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 As asphalt is a viscous liquid, its wetting effect on the surface of gravel directly affects the 

performance of asphalt mixture. Based on viscous fluid mechanics and surface energy theory, 

the asphalt spreading process on the gravel surface is analyzed. The results show that the 

spreading ability of asphalt on the solid surface is directly related to the roughness and 

complexity of the solid surface. At the mixing temperature, the asphalt can spread freely on 

the gravel surface. Its adhesion ability on the gravel surface can be evaluated by observing its 

spreading radius. After the asphalt droplets land on the gravel surface, and being heated for 3 

minutes, the spreading is completed and the free energy balance of solid, liquid and gas 

surfaces is achieved. The limestone gravel has the roughest surface, the most complex pore 

features on surface, and the smallest spreading radius. The surface roughness of basalt gravel 

is basically the same as that of andesite surface.  
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1. INTRODUCTION 

 

Asphalt is an indispensable building material for road 

construction. Asphalt, a kind of high viscosity organic liquid, 

is a black-brown complex mixture composed of hydrocarbons 

with different molecular weights and their non-metallic 

derivatives. Asphalt becomes solid or semi-solid at low 

temperature while liquid at high temperature [1]. During the 

asphalt mixture production process, it is necessary to keep the 

temperature of asphalt and aggregate [2] within the reasonable 

mixing temperature range of 135-170 ℃ in order to maintain 

its liquid state. At this time, the asphalt is in a high viscosity 

liquid state. 

In the road engineering field, the adhesion ability of asphalt 

on the gravel surface directly affects the performance of road 

with asphalt mixture [3], which can be measured and evaluated 

by water boiling test, water immersion test and photoelectric 

colorimetric test. However, the traditional experimental 

methods are often influenced by people's subjective 

consciousness [4]. There is viscosity in asphalt flow, which is 

the macroscopic expression of momentum transfer caused by 

molecular thermal motion and intermolecular force. With the 

burgeoning process in surface energy theory, more and more 

experts analyze the surface interface effect of liquid on solid 

surface [5-7]. The adhesion of asphalt on the gravel surface 

can be analyzed by wettability experiment, with major 

wettability measurement methods including contact angle 

method [8], imbibition and displacement method, microscope 

observation and so on. With the development of experimental 

imaging technologies such as dynamic imaging, contact angle 

detectors [9], and capillary rise detection, and the development 

of microscopic image analysis and surface energy theory [11-

12], the research on the adhesion property of asphalt on the 

surface of gravel has been increasingly studied in-depth. 

In this paper, 90 # asphalt is used as test liquid to test its 

spreading on three kinds of solid surfaces with different levels 

of roughness. Based on the theory of viscous fluid mechanics 

and surface energy, the spreading process of asphalt on the 

gravel surface is analyzed by observing the spreading radius 

with microscope. 

 

 

2. WETTABILITY 

 

2.1 Wettability theory 

 

Wettability refers to the ability or propensity of a liquid to 

spread on a solid surface [13]. The wetting of a liquid on a 

solid surface includes three processes of damping, soaking, 

and spreading [14]. Let 𝛾𝑙𝑔 be the surface gas free energy, and 

𝛾𝑠𝑙  be the solid-liquid surface free energy. Damping is the 

process by which a liquid comes into contact with a solid 

surface. The variation of free energy ∆𝐺  under constant 

temperature and constant pressure is shown in Formula (1). 

Soaking refers to the process of immersing a solid into a liquid, 

during which the solid-air interface is replaced by a solid-

liquid interface, and the liquid surface does not change. 

Therefore, the variation of the free energy ∆𝐺 in this process 

is as shown in Formula (2). The essence of the spreading 

process is the replacement of the gas-liquid interface with the 

solid-liquid interface, and the expansion of the gas-liquid 

interface. The system free energy reduction value ∆𝐺 can be 

expressed by Formula (3). 

 

∆𝐺 = 𝛾𝑠𝑔 + 𝛾𝑙𝑔 − 𝛾𝑠𝑙                                                                   (1) 

 

∆𝐺 = 𝛾𝑠𝑔 − 𝛾𝑠𝑙                                            (2) 

 

∆𝐺 = 𝛾𝑙𝑔 + 𝛾𝑠𝑙 − 𝛾𝑠𝑔                  (3) 

 

When ∆𝐺 < 0, each process will proceed spontaneously. 
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For the wetting process that forms a certain contact angle, 

there is the following relationship between the above three-

plane (table) surface tension and the contact angle θ. 

 

𝛾𝑠𝑔 − 𝛾𝑠𝑙 = 𝛾𝑙𝑔 cos 𝜃                         (4) 

 

The formula of spreading the real number S can be obtained 

by substituting Formula (4) into Formula (3), take Formula (5) 

as an example. 

