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Diffusion characteristics of surface treatment emulsion in aged 13 

asphalt mortar of porous asphalt mixture through SEM/EDS 14 

analysis 15 

Abstract: Spaying surface treatment (ST) asphalt emulsion can be an effective 16 

preventive maintenance method to alleviate the ravelling problem of porous 17 

asphalt (PA) pavement. The applied ST emulsion may gradually diffuse in and 18 

soften the aged asphalt mortar film in PA, which however still lacks 19 

quantitative evidence. This study aims to quantify the diffusion behavior of 20 

new ST emulsion residue in aged asphalt mortar of PA within 28 days of 21 

curing. The Scanning Electron Microscopy (SEM) with Energy Dispersive 22 

Spectroscopy (EDS) was utilized to capture the spatial distribution of ST 23 

emulsion residue within PA under different curing temperature and duration 24 

conditions. Titanium dioxide was selected as a tracer for the ST emulsion. A 25 

new statistical index of diffusion degree (Dd), derived from the counting of Ti 26 

and S elements, was proposed to quantify the diffusion depth of ST emulsion 27 

residue in aged asphalt mortar. It was found that the SEM/EDS is an effective 28 

microscopic method to directly monitor the diffusion phenomenon at the 29 

mixture scale. Both the curing temperature and curing duration are important 30 

factors affecting the diffusion rate. The diffusion rate at 60 oC is about 5 times 31 

faster than that at 25 oC, indicating that spraying ST emulsion in hot weather 32 

can improve its diffusion efficiency. Besides, the existence of fine aggregates 33 

in mortar may increase the diffusion path due to the hindrance effect. The 34 

outcomes of this study shed more light on the diffusion of soft binder in aged 35 

asphalt mortar of PA at normal temperature but a longer time period. 36 

Keywords: porous asphalt (PA); surface treatment (ST) emulsion; diffusion 37 

phenomenon; scanning electron microscopy (SEM); energy dispersive 38 

spectroscopy (EDS) 39 
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1 Introduction 40 

Porous asphalt (PA), an open-graded asphalt mixture with a large air void content, has 41 

been widely used as an environmental-friendly pavement material (Stempihar et al. 42 

2012, Ma et al. 2018, Zhong et al. 2018). However, compared with dense-graded and 43 

gap-graded asphalt mixtures, PA usually has a relatively shorter service life mainly 44 

due to the ravelling problem. Recently, the Dutch Ministry of Infrastructure and 45 

Environment found that spraying surface-treatment (ST) emulsion was a promising 46 

preventive maintenance technology to alleviate the ravelling problem of the in-service 47 

PA wearing courses (Van de Ven et al. 2013). Unlike the fog seal, which is usually 48 

applied to dense-graded and gap-graded asphalt pavements, the ST emulsion is 49 

expected to penetrate into the PA mixture without clogging air voids and 50 

compromising the functional properties. Zhang et al. (2012) revealed that applying 51 

rejuvenation materials to PA pavements could fill in micro-cracks and thicken asphalt 52 

binder film. They concluded that ST emulsions could rejuvenate the aged asphalt 53 

binder in the mortar via diffusion (Zhang 2015, Zhao et al. 2016, Zhang and Leng 54 

2017). Xu et al. (2018) also investigated the improvement effect of different ST 55 

emulsions on ravelling resistance by conducting the single-sided Cantabro test. They 56 

found that one of the ST emulsions containing a rejuvenator exhibited a significant 57 

recovery effect on the ravelling resistance of PA. Braham et al. (2013, 2015) used 58 

beam mixtures to conduct the bending beam rheometer (BBR) test, and they found 59 

that the m-value was more sensitive than the stiffness to characterize the rejuvenation 60 

effect of asphalt emulsion on aged asphalt pavement. 61 
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Nowadays, many studies have been conducted to investigate the diffusion of62 

soft virgin binder/rejuvenator in the aged binder of reclaimed asphalt pavement (RAP) 63 

at high construction temperatures. When the contact surfaces between virgin and aged 64 

binders are established during the mechanical mixing process, binder diffusion 65 

