
Computation of the Dynamic Axial Modulus and Activation Potential of 1 

Virtual Self-Healing Asphalt Mixtures with Encapsulated Rejuvenators   2 

Angelica Viana-Sepulveda1, Silvia Caro1*, Daniel Castillo2 and Jose Norambuena-Contreras3 3 

1 Department of Civil and Environmental Engineering, Universidad de los Andes, Bogotá, Colombia; 4 

am.viana10@uniandes.edu.co (A.V.-S.); scaro@uniandes.edu.co (S.C.) 5 
2 Department of Civil Engineering, Michigan State University, Michigan, United States; 6 

casti245@msu.edu (D. C.) 7 
3 Materials and Manufacturing Research Institute, Department of Civil Engineering, Faculty of Science 8 

and Engineering, Swansea University, Bay Campus, SA1 8EN, UK; jnorambuena@ubiobio.cl (J.N.-C.) 9 

 10 

*Corresponding author: scaro@uniandes.edu.co (S.C.) 11 

 12 

 13 

Abstract  14 

Integrating encapsulated rejuvenators into asphalt mixtures is an emerging technology aimed at 15 

enhancing the self-healing capabilities of asphalt mixtures. The healing process occurs when liquid 16 

agents are released from biopolymeric capsules and improve the intrinsic healing capacity of the 17 

asphalt binder. The effectiveness of this technology requires that: i) the addition of capsules does 18 

not compromise the mechanical performance of the asphalt mixture, ii) a minimum number of 19 

capsules will activate (i.e., start to release the healing agent), and iii) the released agent efficiently 20 

fosters self-healing processes. This paper uses randomly generated microstructures of a virtual 21 

self-healing dense-graded asphalt mixture and Finite Element (FE) modelling to study the first two 22 

aspects. First, the impact of adding capsules of two sizes (1.5 mm and 2.5 mm in diameter) at two 23 

different doses (0.5% and 1.0% by total weight of the mix) on the dynamic axial modulus of a 24 

mixture was evaluated. Then, two new computational methodologies were proposed to estimate 25 

the healing activation potential of the different mixtures. The results show that the capsules caused 26 

a small reduction in the dynamic modulus of the mixture, suggesting that they do not compromise 27 

this mechanical property. Additionally, over 58% of the capsules could be activated in all cases 28 

under the applied load, and the mixture containing capsules with a 1.5 mm diameter added at 1.0% 29 

had the highest amount of available healing agent to promote self-healing. The results show that 30 

the proposed methods are effective to support some initial design stages of these novel mixtures. 31 
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 34 

1. Introduction  35 

A primary distress in flexible pavements is the appearance and propagation of cracks within the 36 

top asphalt layers due to traffic loading, climatic conditions, and binder ageing. Cracking 37 

mechanisms include fatigue processes (i.e., fatigue cracking), low-temperature or temperature 38 

gradient conditions (i.e., thermal cracking), and hardening oxidation of the asphalt binder (i.e., 39 

block cracking) (Roberts et al., 1996). Conventional maintenance and rehabilitation strategies, 40 

such as crack sealing, surface replacement, patching, micro-surfacing, chip sealing, in-situ 41 

recycling, and full-depth reclamation, among others (ASTM International, 1997; Islam & Tarefder, 42 

2020; Lavin, 2003), are commonly used to repair these distresses, but they increase the 43 

maintenance costs and greenhouse gases emissions of the projects (FEHRL, 2008; Tabaković & 44 

Schlangen, 2016; Walls & Smith, 1998). This has motivated the assessment of novel solutions to 45 

extend the service life of pavements. One initiative consists in enhancing the extrinsic healing 46 

properties of the asphalt binder to promote assisted or autonomous crack sealing within the asphalt 47 

layers of the pavement (e.g., Ayar et al., 2016; Gallego et al., 2013; Garcia et al., 2016; Liu et al., 48 

2011; Norambuena-Contreras & Garcia, 2016; Yan Li & Zhang, 2021).  49 

Three different techniques proposed during the last 15 years to foster crack-healing in 50 

asphalt mixtures include: i) electromagnetic induction, ii) microwave radiation, and iii) addition 51 

of encapsulated rejuvenators (i.e., capsules) to the asphalt mixture (Gonzalez-Torre & 52 

Norambuena-Contreras, 2020). In the first two cases, electromagnetic induction or microwave 53 

radiation is externally applied on the surface of the pavement to increase the temperature of the 54 

mixture. This reduces the viscosity of the asphalt binder, promoting the sealing of existing cracks 55 

mainly through capillary processes (Ayar et al., 2016; Kargari et al., 2022; Liu et al., 2011). In the 56 

third method, capsules with a biopolymeric structure containing a healing agent are added during 57 

the fabrication of the mixture. The chemical and rheological properties of the aged asphalt binder 58 

near a micro-crack can be partially restored through the softening effects of the released healing 59 

agent, promoting the sealing of existing microcracks (Anupam et al., 2022; Garcia et al., 2015; 60 

Liang et al., 2021; Su et al., 2013; Xu et al., 2019). 61 



Two main types of capsules have been used in this later technique: i) ‘core-shell’, which 62 

consists of a synthetic polymeric shell filled with a healing agent, and ii) ‘polynuclear’ or ‘multi-63 

cavity’, which consists of a biopolymeric structure with multiple cavities (‘egg-box’) filled with a 64 

healing agent. In the first case (‘core-shell’), the agent is released when the polymeric shell is 65 

broken. In contrast, in the second case, the agent is released from one or more cavities when the 66 

polynuclear capsules are deformed or ‘squeezed’ under high-stress concentration conditions (e.g., 67 

stresses near the crack tip) or broken at a specific cavity. Typical healing agents used in these 68 

capsules are vegetable oils (Al-Mansoori et al., 2017; Garcia et al., 2016; Micaelo et al., 2020, 69 

Concha et al., 2024), and waste oils (Al-Mansoori, Norambuena-Contreras, & Garcia, 2018; 70 

Norambuena-Contreras et al., 2021, 2022; Yamaç et al., 2021). The size of these capsules varies 71 

between 100 and 800 μm for microcapsules (majorly in ‘core-shell’ capsules), and between 1.0 72 

and 7.0 mm for macrocapsules with a polynuclear morphology (Gonzalez-Torre & Norambuena-73 

