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─────────────────────────────────────────────────────── 
Abstract: Five asphalt paving mixes prepared with different asphalt binders (one conventional, two oxidized, and two modified by 
styrene-butadien-styrene copolymer, 2% and 4% by weight) were studied in small amplitude oscillation and wheel tracking tests. The 
main focus of the study was to investigate these materials at a relatively high service temperature (58°C). From dynamic testing at 
temperatures ranging from -10°C to 80°C, the master curves of dynamic material functions (storage modulus, loss modulus, and loss 
tangent) were prepared at a reference temperature of 58°C. The relaxation and retardation spectra were calculated for all the materials, 
and the corresponding (compressive) compliance, D(t) (linear viscoelastic), was also determined from the retardation spectrum. It was 
shown that D(t) can be effectively approximated from the magnitude of the complex compliance by transforming the domain of the 
reduced frequencies to the time domain. From the wheel tracking test performed at 58°C, the accumulated compliance function 
(deformations larger than in the dynamic tests) was calculated and appended to the linear viscoelastic D(t). A simple model of the 
compounded compliance with stretched time (developed earlier) was used. It was shown that, in most of the tested materials, the 
information from the dynamic testing seemed to be poorly correlated with the trend of the compliance obtained from the wheel tracking 
data when the compounded compliance was plotted. On the other hand, when the model of compliance was fitted only to a subset of the 
linear viscoelastic data (the subset generated by points defining the peak of the loss tensile modulus), the accumulated compliance from 
the wheel tracking test can be estimated by the same model.  
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Introduction 12 

 
Asphalt paving mix is a frequently used construction material. It 
may not be the most sophisticated material; however, it is widely 
produced worldwide. The investment in transportation infrastructure 
(a great part of which is built with asphalt paving mix) represents a 
big portion of the gross domestic product (GDP) of countries around 
the world.  

With increasing volume and traffic loads, the demand for better 
performing asphalt paving materials is high. These materials are 
basically composed of irregular aggregates with a small amount of 
asphalt binder and a low volume fraction of air voids. Although 
asphalt forms only a small part of asphalt paving mix, it determines 
the viscoelastic properties of these materials. Quite often, the 
asphalt binder is modified either chemically or by blending it with 
various polymeric modifiers [1-10]. The use of polymer modified 
asphalt is steadily increasing, because it leads to the production of 
paving materials with less low-temperature cracking, less rutting, 
and improved fatigue cracking resistance [11]. 
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Asphalt paving mix is a multiphase system with many 
components, some of which have complicated internal structures 
with high-temperature susceptibility (conventional or polymer 
modified asphalt binder). Notwithstanding its complicated structure, 
the thermo-mechanical behavior of asphalt paving mix can be 
modeled with the help of the theory of viscoelasticity [12-14]. 

The properties of asphalt paving mixes at high service 
temperatures are studied in this research. At such temperatures, the 
most serious distress mode is the rutting phenomenon observed in 
many asphalt paved roads [15, 16]. Rutting can be characterized as 
an irreversible deformation due to the flow of asphalt binder 
accompanied by the displacement of aggregate matrix and decrease 
in the air content [16-18]. When the material is subjected to a 
compressive and shear stresses of sufficiently high amplitudes, it 
attains a state of irreversible deformation and finally ruptures. 

These changes in the materials are associated with structural 
inhomogeneities on various levels [19]. The formation of 
inhomogeneities in viscoelastic materials at temperatures above the 
glass transition temperature can be influenced by the presence of 
filler particles, viscoelastic relaxation, formation of a crystalline 
phase, and the history of repetitive stressing. Repetitive stress is 
frequently used as the primary testing method, when the strength 
and durability of a material is the main engineering concern. 
Although large deformations certainly occur in these tests (material 
exhibits nonlinear behavior), the linear viscoelastic properties of the 
studied materials have an important impact on its behavior in the 
nonlinear viscoelastic domain. Certainly, from the two tests 
considered here, one cannot claim a complete knowledge of all 
processes appearing during the transition from linear to nonlinear 
behavior of the studied material. The aim of this research was to 



Zak et al. 

