',\' frontiers
in Materials

ORIGINAL RESEARCH
published: 30 October 2020
doi: 10.3389/fmats.2020.586457

OPEN ACCESS

Edited by:

Hui Yao,

Beijing University of Technology,
China

Reviewed by:

Yang Zhou,

Southeast University, China

Yunchao Tang,

Zhongkai University of Agriculture and
Engineering, China

*Correspondence:
Xingiang Wang
807039883@qq.com

Specialty section:

This article was submitted to
Structural Materials,

a section of the journal
Frontiers in Materials

Received: 23 July 2020
Accepted: 07 October 2020
Published: 30 October 2020

Citation:

Wang G, Wang X, Yan Z, Qin L and
Gao Z (2020) Analysis of the Influence
of Temperature Field on the Dynamic
Modulus of Rubber Asphalt Pavement.
Front. Mater. 7:586457.

doi: 10.3389/fmats.2020.586457

Check for
updates

Analysis of the Influence of
Temperature Field on the Dynamic
Modulus of Rubber Asphalt Pavement

Guoging Wang', Xingiang Wang'*, Zhanyou Yan?, Lusheng Qin® and Zhanhua Gao*

"School of Civil and Transportation Engineering, Hebei University of Technology, Tianjin, China, 2School of Civil Engineering,
Shijiazhuang Tiedao University, Shijiazhuang, China, SHebei Transportation Investment Group Corporation, Shijiazhuang, China,
“Hebei Province Road Structure and Material Technology Research Center, Shijiazhuang, China

In this paper, asphalt mixture performance test is used to study the dynamic modulus of
different types of rubber asphalt mixtures in the laboratory, based on the viscoelastic
theory, in order to determine the actual dynamic modulus of different structural layers
under the action of temperature field in the asphalt pavement. Based on the time-
temperature equivalence principle and Sigmund model, the dynamic modulus main
curve is established, and establish the correlation equation between temperature and
dynamic modulus. The actual dynamic modulus of asphalt concrete at each pavement
layer is calculated by referring to the test data of pavement temperature field in
Shijiazhuang and Tangshan, and compare and analyze the design value and actual
value of dynamic modulus. The results show that the influence of external factors such
as temperature and frequency on the dynamic modulus of asphalt mixture is far greater
than that of internal factors such as cement and gradation type. Affected by the
temperature field, the dynamic modulus of concrete at different structural levels is
dynamically changing. Taking the dynamic modulus at 20°C and 10 Hz as the limiting
index for design data selection is inconsistent with reality and needs to be improved. This
study not only provides the basis for dynamic modulus selection in asphalt pavement
design, but also has certain reference value for improving the life of asphalt pavement.

Keywords: pavement, rubber asphalt mixture, different layers, dynamic modulus, temperature field

INTRODUCTION

Waste tire rubber powder modified asphalt not only solves the environmental pollution of solid
waste, but also realizes the reuse of waste resources. Many experts and scholars have studied rubber
asphalt and mixture (Li et al., 2019; Fang et al., 2020; Xia et al., 2021), and proved that rubber asphalt
mixture has excellent pavement performance. With the implementation of Highway Asphalt
Pavement Design Code (JTG D50-2017), dynamic compression modulus is one of the important
parameters in asphalt pavement design. The test and model estimation of dynamic compression
modulus of asphalt mixture are still the research hotspots.

In order to determine the influencing factors of the dynamic modulus of asphalt mixture, 8 AC
mixtures were selected in reference (Ali et al., 2016). Uniaxial dynamic moduli at various
temperatures and frequencies were tested using asphalt mixture performance testers. The
nonlinear regression model is established. The dynamic modulus is expressed as the test
temperature and is loaded as a function of the frequency and volume parameters of the mixture.
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In reference (Wang et al., 2019), specimens with different asphalt
content layers were prepared and Superpave Simple Performance
Tester was used for dynamic modulus test. The results show that
the dynamic modulus of asphalt mixture increases with the
increase of loading frequency and decreases with the increase
of test temperature.The study of the main dynamic modulus
curve of asphalt mixture (Ruan et al, 2018; Su et al, 2018)
facilitated the selection of dynamic modulus in a wide range. In
the field of dynamic modulus prediction of asphalt mixtures,
literature (Nemati and Dave, 2018) developed an asphalt mixture
dynamic modulus and phase Angle prediction model based on
the laboratory test results of more than 4,300 asphalt mixtures in
New England, USA. Literature (Ghasemi et al., 2019) developed
an accurate finite element (FE) model using a mixture of elastic
modulus and asphalt binder performance prediction. This model
has been verified in nine different pavement projects in five
regions in the United States, which proves that ANN
modeling can accurately predict dynamic modulus.