Contreras, 2020). 74 

The self-healing capacity of the asphalt mixture is expected to increase with the amount of 75 

oil released from the capsules. Therefore, a main challenge with this technique is to identify the 76 

size of the capsules and the optimum addition dose to maximize the self-healing capacity of the 77 

mixture, without compromising its mechanical properties. Previous experimental investigations 78 

using macrocapsules with diameters ranging from 2.0 to 7.0 mm, added at doses between 0.1 and 79 

6.0% of the total weight of the asphalt mixture, suggest that while they occasionally reduced the 80 

stiffness of the mixture, they had no adverse effects on its resistance to permanent deformation or 81 

durability (Norambuena-Contreras et al., 2018; Norambuena-Contreras, Liu, et al., 2019).  82 

Table 1 summarizes the rejuvenator agent, size, dosage, and morphology of macrocapsules 83 

–which is the type selected for this study– used in several experimental efforts reported in the 84 

literature. Most of these experimental studies have focused on quantifying the healing capacity 85 

level of mixtures with capsules under various internal (i.e., mixture types and mixtures with 86 

different types and amounts of capsules) or external (i.e., temperature, loading, healing periods, 87 

etc.) conditions. Experimental plans include the evaluation of the crack-sealing capacity of these 88 

systems in asphalt binders, mastics, mortars or mixtures using a variety of test protocols (Xue et 89 

al., 2017; Aguirre et al., 2017; Zhang et al., 2018; Norambuena-Contreras et al., 2018; Xu et al., 90 

2018; Sun et al., 2019; Yamaç et al., 2021; Wang et al., 2022). However, few studies have 91 



evaluated the impact of adding capsules on some critical properties in the early service life of the 92 

asphalt mixture (e.g., linear viscoelastic properties or rutting resistance), prior to the initiation of 93 

cracking processes (e.g., Micaelo et al., 2020; Concha et al., 2024), or on the self-healing initiation 94 

mechanisms. Computational mechanics provides an efficient alternative to conventional 95 

experimental approaches for attempting studies in this direction. 96 

Table 1. Typical macrocapsules properties based on published research identified in the literature. 97 

Reference Healing agent 
Size of 

macrocapsule 

Dose (% by the 

total weight) 

Morphology 

type (-) 

(Garcia et al., 2016) Sunflower oil 2.0-7.1 mm 5% core-shell 

(Kargari et al., 2022) Palm oil 3.0 mm 0.35-0.7% polynuclear 

(Micaelo et al., 2020) Sunflower oil 2.8 mm 0.5-1% polynuclear 

(Al-Mansoori et al., 2017) Sunflower oil 2.9 mm 0.1-0.5% polynuclear 

(Yamaç et al., 2021) Waste oils 1.5-4.0 mm 0.25-1% polynuclear 

(Norambuena-Contreras, 

Liu, et al., 2019) 
Sunflower oil 2.5 mm 0.5-1% polynuclear 

(Micaelo et al., 2016) Sunflower oil 4.6-6.8 mm 3-6% core-shell 

(Norambuena-Contreras, 

Yalcin, et al., 2019) 
Sunflower oil 2.5 mm 0.5% polynuclear 

(L. Zhang et al., 2019) Sunflower oil 2.1-4.6 mm 0.5% polynuclear 

(Norambuena-Contreras et 

al., 2020) 

Bio-oil (BO) from 

agricultural waste 
1.37-2.73 mm N/A polynuclear 

(Ziari et al., 2023) 
Waste sunflower oil and 

waste engine oil 
1.0-2.0 mm 1% core-shell 

(Concha et al. 2024) Sunflower oil 1.50 mm 0.5% polynuclear 

(Norambuena-Contreras et 

al. 2024) 
Sunflower oil 1.58 mm 0.125-0.5% polynuclear 

 98 

The studies by Gilabert et al. (2015), Maiti et al. (2006). Mauludin et al. (2018) Mauludin 99 

& Oucif (2018, 2019), and Mauludin & Rabczuk, (2021), among others, have evaluated the 100 

mechanisms that initiate self-healing processes on polymers and hydraulic concrete using Finite 101 

Elements (FE) and cohesive zones modelling. The objectives of these efforts have been: i) 102 

investigate how the properties of core-shell capsules impact self-healing processes; and ii) 103 

understand the interaction and fracture mechanisms between the capsules and the matrix in which 104 

they are embedded. However, they do not consider the propagation of multiple cracks, the 105 

distribution of capsules throughout the matrix, the diverse stress conditions experienced by the 106 



self-healing materials over their service life, and the impact of the presence of the capsules in the 107 

mechanical performance of the materials.  108 

Although there are some numerical efforts to assess the natural self-healing capacity of 109 

asphalt materials (e.g., Abu Al-Rub et al., 2010; Magnanimo et al., 2012; Pauli, 2014; Hou et al., 110 

2015), few computational works on self-healing asphalt mixtures with capsules were identified in 111 

the literature. Inozemtcev et al. (2022) used FE modelling to evaluate the mechanical response of 112 

a self-healing Stone Matrix Asphalt (SMA) mixture with one size of 1.3 mm diameter capsules 113 

added at a single dose of 1.6% by total volume. The authors evaluated the stress state of the 114 

capsules in three-dimensional (3D) mixtures under different loading conditions. Although 115 

valuable, this work has several simplifications, including the assumption that the response of the 116 

capsules is linear elastic with an arbitrary Young’s modulus, and the use of spheres of uniform 117 

size to simulate core-shell capsules, aggregate particles and air voids. In short, these considerations 118 

can lead to inaccurate mechanical results. Câmara et al. (2023) used Discrete Element Modelling 119 

(DEM) at the meso-scale to quantify the influence of different amounts of a released agent on the 120 

mechanical properties of the mastic and on the bulk stiffness of a mixture. The work used a 3D 121 

geometry with spheres representing both aggregates and the asphalt mastic, and the mechanical 122 

properties of the mastic phase was modified as a function of different dosages of the released 123 

healing agent (i.e., different healing efficiency scenarios) within the microstructure. In other 124 

words, the presence of the capsules and the release of the healing agent were not simulated, as the 125 

focus was on the overall mechanical response of a post-healed mixture.  126 

To address existing limitations and further investigate the mechanical response of self-127 

healing asphalt mixtures with capsules, this computational study has two main objectives: i) 128 

investigate the impact of the addition of capsules on the dynamic axial modulus of the material 129 