148  International Journal of Pavement Research and Technology                                                         Vol.6 No.3 May 2013 

study the possibility of abridging the path from linear viscoelastic 
state to the nonlinear state (described here by the wheel tracking test) 
of a paving mix. 

In this study, two methods of repetitive loading and unloading 
used for the testing of asphalt binders and paving mixes were 
investigated: the first was a compressive sinusoidal loading with 
small amplitude oscillations (yielding the complex modulus E*); the 
second one was the wheel tracking test, where moving loads were 
applied through wheels with solid rubber tires, which traveled with 
a reciprocating motion on paving mix specimens (yielding the 
accumulated deformation—the rut depth). The studied paving mixes 
were prepared with conventional, oxidized, and polymer modified 
asphalt binder. The paving mixes were compacted in a Troxler 
Model 4140 gyratory compactor and tested in an IPC Global 
UTM-25 tester to determine the complex modulus. The Hamburg 
wheel tracking test with rubber wheels and without submersion in 
water was then performed on the paving mix samples at a 
temperature of 58°C. From the kinematics of this test, the values of 
the accumulated compliance function were then estimated. 

The wheel tracking test generally imposes a complicated 
deformation field on the tested material (axial deformation is 
accompanied by volumetric changes and also a shear deformation, 
which are parts of the overall deformation).The hypothesis is tested 
in this research that the information from the complex modulus and 
the information on the rut depth can be described by a simple and 
flexible model of the compliance function. 

 
Complex Modulus and the Wheel Tracking Test 
 
Complex (dynamic) modulus, E*( 𝜈),  of the tested samples of 
paving mix was determined according to AASHTO Designation 
TP62-07 [28]. The complex modulus is there defined by the 
response of the tested cylindrical sample to an axial sinusoidal - 
compressive stress with a small amplitude. In analogy with the shear 
complex modulus [19, 20], E* = E’ + iE’’,  

𝐸′ = (𝜎0

휀0 ⁄ ) cos 𝛿,  𝐸′′ = (𝜎0

휀0 ⁄ ) sin 𝛿       (1) 

where 𝜎0 and 휀0  are amplitudes of the harmonic stress (𝜎) and 
the axial strain (휀), respectively. The phase angle, 𝛿, is defined as 
the angle between the stress and the strain (𝐸′′ 𝐸′⁄ = tan 𝛿 ). 

In linear viscoelasticity, it is a common practice to use the 
components of the complex modulus for the determination of the 
discrete relaxation spectrum, from which the corresponding 
retardation spectrum is then calculated [21]. To have a good 
description of the linear viscoelastic properties of the tested material, 
one needs to know the complex modulus, E*, over a wide frequency 
domain. This can be achieved via the time-temperature 
superposition principle [19, 20], which allows for the construction 
of the master curves of 𝐸′, 𝐸′′ and the loss tangent, tan 𝛿 , from 
the values of these functions taken in a smaller frequency window at 
several constant temperatures. By fitting the master curves of 𝐸′and 
𝐸′′ to the following expressions, the relaxation spectrum, {𝑒𝑖 , 𝜆𝑖 }, 
and the retardation spectrum, {𝑑𝑖 , Λ𝑖  }, were obtained with the help 
of IRIS software [22], commonly used for the characterization of 
polymeric systems [21, 22]: 
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The linear viscoelastic creep compliance function, D(t), is 
calculated as (using the Voigt modes): 

𝐷(𝑡) =  𝐷𝑔 + ∑ 𝑑𝑖
𝑁−1
𝑖=1  [1 − exp (−

𝑡

Λ𝑖
 )] +

𝑡

𝜂
             (3) 

where 𝜂 represents the viscosity and 𝐷𝑔 is the glassy compliance. 
Under the phenomenological hypothesis that a typical material 

element of the tested mix can be treated as a homogeneous 
viscoelastic material, the complex compliance, D* = D’ – iD’’, 
related to the complex modulus as D*(𝜈) = 1/E*(  𝜈) , can be 
obtained. The creep compliance function, D(t), then should be 
related to the shear and the bulk compliances [19, 20]. In analogy 
with the known approximation for shear [19] one can test the 
validity of the relation D(t) ≅ |D*| 𝜈=1/t .  

