregate (see Table 1), and finally, “P” is used to
represent the perimeter of the aggregate.

Table 1. Average area and corresponding standard deviations of each aggregate group.

Type A Type B Type C

Average area 7.07 8.61 15.24
Standard deviation 0.96 1.73 3.57
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2.5. Gray Relational Analysis

The shape characteristic index of the aggregate was taken as the characteristic sequence,
and the embedding depth of the three types of aggregates in the thin layer was taken as the
mother sequence. The degree of influence of the three shape characteristic indexes of the
aggregate on the embedding depth of the aggregate was determined using a gray relational
analysis. The specific steps of the gray relational analysis are as follows:
1© Determine the characteristic sequence and mother sequence

Characteristic sequence (various factors affecting the evaluation criteria):

[X1 X2 · · · Xn] =

⎡
⎢⎢⎢⎣

x1(1) x2(1) · · · xn(1)
x1(2) x2(2) · · · xn(2)

...
...

...
x1(m) x2(m) · · · xn(m)

⎤
⎥⎥⎥⎦ (4)

Mother sequence (evaluation criteria):

X0 = (x0(1), x0(2), · · · , x0(m))T (5)

2© Unification of dimensions

Because different indicators usually have different orders of magnitude and mea-
surement units, to eliminate the influence of these differences, it is necessary to perform
dimensionless standardization processing on the original data, convert them into dimen-
sionless values, and set all indicator data at the same order of magnitude to ensure the
consistency and comparability of the analysis.

3© Calculate the correlation coefficient

Calculate the correlation coefficient of each factor according to the following formula γ:

Δmin = min
i

min
k

|x0(k)− xi(k)| (6)

Δmax = max
i

max
k

|x0(k)− xi(k)| (7)

Δik = |x0(k)− xi(k)| (8)

γ(x0(k), xi(k)) =
Δmin + ρΔmax

Δik + ρΔmax
(9)

where ρ denotes the resolution coefficient. The smaller its value, the greater the resolution.
Typically, it is taken as ρ = 0.5.

4© Calculate the degree of correlation

Calculate the weighted average values of the correlation coefficients of the correspond-
ing elements of the reference sequence:

γ0i =
1
m

m

∑
k=1

γ(x0(k), xi(k)) (10)

5© Analyze the data

Compare the gray-weighted correlation degrees and establish the correlation sequence
between the evaluation and the object.
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3. Results and Discussion

3.1. Influence of the Proportion of Thin-Layer Cementing Materials on Viscosity
3.1.1. Influence of Single Filler on the Viscosity of the Thin Layer

The influences of the powder and sand dosages on the viscosity of the thin layer were
analyzed separately. The measured viscosity, selected rotor, and rotational speed are shown
in Figure 7, where the filler dosage (%) is the dosage relative to the resin adhesive.

Figure 7. Effect of single filler on viscosity of thin layers.

When either powder or sand filler was added individually, the viscosity of the thin-
layer cementitious material increased with higher filler dosages, indicating that the filler
dosage had a direct effect on material viscosity. When the powder filler is incorporated
at a 50% dosage, the viscosity of the cementitious material measured 0.41 Pa·s. As the
dosage increased to 75%, 100%, 125%, 150%, 175%, and 200%, the viscosity rose to 1.83 Pa·s,
7.43 Pa·s, 15.59 Pa·s, 50.19 Pa·s, and 92.69 Pa·s, respectively. Beyond a 100% dosage, the
growth rate of the viscosity accelerated, suggesting that internal voids in the material
reached saturation, causing further powder additions to sharply increase the viscosity. In
comparison, when the sand filler is added at the same 50% dosage, the viscosity of the
cementitious material is 0.2 Pa·s. With increased dosages to 75%, 100%, 125%, 150%, 175%,
and 200%, the viscosity rises at a slower rate, reaching increases of 0.12 Pa·s, 0.28 Pa·s,
0.66 Pa·s, 1.3 Pa·s, 2.08 Pa·s, and 3.06 Pa·s, respectively. This slower rate of viscosity
increase, compared to powder filler, indicates that the sand filler has a smaller impact
on the viscosity of the adhesive. At equivalent dosages, the powder filler resulted in a
notably higher viscosity growth rate than the sand filler, highlighting that the powder
filler can more effectively increase the viscosity of cementitious material. Specifically, at
dosages of 50%, 75%, 100%, 125%, 150%, 175%, and 200%, the viscosity of powder-filled
material exceeded that of sand-filled material by 0.21 Pa·s, 0.93 Pa·s, 1.76 Pa·s, 6.62 Pa·s,
14.5 Pa·s, 48.32 Pa·s, and 89.84 Pa·s, respectively. This gap in viscosity between powder
and sand fillers continues to grow as the dosage increases. In summary, at the same dosage,
the powder filler has a more substantial effect on increasing the viscosity of cementitious
material than the sand filler. The smaller particle size of the powder filler allows it to fill
voids more effectively, enhancing material compactness. Additionally, the powder filler
exhibits slight chemical interactions with the adhesive, and its smaller particles (such as
CaCO3) increase the winding density of resin macromolecular chains. In contrast, the larger
sand particles do not effectively fill voids, only physically blend with the adhesive, and are
prone to sedimentation and segregation, resulting in a minimal effect on viscosity.
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3.1.2. Influence of Composite Fillers on the Viscosity of the Thin Layer

The powder filler enhances the adhesive’s mechanical properties through chemical
interaction, while the sand filler provides a dense structure and boosts anti-skid perfor-
mance. However, excess powder can cause agglomeration, and too much sand may lead
to stratification, both affecting uniformity and performance. Adding a small amount of
powder filler alone can effectively improve the performance of the adhesive; however,
a large amount of resin is required, which increases the engineering cost. The addition
of sand filler alone has an insignificant effect on the performance of the adhesive, and if
the dosage is too large, it will cause a decrease in the performance of the cementitious
material. Therefore, it is necessary to use a combination of powder and sand fillers to
improve the performance of cementitious materials and control engineering costs. When
the dosage of the powder filler exceeds 100%, it has a greater influence on the viscosity
of the cementitious material, and the upper limit of the dosage of the powder filler is
controlled at 100%. The effects of the composite fillers on the viscosities of the cementitious
materials are listed in Table 2.

Table 2. Rotational viscosity with composite filler doping.

Ratio (Adhesive:
Powder: Sand)

Rotational Viscosity
(Pa·s)

Rotor# Speed (r/min)

1:0.5:0.5 0.88 27 50
1:0.5:1 1.73 27 50

1:0.5:1.5 3.11 27 50
1:0.5:2 9.64 27 20
1:1:0.5 3.28 27 50
1:1:1 8.82 27 20

1:1:1.5 18.80 27 10
1:1:2 45.00 27 5

The effect of composite filler on the viscosity of thin layers is shown in Figure 8. When
the powder filler content was maintained at 50%, increasing the sand filler content initially
led to a gradual rise in the viscosity of the cementitious material. However, when the sand
filler content exceeded 150%, the rate of viscosity increase accelerated sharply. Specifically,
at sand filler contents of 100%, 150%, and 200%, the viscosities increased by 0.85, 2.23,
and 8.76 Pa·s, respectively, compared to the viscosity at a 50% sand filler content. With a
powder filler content of 100%, the internal voids in the cementitious material approached
saturation, resulting in a more pronounced increase in viscosity as the sand filler content
was raised. In this case, the sand filler contents of 100%, 150%, and 200% led to viscosity
increases of 5.54, 15.52, and 41.72 Pa·s, respectively, relative to a 50% sand filler content.
Comparing the effects of 50% and 100% powder filler contents, both the overall viscosity
and the rate of viscosity increase were greater with a higher powder filler content, with
the difference in viscosity between the two scenarios widening progressively as the sand
filler content increased. In conclusion, with a baseline of 50% powder filler, a sand filler
content above 150% results in a rapid increase in viscosity. To achieve more controlled
adjustments of cementitious material viscosity when combining powder and sand fillers, it
is advisable to use a lower powder filler content while regulating the viscosity through the
sand filler content. This approach enhances control over viscosity changes and prevents
large variations resulting from minor filler adjustments.

3.2. Influence of Thin-Layer Viscosity on the Embedment Depth of Aggregates

The viscosity of the thin-layer cementitious material will affect the construction per-
formance; simultaneously, when using the spreading method for construction, it will affect
the embedment depth of the spread aggregates. If the embedment depth of the aggregates
is relatively shallow, the anti-stripping ability of the aggregates is mainly provided by the
thin layer’s bonding, which lacks encapsulation of the aggregates. Under these conditions,

83



Buildings 2024, 14, 3831

the anti-stripping ability of the aggregates is poor, and they are prone to stripping when
subjected to loads. Therefore, when mixing the thin-layer cementitious material, it is neces-
sary to appropriately adjust the viscosity of the cementitious material. If the viscosity is
too high, the aggregates cannot be embedded in the thin layer and stripping is likely to
occur. If the viscosity is too low, the thin layer will be too thick, and the aggregates will be
completely buried in the thin layer and unable to play an anti-skidding role.

Figure 8. Effect of composite filler on the viscosity of thin layers.

The eight groups of composite filler ratios listed in Table 2 were used to mix and
obtain thin-layer cementitious materials with different viscosities. The embedment states
of the aggregates in thin layers with different ratios of adhesive/powder filler/sand filler is
shown in Figure 9. To minimize the influence of the aggregate shape characteristics on the
embedment depth, colored ceramic particles with a particle size of 3 mm and a relatively
round shape were uniformly selected for spreading.

(a) 1:0.5:0.5 (b) 1:0.5:1 (c) 1:0.5:1.5 (d) 1:0.5:2

(e) 1:1:0.5 (f) 1:1:1 (g) 1:1:1.5 (h) 1:1:2

Figure 9. Embedding state of aggregates in thin layers with different ratios.
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After spreading the aggregates, 10 aggregates were collected from each group, and
their embedding depth was measured. When the aggregates were completely embedded
in the thin layer, the embedding depth was taken as 3 mm. The embedded depths of the
aggregates are shown in Figure 10.

 

Figure 10. Embedding depths of aggregates in thin layers with different ratios.

Owing to the large discreteness of the measurement results, to reduce the influence
and variability caused by test errors, the maximum and minimum values of the embedding
depth of 10 aggregates under each group of cementitious material schemes were removed,
and the average value of the embedding depth of the remaining eight aggregates was taken
to obtain the embedding depth of the aggregates in the corresponding ratio of cementitious
materials, as shown in Table 3. The relationship between the viscosity of the cementitious
material and the embedding depth of the aggregates is shown in Figure 11.

Table 3. Depth of embedment of aggregates in thin layers of different viscosities.

Ratio (Glue/Powder/Sand) Rotational Viscosity (Pa·s) Insertion Depth (mm)

1:0.5:0.5 0.88 3.00 (fully embedded)
1:0.5:1 1.73 1.78

1:0.5:1.5 3.11 1.41
1:0.5:2 9.64 0.80
1:1:0.5 3.28 1.24
1:1:1 8.82 0.87

1:1:1.5 18.80 0.32
1:1:2 45.00 0.21

The test results show that the embedding depth of the aggregates decreased with
increasing viscosity of the cementitious material. When the rotational viscosity was less
than 0.88 Pa·s, the spread aggregates were completely embedded in the thin layer. When
the rotational viscosity was 1.73 Pa·s, the embedding depth of the aggregates was 1.78 mm,
and the embedding depth accounted for 59.3% of the particle size of the aggregates. When
the rotational viscosity was 3.11 Pa·s, the embedding depth of the aggregates was 1.41 mm,
and the embedding depth accounted for 47% of the particle size of the aggregates. When
the rotational viscosity was 9.64 Pa·s, the embedding depth of the aggregates was 0.8 mm,
and the embedding depth accounted for 26.7% of the particle size of the aggregates. When
the rotational viscosity exceeded 9.64 Pa·s, the influence of the viscosity of the cementitious
material on the embedding depth of the aggregates was not obvious. When the rotational
viscosity exceeded 18.8 Pa·s, the embedding depth of the aggregates was 0.32 mm, and
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the embedding depth accounted for 10.7% of the particle size of the aggregates. As the
viscosity increased, the embedding effect of the aggregates gradually weakened and the
aggregates eventually floated on the thin layer surface.

 
(a) Embedding depth (b) Percentage of embedded particle size 

Figure 11. Embeddedness of aggregates in thin layers of different viscosities.

If the viscosity of the cementitious material is too small (less than 0.88 Pa·s), the
aggregates are completely embedded in the thin layer, resulting in a lack of micro-convex
bodies on the surface structure of the thin layer, and the spread aggregates cannot provide
the anti-skid effect for the anti-skid thin layer. If the viscosity is too large (greater than
18.8 Pa·s), the embedding effect of the aggregates is not obvious, resulting in the aggregates
only floating on the surface of the thin layer and poor anti-stripping performance.

Due to construction using the spreading method, in addition to the aggregates that
first come into contact with the thin layer during the spreading being embedded in the
thin layer to a certain depth, the excess aggregates covering the surface of the thin layer
after spreading will press the lower layer of aggregates downward owing to their own
weight. At this time, the embedding depth of the lower layer of aggregates will continue
to increase until the cementitious material solidifies and stops sinking. Thus, when the
viscosity of the cementitious material is 3.11 Pa·s, although the embedding depth of the
aggregates accounts for 47% of the particle size of the aggregates and does not reach half the
particle size of the aggregates, in actual working conditions, the lower layer of aggregates
will continue to sink under the influence of the upper layer of aggregates, making its
embedding depth exceed half the particle size of the aggregates. Thus, when the viscosity
of the cementitious material is 1.73–3.11 Pa·s, the embedding depth of the aggregates is
between 1/2 and 2/3 of the particle size.

In conclusion, the higher the viscosity of the cementitious material, the shallower the
embedding of the aggregates. It is recommended that the viscosity of the cementitious
material be controlled within 1.73–3.11 Pa·s. Within this range, the embedding depth of the
aggregates is between 1/2 and 2/3 of the particle size, which can give full play to the role
of the thin layer in dispersing stress, and the aggregates are not completely embedded in
the thin layer, which can provide micro-convex bodies for the surface of the thin layer and
improve the anti-skid performance of the thin layer.

3.3. Embedding Depth of Aggregates with Different Shape Characteristics
3.3.1. Shape Characteristics of Aggregates

The average values of the shape characteristic parameters of the aggregates are shown
in Figure 12. It can be seen from the test results that the relationship of the axial coefficients
of the three types of aggregates is in the order of C > B > A, among which the contour
shape of type C aggregates is closer to needle-like. The relationship between the roundness
factors of the three types of aggregates is A > B > C, among which the contour shape of type
A aggregates is closer to circular. The relationship between the prism factors of the three

86



Buildings 2024, 14, 3831

types of aggregates is A > B > C, among which the contour change of type A aggregates is
more regular.

  
(a) Axial coe cient (b) Roundness factor 

  

(c) Prism factor (d) Mean value 

Figure 12. Characteristic parameters of aggregate shape.

3.3.2. Influence of Aggregate Shape on Embedding Depth

The three types of aggregates in Section 3.3.1 were spread into the cementitious mate-
rial with an adhesive/powder/sand ratio of 1:0.5:1.5 and viscosity of 3.11 Pa·s according to
the test method in Section 2.1, and their average embedding depth was measured. The test
results are shown in Figure 13.

The test results showed that the shape characteristics of the aggregates have a signifi-
cant impact on the embedding depth. The embedding depth was in the order of A > B > C.
The average embedding depth of type A aggregates is 1.41 mm, that of type B aggregates is
1.29 mm, and that of type C aggregates is 0.62 mm. The difference in the embedding depth
between types A and B is small, and the embedding depth of type C is the smallest.

The embedding depth of type A aggregates is the largest, with an average axial
coefficient of 1.11, an average roundness factor of 0.9 (closest to 1), a shape closer to a
circle, and average prism factor of 0.81, and a contour more regular and smoother. When
the spread aggregates come into contact with the thin layer, because the shape of type A
aggregates is rounder, the force can be concentrated in a smaller area, which is conducive
to embedding the aggregates. During the embedding process, because the contour is more
regular, the embedding friction resistance received will be smaller, and the embedding
will be deeper. When type A aggregates are spread on the thin layer, nearly half of the
part is embedded in the thin layer, and the thin layer can bond and wrap it to provide
anti-stripping ability.
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Figure 13. Depth of aggregate embedment.

The embedding depth of type B aggregates was slightly smaller than that of type A
aggregates, with an average axial coefficient of 1.24, an average roundness factor of 0.83,
and an average prism factor of 0.69. The axial coefficient was relatively small compared to
that of type A aggregates. Its roundness was smaller than that of type A aggregates. When
the spread aggregates come into contact with the thin layer, the area where the force is
concentrated is larger than that of type A aggregates; therefore, the embedding effect is
slightly worse than that of type A aggregates. Simultaneously, the prism factor of type B
aggregates is smaller than that of type A aggregates. During the embedding process, owing
to the irregular contour change, it receives greater embedding friction resistance, and the
embedding depth will be smaller than that of type A aggregates.

The embedding depth of type C aggregates is the smallest, with an average axial
coefficient of 1.74, an average roundness factor of 0.79, and an average prism factor of 0.62.
This was a needle-shaped aggregate. When the aggregates are spread on the thin layer, they
are mostly in a flat state to maintain stability. It has a large contact area with the thin layer,
and its narrow and long structure makes it difficult for the resin mortar to climb, resulting
in the smallest embedding depth of type C aggregates in the thin layer. The anti-stripping
ability is mainly provided by the surface bonding with the thin layer material.

In conclusion, type B aggregates have a better embedding depth and prism. Consider-
ing both anti-skid and anti-stripping performance, type B aggregates should be preferred,
and type C aggregates should be avoided.

3.3.3. Gray Relational Analysis of Aggregate Shape and Embedding Depth

Tables 4–6 present the initial data of the characteristic sequence [X1, X2, X3] and mother
sequence X0, dimensionless processing of the initial data, and correlation coefficient and
correlation degree, respectively.

Table 4. Initial data of feature sequences and parent sequences.

Name Factor A B C

Insertion depth (mm) X0 1.41 1.29 0.62
Axial coefficient X1 1.11 1.24 1.74
Roundness factor X2 0.90 0.83 0.79
Prism factor X3 0.81 0.79 0.62
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Table 5. Dimensionless processing of initial data of feature sequence and parent sequence.

Name Factor A B C

Insertion depth (mm) X0 1 0.915 0.440
Axial coefficient X1 1 1.117 1.568
Roundness factor X2 1 0.922 0.878
Prism factor X3 1 0.975 0.765

Table 6. Number of links and degree of association.

Shape Characterization Index Factor
Correlation Coefficient

Relatedness
A B C

Axial coefficient X1 1 0.7361 0.3333 0.690
Roundness factor X2 1 0.9872 0.5628 0.850
Prism factor X3 1 0.8994 0.6339 0.844

Figure 14 shows the degree of correlation between the three factors and the embedding
depth change rate. The correlation degree was obtained using the average value of the cor-
relation coefficient, and the correlation degree ranged between 0 and 1. The larger the value,
the stronger the correlation between the characteristic sequence and mother sequence.

Figure 14. Gray correlation of shape feature indices.

Through gray relational analysis, it is concluded that the order of the correlation de-
grees of each shape characteristic index is roundness factor > prism factor > axial coefficient;
that is, the roundness factor has the greatest correlation with the embedding depth and
most obvious influence.

