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Low average temperature, large temperature difference, and continual freeze-thaw cycles have significant impacts on mechanical
property of asphalt pavement. Bending test was applied to illustrate the mixtures’ flexural tensile properties under freeze-thaw (F-
T) conditions. Experiment results showed that the flexural tensile strength and strain declined as F-T cycles increased; the
deterioration of flexural tensile properties decreased sharply during initial F-T cycles but turned smooth after 15-21 F-T cycles.
ANOVA showed that F-T cycles, asphalt-aggregate ratio, and gradation had obvious influence on flexural tensile characteristics.
Flexural characteristics of AC-13 behaved better than the other gradations. It turned out that the mixtures’ low-temperature
bending characteristics were improved when 5.5% optimum asphalt-aggregation ratio or slightly larger AC-13 gradation

was applied.

1. Introduction

Qinghai-Tibet Plateau (QTP), located in the southwest of
China, has an average altitude over 4000 m. It is the largest
plateau in China with permafrost widely distributed. QTP
has capricious climates and complex geological conditions,
which are different from other ordinary regions [1-3]. In
QTP, the mean annual air temperature is under 0°C: a
transient period as temperature goes over 0°C from July to
August, under 0°C from November to the following March,
and changeable around 0°C in the remaining days, during
which period the temperature gap between day and night is
sharp, with a maximum temperature gap up to 26°C [4-6].
Additionally, the solar radiation is higher than 3600 KJ/m®.
Cooling and heating rates are rapid; thus, the asphalt
pavement in this area suffers more frequent freeze-thaw (F-
T) cycles compared with other regions.

Qinghai-Tibet Highway (QTH) passes through the QTP
from north to south, of which the pavement is semirigid base
asphalt concrete (AC) and the general structure is 4 cm AC-

13+6cm AC-16+20cm cement stabilized macadam base.
QTH suffers from the severe environment conditions such
as low annual average temperature, large difference in
temperature, rapid cooling rate, and frequent and violent
F-T cycles [7-10]. All these adverse weather conditions have
evident influences on mechanical property and durability of
asphalt pavement [11].

Asphalt is a thermoplastic material with asphalt concrete
mixtures, property of which is sensitive as temperature
changes, with viscoelastic characteristic. Distresses in cold
regions are more complex and serious than those in normal
areas. Distresses like settlement, nonuniform deformation,
and thermal cracks are critical for highway in cold regions,
especially in QTH [12-14]. Numerous studies have found
that distresses of highway have significant relationships with
local special climate and environment conditions as well as
loads.

By investigating the operation and distress of QTH,
researchers found that there were serious distresses and
damages, especially various cracks along the highway. As
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shown in Figure 1, there are many serious longitudinal and
transverse cracks in the highway pavement and trends to
form map cracking. It is known that transverse cracks in cold
regions are generally caused by lower temperature and rapid
cooling, that is, F-T cycles effect. F-T effect has obvious
impacts on asphalt pavement performance as well as the
pavement lifecycle [15, 16].

Asphalt pavement is exposed in atmosphere; when
temperature falls rapidly or there is continuous low tem-
perature, thermal stress in asphalt pavement forms. If the
stress relaxation of asphalt pavement is larger than com-
prehensive stress growth (including temperature stress and
load stress), there is no obvious distress in the appearance,
but the interior microdamage of pavement will be accu-
mulated. When there is comprehensive stress over the ul-
timate tensile strength of asphalt mixture, cracks and other
distresses will arise [17]. Moreover, when pavement is in
moisture environment, hydrodynamic pressure and vacuum
constriction will appear in the surface layer under repeatable
loads. This leads to the surface AC stripping aggravation and
voids increase. Finally, the asphalt mixture becomes loose
and cracks are formed from initial tiny damage, which is
caused by the complicated effects including the migration,
accumulation, and freezing of water in asphalt mixture and
displacement of water in asphalt film [18, 19]. Consequently,
the increasing of F-T cycles or continuous low temperature
will speed up the damage and become more harmful to AC
structures.

