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The fatigue properties of asphalt mixtures are important inputs for mechanistic-empirical pavement design. To understand the
fatigue properties of asphalt mixtures better and to predict the fatigue life of asphalt mixtures more precisely, the energy-controlled
testmodewas introduced. Based on the implementation theory, the laboratory practice for the energy-controlledmodewas realized
using a four-point-bending fatigue test with multiple-step loading. In this mode, the fatigue performance of typical AC-20 asphalt
specimens with various reclaimed asphalt pavement (RAP) contents was tested and evaluated. Results show that the variation
regulation of the dissipated energy and accumulative energy is compatible with the loading control principle, which proves the
feasibility of the method. In addition, the fatigue life of the asphalt mixture in the energy-controlled mode was between that for the
stress-controlled and strain-controlled modes. The specimen with a higher RAP content has a longer fatigue life and better fatigue
performance.

1. Introduction

With the service life of asphalt pavement increasing, main-
tenance and rehabilitation are inevitable. In addition, more
and more reclaimed asphalt pavement (RAP) materials have
been created. Meanwhile, with the construction cost and
energy consumption increasing, the recycling of RAP in new
asphalt pavement has attracted more and more attention,
especially in China [1, 2]. Many studies have proved that
the successful conduction of hot recycling technology of
RAP can generate recycled asphalt pavement with the same
performance as that of new asphalt pavement [3, 4]. However,
studies also indicate that the addition of RAP can affect the
fatigue durability of recycled asphalt pavement [5, 6]. Thus,
many researchers are still focusing on how to evaluate and
improve performance, especially the fatigue durability of the
recycled asphalt mixture.

The fatigue properties of asphalt pavement determine its
design life. Asphalt pavement structural defects, especially
fatigue cracks, are caused by the failure of the asphalt
mixture’s antifatigue properties. Therefore, fatigue properties

are the key issue that researchers have focused on [7].
Traditionally, the stress- or strain-controlled loading mode is
used for laboratory tests. One of the two modes is selected,
according to the pavement thickness. Generally, 12.7 cm is
regarded as the boundary thickness. If the surface layer of
the asphalt pavement is thicker than 12.7 cm, the stress-
controlled mode would be selected; otherwise, the strain-
controlled mode would be selected [8]. However, with the
fabrication of new pavement materials, alteration of pave-
ment design theory, and the appearance of new failuremodes,
the rationale behind this classification standard has been
widely questioned [9].

Fatigue tests for different gradations and differentmixture
components were conducted, based on the stress-controlled
and the strain-controlled mode, respectively [10–12]. Results
indicated that, in the strain-controlled mode, fatigue life
increases as the initial modulus decreases. However, in the
stress-controlled mode, the fatigue life increases as the initial
modulus increases. Thus, it can be seen that the control
mode plays a critical role in the evaluation of asphalt mixture
fatigue properties. In view of this, many researchers only
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use one control mode to evaluate asphalt mixture properties
and construct fatigue damage models considering modulus,
dissipated energy, and accumulative energy [13–16]. Some
studies concentrated on the differences and relations between
the two control modes, trying to unify the evaluation indexes
[17–20] or to convert one to another [21]. However, these
studies are still confined to either the stress-controlled mode
or the strain-controlled mode.

Previous research [22–26] has shown that the fatigue
process of the bottom surface layer of the asphalt pavement
is more related to the energy than to the stress in the stress-
controlled and the strain in the strain-controlled modes. The
dissipated energy of each loading cycle remains approxi-
mately constant [27, 28].Thus, the energy-controlled loading
mode was proposed in this study, and the method to achieve
it utilized a four-point bending (4PB) fatigue test device.
Thereafter, fatigue properties of the asphalt mixture with 0%,
25%, and 50% RAP contents were evaluated. The test results
could contribute to the establishment of a new estimation
index for fatigue properties of asphalt mixtures.

