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Abstract: 

The early damage of the semi-rigid base asphalt pavement is re-

lated to the pavement structure modulus’s unreasonable match-

ing. In this study, three typical pavement structures were selected 

to analyze the pavement structures’ influence on the pavement ser-

vice life. A three-dimensional finite element pavement structure 

model was established. The independent variables are subgrade 

modulus, base course modulus, and subbase modulus. The deflec-

tion, the bottom tensile stress, and maximum shear stress were 

chosen as the evaluation indexes. The effect of the modulus on the 

mechanical response of the pavement structure was analyzed. The 

optimal modulus combination of the pavement structure was de-

termined through multi-factor range analysis. The mechanical re-

sponse and fatigue life before and after the optimization pavement 

structure were compared. The results showed that the field meas-

ured modulus of Structure 1 and 2 was higher than the design 

modulus. Moreover, while the modulus of base course and subbase 

course was increased, the deflection gradually reduced. The base 

course’s bottom tensile stress and the subbase were increased, and 

the maximum shear stress was basically unchanged. After the 

modulus combination optimized pavement structure, the mechan-

ical response was significantly reduced. The fatigue life based on 

the deflection and bottom tensile stress, and the laboratory nor-

malized fatigue equation were significantly increased. By the com-

bination of fatigue performance of pavement materials and pave-

ment structure, it was possible to provide an effective optimization 

method for the design of semi-rigid base asphalt pavement in this 

research work. 

Keywords: Modulus optimization Semi-rigid layers Structure De-

sign Asphalt Pavement Fatigue life 

 

1.0 Introduction  

The semi-rigid base asphalt pavement has the advantages of 

high rigidity, high strength, and higher bearing capacity. So, it 

is widely used on high-grade highways. However, most of the 

semi-rigid base asphalt pavement has experienced severe func-

tional degradation and structural damage before reaching the 

designed service life [14]. For example, in China, about 60% of 

expressway asphalt pavements show apparent structural dam-

age after 10 to 12 years, and 17% are visible after 6 to 8 years 

[1–3]. It has caused substantial economic losses and adverse so-

cial impacts [39]. These damages are related to construction 

quality and overload, and also they are associated with the 

structural design’s theoretical system and structural combina-

tion design [4–6]. In the pavement structure combination de-

sign, the overall influence of sub- grade, base course, and sur-

face is considered [40]. Reasonable structural forms are 

adopted. The rationally structural parameters are determined. 

This combination design conforms to the design idea of the 

long-life asphalt pavement structure [7–10]. It has important 

practical significance in improving the service life of semi-rigid 

base asphalt pavement. The semi-rigid base asphalt pavement 

is a potential long-life pavement, which attracted widespread 

attention from scholars [11–14]. Zhao et al. designed long-life 

asphalt pavement through the design of the pavement structure, 

pavement material selection, and construction quality control 

[15]. Luo et al. analyzed the influence of structural parameters 

on the mechanical behavior of asphalt pavement [16]. For dif-

ferent semi-rigid base course moduli, Zhang et al. analyzed the 

trend of the change of multiple evaluation indexes with the 

modulus [17]. It was found that a too large value of base course 

modulus will lead to rutting of the road surface and reduce the 

fatigue life of the surface course. A too small value of base 

modulus did not provide sufficient strength. Li et al. established 

a three-dimensional finite element pavement structure and ana-

lyzed the mechanical response when the base modulus varies 

[18]. It showed that the increase in the base course’ modulus 

could reduce the bottom tensile strain and improve the fatigue. 

life of the asphalt pavement. Ma et al. revealed the influence of 

the base modulus on pavement rutting, shear stress, and fatigue 

life [19]. For instance, if the base modulus is too large, it in-

creased the rut depth of the surface course and reduced the 

pavement’s fatigue life. It is reasonable to control the modulus 

of the base course in the range of 1200 MPa ~ 1600 MPa. Zhou 

et al. used BISAR software to perform the mechanical sensitiv-

ity analysis of the changes in material mechanical parameters 

and structural geometric parameters on the pavement structure. 
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It showed that increasing the thickness and stiffness of the sur-