(|E*|), and ii) propose a method for an initial quantification of the activation potential of the 130 

capsules and the available healing agent. The activation potential is related to the number of 131 

capsules that could start to release the healing agent under specific micromechanical stress 132 

conditions, while the available healing agent refers to the total mass of oil that could be released 133 

from the capsules with activation potential and that is available to promote healing processes 134 

within the microstructure. 135 



To achieve these goals, the mechanical response of multiple two-dimensional (2D) 136 

randomly generated microstructures of an asphalt mixture with polynuclear capsules of two 137 

different sizes (1.5 and 2.5 mm in diameter) added at two doses (0.5 and 1.0% by total weight of 138 

the mixture), was evaluated using the FE modelling software Abaqus®. It is noteworthy that the 139 

selected sizes of the capsules and addition dosages cover most case studies reported in the 140 

literature. The geometries of the microstructures were produced using an adaptation of the random 141 

Microstructure Generator (MG) code (Castillo et al., 2015).  142 

A key contribution of this computational study is that it offers new insights into how 143 

capsules affect a fundamental mechanical property of asphalt mixtures and on their activation 144 

mechanisms. Moreover, the computational method is a cost-efficient technique to further explore 145 

self-healing mixtures under several conditions (e.g., mechanical loading, different temperatures or 146 

ageing states) and to support decision-making processes related to the design of these new 147 

materials. 148 

2. Methodology 149 

The computational plan included the following stages (Figure 1): 150 

1. Generation of multiple 2D random models of asphalt mixtures with and without capsules. 151 

Four cases were evaluated for the mixtures with capsules: capsules of two different sizes 152 

(1.5 and 2.5 mm) added at two different doses (0.5 and 1.0% by total weight of the mixture). 153 

The generation method ensures that the resulting 2D microstructures capture the actual 3D 154 

response of the mixtures. 155 

2. Virtual dynamic axial modulus (|E*|) of the random microstructures.   156 

3. Application of a monotonic compression test to quantify the activation potential of the 157 

capsules and the available healing agent in the mixture. This computation was performed 158 

after considering two different activation micro-mechanisms: i) release of the healing agent 159 

due to the application of significant compressive deformation of the capsules, or ii) release 160 

of the healing agent due to the fracture of the cavities of the biopolymeric structure of the 161 

capsules. 162 

 163 

 164 



 165 

 166 

Figure 1. Summary of the computational methodology. 167 

 168 



3. Materials 169 

The selected mixture is a standard dense-graded asphalt mixture used as a surface layer, fabricated 170 

with sandstone aggregates with a nominal maximum aggregate size of 12.5 mm (Espinosa et al., 171 

2020). The mixture was designed using the Superpave methodology with a penetration 60-70 (1/10 172 

mm) bitumen added at an optimum content of 4.5% by total weight and a target of 7% air voids. 173 

The capsules were polynuclear produced with a biopolymeric structure of calcium alginate 174 

and sunflower oil as the healing agent. This selection is based on the literature review, which 175 

showed that this is the predominant type of capsules currently used (Table 1). The mechanical 176 

properties of the components of the virtual asphalt mixture model and of the capsules are described 177 

in the following sections. 178 

4. Computational FE Representative Models 179 

4.1.  Geometries 180 

The development of the FE models started with the generation of 2D random microstructures with 181 

the properties of the selected asphalt mixture. Data-driven 2D models were preferred over three-182 

dimensional (3D) models due to: i) the reduced computational cost, which permitted to assess 183 

several variables (e.g., capsule sizes and doses) and evaluate the impact of the natural 184 

heterogeneity of the mixtures by simulating multiple randomly produced replicates per case, 185 

something that is difficult to achieve in 3D models, and ii) the possibility to account for more 186 

realistic geometries to represent the aggregate particles and the capsules as those used in previous 187 

works (Mauludin et al., 2018; Mauludin & Rabczuk, 2021; Inozemtcev et al., 2022; Câmara et al., 188 

2023). 189 

A tailored method was designed to generate these 2D microstructures that capture the 3D 190 

response of the asphalt mixture, utilising principles similar to those proposed in previous works 191 

(Karki, 2010; Manrique-Sanchez et al., 2022). The microstructures have three phases: i) coarse 192 

aggregates (i.e., aggregates larger than 1.18 mm), ii) asphalt mortar (i.e., mix of the asphalt binder 193 

with the fine portions of aggregates –which correspond to aggregates smaller than 1.18 mm– and 194 

air voids), and iii) capsules. These components are illustrated in one typical microstructure in 195 

Figure 2, where capsules are coloured in red, aggregate particles in white, and the grey 196 

‘background’ corresponds to the asphalt mortar. The overall size of the microstructures was 100 197 

mm by 100 mm, following existing recommendations in the literature to ensure representative 198 



volume elements (RVE) (Kim et al., 2005, Caro et al., 2018; Castillo et al., 2015, 2017, 2018). 199 

The control microstructures are similar to these geometries, but they do not contain capsules. All 200 

the microstructures generated for the study are random and unique. 201 

 202 
(a)                                                             (b) 203 

Figure 2. Examples of the randomly generated virtual microstructures: (a) asphalt mixture without capsules (i.e., 204 

control), and (b) asphalt mixtures with capsules. 205 

The 2D microstructures with and without capsules were generated after adapting the 206 

random Microstructure Generator (MG) Matlab® code developed by Castillo et al. (2015). The 207 

random generation of the coarse aggregates in the data-driven MG requires three input parameters: 208 

i) the gradation of the mixture, ii) the morphological properties of the individual aggregates, and 209 

iii) the total aggregate fraction area of the mixture, defined as the proportion of area of coarse 210 

aggregates to the area of the specimen. The morphological properties of the aggregates are 211 

characterized through the Angularity Index (AI) and the Form Index (FI) of the individual particles 212 

(Castillo et al., 2018). Target values of AI and FI of 0.076 and 2.460 were selected after comparing 213 

the resulting aggregate polygons with those of real images of self-healing asphalt mixtures.  214 

The area fraction of the aggregates within the mixture was determined through image 215 

analysis using ImageJ software on X-ray CT in 2D images of a self-healing asphalt mixture 216 

