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Article 
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2 CCCC Second Highway Engineering Bureau Company Limited; 
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Abstract: Compared with ordinary asphalt pavement, the application of modified asphalt will improve the 

performance of asphalt pavement. However, using the same modification method for the whole road section 

can cause modification waste or result in some parts not meeting performance standards. This paper proposes 

a whole road section modification method. First of all, a finite element model was established using Abqus 

according to the actual road pavement material to analyze the mechanical response of each layer under 

different working conditions and establish the grading standard under comprehensive working conditions. 

Secondly, different modification methods were analyzed according to investigation and their modification 

effects were graded through clustering analysis method. Finally, different working conditions and different 

modification methods were reasonably matched and a section of highway was selected for verification. The 

results show that before modification, the calculated rutting is 6.23mm and after modification, it is reduced to 

2.45mm which indicates that reasonable modification has a better effect and can achieve the purpose of rutting 

equalization control on the whole road section. It is of great significance to carry out reasonable modification 

on different conditions to control rutting equalization of asphalt pavements. 

Keywords: finite element model ; condition grading; modification effect; rational matching; rutting 

equalization control 

 

1. Introduction 

As of 2022, the total length of China’s expressways has reached 177,300 kilometers. However, 

many sections have varying degrees of rutting damage, especially on special sections. Modified 

asphalt has been used since the 1990s and is now widely used. However, there is no complete 

standard for the use of modified asphalt. In actual engineering, it is often based on engineering 

experience [1]. Using one modified mode for the entire section will result in significant differences in 

rutting control for different road conditions. Therefore, it is necessary to conduct research on rutting 

balance control to better play the role of modified asphalt, effectively improve the mechanical 

response of special road sections and reduce rutting damage [2]. The ultimate goal is to achieve 

rutting balance control for the entire section. 

Foreign research on modified asphalt started earlier. However, in developed countries abroad, 

there are more small cars and less overloading. Therefore, early premature damage rarely occurs [3]. 

However, there is little research on special sections (such as small radius curves, large longitudinal 

slopes, harsh temperatures and overloading), which are prone to early damage due to their severe 

mechanical response. According to the research conducted by Raab [4], a Swiss scholar, the interlayer 

condition is significantly influenced by various factors, with temperature and load having a 

substantial impact. It was observed that the shear strength, as an indicator, experiences a sharp 

decline due to these factors. Yang Jun et al[5] analyzed the distribution law of interlayer shear stress 

under axial load and different slope degrees based on Abaqus and found that the surface layer has 

the largest shear stress and is most prone to rutting. Cao Yang [6] used viscoelastic theory to establish 

a three-dimensional model using Ansys to analyze the mechanical response of different slope degrees 

and radius combinations. The results showed that as the slope degree increased or the radius of 

horizontal curves decreased, bending deformation and shear stress at the surface layer and bottom 
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layer increased Li Fuhai et al. [7] conducted an analysis of coarse aggregates in recycled concrete and 

established an evaluation model based on the combination weight-extensibility theory to classify the 

recycled aggregates.. However, domestic research mainly focuses on material comparison. There are 

no mature methods or systematic design specifications for modified asphalt design methods and 

special section design [8,9]. Therefore, it is necessary to study the mechanical response of special road 

sections [10], propose reasonable modification methods to guide actual engineering design, balance 

control road surface diseases and improve overall service life [11]. 

Therefore, this paper uses Abaqus to establish a three-dimensional model to systematically 

calculate the mechanical response of each layer for different working conditions. It analyzes the 

mechanical response of road surfaces under different working conditions and proposes modification 

suggestions for different working conditions. It establishes a matching relationship between 

reasonable modified asphalt pavement and different force conditions in actual engineering design to 

lay a foundation for providing scientific and reasonable modified asphalt methods for different road 

sections under different force conditions in actual engineering design. 

