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Abstract: The inspection and monitoring of structural conditions are crucial for the maintenance of
semi‑rigid base pavement. To achieve the inverse calculation of material parameters and obtain the
mechanical response of asphalt pavement, a method of modulus correction by reducing the error
between tested and simulated strains was first developed. The relationship between the tempera‑
ture at various depths within the pavement structure and atmospheric temperature was effectively
demonstrated using a dual sinusoidal regression model. Subsequently, pavement monitoring data
illustrated that as loading weight and temperature increased and loading speed decreased, the three‑
way strain of the asphalt layer increased. Thus, the relationship model between loading conditions
and three‑way strain was established with a good fitting degree (R2 > 0.95). The corrected modulus
was obtained by approximating the error between simulated and measured strains. Then, the finite
element analysis was performed to calculate key mechanical index values under various working
conditions and predict the fatigue life of asphalt and base layers. Finally, ground‑penetrating radar
(GPR) detectionwas performed, and the internal pavement condition indexwas defined for quantita‑
tive assessment of structure conditions. The results show that there is a good correlation between the
internal pavement condition index (IPCI) and remaining life of pavement structure. Therefore, our
works solve the problems of the parameter reliability of pavement structures and quantitative assess‑
ment for structural conditions, which could support the performance prediction and maintenance
analysis on asphalt pavement with a semi‑rigid base.

Keywords: pavement structure conditions; modulus inversion; acceleratedpavement testing; ground
penetrating radar; remaining life; finite element method (FEM)

1. Introduction
The assessment of pavement structural conditions and remaining life has historically

been a major research focus [1]. Among the fields of study, the two main research direc‑
tions are real‑time monitoring of structural health status and the periodic monitoring of
structural conditions.

The focus of pavement structural health monitoring is the acquisition and analysis of
dynamic response data. Strain is a critical index used to characterize pavement structural
characteristics. Pavement fatigue damage is analyzed by measuring the tension and com‑
pression strain at the bottom of the asphalt layer [2]. The theoretical calculations based on
the elastic layer system do not consider the dynamical behaviors of pavement structures
under environmental and vehicle load factors. Thus, these calculations poorly reflect its
actual mechanical state. On the other hand, although the dynamic pavement responses
can be acquired through laboratory tests, they might not faithfully reflect the gradual de‑
terioration of pavement mechanical properties because of the difference between indoor
tests and the actual road under traffic loads [3]. Meanwhile, the long‑term observation
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of operating roads is time‑consuming and labor‑intensive. Therefore, there are significant
limitations to the monitoring of pavement dynamic responses.

The emergence of accelerated pavement testing (APT) has compensated for the short‑
comings of theoretical calculations and laboratory tests [4,5]. The AASHO test road in
America established the statistical relationship between pavement performance and the
number of axial loads for the first time in 1962. After that, the field measurement of pave‑
ment strain has gradually become a research hotspot in road engineering duringAPTmon‑
itoring. The MnRoad test road in America has pioneered the application of strain sensors
in road structure tests and achieved good results [6]; it established a modified pavement
material model based on the local climate. Still, the effect of axle loads was not considered
in the research results. Then, many studies [7,8] began analyzing the relationship between
the field‑measured stress or strain and loading speed, seasonal variation, and the depth
of road structures, respectively. Among them, the heavy vehicle simulator (HVS) [9] is
widely used by the University of California [10], Florida Department of Transportation,
and Swedish Transport Research Institute [11], etc. However, the shortcoming of HVS is
obvious: the loading speed is relatively low (the highest is only 14 km/h). Afterward, South
Africa developed the new mobile load simulator (MLS) series accelerated loading equip‑
ment based on absorbing previous experience. The strain test of the asphalt structural layer
was carried out in the first MLS10 loading test in Switzerland [12]. The Bundesanstalt für
Straßenwesen (BASt) in Germany further used the MLS30 equipment to answer difficult
questions regarding pavement engineering combined with indoor tests [13]. Additionally,
some studies were conducted on the longitudinal and transverse strains of asphalt and
base layers in flexible pavements. The Liaoning Transportation Research Institute used the
most advanced MLS66 equipment in APT monitoring [14]. For similar layers, they found
that asphalt pavement strain amplitudes were more minor than rubber asphalt pavement
strain amplitudes.