becomes the dominant process that governs the blending quality of RAP (Orešković et 66 

al. 2020, Pirzadeh et al. 2021). These studies ranged from the microscopic or 67 

rheological investigation of diffusion phenomenon in aged binder up to laboratory-68 

prepared mixture specimens. One of the earliest studies of the diffusion in aged binder 69 

was performed by Oliver (1974), and the radioactive material was chosen to mark 70 

rejuvenators. It was found that adding more rejuvenators or increasing the temperature 71 

could increase the diffusion rate. Attenuated total reflectance-fourier transform 72 

infrared spectrophotometry (ATR-FTIR) was also used to characterize the diffusion of 73 

rejuvenator in aged binder (Karlsson and Isacsson 2003a, Karlsson and Isacsson 74 

2003b), which indicated that temperature had a significant effect on the diffusion 75 

coefficient, which follows the Arrhenius-type relationship. Later on, the same 76 

researchers characterized the diffusion using the dynamic shear rheometer (DSR) and 77 

claimed that the diffusion phenomenon could be described by Fick’s law (Karlsson et 78 

al. 2007), which is consistent with the findings of their early studies. For the 79 

characterization of diffusion in asphalt mixture in the laboratory, a multistep staged 80 

solvent washing and extraction method has been widely used for analyzing the 81 

different binder layers around RAP aggregate particles (Noureldin and Wood 1987, 82 

Huang et al. 2005). Then, the properties of different binder layers were characterized 83 
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by various chemical and rheological tests such as gel permeation chromatography 84 

(GPC), DSR, and FTIR tests to evaluate the diffusion degree of virgin binder or 85 

rejuvenator in the aged binder of RAP (Kriz et al. 2014, Rad et al. 2014, Zhao et al. 86 

2016). It was found that the diffusion of virgin binder in aged binder could be 87 

accomplished in hot mix asphalt (HMA) containing 50% RAP, which can also be 88 

improved by adding the warm mix additive (WMA) (Zhao et al. 2016). Besides, some 89 

researchers selected molecular dynamics simulations to investigate the diffusion 90 

between virgin binder/rejuvenator and aged binder (Ding et al. 2016, Ren et al. 2022). 91 

However, previous studies about the diffusion of virgin binder/rejuvenator in aged 92 

binder were mainly focused on RAP mixture at a higher temperature within a few 93 

hours. Very few studies have been conducted on the potential diffusion phenomenon 94 

at room temperature with a long duration, which is important to understand the 95 

interaction mechanism between ST emulsion residue and aged asphalt mortar of PA 96 

from a microscopic perspective. 97 

Some recent studies showed that Scanning Electron Microscopy (SEM) with 98 

Energy Dispersive Spectroscopy (EDS) was an effective tool to investigate the 99 

blending efficiency between virgin and aged binders in RAP mixture (Castorena et al. 100 

2016, Jiang et al. 2018). Titanium dioxide (TiO2) was selected as a tracer to tag virgin 101 

binder to evaluate the binder mobilization, which provides an alternative way to 102 

characterize binder diffusion at room temperature. Although spraying ST emulsion is 103 

a potentially effective preventive maintenance method to alleviate the ravelling 104 

problem of PA, relevant studies or applications are still in the early stages. Little is 105 
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known about whether the applied ST emulsion residue diffuses into aged asphalt 106 

mortar of PA or not, and there is no quantitative indicator available to characterize the 107 

diffusion behavior. To fill these knowledge gaps, this study aims to: 1) develop a 108 

specimen preparation method for observing the diffusion phenomenon by SEM/EDS; 109 

2) investigate the diffusion of ST emulsion in aged asphalt mortar of PA under110 

different curing conditions (e.g., temperatures and curing durations); and 3) propose a 111 

quantitative index for characterizing the diffusion degree. The findings are expected 112 

to provide guidance for applying ST to PA for preventive maintenance and promote 113 

its application. 114 

2 Materials and Methodology 115 

2.1 Laboratory testing program 116 

2.1.1 Materials and mixture design 117 

One PA mixture with a nominal maximum aggregate size of 13.2 mm (PA-13) was 118 

selected in this study. The asphalt binder was a SBS modified asphalt binder that 119 

fulfilled the Superpave performance grade of 76-16 (PG76-16). The aggregates used 120 

were granite. The hydrated lime with a content of 1.5% by mass of total aggregates 121 

was added into mixture to improve its moisture damage resistance. According to the 122 

