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Abstract: A finite element simulation method for fatigue damage calculation and life prediction of
pavement structures under the influence of temperature and traffic distribution factors was proposed
in this study. Relying on the test cold recycled asphalt pavement structure, the existing distress,
pavement structure forms, field monitored temperature and strain were first introduced and analyzed.
Then, in constructing the numerical model, the viscoelastic constitutive model was introduced to
characterize the effect of temperature and loading conditions on the mechanical response of the hot
mix asphalt (HMA) layers and the emulsified asphalt cold recycled (EACR) layer. The damage
variables are defined by fatigue equations, and the damage accumulation can be determined by Miner’s
linear fatigue accumulation theory. To reflect the distribution of traffic volume, the total traffic volume
of a year was divided into 144 axle load groups according to the monthly and hourly distribution
conditions. Accordingly, based on the monthly maximum and minimum temperature, 12 representative
days were selected to represent the climate characteristics of 12 months, respectively. Then, each
representative day’s measured structural temperature data were extracted every 2 hours and linearly
interpolated to obtain 144 representative temperature fields corresponding to 144 axle load groups.
Through the above method, simulation calculations were performed for cold recycled asphalt
pavement structures with different cement-stabilized aggregate (CSA) base stiffnesses. The results
show that the fatigue damage accumulation of the EACR layers reaches its highest value in winter and
midday hours, owing to the temperature variation and traffic distribution. Due to the weak fatigue
resistance of EACR mixtures, it is not recommended to be paved EACR layers directly on top of the
CSA base with poor bearing capacity. Otherwise, fatigue cracking is likely to occur first. For this
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reason, recommendations for ensuring the durability of the cold recycled pavement structure were also
proposed in the study.

Keywords: cold recycled mixtures; temperature field; traffic volume distribution; finite element
method; fatigue damage

1. Introduction

With the rapid development in the past two decades, China’s total highway mileage has reached
number one in the world. At present, a large number of asphalt pavements have reached the end of
their design life. The maintenance, repair and renovation of old pavements have become essential to
pavement design and construction projects. Cold recycled technology can make full use of the old
material milled from old pavements and achieve the mixing of asphalt and aggregate under normal
temperature conditions, thus reducing the consumption of aggregate resources and energy [1].

Research on cold recycled mixtures has been relatively abundant, covering the performance
design of emulsified asphalt and foam asphalt [2—4], mix grading design [5,6], the effect of old material
admixture on mix performance [7], early strength [8,9], high and low-temperature stability [10—-12],
water stability [13] and fatigue resistance of cold recycled mixtures [13—18]. The intermingling effect
of emulsified asphalt and cement determines the early strength of cold recycled asphalt mixtures. The
hydration products of cement are distributed in microstructure in the form of needles and clusters,
which are interwoven with the asphalt film to form a spatial three-dimensional mesh structure wrapped
around the aggregate. Still, their internal microscopic defects reduce the bonding force between asphalt
and cement and the strength of the hydration products [19,20]. On the other hand, the agglomeration
of the old material particle clusters and the complex interfaces within the mixture significantly
influence the strength and deformation properties of cold recycled asphalt mixtures [12,21,22]. Studies
on the high-temperature stability of cold recycled mixtures have shown that the dynamic modulus and
phase angle of cold recycled mixtures with temperature and frequency show similar characteristics to
those of hot mix asphalt mixtures, which still exhibit a time-temperature dependent stress-strain
relationship at low stresses. The presence of cement hydration products can improve the dynamic
stability of the mixtures and the dynamic modulus at high temperatures and low frequencies. It also
reduces the viscous properties and improves the elastic properties [20,23,24]. In contrast, recycled
asphalt pavement (RAP) content and asphalt aging degree significantly affect the high-temperature
performance of cold recycled mixtures. Due to the impact of aging asphalt, with the increase of RAP,
the elastic properties of recycled asphalt mixtures increase, and the viscous properties decrease,
increasing dynamic modulus and dynamic stability [25]. The study on the fatigue performance of cold
recycled mixtures showed that the fatigue performance of cold recycled asphalt mixtures is weaker
than that of hot mixed asphalt mixtures. Its fatigue behavior is equally sensitive and dependent on its
material composition [2,26,27].

