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ABSTRACT

Porous asphalt mixture (PA) is a type of mixture characterized by having large air voids content, with
aggregates of high quality and a small number of fines, commonly used as wearing course in
pavement structures due to the various benefits that this mixture provides in terms of safety and
environmental care. In general, PA mixture allows the water drainage through its structure,
improving the skid resistance and mitigating noise pollution. Despite the multiple functional
benefits, the durability of this mixture is lower in comparison to dense-graded asphalt mixtures.

In Europe and some countries of America, the use of polymer-modified binder (PMB) is quite
common to improve the durability of PA mixture. However, other additives such as synthetic fibers
could be presented as an innovate alternative to increase the overall performance of PA mixture.
The following study investigated the effect of adding synthetic fibers on the performance properties
of PA mixtures employing an innovative methodology which combines the Design of Experiment
(DOE) concept with the Multi-Criteria Decision-Making (MCDM) analysis. In the first phase of the
research, a complete laboratory assessment plan was developed to evaluate the effectiveness of
adding polyolefin-aramid (POA) and Polyacrylonitrile (PAN) synthetic fibers in PA mixtures in terms
of functionality and mechanical performance. As the bituminous mortar plays a dominant role in
the cohesive forces of the mix to keep the aggregates together, the effect of synthetic fibers at
asphalt mortar scale was also analyzed. Once the most promising fiber was selected, in a second
phase of the study, a novel methodology that integrates the Taguchi DOE concept with the CRITIC-
TOPSIS hybrid MCDM analysis was proposed to evaluate the impact of fibers taking into account
other control factors such as the binder type, the fiber content and the binder content.

Among the most relevant results found in the research is that both POA and PAN fibers increase the
raveling resistance and indirect tensile strength in dry conditions. However, the higher mechanical
performance was provided by the addition of POA fibers. At the asphalt mortar scale, significant
improvement of strength at low temperature (-15°C) was observed when adding 0.3% of POA and
PAN fibers.

Concerning the novel DOE-MCDM method proposed, the main effects plot for means obtained from
the Taguchi method, allowed to determine the proper levels of the control factors for the different
responses carried out. As multiple responses were obtained, the MCDM analysis allowed to
transform the multi-response optimization problem into single-one response optimization problem.
CRITIC was contemplated as an objective weighting approach whereas TOPSIS method contributed
to identify the optimal combination of the control factors and the preference ranking among the

experimental designs.

From the results obtained, POA fibers acted very well as a stabilizer agent and as reinforcement
since they reduced the particle loss in dry conditions. In the same way, the modified binder
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increased the raveling resistance in both dry and wet conditions without affecting the functional
performance of the mixture and without presenting a risk of binder drain down.

Although the first positions of the order of preference refers to experiments with mixes using
polymer modified binder, admissible results can be also obtained using a conventional binder as
long as the proper proportions of fibers are applied. The integration of DoE techniques and MCDM
analysis can be considered a powerful tool for the evaluation of the impact of different control

variables on different responses.

v Experimental evaluation of fiber-reinforced porous asphalt mixtures through the design
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RESUMEN

La mezcla asfaltica porosa (PA) es un tipo de mezcla que se caracteriza por tener un gran contenido
de huecos, fabricada con agregados de alta calidad y una baja cantidad de finos, cominmente
utilizada como capa de rodadura en estructuras de pavimento debido a los diversos beneficios que
proporciona esta mezcla en términos de seguridad y mds amigable con el medio ambiente. En
general, la mezcla PA permite el drenaje del agua a través de su estructura mejorando la resistencia
al deslizamiento y mitigando la contaminacién acustica. Sin embargo, a pesar de sus multiples
beneficios, la durabilidad de esta mezcla es mucho menor en comparacién con las mezclas asfalticas
densas.

En Europay algunos paises de América, el uso de betin modificado con polimeros (PMB) es bastante
habitual para mejorar la durabilidad de la mezcla porosa. Sin embargo, otros aditivos como las fibras
sintéticas suelen presentarse como una alternativa novedosa para aumentar el rendimiento global
de la mezcla porosa. El siguiente estudio investigd el efecto de afadir fibras sintéticas en el
comportamiento general de la mezcla PA utilizando una metodologia innovadora que combina el
concepto de disefio de experimentos (DOE) con el andlisis de toma de decisiones de criterios
multiples (MCDM). En una primera fase de la investigacién, se desarrollé un plan experimental en
laboratorio para evaluar la efectividad de afiadir fibras sintéticas de poliolefina-aramida (POA) y
poliacrilonitrilo (PAN) en mezclas PA en términos de funcionalidad y comportamiento mecdnico.
Como el mortero bituminoso juega un papel determinante en las fuerzas cohesivas dentro de la
mezcla para mantener los agregados juntos, también se analizo el efecto de las fibras sintéticas a la
escala del mortero asfaltico. Una vez que se selecciond la fibra mas prometedora; En una segunda
fase del estudio, se propuso una nueva metodologia que integra la metodologia Taguchi DOE con el
analisis multicriterio CRITIC-TOPSIS para evaluar el impacto de las fibras teniendo en cuenta otros
factores de control como el tipo de betun, el contenido de fibra y el contenido de betun.