4. Conclusions

(1) An epoxy resin mortar layer with a composite filler of powder and sand provides
better aggregate embedding than a single filler. This finding has direct implications
for pavement construction, where proper aggregate embedding is critical for ensuring
surface texture and bonding strength. The recommended filler ratios (adhesive-to-
powder-to-sand at 1:0.5:1 or 1:0.5:1.5) are optimal for achieving a balance between
viscosity and workability. If the ratio is exceeded, the viscosity rises sharply, reducing
the construction performance. This means the mortar may become too stiff, leading to
difficulty in spreading and reduced bonding with the aggregates. In practical terms,
these factors can negatively impact pavement durability, skid resistance, and surface
roughness, potentially increasing slipperiness and reducing long-term performance.
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(2) The embedding depth of the aggregates is a crucial parameter for achieving the desired
pavement characteristics. This study identifies that low viscosities below 0.88 Pa·s
result in full embedding, which is beneficial for achieving smooth surfaces but may
compromise the surface texture and skid resistance. High viscosities above 18.8 Pa·s
cause aggregates to float on the surface, reducing structural bonding and durability.
The identified optimal viscosity range of 1.73 to 3.11 Pa·s ensures a partial embedding
of aggregates (1/2 to 2/3 of their particle size), providing a balance between an
adequate surface texture for skid resistance and sufficient bonding for durability. This
range is particularly useful in designing ultra-thin layers where spalling and wear
resistance are critical.

(3) This study demonstrates that aggregates with varying shape characteristics influence
their embedding behavior, which is essential for designing pavements with specific
performance goals. For instance, Type A aggregates (7.07 mm2) with high roundness
and prism factors achieve the greatest embedding depth, making them suitable for
applications requiring enhanced bonding and smoother surfaces. Type C aggregates
(15.24 mm2), with high axial coefficients but lower embedding depth, are more suitable
for creating textured surfaces that improve skid resistance. The gray correlation
analysis confirms that the roundness factor is the most critical parameter influencing
embedding depth, suggesting that selecting aggregates with the appropriate shape
characteristics can optimize skid resistance, roughness, and durability in pavement
applications.
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Abstract: The increasing environmental impact of industrial waste, particularly from the
textile sector, has driven efforts to integrate alternative materials into road construction.
This study explores the feasibility of incorporating recycled cotton textile fibers into Stone
Mastic Asphalt (SMA) mixtures to enhance their mechanical performance and sustainability.
The bituminous mixture SMA 11 surf 35/50 was designed with 0.3% textile fibers, a dosage
optimized to prevent binder drainage while maintaining adequate structural properties.
Laboratory tests were conducted to evaluate bulk and maximum density, air void content,
water sensitivity, and resistance to permanent deformation. The results demonstrated
that the inclusion of 0.3% textile fibers significantly reduced binder drainage, improved
moisture resistance with an ITSR of 96.30%, and enhanced stability under traffic loads.
Although the WTSAIR value of 0.12 mm/1000 cycles did not fully comply with PG-3
requirements for T2 traffic, slight adjustments in binder content or composition could
optimize performance. Beyond technical benefits, this study highlights the environmental
and economic advantages of repurposing locally generated textile waste, reducing landfill
accumulation, and fostering synergies between industries. Future research should focus
on optimizing bitumen content, conducting fatigue and aging tests, and validating field
performance under real traffic and environmental conditions to ensure long-term durability
and compliance with road specifications.

Keywords: asphalt mixture; recycled textile fibers; sustainable material; pavement; stone
mastic asphalt

1. Introduction

Transport, particularly the road sector, has a significant environmental impact due
to its energy consumption and greenhouse gas emissions. Authorities must address this
challenge through sustainable practices in road construction and maintenance. The Eu-
ropean Union promotes the circular economy, which includes the reuse and recycling of
waste materials, such as construction and demolition waste (CDW) and textile waste.

To enhance environmental quality and promote the sustainable development of trans-
port infrastructure, it is essential to implement sustainable strategies in pavement construc-
tion and rehabilitation. The benefits of using large quantities of recycled materials include
(i) the reduction in natural resource consumption, (ii) the elimination of waste materials
otherwise destined for disposal, (iii) the reduction in energy and water consumption, and
(iv) the decrease in greenhouse gas emissions [1].

However, the textile industry is one of the most polluting sectors, generating a signif-
icant amount of waste. This waste is produced not only during garment manufacturing
but also during the dyeing process. To prevent textile industry waste from ending up in
landfills, one of the key innovations of Directive 2018/851/EU is that companies will be
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required to pay for the waste they generate and will no longer be allowed to destroy or
incinerate it.

In the field of road construction, research has explored the potential use of various
types of waste as substitutes for natural aggregates in pavement and granular layers and
even as a partial replacement for bitumen. In this context, one of the most commonly
reused materials is reclaimed asphalt pavement (RAP) [2], along with construction and
demolition waste (CDW) [3,4]. Other waste materials that have been studied include those
from the steel industry [5], plastics [6], and rubber [7], which have shown potential to
improve performance or reduce environmental impact. Other waste materials that have
been studied include those from the steel industry and plastics. However, very few studies
have assessed the benefits of incorporating textile waste into bituminous mixtures, which
could enhance durability by contributing to a more resilient structural framework.

Since the late 19th century, asphalt has been widely used in road construction [8]. SMA
mixtures, introduced in Germany in the 1960s, are recognized for their high performance
and durability, making them ideal for heavy traffic pavements [9]. These mixtures offer
fatigue resistance and long-term stability [9], requiring a higher asphalt binder content
(6–7%) compared to conventional mixtures (4–7%) [10].

Although SMA mixtures have a higher initial cost, their long-term benefits—such as
enhanced durability, resistance to studded tires, wear, and plastic deformation—justify
their widespread adoption worldwide, especially for high-traffic roads. Despite certain
challenges like binder exudation, additional advantages including improved drainage and
noise reduction make SMA mixtures a cost-effective solution in the long run [9,11–13].

Fibers play a fundamental role in Stone Mastic Asphalt (SMA) mixtures, as they stabi-
lize the binder and prevent segregation. In addition to enhancing mechanical performance
by increasing resistance to fatigue and deformation, they also contribute significantly to
reducing cracking and help delay and control the appearance of reflective cracks [14]. This
reinforces the suitability of SMA as an effective solution for high-traffic roads. Different
additives such as cellulose, polyester, lignin, and glass fibers have been studied for their
ability to enhance the dynamic modulus, moisture tolerance, and fatigue resistance of SMA,
while also reducing binder segregation [15–17]. Studies have shown that cellulose fiber,
when added in proportions of approximately 0.30% by weight of the mixture, significantly
reduces drainage effects and improves mechanical properties [18].

Numerous studies have demonstrated that the incorporation of cellulose fibers into
SMA mixtures significantly enhances their mechanical properties and durability. These
fibers, typically added in proportions around 0.3% by weight of the total mixture, are
effective in stabilizing the binder and preventing drainage due to their high absorption
capacity and structural integrity. For instance, Putman and Amirkhanian [19] reported over
30% reduction in binder drainage and significant improvements in resistance to permanent
deformation upon using cellulose fibers. Similarly, Behbahani et al. [20] observed reductions
of approximately 30% in rutting compared to mixtures without fibers. Additional research
by Qian and Lu [21] confirmed improvements in indirect tensile strength and binder
cohesion. These findings underscore the functional role of fibers in improving performance
under traffic loads and environmental stresses. Despite these advances, most existing
research focuses on commercial cellulose fibers. There is a clear gap in assessing alternative
fibrous materials—such as recycled textile waste—that may offer comparable stabilizing
effects while contributing to environmental sustainability, thereby justifying the present
investigation.

Hybrid modifications of SMA using different fibers have yielded promising results.
For instance, cellulose fibers improve exudation capacity, ductility, and fatigue resistance,
while basalt fibers reduce permanent deformation and increase stress resistance [22]. Other
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studies have tested alternative fibers such as palm oil-derived cellulose, which, when
combined with ground tire rubber, enhances pavement performance [23]. Recycled tire
textile fibers (WTTF) have also been investigated as a replacement for commercial additives,
demonstrating similar mechanical properties to traditional SMA blends [15,24].

Although various materials have been studied to absorb excess binder in SMA mix-
tures, including cellulose, basalt, pumice, paper, palm oil fibers, and synthetic fibers such
as tire textiles and cigarette filters, there is limited knowledge regarding the use of textile
waste fibers in SMA mixtures [25].

The textile industry generates a wide variety of waste throughout its production chain,
including fiber remnants, fabric scraps, threads, and byproducts from textile recycling.
Among these, cotton fibrous waste generated during the mechanical cutting and processing
of recycled textiles stands out. This type of waste, which is homogeneous in nature and
composed exclusively of natural fibers, has a length ranging from 0 to 5 mm, making it
particularly suitable for use as an additive in bituminous mixtures.

In this study, a cotton fibrous waste discarded by the textile industry itself—due to its
non-reusability in spinning processes—was selected. Its choice is based both on technical
suitability—given its ability to stabilize the bituminous binder and reduce drainage—and
on sustainability criteria, as it is a locally available waste that currently lacks a valorization
pathway. Its incorporation into SMA-type mixtures contributes to a more sustainable
paving model, promoting the reuse of industrial waste and reducing reliance on virgin
raw materials.

Previous research suggests that local materials could replace cellulose fibers, but
further investigation is required. In this context, the Valencian Community, a key tex-
tile production region in Spain, generates approximately 150,000 tonnes of textile waste
annually, with cities like Alcoy, Ontinyent, and Elche being major contributors. Alcoy
alone reports that 25% of its industrial waste is textile-based. In response, the region has
launched initiatives such as the ReFashion project, promoted by the Instituto Valenciano
de Competitividad Empresarial (IVACE), to recycle and reuse textile materials, reducing
landfill disposal. Additionally, local companies are adopting more sustainable technologies,
creating approximately 500 new jobs in the last five years.

One promising solution is the incorporation of textile waste into asphalt mixtures,
which can enhance mechanical properties, increase durability, and reduce maintenance
costs. By integrating textile waste into asphalt, the demand for virgin materials decreases,
lowering environmental impact while promoting a circular economy. Investing in innova-
tive recycling strategies and fostering collaboration between government, businesses, and
society are crucial steps toward a more sustainable textile industry.

Objective and Contribution

The primary objective of this study is to analyze the feasibility of using textile waste
fibers as an alternative to commercial cellulose fibers in SMA mixtures. This includes
defining optimal component proportions and conducting laboratory tests to evaluate
the suitability of the formulated mixtures. The bituminous mixtures were characterized
through volumetric and performance-based tests, assessing fundamental properties such
as void content, water sensitivity, and resistance to permanent deformation.

By incorporating textile waste fibers into SMA, this study not only explores a novel re-
cycling approach but also contributes to a circular economy by reducing waste disposal and
improving pavement durability. Additionally, this research aligns with sustainability goals
by reducing reliance on virgin materials and promoting the reuse of industrial byproducts.

Therefore, this paper investigates the potential of using textile waste fibers as a sustain-
able additive in Stone Mastic Asphalt (SMA) mixtures, aiming to evaluate their effectiveness
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as a substitute for commercial cellulose fibers. The study includes a comprehensive ex-
perimental program to assess the mechanical performance of the modified mixtures. The
findings contribute to advancing circular economy strategies in pavement engineering
while addressing a significant environmental challenge posed by the textile industry.

2. Materials and Methods

2.1. Materials

The selected asphalt mixture for this study is SMA 11 surf 35/50, which was modified
with recycled cotton fibers to obtain the final product. The composition of the aggregates
used in the mixture are as follows: (i) filler or mineral powder smaller than 0.063 mm; (ii) a
0/6 mm fraction consisting of fine limestone aggregate; and (iii) a 6/12 mm fraction of
coarse porphyritic aggregate. Upon receipt of the aggregates in the laboratory, granulo-
metric tests were conducted following the UNE-EN 933-2 [26] standard to determine the
particle size distribution (see Table 1). The aggregates were supplied by Guerola Áridos y
Hormigones, S.L., based in Ontinyent, Alicante (Spain).

Table 1. Particle size distribution of materials.

Type of Aggregate
Test Sieves for Aggregates UNE-EN 933-2 (mm)

22 16 11.2 8 4 2 0.5 0.063

Filler 100 100 100 100 100 100 98.2 75.3

0/6 Fraction 100 100 100 98.93 76.67 66.77 38.74 3.15

6/12 Fraction 100 100 89.58 34.76 0.45 0.24 0.22 0.18

The bitumen used in the production of the SMA 11 mixture was 35/50 penetration
grade, supplied by the Spanish company Cepsa. This bitumen meets the required properties
for a wearing course up to a traffic category T2 (AADT < 800 veh/day), according to Spanish
road specifications (PG-3) [10]. The main characteristics of the bitumen are presented in
Table 2.

Table 2. Specifications of conventional bitumen 35/50.

Characteristics Unit Standard Min Max

Original Bitumen

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm UNE-EN 1426 [27] 35 50

Softening point ◦C UNE-EN 1427 [28] 50 58

Penetration index - UNE-EN 12591 [29] −1.5 0.7

Fraass breaking point ◦C UNE-EN 12593 [30] −5 -

Solubility % UNE-EN 12592 [31] 99 -

Flash point ◦C UNE-EN 2592 [32] 240 -

Residue after thin-film and
rotating film test

Mass variation % UNE-EN 12607-1 [33] - 0.5

Penetration (25 ◦C, 100 g, 5 s) % of original UNE-EN 1426 [27] 53 -

Softening point variation ◦C UNE-EN 1427 [28] - 11

According to the manufacturer’s recommendations, the working temperatures for the
asphalt mixture are as follows (Figure 1):
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• Mixing temperature: 155–165 ◦C;
• Binder working temperature: 155–165 ◦C;
• Compaction temperature: 150–160 ◦C;
• Maximum heating temperature: 170 ◦C.

Figure 1. Laboratory heated mixer.

The addition of recycled cotton textile fibers modifies the rheological properties of
bitumen by increasing viscosity and enhancing resistance to binder drainage, thus improv-
ing overall mixture cohesion. Traditionally, fibers are incorporated into asphalt mixtures to
minimize binder drainage. The fibers were provided by Recover Textile Systems, S.L., a
company specializing in processing textile waste located in Banyeres de Mariola, Alicante
(Spain). According to analyses conducted by this company, the cotton powder consists of
100% cotton fibers, ensuring the absence of harmful substances or compounds that could
pose health risks. The fibrous particles in this waste ranged in length from 0 to 5 mm and
originated exclusively from cutting residues generated during the manufacturing of new
recycled cotton fibers (see Figure 2). In this study, the fibers used were approximately 5 mm
in length. This controlled production process guarantees the homogeneity of the subprod-
uct, making it a consistent and reliable material for asphalt applications. Recycled cotton
fibers are specifically utilized due to their local availability, as the Valencian Community is
a significant center for textile waste generation, particularly from cities such as Alcoy, On-
tinyent, and Elche. This provides considerable logistical and environmental advantages by
reducing transportation-related costs and minimizing the carbon footprint associated with
material transportation. By employing these local wastes in asphalt mixtures, abundant
regional resources are utilized, contributing to local economic development, enhancing
synergies among nearby industries, and effectively promoting the implementation of a
circular economy in the road construction sector.
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Based on these materials and the granulometric spindles specified in Article 544 of
the Spanish road specifications (PG-3) [10], which defines the composition of SMA 11
surf 35/50, the minimum bitumen content for the mixture is set at 5.8%. However, if the
aggregate density differs from 2.65 g/cm3, a correction factor (α = 2.65/ρd) could be applied.
Given that the aggregates supplied have a density of 2.9 g/cm3, the adjusted minimum
bitumen content is 5.3%.

(a) (b)

(c)

Figure 2. Recycled cotton textile fibers: (a) general photo, (b) detail photo, and (c) micrograph image.

Three bituminous mixtures were produced, incorporating 0.0%, 0.3%, and 0.6% cotton
textile fibers. The proportions of aggregate and filler used in each mixture are detailed in
Table 3 and Figure 3.

Table 3. Percentages of materials in the dosed mixtures.

Type of Asphalt Mixture Filler < 0.063 Aggregate 6–12 Aggregate 6–0 Tex Fibers

SMA 11 0.0% 8% 65% 27% 0%

SMA 11 0.3% 8% 64.70% 27% 0.30%

SMA 11 0.6% 8% 64.40% 27% 0.60%
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Figure 3. Particle size distribution.

2.2. Fabrication and Preparation of Test Specimens

First, the binder drainage test was carried out. Three samples were prepared, contain-
ing 0.0%, 0.3%, and 0.6% of cotton textile fibers, respectively.

For the selection of these fiber percentages, it has been considered that Article 544.2.4
of PG-3 [10] specifies that, in the case of mixtures using fibers, their content must not be
lower than 0.3%. Therefore, we decided to test a mixture without fibers, a mixture with the
minimum amount of fibers allowed by Spanish regulations, and a mixture with 0.6% fibers.

The preparation of eight cylindrical specimens (Ø 101.6 mm and height 63.5 mm) was
carried out using impact compaction, applying 50 blows to each face, to determine the
bulk density. Additionally, an extra amount of material was prepared to determine the
maximum density. Based on the density values and the bitumen and additive content, the
air void content of the mixture was estimated.

Subsequently, the water sensitivity test was conducted to determine the ITSR index.
For this purpose, other eight cylindrical specimens were prepared and then divided into
two batches: dry and wet.

Additionally, based on the obtained air void values, four prismatic specimens
(410 mm × 260 mm × 40 mm) were fabricated using a plate compactor for the wheel track-
ing test, allowing for the determination of plastic deformations.

2.3. Characterization of the SMA
2.3.1. Binder Drainage

To determine the optimal textile fiber content, as specified in Article 544 of PG-3 [10],
the binder drainage test was conducted in accordance with the UNE-EN 12697-18 [34]
standard, using the beaker method.

The method consists of evaluating the amount of binder lost due to drainage after one
hour at a representative temperature. To do this, the empty beaker (m0) is weighed and,
subsequently, a sample of the bituminous mixture is placed in the glass, also obtaining
the overall weight (m2). After one hour in the oven at the representative temperature, the
glass is emptied by tipping the bituminous mixture material and the empty vessel (m1) is
weighed again. The difference between the weight of the beaker after (m1) and before (m0)
corresponds to the amount of binder drained. Finally, the binder flow (BD) is expressed as
a percentage using Equation (1).

BD =
m1 − m0

m2 − m0
(1)
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The test was carried out three times for each mixture, corresponding to the different
textile fibers contents under evaluation.

2.3.2. Bulk Density, Maximum Density, and Air Voids

The bulk density of the SMA mixtures was determined following the UNE-EN
12697-6 [35] standard, using Method A—Immersion in water. This method is based on
Archimedes’ principle, where the specimen is submerged in water to determine its volume
by displacement. The process consists of the following steps:

1. Sample preparation:

• Drying: The specimen is dried at room temperature until a constant weight
is achieved.

• Weighing in Air: The dry specimen is weighed, recording its mass as m1.

2. Heavy underwater:

• The specimen is immersed in deaerated water at 25 ± 1 ◦C.
• The submerged saturated mass is recorded as m2.
• The saturated surface-dry mass is recorded as m3.

3. Calculation of bulk density:

ρ =
m1

m3 − m2
× ρW (2)

where ρ is the bulk density (g/cm3), m1 is the mass of the dry specimen (g), m2 is the mass
of the saturated specimen immersed in water (g), m3 is the mass of the saturated specimen
(g), and ρW is the density of water at the test temperature (g/cm3).

The maximum density of the asphalt mixtures was determined in accordance with the
UNE-EN 12697-5 [36] standard. This parameter is essential for evaluating the compaction
quality of asphalt mixtures and ensuring proper pavement performance, as it allows for
the subsequent calculation of the air void content in the mixture.

The method used was Procedure A—Volumetric Procedure, which involves measuring
the sample volume using a pycnometer filled with water. This approach provides an
accurate determination of the maximum density by applying Archimedes’ principle to
measure the displaced water volume.

The maximum density was determined following a structured procedure to ensure
accuracy. The process consists of the following steps:

1. Sample Preparation:

• A representative sample of the bituminous mixture is selected.
• The sample is dried at room temperature to eliminate any surface moisture.