(Norambuena-Contreras et al., 2018; Norambuena-Contreras et al., 2019). The results showed that 217 

nearly 50% of the total image area corresponded to the aggregate phase. Using this observation 218 

and the methodology proposed by Manrique-Sanchez et al. (2022), a calibration process was 219 

performed to determine the fraction phase of aggregates in the 2D models that resulted in a FE-220 

quantified dynamic axial modulus (|E*|) comparable to experimental data of |E*| in actual 3D 221 
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mixtures. This ensures that the models capture the mechanical response of actual asphalt mixtures, 222 

while avoiding the high computational costs of 3D models. The selected aggregate fraction area in 223 

the microstructures was 50%. For illustrative purposes, Figure 3 compares the mixture 224 

composition in a CT scan image of a mixture with capsules (Norambuena-Contreras et al. 2018; 225 

2019) with one of the randomly generated microstructures used for the FE simulations. 226 

                                          227 

Figure 3. Comparison of the composition of the mixture between a real self-healing asphalt mixture containing 228 

polynuclear capsules (CT scan image) and one of the 2D random microstructures used in the FE models. 229 

 230 

The diameter of the individual polygons representing the capsules followed a probability 231 

density function (pdf) that accounts for size variations resulting from the capsule fabrication 232 

process. These variations are caused by differences in the settling time of the emulsion droplets 233 

into the hardening solution, which initiates biopolymer cross-linking. The pdf was determined 234 

using the experimental results published by Norambuena-Contreras et al. (2021). The range of 235 

sizes, the mean value (λ) and the standard deviation (ξ) of the pdfs were: i) [1.20 mm, 1.86mm], λ 236 

= 0.41andd ξ = 0.08, for the 1.5 mm capsules, and ii) [2.20 mm, 2.83mm], λ = 0.92andd ξ = 0.06, 237 

for the 2.5 mm.  238 

The fraction area of the capsules at each dose (0.5 and 1.0% by total weight) in the models 239 

was assumed equivalent to the volumetric fraction of the capsules in the mixture evaluated by 240 

Norambuena-Contreras, et al. (2019). The dimension and bulk density of the specimen, as well as 241 

the diameter, dose, and density of the capsules, were used to compute these values. The resulting 242 

fractions of the capsules for the doses of 0.5% and 1.0% were 1.32% and 2.64% of the total area, 243 
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respectively. Since the addition of capsules is by weight of the mixture, the actual number of added 244 

capsules was different in all cases. The typical number of 1.5 mm capsules added at a dose of 0.5% 245 

and 1.0% were 90 and 182, respectively, while the number of 2.5 mm capsules added at the same 246 

doses was 30 and 61, respectively. 247 

Once the individual sets of coarse aggregates and capsules were generated, they were 248 

randomly located in a predetermined geometrical space. A new function to locate aggregates and 249 

capsules was included in the MG program to guarantee that the capsules were uniformly 250 

distributed within the asphalt mixture.  251 

4.2.  Cases of study 252 

A total of five cases (i.e., two different sizes of the capsules added at two different doses, and a 253 

control case of microstructure with no capsules) were evaluated. Examples of one microstructure 254 

from each case are presented in Figure 4.  255 

 256 

Figure 4. One computational replicate for the mixtures with capsules.  257 

To capture the natural heterogeneity of the mixture, 10 different random microstructures 258 

or ‘virtual replicates’ per case of study were generated and imported into FE. Figure 5 presents 259 

five out of the 10 virtual replicates for the case of 2.5 mm capsules added at 1.0% by weight. The 260 

differences in the size and location of the coarse aggregate particles and capsules between the 261 

replicates are easily identified. In total, 50 computational microstructures were modelled, 40 for 262 

the cases of study with capsules, and 10 for the control microstructures. 263 

0.5% by total weight of 

the mixture 

1.5 mm in diameter 2.5 mm in diameter 

1.0% by total weight of 

the mixture 

0.5% by total weight of 

the mixture 

1.0% by total weight of 

the mixture 



 264 

Figure 5. Five virtual replicates for the case of 2.5 mm capsules added at 1.0% by the total weight of the mixture. 265 

4.3. Constitutive Response of the Materials of the Model 266 

In the FE models, the aggregates were assumed to behave as a linear elastic material with a 267 

modulus of 10,000 MPa and a Poisson’s ratio of 0.16 (Castillo et al., 2018), which is within the 268 

range of Young’s modulus values for sandstone rocks (Weijermars, 1997). The asphalt mortar was 269 

modelled as a homogenous phase with a bulk specific gravity of 2.1, based on a previous study 270 

developed by Romero (2019), with a linear viscoelastic response presented by the Prony series 271 

parameters of the relaxation modulus of the material at 25 °C. These parameters were obtained by 272 

transforming the dynamic axial modulus (|E*|) data of an asphalt mortar from the frequency to the 273 

time domain. The Prony series of the shear relaxation modulus of a material can be expressed as: 274 

𝑔(𝑡) = 1 − ∑ 𝑔𝑖(1 − 𝑒−𝑡/𝜌𝑖)

𝑛

𝑖=1

            (1) 

where 𝑔(𝑡) is the normalized shear relaxation modulus of the material, which is defined as 275 

the relaxation modulus or G(t) normalized with respect to the instantaneous shear modulus (𝐺0), t 276 

is the time, 𝑔𝑖 is the 𝑖th normalized Prony series parameter (i.e., the ratio between the original 277 

Prony series parameter 𝐺𝑖 and the instantaneous shear modulus 𝐺0 (i.e., 𝑔𝑖 = 𝐺𝑖/𝐺0)), and 𝜌𝑖 is 278 

the 𝑖th relaxation time (Fabrizio & Morro, 1987). Table 2 presents the parameters of the original 279 

Prony series used as a base, including the axial instantaneous modulus (E0(t)).  280 

The mechanical response of the capsules was also linear viscoelastic. The capsules were 281 

assumed to be a continuum phase with properties representing the bulk response of this composite 282 

material. Since experimental information of the viscoelastic response of these capsules is not 283 

currently available, FE simulations were performed to estimate the equivalent linear viscoelastic 284 

properties of the capsules, after conducting a virtual relaxation modulus test on models 285 

representing the capsules. The viscoelastic properties of the calcium-alginate biopolymer and the 286 

Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5 



sunflower oil at 25 °C were obtained from the literature (Fabrizio & Morro, 1987; Xiang et al., 287 