2. Theory

During one fatigue loading cycle in a 4PB test, the dissipated
energy of a beam could be calculated by the following
equation:

𝐸 = ∫
2𝜋/𝜔

0

𝐹 sin (𝜔𝑡) 𝐿 sin (𝜔𝑡 − 𝜑) 𝑑𝑡, (1)

where𝐹 is the force applied to the beam [N],𝐿 is themeasured
beam deflection [m], 𝜑 is the phase angle between force and
displacement [rad], and 𝜔 is the frequency of applied force
and displacement [rad/s].
𝐹 could be determined by the product of the flexural

modulus and the deflection of the beam, so (1) could also be
expressed as

𝐸 = ∫
2𝜋/𝜔

0

𝑆𝐿 sin (𝜔𝑡) 𝐿 sin (𝜔𝑡 − 𝜑) 𝑑𝑡

= 𝑆𝐿2 ∫
2𝜋/𝜔

0

sin (𝜔𝑡) sin (𝜔𝑡 − 𝜑) 𝑑𝑡 = 𝑆𝐿2 × 𝜋 sin𝜑,
(2)

where 𝑆 is the modulus of the beam.
In (2), it should be noted that 𝑆𝐿2 equals the energy

applied to the beam in the energy-controlledmode.Thephase
angle 𝜑 is a property of the material itself, which corresponds
to the proportion of dissipated energy. Changes during the
test are so small that they could be neglectedwhen calculating
the dissipated energy. During the fatigue test, as long as 𝑆𝐿2
remains constant, the energy applied to the beam could be
regarded as a constant. In this way, the energy-controlled
mode can be achieved theoretically.

Under the strain-controlled mode, the modulus 𝑆 and
bottom tensile strain 𝜀 of the beam can be continuously
renewed by software using real-time data from the displace-
ment sensor, which makes it possible to control the applied
energy. Because the deflection 𝐿 is directly proportional to

the bottom tensile strain of the beam 𝜀, 𝜀 can be used as the
controlled index. The control theory is as follows:

𝑆0 × 𝜀02 = 𝑆𝑛 × 𝜀𝑛2, (3)

where 𝑆0 is initial flexural modulus of the beam, 𝜀0 is the
initial bottom tensile strain of the beam, 𝑆𝑛 is the flexural
modulus of the beam at Cycle𝑁, and 𝜀𝑛 is the bottom tensile
strain of the beam at Cycle𝑁.

Because of the inherent limitation of the 4PB fatigue
test device, the energy-controlled mode cannot be achieved
directly. In the strain-controlled mode, when the strain was
controlled, the modulus 𝑆𝑛 at Cycle 𝑁 could be output in
real time. Accordingly, the force applied to the beam 𝐹𝑛 was
adjusted to 𝐹0 × 𝑆𝑛/𝑆0, to guarantee that the bottom tensile
strain of the beam 𝜀𝑛 at Cycle 𝑁 would be equal to the
initial tensile strain 𝜀0. Referring to (3) and the theory of the
strain-controlled mode, we propose a laboratory operational
method, based on a 4PB device, called multiple-step loading:
according to the modulus 𝑆𝑛 at Cycle N, shift the bottom
tensile strain of the beam 𝜀𝑛 to√𝑆0/𝑆𝑛 × 𝜀0 and then shift the
force applied to the beam 𝐹𝑛 to√𝑆0/𝑆𝑛 ×𝐹0.Thus, the energy
applied to the beam can remain constant as 𝐹0𝐿0. Using
this method, the energy-controlled mode could be achieved.
In the experiment, each time the force and the strain are
adjusted, the fatigue test machine should be restarted. Thus,
the higher the precision requirement is, the longer the break
time that will be taken. However, the fatigue damage might
mitigate during the intermittence due to the asphalt self-
healing effect [29–31], which would reduce the accuracy. In
this study, a 15% reduction of the beammodulus was used for
the loading process, and the fracture of the beam was set as
the standard of failure.