In literature (Rahman et al., 2019), the Witczak dynamic
modulus prediction equation based on viscosity was modified,
and the dynamic modulus of asphalt concrete under 21 different
conditions was tested. The results showed that the Witczak model
based on viscosity underestimates the dynamic modulus, and the
modified Witczak model based on viscosity had a higher accuracy
in determining the dynamic modulus. In terms of the impact of
asphalt aging on dynamic modulus of asphalt mixture, three types
of asphalt mixture with different aging states were used in
literature (Wen and Wang, 2019) to study the change of the
impact of aging on dynamic modulus of asphalt mixture. In the
literature (Arefin et al., 2019), asphalt mixture was prepared with
four bitumen binators and one aggregate. The prediction model
1-37A and NCHRP 1-40D and the Global Aging System
integrated in MEPDG were used to predict the dynamic
modulus of short-term and long-term Aging HMA and
foaming WMA mixtures. The results showed that the NCHRP
1-37A model generally underestimates the dynamic modulus of
HMA mixtures, but provides better adhesion quality for foaming
WMA mixtures. The NCHRP 1-40D model usually results in
higher dynamic modulus values. In terms of dynamic modulus
prediction of pavement performance, literature (Hou et al., 2016)
evaluated pavement performance by using the predicted dynamic
modulus for model analysis. In literature (Robbins and Timm,
2011), binder and mixture were used to estimate various
frequencies and dynamic moduli in combination with the
application of dynamic moduli of asphalt mixtures in the
southeastern United States.

In terms of the influence of temperature field on the
performance of asphalt concrete, the literature (Qian et al,
2020) found that the rolling temperature and layer thickness
affect the overall temperature field in the compaction process, and
the wind speed and air temperature mainly affect the hot mixed
asphalt. (HMA) The temperature field of the upper layer. The
temperature change of the bottom layer mainly affects the
temperature field at the bottom of the layer. Literature (Chen
et al., 2017) uses the Green’s function method, taking solar
radiation, wind speed and temperature and other climate
factors as input parameters to obtain an analytical solution for
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the temperature field in the multilayer pavement structure.
Literature (Huang et al, 2016) uses the discrete element
method to analyze the feasibility of the asphalt mixture
temperature field. The test results show that the numerical
simulation results are basically consistent with the
experimental results. DEM may become a promising new
method to study the temperature field distribution and other
properties of asphalt mixtures. Literature (Sun et al., 2020) uses a
multi-scale finite element method based on microstructure to
study the influence of temperature field on the internal damage of
asphalt pavement under traffic load, and recognize the
importance of considering temperature field in pavement
structure analysis.

Based on the above-mentioned documents, people have
realized the influencing factors of the dynamic modulus of
asphalt mixture, and carried out the dynamic modulus
prediction model; the temperature field is an important factor
affecting the damage of the asphalt pavement, and numerical
simulations have been carried out. However, there are still some
gaps in the impact of the temperature field on the dynamic
modulus of asphalt concrete, the difference between the design
dynamic modulus of asphalt pavement and the actual dynamic
modulus, and the impact on the pavement performance.

In this paper, based on viscoelastic theory and asphalt mixture
performance test (AMPT) method, the relationship between
dynamic modulus of rubber asphalt mixture and temperature
and loading frequency was determined by indoor AMPT test, and
the main dynamic modulus curve was established. Based on the
research results of temperature field of asphalt pavement in Hebei
Province, the dynamic modulus of asphalt concrete in different
layers was calculated, the influence of temperature field on
dynamic modulus was analyzed, and the suggested indexes for
dynamic modulus selection were put forward. This study not only
determines the change rule and value range of the actual dynamic
modulus of asphalt pavement, but also improves the pertinence of
the selection of asphalt pavement design parameters, which has
important research value and practical significance.