Although several strain studies in APT have been carried out, almost all are aimed at
flexible pavements [15]. However, most of China’s operational pavements have semi‑rigid
bases [16]. This difference means that previous conclusions need to be further demon‑
strated. There are few full‑scale APT at present, and no omnidirectional tests for strain
response have been conducted. In addition to the outdoor tests, numerical simulations
based on finite element (FE) analysis are also an essential adjuvant method to analyze
and calculate the pavement structural dynamic responses [17]. Yang used the FE tire–
pavement contact model to predict the pavement strain responses under conventional
loading forms through APT monitoring [18]. They concluded that the numerically sim‑
ulated results agree with the measured permanent deformations. Some scholars also ap‑
plied a three‑dimensional (3D) pavement model in FE software (ABAQUS 2016) by con‑
sidering the nonlinear and heterogeneous features of mobile loads [19]. Chun measured
the dynamic responses at the junction of the field pavement structures and combined
the improved FE models with the full‑scale APT [20]. The modulus parameters in the
(ABAQUS 2016) software were obtained based on the inverse calculation of falling weight
deflectometer (FWD) measured results. In these available studies, little work has been
focused on adopting a more realistic distribution state of loads to obtain the distribution
characteristics in 3D space for pavement dynamic responses. In addition, parameter relia‑
bility in (ABAQUS 2016) software also needs to be improved [21].

Furthermore, the temperature effect on dynamic responses is crucial in field moni‑
toring and numerical simulation [22]. As a typical temperature‑sensitive material [23–25],
temperature affects both the mechanical properties and the service properties of asphalt
mixtures [26]. The most common failure forms of asphalt pavement are fatigue cracking
and rutting deformation. Temperature distribution on pavements is closely related to its
mechanisms and development processes. Unfortunately, previous studies barely consid‑
ered temperature differences at different road structural depths. Therefore, it is necessary
to acquire temperature fields at the actual pavement structures. Current temperature field
investigations include statistical analysis and theoretical analysis methods. A prediction
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model for road surface temperature was developed by Barber, making it possible to ap‑
ply this temperature field in numerical analysis [27]. However, the statistical method does
not have universality, and primarily relies on the comprehensiveness and the precision
of measured results. Recently, simulations using FE have made a breakthrough in the‑
oretical analysis methods. Using FE modeling, researchers [28,29] studied the impact of
temperature on pavement structure responses combined with laboratory tests [30,31]. Al‑
though these studies used theoretical analyses and numerical simulations that are more
applicable, numerous parameters must be acquired. Most of these parameters are difficult
to obtain, making the application too complicated and not intense in practical engineer‑
ing applications. Therefore, it is necessary to obtain more reliable parameters relating to
asphalt pavement to analyze and predict the change law in materials’ properties.

In addition, ground‑penetrating radar (GPR) has been widely used for the rapid non‑
destructive testing of pavement structural integrity because of its advantages regarding it
high precision and good continuity [32–35]. GPR is a geophysical method used to detect
the physical properties and spatial distribution of a medium by transmitting an antenna
signal and receiving a high‑frequency electromagnetic wave reflection signal. Because the
electrical characteristics of the underground medium change during the propagation of
the electromagnetic wave, information about the internal structure of the road can be ob‑
tained by analyzing the signal [36]. Many researchers have analyzed the typical character‑
istic images of road GPR detection [37], and summarized the electromagnetic wave phase
characteristics of common distresses in road structures [38,39], so as to provide support
for road detection and maintenance. However, studies of non‑destructive assessment and
quantitative evaluation of pavement structures are lacking. Therefore, it is warranted to
establish a quantitative evaluation method for pavement structural integrity and analyze
its relationship with the pavement remaining life.

This study has four objectives, as follows:
(1) To investigate the relationship between pavement temperature and atmospheric tem‑

perature in the depth direction.
(2) To analyze the influencing factors of mechanical responses of pavement structure

layer and reveal its influencing law.
(3) To explore the establishment of more reliable parameters in FE simulation for fatigue

life prediction under more complex conditions.
(4) To reveal the relationship between the pavement structure conditions and remaining

life of different structural layers.

2. Materials and Method
As shown in Figure 1, the representative combination formof asphalt surface of Jiangsu

expressway is “SMA‑13 + SUP‑20 + SUP‑25”. Specifically, the material of the base layer is
mainly crack‑resistant cement‑stabilized macadam (CSM), with a thickness of 36 cm to
40 cm. Therefore, the structure of the tested road in Zhenjiang, Jiangsu province was de‑
termined. The research procedure consisted of the following steps.
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Figure 1. Workflow of the APT, laboratory tests, numerical simulations, and GPR detection on pave‑
ment.

2.1. Field Investigation
2.1.1. Dynamic Modulus Tests

According to the test standard (JTG E20−2011) [40], the test temperature was divided
into 5 ◦C, 20 ◦C, 35 ◦C, and 50 ◦C. The dimensions of the core samples (cylindrical shapes)
of the asphalt layer were 100 mm × 100 mm × 150 mm. The specimens were stored in
the thermostat for 4 to 5 h at each temperature grade. The specimens were installed and
tested in UTM‑25 equipment. To obtain the time spectrum representing the temperature
dependence of asphalt mixtures, the test results were fitted according to the nonlinear least
square method. The master curves of E* (20 ◦C) adhered to Equations (1)–(3) [41].

lg(αT) =
C1(T − Ts)

C2 + T − Ts
(1)

where αT denotes the displacement factor, T denotes the test temperature, C1 and C2 rep‑
resent the fitted parameters, and Ts denotes the reference temperature [42,43].

lg|E∗| = δ +
α

1 + eβ+γlg( fr)
(2)

lg( fr) = lg( f ) + lg(αT) (3)

where f denotes testing frequency, fr represents the adjusted frequency, and αT, α, β, γ and
δ are the regression constants, respectively.