2016). Table 3 presents the resulting Prony series parameters that represent the viscoelastic 288 

response of the two sizes of capsules. 289 

Table 2. Prony series parameters of the asphalt mortar at a temperature of 25°C (Romero & Caro, 2019). 290 

 291 

Table 3. Prony series parameters of the capsules at a temperature of 25°C. 292 

  Diameter of the capsules 

i ρi (s) 
1.5 mm 2.5 mm 

Gi (Pa) Gi (Pa) 

1 0.0003 5.58 × 107 4.74 × 107 

2 0.001 4.70 × 107 3.99 × 107 

3 0.003 3.96 × 107 3.36 × 107 

4 0.01 3.29 × 107 2.79 × 107 

5 0.03 2.81 × 107 2.39 × 107 

6 0.1 2.37 × 107 2.01 × 107 

7 0.03 2.81 × 107 2.39 × 107 

8 0.4 1.96 × 107 1.66 × 107 

9 1.0 1.68 × 107 1.43 × 107 

10 3.2 1.41 × 107 1.20 × 107 

11 9.4 1.20 × 107 1.02 × 107 

12 10 1.19 × 107 1.01 × 107 

13 93 8.54 × 106 7.26 × 106 

14 929 6.06 × 106 5.15 × 106 

15 9,303 4.30 × 106 3.66 × 106 

16 10,000 4.26 × 106 3.62 × 106 

 E0 (MPa) 850 1,000 

 293 

5. Mechanical Simulations  294 

After the geometry of microstructures were imported into FE, the three phases (i.e., aggregates, 295 

capsules, and mortar) were meshed. Based on a sensitivity analysis, the average size of the 296 

i ρi (s) Gi (Pa) 

1 0.000001 8.05 × 105 

2 0.00001 7.38 × 105 

3 0.0001 1.94 × 106 

4 0.001 3.43 × 107 

5 0.01 4.70 × 108 

6 0.1 2.54 × 108 

7 1.0 5.69 × 107 

8 10 4.04 × 107 

9 100 1.51 × 107 

10 1,000 6.26 × 106 

11 10,000 8.11 × 106 

 E0 (MPa) 1,200 



elements was 1 mm using triangular elements type CPE3 in Abaqus®. The virtual microstructures 297 

were subjected to two different mechanical tests, as described next.  298 

5.1. Dynamic Axial Modulus Test 299 

In the dynamic axial modulus test, the microstructures were subjected to a cyclic loading of 1,190 300 

N at a frequency of 10 Hz and at a temperature of 25 °C. Figure 6(a) illustrates the Mises stress 301 

distribution (S) (Karakaş et al., 2014) of a virtual specimen during the first cycle of the load applied 302 

in the FE model. The applied force amplitude is within typical ranges for this test specified in 303 

existing standards (e.g., AASHTO T342-11). Meanwhile, Figure 6(b) shows the load signal and 304 

its corresponding axial deformation response, which allows the determination of the dynamic axial 305 

modulus, |E*| (i.e., the ratio between the amplitude of the applied load signal, 𝜎0, and the axial 306 

deformation signal, 𝜀0), and the phase angle,  (i.e. the lag between the stress and strain signal), 307 

for the virtual specimens. 308 

5.2. Monotonic Compression Test  309 

A new methodology is proposed to estimate the activation potential and available healing agent 310 

to initiate healing processes in these mixtures. To illustrate this methodology, a monotonic 311 

compression test was performed on the same set of microstructures. These tests have been used in 312 

experimental studies to activate the capsules of fractured asphalt mixture specimens to promote 313 

healing processes, under the assumption that the applied load simulates the pass of heavy traffic 314 

on the surface of the pavement structure (Al-Mansoori, Norambuena-Contreras, Micaelo, et al., 315 

2018; Concha et al., 2024; Kargari et al., 2022; Norambuena-Contreras et al., 2018; Norambuena-316 

Contreras, Yalcin, et al., 2019).   317 

The microstructures were subjected to a controlled compressive displacement of 7.5 mm 318 

applied progressively for 15 minutes (i.e., loading rate of 0.5 mm/min). The objective was to 319 

identify individual capsules that could release their healing agent and the corresponding amount 320 

of available oil to initiate healing processes using two approaches related to different activation 321 

micro-mechanisms (Concha et al., 2023): i) identification of capsules located in high-stress 322 

concentration paths (i.e., activation by high compressive deformation of ‘squeezing’ mechanisms), 323 

and ii) identification of capsules that could get fractured (i.e., activation by fracture of the 324 

biopolymer structure of the capsule).  325 



326 

Figure 6. Dynamic axial modulus virtual test: (a) applied load, F, (deformation scale factor = 15), (b) applied stress 327 

(𝜎(t)) and deformation response (𝜀(t)). Specimen with 1.5 mm capsules added at 0.5% by total weight. 328 

In both cases, it was assumed that all capsules are intact at the beginning of the mechanical 329 

test, which is a fair simplification, as existing X-ray computed tomography (CT) analysis on self-330 

healing mixtures have shown that only a minor percentage of capsules (less than 6.0% of the total 331 

capsules) could be broken or damaged during the compaction of the mixtures (Micaelo et al., 2016, 332 

Norambuena-Contreras et al., 2018; Liu, et al., 2019; Zhang et al., 2019). 333 

5.2.1. First approach: capsules located on high-stress concentration paths 334 

The first approach is based on the premise that polynuclear capsules located within high-stress 335 

concentration paths are subjected to high deformation conditions (i.e., the capsules are ‘squeezed’) 336 

and, consequently, could start to release the healing agent. Since the appearance of micro-cracks 337 



in a mixture is also expected to occur within these same paths, the released agent will facilitate the 338 

healing of surrounding micro-cracks. 339 

Figure 7 illustrates the axial deformation and Mises stress condition during the monotonic 340 

compressive test of a replicate of a mixture with 1.5 mm in diameter capsules added at 0.5% by 341 

total weight. The image processing program ImageJ was used to quantify the capsules located in 342 

high-stress concentration paths (i.e., capsules with activation potential) at the end of the monotonic 343 

test. Next, an arbitrary threshold stress value of 12.5 MPa was selected to identify capsules located 344 

within high-stress paths. This stress level does not represent a condition related with crack 345 

initiation in the mortar, but rather a condition useful to identify high-stress concentration paths 346 

within this phase. The result is a segmented image like the one presented in Figure 8, that shows 347 

the zones of the capsules with stress values equal to or larger than the threshold in black. These 348 

capsules could be deformed or ‘activated’ if sufficient stress concentration levels are developed 349 

within the specimen. Figure 9 shows the resulting image analysis for one replicate of each case of 350 

study, where the capsules located within high-stress paths (i.e., red capsules with internal black 351 

areas) are easily identified.  352 

 353 

Figure 7. Vertical deformation (scale factor=2.0) and Mises stress (S) during the compressive monotonic.  354 