Asphalt pavement suffered from the impact of F-T in
cold regions worldwide, and how to precisely evaluate the
influence of F-T cycles on flexural characteristics has become
one of the daunting tasks [20]. To solve this problem, low-
temperature bending property of asphalt mixture under
different F-T cycles had been applied in this research, and the
influences of aggregate ratio and gradation were also
analyzed.

The objectives of this research are to analyze the flexural
tensile characteristics of AC under F-T cycles and to evaluate
the impact factors on asphalt-aggregate ratio, gradation, and
F-T cycles. The results provided a good reference for asphalt
mixture design, distress prevention, and some scientific
guidelines for highway construction and maintenance in
cold regions.

2. Materials and Experimental Methods

2.1. Materials Used. The materials used in this study are
listed below. The type of asphalt used was styrene butadiene
rubber (SBR) modified asphalt supplied by Jinshi in Xin-
jiang, China, which is frequently used in QTP. Test results
are presented in Table 1. Aggregates and mineral powders
were obtained from lime-stone Haihong rock quarry in
Tibet, China.

Asphalt mixtures used in this research were AC-10, AC-
13, and AC-16, and gradation composition of aggregates
mixture recommended by specification of Ministry of
Transportation of China was given in Table 2.

The optimum asphalt content of the asphalt mixture was
obtained by Marshall Test [21]. On the basis of Marshall Test
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and considering the special climate and traffic condition in
cold QTP, the final optimum asphalt contents (OAC) of the
three asphalt mixtures AC-10, AC-13, and AC-16 are 5.0%,
5.5%, and 6.0%, respectively.

2.2. F-T Cycle Test. At first, F-T cycle test used in civil en-
gineering is to evaluate the impact of F-T cycles on the
performance of cement concrete [22] and soil [23, 24]. As
the application of flexural pavement increases in cold re-
gions and the unusual distresses appear, some researchers
noticed that asphalt pavement also suffered from F-T cycles
influence. There is a big difference between viscoelastic
characteristics of asphalt concrete and cement concrete
elastic property. Some researches have been conducted on
the F-T performance of asphalt mixtures [25].

In terms of AC F-T cycle test, there is no standard due to
the differences in climate among different cold areas. In
AASHTO 283 testing procedure, each vacuum saturated
specimen was tightly covered with plastic wrap and placed in
a plastic bag with approximately 10+ 0.5mL of water and
then sealed; the plastic bags were placed in a freezer at
—-18 +3°C for 24h and then removed to a water bath at
60+ 1°C for 24h and finally placed in a water bath at
25+0.5°C for 2h+10min to achieve room temperature
[26]. In one research, the samples were soaked in water for
12 h at room temperature; then each was covered with plastic
wrap, sealed in a plastic bag, and placed in an environmental
chamber for 12h at —17.8°C. The conditioned samples were
exposed to seven 24 h cycles [27]. In another research, the
specimens were firstly water-conditioned by vacuum satu-
ration for 15 min and then subjected to 8 successive cycles of
freezing and thawing. Each cycle was consisted of freezing at
—20°C for 8h followed by soaking in water at 60°C for 4h
[28].

Meteorological data in QTH show that annual average
lowest temperature is among —14.5°C to —17.4°C, annual
average highest temperature is 6.8°C to 8.1°C, and the
maximum temperature difference between day and night
can reach a range between 23°C and 26°C, which indicates
that it has a rapid cooling and heating rate. Considering
present F-T test, a modified F-T test was proposed according
to the practical climate conditions of QTH in this paper. The
test uses plastic bag to seal up each specimen and injects
30ml water to the plastic bag when freezes. Freezing tem-
perature is —25+1°C and freezing lasts 12h; then the
specimens are put in a water bath to be thawed at 25+ 1°C
and the thawing lasts 12 h. The freezer and water bath are
used to simulate the F-T cycles.