2.1.2. Field Temperature Monitoring
The temperature of pavement structures at different depths z was collected from

March 2020 to December 2020 using a resistive sensor with a frequency of 2 Hz. To elim‑
inate the influence of noise on the testing results, the curves of temperature obtained by
means of continuous collection were smoothed according to an interval of 10 min. Ac‑
cording to the characteristic that the warming stage takes less time than the cooling stage,
the hyperbolic sine function in Equation (4) was used to conduct regression analysis on
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the temperature field T(z, t) of asphalt pavement under different seasons (only non‑rain
weather was studied) and different depths.

T(z, t) = a × Tave + b × ∆T × (c × sin(ω(t − t0)) + d × sin(2ω(t − t0))) (4)

where Tave denotes the average of the maximum and minimum temperatures during one
day, ∆T is the difference between them, ω is the angular frequency, t0 is the initial phase,
and a, b, c, and d represent the regression coefficients.

After t0 was obtained by fitting the temperature under different months and depths,
the regression analysis was performed again to obtain the initial phase t0 (z) at other z.
Similarly, a and b were used to perform the regression analysis again after the first fitting
to obtain the initial phase a (z) and b (z), respectively. After obtaining these regression
relationships, the average values of a (z), b (z), c (z), and t0 (z) were obtained by means
of different z fitting in each month and were functionally fitted with z as an independent
variable, respectively.

2.1.3. Accelerated Pavement Testing
As shown in Figure 2, the mobile load simulator (MLS66) equipment with internal

twin‑tires (305/70/R22.5) was performed to conduct the loading of the tested road under
different temperature and speed conditions [42]. Figure 2 also depicts the cross‑sectional
layout scheme of monitoring sensors, considering the test coverage and sensor survival
rate [44]. Temperature sensors were divided into two groups: one groupwas located in the
middle and lower asphalt layers under thewheel track center for the purpose ofmonitoring
temperature conditions, and the other groupwas situated on the edge of the road from the
middle asphalt layer to the CMS2 layer for the purposemonitoring the natural temperature
field of the road surface [45].
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Figure 2. Sensor layout of accelerated loading test road section.

The strain sensors were all buried below the tire action point. The location of lon‑
gitudinal, transverse, and vertical strain sensors was the same as that of the temperature
sensors. At the bottom of the base layers, transverse and longitudinal horizontal‑strain
sensors were used [46].

Temperature (T), loading weight (W) and speed (v) were the three influencing fac‑
tors [19]; thus, the loading scheme was as follows: 50, 60, and 75 kN for W; 10, 15, and
22 km/h for v; T: low (18 ◦C to 28 ◦C),middle (28 ◦C to 37 ◦C), and high temperatures (37 ◦C
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to 48 ◦C) for T. Then, the strain‑temperature coefficient εT was defined in Equation (5) to
calculate the strain transformation corresponding to the change in unit temperature [47].

εT =
ε2 − ε1

T2 − T1
, (5)

where T1 and T2 are the minimum and maximum values of the temperature range, and
ε1 and ε2 are the corresponding strains, respectively. Combined with the measured strain
values, the prediction equation of the strain amplitude (three‑way: lateral, longitudinal,
and vertical) |∆ε| for the bottom of the measured layers is described in Equation (6) [42].∣∣∣∆ε

∣∣∣= a × eb×v+c×T+d×W , (6)

where a, b, c, and d denote the fitted parameters.

2.1.4. GPR Investigation
GPR investigation was performed on the road site with the same pavement structures

in Figure 1 for its structural condition assessment. The detection equipment used was
CO4080 vehicle‑mounted GPR produced by Swedish Impulse, as shown in Figure 3. It is
generally believed that thewheel track of the road is themost heavily loaded, and the struc‑
ture of the wheel track can represent the internal condition of the overall road structure.
Therefore, when selecting the vehicle‑mounted GPR for the road survey, the measuring
line should be situated on the wheel track of each lane. The detection parameter settings
used by this GPR are shown in Table 1.
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Table 1. Detection parameters of vehicle‑mounted CO4080 GPRmanufactured by Impluse Company.