The capsules with activation potential in the dark grey paths, like those in Figure 9, were 355 

counted and used to compute the healing activation potential (HAPpaths), defined as the ratio of the 356 

number of capsules within high stress paths Cactivation through deformation, and the total number of 357 

capsules in the mixture, Ctotal:  358 

𝐻𝐴𝑃𝑝𝑎𝑡ℎ𝑠 =
𝐶𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

𝐶𝑡𝑜𝑡𝑎𝑙

 (2) 
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The higher the HAPpaths, the higher the possibility for the healing agent to be released and 359 

to initiate healing processes under this loading condition.  360 

 361 

Figure 8. ImageJ processed image showing the capsules with activation potential.  362 

 363 

Figure 9. Mises stress paths in one replicate per case at the end of the monotonic test. Red capsules with internal 364 

black areas are within high concentration stress paths. 365 

5.2.2. Second approach: capsules with fracture potential 366 

The second approach considers the potential fracture of the biopolymer cavities of the capsules. It 367 

is based in the identification of the zones in the capsules with tensile stress levels larger than 33.6 368 

MPa, which, according to Rhim (2004), corresponds to the tensile strength of the biopolymer used 369 

to fabricate the capsules. This approach assumes that Mode I is the predominant mode of fracture 370 

of the biopolymer, although this is an initial estimation of the actual fracture modes in these 371 

materials (Manrique-Sanchez et al., 2018).  372 
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The average maximum tensile stress (𝜎𝑡−𝑚𝑎𝑥) of each capsule was obtained at different 373 

times during the monotonic test. The estimation of 𝜎𝑡−𝑚𝑎𝑥 during the progression of the test was 374 

done using a Mohr’s circle analysis based on the cartesian normal stresses (𝜎𝑥, 𝜎𝑦) and shear stress 375 

(𝜏𝑥𝑦) values obtained at each element of the capsules: 376 

𝜎𝑡−𝑚𝑎𝑥 =
𝜎𝑥+𝜎𝑦

2
+ √(

𝜎𝑥+𝜎𝑦

2
)

2

+ (𝜏𝑥𝑦)2                                                                                         (3) 377 

Then, a MATLAB code was developed and used to identify the capsules with 𝜎𝑡−𝑚𝑎𝑥 378 

values exceeding the tensile strength of the biopolymer across their area. These capsules have a 379 

high probability of fracture and activation.  380 

Figure 10 shows the evolution of the internal tensile stress of a capsule and the zones where 381 

the tensile strength threshold is attained with time (i.e., black zones). A capsule is considered to 382 

have activation potential if at least 30% of its total area reaches the tensile strength of the 383 

biopolymer. This arbitrary criterion considers that the biopolymer should get fractured in multiple 384 

locations to release enough liquid agent to initiate healing. The healing activation potential 385 

(HAPfracture) was computed as the ratio between the number of capsules with fracture activation 386 

potential, Cactivation through fracture, and the total number of capsules added to the mixture, Ctotal:  387 

𝐻𝐴𝑃𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 =
𝐶𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒

𝐶𝑡𝑜𝑡𝑎𝑙

              (4) 

  

 388 

Figure 10. Tensile stress level (𝜎𝑡) of a sample of one 1.5 mm capsules during the compressive monotonic load 389 

(deformation scale factor = 0). 390 
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5.2.3. Available healing agent 392 

Although the previous indices provide information on the maximum theoretical number of 393 

capsules that could initiate the release of the healing agent, different mixtures could have similar 394 

HAP indices but still result in different healing levels. To complement this information, the 395 

available healing agent was also computed for each method. This parameter is defined as the mass 396 

of oil that could be released from capsules with activation potential. It is not realistic to assume 397 

that all the oil within the capsules with activation potential will be released. Thus, three different 398 

values of available healing agent were computed after assuming that the average mass of oil 399 

released from the capsules is 100% (maximum theoretical value), 80% and 60%. In a recent study 400 

by Concha et al. (2024), the relative mass of biopolymer and healing agent in capsules with 401 

different size fabricated with calcium alginate and sunflower oil was reported. Table 4 presents 402 

these values. The available healing agent was calculated by multiplying the total amount of 403 

capsules with activation potential obtained from each method with the maximum mass of oil 404 

available per capsule (Table 4) and the three percentages of released agent (i.e., 100, 80 and 60%). 405 

Table 4. Parameters to compute the available healing agent (based on data from Concha et al., 2024). 406 

Cases of study 
Proportion of healing agent 

available in one capsule (%) 

Mass of one capsule (g)  

1.5 mm  83% 0.0023 

2.5 mm 95% 0.0038 

 407 

6. Results and Discussion 408 

6.1. Axial Linear Viscoelastic Properties  409 

Figure 11 presents the average results of the dynamic axial modulus, |E*|, with error bars 410 

representing to ± one standard deviation from the 10 random replicates. A drop in the magnitude 411 

of |E*| in the mixtures with capsules could be expected due to the differences in density between 412 

the asphalt mortar and the capsules. However, data in this figure show no notorious differences in 413 

the magnitude of |E*| of the mixtures with and without capsules. For the cases with 2.5 mm 414 

capsules, for example, the drop in the average modulus with respect to the control mixture was 415 

less than 1.0%. The highest reduction was 3.0% and it occurred for the case with 1.5 mm capsules 416 

added at 1.0% by total weight.  417 



 418 

Figure 11. Dynamic axial modulus (|E*|) results. Notice that the vertical axis starts at 3,400 MPa. Note that the 419 

reduction in modulus is small (between 1.0 and 3.0%). 420 

 421 

One-Way Analysis of Variance (ANOVA) tests at a significance level of 𝛼 = 0.05 showed 422 

that the only case that did not have significant differences in |E*| with respect to the control 423 

specimens was the mixture with 2.5 mm capsules at the lower dose of 0.5%. Despite these 424 

statistical differences, the reduction in the modulus was less than 3.0% in all cases. This suggests 425 

that the addition of capsules does not impact the stiffness of the mixtures and, therefore, that it is 426 

unlikely that the rutting susceptibility of the self-healing mixture could be compromised during 427 

the initial service years.  428 

The numerical results were qualitatively compared against existing experimental data of 429 

the stiffness of self-healing asphalt mixtures. Norambuena-Contreras et al. (2018) and Al-430 