For the wheel tracking test, one can assume that the material 
element in the middle of the track undergoes the same deformation 
as mentioned above. Then the repetitive passes over such element 
will produce an accumulated deformation (휀acc ) determined by the 
accumulated compliance function, Dacc, where Dacc(t) = 휀acc(t)/𝜎0  
and 𝜎0 is the magnitude of the applied compressive stress (636.363 
kPa in the studied wheel tracking test). Thus, the situation is similar 
to the one of a repeated creep and recovery that is accumulated with 
each passing of the wheel. 

It would be beneficial to know the complete time evolution of the 
accumulated compliance function Dacc(t), in the wheel tracking test. 
Such information was not available because only the “peak” 
deformation (rut depth) in the n-th cycle of the loading and 
unloading (by a passing wheel) was recorded. Thus only the 
envelopes of Dacc(t) were obtained for each of the tested samples. 
By combining the data of compliance function obtained from the 
dynamic testing (complex modulus) with the data of such an 
envelope (wheel tracking test), one can possibly extend the domain 
of information on the material (from small to larger deformations). 
In order to test this hypothesis, the function D(t) and the envelope of 
Dacc  were appended, and the composite compliance function ( still 
denoted as D(t)) was studied. 

 
Stretched Exponential Description of Creep 
 
In previous work [18, 24, 26, 30], various conventional and polymer 
modified asphalt binders were studied in the repeated creep and 
recovery test, in shear. It was found that the classical model of the 
shear compliance with Voigt modes (see Eq. (3)) can be applied 
when the deformations were small; however, the number of modes 
had to be increased when the accumulated deformation or the 
applied shear stress was increasing. In such cases, the number of 
parameters of the used model of compliance function would 
increase to more than 20. Then it was found that the stretched 
exponential form of the continuous distribution of the retardation 
times can generate a flexible model of compliance function, and, 
moreover, such a model contained only five adjustable parameters 
[24]. Because of the flexibility of such models, it is worthwhile to 
investigate their capability for the description of compliance 
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functions discussed in this contribution. Thus, let us assume that the 
composite compliance functions obtained from the dynamic testing 
and the envelope of the accumulated compliance from the wheel 
tracking test can be written as 

𝐷(𝑡) =  𝐷𝑔  +  𝐷𝑑[1 −
2√𝛼𝑡

1+𝑎

Γ(1+
1

𝑎
)

 𝐾
1+

1

𝑎

(2√(𝛼𝑡)𝑎  ] +
(𝛼𝑡)𝑎

𝛼𝜂
      (4)  

where 𝐾
1+

1

𝑎

 is Macdonald’s function [25] of order (1 + 1/𝑎), Γ 

represents the gamma function, Dd is the delayed compliance, Dg 
and 𝜂 are the same parameters as in Eq. (3). 

With the help of only five parameters, relation Eq. (4) can 
determine the studied compliance functions quite well, as shown in 
results and discussion paragraph. 

In the wheel tracking test, the strains/compliance functions can be 
represented by their accumulated values of a representative creep 
and recovery test [26].The input parameters were axial load (700 N), 
the speed of moving wheel (0.3 m/s), the length and the thickness of 
the tested sample, and the contact area (0.05 × 0.22 m). The 
nominal contact area was determined from the wheel imprint on a 
testing surface covered with gypsum. The size of grain of gypsum is 
of about 15 µm. The steel plate was sprinkled with gypsum and the 
load wheel was consequently placed on the plate. As already 
mentioned, in the wheel tracking test, the complete temporal 
description of accumulated tensile compliance was not known, 
because the data of the depth of the rut were collected only at one 
point of n-th cycle. In a standard test, data are collected in every 
250th cycle [29]. With the progressing number of cycles (time), the 
tested sample of paving mix sustained deformations that gradually 
increased and reached the state where the damage in the material 
was such that the material began to flow. On the other hand, the 
dynamic testing probed the material on a scale of small 
deformations, and the material behaved as a solid.  

