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Strain recovery after load application and stress relaxation for 
asphalt mixtures are well understood phenomena and detailed 
analyses have been carried out for various linear and non-linear 
viscoelastic models [4, 5]. However, due to the peculiarity of 
asphalt mixtures, during the rest periods following load application, 
it is likely that the internal structure of the material changes in such 
a manner that the response of the material in the subsequent cycle of 
loading corresponds to a material whose material properties have 
“improved” when compared with the response during the previous 
cycle prior to the rest period. This “beneficial” change in the 
internal structure characterised through the mechanical response is 
normally attributed to “healing” [3]. Hence, it is not only necessary 
to take into account the evolution of material properties, but it is 
also necessary to consider the beneficial effects that take place. 
While this places a constraint on the manner in which the material 
properties can evolve with time, at this point of time, it is not known 
about the individual contribution of the different material 
parameters on the healing of asphalt mixtures. To emphasise further, 
while it is known that the viscosity of asphalt increases with time 
due to aging, the overall shear modulus of the material also 
increases with time due to the aggregate bonding/rebonding that 
takes place. Hence, the magnitude of healing of asphalt mixtures 
depends to a large extent on the rate at which each of the material 
properties change with time.  

The influence of considering the healing phenomenon in the final 
stress analysis of the pavement is significant. For instance, one will 
be interested in finding answers to questions such as the lag time 
necessary between successive takeoffs and landings on an air field 
pavement that maximises the healing potential of an asphalt mixture 
used in the runway construction. The remaining life analysis, use of 
an appropriate back-calculation procedure during the pavement 
evaluation stage will all benefit considering the healing and the 
evolutionary properties of asphalt mixtures. 

In the following section, we first define what is healing of asphalt 
mixtures. We then discuss a framework for modelling such complex 
response. We then illustrate the efficacy of the model by 
corroborating the experimental results with model predictions.  

 

Literature Review 
 
Healing takes place within specific class of materials due to 
molecular reorientation occurring within the material under certain 
conditions. For these class of materials, healing can occur under the 
influence of external pressure [6, 7], with temperature [7-10], with 
reduced load acting on the specimen compared to the previous 
loading cycle [11] or with introduction of rest period between 
successive loading cycles under the influence of pressure during rest 
periods [3]. The literary meaning of the word “healing” suggests 
that there should have been material “cracking” for the onset of 
“healing” under specified conditions of loading/unloading/rest 
periods. 

In the following, we first discuss what is meant by healing for 
some engineering material. Considerable studies have been carried 
out on the mechanical healing of polymers [7, 12-14]. Prager and 
Tirrell [14] in their study on the healing process at polymer-polymer 
interfaces defined healing as follows: “when two samples of the 
same amorphous polymer are brought into contact at a temperature 

above the glass transition, the junction surface gradually develops 
increasing mechanical strength until, at very long contact times, the 
full fracture strength of the bulk polymer is reached. At this point 
the junction surface has in all respects become indistinguishable 
from any other surface that might be located within the bulk 
material: we say the junction has healed.” 

Chen et al. [9, 10] developed a transparent organic highly 
cross-linked polymeric material that can be repeatedly mended or 
re-mended itself under mild conditions. Here the term “mend” is 
used as a synonym to healing. They observed that the 
“intermonomer” linkages disconnected upon heating to 120oC and 
above and reconnected upon cooling and the cracks healed or 
fractures mended. They found the process to be fully reversible and 
proposed that the process can be used to restore a fractured part 
multiple times without additional ingredients such as a catalyst, 
additional monomer, or special surface treatment of the fractured 
interface. Miao et al. [15] studied healing of crushed rock salt. 
According to them, “healing is a chemical and physical process in 
which the material properties evolve with time,” and “healing 
implies that microcracks and microvoids reduce in size, with a 
corresponding increase in stiffness and strength.” They compared 
healing of crushed rock salt to healing of other materials such as 
crack healing in geological materials, curing of concrete, sintering 
of ceramics, compaction of cohesive sands and clays, recovery and 
recrystallisation of metals, and liquid-phase-enhanced densification 
of granularly crystalline materials. Aldea et al. [16] investigated the 
healing of cracked normal strength concrete based on water 
permeability test and elastic wave signal transmission measurements. 
They observed that immediately after cracking, water permeability 
increased and the signal transmission decreased with increasing 
initial crack width. That is, the larger crack widths reduce the signal 
transmission. After monitoring for 100 days, they observed that the 
water permeability of cracked specimens decreased significantly 
and the signal transmission increased with time. Based on the 
permeability and transmission measurements, they arrived at the 
conclusion that the possible reasons of healing are chemical 
precipitation of calcium hydroxide and calcium carbonate, 
mechanical blocking, obstruction of narrow crack areas with 
ultrafine material, and swelling and rehydration of the hardened 
cement paste on the crack walls. 