 

𝑆 = 𝛾𝑙𝑔(𝑐𝑜𝑠𝜃 − 1)                                 (5) 

 

Formulas (4) and (5) are basic equations describing the 

wetting degree. When θ=0°, S=0, and it is a complete wetting 

state, then the liquid can spread automatically on the solid 

surface. When θ=180 °, it is a complete non-wetting state, the 

droplets form an ideal sphere on the solid surface; When 

0°<θ<180°, it is an incomplete wetting state, the smaller the θ, 

the easier for the liquid to wet the solid surface. It is generally 

considered that when θ>90°, the liquid does not wet the solid 

surface, while when θ<90°, the liquid wet the solid surface. 

[15] 

 

2.2 Spreading radius of droplets 

 

The adhesion work, adhesion tension and spreading 

coefficient are usually calculated by measuring the surface 

tension and contact angle of the liquid [16-17]. Upon the need 

of measuring technology, the traditional methods for 

measuring contact angle must grind the solid (aggregate) 

surface flat and fine. The aggregate plane obtained by grinding 

has lost many of the features of the original aggregate surface 

in engineering practice. In order to obtain the most realistic 

spreading effect of asphalt on the aggregate surface, only the 

relatively flat original surface of gravel is selected as the 

experimental surface, for which no grinding treatment is done, 

except for cleaning surface impurities. 

The gravel surface is rough and uneven, with a rich capillary 

system, which has a complicated influence on the wetting 

process of asphalt. For the capillary system with uniform pore 

diameter, when the contact angle θ < 90 °, the wetting effect 

of liquid on the inner wall of the pores is reflected in the 

automatic filling of asphalt in the capillary structure. That is, 

the liquid can penetrate into the pores driven by the pressure 

difference of the curved surface [18]. The pore of gravel 

aggregate surface has various diameters, different angles, 

diverse sizes and uneven distribution, which makes the wetting 

process of asphalt more complicated. It is necessary to 

consider not only the effect of surface energy but also the 

influence of the distribution density, aperture size, inner wall 

shape and aperture direction of the capillary system. It is 

necessary not only to consider the role of surface energy, but 

also to consider the distribution density of the pore system, the 

pore size, the shape of the inner wall and the direction of the 

pore size. In summary, the aggregate surface is extremely 

undesirable, and it is difficult to measure the contact angle. 

Therefore, an attempt is made to evaluate the wetting level of 

asphalt on the aggregate surface by methods other than 

measuring contact angle. 

In a view to avoiding the errors in the measurement of 

contact angle, Zhao Zhenguo [19] proposes to calculate the 

potential energy variation and the surface free energy variation 

of the liquid cake by measuring its height variation. However, 

this method requires the liquid to be continuously filled for a 

period of time, and the height of the liquid cake can only be 

determined when the height of the liquid cake is maintained 

constant. This method has also been tried in this paper. 

However, the asphalt is rapidly cooled and condensed during 

the dropping process after leaving the environment of mixing 

temperature (150 ℃) of the thermostat as the asphalt liquid is 

very sensitive to the temperature [20]. Thus it is impossible to 

achieve the continuous filling of the asphalt droplets, and it is 

difficult to reach the saturated liquid cake state of the asphalt 

droplets required for liquid cake height method. It indicates 

that the method does not apply to asphalt that is semi-solid at 

normal temperature. 

Based on these reasons, this paper proposes to determine the 

spreading coefficient of asphalt on the aggregate surface by 

measuring the spreading radius, and to analyze the wetting 

effect of asphalt on various aggregate surfaces. 

 

 
 

Figure 1. Profile of liquid cake spreading 

 

 
 

Figure 2. Plane of liquid cake spreading 

 

Figure 1 shows the profile of liquid cake spreading. Let the 

cake volume be 𝑉 , limit height ℎ , and radius 𝑟 . If the 

equilibrium liquid cake expands by a minimal amount 𝛿𝑟, the 

height will decrease by 𝛿ℎ, and the surface free energy during 

this process changes to 2𝜋𝑟𝛿𝑟(𝛾𝑙𝑔 + 𝛾𝑠𝑙 − 𝛾𝑠𝑔).  Since the 

liquid cake height decreases by δ𝛿ℎ, the liquid cake potential 

decreases by 𝑚𝑔𝛿ℎ/2 or 𝜌𝑔𝑉𝛿ℎ/2. Where, m is the mass of 

the liquid cake, 𝜌  is its density, and 𝑔  is the gravitational 

acceleration. 

The above process is a very slight change under the 

equilibrium conditions, so the surface free energy change is 

equal to the potential energy change, i.e. 

