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Abstract. Recent research shows that there is a serious need for accurate methods to evaluate the
deformation resistance of asphalt mixtures at high temperatures, especially for stone-skeleton
mixtures. To reflect the interlocking angle between coarse aggregates, confining pressure should be
considered during testing. The dynamic loading test has been developed for applying different
repetitive loads to a limited area of the specimen. This test can measure permanent deformation
indices under different loads to evaluate the deformation resistance of asphalt mixtures at high
temperature. The dynamic loading test is conducted on samples with different compaction rates and
gradations. Further, the rutting resistance of two types of gradation is compared with a wheel
tracking test and a dynamic loading test. The test results indicate that the dynamic loading test can
apparently distinguish the influence of gradations on rutting resistance. It is also derived from this
test that dense-graded mixtures have higher permanent deformation susceptibility than coarse-
graded mixtures, which is consistent with experience in the field and validated by experiments. This
test can reflect the entire permanent deformation and separate the compactive deformation and
shear flow deformation. Furthermore, this test can simulate heavy and repeated loads to fully
exhibit the deformation resistance of asphalt mixtures, especially for coarse-graded mixtures.
However, this test is limited by the effects of rigid confinement, which can be improved by
changing the confining pressure.

Introduction

At present, the ‘‘working environment’’ of roads are becoming more complex and severe. High
traffic volumes and tire pressures combined with high ambient temperature accelerates the
deterioration of asphalt pavement. Now one of the most common forms of failure of asphalt
pavement is rutting [1]. For semi-rigid base asphalt pavement, rutting is primarily derived from the
permanent deformation of the asphalt concrete layer at high temperatures. The gradation of hot-mix
asphalts (HMA) should be accurately designed to improve rutting resistance. Literature research
shows that 60% rutting resistance of asphalt mixtures is attributed to the interlocking forces
provided by coarse particles, the other 40% coming from the cohesion of asphalt binder. In China,
more and more asphalt-treated base (ATB) and asphalt-treated permeable base (ATPB) are applied
to reduce the reflective cracking and moisture damage arising from the used semi-rigid base [2].
Therefore, it is essential to accurately evaluate the deformation resistance of stone-skeleton asphalt
mixtures.

There are many methods to judge rutting resistance of asphalt mixtures including wheel tracking
(WT), static creep, dynamic creep, indirect tensile strength (ITS) tests and an accelerated loading
facility (ALF) test. ITS test is developed for elastic base and does not accurately estimate the
rutting resistance of a mixture. Wheel-tracking tests are not quantified to be well correlated with
rutting in the field under variable traffic loading and environmental conditions. However, it can be

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/www.scientific.net/AEF.5.370

Advanced Engineering Forum Vol. 5 371

used to rank mixtures according to rut potential. Wheel-tracking tests generate two rutting
parameters (rutting depth and dynamic stability). Dynamic stability has limitation and sometimes
conflicts with rutting depth, for it considers only the rutting depth at 45min and 60min, not the
whole depth [3]. Experiences have shown that stone-skeleton mixtures, such as SMA and ATB,
cannot be properly evaluated by means of conventional tests, such as the unconfined uniaxial static
or dynamic creep tests [4]. Other studies for rutting evaluation use a creep loading or repeated
loading in uniaxial or triaxial modes, however, these test procedures are relatively complex and are
not widely used in field laboratories [5,6].

The existing experimental tests have limitations and lack rationalities to evaluate the deformation
resistance of HMA, especially for stone-skeleton mixtures. It is essential to select an accurate test to
evaluate the deformation properties of asphalt mixtures. The shear strength of stone-skeleton
mixture is mainly derived from interlocking angle, ¢ used in the shear strength equation

(z=c+otgp ) . To reflect the interlocking angle, ¢ confining pressure, ¢ should be considered.

In general, rutting occurs mainly on wheel paths in the roads, the rest of the pavement section
remaining almost intact. The spot under the wheel suffers stress and the immediate surrounding
body acts as a restraining barrier for shear movement when the material underneath the tire begins
to deform. According to this hypothesis, instead of applying load to the whole cross-sectional area
of a specimen, a test method is developed to apply a dynamic load to a limited area with confining
pressure. This test can reflect the deformation resistance of asphalt mixtures, especially for stone-
skeleton mixtures at high temperatures, called as dynamic loading test.

Development of Dynamic Loading Test

Repetitive load tests apply an axial dynamic stress on a specimen with a sinusoidal loading
pattern, close to the actual field loading conditions. Repetitive load tests are also thought to be more
accurate than static testing to evaluate the characteristics of asphalt mixtures. The illustration above
is the main reason to develop dynamic loading test in this research. Fig. 1 illustrates a periodic load
applied to a specimen in a limited area (referring to CBR test). The applied load is haversine in
shape and frequency is 0.1 hertz. Each level load increases by 10kN and 100 repetitions. The
deformation curves under different load level are plotted through a sensor and displacement
collecting system, as shown in Fig. 2. The elastic and plastic deformation can be directly derived
from the deformation curve. The other deformation indices can be calculated, such as accumulative
deformation, resilient and plastic modulus (equation 1).

