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Introduction
Backfilling subgrade with RA is a road engineering technology with environmental 
protection and resource-saving benefits. It utilizes RA as filling material to construct 
the subgrade. RA, as a backfill subgrade material, exhibits strong reproducibility 
and environmental protection. It not only effectively reduces resource consump-
tion and environmental pollution but also facilitates resource recycling, thus offer-
ing broad application prospects [1, 2]. However, due to the differences between RA 
and traditional subgrade materials, its characteristics and properties may also lead 
to some special problems in subgrade usage, the most significant of which is bending 

Abstract 

Recycled aggregate (RA), as a backfill subgrade material, has strong reproducibil-
ity and environmental protection, which cannot only effectively reduce resource 
consumption and environmental pollution but also achieve recycling of resources. 
Therefore, a study on the bending fatigue performance of RA backfill subgrade is pro-
posed. Based on linear elastic state, softening state, and damage accumulation state, 
the variation law of bending fatigue damage variables is analyzed, and the stiffness 
of RA under cyclic load is calculated. According to the correlation between fatigue 
damage corresponding to two different load links and the constitutive relationship 
of RA, the identification results of bending fatigue damage state based on RA back-
filling subgrade is obtained. The advantages of the fatigue damage model of RA are 
analyzed, and the fatigue life equation is established based on the damage evolution 
equation. Strain, stiffness modulus, asphalt saturation, and asphalt mixture adjust-
ment coefficient are selected as model parameters to establish the fatigue damage 
model of RA. The flexural bearing capacity of the double-reinforced rectangular section 
is calculated, and the flexural fatigue performance of RA backfill subgrade is analyzed. 
The test results show that the high stress level in this method leads to a sharp decline 
in the fatigue life of the specimen, and the influence of fatigue damage gradually 
appears, which is helpful to improve the durability and safety of the subgrade struc-
ture. The range of change shows a small range, which is close to the reduction coef-
ficient result, indicating that this method has high reliability in analyzing the bending 
fatigue performance of RA backfill subgrade.

Keywords: Recycled aggregate (RA), Backfill subgrade, Bending fatigue, Performance 
research, Fatigue damage, Fatigue life equation

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Zehui et al. 
Journal of Engineering and Applied Science          (2024) 71:162  
https://doi.org/10.1186/s44147-024-00492-w

Journal of Engineering
and Applied Science

*Correspondence:   
18868571036@163.com

1 Zhejiang Guangsha Vocational 
and Technical University 
of Construction, Dongyang City, 
Zhejiang Province 322100, China
2 Zhejiang Scientific Research 
Institute of Transport, Hangzhou 
City, Zhejiang Province 310023, 
China
3 Zhejiang Hangkun 
Construction Group Co., Ltd, 
Hangzhou City, Zhejiang 
Province 310015, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s44147-024-00492-w&domain=pdf


Page 2 of 15Zehui et al. Journal of Engineering and Applied Science          (2024) 71:162 