Regarding material performance, cold recycled mixtures are generally weaker than hot mixed
asphalt mixtures [8,14,15], limiting their application in pavement structures. The current Chinese
specifications only specify the key technical indicators in the design, production and construction of
cold recycled mixtures but do not recommend the structural form of cold recycled asphalt pavement.
There is also a need for theories and principles to support the design of repair and maintenance
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structures. In addition, the current design method is mainly based on the linear elastic layer system
theory [28]. The influence of temperature and other factors are considered primarily to introduce
modified coefficients. This approach, summarized from the field data, can make up for the
shortcomings of the mechanical theory, but it is very dependent on the data samples. For example,
whether the modified coefficients fitted from the original structural forms still apply to a new structure
type is still being determined.

This study aims to propose a simulation method that can couple the measured temperature and
traffic volume and calculate the spatial and temporal distribution of fatigue damage. The viscoelastic
model and traffic volume distribution coefficients were introduced to characterize the effect of
temperature and loading conditions. Moreover, the damage variable was defined based on the fatigue
equation to determine the structural fatigue damage. Considering the difference in the bearing capacity
of the old pavement structure, the effect of the bearing capacity of base layers on the fatigue life of the
cold recycled pavement structure will also be analyzed.

2. Field experiments
2.1. Original pavement structure condition

The test road on which the study is based is located in the Shandong Province section of the G22
expressway, and the original pavement structure and related conditions are shown in Figure 1. It can
be seen that the original pavement structure has considerable and severe distress, and the pavement
serviceability is poor. It can be observed from the drill core sampling at the distress that there are
apparent penetration cracks inside the cement-stabilized aggregate (CSA) base layers. The bond
between the CSA and the asphalt mixture layer has been destroyed, and the fracture contains noticeable
sediment. The existence of reflective cracks provides a path for moisture to enter the interior of the
pavement structure, resulting in the rapid damage development to the asphalt surface layer subject to
vehicle loading, and finally presenting the form of damage coupled with multiple distress such as net-
shaped cracking, rutting, sinkage and pumping.

28cm Cement treated
aggregate

15c¢cm Cement treated
sand

(©) (e) (d)

Figure 1. (a) Core sample of the original pavement structure surface and base layers; (b)
coupling distress of sinkage, net-shaped cracking and pumping; (c) coupling distress of
rutting and net-shaped cracking; (d) coupling distress of sinkage and net-shaped cracking;
(e) the original structure.
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When the top 15 cm surface layers were milled, the mechanical state of the old base layers and
subgrade was tested using the methods such as falling weight deflector (FWD) and dynamic cone
penetrometer (DCP). The back-calculated modulus of CSA bases and subgrade are shown in Figure 2.
It can be seen that, compared with the initial modulus without damage, the damage of the CSA base
layers in most sections is severe, and the average modulus is 1493 MPa, which is only about 20% of
the design value. This indicates that most of the CSA bases have lost sufficient bearing capacity. In
contrast, the bearing capacity of the subgrade is better, and the average value of its modulus can
reach 66 MPa, which meets the requirements of the Specifications for the design of highway asphalt
pavement (JTG D50-2017) for the subgrade modulus. It also verifies that the CSA bases can protect

the subgrade well.
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Figure 2. (a) The back-calculated modulus of CSA bases; (b) the back-calculated modulus

of subgrade.
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2.2. The design and monitoring of the cold recycled pavement structure
2.2.1.  Cold recycled pavement structure and sensor burial scheme

Based on the above conditions, a cold recycled pavement test structure was proposed, as shown
in Figure 3. The asphalt surface layers of the original design were milled. The distress existing in the
CSA bases was repaired mainly by the following two measures: 1) for areas with significant net-shaped
cracks, they were milled and replaced by new CSA materials; 2) for other cracks, the repair was carried
out by penetrating cement mortar. Then, a 16 cm layer of emulsified asphalt cold recycled (EACR)
mixture + 18 cm hot mix asphalt (HMA) surface layers, consisting of 4 cm SMA-13, 6 cm AC-20 and 8
cm ATB-25, were paved. For the EACR mixture, the optimum moisture content of the laboratory
Marshall compaction is 4.7%; the amount of cement is 1.5%; the amount of emulsified asphalt is 3.2%;
the additional new aggregate is limestone, and its content is 14%; and the rest is all RAP.