2. Weighing the Sample:

• The empty and dry pycnometer is weighed (m1).
• The test sample is placed inside the pycnometer, and the total mass is recorded

(m2).
• The pycnometer is then filled with de-aired water up to the calibration mark, and

the combined mass is recorded (m3).

3. Calculation of Maximum Density:

ρmv =
m2 − m1

106 × Vp − (m 3 − m2)/ρW

(3)

where ρmv is the maximum density (g/cm3), m1 is the mass of the empty pycnometer, m2

is the mass of the pycnometer and the test sample (g), m3 is the mass of the pycnometer, the
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test sample, and the water, Vp is the volume of the pycnometer (m3), and ρW is the density
of water at the test temperature (g/cm3).

The air void content (Va) in the mixture was determined according to the UNE-EN
12697-8 [37] standard. This parameter is calculated using the maximum density (ρmv) and
the bulk density (ρ) of the specimens by applying Equation (4).

Va =
ρmv − ρb

ρmv
× 100 (4)

Additionally, the void content in aggregates (VMA) and the void content filled with a
binder (VFB) can be determined using the following expressions:

VMA = Va +
B × ρb

ρb
(5)

VFB =
B × ρ × 100
ρb × VMA

(6)

where Va is the air void content in the bituminous specimen (%), VFB is the percentage
of voids filled with binder (%), VMA is the void content in aggregates (%), ρmv is the
maximum density of the mixture (g/cm3), ρ is the bulk density of the specimen (g/cm3), B
is the binder percentage in the specimen (%), and ρb is the binder density (g/cm3).

The results must comply with the limits established in Table 544.10 of PG-3 [10] to
ensure the required compaction and durability of the SMA-type mixtures (see Table 4).

Table 4. Air void content limits for SMA-type bituminous mixtures according to PG-3 [10].

MIX TYPE % AIR VOIDS (Standard UNE-EN 12697-8)

SMA 8
4–6

SMA 11

SMA 16 4–7

2.3.3. Water Sensitivity Test

The water sensitivity of the bituminous mixtures was evaluated according to the UNE-
EN 12697-12 [38] standard, using Method A, which is based on the UNE-EN 12697-23 [39]
standard for determining the indirect tensile strength of bituminous specimens.

For this test, eight cylindrical specimens (Ø 101.6 mm, height 63.5 mm) were com-
pacted using the impact method (UNE-EN 12697-30) [40], applying 50 blows per face. After
fabrication, the specimens were divided into two groups: a dry group and a wet group.
The difference in average apparent densities between both groups was required to remain
below 0.015 g/cm3 to ensure consistency in the results.

The dry specimens were stored upright on a flat surface at (20 ± 5) ◦C. The wet
specimens underwent a vacuum saturation process and were subsequently immersed in a
water bath at (40 ± 2) ◦C for (72 ± 2) hours.

The test temperature was set at 15 ◦C. To achieve this temperature, the dry specimens
were placed in a thermally controlled air chamber, while the wet specimens were submerged
in a water bath for at least four hours before testing.

Finally, the indirect tensile strength (ITS) of both specimen batches was measured
according to the UNE-EN 12697-23 [39]. The indirect tensile strength ratio (ITSR), which
quantifies the effect of moisture on the mechanical properties of the mixture, was calculated
using Equation (7).

ITSR =
ITSw

ITSd
× 100 (7)
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where ITSR is the indirect tensile strength ratio, in percentage (%); ITSw is the average
indirect tensile strength of the wet batch, in kPa; and ITSd is the average indirect tensile
strength of the dry batch, in kPa.

2.3.4. Wheel Tracking Test

To evaluate the susceptibility of bituminous mixtures to deformation under load, the
test defined in the UNE-EN 12697-22 [41] standard was conducted. This required the fabrica-
tion of four prismatic specimens with dimensions of 410 mm × 260 mm × 40–60 mm, follow-
ing the UNE-EN 12697-33 [42] standard for specimen preparation using a plate compactor.

After manufacturing and compacting the mixture, it was allowed to cool before being
demolded. The specimens were then stored on a flat surface for at least two days to ensure
proper stabilization before testing.

The test was carried out using a testing machine where a loaded wheel repeatedly
moves over a securely fixed pavement sample. It was performed following Procedure B in
air, at a controlled temperature of 60 ◦C, with a total duration of 10,000 cycles.

3. Results

3.1. Binder Drainage

Figures 4 and 5 present the results obtained from the binder drainage test, conducted
according to the UNE-EN 12697-18 [34] standard. As can be observed, the incorporation
of recycled textile fibers significantly reduces binder drainage. With the addition of 0.3%
fibers, drainage is almost entirely eliminated, as illustrated in Figure 4.

Figure 4. Binder drainage depending on content of fibers.

The results confirm that the addition of 0.3% recycled textile fibers to the bituminous
mixture is effective in mitigating binder drainage and complies with the limits established
in PG-3 [10]. Article 544.5.1.5 states that for SMA 11 mixtures, binder drainage, determined
using the beaker method UNE-EN 12697-18 [34], must be below 0.3%, with a recorded
value of 0.04%.
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(a) (b)

(c)

Figure 5. Results of the binder drainage test: (a) 0.0% fibers, (b) 0.3% fibers, and (c) 0.6% fibers.

3.2. Air Voids

The bulk density of the SMA 11 surf 35/50 mixture with 0.3% fibers was determined
from eight specimens, obtaining an average value of 2.462 g/cm3. The maximum density
was calculated from two samples, yielding an average value of 2.602 g/cm3.

Using these density values, the air void content (Va) was computed (see Table 5). On
average, the SMA 11 surf 35/50 mixture with 0.3% fibers and a bitumen content of 5.3%
exhibited an air void content of 5.4%, which falls within the 4% to 6% range specified in
Article 544 of the PG-3 [10] for this type of mixture.

Table 5. Air void content of SMA 11 surf 35/50 with 0.3% fibers.

Specimen ρ (g/cm3) Va (%) VMA (%) VFB (%)

I 2.469 5.124 17.767 71.161

II 2.467 5.193 17.827 70.869

III 2.464 5.315 17.932 70.363

IV 2.462 5.398 18.004 70.021

V 2.454 5.696 18.263 68.811

VI 2.467 5.197 17.830 70.855

VII 2.456 5.627 18.204 69.086

VIII 2.456 5.631 18.207 69.070

Average 2.462 5.398 18.004 70.029

Additionally, the voids in the mineral aggregate (VMA) and the voids filled with
bitumen (VFB) were analyzed. The obtained values indicate that the mixture maintains
the necessary balance between void structure and binder content, ensuring adequate
performance and durability. The average VMA was 18.0%, while the VFB was 70.0%,
confirming that the mix design meets the required compaction and stability criteria.
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These results demonstrate that incorporating 0.3% recycled textile fibers con-
tributes to an optimized air void content while maintaining compliance with road
construction specifications.

3.3. Water Sensitivity Test

The results obtained from the water sensitivity test are presented in Figure 6, which
illustrates the indirect tensile strength (ITS) values for both wet and dry specimens.

Figure 6. Results of the water sensitivity test.

The average ITS value for the dry specimens was 2.95 kPa, while the wet specimens
achieved an average of 2.84 kPa. Using these values and applying the corresponding
formula, the indirect tensile strength ratio (ITSR) was calculated to be 96.30%.

According to PG-3 [10], the ITSR value for this type of mixture must be greater than
90% to ensure sufficient resistance to moisture damage. The obtained ITSR of 96.30%
confirms that the SMA 11 surf 35/50 mixture with 0.3% recycled textile fibers meets the
required specifications, demonstrating excellent water resistance and mechanical stability
under moisture exposure.

These results indicate that the incorporation of recycled textile fibers does not com-
promise the mixture’s ability to withstand water-induced damage, making it a viable and
durable alternative for road construction.

3.4. Wheel Tracking Test

The results obtained from the wheel tracking test are presented in Figure 7 and Table 6.
According to Article 544 of the PG-3 [10], an SMA-type mixture intended for surface courses
must have a WTSAIR value lower than 0.10 mm/1000 cycles for moderate and low heavy
traffic categories (≤T2) and a lower than 0.07 mm/1000 cycles for significant heavy traffic
categories (≥T1).
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(a)

(b)

Figure 7. Track test results for SMA: (a) without fibers and (b) with 0.3% fibers.

Table 6. Track test results.

Sample WTSAIR

SMA 11 without fibers 0.32

SMA 11 with 0.3% fibers 0.12

The SMA 11 mixture without fibers exhibited a WTSAIR value of 0.32 mm/1000 cycles,
while the mixture containing 0.3% recycled textile fibers achieved a significantly lower
value of 0.12 mm/1000 cycles. Although this value does not fully comply with the PG-3
requirements [10], it is close to the specified threshold.

These results suggest that further optimization of the mix design, such as adjusting the
binder content or modifying the binder type, could enhance the resistance to permanent
deformation, ensuring full compliance with the standard. Despite not meeting the exact
limit, the significant reduction in rutting potential with fiber incorporation highlights the
positive effect of recycled textile fibers in improving the mixture’s performance.
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4. Discussion

The results obtained in this study confirm the feasibility of incorporating textile
industry waste into bituminous mixtures as a substitute for conventional fibers to mitigate
binder drainage while maintaining structural integrity. As established in the introduction,
the textile industry is one of the most polluting sectors, generating a high volume of waste
that is difficult to reintegrate into its own production cycle. This study demonstrates that
recycled cotton textile fibers provide an effective alternative, reinforcing the potential of
cross-industry waste utilization to enhance sustainability in road construction.

The inclusion of 0.3% recycled textile fibers in the SMA 11 surf 35/50 mixture proved
to be the most effective dosage, offering optimal binder stabilization and mechanical
performance. Higher fiber contents, such as 0.6%, resulted in material dispersion issues
that negatively affected cohesion and structural integrity The fibers tend to clump together
and are not homogeneously distributed within the mixture, resulting in fragile points due
to the accumulation of textile fibers. Conversely, mixtures without textile waste (0.0%
fibers) exhibited excessive binder drainage, compromising the stability of the mixture and
confirming the necessity of fiber reinforcement.

This outcome aligns with prior research highlighting the role of fibers in reducing
asphalt binder exudation and improving mechanical stability [13]. Moreover, the results
reinforce previous findings that cellulose and textile fibers can effectively replace synthetic
stabilizers in SMA mixtures while enhancing performance against mechanical stresses and
environmental conditions [15].

The designed mixture met the requirements of Article 544 of the PG-3 [10] in terms of
air void content, which was 5.4%, well within the specified 4% to 6% range. The measured
maximum density (2.602 g/cm3) and bulk density (2.462 g/cm3) confirm that the mixture
maintains the necessary compactability for road applications.

Regarding moisture resistance, the water sensitivity test showed an ITSR of 96.30%,
exceeding the 90% minimum requirement PG-3 [10]. These results confirm the low suscep-
tibility of the mixture to water-induced damage, ensuring long-term durability. However,
the wheel tracking test indicated that while the WTSAIR value of 0.12 mm/1000 cycles
for the fiber-reinforced mixture did not fully comply with the ≤0.10 mm/1000 cycles limit
for T2 traffic, it represents a significant improvement over the 0.32 mm/1000 cycles of the
fiber-free mixture. This suggests that slight adjustments in binder type or dosage could
enable full compliance with PG-3 standards [10].

In addition to the technical benefits demonstrated through this study, the incorporation
of recycled textile fibers into SMA mixtures offers clear economic and environmental
advantages. From an economic perspective, the bitumen commonly used in SMA wearing
courses has an approximate cost of EUR 650 per tonne [43]. Considering a typical bitumen
content of 5.5% by weight for this type of mixture, its contribution to the total cost is
estimated at approximately EUR 35.75 per tonne of mixture, representing between 22%
and 23% of the overall cost. In contrast, commercial cellulose fibers usually account for 4%
to 6% of the total cost, with an average value of EUR 8 per tonne of mixture. Replacing
them with recycled textile fibers—particularly when sourced from local waste streams, as
in this case study—can significantly reduce the overall cost of the final product.

From an environmental standpoint, this strategy enables the valorization of a waste
product that is massively generated in regions such as the Valencian Community, where
approximately 150,000 tonnes of textile waste are produced annually [44]. Unlike other
materials that can be reintegrated into their original industry, textile waste often lacks
effective reintegration routes, leading to accumulation in landfills [16]. Integrating these
materials into bituminous mixtures transforms an environmental liability into a valuable
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engineering resource, aligning with circular economy principles and reducing dependence
on virgin raw materials.

Furthermore, sourcing recycled fibers from local textile production hubs minimizes
logistical costs and emissions associated with material transport. Since many asphalt
plants are located near industrial zones, the incorporation of locally generated textile waste
strengthens regional sustainability and fosters synergies between productive sectors. This
connection between the textile industry and the road construction sector paves the way for
more sustainable solutions, from technical, environmental, and economic perspectives.

The findings of this study confirm that recycled cotton textile fibers can successfully
replace traditional stabilizers in SMA mixtures, offering technical, environmental, and eco-
nomic benefits. The 0.3% fiber dosage was found to be the optimal balance between binder
stabilization, mechanical strength, and regulatory compliance. While slight modifications
may be required to fully meet the WTSAIR standard for T2 traffic, the results suggest that
textile waste incorporation is a viable and scalable strategy for enhancing asphalt mixture
performance while contributing to waste reduction and circular economy goals.

The cross-sector utilization of industrial waste offers a sustainable pathway for the
pavement industry, demonstrating that materials traditionally deemed non-recyclable in
their primary sector can be successfully repurposed to improve infrastructure resilience
and environmental sustainability.

Although the results are promising, certain limitations must be acknowledged, and
further research is needed to optimize the performance of these mixtures. While the study
focused on a fixed bitumen content of 5.3%, adjusting this parameter could improve me-
chanical resistance and rutting performance, particularly for applications in higher traffic
categories. Future studies should investigate the ideal bitumen–fiber balance to maxi-
mize performance. The research evaluated binder drainage, water sensitivity, and wheel
tracking resistance, but further mechanical tests are needed to assess long-term durability.
In particular, tests on fatigue resistance, stiffness modulus, and thermal susceptibility
would provide a more comprehensive understanding of the material’s behavior under
real-world conditions. While laboratory tests provide valuable insights, the next step is
to validate these mixtures under real traffic and environmental conditions. Long-term
monitoring of trial sections would allow for assessing structural integrity, aging behavior,
and maintenance needs over time. Beyond SMA mixtures for surface layers, future research
should examine the potential use of textile waste in other asphalt applications, such as base
layers, porous asphalt for noise reduction, and warm mix asphalt technologies to enhance
sustainability further.

5. Conclusions

This study evaluated the incorporation of recycled cotton textile fibers into SMA mix-
tures, aiming to enhance mechanical performance and sustainability in road construction.

• These mixtures are suitable for moderate-traffic categories (T2 or lower), especially for
secondary roads, urban streets, rural paths, and controlled-traffic industrial areas.

• Textile fibers (0.3%) significantly reduce binder drainage compared to mixtures with-
out fibers.

• High resistance to moisture damage was confirmed (ITSR = 96.3%), ideal for temperate
and humid climates.

• The inclusion of textile fibers provides environmental benefits such as waste reduc-
tion, lower carbon footprint, and promotion of a circular economy through local
resource reuse.

• Wheel tracking tests indicate rutting resistance (0.12 mm/1000 cycles) close to PG-3
limits [10], suggesting potential for further optimization.
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Overall, the integration of recycled textile fibers into SMA mixtures is technically feasi-
ble and provides substantial environmental and economic benefits, making it a promising
sustainable practice for road infrastructure.
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Abstract: Flooding can damage pavement infrastructure significantly, causing both im-
mediate and long-term structural and functional issues. This research investigates how
flooding events affect pavement deterioration, specifically focusing on measuring pave-
ment roughness by the International Roughness Index (IRI). To quantify these effects,
we utilized 20 years of pavement condition data from TxDOT’s PMIS database, which is
integrated with flood event data, including duration and spatial extent. Statistical analyses
were performed to compare IRI values before and after flooding and to calculate the dete-
rioration rates influenced by flood exposure. Moreover, we applied explainable artificial
intelligence (XAI) techniques, such as Shapley Additive Explanations (SHAP) and Local
Interpretable Model-Agnostic Explanations (LIME), to assess the impact of flooding on
pavement performance. The results demonstrate that flood-affected pavements experience
a more rapid increase in roughness compared to non-flooded sections. These findings
emphasize the need for proactive flood mitigation strategies, including improved drainage
systems, flood-resistant materials, and preventative maintenance, to enhance pavement
resilience in vulnerable regions.

Keywords: pavement deterioration; flooding; explainable AI; pavement performance;
resilience

1. Introduction

Pavement deterioration due to flooding leads to several types of damage, including
reduced pavement strength, increased roughness, rutting, and cracking, which can lead to
a loss of pavement service life and increased rehabilitation costs [1]. The economic impact
includes direct repair costs, additional user costs related to delays and accidents, and the
need for more frequent reconstruction [2]. Structurally, flooding and moisture infiltration
weaken pavement layers, reduce the resilient modulus of unbound materials, and cause
differential movement, leading to longitudinal cracks and heaves [3]. The severity of
deterioration depends on factors such as the pavement structure, drainage, traffic, flood
duration, and the condition of the pavement before flooding [4].

To better understand and mitigate these impacts, researchers have employed various
methods, including field observations, experimental studies, numerical modeling, and
mechanistic–empirical (M-E) simulations. Some studies develop predictive models based
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on experimental measurements of pavement responses before and after flooding [3]. Nu-
merical tools are also employed to simulate pavement responses under various conditions,
with the goal of creating algorithms that can generate reasonable results from a limited
number of input parameters for network-level applications. M-E design tools such as UP-
DAPS and TxME are used to analyze pavement performance under flooding by modifying
layer moduli to reflect moisture-induced weakening of materials [1]. Machine learning
techniques are increasingly used to predict pavement performance after flood events, using
historical pavement distress and flood data [5]. Studies have also explored the economic
aspects, such as increased maintenance and rehabilitation costs, and proposed frameworks
for cost analysis and resource allocation [6]. Furthermore, research has been conducted to
define and evaluate pavement resilience, with the aim of developing methods to minimize
loss and improve design and construction practices [7].

Despite these advances, assessing flood-induced pavement damage presents several
challenges, including the difficulty in obtaining pre- and post-flood data for a comprehen-
sive analysis [8]. Much damage is not visible on the surface immediately after flooding,
making it difficult to assess the extent of the problem [9]. Current mechanistic–empirical
(ME)-based approaches and climate data modeling may not accurately simulate flooding
and extreme precipitation events due to limitations in capturing short-term events and
moisture damage [1]. In addition, it is challenging to incorporate all flood-related stressors
(flood depth, duration, velocity, debris, and contaminants) into a single model [10]. Fac-
tors such as varying pavement section lengths and heterogeneous flood data sources add
complexity to network-level assessments [5]. Moreover, accurately predicting long-term de-
terioration and costs is difficult due to the complex interaction of factors and the variability
in agency policies and priorities. Given these limitations, there is a critical need for more in
situ data collection and research to improve the accuracy of pavement deterioration assess-
ments and enhance resilience planning [2]. Motivated by these challenges, this research
integrates explainable artificial intelligence (XAI) techniques, specifically SHAP and LIME,
with advanced machine learning models. This approach not only enhances prediction
accuracy but also provides transparent insights into the contributions of key variables.

The objective of this study is to assess flood-induced pavement degradation by analyz-
ing 20 years of TxDOT PMIS data, and measuring changes in the International Roughness
Index (IRI) caused by flood events. Various regression models are developed and evalu-
ated, with explainable AI methods, SHAP, and LIME applied to highlight the contributions
of key factors such as initial pavement condition, truck traffic, and flood exposure. The
study focuses on isolating the impacts of flooding by comparing flooded and non-flooded
pavement sections within the studied region, aiming to provide actionable insights for
data-driven decision making regarding flood mitigation and maintenance planning.