face course or base course could reduce the deflection and the 

bottom tensile stress [20]. Assogba et al. found that the inter-

layer adhesion conditions, vehicle speed, and axle load ampli-

tude have an impact on the fatigue properties of the pavement 

[21]. The model which can predict the nonlinear characteristic 

distribution of temperature was established. Ma et al. selected 

traffic volume, pavement thickness, elastic modulus, and vehi-

cle load as the influencing parameters of asphalt pavement 

structure design [22]. The deflection, stress in the bottom layer, 

and subgrade top compression strains are used as control indi-

cators. The reliability anal- ysis of the semi-rigid base asphalt 

pavement is conducted. It was found that increasing the sub-

grade rebound modulus and base course thickness could im-

prove the reliability of the semi-rigid base asphalt pavement. To 

sum up, in the design of the pavement structure, there is more 

research on the mechanical response of a single base modulus 

parameter to the semi-rigid base pavement structure. Instead, 

there is less research on the combined design of pavement struc-

ture modulus. However, structural modulus combination design 

has a significant impact on the service life.of the pavement 

[23–26]. So, it is necessary to carry out a balanced and co-

ordinated design of the modulus in the semi-rigid base as-

phalt pavement structure. 

Based on this premise, the authors developed a finite ele-

ment model to simulate the mechanical response of semi-

rigid base asphalt pavements according to the design mod-

ulus and the field measured modulus. Orthogonal experi-

ments were used to select the reasonable modulus param-

eters of the semi-rigid base asphalt pavement structure. 

Thereby, the optimal pavement structure was determined. 

On this basis, the fatigue life obtained by using inverse 

calculation of deflection and bottom tensile stress, and the 

prediction based on the normalized fatigue equation were 

compared and analyzed. The flowchart of the schematic 

structure in this research is shown in Fig. 1 

2.0 Methodology / Hypothesis  

2.1 Finite element model 

In this paper, the pavement structure model size is 10 m 

length × 10 m width × 10 m depth. There is no displace-

ment at the model’s bottom and sides, which is wholly 

constrained. The top surface of the model is 

contact-free. The contact between layers is considered to 

be completely continuous. The element type is 3D 8nodal 

elements (C3D8R) [27]. the closer to the top, the mesh di-

vision is concentrated when the model is established. That 

is to say, the farther away from the load-acting area, the 

division of elements gradually becomes sparse [28–30]. 

 

Fig. 1. The flowchart of the schematic structure. 

For pavement structure 1, the upper layer, the middle layer, 

and the lower layer are subdivided by 4, 5, 5, respectively. 

The base course is subdivided by 12, and the subbase is sub-

divided by 5. The cushion is subdivided by 4. The subgrade 

is subdivided by 20. 

 For pavement structure 2, the upper layer, the middle layer, 

and the lower layer are subdivided by 4, 5, 5, respectively. 

The base course is subdivided by 12, and the subbase is sub-

divided by 5. The subgrade is subdivided by 20. 

 For pavement structure 3, the upper layer, the middle layer, 

and the lower layer are subdivided by 4, 5, 5, respectively. 

The base course is subdivided by 12, and the subbase is sub-

divided by 5. The subgrade is subdivided by 20. The three-

dimensional finite element pavement structure model is 

shown in Fig. 2. 

2.2. Load form 

This paper calculates the driving load using a standard double 

axle load of 100KN and a tire pressure in 0.707 MPa. The 

approximate shape of the actual contact area of each tire can 

be composed of one rectangle and two semicircles. Therefore, 

the real contact area can be expressed by Eq. (1). 

 
Here: Ac is the actual contact area between the tire and 

pavement. L is the contact length between the tire and 

pavement. The shape of the tire acting on the road surface 
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is not circular. It is closer to the rectangle, and the rectan-

gular characteristics are more evident as the axle load in-

creases. Therefore, the grounding shape of the tire in this 

paper adopts a double rectangle instead of the double cir-

cle diagram of the dual wheel. The contact area can be 

further simplified to a single rectangular of equal width. 

The rectangle’s length is 0.8712 × L, the breadth is 0.6 × 

L, as shown in Fig. 2. The contact area can be calculated 

by utilizing the load on each tire and the tire pressure, 

which can be obtained from Eq. (2). Then the contact 

length can be obtained from Eq. (3). The L is 260 mm. 

The equivalent contact area between the tire and pave-

ment and load application diagram is shown in Fig. 3. 

 
Fig. 2. The three-dimensional finite element model of 

the pavement structure. 