By considering both tests together, i.e., by appending the 
compliance from the dynamic experiment to the envelope of 
accumulated tensile compliance from the wheel tracking test, one 
can attempt to model materials’ behavior over a wide scale of 
deformations. Basically, the behavior of the tested sample bifurcates 
from linear viscoelastic behavior to nonlinear behavior. Of course, 
the behavior after the time of such bifurcation depends on level of 
the applied tensile stress [30]. Such a case was not studied here. 

 
Materials and Testing 
 
Five asphalt paving mixes were studied, which can be divided into 
two groups, according to the Superpave PG grading [27] of the 
asphalt binders for paving mixes. In the first group (paving mixes A 
and B), asphalt binders PG 70-xx were used; and, in the second 
group (paving mixes C, D and E), asphalt binders PG 64-xx were 
used. Paving mix A was prepared with oxidized asphalt binder, and 
paving mix B was prepared with asphalt binder modified with 2% 
(wt) of styrene-butadiene-styrene (SBS) copolymer. Paving mix C 
was prepared with straight run asphalt binder; paving mix D, with 
oxidized asphalt binder; and, paving mix E, with asphalt binder 
modified by 4% (wt) of SBS. PG grading of the used binders was 
based on the parameter [|G*|/sin(δ)]ω=10rad/s, Multiple Stress, and 
Creep Recovery Test (MSCRT). This parameter is not well suited 

for grading the polymer modified asphalts and the additional 
characterization by the current form of MSCRT does not change this 
unfortunate situation. Thus, in this contribution, the PG grading 
obtained “as is” was used. 

All five studied paving mixes were prepared using the same 
paving mix design for pavement surface layers in Alberta, Canada. 
The mixes consisted of five mineral aggregate fractions with a 
maximum size of 12.5 mm. The asphalt binder content was 6.3% 
(wt), and no intermixtures were added. The paving mixes were 
designed for 6% air voids, and the density of compacted mixture 
was 2285 kg/m3. To obtain the dynamic moduli of the studied 
paving mixes, the cylindrical specimens were tested in accordance 
to AASHTO specification [28]. The specimens were prepared by 
compacting the paving mixes in the Superpave gyratory compactor 
(AASHTO T312-09) and reduced by coring to 100 mm in diameter. 
The testing frequencies were 0.1, 0.5, 1, 5, 10, and 25 Hz over the 
temperature range from -10°C to 80°C. When testing paving mixes, 
the care was taken to eliminate any data from “problematic” 
experiments, e.g. unstable LVDT, even slightly damaged sample due 
to the loading, etc. Only the data satisfying the condition that 
recoverable axial microstrain was in the range of 50-150 
microstrains, as required by AASHTO TP62, were considered. 
Especially at higher temperatures, a substantial amount of data had 
to be omitted and the dynamic load was adjusted to comply with 
AASHTO TP62. 

The wheel tracking tests were performed in accordance to CSN 
EN 12697-22+A1 [29], which is the Czech specification that is in 
compliance with specifications used in the European Union.  

The slab (260×320×50 mm) specimen is fixed in steel mold at 
the constant temperature and the top surface of the specimen is 
taxiing by the wheel. The wheel reciprocates over the test specimen 
at the frequency of 26.5±1 cycles per minute. The wheel has a 20 
mm-deep rubber hoop. The depth of the impression is defined as an 
average value of the test specimen profile on the length of 50 mm in 
the middle of the test specimen. The profile is measured at more 
than 25 points, all approximately evenly distributed. The depth of 
the impression of the wheel is measured in motion. The wheel 
tracking continues to reach 10,000 cycles or a depth of the 
impression of the wheel of 20 mm. This test method is commonly 
used for determining the resistance against permanent deformation 
of asphalt mixtures and material used in the EU must meet the 
requirements established by this methodology. 