2. Literature Review

Roads play a crucial role in facilitating transportation as critical infrastructure compo-
nents. However, they are vulnerable to damage caused by natural disasters, such as floods.
Research consistently demonstrates that rainfall negatively impacts pavement conditions
over various time periods [11]. Therefore, it is important to understand the effects of floods
on roads and pavements and implement appropriate systems and designs to prevent or
minimize flood-related damage.

2.1. Impact of Flooding on Pavement Condition and Performance

Flooding significantly compromises pavement structure and functionality, exhibit-
ing various deterioration patterns [12]. The intrusion of water into pavement structures
elevates the moisture content within unbound materials, consequently diminishing their
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modulus and load-bearing capabilities [3]. This saturation process undermines the adhe-
sive and cohesive forces that bind aggregates and asphalt, leading to expedited material
degradation, such as asphalt stripping [13]. Moreover, excess moisture in the asphalt layer
can result in weakening of aggregate–bitumen bonding and can lead to a higher rate of
damage accumulation in the asphalt layer [1]. Therefore, controlling moisture infiltra-
tion and ensuring proper drainage are critical in preventing moisture-induced raveling
in asphalt pavements [14]. The subsequent reduction in structural support intensifies
deflections under load, predisposing the pavement to premature failure mechanisms such
as rutting and fatigue cracking. The degree of deterioration is contingent on the attributes
of the flood event, the structural composition of the pavement, and prevailing environmen-
tal conditions [13]. Furthermore, flood-induced debris can obstruct drainage pathways,
exacerbating water retention and prolonging the saturation of pavement layers [1].

The type of damage caused by flooding can be broadly categorized as either visi-
ble or hidden [15]. Visible damage includes readily apparent issues such as cave-ins or
washouts of the pavement. Hidden damage, on the contrary, encompasses the weakening
of the pavement’s internal strength and stiffness. While less immediately evident, hidden
damage precipitates rapid deterioration and potential catastrophic failures. The specific
stressors associated with flooding events include flood depth, duration, velocity, debris,
and contaminants [1]. Flood depth and duration contribute to increased saturation within
pavement layers, while flood velocity can inflict immediate structural compromise. Debris
accumulation can impede drainage efficiency, further extending water exposure. The
impact of flooding events demonstrates distinct patterns, including delayed effects, jump
effects (characterized by sudden performance decline), a combination of jump and delayed
effects, and direct failure scenarios [13].

The existing state of a pavement significantly influences its response to flooding [4].
Pavements initially in good or very good condition experience a sudden decline in quality
following a flood. Conversely, pavements already in fair or poor condition do not exhibit
a substantial immediate decline but undergo accelerated deterioration compared to non-
flooded pavements. Stochastic modeling techniques, such as Monte Carlo simulations
within discrete-time Markov chains, can effectively represent these deterioration dynamics.
These models facilitate the assessment of pavement condition changes over time under
various flooding scenarios, providing valuable insights for infrastructure management.

Effective strategies are available to reduce the adverse effects of flooding on pavement
infrastructure. Incorporating efficient drainage systems is critical in mitigating water infil-
tration and saturation [1]. Employing durable and flood-resistant materials enhances the
pavement’s capacity to withstand long periods of water exposure. Adopting robust pave-
ment structures reinforces the pavement’s capacity to endure flood-induced stresses [12].
Regular inspection, maintenance, and repair protocols are essential for proactively iden-
tifying and addressing vulnerabilities. Implementing comprehensive flood management
strategies and actively monitoring weather patterns are also crucial for preparedness and
responsiveness during flood events [2]. Innovative solutions, such as integrating geotextile-
wrapped sand layers, offer enhanced drainage capabilities and effectively mitigate subgrade
moisture fluctuations and swelling pressures [15].

2.2. Deterioration Rate Estimation

Estimating deterioration rates resulting from flooding requires a comprehensive anal-
ysis of the impact of flood events on the road network’s condition over time. This can
be a complex task as the rate of deterioration depends on multiple factors, including the
intensity and duration of the flooding, the road and infrastructure type, and the quality of
maintenance and repair work. One effective approach to estimating road deterioration rates
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due to flooding involves utilizing historical data on flood events and their influence on the
road network. Researchers have conducted different studies and proposed methods for pre-
dicting the extent of road degradation during floods and also emphasized the significance
of consistent road condition monitoring for timely maintenance and reconstruction efforts.

For instance, Zhang et al. [16] collected data from pavement sections that were sub-
merged due to flooding after Hurricane Katrina and from pavement sections that did not
experience flooding. Subsequently, they conducted a systematic analysis and compared
the deflection, effective structural number, and resilient modulus of both flooded and non-
flooded pavement sections to measure the flood’s impact. Chen and Zhang [17] conducted
an analysis of pavement performance data before and after Hurricanes Katrina and Rita in
Louisiana. The authors calculated and compared the International Roughness Index values
and rutting depth before and after flooding, as well as the difference in pavement perfor-
mance between flooded and non-flooded road sections. Shamsabadi et al. [18] considered
the impact of snowstorms and flooding events on pavement performance. They created a
regression model incorporating various factors to effectively forecast the increase in IRI.
The study highlights the importance of predicting post-natural disaster road conditions for
effective road maintenance planning. Sultana et al. [19] examined data from both flooded
and non-flooded pavement sections before and after a flooding incident. They observed
the flooded section experienced a significant decline in structural strength. This study
states the need for long-term monitoring and regular testing of pavements affected by
floods to properly assess the impacts of floods on factors such as rutting and roughness.
Khan et al. [20] assumed that the IRI value would jump significantly after flooding events
and developed a risk-based framework to evaluate the impact of flooding on road condi-
tions. Their findings indicate that well-constructed road with robust structures and high
traffic loads, and which is maintained to a high standard, demonstrates great resilience to
flooding. Sultana et al. [21] addressed the impact of flooding events on pavement deterio-
ration and emphasized the necessity of developing new deterioration models specifically
for flood-affected pavements, and presented two mechanistic–empirical models for rutting
and roughness in flood-affected pavements.

Moreover, Vallès-Vallès and Torres-Machi [4] studied the 2013 Colorado floods by
using statistical analysis and stochastic Markov chains with Monte Carlo simulations
to quantify deterioration rates and service life loss based on the IRI, and their results
highlighted accelerated deterioration in flooded pavements. Shariatfar et al. [5] employed
a machine learning approach with historical distress data and 2016 Louisiana flood maps to
predict post-flooding network-level pavement performance, focusing on key distress types
such as roughness and cracking. Hong et al. [22] utilized a GIS analysis and a Markov
process to estimate the reduction in network-level pavement performance due to a 100-year
flood in Texas over a 10-year horizon, linking the findings to infrastructure resilience and
maintenance planning.

2.3. AI Applications in Pavement Deterioration Modeling

AI and deep learning models are being increasingly applied to various aspects of pave-
ment deterioration modeling, offering advancements in detection, prediction, classification,
and data management [23,24]. These technologies are crucial for optimizing maintenance
planning, extending pavement lifespan, and reducing road maintenance costs [25].

Recurrent neural networks (RNNs), particularly Long Short-Term Memory (LSTM)
networks and Gated Recurrent Units (GRUs), are promising in predicting future pavement
conditions by analyzing time-series data [26]. These models learn from historical pavement
condition data, such as crack severity, rutting depth, and the International Roughness
Index (IRI), to forecast future pavement condition indices. Studies have shown that RNN-
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LSTM models outperform traditional deep neural networks (DNNs) in pavement damage
prediction, achieving lower root-mean-square error (RMSE) values [25]. DNNs are also
employed to predict overall evaluation indices like the IRI, crack index (CI), and pavement
condition index (PCI) with high accuracy, leveraging data from on-site tests and avoiding
deviations from Linear Regression models [27].

In addition to prediction, convolutional neural networks (CNNs) and hybrid models
combining CNNs with RNNs (such as CNN-LSTM) are essential for detection and classifi-
cation tasks. These deep learning models can automatically extract features from raw data,
using images captured by vehicle-mounted cameras, unmanned aerial vehicles (UAVs), or
satellite imagery to detect pavement distress including cracks, potholes, and other surface
deformations [28]. Deep learning techniques often surpass traditional image processing
methods in terms of accuracy and efficiency in identifying such damage, as they do not
require manual feature extraction [29]. AI models can also detect whether maintenance and
reconstruction treatments have been applied to pavement sections by analyzing condition
data over time [30]. Moreover, advanced AI techniques such as graph neural networks
(GNNs) and convolutional graph neural networks (ConvGNNs) are being explored to
improve deterioration modeling accuracy by incorporating the spatial structure of road
networks, such as the condition of neighboring sections [31].

2.4. Research Gap

Previous studies have relied on mechanistic–empirical models, numerical simulations,
and statistical analyses to examine the impact of flooding on pavement deterioration, but
these efforts often face significant limitations. First, many are constrained to a single flood
event or a short time frame, restricting their ability to capture long-term deterioration
trends or the cumulative effects of multiple flooding incidents across a broader network.
These studies often depend on small historical datasets tied to a single flood event, limiting
the temporal window and geographic scope, thus reducing the generalizability of the find-
ings to larger networks or diverse flood scenarios. Even studies adopting a network-level
perspective or over extended periods tend to focus on probabilistic reductions in perfor-
mance rather than directly estimating deterioration in flooded pavements, often failing
to provide specific insights into deterioration rates or mechanisms affecting individual
pavement sections.

To overcome these shortcomings, this study analyzes 20 years of pavement condition
data from TxDOT’s PMIS database, which covers the entire Texas road network, to provide
a comprehensive assessment of flood-induced pavement deterioration across multiple
events at a statewide scale. This extensive temporal and geographic scope directly ad-
dresses the problems of limited time frames and narrow spatial coverage in prior research.
Furthermore, this research integrates explainable AI (XAI) techniques, including SHAP
and LIME, into modeling pavement deterioration caused by flooding. While traditional
black-box machine learning models offer accurate predictions, they often lack explainabil-
ity, making it challenging to understand the factors driving pavement degradation. By
incorporating XAI, this study enables the identification of key contributors to pavement
deterioration at both the aggregate and individual levels.

3. Methodology

In recent years, interpretability has gained increasing importance in machine learning
and data science. Complex models such as deep neural networks or ensemble methods
(e.g., Random Forest, Gradient-Boosted Trees) have achieved state-of-the-art performance
across various domains but often lack transparency. Model-agnostic interpretability meth-
ods are designed to address this shortcoming without making assumptions specific to a
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particular type of model. Two popular methods in this category are Local Interpretable
Model-Agnostic Explanations (LIME) [32] and Shapley Additive Explanations (SHAP) [33].
LIME aims to explain the model’s predictions by approximating it locally around a specific
instance. SHAP, on the other hand, leverages game-theoretic concepts, specifically Shapley
values, to attribute feature importance in a more globally consistent manner. In this sec-
tion, we detail the underlying mathematical foundations of LIME and the Shapley value
formulation in SHAP. We also discuss how to interpret the outputs of this methodology in
a statistically coherent way.

3.1. LIME

LIME explains the prediction of a complex model f at a specific instance x by approxi-
mating f locally with a simpler and more interpretable model g, often a linear model in the
neighborhood of x. The notion of “local” means that LIME focuses on the behavior of f in
a small region around the instance x, rather than trying to explain the function f across the
entire data distribution [32].

Suppose x is the instance we wish to explain. LIME samples data points in the vicinity
of x (by perturbing features of x) to form a local neighborhood. Denote this neighborhood
by N (x). For each point z in N (x), we can compute

πx(z) = exp
(
−D(x, z)2

σ2

)
(1)

where D(x, z) is a distance measure (e.g., Euclidean or cosine distance) between the original
instance x and the perturbed instance z. The term πx(z) is often called a weighting kernel,
and it assigns higher weights to samples closer to x [32].

Next, LIME fits a simple interpretable model g (e.g., a linear model) in this local
neighborhood by solving

argmin
g∈G

∑
z∈N (x)

πx(z)
(

f (z)− g(z)
)2

+ Ω(g). (2)

where
f (z) = the prediction of the original complex model.
g(z) = the prediction of the simple interpretable model (often linear in the feature space of z).
G = the set of all possible interpretable models under consideration (for instance,
linear models).
Ω(g) = a complexity measure for g, which ensures that among all possible local approxi-
mations, the simpler ones are favored [32].

In a linear interpretation, if g(z) = w0 + ∑j wjzj, the coefficients wj can be interpreted
as the contribution of feature j to the prediction. A higher positive wj indicates a stronger
positive contribution of feature j, whereas a negative wj indicates a negative contribution.
The resulting coefficients from the linear model, fitted only to data points near x, provide
insight into which features have the greatest impact on the prediction of f in that local
region [34].

3.2. SHAP

SHAP is grounded in the concept of Shapley values, which originate from cooperative
game theory. In this framework, each feature is regarded as a “player” contributing to
the overall prediction of the model. The Shapley value for a given feature quantifies its
contribution to the final prediction by considering all possible subsets (coalitions) of other
features [33].
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Let there be M features in total. For a particular instance x, let the model’s output be
denoted by f (x). The idea is to distribute f (x)− f (0) (the difference between the prediction
and some baseline model output) among the M features in a fair manner, where f (0) is
often chosen as the output of the model under baseline or reference conditions (e.g., when
the features are set to average values) [33].

The Shapley value φj for feature j is given by

φj = ∑
S⊆{1,...,M}\{j}

|S|! (M − |S| − 1)!
M!

[
f
(
S ∪ {j})− f (S)

]
(3)

where
S = any subset of the set of features not including feature j.
f (S) = the model’s output using the subset S of features. In practice, this can be imple-
mented by marginalizing, or in some cases by conditioning on, the other features.
|S|! (M−|S|−1)!

M! = a weighting factor that ensures each possible ordering of features is counted
appropriately [35].

Conceptually, φj is computed by looking at the difference in model output when
feature j joins every possible coalition S of other features. This is then averaged over all
such subsets of features, giving a comprehensive measure of feature j’s importance to the
final prediction. The Shapley values φj indicate how much each feature j shifts the model
prediction from the baseline f (0) when feature j is introduced into all possible subsets of
the other features. A positive Shapley value means that the feature contributes to increasing
the prediction relative to the baseline, while a negative value indicates that the feature pulls
the prediction below the baseline. Importantly, SHAP values have desirable fairness and
consistency properties, making them appealing for interpretability.

4. Case Study

4.1. Data Collection

In this study, data collection and preprocessing is conducted through a sequence of
steps, detailed below:

1. Information regarding road closures associated with flooding incidents was gathered
from TxDOT. More than 100 significant flooding events were identified and evaluated.
Example major flooding events include the post-Ike flooding in Southeast Texas in
2008, the flooding event in Montgomery County in 2014, the Lubbock County flooding
incident in 2015, and another major flood occurrence in Montgomery County in 2017.

2. The geographic coordinates of both the beginning and ending points of each af-
fected route were obtained via a Geographic Information System. These coordinates
were subsequently cross-referenced with the Texas Department of Transportation’s
(TxDOT’s) road reference system to identify the respective road reference markers
defining the start and end of each route.

3. The relevant pavement sections (each section has a length around 0.5 miles) that fell
within the range of the identified beginning and ending points were extracted from
TxDOT’s Pavement Management Information System (PMIS).

4. Pavement sections that had International Roughness Index (IRI) values available prior
to and following the year of the respective flooding event were selectively chosen.
In the absence of such information, the sections were considered unsuitable for this
analysis and consequently discarded from the dataset.

Table 1 shows sample road closures due to flooding collected in this case study. It
includes the route names, flood years, start points, end points, and total lengths (in miles)
of the affected road sections. These sample road routes include FM0481 in 2014 (from
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Eagle Pass to Uvalde, spanning 43.3 miles), FM1908 in 2014 (from Spofford to Quemado,
covering 20.6 miles), and SH0131 in 2014 (from Eagle Pass to Brackettville, with a length of
33.1 miles). Figure 1 provides a visual representation of these sample locations within the
study area.

Table 1. Sample flooded road routes.

Route Name Flood Year Start Point End Point

FM0481 2014 Eagle Pass Uvalde
FM1908 2014 Spofford Quemado
SH0131 2014 Eagle Pass Brackettville
FM2854 2017 Loop 336 Pinewood Dr.
US0087 2015 FM 41 south of Lubbock Lamesa
FM0597 2015 Cochran county line FM 303
FM0179 2015 Lynn county line US 87 in Lamesa
US0180 2015 FM 829 SH 137
FM0366 2008 Intersection with FM 347 N.A.

BU0090Y 2008 FM 1006 Interstate 10

(a) (b) (c)

(d) (e) (f)

Figure 1. Locations of sample routes. (a) US0180, FM0179, and US0087; (b) FM1908, SH0131, and
FM0481; (c) FM2854; (d) BU0090Y; (e) FM0366; (f) FM0597.

4.2. Data Preprocessing

The TxDOT PMIS is a dataset containing a comprehensive pavement condition inven-
tory that includes various pavement performance indicators such as potholes, cracking,
and rutting. However, not all features are available for every road segment. The IRI is
the only condition indicator available for all road segments and is used as the primary
indicator in this case study. Moreover, we selected other variables that represent traffic
and environmental factors to provide a more comprehensive analysis. The key features
included in the dataset are as follows:

• TX_CONDITION_SCORE: Pavement condition score (0–100). 100 represents the best
score and 0 represents the worst score.

• TX_DISTRESS_SCORE: Pavement distress score (0–100).
• TX_IRI_AVERAGE_SCORE: International Roughness Index (IRI) average score.
• TX_TRUCK_AADT_PCT: Percentage of daily traffic that is trucks.
• TX_CURRENT_18KIP_MEAS: A measurement related to 18-KIP equivalent single-axle

loads.
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• TX_PVMNT_TYPE_DTL_RD_LIFE_CODE: This variable represents the predominant
travel lane pavement type during the data collection year for a given section, derived
from RLS pavement layer information. It is stored as a string with a maximum length
of 100 characters. The possible values include 01—continuously reinforced concrete
(CRCP), 02—jointed reinforced concrete (JRCP), 03—jointed plain concrete (JPCP),
04—thick asphaltic concrete (greater than 5.5”), 05—medium-thickness asphaltic
concrete (2.5–5.5”), 06—thin asphaltic concrete (less than 2.5”), 07—composite (asphalt-
surfaced concrete or ACP on top of a heavily stabilized base), 08—widened composite
pavement, and 09—overlaid and widened asphaltic concrete pavement.

• CLIMATE_ZONES: Climate zones were defined based on temperature and precip-
itation data obtained from the National Oceanic and Atmospheric Administration
(NOAA) database. A 30-year annual average of temperature and precipitation was
used to represent the climate. For counties without a weather station, data from
adjacent counties were averaged, while for counties with multiple weather stations,
the average of those stations was used. Counties were grouped into climate zones
corresponding to the west, east, north, south, and central regions.

• TX_RURAL_URBAN_CODE: Categorical code indicating if a road section is rural
or urban.

• Flood: Binary indicator (1 if the road segment was recorded as flooded that year,
0 otherwise).

The target variable is next year’s TX_IRI_AVERAGE_SCORE. A total of 10,022 data
records were collected for this case study. Each data point represents a pavement section
of length around 0.5 miles. Table 2 summarizes the descriptive statistics of the numerical
variables. This includes the mean, standard deviation, minimum, maximum, and quartiles.
Among the 10,022 pavement sections, 501 (5%) were classified as flooded, while the remain-
ing 9521 (95%) were identified as non-flooded. The data points were selected based on the
availability of key features. Pavement sections with missing values for the features listed in
Table 2 were excluded from the statistical analysis.

Table 2. Descriptive statistics of the numerical features.