THEORETICAL BASIS AND METHODS

Viscoelastic Theory
General mechanical analysis, model construction and failure

mechanism research of asphalt mixture (Teixeira et al., 2014;
Liu et al, 2018; Zhang et al, 2019) are mostly based on
viscoelastic theory. When the stress is the input and the strain
is the stress response, the mathematical description of the
material input and response is called the constitutive
relationship. When describing the constitutive equations of
Hooke’s elasticity, Newtonian viscosity and viscoelastic, the
spring is used to represent Hooke’s elasticity, the viscous flow
is used to represent Newtonian viscous flow, and the combination
of spring and viscoelastic element is used to represent viscoelastic
element. According to the number and combination of spring
and clay pot elements, the viscoelastic model can be divided into
Kelvin element, Maxwell element, three-element model and four-
element model.
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The viscoelastic model of asphalt mixture can be constructed
by means of integral equation, differential equation and complex
equation. The viscoelastic model can be divided into static and
dynamic load forms according to the loading time. The stress
generated by vibration load is called periodic alternating stress.
Cyclic alternating stress can better represent the effect of moving
vehicle on asphalt pavement than static test stress. In recent years,
it has become an important method to analyze the mechanical
response of viscoelastic materials with alternating stress. The
stress can be described by Eq. 1 (Zhang, 2006).

o (t) = 04e™ = 0y (cos wt + sin wt) (1)

where, o is the strain amplitude and v is the angular frequency.
The stress at a certain moment can be divided into real part
& cos wt and imaginary part & sin wt.

The volume constitutive equation is:

o 0
=g 2
p tp=é (2)
After substituting Eq. 1 into Eq. 2, it can be obtained:
. 1w ot
Y Thed iw 3
é (}7+1E>aoe 3)

So,

oy (1 w) . 1 1 . )
e = 70 iz et =201 + O.Oe(iw*ls) — eoe("”"s)w (4)
iw\n E E w33

where, § = tan”'-L .

The above equration shows that when the alternating stress
vibrates at angular frequency w, the strain response has the same
vibration frequency. But there is § difference between the stress
vector and the strain vector. The ratio of the stress vector to the
strain vector is the complex modulus of elasticity, represented by

E*.

. 0 oge™t W +iwT,
! _z_l(l—iL)aeiwt_E 1+ w72 ©®
E wr, )70 r
22
Let the real part be E' = EL;z , and the imaginary part be
E"=E—""_ then: b
1+ wzrz’ '
E"=E +iE" = |[E"|(E cos§ +iE" sin ) (6)

The modulus |E*| of the complex function is called the
dynamic modulus, and ¢ is the phase Angle of stress and
strain. E' represents the energy stored and released by the
material under the action of alternating stress, which is called
the storage modulus. E” represents the lost energy, which is called
the loss modulus.

Since the mechanical behavior of viscoelastic materials is
affected by the viscous component and the viscous flow
deformation is a function of time, the mechanical behavior of
viscoelastic materials is a function of time. Meanwhile, the flow
characteristics of viscoelastic materials are also affected by
temperature changes, as shown in Eq. 7.

E(Tl ’ t) =E(T2 ’ t/aT) (7)
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The above equation shows that there is a certain conversion
relation between time factor and temperature factor. This
conversion is called the time-temperature conversion rule.

Time-Temperature Equivalence Principle
At present, the time-temperature conversion calculation theory of

asphalt mixture mainly adopts three methods (Rowe and
Sharrock, 2011), Williams-Landel-Ferry (WLF) equation,
Arrhenius equation and polynomial equation. Where, the
WLF equation is shown in Eq. 8.

_Cl (T - Tr)

G+ (T-T) ®

log,,a(T) =
where, a(T) is the shift factor, T is the temperature
corresponding to the translation curve, T, is the reference
temperature (the temperature field of the road at the site of
the project), and C;, C, are the regression coefficients.
Arrhenius equation is shown in Eq. 9.