Mansoori et al. (2017) computed the flexural stiffness modulus of self-healing mixtures (Sm) using 431 

the Indirect Tensile Stiffness tests on cylindrical specimens, while Micaelo et al. (2020) computed 432 

the dynamic axial modulus of the mixture (|E*|) using the configuration of the Four-point Bending 433 

test (4PBT). In the case of asphalt mortars, Viana-Sepulveda et al. (2023) quantified the dynamic 434 

shear modulus (|G*|) of short-term aged asphalt mortars with 1.5 mm diameter capsules added at 435 

a dose of 0.5% by total weight. Figure 12 presents the experimental and numerical results. To 436 

ensure a proper comparison, cases with similar sizes and doses of capsules as those used in this 437 

study were selected from each study.  438 
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 439 

Figure 12. Preliminary validation of the numerical results of |E*| with experimental results reported in the literature.  440 

These data show that the addition of capsules caused a reduction in the mean experimental 441 

stiffness of the asphalt materials that varied between 7 and 28%. However, due to high variability 442 

among replicates, the actual differences in these properties with respect to the control materials 443 

might not be significant in some of these works (e.g., Viana-Sepulveda et al. 2023). Overall, these 444 

experimental results provide a preliminary experimental validation of the numerical outcomes 445 

herein obtained, indicating that the randomly produced 2D models provide sound results.  446 

In terms of the phase angle, the resulting values of   were: 9.42° ± 0.82° for the mixtures 447 

with no capsules, and 9.49° ± 0.18 and 9.95° ± 0.58° for the mixtures with 1.5 mm capsules added 448 

at 0.5 and 1.0%, respectively, and 9.47° ± 0.33° and 9.6° ± 0.3° for the mixtures with 2.5 mm 449 

capsules added at 0.5 and 1.0%, respectively. These values are within typical ranges reported in 450 

the literature for hot dense-graded mixtures tested at 25 °C and 10 Hz (Biligiri et al., 2010; Rahman 451 

& Tarefder, 2018; Hussain et al., 2021). There is an average difference of 2.0% between the mean 452 

value of  for all the cases with capsules and the control case, but one-way ANOVA tests show 453 

that these differences were not significant (p-value of 0.68). This confirms that the capsules do not 454 

compromise the linear viscoelastic properties of the mixture. 455 



It should be noted that the modulus of the mixtures was estimated using cyclic compressive-456 

tensile loading simulations, but that the evaluation of the mechanical properties of these mixtures 457 

can be complemented using other loading conditions (Cheng et al., 2021 and 2022).   458 

6.2. Activation Potential of the Capsules 459 

Table 5 shows the Healing Activation Potential (HAP) indices and the number of capsules with 460 

activation potential obtained from the two methods evaluated (i.e., paths and fracture at the end 461 

of the test). 462 

Table 5. Results of the HAP indices and number of capsules activated per case of study. 463 

Cases of study HAPpaths 
Number of capsules with 

activation potential-paths  
HAPfracture 

Number of capsules with 

activation potential -fracture* 

1.5 mm - 0.5% 71% ± 5% 64 ± 4 76% ± 4% 68 ± 4 

1.5 mm - 1.0% 74% ± 4% 134 ± 7 75% ± 3% 137 ± 7 

2.5 mm - 0.5% 86% ± 5% 26 ± 2 58% ± 10% 17 ± 3 

2.5 mm - 1.0% 83% ± 5% 51 ± 3 61% ± 6% 37 ± 4 

* Values at the end of the monotonic compression test. 464 

The HAP results ranged between 58 and 86%, indicating that a high proportion of the total 465 

capsules in the mixtures could be activated. One-way ANOVA tests at a significance level of 𝛼 =466 

0.05 were performed for the mean values of HAPpaths and HAPfracture among mixtures. The results 467 

show that the variation of the addition dose at the same size of capsules (1.5 mm and 2.5 mm in 468 

diameter) does not generate significant differences in any of the HAP indices, while significant 469 

differences were found with a change in the size of the capsule. This suggests that the capsule size 470 

is more critical than the addition dose in determining the percentage of capsules with activation 471 

potential in the mixture. It is noteworthy that the results of the HAPpaths and HAPfracture in this table 472 

are not directly comparable, since they are based on different activation micro-mechanisms. While 473 

HAPpaths counts capsules located within high-stress concentration paths (i.e., potential micro-474 

cracks), HAPfracture counts capsules that could get fractured under Mode I conditions. This explains 475 

why the magnitude of Healing Activation Potential indexes are smaller for HAPfracture (from 58% 476 

to 76%) as compared to HAPpaths (from 71% to 83%), as it is more probable that a capsule would 477 

be located within a high-stress path during the compression test than to reaching a specific internal 478 

stress value.  479 

In terms of the number of capsules with activation potential, data in Table 5 show that, on 480 

average, the number of capsules that could be activated through both methods ranged from 26 to 481 



134 in the case of the capsules located in high stress concentration paths, and from 17 to 137 in 482 

the case of the capsules with fracture potential at the end of the monotonic test. In the case of the 483 

fracture activation micro-mechanism, the number of capsules with activation potential increased 484 

with the progression of the test, as observed in Figure 13. This figure shows that the mixture with 485 

1.5 mm capsules added at 0.5% had the highest activation speed during the test (i.e., highest 486 

slopes), while the mixture with 2.5 mm capsules added at the same dose of 0.5% had the slowest 487 

activation speed.  488 

 489 

Figure 13. Number of capsules with activation potential due to fracture over the progression of the test. 490 

The resulting coefficient of variation (COV) among replicates for the number of capsules 491 

with activation potential in Table 5 ranged between 5.0 and 17.0%, which reflects that the 492 

heterogeneity of the microstructure of the mixtures (i.e., spatial location of aggregates and 493 

capsules) is not negligible in determining how many capsules could be activated.  494 