Chinese standard JTG/T 3350-03-2020, the optimum asphalt content was determined 123 

as 3.9% by mass of the mixture, and the target air void content was 23%. The 124 

aggregate gradation of PA-13 is shown in Figure 1. 125 
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A cationic slow-setting (CSS-1) type asphalt emulsion was prepared as the ST 126 

emulsion. The ST emulsion was prepared by using a catatonic emulsifier, containing 127 

fatty amine derivatives. The contents of asphalt binder, emulsifier, deionized water, 128 

and stabilizer are 60%, 3%, 36.8%, and 2‰ by mass of ST emulsion, respectively. 129 

Firstly, a virgin asphalt binder with a penetration grade of 60/70 (Pen60/70) was 130 

heated to 135 oC for later mixing. The emulsifier was mixed with deionized water at 131 

60 oC to prepare the soap solution. Calcium chloride powders were subsequently 132 

added to soap solution as the stabilizer. Then, the hydrochloric acid was gradually 133 

dropped into soap solution and a glass rod kept stirring the soap solution until the PH 134 

value reached 2.0-2.5. It should be noted that the well-prepared soap solution needs to 135 

be stored in oven at 60 oC for several seconds. After that, the soap solution was 136 

poured into a colloid mill with a shearing rate of 2,870 rpm. Finally, the heated 137 

asphalt binder with a temperature of 135 oC was gradually added into the soap 138 

solution and emulsified by the colloid mill within 2 minutes. Table 1 shows the basic 139 

information of the ST emulsion. TiO2 was selected as a tracer to tag the ST emulsion 140 

and its basic physical properties are shown in Table 2. As recommended by previous 141 

studies (Castorena et al. 2016, Pape and Castorena 2021), the tracer content is 10% by 142 

mass of virgin binder. TiO2 was first mixed with virgin binder by a high-speed shear 143 

mixer and then the TiO2 modified asphalt binder was emulsified by the soap to 144 

produce ST emulsion for spraying. In this study, each specimen was placed on a 145 

balance during the whole spraying period to precisely control the application dosage 146 

of ST emulsion. The emulsion was sprayed to specimen’s surface via a spraying gun. 147 
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This device is commonly used in the coating field (Perše et al. 2013, Toma et al. 148 

2013, Wang et al. 2022) and can simulate on-site spraying conditions on asphalt 149 

pavement in the field. Compressed air was used to atomize ST emulsion and direct its 150 

particles. Then ST emulsion could be uniformly sprayed to the specimen’s surface. 151 

The application rate of 0.6 kg/m2 for ST emulsion was used based on our previous 152 

works (Jiang et al. 2022, Yang et al. 2022). 153 

154 

Figure 1. Aggregate gradation of PA-13 155 

Table 1. Basic properties of ST emulsion 156 

Evaporated residue Storage stability 
Residue 
content 

(%) 

Penetration 
(25 oC, 0.1 

mm) 

Softening 
point 
(oC) 

Ductility 
(5 oC, 
cm) 

1 day 
(%) 

5 
days 
(%) 

ST 
emulsion 60 64 50 67.2 0.3 2.1 

Table 2. Physical properties of TiO2 157 

Color Appearance Purity (wt%) Specific surface area 
(m2/g) 

Granularity 
(nm) 

White Powder 99.90 78 500 

2.1.2 PA Specimen preparation and performance test 158 

All PA specimens were subjected to long-term aging (Zhang et al. 2021) and freeze-159 
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thaw conditioning (ASTM D7064) to artificially create internal micro-cracks. Then, 160 

