
Research Article
Permanent Deformation Monitoring and Remaining Life
PredictionofAsphalt PavementCombiningFull-ScaleAccelerated
Pavement Testing and FEM

Zhen Liu, Xingyu Gu , Hua Ren, Shuwei Li, and Qiao Dong

Department of Roadway Engineering, School of Transportation, Southeast University, Nanjing 211189, China

Correspondence should be addressed to Xingyu Gu; 230208344@seu.edu.cn

Received 10 December 2022; Revised 12 May 2023; Accepted 19 May 2023; Published 8 June 2023

Academic Editor: Łukasz Jankowski

Copyright © 2023 Zhen Liu et al. Tis is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Permanent deformation (rutting) is one of the typical failure modes of asphalt pavement with a semirigid base in high-
temperature areas. To address issues of pavement structure deformation and remaining life prediction, a method of
combining accelerated pavement testing and fnite element (FE) simulation was proposed. A modifed Burgers model
considering creep parameter damage was obtained using strain monitoring data and laboratory test values, which was
performed in the FE model to analyze rutting development. Te results showed that high temperature and heavy axle loads
greatly infuenced rutting development: the tested road was loaded 360,000 times at high temperature, contributing 50% to
accumulated rutting; rutting increased by 90.7% under the condition of 50% overload under high-temperature seasons from
the simulated results. Ten, the ratio of the bulge area to the depression area (KR) was proposed to defne the rutting
deformation mechanism. Te KR analysis results illustrated that rutting development was a transition process from
compaction rutting to fow rutting. Finally, the relationship between the action times of axle load in the tested and in-service
roads was established based on the rutting equivalence principle. When the action times of axle load reach approximately 25
million times (insufcient remaining life) for the investigated Hu-Ning highway, necessary maintenance measures should be
taken to treat rutting deformation.

1. Introduction

Asphalt pavement is the main pavement form of high-
grade highways in China [1–6]. Rutting, one of the typical
failure modes of asphalt pavement with a semirigid base in
high-temperature areas, seriously damages the pavement
quality and durability and afects driving safety and
comfort [7–11]. Terefore, improving the accuracy and
universality of rutting estimation is crucial and efectively
preventing and treating the asphalt pavement [12, 13]. For
the rutting development law of asphalt pavement, re-
searchers divided the process into three stages [14]: (1) the
frst stage is the initial compaction period: the asphalt
mixture is compressed rapidly under vehicle loading.
Rutting deformation shows a short-term rapid accumu-
lation. (2) Te second stage is the continuous

development period: the resistance to deformation of the
asphalt mixture increases gradually, resulting in a con-
solidation efect. Te deformation rate of rutting decreases
rapidly and tends to be stable. (3) Te third stage is the
accelerated deformation period: the skeleton interaction
in pavement has been destroyed under repeated loads. Te
pavement structure experiences shear fow failure under
shear stress.

Currently, there are three representative approaches
for rutting prediction: the frst is the theoretical method,
which establishes the relationship between the me-
chanical parameters and the permanent deformation of
the pavement structure based on mechanical hypotheses.
Representative models were the SHELL rutting pre-
diction model considering dynamic correction [15] and
the A. Wijeratne model [16]. Using the stress-strain
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relationship, rutting can be predicted using the stresses of
diferent layers and point positions along the road
structure [17]. Unfortunately, the accuracy of these
models is highly dependent on mechanical assumptions
and material parameters, and the parameters obtained
from laboratory tests are quite diferent from the actual
conditions. Tis has become the main limitations in
rutting prediction using the theoretical method.

Te second is the empirical method that fnds the re-
lationship between rutting deformation and its impact
factors using statistical means to construct the regression
equation. By incorporating the measured rutting data, it is
able to obtain the rutting calculation equation with various
model parameters. Shami et al. [18] proposed an exponential
prediction model based on the number of shaft loads and
temperature through indoor tests. Archilla and Madanat
[19] proposed a prediction model considering road char-
acteristics and load times based on the AASHTO test data.
Based on indoor test and accelerated loading tests, Zhenglan
and Lijun [20] obtained rutting curves of diferent working
conditions and structures respectively, and established the
prediction model considering the shear strength, shear
stress, loading times, road temperature, and driving speed,
etc. However, these models are only established based on the
statistical data of specifc pavement structures and there is no
specifc explanation of the performance changes of asphalt
mixtures during the rutting process. Tus, it has limitations
and a small range of application.

