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ABSTRACT 

Self-healing of microcracks has been recognized to play an important role in the overall be-

havior of bituminous binders. It has been widely observed that the microdamage restoration 

happening in the field leads to an increase in the lifespan of bituminous pavements. How-

ever, self-healing is still debated, and the overall phenomenon requires a more comprehen-

sive understanding. In fact, the evaluation of self-healing of bituminous binders still lacks a 

universal testing protocol. Several approaches have been proposed by the scientific com-

munity, which stems from different ways of studying and modeling the phenomenon. In 

this background, the present dissertation arises from the comparison of three diverse meth-

ods to quantify healing of neat and polymer-modified bituminous binders. Based on the re-

sults, the research was furtherly developed by adopting a single testing protocol which in-

cluded two oscillatory shear loading intervals separated by a single rest period. The meth-

odological approach was focused on the effect of rest time and rest temperature with the 

purpose of providing simple and effective tools to predict the healing response of the bind-

ers. The analysis involved a quantitative assessment of self-healing based on the magnitude 

of stiffness and fatigue endurance gain, in which biasing time-dependent artefacts were 

properly quantified and removed. Obtained results were found to be consistent with the ki-

netics of self-healing phenomena and underscored the importance of multiple testing condi-

tions for a reliable evaluation of true self-healing properties. This is mostly important when 

the performances of different binders need to be compared. In fact, a single parameter can-

not be capable of conveying a reliable ranking between materials, since it is found to be 

valid only for the specific conditions adopted during testing. Therefore, a new model rely-

ing on the generalized logistic function was proposed to describe the self-healing perfor-

mance of bituminous binders. However, it must be underlined that a comprehensive ap-

proach needs to include the evaluation of the overall fatigue performance, not only exclu-

sively based on the relative assessment of self-healing. Advanced modeling also included 

the application of non-linear viscoelastic constitutive theory which was successfully im-

plemented on the self-healing phenomenon. This allowed the construction of self-healing 

master curves in the reduced rest time domain which proved the applicability of rest time-

rest temperature superposition principle. Such self-healing master curves were found to 

properly predict the self-healing potentials of bituminous materials. 
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1. INTRODUCTION 

1.1 General Perspective: Fatigue and Crack Healing 

Fatigue cracking is one of the major distresses occurring in bituminous pavements. This is 

mostly caused by repeated vehicular loading, although environmental conditions can con-

tribute to the deterioration process. As the pavement undergoes loading over time, mi-

crocracks initiate and later propagate until they finally coalesce into interconnected pieces, 

which form the so-called alligator-shape cracking. Further deterioration leads to potholes 

that severely decrease the pavement strength and service life. Among the factors which 

contribute to the fatigue resistance, such as mixture volumetric characteristics and pave-

ment layer thickness, bituminous binder response is of primary importance. This is moti-

vated by the fact that cohesive microcracks initiate and propagate through the binder phase 

and/or at the aggregate-binder interface. Thus, the constitutive fatigue behavior of bitumi-

nous materials requires to be accurately evaluated for the design of durable pavements. 

As luck would it, bituminous materials possess the inherent capability to counteract the 

damage process and alleviate fatigue cracking. Such a property, referred to as self-healing, 

contributes toward a prolonged service life of pavements by taking place during recurring 

rest periods between each axle load application. In fact, the intermittent nature of traffic al-

lows the material to rest, thus promoting the restoration of its functionality to some extent. 

This is dependent on several intrinsic factors which rely on the bitumen inner characteris-

tics and on different extrinsic factors such as time, temperature, moisture and loading con-

ditions. Therefore, a sound understanding of self-healing phenomenon along with the de-

velopment of a way to exploit it in service life is certainly needed for the pavement design 

process. 

1.2 Problem Statement 

The design of a cost-effective and sustainable flexible pavement requires the behavior of 

pavement to be understood in different scenarios in terms of loading and environmental 

conditions. Thus, an accurate evaluation of the material performances is required both with 
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laboratory testing and in-field testing. This is necessary in order to delay the occurrence of 

distresses which cause the decay of performances. Among the various distresses affecting 

bituminous pavements, such as low temperature cracking, rutting and moisture-associated 

cracking, fatigue cracking is one of the primary modes of failure which needs to be proper-

ly addressed in pavement design. However, laboratory setting adopted to test the material 

is, in a way, different than that on real pavement, thus leading to differences between the 

laboratory-evaluated fatigue life of bituminous mixture and that of real pavements observed 

in field. Differences are essentially related to the following factors [1]: 

 Difference between calculated versus measured strains; 

 Difference between the state of stress in the field and in the laboratory; 

 Consideration of the traffic wander area; 

 Difference between laboratory-compacted specimens and field compaction; 

 Consideration of material healing during rest periods. 

For each of these aspects, shift factors are needed to adjust results obtained in the laborato-

ry. The healing effect, which is of interest in this thesis, is responsible for improving the 

fatigue performance at relatively high temperatures and dominates the laboratory-to-field 

empirical shift factors in the design process. However, their actual reliability is still unclear 

and tied to a random choice of a value between 1.5 and 20 [2]. Thus, a more appropriate 

constitutive model, describing the material behavior, is required to address this problem. 

However, the complexity of the self-healing physicochemical phenomenon makes it diffi-

cult to incorporate this property within a fundamental approach of fatigue cracking. Alt-

hough several types of intuitive mechanisms have been proposed in the attempt of explain-

ing the process from a theoretical point of view, self-healing characterization of bitumen-

based materials still lacks a universal standardized approach. 

1.3 Research Objectives and Thesis Outline 

The main objective of the present thesis is to provide a sound understanding of the self-

healing process through a macroscale characterization at the binder level. The methodolog-

ical approach relied on three main objectives, related to experimental testing and advanced 

modeling. The objectives are listed as follows: 

I. Comparison between different fatigue-based self-healing protocols; 

II. Evaluation of the impact of rest temperature and rest time; 

III. Modelling of experimental data by means of a constitutive model. 



1.3 Research Objectives and Thesis Outline  3 

The structure of this thesis consists of five sections. 

Chapter 1 is dedicated to display a general picture of the topic, by introducing the self-

healing of pavement materials, occurring as a consequence of deleterious mechanical 

changes. This section also frames the problem statement and the objectives pursued during 

the research program. 

Chapter 2 is focused on the literature review, thus providing an overview on self-healing of 

bituminous binders. The major mechanisms describing the self-healing are presented, spe-

cifically related to the theories of molecular interdiffusion, surface energy, and capillarity 

flow. Focus is then placed on screening the factors which influence the healing phenome-

non, by differentiating the intrinsic and extrinsic factors. Chapter 2 ends up by presenting 

the macroscale approaches proposed in the literature to evaluate self-healing on bitumen-

based materials at binder level. 

Chapter 3 reaches the core of the research program by providing information on the select-

ed materials and the equipment used for testing. This section also provides detailed infor-

mation on the testing methods adopted during the whole investigation, from the preliminary 

characterization performed on the binders to the testing approaches adopted to assess self-

healing of materials.  

Chapter 4 is dedicated to the analysis and interpretation of obtained results. Outcomes are 

presented based on the three objectives listed above, and in-deep explanations for each of 

them are provided. Specific models developed during this research program are presented 

by explaining all the analytical steps followed to calibrate such models to raw data obtained 

with the testing phase. 

The last section concludes this dissertation by summarizing the main conclusions and by 

suggesting final recommendations for further studies. 
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2. LITERATURE REVIEW 

Preamble 

Self-healing of bitumen-based materials is a built-in property related to microstructural re-

building process, which has been investigated since 1960s. The existence of this phenome-

non has been supported by different multi-scale characterization methods and several theo-

ries proposed to explain the process. Nevertheless, all the research studies share the corner-

stone that self-healing remains a complex, not-fully understood mechanism. This chapter is 

dedicated to present the most relevant findings, by placing the focus on bituminous binders, 

which are the materials under study of this thesis. The chapter is basically divided into four 

sections. In the first section, self-healing of bituminous binders is introduced and discrimi-

nated from other biasing phenomena, possibly superimposed to self-healing and fatigue 

cracking process. The second section presents possible types of mechanism developed to 

describe the process, based on the concepts of molecular diffusion, surface energy, and cap-

illarity flow. The third section outlines the dependence of self-healing on intrinsic and ex-

trinsic influencing factors. The last section is related to the macroscale methods proposed 

by the scientific community to characterize the self-healing response of bituminous binders. 

2.1 Self-Healing in Bituminous Materials 

Several materials such as polymers, ceramics, and metals, possess the capability to heal 

themselves towards their original state, after being subjected to deleterious structural 

changes. Among them, bituminous binders are inherently prone to self-repair structural 

changes in the form of nano/microcracks, which grow and accumulate over time due to re-

peated vehicular loading and environmental conditions [3]. This holds the promise of de-

signing sustainable pavements because it can considerably decrease maintenance costs, ex-

tend lifetimes, and eventually reduce gas emission. 

Self-healing in bitumen-based material was first witnessed in 1967 by Bazin and Saunier 

[4], who observed the beneficial effects of rest periods on damaged specimen of bituminous 

mixture. They reported that the material healing ability was more pronounced at relatively 
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high temperatures, although they also noticed this capability to be influenced by other fac-

tors. From then on, the self-healing has been a challenging topic interestingly discussed by 

researcher all over the world. 

Although the restoration of material properties is regularly witnessed during rest periods, 

the driving mechanisms are somehow unclear because self-healing is a complex physico-

chemical process made up with different phases untangled to each other. Several attempts 

have been done to describe the whole phenomenon, but the lack of a clear definition of 

healing is still required, and consequently a universal evaluation protocol, both at binder 

and mixture scale. A consensus is that self-healing acts to repair the microcracks, thus 

bringing to the restoration of material initial properties. However, it is worth underlining 

that it has no effect with respect to open cracks unless there exist external forces able to 

promote the closing of macrocrack [5]. For the sake of clarity, it is underlined that, in this 

thesis, microcracks formation and propagation, leading to detrimental structural changes, 

refers to as damage. Such damage is the consequence of defects in the binder matrix [6], 

that trigger microcrack initiation and consequent propagation, when the material undergoes 

the so-called fatigue loading characterized by cyclic mechanical loading. Microcracks can 

grow cohesively in the binder medium (cohesive cracking) or occur at the binder-aggregate 

interface (adhesive cracking) [7]. Thus, the healing process which comes down to the bind-

er medium, must be also considered within the mixture. 

Manifold experimental studies have underlined that the fatigue life of bituminous mixture is 

extended when rest periods are introduced between successive loading pulses [8,9]. It is be-

lieved that this is mostly due to the healing process occurring during these rest periods, thus 

empirical shift factors are needed to adjust the laboratory-evaluated fatigue life when com-

pared to that measured in field [10]. This helps the mechanistic pavement design proce-

dures to account for healing, although a clear consensus is not achieved in the scientific 

community about this. 

2.1.1 Healing versus Viscoelastic Response 

It is recalled that self-healing of bituminous binders refers to the intrinsic capability which 

leads to the restoration of original properties, by diminishing the micro-damage accumulat-

ed within the material [3]. However, biasing effects come into play during both the damag-

ing process and the consequent restoration, due to the time/temperature-dependent nature of 

bitumen [7]. These undesired reversible effects lead to the loss and restoration of mechani-

cal properties being overestimated, as pictured in Figure 2.1. 
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In fact, the bitumen viscoelastic response can similarly lead to increment of mechanical 

properties, thus making it difficult to discriminate healing-related restoration from other 

time-dependent phenomena. This is specifically true in viscoelastic materials, in which the 

variable of time is extremely important because the relationship between stress and strain 

depends on time. For this reason, they are also called time-dependent materials. Viscoelas-

tic behavior, upon sufficiently rapid stress input, is depicted through an initial elastic re-

sponse followed by a continuous increasing strain at decreasing rate. Whenever the input is 

interrupted, the response is characterized by an instantaneous elastic recovery followed by a 

continuous decreasing strain over time [11]. This is due to the molecular chains’ rear-

rangement within the bituminous matrix, which includes the linear and non-linear viscoe-

lastic responses (hereafter denoted as LVE and NLVE, respectively). The former comprises 

the elastic response and the viscous dissipated energy, whether the latter includes also other 

phenomena such as non-linearity and thixotropy [12]. 

 

Figure 2.1 – Pictorial representation of factors occurring in the damage-restoration phenomenon [7]. 

When referring to cyclic loading imposed over time to the material, changes in its mechani-

cal characteristics are mostly the result of non-reversible components ascribed to the initia-

tion and propagation of fatigue microcracks, which eventually leads to failure by coalescing 

to macrocracks. However, part of the performance decay is imputed to parasitic effects such 

as local self-heating, non-linearity and thixotropy [13]. Self-heating is associated to the vis-

cous dissipated energy which determines an increase in the internal temperature of the fa-

tigued material, thus consequently causing a reduction in stiffness [14,15]. Non-linearity 

occurs if the load amplitude is high enough to determine a deviation of the behavior from 

the linear viscoelasticity, and it generally vanishes when the stress or strain amplitude tends 

to zero [16]. However, it must be underlined that even though the strain amplitude imposed 
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to the overall mixture is low, the strains generated within the interspaces among aggregates 

can be significantly higher, thus involving non-linear effects [7]. 

Whether the material is left idle after deleterious microstructural changes, local cooling, 

thixotropy and self-healing begin to act in favor of the restoration of the original state. The 

part of restoration associated to reversible parasitic effects has been suggested to be referred 

as recovery. Instead, the reverse of structural damage is defined as self-healing [7]. Self-

healing and thixotropy co-exist during rest periods and loading application phases, although 

healing is imparted by the viscous nature of material whether detrimental microstructural 

changes are present, whereas thixotropy is not related to damage [17,18]. 

Thixotropy is defined as a reversible phenomenon characterized by time-dependent soften-

ing, i.e. continuous decrease of viscosity, when the material is subjected to shear-

ing/shaking, followed by the time-dependent recovery of viscosity when the flow is inter-

rupted [19]. In other words, it is related to material microstructural changes, from the  dis-

ruption of the microstructure when the material is shaken, and subsequent restructuring 

process due to Brownian motion when the material is at rest [7,20,21]. Interpretation of this 

phenomenon relies on the sol-gel picture of bitumen, with gel structure formation occurring 

during rest periods. Thus, when subjecting the material to loading phases, part of the stiff-

ness loss can be ascribed to thixotropy. On the other hand, part of the stiffness gain during 

the unloading conditions can be imputed to thixotropy as well [13]. However, thixotropic 

mechanism needs to be differentiated from linear viscoelasticity of creep and relaxation 

since it occurs only when high levels of inputs, outside the linear viscoelastic domain, are 

involved [22]. In fact, viscoelastic materials do not necessarily exhibit thixotropic behavior. 

Such a difference can be understood when subjecting the material to a step-down in shear 

rate history. Normal viscoelastic bodies would respond with a monotonically decreasing 

stress upon reaching a plateau value, whereas the most general thixotropic behavior would 

be depicted by an instantaneous drop in viscosity, followed by a fast relaxation and a sub-

sequent increase in stress [19].  

Steric hardening is also associated to the thixotropic nature of the material. In fact, thixot-

ropy and steric hardening are both related to microstructural rearrangement of molecules, 

although generated by different causes [12]. Steric hardening is defined as a time-dependent 

behavior occurring in isothermal conditions at intermediate to low temperatures [23]. This 

phenomenon initially takes place from the ordering process of asphaltenes during the bitu-

men cooling phase from its melted state [24]. Continuous reorganization of molecules over 

time during isothermal storage leads to the building up of stronger networks of asphaltenes 

with a concomitant increase of bitumen stiffness [25]. This increase in binder consistency 

with time, not ascribable to chemical aging, was firstly observed by Traxler et al. [26] who 

underlined the reversibility of the phenomenon by heat or mechanical work. For such rea-
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sons, it is also referred to as reversible aging. In particular, the occurrence of steric harden-

ing, within the region of intermediate temperatures, relies on the formation of secondary 

bonds among the polar components of the bituminous matrix. These secondary associations 

arise over time from the mutual interaction between adjacent molecules. In fact, the bitu-

men molecules, characterized by different degree of polarity, possess regions with both 

positive and negative charges, which tend to attract oppositely charged regions of mole-

cules nearby. Due to the weakness of the secondary bonds, which can be easily disrupted, 

the phenomenon is completely reversible [27]. In the case of polymer modified binders, the 

presence of styrene-butadiene-styrene (SBS) hinders the ordering capability of alkanes and 

alkyl aromatics, as demonstrated by Collins et al. [28]. It can be concluded that the magni-

tude of steric hardening is bitumen and temperature dependent [29] and it generally affects 

healing tests by leading to an overestimation of the true material healing property when 

prolonged rest times are imposed [30]. 

Some attempts to incorporate these biasing effects within the fatigue-healing context of bi-

tuminous binders have been successfully carried out. Santagata et al. [30] uncoupled the 

steric hardening effects from those ascribable to self-healing by subjecting the material to 

fatigue-based healing test with the insertion of a rest period, coupled with test in which a 

single loading phase was applied after a prolonged rest. Canestrari et al. [31] took into ac-

count the thixotropic phenomenon occurring in fatigue-based healing test with multiple rest 

times. Shan et al. [22] proposed the use of thixotropic model correlated with measurements 

obtained through fatigue and healing tests. 

2.2 Theoretical Perspective on Self-Healing 

Interpretation and understanding of the self-healing phenomenon require models, capable of 

describing the process. Due to the analogy between polymeric system and bituminous mate-

rial, it is instructive to recall the healing definition in polymers. In the case of two fractured 

surfaces, if there exists the possibility of them to be brought into contact at a temperature 

above the glass transition, then the crack interface tends to disappear and a consequent in-

crease in the mechanical strength develops until achieving the properties of the virgin mate-

rial [32,33]. In the context of bituminous binders, three main theoretical mechanisms have 

been proposed in the literature, based on the concepts of molecular diffusion, surface ener-

gy, and capillarity flow. However, although the theory on this topic looks sound, the com-

plexity of the physicochemical process of self-healing is still debated. 
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2.2.1 The Molecular Interdiffusion Concept 

In the context of polymeric systems, explanation of the self-healing mechanism has arisen 

from the molecular interdiffusion theory proposed by Wool and O'Connor [34]. Crack heal-

ing is described as a subsequential multi-stage process, triggered by initial surface rear-

rangement, which leads to approach of micro-crack surfaces, followed by wetting and com-

pleted by diffusion and randomization processes. These stages are schematically presented 

in Figure 2.2. The whole mechanism is intended to lead to the strength restoration of the 

material by re-establishing secondary associations among microstructural components, and 

subsequent formation of mechanical bridges at the crack interface by Rouse diffusion or by 

reptation [18,35,36]. The first two stages of the process are related to the rearrangement and 

approach of crack surfaces, respectively. In particular, the first stage, which includes in-

ward migration, relaxation, and chains’ chemical reactions, generally reduces the strength 

achievable through cohesive bonds due to inhomogeneity at the crack surface [37,38]. The 

second stage refers to the approach of surfaces which firstly leads to partial mechanical 

bonds, occurring due to molecular flow [39]. This process is facilitated in polymeric system 

characterized by lower viscosity, whereas in high viscosity systems the interpenetration of 

the cracked surfaces and the concomitant uniform contact are hindered [40]. 

 

I-II) 
Rearrangement and 

approach of surfaces 

 

III) Wetting 

 

IV) Partial diffusion 

 

V) 
Diffusion and 

randomization 

Figure 2.2 – Schematic representation of crack healing via a multi-stage process made up with: (I-II) rearrange-

ment and approach, (III) wetting, (IV) diffusion and (V) randomization [34]. 
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The third stage is related to wetting of crack interfaces, which represents the preparatory 

step towards the diffusion of molecular chains across the crack once the intimate contact 

between the microcrack faces is achieved. This is promoted by the absence of inhomoge-

neities which potentially represent barriers in achieving cohesive strengths [33]. The final 

stages of diffusion and randomization lead to the pristine molecular configuration through 

entanglement and interpenetration of molecular minor chains with random Gaussian con-

formations. This mechanism was defined by Kim and Wool [38,39] in their minor chain 

model, presented in Figure 2.3, based on the reptation model proposed by De Gennes 

[35,41]. Such a model basically pictures a random molecular chain confined in a tube-like 

region, representing the constrains imparted by other chains in the bulk. The chain progres-

sively untangles itself from the initial tube (minor chains), finally diffusing among the ob-

stacles and across the interface towards new conformations. 

It is concluded that the diffusion stage is responsible of the restoration of mechanical prop-

erties during healing, whereas the randomization stage leads to complete loss of memory of 

the crack interface. 

Two chains at the interface Disentanglement of chains Diffusion and randomization 

   
          Chain     Initial tube                Minor chain   Obstacles 

Figure 2.3 – From left to right, schematic representation of two chains in their initial conformations nearby the 

interface towards their conformation due to diffusion and randomization phenomena [39]. 

The macroscopic restoration, 𝑅𝑀, was proposed in the form of a convolution integral, in 

which an intrinsic healing function, 𝑅ℎ(𝑡), for wetting and diffusion, and a wetting distribu-

tion function, 𝜙(𝜏), were defined as indicated in Eq. (1) [34]. 

𝑅𝑀 = ∫ 𝑅ℎ(𝑡 − 𝜉)
𝑑𝜙(𝜉)

𝑑𝜉
𝑑𝜉

𝑡

−∞

 (Eq. 1) 

𝑅ℎ(𝑡) = 𝑅0 + Κ ∙ 𝑡
1/4 ∙ 𝜙(𝑡) (Eq. 2) 

In which 𝜉 is a variable of time, 𝑡 is the actual time and Κ is a constant. Eq. 2 expresses the 

time dependence of 𝑅ℎ(𝑡), through the summation of the instantaneous healing, 𝑅0, driven 

by cohesion, and the time-dependent healing due to wetting, 𝜙(𝑡), and interfacial diffusion. 
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Based on the multi-stage model for polymeric system, Phillips [42] reduced the multi-stage 

concept to three steps for fatigue cracking and healing, due to the similarity between bitu-

men and polymers. Fatigue and healing can be imagined as two competitors acting in 

pavement during its service life. Fatigue cracking process starts with the crack initiation 

(first step), which propagates over time due to loading (second step), eventually leading to 

material failure (third step). The first step is the slowest whereas the last is the fastest. The 

consequence of this process within the material is the loss of its characteristics, such as 

modulus and strength. On the other hand, self-healing counteracts the fatigue phenomenon 

leading to restoration of modulus and strength. Self-healing process, according to Phillips, 

is triggered by the initial closure of crack (first step), promoted by consolidation of stress 

and material flow. This is followed by wetting phenomenon (second step), encouraged by 

thermal actions, which eventually leads to the gain of the pristine material structure after 

diffusion and randomization of asphaltene molecules (third step). The material flow is 

thought to be the fastest step compared to the following two steps which are believed to re-

quire more time to fully occur. A schematic representation of the model is given in Figure 

2.4, which represents a corrected reproduction of the original representation published by 

Phillips, in which the restoration of strength was inconsistently presented to happen before 

the modulus gain. 

Modulus 

Loss 

 
Crack 

Initiation 

 

Diffusion   

Strength 

Loss 

 
Crack 

Propagation 
Wetting  

 
Strength 

Gain 

 

 

Failure Flow  
Modulus 

Gain 

Fatigue Cracking 

Phenomenon 

Self-Healing 

Phenomenon 

Figure 2.4 – Schematic representation of the three-step model [42]. 

Based on the findings of Wool and O’Connor, Bhasin and co-workers [43,44] developed a 

novel testing procedure based on two-pieces sample to determine the intrinsic healing func-

tion of Eq. 1. Basically, they assumed that the wetting distribution function can be reduced 

to the Dirac-delta function by bringing the two pieces of the sample into intimate contact. 

Thus, the macroscopic restoration is reduced to the intrinsic healing functions, expressed by 

the Avrami-like equation of Eq. 3: 
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𝑅ℎ(𝑡) = 𝑅0 + 𝑝1(1 − 𝑒
−𝑝2𝑡

𝑝3) (Eq. 3) 

Where 𝑡 is the time, 𝑅0 denotes the instantaneous healing due to intimate contact of sample 

faces and 𝑝1, 𝑝2 and 𝑝3 are material parameters. 

2.2.2 The Surface Energy Concept 

The surface energy concept takes hold from the fracture mechanics of a viscoelastic body 

developed by Schapery [45]. The theory provides insights on the mechanical work required 

for crack growth in the material, namely the fracture energy (Γ𝑓) introduced as surface en-

ergy, 2Γ𝑓, which is thermodynamically defined as the energy needed to develop a new unit 

area of surface. Such an energy is counterbalanced by the energy stored in the material for 

the formation of new additional cracked area [46]. This is expressed in Eq. 4, where 𝐸𝑅 is 

the arbitrary reference modulus, 𝐷𝑓 is the tensile creep compliance over the time 𝑡𝛼, and 𝐽𝑣 

is the J-integral, namely the energy release rate which represents a crack-growth parameter. 

2Γ𝑓 = 𝐸𝑅𝐷𝑓(𝑡𝛼)𝐽𝑣 (Eq. 4) 

Thus, newly created cracks can occur in those cases in which the work of adhesion is over-

passed by the released energy. It follows that low values of 2Γ𝑓 and high values of 𝐷𝑓 ac-

celerate the crack growth rate [47]. 