3. Research scheme 

3.1. Pavement structure parameters  

The parameters of three typical pavement structures are shown 

in Table 1. The 2.5 MPa, 3.5 MPa, and 4.5 MPa values are the 

unconfined compression strength of cement stabilized mac-

adam at 7 days in the laboratory. When calculating the deflec-

tion, the design modulus is the compression rebound modulus 

of the mixture at 20 ◦C. When calculating the bottom tensile 

stress and the maximum shear stress, the design modulus is the 

compression rebound modulus of the mixture at 15 ◦C [31].  

3.2. Orthogonal experiment design 

Based on the results of a comparative study of the design 

modulus and the field measured modulus, the asphalt 

layer did not play the role of the main bearing layer in the 

structural stress [32]. So, the selection of the asphalt layer 

parameters is the same as the original design scheme. The 

structure below the asphalt layer is the primary bearing 

layer, so its modulus is chosen to be different in the or-

thogonal analysis. Structure 1 uses the base course, sub-

base, cushion layer, and subgrade modulus as the inde-

pendent variables. Structures 2 and 3 use the base course, 

subbase, and subgrade modulus as the independent varia-

bles. For the three structure types, all use the deflection, 

bottom tensile stress of each structural layer, and maxi-

mum shear stress as the evaluation indexes. To optimize 

the structural layer modulus combination, the L9 (34) or-

thogonal analysis table was used to carry out the four-fac-

tor and three-index orthogonal test design. Orthogonal 

test factors and levels are shown in Table 2, where A is 

the subgrade modulus, B is the cushion course modulus, 

C is the subbase modulus, and D is the base course mod-

ulus. The orthogonal test schemes are shown in Table 3. 

3.3. Modulus test method 

 3.3.1. Field modulus measurement 

According to the Specifications for Design of Highway 

Asphalt Pavement and AASHTO T0944, the resilient 

modulus was measured by the Beckman beam method. 

The axle type of the standard vehicle is a double axle truck 

with four wheels on both sides of the rear axle. The main 

parameters of a standard vehicle are shown in Table 4.  

The Beckmann beam reflectometer with a length of 5.4 m 

is used to produce deflection. The front and rear arms are 

3.6 m and 1.8 m, respectively. The deflection is measured 

with a dial indicator. The specific steps are as follows: 

(1) The measuring points were arranged in the measured 

section. According to the Fig. 4, the distance between the 

measuring points was arranged within the range of 2 m × 

1 m in the middle, and 23 points were measured.  

(2) The rear wheel clearance of the standard vehicle was 

aligned to 3 ~ 5 cm after the measuring point.  

(3) The deflect meter was inserted into the gap between 

the standard vehicle’s rear wheels, which is consistent 

with the direction of the standard vehicle. The measuring 

head of the deflect meter was placed on the measuring 

point. The dial indicator was installed on the measuring 

rod of the deflect meter, which should be adjusted to zero.  

(4) The standard vehicle moved slowly. The dial indicator 

continues to rotate forward as the deformation increases. 

When the hand turns to the maximum value, the value at 

this time is recorded as L1. The standard vehicle is still 

moving forward, and the dial indicator’s hands turn in the 

opposite direction. After the standard vehicle drives out 

of the deflection radius, it stops. The final value of the dial 

indicator was recorded as L2. The forward speed of the 

standard vehicle was 5 km/h. 

 
Fig. 3. The contact area and load application diagram 



Intl. J. Engg. Sci. Adv. Research 2024 December; 10(4): 1-11 

 

ISSN NO: 2395-0730  

4 
 

 
(5) The deflection value of the measuring point was cal-

culated as follows: 

 
where l1 is the deflection of the measuring point; L1 is the 

maximum value of the dial indicator; L2 is the final value of 

the dial indicator. The deflection of 23 measuring points can 

be obtained from the above. The mean value, standard devia-

tion, and coefficient of variation were calculated according to 

the following formula. 

 
The final deflection value was calculated according to the fol-

lowing equation to calculate the resilient modulus: 

 
Table 3 The orthogonal test schemes of the structure modulus 

optimization combination. 

 

 

 
Fig. 4. Layout of measuring points. 

 
The final deflection value was calculated according to the fol-

lowing equation to calculate the resilient modulus: 

 
Here: E is the resilient modulus. p is the average vertical load 

of the standard vehicle wheels. δ is the equivalent circle radius 

of single wheel pressure transmitting surface. L is the deflection 

value. μ is the Poisson’s ratio of measuring layer material. a is 

the deflection coefficient, which is 0.712. 