Te third is the mechanistic-empirical method [21, 22],
which is the Mechanistic-Empirical Pavement Design Guide
(MEPDG). Based on this method, the rutting prediction
model is mainly developed using the measured data and
asphalt pavement state in actual use. Te rutting prediction
model obtained by this method is more in line with the
actual situation andmany scholars have discussed it. Gulfam
et al. developed a calibration database for rutting and
roughness data, which reduced the prediction error of
rutting by MEPDG software [23]. Abdelfattah et al. [24]
combined rutting testing data and numerical simulation
results to verify, calibrate, and validate MEPDG rutting
models. Results proved that this approach for calibrating the
MEPDG rutting models was worth promoting. Zhu et al.
[25] considered the deformation of structural layer of as-
phalt surface and obtained the fnal rutting by superposition.
Te temperature of asphalt layer, the number of axial loads,
load velocity and shear stress were introduced into the
model, and the predictionmodel was obtained by combining
with the measured data. However, the pavement structure
layer in this study was relatively simple, which is difcult to
represent the typical semirigid base pavement. Te main
difculty of this method is that the calculation process of
permanent deformation contains many empirical ftting
parameters and experimental mechanical parameters that
need long-term tracking and observation to verify the ac-
curacy of rutting prediction model [26].

As for the acquisition method of rutting performance,
traditional laboratory tests [27, 28], accelerated pavement
testing (APT) [29], and feld observations on roads [30] are
mainly used. APT can better simulate vehicle load action

[31–33] and obtain the actual road surface performance
under long-term driving load action in the short-term
[34, 35]. Tus, it has been widely used in road engineer-
ing for research on rutting resistance, formation, and pre-
diction of asphalt pavement. Zhou and Scullion [36] used
a VESYS5 computer program to correlate with existing APT
data and wrote a model program to determine the rutting
coefcient, depth, and damage. Hugo et al. [37] utilized APT
equipment to carry out several loading tests and established
rutting prediction models. However, using APT equipment
was associated with high costs [38, 39]. Furthermore, the
research conclusions have limited guiding efects on actual
pavements due to the limitation of axle load and speed of
APT equipment [40, 41]. Altogether, the role of APT for
rutting prediction is limited. Recently, prediction rutting
using numerical simulations is getting more popular
[42–44]. Among them, fnite element (FE) analysis is one of
the most efective methods [45]. Te FE method could make
up for the defciency of short-term APT tests and conduct
comprehensive mechanical response analysis of pavement
structure, while its prediction accuracy is always needed to
be improved.

Overall, the key to rutting prediction is obtaining
accurate external parameters and the mechanical pa-
rameters of the mixture during the service period. Load
and environmental parameters can be acquired at the APT
site, but the material parameters obtained in the labo-
ratory test often deviate from the actual pavement
structure parameters. More analyses and correlation
transformations between laboratory tests and APT should
be conducted. Terefore, this paper aims to compare the
parameter diference between laboratory tests and actual
pavement structures based on previous rutting prediction
research by the MEPDG method. Te innovative points of
this study are as follows: (1) a rutting prediction model
refecting real pavement parameters is established; (2) the
ratio of the bulge area to the depression area (KR) is
proposed to defne the rutting deformation mechanism;
and (3) the relationship between the action times of axle
load in the tested and in-service roads is established based
on the rutting equivalence principle. Tese innovations
could provide a scientifc reference for the rutting
treatment and maintenance of asphalt pavement with
a semirigid base.

2. Objective

Tis paper analyzes the rutting development and evolution
rules of asphalt pavement based on APT. Several objectives
are drawn as follows:

(1) To analyze the rutting evolution law in depth from
three aspects: rutting section morphology, rutting
development law, and rutting deformation
mechanism.

(2) To establish the FE model with more precise pa-
rameters and verify the reliability with rutting
monitoring data in the full-scale APTand actual road
in service.
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(3) To predict the permanent deformation of actual road
structures under diferent working conditions and
propose a reasonable maintenance time.

For this purpose, some indoor tests were conducted,
including material parameter tests, repeated loading tests,
and dynamic creep tests. Full-scale APTwith MLS66 and FE
modeling with the modifed Burgers model were also
performed.

3. Methodology

3.1. Experiment Design

3.1.1. Field Pavement Testing. Te typical pavement struc-
ture of asphalt pavement with semibase was studied in
Jiangsu Province, China [41]. For the asphalt surface layer,
basalt and SBS-modifed asphalt were used at the SMA-13
layer with an asphalt-aggregate ratio of 6.0%; limestone and
SBS-modifed asphalt were used at the SUP-20 layer with an
asphalt-aggregate ratio of 4.3%; limestone and 70# base
asphalt were used at the SUP-25 layer with an asphalt-
aggregate ratio of 4.0%. For the base layer, CSM with
4.3% cement was used at the upper and lower base layers;
CSM with 3.0% cement was used at the subbase layer.
Moreover, lime-ash soil (LAS) was used at the subgrade
layer. Table 1 gives the performance test results of these
materials; all the test indexes meet the specifcation
requirements.

According to the test specifcation of pavement (JTG
3450-2019) of China industry, four rutting sections were
selected in the loading band of the test section and measured
in real-time using a self-rutting section recorder, as de-
scribed in Figure 1 [46]. Te loading scheme was as follows:
loading one million times with an axle load of 50 kN and
speed of 22 km/h.