The results also show that when the dose of capsule addition doubles, the number of 495 

capsules that could be activated –and not only the total amount of added capsules– increases in 496 

nearly the same proportion. This has a direct impact on the effective available oil or available 497 

healing agent that could be released from the capsules. The relevance of this parameter is that it 498 

represents the actual amount of effective oil within the self-healing mixtures to start healing 499 

processes. The best-case scenario corresponds to a mixture with a high number of capsules with 500 

activation potential (i.e., the higher this value, the higher the probability that a capsule will activate 501 

near a microcrack), in conjunction with a high amount of available healing agent. 502 
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Figure 14 compares the number of capsules with activation potential and the amount of 503 

available oil through both methods (paths and fracture) for the different cases. Recalling, the 504 

available healing agent was computed after assuming that the capsules could release, on average, 505 

100, 80, and 60% of the encapsulated agent obtained. Notice that the first case is a maximum 506 

theoretical value, as it represents the total mass of oil available if all capsules with activation 507 

potential would release their entire healing agent. One-way ANOVA tests show that the number 508 

of capsules with activation potential and the corresponding amount of available healing agent, 509 

significantly differ depending on the capsule size and addition dose. The maximum p-value when 510 

comparing the impact of the capsule size was 0.02, while for the capsule dose this value was 0.002. 511 

These results show that both, capsule size and addition dose, are important in determining the self-512 

healing potential of the mixtures. 513 

An interesting observation is that the results of the available healing agent are similar 514 

through both activation mechanisms for the mixtures with 1.5 capsules, with differences of less 515 

than 7.0% among equivalent cases, while there are relevant changes in this parameter for the 516 

mixtures with 2.5 mm, with differences of up to 37.0%. This suggests that bigger capsules are 517 

more sensitive to the type of activation mechanism.  518 
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 521 
 (b) 522 

Figure 14. Number of capsules with activation potential and amount of available healing agent a function of the 523 

activation method: (a) high deformation of the capsules (-paths), and (b) fracture of the capsules (-fracture). 524 

The results in this figure also highlight that the same capsule dose does not necessarily lead 525 

to the same amount of available released oil, as might have been expected. For instance, at the 526 

same addition dose of 0.5% (i.e., same total mass of added capsules to the mixture), the results in 527 

Figure 14(b) show that the available mass of healing agent is between 0.08 and 0.13 g for the 528 

mixture with 1.5 mm capsules, while this value is only 0.04 and 0.06 g for the mixtures with 2.5 529 

mm capsules (i.e., 50% reduction). Notably, smaller capsules have a higher number of potential 530 

activation points and a higher amount of available healing agent. This result shows that, even 531 

though the mass proportion of oil in comparison with the biopolymer mass in the 1.5 mm diameter 532 

capsules is lower than that in the 2.5 mm diameter capsules (83% vs. 95%, as shown in Table 4), 533 

this is offset by the increased number of activation points within the mixture. In fact, data in this 534 

figure indicate that the mixture containing 1.5 mm capsules at a 1.0% dosage is particularly 535 

promising, as it exhibits the highest capsule activation potential (134-137 of capsules with 536 

activation potential, on average, for -paths and -fracture, respectively), resulting also in the highest 537 

potential amount of released oil across the evaluated scenarios (between 0.15 and 0.26 g).  538 

The previous results and analysis demonstrate that the proposed methods to assess the 539 

healing activation potential of the capsules are effective to provide design guidelines regarding the 540 
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type and amount of capsules required to increase the chances of initiating self-healing processes 541 

within these mixtures.   542 

7. Summary and Conclusions 543 

This computational study evaluated the mechanical response of self-healing asphalt mixtures with 544 

polynuclear capsules using FE modelling. The dynamic axial modulus |(E*|) of randomly 545 

generated 2D microstructures of mixtures with no capsules and with 1.5 and 2.5 mm diameter 546 

capsules, added at 0.5 and 1.0% by the total weight, was quantified. Also, two approaches were 547 

proposed to compute the maximum theoretical number of capsules that could be activated under 548 

specific loading conditions and the corresponding potential amount of available healing agent in 549 

the mixture. The methods were illustrated through a compressive monotonic test, similar to those 550 

used in existing experimental efforts. To attain the objectives of the study, a total of 100 551 

computational simulations were performed and different advanced post-processing methods were 552 

developed and implemented. 553 

The main conclusions are: 554 

• The dynamic axial modulus of the self-healing asphalt mixtures is not significatively 555 

affected by the addition of the capsules evaluated. This also suggests that the rutting 556 

resistance would not get compromised during the initial stage of the service life of the 557 

studied mixtures. 558 

• The mixtures with 1.5 mm capsules were identified as an interesting alternative to design 559 

these self-healing asphalt mixtures, as they showed high activation potential indices, a 560 

higher number of capsules with activation potential (i.e., more probable activation points 561 

in the mixtures), and a higher amount of available healing agent. In fact, the mixture with 562 

1.5 mm capsules added at 1.0% by total weight had the highest amount of available oil, 563 

and this value was between 1.4 and 2.0 times higher than in the mixture with 2.5 mm 564 

capsules added at the same addition dose. Among the cases studied, this design has the 565 

highest potential to promote self-healing. 566 

• The impact of the inherent heterogeneity of the mixtures, measured through the COV 567 

among the 10 tested replicates for each case, was small in the case of the dynamic modulus 568 



and moderate in the total amount of available oil. This means that if the volumetrics are 569 

controlled during the fabrication of the mixtures: i) the addition of capsules does not 570 

increase the uncertainty in the mechanical response of the material, and ii) the actual 571 

healing potential could be impacted at certain level due to the specific internal geometric 572 

characteristics of the microstructure of the mixture (i.e., uncertainty in the potential 573 

activation induced by the heterogeneity of the microstructure). 574 

Although additional work to quantify the healing capability of the mixtures is required, the 575 

numerical results show that these mixtures have high activation potential, which is the first 576 

requirement to initiate internal self-healing processes. Future computational efforts include the 577 

development of new models to estimate the healing capacity of mixtures with micro-cracks in the 578 

mortar phase. Additionally, new and improved experimental efforts are needed to quantify the 579 

actual self-healing capacity of asphalt mortars and asphalt mixtures fabricated with these capsules 580 

under multiple realistic field conditions. 581 
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