 

2𝜋𝑟𝛿𝑟(𝛾𝑙𝑔 + 𝛾𝑠𝑙 − 𝛾𝑠𝑔) =
1

2
𝜌𝑔𝑉𝛿ℎ                (6) 

 

As shown in Figure 2, there is no change in the total volume 

of the liquid cake during this process, and the asphalt liquid 

cake is circularly spread out in a circle, as shown in Formula 

(7). 
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𝜋((𝑟 + 𝛿𝑟)2 − 𝑟2)(ℎ − 𝛿ℎ) = 𝜋𝑟2𝛿ℎ                                   (7) 

 

When Formula (7) is substituted into Formula (6), it can be 

obtained. 

 

𝑆 = −
1

2
𝜌𝑔ℎ2                     (8) 

 

Thus, the relation between 𝜃and ℎ  can be obtained as in 

Formula (9) 

 

𝑐𝑜𝑠𝜃 = 1 −
𝜌𝑔ℎ2

2𝛾𝑙𝑔
                    (9) 

 

It can be seen that the contact angle of the droplets on the 

surface of the aggregate can be deduced by measuring the 

spreading radius of the asphalt droplets. That is, the spreading 

coefficient and adhesion ability of asphalt on the surface of 

aggregate can be determined by the spreading radius of asphalt 

droplets on the surface of aggregate. 

 

 

3. EXPERIMENT OF SPREADING  

 

3.1 Basic properties of asphalt 

 

The asphalt used in the experiment is 90 # asphalt produced 

by Liaoning Panjin Northern Asphalt Co., Ltd. Its performance 

indicators are as shown in Table 1. 

 

Table 1. List of basic properties of asphalt 

 

Items  90#Asphalt  

Needle penetration (25℃, 100g,5s, 0.1mm) 86 

Ductility 5℃ 150 

Softening point 45 

Solubility (%) 99.97 

Flashing point(hatch, ℃) 302 

Density (25℃, kg/m3) 1000.3 

Wax conten t(Distillation, %) 1.89 

 

3.2 Spreading experiment 

 

Asphalt is very sensitive to changes in temperature [21-22]. 

The change of the state of the bitumen droplet can be observed 

on the microcosmic image. After the aggregate and asphalt are 

heated to the mixing temperature (150°C) in the thermostat, 

the asphalt is in the liquid state. Even if the distance[23] of 

drop  is very close, during the process of droplets falling on 

the surface of the stone, the temperature of the asphalt droplets 

rapidly decreases and the droplets tend to condense, as shown 

in Figure 3. The edges of the asphalt droplets are neat and there 

is no spreading phenomenon, as shown in Figure 4. 

 

 
 

Figure 3. Properties of asphalt droplets on aggregate surface  

 
 

Figure 4. Edges of asphalt droplets on aggregate surface 

 

Thus, after the asphalt drops off, the specimen is again 

placed in a thermostat for 5 minutes, with the temperature 

restored to the mixing temperature. During this heating 

process, the surface of the aggregate with the asphalt droplets 

is kept horizontal. 

 

 
 

Figure 5. Spreading of asphalt droplets after being heated 

 

As can be seen from Figure 5, as the temperature rises and 

the heating time increases, the asphalt droplets can spread 

freely, which means, there appears the spreading phenomenon 

of asphalt on the surface of aggregate. Therefore, the 

complexity of the aggregate surface can be assessed by 

measuring the spreading level of asphalt on the aggregate 

surface. For example, as shown in Figure 1 and Figure 2, the 

change in asphalt liquid cake height is 𝛿ℎ and the change in 

liquid cake diameter is 𝛿𝑟 after the asphalt droplets spread. In 

the present study, the potential energy change of asphalt cake 

is calculated by measuring the diameter change of the cake. 

 

3.3 Measurement of the spreading radius 

 

 
 

Figure 6. Asphalt dripping on basalt aggregate surface 

 

The aggregate specimen shall be placed on the adjustable 

platform and the observation shall be maintained at a plane 

level. As asphalt is heated to the mixing temperature (150°C), 
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a large amount of asphalt drops onto the aggregate surface. 

After the asphalt drops onto the aggregate surface, the asphalt 

rapidly condenses into droplets due to the rapid decrease in 

temperature, with neat edges and no obvious spreading, as 

shown in Figure 6. 

After the specimen is heated in a thermostat for 1 minute, 

spreading appears, as shown in Figure 7. It shows that asphalt 

has spreading ability on the surface of aggregate, and the pore, 

texture and capillary system on the gravel surface play a 

significant role in the spreading process. 

 

 
 

Figure 7. Asphalt droplets on the surface of basalt aggregate 

after being heated for 1 minute 

 

After the asphalt droplets being heated for 3 minutes, their 

spreading becomes more obvious, as shown in Figure 8. 