3.3.2. Laboratory modulus measurement 

According to the ASTM D 1074 and AASHTO T167, the com-

pressive strength test was conducted to obtain the mean com-

pressive strength of the asphalt mixture. The strength was rec-

orded as P. Load to 0.2P at the speed of 2 mm/min for preload-

ing and hold for 1 min. Record the original readings of two dial 

indicators after unloading. Load to 0.1P at the speed of 2 

mm/min, immediately record the dial indicator reading and the 

actual load number and unload at the same speed back to zero. 

After the specimen rebounds deformation for the 30 s, record 

the dial indicator reading again. The difference between the two 

loading and unloading readings is the rebound deformation of 

the specimen under this load. Then the next loading and unload-

ing process is carried out in turn, and the rebound deformation 

of all levels of the load is obtained. According to the following 

formula, the compressive resilient modulus of asphalt mixture 

specimen can be calculated [31]. 
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where qi is the pressure under various test loads. Pi is the vari-

ous test loads. d is the diameter of specimen. E’ is the uniaxial 

compression rebound modulus. h is the axis height. ΔL5 is the 

rebound deformation of the specimen under the fifth test load. 

4. Result analysis  

4.1. Comparison of mechanical response based on design 

modulus and field measured modulus 

The compression rebound modulus in the field can be measured 

by Benkelman Beam. In order to evaluate the effect of modulus 

on the mechanical response, the representative values of the 

field measured results were calculated by using Eqs. (12) and 

(13) [31]. Table 5 shows the field measured results and repre-

sentative values of the modulus. 

 
Here: Eos1 is the representative value of modulus for deflec-

tion. Eos2 is the representative value of modulus for stress. E0 

is the average value of the field measured modulus. Za is the 

guarantee rate coefficient, which is 2.0. S is the mean square 

error of the field measured modulus.  

According to the representative values of the modulus of the 

base course and subbase, the other structural parameters were 

unchanged. The mechanical response for the three type struc-

tures was calculated by the finite element. The calculation re-

sults were shown in Fig. 5. 

 
It can be noticed that for Structure 1, the field measured modu-

lus of the base course and subbase increases. The bottom tensile 

stress of the base course and subbase increases when its modu-

lus increase. This means that the structure layer stiffness is 

higher; the corresponding structural layer will bear more loads. 

The tensile stresses are by definition positive, and compressive 

stresses are negative. The bottom layer of the upper layer, mid-

dle layer, and the lower layer is under pressure. The maximum 

shear stress of the surface course does not change with the 

change of the modulus of the base course and subbase, which is 

because the maximum shear stress is mainly affected by the 

modulus and thickness of the surface course. The deflection un-

der the design modulus is 0.3627 mm, while under the field 

measured modulus is 0.2746 mm. The deflection decreases with 

the increase of the base course and subbase modulus. For Struc-

ture 2 and Structure 3, the field measured modulus of the base 

course and subbase is not much different from the design mod-

ulus. So, the calculation results of all evaluation indexes are 

also similar. 

It can be seen by comparing and analyzing the three type pave-

ment structures that there is an absolute difference between the 

structural layer modulus design value and the field measured 

value. The field modulus of the base course and subbase is 

higher than the design modulus. It leads to a decrease in deflec-

tion and the increase of bottom tensile stress. Thereby it leads 

to the impact on pavement performance. Then, the orthogonal 

experiment is used to analyze the influences in this paper. 

4.2. Orthogonal experiment results  

4.2.1. Significance analysis of range values 

The size of the range directly reflects the degree of influence of 

the independent variable venations on the evaluation index. 

Higher range indicates that the impact of the independent vari-

ables on the evaluation index is more significant. Thus, it has 

an intuitive understanding of the importance of various ele-

ments in road design. The range analysis of Structure 1 is shown 

in Fig. 6. The left axis is the mechanical response value, which 

is represented by the line graph. The right axis is the range, 

which is represented by the column graph. The range is the dif-

ference between the maximum and minimum evaluation index 

value corresponding to a certain level. The range analysis graph 

of Structure 2 and Structure 3 are similar to that of Structure 1, 

which is shown in Appendix A.  

For Structure 1, Fig. 6a shows that the order of influence of each 

factor on the deflection is as follows: subgrade modulus > cush-

ion course modulus > base course modulus > subbase modulus. 