The record of the rut depth of the wheel is set to every 250th cycle. 
Recording of rut depth in constant sections is not commensurable to 
the progress of impression, especially in the initial stage of the test. 
The value of the rut depth in the second record point can be over 
40% of the total rut depth. For these reasons, the record was set 
approximately and proportionally divided to progress of the 
impression. The specimens were not submerged in water during this 
test. A constant temperature was maintained (±1°C) by temperature 
control system thus eliminating the moisture damage. The moisture 
susceptibility is not discussed in this paper. The aim was to maintain 
similar boundary conditions in both tests. 

 
Results and Discussion 
 
The master curves of the dynamic material functions (𝐸′, 𝐸′′,tan 𝛿) 
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at a reference temperature of 58°C were prepared for all the tested 

materials in the IRIS platform [22]. A typical behavior of these 

functions is shown in Fig. 1 for asphalt mix sample C (conventional 

binder used). All the tested samples displayed similar behavior, i.e., 

𝐸′ increased with reduced frequency and reached its plateau at high 

frequencies, 𝐸′′ was increasing and passing through its maximum 

at higher frequencies. Reduced frequency 𝜈′ = 𝑎𝑇 𝜈, where 𝑎𝑇 is 

the horizontal shifting factor, is very well described by the 

Williams-Landel-Ferry relation [19,20].  

No vertical shifting was necessary to obtain the master curves of 

the dynamic materials functions for all the studied materials. The 

loss modulus, 𝐸′′, reached its absolute maximum on the displayed 

domain of the reduced frequencies. Similarly, the loss tangents of all 

the materials reached their absolute maximum well before their loss 

moduli did. From the behavior of dynamic material functions, it is 

clear that all the materials behave as linear viscoelastic solids (in the 

tested domain of reduced frequencies). This can be clearly seen in 

Fig. 1, where there is no upturn of tan 𝛿 to the higher values for the 

behavior of the loss tangent at the lowest reduced frequencies 

(highest temperatures), usually indicating the flow of the material. 

Of course, it must be stressed that testing at high temperatures 

(greater than 80°C) was not possible due to the unreliability of data. 

Once the dynamic moduli were fitted to Eq. (2), IRIS can calculate 

the relaxation and retardation spectra, the creep compliance function, 

D(t), and other linear viscoelastic material functions.  

Note that, for all the studied materials, the approximation D(t) ≅ 

|𝐷∗ |𝜈=1
𝑡⁄  , can be considered. An example of this approximation 

for one of the studied materials is shown in Fig. 2. Thus, for paving 

mixes, it appears possible to use the data of master dynamic 

functions, 𝐸′, 𝐸′′ , to calculate the magnitude of the complex 

compliance ( D*=1/E*) and transform the frequency domain to the 

time domain and obtain a relatively good approximation of the 

compliance function in the linear viscoelastic domain, i.e. without 

the calculation of retardation spectra. As seen from Fig. 2, the only 

problematic interval for such an approximation was the part of the 

domain that corresponded to high temperatures, where the original 

data also had to be considered with caution because of possible 

partial damage, viscoplasticity, and other nonlinear processes. 

Before analyzing the wheel tracking test, several assumptions 

have to be put forward: 

a) The material element in the middle of the track is 

predominantly acted on by a compressive stress 

𝜎(𝑡′) = 𝜎0  ∑ [𝐻(𝑡′ − 𝑛𝔟) − 𝐻(𝑡′ − 𝑛𝔟 − 𝔞)]𝑛=0        (5) 

where H is the unit step function and 𝜎0 is the magnitude of 

the applied stress. 

The stress 𝜎 acts during the time interval of length, 𝔞, and 

the duration of one cycle ( basically the creep and recovery) is 

𝔟. 

b) The strain, 휀 (t), is determined by the history of the 

compliance function D`, i.e.,  the following constitutive 

relation is assumed to hold  

 

ε(t) = ∫ H(t − t′)  D`(t − t′)
dσ(t′)

dt′

∞

−∞
dt′        (6) 

 

 
Fig. 1. Dynamic Material Functions, 𝑇𝑟 = 58°C, Paving Mix C. ● – 

tan δ, ◊ - E  ́and E´́ . 