Considering that the steel pieces used to place the rut
section instrument at both ends would be loosened due to
artifcial or other external factors, the rutting data within the
range of 0mm to 1200mm were corrected by the linear
interpolation method in the data processing process. Tus,
the deformation at the beginning and end of the rutting
curve was zero. To analyze the deformation of the section in
diferent structural layers of the test track, the section
producing rutting in the test track was cut, and the de-
formation of each layer was measured after all the loading
was completed. Besides, pavement rutting deformation was
divided into two parts:

(1) One was the vertical stress afected loading weight
area (mainly compaction deformation). Te surface
shape change was depression, and its area was
denoted as SD.

(2) Te second was the shear stress afected area of the
loading weight edge (mainly fow deformation). Te
surface shape change was a bulge, and its area was
denoted as SB.

As shown in Figure 2, the ratio of SB and SD at the rutting
section, KR, was defned as the index to judge the cause of
rutting deformation, as shown in (1).

KR �
SB

SD

,

SB � S1 + S3 + S5,

SD � S2 + S4,

(1)

where KR increases and decreases with increasing loading
times, it indicates that rutting deformation is mainly fow
deformation and compaction deformation, respectively.
When KR remains constant, the rutting deformation co-
incides with compaction and fow deformation.

Te elevation diference between the highest point and
lowest point of the rutting section was defned as the rutting
deformation amount to study the change in rutting with
loading times, temperature, and other infuencing factors.
Te temperature was represented by the real-time temper-
ature collected by the middle surface layer sensor in the
test road.

3.1.2. Sensor Monitoring Scheme. Figure 3 describes the
sensor monitoring scheme of diferent pavement structural
layers. Te selection and reliability verifcation of sensors
have been mentioned in previous studies [46–48]. Under the
center of the wheel track, longitudinal, lateral, and vertical
asphalt strain gauges were embedded in the middle and
bottom asphalt surface layers [49, 50]. Longitudinal and
lateral concrete strain gauges were embedded in the bottom
of the base layer. Te earth manometer was embedded in the
top surface of the base and the subgrade layers. In addition,
two to three temperature sensors were buried at the edge of
each layer, and the humidity sensors were mainly buried in
the bottom base and subgrade layers.

Six groups of monitoring data, including vertical, lon-
gitudinal, and lateral strains of the middle and bottom as-
phalt surface layers, were used for the structural parameter
inversion.

3.1.3. Laboratory Test. Dynamic modulus test was con-
ducted for the six core samples from the unloaded section
and loaded section (after onemillion times), according to the
China Industry standards (JTG E20-2011). Te test methods
and parameters are described in Reference [51].

A repeated loading test was performed using UTM-25 to
fatigue the damaging efect of the dynamic modulus. Wheel
pressure was set as 0.7MPa, and the test temperature was set
as 40°C, 50°C, and 60°C, respectively. Te residual dynamic
modulus of the specimen was tested at each loading time of
900 times. Te residual dynamic modulus under diferent
loading times was obtained through repeated loading tests of
1800 times, 2700 times, 3600 times, 4500 times, and 5400
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Table 1: Performance test results of road materials at diferent structural layers.

Structural layers Mean dynamic stability
(time/mm) Residual stability (%)

Freeze thaw splitting
tensile strength ratio

(%)

Bending
failure strain (με)

Asphalt surface
SMA-13 5550 89.1 83.2 2613
SUP-20 5284 90.6 79.9 2128
SUP-25 3452 87.1 84.2 2731

Structural layers Maximum dry density (g/cm3) Optimum moisture content (%) Strength (MPa) Ash content (%)
Base CMS1 2.356 4.3 4.38 —
Subbase CMS2 2.323 3.7 3.48 —
Subgrade LAS 1.817 16.7 — 6.1

SMA-13: stone mastic asphalt concrete with
nominal aggregate size of 13.2 mm
SUP-20: superior performing asphalt concrete
with nominal aggregate size of 19.0 mm
SUP-25: superior performing asphalt concrete
with nominal aggregate size of 26.5 mm
CSM1: cement stabilized macadam (range
of cement dosage is 4.3%)
CSM2: cement stabilized macadam (range
of cement dosage is 3.0%)

APT: MLS66

6 cm SUP-20

8 cm SUP-25

36 cm CSM1

20 cm CSM2

4 cm SMA-13

Materials 

Structures

Four sections 

Four sections 

Cutting sections 

Soil 

1
2

3
4

Figure 1: Diagram of road structures, rutting measurement, and accelerated pavement tests.

S1 S5

S2 S4

S3

Figure 2: Diagram for the area of the bulge and depression parts.
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times. Te test results were transformed and ftted according
to (2) to establish the relationship between damage and
loading time (t).

E � E0(1 − ω), (2)

where E and E0 are the material performance parameters at
the initial and damaged states, respectively, and ω is the
damage value.

Dynamic creep test was also designed to obtain accurate
parameters for subsequent rutting estimation. Specimens
with a diameter of 150mm and a height of 180mm were
obtained from the test road. Dynamic creep tests were
carried out at 40°C, 50°C, and 60°C using a UTM-25 ma-
chine. Before the test, the specimens were kept warm for
more than four hours in a temperature control box. During
the test, the axial loading force was set as 700 kPa, and the
contact pressure was set as 20 kPa. Te test will terminate
when the vertical accumulative strain reaches 10,000 με or
repeated loading reaches 20,000 times.

