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ABSTRACT: Asphalt concrete has the advantageous ability to heal autonomously, however
the mechanisms behind this are not fully understood. To increase insight in the healing mecha-
nism, the healing model used in polymer science is adopted. It interprets healing as the sum of
wetting and intrinsic healing. The presented work introduces a new test set-up, which is de-
signed to investigate the relative contribution of wetting and intrinsic healing by measuring the
strength gain when two pieces of binder are brought into contact. Results obtained show that
for a soft, pure binder, wetting is the dominant process. This can be concluded from the fact
that at least 50% of the observed healing can be attributed to wetting. Wetting is highly de-
pendent on both the load level and the duration of load application. Consequently, it is shown
that the level of healing observed in asphalt concrete is very dependent on the boundary condi-
tions.

1 INTRODUCTION

Asphalt concrete has the advantageous ability to heal autonomously. During rest periods dam-
age present in the material is restored to a certain extent. This healing can be observed in the
regain of stiffness and/or strength of the material after rest periods.

The fact that damage in asphalt concrete can be restored during rest periods has first been re-
ported by Bazin and Saunier (Bazin and Saunier 1967). From this moment on the phenomenon
is called healing and it is studied ever since e.g. (Bonnaure, Huibers, and Boonders 1982; Kim,
Little, and Benson 1990; Bhasin, Palvadi, and Little 2011). It has been demonstrated that the
level of healing increases with longer resting periods and higher healing temperatures. Next to
this, it has been shown that healing requires a minimum level of force perpendicular to the
damage and small damages show more healing compared to large macroscopic damages (Qiu
2012). However, research shows that the specific test method used has a strong influence of the
observed healing. For instance, force controlled tests show more healing compared to dis-
placement controlled tests (Francken 1998). Thorough attempts have been undertaken to ex-
plain the observed difference in healing between the different test methods, however no vali-
dated explanation has been found up until now. From this lack of insight it can be concluded
that the mechanisms behind healing of asphalt are not fully understood, which impedes focused
exploitation of this material property. The research presented in this paper attempts to unravel
healing behavior in more detail.

There is a variety of approaches that can be chosen when studying healing. Healing is the in-
verse of damage, consequently the damage that is taken as the starting point of a healing test is
an important factor when designing a healing test. The current approach in most pavement de-
sign guidelines is such that healing performance is an integral part of the fatigue performance.
Therefore a large part of the reported healing research is executed on specimens loaded in fa-
tigue, while introducing rest periods in different ways (Qiu 2012; Van den Bergh 2012). A



complicating factor of this approach is that damage development during fatigue tests on asphalt
is also not fully understood (Mangiafico et al. 2015). Consequently, if fatigue damage is taken
as a starting point for healing tests, uncertainty is introduced by the unknown damage level. So,
although measuring healing using fatigue tests has practical relevance, the undefined damage
level impedes fundamental understanding of the healing processes.

In this study an attempt is made to measure healing using a very well defined level of dam-
age, more specifically the damage is a physical discontinuity of known shape and size. A test
set-up is designed to measure the strength gain when two separate pieces of bitumen are
brought into contact under controlled conditions. Bommavaram et al. have already tried this ap-
proach in the past (Bommavaram, Bhasin, and Little 2009). In their test set-up pieces of bitu-
men where brought together in the DSR and healing was measured by testing the gain of shear
stiffness versus time. This research has led to valuable insights, however real insight into the
mechanisms was not obtained. Complicating factors with their test set-up were the complicated
stress state and the lack of information on strength gain.

When interpretation the results obtained with the new designed test method, the model for
healing of polymers proposed by (Wool and O' Connor 1981) is used to gain more insight in the
healing mechanisms. In this model two processes are discerned, first surfaces have to come in-
to contact, next the areas in contact have a certain capacity to transfer loads. The model has al-
ready been adopted by asphalt researchers in the past to try and explain the mechanisms behind
healing (Kim, Little, and Benson 1990; Little and Bhasin 2007).