AE, 1 1
SEa®-G)] o
19.14714 | \T T,
where, AE, is the activation energy, which is related to the asphalt
material itself and can be obtained in the regression analysis.

Polynomial equation means to move a test curve towards a
curve with known test results. The reference temperature is one of

the curves in the cluster. The value of the shift factor was obtained
by regression analysis, as shown in Eq. 10.

log,,a(T) =

log,,a(T) = aT* + bT + ¢ (10)

where, a, b and ¢ are regression coefficients. From the equation
form, the value of the shift factor is a quadratic function of
temperature.

Since WLF Egq. 8 is not well applied to low temperature, the
polynomial equation cannot obtain the main curve at unknown
temperature. Therefore, the Arrhenius equation was used as the
calculation method of dynamic modulus shift factor in this paper.

Asphalt Mixture Samples
Based on the viscoelastic theory, the AMPT applied the load to

the specimen in the form of input alternating stress. It can
measure the mechanical behavior of concrete under different
temperature and frequency and simulate the dynamic load
response of asphalt pavement.

Figure 1A is the loading curve of the test dynamic modulus,
and Figure 1B is the test equipment of the test dynamic modulus.
The modulus loading curve is usually half sinusoidal. Dynamic
modulus equipment can be applied at different temperatures,
loads and frequencies.

Four frequency - modulus curves were obtained by four
temperature dynamic modulus tests in the laboratory. Six
frequencies are measured at each temperature. Select the
pavement temperature of the project site as the reference
temperature. Translate each curve to the reference temperature
according to the Anius time-temperature conversion principle.
The least square fitting of an S-shaped curve results in a modulus
curve with a wide range of frequencies.

Frontiers in Materials | www.frontiersin.org

October 2020 | Volume 7 | Article 586457


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles

Guoqing et al.

0p sin wt
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Loading curve

Loading method

FIGURE 1 | Dynamic modulus test.

Major curve fitting was performed by Using Sigmoidal
function (Su et al.,, 2018), as shown in Eq. 11.

(log (Max) — log(Min))

log|E"| = log (min) +
1+ eﬁﬂ’{l"g‘”*wﬁgm [ (%)’ (T%)]}

11

where, |E*| is the dynamic modulus. o is the loading frequency
(Hz) at the test temperature. Max represents the limited
maximum modulus (MPa). Min is the limited minimum
modulus (MPa). g and y are the fitting parameters. The
maximum modulus is obtained from Eqs 12 and 13.

VMA VFA x VMA
E|,. = PC[4 200 000(1 - —) +435 000<7)]
100 10 000
1-P,
+ VMA
[ (1% VMA ]
4 200 000 435 000 (VFA)
(12)
20 4 435.000(VEA) 0.58

Pc _ ( VMA ) (13)

- 0.58
650 + (435 %)&;VFA))

where, VFA is the saturation of asphalt mixture and VMA is the
clearance rate of asphalt mixture ore.
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INDOOR DYNAMIC MODULUS TEST AND
ANALYSIS OF ASPHALT MIXTURE

Test Materials
The test material is modified asphalt with 30% and 40% rubber

powder. The performance indexes of rubber powder modified
asphalt are shown in Table 1.

The ore material is five-grade stone material, whose
performance conforms to the specification requirements. They
are mechanism sand, filler, 5~10, 10~15, 10~20 mm, respectively.
According to the demand of the upper, middle and lower layers of
pavement, the rubber asphalt mixture is of ARHM13, ARHM20
and ARHM30 respectively. The gradation of rubber asphalt
mixture synthesis is shown in Table 2.

Test Design

In order to determine the impact of asphalt binder on the
dynamic modulus of rubber asphalt mixture, 30% and 40%
rubber asphalt were used to prepare ARHMI3 mixture for
comparison test; ARHM20 and ARHM30 two mixtures used
40% rubber asphalt .