Fig. 1 Dynamic loading test (mm)  Fig. 2 Dynamic deformation curve of asphalt mixture at
various loading
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Where:
E —resilient or plastic modulus (MPa) ;
Hy—poisson ratio (0.35);

D —the diameter of loading head (50mm) ;
p —loading stress (MPa) ;
[—elastic or plastic deformation (mm) ;

Characteristics of the Test

The purpose of developing the new test method is to create a dynamic load-induced spot
deformation similar to the one created by moving wheel. The dynamic loading test has a head (¢ =
50 mm) on the specimen (¢ = 150 mm) to simulate a variable wheel which has a circular tire
imprint. Considering confining pressure, the dynamic loading test can evaluate interlock function
between coarse aggregates under different loading levels, which is consistent with the actual stress
state of asphalt pavement.

Permanent deformation in pavements has long been recognized to include two different modes
according to Huang and Gokhale. The first mode is known as compactive deformation
(consolidation of layers) and the second mode is plastic deformation (asphalt shear flow). The test
system applies a dynamic load step-by-step from SkN to 40kN, aiming to simulate the accumulative
process of permanent deformation to attain different deformation stages. When the applying load is
minor, deformation is known as compactive stage (the first mode). When the applying load
increases, permanent deformation will increase consequently, the variable amplitude is not large,
and deformation is known as accumulative stage. When the applying load increases further, the
slope of deformation becomes larger sharply, which means the specimen failed, this deformation is
known as shear flow. Fig. 2 shows the trend of deformation of an asphalt mixture.

The elastic and plastic deformation under different loading are separated from the test data.
Further, the resilient modulus and permanent deformation can be calculated. The stress state is
explicit in the uniaxial or triaxial creep tests and the objective is the cell, which represents the stress
state of one point in the pavement. While the stress state of homogenate is nonuniform along the
longitudinal and transverse distribution, the dynamic loading test reflects the entire homogeneous
structure.

Loading Mode. The dynamic test with haversine loading cycles is repeated continually without
any interval period. The repeated loadings are applied by a MTS machine. The maximum
amplitudes are 5 kN, 10 kN, 20 kN, 30 kN, and 40 kN (2.55 MPa, 5.09 MPa, 10.19 MPa, 15.29
MPa and 20.38 MPa, respectively). The frequency is 0.1 hertz and cycle number is 100 each time.

Specimen Dimension. The stress distribution of the specimens is qualitatively analyzed using
the finite element program in different heights and diameters. When specimen height is less than
100 mm, the position of the maximum normal stress is nearly half of the height. When specimen
height is 150 mm, the position of the maximum normal stress value is 2/3 at 100 mm height.
Therefore, the specimen dimension values selected are ¢ = 150 mm and H = 100 mm.

Experiment Temperature. The test temperature of evaluating deformation resistance of HMA
at high temperature is, in general, between 40°C and 60°C. Through the summary of the literature,
45°C 1is selected for the asphalt mixture to evaluate permanent deformation resistance under high
temperature.

Experimental Research

Materials. To prove the test susceptibility, five aggregate gradations are chosen, in which
framework-void structure of asphalt mixtures are dominant, the other are dense-graded asphalt
mixtures. Limestone aggregate is sampled from the Jilin rock quarry in China, and the 80-100
penetration asphalt cement comes from Panjin northern asphalt refinery. All materials and
gradations demand Technical Specifications for Construction of Highway Asphalt Pavements in
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China. Table 1 shows five used gradations. The gradation name respectively represents coarse
aggregate, skeleton number-Taibo, an exponent z value of fine aggregate-filling coefficient. Every
specimen should be brought to bear on different load level (2.55 MPa, 5.09 MPa, 10.19 MPa, 15.29
MPa and 20.38 MPa).

Table 1 Five Gradations in the Experiment Tests

Gradation | AirVoid Seize Size(mm) Percentage Passing (%)

Name (o) 190 | 160 | 132 | 95 | 475 | 236 | 1.18 | 06 | 03 | 0.15 [0.075
4-0.65-0.5 | 24.0 | 100 | 88.3 | 70.4 | 33.7 1220 | 14.0| 89 | 57 | 3.7 | 23 | 1.5
4-0.65-0.7 | 185 | 100 | 89.2 | 72.6 | 38.8 | 28.0 | 178 | 11.3| 73 | 46 | 3.0 | 1.9
4-0.65-09 | 14.5 | 100 | 90.1 | 74.9 | 439|340 |21.6|13.8| 89 | 56 | 3.6 | 2.3

4-N-0.9 2.2 100 | 90.0 | 74.9 | 43.9 | 34.0 | 32.0 | 28.0 | 23.0 | 17.0 | 12.0 | 8.0
1-N-0.9 1.5 100 | 69.0 | 53.8 | 43.9| 34.0 | 32.0 | 28.0 | 23.0| 17.0| 12.0 | 8.0