2. Methods 

2.1. Calculation Model Establishment 

According to the project on which this paper is based, the thickness of the upper, middle and 

lower layers of the asphalt pavement structure is 4cm+6cm+8cm. The specific material calculation 

parameters are shown in Table 1. The Poisson’s ratio of the material is 0.25. The calculation model is 

established according to the design parameters of the high-speed road section on which it is based, 

as shown in Figure 1. In order to make the calculation converge and meet the calculation 

requirements, the model is based on the three axes X, Y and Z of the spatial rectangular coordinate 

system. Since there is basically no mechanical response at both ends, they are set as free ends. At the 

same time, the horizontal displacement in the longitudinal direction is constrained , and all 

displacements are constrained for the roadbed bottom part[12,13]. When analyzing stress, BZZ-100 

standard axis load is used, and the double-circle uniformly distributed load acting area is equivalent 

to a rectangle with a size of 19.2cm×18.6cm. The distance between the centers of the double wheels is 

31.4cm. 

 

Figure 1. Loading diagram of pavement structure. 
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Table 1. Pavement structure parameters. 

Pavement structure layerMaterials typethicknessResilient modulus 

Upper layer SMA-13 4 1.4×109 

Middle layer AC-20 6 1.2×109 

Lower layer AC-25 8 1.0×109 

Figure 2 shows the finite element form used in the calculation, with a grid size of 0.04m and a 

maximum grid size of 0.4m at both ends. The grid of the loading part is densified. The uppermost 

layer bears the vehicle load, and the grid size gradually increases from top to bottom. The trial 

calculation results show that the accuracy of the results will be reduced compared with the infinite 

displacement of the elastic layered system, but it is closer to the actual deformation state of the road 

surface under stress. Therefore, this form is used to establish a three-dimensional model of the road 

surface using finite element software as shown in Figure 2. 

 

Figure 2. Finite element model. 

2.2. K-clustering analysis 

Clustering analysis is a statistical method that classifies the research objects according to the 

characteristics of multiple aspects. In order to facilitate the description of the improved K-means 

algorithm, the data set to be clustered is set to equation (1)[14]: 𝑋 = {𝑥௜ ∈ 𝑅௡, 𝑖 = 1,2,3…… , 𝑛}  (1)

Z1,Z2,……,Zn are K clustering centers respectively; Wj(j=1,2,……,k) represents the K categories 

of the cluster. There are the following definitions :  

Definition 1 :The Euclidean distance between two data is : 

 
(2)𝑥௜=(𝑥௜ଵ, 𝑥௜ଶ, … , 𝑥௜௡)and 𝑥௝=(𝑥௝ଵ, 𝑥௝ଶ, … , 𝑥௝௡) are two n-dimensional data objects. 

Definition 2 : The center point of the same class is: 

                                    𝑍௝ = ଵ௡ೕ∑ 𝑋௫∈௪ೕ   (3)

In equation (3), nj is the number of the same kind of data. 

Definition 3 : The objective function is: 𝐽 = k

1 1
( , )

jn

j j

i j

d x z
= =

  (4)

Define 4 pairs of variables R and z to give specific values respectively. With any data point as 

the center, the point where the number of data contained in the hypersphere with R as the radius is 

greater than the value z is a high-density point, otherwise it is a low-density point. 
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The flow chart of the K-means algorithm is shown as follows : 

 

Figure 3. K-means clustering algorithm flow. 

K-means clustering analysis is used to evaluate the modification effect of asphalt mixture and 

analyze the modification effect of high-temperature stability and anti-fatigue performance of 

modified asphalt mixture. The classification process is implemented by K-means clustering in PASW 

Statistics18.0 software (formerly SPSS software) according to the current specification indicators for 

modified asphalt mixture and the investigation and analysis of different performance indicators of 

modified asphalt mixture. 

3. Results and discussion 

3.1. Mechanical response of asphalt pavement surface under different working conditions 

3.1.1. Longitudinal slope 

According to the “Technical Standards for Highway Engineering”, the maximum design 

longitudinal slope of expressways is 3% to 5%. To explore the impact of longitudinal slope on asphalt 

pavement rutting, we calculated the maximum vertical compressive stress of the lower structure and 

the maximum shear stress of each layer under five different slopes of 1%, 2%, 3%, 4%, and 5%. The 

results are shown in Figure 4. 

 

Figure 4. Mechanical response of surface layer under different longitudinal slopes;(a) the maximum 

vertical compressive stress of the structure;(b) maximum shear stress of each layer. 