In the model, the first part of the process, where two surfaces come in contact, is referred to
as wetting. Real contact between surfaces develops at a very small scale, at this level all materi-
al surfaces show a certain level of roughness. As two surfaces approach there will be an in-
creasing number of points between them, the surface area in contact at each of these contact
points will grow over time, as shown in Figure 1. As a result, the development of contact area
between two surfaces is a three dimensional process. Influencing factors of wetting are; the ex-
ternal load that brings the surfaces together; the geometry (roughness of the surface); the visco-
elastic properties of the material and the adhesion of the material (Johnson, Kendall, and
Roberts 1971; Kendall 2001). Of these four factors, for bitumen three are influenced by tem-
perature; the geometry, the viscoelastic properties and the adhesion.
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Figure 1 a. Side view of immerging contact points between two surfaces approaching. b. Top view of in-
creasing contact area; area in contact is shown in grey, nucleating from the center point and growing radi-
ally indicated by the arrow (r).

The second process in recognized by the proposed healing model, is the ability of surfaces in
contact to carry loads. Bitumen is sticky and will adhere to other material or itself (Kendall
2001). This initial adhesion, that is present from the moment the surfaces touch, is named the
instantaneous intrinsic healing. Next to this there is also a time dependent part. In polymer sci-
ence it has been shown that molecules can bridge over crack interfaces due to molecular motion
(de Gennes 1971), this process results in the disappearance to the interface over time. This pro-
cess is illustrated in Figure 2. Although bitumen molecules are very diverse and distinctly differ
from polymers, it is assumed that some kind of reptation or self-diffusion in bitumen will also
bridge crack interfaces over time (Kim, Little, and Benson 1990). Influencing factors of intrin-
sic healing are chemistry of the bitumen molecules (polarity, molecular weight, molecular
structure). Consequently it is assumed that intrinsic healing is a material property that is con-
stant if the temperature remains constant.
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Figure 2. Two pieces of bitumen will adhere to each other as a consequence of the sticky nature of bitu-

men. Over time, due to molecular motion bitumen molecules will “cross” the interface of two surfaces in
contact, resulting in a gradual disappearance of the interface.

The described model implies that damaged specimens can fully heal, if all damaged surfaces
are brought into full contact and the contact areas are given enough time to fully homogenize.

In this paper a new test method is presented that investigates the material response when two
bitumen surfaces are brought into contact. First, the new test method is presented, after this the
results of two test series run with this set-up are presented. Based on the results the relative im-
portance of both the wetting and intrinsic healing are discussed. The paper ends with conclu-
sions and an outlook for further research.

2 TEST METHOD

2.1 Design of the test

To quantify the relative importance of the processes that play a role in healing, a novel test
method has been developed. The damage in asphalt concrete is assumed to be a (micro) discon-
tinuity in the material. The design of the test method is aimed to investigate the most extreme
version of a discontinuity; two separate pieces of bitumen. In the test, two pieces of bitumen are
brought together and after a period of healing, are pulled apart. The measured tensile strength at
failure is used to assess the healing performance. The global set-up of the test method is shown
in Figure 3.
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Figure 3. Schematic impression of steps in the test set-up.

Special bitumen samples were designed, introducing a small stainless steel ring around the bi-
tumen, to allow for handling and fixation during preparation and testing. The geometry of a
single test sample is shown in Figure 3 on the left. The bitumen sample has a specific shape to
control the amount of contact area during healing. Silicon molds were fabricated to create the
desired shape, the molds and metal rings are shown in Figure 4. During assembly a round piece



of silicon paper with a small hole of @5.5mm is introduced in between of the two samples, to
fix the contact area during the test.

The assembled specimens are left to heal for a specific time period, while controlling the
temperature and the force perpendicular to the contact area. At the end of the healing period,
the specimens are tested in direct tension using a DSR equipped with a temperature chamber
and a load cell that is able to measure normal force (Anton Paar, EC Twist 502).

Figure 4. Silicon mold, with stainless steel rings in place during preparation of bitumen specimens.

A parameter that can be used to evaluate the level of healing is the healing ratio, this ratio com-
pares the strength of a healing specimen to the strength of an intact specimen. In order to be
able to calculate the healing ratio a reference test has to be executed on an uniform piece of bi-
tumen. As it is difficult to reproduce the exact geometry of the assembled samples, the in Delft
more frequently used mortar column geometry was selected for the reference samples. These

samples use the same stainless steel rings. The geometry is given in Figure 5.
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Figure 5. Geometry of the samples used for the reference tests.