Bandwidth
(MHz)

Detection Depth
(m)

Sampling Point in
Horizontal Direction

Time Window
(ns)

Ranging
Method

Signal‑To‑Noise
Ratio

Sampling
Interval

400 MHz
(channel 1)
800 MHz
(channel 2)

4.5 m for channel
1

1.5 m for channel
2

400 26 DMI >100 dB 5 cm

The distress characteristicswere identified throughGPRdetection images of the longi‑
tudinal section of the road, according to the judgment results in previous studies [32–35,48].
In this study, the three most prevalent distresses were detected in this road section: cracks,
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looseness, and interlayer separation (IS). Then, the internal pavement condition index (IPCI)
was used to evaluate the integrity of different structural layers of pavement, as shown in
Equation (7).

IPCI = 100 − ∑n
i=1 Si

S0
× 100%, (7)

where Si refers to the area of the ith distress (crack, looseness, and interlayer separation)
in a structural layer (m2). S0 represent the area of the asphalt layer (0.18 × 100 = 18 m2) or
the base layer (0.36 × 100 = 36 m2), as shown in Figure 4. In this study, only the structural
conditions of asphalt surface and CSM base layers were analyzed. GPR investigation was
performed for several sections of road on the G15 expressway of Jiangsu province, China,
with different service lives. The length of the test road was 5 km, and the pavement struc‑
ture was the same as in Figure 1. The IPCI index of the structural layers per 100 m of each
road section was calculated to analyze the relationship between it and the remaining life
of the structural layers.
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Through the investigation and statistical analysis of typical pavement structure mainte‑
nance projects in Jiangsu Province, the overhaul cycle of the semi‑rigid base pavement struc‑
ture under different traffic conditions was obtained according to previous studies [49,50], as
shown in Table 2. The traffic grade was divided according to the cumulative number ofNe
(million times) of a single lane under the standard axle load (100 kN). Then, the remaining
life ratio (RLR, %) was taken as an evaluation index, which represented the ratio of the
service life of existing pavement to the upper service life limit of newly built pavement.

Table 2. Service life of expressway structures with different traffic grades.

RLR of pavement (%)

Performance classification
Traffic grades

Light (Ne < 300)
Moderate

(300 ≤ Ne < 1200)
Slightly heavy

(1200 ≤ Ne < 2500)
Heavy

(Ne ≥ 2500)

Excellent
Capital repair 23.5 31.0 25.3 29.7
Partial repair 59.2 55.7 65.6 65.5

Average Capital repair 33.7 42.5 38.3 43.4
Partial repair 69.4 67.2 78.6 79.3

Poor
Capital repair 43.9 54.0 51.3 91.6
Partial repair 79.6 78.7 91.6 93.1

Thus, the RLR index of the structure in each maintenance stage could be calculated
by comparing the findings of capital repair cycle and the partial repair cycle with the pave‑
ment service life, respectively, under various operating conditions.
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2.2. Numerical Simulation
2.2.1. FE Modelling

The FE simulations of the field APTmonitoring were performed using ABAQUS 2016
software to investigate the distribution state of dynamic responses under moving loads.
Structural parameters of the asphalt surface were inverted, and the key mechanical re‑
sponse indexeswere analyzed. In the FEmodel of the tested road, theX‑axiswas the lateral
direction of the pavement, the Y‑axis was the vehicle driving direction, and the Z‑axis was
the pavement layer depth direction, with lengths of 6 m, 10 m and 3.74 m, respectively.

The fixed constraint was chosen in the model (U1 = U2 = U3 = 0). The displacement in
theZ‑direction (U3 = 0) andX‑directionwas limited (U1 = 0), respectively [51]. Considering
computing accuracy and efficiency, the mesh density of the surface layer and the grid near
the loading area was improved. From the surface layer and the part of the load to the edge
of the road, the grid was gradually thinned by means of the principle of equal difference
distribution. The model mesh was divided using C3D8R (a three‑dimensional eight‑node
hexahedral element with a linear reduction integral isoperimetric).

In addition, the load was 100 kN, the grounding pressure was 0.4456 MPa, and the
action area was 0.035712 m2 (18.6 cm × 19.2 cm) in this FE model.

2.2.2. Viscoelastic Parameters
Based on the resting results of E*, the viscoelastic parameters were obtained using

Prony series. The detailed steps in this process were as follows.
First, E* was converted to the relaxation modulus E(t). The first step was to calculate

the storage modulus E’(f ) at each frequency using Equation (8).

E′( f ) = |E∗| cos(φ), (8)

where φ is the phase angle. The second step was to calculate log(f ) of each frequency and
perform a differential solution of lg(f ) to calculate the slope n using Equation (9).

n =
dlgE′( f )
dlg( f )

, (9)

The third step was to calculate the adjustment function λ’ using Equation (10).

λ′ = Γ(1 − n) cos( nπ
2 )

where : Γ(s) =
∫ +∞

0 xs−1e−xdx, s0
, (10)

The fourth step was to calculate E(t) using Equation (11).