From the figure above, it can be seen that when the longitudinal slope changes, the vertical 

compressive stress of each layer of the pavement increases slightly, and the maximum vertical 

compressive stress occurs in the upper layer. When the longitudinal slope increases from 1% to 5%, 

the shear stress of each layer of the pavement shows an increasing trend, and the maximum 

longitudinal shear stress and maximum transverse shear stress occur in the middle layer. However, 

as the longitudinal slope increases, the difference between the shear stresses of each layer of the 

pavement also increases. It is evident that changing the longitudinal slope has the most significant 

impact on the middle layer. Improving the shear strength of the middle layer of asphalt pavement is 

essential for improving its overall shear strength. Chen Xiaobing et al. [15] investigated the influence 
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of longitudinal slope on the mechanical response of bridge deck pavement layers and reached the 

same conclusion: under the condition of vehicles traveling at a constant speed, the maximum 

transverse shear stress at the bottom of the layers is always greater than the maximum longitudinal 

shear stress at the bottom. Chen Huaxin et al. [16] utilized Abaqus to construct a semi-rigid base 

asphalt pavement model and found that the longitudinal slope and load have a greater impact on the 

longitudinal shear stress between pavement layers compared to the transverse shear stress. Xun 

Yongli et al. [17] established a bridge deck pavement model using Abaqus and analyzed the interlayer 

stress under four different loading conditions: uphill, downhill, emergency braking, and repeated 

loading, yielding similar results. 

3.1.2. Pavement temperature 

Asphalt has viscoelastic properties that change with temperature. Therefore, we studied changes 

in shear stress of each layer of asphalt pavement at different temperatures (-30°C, -20°C, -10°C, 0°C, 

10°C, 20°C, 30°C, 40°C, 50°C, 60°C, and 70°C) [18,19]. The extreme highest temperature in the 

engineering area is 45℃, and the monthly average highest temperature is 33℃; The extreme lowest 

temperature is -17℃, and the monthly average lowest temperature is -4℃. Considering actual 

pavement temperature conditions, this paper selects different surface temperatures to study 

mechanical responses of each layer of pavement as shown in Figure 5: 

 

Figure 5. The mechanical response of the surface layer at different temperatures;(a) maximum vertical 

compressive stress of the structure;(b) maximum shear stress of each layer. 

Analysis of the figure reveals that with increasing temperature, the shear stress and vertical 

compressive stress of each layer in the surface layer gradually decrease. Among them, the upper layer 

has the highest maximum vertical compressive stress, followed by the middle layer, and the lower 

layer has the lowest. When the temperature increases from -30°C to 70°C, the maximum vertical 

compressive stress in the upper layer experiences the greatest reduction. Furthermore, when the 

temperature reaches 70°C, the maximum shear stress in each layer of the pavement becomes 

relatively close. Due to the increased ductility of asphalt at higher temperatures, displacement is more 

likely to occur under high-temperature loads, resulting in a gradual decrease in measured shear 

stress. Cao Phu Cuong et al. [20] found that asphalt exhibits lower elasticity and viscosity at higher 

temperatures, making it prone to rutting. Additionally, as the pavement temperature increases, the 

shear stress in each layer of the pavement decreases linearly, with the middle layer still experiencing 

the highest shear stress. Moreover, the shear stress and maximum vertical compressive stress in the 

lower layer are both minimal. Therefore, the design of modified pavement should focus on the upper 

and middle layers. Hou Gui et al. [21] investigated the impact of different working conditions on the 

interlayer behavior of bridge deck pavement in cold regions and found that temperature has the 

greatest influence on interlayer shear stress. 

3.1.3. Overload degree 

During operation, overloading can seriously reduce the service life of the pavement. Therefore, 

this paper studies the mechanical response of pavement under different overload degrees. The 
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“Highway Asphalt Pavement Design Specification” (JTG D50-2017) stipulates the traffic volume of 

each traffic level as shown in Table 2: 

Table 2. Traffic grade. 

Traffic grade 
BZZ-100 cumulative standard axle 

Ne ( times / lane ) 

The traffic volume of buses and 

trucks above medium size [ vehicles / 

( d lane ) ] 

Light traffic  ＜3×106 ＜600 

medium traffic 3×106—1.2×107 600—1500 

heavy traffic  1.2×107—2.5×107 1500—3000 

extra heavy traffic ＞2.5×107 ＞3000 

Note: When a single factor belongs to different levels, the axle load index is given priority; traffic volume is 

secondary. 