Considering the typical temperature-dependent characteristics of HMA and EACR mixtures,
several temperature sensors were placed in the middle part of each layer to measure the variation of
the temperature field inside the structure. Meanwhile, strain sensors were placed at the bottom of the
ATB-25 layer and the bottom of the EACR layer to monitor mechanical responses located directly
below the wheel track, two on each layer.

4cm SMA-13

6¢cm AC-20

8cm ATB-25

16cm Emulsified asphalt cold recycled layers OB

T Y g
L—L— =

43cm Old base layers
(28cm Cement treated aggregate+15cm Cement treated sand)

[==] strain sensor @ Temperature sensor

Figure 3. Cold recycled pavement structure and sensor burial scheme.
2.2.2.  Measured strain data

In collecting strain data, the test vehicle (it has a single rear axle similar to BZZ-100 but with a
weight of 102.1 kN) passed over the section above the buried sensors at different speeds (5, 10, 25
km/h) to obtain strain response data for different layers; each speed will be repeated twice. The
measured maximum strain value (tensile strain) and loading frequency of ATB and EACR layers
and the structural temperature during the field tests are shown in Figure 4, where the load
frequency was obtained by the inverse of the response time difference between the peak and the
trough of the strain.
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Figure 4. (a) measured maximum strain responses of ATB and EACR layers (positive in
tension); (b) measured loading frequency of ATB and EACR layers; (c) structural
temperature when conducting field tests.

3. Simulation model construction

3.1. Model construction of pavement structure

Based on the cold recycled pavement structure, a three-dimensional pavement structure model
was constructed in finite element software ABAQUS, as shown in Figure 5. According to the
specification JTG D50-2017, a single-axle two-wheel standard axle load with an axle weight of 100
kN was used as the simulated cyclic load. It is generally simplified to a double-circular load of 0.7
MPa, 21.3 cm in diameter and 31.95 cm in the middle spacing. The loading speed is set to 60 km/h,
which moved on the full size of the longitude direction (x-direction in Figure 5). Due to the setting of
tack coat, seal coat and prime coat in field structure, the contacts between HMA-HMA, HMA-EACR,
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and EACR-CSA layers were considered fully continuous; and the contact between subgrade and CSA
base layer is frictional, the friction coefficient is 0.3. To improve the simulation efficiency, the
symmetry plane of the double-circle load is used as the reference plane to establish a symmetric model.
The response was obtained from the middle part of the model. To improve the accuracy of the results,
the mesh in this area and the loading track were densified. The model’s dimensions are finally set to
10, 4 and 6 m in the longitude, transverse and depth directions by verifying the calculated results’
stability. Symmetric boundary constraints are added to the symmetry surface of the model, and full
constraints are given at the bottom to control the deformation and rotation in each direction.

B sy
B sc

ATB-25

EACR

e

Subgrade

Figure 5. The simulated cold recycled pavement structure.
3.2. Traffic and temperature conditions

Considering the influence of calculation efficiency, the traffic axle load calculation only considers
the monthly and hourly distribution in a day. First, the actual traffic volume of the test road for the
whole year is counted, and all of them are equated to the equivalent cumulative cycles of the standard
axle load according to the approach introduced in JTG D50-2017. Subsequently, the equivalent loading
cycles for each month were counted, and the monthly distribution coefficient of traffic volume was
obtained through Eq (1). At the same time, the hourly distribution coefficient of traffic volume can be
obtained by averaging the hourly loading cycles for each day of the year, as shown in Eq (2).

M, =Ti ie[1,12] (1

um

H =% je[1,24] (2)

where, M, represents the monthly distribution coefficient of the ith month; H, represents the
hourly distribution coefficient of the jth hour; 7, is the equivalent loading cycles of the ith month;

T, 1s the equivalent loading cycles of the whole year; and 7, ; represents the equivalent loading

sSum
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cycles in the jth hour of the kth month.

The temperature field is constructed based on the measured temperature data. The day closest to
the monthly average maximum and minimum temperatures is selected between the middle of each
month (11th to 20th) as the representative day of the month. The temperature field under different
hourly periods on that day is recorded as the characteristic temperature field of that month. Eventually,
the temperature data recorded at different depths are linearly connected to obtain the continuous
temperature field data. These can be written into the field variable definitions in ABAQUS through the
UTEMP subroutine.