In the experiment, Marshall test method was used to
determine the best whetstone ratio. The design void ratio was
4.0%, and the test process was not repeated. The optimum
whetstone ratios of ARHM13, ARHM20 and ARHM30 were
6.4%, 4.5% and 4.0%, respectively. The dynamic modulus test
piece was prepared on the rotating compacting instrument PCG,
and the size test piece was ¢ 50 mm x H170 mm. Let cool at room
temperature for 1 day. The specimen was processed into a size of
100 mm X 150 mm by means of drilling core and cutting, and its
volume indexes were measured.

The test temperature is —10, 5, 20, 35°C, 50°C, respectively. The
corresponding test frequency is 0.1, 0.5, 1, 5, 10, 25 Hz. An LVDT
sensor was placed at 120" intervals along the circumference of the
specimen. The dynamic modulus of asphalt mixture was
measured after 5h of heat preservation. The range of axial
deformation of the specimen is 85-135 pe.

Test Results
Analysis of Influencing Factors of ARHM13 Dynamic

Modulus
The dynamic modulus test results of ARHM13 mixtures with
different binders are shown in Figure 2.

TABLE 1 | Performance index of rubber powder modified asphalt.

Test item

25°C penetration/0.1 mm
5°C ductility/cm
Softening point/"C

180°C viscosity (Pa-s)
After TFOT residue Quality loss/%

25°C penetration rate/%

5°C degrees/cm

Modified asphalt with
30% rubber powder

Modified asphalt with
40% rubber powder

65 72
17 19
72.0 71.5
2.8 3.5
-0.31 -0.30
7 76

1 12
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TABLE 2 | Types of rubber asphalt mixture.

Dynamic Modulus of Rubber Asphalt Pavement

Mesh size Passing rate (%) Mesh size (mm) Passing rate (%)
(mm) ARHM13 ARHM20 ARHM30 ARHM13 ARHM20 ARHM30
37.5 — - 100 4.75 25.3 24.4 25.0
31.5 — — 95 2.36 215 19.2 19.7
26.5 — 100 84 1.18 17.8 15.1 15.5
19.0 — 90.5 66.5 0.6 14.2 9.0 12.3
16.0 100 79.2 58.9 0.3 12.7 71 9.7
13.2 97.3 68.5 51.4 0.15 10.4 6.5 7.6
9.5 66.1 52.2 40.8 0.075 10.0 5.4 6.0
35000
A 30000 A
0,
30000 ggé‘:gﬁfg:i —=— 40%RA25Hz
30%RA5HzZ 25000 —e— 40%RA10Hz
5 25000 v 30%RA1Hz T A —A— 40%RA5Hz
o —e— 30%RA0.5Hz S 200004 &\ v 40%RA1Hz
% 20000 4 —<— 30%RA0.1Hz @ A\ —®— 40%RA0.5Hz
3 = —<¢— 40%RA0.1Hz
S 3 15000 4
B 15000 4 o
IS 1S
2 -2 10000
£ 10000 g
g 3
& 5000 A 5000
0 0+
10 0 10 20 30 40 50 10 0 10 20 30 40 50
Temperature (C) Temperature (C)
FIGURE 2 | The effect of binder on the dynamic modulus of ARHM13.

Figure 2 shows that the dynamic modulus of different rubber
asphalt mixtures has the same changing law, and is affected by
temperature and loading frequency. With the increase of
temperature, the dynamic modulus shows a decreasing trend;
with the increase of loading frequency, the dynamic modulus is
Increasing trend.

Select three frequencies and four temperatures to analyze the
factors affecting the dynamic modulus of the rubber asphalt
mixture, as shown in Figure 3.

It can be seen from Figure 3 that when the 30% RA mixture is
at a frequency of 0.1 Hz, the dynamic modulus at 20, 35, and
50°C decreases by 73.0%, 91.7%, and 95.6%, compared to the
dynamic modulus at 5°C; At 25 Hz, the dynamic modulus at 20,
35, and 50°C is relatively. The dynamic modulus decreased by
50.6%, 84.6% and 93.5% respectively at °C. The data shows that
under the same loading frequency conditions, the dynamic
modulus decreases with the increase of temperature; at the
same temperature, the dynamic modulus increases with the
increase of frequency. As the frequency increases, the dynamic
modulus of asphalt mixture decreases gradually at 20°C
relative to 5°C. Either increasing the temperature or
reducing the frequency can achieve the purpose of reducing
the dynamic modulus.