E(t) =
E′( f )

λ′ , (11)

Then, the master curve of E(t) was fitted. Subsequently, the shear modulus G(t) and
its ratio g(t) were calculated by using Equations (12) and (13), respectively.

G(t) =
E(t)

2(1 + µ)
, (12)

G(0) = E(0)
2(1+µ)

= ∑ E(t)
2(1+µ)

= ∑ G(t)

g(t) = G(t)/G0

, (13)

Finally, Equation (14) was used to obtain the Prony series of asphalt mixtures.

g(t) = 1 − ∑n
i=1 gi(1 − e(−t/τi)), (14)
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where gi is the material constant, n is the number of items, and τi is the delay time [42].
Considering that the load capacity of the base, subbase, and subgrade layers was al‑

ways stable during the loading process, these three layers were all taken as linear elastic
materials in the FE model. The median value of the inverse modulus based on the FWD
test was rounded as the elastic parameters of these three layers.

2.2.3. Material Parameter Inversion
Based on the response datameasured on the tested road, the dynamicmodulus values

under different working conditionswere inverted usingABAQUS 2016 software. Themas‑
ter curve of E* based on the measured dynamic responses was established and compared
with that obtained from laboratory tests to achieve the E* correction of the asphalt layer.

First, monitoring response data of tested roadwere obtained according to Equation (6)
under different working conditions, including four different loading temperatures (20 ◦C,
30 ◦C, 40 ◦C, and 50 ◦C) and three different loading speeds under an axial load of 50 kN. The
calculated response data were the three‑way strain of twomeasured layers (six data types).

As described in Figure 5, the varying ranges of the modulus of the asphalt surface
in the FM model at different temperatures were set with the interval values of 1000 MPa,
500 MPa, 200 MPa, and 100 MPa, respectively, based on the test results of the dynamic
modulus at different temperatures in Section 3.2.1. For each modulus value, six types of
response peaks at different speeds were obtained bymeans of FE simulation, and the error
S between the simulated strains εs and the measured strains εM was obtained according to
Equation (15).

S =

√
1
6∑6

i=1

∣∣∣∣ εs − εM
εM

∣∣∣∣, (15)
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Figure 5. Diagram of material parameter inversion under different working conditions.

If S ≤ 5%, the inverse modulus could be determined. Otherwise, smaller interval
values were further divided in the modulus range with the most minor error. The FE
simulationwas repeated until the error requirementwasmet. Thus, the inversionmodulus
values under twelve working conditions were obtained.

2.2.4. Fatigue Life Indexes
According to the design standard (JTG F50‑2017) [52], fatigue cracking and perma‑

nent deformation of the asphalt layer and fatigue cracking of the base layer should be
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controlled. The fatigue life of the asphalt layer Nf1 and base layer Nf2 was calculated via
Equations (16) and (17), respectively.

N f 1 = 6.32 × 1015.96−0.29βkakbkT1
−1(

1
εa
)

3.97
(

1
Ea

)
1.58

(VFA)2.72, (16)

where ka denotes the adjusted coefficient of seasonally frozen ground, kb denotes the co‑
efficient of fatigue loading modes, Ea represents a E* at 20 ◦C, VFA represents the sat‑
uration of asphalt mixtures, kT1 is the adjusted coefficient of temperature, and β is the
reliability coefficient.

N f 2 = kakT2
−110a−b σt

RS
+kc−0.57β, (17)

where kT2 denotes the adjusted temperature coefficient, σt denotes the tension stress at the
base layer bottom, RS represents the tension strength at the base layer, kc denotes the field
comprehensive correction factor, and a and b denote fitted parameters.

Based on the predicted results of Equation (6), some indicators cannot be obtained via
the APT monitoring. Therefore, the maximum shear strain, maximum compression stress
of asphalt layer, and tension stress of base layer were calculated by means of FE simula‑
tion. Meanwhile, the most adverse and favorable conditions were selected to determine
the reference scope for the values of the critical mechanical responses.

3. Results and Discussion
3.1. Field Temperature Monitoring

According to the measured temperature change curve of pavement structures along
the z‑direction, fitted results of the hyperbolic sine function in other representative months
are shown in Figure 6.

The fitted results of a(z), b(z), c(z), and t0(z) are presented in Figure 7. Then, the
temperature‑field prediction model was obtained using Equation (18). The relationship
between the measured and fitted temperatures was further explored. The correlation co‑
efficient was above 0.95. This illustrates that the correlation was highly significant, which
could predict the pavement structural temperatures.