Feature Mean Std. Dev. Min 25% Max

TX_CONDITION_SCORE 93.91 13.87 0.00 97.00 100.00
TX_DISTRESS_SCORE 95.70 11.35 0.00 99.00 100.00

TX_IRI_AVERAGE_SCORE 100.61 54.17 26.00 57.00 314.00
TX_TRUCK_AADT_PCT 17.60 8.52 0.00 13.10 56.90

TX_CURRENT_18KIP_MEAS 1096.57 978.45 0.00 200.00 8123.00
TX_PVMNT_TYPE_DTL_RD_LIFE_CODE 8.74 1.98 1.00 6.00 10.00

CLIMATE_ZONES_encoded 1.83 0.98 0.00 2.00 3.00
TX_RURAL_URBAN_CODE 1.03 0.21 1.00 1.00 4.00

Flood 0.05 0.21 0.00 0.00 1.00

Figure 2 presents the Pearson correlation heatmap for features used in this case
study. A high positive correlation (0.87) is observed between TX_CONDITION_SCORE
and TX_DISTRESS_SCORE, which indicates that the overall pavement condition rating is
strongly influenced by the distress score. TX_CONDITION_SCORE shows a moderate neg-
ative correlation (−0.43) with TX_IRI_AVERAGE_SCORE. The negative relationship arises
because the IRI value indicates worse pavement roughness as it increases, whereas a higher
pavement condition score indicates better pavement condition. Traffic-related variables,
such as TX_TRUCK_AADT_PCT, show weak correlations with most pavement condition
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indicators, with the highest correlation (0.22) observed with TX_IRI_AVERAGE_SCORE.
The correlation between Flood and current pavement condition variables is relatively weak.

Figure 2. Correlation matrix of selected numerical features.

4.3. Statistical Analysis
4.3.1. IRI Comparison of Before and After Flooding

Figure 3 illustrates the changes in IRI values, measured in inches per mile (in/mi),
across multiple roadway routes from before to after flooding events. Each subplot corre-
sponds to a specific route (e.g., FMD481, SH0131, US0087) and displays pre-flood (one year
prior to flooding) and post-flood (one year after flooding) IRI measurements for individual
sections within the route. For instance, route FMD481 (pre-flood 2013, post-flood 2015)
shows the post-flood IRI value of one section reaching up to 200 in/mi, significantly higher
than the pre-flood level. Similar trends are evident in other routes, such as US0087 and
FM0179, where post-flood IRI values rise sharply.

While the overall trend confirms higher (worse) post-flood IRI values, variability exists
among sections. For example, SH0131 (pre-flood 2013, post-flood 2015) exhibits minimal
deterioration in some sections. This inconsistency may result from localized flood impacts,
temporary route closures by TxDOT during floods, or post-flood maintenance interventions
that restored certain segments.

To ensure data reliability, sections lacking complete IRI records during the two-year
analysis window (one year before and after flood) were excluded. Also, sections with im-
proved IRI values (potentially due to maintenance) were omitted to isolate flood-induced
deterioration. In pavement performance modeling, when maintenance records are un-
available it is common to exclude pavement condition data that show improvement over
consecutive years [36]. This is because pavement conditions are not expected to improve
without maintenance intervention. In this case study, maintenance records for the analyzed
road segments are unavailable. Therefore, if IRI values of a road segment decrease after
flooding, it is assumed that maintenance was performed, and these data points are excluded
from the statistical analysis.
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The analysis reveals an average IRI increase of 8.46 in/mi over two years, with a high
standard deviation (10.53 in/mi), indicating significant variability in deterioration severity
across sections. This underscores that while flooding generally exacerbates pavement
roughness, the extent of damage is highly dependent on localized factors such as flood
intensity, road segment vulnerability, and maintenance responsiveness.

Figure 3. IRI before and after the flooding events.

4.3.2. IRI Deterioration Rate: Comparison Before and After Flooding

Figure 4 illustrates the IRI values during three different years: three years prior to
flooding, one year before flooding, and one year after flooding. The chosen interval of
two years allows for a comparison of the deterioration rate before and after the flooding
event. One-year intervals were not used due to the lack of precise data collection dates
for the IRI values. Consequently, it is difficult to determine whether the IRI at the time
of flooding was measured before or after the event occurred. The IRI values presented in
Figure 4 represent the average values across sections in the same route. When calculating
the average, sections lacking IRI data in these three years were excluded. Furthermore,
sections where the IRI values improved, indicating potential maintenance effects, were
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also excluded. For this reason, not all routes were plotted in the figure. The figure shows
that, in general, the IRI deterioration rate increases after flooding. However, the rate of
deterioration varies across different segments. Some sections experience a much sharper
decline in condition, as seen in certain data points for US0087, where roughness increases
significantly after flooding. In contrast, there are cases like SH0131, where the impact of
flooding appears minimal, with IRI values remaining relatively stable.

Figure 4. IRI before and after flooding events.

4.3.3. Flooded and Non-Flooded Section Comparison

Figure 5 shows a comparison of the IRI deterioration rate between sections affected
by flooding and sections outside the flooding region nearby. In order to compare them
under the same condition, both flooded and non-flooded sections are collected from the
same route. The x-axis represents different sections and the y-axis represents the IRI
difference between the year after flooding and the year before flooding, representing the
IRI deterioration in two years. As can be seen from Figure 5, the differences between the
flooded and non-flooded sections range from 0.3 to 15 in/mi. The average IRI change
difference between flooded and non-flooded sections is 5.6 in/mi.

Figure 5. IRI deterioration rates: Flooded vs. non-flooded sections.

4.4. XAI Modeling
4.4.1. Machine Learning Models

A total of six regression models were trained and evaluated to predict next year’s
IRI: Linear regression (LR), Ridge Regression (Ridge), Lasso Regression (Lasso), Decision
Tree (DT), Random Forest (RF), and Gradient Boosting Regression (GBR). The dataset was
divided into training (80%) and test (20%) subsets through random sampling to ensure a
balanced representation of pavement conditions and external factors.

We implemented all models using the scikit-learn package and initially used default
settings. Hyperparameter tuning was performed to optimize performance for certain
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models. For the Ridge and Lasso models, we adjusted the regularization strength (α) using
a grid search over values from 10−3 to 102. The DT model was optimized by tuning the
maximum tree depth (2–20), the minimum samples required to split a node (2–10), and the
minimum samples per leaf (1–5). RF tuning included adjusting the number of trees (50, 100,
200), maximum depth (5–20), and minimum samples per split (2, 5, 10), along with feature
subsampling. GBR was optimized by adjusting the learning rate (0.001, 0.01, 0.1), number
of estimators (100, 300, 500), maximum tree depth (3, 5, 10), and subsampling ratios (0.5,
0.75, 1.0). The best hyperparameters were determined using 5-fold cross-validation on the
training set, selecting the combination that minimized mean squared error (MSE).

Each of the six regression models was evaluated using mean squared error (MSE),
mean absolute error (MAE), and R2 score on the test set. Table 3 summarizes the perfor-
mance. Among the models evaluated, GBR demonstrated the best performance, achieving
the lowest mean squared error (MSE) of 247.0450, the lowest mean absolute error (MAE)
of 8.6095, and the highest R2 score of 0.9310. This result suggests that GBR effectively
captures complex relationships within the dataset. The LR, Ridge, and Lasso exhibited
nearly identical performance, with MSE values around 263 and R2 scores of approximately
0.9263–0.9266. Lasso Regression achieved a slightly better MSE (262.8292) and R2 score
(0.9266) compared to the standard Linear Regression model, though the improvement was
marginal. The DT model performed significantly worse than the other models, with the
highest MSE (360.7363) and MAE (10.6944), resulting in a notably lower R2 score of 0.8993.
The RF model achieved slightly better performance than the DT, with an MSE of 264.0790
and an R2 score of 0.9262. Since GBR outperformed all other models in terms of predic-
tive accuracy, we use it for further XAI analysis to better understand the contributions of
different features to pavement deterioration.

Table 3. Comparison of regression models for predicting next year’s IRI.

Model MSE MAE R2 Score

Linear Regression (LR) 263.8513 8.8476 0.9263
Ridge Regression (Ridge) 263.7546 8.8463 0.9263
Lasso Regression (Lasso) 262.8292 8.8517 0.9266

Decision Tree (DT) 360.7363 10.6944 0.8993
Random Forest (RF) 264.0790 8.5476 0.9262

Gradient Boosting (GBR) 247.0450 8.6095 0.9310

4.4.2. Feature Importance via SHAP

SHAP values were computed to assess the global contribution of each feature to the
model’s predictions. Figure 6 shows a summary plot of the SHAP values for all features.
The SHAP summary plot provides insights into how key variables influence the predictions
of a GBR model, which is trained to predict next year’s IRI. The features are ranked by their
mean absolute SHAP values, with the most influential variables appearing at the top. The
results indicate that TX_IRI_AVERAGE_SCORE is the most critical predictor, followed by
CLIMATE_ZONES, TX_TRUCK_AADT_PCT, and TX_CURRENT_18KIP_MEAS.

The SHAP values along the x-axis indicate how each feature affects the model’s
predictions. Positive SHAP values increase the predicted IRI, meaning worse pavement
conditions, while negative SHAP values decrease the predicted IRI, indicating better
pavement performance. The color coding in the SHAP plot represents the feature values,
where red denotes high values and blue denotes low values.

TX_IRI_AVERAGE_SCORE has the greatest impact on next year’s IRI value. Higher
current IRI scores (red) significantly increase the predicted IRI, suggesting that roads that are
already rough are likely to become even rougher next year. Lower current IRI scores (blue)
tend to have a neutral or slightly negative impact, indicating that smoother roads are likely
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to remain relatively smooth or improve slightly. TX_TRUCK_AADT_PCT has a moderate
impact. A higher percentage of truck traffic (red) increases the predicted IRI, indicating
that roads with more truck traffic are likely to become rougher due to the heavy loads
accelerating pavement deterioration. A lower percentage (blue) has a neutral or slightly
negative impact, suggesting that roads with less truck traffic are likely to experience less
increase in roughness or maintain smoother surfaces. For TX_CURRENT_18KIP_MEAS,
the balanced distribution and moderate spread of SHAP values indicate that its influence
varies depending on the specific load magnitude across data instances. Low values of
TX_CURRENT_18KIP_MEAS (blue) are associated with higher SHAP values, indicating
that weaker pavements deteriorate faster.

The Flood feature also shows a tendency toward positive SHAP values, suggesting that
flood-prone areas experience higher predicted IRI values, indicating accelerated pavement
deterioration. This outcome aligns with the physical effects of flooding on roadways. The
SHAP distribution of the Flood variable indicates that flood-exposed roadways are more
likely to suffer from worsening pavement conditions in the following year. The effect of
flooding is evident, as instances with high flood exposure show increased SHAP values,
indicating the role of extreme weather events in pavement degradation.

Figure 6. SHAP summary plot for the gradient boosting model.

4.4.3. Local Interpretations via LIME

Figure 7 presents a LIME analysis for one pavement segment and the impact of indi-
vidual features on the predicted IRI. The bars represent the direction and magnitude of
each feature’s contribution to the model’s prediction, where green bars indicate a positive
impact (leading to a higher predicted IRI, meaning worse pavement condition) and red
bars indicate a negative impact (leading to a lower predicted IRI, meaning better pavement
condition). The most influential feature in this instance is TX_IRI_AVERAGE_SCORE,
which falls within the range of 90.00 to 100.00. Its green bar extending farthest to the right
indicates that a high initial roughness significantly contributes to a higher predicted IRI
value. The Flood feature, with a condition of Flood > 0.0, appears with a green bar posi-
tioned around +5 on the x-axis, indicating that flood occurrence contributes to an increase
in IRI by approximately 5 units. This aligns with the expectation that flooding accelerates
pavement deterioration. The moderate impact suggests that while flooding plays a role in
roughness progression, other factors such as initial pavement condition may have a greater
influence in this particular instance. TX_CONDITION_SCORE has a negative impact
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on IRI, which is expected since higher condition scores indicate better pavement quality
and are associated with lower roughness. Similarly, TX_DISTRESS_SCORE follows the
same trend: higher distress scores in this range correlate with lower IRI values. Moreover,
TX_CURRENT_18KIP_MEAS has a minor negative impact, indicating that higher axle
loads are linked to reduced roughness in this particular case. This could be due to the
presence of more robust pavement structures on roads designed to accommodate heavy
traffic, leading to better surface conditions. TX_TRUCK_AADT_PCT, representing truck
traffic percentage, has a red bar, implying that in this specific case, the given level of truck
traffic is associated with a lower predicted IRI. This may be due to well-maintained roads
in high-traffic areas or the presence of more durable pavement designs. Overall, Figure 7
provides a localized interpretation of how various factors influence the IRI prediction for
one specific pavement segment. It confirms that flood exposure significantly contributes to
pavement deterioration, while some features, such as truck traffic percentage, may correlate
with reduced roughness in this specific case.

Figure 7. Example LIME explanation for one pavement segment, indicating that flood occurrence
contributes to higher IRI (indicating worse condition). Green bars indicate positive contributions to
IRI; red bars indicate negative contributions.

4.5. Discussion

This research provides important insights into the impact of flooding on pavement de-
terioration. The analysis reveals an average IRI increase of 8.46 in/mi over two years, with
a high standard deviation of 10.53 in/mi, indicating significant variability in deterioration
severity across sections. While flooding generally exacerbates pavement roughness, the
extent of damage largely depends on localized factors such as flood intensity, road segment
vulnerability, and maintenance responsiveness. On average, the deterioration rate of IRI
increased compared to the same two-year period before the flooding, which highlights
the substantial impact of flood events. Moreover, the difference in IRI changes between
flooded and non-flooded sections ranges from 0.3 to 15 in/mi, with an average difference
of 5.6 in/mi. These findings align with previous studies, such as Shariatfar et al. [5], who
observed a slightly higher rate of IRI increase in flooded areas after a flood. Similarly,
Vallès-Vallès and Torres-Machi [4] reported a sudden drop in the Riding Index (RIDX) of 27
and 11 points for pavements in very good and good condition, respectively, corresponding
to a rise in IRI and a quantified service life reduction of 14.3% for pavements in good
condition, suggesting an accelerated deterioration rate due to flooding.

The application of SHAP analysis highlights that flooding, along with truck traffic
percentage and initial pavement condition, is among the most influential factor contributing
to pavement degradation. Moreover, LIME explanations confirm that flood exposure
significantly contributes to increased roughness. The integration of XAI techniques into
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pavement deterioration analysis not only enhances model transparency but also facilitates
data-driven decision making for transportation agencies. SHAP analysis allows for a
global understanding of feature importance. On the other hand, LIME provides local
interpretability, helping identify specific instances where unexpected deterioration trends
occur. The combination of these techniques can bridge the gap between traditional black-
box machine learning models and actionable insights.

The findings from this study can guide transportation agencies in prioritizing mainte-
nance for flood-prone roads by focusing on sections with higher IRI increases and variability.
Proactive scheduling of preventive maintenance, such as resurfacing and drainage im-
provements, can help extend the service life of pavement and prevent severe deterioration.
Moreover, applying flood-resistant materials and improved drainage systems in high-risk
areas can enhance infrastructure resilience.

5. Conclusions

This study evaluates the impact of flooding on pavement deterioration using 20 years
of pavement condition data from TxDOT’s PMIS database, focusing on roughness changes
measured by the IRI. The findings indicate that flood-affected pavement sections experience
significantly faster deterioration than non-flooded roads. On average, the IRI increased
by 8.46 in/mi over two years for flooded sections. Moreover, the deterioration rate after
flooding was significantly higher than the rate observed in the two years before flood-
ing. When comparing flooded and non-flooded pavement sections, the study found that
flooded roads deteriorated by an additional 5.6 in/mi on average, with some sections even
experiencing an extreme deterioration difference of up to 15 in/mi. To understand the
underlying causes of pavement degradation, this research applied explainable AI (XAI)
techniques, including SHAP and LIME. The results identified initial pavement roughness
(IRI values), truck traffic percentage, flood exposure, and climate zone conditions as the
most influential factors affecting pavement deterioration. These findings will help trans-
portation agencies focus maintenance efforts on flood-prone roads with high IRI increases
and deterioration variability.

This research has some limitations that should be acknowledged. First, the study is
based on a limited number of flooding events in the case study, which may restrict the
generalization of our findings. To enhance the robustness of our conclusions, it would
be beneficial to include a more extensive range of flooding events with more diverse
geographic locations in future studies. Second, the availability of data points posed a
constraint on our research. As we only had access to PMIS data up to 2018, some recent
flooding events had to be excluded from this study. Moving forward, efforts will be made to
address these two limitations and expand the scope of the research to encompass a broader
set of events and more up-to-date data. Third, maintenance activities that might have
influenced post-flood IRI values could not be entirely accounted for, potentially affecting
the precision of the deterioration estimates. Future research should aim to incorporate past
maintenance work records. Fourth, while various pavement performance indicators could
provide additional insights into the impact of flooding, these parameters (e.g., cracking,
rutting, and raveling) were either not available in the dataset or were too incomplete to
allow for statistical analysis in this study. Although data on potholes, cracking, and rutting
were present, they covered only a small fraction of the analyzed sections. In contrast,
IRI values were available for all sections, which is the reason why IRI was selected as
the primary indicator. Future studies should explore datasets with more comprehensive
pavement condition metrics to enhance the analysis.
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Abstract: With the continuous expansion of rural road construction and increasing manage-
ment demands, traditional rural road inspection and maintenance models are becoming
insufficient to meet current needs. The analysis of inspection results and the development
of maintenance plans are often delayed. To address these challenges, this paper proposes a
rural road distress sample recognition and annotation method based on machine vision
techniques, and establishes a corresponding disease target identification sample database.
The method is trained and validated using the U-Net algorithm, achieving an accuracy of
94.95%. Additionally, a lightweight detection system is developed to facilitate rural road
surface disease target detection and automatic recognition. The self-developed automatic
recognition system significantly enhances the accuracy and efficiency of pavement disease
recognition. Furthermore, a management platform has been implemented to enable the
dynamic management of rural road disease data and maintenance operations.

Keywords: rural road; distress sample annotation; automatic recognition; the U-Net
algorithm; lightweight

1. Introduction

Rural roads are an important part of the road network, serving as a vital infrastructure
for the economic development of rural areas. They are also critical to promoting urban–
rural integration and driving rural revitalization. Because of the expansion of rural road
coverage and accessibility, the management philosophy of rural roads has gradually shifted
from focusing on construction to a coordinated development of construction, management,
maintenance, and operation. However, the traditional rural road maintenance manage-
ment model remains outdated and cannot meet the actual development needs of rural
road operations.

With the rapid development of big data and AI technologies, various lightweight
and automated devices have been applied to technically assess the conditions of rural
roads [1]. Some regions have improved their management systems by constructing mathe-
matical models to address road maintenance planning and traffic congestion issues [2,3].
Previous studies have optimized multi-objective identification, prioritizing safety hazard
factors while meeting maintenance planning requirements [4]. Through these technologi-
cal advancements, efforts are being made to promote the digitalization of infrastructure,
specialization in maintenance, modernization of management, operational efficiency, and
high-quality service, thereby driving the digital transformation of rural roads.
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The condition assessment of rural roads and the evaluation of infrastructure service
conditions are fundamental tasks in road construction, maintenance, and management [5].
By utilizing more lightweight and automated inspection methods, not only can road
engineering quality be effectively controlled, but it can also be integrated with smart
management systems to enhance the scientific level of road asset management and mainte-
nance decision-making, further achieving the goal of “every road must be maintained, and
maintenance must be in place.”

In recent years, disease and defect detection methods have undergone significant
technological advancements and innovations across various fields. In the area of concrete
crack detection, Hu et al. [6] proposed a three-step algorithmic framework based on com-
puter vision, which effectively identifies cracks on concrete surfaces even under complex
background conditions. Hui et al. [7] applied the MobileNetV2 neural network for crack
detection, significantly enhancing accuracy while enabling precise evaluation of crack
widths in high-resolution images.

For bridge defect detection, Li et al. [8] developed a crack detection method incor-
porating geometric correction and calibration algorithms, addressing key challenges in
UAV-based crack identification for bridge structures. An et al. [9] introduced an improved
bridge deck defect detection algorithm based on YOLOv7-Tiny-DBB, which not only im-
proved detection accuracy but also mitigated the issue of missed small-scale defects.