Different overload degrees (0%, 50%, 100%, 150%, 200%, 250%, 300%) were selected to study the 

impact of overload on the mechanical response of the surface structure. The mechanical response of 

each surface layer under different overload degrees is shown as in Figure 6 : 

 

Figure 6. Mechanical response of asphalt pavement surface under different overload degrees;(a) 

maximum vertical compressive stress of the structure;(b) maximum shear stress of each layer. 

Analysis of the figure reveals that as the degree of overloading increases, the maximum vertical 

compressive stress, interlayer vertical and shear stresses, and transverse shear stress all increase. The 

upper layer experiences the highest compressive stress, followed by the middle layer, and the lower 

layer experiences the lowest vertical compressive stress. As the degree of overloading increases, the 

upper layer exhibits the greatest increase in maximum vertical compressive stress, with a growth rate 

of 54.3%. For the surface layer of the pavement, the middle layer experiences the highest shear stress, 

followed by the upper layer, and the lower layer experiences the lowest shear stress. Furthermore, 

under different degrees of overloading, the longitudinal and transverse shear stresses experienced 

by each layer of the pavement are almost equal. As the degree of overloading increases to 300%, the 

middle layer experiences the greatest increase in shear stress, with a 54.7% increase in longitudinal 

shear stress and a 54.6% increase in transverse shear stress. Therefore, the upper and middle layers 

exhibit the most significant mechanical response to overloading. Luo Yaofei et al. [22] utilized the 

Bisar 3.0 software and orthogonal experimental method to analyze the sensitivity of different factors 

to interlayer shear stress and found that vehicle overloading has a significant impact on interlayer 

shear stress. 

3.1.4. Flat Curve Radius 

When a vehicle travels on a flat curve of a road, the road surface is subjected to shear force due 

to lateral force, which can cause adverse effects and even premature damage. Therefore, this paper 

studies the mechanical response of each layer of the road surface under different flat curve radii 

(400m, 1000m, 2000m, 3000m) according to “Technical Standards for Highway Engineering” (JTBB01-
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2014). The maximum longitudinal, transverse and vertical shear stress at the bottom of the surface 

layer are shown in the figure as in Figure 7: 

 

Figure 7. Variation of shear stress under different radii. 

From the above figure, it can be seen that as the flat curve radius increases, the change in 

longitudinal shear stress at the bottom of the asphalt pavement surface layer is not significant; the 

horizontal shear stress at the bottom of the asphalt pavement surface layer decreases as the radius 

increases. When the flat curve radius changes from 0m to 3000m, the maximum horizontal shear 

stress at the bottom of the surface layer decreases by 17.9%. With the increase of flat curve radius, the 

vertical shear stress of the road gradually decreases. When the flat curve radius changes from 0m to 

3000m, the maximum vertical shear stress at the bottom of the surface layer decreases by 51%. 

Therefore, changing the flat curve radius has a more significant effect on horizontal shear stress and 

vertical shear stress. 

3.2. Comprehensive Working Condition Analysis 

After considering the actual construction and use of asphalt pavement, it is found that the 

pavement is not only affected by a single factor but by multiple factors. This leads to different degrees 

of mechanical response of the asphalt pavement and ultimately causes early rutting of the asphalt 

pavement, which seriously reduces the service life of the asphalt pavement. Therefore, this section 

calculates the mechanical response of the surface layer of asphalt pavement under the combination 

of longitudinal slope and overload degree and temperature. 

3.2.1. Combination of different longitudinal slopes and overload levels 

From Figure 7, it can be seen that the maximum vertical compressive stress of the lower layer of 

the pavement increases with the increase of overload rate; in addition, the vertical compressive stress 

also increases as the longitudinal slope increases by 1%. The maximum vertical compressive stress 

does not change significantly when the longitudinal slope changes from 0% to 1%. With the 

continuous increase of longitudinal slope, the maximum stress difference between adjacent 

longitudinal slopes gradually increases. The difference between the maximum shear stress value of 

4% and 5% longitudinal slopes and that of other slopes is very large. Therefore, it is necessary to 

strictly control the size of road longitudinal slope. 