2.2 Materials

All samples tested were made of a pengrade 70/100 bitumen from Kuwait Petroleum (Q8). Bi-
tumen with a pengrade of 70/100 is relatively soft. This type of bitumen is regularly used for
road construction in The Netherlands and consequently also for research purposes. Dutch de-
sign guidelines specify that asphalt concrete made with bitumen of pengrade 70/100 has good
healing properties.

2.3 Sample preparation

The bitumen and the mold with the metal rings in place are both heated for one hour at 165°C,
after which the bitumen is poured in the mold. The mold containing the bitumen samples is left
to cool for 30 minutes at room temperature and subsequently for 1 hour at -24°C. In the mold
the bottom side of the sample is facing up. After cooling the excess bitumen is removed, using a
heated knife, making sure that the bitumen exactly fits the ring. The sample is left to cool again
at -24°C until demolding. Demolding is done under controlled temperature conditions (14°C +/-
1°C). After demolding the stainless steel rings are cleaned using methylene chloride to improve



handling during healing and testing. Tests have shown that the bitumen needs some time to sta-
bilize after production in order to obtain more repeatable results, therefore the samples are
stored in the temperature controlled room (14°C +/-1°C) for 48 hours, prior to assembly.

2.4 Assembly, healing and test conditions

Two different methods are used for assembly and testing. In the first assembly method, assem-
bled specimens are placed in a temperature controlled storage room during healing. As such,
large test series with various healing periods can be run, avoiding long processing times inside
the DSR. In the second assembly method, specimens are assembled inside the DSR. This meth-
od allows for quick testing after assembly, making it possible to test very short healing times.
To make the results of both test methods comparable, assembly and testing are done using the
same temperature conditions. A more detailed description of both methods is given below.

In the first method, assembly is done in a temperature controlled room at 14°C +/-1°C. First
the samples are taken out of the freezer (-24°C) and left for 1 hour to establish temperature
equilibrium. The specimens are then assembled in small metal storage containers that ensure
alignment during assembly and healing. The inside of the metal storage containers is covered
with silicon paper to prevent sticking of bitumen to the container. First one bitumen sample is
placed in the container, then a small piece of silicon paper, with a hole of 5,5 mm in diameter is
placed on top, to fix the area in contact (see Figure 6a.). After this a second sample is placed
upside down, on top of the first sample, as already shown in Figure 3. Finally, a small weight is
placed on top of the assembled specimen (see Figure 6b.). The healing time is measured from
the moment the weight is placed.
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Figure 6. a. A bitumen sample in a storage container, with the silicon paper fixing the contact area show-
ing on top b. An assembled test specimen with a small weight placed on top.

The specimens are taken out of storage after the healing time has elapsed and are stored at -2°C
+/- 2°C until the moment of testing, which is maximum 24 hours later. The specimens are load-
ed in tension while controlling the temperature at 10°C +/-0.2°C. The assembled specimen is
taken out of the storage container and fixed in the DSR using clamps (Figure 7). The tempera-
ture is kept for 10 minutes at 10°C to allow for temperature equilibrium in the sample. The test
is displacement controlled, applying a strain rate of 0.5%/s.
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Figure 7. Specimen that has been assembled in the storage room, mounted for testing in the DSR.

In the second assembly method, the DSR is used to bring the two pieces of bitumen together.
This means the healing occurs inside the temperature chamber of the DSR. First the samples are
taken out of the freezer (-24°C) and stored at -2 °C +/-2°C. One sample is mounted in the bot-
tom clamp of the DSR and one in the top clamp. The clamps with the specimens are placed in
the climate chamber of the DSR, and the temperature is brought to 14°C +/-0.2°C. This temper-
ature is maintained for 10 minutes to gain temperature equilibrium in the specimen. This tem-
perature equilibrium time can be short as the samples are very small. Specimens are assembled
by moving the two clamps of the DSR towards each other with a speed of 0.01 mm/s, until a
certain force level is realized. After reaching the desired contact level, the displacement is kept
constant. Due to relaxation the force reduces to 0 N within a time span of seconds, the exact re-
laxation time depends on the magnitude of the force.

In order to break the specimens, the temperature is changed to 10°C +/-0.2°C. It takes 16
minutes for the temperature to reach 10°C, including 10 minutes equilibrium time. Consequent-
ly the specimens are subjected to a healing time of 16 minutes. The tensile test is displacement
controlled applying a strain rate of 0.5%/s.