In terms of lightweight detection frameworks, Sheng et al. [10] proposed a maturity
detection method for Hemerocallis citrina Baroni based on GCB YOLOv7, leveraging a
lightweight neural network and attention mechanism to balance computational efficiency
and detection precision. Jiang et al. [11] introduced MobiLiteNet, a lightweight deep learn-
ing model that significantly reduced computational overhead while delivering real-time,
scalable, and accurate road hazard detection—supporting the advancement of intelligent
transportation systems and infrastructure management.

Regarding road surface defect detection, France’s GERPHO system [12] utilizes photo-
graphic technology combined with vehicle positioning to synchronously capture images of
road damage, setting a new benchmark in the field. Similarly, Japan’s Komatsu system [13]
employs high-speed image acquisition with auxiliary lighting to collect high-resolution
road surface damage data. The integration of digital imaging and computer vision tech-
nologies has given rise to rapid road surface inspection systems centered around digital
cameras. The U.S. DHDV data collection vehicle [13] enables real-time, automated analysis
through high-speed, multi-source data acquisition—marking a major step forward in auto-
mated road condition monitoring. These studies have provided successful performance
for infrastructural disease and defect detection. However, an automatic identification
system for rural road diseases and maintenance management is still rare. Despite the
development and application of numerous pavement distress detection technologies, rural
road environments pose significant challenges. Traditional detection systems are often
large, expensive, and limited in both accuracy and processing speed, which hinders their
effectiveness in supporting timely and cost-efficient rural road maintenance.

In this study, we aim to develop an AI-based, lightweight, low-cost, accurate, and
efficient automatic identification system specifically designed for detecting rural road
diseases and facilitating effective maintenance management. The primary objective is to
integrate advanced machine learning and image processing techniques to improve the
efficiency and accuracy of rural road condition assessments, which traditionally rely on
manual inspections that are time-consuming and subjective. The study begins by detailing
the overall design framework of the automatic identification system for rural road diseases.
This includes an overview of the data acquisition process, system architecture, and the
integration of AI modules with geographic information systems (GIS) and mobile plat-
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forms for real-time monitoring. Next, we introduce a robust rural road pavement distress
automatic identification algorithm. This algorithm utilizes deep learning methods to ana-
lyze road surface images and classify various types of pavement distresses such as cracks,
potholes, broken slabs, and so on. The methodology includes data preprocessing, model
training, and performance evaluation, ensuring the system’s reliability across different
rural environments and lighting conditions. Section 4 presents practical applications of
the developed system in rural road maintenance and management. We demonstrate how
the system supports decision-making by local authorities through automated reporting,
prioritization of repairs, and maintenance scheduling based on severity levels and traffic
patterns. Finally, Section 5 summarizes the key findings and contributions of the study.
It highlights the effectiveness of the AI-based approach in reducing maintenance costs,
improving road safety, and promoting sustainable infrastructure development in rural
areas.

2. Design of the Automatic Identification System for Rural Road Diseases

2.1. System Architecture Design

The system architecture mainly consists of five layers: the Acquisition Layer, Network
Layer, Data Layer, Application Layer, and Platform Layer, as shown in Figure 1.

The Acquisition Layer aims to achieve full coverage of automatic inspections for
rural roads. It uses lightweight automated detection devices to real-time collect basic
location information of the current vehicle (such as route code, route name, pile number,
maintenance unit, etc.), as well as pavement and forward image data, ensuring efficient
data collection at the grassroots level of rural roads.

The Network Layer takes into account the communication network conditions of rural
roads. It uses industrial computers to self-check network status and automatically switches
between transmission and storage modes based on current signal strength and network
bandwidth, ensuring the integrity and continuity of underlying data.

The Data Layer utilizes artificial intelligence algorithms to analyze and classify the un-
derlying data, establishing a multidimensional database that includes the basic information
database, distress information database, road environment database, inspection informa-
tion database, geographic information database, and maintenance information database.

The Application Layer is the core of the intelligent management and maintenance
system for rural roads. It integrates and analyzes multidimensional data to build cor-
responding functionalities that meet the practical needs of rural road maintenance and
management. It mainly includes data analysis, result evaluation, and decision support.

The Platform Layer logically connects various data modules within the system and
displays and operates them on the Web and mobile apps in the form of image models,
reports, and other formats.

2.2. Design of Lightweight Intelligent Inspection Hardware System

The lightweight intelligent inspection hardware system is an integrated hardware so-
lution comprising a high-definition camera, a multi-mode geolocation positioning module,
a central control panel, a 4G/5G network module, and an edge intelligence all-in-one unit.
The system is magnetically mounted for easy installation and removal.

Each set of the lightweight intelligent inspection hardware system includes one high-
definition industrial camera; one edge intelligence all-in-one unit (consisting of one in-
dustrial computer, one 4G/5G transmission module, one GPS positioning module, and
four antennas); one data acquisition and control display unit; and several power connection
and data cables. The system configuration and device technical specifications are shown in
Figure 2 and Table 1.
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Figure 1. System architecture design.

Table 1. Technical Specifications.

Item Description

CPU 11th Gen Inter(R) Core(TM) I5-1135G7@2.49GHZ

RAM/ROM 8 GB-DDR3L 1600 MHz

Operation System Windows 11 Professional Edition 22H2

Hard Drive Samsung SSD 870 EVO 500GB

Ethernet Port 4× Intel® i211 Gigabit Ethernet Ports; supports PoE (Power over Ethernet); compliant
with IEEE 802.3af; supports Wake-on-LAN/PXE boot
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Table 1. Cont.

Item Description

COM Port 4× RS232/RS485, switchable via jumper caps; COM1–COM4 support digital
capacitive isolation

Wireless Communication 1× External SIM card slot connected to M.2 B-key slot, supports 4G/5G
wireless networking

GPS GPS + BDS + SBAS + QZSS hybrid positioning with <2 m positioning error and
<0.1 m/s velocity error; output frequency: 10 Hz

Camera Triangular magnetic base; 2560 × 1440 resolution; autofocus; strong light suppression;
backlight enhancement; Frame rate: 50 Hz, 25 fps

Power Connection Connects to vehicle power supply

Power Supply Voltage 24 V, 5 A

Operating Temperature −20 to +70 ◦C

Waterproof Rating IP67-rated waterproof

Antenna Type 4× High-gain magnetic metal rod antennas

Antenna Height 230 mm ± 3 mm

Device Installation Method The GPS module and camera are magnetically mounted; the industrial computer is
fixed in an enclosed housing

High-definition industrial camera GNSS receiver

Collect images of road surfaces and 
roadside infrastructure

Industrial-grade computer 

High-precision positioning of defect
locations is achieved using the
BeiDou Navigation Satellite System
(BDS)In-vehicle central 

control system

Display of basic data of the collection route,
vehicle driving trajectory, mileage statistics,
and other information.

The collected images are
preprocessed and
transmitted in real time

Figure 2. Composition of the lightweight intelligent inspection hardware system.

3. Automatic Identification Algorithm for Rural Road Pavement Distress

3.1. Typical Types of Rural Road Pavement Distress

The classification of pavement distresses on rural roads differs from that of standard
trunk roads. The detection environment of regular trunk roads is favorable, and the
identification of distress types is relatively accurate, whereas the detection environment of
rural roads is complex, making it difficult to distinguish between different types of distress.
Common pavement distress types frequently observed on rural roads include transverse
cracks, longitudinal cracks, alligator cracking, and potholes for asphalt pavements, while
cement concrete pavements typically exhibit cracks, broken slabs, and potholes. For
the purpose of automatic identification of pavement distresses on rural roads, accurate
segmentation of the damaged areas is essential. By statistically analyzing the extent of
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pavement damage, relevant evaluation indices can be derived. To enhance the precision
in quantifying the affected areas, this study categorizes typical rural pavement distresses
into two groups: length-based and area-based. Transverse cracks, longitudinal cracks, and
general cracks are classified as length-based distresses, whereas alligator cracking, broken
slabs, and potholes fall under area-based distresses.

3.2. Distress Sample Annotation Method

High-quality road distress samples serve as the foundation for developing effective al-
gorithmic recognition models, and the choice of annotation method significantly influences
the subsequent training and performance of deep learning models. At present, pavement
distress annotation primarily relies on manual labeling. In addition to mastering the opera-
tion of annotation software, annotators must possess relevant expertise in road inspection
to accurately identify various types of pavement diseases.

Currently, manual annotation methods mainly include the bounding box method, grid
method, and contour method, as illustrated in Figures 3 and 4. The bounding box method
involves drawing an external rectangular box tangential to the edges of the pavement
distress to estimate the affected area. The grid method divides pavement image data using
0.1 × 0.1 m grid lines, determines whether each grid cell falls within the diseased area,
and calculates the number of affected grid cells to measure the distress area. The contour
method involves tracing the actual edges of the pavement distress to form a closed shape,
and the area enclosed by the traced contour is used to quantify the distress extent.

(a) The bounding box method (b) The grid method

(c) The contour method

Figure 3. Annotated examples of length-based distress samples.
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(a) The bounding box method (b) The grid method

(c) The contour method

Figure 4. Annotated examples of area-based distress samples.

3.3. Typical Detection and Identification Process of Rural Road Diseases

The automatic detection and identification system for road diseases in this paper is
based on a disease segmentation algorithm, conducting research on the identification of
typical diseases in rural roads. The main recognition process is divided into the following
three steps:

Step 1: Random samples are taken from rural road pavement image data in different
regions, with varying technical levels and pavement types in Zhejiang Province. The images
are annotated for disease identification to build a typical rural road disease sample dataset.

Step 2: Optimizations are made based on the U-Net to construct the disease type
localization and accurate segmentation of disease areas.

Step 3: The deep learning algorithm model is tested to evaluate the recognition
performance of typical rural road pavement diseases in the test database.

3.3.1. Establishing a Sample Database of Typical Rural Road Distress

Image data of rural road surfaces in various regions of Zhejiang Province, including
Hangzhou, Ningbo, Shaoxing, Quzhou, Taizhou, Lishui, and Jinhua, were collected using
lightweight equipment. Distressed images were randomly selected from roads with differ-
ent technical grades and pavement types to construct a typical rural road distress sample
dataset. The asphalt pavement dataset primarily includes longitudinal cracks, transverse
cracks, alligator cracking, and potholes, while the cement pavement dataset includes cracks,
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shattered slabs, and potholes. These distress types were used as the basis for annotation. To
ensure the quality of the distress sample data annotation, preprocessing steps were carried
out on the raw image data, which included noise reduction, resizing, and adjustments to
brightness and contrast.

In this study, the U-Net, an advanced architecture derived from the Fully Convolu-
tional Network (FCN), is employed. It features a symmetric encoder–decoder structure
with extensive skip connections, which effectively preserve spatial information and im-
prove segmentation accuracy. The U-Net disease detection algorithm presented in this
study classifies asphalt pavement cracks into transverse and longitudinal cracks. The
specific classification criterion involves calculating the crack angle based on the long edge
of the minimum bounding rectangle and defining the angle range: cracks with angles
between 0◦ and 45◦ are classified as transverse cracks, while those with angles between 45◦

and 90◦ are classified as longitudinal cracks.
As shown in Figure 5a, the lengths of the long and short edges of the bounding

rectangle are first determined (with d1 representing the long edge and d2 representing
the short edge). Then, the angle between the long edge and the horizontal axis (x) is
calculated. Two angles, α1 and α2, are obtained, and the smaller angle, which is ≤90◦,
is selected (as shown in the figure, if α1 is less than 90◦, this value is chosen). Figure 5b
provides an example from a rural road image. The minimum bounding rectangle of the
measured pavement crack has an angle of 27◦, measured using a protractor, indicating it is
a transverse crack.

(a) Schematic diagram of a
bounding rectangle

(b

Figure 5. Example of the bounding rectangle to determine the orientation of the crack.

The annotation method for the typical rural road distress samples is the “contour
method,” which requires that sample image data be clear and unobstructed. Images that
are blurred or difficult to interpret for crack type classification should be excluded. The
rural road typical distress sample database includes 1487 images of asphalt transverse
cracks, 3654 images of asphalt longitudinal cracks, 2951 images of asphalt alligator cracks,
817 images of asphalt potholes, 6755 images of cement cracks, 4875 images of cement
shattered slabs, and 1812 images of cement potholes, as shown in Figure 6. Table 2 presents
the feature list of the typical rural road distress samples, which serves as the standard
for annotation and provides a foundation for the development of automated distress
recognition algorithms.
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Figure 6. Sample images from the database.

Table 2. Feature table of typical rural road distress.

Annotated Images Type Feature

Longitudinal cracks in
asphalt pavements

The cracks are generally parallel to the driving direction,
with the angle α1 clearly falling between 45◦ and 90◦.
The annotation even includes fine cracks, with markings
along the outer edge of the crack.

Transverse cracks in
asphalt pavements

The cracks are generally perpendicular to the driving
direction, with the angle α1 clearly falling between 0◦
and 45◦. If the crack is within a strip repair area, the
boundary between the repair and the crack should be
identified. Markings are made along the outer edge of
the crack.

Alligator cracking in
asphalt pavements

Alligator cracking on asphalt pavement shall be defined
as a grid-shaped pattern formed by intersecting
longitudinal and transverse cracks. Annotations must
capture the fine internal cracking within the network,
with delineation traced along the outermost boundary of
the cracking zone.
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Table 2. Cont.

Annotated Images Type Feature

Pothole in
asphalt pavements

Potholes are localized surface depressions resulting from
the disintegration and loss of aggregate in asphalt
pavement. Markings should be made along the outer
edge of the pothole.

Cracks in
concrete pavements

The cracks are longitudinal, transverse, or diagonal
cracks on the cement pavements. The annotation should
include fine cracks, marked along the outer edge of
the crack.

Broken Slab in
concrete pavements

The fractured slab refers to the cement pavement slab
with through cracks penetrating the surface layer, and the
slab is divided into three or more pieces by the cracks.
The annotation should include fine cracks within the
range of the through cracks, marked along the outer edge
of the fractured slab.

Pothole in
concrete pavements

Potholes refer to localized depressions or damage on the
cement pavement. The annotation should determine
whether the potholes are independent. Independent
potholes should be marked along their outer
edges separately.

Combined pavement
distresses 1

If independent cracks outside the fractured slab area are
observed in the pavement image, they should be
annotated according to the type of defect. When other
defects appear within the fractured slab, only the
fractured slab should be marked.

Combined pavement
distresses 2

If independent potholes outside the extent of the alligator
cracking are observed in the pavement image, they
should be annotated according to the type of defect.
When other defects appear within the alligator cracking
area, only the alligator cracking should be marked.

3.3.2. Construction of a Typical Rural Road Disease Identification Algorithm

In this study, the U-Net, an advanced architecture derived from the Fully Convolu-
tional Network (FCN), is employed. It features a symmetric encoder–decoder structure with
extensive skip connections, which effectively preserve spatial information and improve
segmentation accuracy. The U-Net consists of two concatenated paths: the contracting
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path and the expanding path. The contracting path is designed to extract image features,
compressing the image into a feature map that represents these features. The expanding
path is responsible for precise localization, decoding the extracted features into a segmented
prediction image that matches the original image size.

Unlike the FCN, U-Net retains a large number of feature channels during the upsam-
pling process, allowing more information to be retained and flow into the final reconstructed
segmentation image. To minimize information loss in the contracting path, feature maps of
the same size from both the contracting and expanding paths are concatenated, followed by
convolution and upsampling. This process integrates more information, thereby enhancing
the accuracy of image segmentation. The U-Net network structure is illustrated in Figure 7.

Figure 7. U-Net network structure.

3.3.3. Recognition Results Under Different Annotation Methods

A deep learning-based U-Net algorithm model was used to evaluate the recognition
performance of typical rural road distresses through metrics such as accuracy, false detec-
tion rate, and missed detection rate. Using lightweight inspection equipment, rural roads
within the Hangzhou area were surveyed, resulting in the selection and classification of
28,000 test samples across 7 typical types of rural road distress. Experimental parameters
are provided in Table 3. The recognition results are shown in Table 4, and examples of
recognition images are presented in Table 5.

Table 3. Experimental parameters.

Experimental Parameters Content

Dataset Proportion Training:Validation = 8:2

Model Parameters Batch Size: 8, Learning Rate: 0.0001, Optimizer: SGD,
Number of Epochs: 100, Loss Function: CrossEntropyLoss

The statistical results indicate that the U-Net algorithm trained using the contour
method outperforms both the grid method and the bounding box method in terms of
accuracy, false detection rate, and missed detection rate. The contour method achieves the
best performance, with an average accuracy of 94.95%, an average false detection rate of
5.93%, and an average missed detection rate of 2.79%, as shown in Table 4.
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Table 4. Recognition results for different annotation methods.

Annotation
Method

Road Type Distress Type
Sample
Images

Accuracy
False

Detection
Missed

Detection
Accuracy

(%)
False Detection

Rate (%)
Missed Detection

Rate (%)

Bounding
box

method

Asphalt
pavement

Longitudinal cracks 4000 3792 123 85 94.79% 4.07% 2.87%
Transverse cracks 4000 3780 122 99 94.49% 5.12% 4.20%
Alligator cracking 3000 2847 138 15 94.89% 9.52% 1.16%

Potholes 3000 2710 233 58 90.32% 10.65% 2.87%

Concrete
pavements

Cracks 8000 7694 223 83 96.18% 4.26% 1.64%
Broken Slab 3000 2827 125 48 94.23% 10.05% 4.07%

Potholes 3000 2836 51 112 94.55% 3.39% 7.14%

Average 94.20% 6.72% 3.42%

Grid
method

Asphalt
pavement

Longitudinal cracks 4000 3809 113 78 95.22% 3.75% 2.61%
Transverse cracks 4000 3790 116 94 94.75% 4.89% 3.97%
Alligator cracking 3000 2859 130 12 95.29% 8.93% 0.87%

Potholes 3000 2726 224 50 90.86% 10.23% 2.50%

Concrete
pavements

Cracks 8000 7704 216 80 96.30% 4.14% 1.57%
Broken Slab 3000 2841 118 41 94.69% 9.45% 3.53%

Potholes 3000 2851 43 106 95.04% 2.84% 6.72%

Average 94.59% 6.32% 3.11%

Contour
method

Asphalt
pavement

Longitudinal cracks 4000 3821 107 72 95.53% 3.53% 2.40%
Transverse cracks 4000 3804 110 86 95.10% 4.60% 3.63%
Alligator cracking 3000 2869 124 7 95.63% 8.50% 0.52%

Potholes 3000 2741 216 43 91.37% 9.85% 2.13%

Concrete
pavements

Cracks 8000 7713 211 76 96.41% 4.03% 1.49%
Broken Slab 3000 2853 109 38 95.10% 8.67% 3.20%

Potholes 3000 2866 36 98 95.53% 2.36% 6.18%

Average 94.95% 5.93% 2.79%

Table 5. Image of typical defect identification in rural roads.

Road Type Distress Type
Defect Identification

Example Image 1
Defect Identification

Example Image 2

Asphalt
pavements

Longitudinal cracks

Transverse cracks

Alligator cracking

Potholes
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Table 5. Cont.

Road Type Distress Type
Defect Identification

Example Image 1
Defect Identification

Example Image 2

Concrete
pavements

Cracks

Broken Slab

Potholes

3.3.4. Comparison of Automatic Distress Recognition Models for Different Pavement Types

To further validate the accuracy and efficiency of the proposed model, a comparative
experiment using different automatic recognition models was conducted to evaluate al-
gorithm performance. The most representative models selected for comparison were the
YOLO v3 and Faster R-CNN automatic recognition models.