As discussed in detail, numerous studies can be found on crack 
healing of different class of materials. While healing for such class 
of materials is a reasonably well understood phenomenon, one 
cannot say the same thing about healing in asphalt mixtures. 
Considering the fact that a typical asphalt mixture has several 
fractions of aggregates with complex interactions taking place at 
different length scales, a clear and precise understanding is found 
lacking. Some of the closest descriptions related to healing for 
asphalt mixtures are “the partial recovery of mechanical properties 
(i.e. “strength” and “stiffness”) upon resting” [17] and “beneficial 
internal structural change” [3]. 

If healing is assumed to be the rebonding of cracked surfaces, one 
can explain healing from the studies of Rozeveld et al. [18]. They 
performed fracture studies to understand the failure mechanisms in 
polymer (styrene-butadiene-styrene) modified asphalt mixtures 
using an environmental scanning electron microscopy. Philips [19] 
proposed that the healing of binders is a three step process 
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consisting of: (a) the closure of microcracks due to wetting 
(adhesion of two cracked surfaces together driven by surface 
energy), (b) the closure of macrocracks due to consolidating stresses 
and binder flow, and (c) the complete recovery of mechanical 
properties due to diffusion of asphaltene structures. Step (a) was 
believed to be the fastest, resulting only in the recovery of 
“stiffness”, while steps (b) and (c) were thought to occur much 
slower but improve both “stiffness” and “strength” of the material 
such that it exhibits mechanical properties similar to the original 
material. 

Highway and airfield pavements in general are subjected to rest 
periods either between the loading cycles exerted by axles/gears of 
the same vehicle or between axles/gears of successive vehicles. The 
beneficial change resulting due to rest periods incorporated between 
successive loading cycles have been recognised by many 
researchers in the case of a typical fatigue testing of asphalt 
mixtures [11, 17, 20-26]. Based on the observations reported by 
several researchers, one can arrive at a firm conclusion that rest 
periods indeed improve the response of asphalt mixtures subjected 
to loading cycles with rest period when compared to the response of 
asphalt mixtures subjected to loading cycles without any rest 
periods. This improvement in response can be ascribed to “healing” 
of asphalt mixtures occurring due to rest periods introduced between 
successive loading cycles. 

In their early investigation, Kim and Little [3, 27] tried to 
quantify healing in asphalt mixtures through several laboratory 
experiments and Schapery’s “correspondence principle”. Pronk [28] 
proposed a partial healing model that considers the evolution of the 
material properties (“stiffness and phase lag”) for the asphalt 
concrete specimen during fatigue testing using a four point bending 
apparatus. At this point it is important to make a note of the 
comment made by Krishnan and Rajagopal [29]: “Most of the 
present day models for healing of asphalt mixtures borrow heavily 
from the ideas of Schapery [30] in which a correspondence principle 
is postulated between linearised elasticity and linearised 
viscoelasticity, under special conditions. As asphalt mix responds in 
a non-linear fashion, it does not seem reasonable to appeal to the 
correspondence principle in general.” Also, it has been shown by 
Rajagopal and Srinivasa [31] that this correspondence principle is 
incorrect, models for the nonlinear viscoelastic response of solids 
obtained using this principle will fail to satisfy the balance of 
angular momentum for large deformations. That is, one cannot use 
this principle if large deformations involving shear, bending, torsion 
etc., which are commonly encountered in pavements, are involved. 
Schapery [30] does discuss another limitation of the model, namely 
that it does not satisfy frame-indifference. As most of the studies on 
healing of asphalt mixtures appeal to Schapery’s correspondence 
principle, it is very important to make a note of the comment made 
by Rajagopal and Srinivasa [31]: “this principle (correspondence 
principle), which is valid if the displacement gradients are 
sufficiently small, has been used in several papers to develop 
models to describe the fracture of viscoelastic solids, and these 
studies need to be re-examined in the light of this note.” 