fatigue [3]. Bending fatigue performance is one of the key indicators for evaluating 
the suitability of subgrade materials under traffic loads [4]. RA backfill subgrade is 
subjected to repeated vehicle loadings in practical use and experiences long-term 
deformation due to traffic loads, making its crack resistance and fatigue performance 
crucial factors directly impacting the reliability and safety of the entire subgrade [5]. 
Comprehensive insights into the durability of RA backfill subgrade materials under 
different conditions can be gained through in-depth studies on their bending fatigue 
performance. This provides a scientific basis for engineering design and construction, 
ensuring the long-term stability and safe operation of roads [6, 7]. Therefore, studying 
the bending fatigue performance of RA backfill subgrade materials is of paramount 
significance for enhancing the durability, safety, and sustainability of road engineer-
ing. In reference [8], a reproduction with limited components for reusing, collective, 
self-compressed, concrete-filled short tubular steel columns is presented, using the 
ABAQUS simulation software to analyze the mechanical features of nine different 
groups of such columns subjected to axial compression. By juxtaposing the outcomes 
of the limited components reproduction with experimental findings, it is observed 
that the load-vertical strain curve simulated aligns well with experimental results. 
Moreover, the full discrepancy in the final bearing capacity between reproduction and 
experimental measurements does not exceed 3%. Notably, the final bearing capacity 
of the examples exhibits a declining trend as the proportion of RA content increases. 
Reference [9] proposes to investigate the impact of recycled concrete aggregate on 
the hardening performance of self-compacting concrete. With the continued develop-
ment of countries worldwide, a significant quantity of recycled concrete aggregates 
has been generated from numerous construction and demolition projects, with their 
production steadily increasing over the past few decades. A practical approach to 
managing recycled concrete aggregate waste involves reusing them as aggregates in 
concrete production. In modified self-compacting concrete, 5 ~ 10 mm crushed recy-
cled concrete aggregates with varying proportions are utilized to assess their viability 
as substitutes for natural aggregates. Reference [10] introduces the concept of propor-
tional concrete beams featuring the highest content of coarse RA: a structural verifi-
cation for precast concrete building applications. The utilization of RAs enhances the 
sustainability of concrete. This study reports an experimental initiative involving pre-
cast concrete manufacturers. Bending, shear bending, shear, and long-term deflection 
tests were conducted on scaled beams. The mixture demonstrates low bearing capac-
ity post-failure, with limited compliance with the deflection limit set by the long-term 
deflection test. Reference [11] enhances the bond performance of embedded ribbed 
steel bars in RA concrete through the utilization of steel mesh fabric constraints. To 
investigate the bond performance of passively confined RA concrete, central pull-out 
tests on deformed steel bars with a diameter of 12 mm were conducted. The replace-
ment rate of recycled concrete aggregate ranges from 0 to 100%. Considering the 
influence of concrete grade, RA concrete content, steel mesh fabric constraints, and 
transverse lacing, a new formula for calculating the ultimate bond strength of RA 
concrete is proposed, yielding results consistent with experimental findings.

Based on the aforementioned research, this paper conducts an in-depth study on the 
bending fatigue performance of RA backfill subgrade materials. This study provides 
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support for promoting the application of RA in road engineering and advancing the 
development of road engineering technology.

Materials

P·O42.5 ordinary Portland cement is used as the cement. Sand comprises natural river 
sand. The fineness of fly ash is 21%. Natural coarse aggregate consists of continuously 
graded crushed stone, while recycled coarse aggregate is obtained by crushing concrete 
specimens demolished in the concrete laboratory, with a water absorption rate of 5.3%. 
Both aggregates are continuously graded with a particle size ranging from 5.0 to approx-
imately 20.0 mm.

The concrete mix is presented in Table  1. RAC-0 represents natural aggregate con-
crete, RAC-50 denotes recycled coarse aggregate concrete with a replacement rate of 
50%, and RAC-100 signifies recycled coarse aggregate concrete with a replacement rate 
of 100%.

For concrete with three mix proportions, three cubic specimens with the size of 150 
mm × 150 mm × 150 mm and seven trabecular specimens with the size of 100 mm × 100 
mm × 500 mm are poured in each batch.

Table 2 displays the structural combination of RA and the corresponding calculation 
parameters. Assuming that the parameters of RA are not affected by temperature, RA 
is typically divided into two structural layers: the base layer and the surface layer in sub-
grade engineering. The details are as follows:

(1) Base (subbase): The base is the lower level in the RA structure layer, which under-
takes the functions of load transfer, load dispersion, and support provision. It is typi-
cally situated directly on the subgrade soil and is constructed by backfilling RA or RA 

Table 1 Concrete mix proportion /(kg/m3)

Concrete type RAC-0 RAC-50 RAC-100

Cement 343 343 343

Flyash 148 148 148

Crushi 762 762 762

Natural coarse aggregate 1003 501 0

Recycled coarse aggregate 0 468 935

Water 206 206 206

Table 2 Structure parameter table of recycled aggregate

Parameter Base (subbase) Surface layer (surface layer)

Location The lower level in the recycled aggregate 
structure layer

The upper layer in the recycled aggregate 
structure layer

Function It bears the functions of transferring load, 
dispersing load, and providing support

Responsible for bearing vehicle load, providing 
comfortable driving conditions, and preventing 
waterlogging

Main function Share the traffic load, improve the overall 
bearing capacity, and reduce the settlement 
and deformation

Smooth surface, higher requirements for driving 
comfort, enhancing the stability and durability 
of subgrade structure
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concrete. The primary function of the base is to distribute the traffic load, enhance 
the overall bearing capacity, and minimize settlement and deformation.
(2) Pavement (surface layer): The pavement serves as the upper layer in the RA 
structure layer, constituting the section of the road traversed directly by vehicles. 
Its primary functions include bearing the vehicle load, offering comfortable driving 
conditions, and preventing waterlogging. Typically, the surface layer is laid with RA 
mixture or RA asphalt concrete, featuring a smooth surface and necessitating high 
driving comfort.