The theory was developed for crack growth, but it is also applicable to crack closure due to 

healing. In fact, a reduction in crack surface energy allows the healing process to be trig-

gered and developed [12]. The healing surface energy (2Γℎ) derived for a crack zone is re-

ported in Eq. 5, where 𝐷ℎ is the compressive creep compliance over the time 𝑡𝛼, and 𝐻𝑣  is 

the H-integral [48]. Similarly to the microcrack growth, the microcrack healing is promoted 

by low values of 2Γℎ and high values of 𝐷ℎ [47]. Moreover, it is worth noting that both Eq. 

4 and Eq. 5 refer to viscoelastic materials because pseudo parameters are introduced to iso-

late viscoelasticity. 

2Γℎ = 𝐸𝑅𝐷ℎ(𝑡𝛼)𝐻𝑣 (Eq. 5) 

The surface energy approach was applied to the wetting of aggregate-binder systems, offer-

ing quantification of adhesive bonding by means of parameters adopted for surface energy 

derivation [46,49,50]. However, differently from the surface energy and compliance of Eq. 

4 and Eq. 5 that are measurable, measuring the adhesive surface energy is not a trivial task.  

Fowkes [51,52] defined the surface energy for a single phase (either bitumen or aggregate) 

as the summation of two components, represented by the Lifschitz-van der Waals non-polar 

component (Γ𝐿𝑊), proven to control the healing rate in the short term (ℎ1̇), and the Lewis 
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acid-base polar component (Γ𝐴𝐵), impacting on the long-term healing rate (ℎ2̇) [50]. Based 

on these two components of the surface free energy, the overall healing rate, ℎ̇, is deter-

mined as expressed in Eq. 6-8 [12,53]: 

ℎ̇ = ℎ2̇ +
ℎ1̇ − ℎ2̇

1 +
ℎ1̇ − ℎ2̇
ℎ𝛽

Δ𝑡

 
(Eq. 6) 

ℎ1̇ = 𝛽 [
𝐾ℎ𝐸𝑅𝐷ℎ𝐻𝑣
2Γ𝐿𝑊

]

1
𝑚ℎ

 (Eq. 7) 

ℎ2̇ = 𝛽 [
2𝑟𝑚𝐸𝑅

2𝐷ℎ𝐻𝑣Γ
𝐴𝐵

(1 − 𝜐2)𝐶𝑚
1/𝑚ℎ𝐻𝑣

] (Eq. 8) 

Where: 

 Δ𝑡 is the interval of rest between successive load applications; 

 ℎ𝛽 is a factor controlling the degree of healing of material; 

 𝛽 refers to size of the healing area; 

 𝑚ℎ is the slope of the creep compliance in the logarithm scale; 

 𝐾ℎ, 𝑟𝑚 and  𝐶𝑚 are functions of 𝑚ℎ; 

 𝜐 is the Poisson’s ratio. 

2.2.3 The Capillarity Flow Concept 

The theory described above provides reasonable basis to explain the healing process that 

occurs in repairing the microcracks. However, when fresh open cracks come into play, the 

multi-stage and the surface free energy concepts cannot hold, because the visible gap be-

tween the crack faces hinders the wetting and diffusion phenomena, due to the lack of fully 

intimate contact. Despite this consideration, the effect of healing is still observed in those 

cases in which advantageous conditions exist, in terms of proper rest duration and adequate 

environmental temperature. In fact, above certain values of temperature, bitumen behaves 

as a viscous Newtonian fluid [54], being capable of flowing through the crack. Thus, in or-

der to provide explanations to such observations, the capillarity flow theory was introduced 

by Garcia et al. [5], who experimented it by simulating open cracks through a set of capil-

larity tubes. 

The capillarity penetration of a fluid within the interspaces of a medium is generally al-

lowed by spontaneous movements triggered by differences in the interfacial pressure. At 

some point, this pressure will be counterbalanced by the hydrostatic pressure, due to the 
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presence of gravity, thus interrupting the capillarity flow [55]. The forces acting on the bi-

tumen within an open crack are combined in Eq. 9, deducted from the Lucas-Washburn 

equation, and pictured out in Figure 2.5. 

𝐹𝑡 = 𝐹𝑑 − 𝐹𝑔 (Eq. 9) 

Where the force 𝐹𝑡 is exerted by the surface tension, the dissipation force 𝐹𝑑 accounts for 

the energy dissipation, such as that due to friction occurring at the crack faces during the 

bitumen movement, and 𝐹𝑔 is imparted by the gravity. Such forces are made explicit in Eq. 

10-12 [56]: 

𝐹𝑡 = 2𝜋𝑟𝛾𝑠𝑐𝑜𝑠𝜃 (Eq. 10) 

𝐹𝑑 = 2𝜋𝜍
𝑑ℎ(𝑡)

𝑑𝑡
 (Eq. 11) 

𝐹𝑔 = 𝜌𝑔𝜋𝑟
2[ℎ𝑝 − ℎ(𝑡)] (Eq. 12) 

Where: 

 𝑟 is the radius of the capillary crack; 

 𝛾𝑠 is the liquid surface tension; 

 𝜃 is the contact angle of the liquid-crack interface; 

 𝜍 is a parameter accounting for additional dissipation of energy; 

 𝑡 refers to time; 

 𝜌 is the density of bitumen; 

 𝑔 represents the gravity; 

 ℎ𝑝 is the distance between the surface and the contact point of the cracked area; 

 ℎ(𝑡) is the height reached by the bitumen within the crack at time 𝑡. 

Thus, Eq. 9 can be rewritten by substituting Eq. 10-12: 

2𝜋𝑟 [𝛾𝑠 − 𝜍
𝑑ℎ(𝑡)

𝑑𝑡
] = 𝜌𝑔𝜋𝑟2[ℎ(𝑡) − ℎ𝑝] (Eq. 13) 

By assuming that the speed of the bitumen, during the capillarity movement, is constant, 

and by considering the analytical solution of Eq. 13, presented in Eq. 14, the area effective-

ly resisting, 𝐴𝐸(𝑡), after the time 𝑡 of healing is given as [5,56]: 

ℎ(𝑡) = (ℎ𝑝 +
2𝛾𝑠
𝜌𝑔𝑟

) (1 − 𝑒
−
𝜌𝑔𝑟𝑡
2𝜍 ) (Eq. 14) 

𝐴𝐸(𝑡) = 𝑐
𝜌𝑔𝑟𝑡

2𝜍
(ℎ𝑝 +

2𝛾𝑠
𝜌𝑔𝑟

)
2

∫ (1 − 𝑒
−
𝜌𝑔𝑟𝑡
2𝜍 ) 𝑒

−
𝜌𝑔𝑟𝑡
2𝜍 𝑑𝑡

𝑡

0

 (Eq. 15) 
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Where 𝑐 is the value of contact points. However, it must be underlined that the validity of 

such a model is restricted by the assumption that the bituminous binder exhibits near-

Newtonian behavior, which is known to occur above certain values of temperature [54]. 

 

Figure 2.5 – Schematic representation of the capillarity flow during healing phenomenon [56]. 

2.3 Factors Influencing Self-Healing  

The self-healing process is influenced by several factors. At both the micro- and macro-

scale level, these factors are represented by the inner characteristics of bitumen which in-

clude physical properties, chemical composition, molecular structure, surface free energy, 

and the presence of modifiers. Although the propensity to self-repair is strongly dictated by 

the inherent material properties, extrinsic factors come into play by promoting or hindering 

the healing phenomenon. The main factors of this category are represented by rest time, 

temperature, moisture, and loading conditions.  

2.3.1 Intrinsic Factors 

The composition and morphology of bituminous binders play a substantial role in determin-

ing the healing aptitude. Several experimental studies demonstrated that bituminous binders 

characterized by a low viscosity, low softening point, and high penetration grade are more 

prone to self-repair structural damage. This is due to the fact that the material easily flows 

through the microcrack channels, thus encouraging wetting and diffusion phenomena to oc-

cur [10,57,58]. However, the material properties from a macroscale perspective are in turn 

dictated by the binder chemical composition. In fact, the presence of low molecular weight 

compounds with a high aromatic fraction [59,60] promote the healing process because this 

imparts a lower viscosity with a higher aptitude to interpenetrate the interstices of the mi-

crocracks [61,62]. Moreover, the presence of longer chains and fewer branched microstruc-
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tures promotes the molecular mobility and consequently the aptitude of the material to dif-

fuse at crack interfaces [63,64]. Correlation between self-healing and surface free energy 

was demonstrated by Little et al. [65] and Lytton [50]. A lower quantity of Lifschitz-van 

der Waals components is desirable to have good healing response, since they hamper short-

term healing. Instead, a higher amount of Lewis acid-base components promotes the heal-

ing phenomena prevailing in the long-term. 

As the material microstructure determines the intrinsic aptitude to self-heal, the incorpora-

tion of chemical agents within the bituminous matrix, used as bitumen modifiers, plays a 

large part in determining the binder ultimate healing response. However, with specific em-

phasis placed on Styrene-Butadiene-Styrene (SBS) polymers, the effects of the mutual in-

teractions occurring between the polymeric system and bitumen, in terms of healing per-

formances, remain still unclear and debated. In fact, Qiu [17] underlined that the healing 

potential of SBS-based systems need to be appropriately evaluated, based on the fact that, 

from one end, rupture within the polymeric network compromises the healing phenomenon; 

from the other end, at lower damage level, the elastic recovery of the polymeric network 

results in a confinement to accelerate the self-healing-related stages. Nevertheless, several 

studies highlighted the positive contribution of SBS on the healing-related gain [66,67]. 

When crosslinked polymer network is widespread within the neat bituminous matrix, Shen 

et al. [68] and Sun et al. [69] reported enhanced restoration of the polymer-modified bind-

ers, via constant stress loading-based healing tests and fluorescence microscope, respective-

ly. Also Santagata et al. [70] indicated that the healing potential was enhanced by the pres-

ence of the polymer, during fatigue-based healing test with a single rest period. Similarly, 

Canestrari et al. [31] witnessed increasing self-healing capabilities with the increase in SBS 

content, during oscillatory loading interrupted with the insertion of multiple rest periods. 

The general explanation of such results relies on the molecular motion promoted by the 

polymeric long chains which are more likely inclined to rearrangement and diffusion pro-

cesses [31,68]. 

The opposite view indicates the negative contribution provided by the SBS to the inner self-

healing potential of base bitumen. Lv et al. [71] adopted different modifiers, such as SBS, 

gilsonite, High Density Polyethylen (HDPE) and crumb rubber, underlining that regardless 

the type of additive, the healing aptitude was more deteriorated the higher the content of the 

modifier. In agreement with that, Qiu et al. [72] observed that the addition of SBS reduced 

the healing potential of the base binder mastic. Moreover, regardless of the wet or dry con-

ditions of the specimen during the test, the SBS detrimental effect was also underlined by 

Lv et al. [71] via CT-scanned images. Explanation to this outcome relies on the building-up 

of polymeric networks arising from the incorporation of polymer molecules into base bind-

ers. In fact, SBS molecules partially absorb saturates and aromatics bitumen components, 
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whereas the unaffected presence of asphaltenes leads to increased viscosity [73]. This hin-

ders the material flow, which eventually elicits the reduction of healing ability [74]. 

An additional factor impacting on the healing capability is related to the aging process of 

bituminous binders. It was demonstrated that the molecular oxidation phenomenon, pro-

gressively increasing over time, inevitably hampers the inherent ability of material to self-

repair [75–78]. Exceptions can be found when considering polymer modification in the 

long-term aging state, as indicated by Canestrari et al. [31] who observed overall positive 

effect to the healing process. This was suggested to be driven by the favorable interaction 

between the oxidated shorted polymeric chains and the unaged chains of the virgin binder. 

The intrinsic factors discussed above are summarized in Table 2.1. 

Table 2.1 – Summary of intrinsic factors contributing to self-healing of bituminous binders. 

Intrinsic Factor Propensity to healing 

Penetration grade High value 

Softening point Low value 

Viscosity Low value 

Microstructural compounds Low molecular weight, high aromaticity 

Microstructural conformation  Long chains, few branches 

Surface energy: Lifschitz-van der Waals component Low value 

Surface energy: Lewis acid-base component High value 

Aging level Low value 

Modifiers Debated 

2.3.2 Extrinsic Factors 

The time-dependence of the self-healing process, with specific focus on wetting and molec-

ular interdiffusion phenomena, determines the importance of rest period duration, as first 

extrinsic factor to be considered [30,34]. In fact, prolonged rest time between successive 

vehicular loading applications allows the abovementioned phenomena to take place to a 

greater extent, thus leading to increased magnitude of stiffness and strength restoration 

[67,79,80]. Moreover, it is implicit that the impact of rest period on the magnitude of resto-

ration depends on its length, and this is believed to contribute to extend the actual fatigue 

life of pavement structure [57,80–82]. Castro et al. [83] suggested that rest period duration 

of ten times the loading time can be sufficient for a full restoration. 

By referring to the temperature, its strong impact on the self-healing performances is essen-

tially due to the temperature dependence of the bitumen viscosity and molecular mobility 

[54]. At low temperatures corresponding to the glassy region, the self-healing potential 

dramatically vanishes due to the impossibility of material flow and interdiffusion of mole-
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cules to occur at microcrack faces. In this regard, Sun et al. [84] witnessed that tempera-

tures lower than -5 °C completely impedes the healing response to take place. With increas-

ing temperature, the concomitant increase in molecular mobility promotes the bitumen 

flow, thus triggering the process of structural damage repair. Several authors investigated 

the optimal temperature in re-establishing the pristine binder functionality, arguing that it 

depends on the bituminous binder viscoelastic response [56,85–87]. Tang et al. [87] 

acknowledged that the optimum healing temperature corresponds to the softening point 

temperature, that increases with aging of binders. Zhang et al. [85] introduced the concept 

of self-healing threshold temperature based on an index, which gives indication of the bi-

tumen flow behavior. In those cases in which this index reaches value of 0.9 or greater, bi-

tuminous binders exhibit near-Newtonian fluid characteristics, thus healing faster the crack. 

Sun et al. [88,89], instead, revealed that the optimal healing temperature ranges between 

40.3–48.7 °C, based on the phase transition temperature window of bituminous binders. 

Another extrinsic factor affecting the healing response of bitumen is related to the presence 

of water. Several studies underlined the detrimental effect of moisture which results in de-

creasing the healing rate and preventing the thermal healing of crack [90,91]. In fact, the 

presence of water at the interface affects adhesive and cohesive bonds during both the heal-

ing phenomenon and the damage process [49]. Moisture damage, indeed, degrades the 

pavement mechanical properties through a complex phenomenon that involves thermody-

namic, chemical, physical and mechanical processes [92]. Mannan et al. [93] evaluated the 

effects of moisture conditioning on bituminous binders via time sweep-based healing test. 

They found that the instantaneous healing and long-term healing rate were abated due to the 

decreased cohesion and the increased activation energy required for diffusion process, re-

spectively. In agreement, the findings of Lv et al. [94] based on CT-scanned images con-

firmed the negative effects of water on self-healing phenomenon, especially true for the in-

stantaneous healing. Further studies underlined the affinity between water and Lewis acid-

base components of the surface energy, which promotes the long-term healing rate, alt-

hough the presence of water resulted in reduced resistance to fracture [46]. 

By referring to the loading levels, researchers are in agreement with the belief that the heal-

ing capability decreases as deleterious microstructural changes increase [67,79,95–97]. In 

fact, when the material undergoes damage, the microcracks propagate and coalesce to mac-

rocracks which hardly self-repair due to the likely insufficient flow to close open cracks [5]. 

Moreover, it is accepted that self-healing response is dependent on the mode of loading ap-

plication, either strain-controlled or stress-controlled, and the loading types of laboratory 

testing which can be intermittent or interrupted. The frequency of loading application also 

involves diverse healing response, that diminishes as the loading rate increases [75,80,98]. 

The extrinsic factors discussed above are summarized in Table 2.2. 
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Table 2.2 – Summary of extrinsic factors contributing to self-healing of bituminous binders. 

Extrinsic Factor Propensity to Healing 

Rest period duration High value 

Temperature High value 

Presence of moisture Low value 

Deleterious microstructural change Low value 

Loading frequency Low value 

2.4 Macroscale Characterization of Self-Healing 

Within the context of characterization of the self-healing response of bituminous binders, 

researchers have developed several multi-scale approaches to be performed in the laborato-

ry or in the field. This is motivated by the need of understanding this intrinsic physico-

chemical phenomenon, not only at molecular-scale level, but also at the binder level and on 

the bituminous mixture in the field. However, despite the manifold studies, self-healing of 

bitumen-based materials still lacks a unified evaluation protocol. A general approach relies 

on evaluating the healing response of the material in the damaged and undamaged condi-

tions, that is with and without a single or multiple rest periods. At the macroscale level, ob-

servation of the healing response is generally carried out on the macroscopic mechanical 

changes of the bituminous binder and the mixture. Several test types have been proposed in 

the literature, which can be grouped into three main families recognized as fatigue-based 

healing tests, fracture-based healing tests, and field-based healing tests. 

2.4.1 Fatigue-based Healing Tests 

Laboratory simulation of the traffic conditions on the pavement generally involves cyclic 

sinusoidal or pulse loading. Fatigue-based healing approach arises from revising fatigue 

loading testing through the inclusion of unloading phases to consider the healing phenome-

non. As the name suggests, it basically refers to a type of test in which the material is fa-

tigued until a specific level of damage before imposing the rest time. Fatigue damage can 

be induced via time sweep (TS) tests, in which repeated sinusoidal loading are applied in 

constant strain- or stress-controlled mode [99,100]. Similarly to tests of bituminous mix-

tures, TS test was designated to simulate fatigue damage, captured by observing the materi-

al mechanical changes occurring in time. Due to the time consumption involved in TS tests, 

linear amplitude sweep (LAS) test was proposed as a surrogate, for expeditious characteri-

zation of fatigue performances [101]. Such a test is conducted by continuously increasing 
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the shear strain amplitude, linearly ranging from 0.1 % to 30 % [102]. However, it must be 

highlighted that such high strain levels involve non-linear effects that are confounded with 

the pure damage process. 

The application of loading can be conducted in two possible modes, referred to as interrupt-

ed or intermittent loading condition. With specific emphasis placed on bituminous binders, 

fatigue-related healing tests are mostly implemented in dynamic shear rheometers.  

In the case of interrupted loading condition, two repeated loading phases are applied to the 

sample, separated by the insertion of a rest period. During the rest interval, the material is 

left idle under specific conditions of time and temperature, in order the healing-related phe-

nomena to take place. An overview of some experimental studies which involved fatigue-

based healing tests in interrupted conditions is given in Table 2.3. 

Table 2.3 – Experimental studies on bitumen via interrupted loading-controlled fatigue-related healing tests. 

Authors Temperature Frequency Load Damage  Rest 

Santagata et al. [30] Tiso-stiff 10 Hz 250 kPa 
50% of 

|𝐺∗|0 

time for 

DER peak 

Wang et al. [59] 20 °C - 0.1 – 30 % 
25, 50, 75, 

125 of 𝑆𝑓 

1, 5, 15, 30 

min 

Santagata et al. [67] 20 °C 1.56 Hz 100, 140 kPa 
50, 100% of 

DER peak  

3 times the 

loading time 

Tan et al. [80] 25 °C 10 Hz 
400 kPa, 

6 % 

20, 40, 60 % 

of |𝐺∗|0 

1, 6, 12, 24, 

48 h 

Lu [82] 15 °C 25 Hz 1.6 % 
50% of 

|𝐺∗|0 
4, 17 h 

Stimilli et al. [81] Tiso-stiff 10 Hz 2, 3, 5 % 
35% of 

|𝐺∗|0 
1 h 

Zhang et al. [85] 10 °C 10 Hz 1 % 
50% of 

|𝐺∗|0 
20 min 

Sun et al. [88] - - - 
70% of 

|𝐺∗|0 

1, 5, 15, 30, 

60, 90 min 

at 15 – 50 

°C 

Pang et al. [97] 20 °C - 400 kPa 
40, 60, 80 % 

of |𝐺∗|0 
0.5, 1, 3 h 

Bahia et al. [103] 20 °C 1.6 Hz 20 % 
After 5000 

cycles 

0.5, 1, 3, 12 

h 

Qiu et al. [104] 25 °C 10 Hz 8 % 
After 5000 

cycles 

1 h at 25 – 

65 °C 

|𝐺∗|0= initial norm of complex modulus; DER = dissipated energy ratio; Tiso-stiff = temperature of iso-stiffness; 𝑆𝑓 

= damage parameter to failure. 

This test configuration was applied by Santagata et al. [67] on a neat and two polymer-

modified binders. Materials were loaded in stress-controlled mode at two levels equal to 
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100 kPa and 140 kPa, and at a fixed temperature and frequency of 20 °C and 10 rad/s, re-

spectively. Results were interpreted by means of dissipated energy ratio concept and a heal-

ing ratio was introduced to catch the healing responses. Differently, the testing procedure 

adopted by Stimilli et al. [81] consisted of strain-controlled TS performed on two neat and 

two SBS-modified binders in their virgin and aged states. Iso-stiffness conditions were 

adopted with the purpose of eliminating the effect of initial stiffness on fatigue response, 

and fatigue laws were determined by testing the materials at three strain amplitude levels. 

Results underlined the beneficial effects of multiple rest periods instead of a single rest in-

terval with longer duration. The authors also highlighted that healing insights can be better 

captured on the fatigue life instead of haling indices. Both, controlled strain and controlled 

stress modes were adopted to test four neat binders by Tan et al. [80]. Three different mi-

crostructural damage levels and five rest interval durations were investigated, at a fixed 

temperature of 25 °C. Interpretation of results was conducted by introducing two healing 

indicators, based on moduli ratio and cycles numbers ratio, which reasonably reflected the 

bituminous binder healing performances. A different framework was instead implemented 

by Wang et al. [59], based on linear amplitude sweep test conducted upon reaching prede-

fined damage level before applying rest intervals of several durations, at a temperature of 

20 °C. The healing response of three neat bituminous binders and an SBS-modified materi-

al was determined by introducing an index, based on the viscoelastic continuum damage 

theory. Comparison between constructed healing master curves indicated the best healing 

performance was exhibited by the binder with the highest penetration grade. Lu [82] inves-

tigated the binder healing response via strain-controlled fatigue-related healing tests, at a 

frequency of 25 Hz, and results underlined the application of a single rest interval leads to 

the restoration of complex modulus which does not directly result in extended fatigue life. 

In fact, as introduced in Section 2.1.1, the nature of bitumen can involve other parasitic 

time-dependent phenomena to occur during the rest interval. These effects, not related to 

self-healing of structural damage, can lead to the recovery of properties which biases the 

final restoration response. Thus, discrimination of their effects from those ascribable to true 

self-healing performance is of primary importance. With respect to loading, applied stress 

or strain amplitudes generally exceed the linear viscoelastic domain, in order the fatigue 

damage to accrue over adequate duration of laboratory tests. Thus, non-linear effects need 

to be properly discriminated from the damage response. Moreover, although the presence of 

a single prolonged rest period allows detection of the development of self-healing process, 

it must be underlined that it does not properly reflect the intermittent nature of traffic occur-

ring on real pavement. 

In this regard, the intermittent loading conditions are applied to likely simulates the discon-

tinues nature of traffic loading, by means of repetitive pulse-rest cycles. However, it is im-
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plicit that different combinations of loading and rest durations yield diverse healing re-

sponses. Lu [82] observed that the healing effects of specimens, subjected to repetitive 

stress-controlled pulse-rest conditions, were significant only in those cases in which the rest 

period was longer than ten times the loading. The procedure adopted by Shen et al. [68] 

consisted of the insertion of rest periods ranging from 0 to 6 seconds every 10 load pulses 

applied at a frequency of 10 Hz and at two temperatures equal to 15 and 25 °C. They found 

that the fatigue life, resulting from the inclusion of a 6 s rest intervals, was extended of 7 

and 17 times, for the neat and polymer-modified materials, respectively. 

A different approach was implemented by Canestrari et al. [31] who modified the TS test  

by inserting intermittent multiple rest periods of equal duration. Loading phases were per-

formed at a frequency of 10 Hz and a temperature of equal stiffness of materials. The load-

ing was then interrupted upon reaching a predefined level of damage. In order to take into 

account the material healing response, the fatigue endurance limit was extended by consid-

ering the cumulative self-healing contribution, based on the number of endurable loading 

cycles, during each loading phase, not ascribable to fictious reversible phenomena. Few re-

searches on bituminous binders are reported in literature, involving fatigue-based healing 

tests in intermittent conditions, listed in Table 2.4. 

Table 2.4 – Experimental studies on bitumen via intermittent loading-controlled fatigue-related healing tests. 

Authors Temperature Frequency Load Damage  Rest 

Canestrari et al. [31] Tiso-stiff 10 Hz 5 % 35% of 𝐺′′0 
30 min (mul-

tiple) 

Shen et al. [68] 15, 25 °C 10 Hz 60 – 230 kPa 1 s 2, 4, 6 s 

Lu et al. [82] 15 °C 25 Hz 
184, 210, 

237 kPa 
20 s 20, 100 s 

Shen and Sutharsan 

[75] 

15, 20, 25, 

30 °C 

10, 15, 20, 

25 Hz 
3 % - 2, 4, 6 s 

Bodin et al. [14] 15 °C 25 Hz 1.3 % 500 s 500 s 

𝐺′′0 = initial loss modulus. 