In addition, the middle layer of the pavement bears the maximum shear stress. Therefore, only 

the numerical value of the middle layer shear stress is extracted. Under the same longitudinal slope 

condition, the maximum horizontal shear stress of the middle layer increases linearly with the 

increase of overload level. Under the same overload level, as the longitudinal slope increases, the 

maximum shear stress of the middle layer gradually increases. When the longitudinal slope is 

between 0% and 3%, there is little difference in maximum shear stress when the longitudinal slope 
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increases by 1%. When the longitudinal slope is between 4% and 5%, there is a large difference 

between the maximum shear stress value and that of adjacent longitudinal slopes. According to the 

mechanical response of pavement surface under different longitudinal slopes and overloads, analyze 

its impact on pavement surface. When conducting working condition classification, consider its 

vertical compressive stress and shear stress size. The influence of pavement shear stress should be 

given priority. 

3.2.2. Combination of different longitudinal slopes and temperatures 

According to Figure 8, it can be seen that under the same longitudinal slope condition, the 

maximum vertical compressive stress of the surface layer gradually decreases with the increase of 

road surface temperature; under the same temperature condition, the maximum vertical compressive 

stress of the lower layer increases with the increase of longitudinal slope. Under the same 

longitudinal slope, during the process of road surface temperature decreasing from -10℃ to 40℃, the 

maximum vertical compressive stress of the road surface changes greatly. The maximum vertical 

compressive stress decreases most rapidly when the road surface temperature decreases from 10℃ 

to 30℃. Under the same temperature condition, when the longitudinal slope of the road surface is 

between 0% and 4%, the maximum vertical compressive stress gradually increases but with a small 

increase range. However, when the longitudinal slope reaches 5%, there is a large difference between 

the maximum vertical compressive stress and that of adjacent total slopes. 

 

Figure 8. The mechanical response of the surface layer under the combined conditions of different 

longitudinal slope and overload degree； (a) vertical compressive stress of the lower layer;(b) 

maximum shear stress of the middle layer. 

 

Figure 9. The mechanical response of the surface layer under different longitudinal slope and 

temperature combination conditions;(a) vertical compressive stress of the lower layer;(b) maximum 

shear stress of the middle layer. 

Under the same longitudinal slope condition, as the road surface temperature increases, both 

the maximum shear stress of the middle layer and that of the lower layer gradually decrease. The 
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maximum shear stress changes very rapidly when temperature decreases from 20℃ to 20℃. Then, 

as temperature increases, shear stress decreases more slowly. This phenomenon becomes more 

obvious as longitudinal slope increases. For different longitudinal slopes under the same temperature 

condition, both the maximum shear stress of middle layer and that of lower layer increase with 

increasing longitudinal slope. When temperature is lower, there is a larger difference in maximum 

shear stress between different longitudinal slopes. However, as temperature increases, this difference 

decreases. 

3.3. Comprehensive factor working condition classification 

Currently, most highways are three-layer pavement structures. According to numerical 

simulation results of unfavorable working conditions such as temperature, axle load, road 

longitudinal slope and flat curve radius and combinations of two unfavorable working conditions 

mentioned above, mechanical responses of maximum vertical compressive stress and horizontal and 

vertical shear stresses of pavement surface under different unfavorable factors are analyzed. Based 

on the analysis of various factors affecting the stress on the asphalt pavement surface layer, a 

significance analysis was conducted to identify the main influencing factors and eliminate the minor 

ones. A comprehensive working condition classification based on the stress impact on the pavement 

surface layer structure is proposed [23]. Therefore, by considering the adverse factors and the 

mechanical response of each pavement layer, a pavement working classification table is obtained as 

shown in Table 5. If different sections of the road belong to different working condition levels, the 

higher level of adverse working conditions is considered [24]. Xie Xiangbing et al. [25] conducted a 

study on asphalt mixtures and classified the recycled coarse aggregates based on an improved grey 

entropy correlation analysis theory. The application levels of recycled coarse aggregates in road 

engineering were divided into three categories. 

Table 3. Comprehensive factor working condition classification. 