3.3. Material constitutive models
HMA mixtures and EACR mixtures have typical viscoelastic properties, i.e., their modulus is

correlated with the loading time and temperature. Their viscoelastic properties are characterized by the
generalized Maxwell model as follows:

“ g ®
T
or

0, (1) =6, [ K0 -¢e) 2 dr +[, 26 (0~ ¢ o)

where K(¢),G(t) represent the bulk and shear relaxation modulus; and ¢(t) is the temperature
adjustment function; it can be obtained by

¢(t)= 4

where a'; is the temperature adjustment coefficient. In the thermal viscoelastic theory, the
commonly used temperature adjustment coefficients are Arrhenius form and WLF form, where the
WLF form [29,30] is selected in this study as shown in Eq (5):

)

where C,,C, are material constants; and 7, is the reference temperature.

The bulk and shear modulus can be expressed equivalently by Young’s modulus E and
Poisson’s ratio v as:

K(’):s(f_(tz)v)’G(’): Z(Eig-t?/) ©)

For Young’s modulus in viscoelastic models, the Prony series expression, which divides the
dynamic modulus into moduli at several orders of relaxation time, is usually used to represent the
generalized Maxwell model, as shown in Eq (7):

E(t)=E6+Zm:E,. exp(—t/ p,) (7)

i=1
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where E(r) isthe dynamic Young’s modulus; E, is the static Young’s modulus; E, is the modulus
of the ith order; and p, is the relaxation time of the ith order.

The expression for the dynamic modulus in Eq (7) can be converted to an imaginary expression.
Further, the parameters of each order of the Prony series can be obtained by fitting the stored modulus
to the experimentally measured dynamic modulus and phase angle at different frequencies.

To directly obtain the fatigue performance of the cold recycled pavement structure, the damage
variable D, defined by the ratio of current loading cycles to the maximum allowed cycles, is introduced
to characterize the fatigue damage within the structure. The total fatigue damage for a specific service
period can be calculated according to Miner’s linear fatigue accumulation theory, as shown in Eq (8):

D=2.2.4,
t J

T . T
d,, =L =MH, ®)
"N, "N,
N, =a (Jm‘ )

where d,; represents the damage caused by the jth hour of the days in the ith month; and N, ;
represents the maximum allowed cycles corresponding to the tensile stress o, ; caused by the loading
conditions of by the jth hour of the days in the ith month; and « and b are the material constants.
The value of o,;, uses the maximum tensile stress during one loading cycle; therefore, if the
maximum value of the current calculated point is compressive, it will be considered as no damage
accumulation occurred.

The above viscoelastic constitutive model and damage calculation process can be written into the
UMAT subroutine of ABAQUS simultaneously, where the damage values are stored by the state
variable STATEYV so that the damage field distribution under repeated loading can be obtained.

4. Numerical simulation
4.1. Properties
The viscoelastic constitutive parameters of the HMA and EACR mixtures were determined by

the measured dynamic modulus and phase angles at different temperatures and frequencies in the
uniaxial dynamic compression tests. Eq (7) can be rewritten as:

E(t)=E, _iEi [l—exp(—t/pi)] 9)

szEe+iEi (10)

i=1

where E_ is the instantaneous Young’s modulus. By introducing the modulus ratio e, in Eq (11),
Prony’s series can be expressed by Eq (12). Then the viscoelastic model parameters of the three HMA
mixtures and EACR mixture can be determined as shown in Table 1.

€ =— (11)
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e(t):l—zm:ei[l—exp(—t/pi)] (12)

i=1

Table 1. The viscoelastic model parameters of HMA and EACR mixtures.

o Modulus ratio e;
Relaxation time (s)

SMA-13 AC-20 ATB-25 EACR
0.0001 0.03788 0.06846 0.06126 0.06476
0.001 0.11543 0.08011 0.10477 0.16812
0.01 0.18112 0.16117 0.18128 0.21527
0.1 0.20727 0.23628 0.22065 0.17209
1 0.18631 0.18343 0.15482 0.15191
10 0.12312 0.13176 0.11311 0.10762
100 0.08791 0.09071 0.08995 0.06284
1000 0.03452 0.03104 0.05928 0.03913
10,000 0.02583 0.01701 0.01364 0.01752
Instantaneous modulus £, (MPa) 21,134 22,832 18,748 18,726
Poisson’s ratio 0.25
Density (kg/m?) 2462 2446 2331 2206
G 38.1 335 40.5 48.5
G 309.6 302.2 3114 404.8
To 20°C