ST emulsions were sprayed to those damaged PA specimens, which were cured for 161 

different durations at 25 oC or 60 oC. The mass loss ratio of the treated PA specimen 162 

was determined through the Cantabro Abrasion test in accordance with ASTM C131 163 

to evaluate the effects of curing conditions (duration and temperature) on the recovery 164 

efficiency of ST emulsion. The mass loss ratio was calculated by Eq. (1). Three 165 

replicates were prepared for each condition. 166 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚1−𝑚𝑚2
𝑚𝑚1

× 100%       (1) 167 

where 𝑚𝑚1 and 𝑚𝑚2 represent the original and final mass of the tested specimen 168 

before and after the Cantabro abrasion test, respectively, g. 169 

Figure 2 shows the variations in mass loss ratio as a function of curing time at 170 

different curing temperatures. At the very beginning (without curing), the mass loss 171 

ratio is about 32%. With the increase of curing of ST emulsion, the mass loss ratios of 172 

PA specimens rapidly decreased and gradually flattened out. Specifically, a higher 173 

curing temperature may accelerate the demulsification and water evaporation of ST 174 

emulsions, so the specimens cured at 60 oC showed a lower value of mass loss ratio 175 

than that those at 25 oC at the early stage. After 14 days of curing, it could be 176 

speculated that all water in PA mixture has evaporated. Specimens cured at two 177 

different temperatures should have exhibited a similar recovery efficiency of ravelling 178 

resistance. But the mass loss ratio still indicated a relatively lower value at 60 oC than 179 

that at 25 oC, which is about 1%. It can be attributed to a more sufficient diffusion of 180 

ST residue in aged asphalt mortar at a higher curing temperature, which benefits the 181 
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rejuvenation of aged asphalt binder in PA. It should be noted that the diffusion 182 

phenomenon might happen once the ST residue covered aged asphalt mortar or filled 183 

up micro-cracks inside PA mixture. Next, the SEM/EDS was adopted to investigate 184 

the potential diffusion of new ST emulsion residue in aged asphalt mortar from the 185 

microscopic perspective. 186 

187 

Figure 2. Temporal variations of mass loss ratios at 25 oC and 60 oC 188 

2.1.3 SEM/EDS specimen preparation 189 

A procedure with multiple steps was followed to prepare the specimens for the 190 

SEM/EDS test. The damaged PA specimens with a diameter of 150 mm and a height 191 

of 40 mm were first prepared by the Superpave gyratory compactor (SGC). Small PA 192 

specimens with a diameter of 30 mm were then drilled out from the SGC specimens 193 

(Figure 3a). After that, these small specimens were sawed into several slices with a 194 

thickness of 5 mm (Figure 3b). ST emulsion containing TiO2 was sprayed on the 195 

surface of the thin slices, which penetrated into PA through the interconnecting pores 196 

(Figure 3c). After ST, the thin slices were dried in a vacuum drying oven for 24 hours 197 

of curing to accelerate the demulsification of emulsified asphalt and evaporation of 198 

0 3 7 14 21 28
10

15

20

25

30

35

M
as

s l
os

s r
at

io
 (%

)

Curing duration (days)

 25℃
 60℃



11 

water. Then, the specimens were immersed in epoxy resin under a vacuum of 90 kPa 199 

for 10 min. This process not only helps get a clear boundary between the epoxy and 200 

mortar film for the convenience of quickly locating the added ST emulsion, but also 201 

improves the strength of the whole mixture to avoid the dislodgement of aggregate 202 

particles and the slippage of mortar during specimen grinding and polishing. 203 

Subsequently, the specimens were ground and polished until the smooth surface was 204 

exposed (Figure 3d). The reason is that a sloping and rough surface may prevent the 205 

electronic signal from bombarding the specimen to form shadow areas or hinder the 206 

detector from collecting the excited electronic signal. Finally, the surface of each 207 

specimen was sputter-coated by Au to make it conductive for microscopic observation 208 