3.2. Simulation Design

3.2.1. Constitutive Model. In previous studies [47, 51], the
damaging efect of material parameters with loading times
was considered in the creep strain ε (t). Te modifed
Burgers model was obtained in (3) by studying the atten-
uation law of the dynamic modulus under repeated loading.

ε(t) � σ0
1

E0(1 − ω)
+

1
E2

1 − e
− E2/η2( )t

  +
1
A

e
Bt

 , (3)

where E2 is the internal damper parameter. A, B, and η2 are
the ftted parameters. Unfortunately, this model only cor-
rects the damage to the external spring’s elastic coefcient
and does not consider the damaging efect of the asphalt
mixture in the whole creep process. Te elastic deformation
will recover with the unloading of the load and cannot be
refected in the permanent road deformation. Terefore, the
damage of E2, η2, and A of the inner adhesive pot was
considered based on (3) to establish the new damage
equation in (4).

ε(t) �
σ0

1 − ω
1

E1
+

1
E2

1 − e
− E2/η2( )t

  +
1
A

e
Bt

 . (4)

As described in Figure 4, the load was simplifed as
a rectangular uniformly distributed load to avoid the
problem of nonconvergence and singularities caused by the
circular loading model. Ten, the dynamic load σ was
equivalent to the static load σ0 by using the principle of stress
impulse equivalence for simulating rutting deformation, as
shown in (5). Load parameters for the rutting simulation
model were the same as in Reference [51].

σ0 �
2
π
σ. (5)

3.2.2. Material Parameters. According to the results in
Section 4.2.1, the full-scale test track’s dynamic modulus was
only 62% of the initial state after loading one million times.
Terefore, relevant results of laboratory tests cannot be
directly applied to full-scale tests. Te damage evolution

4 cm SMA-13

6 cm SUP-20

8 cm SUP-25

CSM1

CSM2

CSM1

Subgrade

Lateral strain gauge

Longitudinal strain gauge

Verticall strain gauge

Lateral strain gauge

Longitudinal strain gauge

Manometer

Temperature sensor

Humidity sensor

Placement

FBG sensor

Resistance sensor

Manometer

Figure 3: Sensor placement and monitoring schemes of pavement structures.
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equation in Figure 5(b) was transformed in the following
steps:

(1) According to Figure 5(a), the loading time with
a modulus damage value of 38% at diferent tem-
peratures was calculated.

(2) Te loading time with a modulus damage value of
38% was defned as the cumulative loading time for
one million loading times.

(3) Te data at other time points were transformed to the
same scale, and the dynamic modulus equation and
damage evolution equation were ftted again, as
shown in (6).

ω � 0.000412t
0.656

, temperature � 40 °C,

ω � 0.000465t
0.641

, temperature � 50 °C,

ω � 0.000183t
0.511

, temperature � 60 °C.

(6)

In addition, the asphalt surface modulus (E1) in the FM
model at diferent temperatures was set based on the test
results in Figure 5. Six types of monitoring data were ob-
tained in the FE model for diferent moduli. Te error S
between the measured strains εM and the simulated strains εS
was obtained according to (7). When the error was less than
5%, the simulation stopped, and E1 was used as the input
parameter of the FE model in Table 1.

S �

�����������

1
6



6

i�1

εM − εS

εM








. (7)

Ten, the experimental results in Figure 5 were used to ft
(4). Other creep parameters of asphalt mixtures at diferent

temperatures are obtained in Table 2. Te parameters of the
base and subgrade were the same as those in Reference [51].

3.2.3. UMAT Subroutine. Based on the secondary devel-
opment platform provided by ABAQUS, the UMAT user
subroutine was compiled. Trough interface parameters and
the ABAQUS main program data exchange and call, the
Burgers model considering creep parameter damage was
realized, as described in Figure 4. Te key steps of in-
troducing damage were as follows:

(1) Based on the existing seven variables of the revised
Burgers model, the damage parameters A and B were
defned as PARAM (8) and PARAM (9), respectively.
Te damage time was defned as PARAM (10).

(2) In the transient elastic analysis step, the material
parameter E1, which represents the elasticity, was
introduced into the damage equation through the
following statements: “E1 �PARAM (4) ∗ (ONE-
PARAM (8) ∗ ((TIME (1) + PARAM (10)) ∗∗
PARAM (9))).”

(3) In the viscosity analysis step, the material parameters
E2, A, and η2 at any time are introduced into the
damage equation by the following statements:

“E2 �PARAM (4) ∗ (ONE-PARAM(8) ∗ ((TIME(1) +
PARAM(10)) ∗∗ PARAM(9)))

η2 �PARAM (5) ∗ ONE-PARAM (8) ∗ ((TIME (1) + PA
RAM (10)) ∗∗ PARAM (9)))

A�PARAM (6) ∗ (ONE-PARAM (8) ∗ ((TIME (1) + PA
RAM (10)) ∗∗ PARAM (9)))”.