Fresh mixed asphalt mixtures are shaped up by Wheel
Grinding Method into slabs that are 300 mm in length and
width and 50 mm in height. The slabs are then cut into prism
beam that is 250 mm + 2.0 mm in length, 30 mm + 2.0 mm in
width, and 35 mm + 2.0 mm in height by cutter. The mixture
flexural tensile laboratory test was carried out by Universal
Material Tester System (UMTS) performed by three-point
bending test, and the loads and deformations were auto-
matically measured by computer. The UMTS is a computer-
controlled system that can operate automatically. Loads and
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TaBLE 1: Test results of asphalt parameters.

Asphalt state Test item Results
. 15°C 51
Penetration/0.1 mm 25°C 123
Softening point (R&B)/°C 47.6
Original sample Ductility/cm 5C  >150
Density/g-cm ™ 1.023
Flashing point/°C >260
Solubility/% 99.6
Mass loss/% 0.2
15°C 65.3
. - . e
After aging Vestigial penetration ratio/% 25°C 581
Ductility/cm 5°C  >150

deflection of specimen were measured by load cells and
linear variable differential transducers (LVDTs), respec-
tively. UMTS was equipped with environment chamber with
an accuracy of +0.1 °C, and loading speed could be chosen
according to the needs of the experiment. The purpose of
flexural tensile under F-T cycles testing is to evaluate asphalt
mixture’s bending failure property, temperature, and
moisture susceptibility.

When three-point bending test under low temperature
was conducted, —10 + 0.5°C and 50 mm/min were applied as
test temperature and load speed, respectively. After samples
were tested by bending test under F-T cycles, the bending
performance of asphalt mixture was evaluated by failure
flexural strength and failure flexural strain, which are cal-
culated by the following formulas [21]:

_3XLxPg
B axbx
(1)
6xhxd
fB =T,

where Ry is the failure flexural strength (MPa), L is distance
between beam supports (200 mm), Py is the ultimate loading
at failure (N), b is width of beam specimen (30 mm), A is
height of beam specimen (35 mm), & is the failure flexural
strain (u€), and d is the mid-span deflection at the specimen
failure (mm). Average value of three-specimen failure (mm)
and average value of three specimens for each F-T cycle
condition test were applied to analyze the flexural tensile
characteristics in this paper.

et

FiGure 1: Crack distresses in Qinghai-Tibet Highway.

3. Results and Discussion

3.1. Impact of F-T Cycles. In order to explain F-T cycles’
impact on mixture flexural characteristics, AC-13 asphalt
mixture with OAC 5.5% was taken for test. After 30 F-T
cycles, the tendencies of flexural tensile strength and flexural
tensile strain are shown in Figure 2.

Figure 2 shows that flexural tensile strength and tensile
strain tend to decline with F-T cycles increasing. In initial
E-T cycles, flexural characteristics drop significantly; after 9
F-T cycles, the decline of flexural tensile characteristics
becomes gentle. Through 15 to 21 F-T cycles, the degradation
tendency is gradually stable. After 30 F-T cycles, the flexural
tensile strength reduces nearly 4 MPa compared with un-
conditioned (no F-T cycle) performance, the attenuation
reaches 27%, and the flexural tensile strain attenuates 12.6%.

Under the repetitive F-T cycles, mixture internal pores
and air voids are increased. Water enters into the asphalt
membrane easily and decreases the bond force between
asphalt membrane and aggregate, which leads the mixture to
be easily broken. When AC is in moisture environment,
especially in saturated condition, its air voids will be filled
with water. This water turns into ice in freezing cycles,
causing the ice volume expansion. The internal of the
mixture generates expansion force and results in micro-
damage to mixture [28]. During the thaw cycles, with the
filled ice melting, more water will permeate through air voids
and internal pores, and the bonding between asphalt
membrane and aggregates decreases as the water erodes
[27, 29]. The bond force declines rapidly after repetitive F-T
cycles. Results indicate that F-T cycles in the early years have
obvious influence on asphalt mixture flexural performance.
So, the early damage of asphalt pavement in cold regions is
more frequent and serious than in other regions.