The test data consisted of approximately 10 km of rural road surface images collected
using lightweight inspection equipment in Tonglu District, Hangzhou. For seven types of
typical pavement distresses, three recognition models—U-Net-based model, YOLO v3 [14],
and Faster R-CNN [15]—were applied to the same dataset for performance comparison, as
shown in Table 6.

Table 6. Comparison of evaluation metrics for different recognition models.

Model
Evaluation Metrics

Accuracy Rate False Detection Rate Missed Detection Rate

YOLO v3 90.36% 6.74% 2.9%
Fastr R-CNN 93.86% 4.74% 1.4%

Unet 95.04% 3.67% 1.29%

The statistical results indicate that the proposed U-Net-based model outperformed
the other models in terms of accuracy, false detection rate, and missed detection rate across
all distress types.

4. Application for Rural Road Maintenance and Management

Based on an automatic identification algorithm developed for rural road distresses, a
rural road disease management system that enables dynamic management of rural road
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maintenance operations is developed. Its key functions related to the above automatic
identification algorithm are outlined below:

(1) Data validation

The inspection management platform enables the review of completed image recog-
nition data, allowing the identification and filtering of inaccurate results (see Figure 8).
Through the system’s editing functions, technical personnel can modify or delete distress
annotations to ensure the accuracy and reliability of the recognition outcomes.

Figure 8. Data validation module.

(2) Rural road distress database

Through the inspection management platform, verified recognition results are cat-
egorized and stored, laying a solid foundation for future iterations and upgrades of the
distress recognition algorithm, while also supporting historical distress query requirements
for inspection projects.

(3) Maintenance Work Orders

The inspection management platform enables rapid identification of rural road surface
distress. Based on the identified distress types, maintenance work orders, as shown
in Figure 9, are generated in real time, significantly reducing the time span between
distress detection and maintenance dispatch, and greatly improving the efficiency of rural
road maintenance.

Figure 9. Maintenance work orders.
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(4) Data Reports

According to the recognition results from the inspection management platform,
data reports in Excel Format, as shown in Figure 10, on rural road surface distresses
are automatically generated. The reports provide detailed information, including dis-
tress locations, affected areas, and distress types, serving as a foundation for subsequent
maintenance analysis.

Figure 10. Data report in Excel format (in Chinese).

5. Conclusions

This study addresses the detection needs of rural road diseases by designing an
automatic recognition system based on a disease segmentation algorithm. The main novelty
lies in the creation of a typical rural road disease sample database covering different regions,
technical grades, and pavement types in Zhejiang Province. Additionally, a pavement
disease recognition network is optimized and built based on the U-Net algorithm. By
comparing the model training results of three annotation strategies, the optimal annotation
method is determined. The results show that the U-Net algorithm trained using the contour
annotation method achieves the best performance, with an accuracy of 94.95%, a false
detection rate of 5.93%, and a missed detection rate of 2.79%, significantly outperforming
the grid and bounding box methods. The system has completed initial deployment and
debugging, enabling efficient data processing for lightweight detection devices. Under
controlled testing conditions, the system demonstrates excellent performance, effectively
addressing the challenges faced by traditional equipment in rural road detection. It provides
technical support for low-cost and precise maintenance, showcasing its vast potential for
future practical applications.
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Abstract: Transportation infrastructure underpins national mobility and economic growth,
yet material sourcing for road construction imposes significant environmental and finan-
cial costs. As South Africa advances towards road construction, upcycling the reuse of
reclaimed materials in higher-value applications offers opportunities to reduce waste and
improve circular resource efficiency. This study assesses stakeholders’ perception and
adoption of upcycling in the Material Utilisation Plans (MUPs) for road construction. A
mixed-methods approach combined nine semi-structured interviews and thirty-two survey
responses from professionals involved in the National Route 3 upgrade project. Thematic
analysis identified key qualitative themes, while quantituative data from a five-point Likert
scale were examined through descriptive statistics, reliability, and correlation analysis.
Respondents supported existing downcycling practices (mean = 3.682, SD = 1.088) and
expressed readiness to adopt upcycling for pavement surfacing, base, subbase, and sub-
grade (mean > 3.00, SD < 1.30). Major barriers included client specifications, limited
awareness and material cost constraints. Reliability analysis (Cronbach’s α = 0.64–0.88)
confirmed internal consistency across qualitative themes. Also, there was a positive corre-
lation between reclaimed materials and cost, design specifications, and optimised cost (r >
0.30, p < 0.05), while downcycling correlated negatively with costs (r = −0.400, p < 0.05).
This study provides new empirical evidence on the systemic barriers hindering upcycling
adoption in South African road projects and offers a validated mixed-method framework
linking perceptual, technical, and economic dimensions of material reuse. It recommends
integrating upcycling criteria into design, testing, and procurement processes, shifting
from compliance-based recycling to performance-based circular material management in
national road infrastructure.

Keywords: upcycling; materials utilisation plan; sustainable construction; road pavement;
circular economy

1. Introduction

1.1. Background

Globally, the road construction sector is adopting circular economy strategies to en-
hance material efficiency, reduce costs, and mitigate environmental degradation [1–3].
Rapid urbanisation has intensified the demand for aggregates and bitumen while gener-
ating substantial waste [4]. Upcycling is the transformation of reclaimed materials into

Buildings 2025, 15, 4314 https://doi.org/10.3390/buildings15234314
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products of higher functional value, which offers a sustainable pathway for road construc-
tion, improving durability and cost-effectiveness compared with conventional recycling
that typically downgrades material properties [2,5,6].

In South Africa, the uptake of upcycling remains limited due to inconsistent project
planning, inadequate specification frameworks, and procurement systems that prioritise
lowest-cost tendering over innovation [7–9]. The absence of explicit upcycling requirements
in contract documents discourages contractors from innovation for fear of cost and risk
penalties [7]. As a result, economic and environmental benefits are lost, despite evidence
that well-processed reclaimed base and subbase materials can adequately substitute natu-
ral aggregates while maintaining efficient performance properties [4,10,11]. Embedding
upcycling into project design could therefore lower emissions, conserve resources, and
support long-term sustainability goals [12,13].

Another challenge is the limited awareness and technical expertise among designers,
contractors, and decision-makers [9]. This knowledge gap extends to tertiary education,
where upcycling concepts are rarely incorporated into pavement-engineering curricula.
Without targeted capacity building, emerging professionals struggle to translate circular
economy principles into practical design and construction choices [6,14].

Empirical evidence indicates that although awareness of recycling technologies is
improving rapidly in recent times, the integration of upcycling within Materials Utilisation
Plans (MUPs) is hindered by additional challenges, such as the lack of coordinated planning
and risk-averse tendering processes [9,11,15–17]. Furthermore, international studies have
highlighted the potential of recycled materials to achieve cost savings, lower greenhouse-
gas emissions, and maintain structural integrity [4,11,13,18], underscoring the importance
of systemic change within the infrastructure development system. No integrated study
has recently linked design specifications, client requirements, and cost considerations to
the practical implementation of upcycling within MUPs. This has left a major knowledge
and practice gap between the technical feasibility demonstrated in the limited adoption
observed in real-world projects.

Addressing this gap is therefore crucial to understanding how institutional culture,
design frameworks, and procurement mechanisms influence the feasibility of upcycling
within South African road construction projects.

Accordingly, this study investigates the institutional, technical, and economic factors
influencing stakeholders’ perceptions of upcycling within MUPs for road construction. By
combining qualitative insights and quantitative validation, it develops an evidence-based
framework for integrating upcycling principles into sustainable material management
practices in South Africa’s road sector.

The aim of this research is to examine stakeholders’ perceptions and the factors
influencing the adoption of upcycling practices in MUP design, as well as their implications
for sustainable road infrastructure development. The research questions guiding this study
are as follows:

1. What is the perception of South African experts in the road construction industry
regarding upcycling in MUPs?

2. What are the factors influencing the specifications of upcycling in the design of MUPs
in South Africa?

3. To what extent do the identified factors influence the specifications of upcycling in
the design of MUPs in South Africa?

1.2. Theoretical Framework

Material optimisation in road construction requires the strategic integration of re-
source efficiency, cost management, and sustainability considerations across project life
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cycles [15,16]. The reuse of reclaimed materials from recycling—downcycling or upcycling
has been demonstrated to reduce demand for natural resources, lower energy consumption,
and decrease greenhouse-gas emissions [11,17]. The circular economy paradigm underpins
this process by promoting a continuous flow of materials within construction systems
rather than a linear extract–use–dispose model [1,2]. However, the growing demand
for infrastructure continues to place significant strain on natural resources, highlighting
both the opportunities and challenges of implementing sustainable material management
practices [13].

Within this framework, MUPs serve as central instruments for coordinating how
materials are sourced, processed, and reused within and between projects. An effective
MUP provides an operational link between policy intent and project-level implementation,
ensuring that reclaimed materials are systematically evaluated for potential reuse through
upcycling in new pavement layers [9,10]. The interrelationship among these elements,
including client requirements, design decisions, and economic viability, is represented in
Figure 1, which illustrates the conceptual structure of a typical MUP.

Figure 1. Conceptual schematic of a Material Utilisation Plan (MUP), showing the interaction between
macroscopic, microscopic, and interconnected levels in upcycling and material management.

At a macroscopic level, MUPs support coordinated planning across multiple projects
and regions, reducing duplication of quarrying and material transportation [9,19]. At a
microscopic level, they address project-specific challenges such as local material variability,
cost–benefit trade-offs, and testing constraints. In practice, this framework promotes col-
laboration between clients, designers, and contractors to optimise material flow, maintain
uniform quality standards, and minimise environmental impacts [9,20]. The generic frame-
work for recycling of road materials for an effective and sustainable material utilisation
plan for road construction is presented in Figure 2.

Figure 2 depicts how the performance of reclaimed materials could be optimised
through systematic cost and quality management strategies. It demonstrated that when
the cost of natural materials remains higher than the properly processed reclaimed mate-
rials and when environmental externalities are accounted for, recycling–upcycling yields
measurable economic and ecological advantages [4,21–23].

Technological advances such as geopolymerisation, cement stabilisation, and nanotech-
nology have further improved the structural and environmental performance of recycled
and upcycled road materials [2,22–24]. However, the integration of these techniques into
routine design and construction is constrained by the absence of standardised specifica-
tions, limited testing capacity, and misalignment between academic curricula and industry
practice [9,21,25]. These institutional barriers underscore the need for coordinated reforms,
particularly clearer design specifications for reclaimable materials, incentive frameworks

145



Buildings 2025, 15, 4314

for contractors, and updated engineering education programmes to mainstream upcycling
within South Africa’s road construction sector. In addition, the adoption of upcycling is in-
fluenced by the internal recycling and quality-control regulations of production companies,
which remain largely unstandardised across the South African road materials industry.
Most quarries and aggregate suppliers operate under environmental authorisations rather
than performance-based recycling frameworks, thereby creating inconsistencies between
private-sector production controls and public-sector design specifications. This regulatory
misalignment limits the consistent incorporation of reclaimed materials into project-level
MUPs and constrains coordination between producers and designers [3,6].

Figure 2. Matrix illustrating material transitions between pavement layers, indicating reuse, recycling,
and downcycling processes. Colours reflect relative value change, from increased (upcycling) to
minimal (downcycling) use.

Furthermore, project coordination across multiple stakeholders presents a persistent
implementation challenge. Effective material management requires synchronised decision-
making and transparent communication between clients, consultants, and contractors.
However, fragmented institutional structures often result in inefficiencies and lost op-
portunities for reuse [4]. As Lavikka et al. [26] noted, digital platforms such as Building
Information Modelling (BIM) can significantly enhance inter-project coordination, trace-
ability, and performance monitoring. Despite these benefits, adoption remains limited
due to cost, complexity, and organisational inertia, highlighting the need for systemic
transformation in materials management practices [9].

Overall, this theoretical framework positions upcycling as both a technical innova-
tion and an institutional reform process. It integrates circular economy theory, project
management principles, and engineering design to explain how economic viability, client
responsibility, and coordination interact to influence upcycling adoption in MUPs. In
contexts such as South Africa, where material scarcity and infrastructure backlogs coexist,
the framework provides a foundation for understanding and improving the technical
feasibility and sustainability of road construction materials.

2. Materials and Methods

2.1. The Case Study

This study adopted a mixed-methods approach to investigate the institutional, eco-
nomic, and technical factors influencing the adoption of upcycling within MUPs for a
typical South African road project.

The process alleviates limitations of a single method [27]; however, it provides suf-
ficient methods to investigate the intricacies and trends that respond to the research
questions [28]. The approach combined semi-structured interviews with a structured
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questionnaire survey to triangulate perceptions from multiple professional categories or
stakeholders involved in the National Route 3 (N3) upgrade project.

The N3 is integral to the economic growth of Southern Africa. A growing Southern
African population has placed this strategic corridor under severe pressure, requiring
substantial upgrading of portions of the corridor. This corridor, also referred to as the
Durban-Free State–South African Government’s key strategic integrated projects (SIP2) that
forms part of the National Development Plan. The need for the project arose from increased
traffic volumes resulting in declining levels of service on the N3 freeway. The freeway
between Pietermaritzburg and Durban currently exceeds the South African National Road
Agency Limited (SANRAL) permissible traffic density limit for the peak hour and the 30th
highest hourly volume, respectively. Due to the substantial costs to upgrade the 80 km
freeway, the route has been strategically split into thirteen reasonably sized work packages
that form the collective N3 upgrade project. This corridor context provided an ideal testbed
for examining upcycling adoption, as it represents the complex institutional, technical,
and logistical structures typical of South Africa’s major road projects. While the study
draws data from one corridor, its strategic scope, diversity of stakeholders, and multi-
package structure enhance the transferability of findings to other large-scale infrastructure
programmes in similar contexts.

2.2. Research Design

This study adopted a convergent mixed-methods design, combining qualitative the-
matic analysis with quantitative descriptive and correlational analysis [29]. The design
was chosen to integrate in-depth qualitative understanding with quantitative validation of
the factors influencing the adoption of upcycling within MUPs. Qualitative methods were
used to explore why certain barriers and enablers existed, while quantitative techniques
tested how strongly these factors were associated with practice. Semi-structured interviews
were conducted with nine key professionals engaged in project management, materials
testing, and design engineering on the National Route 3 upgrade project. These interviews
provided insight into institutional culture, decision-making processes, and perceived risks
surrounding upcycling.

A structured questionnaire survey was then administered to thirty-two respondents
drawn from the same professional ecosystem to measure the prevalence and strength of
their perceptions across disciplines. The design ensured qualitative alignment between
the identified themes and statistical constructs validated through Cronbach’s Alpha and
Pearson correlation coefficient values. The semi-structured interviews and questionnaires
were used to collect both qualitative and quantitative data, respectively [30,31]. This
flexible format allowed for modifications of questions based on the participants’ responses,
ensuring alignment with study objectives [32]. The integration of interview and survey
data generated a coherent mixed-methods dataset that contributed to the validity and
dependability of the study findings [32,33]. Within the context of the N3 upgrade project,
which includes a corridor of multiple projects, this design facilitated the examination of
both project-specific practices and broader institutional tendencies typical of South African
road projects.

Although the empirical data were drawn from a single programme, the corridor’s
national strategic importance, multi-package structure, and diverse stakeholder compo-
sition strengthen the transferability rather than statistical generalisability of the study’s
conclusions to other large-scale infrastructure contexts.
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2.3. Sampling and Representativeness

The study employed a purposive sampling approach within the defined project context
rather than random selection across the national industry. This is appropriate when the
goal is to obtain in-depth insights from participants with specific knowledge or decision-
making experience relative to the research focus [31,34,35]. The selected participants,
therefore, comprised stakeholders directly involved in project management, materials
testing, and pavement design on the National Route 3 upgrade. While this approach limits
the statistical generalisability of findings, it enhances their analytical depth and contextual
validity by situating the results within a realistic and practice-based environment [35,36].
Consequently, the study positions its outcomes as analytically transferable rather than
universally generalisable; that is, the insights and relationships identified are relevant to
other infrastructure projects with comparable institutional and technical conditions [37].

To enhance balance and reduce bias within the purposively identified partici-
pant groups, a probability-informed approach consistent with standard methodological
guidance [38] was applied during the survey phase. This ensured that all individuals
within each identified category (e.g., project managers, materials engineers, and laboratory
testers) had equal opportunity to participate, thereby improving representativeness while
maintaining alignment with the study’s purposive framework [39–41]. Being a mixed-
methods research design, the qualitative aspect considered nine participants, while the
quantitative approach used thirty-two participants from the target population. Although
the final sample size appeared relatively small, it was acceptable for the study’s scope and
design [42,43]. In qualitative research, smaller, targeted samples were preferred to allow for
in-depth exploration and thematic saturation [29], while on the other hand, the thirty-two
respondents used for the quantitative method represented a substantial proportion of the
targeted population, since the study focused on a specific and specialised workforce that
represents the population under investigation.

2.4. Data Collection

Data collection procedures were designed to align with the mixed-methods framework,
ensuring complementarity between the qualitative and quantitative strands.

The qualitative data collection process involved the use of voice recording platforms
for recording and transcribing the responses based on stakeholders’ perceptions on the
adoption of upcycling for road construction in South Africa. Permissions were requested
from the respondents before the start of the interview, and the activation of the recording
and transcribing systems [42]. This approach minimised the duration of the interview [32].
It involved the development of the interview schedule, which allowed respondents the
opportunity to provide more information related to the subject [33,34], carrying out pilot
semi-structured interviews, performing the face-to-face interviews, and transcribing records
for data analysis. The online and face-to-face interviews were scheduled with participants
to create the opportunity to obtain relevant information [43]. Transcribed responses were
reviewed and coded, from which key themes and subthemes were identified to capture
participants’ perspectives on the study objectives [38]. The results of the qualitative data
collection approach were based on the direct experiences, opinions, and behaviour of
human beings as meaning-making agents in their everyday lives. However, the respondents
needed to understand the aim of the study as well as the research questions before granting
the interviews [44].

The quantitative approach involved administering closed-ended research question-
naires to respondents to enable them to express their perceptions on the concept of up-
cycling in road construction in South Africa. The validation of the research instrument
involved piloting it through an interview schedule with experts in the industry, aimed at
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reviewing it to confirm that all key subjects and elements relevant to answering the research
questions were included [34]. The process gave insight into whether the interview schedule
was clear, unambiguous, understandable, and concise enough for the study. This approach
solicited quantifiable data from respondents to be analysed using statistical methods for
objective and unequivocal decisions [31]. Efforts to minimise bias were ensured by inviting
participants from all relevant professional categories, maintaining balance across roles and
disciplines within the project. Major sections of the questionnaire were as follows: Part A
for social demographic-related questions (age, gender, education, experience, and position
occupied in the current industry), and the understanding of the MUPs and the various
options to upcycle materials. Part B focused on the Laboratory testers and sought to de-
termine the factors affecting the testing of materials. Part C applied to pavement design
engineers and sought to understand the challenges with designing for upcycling, and Part
D referred to all participants and sought to understand the factors affecting the MUPs. The
questionnaire was structured using a five-point Likert scale, with response options defined
as follows: 1 = Strongly Disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, and 5 = Strongly
Agree, ensuring comprehensive representation of respondents’ levels of agreement [42].

In all approaches, ethical approval for the study was obtained from the Univer-
sity of KwaZulu-Natal, and informed consent was provided for all participants. Both
instruments—the interview guide and questionnaire—were structured around the same
conceptual framework, facilitating integration of qualitative, and quantitative findings
during analysis.