The influence of subgrade modulus on deflection is more sig-

nificant than other factors. Fig. 6b shows that for the maximum 

shear stress, it is generally not significantly affected by the 

modulus of the structural layer. The maximum shear stress has 

almost no change under the influence of various independent 

variables. Fig. 6c and 6d show that the value of the lower layer, 

middle layer, and upper layer tensile stress are all negative un-

der the influence of the base course, subbase, cushion course, 

subgrade modulus. The results indicate that the three asphalt 

layers will not undergo flexural fatigue damage at the bottom 

of the structural layer. In other words, bending tensile stress at 
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the bottom of the structural layer occurs only at the bottom of 

the semi-rigid base course and subbase. Fig. 6e shows that for 

the bottom tensile stress of the subbase course, the order of im-

portance of the various elements is as follows: cushion course 

modulus > subgrade modulus > subbase modulus > base 

course modulus. For the bottom tensile stress of the base course, 

the order of importance of the various elements is as follows: 

the base course modulus > the subbase modulus > the subgrade 

modulus = cushion course modulus. In the case of Structure 2, 

for deflection, the order of influence of each independent vari-

able is as follows: subgrade modulus > base course modulus > 

subbase modulus. For the bottom tensile stress of the subbase, 

the order of importance of the independent variables is as fol-

lows: subgrade modulus > subbase modulus > base course 

modulus. For the bottom tensile stress of the base course, the 

rule of the impact of the independent variables is as follows: 

base course modulus > subbase modulus > subgrade modulus. 

The bottom tensile stresses of the asphalt upper layer, middle 

layer, and lower layer are all negative under the influence of the 

base course modulus, subbase modulus, and subgrade modulus. 

This fact indicates that the bottom of the upper layer, middle 

layer, and lower layer is under pressure. So, all three asphalt 

layers will not undergo bending tensile fatigue failure at the bot-

tom of the surface structure layer. As for the maximum shear 

stress, it barely changes under the influence of various factors.  

In the analysis of Structure 3, for deflection, the order of influ-

ence of each independent variable is as follows: subgrade mod-

ulus > base course modulus > subbase modulus. For the bottom 

tensile stress of the subbase, the order of the impact degree of 

each independent variable is as follows: subgrade modulus > 

subbase modulus > base course modulus. For the bottom tensile 

stress of the base course, the law of influence of each independ-

ent variable is as follows: base course modulus > subbase mod-

ulus > subgrade modulus. For the maximum shear stress and 

the bottom tensile stress of the upper layer, middle layer, and 

lower layer, the results obtained are similar to those of Structure 

2. A comprehensive analysis of the three typical structures 

shows that increasing the subgrade modulus can significantly 

reduce deflection. The graded broken stone cushion layer is set 

between the subbase and the subgrade, which can improve the 

state of the bottom tensile stress of the subbase. On the other 

hand, the bottom tensile stress of the subbase is also affected by 

the base course and subgrade modulus. As for the bottom tensile 

stress of the base course, its state is significantly affected by the 

modulus of the base course itself, and the subbase’s modulus. 

The bottom tensile stress increases with the increase of the base 

modulus. Therefore, to prevent the bending and tensile fatigue 

failure of the bottom layer in the semi-rigid base asphalt pave-

ment, the modulus of the base course should be appropriately 

reduced. It can reduce the bending tensile stress of the structural 

layer bottom. In short, attention to subgrade treatment plays an 

essential role in improving deflection indicators. Properly re-

ducing the modulus of the semi-rigid base course can reduce the 

bending tensile stress at the bottom of the structural layer and 

can effectively extend the service life of the asphalt pavement. 

The modulus of each structural layer needs to have a reasonable 

match to meet the force coordination of the pavement structure. 

 

 

 
Fig. 5. The calculation results of the pavement structure. 
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Fig. 6. The range analysis results of Structure 1 

4.2.2. Level influence optimal combination analysis 

 The multi-factor range analysis is carried out through the or-

thogonal experiment results. The first value of each evaluation 

index is used as the reference value, which is determined as 100 

points. The score of the remaining value is calculated by using 

the Eq. (14). The comprehensive score is the sum of the scores 

of the different evaluation indicators. The deflection, bottom 

tensile stress of each structural layer, and maximal shear stress 

of the surface course are to be taken into account. The value of 

the evaluation indicators is smaller, the deflection, the bottom 

tensile stress, and the maximal shear stress are lower. There-

fore, the comprehensive score is lower, and the corresponding 

pavement structure is safer. The calculation results are shown 

in Fig. 7. 

 
where: vi is the calculation indicator value of the group i. v0 is 

the calculation indicator value of the group 1. Fig. 7a is the com-

prehensive score of Structure 1. Taking the subgrade modulus 

as an example, the score of level 1 is 700, which is used as the 

reference score. The level 2 score is 695, and that of level 3 is 

670. The lowest score is the third level. In other words, the 

pavement structure is the most reliable under level 3 of the sub-

grade modulus. Thus, level 3 of the subgrade modulus is se-

lected to be the optimization value of the subgrade modulus. 