Entre los resultados mas relevantes encontrados en la investigacidn, se encuentra que las fibras POA
y PAN, ambas aumentaron la resistencia a la pérdida de particulas y la traccidon indirecta en
condiciones secas. Sin embargo, el mayor rendimiento mecanico se obtuvo mediante la adicién de
fibras POA. A la escala del mortero asfaltico, se observd una mejora significativa de la resistencia a
baja temperatura (-15°C) al agregar 0.3% de fibras de POA y PAN.

En relacion con el innovador método DOE-MCDM propuesto, los graficos principales de efectos
medios obtenidos de la metodologia Taguchi, permitieron determinar los valores adecuados de los
factores de control para las diferentes respuestas llevadas a cabo. A medida que se obtuvo mas de
una respuesta, el andlisis multi-criterio permitid transformar el problema de optimizacion de
respuesta multiple en un problema de optimizacién de respuesta individual. CRITIC se considerd
como una aproximacion de ponderacion objetivo, mientras que el método TOPSIS contribuyé a
identificar la combinacion dptima de los factores de disefio y la clasificacion de preferencias entre
los disefios experimentales.
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A partir de los resultados obtenidos, las fibras POA actuaron muy bien como agente estabilizador y
como refuerzo, ya que redujeron la pérdida de particulas en condiciones secas. De la misma manera,
el betun modificado con polimeros aumentd la resistencia a la pérdida de particulas tanto en
condiciones secas como humedas sin afectar el comportamiento funcional de la mezcla y sin
presentar un riesgo de escurrimiento del betdn. Aunque las primeras posiciones del orden de
preferencia se refieren a experimentos con mezclas que usan betun modificado con polimeros,
también es posible obtener resultados que mejoren el comportamiento de la mezcla usando un
betun convencional siempre que se apliquen las proporciones adecuadas de fibras. La integracion
de las técnicas DOE y el andlisis MCDM puede considerarse una herramienta poderosa para la
evaluacion del impacto de diferentes variables de control en multiples respuestas.

\ Experimental evaluation of fiber-reinforced porous asphalt mixtures through the design
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1.1 Framework of the thesis

1.1.1 Background

The majority of countries employ dense-graded hot mix asphalt as a surface layer in the construction
of their roads. Nevertheless, other types of mixtures such as the open-graded asphalt mixtures have
become an attractive option for the development of new pavement structures. This mixture,
commonly known as Porous Asphalt (PA) in Europe [1,2] Open Graded Friction Course (OGFC) or
Porous Friction Course (PFC) in the United States [3,4], and Permeable Asphalt Concrete (PAC) in
China [5], is deemed an innovative eco-friendly solution due to the many benefits that this type of
mixture offers [3]. Among its advantages, better stormwater management due to the high porosity
(i.e. usually in the range between 18-22%) highlights [6,7]. The air voids in the porous asphalt
structure allow the drainage of water also preventing the splash and spray phenomenon. Similarly,
PA mixtures help to reduce the noise produced by the path of the vehicles and to decrease the risk
of aquaplaning and wet skidding [3]. Other profits include the mitigation of the urban heat island
effect [8] and the decrease of the accident rate due to the improved visibility, especially during the
rainy weather [9].

Despite the many benefits, the durability of the mixture is substantially smaller than conventional
dense-graded asphalt mixtures. The raveling, which can be defined as the loss of particles from the
surface of the pavement due to the abrasion generated by the traffic is one of the most common
types of failure in these mixtures [10]. For the above, some government agencies from America and
Europe have included in their specifications the use of polymer modified binders due to the higher
elasticity especially at lower temperatures and with the idea that the aging rate of this bitumen is
lower than conventional bitumen [11]. However, the high initial costs, high manufacturing
temperatures, and specialized equipment are sometimes necessary making the use of PA limited to
some extent.

On the other hand, Fibers appear as an innovative alternative to be implemented in PA mixtures. In
many construction materials such as Portland concrete and soils, fibers are mainly used as
reinforcement and added with the purpose to increase the tensile strength and to bring ductility to
the composites [12]. In bituminous composites such as dense-graded asphalt mixtures, the use of
different types of fibers including mineral, organic, steel and synthetic have also been studied [13].
There have been a large number of fiber-modified asphalt mixtures in which fibers have been used
to deal with the main flexible pavement problems as permanent deformation, fatigue cracking, and
thermal cracking [14]. Meanwhile, in PA mixtures, organic fibers such as cellulose are usually
employed to reduce the binder drain down. To date, few research efforts and very little information
concerning the use of fibers in PA mixtures are found in the scientific literature. Given the good
improvements in the mechanical properties of other composites, analyzing the influencing effect of
fibers in PA mixtures, is the challenge that this research took into consideration.
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As a novel contribution of this study, the Design of Experiments (DOE) concept combined with Multi-
Criteria Decision-Making (MCDM) analysis appears as a powerful statistical tool to deal with the
crucial objectives in this research. On the one hand, a DOE based on Taguchi orthogonal array has
been applied since it allows to analyze the interaction of different control factors with a reduced
number of experiments. In the same way, DOE enables to handle various variables simultaneously
and identify the most relevant factors and optimal levels that influence each one of the responses.