T(z, t) = a(z)× Tave + b(z)× ∆T × [c(z)× sin( 2π
24 (t − t0(z)) + 0.14 × sin( 2π

24 (t − t0(z))

where



a(z) = 0.0041z + 1.4062, R2 = 0.991

b(z) = 3.5873e−0.1101z, R2 = 0.999

c(z) = 0.0212z + 0.4051, R2 = 0.999

t0(z) = 0.2275z + 8.5426, R2 = 0.996


, (18)
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Figure 6. Measured and fitted temperature fields in different months: (a–i) March to December.
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Figure 7. Fitting results of parameters in different months and the relationship between measured
temperatures and fitted temperatures.
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3.2. Dynamic Responses to Different Influencing Factors
In this section, the dynamic response to at different factors was analyzed, including

the following points.

3.2.1. Field Temperature
The other two variables were a v of 22 km/h and a W of 50 kN. Figure 8 illustrates

the measured strains at the bottom of the middle asphalt layer (z = 10 cm) at 1# to 5# tem‑
perature field. The peak strain increased with an increase in temperature. When the tem‑
perature was 47.9 ◦C (5# high‑temperature field), the extreme values of longitudinal and
vertical strains were 262.53 µε and −979.70 µε, 25.4 times and 21.6 times those of 18.9 ◦C,
respectively. This shows that the strain at the bottom of the middle asphalt layer is greatly
affected by the pavement temperature field.
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Figure 8. Strain–time‑history curves at the bottom of the middle asphalt layer under different tem‑
perature fields: (a) longitudinal strain; (b) vertical strain.

Figure 9a further presents the calculation results of εT. This figure illustrates that
the εT of vertical compression strain was the largest, indicating that it is most sensitive
to temperature changes in different regions. Under the high‑temperature condition, the
vertical compression strain increased by 59.4 µε for every 1 ◦C temperature increase, be‑
ing 8.1 times that under the low‑temperature condition. The second was the longitudinal
tension‑strain: it increased by 4.0 µε and 18.7 µε for each 1 ◦C increase in temperature
under the middle‑ and high‑temperature conditions, respectively. In addition, the longi‑
tudinal compression‑strain and vertical tension‑strain were little affected by temperature,
and the εT was in the range of 1 to 4 µε/◦C under three temperature conditions.
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Figure 9. Index change laws with temperature conditions at the bottom of the middle asphalt layer:
(a) three‑way εT; (b) three‑way strain amplitudes.
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Figure 9b displays the curve of three‑way strain amplitude changing with tempera‑
ture. The three‑way strain amplitudes all showed positive exponential growth with tem‑
perature. The vertical strain amplitudes were larger than the transverse and longitudinal
strain amplitudes under different temperature fields. The results are consistent with pre‑
vious studies [17].

3.2.2. Loading Weight
The other variables were a T of 37 ◦C (bottom of middle asphalt layer bottom) and

a v of 22 km/h. Figure 10 demonstrates the measured strain curves under differentW.W
is a critical influencing factor affecting pavement dynamic responses, and strain increases
linearly with the change in the loading weight. Specifically, when W was 50 kN, the lon‑
gitudinal and vertical strain amplitudes were 32.7 µε and 230.2 µε, respectively. WhenW
was 60 kN, the longitudinal strain and vertical strain amplitudes were 38.6 µε and 255.9 µε,
respectively, which increased by 18% and 11.2% compared with those of 50 kN and was
further increased by 48% and 39.8%whenW was 75 kN. This study’s relationship between
loading weight and mechanical response agrees with earlier studies [53,54].
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Figure 10. Strain curves at the bottom of the middle asphalt layer: (a) longitudinal and
(b) vertical strain.

3.2.3. Loading Speed
The other two variables were a T of 37 ◦C (bottom of middle asphalt layer bottom)

and aW of 50 kN. Three‑way strain curves under different v are presented in Figure 11.
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Figure 11. Strain–time‑history curves at the bottomof themiddle asphalt layer: (a) transverse, (b) lon‑
gitudinal and (c) vertical strain.
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It can be seen that the three‑way strain amplitudes were all at the maximum level
when v = 10 km/h. Then, the amplitude decreased as v increased. With the decrease in
loading speed, the frequency of loading rotation for asphalt mixture increases correspond‑
ingly, and the interaction time between the wheels and the road surface lengthens. As a
result, both the action time and the amplitude for the time‑course curve of strain in the
pavement increased, which agrees with the results published in Refs. [55,56]. Therefore,
the lower the speed in the pavement service process, the more extensive the three‑way
strain amplitude and high‑strain area over time, resulting in fatigue cracking prematurely
at the asphalt layer bottom.