3. Operation Method for
the Energy-Controlled Mode

A base asphalt with a penetration grade of 70 was used as a
binder. Aggregates used for the mixture design were 100%
limestone, and the mineral powder was limestone powder.
RAP materials were milled from the surface layer of an
expressway that had been used for 10 years and showed seri-
ous pavement defects such as cracking, raveling, and rutting.
These materials were subsequently then processed in a plant.
Next, the RAP materials were obtained from the mix plant
and used for laboratory tests.The gradation of RAPmaterials
is shown in Table 1.The basic properties of the extracted RAP
binder are shown in Table 2. A dense graded asphalt mixture
with a nominal maximum aggregate size of 19mm (AC20)
was used as the design type of the new asphalt mixture and
recycled asphalt mixture. The designed gradation of AC20
is shown in Figure 1. By using the designed gradation as
the target gradation, three AC20 with RAP contents of 0%,
25%, and 50% were prepared, and their gradations are also
shown in Figure 1. All the prepared mixtures were subjected
to fatigue tests with different controlled modes, and their
fatigue properties were analyzed.

The operational procedures for the energy-controlled
mode were as follows.
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Table 1: Gradation of RAP.

Sieving size/mm 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Percentage passing/% 100 96.5 77.2 48.3 35.9 20.5 15.1 10.7 6.1 4.3

Table 2: Basic properties of binders with different RAP contents.

Type of binder Penetration/0.1mm Softening point/∘C 25∘C ductility/cm
Extracted RAP binder 31.3 60.6 7.7
Virgin binder 68.0 48.3 130.7
25% RAP binder 60.5 52.1 90.6
50% RAP binder 48.8 55.0 45.5
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Figure 1: Gradations of asphalt mixtures with different RAP con-
tents.

Step 1 (specimen preservation). Put the specimen into the
environmental chamber for preservation for no less than 4 h
at the test temperature ± 0.5∘C.
Step 2 (specimen placement). Install the specimen on the
4PB test device and fix it with clamps. Place the LVDT and
make sure it is in contact with specimen surface.Then, adjust
its position to the middle of the beam. The initial readout of
the LVDT should be as close to zero as possible.

Step 3 (parameter decision). The beam should be tested
under a sine wave load, 200𝜇𝜀 initial strain, and a loading
frequency of 10Hz.

Step 4 (initial strain decision). Specimens with different RAP
contents have different moduli. Therefore, to ensure that the
energy applied to each specimen is equal, the initial strain
value should be different. The beam is first loaded under
200𝜇𝜀 for 500 cycles, and the stiffness modulus in the 500th
cycle is the initial modulus 𝑆0. The initial strain 𝜀0 for each
beam can then be calculated.

Step 5. Create a new test file on the computer, set the target
strain as 𝜀0, and then begin loading.When themodulus of the
beam decreases to 0.85𝑆0, stop the test.

Step 6. Repeat Step 5 with the strain target as 1.0847𝜀0.
Because of the asphalt self-healing effect, the modulus may

increase during the break. Generally, the modulus will drop
again to the level before the break after about 200 cycles.
Continue to load, until the modulus drops to 0.7225𝑆0.
Step 7. Repeat Step 5 with the target strains shown in Table 3.
Keep loading until the beam fractures.

Step 8. Add up the cycle number of each loading level. Then,
the fatigue life and a diagram of the flexural stiffnessmodulus
varying with cycle number can be obtained.

At the beginning of loading Step 1, since the initial
modulus 𝑆0 was obtained with an initial strain 𝜀0, the energy
applied to the beam at the beginning of the first loading
process could be expressed as

𝐸0 = 𝑎 × 𝑆0 × 𝜀02, (4)

where𝐸0 is the energy applied to the beam and 𝑎 is a constant.
The force applied to the beam could be expressed as