Because the subgrade modulus is represented by A in the or-

thogonal test factors, the subgrade modulus under level 3 can 

be represented by A3. By comparing the remaining evaluation 

indicators, the best combination of Structure 1 is determined as 

A3B3C1D1. 

According to the above method, Table 6 shows the comprehen-

sive score of three typical pavement structures and the best 

combination. The deflection increases with the increase of the 

base course modulus. But from the optimal result, the base 

course modulus decreases appropriately to correspond to the 

other structural layer modulus. It can improve the mechanical 

performance of the entire road surface. On the other hand, it can 

achieve the purpose of stiffness gradient and deformation coor-

dination. The method comprehensively considers the influence 

of each independent variable on each other; meanwhile, it con-

siders each evaluation index. The optimal combination schemes 

can be determined by the comprehensive score.  

In the pavement structure design, the base course modulus and 

the subgrade modulus play a key role. It is relatively feasible to 

control the base course modulus properly and the subgrade 

modulus to effectively 

 
Fig. 7. The comprehensive score of three typical pavement 

structure. 

 
reduce the deflection and the bottom tensile stress. It is not pos-

sible to select the structural layer modulus according to the ma-

terial alone. It is necessary to consider the mutual influence be-

tween the structural layers. Each evaluation index should be 

comprehensively taken into account. Then, the reasonable mod-

ulus combination is determined. 

4.3. Determination of modulus combination optimization 

scheme 

 Learning the optimal combination of structural layer modulus 

for different pavement structure types is an essential theoretical 

support for solid application engineering. The comprehensive 

score is the smallest. The durability of the pavement structure 

is best. The corresponding structural parameters are optimized 

structural parameters. According to the multi-factor range anal-

ysis, the optimal pavement structure is shown in Table 7. The 
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following conclusions can be drawn from Table 7. When 

 

calculating the deflection, the optimal modulus of the base 

course and subbase of Structure 1 is 1100 MPa and 700 MPa, 

respectively, that of the Structure 2 is 1500 MPa and 1300 MPa, 

respectively, and that of the Structure 3 is 1500 MPa and 1400 

MPa, respectively. When calculating the stress, the optimal 

modulus of the base course and subbase of Structure 1 is 3000 

MPa, and 2500 MPa, respectively, and those of Structure 2 and 

Structure 3 both are 3500 MPa and 3400 MPa respectively. The 

optimal modulus of the subgrade of the three type structures is 

50 MPa. The graded broken stone with a particular thickness 

set is in Structure 1, which can improve the deformation and 

force coordination of pavement structure. Meanwhile, the base 

course modulus and the subbase modulus can be appropriately 

reduced due to this. It can be seen from the optimal scheme that 

the value of the modulus related to base course and subbase, if 

it increases from a range of values, it does not produce a better 

performance. The modulus of the base course and subbase 

should be reduced to coordinate with the modulus of other 

structural layers. It can achieve the goal of improving the stress 

state inside the asphalt pavement structure. 

5. Comparison of mechanical properties before and after 

optimization of the pavement structure 

5.1. Mechanical responses before and after optimization of 

the pavement structure 

Different pavement structures have different mechanical re-

sponse results under standard axle load. Furthermore, the cor-

responding pavement structure will have different fatigue lives. 

In this paper, to verify the reliability of the optimization results, 

the mechanical response of the before and after optimization 

pavement was analyzed. Each structure’s deflection and bottom 

tensile stress under the standard axle load was calculated. The 

results are shown in Fig. 8. For Structure 1, Structure 2, and 

Structure 3, compared with the original design structure, the de-

flection value after the optimization of pavement structure re-

duced its value by 20.8%, 19.0%, 19.8%, respectively. And the 

maximum bottom tensile stress of the base course decreased by 

9.8%, 15.5%, and 12.4%, respectively. From the related re-

search results [33], it can be found that with the increase of the 

modulus, the horizontal tensile stress in the driving direction of 

the subbase decreases significantly, and the horizontal tensile 

strain decreases gradually.  