Due to the uneven distribution of aggregate, defects of
internal structure, and increment of F-T cycles, the mixture’s
internal damage gradually increases and finally fractures in
the loading test. Therefore, the mixture’s flexural tensile
strength is related to mixture porosity, coarse aggregate
distribution, and internal structure defects.

Figure 3 illustrates that mixture performance attenuated
with F-T cycles increasing. However, there are still some
abnormal points, which decrease sharply in a certain F-T
cycles performance and inversely increase in the next F-T
cycle. In terms of this phenomenon, the uneven aggregate
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TaBLE 2: Gradation composition of aggregates mixture.
) Passing rate (%) of sieve size (mm)

Gradation

19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
AC-10 - - 100 95 60 44 33 22.5 16 11 6
AC-13 - 100 95 76.5 53 37 26.5 19 13.5 10 6
AC-16 100 95 81 70 48 34 24.5 17.5 12.5 9.5 6

- 3400
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distribution (differences between the cut beams) may take
main responsibility.

3.2. Exponential Model Fitting. Curves of flexural tensile
strength and flexural tensile strain versus F-T cycles in
Figure 2 present nonlinear variation, and the curves can be
simulated by exponent or logarithm function. The expo-
nential model is chosen to fit the flexural tensile charac-
teristics variation in this paper. The formula used is as
follows [24, 25]:

y=a+b-e" +¢ e~N(0,52), (2)

where a is the constant term, which means the initial value
of flexural tensile characteristics; b is coefficient, which
refers to the degradation speed; c is coeflicient, which refers
to curvature of curves; x is the explanatory variable,
denoting F-T cycles here; y is explained variable, repre-
senting flexural tensile characteristics (MPa); and ¢ is the
error term.

In this model, the error term is supposed to be ap-
proximately normally distributed. The variance of the error
term &° is independent, homoscedastic, and identical across
observations. The least-square method has been applied to
parameter estimation, due to the € subjects to normal dis-
tribution; Chi-square has been used to assess the goodness of
fit (GOF) of the exponential model. The equation is as
follows [24, 25]:

n

X = Zwi (-7, (3)

i=1

where w; is the weighting coefficient, which can be calculated
by w; = (1/(0?)); y; is the experimental data point and ; is
the theoretical point; n is the experimental number. This
paper considers the measurement errors as unknown; o; is
set to 1 for all i and the curve fitting is performed without
weighting.

R? represents the fitting quality of models, which in-
creases with adding variables to the model without enough
information. Adjusted Ridj (adj. R-square) is preferable as it
has the advantage that it only increases if the added variable
reduces the mean square error of the model.

Fitting results are shown in Table 3. Results show that the
exponential model well reflects the variation of flexural
tensile strength and flexural tensile strain with F-T cycles; the
adj. R-square reaches 0.866 and 0.823, respectively. The
ANOVA method is used to analyze the fitting significance.
The results are listed in Table 4. The ANOV A results indicate
that, at the 0.01 level, tensile characteristics and regression
model have good relationship, and the exponential model
can be used to simulate the mixture degradation under F-T
cycles.

Impact of asphalt-aggregate ratio.

AC-13 was used as an example to illustrate the influence
of asphalt-aggregate ratio on flexural characteristics under
E-T cycles, with asphalt-aggregate ratio of 4.5%, 5.0%, 5.5%,
6.0%, and 6.5%, respectively. Test results are shown in
Figures 4(a) and 4(b).

Figure 4 shows that flexural tensile characteristics
present as parabolic variation as the asphalt content in-
creases. Tensile strength has more obvious parabolic vari-
ation than tensile stain; at the OAC (5.5%), both tensile
strength and stain attain the peak value. When asphalt-
aggregate ratio exceeds OAC, tensile strength declines more
sharply compared with tensile strain.