𝐹0 = 𝑏 × 𝑆0 × 𝜀0, (5)

where 𝑏 is a constant.
A 15% reduction in beam modulus was used for the

loading process. The modulus dropped to 0.85𝑆0 at the end
of loading Step 1, and the energy applied to the beamdropped
to 0.85𝐸0. The force applied on the beam dropped to 0.85𝐹0.
Then, the device was stopped and prepared for loading
Step 2. To achieve the energy-controlled mode, the energy
applied to the beam at the beginning of loading Step 2
should be the same as 𝐸0. According to (3), if 𝜀2 is equal to1.0847𝜀0 (1.0847𝜀0 = √𝑆0/0.85𝑆0 × 𝜀0), the energy applied
to the beam at the beginning of loading Step 2 could be
𝐸0, the same as the first loading process. The force applied
to the beam becomes 0.9219𝐹0 (0.9219𝐹0 = 𝑏 × 0.85𝑆0 ×1.0847𝜀0). Repeating the calculation, the values in Table 3 can
be obtained step by step.

4. Comparison between Different
Control Modes

4.1. Fatigue Test Results under the Energy-Controlled Mode.
The fatigue test in the energy-controlledmodewas conducted
using a multiple-step loading method, at a temperature of
15∘C. The size and manufacturing method of the beam, test



4 Advances in Materials Science and Engineering

Table 3: Parameter-controlled process under the energy-controlled mode.

Loading step Stiffness Tensile strain Load Energy
1 𝑆0 → 0.85𝑆0 𝜀0 𝐹0 → 0.85𝐹0 𝐸0 → 0.85𝐸0
2 0.85𝑆0 → 0.7225𝑆0 1.0847𝜀0 0.9219𝐹0 → 0.7836𝐹0 𝐸0 → 0.85𝐸0
3 0.7225𝑆0 → 0.0.6141𝑆0 1.1765𝜀0 0.8500𝐹0 → 0.7225𝐹0 𝐸0 → 0.85𝐸0
4 0.6141𝑆0 → 0.5220𝑆0 1.2761𝜀0 0.7836𝐹0 → 0.6661𝐹0 𝐸0 → 0.85𝐸0
5 0.5220𝑆0 → 0.4437𝑆0 1.3841𝜀0 0.7225𝐹0 → 0.6141𝐹0 𝐸0 → 0.85𝐸0
6 0.4437𝑆0 → 0.3771𝑆0 1.5012𝜀0 0.6661𝐹0 → 0.5662𝐹0 𝐸0 → 0.85𝐸0
7 0.3771𝑆0 → 0.3206𝑆0 1.6283𝜀0 0.6141𝐹0 → 0.5220𝐹0 𝐸0 → 0.85𝐸0

conditions, and devices all followed the standard T0739-
2011 test method from the Chinese specification JTG E20-
2011 [32]. After each loading level, data such as fatigue life,
dissipated energy, and modulus can be obtained. Summa-
rizing these data makes it possible to draw the variation
curves for the entire fatigue life. The variation regulation
of dissipated energy, accumulative dissipated energy, and
modulus is illustrated in Figures 2, 3, and 4, respectively.

As shown in Figures 2 and 3, when loading in the ener-
gy-controlled mode, there is a highly linear relationship be-
tween the accumulative dissipated energy and loading times,
although the force applied and the dissipated energy during
each loading level decreased. The energy applied to each
beam is the same, so the curves of accumulative dissipated
energy of different beams roughly coincide with each other.
This confirms the accuracy of the testmethod. FromFigure 4,
it can be seen that the modulus decreases with an increase
in loading times, and, as in the strain-controlled mode and
the stress-controlled mode, the fatigue process of the energy-
controlled mode can be divided into three periods: initial,
stable, and fracture period. In addition, fatigue properties
were evaluated by loading times in the energy-controlled
mode. Figures 2, 3, and 4 show that AC-20 with 50% RAP
content performs best, followed by 25% RAP content, and
0% performs the worst. In addition, the poorer the fatigue
properties were, the faster thematerial modulus reduced.The
loading times of the initial period and fracture period vary
little between different control modes, and the fatigue life
depends greatly on the stable period. In this respect, therewas
no significant difference among the three control modes.