Therefore, compared with the original pavement structure, the 

optimized pavement structure’s modulus increases, and the de-

flection and bottom tensile stress decrease. The pavement struc-

ture adopts a load-transmitting structure, which mainly trans-

fers the load and supports the load as a supplement. 

5.2. Fatigue life before and after optimization of the pave-

ment structure 

5.2.1. Back-calculated calculation results of fatigue life based 

on deflection and bottom tensile stress  

The deflection and the bottom tensile stress are determined by 

using the subsection 4.1. The cumulative equivalent axis loads 

of the asphalt pavement structure is back-calculated by the de-

flection, which is the fatigue life [31]. The expression is as fol-

lows. 

 
The cumulative equivalent axis loads of the asphalt pavement 

structure is back-calculated by utilizing the bottom tensile 

stress, which is as follows. 

 
In the above formula: Ne is the cumulative equivalent axis 

loads, time; ls is the deflection, mm. Ac is the road grade coef-

ficient, which is  

 
Fig. 8. Comparison of the mechanical response before and after optimization 

pavement structure. 
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road structure type coefficient, which is equal to 1.0. σsp is 

splitting strength of cement stabilized macadam, which is 0.5 

MPa. A, B are anti-tensile strength structural coefficients, 

which take 0.35, 0.11, respectively. σ is bottom tensile stress, 

MPa. The fatigue life of the pavement structure can be calcu-

lated by Eqs. (15) and (16), which is shown as Fig. 9. For Struc-

ture 1, Structure 2, and Structure 3, from Fig. 7, it can be seen 

that compared with the original design structure, the fatigue life 

of the optimized pavement structure back-calculated by the de-

flection increased by 220.8%, 186.8%, and 6.4%, respectively. 

The fatigue life 

back-calculated by the bottom tensile stress increased by 

154.9%, 364.1%, and 82.1%, respectively. The related research 

showed that the bottom tensile strain decreases with the in-

crease of base course modulus, thereby increasing the asphalt 

pavement’s fatigue life [33]. The modulus of the optimized 

pavement structure is increased, which improves the overall 

pavement structure’s ability to resist deflection, thereby in-

creasing the pavement structure’s service life. 

 5.2.2. Fatigue life prediction results based on normalized 

fatigue equation 

 In the previous research, the research team determined a nor-

malized fatigue equation for different stress states of cement 

stabilized macadam  

 
Fig. 9. The fatigue life of three pavement structures based on deflection and 

bottom tensile stress 

based on the idea of yield criterion [34–36]. The loading rate v 

can be calculated by the stress level σ applied in the fatigue test, 

and the loading frequency f. The equation is as follows.  

 
In this paper, the mathematical model of strength S and loading 

rate v selected is as follows.  

 
Based on the Desai yield surface response model, the strength 

yield surface coordinates of the material in a stress-invariant 

space are determined as (I1,       J2 √ ). In this middle, I1 = σ,       J2 √ 

=   3√3 σ. Failure shear stress intensity is        
 
 J2Nf √ =   3√3 S. The 

value of the fatigue resistance of cement stabilized macadam 

material is the ratio of the initial stress intensity to the shear 

stress intensity, which is expressed by Δ. The equation is as fol-

lows.  

 

The corresponding relationship between fatigue failure re-

sistance Δ and fatigue life Nf can be established. The normal-

ized fatigue equation of cement stabilized macadam under dif-

ferent stress states are created, and the corresponding relation-

ship is as follows.  

 

According to subsection 4.1, for Structure 1, Structure 2, and 

Structure 3, the bottom tensile stress of the base course before 

the optimization is 0.051 MPa, 0.058 MPa, and 0.047 MPa, re-

spectively. The bottom tensile stress of the base course after op-

timization is 0.046 MPa, 0.049 MPa, and 0.044 MPa, respec-

tively. Based on the normalized fatigue equation, the fatigue life 

of the pavement structure before and after optimization can be 

obtained. The results are shown in Fig. 10. For Structure 1, 

Structure 2, and Structure 3, from Fig. 10, it can be seen that 

compared with the original design structure, the fatigue life of 

the optimized pavement structure calculated by the normalized 

fatigue equation increased by 108.38%, 230.85%, and 59.87%, 

respectively. The above comprehensive analysis shows that the 

fatigue life of the pavement structure is unified by establishing 

the relationship between the shear failure capacity and the fa-

tigue life, and by back-calculating the fatigue life through the 

deflection and the bottom tensile stress. After optimization, the 

stress on the pavement structure has been significantly im-

proved, and the fatigue life has been substantially improved. 