Aggregate Gradation Influence. Five gradations including 3 coarse-graded mixtures and 2
dense-graded mixtures (see Table 1) are fully compacted by the optimum compaction rate.
Accordingly, deformation and modulus values are shown in Fig. 3 to Fig. 6.
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It can be clearly observed for both trends that as dynamic stress increases, resilient deformation
and resilient modulus of different gradations are similar. There is a discrepancy in resilient
deformation of 0 to 0.5 mm at the same dynamic stress (Fig. 3), while resilient modulus (Fig. 5) is 0
to 200 MPa. However, permanent deformation is quite different for different gradations. A
discrepancy in permanent deformation is about 0 to 20 mm at the same dynamic stress (Fig. 4),
while plastic modulus (Fig. 6) is 150 to 400 MPa. In Fig. 4, all five gradation mixtures are
compacted efficiently, so permanent deformations under minor dynamic stress (less than 10 MPa)
are nearly equal, which shows that asphalt mixtures compacted fully have little compactive
deformation, regardless of any kind of aggregate gradation. While as dynamic stress increases
(more than 25 MPa), the permanent deformations of different gradations are mainly attributed to
asphalt shear flow, the value revealing significant distinctions of different gradations. Thus, it can
be concluded that the discrepancy of deformation resistance of different gradation at high
temperature can be measured through the dynamic loading test.

Fig. 6 shows that the plastic modulus reaches a maximum value at 5.09 MPa. As the dynamic
stress increases, plastic modulus decreases. This indicates that when dynamic stress is no more than
5.09 MPa, deformation increases slowly and exhibits increasing modulus. As dynamic stress
becomes more than 5.09 MPa, permanent deformation increases quickly and exhibits decreasing
plastic modulus. It can be concluded that 5.09 MPa is a threshold for permanent deformation of
asphalt mixtures, that is, compactive deformation in no more than 5.09 MPa and shear flow
deformation in more than 5.09 MPa. It can be seen that this test reflects the entire deformation of
asphalt mixture at high temperature.

Through analysis of coarse skeleton and filling coefficient of five asphalt mixtures and their
influence on performance, it can be concluded that the coarse skeleton 4 bears heavier loading than
coarse skeleton 1, which is in agreement with the research results of graded crush stone[7,8]. Fig. 4
and Fig. 5 show that an asphalt mixture with a filling coefficient of 0.9 is the optimum at the same
coarse skeleton 4. Fig. 7 also displays the comparison results of the permanent deformation of
dense-graded (4-N-0.9 and 1-N-0.9) and coarse-graded asphalt mixtures (such as 4-0.65-0.9) at
45°C temperature under different stress levels. Permanent deformation resistance of coarse-graded
samples is more than dense-graded samples especially at heavy loads. This conclusion is validated
by experience and field work, which also proves that dynamic loading test can reflect the
deformation resistance of different types of gradations.

Contrast Analysis. Two aggregate gradations (4-0.65-0.9, 4-N-0.9) are used for preparing the
specimen for the WT test and dynamic loading test. The curve in Fig. 7 shows accumulative
permanent deformation increases along the time under different tire pressures. In general, with the
tire pressure (from 0.7 MPa to 1.0 MPa) increases, vertical permanent deformation and the slope of
asphalt mixtures increase too. When tire pressure increases to 1.15 MPa, the deformation slope is
sharp before 20 min., then it slows. This phenomenon reveals two things, one is that dynamic
stability derived from the deformation slope between 45 min. and 60 min. reflects the rutting
resistance of asphalt mixtures, although not the whole permanent deformation; and secondly, such a
phenomenon is possible that the dynamic stability of different asphalt mixtures are the same, while
permanent deformations may be quite different. For instance, the deformation slopes of two
gradations are similar, but the permanent deformation becomes different at 60 min. WT can exhibit
the dynamic stability value under minor load (0.7 MPa), but it produces an error and leads to
unreliable statistics in lieu of dimension effect when applying loads are heavy. Fig. 7 shows that
the deformation slope of two gradations between 45 min. and 60 min. are the same under 1.15 MPa,
but quite different in accumulative permanent deformation. Fig. 8 clearly presents that as dynamic
stress increases, accumulative permanent deformation increases with different slopes for two
gradations. The permanent deformation under different loads is able to be directly measured
through the dynamic loading test, which significantly proves that the dynamic loading test
effectively reflects the permanent deformation under different loads.
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Conclusions

For coarse skeleton asphalt mixtures, the shear strength is mainly derived from the interlocking
forces provided by coarse aggregates. It is accurate to evaluate the deformation resistance of HMA
considering the existence of confining pressure. The dynamic loading test is developed for applying
different repetitive loads to a limited area of the specimen and utilizing mold confinement to
evaluate the deformation resistance of asphalt mixtures at high temperatures.

This test can reflect the entire permanent deformation of asphalt mixtures at high temperature
and separate the compactive deformation and shear flow deformation. Furthermore, the test can
simulate different loads, especially heavy and repeated loads, which could fully exhibit the
deformation resistance of asphalt mixtures, especially for coarse-graded mixtures.

The test is limited by the rigid confinement, which could be improved by changing the
confinement.
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