Auxiliary structural layers, such as isolation layers or filter layers, can be installed 
between the base course and the surface course according to specific engineering 
requirements to enhance the stability and durability of the subgrade structure. By care-
fully designing and selecting the combination mode of RA structure layers, the benefits 
of RA can be fully utilized, thereby achieving the objectives of energy conservation, envi-
ronmental protection, and resource recycling in subgrade engineering.

Six standard RA specimens were prepared in this experiment, namely A-1#, B-1#, 
C-1#, D-1#, E-1#, and F-1#. The A-1# specimen was selected, with a section size of 100 
mm × 160 mm, featuring main reinforcement of 2 φ 10 at the bottom of the beam and 
stirrups of 2 φ 6. The specific structure is illustrated in Fig. 1.

Instrument

The AST asphalt mixture standard tester is utilized in the test. AST asphalt mixture 
standard tester is a new concept product introduced by IPC and is a multifunctional 
test equipment. AST features a large-size, double-door temperature control box. The 
specimen is placed within the temperature control box, and a certain frequency load 
is applied to the top of the specimen. The force and displacement of the specimen are 

Fig. 1 Specimen size and reinforcement diagram
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recorded by the sensor, enabling the calculation of the dynamic modulus of the speci-
men. The equipment is depicted in Fig. 2.

Methods
Recognition of bending fatigue failure state of recycled aggregate backfill subgrade

RA is extensively utilized in subgrade engineering, effectively harnessing waste resources 
and mitigating the demand for natural stone. However, owing to the disparity in prop-
erties between RA and natural aggregate, their performance and behavior in subgrade 
differ [12]. To identify the failure state, strain sensors are installed on the subgrade to 
monitor its strain distribution in real-time [13].

Based on the aforementioned test materials and instruments, there are typically three 
distinct fatigue damage processes corresponding to the actual load of RA when identify-
ing the bending fatigue failure state based on RA backfilling subgrade [14]. These three 
states include the linear elastic state, softening state, and damage accumulation state. 
The detailed structural diagram is depicted in Fig. 3.

(1) Linear elastic state: During the cyclic loading and unloading process, RA 
exhibits linear elastic behavior, with its stress and strain linearly changing in 
response to loading and unloading [15]. In this state, RA shows no obvious signs 

Fig. 2 Structure diagram of AST asphalt mixture standard tester

Fig. 3 Structural diagram of bending fatigue failure state
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of fatigue failure, and its characteristics under unloading conditions are similar to 
those under loading conditions [16].
(2) Softening state: After repeated cyclic loading, RA begins to exhibit a certain 
degree of softening. At this stage, the stress–strain response curve of the mate-
rial deviates from the linear elastic state, leading to stress softening. The soften-
ing state arises from the accumulation of damage to the internal structure of the 
material during cyclic loading, which can be identified by changes in the tangent 
elastic modulus (tangent slope) [17].
(3) Damage accumulation state: When RA is subjected to higher stress or strain 
during cyclic loading, damage gradually accumulates within the material. In this 
state of damage accumulation, the strength and stiffness of RA progressively 
decrease, and noticeable signs of fatigue failure emerge, such as the generation 
and propagation of cracks [18]. At this stage, the failure characteristics of materi-
als must account for the behavior under unloading conditions to accurately depict 
the fatigue damage process of RA.

Under the condition of cyclic loading, the cumulative damage during the cyclic 
loading/unloading process is defined. The variation law of bending fatigue damage 
variables is described according to each loading/unloading cycle, as shown in For-
mula (1):

In Formula (1), a , b , and c all represent the damage accumulation speed of RA, and 
maxH  represents the upper limit of effective stress experienced by RA; DF  stands for 
fatigue damage variable. According to Formula (1), A gradually increases in the load-
ing link, A′ is set to 0 again in the unloading link, and the fatigue damage variable is 
less than 0, thus ensuring the continuous increase of the cumulative speed of A′.