For the cold recycled asphalt pavement structure, a certain level of damage has accumulated in
the CSA bases during its service period due to the environmental effects of dry and wet, freeze-thaw
cycles and traffic loading. Therefore, CSA bases’ residual strength and stiffness are generally lower
than newly constructed bases. However, results in Figure 2(a) show that the modulus dispersion of the
CSA base in different road sections is large, which will inevitably affect the mechanical response of
the whole reconstructed structure. To evaluate the influence of varying base states on the cold recycled
asphalt pavement structure, the modulus of CSA bases is selected in the range of 1000—15,000 MPa.
Meanwhile, the subgrade modulus is taken as the average of the test results 66 MPa, as shown in
Figure 2(b). The constitutive model of both CSA and subgrade was a linear elastic model.

The measured traffic volume is processed according to Eqgs (1) and (2), and the traffic volume
distribution can be obtained as shown in Figure 6. To further simplify, by combining the traffic volumes
for every two hours of a day, the traffic distribution under 12 time periods can also be obtained.
According to the measured traffic volume, the annual total equivalent cumulative cycles of standard
axle load for the test section is 2,648,440.

Electronic Research Archive Volume 31, Issue 7, 3722-3740.
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Figure 6. The distribution of traffic volume.

Similarly, the temperature data under 0:00, 2:00, 4:00, ... and 22:00 of each representative day of
the month were selected and linearly interpolated to obtain the representative temperature field under
these 12 time periods, which can be substituted into ABAQUS software for the calculation of
mechanical response. Therefore, for each year of traffic loading, there are 12 x 12 loading groups, thus
needing to divide into 144 analysis steps to calculate the mechanical responses and cumulated damage
in turn. On this basis, the structure’s service life can be obtained by introducing the annual growth rate
of the traffic volume (which can be equivalently converted to the damage growth rate due to Miner's
linear fatigue accumulation theory).

4.2. Mechanical responses

According to the parameter values introduced in Section 4.1, the process of field tests can be
simulated in the established finite element model. Table 2 compares the measured and simulated strain
responses, where the loading speed was 10 km/h, and the temperature is shown in Figure 4(c). It can
be observed from Table 2 that the strain response times and magnitudes of the bottom of the ATB layer
and EACR layer are close to the data measured by the sensors, which also verifies the validity of the
simulation model.

Table 2. Comparison of the measured and simulated strain responses.

Contents Measured results Simulated results
Response time of ATB-25 (s) 0.174,0.162, 0.142, 0.138, 0.128, 0.127 0.155

Strain value of ATB-25 (pe) 9.8,9.3,8.8,82,8.1,7.6 10.9

Response time of EACR (s) 0.278, 0.268, 0.251, 0.244, 0.226, 0.220 0.24

Strain value of EACR (pe) 35.8,34.8,34.5,32.4,31.3,30.2 29.2

Figure 7 shows comparatively the stress response distribution of the pavement structure for old
and newly constructed CSA bases under the temperature field at 12:00 in July. It can be seen that when
the capacity of the CSA base is well, the stress distribution of the overall structure is closer to that of
a conventional semi-rigid base asphalt pavement structure. The newly constructed CSA base, which
means the modulus of the 43 cm CSA layers is equal to the newly constructed CSA, ensures that the

Electronic Research Archive Volume 31, Issue 7, 3722-3740.
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bottom of the EACR layer is not in tension, making the CSA layer the main bottom-up crack-bearing
layer. Due to the deeper position of the EACR layer compared with the ATB layer, the loading
frequency of the EACR layer is lower, which, together with the material property difference, results in
the lower modulus of the EACR layer than that of the ATB-25 layer, thus making a small amount of
tensile stress appear at the bottom of the ATB layer. Also, it can be seen from Figure 7 that the location
of the maximum tensile stress at the bottom of the ATB layer is close to the center of the loading circle,
while when the layers are deeper (such as the EACR and CSA layers), the maximum tensile stress
gradually transitions to the center of the double-circular load. For the old CSA base with severe damage,
the modulus of which was set as 1500 MPa, the EACR layer’s modulus is much higher than that of the
CSA layer, leading to significant tensile stress at the bottom of the EACR layer. In this case, bottom-
up cracks will most likely develop from the bottom of the EACR layer.
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Figure 7. The horizontal stress distribution of pavement structure in summer (positive in
tension and negative in compression).
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Figure 8. The horizontal stress distribution of pavement structure in winter (positive in
tension and negative in compression).