Working 

condition 

Longitudinal 

slope 

Flat curve 

radius 

High 

temperature 

low 

temperature 

cumulative standard axis 

Ne(ten thousand times / lane) 

Ⅰ [4,5） ≤400 ＞50 ＜-30 ＞2500 

Ⅱ [2,4) 
（400,3000

） 
[20,50] [-30,-10] [1200,2500] 

Ⅲ (0,2) ≥3000 ＜20 ＞-10 ＜1200 

3.4. Modification effect classification 

Based on the analysis of the current specification index of modified asphalt mixture and the 

investigation and analysis of the performance index of different modified asphalt mixture, the 

classification standard of modified effect of different types of modified asphalt mixture is put forward 

as Table 4. 

Table 4. Performance indexes of different grades of modified asphalt mixture. 

 

performance index 
Ⅰ Ⅱ Ⅲ 

High temperature performance index ( dynamic stability ( times / 

mm ) ) 

[2800，

4000] 

（4000，

5000] 
>5000 

Low temperature performance index ( low temperature bending 

failure strain (με) ) 

[2500，

3000] 

（3000，

3500] 
>3500 

Water stability performance index ( Marshall residual stability 

index value ( % ) ) 
[80，90] （90，95] 

（95，

100] 

The classification of different types of modified materials is as follows: Tables 5–7. 

Modification grading 
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Table 5. AC-16 modified asphalt mixture of different grades corresponding to the amount of modified 

materials. 

                 Modification grading 

Modified material 
Ⅰ Ⅱ Ⅲ 

SBS 3.0，4.0 4.5 5.0 

rubber powder [15，20] [21，25] [26，30] 

TLA [25，33] [34，43] — 

Table 6. AC-20 modified asphalt mixture of different grades corresponding to the amount of modified 

materials. 

                    Modification grading 

Modified material 
Ⅰ Ⅱ Ⅲ 

SBS 4.0，4.5 5.0 — 

rubber powder [15，20] [21，25] [26，30] 

TLA [20，33] [34，50] — 

Table 7. SMA-13 modified asphalt mixture with different grades corresponding to the amount of 

modified materials. 

                  Modification grading 

Modified material 
Ⅰ Ⅱ Ⅲ 

SBS 4.0% 4.0 4.5，5.0 

rubber power [15，17] [18，20] [21，25] 

Dong Weizhi et al. [26] employed the Analytic Hierarchy Process (AHP) to comprehensively 

assess various evaluation indicators, with the goal of determining the suitability and performance 

levels of asphalt mixtures in road engineering. This approach offers assistance to engineers and 

decision-makers in evaluating the quality and applicability of asphalt mixtures, enabling the 

development of appropriate design and maintenance strategies to ensure the safety and reliability of 

roads. 

4. Case analysis 

To evaluate the modification effect more intuitively, it is necessary to evaluate the modification 

effect. Based on the actual road sections of the project, reasonable modification will be carried out. 

The rutting depth of the road surface will be calculated systematically to evaluate the reasonable 

modification proposed in this study. 

4.1. Recommendation for reasonable modification of asphalt pavement 

Analyze the mechanical response of each layer of pavement surface under unfavorable working 

conditions and recommend suitable modification methods for this road section to achieve balanced 

control of ruts and improve the overall service life of the road section. 

4.1.1. Surface layer recommendation under working condition I 

Working condition I is the most unfavorable situation. When the asphalt pavement is in this 

working condition, each layer of the asphalt pavement will bear large vertical compressive stress, 

horizontal shear stress and vertical shear stress, which is prone to ruts and reduces the service life of 

the road. Therefore, it is recommended that the asphalt pavement on this road section can use three-

layer modification, especially for sections with large longitudinal slopes and overloads. For other 

sections, it is recommended to consider whether to use modified asphalt for the lower layer as 

appropriate. The specific recommended pavement structure combination for this road section is 

shown in Figure 10: 
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Figure 10. Working condition 1 Recommended structure. 