After 30 F-T cycles, the flexural tensile strength of as-
phalt-aggregate ratio with 4.5% and 6.5% reduces by 3.2 MPa
and 1.1 MPa, respectively. For unconditioned mixture, the
flexural tensile performance is significantly greater than
others, and their performance decreases gradually with F-T
cycles increasing. Compared with lower asphalt-aggregate
ratio (4.5% and 5.0%), the mixture’s attenuation tendency of
tensile strain is smaller with higher asphalt-aggregate ratio
(6.0%, 6.5%) under F-T cycles. Under the F-T cycle, com-
pared with the lower asphalt-aggregate ratio (4.5% and
5.0%), the higher the asphalt-aggregate ratio (6.0% and
6.5%) is, the slower the tensile strain attenuation of the
mixture will be.

Asphalt-aggregate ratio is closely related to the mixtures’
porosity. The larger the asphalt-aggregate ratio is, the smaller
mixture porosity is. Air voids and internal pores will expand
as the filled water freezes in F-T cycles. Icy water in the pore
causes a huge expansion force, which leads to the mixture
internal structure deterioration and destruction.

If asphalt-aggregate ratio is too small, it is hard to form
the thin asphalt membrane to bind aggregate particles. The
bond force between asphalt and aggregate is not intense.
Under temperature gradient, loading stress, and F-T cycles,
the mixture structure becomes loose, which leads to decline
of flexural characteristics. With asphalt-aggregate ratio in-
creasing, the structure asphalt forms gradually. Each particle
has been packed by asphalt and formulates cohesive force
between asphalt and aggregate. The cohesive force increases
with asphalt content increasing. Flexural characteristics
reach the peak value in OAC of 5.5%. Experiencing several
F-T cycles, the flexural characteristics still are the best at the
OAC compared with other asphalt-aggregate ratios.

With asphalt-aggregate ratio continually increasing,
there is no more extra porosity to fill the asphalt and formed
surplus asphalt. Compared with structure asphalt, surplus
asphalt becomes free asphalt and lubricant. Aggregate
particles will be “pushed away” and slide under the loading
condition [29, 30]. This leads to the flexural tensile strength
reducing fiercely; however, flexural tensile strain decreases
slowly.

If pores of mixture are too small, once water enters into
the internal pores, it is hard to remove. Due to capillary
action, when the water in the pores begins to freeze, its
volume increases with the freezing of water, which produces
water pressure. The water pressure makes the water in the
pores continuously gather on the freezing peak surface
under F-T cycles, which leads to the intensification of
freezing effect. After several F-T cycles, porosity constantly
increases with the accumulation of freezing impact. Flexural
characteristics are reduced. The reduction extent of flexural
characteristics is smaller at high asphalt content compared
with the lower asphalt content.
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TasLE 3: Fitting results of the exponential model.

a b c Statistics
Value Error Value Error Value Error Reduced y? Ry
Tensile strength 11.38 0.23 4.46 0.89 -0.32 0.12 0.20 0.866
Tensile strain 2943 40 460 87 -0.19 0.08 3954 0.823
TaBLE 4: ANOVA results of exponential model.
Df Sum of squares Mean square F value Prob>F
Regression 3 1179.481 393.1603 1927.163 6.04E—-08
Tensile strencth Residual 5 1.02005 0.20401
& Uncorrected total 8 1180.501
Corrected total 7 10.67235
Regression 3 748 E+07 249E+07 6303.609 3.13E-09
Tensile strain Residual 5 19767.54 3953.507
Uncorrected total 8 748 E+07
Corrected total 7 156315.9
16 3500
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FiGURE 4: Relationship of flexural tensile characteristics and asphalt-aggregate ratio. (a) Flexural tensile strength. (b) Flexural tensile strain.