The complex phenomenon of healing can be investigated at 
several observational scales. The literary meaning of the word 
“healing” suggests that there should have been “cracking” for the 
onset of “healing” under specified condition of loading/unloading  
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Fig. 1. Gradation of Sand Used for the Study. 
 
Table 1. Properties of Asphalt, Sand, and Sand Asphalt Mix. 

Property Value

Penetration @ 25°C, 5s, 100g, 1/10mm 
Softening Point of Asphalt, °C 
Specific Gravity of Asphalt 
Specific Gravity of Sand 
Bulk Specific Gravity of Sand Asphalt Mix at 8% Air Voids

67 
41 

1.01
2.56
2.10

 
/rest periods. Most of the well known investigations on asphalt 
mixtures cited here have investigated the phenomenon of healing on 
these lines. Essentially, healing was supposed to occur when two 
cracked surfaces were brought together and kept under sufficient 
pressure such that the cracked surfaces healed. While these ideas are 
still valid as far as healing of cracked asphalt concrete surfaces are 
concerned, it is also possible for asphalt mixtures to “heal” even 
before the onset of clear physical cracking. If healing of asphalt 
mixtures is understood in the lines of definitions such as “beneficial 
internal structural change” [3], certain conditions of loading and rest 
periods can induce internal structural change such that the 
subsequent response of the material after rest periods exhibits 
improved mechanical properties. Investigations conducted by Pronk 
[11] are similar in these lines in that cycles of loading of low 
amplitude when applied after cycles of loading of high amplitude 
resulted in an increase of the “stiffness” of the material. 

 
Experimental Investigations 
 
Materials 
 
Fine river sand passing through 4.75mm Indian Standard sieve with 
gradation as shown in Fig. 1 was mixed with 8% asphalt to prepare 
Marshall sized samples of 100mm diameter and 70mm height with 
8% air voids. 60/70 grade straight run asphalt was used as the binder 
throughout the experiments. The relevant standard procedure as 
outlined in ASTM D1559-89 for preparing Marshall specimens for 
heavy traffic conditions was followed. The compacted specimens 
were cooled to room temperature in the moulds. The physical 
properties of asphalt, sand, and asphalt mix are shown in Table 1. 
Specimens of 35mm diameter and 70mm height as shown in Fig. 2  
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Fig. 2. Triaxial Test Specimen Cored from Marshall Sample. 
 
were cored from the Marshall samples. The cored samples were 
allowed to cure for 24hrs at room temperature before the test to 
ensure relaxation of residual stresses developed during coring. 

 
Testing Procedure 
 
To characterize healing of asphalt mixtures in the laboratory, 
repeated triaxial tests were carried out on sand asphalt mixtures with 
varied confinement conditions. In reality, an asphalt pavement is 
confined in all directions and the cyclic loading simulates the load 
application due to the vehicular movement. All the tests were 
conducted in load controlled mode. The specimens were loaded for 
7s and unloaded for the same time period. Lateral pressure - vertical 
pressure ratio of 1:5 (50 and 250kPa) were applied for each 
specimen. This specific ratio of lateral to vertical pressure was 
chosen after several laboratory trials. One of the main 
considerations in choosing this specific ratio is related to subjecting 
the specimen to load levels that will engender deformation capable 
of healing during the rest periods and yet not physically deform the 
specimen. 

The cored specimen from the Marshall sample was covered with 
a rubber membrane to prevent entry of water during confinement. 
The specimen was placed inside the triaxial cell and was made 
water tight. The triaxial cell was completely filled with water 
without any air bubbles and the cell was pressurized with 
compressed air to provide confinement pressure throughout the 
testing period. The specimen was tested at constant load with rest 
periods introduced between successive loading cycles to observe the 

deformation response. Continuous data throughout the loading and 
rest periods was gathered through a data acquisition system attached 
to a computer. The entire testing was conducted at a room 
temperature of 28  0.5C. 