4.1.2. Surface layer recommendation under working condition II 

Working condition II is less unfavorable than working condition I. When the asphalt pavement 

is in this working condition, each layer of the asphalt pavement will bear vertical compressive stress, 

horizontal shear stress and vertical shear stress that are relatively smaller than those under working 

condition I. At this time, the road surface is prone to ruts and causes diseases that affect the use of 

the road. Therefore, it is recommended that the asphalt pavement on this road section can use two-

layer modification, especially for sections with severe longitudinal slopes and overloads. SBS, rubber 

powder and lake asphalt can be selected as modified materials. The specific recommended pavement 

structure combination for this road section is shown below: 

 

Figure 11. Working condition 2 Recommended structure. 

4.1.2. Surface layer recommendation under working condition Ⅲ 

When the asphalt pavement is in working condition III, the mechanical response of each layer 

of the asphalt pavement to vertical compressive stress, horizontal shear stress and vertical shear stress 

is relatively small, and ruts are not easily formed. Therefore, it is recommended that the asphalt 

pavement on this road section can use single-layer modification. SBS, rubber powder and other 

modified materials can be selected. The specific recommended pavement structure combination for 

this road section is shown below: 
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Figure 12. Working condition 3 Recommended structure. 

4.2. Evaluation of Modification Effects 

According to the proposed reasonable matching relationship between asphalt pavement 

modification and working conditions [27], a reasonable modification scheme for highways was 

proposed. Based on the working condition classification, the working conditions of a certain section 

of the highway were classified, and the purpose of achieving balanced control of vehicle ruts was 

achieved by reasonably modifying this section of the road. The upper part shows the original 

modified road surface, and the lower horizontal line shows the adjusted reasonable modification 

scheme. It can be seen that different modification suggestions were proposed for different working 

conditions of this section of the road and were optimized. This ensured that the performance of this 

section met the requirements while achieving construction convenience and economy. 

 

Figure 13. Road modified road schematic diagram. 

The permanent deformation of the project section is calculated by using the layered summation 

method : 

                           Δh = ∑ （ఙೌೡ）೔
（ௌ೘೔ೣ，೛）೔௡௜ୀଵ ∗ ℎ௜   (5)

In the formula, Δh represents the total deformation of the calculated pavement structure; hi 

represents the thickness of the i-th layer; （𝜎௔௩）௜  represents the stress value of the i-th layer; （𝑆௠௜௫，௣）௜ represents the complex modulus of the i-th layer asphalt mixture. 

Due to the difference between actual stress and triaxial test conducted in the laboratory [28], a 

correction coefficient Kp is introduced. Therefore, the rutting prediction model is: 

                                𝑅𝐷 = 𝐾௉ ∗ ሺ1 + 𝑘௟ሻ ∗ Δh   
(6)

In the formula, RD represents the rut depth; KP represents the load correction coefficient, and 

when the tire pressure P = 0.7 MPa, KP is 1; Kl represents the hump coefficient, which is 0.5. 

Using the above formula to calculate the ruts on this section of the road, the results show that 

the calculated ruts before modification were 6.23 mm, and after modification, they were reduced to 

2.45 mm, which is close to the average rut depth of this section of road (2.36 mm). This indicates that 

reasonable modification for different working conditions is important for controlling rut balance on 

asphalt pavement. 
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5. Conclusions 

By simulating and calculating the mechanical response of each layer of the engineering road 

section and classifying the mechanical response between layers under different working conditions 

into different levels, a reasonable modification scheme was proposed for different working 

conditions using clustering analysis. The effect of modification was evaluated based on actual 

working conditions of a certain highway. The conclusions are as follows: 

(1) By using Abaqus to establish a three-dimensional model and combining it with actual 

engineering simulation calculations to obtain the mechanical response change chart of shear stress 

and compressive stress for each layer of asphalt pavement under different working conditions, 

different working conditions were classified into three levels based on different stress conditions. 

(2) Based on an investigation and analysis of current specifications for modified asphalt mixtures 

and performance indicators for different modified asphalt mixtures, a classification standard for 

modified asphalt mixture effects was proposed using K-clustering analysis. Based on this standard, 

reasonable matching between modification methods and different working conditions was proposed, 

and recommended modification methods were proposed for different working condition levels. 

(3) Based on an engineering road section, a reasonable modification method for asphalt 

pavement was proposed in this paper and evaluated by calculating ruts. The results show that the 

modification effect is good and can improve the overall life of the pavement while controlling rut 

balance. 
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