 

 
Fig. 2. Compliance Function, 𝑇𝑟 = 58°C, Paving Mix B. ◊ - D(t) 

from Retardation Spectrum, ● - D(t) Approximated from |D*|. 

 

Substitution of Eq. (5) into Eq. (6) then yields the accumulated 

deformation   휀(𝑡)𝑎𝑐𝑐 : 

 
   
  












 

)anbt('DanbtH

nbt'DnbtH
t 0n0acc                (7) 

The maximum accumulated deformation in k-th cycle appeared at 

time t = k𝔟 + 𝔞, where k = 0,1,2,…, i.e. 

휀𝑎𝑐𝑐 = 𝜎0 ∑ [𝐻(𝔞 + 𝔟𝑙)𝐷`(𝔞 + 𝔟𝑙) − 𝐻(𝔟𝑙)𝐷`(𝔟𝑙)]𝑘
𝑙=0       (8) 

The envelope of accumulated compliance function in k-cycles is 

then 

𝐷`𝑎𝑐𝑐 = ∑ [𝐷`(𝔞 + 𝔟𝑙) − 𝐷`(𝔟𝑙)]𝑘
𝑙=1          (9) 

Under the assumptions listed above, the wheel tracking test can 

be described when the compliance function, D`, is known. For 

example, data from wheel tracking test (envelope of D`(t)) for 

sample B were fitted to Eq. (9) with the form of D`(t) given in Eq. 

(4), as shown in Fig. 3. 

Combining data from the linear viscoelastic domain with 

available data of 𝐷`𝑎𝑐𝑐  , a composite trend of the tensile 

compliance (for simplicity denoted as D, in appropriate Figures) can 

be determined, thus covering a larger time domain and including the 
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Fig. 3. Envelope of Compliance Function from Wheel Tracking Test, 
𝑇𝑟 = 58°C, Paving Mix B. Fit to Eq. (9) with D(t) given by Eq. (4), 
n- number of Cycles. 
 

 
Fig. 4. Compliance Function from Retardation Spectrum, 𝑇𝑟  = 
58°C, Paving Mix B. Fit to “Solid” form of Eq. (4). 
 

 
Fig. 5. Composite Compliance Function from Dynamic Data 
(Retardation Spectrum) and from Wheel Tracking Data (Envelope), 
𝑇𝑟 = 58°C, Paving Mix B. Fit to Eq. (4). 
 
behavior of the tested sample at deformations larger than those in 
the dynamic testing. 

As an example, consider again sample B. In Fig. 4, the 
compliance obtained from the dynamic data is portrayed and fitted 
to the solid form of Eq. (8), i.e., the flow term (𝛼𝑡)𝑎

𝛼𝜂
 was omitted. 

When the data from wheel tracking test were appended (envelope of 
𝐷`𝑎𝑐𝑐(𝑡)), the flow term had to be present in the model of D`(t), i.e., 
the complete Eq. (4) was used. The fit of compliance to Eq. (4) is 
shown in Fig. 5. As seen from the portrayed residuals, the fit was 
very good in the whole domain of the definition, although the 
maximum deformation in the “dynamic” part was about 1% and the 

 
Fig. 6. Composite Compliance Function from Dynamic Data 
(Retardation Spectrum) and from Wheel Tracking Data (Envelope), 
𝑇𝑟 = 58°C. ● - Paving Mix B, ◊ - Paving Mix E. 
 

 
Fig. 7. Composite Compliance Function from Dynamic Data 
(Retardation Spectrum) and from Wheel Tracking Data (Envelope), 
𝑇𝑟 = 58°C. ● - Paving Mix A, ◊ - Paving Mix D. 
 
maximum deformation in the wheel tracking test was about 20% 
(probably corresponding to “slightly” nonlinear behavior).  