2.4.2 Fracture-based Healing Tests 

In the context of fracture-related healing tests, some attempts have been done to character-

ize the healing capabilities of bituminous binders subjected to fracture. In a general sense, 

fracture-healing tests consist of the application of rest times to the material, whose fractured 

faces are previously brought into contacts. Simulation of the bonding fracture within the 
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binder, in the configuration happening between two aggregates, was proposed by de La 

Roche et al. [105] with the repeated local fracture test. Such a test was conducted with two 

lenses of bituminous material, placed in contact between two hemispherical steel protuber-

ances, and subjected to displacement-controlled tension loading. The healing response was 

studied by spacing the tension stages by rest intervals of different durations, after replacing 

the initial configuration of the system during which the sample was compressed to its initial 

geometry [95]. As expected, results suggested dependence of the healing capability on rest 

time and temperature and indicated a nearly complete healing of the crack triggered with 

the application of the first loading. Moreover, non-destructive test, involving acoustic 

waves, was used to detect the crack evolution. Results revealed the formation of bridge-like 

structures at the crack interfaces occurring when the material was left idle during the rest, 

which provided agreement with the interpretation based on the force-displacement curves. 

Maillard et al. [106] also combined the local fracture test with non-destructive techniques 

to investigate the crack size evolution. Appropriate calculation technology relied on viscoe-

lasticity concepts and stiffness evolution in the presence of the crack to provide prediction 

of the force required in the fracture test at any conditions. 

Other researchers simulate the fracture-healing process in the bituminous body by introduc-

ing two-pieces healing test [43]. Basically, two disks of bituminous binders were affixed to 

the measurement system, to the top and bottom parallel-plate of a dynamic shear rheometer. 

Intimate contact between the 3.5 mm thick pieces was achieved upon reaching the target 

thickness of 5 mm. Changes in the norm of complex modulus were then recorded by apply-

ing a small amplitude shear strain equal to 0.001 % at a fixed temperature and frequency. 

The crux of the test is that the wetting contribution can be simulated and eliminated though 

the intimate contact between the faces of the specimens. Thus, the intrinsic healing re-

sponse can be gathered through observation of mechanical properties of the fractured sam-

ple undergoing healing, compared to those of an intact specimen [44,76]. Further investiga-

tions with the same testing approach allowed discrimination between the initial healing 

stage ascribable to the gap closure and the time-dependent healing phase [86]. Insights on 

the second phase were gathered by monitoring the modulus variation with two different 

configurations: fixed gap and fixed normal force. It was found that the modulus restoration 

recorded in the normal force-controlled mode, happened to a greater rate compared to the 

gap-controlled mode, which underlined the beneficial effect of compressive normal stress. 

Although the experimental studies on this topic are not extensive, they have provided 

enough understandings on the closing process of the crack and on the intermolecular diffu-

sion phenomena. However, some problems can arise due to the irregularities of the frac-

tured interfaces. This leads to discontinuous contact caused by permanent deformations in-



2.5 Highlights  25 

evitably occurring due to the normal forces applied when the two fractured surfaces are 

brought in contact [12]. 

2.5 Highlights 

Self-healing is a material built-in property, dependent on the inner characteristics of the 

pristine bitumen, altered by the presence of modifiers, and affected by several extrinsic fac-

tors. Due to the difficulty of controlling the chemicals of the binder, the most relevant fac-

tors are represented by the rest intervals among successive vehicular loading, the tempera-

ture dependence, and the material state undergoing deleterious microstructural changes. 

Moreover, the characterization methods are recognized to be dominant in the assessment of 

binder healing mechanism. In fact, although self-healing is a material property, its response 

is possibly altered by the testing configuration. Thus, difficulties arise when results of me-

chanical-phenomenological approaches are interpreted, due to the lack of appropriate mod-

els. From a macroscale perspective, mechanical tests are grouped into fatigue-healing test 

using intermittent or interrupted loading mode and fracture-healing test. Results of such ap-

proaches are coherent with the kinetics of self-healing process, believed to involve initial 

contact of crack faces by flow, then cohesion by wetting, and finally diffusion of intermo-

lecular chains. However, it must be underlined that the material restoration observed during 

the test is a combination of self-healing and other parasitic effects which eventually lead to 

misrepresented evaluations. 
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3. MATERIALS AND TEST METHODS 

Preamble 

The experimental approaches to evaluate the macroscale self-healing response of bitumi-

nous binders are generally based on the use of dynamic shear rheometer. Different methods 

have been proposed in literature, based on fatigue loading tests. However, due to the physi-

cochemical complexity of the phenomenon, conflicting results are generally obtained. This 

is also due to the dependence of self-healing on several factors, which govern the kinetics 

of the process. To gather deeper understandings on this topic, three DRS-based rheological 

tests were performed on neat and SBS-modified bituminous binders. Description of the test-

ing apparatus is given at the beginning of this chapter, and the materials tested during the 

experimental plan are introduced afterwards. The core of the chapter is represented by the 

methodology section, which describes the different protocols selected to fulfil the first ob-

jective of this thesis. Further discussion is held to present the testing approach that have 

been followed in the assessment of time and temperature effects on the material self-healing 

response, as second objective of the thesis. The third objective places the focus on the mod-

eling aspect of data gathered through the abovementioned approach. Detailed discussion 

and mathematical background of it will be properly given in Chapter 4. 

3.1 Testing Equipment 

The experimental measurements were collected by means of the rotational rheometer 

MCR301, from Anton Paar Physic Inc. The DSR is a stress-controlled device equipped 

with an air bearing-supported synchronous motor, providing torque values in the range 0.01 

μNm – 200 mNm with a resolution of 0.1 nNm. A compressed air film supports the motor 

spindle in order to minimize any vibration, friction and possible heating. Control of the 

torque is given by the motor, through magnetic forces generated by permanent magnets of 

high energy, necessary due to the absence of physical contact. Moreover, control of the 

normal force is enabled by means of deformation of the air-bearing spindle [107]. Shear 

strains and shear rate are recorded by means of the optical incremental encoder, which 
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measures the angular rotation with a minimum value of 0.1 μrad and a resolution lower the 

0.1 μrad. The measuring cell is equipped with an environmental chamber characterized by a 

Peltier element, which is needed to control the temperature in order to ensure a constant en-

vironment to the sample. A quick-fitting coupling is connected to the air bearing-supported 

synchronous motor and optical encoder. It allows a fast installation of a variety of measur-

ing systems, whose choice is dictated by the characteristics of the material. Figure 3.1 dis-

plays the DRS equipment used in this thesis. 

 

Figure 3.1 – Dynamic shear rheometer MCR 301 from Anton Paar Inc. 

Shear stress and shear strain outputs are calculated based on the adopted geometry, as indi-

cated in the following. The parallel-plates (PP) geometry is generally used for higher vis-

cosity materials, in the presence of large particles and for Newtonian fluids. However, some 

disadvantages can arise due to non-homogeneous flow between the plates, which leads to 

variation of shear stress and shear strain with the plate radius. Moreover, other drawbacks 

are linked to inertia and secondary flow, shear heating and edge failure. Inertia and second-

ary flow are caused by high rate and elasticity, whereas at low shear rates, edge failure oc-

curs by flow of the material from the middle to the surfaces. Shear heating is related, in-

stead, to the increase in temperature due to the viscous dissipation, which results in reduc-

tion of viscosity and concomitant reduction of torque. However, it must be underlined that 

these problems can be minimized by operating at a smaller gap or by introducing appropri-

ate mathematical corrections [108]. 

In the case of one plate stationary and the other plate rotating at 𝛺, under the following as-

sumptions: 

 Steady, laminar, isothermal flow; 

 

Housing for air bearing-supported synchronous 

motor and optical encoder 

Quick-fitting coupling 

Environmental chamber 

Measuring system 

Peltier temperature-controlled system 

Display for fast device control 
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 Negligible inertial forces; 

 Absence of flip a the surfaces; 

 Cylindrical edges; 

 𝑣𝜃(𝑟, 𝜃) > 0 and 𝑣𝑟 = 𝑣𝑧 = 0 

The velocity is equal to: 

𝑣𝜃(𝑟ℎ , 𝑧) =
𝑟Ω𝑧

ℎ
 (Eq. 16) 

Where 𝑟ℎ is the horizontal direction along the radius, 𝑧 is the vertical direction and ℎ is the 

gap size, as illustrated in Figure 3.3. 

 

Figure 3.2 – Schematic representation of parallel-plates geometry. 

The shear rate, �̇�, is then equal to: 

�̇�(𝑟) =
𝑟𝛺

ℎ
 (Eq. 17) 

Similarly to the shear rate, shear strain is not homogeneous, and is dependent on the radius, 

going from zero at the sample center to the maximum value at the sample edge, as given in 

Eq. 18: 

𝛾 =
𝑟𝜃𝑈𝑃
ℎ

 (Eq. 18) 

Where 𝜃𝑈𝑃 is the angle of which the upper plate is twisted, called deflection angle.  

As the case of the shear strain, also the shear stress is dependent on the radius and for New-

tonian fluid, its variation with the radius is linear. The relationship between the shear stress 

and the torque is given in Eq. 19, in the integral form: 

𝑀 = 2𝜋∫ 𝑟𝜏12(𝑟)𝑟𝑑𝑟
𝑅

0

 (Eq. 19) 
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By considering Eq. 17 at the generic value of 𝑟 and at the edge, 𝑅𝑃𝑃, and rearranging for 𝑟: 

𝑟 =
�̇�ℎ

𝛺
=
�̇�𝑅𝑃𝑃
γ̇𝑅

 (Eq. 20) 

By deriving Eq. 20 and substituting in Eq. 19: 

𝑑𝑟 =
𝑅𝑃𝑃
γ̇𝑅
𝑑�̇� (Eq. 21) 

𝑀 = 2𝜋∫ (
𝑅𝑃𝑃
γ̇𝑅
)
3

�̇�2𝜏12𝑑�̇�
γ̇𝑅

0

 (Eq. 22) 

After rearranging and differentiating by means of Leibnitz’s rule: 

𝜏12(𝑅) =
𝑀

2𝜋𝑅𝑃𝑃
3 [3 +

𝑑𝑙𝑛𝑀

𝑑𝑙𝑛γ̇𝑅
] (Eq. 23) 

For an unknown fluid, the shear stress is derived from Eq. 23 which takes into account the 

variation of 𝑙𝑛𝑀 as a function of the variation of 𝑙𝑛γ̇𝑅, corresponding to the angular veloci-

ty. In the case of Newtonian fluid, the angular velocity is equal to 1, leading to Eq. 24, 

which is generally adopted by rheometer calculation. The parallel-plates are generally 

adopted for the measurements of viscoelastic material functions such as modulus and com-

pliance, evaluated at the sample edge. Thus, the calculation of shear strain is the same as 

Eq. 18, evaluated ad the maximum radius of the plates 𝑅𝑃𝑃, as define in Eq. 25. 

𝜏12(𝑅) =
3𝑀

2𝜋𝑅𝑃𝑃
3 (Eq. 24) 

𝛾 =
𝑅𝑃𝑃𝜃𝑈𝑃
ℎ

 (Eq. 25) 

Moreover, loading and unloading operations of soft and viscous materials are easy to be 

perform. 

3.2 Bituminous Materials 

Bitumen is classified as viscoelastic polymer, naturally occurring as in the deposit of Pitch 

Lake or the tar sand of Athabasca, and generally manufactured as refined product from the 

distillation process of crude oils [25,109]. Commonly used in road construction field, bitu-

minous materials are also adopted to produce waterproofing materials. 

The bitumen chemical composition is very complex, and it comprises different types of 

chemicals. From an elementary perspective, it mostly consists of hydrocarbons up to 90 
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wt%, coexisting with heterocyclic groups in a lower quantity and heteroatoms such as oxy-

gen, nitrogen, and sulphur [110,111]. However, the bitumen chemical composition and 

morphology strongly varies with the crude oil source and with the production processes 

[47,112], thus making it infeasible to link the structure of all the molecules to engineering 

properties. Rather, the bitumen chemical compounds are commonly distinguished based on 

their attributes, such as polarity [113–115]. Two broad chemical families can be recognized 

to form the bituminous matrix, referred to as asphaltenes and maltenes. The latter can be 

furtherly divided into three other groups, named saturates, aromatics, and resins. Saturates 

represent a low molecular weight non-polar group in the form of viscous colorless oil, char-

acterized by branch and straight chains, and constituting 5 % to 15 % of the total bitumen. 

Aromatics, also known as naphthenic aromatics, are manifested as a dark brown viscous 

compound, forming 30 % to 45 % of the binder, and are characterized by non-polar carbon 

chains. Resins, also called polar aromatics, are polar dark brown solid, mostly consisting of 

carbon and hydrogen and, like aromatics, they form 30 % to 45 % of the binder. Asphal-

tenes are high molecular weight compound, possessing the highest polar nature. They com-

pose the 5 % to 20 % of the bitumen in the form of black/brown amorphous solid, charac-

terized by carbon and hydrogen, along with oxygen, nitrogen, and sulphur [54,110]. From 

the rheological perspective, asphaltenes govern the bitumen viscosity, imparting elasticity 

and stiffening effects (together with resins), whereas saturates and aromatics deals with the 

viscous softer part of bitumen [113,116,117]. When conventional bituminous binders are 

blended with modifiers, the microstructural picture changes. With specific emphasis placed 

on synthetic polymers, styrenic block copolymers, such as styrene-butadiene-styrene (SBS), 

are characterized by three-dimensional cross-linking of molecular chains which is responsi-

ble of its elasticity and strength [118]. The interaction between SBS and bitumen leads to 

swollen rubber-elastic networks, which are the result of absorption process of bitumen oil 

fractions and are dependent on both, bitumen and polymer nature, as well as their compati-

bility [73,118,119]. Although it is recognized the SBS modification confers outperformed 

characteristics to the base binders, in terms of long time behavior, temperature susceptibil-

ity and rheological properties [118,120–123], its effect on the self-healing-related capabili-

ties is still debated. 

For such a reason, in the case of the experimental investigation carried out in this thesis, 

four different materials have been considered, including two neat bitumens, and two poly-

mer modified binders. Neat bituminous binders are named as N1 and N2, and belong to the 

70/100 and 40/60 penetration grade, respectively; whereas the modified binders, labelled as 

S1 and S2, are classified as 25/55 and 45/80 penetration grade, respectively. 

Preliminary fingerprint of the materials comprised the determination of glass transition 

temperature (TG) and softening point temperature (TS). Identification of TG required tem-
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perature ramp tests performed by means of DSR equipment. Tests were conducted at a fre-

quency of 1 Hz and temperature ranging from 10 °C and -35 °C at a cooling rate of 1 

°C/min. Identification of TG relied on the determination of the peak in the curve of loss 

modulus [124,125]. TS was determined by means of an automatic ring and ball system, as 

per EN 1427. Values of TG and TS are listed in Table 3.1 for the four bituminous binders 

considered in the present investigation. 

Table 3.1 – Glass transition temperatures and softening points. 

 N1 N2 S1 S2 

TG / °C -17.8 -27.2 -19.1 -24.9 

TS / °C 45.8 53.6 62.1 52.3 

3.2.1 Preliminary Operations 

Each material was preliminarily prepared prior to testing by following the procedure de-

scribed below. Firstly, the binder was annealed to remove any reversible phenomena related 

to molecular associations occurring over time during isothermal storage. Annealing process 

was conducted by avoiding heating the material at temperatures above 163 °C and by min-

imizing the heating time, in order to prevent any thermal hardening effect [126]. Once the 

material was sufficiently fluid to be homogenized and stirred to remove any air bubbles, it 

was poured in a beam silicon mold. Such bitumen beams were kept frozen until testing, 

with the purpose of impeding structure-change processes to occur during storage, due to the 

continuous reorganization of the molecules. 

Before each test, pre-molded specimens were prepared by heating 0.250 g of bitumen, for 5 

minutes at a temperature of 130 °C and 150 °C, for neat and polymer modified binders, re-

spectively. The small amount of material was homogenized by stirring action, then left to 

cool at room temperature for 5 minutes. This process was also required to eliminate possi-

ble reversible physical hardening occurring at very low temperature. Afterwards the bitu-

men was put at -6 °C for other 3 minutes to allow material demolding. The disk was then 

sandwiched between the two plates, previously preheated at a temperature close to the ma-

terial TS to allow proper adhesion at the plate-bitumen interface. Excess of material was 

then trimmed off at a gap of 2.1 mm between the plates, which was eventually reduced to 2 

mm, thus creating a lateral bulge in the sample [126]. All the rheological measurements 

were conducted by means of an 8-mm parallel-plates geometry with 2-mm gap between 4 

°C and 40 °C. The procedure described above is summarized by the pictures of Figure 3.3 

which represents the consecutive steps of the material preparation process. 



3.2 Bituminous Materials  33 

In the case of glass transition tests from 10 °C to -35 °C, the parallel-plates geometry was 

characterized by 4-mm of diameter with an initial gap equal to 1.75 mm. Due to the cooling 

process, a progressive reduction of the gap between the plates was always induces by vol-

ume changes of the sample. This was done with the purpose of avoiding internal tensile 

stress possibly occurring due to volume changes. 

     

1. Before oven 2. After oven 3. After freezing 4. Before trim 5. Lateral buldge 

Figure 3.3 – Successive steps for sample preparation before testing. 

3.2.2 Linear and Non-Linear Viscoelastic Characterization 

Preliminary rheological fingerprint of the materials included temperature-frequency (T-f) 

sweep tests at multiple temperatures to investigate the linear viscoelastic properties. For this 

purpose, prior to testing, strain amplitudes needed to be properly selected within the linear 

viscoelastic domain, ranging between 0.05 % and 0.9 % according to the tempera-

ture/frequency combination. Temperatures were selected ranging between 4 °C and 34 °C, 

with 6 °C increment, with angular frequency varying in the range 1 – 100 rad/s.  

The non-linear viscoelastic response of the selected binders has been explored by means of 

repeated strain sweep (RSS) test [127]. The temperature was constant all over the test and 

multiple testing temperatures were investigated ranging from 4 °C to 34 °C, with 6 °C in-

crement. RSS test consisted of three groups, and each of the group was composed of three 

blocks. During each block, the strain amplitude was increased with a logarithm ramp from 

an initial value to a final value. The initial value, common in all the blocks of all the groups, 

was dictated by the instrumental resolution and set equal to 0.05 %. The final strain value 

changes from group to group. In the first group, such a value was set equal to 0.5 % in or-

der not to overpass the linear viscoelastic threshold of the material. The linear-non-linear 

frontier was assumed as the shear strain amplitude corresponding to a 5 % reduction of the 

initial norm of complex modulus, based on what suggested by the Strategic Highway Re-

search Program (SHRP) [128]. In the second and third group, the highest imposed strain 

was increased to explore the non-linear domain. The most appropriate values to avoid 

premature rupture of the sample were found to be equal to 5 % and 7 % for the second and 

third group, respectively. Exception was made for the test run at the temperature of 4 °C, 
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which comprised a smaller value of the maximum strain amplitude ranging between 1.8 % 

and 4 % depending on the materials, due to the high torque value close to instrumental lim-

its. A schematic representation of the strain history is displayed in Figure 3.4 (a) in which 

for each group, the three blocks are represented. The output of such a test, in terms of norm 

of complex modulus normalized with respect to the LVE values versus strain, is displayed 

by way of example in Figure 3.4 (b). By referring to Figure 3.4 (b), it can be observed that 

the curves of group 1 overlap each other due to the fact that the maximum shear strain was 

selected to be in the LVE domain. Once the LVE region is overpassed, in group 2, a reduc-

tion in modulus is recorded because of the combined effects of non-linearity and damage. 

Due to the existence of the damage component, the curve of the second block of group 2 

starts from a lower value of the normalized norm of complex modulus. Whenever the max-

imum shear strain of the first block of a specific group is raised for the first time, compared 

to the previous one, a reduction in modulus is exhibited as a consequence of damage. 

 

Figure 3.4 – Shear strain versus time (a) and normalized norm of complex modulus versus shear strain (b) from 

RSS test (binder N1 tested at 10 °C). 

3.3 Testing Measurements: I Objective 

The macroscale self-healing responses of materials were investigated by means of fatigue-

based healing tests. Three protocols have been adopted, named by the acronyms TS-FRFS, 

TS-FRFM, and LAS-FRFS (see §3.3.1, §3.3.2, §3.3.3). Each acronym is composed of two 

parts: the first part denotes the type of fatigue loading which can be based either on Time 

Sweep (TS) or Linear Amplitude Sweep (LAS) tests; the second part refers to the number 

of rest periods interrupting the fatigue loading, which can be single (S) or multiple (M). The 
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methods shared common testing conditions such as the loading frequency, simulating the 

speed of vehicle, which was fixed equal to 10 Hz, and the temperature imposed during the 

loading phases, hereinafter indicated as TF. For the accomplishment of the first objective of 

the experimental program, TF was fixed to 20 °C and kept constant all over the test. Such a 

choice of temperature relies upon the belief that diffusion mechanisms dictate the true self-

healing restoration, thus the temperature needs to be properly selected to likely trigger the 

diffusion onset [68]. Thermal equilibrium of the specimen at the TF was achieved by adopt-

ing a conditioning time equal to 30 minutes, for all the test types. During the conditioning 

phase, a low strain amplitude of 0.1 % was applied to ensure the achievement of steady 

state conditions through observation of changes in material mechanical properties. 

Based on the selected temperatures, preliminary strain amplitude sweep tests have been per-

formed in order to explore the material linear viscoelastic domain. Such a test consisted of a 

strain sweep in which the strain amplitude is logarithmically increased from 0.01 % to 10 

%. A schematic representation of the test is reported in Figure 3.5. In the linear region, the 

norm of complex modulus is constant due to its independence on the shear strain level, oc-

curring at values of strain amplitude bounded between a lower and an upper limit. While 

the lower limit depends on the rheometer resolution, the upper threshold dictates the fron-

tier between the linear and non-linear region [129]. The linear viscoelastic region is arbi-

trarily considered as the region of strains in which the material exhibits values of the norm 

of complex modulus greater than 95 % of the plateau value [126]. Definition of the frontier 

of the linear viscoelastic region is of primary importance in the selection of the strain value 

to be imposed during the oscillatory loading in TS-based tests. In fact, the strain amplitude 

level needs to be conveniently high to induce significant microdamage within the specimen 

and to entail adequate duration of laboratory tests. 

 

Figure 3.5 – Normalized norm of complex modulus (a) and phase angle (b) versus shear strain. 
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As displayed in Figure 3.5, it can be noticed that the binders showed roughly similar exten-

sions of the linear viscoelastic domain, with limiting strain values comprised between 1.7 % 

and 2.5 %. Thus, the most appropriate value was found to be 3 % for the binders at the test-

ing temperature of 20 °C. 

3.3.1 TS-based FRFS Method 

The testing method named TS-based FRFS is based on time sweep (TS) test and consists of 

two fatigue loading intervals separated by the insertion of a single prolonged rest period 

(FRFS) [30]. During the first loading, the material is subjected to cyclic oscillatory loading 

at a fixed frequency and a constant strain amplitude. The choice of the strain-controlled 

loading relies upon the need of avoiding temperature effects possibly arising within the 

specimen due to dissipated energy changes [14]. The first loading was interrupted upon 

reaching a predefined value of damage, hereinafter termed as Δ|𝐺∗|, evaluated as a reduc-

tion of the initial norm of complex modulus (|𝐺∗|0), representative of the material in its un-

damaged state. Three different damage levels have been considered, equal to 10 %, 35 % 

and 50 % reduction of |𝐺∗|0, to gather information on the healing response in different ma-

terial damaged states. Following the first loading, a single rest period of 2 hours was ap-

plied, during which changes in mechanical properties were monitored by imposing a low 

value of strain amplitude equal to 0.1 %. In addition, with the purpose of accounting for 

time-dependent effects not ascribable to self-healing, the abovementioned TS-FRFS method 

was supplemented with test in which a single loading phase elapsed after the rest period 

(TS-RFS). The schematic representation of both the test types is shown in Figure 3.6.  

 

Figure 3.6 - Example of results obtained from TS-FRFS (a) and TS-RFS (b) tests (binder S1 tested at 20 °C with a 

rest period of 2 hours). 
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3.3.2 TS-based FRFM Method 

The testing approach named TS-based FRFM is based on time sweep test, but differently 

from the previous method, it is characterized by multiple fatigue loading phases (FRFM), 

which cease upon reaching 35% reduction in the initial loss modulus (𝐺′′0) [31]. During the 

loading intervals, a constant strain amplitude is applied to the specimen at a fixed loading 

frequency. Multiple rest periods of duration equal to 30 minutes are inserted between suc-

cessive loading intervals, and at least 14 load-rest cycles were performed. During the rest 

intervals, application of a low strain amplitude equal to 0.01 % allows monitoring the mate-

rial loss modulus. Figure 3.7 reports typical results of the test. It can be observed that as the 

number of rest intervals increases during the test, the loading cycles endurable in the subse-

quent loading phase are less than the previous loading. This results in a faster reduction of 

the loss modulus as the load-rest cycles advance, until a steady state can be reached during 

which the reduction rate of loss modulus remains constant. This phenomenological obser-

vation is the base of the analytical operations (see §4.2.2) implemented to take into account 

the thixotropy-related effects of the material. 

 

Figure 3.7 – Example of results obtained from TS-FRFM test (binder S1 tested at 20 °C with rest periods of 30 

minutes). 
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LAS-based FRFS test consists of an interrupted LAS test, in which the oscillatory loading is 

ceased upon reaching a predefined damage level. In the case of this experimental investiga-

tion, the damage level was selected as the strain value corresponding to 50 % of the strain 

amplitude to failure (𝛾𝑓). Subsequent application of a rest interval allows the material to 

stay idle, thus eventually leading to restoration of its properties. Four different durations of 

rest time have been imposed to materials, equal to 60, 300, 900, and 1800 seconds. Finally, 

the second loading interval is resumed from the strain amplitude imposed prior to the rest 

interval, increasing linearly as the case of continuous LAS test [130]. In addition, frequency 

sweep tests were required to explore the linear viscoelastic behavior of the undamaged bi-

tumen, by ranging the frequency between 0.1 rad/s to 100 rad/s at the testing temperatures 

of 5 °C, 20 °C and 35 °C. 