Asphalt droplets become noticeably thinner, mottled 

immersions appear, and the spreading radius continues to 

expand. 

 

 
 

Figure 8. Asphalt droplets on the surface of basalt aggregate 

after being heated for 3 minutes 

 

 

 
 

Figure 9. Asphalt droplets on the surface of basalt aggregate 

after being heated for 5 minutes 

 

The heating is continued for 5 minutes, then the spreading 

degree of asphalt is similar to that of asphalt after being heated 

for 3 minutes, and its spreading radius is no longer increased, 

as shown in Figure 9. It indicates that after being heated for 3 

minutes, the spreading of asphalt on the surface of aggregate 

is completed, and the surface free energy on liquid, solid and 

gas interface is balanced. 

 

 
 

Figure 10. Selection of observation area for basalt asphalt 

spreading  

 

 
 

Figure 11. Color counting points in spreading area  

 

According to the spreading area in Figure 10 and the width 

of the spreading area in Figure 11, the average spreading radius 

of the observation area can be calculated by the Formula (10). 

 

δ𝑟 =
𝑆

𝑙
                   (10) 

 

where, 𝑆 is the spreading area of the measurement area, 𝑙 is the 

spreading width of the measurement area, and δ𝑟  is the 

average spreading radius. 

 

 

4. COMPARATIVE ANALYSIS 

 

Table 2. Spreading radius of 90 # asphalt on the gravel 

surface 

 

NO. Type 

Spreadin

g area 𝑺 

(mm2) 

Spreadin

g width 𝒍 

(mm) 

average 

spreading 

radius 𝛅𝒓 

(mm) 

X11 Basalt 0.103 0.500 0.206 

X12 Basalt 0.097 0.442 0.219 

X13 Basalt 0.102 0.457 0.223 

X21 Basalt 0.161 0.678 0.237 

X22 Basalt 0.146 0.647 0.225 

X23 Basalt 0.236 0.884 0.267 

X31 Basalt 0.248 0.879 0.282 
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X32 Basalt 0.266 0.957 0.278 

X33 Basalt 0.187 0.656 0.286 

A11 Andesite 0.182 0.704 0.259 

A12 Andesite 0.175 0.645 0.272 

A13 Andesite 0.202 0.770 0.263 

A21 Andesite 0.365 1.121 0.326 

A22 Andesite 0.263 0.759 0.347 

A23 Andesite 0.300 0.897 0.335 

A31 Andesite 0.194 0.691 0.281 

A32 Andesite 0.344 0.897 0.383 

A33 Andesite 0.407 1.167 0.349 

S11 Limestone 0.062 0.362 0.171 

S12 Limestone 0.067 0.423 0.158 

S13 Limestone 0.029 0.249 0.115 

S21 Limestone 0.044 0.321 0.137 

S22 Limestone 0.024 0.242 0.101 

S23 Limestone 0.058 0.349 0.165 

S31 Limestone 0.032 0.292 0.108 

S32 Limestone 0.028 0.252 0.112 

S33 Limestone 0.025 0.247 0.103 

 

 
 

Figure 12. Histogram of spreading radius of 90 # asphalt 

on gravel surface 

 

As can be seen from Figure 12, the spreading radius of 

basalt and andesite is larger, and that of limestone is smaller. 

The surface texture of limestone is rough, with rich pores, 

which makes it unfavorable for asphalt spreading. This shows 

that the spreading radius of asphalt on the surface of gravel is 

inversely proportional to its roughness. 

 

 
5. CONCLUSIONS  

 
At the mixing temperature, the asphalt can spread freely on 

the gravel surface. After the asphalt droplets land on the 

surface of the rubble, they are being heated for 3 minutes. Then 

the spreading is completed and the free energy balance 

between the solid, liquid, and gas surfaces is achieved. Based 

on the spreading radius, the spreading degree of asphalt on the 

gravel surface can be evaluated. The smoother the gravel 

surface is, the larger its spreading radius will be, while the 

rougher its surface is, the smaller its spreading radius will be. 

The limestone gravel has the roughest surface, the most 

complex surface pore features, and the smallest spreading 

radius. The surface roughness of basalt gravel is basically the 

same as that of andesite, and the value of spreading radius is 

close to that of andesite. In summary, it is feasible to determine 

the adhesion of asphalt on surfaces with different roughness at 

any time through spreading radius. Although there are still 

errors in the observation process, the measurement method can 

largely approximate the spreading process of the viscous fluid 

on the rough surface in the actual environment. It is a 

significant attempt to analyze the flow and wetting properties 

of viscous fluid on solid surface by spreading radius 

experiment. 
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