3.3. Dynamic Response Prediction
Following the above analysis from Sections 3.2.1–3.2.3, it was found that themeasured

strain amplitudes were positively correlated with temperatures and loading weights but
negatively correlated with loading speeds. Combining Equation (6) with the measured
data of the tested road, the prediction equations of three‑way strain amplitude were devel‑
oped under multiple factors, as shown in Equations (19) and (20), respectively.

|∆ε| =


Longitudinal : 10.180e−0.039v+0.088T+0.001W , R2 = 0.99

Transverse : 2.594e−0.025v+0.105T+0.001W , R2 = 0.98

Vertical : 47.927e−0.024v+0.075T+0.001W , R2 = 0.99

, (19)

|∆ε| =


Longitudinal : 3.361e−0.020v+0.082T+0.003W , R2 = 0.97

Transverse : 1.076e−0.032v+0.094T+0.009W , R2 = 0.97

Vertical : 28.934e−0.028v+0.076T+0.003W , R2 = 0.96

(20)

Figure 12 further describes the relationship between the monitoring and predicted
data of three‑way strain amplitude. It exhibits a good correlation, with all correlation
coefficients being above 0.96, which is better than the values obtained by most previous
studies [14,57].
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Figure 12. The measured and the predicted strain amplitudes: (a) the bottom of the middle layer;
(b) the bottom of the lower layer.
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3.4. Finite Element Simulation
In this section, the FE simulation results and their applications are discussed, includ‑

ing the following points.

3.4.1. Results of Material Parameter Inversion
Table 3 summarizes the calculated εM of the tested road according to Equations (19)

and (20) under different working conditions, including the three‑way strain at the bottom
of the two measured layers.

Table 3. Calculated results of εM (µε) under different working conditions.

Structure Layer Direction Loading Speed (km/h)
Temperature (◦C)

20 30 40 50

Bottom of the middle
layer at asphalt surface

Vertical
10 177.8 376.3 796.6 1686.2
15 157.7 333.8 706.5 1495.6
22 133.3 282.1 597.3 1264.3

Transverse
10 17.3 49.5 141.6 404.5
15 15.3 43.7 124.9 356.9
22 12.8 36.7 104.9 299.7

Longitudinal
10 42.1 101.5 244.7 589.9
15 34.7 83.5 201.4 485.4
22 26.4 63.6 153.2 369.5

Bottom of the lower
layer at asphalt surface

Vertical
10 116.1 248.3 530.9 1135.3
15 100.9 215.9 461.6 986.9
22 83.0 177.5 379.5 811.3

Transverse
10 8.0 20.6 52.6 134.7
15 6.8 17.5 44.8 114.7
22 5.5 13.9 35.8 91.7

Longitudinal
10 17.8 40.4 91.8 208.3
15 16.1 36.6 83 188.5
22 14 31.8 72.2 163.9

Then, the modulus inversion was performed based on Figure 9. The calculated error
(S) at the final iteration round and the modulus is summarized in Table 4.

Table 4. Modulus optimization results of εM (µε) under different working conditions.

T (◦C) v (km/h) Inversion Results and Error

20

10
E 7220 7240 7260 7280 1 7300 7320 7340 7360
S 6.3 5.5 5.1 4.6 5.2 5.9 6.7 7.9

15
E 7640 7660 7680 7700 7720 7740 7760 7780
S 7.9 6.7 5.7 5.1 4.8 5.2 5.7 6.6

22
E 8080 8100 8120 8140 8160 8180 8200 8220
S 7.5 6.1 5.3 4.9 5.3 5.8 6.7 8.1

30

10
E 2630 2640 2650 2660 2670 2680 2690 2700
S 5.7 5.2 4.8 5.1 5.8 6.7 8.1 9.5

15
E 2820 2830 2840 2850 2860 2870 2880 2890
S 8.9 7.6 6.5 5.7 5.1 4.8 5.2 5.9

22
E 3310 3320 3330 3340 3350 3360 3370 3380
S 5.8 5.0 4.6 4.9 5.5 6.4 7.6 8.9
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Table 4. Cont.

T (◦C) v (km/h) Inversion Results and Error

40

10
E 940 945 950 955 960 965 970 975
S 6.3 5.5 5.0 4.7 4.9 5.3 5.9 6.7

15
E 1735 1740 1745 1750 1755 1760 1765 1770
S 5.7 5.2 4.8 5.1 5.5 6.1 6.8 7.7

22
E 2200 2205 2210 2215 2220 2225 2230 2235
S 7.2 6.1 5.2 4.9 5.1 5.5 6.1 6.9

50

10
E 216 217 218 219 220 221 222 223
S 5.2 5.0 4.8 4.9 5.1 5.4 5.7 6.1

15
E 247 248 249 250 251 252 253 254
S 5.1 5.1 5.0 4.9 4.8 4.9 5.0 5.1

22
E 264 265 266 267 268 269 270 271
S 5.2 4.9 4.7 4.8 4.9 5.1 5.3 5.6

1 The bolded value is the optimal solution.

The corresponding modulus of the minimum S (≤5%) was selected to obtain the op‑
timal modulus of the asphalt layer at various working conditions (red font in Table 3).
Therefore, its back‑calculated modulus combining measured data and FE simulation was
realized, which provided reliable parameter input for the subsequent simulation analysis
of the key mechanical indexes.