(Figure 3e). It’s also recommended to draw some silver paints lines from the specimen 209 

surface to the carbon tape at the bottom of the specimen to improve the specimen’s 210 

conductivity. Besides, pre-marking of the air void peripheries on the specimen surface 211 

can help locate the target test areas quickly. 212 

The specimen preparation procedures shown in Figure 3 not only preserve the 213 

original morphology of PA specimen as much as possible but also allow direct in-situ 214 

observation of the diffusion of ST emulsion residue in aged asphalt mortar of PA. 215 
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216 

Figure 3. Procedures for specimen preparation: (a) Drilling cores; (b) A slice of PA; 217 

(c) Spraying ST emulsion; (d) Grinding and polishing; (e) Sputter coated by Au218 

2.2 Identification and analysis of characteristic elements 219 

A TESCAN VEGA3 scanning electronic microscope (SEM) equipped with an Oxford 220 

energy-dispersive X-ray spectroscope (EDS) was used to investigate the diffusion of 221 

ST emulsion in aged asphalt mortar (Figure 4a). The accelerating voltage was 20 KV 222 

and the backscattered electron (BSE) imaging was performed on the PA specimen 223 

after ST. 224 

Four specimens were prepared according to the aforementioned method 225 

(Figure 4b). Two curing temperatures (25 oC and 60 oC) and five curing durations (0d, 226 

7d, 14d, 21d and 28d) were considered in this study. Two replicates were prepared at 227 

each temperature for periodic observation and three different locations were selected 228 

for each specimen to conduct the EDS tests. 229 



13 

(a) (b) 

Figure 4. SEM/EDS testing: (a) SEM equipment; (b) Final prepared specimens230 

2.2.1 Selection of test areas and consistency verification 231 

The morphology of a test area on a specimen’s surface is shown in Figure 5(a). Fine 232 

aggregates, mortar and epoxy resins can be clearly distinguished in each SEM image 233 

based on their colors and relative positions. Meanwhile, the location of mortar film 234 

can be inferred according to the relative position of the other components of 235 

specimens, which is critical for the EDS line scanning test later. Because each 236 

component of PA mixtures has a unique characteristic element, chemical analysis of a 237 

test area by EDS allows the identification of mechanically similar but chemically 238 

distinct phases. The silicon (Si), titanium (Ti) and sulfur (S) are the characteristic 239 

elements of the aggregates, added ST emulsion and aged asphalt binder, respectively. 240 

Epoxy resin is an organic material consisting of carbon, hydrogen, and oxygen, which 241 

are also the main elements in asphalt binder. Therefore, no particular element can be 242 

selected to represent the epoxy resin in this study. Figure 5(b) shows the EDS map 243 

scanning results. The main distribution areas of the aggregates, new and aged asphalt 244 

binder are illustrated by green, red and blue colors, respectively. A red contour line 245 
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was observed along the boundary between epoxy resin and PA, suggesting that the 246 

applied ST emulsion was distributed around the contact zone between epoxy and 247 

mortar. 248 

249 

(a) 250 

251 

(b) 252 

Figure 5. Consistency verification of characteristic elements: (a) SEM image; (b) 253 

EDS map scanning images 254 
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2.2.2 Boundary identification of different components in PA specimen 255 

Based on the EDS map scanning results, the EDS line scanning test was conducted 256 

around the areas of the applied ST emulsion to further identify different components. 257 

As shown in Figure 6, an EDS line scanning was performed from epoxy resin to 258 

aggregate to collect S/Ti/Si intensity data along the interesting line. The length of the 259 

line was controlled to be long enough to span the applied ST emulsion and old mortar 260 

film areas. 261 

262 

Figure 6. Example of an EDS line scanning test 263 

Figure 7(a) shows the enlarged image of the test area. The EDS line was 264 

controlled to be as perpendicular as possible to the aggregate for the convenience of 265 

internal comparisons. Figure 7(b) illustrates the scanning results along the EDS line. 266 