12.8
18.6 18.6

31.4
50

19
.2

(Unit: cm)

R

L

ABAQUS delivers stress, total strain, time
increment, and total strain increment

Calculate material parameters
according to temperature field

Calculate damage variable
according to the duration of

load action

Get the state component from
STATEV

Judge
KSTEP

KSTEP>1KSTEP=1

Viscous
analysis

step 

Elastic-
viscous

analysis step 

Update the Jacobian matrixUpdate the Statev matrix

Returns the update stress to the
ABAQUS main program 

UMAT
subroutine

programming 

F

External damper
σ

η1 = AeBt

η2

E2

E1

External spring
σ

Figure 4: Diagram of the loading simplifcation, constitutive model, UMAT subroutine, and FE model.
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Te FE model sets the pavement width and structural
layer thickness according to the actual pavement size. Te
model size was 8m× 6m× 3.74m. Te load was arranged in
the middle of the model’s top surface. Te principle of
thickening to thinning from the surface layer and loading
area to the distal end was adopted in grid division with the
CPE8R plane strain element type. Transverse constraints
were arranged on the left and right sides by selecting
XSYMM (U1�UR2�UR3� 0). Vertical constraints were
arranged at the bottom by selecting ZASYMM
(U1�U2�UR3� 0).

3.3. Rutting Estimation

3.3.1. Normalization of the Rutting Deformation Curve.
To eliminate the infuence of diferent temperatures on
rutting deformation and explore the rutting deformation law
under uniform conditions, the rutting deformation curve
under diferent loading conditions was transformed into the
rutting curve under standard conditions using numerical
simulation.

(1) Te same standard loading conditions were for-
mulated as the APT scheme.

(2) Te FE simulation divided the loading cycle into
several subintervals under diferent test conditions.
Te rutting prediction model was used to calculate
the rutting deformation under standard conditions

and each subinterval condition with an accumulated
axle load of 100,000 times.

(3) Te rutting correction coefcient in each interval was
obtained according to the proportional relation
between the nonstandard condition and the rutting
deformation under the standard condition. Te
rutting deformation in each subinterval was multi-
plied by the corresponding correction coefcient to
calculate the standard deformation in this sub-
interval. Te modifed rut curve was obtained by
accumulating the rutting deformation in each
subinterval.

3.3.2. Conversion of Axle Load Action Times Based on the
Rutting Equivalent. Te Hu-Ning (G2) highway with the
same structures as the tested road was an example of creating
the corresponding relationship between the action times
ESAL0 of loading weight in the tested road and the action
times ESALs of axle load in this highway. Te transverse
distribution law of the wheel track on this highway was
investigated to obtain the transverse distribution coefcient,
as presented in Figure 6.

Ten, axle load conversion was conducted according to
equation (8) through the lane coefcient and wheel track
transverse distribution coefcient based on the rutting
equivalent principle.
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Figure 5: Repeated loading test results: (a) dynamic modulus; (b) ω.

Table 2: Creep parameters of asphalt mixtures at diferent temperatures.

Temperature (°C) E2 (MPa) η2 (MPa∙s) A (MPa) B (s−1) E1 (MPa) a b
40 79.150 4523.705 102.143 0.001486 1634 0.00041 0.656
50 67.539 3041.990 77.578 0.001905 283 0.00046 0.641
60 56.372 1375.671 66.589 0.003568 117 0.00183 0.511
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Ne �
Nm

η × φ
, (8)

where Ne and Nm are the axle load coefcients considering
the lateral distribution and APT, respectively. η is the co-
efcient of lanes, which was taken at 0.7 for the one direction
with two lanes. φ is the lane transverse distribution co-
efcient, taken at 0.2059 according to the maximum value in
Figure 6. To solve the problem of speed mismatch, kv was
defned as the speed conversion coefcient between the
actual speed and loading speed in (9).

kv �
Rvr

Rv22
, (9)

where Rv22 is the rutting deformation under APT, which was
taken at 11.72mm according to Figure 7. Rvr is the rutting
deformation of the actual speed, which was calculated by the
FE model. Combined with equations (8) and (9), the actual
cumulative action times Nr of the axle load based on the
rutting equivalent principle were obtained in (10).

Nr �
Ne

kv

�
Nm

η × φ × kv

. (10)

3.3.3. Rutting Estimation of Typical Situation

(1) Diferent Temperature Fields. Temperature has a signif-
cant efect on the properties of asphalt and the asphalt mixture
[52–54]. Te temperature feld data collected in the test road
are divided into the following four categories in Table 3
according to the seasonal characteristics and temperature
values. In the simulation, the specifed load was 100 kN for the
standard axle load, the driving speed was 60 km/h, and the
cumulative number of axle load actions was onemillion times.

(2) Heavy Axle Loads. Te working conditions with axle
loads of 100 kN, 120 kN, and 150 kN were calculated to study
the infuence of heavy axle loads on rutting deformation. In

the simulation, the specifed temperature was based on the
typical temperature feld in July, the driving speed was
60 km/h, and the action time of the axle load was 500,000.
Load transformation parameters in the prediction model are
shown in Table 4 [51, 55].