Comparing the dynamic modulus of the two rubber
asphalt mixtures, it is found that under the conditions of

0.1 Hz and 5, 20, 35, 50°C, the dynamic modulus of 40%RA
mixture relative to 30%RA mixture decreases by 3.1%,
12.79%, 0, 9.3%;under the conditions of 1 Hz and 5, 20, 35,
50°C, the dynamic modulus of 40%RA mixture relative to 30%

14000 ~
12000
I 30%RA25Hz [l 40%RA25Hz
g B 30%RA1Hz [l 40%RA1Hz
S 10000 4 I 30%RA0.1HZJ 40%RA0.1Hz
=
5 8000
=}
8
£ 6000
L
IS
g 4000
>
o
2000 +
0 -
5 20 35 50
Temperature (C)
FIGURE 3| Influencing factors of dynamic modulus of ARHM13 mixture.
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A 16000 - B 15000 ]
14000 —a— 25Hz-ARHM20 16000 AN
—e— 10Hz-ARHM20 ° z
_ 12000 —a— 5Hz-ARHM20 5 14000 AN
3 v 1Hz-
< 10000 1Hz-ARHM20 £ 12000 —e— 0.5Hz-ARHM30
= 1 —e— 0.5Hz-ARHM20 = :
2 —«— 0.1Hz-ARHM20 3 100004 —<— 0.1Hz-ARHM30
= 8000 E
3 S 8000 -
£ 6000 E
° £ 6000+
§ 4000 H 8
S s 4000 4
2 2000 2000
04 0
T T T T T T T T
5 20 35 50 5 20 35 50
Temperature ('C) Temperature (C)
FIGURE 4 | Dynamic modulus of different types of rubber asphalt mixture.
A 18000 B 14000
16000 - [P 40%RA-ARHM13 [ 40%RA-ARHM13
[ 30%RA-ARHM13 120001 30%RA-ARHM13
E 14000 - I 40%RA-ARHM20 E [ 40%RA-ARHM20
S 120004 5 40%RA-ARHM30 s 10000 5 40%RA-ARHM30
12} (2}
2 10000 4 2 8000
el el
o o]
£ 8000+ € 6000 -
2 Qo
€ 6000 £
g € 4000
& 4000 &8
2000 ] % 2000 -
o 11T e s 0 h
5 20 35 50 20 35 50
Temperature ('C) Temperature ('C)
25Hz 5Hz
FIGURE 5 | Dynamic modulus of different types of mixtures.
TABLE 3 | Correlation equation model parameters. 16000 4
Asphalt mixture type a b R? 14000 4 v
A —u— 40%RA-ARHM13
ARHM13 (40%RA) 13,868 -0.065 0.9987 S 12000 4 —e— 30%RA-ARHM13
ARHM13 (30%RA) 16,866 -0.067 0.993 % o —A— 40%RA-ARHM20
ARHM20 (40%RA) 19,002 -0.062 0.9962 < 10000 - n —v— 40%RA-ARHM30
ARHMS30 (40%RA) 21,441 -0.063 0.9963 =]
3 8000
g v
o 6000 A
RA mixture decreases by 8.8%, 16.9%, 2.3%, 6.5%; Under E 4000 ®
25Hz and 5, 20, 35, 50°C, the dynamic modulus of 40%RA g, " -
. . . ~
mixture is reduced by 13.6%, 24.1%, 8.6%, 9.1, respectively %. 2000 x
It shows that the dynamic modulus of 30%RA mixture is 0. TT——=%
higher than 40%RA under the same conditions. ; ; ; ;
Based on the above data, the influence of temperature and 5 20 35 50
frequency on the dynamic modulus of the mixture is far Temperature (C)
reater than the influence of the cement on the dynamic
rgn odulus ¥ FIGURE 6 | Dynamic modulus and temperature correlation curve.
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100000
® After translation

= n5cC
o 420°C FLE X

10000 f .
= ©35C s " ee®
3 .
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3 L *
S 1000 ...J'. o o
kS °® *®
E [ ]
g 100
>
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10 1 1 1 1 1 1
0.00010.001 0.01 0.1 1 10 100 1000
Frequency(Hz)
Translation curve
FIGURE? | ARHM20 translation curve.

logal(t)

_3 1 1
5 20 35 50
Temperature(C)

Time temperature conversion factor

Effect of Mixture Type on Dynamic Modulus
The test results of ARHM20 and ARHM30 asphalt mixtures are
shown in Figure 4.