The Y-axis unit, namely counts per second (cps), represents the intensity of each 267 

element, which is only related to the element content. The element intensities of Ti 268 

and S began with low value and rapidly grew as the line scanned from the epoxy resin 269 

to the ST emulsion residue. However, when the line scanned from the ST emulsion 270 

residue to the aged asphalt mortar, the intensity of Ti suddenly reduced to a similarly 271 

low level, but that of S remained at a peak level as before. Subsequently, when the 272 
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line scanned from the aged asphalt mortar to aggregate, especially at the interfacial 273 

transition zone (ITZ), the intensity of Si dramatically increased to a very high level 274 

while that of S rapidly decreased to a low level. Therefore, three boundaries between 275 

epoxy resin, ST emulsion residue, aged asphalt mortar and aggregate can be clearly 276 

distinguished and identified at the ITZs based on the line scanning results of the three 277 

characteristic elements. It indicated that different components of PA specimens could 278 

be identified and demarcated by the EDS line scanning test, which makes it possible 279 

to continuously observe the potential diffusion of the ST emulsion residue in the aged 280 

asphalt mortar of PA. 281 

(a) 

(b) 

Figure 7. EDS line scanning results: (a) Test area; (b) Intensity distribution of 282 

elements 283 

2.2.3 Diffusion degree of ST emulsion residue in aged asphalt mortar 284 

Since the mass of the applied ST emulsion is fixed, the mass of the added tracer TiO2 285 
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is also a constant. In the asphalt binder area containing tracers, the tracer content is 286 

expected to alter as the curing condition changes, representing the diffusion 287 

phenomenon. A new statistical indicator, namely the diffusion degree (Dd), was 288 

proposed and calculated using Eq. (2) to quantify the diffusion of ST emulsion residue 289 

in aged asphalt mortar. It is defined as the average ratio of Ti count number to S count 290 

number at each point in the asphalt binder area containing tracers. The line scanning 291 

test was repeated three times for each test area. At least 80 points per line were 292 

included in the calculation of Dd. It should be noted that the sulfur content of asphalt 293 

binder used in ST emulsion is similar to the sulfur content of asphalt binder used in 294 

the mixture based on the EDS line scanning test results. 295 

𝐷𝐷𝑑𝑑 = 1
𝑛𝑛
∑ 𝐶𝐶𝑇𝑇𝑇𝑇

𝑖𝑖

𝐶𝐶𝑆𝑆
𝑖𝑖

𝑛𝑛
𝑖𝑖=1  (2) 296 

where n is the number of points in the asphalt binder area containing TiO2; 𝐶𝐶𝑇𝑇𝑇𝑇𝑖𝑖  297 

represents the count number of the Ti at the point of number i; and 𝐶𝐶𝑆𝑆𝑖𝑖 is the count 298 

number of the S at the point of number i. A lower Dd indicates that more ST emulsion 299 

residues diffuse into the aged asphalt mortars. 300 

3 Results and Discussions 301 

3.1 Diffusion phenomenon at different curing conditions 302 

When applying ST emulsion to PA pavement, the pavement surface temperature may 303 

affect the ravelling resistance recovery of PA pavement. The climate of Hong Kong is 304 

subtropical, with mild winter and hot summer. In this study, the curing temperatures 305 

of 25 oC and 60 oC were selected to represent room temperature and higher 306 
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temperature for the road surface, respectively (Yang et al. 2020). It should be noted 307 

that although the actual pavement surface cannot maintain a higher temperature, e.g. 308 

60 oC, all day long, it is meaningful to investigate the effect of curing temperature on 309 

the diffusion efficiency of ST emulsion in aged mortar, which can help guide the 310 

selection of maintenance environment. Besides, considering that the diffusion 311 

phenomenon in asphalt mixture might be a very slow process at aforementioned 312 

temperatures, the EDS line scanning test is repeated every 7 days until no visible 313 

signs of diffusion occurred. 314 

Figure 8 depicts two SEM images labeled with the yellow line scanning areas 315 

and the variations of two characteristic elements along the test path at two different 316 

curing temperatures. The asphalt binder area contains element S and the ST emulsion 317 

residue region contains element Ti. Based on the intensity variation of Ti along the 318 

scanning distance, the asphalt binder area containing the TiO2 tracer was illustrated 319 

between two vertical dark dash lines in each figure. Figure 8(a) shows that when the 320 

curing temperature is 25 oC, neither the intensity of Ti nor the length of the asphalt 321 

binder area containing tracers changed significantly over the whole continuous 322 

observation, indicating that there is no apparent diffusion of new ST emulsion residue 323 

in aged asphalt mortar. However, Figure 8(b) illustrates that when the curing 324 

temperature is 60 oC, the shapes of red and blue patterns were constantly changing, 325 

especially the length of the red region representing element Ti gradually increased. 326 