 

Figure 3.8 – Example of results obtained from LAS (a) and LAS-FRFS (b) test (binder S1 tested at 20 °C with rest 

period of 30 minutes). 

3.3.4 Remarks on Methods 

The test methods adopted in the experimental investigation are classified as fatigue-based 

healing tests. By comparing the testing characteristics of the three methods, detailed in Ta-

ble 3.2, some differences and similarities can be underlined: 

 All the methods were performed with same values of fixed loading frequency and 

constant testing temperature; 

 Two methods are based on time sweep test (TS-based), which requires the selec-

tion of a constant value of oscillatory strain amplitude; 

 One method is based on linear amplitude sweep test (LAS-based), which imposes 

strain amplitudes continuously increasing in a linear way; 
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 For two methods, application of loading is conducted in interrupted mode, namely 

with a single rest period (FRFS); 

 One method adopts the loading mode as intermittent, with the insertion of multiple 

rest intervals (FRFM); 

 TS-FRFS and TS-FRFM methods attempt to discriminate time-dependent artefacts 

from the self-healing response; 

 Among the methods, the damage level is evaluated on different variables, namely 

|𝐺∗| for TS-based FRFS method, 𝐺′′ for TS-based FRFM method, and 𝛾𝑓 for LAS-

based FRFS method. 

 

Table 3.2 – Summary of testing conditions adopted for the considered fatigue-based healing methods. 

Method Material Temperature Frequency Load Damage Rest 

TS-based 

FRFS 
N1, N2, S1 20 °C 10 Hz 3 % 

0, 10, 35, 50 

% of |𝐺∗|0 
S: 2 h 

TS-based 

FRFM 
N1, N2, S1 20 °C 10 Hz 3 % 35 % of 𝐺′′ M: 30 min 

LAS-based 

FRFS 
N1, N2, S1 20 °C 10 Hz 0.1 - 30 % 50 % of 𝛾𝑓 

S: 1, 5, 15, 

30 min 

|𝐺∗|0 = initial norm of complex modulus; 𝐺′′ = loss modulus; 𝛾𝑓 = strain amplitude to failure; S = 

single rest; M = multiple rest 

3.4 Testing Measurements: II and III Objective 

Investigation of the macroscale effects of time and temperature on the self-healing process 

was conducted by adopting the method TS-based FRFS. Such a test method was chosen due 

to the presence of a single rest period which allows observation of the restoration process of 

materials as a result of varying time and temperature. As detailed in the previous section 

(§3.3.1), the TS-based FRFS consists of a prolonged rest interval interposed between two 

oscillatory loading phases. The first loading interval was interrupted at predefined level of 

fatigue damage, induced in the specimen based on the reduction of the initial norm of com-

plex modulus. The second loading interval was prolonged until material failure. Thermal 

equilibrium of the material at the TF was ensured by imposing 30 minutes of conditioning 

time at the beginning of the test. Mechanical changes occurring during the rest period inter-

posed between the loading phases were monitored by imposing strain amplitude values 

within the linear viscoelastic domain. Duration (tRP) and temperature (TRP) values of rest 

interval, along with the damage level of the first loading phase were chosen such that extent 
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of the tests were reasonable for laboratory activities. With respect to TRP, two different sce-

narios can be distinguished: 

 First case scenario: TRP equal to TF; 

 Second case scenario: TRP different than TF. 

In the first case scenario, the temperature was kept constant all over the test, whereas three 

values of rest interval duration were imposed. TF were gathered from the master curves of 

the norm of complex modulus in the linear viscoelastic domain, such that equi-stiffness 

condition of 34 MPa were ensured to all the specimens. Equi-stiffness level was adopted for 

the sake of avoiding problematic stiffness dependence of damage process. Moreover, such a 

stiffness value is comprised in the range 10-50 MPa which was proven to be appropriate for 

triggering the onset of cohesive fatigue microcracks rather than instability flow or adhesion 

loss. Shear strain amplitude imposed during the loading phases were estimated by means of 

preliminary strain amplitude sweep tests (see §3.3.1). Output of strain amplitude sweeps are 

displayed in Figure 3.9. It can be noticed that, when TF was set to achieve equal stiffness 

conditions, all the materials showed similar extensions of the linear viscoelastic domain, 

with limiting strain values comprised between 1.3 % and 1.4 %. Therefore, the most suita-

ble value, required to be in the vicinity of the linear viscoelastic threshold, was found to be 

equal to 2%. 

 

Figure 3.9 – Normalized norm of complex modulus versus shear strain for neat binders (a) and polymer-modified 

binders (b). 
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loading phase preceded by a prolonged rest period (TS-based RFS). Since RFS tests lacks 

the first loading phase, materials in this testing configuration are meant to have a null dam-

age level (0 %). Summary of the adopted values of damage level, strain amplitude loading, 

TF, TRP, and tRP are listed in Table 3.3. 

Table 3.3 – Testing conditions imposed in TS-FRFS and TS-FRFM tests. 

Material 
Damage 

% 

Load 

% 

TF 

°C 

TRP 

°C 

tRP 

h 

N1 and N2 
0, 35, 50 

of |𝐺∗|0 
2 

10 10 2 

10 10 4 

10 10 6 

10 20 2 

10 30 2 

S1 
0, 35, 50 

of |𝐺∗|0 
2 

14 14 2 

14 14 4 

14 14 6 

14 20 2 

14 30 2 

14 40 2 

S2 
0, 35, 50 

of |𝐺∗|0 
2 

09 09 2 

09 09 4 

09 09 6 

09 20 2 

09 30 2 

09 40 2 

 

A supplementary set of TS-based FRFS and TS-based RFS tests was performed by arbitrari-

ly choosing TRP and tRP values, with the purpose of model validation (see §4.3). Testing 

conditions adopted in these supplementary tests are indicated in Table 3.4. 

Table 3.4 – Supplementary testing conditions imposed in TS-based FRFS and TS-based RFS tests. 

Material 
Damage 

% 

Load 

% 

TF 

°C 

TRP 

°C 

tRP 

h 

N1 
0, 35 

of |𝐺∗|0 
2 

10 25 2 

10 15 3 

N2 
0, 35 

of |𝐺∗|0 
2 

10 40 2 

10 25 3.5 

S1 
0, 35 

of |𝐺∗|0 
2 

14 40 2 

14 25 3 

S2 
0, 35 

of |𝐺∗|0 
2 

09 40 2 

09 25 3.5 
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In addition, one binder out of fours has been selected for extra TS-based FRFS and TS-

based RFS tests, as listed in Table 3.5, for the accomplishment of objective III of the present 

thesis (see §4.4). For this objective, the reference response to fatigue cracking was also in-

vestigated by subjecting all the binders to sinusoidal loading upon failure (without rest pe-

riods), hereinafter named TS-based F tests, carried out at the equi-stiffness temperature. 

Table 3.5 – Supplementary testing conditions imposed in TS-based FRFS and TS-based RFS tests. 

Material 
Damage 

% 

Load 

% 

TF 

°C 

TRP 

°C 

tRP 

h 

N1 
0, 35, 50 

of |𝐺∗|0 
2 

10 15 2 

10 17.5 2 

10 22.5 2 

10 25 2 

10 27.5 2 

3.5 Highlights 

Four bituminous binders of different sources have been selected for the experimental inves-

tigation. The set of materials included two neat binders and two polymer modified binders. 

Three of them were tested for the assessment of the macroscale self-healing capabilities by 

means of three testing protocols implemented in DSR. Specimens were fatigued until prese-

lected levels of damage and left idle afterwards to allow healing-related mechanisms to take 

place. According to the loading application mode, two methods are conducted under inter-

rupted loading condition, whereas the other testing protocol is performed under intermittent 

loading mode. By comparing the methods, some similarities and differences can be under-

scored, and comparison of corresponding results is meant to address the first objective of 

this thesis. Investigation on the macroscale effects of time and temperature have been ad-

dressed by furtherly developing the testing program on one of the three methods, performed 

on the four binders. Testing conditions included two material damage levels, and multiple 

values of duration and temperature of the rest interval. This set of experiments accom-

plished the second objective of the thesis. Analysis of corresponding results within the vis-

coelastic continuum damage framework (see §4.4) is meant to fulfil the third objective of 

this experimental study. 

 

 



 

4. INTERPRETATION OF RESULTS 

Preamble 

The macroscale characterization of self-healing responses of bituminous binders is general-

ly conducted by monitoring the mechanical properties when the material undergoes dam-

age, and during rest periods. Based on the material mechanical behavior, specific analytical 

efforts are implemented on different DRS-based rheological tests. The attempt is generally 

to construct indices with the purpose of ranking the healing-related performances of materi-

als. Detailed information on the analytical calculations followed by each protocol adopted 

in this experimental thesis is given in the first section, which is dedicated to the comparison 

of different fatigue-based healing methods. This is needed to accomplish the first objective 

of the thesis. The second section places the focus on the effects of time and temperature. In 

this regard, a new approach is described for the evaluation of time-temperature superposi-

tion effects on healing in which spurious thixotropic effects are removed. Further modeling 

is then devoted to the S-VECD framework, as third objective, by also including in the anal-

ysis the effects of non-linearity. Master curves of self-healing are finally constructed to de-

scribe the healing stage achieved by each material. 

4.1 Linear and Non-Linear Viscoelastic Characterization 

Raw data collected from T-f tests are displayed in the black diagrams of Figure 4.1, which 

represent the norm of complex modulus versus the phase angle. Such a representation al-

lows exploration of data consistency without requiring any manipulation prior to represent-

ing the results. A continuous smooth curve denotes a thermo-rheological simple behavior as 

depicted for the materials in Figure 4.1. 

When considering binders N1 and N2, it is interesting to observe that the difference in their 

penetration grade have non negligible differences in the overall shape of the Black curves, 

thus indicating that the two materials exhibited a different rheological response in the tran-

sition from the glassy to the viscous state. Polymer-modified binders S1 and S2 were found 
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to be associated to Black curves with a very similar shape, probably as a consequence of the 

presence of the same type of polymer in the blends. 

 

Figure 4.1 – Norm of the complex modulus versus phase angle for neat (a) and polymer-modified (b) binders. 

Such raw data were processed by implementing the generalized Maxwell model through a 

Prony series discretization to analyze the linear viscoelastic response of the materials. The 

crux of this approach is represented by the possibility to easily interconvert functions from 

the frequency domain to the time domain. Moreover, the LVE modeling was required for 

the subsequent analysis within the NLVE region. 

In this effort, raw data were firstly shifted to a reference temperature of 10 °C, by means of 

time-temperature superposition (hereinafter termed as t-TS) principle, which relied on Wil-

liam-Landel-Ferry (WLF) function of Eq. 28 [131]. This entailed the introduction of the 

reduced angular frequency (𝜔𝑅) obtained by multiplying the measured frequency by the 

shift factor (𝑎𝑇) (more details are given in section §4.4.1). Master curves were then con-

structed by fitting the shifted data with Christensen-Anderson-Marasteanu (CAM) model 

presented in Eq. 26 and Eq. 27. Results are displayed in Figure 4.3 and corresponding pa-

rameters listed in Table 4.1. 

|𝐺∗|𝐿𝑉𝐸(𝜔𝑅) = |𝐺
∗|𝑔 [1 + (

𝜔𝑐
𝜔𝑅
)

𝑙𝑜𝑔2
𝑅1
]

−
𝑚𝑅1
𝑙𝑜𝑔2

 (Eq. 26) 

𝛿𝐿𝑉𝐸  (𝜔𝑅) = 
90 ∙ 𝑚

[1 + (
𝜔𝑅
𝜔𝑐
)

𝐿𝑜𝑔2
𝑅1 ] 

 
(Eq. 27) 

𝑙𝑜𝑔𝑎𝑇 =
−𝐶1(𝑇 − 𝑇𝑅)

𝐶2 + 𝑇 + 𝑇𝑅
 (Eq. 28) 
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Where: 

 |𝐺∗|𝐿𝑉𝐸 and 𝛿𝐿𝑉𝐸 are the LVE norm and phase angle of complex modulus; 

 𝜔𝑅 is the reduced frequency; 

 |𝐺∗|𝑔 is the glassy modulus; 

 𝜔𝑐, 𝑅1, and 𝑚 are CAM model parameters; 

 𝑎𝑇 is the time-temperature shift factor, 

 𝑇𝑅 is the reference temperature; 

 𝐶1 and 𝐶2 are fitting coefficients. 

Table 4.1 – Model parameters of the master curves. 

 N1 N2 S1 S2 

Log(|𝐺∗|𝑔) 8.90 9.03 8.60 8.74 

Log(𝜔𝑐) 3.03 1.84 2.47 3.21 

𝑅1 1.38 1.98 1.29 1.37 

𝑚 0.99 1.07 0.88 0.88 

𝐶1 17.6 14.0 13.7 18.4 

𝐶2 155.1 113.8 109.0 155.9 

 

Determination of the Prony series required the definition of Prony coefficients (𝐺𝑖) which 

were calculated by means of the collocation method. Eq. 29 provides the definition of the 

relaxation modulus as a function of time for a Prony series made up with 𝑘 number of ele-

ments:  

𝐺(𝑡) =∑𝐺𝑖 ∙ 𝑒
−𝑡 𝜌𝑖⁄

𝑘

𝑖=1

 (Eq. 29) 

Where 𝑖 refers to the i-th element characterized by the stiffness 𝐺𝑖 and the relaxation time 

𝜌𝑖. From a physical perspective, such a representation pertaining to the generalized Max-

well model, assembles 𝑘 number of Maxwell models in parallel, each composed with two 

elements of linear spring and linear viscous dashpot, connected in series. 

The collocation method is defined in Eq. 30. It requires the adoption of a set of 32 Maxwell 

elements, by arbitrarily choosing relaxation times 𝜌𝑖 and angular frequencies 𝜔𝑘 (fixed 

equal to 𝜌𝑖) such that 16 decades of frequency were covered. 

{𝐺𝑖} = [𝐴]
−1{𝐺′} (Eq. 30) 

𝐴𝑖𝑘 =
𝜌𝑖
2𝜔𝑘

2

1 + 𝜌𝑖
2𝜔𝑘

2  (Eq. 31) 

{𝐺′} = |𝐺∗|(𝜔𝑘) ∙ 𝑐𝑜𝑠𝛿𝑘 (Eq. 32) 
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The array {𝐺𝑖} represents the unknown Prony coefficients and [𝐴] is the Kernel matrix de-

fined in Eq. 31. {𝐺′} is the storage moduli array, calculated by means of Eq. 32, where |𝐺∗| 

and 𝛿𝑘 are the norm of complex modulus and the phase angle evaluated at the angular fre-

quency 𝜔𝑘 by means of Eq. 26 and Eq. 27, respectively. 

After calculating the values of the Prony coefficients, Eq. 29 can be used to evaluate the 

relaxation modulus in the time domain, whereas Eq. 33 and Eq. 34 can be used to calculate 

the norm of the linear viscoelastic modulus and the phase angle in the frequency domain. 

|𝐺∗|𝐿𝑉𝐸 = √(∑
𝜔𝑅
2𝜌𝑖

2𝐺𝑖

𝜔𝑅
2𝜌𝑖

2 + 1

𝑚

𝑖=1

)

2

+ (∑
𝜔𝑅𝜌𝑖𝐺𝑖

𝜔𝑅
2𝜌𝑖

2 + 1
  

𝑚

𝑖=1

)

2

 (Eq. 33) 

𝛿𝐿𝑉𝐸 = tan
−1

(

 
 
∑

𝜔𝑅𝜌𝑖𝐺𝑖
𝜔𝑅
2𝜌𝑖
2 + 1

  𝑚
𝑖=1

∑
𝜔𝑅
2𝜌𝑖

2𝐺𝑖
𝜔𝑅
2𝜌𝑖

2 + 1
𝑚
𝑖=1

)

 
 

 (Eq. 34) 

Non-linear moduli, |𝐺∗|𝑁𝐿𝑉𝐸, were directly obtained by means of RSS tests. The process 

required the permanent component of damage to be separated from non-linearity. With this 

purpose the curve of the second block of group 3 (see §3.2.2) was vertically shifted in order 

to expand the viscoelastic representation beyond the linear region. This was performed by 

assuming that the component of permanent damage was reversible in the test timescale. 

This was supported by the fact that possible healing-related mechanisms are hindered due 

to the absence of rest period between successive blocks. Moreover, additional damage was 

observed to occur only in those cases in which higher limits of shear strain were explored. 

This is particularly true when considering the third block of either group 2 or group 3, 

which showed negligible additional damage compared to the previous block. 

Obtained shifted curves of |𝐺∗|𝑁𝐿𝑉𝐸(𝑇,𝜔, 𝛾) normalized by |𝐺∗|𝐿𝑉𝐸(𝑇, 𝜔) are presented in 

Figure 4.2 for binder N1 (a), N2 (b), S1 (c) and S2 (d). It can be observed that the curves 

initially assume values equal to 1 because the applied shear strains are low enough to be in 

the LVE domain. As the strain is raised over the upper threshold of the linear domain, the 

effect of non-linearity is highlighted by the modulus reduction. Moreover, it is worth noting 

that the curves corresponding to different testing temperatures do not cover the same range 

of strain amplitudes, because the highest imposed strain level was chosen in order to avoid 

the breakage of the specimen, depending on both material features and testing conditions. 



4.1 Linear and Non-Linear Viscoelastic Characterization  47 

 

Figure 4.2 – |𝐺∗|𝑁𝐿𝑉𝐸(𝑇, 𝜔, 𝛾) normalized by |𝐺∗|𝐿𝑉𝐸(𝑇, 𝜔) versus amplitude shear strain. 

Master curves of |𝐺∗|𝑁𝐿𝑉𝐸(𝑇, 𝜔, 𝛾) were then constructed at reference strain levels, by 

shifting experimental data measured in RSS tests at different temperatures. Such a process 

was conducted by assuming that the time-temperature shift factors are not dependent on 

shear strains. LVE and NLVE master curves are presented in Figure 4.3 for binder N1 (a), 

N2 (b), S1 (c) and S2 (d) at preselected strains equal to 0.5 %, 3.5 % and 7.0 %.  

Afterwards, the non-linear viscoelastic behavior was modelled by means of an optimization 

process performed between |𝐺∗|𝐿𝑉𝐸 and |𝐺∗|𝑁𝐿𝑉𝐸  master curves, such that two non-linear 

shift factors (𝑎𝛾 and ℎ𝐺) were introduced to reduce the linear viscoelastic solution to the 

non-linear domain. The factor 𝑎𝛾 allows for horizontal shifting of the reduced frequency 

thus changing the logarithmic slope of the linear viscoelastic master curve. The factor ℎ𝐺 is 

a vertical shift acting on |𝐺∗|. This is mathematically described in Equations 35 and 36: 

𝜔𝑅
′ = 𝑎𝛾𝜔𝑅 = 𝑎𝛾𝜔𝑎𝑇 (Eq. 35) 
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|𝐺∗|𝑁𝐿𝑉𝐸(𝜔𝑅) =
1

ℎ𝐺
|𝐺∗|𝐿𝑉𝐸(𝜔𝑅

′ ) (Eq. 36) 

Where 𝜔𝑅
′  is the strain-dependent reduced angular frequency and |𝐺∗|𝐿𝑉𝐸(𝜔𝑅

′ ) is evaluated 

by Eq. 33 in which 𝜔𝑅 is substituted by 𝜔𝑅
′ . Non-linear shifts are displayed in Figure 4.4. 

 

 

Figure 4.3 – Norm of complex modulus versus reduced frequency at strain value of 0.5 %, 3.5 % and 7.0 % for 

binder N1 (a), N2 (b), S1 (c) and S2 (d). 

By referring to the obtained results, the non-linear shift factors are presented as a function 

of the shear strain, in Figure 4.4 (a) in the case of 𝑎𝛾 and (b) in the case of ℎ𝐺. Inspection of 

such a figure can give a synthetic description of the non-linear behavior of the materials. 

For strain amplitudes approaching zero, both the factors tend to the value 1, which means 

that the non-linear solution is reduced to the linear viscoelastic response. By considering 

the shift 𝑎𝛾, the lowest deviation from the linear domain was showed by bitumen S1, fol-

lowed by binders S2, N1 and N2. In the case of the shift ℎ𝐺, binders N1 and N2 showed 
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and overturned behavior, thus indicating a higher impact of non-linearity on the vertical po-

sition of the non-linear master curves of binders N1 with respect to binder N2. 

 

Figure 4.4 – Non-linear shift factors, aγ versus γ (a) and hG versus γ (b). 

4.2 I Objective: Comparison of Self-Healing Protocols 

The first objective of this thesis is the application of three testing protocols by means of a 

DSR to investigate the self-healing capabilities of selected binders. The obtained data were 

processed to calculate self-healing indices, based on analytical approaches specific to each 

method. Corresponding calculation and results are reported in the following sections. 

4.2.1 TS-based FRFS Method 

TS-based FRFS method aims to explore the self-healing capability of binders by implement-

ing a dissipated energy approach on the mechanical changes observed due to insertion of 

the rest period [132]. The use of the energy approach allows to combine the material stiff-

ness and the elasticity into a single parameter. The dissipated energy per unit volume (𝑤𝑖), 

at a given cycle 𝑖, can be calculated as expressed in Eq. 37: 

𝑤𝑖 = 𝜋 ∙ 𝜏𝑖 ∙ 𝛾𝑖 ∙ 𝑠𝑖𝑛𝛿𝑖 (Eq. 37) 

Where: 

 𝜏𝑖 = shear stress amplitude at cycle 𝑖; 

 𝛾𝑖 = shear strain amplitude at cycle 𝑖; 
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 𝛿𝑖 = phase angle at cycle 𝑖. 

A typical output from TS-based FRFS (a) and RFS (b) tests is given in Figure 4.5, where the 

dissipated energy is plotted as a function of the number of loading cycles. It worth noting 

that the order of magnitude of the energy dissipated during the loading phases is much 

higher, due to higher imposed shear strain amplitude (3 %) and corresponding shear stress 

amplitude, compared to the energy restoration occurred during the rest phase (with imposed 

shear strain of 0.1 %). In order to distinguish such different values in Figure 4.5, values of 

dissipated energy during loading are plotted on the left y-axis, whereas values of restored 

energy during rest period (and that occurring during the thermal stabilization phase) are 

showed on the right y-axis. 

 

Figure 4.5 – Typical outputs obtained from TS-based FRFS (a) and RFS (b) (Example of binder S1). 

Moreover, with the purpose of gathering mechanical information on the isothermal micro-

structural reorganization occurring in RFS test, few loading cycles were applied immediate-

ly before the rest period, to reproduce similar testing conditions to those occurring in the 

initial part of the first loading interval of FRFS tests. 

Information on the material self-healing capability are given by introducing an energy-

based self-healing index, 𝐻𝐼𝑤, and a number of loading cycles-based self-healing index, 

𝐻𝐼𝑁, defined as: 

𝐻𝐼𝑤 =
∆𝑤𝐹𝑅𝐹 − ∆𝑤𝑅𝐹

∆𝑤𝐹
∙ 100 (Eq. 38) 

𝐻𝐼𝑁 =
𝑁𝐹𝑅𝐹 − 𝑁𝑅𝐹

𝑁𝐹
∙ 100 (Eq. 39) 

Where: 

 ∆𝑤𝐹 = dissipated energy due to the first loading phase of FRFS test 
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 ∆𝑤𝐹𝑅𝐹  = dissipated energy restored due to the rest phase of FRFS test; 

 ∆𝑤𝑅𝐹  = dissipated energy recovered in RFS test; 

 𝑁𝐹 = number of loading cycles applied to reach the preselected reduction of the 

norm of the complex modulus in the first loading phase of FRFS test; 

 𝑁𝐹𝑅𝐹  = number of loading cycles applied to reach the preselected reduction of the 

norm of the complex modulus in the second loading phase of FRFS test; 

 𝑁𝑅𝐹 = number of loading cycles recovered RFS test. 

Obtained results in terms of 𝐻𝐼𝑤  and 𝐻𝐼𝑁 values for bituminous binders N1, N2, and S1 are 

listed in Table 4.2 and displayed in Figure 4.6. It can be observed that both the indices de-

creased as the percentage of damage increases, as expected. Moreover, 𝐻𝐼𝑤  was always 

found lower that 𝐻𝐼𝑁, thus suggesting the latter is more prone to reflect the degree of heal-

ing achieved withing the material. By referring to the ranking of materials, this is dependent 

both by the considered index and the damage level. However, it is worth noting that for the 

two indices, the worth healing performance was shown by binder N2, whereas binder N1 

overall exhibited the greatest self-healing potential for higher value of imposed damage.  

Table 4.2 – Values of indices 𝐻𝐼𝑤 and 𝐻𝐼𝑁 for the binders at the considered damage levels. 