2.5 Test program

The test program consists of two parts. The first part investigates the amount of observed heal-
ing over time, while maintaining a low constant normal force (0.015N), healing times are; 0.1
hour,1 hour, 24 hours and 1 week. A reference sample is part of the test series. The reference
sample is a single column of bitumen, produced and stored under the same conditions. The ref-
erence is tested at the age of 1 week. The second part of the test program is designed to investi-
gate the impact of assembly force on the measured healing. Three levels of assembly force were
applied to the samples, 0.05N 0.5N and 1.0N. The specimens are loaded until failure just after
assembly resulting in a short healing time of 16 minutes.

3 RESULTS

The results of the tests are presented in this paragraph, they will be discussed in the next para-
graph.

In Figure 8 the results are presented from tests done on specimens that have been assembled
in the temperature room and have been allowed to heal for various periods of time. This graph
also presents the strength of the reference samples at the age of one week. The tests on the as-
sembled samples have been run three times and variation in the results is expressed in the graph



by error bars showing the standard deviation. Two of three samples tested at 168h fell and
broke, consequently this value is based on a single measurement. It can be seen that up until a
healing time of 24 hours the tensile strength increases significantly, after this the measured ten-
sile strength does not increase. The observed tensile strength after a healing period of 6 minutes
(0.1 hour) is around 50% of the strength observed after 24 hours and 168 hours. It can also be
noted that the strength of the reference sample is less compared to the healed specimen.
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Figure 8. The development of tensile strength versus healing time.

Figure 9 presents the healing strength observed for the samples assembled in the DSR, while
varying assembly force. It can be seen in the graph that, as the assembly force increases, the
tensile strength of the assembled specimen increases. The tests have been run twice and varia-
tion in the results is expressed in the graph. The variation in the test results of assembly at
0.05N and 0.5N is so limited, that the error bars have become invisible. The tensile strength at
1N does show some variation, it is unclear if this is caused by an artefact during the measure-
ment or if this variation is inherent to the measurement.
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Figure 9. The development of the tensile strength versus the assembly force.

In order to assess the test results from an energy perspective, the amount of work required to
assemble and break the specimens is shown in Figure 10. Work is plotted on a logarithmic scale
versus the assembly force. Again the observed variation in the results is limited in case when
the assembly load is 0.05 N and 0.5N, however for assembly at 1 N the variation is larger.
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Figure 10. The amount of work required for assembly and breaking, versus the assembly force.

4 DISCUSSION OF RESULTS

4.1 Speed of healing and the healing ratio

As expected, Figure 8 shows an increase in tensile strength for longer healing times. However,
after 24 hours a plateau value is reached. This plateau value can be interpreted as full healing,
as it is in the same order of magnitude as the reference strength. Intuitively 24 hours seems fast
for full healing, however one should realize that a 70/100 bitumen is a soft binder and the pure
binder is expected to heal much faster compared to asphalt concrete.

The slight difference between the tensile strength at the plateau value compared to the
strength, is most likely due to the difference in sample geometry. The reference strength can be
used to calculate the healing ratio, giving the strength of a healed specimen relative to the orig-
inal strength in a factor between 0 and 1. In this case the reference strength is lower than the ul-
timate strength found in the tests, as a healing ration of more than 1 is not possible a conversion
factor is needed. If the strength after 24 hours is assumed to be full healing, this strength should
correspond to a healing factor of 1, consequently a conversion factor of 0.9 is needed to calcu-
late the healing factor from the measured tensile strength.

4.2 The relative contribution of wetting

A second observation from Figure 8 is the high level of tensile strength just after assembly at
0.1 hour (6 minutes), the healing ratio at this moment is already around 0.5. As explained in the
introduction, healing can be seen as the sum of two processes, wetting and intrinsic healing.
The intrinsic healing, in its turn consist of two parts, an instantaneous part (adhesion) and a part
that develops over time. After only 6 minutes of healing, the contribution of time dependent
processes governed by molecular motion are expected to be small.

Consequently, the healing observed after 6 minutes can largely be attributed to a combination
of wetting and adhesion. Current results do not provide any quantitative information on the
level of wetting after 6 minutes, however full wetting is the natural upper limit. From these two
observations, it can be concluded that for the pure binder studied in this research at least 50%
of the macroscopic observed healing can be attributed to wetting. Indicating that the realization
of contact area is more important for healing, compared to the physical and chemical processes
that take place once contact is established. To put this in terms of the presented healing model,
for pure soft binders wetting is the dominant process.