4. Results and Discussions

4.1. Evolution Rules of Rutting

4.1.1. Morphometric Analysis of Rutting. Te rutting mor-
phology of the four test sections changes with loading times,
as shown in Figure 8. Several points were evident from the
results. Under repeated loading action, the rutting of each
section was in the state of “W,” that is, the two sides of the
wheel track belt appeared to bulge. Te phenomenon of
bulge accompanied two sides of the wheel track. Te gap
between the two loading wheels was squeezed and convex.
Tese results are in line with previous studies [45, 56]. Tere
was almost no deformation when the loading times were less
than 20,000. When it was greater than 21,000, a signifcant
bulge appeared on both sides of the wheel track. Te de-
pression depth and bulge height increased synchronously
with loading times. When it increased to 90,000, the rutting
was mainly depression. Te rutting section began to show
a slight bulge when it increased further. Te rutting de-
formation curves of each section were distributed within
a transverse distance of 1200mm. Two loading wheels were
located at horizontal coordinates of 300mm to 550mm and
650mm to 900mm. Te lateral distance of the rutting de-
pression on both sides was approximately 270mm. Te
lateral distances of the middle and both sides of the bulge
were approximately 60mm and 300mm, respectively. Te
rutting deformation of diferent sections was slightly dif-
ferent, among which the rutting of Section 2 was the
smallest, and the other three were the same.Tis was because
Section 3 was just above the buried position of some sensors
on the asphalt surface, which afected the rutting
deformation.
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Figure 6: Lane transverse distribution coefcient of the Hu-Ning Highway.
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Figure 9 shows the structural layer thickness after re-
peated loading. Te left depression was taken as an example
based on the thickness of the shoulder: the contribution rate
of deformation of the upper layer to the whole was
(4.3− 3.9)/(17.2−15.8)� 28.57% and that of the middle
surface layer and the lower surface layer were 28.57% and
42.86%, respectively.

4.1.2. Analysis of Rutting Development. Figure 10 presents
the relationship between the rutting deformation of four
sections with loading times. In general, the maximum
rutting deformation of each section increased with loading
times. In the loading process, within 170,000 times, the
average temperature was 20°C. Te rutting development rate

was relatively slow. When the loading time reached 170,000,
the average rutting depth of each section was approximately
2.889mm, with a growth rate of 0.169mm per 10,000 times.
During the 170,000 to 260,000 loading times, the temper-
atures were 40°C and 35°C, respectively. Te rutting de-
velopment rate increased signifcantly, resulting in rapid
accumulation. When the loading time reaches 260,000, the
average rutting depth of each section reaches 5.562mm, with
a deformation rate of 0.297mm per 10,000 times. During the
260,000 to 410,000 loading times, the average temperature
was between 18°C and 26°C. Te rutting development rate
slowed down. When it reached 410,000, the average rutting
depth was 5.743mm, with a deformation rate of 0.012mm
per 10,000 times. During the 410,000 to 740,000 loading
times, the average temperature was between 32°C and 36°C.
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Figure 7: Rutting deformation curve after modifcation.

Table 3: Division of the temperature feld with diferent seasons and months.

Season Representative month Temperature feld
Early spring or late autumn March, April, October 10°C to 40°C
Late spring or early autumn May, June, September 20°C to 50°C
Summer July, August 30°C to 60°C
Winter December 5°C to 25°C

Table 4: Load parameters under various axle loads.

Axle load (kN) 100 150 200
Single action time of axle load (s) 0.01152 0.01383 0.01728
Single action time of axle load (s) 5760 6912 8640
Tyre action area (cm2) 18.6×19.2 18.6× 23.0 18.6× 28.8
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Te rutting development rate increased, and the rutting
depth increased stably. When it reached 740,000, the average
rutting depth was 9.763mm, with a deformation rate of
0.122mm per 10,000 times. During the 740,000 to 1030,000
loading times, the average temperature was approximately
45°C. Te rutting rate increased further. When it reached
1030,000, the average rutting depth was 14.473mm, with
a deformation rate of 0.162mm per 10,000 times.Tese rules
of rutting deformation are consistent with the previous
works [57, 58].

From this, the rutting deformation rate is positively
correlated with the temperature. Terefore, to further study
the infuence of loading under diferent temperature con-
ditions on the maximum rutting deformation, the loading

times and the rutting deformation and proportion, re-
spectively, under diferent temperature conditions are in-
vestigated in Table 5. Te contribution of loading to rutting
deformation was small at low temperatures. However, when
the test road was under high-temperature conditions, rutting
increased signifcantly with 360,000 loading times, pro-
ducing a rutting of 7.9mm and contributing a rate of
56.04%. Tis indicates that temperature plays a vital role in
the infuence of the rutting development rate.

4.1.3. Mechanism Analysis of Rutting Deformation.
Figure 11 describes the four sections’ average rutting de-
formation area-loading times relationship curve. Generally,
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Figure 8: Change curve of rutting deformation with loading times: (a–d) Section 1 to Section 4.
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Figure 10: Change curve of rutting deformation of each section with loading times and temperature at the bottom of the middle
surface layer.