The effect of modification of the binder with SBS copolymer on 
the properties of the tested paving mixes is seen in Fig. 6, where the 
behavior of samples B and E is again portrayed by the composite 
compliance function, D(t).The behavior of both samples was almost 
identical in the linear viscoelastic domain, where D(t) was obtained 
from the dynamic data. A small difference in D(t) was observed only 
at times obtained from the dynamic data at high temperatures (T > 
65°C).  

From the data of wheel tracking test, a stronger rutting potential 
was identified in sample B (mix prepared with binder modified by 
2% of SBS). Interestingly, the binder in sample E was characterized 
as PG64-XX and the binder in sample B as PG70-XX. Paving mix 
samples A and D were both prepared with oxidized binders. The 
binder of mix A was characterized as PG70-XX and that of mix D as 
PG64-XX. Fig. 7 shows that the behavior was different in the linear 
viscoelastic region, where the values of D(t) were larger (over the 
whole domain of definition of D(t)) for mix D. However, the wheel 
tracking test “did not see” much difference between these two 
materials. Note that in many composite graphs of the tensile 
compliance function, there was a gap between the data from the 
dynamic experiments and the data from the wheel tracking test. The 
cause is that there was a difference in temperature of between 0.5°C 
and 1.2°C from the reference temperature of 58°C during the first  
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Fig. 8. Composite Compliance Function from Dynamic Data 
(Retardation Spectrum) and from Wheel Tracking Data (Envelope), 
𝑇𝑟 = 58°C. ● - Paving Mix C, ◊ - Paving Mix D. 
 

 
Fig. 9. Composite Compliance Function from Dynamic Data 
(Retardation Spectrum) and from Wheel Tracking Data (Envelope), 
𝑇𝑟 = 58°C. ● - Paving Mix C, ◊ - Paving Mix E. 
 

 
Fig. 10. Composite Compliance Function from Dynamic Data 
(Retardation Spectrum) and from Wheel Tracking Data (Envelope), 
𝑇𝑟 = 58°C. ● - Paving Mix D, ◊ - Paving Mix E. 
 
several cycles of the dynamic tests; due to such uncertainty, some 
data were discarded.  

Comparing the mix prepared with the conventional binder (mix C) 
and the mix prepared with the oxidized binder (sample D), a much 
higher rutting potential was observed in mix C than in mix D, as 
shown in Fig. 8. Fig. 8 shows that the values of compliance were 
larger in the mix prepared with oxidized binder when the linear 
viscoelastic domain was portrayed; however, they were much 
smaller when calculated from the wheel tracking data, i.e., much 
higher deformations were observed in the mix prepared with 

conventional binder, although the binders in both samples were 
characterized as PG 64-XX.  

A similar observation was made for paving mixes C and E: Fig. 9 
shows the comparison of the paving mix prepared with conventional 
binder (mix C) and the mix prepared with polymer modified binder 
with 4% of SBS (sample E). The shown tensile compliance function 
points to much smaller deformations in sample E than in mix C at 
the test temperature of 58°C. Both samples were characterized as 
PG64-XX.  

Samples D and E are compared in Fig. 10. The compliances of 
both samples were quite similar at first; then, the values of D(t) (i.e., 
also deformations) were smaller in the sample prepared with 
polymer modified binder (E). This was also true for the wheel 
tracking part of the portrayed tensile compliance function; however, 
there the values of D(t) were again quite close in both samples. 
These two samples were characterized as PG64-XX. The observed 
trend of behavior of D(t) started for both samples in the linear 
viscoelastic region and did not change during the wheel tracking 
test. 

After observing the behavior of compliance function in several 
paving mixes, one can ask an obvious question: Is it possible to 
predict the magnitude of deformations during the wheel tracking test 
from the dynamic data performed at smaller deformations? As noted 
above, the tested paving mixes behaved as solids in the dynamic 
tests, i.e., the flow term in model Eq. (4) was absent. In other words, 
the viscosity had to be extremely large. However, the trend of the 
accumulated tensile compliance (appending the wheel tracking test) 
could be fitted to model Eq. (4) only when the tested material is 
capable of flow. For the composite compliance function, this means 
that the parameters of the model were different from the ones of the 
solid behavior (linear viscoelastic behavior observed in the dynamic 
experiments). Thus, strictly speaking, the answer to the posed 
question should be no; however, one can try to obtain at least a 
rough estimate of the deformation in the wheel tracking test from 
the values of the compliance function obtained from the values of 
the dynamic material functions 𝐸′  and 𝐸′′  at high frequencies. 
Such an estimate is shown in Fig. 11 for mix B.  