Repeated load and rest period of same duration was applied for 
100 cycles continuously as shown in Fig. 3. The material was 
allowed to rest for one hour after 100 cycles of loading and the same 
loading and rest cycles of equal duration were applied again to 
observe the deformation response. During rest periods, the 
confinement pressure was kept constant. Similar loading cycles 
were continued up to 500 cycles with one hour rest period after 
every 100 cycles. The deformation of the material with time during 
loading and rest periods was measured. Two samples were tested for 
each condition and the repeatability was found to be less than 5%. It 
is well known fact that during a rest period for asphalt mixes, 
deformation recovery and healing takes place simultaneously in a 
stress controlled test. If the material is allowed to rest for one hour 
after 100 cycles, and is loaded again as shown in Fig. 3, the 
decrease in total deformation in the 101st cycle as compared to 100th 
cycle shows that the material either recovers deformation along with 
healing or just recovers deformation. If the total deformation 
increases after one hour of rest period, one can conclude that the 
sample is approaching to failure. In order to observe whether the 
material is actually healing during the rest period, one has to 
normalize the 101st cycle curve (after rest period) against the 100th 
cycle curve. More details related to quantifying healing during creep 
and recovery experiments can be found from Chowdary [32]. 

 
Modelling Healing of Asphalt Mixtures 
 
When a body is deformed, it can attain a specific state such that it 
can lead to conditions ripe for microstructural changes to take place. 
Such conditions are called by different names in different sub-fields 
of mechanics as yield condition, initiation condition, activation 
condition etc. This is essentially the case for materials not only 
undergoing large deformation but also for materials in which even a 
very small loading condition can trigger such a change. Some of the 
cases that come to mind are twinning, solid to solid phase transition, 
polymer crystallisation etc. [33]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Loading/Rest Periods and Corresponding Deformation.
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Table 2. Material Constants Used in Modelling Creep Experiments. 

Material Constant Value 

1  899.37MPa 

a 1x10-4 
b 2x10-4 
c 7.6x10-5s-1 
d 6x104 
n 6 
f 0.7047 
g 2577.22MPa 
m 4 

 
used for calibrating and validating the material parameters 
essentially follows the usage of least squares as the maximum 
likelihood estimator. It is required to pick appropriate values for all 
these parameters such that the difference in the sum of the squares 
between predicted and measured values are minimized. This 
optimization problem is solved using appropriate routines available 
in software packages such as MATLAB. 

The predicted model values along with the experimental 
parameters are shown here. Figs. (6) to (9) show the model 
predicted values for cycles 100, 101, 200, and 201 respectively and 
the material constants used in modelling are shown in Table 2. It is 
seen that the experimental observations closely match the model 
predictions. 

 
Summary 
 
The main idea used in the model development stems from the fact 
that deforming a material like asphalt concrete from its initial 
configuration (for instance, immediately after placement and 
compaction) changes the microstructure in such a manner that the 
subsequent response of the material to loading depends on the 
current microstructure rather than on the original microstructure. 
Classical elastic theories correspond to responses wherein the 
material microstructure does not change during and/or after 
deformation. Hence, the internal structure to be dealt with is with 
reference to the reference configuration. However, as discussed 
above, for materials such as asphalt mixtures, the response changes 
for every loading/unloading condition and the challenge is to take 
this into account in the modelling stage. If the experimental 
investigations reported in this work are carefully observed, it is seen 
that the response of the material after one hour rest period is 
markedly different from the response before the rest period. Also, it 
is seen from the experimental data that this change does not take 
place infinitely, in the sense that there is an upper bound for the 
beneficial effects. This is understandable intuitively as one cannot 
have material properties changing infinitely for ever. 

In this investigation, healing is characterised by means of 
material functions that depend on the difference in the elastic 
response before and after the rest periods and also on the mapping 
between the natural configurations of the material before and after 
the rest periods. The results obtained in this investigation and the 
framework used in predicting the experimental results can be used 
in building an appropriate nonlinear viscoelastic constitutive model 
for asphalt mixtures that takes into account all the complex response 
characteristics. 
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