Table 5: Loading times and rutting ratio under diferent temperature conditions.

Temperature conditions Loading
times (ten thousand)

Rutting deformation amount
(mm) Ration

Low temperature (18°C to 28°C) 29.6 1.9 13.51
Middle temperature (28°C to 37°C) 34.4 4.3 30.45
High temperature (37°C to 45°C) 36 7.9 56.04
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each section’s SB and SD increased with the loading times. It
is worth noting that the lateral bulge of the track belt at each
section began to occur gradually after 210,000 loading times.

Figure 12 demonstrates the change law of KR. After
210,000 loading times, rutting deformation entered the frst
stable period (KR increased rapidly), indicating that com-
paction and fow rutting cooccurred at this stage, but
compaction ruts were still the main ruts at this time. After
loading 680,000 times, rutting deformation entered the
second stable period (KR increased slowly), indicating that
the rutting form began to transition from compaction rut to
shear fow rutting. Tis is because, in addition to the con-
tinuous increase in compaction deformation, the shear
strength of the underlying layer of materials at high tem-
peratures is insufcient due to the increase in loading
temperature, lateral fow of the asphalt mixture occurs, shear
fow deformation begins to occur, and the two kinds of
deformation increase simultaneously. After loading 810,000
times, rutting deformation development entered a new stage
(KR increased slowly). Te SD tends to be stable, indicating
that the rutting development form was dominated by shear
fow deformation, which agrees with Ling’s results [45].
Tese analysis results are summarized in Table 6.

4.2. Experimental Results of Parameters of Asphalt Mixture

4.2.1. Results of Dynamic Modulus Test. After one million
loading times, the average test value of the dynamic modulus
was 62% of that before loading, indicating that the material
parameters of the asphalt surface obviously decay with the
loading process.

4.2.2. Results of Repeated Loading Test. Te repeated loading
test and ftted results are presented in Figure 5. Te asphalt
mixture’s residual dynamic modulus decreased with the
loading times. When the test temperature was 40°C, the
dynamic modulus decreased to 46% of the initial values after
5,400 loading times. After that, the dynamic modulus at-
tenuated 50% and 48% of the initial values after 2,700
loading times at 50°C and 60°C, respectively. Tis is because
the stifness modulus of asphalt binder decreases gradually
with an increase in temperature, which weakens its resilience
under stress.

4.2.3. Results of Dynamic Creep Test. Te comparison of the
dynamic creep curve test results at diferent temperatures is
shown in Figure 13. Apparently, the deformation devel-
opment rate of asphalt mixtures increased rapidly with
increasing temperature. When the specimens were loaded
906, 3,309, and 14,481 times at 40°C, 50°C, and 60°C, re-
spectively, the rutting deformation reached 15mm. Tis
once again confrmed the serious infuence of temperature
on rutting deformation: with increasing loading times, the
diference in rutting deformation under diferent loading
temperatures was greater.

4.3. Numerical Simulation Results of Rutting Estimation.
After loading the FE model a million times, the fnal de-
formation pattern of rutting is shown in Figure 14. Te fnal
rutting deformation was 13.56mm, with an error rate of
7.9% from the measured results (14.233mm). Te simulated
and measured values of rutting deformation had the same
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Figure 11: Relationship curve of average rutting deformation area and loading times.
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tendency to change with loading times.Te error within 10%
of the rutting prediction model was within the acceptable
range, which can be used to guide the rutting prediction of
asphalt pavement with a semirigid base. Tese results
confrm the validation of the MEPDG method for rutting
prediction in Tian’s study [59].

4.3.1. Normalization Results of the Rutting Deformation
Curve. Figure 14 presents the modifed rutting deformation
curve. Te overall development trend was consistent with
the results in Figure 12 and Table 5. Te causes of rutting
deformation in diferent loading stages are summarized as
follows: in the frst stage (0 to 210,000 loading times), the
slurry composed of asphalt, mineral powder, and semifuid
asphalt is squeezed into the ore gap in the process of high-
temperature rolling. Insufcient vertical bearing capacity of
the road surface caused the material’s volume and porosity
to decrease, causing compaction and rutting deformation. In
the second stage (210,000 to 680,000 loading times), asphalt
and asphalt mortar will fow freely with the asphalt mixture
in addition to partially flling the mixture void under loads.
As a result, the insufcient shear resistance of materials
began to produce fow deformation. Compaction and fow
deformation increased simultaneously. Although rutting
deformation was still dominated by compaction de-
formation, the growth rate of shear deformation was higher
than that of compaction deformation, thus showing the
stable growth of rutting deformation.Tird stage (680,000 to
one million loading times): with further damage to the
material, the shear resistance of asphalt mixtures decreased
further. Asphalt and mortar fow to the enrichment region,
resulting in the loss of stability of the asphalt mixture
structure. Tus, the compaction deformation gradually
stagnated while the lateral shear fow deformation occupied
the dominant position and the deformation rate increased
rapidly. Rutting deformation was dominated by fow

deformation.Te above results confrm the theory of Lv et al.
[8] that rutting deformation of asphalt pavement could be
divided into three stages.