On the other hand, MCDM analysis is a suitable alternative for organizing and solving problems that
involve multiple criteria [15]. In the present research, a MCDM analysis helped in the selection of
the most suitable fibers that could reinforce the PA mixture. Additionally, since more than one
response was obtained experimentally, the MCDM analysis was proposed to transform the multi-
response optimization problem into a single-one response optimization problem.

1.1.2 Normative for the elaboration of the thesis

This thesis has been presented as a compendium of research articles based on the specifications of
the civil engineering PhD degree at the University of Cantabria (Spain) as shown below.

e Regulations of Academic Management of Doctoral studies regulated by the Royal Decree
99/2011 approved by the Governing Council of the University of Cantabria on March 4,
2015, in its title IX. “Preparation of the thesis as a compendium of articles.

e Regulations for the elaboration of the thesis as a compendium of articles within the Doctoral
Program of Civil Engineering of the Doctoral School of the University of Cantabria.

The compendium of research articles that supports the present PhD thesis is as follows.

e Article 1. Laboratory assessment of porous asphalt mixtures reinforced with synthetic
fibers. (DOI: 10.1016/j.conbuildmat.2019.117224). Accepted for publication on October 11
of 2019.

e Article 2. An experimental laboratory study of fiber reinforced asphalt mortars with
polyolefin-aramid and polyacrylonitrile fibers. (DOI: 10.1016/j.conbuildmat.2020.118622).
Accepted for publication on February 28 of 2020.

e Article 3. Multi-Response Optimization of Porous Asphalt Mixtures Reinforced with Aramid
and Polyolefin fibers employing the CRITIC-TOPSIS Based on Taguchi Methodology. (DOI:
10.3390/mal12223789). Accepted for publication on November 8 of 2019.

1.1.3 Projects associated with the thesis

The current research presents the results performed in the research line of “Construction of new
pavement structures” developed by the Construction Technology Applied Research Group (GITECO)
of the University of Cantabria. The doctoral thesis has been carried out in the framework of two
European projects:

e FIBRA project: Fostering the implementation of fiber-reinforced asphalt mixtures by
ensuring its safe, optimized, and cost-efficient use. This project has received funding from
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the European Commission of the Department of Roads (CEDR) under Transnational Road
Research Program call 2017 under contract N. 867481. The FIBRA project aims to overcome
the technical barriers for the safe and cost-efficient implementation of fiber-reinforced
asphalt mixtures (FRAM) by National Road Authorities (NRADS). The GITECO research group
from the University of Cantabria (Spain) coordinates this project and carries out the
research together with EMPA, Material Science and Technology (Switzerland), the Institute
fiir StraRenwesen (ISBS) from the Technishche Universitat Braunschweig (Germany), BAM
Infra bv (The Netherlands), SINTEF AS (Norway) and Veidekke Industri AS (Norway).

e Foresee project: Future-proofing strategies FOr Resilient transport networks against
Extreme Events. This project has received funding from the European Union’s Horizon 2020
research and innovation program under grant agreement No 769373. The overall objective
of the project is to provide cost-effective and reliable tools to improve the resilience of
transport infrastructure as the ability to reduce the magnitude and/or disruptive events.
The present doctoral thesis is linked to work package three whose main objective is to
develop porous asphalt mixtures with improved infiltration capacities with similar durability
and structural capability than conventional permeable mixtures.

1.2 Research objectives and Scope

The main objective of this study was to analyze the reinforcing effect of fibers on PA mixtures
employing a novel methodology which combines the design of experiments concept with the Multi-
Criteria Decision-Making analysis. The present research analyzed experimentally the effects of fiber
addition on the functional and mechanical performance of porous asphalt and bituminous mortar.
Furthermore, the reinforcing effect of fibers on PA was compared taking into account other control
factors such as binder type, fiber content and binder content. To that end, a parametric study based
on the concept of Taguchi DOE was developed. As more than one response was obtained from the
experiments, a MCDM analysis was applied to turn the multiple response optimization problem into
a single one response optimization problem. To achieve this objective the following tasks were
completed:

e A consistent laboratory plan assessment of porous asphalt mixtures reinforced with
synthetic fibers.

e An experimental laboratory study of fiber-reinforced asphalt mortars with synthetic fibers.

e A novel combination of DOE-MCDM analysis was proposed to analyze the reinforcing effect
of fibers considering other control factors.

1.3 Relationship between the articles constituting the thesis

This thesis includes a total of three scientific articles indexed in the Journal Citation Report (JCR).
Two of them belong to the first quartile (Q1), while the remaining one belongs to the se