Only the data of compliance D(t) obtained from the data of the 
peak of dynamic loss modulus, 𝐸′′, were used, and model Eq. (4) 
was fitted to them. As seen from Fig. 11, the fitted curve was quite 
close to the higher values of the accumulated compliance calculated 
from the wheel tracking test (the residual difference was less than 
10% for deformations of about 20%). Similar estimates were 
obtained for the rest of the tested materials. Fig. 12 shows the 
corresponding domain of frequencies in the dynamic experiment 
with the peak of 𝐸′′  and the fit of this peak to the Gaussian 
modulus type distribution function. The fit of the glass transition 
peak (the range of 𝐸′′  around the absolute maximum of this 
dynamic function) serves as an indicator of the domain of 
frequencies where the tested material stops flowing. The 
complement of this domain (the interval of frequencies on the left of 
this domain) then determines the flow domain on the time axis. The 
outlined procedure is not rigorous; however, it can serve as a 
method of estimation of the behavior at long times, i.e., larger 
deformations. For a more rigorous description of large deformation 
behavior, one will have to assume that the viscosity is not a 
parameter, but a function of time [30]. 
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Fig. 11. Estimate of Composite Compliance Function from Peak of 
E’’, Paving Mix D, 𝑇𝑟 = 58°C. ● - Data Used for Fitting Model Eq. 
(4), ∘ - Original Data of Composite D(t). 
 

 
Fig. 12. Peak of Loss Modulus E’’ Fitted to Gaussian Modulus 
Distribution, 𝑇𝑟 = 58°C, Paving Mix B.▬ Fit, ▬ Data of E’’ Used 
for Fit,  Data of E’’ Excluded. 
 
Conclusions 
 
Although the linear viscoelastic properties of paving mixes seem to 
be unrelated to the behavior of these materials in the wheel tracking 
test, it was found that by transforming the complex compliance 
obtained from the small amplitude oscillations to the compliance 
function D(t), a stretched time compliance model is not only able to 
describe the behavior of these materials in the linear viscoelastic 
domain, but it is also useful for the description of the behavior in 
wheel tracking tests.  

Basically, one can say that the investigation of compliance 
functions can reveal more about the high-temperature behavior of 
paving mixes than the analysis of the dynamic material functions. 
This is not to say that the investigation of dynamic material 
functions (E’ and E’’) is useless. First of all, it was found that 
|E*(𝜔)| can be used to effectively approximate the compliance 
function, D(t), in the linear viscoelastic domain. Such compliance 
can then be appended to the trend of the accumulated compliance 
obtained from the wheel tracking test; then the composed 
compliance function can be fitted to the proposed (stretched time) 
compliance model. The advantage of the stretched time is a 
relatively smooth transition from the linear viscoelastic behavior to 
the mildly nonlinear behavior of the compliance function obtained 
from the wheel tracking test. Moreover, an estimate of the behavior 
at these higher strains can be obtained from the fitting of the 

proposed compliance model to a relatively small set of data defined 
by the “glass transition” peak of 𝐸′′ (obtained from the dynamic 
testing of the studied material).  

The PG grading (based on the strictly linear viscoelastic domain) 
of the binders used for the preparation of the studied paving mixes 
may not reflect the behavior of mixes at larger deformations. The 
high-temperature behavior of paving mixes at substantially large 
deformations will need modification of the presented model of 
compliance function. In particular, the time evolution of the 
viscosity parameter, and the impact of high stresses have to be 
considered. A detailed comparison of D(t) obtained from  high 
frequencies and the values calculated from wheel tracking test is 
planned and it will be discussed elsewhere. 
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