The fluctuation of RA characteristics can be described by A and A′ , that is, the con-
stitutive relation of RA can be described. Use Formula (2) to describe the stiffness of 
RA under cyclic load, and the formula is:

In Formula (2), dαadβb
 represents the normal tangent stiffness under the current load 

condition; maxαa and maxβb respectively represent the normal stress value and dis-
placement value at the end of the previous load; dαc

dβd
 represents tangential stiffness 

under the current load condition; maxαc and maxβd respectively represent the tan-
gential stress value and displacement value at the end of the previous load.

Formula (3) can be used to describe how the stress and strain of RA decrease from 
the upper limit to the origin under the condition of cyclic load unloading, indicating 
the accumulation of damage within the unloading process. The formula is as follows:

(1)A = a×
maxH

c
− b × DF ,DF ≥ 0

A′ = 0,DF < 0

(2)
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The above process elucidates the correlation between the fatigue damage correspond-
ing to two different loading links and the constitutive relation of RA under cyclic load 
[19]. From this, the identification results of the bending fatigue failure state based on RA 
backfilling subgrade can be derived, as expressed by the following formula:

Formula (4) shows that the identification result of bending fatigue failure state of RA 
can be defined, and according to this result, data can be provided for building the fatigue 
damage model of RA.

Construction of fatigue damage model of recycled aggregate
The fatigue damage model of RA is a mathematical model employed to describe the 
development of damage and the failure process of RA under fatigue loading. This model 
is based on experimental data and theoretical analysis of RA under bending fatigue load-
ing, establishing a mathematical framework to depict the fatigue life and the evolution of 
damage in RA [20]. The damage process of RA under fatigue loading can be expressed 
through mathematical equations and parameters, as illustrated in Fig.  4, which show-
cases its advantages.

(1) Nonlinear: The fatigue damage model of RA typically exhibits nonlinear charac-
teristics because the process of damage accumulation in RA under fatigue loading 
is often nonlinear, and the rate of damage may vary with the increase in load cycles 
[21].
(2) Multi-parameters: To accurately describe the fatigue damage features of RA, the 
model typically incorporates multiple parameters, including the strength, ultimate 
stress, and crack growth rate of the material [22].
(3) Historical dependence: Recognizing that the damage of RA under fatigue load-
ing is a historically dependent process, meaning that the previous load history influ-
ences the current damage state, the model may need to account for historical bearing 
capacity [23].

(3)







αa
βb

=

�

maxαa
maxβb

�

×
dαa
dβb

αc
βd

=

�

maxαc
maxβd

�

×
dαc
dβd

(4)maxχ = αa × βb × αc × βd

Fig. 4 Superiority structure diagram of fatigue damage model of recycled aggregate
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(4) Engineering applicability: The fatigue damage model of RA is intended for applica-
tion in actual subgrade engineering, thus requiring reliability, accuracy, and conciseness.

Creep and fatigue damage will occur when RA is used to backfill subgrade under repeated 
load [24], which will shorten the life of RA. The creep damage V  of RA is as follows:

In the formula, T1 stands for time; N2 represents the fatigue damage of RA; G3 stands 
for temperature; M4 stands for load stress. The fatigue damage of RA can be described 
by the following formula:

In the formula, NFG represents the number of loads; σ  stands for average stress; σM 
stands for bending and tensile stress.

Considering the coupling between fatigue damage and creep damage, the following 
damage evolution equation is defined, and the formula is:

In the formula, dDa represents creep-fatigue damage of RA; dDb stands for tensile 
stress; dDc represents the gradation coefficient of the mixture.

Based on the damage evolution equation, the fatigue life equation is established, and 
the formula is:

In the formula, RP represents the initial tensile strain; RQ represents the initial stiffness 
modulus; RW  stands for asphalt saturation. Based on the fatigue life equation, strain, 
stiffness modulus, asphalt saturation, and adjustment coefficient of asphalt mixture are 
selected as model parameters, and the fatigue damage model of RA is established. The 
formula is:

In the formula, K1 , K2 , K3 , and K4 all represent regression coefficients; µ stands for 
strain; κ represents stiffness modulus; θ represents asphalt saturation; ζ represents the 
adjustment coefficient of asphalt mixture.