Index 

% 

Damage 

% 
N1 N2 S1 

𝐻𝐼𝑤 

15 69.1 41.9 73.3 

35 52.2 38.1 51.4 

50 48.0 25.3 48.4 

𝐻𝐼𝑁 

15 28.7 13.4 70.3 

35 17.6 7.5 12.3 

50 16.8 7.1 10.9 

 

 

Figure 4.6 – 𝐻𝐼𝑤 (a) and 𝐻𝐼𝑁 (b) for the considered binders in the three damage levels. 
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With the purpose of evaluating the kinetics of the healing process during the unloading 

phase, the difference (∆𝑤) between the energy dissipated at the generic rest time and that 

measured at the beginning of the rest period was calculated. However, due to fluctuations 

occurring in the experimental data, the increment in dissipated energy during the rest inter-

val was fitted to the Eq. 40: 

∆𝑤(𝑡) = ∆𝑤(𝑡=∞) ∙ (1 −
1

𝑒𝜑𝑡
)
𝜒

 (Eq. 40) 

Where: 

 ∆𝑤(𝑡=∞) = asymptotic value of dissipated energy attained at infinite time; 

 𝜑 and 𝜒 = regression coefficients. 

 

 

Figure 4.7 - ∆𝑤 versus rest time from FRS tests (a), and 𝐻𝐼𝑤 versus rest time from FRFS and FRS tests for damage 

level equal to 15 % (b), 35 % (c), and 50 % (d) of |𝐺∗|0. 
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Evolution of 𝐻𝐼𝑤  values over the rest period, obtained for the considered binders are pre-

sented in Figure 4.7 for each damage level, equal to the reduction of 15 % (b), 35 % (c), 

and 50% (d) of the initial norm of complex modulus (|𝐺∗|0). In the case of RFS tests (dam-

age level of 0 %), results are given in terms of dissipated energy ∆𝑤 over the rest period 

time (a), because such tests do not provide information on self-healing. By referring to Fig-

ure 4.7 (a), it is worth noting that the highest increment was exhibited by the polymer modi-

fied binder, followed by bitumen N2 and N1. By considering the evolution of the index 

𝐻𝐼𝑤 , although binder S1 outperformed the neat binders in the measured rest time, it can be 

noticed that rate of increase of 𝐻𝐼𝑤  in the case of binder N1 is higher, thus suggesting that a 

greater 𝐻𝐼𝑤  value can be attained at longer rest time. 

4.2.2 TS-based FRFM Method 

TS-based FRFM testing approach focuses the analysis on the loss modulus (𝐺′′) [31], ex-

pressed in Eq. 41 at a given cycle 𝑖, which is equivalent to the dissipated energy (Eq. 37). 

𝐺′′𝑖 = |𝐺
∗|𝑖 ∙ 𝑠𝑖𝑛𝛿𝑖 (Eq. 41) 

Where |𝐺∗|𝑖 and 𝛿𝑖 are the norm of complex modulus and the phase angle at the generic 

cycle 𝑖. Observation of the typical experimental output showed in Figure 4.8, suggests that 

after the first loading interval, characterized by an initial value 𝑁𝐹 of loading cycle, the ap-

plication of the first rest interval allows the material to endure ∆𝑁1 loading cycles. As the 

load-rest cycles increase, the endurable number of loading cycles ∆𝑁𝑖 , after each successive 

rest period, tends to decrease, upon ultimately reaching a constant value. Thus, the amount 

∆𝑁𝑖, after a given rest interval 𝑖, consists of two contributions ascribable to self-healing 

(∆𝑁𝐻𝑖), and to parasitic phenomena (∆𝑁𝑇), such as steric hardening or thixotropy. Both the 

contributions allow the material to resist under loading. However, the reduction in succes-

sive values of ∆𝑁𝑖 is assumed to be related to the progressive exhaustion of material healing 

capability. Contrariwise, the material still benefits from thixotropic effects, which occur by 

involving constant recovery even though the material is damaged. This is illustrated in Fig-

ure 4.8, and presented in the analytical form of Eq. 42, where 𝑛 is the number of rest inter-

vals. 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑁𝐹 +∑∆𝑁𝑖

𝑛

𝑖=1

= 𝑁𝐹 +∑(∆𝑁𝐻𝑖 + ∆𝑁𝑇)

𝑛

𝑖=1

 (Eq. 42) 
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Figure 4.8 – 𝐺′′ versus number of cycles of FRFM test (Example of binder S1). 

Insights on the evolution of the healing potential can be gathered by plotting the summation 

of (∆𝑁𝐻𝑖 + ∆𝑁𝑇) as a function of rest intervals. A typical output is that presented in Figure 

4.9. The area under the curve represents the total number of loading cycles, restored by the 

material value. The healing contribution can be modelled by means of the exponential law 

at each rest interval, given in Eq. 43, and its summation is a convergent geometric series: 

∑(∆𝑁𝐻𝑖 + ∆𝑁𝑇)

𝑛

𝑖=1

=∑(𝑘1𝑒
−𝛼1𝑖 + 𝑛 ∙ ∆𝑁𝑇)

𝑛

𝑖=1

= 𝑘1
1 − 𝑒−𝛼1𝑛

𝑒𝛼1 − 1
+ 𝑁𝑇 (Eq. 43) 

Where: 

 𝑘1 and 𝛼1 = fitting coefficients; 

 𝑛 = number of rest intervals. 

 

Figure 4.9 – Endurable number of loading cycles ∆𝑁𝑖, versus the number of rest intervals (Example of binder S1). 
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When 𝑛 → ∞, the maximum theoretical number of cycles ascribable to self-healing (𝑁𝐻), 

for the predefined damage level, can be evaluated by means of Eq. 44: 

𝑁𝐻 =
𝑘1

𝑒𝛼1 − 1
 (Eq. 44) 

Direct comparison between bituminous binders can be finally conducted by means of the 

self-healing index (𝐻𝐼𝑁), calculated in Eq. 45 as the ratio between the cumulated value 𝑁𝐻, 

and the number of loading cycle endurable by the pristine material in the first loading phase 

(𝑁𝐹). Moreover, the recovery index (𝑅𝐼𝑁) is introduced to gather information on thixotropic 

contribution, by substituting the numerator of Eq. 45 with the cumulated number of loading 

cycles recovered due to thixotropy (𝑁𝑇), as expressed in Eq. 46. Corresponding results are 

listed in Table 4.3 and illustrated in Figure 4.6 in terms of 𝐻𝐼𝑁 (a) and 𝑅𝐼𝑁  (b). 

𝐻𝐼𝑁 =
𝑁𝐻
𝑁𝐹
∙ 100 

(Eq. 45) 

𝑅𝐼𝑁 =
∆𝑁𝑇
𝑁𝐹

∙ 100 (Eq. 46) 

Table 4.3 – Values of indices 𝐻𝐼𝑁 and 𝑅𝐼𝑁 for the considered binders. 

Index 

% 
N1 N2 S1 

𝐻𝐼𝑁 10.9 4.7 20.9 

𝑅𝐼𝑁 4.0 1.0 1.3 

 

By observing the obtained results, the proposed indices allowed to distinguish the self-

healing performances of the material, whose ranking is characterized by binder S1, fol-

lowed by bitumen N2 and N1. Instead, binders N1 showed the highest thixotropic attitude. 

 

Figure 4.10 – Values of 𝐻𝐼𝑁 (a) and 𝑅𝐼𝑁 (b) for the considered binders. 
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4.2.3 LAS-based FRFS Method 

LAS-based FRFS method aims to quantify the self-healing potential of bitumen by imple-

menting the simplified viscoelastic continuum damage (S-VECD) framework [130]. A clear 

picture of the model framework is properly given in the next section (see §4.4). However, it 

is necessary to mention that the crux of the model is represented by the damage characteris-

tic curve (DCC). The DCC defines the relationship between the material integrity and the 

damage parameter, thus providing insights on the resistance of materials when they undergo 

fatigue damaging. The material integrity and the damage intensity are represented by the 

pseudo secant modulus (𝐶), and the internal state variable (𝑆), respectively. A typical out-

put in terms of norm of complex modulus as a function of loading cycles, gathered from 

LAS test is presented in Figure 4.11 (a), and corresponding representative DCC is given in 

Figure 4.11 (b). LAS test is required in order to know the material resistance to damage and 

to identify the occurrence of fatigue failure in DCC. This is necessary prior to inserting an 

interruption in LAS loading, which leads to LAS-based FRFS test. 

 

Figure 4.11 – |𝐺∗| versus number of cycles (a) from LAS test, and corresponding DCC (b) (Example of binder 

S1). 

Identification of fatigue failure involves the use of a mechanistic-based parameter [133], 

called pseudo strain energy (𝑊𝑅). The total pseudo strain energy (𝑊𝑡
𝑅) comprises two con-

tributions, namely the stored (𝑊𝑠
𝑅), and the released (𝑊𝑟

𝑅) pseudo strain energy, defined in 

Eq. 47-49. The increasing progression of the 𝑊𝑠
𝑅 expresses the material ability to store en-

ergy as the damage process is growing. Contrariwise, as the 𝑊𝑠
𝑅 decreases, the material is 

no longer capable of retaining energy, which leads to the identification of a univocal peak 

in 𝑊𝑠
𝑅 curve, representing the cohesive fatigue failure. This is illustrated in Figure 4.12. 

where the failure strain (𝛾𝑓) is marked in both, stress-strain (a) and 𝑊𝑠
𝑅-strain (b) curves. 
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𝑊𝑡
𝑅 = 𝑊𝑠

𝑅 +𝑊𝑟
𝑅 =

1

2
𝜏𝑝(𝐿𝑉𝐸) ∙ 𝛾𝑝

𝑅 =
1

2
(𝛾𝑝
𝑅)
2
 

(Eq. 47) 

𝑊𝑠
𝑅 =

1

2
𝛾𝑝
𝑅 ∙ 𝜏𝑝 =

1

2
𝐶(𝛾𝑝

𝑅)
2
 (Eq. 48) 

𝑊𝑟
𝑅 =

1

2
𝛾𝑝
𝑅 ∙ 𝜏𝑝 =

1

2
(1 − 𝐶) ∙ (𝛾𝑝

𝑅)
2
 (Eq. 49) 

Where: 

 𝛾𝑝
𝑅 = peak value of pseudo strain amplitude (Eq. 73); 

 𝜏𝑝(𝐿𝑉𝐸) = peak shear stress in the undamaged material; 

 𝜏𝑝 = peak shear stress in the material undergoing damage; 

 𝐶 = pseudo secant modulus. 

 

Figure 4.12 – Failure point in 𝜏-𝛾 curve (a) from LAS test, and in 𝑊𝑠
𝑅- 𝛾 and 𝑊𝑟

𝑅- 𝛾 curves (b) (Example of binder 

S1). 

Once the failure shear strain was obtained from LAS test, LAS-based FRFS tests were inter-

rupted upon reaching the 50 % of 𝛾𝑓. The analysis of raw data involved the calculation of 

material integrity and damage parameter. Afterwards, information on the material self-

healing capability was given by introducing the 𝑆-based restoration index defined in Eq. 50. 

𝑅𝐼𝑆 =
𝑆𝐹 − 𝑆𝐹𝑅𝐹

𝑆𝐹
∙ 100 (Eq. 50) 

Where: 

 𝑆𝐹 = cumulated damage measured immediately before rest; 

 𝑆𝐹𝑅𝐹  = cumulated damage measured immediately after rest. 

0.0

0.2

0.4

0.6

0.8

0 10 20 30

S
h

ea
r 

S
tr

es
s 

/ 
M

P
a

Shear Strain / %
(a)

γf

0

4

8

12

16

20

0.0

0.2

0.4

0.6

0.8

0 10 20 30

R
el

ea
se

d
 W

R

S
to

re
d

 W
R

Shear Strain / %
(b)

γf



58 Chapter 4 

The value of 𝑆𝐹𝑅𝐹  is dependent on the values of material integrity before (𝐶𝐹) and after the 

rest period (𝐶𝐹𝑅𝐹). In fact, the change in material integrity due to the rest period (𝐶𝐹 −

𝐶𝐹𝑅𝐹) needs to be considered in absolute value when referring to the Eq. 51 because 𝐶𝐹𝑅𝐹  

can be greater than 𝐶𝐹 if some restoration occurs. In addition, the duration of rest period 

(𝑡𝑅𝑃) is removed from the difference (𝑡𝐹 − 𝑡𝐹𝑅𝐹), thus accounting only for the loading time. 

These tricks are necessary to compute the amount of damage restored due to the rest period, 

which needs to be subtracted from 𝑆𝐹, as expressed in Eq. 51. Illustration of the abovemen-

tioned information is given in Figure 4.13. 

𝑆𝐹𝑅𝐹 = 𝑆𝐹 −∑[
𝐷𝑀𝑅

2
(𝛾𝑅)2(|𝐶𝐹 − 𝐶𝐹𝑅𝐹|)]

𝛼
𝛼+1

[(𝑡𝐹𝑅𝐹 − 𝑡𝐹) − 𝑡𝑅𝑃]
1
𝛼+1

𝑁

𝑖=1

 (Eq. 51) 

 

Figure 4.13 – Illustration of DCCs from LAS test and LAS-based FRFS test (Example of binder S1). 

Corresponding results of 𝑅𝐼𝑆 for the binders at the investigated durations of rest period (1, 

5, 15, 30 min) are listed in Table 4.4 and displayed in Figure 4.14. It can be observed that 

the proposed index increases as the imposed rest time is longer, as expected, due to the 

time-dependence of self-healing phenomena. However, it is worth highlighting that such an 

index reflects the material restoration in which self-healing is confounded with other bias-

ing effects. In terms of relative ranking, binder N1 was followed by binder N2 and S1. 

Table 4.4 – Values of indices 𝑅𝐼𝑆 for the considered binders. 

Index 

% 

Rest Time 

min 
N1 N2 S1 

𝑅𝐼𝑆 

1 16.1 12.0 13.8 

5 17.5 15.4 15.5 

15 18.0 16.3 15.8 

30 21.0 18.0 16.7 
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Figure 4.14 – Values of 𝑅𝐼𝑆 versus the rest period for the considered binders. 

4.2.4 Comparison 

The ranking between the investigated materials (N1, N2, S1) is provided in Figure 4.15, for 

the three adopted experimental testing protocols (TS-based FRFS, TS-based FRFM, LAS-

based FRFS). The values of indices obtained with the TS-based FRFS method were calcu-

lated by Eq. 39, in the case of 35 % drop of |𝐺∗|0, as imposed damage level, and a rest pe-

riod of 2 hours; in the case of TS-based FRFM method, indices were evaluated through Eq. 

45, by imposing 35 % reduction of 𝐺′′0 and multiple rest periods of 30 minutes; LAS-based 

FRFS method involved the use of Eq. 50, in the case of damage level equal to 50 % abate-

ment of 𝛾𝑓 and a rest period of 30 minutes. 

 

Figure 4.15 – Values of healing indices gathered from TS-based FRFS, TS-based FRFM, LAS-based FRFS tests. 
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First observation arises by focusing on the ranking order of materials, which was found to 

come down to the adopted testing method. In fact, although the oscillatory shear loading 

was imposed at the same testing frequency and temperature, unexpectedly, a unique rank-

ing cannot be established. In particular, binder N1 exhibited greater self-healing perfor-

mances than binder N2 and S1, by adopting the approaches of TS-based FRFS and LAS-

based FRFS. Contrariwise, the TS-based FRFM method indicated binder S1 as best perform-

er, which was found instead to lead to the worst healing capability in the case of LAS-based 

FRFS. 

Differences found in the rankings of materials stands out the urgent need of having a unique 

standardized protocol for the self-healing assessment. In fact, the role played by the adop-

tion of different testing conditions and diverse analytical manipulations was found to be ex-

tremely relevant and non-negligible. Based on the results, such a universal protocol should 

account for a wide range of testing hallmarks, likely being the most simulative of in-field 

conditions, in terms of environment and vehicular loading characteristics. In this way, the 

healing response of materials could be univocally established in representative scenarios, 

which could allow a more appropriate material selection during the design procedures of 

road pavements [98]. 

Further considerations of the testing protocols can be drawn up based on the practical test-

ing advantages/drawbacks and based also on the computational efforts required to post pro-

cess the data. The methods TS-based FRFS and FRFM are found to take a long time to be 

performed, compared to the LAS-based FRFS approach. Despite this, the first two testing 

protocols provide suitable tools to discriminate biasing effects, confounded with self-

healing during the restoration process. Moreover, TS-based FRFS approach also comprises 

the analysis of self-healing occurring during the rest phase. Furthermore, the multiple rest 

intervals introduced by TS-based FRFM method represent the most simulative condition of 

in-field vehicular passages. 

By referring to the loading input imposed to the sample, TS-based FRFS and FRFM methods 

require to apply a constant value of shear strain amplitude, chosen in the vicinity of the lin-

ear viscoelastic threshold, thus limiting the occurrence of non-linear effects. Contrariwise, 

LAS-based FRFS protocol involves high strain history within the specimen, imparting 

strong non-linearities which are untrivial to untangle from damage. Nevertheless, from an 

analytical perspective, differently from TS-based FRFS and FRFM approaches, such a meth-

od comprises the use of viscoelastic constitutive modeling. Despite it requires some as-

sumptions, such a modeling framework allows for isolation of damage from linear viscoe-

lasticity and for inclusion of time-temperature dependence principles. 

Based on these considerations, further investigations have been carried out by means of TS-

based FRFS approach, in order to exploit the advantages coming from the presence of a sin-
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gle rest period. In fact, this allows to investigate different testing scenarios, as detailed in 

section 4.3, in terms of rest time and rest temperature. The advantages introduced by the 

viscoelastic constitutive theory have been also exploited by implementing it to account for 

self-healing, and to remove non-linear and thixotropic biasing effects, as properly discussed 

in section 4.4. 

4.3 II Objective: Impact of Rest Temperature and Time 

The second objective of this thesis aims to provide understanding on the effect of rest time 

and rest temperature on the self-healing properties of selected binders. Based on the results 

obtained in the accomplishment of the first objective, deeper investigation was required to 

evaluate how different tensing conditions could affect the self-healing process, and conse-

quently the results in terms of ranking among materials. With this purpose, the TS-based 

FRFS test was selected as the single rest period can allow implementation of a wide spec-

trum of testing conditions, in terms of duration (tRP) and temperature (TRP) of rest period. 

The choice of TS-based test, in place of LAS-based test, relied on the sake of avoiding 

strong non-linearities to be confounded with the material damaging process. In addition, TS 

test of bituminous binders, characterized by 2 mm height and 4 mm radius, has been 

demonstrated to correlate well with bituminous mixture, in capturing the material fatigue 

resistance [100]. In such a testing scenario, fatigue damage was verified to occur through 

microfractures that manifest at the sample periphery and propagate inward, thus exhibiting 

a “factory roof” morphology characterized by radial peaks and valleys [134]. This is pic-

tured, by way of example, in Figure 4.16, which showed the specimen at the end of the test, 

after detaching the upper plate from the lower plate. In one case, a yellow paint was applied 

before the detachment, to better differentiate the fractured zone from the intact area. 

Upper Plate Lower Plate 

  

  

Figure 4.16 – Representation of fractured sample with and without paint application 
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The cracked rough surface is recognized to be caused by edge fracture due to torsional 

loading, rather than flow instability occurring when normal forces are generated [135]. 

4.3.1 Quantification of Self-Healing 

Assessment of the effects of different testing scenarios on the material self-healing property 

was conducted by introducing two distinct self-healing indicators. Definition of indices was 

based on the characteristic parameters outlined in Figure 4.17, which shows typical outputs 

obtained from TS-based FRFS and RFS tests, in terms of norm of complex modulus versus 

number of loading cycles. The characteristic parameters are defined as follows: 

 |𝐺∗|𝐶,𝑓−𝐹𝑅𝐹  is the norm of the complex modulus recorded at the end of the thermal 

conditioning phase of FRFS test; 

 |𝐺∗|𝑅,𝑖−𝐹𝑅𝐹  and |𝐺∗|𝑅,𝑖−𝑅𝐹 are the norms of complex modulus at the beginning of 

rest period of FRFS and RFS tests, respectively; 

 |𝐺∗|𝑅,𝑓−𝐹𝑅𝐹  and |𝐺∗|𝑅,𝑓−𝑅𝐹 are the norms of the complex modulus recorded at the 

end of the rest period in FRFS and RFS tests, respectively;  

 𝑁𝐹, 𝑁𝐹𝑅𝐹 , 𝑁𝑅𝐹 are the numbers of loading cycles applied to reach the predefined 

reduction of the norm of the complex modulus in the first and second loading 

phase of FRFS tests, and in the single loading phase of RFS tests, respectively; 

 

Figure 4.17 – Typical outputs obtained from TS-based FRFS (a) and RFS (b) (Example of binder S1). 

Based on the abovementioned parameters, the two self-healing indices, 𝐼𝐺  and 𝐼𝑁, are de-

fined in Eq. 52 and Eq. 53, respectively [136]: 
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𝐼𝐺 =
∆|𝐺∗|𝑅−𝐹𝑅𝐹 − ∆|𝐺

∗|𝑅−𝑅𝐹
∆|𝐺∗|𝐹−𝐹𝑅𝐹

∙ 100 (Eq. 52) 

𝐼𝑁 =
𝑁𝐹𝑅𝐹
𝑁𝑅𝐹

∙ 100 (Eq. 53) 

Where: 

 ∆|𝐺∗|𝑅−𝐹𝑅𝐹  is the difference between |𝐺∗|𝑅,𝑓−𝐹𝑅𝐹  and |𝐺∗|𝑅,𝑖−𝐹𝑅𝐹 , in FRF tests; 

 ∆|𝐺∗|𝑅−𝑅𝐹 is the difference between |𝐺∗|𝑅,𝑓−𝑅𝐹 and |𝐺∗|𝑅,𝑖−𝑅𝐹, in RF tests; 

 ∆|𝐺∗|𝐹−𝐹𝑅𝐹 is the difference between |𝐺∗|𝐶,𝑓−𝐹𝑅𝐹  and |𝐺∗|𝑅,𝑖−𝐹𝑅𝐹 , in FRF tests. 

The index 𝐼𝐺  accounts for the gain of stiffness observed during the rest interval, divided by 

the modulus loss imposed during the first fatigue loading of FRF tests. As previously intro-

duced (see §4.2.1), the contribution of stiffness restored after the loading removal is not to-

tally attributed to self-healing, because time-dependent parasitic phenomena (which in-

cludes thixotropy/steric hardening) can be superimposed to the observed restoration. The 

coexistence of these phenomena is supported by experimental evidence provided in Figure 

4.18, which shows the comparison between the increasing trend in the norm of the complex 

modulus, ∆|𝐺∗|𝑅, observed in a damaged specimen during the rest period (from FRFS test), 

and that recorded for the same material in its undamaged state (from RFS test). Fitting 

curves of ∆|𝐺∗|𝑅 values are introduced to smooth possible fluctuations occurring during 

experimental data acquisition, by means of Eq. 54. 

∆|𝐺∗|𝑅(𝑡) = ∆|𝐺
∗|𝑅(𝑡=∞) ∙ (1 −

1

𝑒𝜑1𝑡
)
𝜑2

 (Eq. 54) 

Where: 

 ∆|𝐺∗|𝑅(𝑡=∞) = asymptotic value of ∆|𝐺∗|𝑅 theoretically attained at infinite time; 

 𝜑1 and 𝜑2 = non-linear regression coefficients. 

Moreover, it is worth noting that the difference ∆|𝐺∗|𝑅 can be calculated all over the rest 

period, thus allowing the assessment of the progression of the stiffness gain, 𝐼𝐺 , as a func-

tion of the rest time, as illustrated in the example of Figure 4.19. 

However, 𝐼𝐺  does not provide information on the actual material resistance, as indicated by 

the fact that it is evaluated in the low strain conditions, which allows to monitor the grow-

ing pattern of the material stiffness without, most importantly, hindering healing-related 

mechanisms to take place. Therefore, the index 𝐼𝑁 is introduced based on the loading cycles 

endurable by the binder, thus providing information on the gain in fatigue endurance 

achieved after the rest period. Differently from the index 𝐼𝐺 , the value of index 𝐼𝑁 can be 

calculated only at the specific rest period duration considered in testing. 
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Figure 4.18 – Example of ∆|𝐺∗|𝑅 versus rest time gathered from TS-based FRFS and RFS tests for binders N1 (a) 

and S1 (b). 

 

Figure 4.19 – 𝐼𝐺 versus rest time calculated at TRP = TF for binders N1 (a) and S1 (b). 

The relationship between the two indices is reported in the 𝐼𝐺-𝐼𝑁 diagram of Figure 4.20. 

Every single data point displayed in the diagrams refers to each specific testing condition, 

previously listed in Table 3.3 and 3.4. As evident from the diagrams, in all the cases (i.e. for 

each binder at all the testing conditions), results reveal that stiffness gain (𝐼𝐺) is invariably 

greater than fatigue endurance gain (𝐼𝑁), as indicated by the fact that all data points are be-

low the identity line (𝐼𝑁=𝐼𝐺). The dissimilarity between values of IG and IN can be explained 

by referring to the molecular diffusion theory developed to describe the self-healing mech-

anism (see §2.2.1) [34]. 
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Figure 4.20 – 𝐼𝑁 versus 𝐼𝐺 for the materials N1 (a), N2 (b), S1 (c) and S2 (d). 

In particular, this observation points to the likelihood that when imposing low strain condi-

tions during the rest period, stiffness gain can be initiated by material flow and interfacial 

cohesion between microcrack faces driven by wetting, which can eventually lead to partial 

interdiffusion [42]. However, it is reasonable to suppose that if the self-healing process is 

not properly developed, application of higher strain conditions can lead to low values of 

strength gain, due to the weak interactions occurred at the microcrack interfaces and the in-

ability of ruptured chains to resist further damage [18]. It can be fairly postulated that only 

in those cases in which advantageous conditions coexist, i.e. enough resting time and suffi-

ciently high temperature, significant interfacial bonding strength can be achieved, encour-

aged by diffusion phenomena and eventual entanglement across microcracks, as established 

in the literature [34,69,137]. 