Figure 4 shows that although the gradation type and oil-stone
ratio of the two asphalt mixtures have changed, the dynamic
modulus changes are consistent with the ARHM13 mixture. In
order to determine the influence of gradation type on the
dynamic modulus of asphalt mixture, the test data of Figures
2 and 4 are combined. At 25 Hz and 5 Hz, the dynamic modulus
of four asphalt mixtures is shown in Figure 5.

It can be seen from Figure 5 that under the same conditions,
the order of the dynamic modulus of the asphalt mixture from
large to small is ARHM30, ARHM20, 30% RA-ARHM13, 40%
RA-ARHM13, which can be achieved by changing the asphalt
binder or gradation type. To achieve the purpose of adjusting the
dynamic modulus of the asphalt mixture.

Fitting the Relationship Between Dynamic Modulus
and Temperature

Considering that the asphalt pavement is in a temperature-
changing environment, the test data at 10 Hz is selected to fit
the dynamic modulus and temperature. The fitting curve is
shown in Figure 6.

According to the fitting curve in Figure 6, it is found that the
dynamic modulus and temperature satisfy the exponential
function model system, the dynamic modulus (y) is set as the
dependent variable and the temperature (x) is the independent
variable. The relationship between the two is y = ae”* , The model
parameters are shown in Table 3.

It can be seen from Table 3 that the dynamic modulus of
asphalt mixture has a high correlation with temperature, which is
above 0.993. The dynamic modulus of asphalt mixture at any
temperature can be solved by this model.

Dynamic Modulus Master Curve
Taking ARHM20 mixture as an example, the dynamic modulus

curve at different temperatures was translated to the reference

temperature (20°C) in combination with the time-temperature
equivalence principle. The translation curve and displacement
factor are shown in Figure 7.

After the dynamic modulus is translated, the three-
dimensional space composed of temperature, dynamic
modulus and loading frequency is transformed into a two-
dimensional coordinate system of dynamic modulus and
frequency.

Using the above method and using 20°C as the reference
temperature, the master curve of the dynamic modulus of the
three asphalt mixtures was fitted, as shown in Figure 8.

Figure 8 shows that the dynamic modulus of the three
types of mixtures varies slightly at different frequencies. The
effect of gradation type on dynamic modulus is much less
than that of temperature and frequency. The main curve
model parameters of the three asphalt mixtures are shown
in Table 4.

The main curve models of dynamic modulus of the three types
of asphalt mixtures have a high correlation, which are 0.993, 0.991

100000

——&— ARHM13
= ——@—— ARHM?20
£ 10000 | ARHM30
=]
3 »
g 7~
L2
£ 1000 F
©
c
>
a

- —
S
0.00001 0.001 0.1 10 1000 100000 10000000
Reduced Frequency(Hz)

FIGURE 8 | Main curve of dynamic modulus.
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TABLE 4 | Main curve model parameters of different types of mixtures.

Parameter Types of mixtures
ARHM13 ARHM20 ARHM30
Max 23089.89 23705.85 23705.85
Min 99.93596 106.1106 155.3557
B -0.63811 -0.51116 -0.43372
y -0.55744 -0.60439 -0.71375
EA 162348.6 166142 156648.3
R? 0.992923 0.991325 0.971128
Se/Sy 0.059487 0.065861 0.12015
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g
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FIGURE 9 | Design value of dynamic modulus of asphalt mixture.

and 0.971, respectively. As the mixture type changes, the model
parameters change accordingly. According to the main dynamic
modulus curve, the dynamic modulus of asphalt mixture at any
temperature or loading frequency can be solved. This curve is

Dynamic Modulus of Rubber Asphalt Pavement

helpful to study the dynamic modulus of the mixture in the wide
band or temperature range.