4.3 Impact of load level during assembly

In the previous paragraph the importance of wetting has been demonstrated. According to the
healing model, the process of wetting is influenced by the level of normal force, while the in-
trinsic healing is not. The impact of the healing conditions on the level of wetting is therefore
further investigated by varying the level of normal force during assembly. From Figure 9 it can
clearly be seen that, the observed tensile strength is higher when the applied assembly force is
higher. Depending on the level of normal force, wetting can be very limited, resulting in hardly
any healing, or wetting can be substantial, resulting in a healing ratio of roughly 0.5. This im-
portance of normal force during healing, demonstrates the large influence of boundary condi-
tions during healing of a bituminous specimen.

The importance of normal force has already been mentioned in research in the past (Bazin
and Saunier 1967), however it has been seen as a binary condition, “for healing a small normal
force is required”. The results presented here indicate that the relation between normal force
and healing is proportional: a higher level of normal force will lead to more wetting and conse-
quently to more healing. Logically there is an upper bound, which is the situation of full wet-
ting, after this point additional normal force will not result in additional healing.

If the results of Figure 8 and Figure 9 are compared, it can be concluded that a constant,
small load during healing is more effective compared to short, high load during assembly. The
application of 0.5N for several seconds produces a similar healing as 0.015N (thirty times low-
er) for 6 minutes. It can be concluded that not only the load level is important for the amount of
wetting that is realized, but also the period of time that this load level is present. This also im-
plies that instant full wetting is physically impossible, however gained insights can be used to
formulate an assembly protocol that is able to approach full wetting.

4.4 Comparison of energy needed for assembly to energy needed for tensile failure

In order to evaluate the amount of energy needed in making and breaking contact, the amount
of work required for assembly and failure is plotted versus the assembly force (Figure 10). The
results show that the work required to break the specimens is ten times larger compared to the
work done during assembly. The fact that more energy is needed to break the specimens indi-
cates that energy is gained during assembly. This observation matches the principles of surface
energy, stating that energy is required to create surfaces and is gained when surfaces disappear.

In this experiment, the energy put into the assembly is most likely transferred into elastic and
permanent deformation of the surfaces. These deformations are needed to bring the micro tex-
tured surfaces in real contact. The level of intrinsic healing is assumed to be constant in the ex-
periment as a consequence of the conditions (fixed temperature and healing time), this implies
that the difference in work required to separate surface is related to the level of wetting. The
fact that the energy needed to break the well wetted specimens is 100 times higher, shows the
importance of wetting for regaining resistance against fatigue loading.

The ratio of required work of 10 between assembly and break at 0.05 and 0.5 N could be in-
terpreted as follows: the amount of energy that is invested into the creation of contact is propor-
tional to the amount of wetting that is observed. The fact that this relationship is lost a higher
load level might be explained by other sources of energy loss. It is likely that, at the highest
load level, next to permanent deformation of the surface, energy is also lost in permanent de-
formation of the whole specimen.

5 CONSLUSIONS, RECOMMENDATIONS AND OUTLOOK

When using the presented healing model, wetting is the dominant process for the pure, soft
binder studied in this research. This can be concluded from the fact that at very short healing
times already 50% healing is observed.

The presented data also shows that the process of wetting for bitumen is highly dependent on
the load perpendicular to the damage. Both the level and the duration of the load application
have a large influence on the observed macroscopic healing, showing that a higher load level
present for a longer time results in more healing. This implies that the boundary conditions dur-



ing the rest period, are very important for the healing behavior of asphalt. This conclusion
seems trivial, however much work when studying healing has been focused on varying time and
temperature, while no attention was paid to the boundary conditions during healing. Only inci-
dentally boundary conditions were varied in a very simplistic manner (vertical or horizontal
storage). For future research in healing it is recommended to also address boundary conditions
explicitly during healing.

The results presented in this paper are part of a bigger investigation into healing of bitumen
and asphalt mortar. The processes that influence wetting are the next focus of the research pro-
gram. Here the influence of bitumen properties like stiffness and phase angle will be studied
and attempts will be undertaken to vary the surface texture of bitumen samples brought into
contact.
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