Moreover, it is worth noting that, for all the materials, data points seem to lie on the same 

path, regardless of the influencing conditions imposed during test. This suggests that a 
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unique relationship between 𝐼𝐺  and 𝐼𝑁 may exist for each binder. This implies that a specif-

ic healing stage can be reached by means of different combinations of testing conditions. 

Trend of corresponding pairs of points (𝐼𝐺 , 𝐼𝑁) has been fitted with the following equation: 

𝐼𝑁(𝐼𝐺) =
𝛼2(𝑒

𝛼3𝐼𝐺 − 1)2

𝑒𝛼4𝐼𝐺
∙ 100 (Eq. 55) 

Where 𝛼2, 𝛼3, 𝛼4 are regression coefficients. 

Although both the proposed indicators contribute to outline the self-healing capabilities of 

the investigated materials, the index 𝐼𝑁 was found to be more conservative. In fact, the fa-

tigue endurance gain seems to be more sensitive to the degree of molecular interdiffusion 

and entanglement, which represent the conclusive phases of the healing phenomenon 

[18,96,137]. Based on this rationale, the index 𝐼𝑁  was considered in the subsequent analysis 

with the purpose of quantifying the self-healing potential of considered binders. 

4.3.2 Rest Temperature-related Effects 

Assessment of the effect of rest temperature was conducted by referring to a specific set of 

data, which comprised tests identified by the following hallmarks (see §3.4): 

 Different values of TRP and tRP; 

 Equal stiffness conditions among all the materials, involving different TF values; 

 Equal loading amplitude of shear strain equal to 2 %; 

 Damage level corresponding to 35 % and 50 % reduction of |𝐺∗|0. 

Direct comparison of the healing capabilities of bituminous binders was represented in a 

TRP-𝐼𝑁 diagram, displayed in Figure 4.21 and Figure 4.22, in the case of Δ|𝐺∗| equal to 35 

% and 50 %, respectively, at the reference tRP of 2 hours [138]. Upper boundary corre-

sponding to complete healing (100 % of 𝐼𝑁) was assumed to occur at the material softening 

point temperature (TS) [87]. Contrariwise, no healing (0 % of 𝐼𝑁) was supposed to be 

achieved in the region of glass transition temperature (TG) where the self-healing aptitude 

ceases due to the impossibility of material flow and molecular interdiffusion to occur at mi-

crocrack interfaces [84]. Experimental data points were fitted to the generalized logistic 

function reported in Eq. 56, and regression parameter are listed in Table 4.5. 

𝐼𝑁(𝑇𝑅𝑃) =
100

[1 + 𝛿 ∙ 𝑒−𝜂(𝑇𝑅𝑃−𝜗)]𝛿
−1 (Eq. 56) 

Where: 

 𝛿 = shape factor; 
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 𝜂 = slope of the 𝐼𝑁(TRP) curve; 

 𝜗 = inflection point. 

Table 4.5 – Regression coefficients of healing functions obtained at the reference tRP value of 2 hours. 

Binders N1  N2  S1  S2  

Δ|𝐺∗| / % 35 50 35 50 35 50 35 50 

𝛿 / - 12.44 2.18 6.85 6.98 9.21 4.14 21.99 8.36 

𝜂 / °C-1 2.35 0.50 0.93 1.01 0.88 0.46 2.11 0.83 

𝜗 / °C 24.7 23.2 32.1 32.4 37.4 35.3 34.9 33.5 

 

By observing the results of Figure 4.21 and Figure 4.22, the values of indices were found to 

increase with increasing TRP, as expected, consistently with prior findings [64,66,112]. 

Most importantly, the performances of the investigated materials are clearly distinguished, 

which allows to define a ranking order of their healing response. However, this ranking or-

der cannot be univocally established because it depends upon rest period temperature. In 

particular, binder N1 showed superior self-healing potential for TRP values higher than 15 

°C, achieving the full restoration of the pristine matrix at temperatures significantly lower 

than those of the other materials. This is also suggested by 𝜂 and 𝜗 regression coefficients, 

which indicate that the healing curve of binder N1 was characterized by the highest slope 

value and the lowest temperature corresponding to maximum growth. In the region of tem-

peratures comprised between 25 °C and 35 °C, where bitumen N1 is fully healed, binders 

N2 and S2 exhibited similar responses as indicated by the 𝐼𝑁(TRP) curves which run close to 

each other. Instead, the material S1, whose healing curve is further to the right of the graph, 

was found to require higher temperatures during rest period to attain reasonably important 

restoration. As the values of TRP are gradually decreased below 20 °C, the discrepancy 

among the curves progressively vanishes towards the glass transition region. This indicates 

that healing responses of materials tend to wane due to the reduction of viscous flow and 

molecular mobility caused by the lower temperatures. By comparing the healing responses 

in the case of the two investigated damage levels, the materials exhibited negligible differ-

ences, possibly due to the proximity of the two damage levels. However, values of indices 

were found to be lower when subjecting the material to the highest microstructural change, 

as expected. This is also evident by considering the slope of the 𝐼𝑁(TRP) curves which de-

creased passing from Δ|𝐺∗| equal to 35 % to 50 %, which indicates a lower kinetics of the 

self-healing process. The only exception was found in the case of binder N2 that exhibited 

roughly similar values. 
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Figure 4.21 – Healing functions obtained at the reference tRP value equal to 2 hours for Δ|𝐺∗| equal to 35 %. 

 

Figure 4.22 – Healing functions obtained at the reference tRP value equal to 2 hours for Δ|𝐺∗| equal to 50 %. 

4.3.3 Full Healing Flow Properties 

The temperatures of rest period at which full healing conditions were achieved by the dif-

ferent binders were calculated by means of Eq. 56. These temperatures, indicated as TFH, 

are listed in Table 4.6. 

Table 4.6 – Full healing temperatures (TFH). 

Binders N1  N2  S1  S2  

Δ|𝐺∗| / % 35 50 35 50 35 50 35 50 

TFH / °C 28.0 38.4 40.3 40.0 46.1 51.7 38.5 42.7 
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It is worth noting that TFH was always found to be significantly lower than the softening 

point temperature, thus indicating that the previously discussed empirically based assump-

tion (𝐼𝑁 equal to 100 % at TS) is quite conservative.  

In order to correlate full healing conditions with the rheological behavior of the different 

binders, further analyses were focused on the flow properties. Such properties were evalu-

ated by considering the norm of the complex viscosity |𝜂∗| retrieved from frequency sweep 

tests and calculated as the ratio between the norm of the complex modulus |𝐺∗| and the an-

gular frequency ω.  At each specific test temperature, obtained data were fitted to Eq. 57: 

|𝜂∗| = 𝑚 ∙ 𝜔𝑛−1 (Eq. 57) 

where 𝑚 and 𝑛 are regression coefficients which refer to the test temperature under consid-

eration. The parameter 𝑛, known as the flow behavior index, can vary between 0 and 1. 

When 𝑛 is equal to 1, |𝜂∗| is independent of 𝜔 and the behavior corresponds to that of a 

Newtonian fluid [58]. 

Calculated values of the flow behavior index, 𝑛, were plotted as a function of temperature 

as shown in Figure 4.23 in the case of Δ|𝐺∗| equal to 35 % (a) and 50 % (b). It can be ob-

served that neat binders N1 and N2, reached a value of 𝑛 close to 1 at the highest T-f test 

temperature (76 °C), whereas modified binders S1 and S2 displayed values of 𝑛 lower than 

0.9 in the entire range of investigated temperatures. Moreover, it is worth noting that the 𝑛 

values of binder N1 were at all temperatures greater than those of the other materials. This 

outcome is consistent with the findings synthesized in Figure 4.21 and 4.22 since it is rea-

sonable to assume that binder N1 exhibited the highest self-healing potential as a result of 

its enhanced flow behavior that promotes the quick closure of microcracks. 

When considering the shape of the curves displayed in Figure 4.23, it can be noticed that 

the modified binders, S1 and S2, were characterized by the presence of a steady-like region 

in the temperature range comprised between 34 °C and 52 °C, where the flow behavior 

does not change with temperature as a consequence of the existence of an inner elastic pol-

ymer network. On the contrary, neat binders showed trends of the 𝑛 coefficient that were 

found to be monotonically increasing with temperature.  

For each binder, the flow behavior index was assessed at a temperature equal to TFH, high-

lighted with the dashed lines in Figure 4.23. It was found that full healing conditions corre-

spond to 𝑛 values lower than 1 that do not reveal a fully Newtonian behavior. In particular, 

all binders reached a full-healing state at 𝑛 values comprised between 0.77 and 0.87 in both 

the cases of Δ|𝐺∗| equal to 35 % and 50%. 
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Figure 4.23 – Flow behavior index at different temperatures and TFH values in the case of Δ|𝐺∗| equal to 35 % (a) 

and 50 % (b). 

4.3.4 Time-Temperature Self-Healing Charts 

With the purpose of including within the analysis the results obtained from tests performed 

at different tRP, the healing function presented in Eq. 56 was modified to incorporate the 

rest time. Such an analysis was conducted only in the case of Δ|𝐺∗| equal to 35 % at which 

data corresponding to the condition of TRP=TF and increasing tRP were collected. 

Based on the assumption that t-TS principle holds for bitumen-based materials in the case 

of self-healing process [78], the 𝐼𝑁(TRP) curves obtained at the reference tRP of 2 hours have 

been shifted to account for longer tRP. This was practically conducted by keeping constant 

the coefficients 𝛿 and 𝜂, whereas the parameter 𝜗 was changed by means of a regression 

process. In other terms, the influence of rest time was assumed to impact only on the tem-

perature at which the inflection point, 𝜗, occurred, thus neglecting any effect on the shape 

of the curve, dictated by the slope, 𝜂, and the shape factor, 𝛿. Results of such an optimiza-

tion process are presented in Figure 4.24, which shows the parameter 𝜗 as a function of tRP. 

In particular, it can be noticed that the reduction of ϑ values with increasing tRP clearly dis-

tinguished the attitude of neat binders (N1 and N2) from that of the SBS-modified binders 

(S1 and S2). The latter showed a higher slope of tRP-𝜗 regression lines compared to the first 

ones. Explanation to such a higher sensitivity to rest time variation exhibited by the modi-

fied binders can rely on the disentanglement and rearrangement of long polymer chains, 

more likely to occur to a greater extent, thus promoting molecular motion and diffusion 

processes. After determining the relationship between 𝜗 and tRP, derivation of material heal-

ing function can be conducted by arbitrarily imposing any duration of rest interval. 
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Figure 4.24 – Temperature of inflection point occurrence as a function of investigated values of tRP. 

In the case of data experimentally gathered in the current thesis, the healing functions 

𝐼𝑁(TRP) were derived at tRP equal to 6 hours, displayed in Figure 4.25. By comparing Figure 

4.25 and 4.21, it is observed that increasing the tRP from 2 to 6 hours is equivalent to hori-

zontally shift the curves obtained at the reference tRP of 2 hours. As an obvious conse-

quence, the ranking order among the binders at various rest period temperatures can vary, 

thus underlining the importance of the effects of rest time and temperature that need to be 

appropriately combined for a reliable evaluation of material self-healing performance. 

Thus, a single healing index is not capable of conveying a reliable ranking between materi-

als, since it is found to be valid only for the specific testing condition adopted to determine 

that index. It follows that self-healing functions, relying on the incorporation of both time 

and temperature of rest period, can entail adequately reasonable results. 

 

Figure 4.25 – Healing functions obtained by shifting at tRP value equal to 6 hours. 
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Based on the analysis presented above, the parameter 𝜗 was assumed to linearly vary as a 

function of tRP. Thus, Eq. 56, explicating the 𝐼𝑁 dependence on the rest period temperature, 

was modified to incorporate the effect of rest period duration, by substituting a linear rela-

tionship, characterized by an intercept 𝜅 and a slope 𝜆, in place of 𝜗, as indicated in Eq. 58: 

𝐼𝑁(𝑇𝑅𝑃 , 𝑡𝑅𝑃) =
100

[1 + 𝛿 ∙ 𝑒−𝜂(𝑇𝑅𝑃−(𝜆∙𝑡𝑅𝑃+𝜅))]𝛿
−1  (Eq. 58) 

Where 𝜅 and 𝜆 values are listed in Table 4.7. 

Table 4.7 – Regression coefficients of linear functions 𝜗 (tRP). 

Binders N1 N2 S1 S2 

𝜆 / °C/h -0.34 -0.13 -1.53 -1.31 

𝜅 / °C 25.4 32.3 39.8 36.9 

 

Implementation of Eq. 58 leads to the derivation of isochronal self-healing curves for dif-

ferent rest interval durations, which are presented in Figure 4.18 in the form of self-healing 

charts. Such self-healing charts are meant to provide a straightforward and simple predic-

tion tool for the healing performances of bituminous binders at any combination of rest 

time and temperature. Moreover, further inferences are related to the fact that a specific 

value of 𝐼𝑁 can be obtained at higher TRP and shorter tRP, or rather at lower TRP and longer 

tRP. This substantiates the concept of tRP-TRP equivalency principle, which allows superim-

position of the effects of rest time and rest temperature. By visually comparing the charts, it 

can be noted that the healing curves of unmodified binders, N1 (a) and N2 (b), are closer to 

each other, while those of the modified materials, S1 (c) and S2 (d), are well outdistanced. 

This is the effect of different dependencies on rest time (greater for modified binders), as 

discussed above, clearly reflected in the self-healing charts. 
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Figure 4.26 – Self-healing charts for binders N1 (a), N2 (b), S1 (c) and S2 (d). 

Preliminary validation of the mathematical function proposed in Eq. 58 was conducted by 

introducing the values of 𝐼𝑁, determined from the supplementary set of tests listed in Table 

3.4. The agreement between experimental results of IN and those predicted by means of the 

healing function is presented in Figure 4.27. Results provide overall positive verification on 

the predictive capability of model, for all the considered binders, with relative differences 

that were found to be always lower than 7 %. In particular, it worth noting that, when im-

posing temperatures above the highest value considered so far, in the case of binders N2, 

S1, and S2, an almost complete restoration of fatigue endurance was exhibited, thus sub-

stantiating the reliability of the healing function also outside of the investigated region of 

rest period temperature.  

 

Figure 4.27 – Comparison between values of measured and predicted IN. 
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It follows that for the construction of such self-healing charts is sufficient to perform a pre-

selected set of 4 tests, specifically related to the desired damage level. Such a set needs to 

include two values of TRP, higher than TF, and a single value of tRP. Two tests are required 

to satisfy the condition TRP=TF for two different tRP values. Finally, a corresponding set of 4 

tests with the same testing conditions needs to be performed in no-damage condition (RFS). 

4.3.5 Total Fatigue Life 

The self-healing plots presented in section 4.3.3 and 4.3.4 allow the healing capability of 

different binders to be assessed and ranked over a wide range of rest period temperatures. 

However, such an analysis does not explicitly reveal the overall fatigue performance of 

binders in terms of the number of cycles that can be endured to failure when rest periods are 

interposed between loading phases. The definition of fatigue failure of asphalt binders in 

the present study included the traditional stiffness-based approach identified as 50 % loss in 

|𝐺∗|. As indicated in Eq. 59, the total fatigue life (𝑁𝑓) can be computed as the summation of 

two contributions: the fatigue life assessed during the pure loading without rest periods 

(𝑁𝐹) and the additional fatigue endurance capability stemming from self-healing (𝑁𝐻). 

𝑁𝑓 = 𝑁𝐹 + 𝑁𝐻 (Eq. 59) 

𝑁𝐻 values for each binder were derived from the corresponding 𝐼𝑁 parameter to exclude 

thixotropic effects. Thus, calculations were carried out by referring to Eq. 60, derived from 

Eq. 56. Values of 𝑁𝐹, 𝑁𝐻 and 𝑁𝑓 are plotted in Figure 4.28 as a function of TRP values. 

𝑁𝐻(𝑇𝑅𝑃) =
𝑁𝐹

[1 + 𝛿 ∙ 𝑒−𝜂(𝑇𝑅𝑃−𝜗)]𝛿
−1  (Eq. 60) 

 

Figure 4.28 – 𝑁𝑓 (a) and 𝑁𝐻, 𝑁𝐹 (b) versus rest period temperatures. 
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While 𝑁𝐹 is independent of the rest temperature by definition, the values of 𝑁𝐻 and 𝑁𝑓 

were found to increase significantly for increasing values of TRP.  

It can be noticed that a univocal ranking can be established among the considered materials. 

Binder S2 clearly showed the best fatigue performance, followed by binders S1 and N2, 

with the lowest 𝑁𝐹, 𝑁𝐻 and 𝑁𝑓 values being displayed by binder N1. It was also observed 

that the slopes of the 𝑁𝑓(TRP) curves for materials N2, S1 and S2, were similar, while bind-

er N1 exhibited the highest slope value. This is consistent with the findings synthesized in 

Figure 4.21 and Figure 4.22, according to which binder N1 was characterized by the highest 

temperature sensitivity of its self-healing properties. It is interesting to point out that the 

abovementioned ranking was found to be different from the one based on the 𝐼𝑁 index. This 

is due to the fact that 𝐼𝑁 reflects the inner healing potential in relative terms, whereas 𝑁𝑓 

takes into account the effect of self-healing on the overall fatigue resistance [139]. 

4.4 III Objective: S-VECD Modeling Approach 

The viscoelastic continuum damage (VECD) model is one of the most supported models in 

the bitumen community, used to describe the fatigue damage accumulation in bituminous 

materials [140–143]. Such a model is based on the continuum damage framework, which 

possesses the advantage of characterizing the material behavior from macroscale observa-

tions. Thus, the degradation of material integrity is meant to comprise any effect of micro-

structural changes distributed within the material undergoing damage. The VECD model 

was built on rigorous theoretical backgrounds represented by Schapery’s work potential 

theory [144,145] which allows quantification of damage in bituminous mixtures. The rela-

tionship between the material integrity and the damage represents the crux of the VECD 

model, known as damage characteristic curve (DCC). 

Schapery’s theory was initially developed to describe the mechanical behavior of elastic 

bodies with growing damage [146]. Extension of such a theory to viscoelastic media was 

accomplished afterwards by introducing the elastic-viscoelastic correspondence principle, 

which allowed to discriminate the effect of viscoelasticity from damage [45,147]. Further-

more, incorporation of temperature effects in VECD model was conducted by proving the 

validity of t-TS principle, under microcracking states [148]. Due to the cumbersome com-

putational aspects of the VECD modeling, a simplified form, named S-VECD, was derived 

to characterize uniaxial cyclic direct tension tests on bituminous mixtures, which was prov-

en to reasonably produce accurate results by maintaining theoretical rigors [149,150]. 
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In the context of bituminous binder fatigue testing implemented in DSR, the VECD model 

was firstly applied to describe the behavior of materials subjected to monotonic loading at 

constant strain rate [151]. However, due to the high stress level withstood by polymer-

modified binders at high strains, the model application resulted adequate only for neat bi-

tumen, which showed strain rate-independent DCCs [152]. Further drawbacks are related to 

the normal stresses arising when monotonic loading is imposed to the material, which af-

fects the damage growth [99]. Recently, the binder yield energy test (BYE) and the DSR-

based elastic recovery (DSR-ER) test were proposed to allow expeditious ranking of binder 

fatigue resistance [153,154]. Both the tests apply monotonic constant shear rate loading to 

measure the yield property and the elastic recovery of materials, respectively. Although 

promising results have been obtained in comparison with cyclic tests, BYE test was found 

to be inadequate for heavily modified binders, whereas DSR-ER test was not able to differ-

entiate the elastic recovery of neat binders [154]. 

The VECD modeling approach was also extended to damage-inducing tests involving cy-

clic loading, such as TS and LAS tests. The model application on both types of tests pro-

vided adequate results, although mismatch was found between the damage characteristic 

curves generated from the two testing approaches. This is presumably due to the higher 

strain amplitudes involved in LAS test, which imply non-linearity effects to be superim-

posed to damage effects, thus impacting more on the material integrity reduction and en-

durable damage [99]. As in the case of bituminous mixtures, in order to ease the computa-

tional process, a simplified form of VECD procedure has been implemented for DSR-based 

tests, which consists of ignoring the full time histories of stress and strain, in favor of their 

peak values [99,133,155]. Furthermore, t-TS principle was proven to hold for LAS and TS 

tests, generating DCCs independent on temperature [99,156,157]. 

4.4.1 Theoretical Background 

Linear viscoelasticity 

Viscoelastic materials, as the name implies, refer to materials which show an intermediate 

behavior between an ideal elastic body and a viscous fluid. Such materials exhibit rate de-

pendence, as indicated in Figure 4.29 by the creep (c) and relaxation (d) phenomena, occur-

ring under constant stress (a) and constant strain input (b), respectively [11]. In the equa-

tions of Figure 4.29, 𝜏 and 𝛾 represent the shear stress and shear strain, respectively, 𝐽(𝑡) 

and 𝐺(𝑡) are functions of a linear viscoelastic material, known as creep compliance and re-

laxation modulus, respectively. 
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Figure 4.29 – Phenomenon of creep (c) under constant stress (a), and relaxation (d) under constant strain (b). 

The rate dependence of viscoelastic materials corresponds to time dependence since their 

response is function of the current input and of the entire input history. If the input level is 

small enough, viscoelastic materials generally exhibit linear behavior, which becomes non-

linear at high input levels. Viscoelastic systems are defined linear (LVE) if and only if they 

obey to homogeneity and superposition principles, as mathematically expressed in Eq. 61 

(where 𝑐 is a constant) and Eq. 62, respectively. 

𝑅{𝑐𝐼} = 𝑐𝑅{𝐼} (Eq. 61) 

𝑅{𝐼1 + 𝐼2} = 𝑅{𝐼1} + 𝑅{𝐼2} (Eq. 62) 

Homogeneity principle refers to the proportionality between the input (𝐼) and the response 

(𝑅) at any given time. Superposition principle states that the response of the combination of 

two arbitrary inputs (𝐼1, 𝐼2) is equal to superimposing the response of each of the inputs, 

considered separately. 

Due to the time-dependence of such materials, LVE response needs to be expressed as a 

function of time, in addition to all the input variables. From a mathematical perspective, 

LVE response is described by means of a convolution integral. In order to facilitate the 

mathematical manipulation, the input value can be conveniently defined by using the Heav-
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iside Step Function, 𝐻(𝑡 − 𝜉), where 𝑡 is the time of interest and 𝜉 is the time of loading. 

𝐻(𝑡 − 𝜉) is defined as a discontinuous function equal to 1 for 𝑡 > 𝜉, and to 0 for 𝑡 < 𝜉. By 

considering the case of constant input ∆𝐼 applied at 𝑡 = 𝜉: 

𝐼 = ∆𝐼 ∙ 𝐻(𝑡 − 𝜉) (Eq. 63) 

𝑅{∆𝐼 ∙ 𝐻(𝑡 − 𝜉)} = ∆𝐼 ∙ 𝑅{𝐻(𝑡 − 𝜉)} = ∆𝐼 ∙ 𝑅𝐻 (Eq. 64) 

Where 𝑅𝐻 is the unit response function. In the case of creep and relaxation phenomena, the 

unit response functions are the creep compliance and the relaxation modulus, respectively. 

Application of Heaviside function by generalizing the superposition principle is given as 

follows. 

 

Figure 4.30 – Two-inputs history (a) and corresponding response (b). 

In the case of (N+1) steps: 

𝑅 =∑∆𝐼𝑖 ∙ 𝑅𝐻(𝑡 − 𝜉𝑖)

𝑁

𝑖=0

=∑
∆𝐼𝑖
∆𝜉𝑖

∙ 𝑅𝐻(𝑡 − 𝜉𝑖)∆𝜉𝑖

𝑁

𝑖=0

 (Eq. 65) 

As the inputs become smaller, 𝑁 → ∞ and the loading increments of time ∆𝜉𝑖 → 0: 

𝑅 = lim
∆𝜉𝑖→0

∑
∆𝐼𝑖
∆𝜉𝑖

∙ 𝑅𝐻(𝑡 − 𝜉𝑖)∆𝜉𝑖

∞

𝑖=0

 (Eq. 66) 

Which leads to the integral form of Eq. 67 in the case of continuous input, referred to as 

convolution or hereditary integral: 

𝑅 = ∫ 𝑅𝐻(𝑡 − 𝜉)
𝑑𝐼

𝑑𝜉
𝑑𝜉

𝑡

0

 (Eq. 67) 

By referring to the creep and relaxation phenomena, the convolution integrals depict the 

linear viscoelastic stress-strain relationships [158]. Eq. 68 describes the strain response de-
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pendent on the prescribed stress history, 𝑑𝜏/𝑑𝜉, whereas Eq. 69 expresses the stress re-

sponse dependent on the prescribed strain history, 𝑑𝛾/𝑑𝜉.  

𝛾(𝑡) = ∫ 𝐽(𝑡 − 𝜉)
𝑑𝜏

𝑑𝜉
𝑑𝜉

𝑡

0

 (Eq. 68) 

𝜏(𝑡) = ∫ 𝐺(𝑡 − 𝜉)
𝑑𝛾

𝑑𝜉
𝑑𝜉

𝑡

0

 (Eq. 69) 

Elastic-Viscoelastic Correspondence Principle 

The elastic-viscoelastic correspondence principle was proposed by Schapery [45] for linear 

and non-linear material to account for viscoelasticity. This principle allows determination 

of viscoelastic solutions from the corresponding elastic case, by introducing pseudo varia-

bles in place of physical quantities [158]. Definition of torsional pseudo strains is given in 

Eq. 70, by means of the shear stress expression of Eq. 69. 