Dynamic modulus analysis of mixture in

Different Asphalt Pavement

The thickness of the asphalt pavement above, in the middle and
below shall be 4cm, 6cm and 8cm respectively. The pavement
material is ARHMI13, ARHM20 and ARHM30 mixture
respectively. According to the main curve model of dynamic
modulus and pavement temperature field data, the actual
dynamic modulus of different pavement depths at 10 Hz can
be solved and analyzed.

Design Value of Dynamic Modulus of
Asphalt Mixture
ARHM13, ARHM20 and ARHM30 mixtures are used for the
surface layer, middle surface layer and lower layer, respectively.
According to the test data of Figures 3 and 5 and the "Code for
Design of Highway Asphalt Pavement,” the dynamic modulus of
asphalt mixture at 20°C and 10 Hz is selected. It is the design
value, as shown in Figure 9

Figure 9 illustrates that the dynamic modulus of the three-
layer asphalt mixture changes to a fixed value. The change
takes into account the change of the temperature field and
causes the change of the dynamic modulus of the asphalt
concrete.

Distribution Law of Temperature Field of

Asphalt Pavement

Combined with the results of previous research (Wang et al,
2014), the daily maximum and minimum temperatures at
different depths of the road surface are shown in Figure 10.

It can be seen from Figure 10 that the road temperature field
varies with depth and seasons. Picture (a) the daily maximum
temperature can reach 54.1°C and the lowest temperature is
23.1°C; figure (b) the daily maximum temperature can reach
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FIGURE 10 | Temperature distribution of asphalt pavement.
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FIGURE 11 | Temperature distribution of asphalt pavement.
14.9°C, the lowest temperature is —9.1°C, and the extreme Figure 11 shows that the daily temperature difference is a

temperatures are concentrated around 20mm deep on the  dynamically changing value, and the surface layer pavement
road surface. Through calculation, the difference between the  temperature difference is the largest. As the road depth

highest and lowest daily temperature is shown in Figure 11. increases, it gradually decreases and tends to stabilize.
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FIGURE 12 | Comparative analysis of dynamic modulus of asphalt pavement.
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Comparative Analysis of Dynamic Modulus

of Pavement Structure Layers

Substitute the road temperature field data into the temperature
and dynamic modulus correlation equation to solve the asphalt
concrete dynamic modulus when the loading frequency is 10 Hz.
In different months, the design and actual values of asphalt
concrete are shown in Figure 12.

It is found from Figure 12 that the actual dynamic modulus
of pavement concrete is comprehensively affected by factors
such as temperature, pavement depth, and asphalt mixture type.
Among them, the change in dynamic modulus caused by the
temperature difference between day and night is much greater
than the impact of asphalt mixture type on dynamic modulus. In
(A), the design values of the dynamic modulus of the surface
layer, the middle layer and the lower layer are respectively 1.3 to
1.7 times, 1.4 to 2.0 times, and 1.6 to 2.0 times the actual
dynamic modulus. In (B), the design values of the dynamic
modulus of the surface layer, the middle layer and the lower
layer are 1.5 to 4.7 times, 2.3 to 7 times, and 2.3 to 5.3 times of
the actual dynamic modulus, respectively. The actual dynamic
modulus is much smaller than the design value of the dynamic
modulus, and there is a large gap between the actual stress state
of the road surface and the design.

In (C), the design values of the dynamic modulus of the surface
layer, middle layer and lower layer are respectively 15.6-31.4%,
18.7-36.7%, and 20.2-38.9% of the actual dynamic modulus; The
design values of the dynamic modulus of the surface layer and the
lower layer are respectively 25~74.5%, 32~75.4%, 27.9~60.9% of
the actual dynamic modulus. The actual dynamic modulus is
much larger than the design value of the dynamic modulus, and
the asphalt pavement is in an elastic state.

CONCLUSIONS

(1) The dynamic modulus of rubber asphalt mixture is
comprehensively affected by factors such as binder,
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