Figure 8 shows the stress distribution in winter. For the structure with the old CSA base, the
modulus of both EACR and HMA mixtures will be higher than the modulus of the base layer due to
the low temperature in winter and damage in the CSA base. It makes the bottom of the EACR layer
subject to high tensile stress, which also becomes the layer where bottom-up cracks mainly develop.
While in the structure with a newly constructed base, the high-strength CSA base can also protect the
EACR layer and reduce tensile stress. However, since the low temperature makes the dynamic modulus
of the HMA and EACR layers higher than that of the newly constructed CSA layer, the EACR layer
can not appear to be free from tension under these conditions. The strain at the bottom of the ATB-25
layer fluctuated only in a low strain level range of 5.1 to 18.2 pe throughout the year. From the study
of fatigue properties of HMA mixtures and the design principle of permanent pavements, it can be
assumed that this strain level will not lead to macro fatigue cracks.

Tables 3 and 4 demonstrate the strain and stress distribution of the EACR layer under different
loading groups (time periods) at a base modulus of 1500 MPa. It can be found that the stress and strain
responses of the EACR layer do not fluctuate significantly during one day due to the deeper position
in which the EACR layer is located. On the contrary, the climatic temperature difference in different
months is the main reason for the variation in the mechanical response of the EACR layer. Similar to
the above analysis, the dynamic modulus of HMA and EACR mixtures become high due to low
temperatures in winter, so there will be a large tensile stress at the bottom of the EACR layer.
However, its strain level is relatively low owing to the high modulus. As reported in the study
about the mechanical properties of EACR mixtures [7-10,12—18,22], its splitting tensile strength
is about 0.61-0.90 MPa. In this case, the results in Table 4 show that when the capacity of the CSA
base is poor, the stress ratio at the bottom of the EACR layer can be close to about 0.5, at which the
allowed fatigue cycles are very limited. Therefore, when the capacity of the CSA base is poor, it is not
suitable to pave the EACR layer directly on the top of the CSA base layer; otherwise, in winter, it is
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very susceptible to fatigue cracking when subject to traffic loads.

Table 3. Strain distribution at the bottom of the EACR layer under different loading

groups (ue).

Month Oh 2h 4h 6h 8h 10h 12h 14 h 16 h 18h  20h 22h
Jan. 17.4 17.3 17.2 17.2 17.1 17.0 17.2 17.4 17.7 17.7 17.8 17.7
Feb. 17.1 16.9 16.7 16.6 16.7 16.8 17 17.2 17.4 17.5 17.4 17.3
Mar. 19.2 18.9 18.8 18.7 18.7 19 19.3 19.6 19.7 19.7 19.5 19.4
Apr. 205 203 202 201 202 204 206 207 208 208 20.7 20.6
May 245 243 242 241 243 246 248 251 252 25 249 247
Jun. 259 257 255 254 254 256 259 262 263 262 26 25.9
Jul. 273 272 27 269 269 271 273 277 275 275 2714 273
Aug. 278 276 273 273 274 277 279 281 283 282 280 279
Sep. 258 256 254 252 253 257 259 261 262 261 260 259
Oct. 242 241 239 238 239 242 244 246 248 247 245 243
Nov. 19.8 19.6 19.5 194 19.5 19.8 20 202 202 203 201 19.9
Dec. 17.4 17.2 17 16.9 16.9 17.1 17.4 17.6 17.8 17.8 17.7 17.5

Table 4. Stress distribution at the bottom of the EACR layer under different loading
groups (MPa).