Their boundaries also became blurred at 60 oC as the curing duration increased. In 327 

other words, the length of the asphalt binder area containing TiO2 gradually extended 328 
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toward the aged asphalt mortar region as the curing duration increased, suggesting 329 

that the ST emulsion residue gradually diffused into and fused with aged asphalt 330 

binder. Such disparities between two different curing temperatures indicate that the 331 

curing temperature significantly affects the diffusion of ST emulsion residue in aged 332 

asphalt mortar. A higher curing temperature can promote the diffusion efficiency and 333 

further rejuvenate the aged asphalt binder, which is helpful to improve the ravelling 334 

resistance of PA pavement. This also provides an explanation for the relatively lower 335 

mass loss ratio of treated PA specimen at 60 oC as presented in Figure 2. Therefore, it 336 

is recommended to spray ST emulsion on PA pavement in hot weather (e.g. summer) 337 

to achieve better maintenance efficiency. Due to the low reflectivity of road surface 338 

and the moderate heat conductivity of asphalt, the region near the pavement surface 339 

area usually has a relatively higher temperature than the air temperature (Asaeda et al. 340 

1996). And the average temperature of pavement surface area in summer is higher 341 

than in other seasons, which is helpful to promote the diffusion efficiency of those 342 

penetrated ST emulsion residues near the top of road surface. 343 

Furthermore, as shown in Figure 8(b), because the mass of added tracer is a 344 

certain value, the distribution of element Ti disperses with the diffusion of ST 345 

emulsion residue in aged asphalt mortar, resulting in a decrease in the intensity of Ti. 346 

Thus, the red color representing the Ti gradually fades from crimson to light red with 347 

the increase of the curing duration. These variations once again confirmed the 348 

existence of the diffusion of new ST residue in aged asphalt binder. 349 
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Besides, it was also found that the diffusion phenomenon is difficult to 350 

observe after curing for 21 days. One possible explanation is that due to the 351 

physisorption, chemisorption, and mechanical interlock, the adhesion between asphalt 352 

and aggregate is stronger as it gets closer to the aggregate surface area (Zhu et al. 353 

2017). Thus, the diffusion phenomenon can hardly be observed on the side close to 354 

the aggregate surface. 355 

 356 

  
(a) (b) 

Figure 8. Effect of curing temperatures on diffusion: (a) 25 oC; (b) 60
 oC 357 

3.2 Diffusion degree of ST emulsion residue in aged asphalt mortar 358 

As shown in Figure 9, the diffusion behaviors within the treated PA were further 359 

statistically analyzed by the Dd values under different curing conditions. The Dd 360 

values at 25 oC and 60 oC were similar at the beginning, which are around 0.54. But 361 

they exhibited different changing trends at two curing temperatures as the curing 362 
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duration increased. When the curing temperature is 25 oC, although no obvious 363 

diffusion behavior showed in Figure 8(a) from a qualitative perspective, Dd presented 364 

a slightly decreasing trend from 0.54 to 0.49 throughout the curing duration. 365 

Meanwhile, when the curing temperature is 60 oC, Dd gradually decreased with the 366 

extension of diffusion area and then flattened out around 0.28 after 21 days of curing. 367 