Analysis of bending fatigue performance of recycled aggregate backfilled 
subgrade
RA backfill subgrade is subjected not only to static loads in practical application but 
also to cyclic actions of varying loads [25]. When subjected to loading, the section of the 
subgrade filled with RA will experience the combined effects of bending moments and 

(5)V =
T1 × N2 × G3 ×M4

maxχ

(6)J = V × NFG × σ × σM

(7)dD =
dDa + dDb + dDc

J

(8)FRT =
dD

RP × RQ × RW

(9)NF =
K1 × µ+ K2 × κ + K3 × θ + K4 × ζ

FRT
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shear forces, potentially resulting in bending fatigue failure of the subgrade filled with 
RA under repeated exposure to both.

For the RA backfill subgrade, the ultimate reinforcement ratio is set as LV  , and when 
the set reinforcement ratio is less than LV  , it means that the RA backfill subgrade is in a 
state of bending fatigue failure. On the contrary, it indicates that the subgrade backfilled 
with RA is in a state of shear fatigue failure. Through repeated tests, it can be deter-
mined that the RA backfill subgrade is subjected to both bending moment and shear 
force. When the stress level of cyclic load is relatively high, with the continuous increase 
in load cycles, it may lead to shear fatigue failure of the RA backfill subgrade in random 
areas [26].

Fatigue load can also be referred to as disturbance stress, which primarily pertains to 
stress that varies over time. Among these variations, the load can be categorized into 
stress and displacement. Load spectrum mainly refers to the regular curve formed by the 
change of load over time, and the specific calculation formula is as follows:

In the formula, Pmax and Pmin represent the maximum and minimum pressures, 
respectively. When analyzing the bending fatigue performance of RA backfill subgrade, 
various tests are typically conducted to acquire the corresponding fatigue performance 
test data. However, since actual data often contain a few outliers and exhibit noticeable 
dispersion, it is usually necessary to employ statistical analysis methods to process the 
test data during fatigue analysis. Processing test data through statistical analysis meth-
ods can aid in clearly understanding the fatigue performance of RA backfill subgrade 
materials and components. The internal and external factors contributing to bending 
fatigue can be better analyzed simultaneously through the statistical analysis of the data. 
In the process of analyzing the bending fatigue performance of reclaimed aggregate 
backfill subgrade, different tests are primarily used to obtain the corresponding fatigue 
performance test data. As there will inevitably be a small number of discrete points in 
actual data, showing significant dispersion, the test data are predominantly processed 
through statistical analysis during fatigue analysis. The fatigue performance of RA back-
fills subgrade materials and components, along with the internal and external factors 
influencing bending fatigue, can only be clearly comprehended by processing the data.

The calculation formula for the bending moment bearing capacity of a double-rein-
forced rectangular section is as follows:

In the formula, B1 represents the total compressive strength of RA; B2 represents the 
cross-sectional area of RA under pressure; B3 represents the maximum pressure on the 
normal section; B4 represents the total length of RA.

In order to effectively prevent the deformation of RA, it is necessary to meet the fol-
lowing constraints ρ2:

In the formula, DZ represents the diameter of RA.

(10)
{

△P = Pmax − Pmin

Pm =
Pmax−Pmin

2

(11)B = B1 × B2 × B3 × B4

(12)B ≤ DZ
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During the surface reinforcement process of reclaimed aggregate backfill subgrade, 
the bending fatigue performance of the subgrade is calculated according to the fol-
lowing flowchart, as depicted in Fig. 5.

The specific steps are as follows:

Step 1: Solve the initial strain δ0 of the edge under the action of the bending moment 
of the reclaimed aggregate backfill subgrade.
Step 2: Calculate the effective tensile strain ε1 of reclaimed aggregate backfill sub-
grade by Formula (13) when it reaches the ultimate compressive strain.

In the formula, Si represents the compressive cross-sectional area of RA; Qi repre-
sents the axial strength of reclaimed aggregate backfill subgrade; Ki represents the 
compressive strength value of steel bar.