Month Oh 2h 4h 6h 8h 10h 12h 14 h 16 h 18h 20h  22h

Jan. 0296 0.295 0.297 0.299 0301 0305 0.308 0308 0303 0.295 0.291 0.289
Feb. 0.294 0.297 0.298 0.300 0.302 0305 0.307 0307 0304 0299 0.295 0.291
Mar. 0.254 0.255 0.258 0.260 0.262 0.264 0.268 0269 0.266 0.262 0.258 0.257
Apr. 0.225 0.227 0229 0.233 0238 0240 0.241 0242 0.241 0.235 0.233 0.226
May 0.137 0.139 0.142 0.145 0.148 0.150 0.152 0.151 0.148 0.144 0.140 0.136
Jun. 0.121 0.122 0.125 0.129 0.132 0.135 0.136 0.135 0.132 0.128 0.124 0.123
Jul. 0.094 0.097 0.099 0.102 0.105 0.107 0.108 0.106 0.102 0.098 0.097 0.097
Aug. 0.075 0.077 0.079 0.081 0.083 0.086 0.088 0.087 0.084 0.082 0.078 0.076
Sep. 0.121 0.122 0.126 0.128 0.131 0.134 0.136 0.136 0.132 0.129 0.123 0.122
Oct. 0.142 0.146 0.148 0.150 0.153 0.156 0.158 0.161 0.160 0.155 0.150 0.143
Nov. 0.222 0.223 0224 0.227 0228 0.231 0.237 0240 0.238 0.230 0.225 0.222
Dec. 0273 0275 0281 0.286 0.289 0.291 0.292 0.293 0.292 0.286 0.280 0.273

4.3. Damage calculation

In the structure shown in Figure 3, due to the thick asphalt layers (including HMA and EACR
layers), the fatigue mode subject to traffic loads approaches the stress-controlled mode. Therefore, for
the damage analysis of the EACR layer, the stress-controlled mode fatigue equation will also be used.
Based on the previously described proportions, 100 mm diameter, 40 mm high cylindrical specimens
were used for fatigue performance testing of EACR mixtures. After 28 days of curing at 25°C, the
indirect tensile strength of EACR mixtures was first tested, and the average value obtained was 0.80
MPa. Then, the stress-controlled fatigue tests were conducted subject to the cyclic loads that were 40,
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50, 60, 70 and 80% of the indirect strength. The cyclic loads were applied in the haversine form with

a frequency of 10 Hz. The tests for each stress level were conducted four times, and the fatigue life of
EACR mixtures are shown in Figure 9, which can be fitted by the Wohler-curve as shown in Eq (13).

(13)
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— = Fitting curve
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Figure 9. Fatigue life curve of EACR mixtures.

Then, taking the CSA base modulus of 1500 MPa as an example, the damage distribution in

different areas of the EACR layer with different time periods can be calculated, as shown in Figure 10

and Table 5. It can be seen from Table 5 that the damage of the EACR layer shows the distribution
characteristics of more in winter, less in summer, higher at noon and lower at night by the combined

influence of temperature and traftic volume.
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Figure 10. Damage distribution of EACR layer.
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Table 5. Damage distribution of EACR under different time periods within one year.

Month Oh 2h 4h 6h 8h 10h 12h 14h 16 h 1I8h  20h 22h
Jan. 15.6% 134% 20.5% 37.6% 48.6% 63.0% 732% 683% 57.4% 442% 313% 19.9%
Feb. 14.7% 13.7% 20.5% 37.7% 48.6% 61.7% 71.0% 66.4% 582% 46.9% 334% 20.4%
Mar. 7.6% 6.8% 10.6% 19.7%  25.6% 32.0% 388% 37.0% 322% 262% 18.4% 11.9%
Apr. 4.0% 3.7% 5.6% 11.0%  15.5% 195% 22.1% 212% 192% 147% 108%  6.0%
May 0.2% 0.2% 0.4% 0.7% 1.0% 1.3% 1.6% 1.4% 1.2% 0.9% 0.6% 0.3%
Jun. 0.1% 0.1% 0.2% 0.4% 0.5% 0.7% 0.8% 0.8% 0.6% 0.5% 0.3% 0.2%
Jul. 0.0% 0.0% 0.0% 0.1% 0.1% 0.2% 0.2% 0.2% 0.1% 0.1% 0.1% 0.0%
Aug. 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0%
Sep. 0.1% 0.1% 0.2% 0.4% 0.5% 0.7% 0.9% 0.8% 0.6% 0.5% 0.3% 0.2%
Oct. 0.3% 0.3% 0.5% 0.9% 1.3% 1.7% 2.0% 2.1% 1.9% 1.4% 0.9% 0.4%
Nov. 3.9% 3.5% 5.3% 102%  13.0% 16.8% 21.6% 21.7% 192% 14.0%  9.5% 5.8%
Dec. 144% 132% 21.9% 429% 56.6% 70.6% 79.8%  76.1% 69.2% 545% 37.1% 21.2%