3.4.2. Prediction Results of Fatigue Failure and Critical Conditions
Based on the analysis results from Sections 3.2 and 3.3, the mechanical indexes of the

structural layers in the tested road increased nonlinearly with increasing T andW, and de‑
creasing v. Combined with loading test conditions, it can be determined that the most un‑
favorable combination was 75 kN and 10 km/h at 5# temperature field. The most favorable
combinationwas 50 kN and 22 km/h at 1# temperature field. According to Equation (20), the
calculated tension and compression strains at the bottomof the asphalt layerwere as follows:
the maximum tension strain under the most unfavorable and favorable working conditions
was 164.39 µε and 5.44 µε, respectively. The maximum compression strain under the most
unfavorable and favorable working conditions was 1210.36 µε and 82.73 µε, respectively.

Combined with these results and Equation (16), it can be calculated that the Nf1 of
the asphalt layer is between 2.24 × 107 and 1.69 × 1013 equivalent‑axle times. In the light
of a previous study [41], the maximum shear strain of a typical structure occurred at the
top of the middle surface layer (6 cm below the pavement), and the change rule of shear
strain with time under the most unfavorable and favorable conditions was further simu‑
lated. Figure 13 suggests that themaximum shear strain of the asphalt layer of a semi‑rigid
pavement ranged from 5.53 µε to 133.48 µε.
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Figure 13. Maximum shear strain of asphalt layer under (a) the most adverse and (b) most favor‑
able conditions.
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The FE calculation results in Figure 14 demonstrate that the tension stress at the bot‑
tom of the base layer was between 0.101 MPa and 0.237 MPa under different working con‑
ditions. Combined with Equation (17), it could be calculated that the Nf2 of the base layer
is between 5.33 × 108 and 4.60 × 1010 equivalent‑axle times.
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3.5. Relationship between Pavement Structural Conditions and Remaining Life
After GPR detection of several highways in Jiangsu Province, Figure 15 illustrates the

relationship between the IPCI and RLR of the asphalt surface and CSM base layers under
different traffic levels. The following points summarize our findings:
• Linear fittingwasperformed for thedatawith IPCI less than 10, IPCI greater than 80 and

the intermediate segment, respectively. IPCI and RLR showed a roughly negative re‑
lationship: when the IPCI was less than 10, the slope k of the line was small (about 0.2).
It was significant larger when the IPCI was greater than 10 (between 1.1 to 1.3); how‑
ever, it became small again after the IPCI was greater than 80.

• With the increase in traffic grade, the IPCI of different structural layers decreased to
different degrees, and the IPCI of the base layer decreasedmore obviously due to load
accumulation. On the other hand, the fitting relationship between IPCI and RLR was
slightly weakened, which may be because the thickness of pavement structural layers
changes under repeated load, thus affecting the calculation result of IPCI.

• Under the same IPCI value, the RLRof the base layerwas lower than that of the asphalt
surface layer, and this difference was more evident with the increase in traffic grade.
This may be due to the increase in the distress ratio, as the performance of the CSM
base material decreases significantly, and the modulus attenuation is greater.
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Figure 15. Relationship between the RLR and IPCI of pavement structures: (a) light, (b) moderate,
(c) slightly heavy and (d) heavy traffic.

4. Conclusions
This study assesses structural conditions and remaining life by combining APT and

GPR for semi‑rigid base pavement. The main conclusions are as follows:
(1) Temperatures were predicted using a dual sinusoidal model for pavement structures

based on the measured atmospheric temperature and structural temperatures. The
good linear correlation (coefficient > 0.95) indicates that this model is reliable.

(2) The asphalt surface layer showed a three‑way strain increase with increasing tem‑
perature and load weight, but a decrease with increasing loading speed. It was ex‑
cellently correlated with the measured values to predict dynamic responses under
multivariate factors.

(3) Thematerial parameter inversion of the asphalt surface layer was proposed by control‑
ling the average error of six strains between the FE‑simulated and APT‑measured val‑
ues. Based on the established FE model, key mechanical index values can be analyzed
under different conditions, along with the fatigue life of pavement structural layers.

(4) There is a good negative correlation between the IPCI and the RLR of the pavement
structure. Therefore, the RLR of the pavement structure can be predicted via GPR
detection and quantitative assessment of structure conditions.
Thiswork solves the problems of assessing the condition of pavement structures quan‑

titatively that could guide asphalt pavement maintenance with a semi‑rigid base. It is
worth noting that the asphalt surface layer is only studied as a whole because the mate‑
rial parameters are obtained via indoor testing of the specimens with on‑site coring in the
tested road. In addition, fluctuating loads are also an important factor. Future research
could establish a finite element model of pavement structure considering load fluctuation
and modify it with APT‑measured data.
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