Step 3: Determine the effective strain of reclaimed aggregate backfill subgrade.
Step 4: Calculate the reduction factor XC of the equivalent stress model of the sub-
grade filled with compressed RA, as shown in Formula (14):

In the formula, Sj represents the effective cross-sectional area of subgrade backfilled 
with RA.

Step 5: Calculate the interface bending moment of the reinforced RA backfill sub-
grade. Therefore, the bending fatigue performance of RA backfill subgrade is studied.

(13)ε1 = δ0 × Si × Qi × Ki

(14)XC = Sj × ε1

Fig. 5 Flow chart of bending fatigue performance analysis of reclaimed aggregate backfill subgrade
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Results and discussion
In order to validate the research on the bending fatigue performance of RA backfill sub-
grade, experiments were conducted.

During the test, the fatigue damage model of RA was introduced to measure the 
cumulative fatigue damage of the specimen. The model relies on the degree of attenua-
tion of the elastic modulus of the specimen to assess the development of fatigue damage 
in the specimen, and the expression is as follows:

In the formula, ψ1 represents the elastic modulus of the specimen after fatigue damage; 
ψ0 represents the initial elastic modulus of the specimen. According to Formula (15), the 
variation of fatigue cumulative damage with stress level of six standard RA specimens in 
this test can be counted, and the results are shown in Fig. 6:

As depicted in Fig. 6, the evolution process of fatigue cumulative damage of RA speci-
mens is divided into three main stages: When the stress level is less than 0.3, the fatigue 
cumulative damage score of specimens exhibits a sharp upward trend. Even at lower 
stress levels, the fatigue damage of the specimen accumulates and intensifies rapidly, 
indicating that the specimen will suffer from more serious fatigue damage at lower stress 
levels. When the stress level is between 0.3 and 0.8, the cumulative fatigue damage score 
of the specimen remains relatively stable, with a slow growth rate. The specimen still 
experiences a certain degree of fatigue damage at medium stress levels, but the growth 
rate is slower than that observed in the previous stage. When the stress level exceeds 
0.8, the fatigue cumulative damage score of the specimen increases significantly again, 
and the overall stiffness of the specimen begins to decrease, with fatigue loss becoming 
more pronounced. Through this method, it is evident that high stress levels lead to a 
sharp decline in the fatigue life of specimens, with the influence of fatigue damage grad-
ually becoming apparent. This information is beneficial for evaluating the fatigue per-
formance characteristics of RA in practical engineering applications, guiding the design 

(15)L = 1−
ψ1

ψ0

Fig. 6 Fatigue cumulative damage results of different recycled aggregate specimens
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and selection of suitable RA materials, and further enhancing the durability and safety of 
subgrade structures.

In order to validate the overall efficiency of the approach suggested in this study, the 
techniques outlined in citations [8] and [9] have been chosen for comparative analy-
sis. The fatigue damage of RA is measured using the aforementioned methods, and the 
range is utilized as the test index to compare the analysis accuracy of different methods. 
The test outcomes are presented in Table 3.

From Table 3, it is evident that the extreme values obtained using this method fluctu-
ate less than those obtained using reference [8] and reference [9] under each load condi-
tion. In most cases, the extreme values obtained using this method are lower than those 
obtained using the other two methods, indicating that this method exhibits good stabil-
ity and consistency in studying the bending fatigue performance of RA backfill subgrade. 
Based on the data comparison, it can be concluded that this method provides relatively 
more reliable and consistent results when evaluating the bending fatigue performance 
of RA backfill subgrade. The extreme range obtained using this method shows a mini-
mal range of change, signifying high accuracy and precision in experimental design, data 
acquisition, or analysis.

The test results mentioned above are input into the fatigue damage model of RA as 
variable values for calculation. The reduction coefficient results of the equivalent stress 
model of compressed RA backfill subgrade are compared with the test results to deter-
mine accuracy. The reduction factor is a parameter used to account for the deviation 
between the actual fatigue life of materials and the theoretical prediction value. It is typi-
cally employed to correct fatigue test data to obtain more realistic and reliable results. 
The comparison test results are illustrated in Fig. 7.