After obtaining the damage of the first year of traffic loading, the damage for each subsequent
year can also be calculated by introducing the annual growth rate of the traffic volume based on
Miner’s theory. Further, fatigue life is the total service life of the pavement when the accumulated
damage is equal to 1. The fatigue life of the EACR layer under different CSA base moduli were
shown in Table 6. It can be observed that when the modulus of CSA bases gradually increased, the
tensile stress at the bottom of the EACR layer gradually decreased, and its fatigue life also
improved significantly (Table 6). However, in winter, the modulus values of both HMA and EACR
mixtures will be considerably higher than those of the CSA due to the low temperature, leading to the
inevitable damage accumulation at the bottom of the EACR layer. Therefore, no matter how to improve
the base layer’s modulus, the damage accumulation will still exist in winter, and the service life of the
EACR layer is finite. When the modulus of CSA is between 9000—15,000 MPa (the modulus range of
newly constructed CSA bases recommended by JTG D50-2017), it can be seen from Table 6 that the
fatigue life of the EACR layer is about 6—14 years.

Table 6. The fatigue life of the EACR layer under different CSA base moduli.

Modulus 1500 3000 5000 7000 9000 11,000 13,000 15,000

Life (year) 0.045  0.33 1.79 4.82 5.95 7.61 10.02 13.8

As the fatigue properties expressed in Eq (13), the fatigue resistance of the EACR mixture is
weaker than that of the HMA mixtures, making it unsuitable to be used in the fatigue-bearing layer of
the pavement structure. Thus, it needs to be controlled as much as possible so that the bottom of the
EACR layer is not in tension during the structure design. Therefore, two main approaches are proposed
to ensure the durability of the recycled structure. On the one hand, optimizing the fatigue resistance of
EACR mixtures through material design is the most direct approach to improving the fatigue life of
the structure. On the other hand, the structure durability can also be enhanced by transferring the
fatigue cracking position from the EACR layer to other layers with better fatigue resistance. For example,
a new CSA layer can be paved over the old base before paving the EACR layer. Or an HMA layer with
higher asphalt content, which may have better fatigue resistance, can be added at the bottom of the EACR
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layer. In these cases, the tensile stress at the bottom of the EACR layer will be significantly reduced.

5. Conclusions

This study proposes a finite element simulation method for cold recycled asphalt pavement
structure that considers the effect of temperature variation and traffic volume distribution, which can
quickly and effectively calculate the fatigue damage distribution of pavement structure and its service
life. Based on the test road, the mechanical responses and fatigue damage of the cold recycled asphalt
pavement structure with different CSA base modulus and different time periods were calculated by
combining the field and laboratory test results. The main conclusions obtained are as follows:

1) The results collected by strain sensors show that the response frequencies of different pavement
layers are mainly related to the depth where the layers are located.

2) Influenced by the temperature, the stress level at the bottom of the EACR layer shows a
distribution pattern of high in winter and low in summer. Together with the influence of traffic
distribution, the accumulation of fatigue damage in the EACR layer was more obvious in winter and
at noon. Therefore, winter is the main period when fatigue damage will occur in the EACR layer for
the test road structure.

3) The calculation results show that the relatively poor fatigue resistance of the EACR mixture
will significantly affect the service life of the cold recycled asphalt pavement structure. Considering
the large discrete modulus of old CSA bases, two main approaches were proposed to ensure structural
durability: one is to optimize the fatigue resistance of the EACR mixture, and the other is to transfer
the development location of bottom-up cracks.

A feasible framework for pavement damage calculation was proposed in this study, but there are
still some limitations. For example, nonlinear damage evolution is not considered, and the damage
behaviors of other materials and layers were not discussed in this study. Therefore, to improve the
proposed method, the subsequent research will focus on the constitutive modeling of the pavement
materials and field data observation and calibration.
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