4.2. Comparison of Fatigue Test Results underDifferent Control
Modes. Fatigue tests under the strain-controlled and stress-
controlled modes were conducted at a temperature of 15∘C,
for comparison with the energy-controlled mode. In the
strain-controlledmode, the target strain was set at 450𝜇𝜀, and
the test stopped when the modulus decreased by 50%. The
accumulative dissipated energy variation regulation during
the fatigue test is shown in Figure 5. The modulus variation
regulation is shown in Figure 6.

Results showed that AC-20 with 25% RAP content had
the longest fatigue life, 0% RAP content was second, and 50%
had the shortest life. Figure 6 indicates that the mixture had a
higher modulus when the RAP content was higher. Thus, the
dissipated energy is larger if the mixture has a higher RAP
content, when tested at the same strain level. Consequently,
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Figure 2: Dissipated energy variation under the energy-controlled
mode at 15∘C.
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Figure 3: Accumulative dissipated energy variation under the ener-
gy-controlled mode at 15∘C.

in Figure 5, the slope of the 50% RAP content is the largest.
Compared with the energy-controlled mode, the growth of
accumulative dissipated energy slowed down in later stages in
the strain-controlled mode, resulting from a greater decrease
in force. Hence, the slope of the curves decreases as loading
times increase in Figure 5. Figure 6 illustrates the attenuation
process of themodulus.Themodulus of the 50%RAP content
reduced faster, possibly because the energy applied to the
beam was higher. Moreover, the fatigue life of 50% RAP
content was the shortest. However, it was not found that
its fatigue properties were the poorest, because the energy
applied to the beam was higher, which may result in the
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Table 4: Comparison of fatigue life under different control modes.

Energy-controlled Stress-controlled Strain-controlled
50% RAP content 89870 39540 13590
25% RAP content 37750 28450 62450
0% RAP content 8270 1040 39100
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Figure 4: Flexural stiffness variation under the energy-controlled
mode at 15∘C.
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Figure 5: Accumulative dissipated energy variation under the
strain-controlled mode at 15∘C.

shortening of the initial period and hastening of the damage
accumulation. Evenwhen put in a pavement, thematerial was
able to bear a greater vehicle load with less strain, because of
the higher modulus of the 50% RAP content. However, this
could hardly be seen from a strain-controlled fatigue test.

The force applied to the beam was 0.952 kN in the stress-
controlled mode. Given the limitations of the test machine,
neither the modulus nor the deflection could be obtained.
Only the fatigue life of the three control modes could be
measured. The results are listed in Table 4.

It is obvious that the higher the modulus was, the longer
the fatigue life would be in the stress-controlledmode. On the
contrary, a higher modulus would shorten fatigue life in the
strain-controlled mode. Under the energy-controlled mode,
the modulus did not affect the fatigue life. In this way, the
model can better simulate the actual fatigue process of asphalt
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Figure 6: Flexural stiffness variation under the strain-controlled
mode at 15∘C.

pavement, making the evaluation of asphalt mixture fatigue
properties more objective.

5. Conclusions

(1) The working process of the test machine was analyzed
using dissipated energy variation regulation during fatigue
testing in the strain-controlled mode. Based on the process, a
theory for the energy-controlled loadingmodewas proposed.
A four-point-bending fatigue test device and a multiple-step
loading method were used to conduct the operation steps for
the energy-controlled mode.

(2) The fatigue life in the energy-controlled mode is
between that of the strain-controlled and stress-controlled
modes. The thickness of the asphalt pavement ceased to be
the determining factor for selecting control modes. Instead,
the energy-controlled mode can be used for any thickness.
The dissipated energy of each loading mode should remain
constant.

(3) Fatigue properties of different RAP contents were
tested under the energy-controlled mode. It was indicated
that the AC-20 mixture with 50% RAP content had the
longest fatigue life and the best fatigue properties. In conclu-
sion, the higher the RAP content was, the better the fatigue
properties would be. The laboratory test results matched the
theoretical predictions well, while the consistency between
theory and field test results should be further investigated.
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