From the laboratory test data analysis, it is known that
E-T cycles and asphalt-aggregate ratio have influence on
flexural tensile characteristics. ANOVA with a 0.05 level
significance from statistic view is applied to illustrate the
impacts of F-T cycles and asphalt-aggregate ratio. For F-T
cycle factor, it has eight levels as shown in Figure 2; and
asphalt-aggregate ratio has five levels as shown in Figure 4.
For the same gradation and different asphalt-aggregate ratio
mixture, results of ANOVA are shown in Table 5.

Table 5 shows that asphalt-aggregate ratio and F-T cycles
have obvious influence on flexural tensile characteristics,
respectively. More results imply that the interaction of as-
phalt-aggregate ratio and F-T cycles also has significant
influence on flexural tensile characteristics. Results indicate
that asphalt-aggregate ratio and F-T cycle are both important
parameters, which impact on the performance of mixture.
Therefore, the proper asphalt-aggregate ratio can be

designed and got based on laboratory test, which can be used
to limit the damage of F-T cycles.

3.2.1. Impact of Gradation. This paper chooses AC-10, AC-
13, and AC-16 to analyze the gradation impact on mixture
flexural characteristics under F-T cycles.

As depicted in Figure 5, flexural characteristics of dif-
ferent gradations all show a declining trend as F-T cycles
increase. In addition to the F-T cycles, the flexural char-
acteristics of asphalt mixture are affected by many other
factors, such as porosity, compaction, and uneven aggregate
distribution, which inevitably cause some abnormal data in
the flexural characteristics. However, after the F-T cycles, the
overall trend of attenuation of the flexural characteristics
remains unchanged. Flexural tensile characteristics of AC-13
are evident higher than the other two gradations. The



Mathematical Problems in Engineering 7
TaBLE 5: Two-factor ANOVA about F-T cycle and asphalt-aggregate ratio.
Sources of variation SS Df MS P value F-crit
Asphalt-aggregate ratio 197.10 4 49.27 4.05E-63 2.49
F-T cycles 76.29 7 10.90 1.9E-45 213
Interaction 24.29 28 0.87 2.51E-20 1.62
Interior 5.08 80 0.06
Amount 302.75 119
3400
A
s 14t \ & 3200 ,\\
S g BN
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= ~ 3000 | A A—a
:DSD 12 ¢ \A’——A A— 4 2 \A/
g T E 2800 |
2 10 29600 O meo- T TO T oo
2 N 2 .
§ \\ — B § \\‘l ————— .
b o= o T s 2400 S
5 8} T >‘7~O:“—‘:1—+ _______ - a i e W n
éﬁ Tom--- o o0t
6 Lt L L L L L L L L 2000 L L L L L L L L 1
0 3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24
Freeze-thaw cycles, cycle Freeze-thaw cycles, cycle
-m- AC-16 -m- AC-16
-o-- AC-10 -o-- AC-10
—a— AC-13 —4— AC-13

(a)

(b)

FiGURre 5: Flexural tensile characteristics and asphalt-aggregate ratio under different gradations. (a) Flexural tensile strength. (b) Flexural

tensile strain.

difference of flexural tensile strength between AC-10 and
AC-16 is small, and the change curves of flexural tensile
strength have the same trend. For the flexural tensile strain
between AC-10 and AC-16, the difference is small in the
initial F-T cycles. With F-T cycles increasing, AC-10 tends to
be stable, while AC-16 continually decreases, hence en-
larging the difference between them.

Under loading conditions, loads are mainly transmitted
along the aggregate particles, especially in large size particles;
coarse aggregate plays an important role in bearing load.
Under low-temperature loading, the strength of asphalt
mixture mainly comes from coarse aggregate skeleton
support. Asphalt binder effects are relatively reduced. With
the maximum diameter decreasing, asphalt mixture be-
comes denser, and the resistance of low-temperature crack is
improved to a certain extent. Additionally, the mixture
defects are reduced. However, if the size of coarse aggregate
is too small and the content of fine aggregate is too large, the
strength of the mixture will also decrease. For AC-13 asphalt
mixture, its nominal maximum aggregate size is between
AC-10 and AC-16. Because AC-13 has high skeleton
strength, high density of its mixture, and superior com-
prehensive performance, its flexural tensile strength and
flexural tensile strain are superior to the other two grada-
tions” mixture under F-T cycles.