𝛾𝑅(𝑡) =
1

𝐺𝑅
∫ 𝐺(𝑡 − 𝜉)

𝑑𝛾

𝑑𝜉
𝑑𝜉

𝑡

0

 (Eq. 70) 

Where: 

 𝛾𝑅 = the pseudo strain; 

 𝛾 = time-dependent shear strain; 

 𝜉 = integration variable representing time; 

 𝐺(𝑡) = relaxation modulus; 

 𝐺𝑅 = constant reference modulus. 

By substituting the integral form, the pseudo strain can be rewritten in the form of stress-

strain elastic-like solution, as expressed in Eq. 71. This means that the shear stress response 

is linearly proportional to the pseudo shear strain response, through a reference modulus, 

𝐺𝑅, arbitrarily assumed equal to 1, hereinafter, which dictates the slope of the stress-pseudo 

strain relationship. 

𝛾𝑅(𝑡) =
𝜏(𝑡)

𝐺𝑅
 (Eq. 71) 

Introduction of pseudo strains allows discrimination of material viscoelasticity from dam-

age. In fact, the damage occurring within the specimen is reflected through changes of the 

slope in the stress-pseudo strain domain, indicating the deviation from linear viscoelasticity. 

This results in the material stiffness deterioration, which is represented by the pseudo se-

cant stiffness [140], defined in Eq. 72, termed as 𝐶. 
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𝐶 =
𝜏𝑝

𝛾𝑝
𝑅

 
(Eq. 72) 

Shear stress and pseudo strain of Eq. 72 are indicated with the subscript 𝑝 because they re-

fer to the peak values. In fact, the full time history of stress and strain is generally ignored 

in favor of the peak values, due to the cumbersome effort involved in the computational 

process [99,149]. This leads to the simplified form of VECD (S-VECD). Thus, peak pseudo 

strains are calculated by introducing Eq. 73 rather than Eq. 70, because it was found to be 

suitable in the case of DSR-based cyclic loading with zero mean displacement [133]. 

𝛾𝑝
𝑅 = 𝛾𝑝 ∙ |𝐺

∗|𝐿𝑉𝐸  (Eq. 73) 

Where |𝐺∗|𝐿𝑉𝐸 is the material norm of complex modulus in the LVE domain for preselected 

values of frequency and temperature. 

The final form of pseudo stiffness is given in Eq. 74, in which it is introduced a factor ac-

counting for the specimen-to-specimen variability, denoted as dynamic modulus ratio 

(𝐷𝑀𝑅). The 𝐷𝑀𝑅 factor is evaluated by the ratio of the fingerprint modulus, indication of 

the stiffness of the tested specimen, and the LVE modulus, representing the overall material 

stiffness (Eq. 75). 

𝐶 =
𝜏𝑝

𝛾𝑝
𝑅 ∙ 𝐷𝑀𝑅

 
(Eq. 74) 

𝐷𝑀𝑅 =
|𝐺∗|𝑓𝑖𝑛𝑔𝑒𝑟𝑝𝑟𝑖𝑛𝑡
|𝐺∗|𝐿𝑉𝐸

 (Eq. 75) 

The proportionality between pseudo strain and shear stress response allows the pseudo 

stiffness to be ranging from 1 to 0. The case of 𝐶 = 1 corresponds to the material linear vis-

coelastic behavior, whereas as the specimen undergoes damage, the behavior deviates from 

linear viscoelasticity and 𝐶 value decreases toward 0. However, part of the reduction of 𝐶 

can be attributed to non-linear effects which need to be properly discriminated as explained 

in the following (see §4.4.4). The pseudo stiffness is recognized to represent the integrity of 

the material. 

Work Potential Theory 

The work potential theory [45,144,159] is based on continuum damage mechanics which 

allows to account for microdamage effects by focusing on the overall constitutive behavior 

of material [143]. Schapery’s theory was firstly built for elastic bodies by applying the 

thermodynamics of irreversible principle and afterwards adapted to viscoelastic materials 

by introducing the elastic-viscoelastic correspondence principle. The fundamentals of the 

Schapery’s theory, extended for viscoelastic media, are [143]: 
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 The pseudo strain energy density function; 

 The relationship between stress and strain (𝜏 = 𝜕𝑊/𝜕𝛾); 

 The rate-dependent damage evolution law. 

The rate-dependent damage, 𝑑𝑆/𝑑𝑡, is defined in Eq. 76, in which the right hand side rep-

resents the available thermodynamic force for damage growth [160]: 

𝑑𝑆

𝑑𝑡
= (−

𝜕𝑊𝑅

𝜕𝑆
)

𝛼

 (Eq. 76) 

Where: 

 𝑆 = internal state variable, indicating damage; 

 𝛼 = damage evolution rate; 

 𝑊𝑅 = pseudo strain energy density function. 

The pseudo strain energy density function represents the work performed on the system by 

the external load and can be defined by the following expression [140,160]: 

𝑊𝑅 = 𝑊𝑅(𝛾𝑅, 𝑆) =
1

2
𝛾𝑅 ∙ 𝜏 =

1

2
𝐶(𝑆)(𝛾𝑅)2 (Eq. 77) 

The solution to the damage evolution law was given into the discrete form of Eq. 78, by 

substituting Eq. 77 into Eq. 76 and by applying the chain rule [140,142,158,161]: 

𝑆 =∑[
𝐷𝑀𝑅

2
(𝛾𝑅)2(𝐶𝑖−1 − 𝐶𝑖)]

𝛼
𝛼+1

(𝑡𝑖 − 𝑡𝑖−1)
1
𝛼+1

𝑁

𝑖=1

 (Eq. 78) 

The damage change in the time interval (𝑡𝑖 − 𝑡𝑖−1) is considered to occur with constant rate 

change and is dependent upon the changes of the material integrity (𝐶𝑖−1 − 𝐶𝑖), and pseudo 

strains. The damage evolution rate, 𝛼, is an undamaged material constant, hereinafter as-

sumed equal to (1 + 1/𝑚) [99], where 𝑚 is a coefficient gathered by linear viscoelastic 

characterization as the steady-state slope of the norm of complex modulus master curve. 

Time-Temperature Superposition 

The t-TS principle states that the behavior of viscoelastic material can be stretched or 

shrunk in time, due to the effects of temperature above or below the reference temperature, 

respectively [11]. This equivalency allows to combine the effects of time and temperature 

in a single parameter, referred to as reduced time (𝑡𝑅). In the general case of transient tem-

perature with time, 𝑡𝑅 is expressed in the integral form of Eq. 79 [162]: 

𝑡𝑅(𝑡) = ∫
𝑑𝜉

𝑎𝑇[𝑇(𝜉)]

𝑡

0

 (Eq. 79) 



82 Chapter 4 

Where 𝑎𝑇 is the time-temperature shift factor at a given temperature, 𝑡 is the actual time of 

measurement and 𝜉 is a time variable of integration. There exist several mathematical func-

tions to define the shift factors, among which the empirical expression proposed by Wil-

liams et al. [163], reported in Eq. 28, is one of the most commonly used. In the simplest 

case, temperature value is constant, and Eq. 79 is reduced to the Eq. 80: 

𝑡𝑅 =
𝑡

𝑎𝑇
 (Eq. 80) 

Incorporation of t-TS into the S-VECD modeling approach can be accomplished by substi-

tuting the measured time in Eq. 78 with the reduced time. The final formulation of damage 

can be rewritten as in Eq. 81, which corresponds to shifting the DCC to the reference tem-

perature, thus capturing the effect of temperature. 

𝑆 =∑[
𝐷𝑀𝑅

2
(𝛾𝑅)2(𝐶𝑖−1 − 𝐶𝑖)]

𝛼
𝛼+1

(𝑡𝑅𝑖 − 𝑡𝑅𝑖−1)
1
𝛼+1

𝑁

𝑖=1

 (Eq. 81) 

4.4.2 S-VECD Modeling with Self-Healing 

Application of continuum damage concepts to fatigue behavior modeling in the presence of 

self-healing has been attempted by few researchers in the literature [78,96,130,164,165]. 

However, the placeholder was established by Lee and Kim [140] who derived a uniaxial 

viscoelastic constitutive model accounting for damage growth and incorporating micro-

damage healing of bituminous mixture. With this purpose, they introduced a healing func-

tion (𝐻) to depict the changes in pseudo stiffness observed after imposing the rest period. 

This is schematically illustrated in Figure 4.31 in the case of a single rest period. It can be 

observed that the pseudo stiffness increases right after the rest (from A to A’) and progres-

sively diminishes as the material is undergoing damage. The beneficial effect of rest period, 

in the healed material, is caught in region I (from A’ to B’) and gradually vanishes until 

reaching region II, where the stiffness decreasing rate is characterized by the same slope 

(from B’ to D’) of that exhibited by the virgin material (from B to D). However, the curve 

B’D’ is vertically shifted upwards by the amount BB’. 
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Figure 4.31 – Pseudo stiffness versus number of cycles in the case of material loaded with and without rest period. 

This results in the mathematical form presented in Eq. 82 and Eq. 83: 

𝜎 = 𝐶1(𝑆1)휀
𝑅  (Eq. 82) 

𝜎 = [𝐶1(𝑆1) + 𝐻]휀
𝑅 (Eq. 83) 

Where 𝜎 and 휀𝑅 represent the stress and pseudo strain, respectively (in the case of uniaxial 

loading), and 𝐶1(𝑆1) is the material integrity before the rest period. The healing function, 

𝐻, introduces two additional terms of pseudo stiffness and damage parameter, 𝐶2(𝑆2) and 

𝐶3(𝑆3), respectively. The former accounts for material integrity restoration occurring dur-

ing rest period, whereas the latter is physically related to the pseudo stiffness of the re-

damaged material. By referring to 𝑖-th rest intervals, the healing function 𝐻 is generalized 

in the form of Eq. 84, while the damage evolution 𝑆2 and 𝑆3 are given in Eq. 85 and Eq. 86, 

respectively. 

𝐻 = [𝐶𝐴,𝑖 + 𝐶2(𝑆2,𝑖)]𝐶3(𝑆3,𝑖) − 𝐶1(𝑆1) −∑(𝐶𝐵′,𝑗 − 𝐶𝐵,𝑗)

𝑖−1

𝑗=1

 (Eq. 84) 

𝑆2 = ∫ [
1

2
(휀𝑅)2

𝜕𝐶2
𝜕𝑆2

]
𝛼2

𝑑𝑡
𝑡𝑅𝑃

𝑜

 (Eq. 85) 

𝑆3 = [−
𝐶𝐴′

2
(휀𝑅)2

𝜕𝐶3
𝜕𝑆3

]
𝛼3

 (Eq. 86) 

However, due to shortcomings in the rigor of the abovementioned model, a simplified ver-

sion was proposed with the attempt of including a single term for material integrity and 

damage, in place of multiple parameters and damage functions. The basic concept of the 

simplified model is to assume that a single damage function governs the phenomenon. Dur-
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ing the damage process accumulation, the material integrity decreases along 𝐶(𝑆) curve; 

during the healing process, the material is repaired backwards along the same curve. Thus, 

any reloading and rest period imposed to the material can impact only by moving back and 

forward along the same path [166]. This is illustrated in Figure 4.32.  During the first load-

ing, the material undergoes damage upon reaching the point A, where a rest period is im-

posed. This allows the material to heal the material integrity and damage back to point B. 

Then, reloading of material leads to damage growth until point C, where another rest inter-

val is applied, thus resulting in gain of properties until point D, and so on. 

 

Figure 4.32 – Schematic diagram of material integrity versus damage for the simplified model. 

Calculation of pseudo stiffness can be conducted by means of the formulation of Eq. 87, 

whereas the damage reduction due to healing, 𝑆𝐻, requires an optimization process such 

that the resulting pseudo stiffness is found to be of same value of that recorded at the end of 

the loading.  

𝑆𝑖+1 = 𝑆𝐻 + [−
1

2
(휀𝑅)2

𝜕𝐶

𝜕𝑆
]
𝛼

 (Eq. 87) 

4.4.3 Preliminary Experimental Observations 

Based on the simplified theory expressed above, in the case of bituminous binders, the first 

assumption is to considerer a unique governing 𝐶(𝑆) function for both the fatigue loading 

phases, before and after the rest period. However, this simplicity needs to cope with the ex-

perimental observation that the healed material behaves differently from the intact material, 

as witnessed in the case of mixture. In particular, it must be reminded that re-damaged 

specimens, after resting, are obviously more sensitive to loading than the first-damaged ma-
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terial. It has been also observed that, as expected, the loading sensitivity exhibited by the 

healed binder was strongly dictated by the temperature imposed during rest. This is be-

lieved to reflect different stages of the self-healing mechanism within the bituminous ma-

trix, as macroscopically displayed in Figure 4.33 and Figure 4.34, in terms of norm of com-

plex modulus normalized by  |𝐺∗|0, versus time. The figures show, by way of example, the 

responses of bitumen N1 (Figure 4.33) and modified binder S1 (Figure 4.34), derived by 

TS-based F and FRFS tests by omitting the data recorded during the thermal conditioning 

phase and rest interval. For FRFS tests, the response is showed in the case of 50 % reduc-

tion of |𝐺∗|0, for two different TRP values, equal to TF (a) and 30 °C (b), respectively. As 

highlighted by Lee and Kim [140] in the case of mixture, the response of the healed sample 

can be parted in two distinguished regions: 

 Region I denotes the behavior of the partially-to-fully healed material, highlighting 

the beneficial effect of rest period due to microdamage healing and additional bi-

asing effects; 

 Region II identifies the damage growth in the partially-to-fully healed material, 

which corresponds to that of the virgin material, as indicated by the fact that the 

decreasing rate of the curve (A’B’) of Region II is equivalent to that of the virgin 

matrix (AB). 

In particular, the material behavior to fatigue loading after the rest period is marked by a 

deviation from that observed before resting. This is made explicit by the fact that stiffness 

gain is rapidly consumed by loading progression instead of following the same decreasing 

rate. Such a response is generally exhibited in both the materials, regardless of the presence 

of SBS polymer. In fact, in the diagrams of Figure 4.33 (a) and 4.34 (a) where the tempera-

ture is constant all over the test, it can be noted that the increase in modulus, recorded after 

the rest period, quickly vanishes after few reloading cycles until reaching same stiffness 

recorded before the rest. The incremental number of reloading cycles necessary to achieve a 

modulus equal to that at the end of the first loading (points A and A’) impacts on the exten-

sion of fatigue life. This is significantly evident when TRP is risen, as e.g. in the case of Fig-

ure 4.33 (b), where region I is found to be comparable to the first loading phase. Thus, the 

presence of the rest period allows reestablishment of the intact bituminous matrix to an ex-

tent that can be quantified in terms of modulus and endurance to loading cycle. 

It is speculated that the rapid rate of decrease is imputed to the weak interactions occurred 

at the interfaces of microcracks, which can be easily disrupted unless high bonding 

strengths are developed and promoted by thermochemical factors. This result was previous-

ly highlighted in terms of healing indices (see §4.3), and visually denoted here by observa-

tion of examples of data gathered from tests. 
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Figure 4.33 – Example of norm of complex modulus, normalized by  |𝐺∗|0, versus time gathered from TS-based F 

tests (at TF = 10 °C) and TS-based FRFS tests, at TRP = TF (a) and TRP = 30 °C (b), for binder N1. 

 

 

Figure 4.34 – Example of norm of complex modulus, normalized by  |𝐺∗|0, versus time gathered from TS-based F 

tests (at TF = 14 °C) and TS-based FRFS tests, at TRP = TF (a) and TRP = 30 °C (b), for binder S1. 

Notable condition occurs whereby the curve in region I (A0A) is found to be more extended 

than the curve corresponding to the first loading. It is postulated that such an occurrence 

can be imputed to thixotropic effects which allows microstructural reorganization during 

rest periods leading to a stiffer network of the bituminous matrix. 

Further observations arise by focusing on the solely second loading interval of TS-based 

FRFS tests, for different TRP values. As highlighted by Di Benedetto and co-workers [13] in 

the case of bituminous mixtures, the degradation process of bituminous binders can be de-

scribed by three disparate stages: 
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 Phase I: the first stage, also recognized as adaptation phase, consist of a rapid drop 

in stiffness, which can be partially imputed to fatigue damage and partially exerted 

by undesired effects such as local heating, thixotropy and non-linearity; 

 Phase II: the second stage, also referred to as quasi-steady phase, is characterized 

by a constant decreasing rate of stiffness with loading progression, mostly dictated 

by the material resistance to microcracks formation, in which parasitic factors still 

bias the response; 

 Phase III: the third stage, also called failure phase, is related to propagation and 

coalescence of microcracks to macrocracks, characterized by a change in slope of 

the degradation curve, which eventually determines the material global failure. 

Evidence of this is schematically presented in Figure 4.35, in which the three different 

phases can be clearly identified. 

 

Figure 4.35 – Schematical representation of stiffness versus loading cycles derived from TS-based F test (Example 

of binder S1). 

When focusing on the evolution of the norm of complex modulus derived from TS-based 

FRFS tests, it is evident the diverse impacts of the rest period. Figure 4.36 displayed, by 

way of example, the behavior of materials in the second loading interval, after being dam-

aged to 35 % abetment of |𝐺∗|0 and left to heal at different TRP. By visually comparing the 

behaviors, it is worth observing that at the beginning of the loading application, phase I is 

generally exhibited, regardless of the imposed TRP. Such an observation is presumably due 

to the fact that phase I is mostly driven by undesired biasing effects, independent on the 

damaged-healed microstructural state achieved due to healing. Instead, it can be assumed 

that the contribution of fatigue damage is minimal [132]. This is also supported by the ex-

perimental observation that, whenever the first fatigue loading is halted, a quasi-immediate 

stiffness increment is generally witnessed, caused by the progressive decrease of local heat-
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ing and thixotropic effects [7]. The role of fatigue resistance is predominant in phase II, 

which plays an important role in retarding the occurrence of macrocracks of phase III. This 

is thought to reflect and discriminate the contribution of self-heling. In fact, it can be rea-

sonably assumed that if the self-healing process is not completely developed in a specific 

cracked zone, phase I is followed by a rapid deterioration due to inability of the partially 

healed material to resist further degradation. As the self-healing mechanism is developed to 

a higher degree, phase II is found to be restored to a greater extent. 

 

 

Figure 4.36 – |𝐺∗|/|𝐺∗|0 versus loading cycles corresponding to the loading interval after rests at different TRP, 

derived from TS-based FRFS tests, in the case of 35 % drop of |𝐺∗|0, for binders N1 (a), N2 (b), S1 (c), S2 (d). 

When focus is placed on the behavior of neat binders, it can be noted that the increase of 

TRP value is found to have a progressively significant impact on both, stiffness and fatigue 

endurance gain. A different behavior, instead, can be depicted in the case of the polymer 

modified binder. In fact, it is interesting to note that roughly similar stiffness restoration is 
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achieved regardless of the TRP value, although this is partially imputed to recovery. Rather, 

the endurance to loading cycles is significantly dependent on TRP. 

Whether it means that the fatigue endurance represents the state of cracks’ closure, once the 

material is retested at high strain level, if cracks have not healed, they open very easily. In-

stead, it is postulated that whether low strains are applied, cracks stay close, thus resulting 

in higher stiffness gain. This reinforces the fact that stiffness is not a good state variable for 

healing because it does not exactly reflect the corresponding resistance to fatigue loading 

(as also outlined in section 4.3.1 in the case of index 𝐼𝐺  and 𝐼𝑁). 

4.4.4 General Methodology and Results 

Based on the abovementioned observations, this section introduces the methodology im-

plemented to quantify healing by means of the S-VECD concepts. The complete analytical 

steps are presented with respect to binder N1, for which additional tests have been per-

formed with the purpose of corroborating the reliability of the results (as showed in Table 

3.5). The S-VECD formulations (Eq. 74 and Eq. 81) have been implemented to calculate 

the DCC of the two loading phases of TS-based FRFS tests. It is reminded that the DCC 

represents the unique function 𝐶(𝑆) existing between the material integrity 𝐶, and the dam-

age 𝑆. Such a damage, according to the work potential framework, is the result of the in-

cremental deterioration process. Healing, instead, allows for the progressive reversal of 

damage, driven by thermodynamic-chemical forces. This results in a net reduction of 𝑆 by a 

quantity hereinafter termed as 𝑆𝐻, schematically represented in Figure 4.37. However, the 

value of 𝑆𝐻 cannot be analytically computed, because it would require the relationships be-

tween 𝑆𝐻 and the healing-related driving forces to be known [164]. Besides, it must be un-

derlined that, from the theoretical perspective, damage could not be reversed because the 

damage evolution law is founded on irreversible processes. 

Contrariwise, the value of pseudo stiffness after the rest period, 𝐶𝑎𝑅, is immediately calcu-

lated by means of Eq. 74, which requires the solely viscoelastic properties and the shear 

stress response. This directly quantifies the microdamage healing in terms of material integ-

rity (herein termed as 𝐶𝐻). However, it is underlined that the values of 𝐶𝑎𝑅 can be overesti-

mated due to possible material recovery attributed to biasing effects, which merits further 

considerations, as discussed thereinafter.  

Once the value of 𝐶𝐻 is defined, it could be straightforwardly used to calculate 𝑆𝐻 if the 

progression of damage within the partially healed specimen was the same of that occurring 

within the undamaged sample. However, as previously observed (see §4.4.3), damaging of 

previously damaged material behaves differently than damaging of non-damaged material. 



90 Chapter 4 

 

Figure 4.37 – Schematic representation of material integrity versus damage before and after the rest period. 

It is inferred that this observation is reflected in the 𝐶(𝑆) function. Thus, in order to evalu-

ate 𝑆𝐻, a reverse approach was adopted by starting with the assumption which underlines 

that the DCC governs, whether it is continuous loading or healing. This means that any rest 

period would lead to the restoration of 𝐶, directly corresponding to changes of 𝑆. However, 

when the material is reloaded, after a rest interval at some temperature and some time, the 

damage progression does not follow exactly the previous path, because the 𝐶 values would 

change differently than the reversal of 𝑆 values. Thus, 𝐶 value changing is not an exact in-

dication of how much the 𝑆 value has changed. 

Preliminary Application of S-VECD Model 

It follows that the S-VECD analysis is preliminarily conducted by assuming that no damage 

is reversed after the rest period (𝑆𝑏𝑅=𝑆𝑎𝑅 which implies 𝑆𝐻=0). Thus, the DCCs corre-

sponding to the first and second loading phases (hereinafter indicated as DCCI and DCCII, 

respectively) are derived in Figure 4.38, by implementing Eq. 74 and Eq. 81 on data from 

TS-based FRFS tests in the case of binder N1 corresponding to ∆|𝐺∗| of 35 %, characterized 

by same testing conditions except for the values of TRP. By looking at Figure 4.38, it can be 

noticed that all the DCCI collapse on the same curve, corresponding to the DCC of TS-

based F test that represents the reference fatigue behavior. The DCCI eventually reach the 

imposed damage level (represented by the dashed line), after which the binder is left idle 

for tRP equal to 2 hours at TRP. 

The progression of 𝐶(𝑆) of DCCII curves, once the material is reloaded, are instead marked 

by an initial deviation from the DCCI. It follows that the 𝑆 value, for some time, may be 

governed by a different 𝐶(𝑆) relationship, until the deviation eventually vanishes once the 
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material returns to the material state achieved at the end of DCCI. At this point, all the 

DCCII are found to follow back along the same 𝐶(𝑆), as indicated by the fact that they be-

come all parallel to the reference DCC. 

 

Figure 4.38 – DCCs gathered from TS-based FRFS tests, evaluated at different values of TRP (binder N1 damaged 

with ∆|𝐺∗| of 35 % at TF = 10 °C) 

Non-Linear and Thixotropic Biasing Effects  

By referring to both the first and second loading phases of TS-based FRFS tests, it must be 

underlined that the imposed strain level equal to 2 % exceeds the linear viscoelastic frontier 

(see §3.4). Thus, it is postulated that part of the modulus reductions is attributed to deleteri-

ous microstructural damage, while another part is imputed to non-linearity. Therefore, non-

linearity was implemented within the S-VECD framework by introducing the non-linear 

shift factors presented in section §4.1. The horizontal shift 𝑎𝛾 is applied to the reduced 

time, with the purpose of changing the extension of the damage, whereas the vertical shift 

ℎ𝐺 changes the value of 𝐶. This is mathematically described in Eq. 88 and Eq. 89, where 

𝑡′𝑅 represents the strain-dependent reduced time, and 𝛾𝑝,𝑁𝐿𝑉𝐸
𝑅  is the pseudo non-linear strain 

calculated by means of Eq. 90 [127]. 

𝑡′𝑅 =
𝑡𝑅
𝑎𝛾
=

𝑡

𝑎𝑇 ∙ 𝑎𝛾
 

(Eq. 88) 

𝐶 =
𝜏𝑝

𝛾𝑝,𝑁𝐿𝑉𝐸
𝑅 ∙ 𝐷𝑀𝑅

 
(Eq. 89) 

𝛾𝑝,𝑁𝐿𝑉𝐸
𝑅 = 𝛾𝑝 ∙ |𝐺

∗|𝑁𝐿𝑉𝐸(𝜔𝑅) = 𝛾𝑝 ∙
1

ℎ𝐺
|𝐺∗|𝐿𝑉𝐸(𝜔𝑅

′ ) (Eq. 90) 
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After including non-linearity in the analysis, results of DCCI and DCCII, showed in Figure 

4.39, were characterized by a vertical shift toward higher values of 𝐶 and greater extent of 

𝑆. This is consistent with the expectations since non-linearity is generally superimposed to 

damage, thus leading to underestimate the final material response. 