The reductions in Dd over the entire test period at 25 oC and 60 oC are 0.05 and 0.25, 368 

respectively. Thus, the diffusion rate at 60 oC is around 5 times faster than that at 25 369 

oC, which again proves that a higher curing temperature can accelerate the diffusion 370 

of ST emulsion residue in aged asphalt mortar. 371 

 372 

Figure 9. Dd under different curing conditions 373 

3.3 Hindrance effect of fine aggregate on diffusion behavior 374 

Asphalt mortar consists of fine aggregates, fillers and asphalt binders, which adheres 375 

to the coarse aggregate surface and interconnects with other aggregates. The actual 376 

diffusion condition of the applied ST residue in aged asphalt mortar is not as simple as 377 

that in pure aged asphalt binder. As shown in Figure 10(a), the intensity of S 378 

decreased sharply, while the intensity of Si increased dramatically near the regions 379 
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containing fine aggregates. Due to the hindrance effect of fine aggregates, the 380 

diffusion of the ST emulsion residue in aged asphalt mortar could be obstructed even 381 

at the high curing temperature of 60 oC. In other words, the existence of fine 382 

aggregates in aged asphalt mortar may increase the diffusion path of new ST residue 383 

in aged asphalt mortar. Therefore, no obvious diffusion phenomenon was observed in 384 

Figure 10(b). Besides, the variations of Dd with and without fine aggregates in the 385 

diffusion path at 60 oC are illustrated in Figure 11. The Dd remained relatively stable 386 

over the whole observation period when fine aggregates existed in the test area, 387 

indicating that the existence of fine aggregates in the diffusion path could 388 

significantly decrease the diffusion efficiency. Thus, the diffusion behavior in mortar 389 

is more complex than that in asphalt binder, which needs further study. 390 

  
(a) (b) 

Figure 10. Hindrance effect of fine aggregates on diffusion: (a) Intensity distribution 391 
of element; (b) EDS line scanning test results at 60 oC 392 
 393 
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 394 

Figure 11. Variations of Dd with and without fine aggregates 395 

4 Findings and Conclusions 396 

In this study, a multi-step procedure was developed to prepare the treated PA 397 

specimens for the SEM/EDS test. The diffusion behavior was traced by the 398 

characteristic elements of different components in PA. The complex diffusion 399 

phenomena of the applied ST emulsion residues in aged asphalt mortars were 400 

investigated under different curing conditions. Moreover, a statistical indicator, Dd, 401 

was proposed to quantify the diffusion degree. The main findings and conclusions of 402 

this study are summarized as follows: 403 

• The boundaries between the applied ST emulsion residues and other 404 

components of PA can be clearly distinguished through the SEM/EDS, which 405 

is an effective microscopic technique to directly observe the diffusion 406 

phenomenon within the PA mixture by careful specimen preparation. 407 

• Curing temperature has a significant effect on the diffusion phenomenon and a 408 

higher curing temperature can accelerate this process based on the indoor test 409 

0 7 14 21 28
0.0

0.2

0.4

0.6

0.8

D
d

Curing duration (days)

 with fine aggregates
 without fine aggregates



24 

results. Considering that the average temperature near the pavement surface 410 

area in summer is higher than in other seasons, it is recommended to spray ST 411 

emulsions on PA pavement in hot weather (e.g. summer) to enhance the 412 

efficiency of this preventive maintenance technology in the field. 413 

• The diffusion phenomenon was obvious after curing for 21 days at 60 oC,414 

while it was not apparent after 28 days at 25 oC.415 

• Dd can quantify the diffusion degree of the ST emulsion residue in aged416 

asphalt mortar. A lower Dd value indicates a better diffusion status. The417 

diffusion rate at 60 oC was about 5 times faster than that at 25 oC for the case418 

investigated in this study.419 

• The diffusion phenomenon of ST emulsion residue in aged asphalt mortar is420 

complex. The existence of fine aggregates in mortar may increase the421 

diffusion path due to the hindrance effect.422 

It is worth noting that only one type of ST emulsion was selected in this study 423 

to investigate its diffusion in aged asphalt mortar of PA mixture in the laboratory. 424 

More ST emulsions containing different rejuvenators will be considered in the future 425 

to compare their diffusion rates in PA specimens. And the field data are necessary to 426 

further verify whether hot weather is helpful in enhancing the maintenance efficiency 427 

of ST emulsion. 428 
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