The ANOVA method was applied to analyze the sig-
nificance of F-T cycles and gradation change to flexural
tensile strength characteristics. There are three levels of

aggregate gradation, AC-10, AC-13, and AC-16. There are
seven levels of F-T cycle factors: no F-T cycles, 3 cycles, 7
cycles, 9 cycles, 15 cycles, 20 cycles, and 25 cycles.

Flexural tensile characteristics were statistically analyzed
with a level of significance of 0.05. Results are shown in
Table 6.

Gradation and F-T cycle have significant influence on
flexural tension properties. The influence of gradation is
greater than that of F-T cycles, which indicates that gra-
dation is a major factor to determine the flexural tension
properties of asphalt mixture.

ANOVA presents that all the F-T cycle, asphalt-aggre-
gate ratio, gradation, and their interaction have significant
influence on the flexural tensile properties of asphalt mix-
ture. Flexural performance decreases evidently as the F-T
cycles increase. Therefore, in cold regions, F-T cycle is an-
other critical factor to determine the pavement durability
and suitability besides the vehicle loads. Attention should be
paid to F-T and other environment factors. Furthermore,
appropriate asphalt-aggregate ratio and gradation can re-
duce the negative influence of F-T cycles on AC. In other
words, they improve the resistance ability against complex
climate.

3.2.2. Loss Ratio of Flexural Tensile Characteristics. As de-
scribed before, flexural tensile characteristics of AC decline
with the F-T cycles increasing. However, how to assess this
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TaBLE 6: ANOVA about gradation and F-T cycle.

Sources of variation SS Df MS P value F-crit
F-T cycles 15.15 6 2.53 5.48E-05 3.00
Gradation 66.66 2 33.33 5.84E-10 3.89
Error 1.98 12 0.17
Amount 83.79 20
TasLE 7: Fitting results of the logistic model.
a b X p Statistics
Value Error Value Error Value Error Value Error Reduced y? Ridj

Tensile strength —-0.11582 0.48 0.24 0.06 1.86 4.25 1.21 1.75 0.001 0.843
Tensile strain 3.25E-04 0.03 0.11 0.02 5.24 2.04 2.36 1.87 4.36E—-04 0.786
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FIGURE 6: Relationship between loss ratio and F-T cycles.

variation effectively and conveniently is still a problem. The
first pavement performance model was developed based on
the data provided by the AASHO Road Test. The AASHO
equation estimates deterioration based on a dimensionless
parameter g referred to as damage. The damage parameter
was defined as the loss in serviceability at any given time.

b

=(5§, @
p

The recursive model is another popular model to sim-

ulate the performance deterioration. The following equation
is applied from the beginning of the experiment:

_ Po — Dt
9 -1y

s=t-1

pr=po+a ) NIAN, (5)
s=0

where g, is a dimensionless damage parameter; p, is initial
service ability at time ¢ =0; p, is serviceability index at time ¢

(or load frequency, load variation); pr is terminal service-
ability index; N, is cumulative number of equivalent 80 KN
single-axle loads applied until time #; N is the deterioration;
AN,,, is the increment of deterioration; and p,b, o, o are
parameters or functions to be estimated.Another general
and flexible deterioration model is shown as follows:

y=f(x)=a+bx", (6)

where y is a variable representing a measure of material
quality; x is a variable representing a measure of load (or
traffic); a is a parameter or a function that represents the
initial condition; b is a parameter or a function that rep-
resents the rate at which quality deteriorates with load
frequency (or time, traffic); and ¢ is a parameter that rep-
resents the curvature of the function.