2.5. Data Analysis

According to Braun and Clarke [45], thematic Analysis is a systematic technique
for methodically identifying, categorising, and presenting insights into patterns of mean-
ing, also referred to as themes, that are present in a dataset. The process involves six
chronological steps:

Step 1: Data familiarisation, which entails transcription of respondents’ responses by
listening to the recording and writing down the key understandings.
Step 2: Generating the initial codes, which involves reviewing the transcript to identify
initial codes based on comments that were relevant in the context of the research.
Step 3: Searching for themes—this involves the interpretation and categorisation of re-
sponses into themes and subthemes.
Step 4: Reviewing identified themes—completion of the initial search for themes, then
scrutinising for coherence and appropriateness.
Step 5: Defining and naming themes—this involved the identification of themes, and
iteratively refining and defining to correctly describe the essence of the themes for the study.
Step 6: Producing the report—by converting the themes into responses for the research
questions. The final report was not limited to the description of the themes, but also
included the analysis, which was supported by the literature and responded to the research
questions [45].

Quantitative data were analysed using descriptive statistical parameters to explain
frequency distributions and identify patterns within the dataset [46,47]. The essential
parameters used were the sum, mean, and standard deviation, estimated as the arithmetic
average or the representative value, and a measure of how far the data is spread around
the mean or dispersion. The reliability test was employed to check the effectiveness of
the quantitative research instrument. It attempted to test the suitability of the instrument
for measuring variability and coherence among the variables, focusing on consistency.
This confirms the internal consistency across all factors (Cronbach’s Alpha Value α > 0.60),
and the closeness of individual questions related to each other [47]. Also, the Pearson
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correlation test was used to examine the relationship between factors influencing the
adoption of upcycling among stakeholders at 5% significance level [48,49].

Results from both analytical strands were compared and merged during interpretation,
allowing qualitative themes to clarify the underlying causes of quantitative patterns. This
methodological triangulation strengthened the dependability, validity, and interpretive
depth of the study’s findings.

3. Results

3.1. Respondent Profile

The professional composition and experience distribution of respondents are sum-
marised in Figure 3.

 

Figure 3. Respondent distribution by discipline and experience level, showing 81% had over 10 years
of professional experience.

As illustrated in Figure 3, the sample comprised a diverse group of professionals
involved in road construction project delivery, including project managers (38%), pavement
and materials engineers (28%), and materials technicians (9%). Smaller proportions of
respondents were resident engineers (9%), contract engineers (3%), and contract directors
(3%), with a further 9% classified as “other” professional categories.

The experience profile of participants showed that 81% had more than ten years of
industry experience, while 19% had less than ten years. This distribution indicated that the
dataset predominantly reflects the perspectives of seasoned professionals with substantial
exposure to materials management, design, and construction supervision. At the same time,
the inclusion of early-career practitioners ensured representation of emerging viewpoints,
providing a balanced and credible basis for interpreting stakeholder perceptions.

Overall, the composition of respondents mirrored the multidisciplinary structure of
South Africa’s road construction sector, thereby enhancing the contextual reliability and
practical relevance of the findings [50,51].

3.2. Factors Affecting the Adoption of Upcycling in MUPs
3.2.1. Existing Culture of Road MUPs

According to the respondents, a typical MUP for a road construction project in South
Africa usually assumes the trends shown in Table 1.
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Table 1. Existing material recycling for road project MUPs.

Items Questions 1 2 3 4 5 Total Mean SD

P1
The utilisation of reclaimed materials within a project is
restricted to the project limits

9 8 2 8 5 32 2.75 1.50
28% 25% 6% 25% 16% 100%

P2
The utilisation of materials between adjacent projects is
limited to surplus reclaimed material

4 7 2 10 9 32 3.41 1.43
13% 25% 19% 31% 22% 100%

P3
The movement of reclaimed materials between projects
imposes a contractual risk

1 8 6 10 7 32 3.44 1.19
3% 25% 19% 31% 22% 100%

P4
It is economically viable to utilise a quarry owned by the
client near the project

0 0 5 11 16 32 4.34 0.75
0% 0% 16% 34% 50% 100%

P5
It is economically viable to utilise a stockpile site owned by
the client near the project

0 0 1 15 16 32 4.47 0.57
0% 0% 3% 47% 50% 100%

Cluster Values 3.682 1.088

The results showed that reuse of reclaimed materials was generally confined within the
individual project boundaries (mean = 2.75, SD = 1.50). However, the respondents strongly
agreed that the use of client-owned quarries and stockpile sites located near project areas
enhanced the overall cost efficiency (means > 4.3). In contrast, there was only moderate agree-
ment regarding the reuse of surplus materials between adjacent projects and the perceived
contractual risks associated with moving materials across sites (mean < 3.5).

The average of means in a given cluster or cluster mean of 3.682 (SD = 1.088) indicated
the combined responses from subthemes reflecting responses to the major theme on material
reuse behaviour and project-level decision factors, or the existing culture on material
recycling for road project MUP. This indicates that, overall, logistical and contractual factors
have a greater influence on reuse practices than the sustainability objectives. These findings
are consistent with previous studies by Hoy et al. [4] and Wu et al. [52], who observed
that operational constraints often take precedence over environmental considerations in
material recovery and reuse.

3.2.2. Recycling for the Road Surface Layer

Results for the suitability of recycling existing road materials for the construction of
new pavement layers, like the surface layer, are presented in Table 2.

Table 2. Recycling for road surface layer.

Items Questions 1 2 3 4 5 Total Mean SD

P10
The reclaimed surface layer can be recycled and utilised in
the surface layer of the new pavement

0 7 4 8 13 32 3.84 1.19
0% 22% 13% 25% 41% 100%

P11
The reclaimed surface layer can be downcycled and
utilised in the new pavement

0 2 7 11 12 32 4.03 0.93
0% 6% 22% 34% 38% 100%

P12
The reclaimed surface layer can be downcycled and
utilised as fill for the project

7 6 6 7 6 32 2.97 1.45
22% 19% 19% 22% 19% 100%

Cluster Values 3.623 1.19

Respondents generally supported the recycling and downcycling of reclaimed surface
layers. They agreed that such materials could be recycled and reused in the surface layer of
new pavements (mean = 3.84, SD = 1.19) and downcycled for use in underlying pavement
layers (mean = 4.03, SD = 0.93). However, there was a weaker agreement for using the
surfacing layer as fill (mean = 2.97, SD = 1.45), suggesting that respondents perceive greater
value in reusing the surface materials for higher-order pavement applications rather than
for low-value fill.

The overall cluster mean of 3.623 (SD = 1.19) reinforced this trend, indicating a broad
acceptance of recycling and downcycling practices for reclaimed surface materials in road
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construction. This agreement reflects the growing acceptance of reuse in upper pavement
layers [10,15].

3.2.3. Recycling for Base Layer

Results for the perception of respondents on recycling for the production of the base
layer for new road pavement construction are presented in Table 3.

Table 3. Considerations for producing base layer.

Items Questions 1 2 3 4 5 Total Mean SD

P13
The reclaimed base layer can be upcycled and utilised in the surface layer of
the new pavement

10 8 8 4 2 32 2.38 1.24
31% 25% 25% 13% 6% 100%

P14
The reclaimed base layer can be recycled and utilised in the base layer of the
new pavement

2 3 12 7 8 32 3.50 1.16
6% 9% 38% 22% 25% 100%

P15 The reclaimed base layer can be downcycled and utilised in the new
Pavement

0 1 5 13 13 32 4.19 0.82
0% 3% 16% 41% 41% 100%

P16 The reclaimed base layer can be downcycled and utilised as fill for the project 5 4 9 6 8 32 3.25 1.39
16% 13% 28% 19% 25% 100%

Cluster Values 3.330 1.153

Respondents disagreed with the practice of upcycling the existing base layer for
use in surface courses (mean = 2.38, SD = 1.24), but supported recycling within the
base layer itself (mean = 3.50, SD = 1.16) and downcycling into lower pavement lay-
ers (mean = 4.19, SD = 0.82). Qualitative responses indicated that engineers viewed base
materials as technically stable but not sufficiently tested for higher-order functional reuse.

The cluster mean of 3.330 (SD = 1.15), which was slightly above the neutral limit
(3.0), reflected a general cautious approach, showing concerns about performance. These
results echoed stakeholder scepticism reported in prior studies [10], where uncertainty
around testing and specifications limited the willingness to upcycle base materials into
road surface applications.

3.2.4. Recycling for the Subbase Layer

Results of investigations into the acceptance of upcycling for the recycled subbase
layer for road construction in South Africa are presented in Table 4.

Upcycling of the subbase layer was met with mixed opinions (mean = 2.72, SD = 1.33).
Respondents showed moderate agreement with recycling within the subbase (mean = 3.47,
SD = 1.27) and downcycling into fill or lower layers (means = 3.81 and 3.53; SD = 1.15 and 1.29).
Stakeholders generally supported materials reuse, but not necessarily upcycling, indicating a
continued preference for recycling and reuse rather than value-added upcycling. The cluster
mean of 3.383 (SD = 1.26) underscored this conservative approach and highlights the need for
clearer performance criteria and improved testing protocols to build confidence in subbase
upcycling for sustainable pavement design [10].

Table 4. Considerations for producing subbase layer.

Items Questions 1 2 3 4 5 Total Mean SD

P17
The reclaimed subbase layer can be upcycled and utilised
in the new pavement

9 2 14 3 4 32 2.72 1.33
28% 6% 44% 9% 13% 100%

P18
The reclaimed subbase layer can be recycled and utilized
in the subbase layer of the new pavement

3 3 11 6 9 32 3.47 1.27
9% 9% 32% 19% 28% 100%

P19
The reclaimed subbase layer can be downcycled and
utilised in the new pavement

1 4 6 10 11 32 3.81 1.15
3% 13% 19% 31% 34% 100%

P20
The reclaimed subbase layer can be downcycled and
utilised as fill for the project

2 6 7 7 10 32 3.53 1.29
6% 19% 22% 22% 31% 100%

Cluster Values 3.383 1.26
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3.2.5. Considerations for Subgrade Layers

The respondents’ perception of recycling some subgrade layers is presented in Table 5.

Table 5. Subgrade layer.

Items Questions 1 2 3 4 5 Total Mean SD

P21
The reclaimed Subgrade layer can be upcycled and
utilised in the new pavement

10 6 11 1 4 32 2.47 1.32
31% 19% 34% 3% 13% 100%

P22
The reclaimed Subgrade layer can be recycled and utilised
in the Subgrade layers of the new pavement

1 2 8 11 10 32 3.84 1.05
3% 6% 25% 34% 31% 100%

P23
The reclaimed Subgrade layer can be downcycled and
utilised as fill for the project

3 1 4 12 12 32 3.91 1.23
9% 3% 13% 38% 38% 100%

Cluster Values 3.407 1.20

Respondents did not support upcycling subgrade materials for the higher layer
(mean = 2.47, SD = 1.32), but agreed with recycling and downcycling for fill and subgrade
reuse (means = 3.84 and 3.91). The findings suggest a risk-averse engineering culture, where
stability and proven performance outweigh sustainability objectives. Reuse acceptance de-
creased progressively from surface to subgrade layers, reflecting confidence in recycling only
when risk is minimal. The cluster mean of 3.407 (SD = 1.20) indicates limited acceptance of
upcycling and continued caution among practitioners.

3.2.6. Client’s Specifications

The client’s specifications and design requirements influenced the perception of road
experts on material utilisation through the integration of upcycling in the MUP for road
construction in South Africa, as shown in Table 6.

Table 6. The specifications influencing materials utilisation.

Items Questions 1 2 3 4 5 Total Mean SD

P24: The clients’ specifications are a barrier to the recycling of materials 5 5 5 10 7 32 3.28 1.40
16% 16% 16% 31% 22% 100%

P25:
It is the responsibility of the client to specify the minimum % of
reclaimable material to be used in each layer of the new pavement

5 5 5 10 7 32 3.28 1.39
16% 16% 16% 31% 22% 100%

P26:
There is limited awareness of the need for upcycling of the existing
pavement layers

0 2 1 16 13 32 4.25 0.80
0% 6% 3% 50% 41% 100%

P27:
The engineer is responsible for designing the upcycling of the existing
pavement layers

0 3 6 9 14 32 4.06 1.01
0% 9% 19% 28% 44% 100%

P28:
The current testing regime during the design phase is insufficient to
inform the upcycling of the existing pavement layers

2 2 9 14 5 32 3.56 1.05
6% 6% 28% 44% 16% 100%

Cluster Values 3.686 1.13

Table 6 revealed that respondents viewed client specifications as a barrier to recycling
(mean = 3.28, SD = 1.40) but strongly agreed that engineers should design for upcycling
(mean = 4.06, SD = 1.01). There was strong agreement that limited awareness and inade-
quate design responsibility hindered the adoption of upcycling (mean > 4.00, SD < 1.2).
Also, the current testing regimes were insufficient to guide design decisions; nevertheless,
testing significantly influenced the adoption (mean = 3.56, SD = 1.05). Although engineers
support the concept of reuse, tender and contract documents seldom specify measurable
reuse targets. Therefore, the cluster values (mean = 3.686, SD = 1.13) justified the asser-
tion that institutional awareness, specification clarity, and testing limitations constrain the
adoption of upcycling. These findings highlight ongoing uncertainty regarding long-term
performance and the absence of a standardised testing framework reported by Jamshidi and
White [51]. This implied that stakeholders recognised that upcycling could help reduce de-
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pletion of natural aggregates, but practical adoption remained limited by institutional and
technical constraints or design specifications, which conformed with findings in previous
studies on sustainable pavement materials [2,3,15]. This gap mirrors governance challenges
identified by Gobbo et al. [7], thereby suggesting the need for clearer policy direction.

3.2.7. Material Cost

The influence of material cost on the integration of upcycling in MUP was exam-
ined using the responses obtained from the survey. Results of the analysis are presented
in Table 7.

Table 7. Cost of natural resources in a flexible pavement project.

Items Questions 1 2 3 4 5 Total Mean SD

P29: The process of recycling has cost implications, and it is easier to spoil materials 11 7 9 3 2 32 2.31 1.23
34% 22% 28% 9% 6% 100%

P30:
The process of upcycling has cost implications, and it is easier to
downcycle materials

4 3 11 7 7 32 3.31 1.28
13% 9% 34% 22% 22% 100%

P31:
Contractors need to be incentivised to reclaim and upcycle the existing
pavement layers

1 3 7 12 9 32 3.78 1.07
0% 6% 3% 50% 41% 100%

P32:
The introduction of a surcharge when spoiling material at a landfill site will
increase the efficient utilisation of existing pavement layers in the new pavement

3 1 8 10 10 32 3.71 1.22
9% 3% 25% 31% 31% 100%

Cluster Values 3.278 1.20

Material cost was recognised as a key determinant (Table 7). Respondents disagreed
that spoiling materials was cost-effective (mean = 2.31, SD = 1.23) but supported financial
incentives (mean = 3.78, SD = 1.07) and landfill surcharges (mean = 3.71, SD = 1.22) to
encourage reuse. These findings emphasise that economic drivers strongly influenced
material utilisation decisions. Qualitative findings indicated that introducing financial
incentives such as rebates for recycled content could redirect contractor behaviour toward
upcycling. The cluster mean of 3.279 (SD = 1.20) supports the conclusion that financial
incentives could play a vital role in promoting sustainable material reuse.

3.3. Reliability Test

The reliability test was used to assess the strength of the decision variables employed
in the study. According to Gravetter and Wallnau [50], an Alpha Coefficient Range of 0.6 to
<0.70 strength of association could be regarded as moderate, 0.7 to <0.8 as good, and >0.8
as very good. Cronbach’s Alpha findings of the study variables are presented in Table 8.

Table 8. Reliability test of decision variables.

Study Variables
Cronbach’s

Alpha
Counts

Factor 1—Reusing the existing reclaimed materials 0.88 7
Factor 2—Downcycling material to fill 0.86 4
Factor 3—Limited design for upcycling 0.77 5
Factor 4—Optimising costs 0.79 5
Factor 5—Client’s responsibilities 0.81 5
Factor 6—Reluctance to upcycle 0.64 4
Factor 7—Economic viability of materials utilisation 0.66 3

Cronbach’s Alpha values ranged from 0.64 to 0.88, indicating moderate to high internal
consistency across the measured factors, confirming that the survey items were reliable for
this study and relevant for subsequent correlation analysis.
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3.4. Correlation Analysis

Pearson’s Product-Moment correlation analysis was used to examine the relationship
between the variables in terms of proportionality, such that when one variable changes
in value, the other tends to change in a specific direction, either positive or negative. The
magnitude of the change was measured using Pearson’s (r) correlation, which ranged
between −1 for a perfect negative correlation to +1 for a perfect positive correlation at 5%
level of significance [45]. The correlation benchmarks were defined as 0.10 ≤ r ≤ 0.29 for
small, 0.30 ≤ r ≤ 0.49 for medium, and 0.50 ≤ r ≤ 1.00 for large effect. The correlation
between influencing factors considered by this study is presented in Table 9.

Table 9. Correlation analysis of influencing factors.

Factor 1: Factor 2: Factor 3: Factor 4: Factor 5: Factor 6: Factor 7:

Factor 1: 1
Factor 2: 0.198 1
Factor 3: 0.302 –0.221 1
Factor 4: 0.330 –0.117 0.142 1
Factor 5: 0.209 –0.146 –0.064 –0.007 1
Factor 6: 0.030 –0.048 0.296 0.136 –0.042 1
Factor 7: 0.353 –0.400 0.209 0.193 0.174 0.108 1

These results suggest that cost-sensitive projects with clear client guidance were
more likely to incorporate reclaimed materials. Interview data supported this claim,
noting that consistent specification and incentive frameworks could encourage upcycling
practices. Similar mechanisms were advocated by Singh and Gupta [24] for promoting
the adoption of the circular economy. A positive relationship between Factor 1 (Reusing
existing reclaimed materials) and Factor 4 (Optimising costs) (r = 0.330) indicated that the
respondents associated material reuse with cost-saving opportunities. Similarly, Factor
1 also correlated moderately with Factor 7 (Economic viability of material utilisation)
(r = 0.353), suggesting that greater reuse aligns with perceptions of economic efficiency.

The weak positive correlation between Factor 3 (Limited design for upcycling) and
Factor 6 (Reluctance to upcycle) (r = 0.296) implied that where design limitations were
perceived, the hesitation to implement upcycling increased, reinforcing the importance of
technical guidance and design standards.

Conversely, the negative correlation between Factor 2 (Downcycling material to fill)
and both Factor 3 (Limited design for upcycling) (r = −0.221) and Factor 7 (Economic
viability) (r = −0.400) suggested that a stronger preference for downcycling may undermine
innovation and economic efficiency. In practice, this indicates that defaulting to low-
value reuse (fill) reflects lost economic and environmental opportunities. These insights
emphasise that improving design capability and financial incentives could strengthen the
perceived viability of sustainable material utilisation.

In summary, these findings highlight that, while technical feasibility and moderate
willingness exist, the broader perception of stakeholders on the adoption of upcycling is
constrained by institutional inertia, clients’ and designs’ specification rigidity, and perceived
contractual risks.

4. Conclusions

This mixed-methods case study provided empirical evidence that the adoption of
upcycling in the South African road construction industry was constrained more by institu-
tional and procedural barriers than by technical limitations. Competitive tendering, limited
testing capacity, and insufficient design-stage coordination emerged as the most critical
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obstacles. Correlation analysis confirmed that material reuse and cost optimisation were
positively related (r = 0.353), while downcycling showed a moderate negative correlation
with cost (r = −0.400), indicating that cost perceptions significantly influence materials
use choice. Design frameworks (r = 0.302) and institutional policies (r = 0.330) were also
positively linked to upcycling adoption, showing that coordinated planning and clear
governance improve decision outcomes.

A strong consensus emerged among stakeholders regarding the long-term cost and
environmental benefits of upcycling when supported by clear client specifications and pol-
icy incentives. Embedding upcycling requirements into design guidelines could therefore
advance material efficiency and carbon reduction in South Africa’s road sector.

Although the study was limited in sample size, it provides a validated diagnostic
framework that can inform future researchers and policymakers on circular material fea-
sibility. By framing upcycling within a practical policy, procurement, and educational
framework, this study supports South Africa’s transition towards a sustainable, resource-
efficient, and low-carbon road construction industry.
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