 

Figure 4.39 – DCCs gathered from TS-based FRFS tests after including non-linearity (binder N1 damaged with 

∆|𝐺∗| of 35 % at TF = 10 °C) 

Whether non-linearity can cause underestimation of the results, thixotropy is referred to un-

desired effects superimposed to self-healing thus leading to overestimate the real self-

healing capability. In fact, the increment in stiffness exhibited at the end of rest period due 

to hardening processes can be overlapped to that due to material self-healing. By referring 

to the S-VECD approach, this can result in an overestimation of the material integrity 𝐶, 

which may also reflect different changes in the state variable 𝑆, because 𝐶 is directly dis-

tributed in the 𝑆 calculation. For such a reason, results derived from the rest period of TS-

based RFS tests were analyzed to introduce a factor 𝑎𝑡 evaluated in Eq. 91, as the ratio be-

tween the norm of complex modulus recorded at the end of the rest period and that meas-

ured at the beginning of the rest (see Figure 4.17). 𝑎𝑡 is introduced to reflect the time and 

temperature-dependent increment in stiffness due to rest and it is ≥ 1 by definition. 

𝑎𝑡 =
|𝐺∗|𝑅,𝑓−𝑅𝐹

|𝐺∗|𝐶,𝑓−𝑅𝐹
 (Eq. 91) 

𝐶 =
𝜏𝑝

𝛾𝑝,𝑁𝐿𝑉𝐸
𝑅 ∙ 𝐷𝑀𝑅 ∙ 𝑎𝑡

 
(Eq. 92) 

Results obtained after introducing the factor 𝑎𝑡 are presented by way of example in Figure 

4.40 for binder N1 and Figure 4.41 for binder S1. The graphs show the comparison between 

the reference DCC obtained from TS-based F test and the DCC gathered from TS-based 
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RFS test, before (a) and after (b) the application of the factor 𝑎𝑡. By referring to Figure 4.40 

(a) and Figure 4.41 (a), it can be noted that when the specimen is subjected to a rest period 

prior to the application of a single loading phase, the initial point of the DCC is higher than 

1, thus the whole DCC is shifted toward higher value as a result of possible thixotropy-

related effects. When the factor 𝑎𝑡 is introduced, the DCC of the TS-based RFS test collaps-

es on top of the reference DCC, as shown in Figure 4.40 (b) and Figure 4.41 (b). 

 

Figure 4.40 – Damage characteristic curves of binder N1, obtained from TS-based F and RFS (TRP = 10 °C) tests 

before (a) and after (b) the application of the factor 𝑎𝑡. 

 

Figure 4.41 – Damage characteristic curves of binder S1, obtained from TS-based F and RFS (TRP = 14 °C) tests 

before (a) and after (b) the application of the factor 𝑎𝑡. 

Figure 4.42 shows the results of 𝐶 values calculated with Eq. 92 as a function of 𝑆 variable 

after the TRP conditions evaluated in TS-based RFS test. It can be noticed that the damage 

characteristic curves are the same, irrespective of temperature history imposed during the 

rest period. The maximum deviations from the reference DCC were found for binder N2 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 1.0 2.0 3.0 4.0 5.0

C
 /

 -

S / -

 F

 RF  -T    = 10°C

(a)

RPS
0.0

0.2

0.4

0.6

0.8

1.0

0.0 1.0 2.0 3.0 4.0 5.0

C
 /

 -

S / -

 F

 RF  -T    = 10°C

(b)

RPS

0.0

0.2

0.4

0.6

0.8

1.0

0.0 1.0 2.0 3.0 4.0 5.0

C
 /

 -

S / -

 F

 RF  -T    = 14°C

(a)

RPS
0.0

0.2

0.4

0.6

0.8

1.0

0.0 1.0 2.0 3.0 4.0 5.0

C
 /

 -

S / -

 F

 RF  -T    = 14°C

(b)

RPS



94 Chapter 4 

(b), for 𝐶 values lower than around 0.6, due to the higher variability of results in terms of 

extension of fatigue loading phase. 

 

 

Figure 4.42 – Damage characteristic curves of binder N1 (a), N2 (b), S1 (c) and S2 (d), obtained from TS-based F 

and RFS tests in several TRP conditions after introducing the factor 𝑎𝑡. 

Material Integrity and Microdamage Self-Healing 

As observed in Figure 4.33 and Figure 4.34, by referring to the |𝐺∗| versus number of cy-

cles, and in Figure 4.39 in terms of C versus S, during the reloading phase the modulus de-

creases in a way that is strictly dependent on the degree of molecular interdiffusion and en-

tanglement of the healing process [138]. Such a reduction is prolonged upon reaching the 

same damage level achieved by the specimen before the rest. Eventually, the damage pro-

gressively increases in a way that is similar to the continuous cyclic fatigue test (F test). In 

this regard, as deeply discussed in the previous sections, it is important to remind that the 

number of loading cycles needed in the second loading phase to achieve same stiffness as 
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before the rest period (i.e. same damage level) directly affect the fatigue life extension (see 

§4.3.5). In this regard, self-healing effect on the fatigue life is grasped intuitively. However, 

in the context of the S-VECD model, the material endurance to damage is governed by the 

𝐶(𝑆) curve, which requires the evaluation of the healed microdamage, 𝑆𝐻. Therefore, 

𝑆𝐻(𝑇𝑅𝑃) resulting after the application of each rest period at the specific TRP, has been back 

calculated by iteratively assuming a net reduction 𝑆𝐻, until the path of curve in region II 

collapsed on the 𝐶(𝑆) curve, obtained from F test (without any rest interval). The obtained 

values of 𝑆𝐻 as a function of TRP at a prefixed tRP value are displayed in Figure 4.43, in the 

case of Δ|𝐺∗| equal to 35 % (a) and 50 % (b). 

 

Figure 4.43 – Progression of 𝑆𝐻 versus TRP, corresponding to Δ|𝐺∗| equal to 35 % (a) and 50 % (b). 

From these results, the healing response of the binder is clearly highlighted. This allows to 

track the progression of the state variable 𝑆 over the temperature of rest (TRP), thus convey-

ing hints about the material internal state. Instead, 𝐶 refers to how this looks like in terms of 

material integrity at low strain. This is specifically true when considering the rest period, 

during which the shear strain is low enough to be in the linear viscoelastic domain. Thus, 

similar considerations drawn for the progression of 𝑆𝐻 can be deduced in the case of 𝐶𝐻. 

However, differently from 𝑆𝐻 which can be calculated at the end of the specific rest period, 

thus being a single value at the specific tRP-TRP combination, the progression of 𝐶𝐻 can be 

evaluated over the entire rest period. This is mathematically obtained by means of Eq. 93: 

𝐶𝐻(∆𝑡𝑅𝑃) =
|𝐺∗|(∆𝑡𝑅𝑃−𝑖)𝐹𝑅𝐹

𝐷𝑀𝑅𝐹𝑅𝐹
∙

𝐷𝑀𝑅𝑅𝐹
|𝐺∗|(∆𝑡𝑅𝑃−𝑖)𝑅𝐹

 (Eq. 93) 

Where 𝐷𝑀𝑅𝐹𝑅𝐹  and 𝐷𝑀𝑅𝑅𝐹  are both factors accounting for the specimen-to-specimen var-

iability in FRFS and RFS tests. |𝐺∗|(∆𝑡𝑅𝑃−𝑖)𝐹𝑅𝐹  and |𝐺∗|(∆𝑡𝑅𝑃−𝑖)𝑅𝐹 are the norms of com-

plex modulus at each time step ∆𝑡𝑅𝑃,𝑖  of rest period in TS-based FRFS and RFS tests, re-
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spectively. It is postulated that part of the |𝐺∗|(∆𝑡𝑅𝑃−𝑖)𝐹𝑅𝐹  value can be attributed to self-

healing, while another part is the consequence of the combined effect of transient tempera-

ture and thixotropy. Instead, |𝐺∗|(∆𝑡𝑅𝑃−𝑖)𝑅𝐹 values account only for thermal and thixo-

tropic changes, as implied by the absence of a damage state prior to rest. Therefore, it is in-

ferred that the 𝐶𝐻 values reflect, by definition, the self-healing process happening in the low 

strain domain. Results of the 𝐶 progression as a function of tRP are derived at different TRP 

values and displayed in Figure 4.44, in the case of Δ|𝐺∗| equal to 35 % (a) and 50 % (b). 

 

Figure 4.44 – Progression of 𝐶𝐻 versus tRP, corresponding to Δ|𝐺∗| equal to 35 % (a) and 50 % (b). 

From Figure 4.44, the material responses over time at different temperatures of rest are 

clearly distinguished. As expected, tRP and TRP play key roles in the material integrity resto-

ration, leading to higher degree of healing mechanisms with the increase of both the factors. 

Based on the obtained outcomes, the healing model would require a fitting functional form 

to describe the trend in 𝐶𝐻 and 𝑆𝐻, depending on the influencing factors such as tRP, TRP and 

Δ|𝐺∗|. In doing this, the t-TS principle, broadly proven to be viable to linear viscoelastic 

and damage responses, was applied to healing. In this regard, its applicability to healing 

was recently demonstrated to hold for bituminous binders and mixture, in the case of con-

stant temperature all over the test [130,167]. Besides, it has been assumed to be viable in 

the previous section of this thesis (see §4.3.4). However, it has never been proven its ap-

plicability when the temperature of rest is varied. Therefore, in order to stretch the time 

scale of rest, values of 𝐶𝐻 and 𝑆𝐻 were reduced to a reference temperature assumed to be 

equal to 10 °C by means of t-TS shifting, relying upon WLF function (see §4.1). The re-

duced rest period, 𝑡𝑅𝑃𝑅 , was introduced by discretizing Eq. 79 into Eq. 94: 

𝑡𝑅𝑃𝑅 =∑
∆𝑡𝑖

𝑎𝑇[𝑇𝑅𝑃(∆𝑡𝑖)]

𝑚

𝑖=0

 (Eq. 94) 
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Where 𝑚 is the number of data points, ∆𝑡𝑖 is the acquisition time (imposed to be equal to 30 

seconds) during the rest period and 𝑎𝑇 is the temperature shift factor evaluated at the tem-

perature 𝑇𝑅𝑃(∆𝑡𝑖). The values of 𝑇𝑅𝑃(∆𝑡𝑖), assumed to be constant within the preselected 

acquisition time, were back calculated by rearranging Eq. 26 into Eq. 95 in order to obtain 

𝜔𝑅(|𝐺
∗|). Once the value of 𝜔𝑅(|𝐺

∗|) is known, the shift factors 𝑎𝑇 can be immediately 

calculated as the ratio of 𝜔𝑅(|𝐺
∗|) and the testing angular frequency, 𝜔. This allowed de-

termination of the 𝑇𝑅𝑃(∆𝑡𝑖) values by rearranging Eq. 28 into Eq. 96: 

𝜔𝑅(|𝐺
∗|) = 𝜔0 [(

|𝐺∗|

|𝐺∗|𝑔
)

𝑙𝑜𝑔2
𝑚𝑅

− 1]

−
𝑅
𝑙𝑜𝑔2

 (Eq. 95) 

𝑇𝑅𝑃(∆𝑡𝑖) =
𝐶1 ∙ 𝑇𝑅 + 𝑙𝑜𝑔𝑎𝑇 ∙ 𝑇𝑅 − 𝐶2 ∙ 𝑙𝑜𝑔𝑎𝑇

𝐶2 + 𝑙𝑜𝑔𝑎𝑇
 (Eq. 96) 

Reliability of 𝑇𝑅𝑃(∆𝑡𝑖) values was verified by measuring the effective temperature of the 

specimen by means of a thermocouple placed in its core, during trial tests conducted with 

same TRP history of that of TS-based FRFS tests. This allowed to catch the transient temper-

ature within the specimen, caused by changing the testing temperature from TF to the target 

TRP. Values of measured temperature was in overall good agreement with the back calculat-

ed temperature, as shown by way of example in Figure 4.45, which displays the tempera-

ture variation over the rest period from a TF value equal to 10 °C to a TRP value of 20 °C (a) 

and 30 °C (b). 

 

Figure 4.45 – Comparison between measured and back calculated temperatures during the transition from TF value 

equal to 10 °C to TRP value of 20 °C (a) and 30 °C (b). 

The shifting process of data allowed the construction of self-healing master curves at the 
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is displayed in the form of 𝐶𝐻-𝑡𝑅𝑃𝑅  and 𝑆𝐻-𝑡𝑅𝑃𝑅  diagrams of Figure 4.46 in the case of 

Δ|𝐺∗| equal to 35 % (a) and 50 % (b). For each binder, data points were fitted to the gener-

alized logistic function presented in Eq. 97 and Eq. 98, for the material integrity and dam-

age parameter, respectively. Upper boundary corresponds to complete healing (100 % of 𝐶𝐻 

and 𝑆𝐻) and lower limit depicts no healing (0 % of 𝐶𝐻 and 𝑆𝐻). 

𝐶𝐻(𝑡𝑅𝑃𝑅)[%] =
100

(1 − 𝐶𝑏𝑅)
∙

(

 
1

[1 + 𝛿𝐶 ∙ 𝑒
−𝜂𝐶(𝑙𝑜𝑔𝑡𝑅𝑃𝑅−𝜗𝐶)]

𝛿𝐶
−1 − 𝐶𝑏𝑅

)

  (Eq. 97) 

𝑆𝐻(𝑡𝑅𝑃𝑅)[%] = 100 ∙
1

[1 + 𝛿𝑆 ∙ 𝑒
−𝜂𝑆(𝑙𝑜𝑔𝑡𝑅𝑃𝑅−𝜗𝑆)]

𝛿𝑆
−1  

(Eq. 98) 

Where: 

 𝛿𝐶 and 𝛿𝑆 = shape factors of 𝐶𝐻(𝑡𝑅𝑃𝑅) and 𝑆𝐻(𝑡𝑅𝑃𝑅) curves, respectively; 

 𝜂𝐶 and 𝜂𝑆 = slopes of the 𝐶𝐻(𝑡𝑅𝑃𝑅) and 𝑆𝐻(𝑡𝑅𝑃𝑅) curves, respectively; 

 𝜗𝐶 and 𝜗𝑆 = inflection points of the 𝐶𝐻(𝑡𝑅𝑃𝑅) and 𝑆𝐻(𝑡𝑅𝑃𝑅) curves, respectively. 

Corresponding regression coefficients are listed in Table 4.8 and Table 4.9, in the case of 

𝐶𝐻 and 𝑆𝐻, respectively. By referring to Figure 4.46, it can be noted that the percentage of 

healing increases in the reduced time domain, i.e. increment in temperature. In the case of 

both the healing parameters, 𝐶𝐻 and 𝑆𝐻, results show the validity of t-TS principle even in 

the case of healing, when the temperature is increased during the rest. This implies that a 

specific healing stage can be reached either at higher temperatures and shorter times, or at 

lower temperatures and longer times. 

By considering Figure 4.47 in the case of Δ|𝐺∗| equal to 35 % (a) and 50 % (b), results in 

terms of 𝐶𝐻 were always found greater than 𝑆𝐻. This is indicated by the fact that all data 

points are below the identity line (𝑆𝐻=𝐶𝐻), similarly to the considerations made in section 

4.3. Although their relative differences are lower than those exhibited in the case of indices 

𝐼𝐺  and 𝐼𝑁 (see §4.3.1), it is worth highlighting that the parameter 𝑆𝐻 was found more con-

servative than 𝐶𝐻. Even when the S-VECD analysis is implemented, accounting also for 

non-linearity and thixotropy, 𝐶𝐻 which represents the material integrity was found to be 

more prone to reflect partial healing stages, thus leading to an overestimation of the real 

healing performance of binders. Instead, 𝑆𝐻 is found to be more sensitive to the degree of 

molecular interdiffusion and entanglement, which represent the conclusive phases of the 

healing phenomenon.  
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Figure 4.46 – Self-healing master curves of CH and SH at the reference TRP of 10 °C in the case of Δ|𝐺∗| equal to 

35 % (a) and 50 % (b). 

 

Figure 4.47 – 𝑆𝐻 versus 𝐶𝐻 for the binder N1 in the case of Δ|𝐺∗| equal to 35 % (a) and 50 % (b). 
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Figure 4.48 and Figure 4.49 extend the results presented above to all the binders: N1 (a), 

N2 (b), S1 (c) and S2 (d), in the case of Δ|𝐺∗| equal to 35 % (Figure 4.48) and 50 % (Figure 

4.49). As expected, each binder exhibits a different self-healing potential, which is higher in 

the case of binder N1, as suggested by the greater slope of the self-healing master curve in 

the reduced time domain. This is consistent with the findings synthesized in Figure 4.21, 

4.22 and 4.28, according to which binder N1 is characterized by the highest temperature 

sensitivity of its self-healing properties. 

Generally talking, based on the obtained results, the methodology presented is able to cap-

ture the self-healing at any rest period and rest temperature, thus allowing to predict the 

self-healing potential of bituminous materials. 

 

 

Figure 4.48 – Self-healing master curves of 𝐶𝐻 and 𝑆𝐻 at the reference TRP of 10 °C in the case of to Δ|𝐺∗| equal to 

35 %, for binder N1 (a), N2 (b), S1 (c) and S2 (d). 
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Table 4.8 – Regression coefficients of self-healing master curves of 𝐶𝐻 obtained at the reference TRP of 10 °C. 

Binders N1  N2  S1  S2  

Δ|𝐺∗| / % 35 50 35 50 35 50 35 50 

𝛿𝐶 / - 3.22 2.82 1.89 1.60 0.89 1.08 0.86 1.30 

𝜂𝐶  / min-1 2.87 2.85 2.77 2.66 1.95 1.91 1.63 2.40 

log 𝜗𝐶 / min 2.09 1.46 2.14 1.23 0.49 0.19 0.49 1.39 

 

 

 

Figure 4.49 – Self-healing master curves of 𝐶𝐻 and 𝑆𝐻 at the reference TRP of 10 °C in the case of to Δ|𝐺∗| equal to 

50 %, for binder N1 (a), N2 (b), S1 (c) and S2 (d). 

 

Table 4.9 – Regression coefficients of self-healing master curves of 𝑆𝐻 obtained at the reference TRP of 10 °C. 
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4.5 Highlights 

The application of the different testing protocols selected in this investigation have led to 

different self-healing potentials of materials, based on the indices introduced by each meth-

od. The differences found in the rankings of materials have brought the light on the need of 

having a unique standardized protocol for the self-healing assessment. Based on such an 

outcome, a deeper investigation was performed by adopting a single protocol. The general-

ized logistic function was proposed to describe self-healing based on the fatigue endurance 

gain (𝐼𝑁), by incorporating the variables of rest time and rest temperature. Moreover, the S-

VECD model was successfully implemented to investigate the self-healing potential. Self-

healing mater curves were constructed by applying t-TS principle. Thus, the t-TS principle 

was proven to hold even in the case of self-healing occurring during rest period performed 

at different temperatures. The self-healing mater curves of material integrity and damage 

parameter, represented in the domain of reduced rest time, were fitted to the generalized 

logistic function. Such master curves can be used as a straightforward tool to obtain the 

percentage of healing at any rest period and rest temperature, thus allowing to predict the 

self-healing potential. Moreover, time-dependent and non-linear biasing effects, that can 

occur during the rest periods and the fatigue loading phases were quantified and removed. 

The overall results obtained with the application of the S-VECD modeling were found to be 

consistent with the analysis based on the more traditional approach. In fact, as in the case of 

fatigue endurance gain, 𝐼𝑁, the parameter 𝑆𝐻 was found to be more conservative than 𝐶𝐻 

(which may correspond to stiffness gain, 𝐼𝐺). Thus, 𝐶𝐻 was found to be more prone to re-

flect partial healing stages, thus leading to an overestimation of the real healing perfor-

mance of binders. Instead, 𝑆𝐻 is found to be more sensitive to the degree of molecular in-

terdiffusion and entanglement, which represent the conclusive phases of the healing phe-

nomenon. 

 

 



 

FINAL REMARKS 

The experimental study presented in this thesis focused on a methodological approach to 

evaluate the self-healing potential of bituminous binders. With this purpose, experimental 

testing was performed, and advanced modeling was developed to interpret the results. In 

this context, the doctoral research was divided into three main objectives: firstly, three dif-

ferent testing protocols were implemented on neat and SBS-modified binders; based on the 

obtained results deeper investigations were focused on a single protocol by imposing sever-

al testing scenarios in terms of rest time and rest temperature; lastly, the simplified viscoe-

lastic continuum damage approach was adopted and properly implemented to account for 

self-healing. The main conclusions are discussed as follows. 

 The application of three different testing protocols was found to lead to different 

results in terms of indices introduced to quantitatively assess self-healing capabili-

ties. The differences found in the rankings of materials stand out the urgent need 

of having a unique standardized protocol for the self-healing assessment. The role 

played by the adoption of different testing conditions and diverse analytical ma-

nipulations was found to be extremely relevant and non-negligible. Based on the 

results, such a universal protocol needs to account for a wide range of testing con-

ditions, in order to be the most simulative of in-field conditions, in terms of envi-

ronment and vehicular loading characteristics. In this way, the healing response of 

materials could be univocally established in representative scenarios, which could 

allow a more appropriate material selection during the design procedures of road 

pavements. 

 Rest time and rest temperature effect on self-healing was evaluated by introducing 

two self-healing indices, defined to quantitatively assess the stiffness and fatigue 

endurance gain, respectively. Obtained results indicated that the proposed indices 

provide consistent information with the kinetics of the self-healing phenomenon. 

 The relevance of temperature conditions which occur during rest periods was high-

lighted in the case of both neat and polymer-modified binders. Moreover, the flow 

properties of binders were found to play a crucial role in the achievement of a full 

healing state, that was shown to correspond to values of the flow behavior index 

lower than that corresponding to Newtonian behavior. 
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 Direct comparison of the healing potential of the binders showed that SBS modifi-

cation, which is known to reduce crack accumulation rate, does not necessarily 

lead to an enhanced healing capability. On the other hand, when allowed to rest at 

sufficiently high temperatures, neat bitumen can exhibit remarkable self-healing, 

which leads to mechanical properties like those of the undamaged state. However, 

it must be underlined that the evaluation of the overall fatigue performance may 

lead to results that change the relative ranking of binders based exclusively on the 

relative assessment of self-healing. For such a reason, a comprehensive approach 

to the evaluation of the performance properties of bituminous binders must be 

based on the combined assessment of self-healing capability and fatigue re-

sistance. 

 The ranking order among the binders was found to be dependent on testing condi-

tions considered during testing, specifically referred in this thesis to rest tempera-

tures and rest times. Such factors need to be appropriately combined for a reliable 

evaluation of material self-healing performance. Thus, a single healing index is not 

capable of conveying a reliable ranking between materials, since it is found to be 

valid only for the specific condition adopted during testing. 

 A new model relying on generalized logistic function was proposed to incorporate 

the variables of rest time and rest temperature by implementing a rest time-

temperature shifting, which allowed derivation of self-healing charts for each ma-

terial. Such charts can be employed as an easy and effective tool to estimate the 

self-healing response of a bituminous binder for any specific combination of rest 

time and temperature. Based on the results, it is suggested that self-healing charts 

can be constructed by performing a selected set of tests with specific testing condi-

tions in terms of rest times and rest temperatures. 

 The S-VECD model was successfully applied to study the self-healing potential of 

considered binders. In particular, the t-TS principle was applied to combine the 

variables of rest temperature and rest time within the reduced rest time domain, 

thus allowing the construction of self-healing master curves. Such curves were re-

ferred to the material integrity and damage parameter. Results have proven that the 

t-TS principle holds even in the case of self-healing occurring during rest period 

performed at different temperatures. Moreover, time-dependent and non-linear bi-

asing effects, that can occur during rest periods and fatigue loading phases, respec-

tively, were properly quantified and removed by combining the self-healing testing 

with time sweeps conducted in no-damage conditions and non-linearity testing. 

The self-healing master curves were fitted to generalized logistic function adopted 

for different damage levels. Obtained results can be used to gather the percentage 
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of healing at any rest period and rest temperature, thus allowing to predict the self-

healing potential of bituminous binders. 

Further experimental studies are certainly needed to corroborate the findings of this disser-

tation, by considering a wider array of materials and testing conditions to verify the pro-

posed healing models. 

 With respect to the healing curve 𝐼𝑁(𝑇𝑅𝑃), it would be worth investigating the ef-

fect of different temperature conditions on the damage process, thus generalizing 

the healing function also to fatigue phase temperatures. 

 By referring to the S-VECD model, additional computational effort is certainly re-

quired to corroborate the validity of the t-TS principle by constructing self-healing 

master curves at different reference temperatures. 

 The effect of damage level deserves to be investigated with a more comprehensive 

approach in order to further generalize the healing modeling. 

 The prediction of healing was based on material integrity and damage parameter. 

However, a most rigorous approach would require the prediction of the number of 

loading cycles that the material is capable to endure until failure. 

 With respect to the loading path between the beginning of the second loading 

phase and the point in which the modulus reaches same stiffness conditions of that 

prior to the rest period, it is specified that the analysis would deserve a more rigor-

ous approach. This is basically due to the fact that the partially healed material be-

haves differently from the undamaged material if the self-healing phenomenon is 

not fully developed. Therefore, the governing function 𝐶(𝑆) of the partially healed 

material is different than that viable in the undamaged specimen. 

 Application of the proposed models to bituminous binders subjected to aging also 

deserves consideration in future studies. 
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