Performance deterioration functions (5) to (7) can be
combined to predict the variation of performance. Based on
these three functions, loss ratio has been applied to get the
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relationship of flexural tensile characteristics and F-T cycles;
loss ratio formula is as follows:

L=1 —(ﬁ), %
Yo

where L; is loss ratio of flexural tensile characteristics, y,
represents the unconditioned flexural tensile characteristics,
; represents the flexural tensile characteristics that change
with F-T cycles, and subscript i represents the F-T cycles,
from 0 to 30 in this research. Flexural tensile characteristics
y; can be indicated by regression function (6).

Logistic model is a common sigmoid function; it is in
relation to population growth. The logistic model is widely
applied in neural networks, biology, probability, statistics,
sociology, political science, and economics [12, 13]. Con-
sidering that the deterioration of loss ratio presents logistic
curve with the increasing of F-T cycles, where deterioration
is approximately exponential in initial stage, as saturation
begins, the deterioration slows, and, at maturity, deterio-
ration stops. Therefore, this paper uses modified logistic
model to fit the deterioration trend, and the function is

a-b

T 1+ (xlx,) b ®

y

where y represents loss ratio flexural tensile character-
istics; xy,a,b, and p are estimated parameters, X, is the
center value, a is the initial value, b is the terminal value, and
p is the power and it is greater than zero. The estimation
method of the logistic model is similar to that of the ex-
ponential model, applying the y*> method to minimize the
residual sum.

AC-13 of OAC of 5.5% is taken as an example to il-
lustrate the loss ratio about flexural tensile strength and
flexural tensile strain under different F-T cycles. The fitting
results are shown in Table 7, and the variation tendency is
depicted in Figure 6.

Figure 6 illustrates that the logistic model and the loss
ratio well reflect the deterioration of flexural tensile char-
acteristics with the increasing of F-T cycles. The variation of
deterioration is corresponding with the changes of flexural
tensile characteristics.

The variation of loss ratio of flexural tensile strength is
more intense than flexural tensile strain as F-T cycles in-
crease, which implies that the flexural tensile strength of AC
is more sensitive under F-T conditions. Previous research
has indicated that the tensile strength of AC is related to
fatigue cracking, moisture susceptibility, and the ability of
resistance of thermal stress cracks. A higher tensile strength
means that asphalt pavement can tolerate higher strains
before failing (i.e., cracking). Therefore, this can explain why
there are more cracks in cold regions, especially in frequent
E-T cycles of cold plateau regions.

4. Conclusions

This work was conducted to explore the effect of F-T cycle
on flexural tensile characteristics of asphalt mixture in

laboratory. The main conclusions drawn from this study are
summarized as follows.

When asphalt mixture suffered F-T impacts, the flexural
tensile strength and flexural tensile strain will decline.
Flexural tensile performance keeps declining as F-T cycles
increase, which declines rapidly in the initial F-T cycles and
then becomes gentle after 15-21 cycles.

Both asphalt content and gradation have an obvious
influence on the flexural characteristics of asphalt mixture.
In general, the higher asphalt content is, the slower deg-
radation will be under F-T cycle. AC-13 has better flexural
performance than AC-10 and AC-16, which indicates that
AC-13 has better durable ability in low temperature and F-T
conditions.

The flexural tensile properties get to peak value at the
optimum asphalt content and obtain the slowest degradation
correspondingly under F-T test.

The ANOVA results show that asphalt content, grada-
tion, F-T cycles, and their interaction have significant impact
on flexural tensile characteristics with a 0.05 level of sig-
nificance from statistic view.

For the Qinghai-Tibet Plateau with severe weather
conditions, it will improve the performance against low
temperature if skeleton close-grained gradation of AC-13
and 5.5% or a little higher asphalt content is applied.
Therefore, proper high asphalt content can reduce thermal
cracks and moisture distress in cold regions, especially in
high-frequency F-T zones.
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