The feasibility of the pavement structure modulus optimization 

has been verified. The asphalt pavement structure design should 

adopt the appropriate softening method. The base course mod-

ulus should be reasonably reduced, which should coordinate 

with the cushion layer and the subgrade modulus. Meanwhile, 

the base course and surface course should have a reasonable 

modulus matching. It can reduce early damage to the pavement. 

This method has a positive effect on improving the fatigue life 

of the roadway.  
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5.2.3. Service life prediction of the pavement structure  

To further verify the feasibility of a balanced and coordinated 

modulus of the semi-rigid base pavement structure, the service 

life of the pavement structure is estimated. The optimized pave-

ment structure with minimum fatigue life is an example. The 

fatigue life of the pavement structure before modulus optimiza-

tion is 6.7 × 1010 times according to fatigue normalization 

equation. The pavement structure with the minimum fatigue life 

after optimization is Structure 2. The fatigue life calculated by 

utilizing the normalized fatigue equation is 2.22 × 1011 times. 

The cumulative number of axle loads can be calculated by Eq. 

(21) based on the daily average equivalent axle loads of the de-

sign lanes in the initial year, the design service life, etc.  

 

In the formula: Ne is the designed axle load cumulative loads 

during the design service life, times. γ is the average annual 

growth rate of traffic volume, %. t is the service life, year. N1 

is the design axle load daily action, times; According to the data 

query [37,38], diurnal action times of the design axle load are 

taken at 16,541 times / d, and the annual average growth rate of 

the traffic volume during the design life is taken at 14.8%, the 

cumulative number of axles loads is 6.7 × 1010 times and 2.22 

× 1011 times. The service life of pavement structure before 

modulus optimization is 37 years. The service life of the semi-

rigid base asphalt pavement can be up to 62 years. It can be 

learned from this fact that the balanced coordination of the mod-

ulus of the semi-rigid base course can improve the fatigue life 

of the pavement structure, which can become a long-life struc-

ture. 

6. Conclusions  

According to the results obtained in this study, the following 

conclusions can be drawn: 

(1) The laboratory test modulus and the field modulus of pave-

ment structure were measured as the parameters. The mechani-

cal properties of the pavement structure are compared and ana-

lyzed. A graded broken stone stiffness transition layer was set 

between the subbase and the subgrade. On the one hand, it can 

effectively compensate for the stiffness of the subgrade. On the 

other hand, it can make the entire pavement structure have ri-

gidity transition, reasonable stress, and harmonious defor-

mation. Thereby, the bottom tensile stress of the semi-rigid base 

can be reduced effectively.  

(2) From the mechanical point of view, each factor’s influence 

level on the pavement mechanical response index was calcu-

lated and analyzed. The semi-rigid base pavement structure was 

optimized based on the balanced and coordinated design of 

structural layer modulus. The optimization results significantly 

reduce the bottom tensile stress and deflection of the semi-rigid 

base asphalt pavement structure and significantly improve fa-

tigue life.  

(3) In this research, the fatigue life of semi-rigid base asphalt 

pavement was predicted based on deflection and bottom tensile 

stress, and the laboratory normalized fatigue equation, respec-

tively. The combination of pavement material fatigue property 

and pavement structure fatigue performance was realized. The 

prediction results show that the semi-rigid base asphalt pave-

ment is a potential long-life asphalt pavement, and its service 

life can reach 62 years.  

(4) In this study, the semi-rigid base asphalt pavement’s me-

chanical response and fatigue life are systematically analyzed. 

The unity of material fatigue and structural fatigue is achieved. 

However, the linear viscoelastic behavior of the asphalt layers, 

the layers interface, nonlinear distribution of temperature inside 

the pavement structure are not considered in this research. It 

will be carried out in the subsequent work. In the future, the 

influence of different structural combinations, thickness, and 

dynamic modulus on the mechanical properties of the pavement 

needs further calculation and analysis to verify the universality 

and availability of the method and model. 
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