As depicted in Fig. 7, the method proposed in this paper closely aligns with the reduc-
tion coefficient result, indicating its high reliability in analyzing the bending fatigue 
performance of RA backfill subgrade. Moreover, the accuracy of analyzing the bending 
fatigue performance of RA backfill subgrade is high, enabling a more precise evaluation 
of the actual fatigue life of materials. This further demonstrates that the method pro-
posed in this paper comprehensively considers the actual working conditions, loading 

Table 3 Comparison outcomes of range of different methods

Load times Extreme difference/%

The method in this paper Reference [8] method Reference 
[9] 
method

1 0.02 0.25 0.17

2 0.03 0.21 0.26

3 0.01 0.34 0.38

4 0.02 0.32 0.47

5 0.02 0.40 0.55

6 0.03 0.44 0.64

7 0.01 0.56 0.77

8 0.01 0.55 0.88

9 0.01 0.64 0.91

10 0.02 0.67 0.99
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conditions, and the authenticity of test data in fatigue performance analysis, thereby 
better reflecting the fatigue performance of RA backfill subgrade in the actual usage 
environment.

Conclusions
Through the research on the bending fatigue performance of RA backfill subgrade, the 
following conclusions can be drawn:

The main results are as follows:

(1) The high stress level in this method leads to a sharp decline in the fatigue life 
of specimens, and the influence of fatigue damage gradually appears. This finding is 
helpful in evaluating the fatigue performance characteristics of RA in practical engi-
neering applications, guiding the design and selection of suitable RA materials, and 
further improving the durability and safety of subgrade structures.
(2) The method proposed in this paper can provide relatively more reliable and con-
sistent results when evaluating the bending fatigue performance of RA backfill sub-
grade. Additionally, the range shows a small range of change, indicating high accu-
racy and precision in experimental design, data collection, or analysis.
(3) The method proposed in this paper closely aligns with the result of the reduction 
coefficient, demonstrating its high reliability in analyzing the bending fatigue perfor-
mance of RA backfilled subgrade. Furthermore, the accuracy in analyzing the bend-
ing fatigue performance of RA backfilled subgrade is high, enabling a more precise 
evaluation of the actual fatigue life of materials.

Further research in the future should focus on the following aspects:

(1) Strengthening the engineering technology research of reclaimed aggregate 
backfilling subgrade. In practical engineering, there are still some challenges in 
construction technology, test methods, and quality control of reclaimed aggregate 
backfill subgrade. Therefore, future research could concentrate on enhancing the 
engineering technology of RA backfill subgrade by improving construction meth-

Fig. 7 Comparison results of reduction factor and test results
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ods, optimizing test methods, and reinforcing quality control. This effort aims to 
enhance its bending fatigue performance and overall reliability.
(2) Improving the quality and stability of RA. The source and quality of RA directly 
influence its bending fatigue performance and durability. Hence, future research 
could focus on enhancing the preparation technology of RA, optimizing the selec-
tion and treatment methods of raw materials for aggregate, improving the quality 
and stability of RA, and enhancing its potential application in backfill subgrade.
(3) Strengthening the monitoring and evaluation of RA backfill subgrade. With 
the widespread application of RA backfill subgrade technology, it becomes cru-
cial to monitor and evaluate its long-term service performance. Therefore, future 
research could enhance the monitoring and evaluation of deformation, crack 
propagation, and displacement of RA backfill subgrade under dynamic load condi-
tions. This approach would provide a scientific basis for project management and 
maintenance.

Abbreviations
RA  Recycled aggregate

Symbols
A, A’  Variables related to fatigue damage accumulation
DF  Fatigue damage variable
maxH  Upper limit of effective stress
α, β  Stress and displacement variables
dα, dβ  Derivatives of stress and displacement variables
V  Creep damage of RA
J  Fatigue damage of RA
FRT  Fatigue life equation
NF  Fatigue damage model equation
δ0  Initial strain of the edge
ε1  Effective tensile strain
Si, Qi, Ki  Structural parameters for RA subgrade
XC  Reduction factor of the equivalent stress model
B  Bending moment bearing capacity

Greek symbols
ψ1, ψ0  Elastic modulus after and before fatigue damage

Subscripts
i  Denotes indices in formulae

Superscripts
-  Denotes reference or ideal values
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