4.3.2. Action Time of Axle Load on Investigated Highway.
Table 7 shows the equivalent axle load action times on the
Hu-Ning highway. Te cumulative action time of the
standard axle load obtained by simulation was 36.71 million
when the rutting deformation was 14.23mm. According to
the Hu-Ning highway survey data, the action time was 38.5
million times, with a rutting deformation of 15mm. Te
comparison shows a minor error between the predicted and
the actual data. Tus, the conversion method of axle load
action times based on rutting equivalence proves efective.
Besides, during the actual service process, for typical
pavement structures, when the number of axle load actions is
more than 25 million, the rutting deformation enters the
third stage of accelerated failure. Te results of this work are
closer to the real situation compared to Li’s results [60].
Terefore, this typical pavement structure needs to take the
necessary maintenance measures to treat rutting damage at
this time.

4.3.3. Results of Rutting Estimation under Diferent Working
Conditions. Figure 15(a) shows the results of rutting esti-
mation under diferent temperature felds. Obviously, rut-
ting deformation and its rate increased with increasing
temperature. Under the temperature feld in summer, the
rutting deformation curve entered the third stage after ac-
cumulating one million loading times with a rutting de-
formation of 4.24mm. In winter, the rutting deformation
was only 0.88mm, which was 20.7% of the rutting de-
formation in summer. Tis relationship between rutting
deformation and the temperature feld is consistent with
Dong’s results [61]. Figure 15(b) displays the results of
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Figure 14: Comparison of simulated and measured values of rutting deformation.

Table 7: Number of equivalent axle load actions on the actual road.

ESAL0 (ten thousand) Actual rutting deformation
(mm)

Modifed rutting deformation
(mm) ESALs (ten thousand)

2 1.43 1.43 73.42
4.6 1.95 2.20 168.87
9 2.90 2.87 330.39
21 5.16 3.81 770.91
26 5.56 4.16 954.46
41 5.74 5.06 1505.11
46 6.18 5.36 1688.66
50 6.36 5.63 1835.50
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rutting estimation under diferent heavy axle loads. Te
fgure shows that the pavement deformation increased with
increasing load under the same axle loads. After 500,000
loading times, rutting deformation increased by 90.7%
under a 50% overload in the high-temperature season.
Terefore, overloaded vehicles should be strictly controlled
in actual road service, especially in high-temperature
periods.

5. Conclusions and Perspectives

Tis research analyzed the rutting development and evo-
lution rules of asphalt pavement with semirigid base-based
full-scale APT. Te FE model for rutting prediction was
established, verifed, and applied. Several conclusions are
drawn below:

(1) High temperatures and heavy axle loads greatly
infuence rutting development. Te high-
temperature loading occurred 360,000 times in the
loading test, contributing 56.04% to the rutting
development. FE simulation results showed that the
rutting deformation increased by 90.7% under 50%
overload in the high-temperature season.

(2) A Burgers model considering the damaging efect of
creep parameters was proposed as a constitutive
equation of the rutting prediction model based on

the monitoring data and laboratory values. Te
simulated results were in good agreement with the
measured results, with an error of 7.9% compared to
the APT data.

(3) KR was proposed as the index to defne the rutting
deformation mechanism. It was concluded from the
feld detection data and simulated rutting curve that
the rutting development of asphalt pavement is
a transition process from compaction rutting to fow
rutting. KR � 0.1 and KR � 0.5 are the critical points at
which the compacting rutting and the fow rutting
begin, respectively.

(4) Te relationship between ESAL0 and ESALs was
established based on the rutting equivalence prin-
ciple. For the typical pavement structures in Jiangsu,
7.7 million and 25million are the demarcation points
of the actual rutting deformation curves of the frst,
second, and third stages, respectively.

Te conclusions from this study have important im-
plications for rutting prediction and maintenance decisions
on asphalt pavement. However, the limitation of this work is
that the asphalt surface layer is simplifed as a whole
structure layer, and the structure layer always has complete
interlayer continuity in the FEmodel. Accurate prediction of
rutting deformation continues to be a challenge. Future
work should focus on achieving more reliable rutting
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Figure 15: Prediction of rutting deformation under diferent working conditions: (a) diferent temperature felds; (b) diferent heavy
axle loads.

Table 7: Continued.

ESAL0 (ten thousand) Actual rutting deformation
(mm)

Modifed rutting deformation
(mm) ESALs (ten thousand)

56 7.18 6.05 2055.76
62 7.56 6.53 2276.02
68 8.56 7.06 2496.28
74 9.76 7.70 2716.54
81 11.83 8.60 2973.51
87 12.53 9.44 3193.77
95 13.64 10.71 3487.45
100 14.23 11.72 3671.00
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predictions through several key points: acquisition of more
measured data, establishment of a more precise FE element
model, etc.
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