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Abstract The creep-recovery (CR) test starts out with a period of shearing at constant stress (creep) and is followed by a 14 

period of zero shear stress where some of the accumulated shear strain gets reversed. Linear viscoelasticity (LVE) allows 15 

to predict the strain response to repeated creep-recovery (RCR) loading from measured small-amplitude oscillatory shear 16 

(SAOS) data. Only the relaxation and retardation time spectra of a material need to be known and these can be determined 17 

from SAOS data. In an application of the Boltzmann superposition principle (BSP), the strain response to RCR loading 18 

can be obtained as linear superposition of the strain response to many single creep-recovery tests. SAOS and RCR data 19 

were collected for several unmodified and modified bituminous binders, and the measured and predicted RCR responses 20 

were compared. Generally good agreement was found between the measured and predicted strain accumulation under 21 

RCR loading. However, in the case of modified binders, the strain accumulation was slightly overestimated (≤20 % 22 

relative error) due to the insufficient SAOS information at long relaxation times. Our analysis also demonstrates that the 23 

evolution in the strain response under RCR loading, caused by incomplete recovery, can be reasonably well predicted by 24 

the presented methodology. It was also shown that the outlined modeling framework can be used, as a first approximation, 25 

to estimate the rutting resistance of bituminous binders by predicting the values of the Multiple Stress Creep Recovery 26 

(MSCR) test parameters. 27 

 28 
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1 Introduction 1 

 The rheological behavior of viscoelastic materials can be characterized by various test methods such as 2 

oscillatory shear, stress relaxation (step strain), shear creep followed by recovery, and rotational viscometry (Ferry 1980; 3 

Mezger 2006). Shear creep and creep recovery (hereafter, for brevity, referred to merely as creep-recovery) is among the 4 

most practical rheological measurement techniques, being particularly suitable for obtaining viscoelastic properties in the 5 

terminal regime, i.e. at low frequencies or long loading times (Münstedt 2014). In addition, creep-recovery tests can serve 6 

as a powerful tool to distinguish between recoverable viscoelastic deformation and non-recoverable viscous deformation 7 

(Delgadillo et al. 2006). A comprehensive review of the many advantages of creep-recovery tests is given by Münstedt 8 

(Münstedt 2014).  Despite of the undeniable benefits, creep-recovery tests have only recently become popular, especially 9 

in the asphalt community for characterizing the performance of asphalt binders at high service temperatures (Bahia et al. 10 

2001; D'Angelo et al. 2007). In particular, repeated creep-recovery (RCR) tests are routinely used to assess the rutting 11 

resistance of bituminous binders (D'Angelo 2009; Laukkanen et al. 2015). 12 

It helps that the creep-recovery response of a material may be obtained from small-amplitude oscillatory shear 13 

(SAOS) measurements by using the well-known interrelationships of linear viscoelasticity theory as shown in this paper. 14 

In some cases, creep-recovery properties might be even more readily obtained through the calculation from SAOS data 15 

than by direct measurement. This is of great practical importance because experience has shown that experimental creep-16 

recovery data are often prone to instrument-related artifacts, such as the residual torque of the bearing, the momentum of 17 

inertia of the rotor and the bearing friction (Münstedt 2014; Gabriel and Kaschta 1998), as well as to poor repeatability 18 

and reproducibility (Soenen et al. 2013). Although the relationships between SAOS and linear viscoelastic creep-recovery 19 

properties are well established, there have not been any studies systematically investigating the possibility to predict strain 20 

accumulation under RCR loading from SAOS experiments. In particular, there is no knowledge of possible experimental 21 

limitations of this type of data conversion. 22 

 In this study, a theoretical framework for predicting strain accumulation under RCR loading is presented. We 23 

employ the theory of linear viscoelasticity in such a way that only SAOS data are needed to generate predictions of RCR 24 

behavior. To our knowledge, there are no earlier studies in which strain accumulation under RCR loading has been 25 

predicted based solely on SAOS data. In this article, theoretical predictions of RCR strain are compared with the 26 

experimental RCR data of various unmodified and modified bituminous binders. Experimental limitations influencing 27 

the accuracy of these predictions are discussed. The RCR predictions are used to estimate the values of the Multiple Stress 28 

Creep Recovery (MSCR) test parameters in an effort to assess the rutting resistance of bituminous binders. However, this 29 

study limits itself primarily to the linear viscoelastic (LVE) creep-recovery behavior. A detailed analysis of how to predict 30 

nonlinear viscoelastic creep-recovery behavior remains the subject of future studies. 31 

 32 

2 The single creep-recovery experiment in the LVE regime 33 

A creep-recovery experiment, Fig. 1, starts out with the application of a shear stress σ0 at t = 0. The stress is kept 34 

constant for a predefined duration, the creep time tc. While this is done, the shear strain γ(t) is monitored as a function of 35 

time. Typically, the measured shear strain gets normalized with respect to the applied creep stress to obtain the shear 36 

creep compliance 37 
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𝐽(𝑡) =  
𝛾(𝑡)

𝜎0
    for 0 < t < tc         (1) 1 

At t = tc, the second part of the experiment begins by setting and keeping the stress at zero thereby allowing the material 2 

to retract from the deformation induced by the applied stress. The sample is contained by the shear fixtures of the 3 

rheometer during the recovery. Again, the shear strain is monitored as a function of time and a stress-normalized value 4 

for material response can be expressed as the recoverable creep compliance 5 

𝐽𝑟(𝑡𝑟 , 𝑡𝑐) =  
𝛾𝑟(𝑡𝑟,𝑡𝑐)

𝜎0
   for tc < t         (2) 6 

γr(tr,tc) = γ(tc) - γ(t)  is the portion of the shear strain that recovers during the recovery time, tr = t- tc. One should note that 7 

the amount of strain recovery, and thus the value of the recoverable creep compliance Jr, depends on the creep time as 8 

long as steady-state conditions have not been reached in the creep phase. 9 

 10 

    11 

Fig. 1 Schematic of a the prescribed shear stress profile and b the resulting shear strain response in a creep-recovery 12 

experiment 13 

 14 

The creep compliance can be divided into recoverable (elastic and viscoelastic) Jr and non-recoverable (viscous) 15 

Jnr components, respectively  16 

𝐽(𝑡) =  𝐽𝑟(𝑡) + 𝐽𝑛𝑟(𝑡)            (3) 17 

with 18 

𝐽𝑟(𝑡) =  𝐽0 + 𝜓(𝑡)            (4) 19 

and 20 

𝐽𝑛𝑟(𝑡) =  
𝑡

𝜂0
             (5). 21 

J0 is the instantaneous elastic compliance, ψ is the viscoelastic component of the creep compliance, and η0 is the zero-22 

shear viscosity. 23 

In the range of linear viscoelasticity, the effect of combined load is equal to the sum of the effects of the 24 

individual loads (Lakes 1998), which is a consequence of the Boltzmann superposition principle superposition (BSP) 25 
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(Boltzmann 1874). Based on this principle, constitutive relations can be obtained that describe the material response to 1 

arbitrary load histories. The Boltzmann integral for the strain  2 

𝛾(𝑡) =  ∫ 𝐽(𝑡 − 𝜉)
𝑡

−∞

𝑑𝜎(𝜉)

𝑑𝜉
𝑑𝜉           (6) 3 

represents the isothermal creep response of a linear viscoelastic material subjected to an arbitrary stress history σ(ξ), 4 

where ξ is the time integration variable. In terms of the creep-recovery analysis, one of the most important consequences 5 

of the BSP is described by Meissner (1992) and referred to here as the “mirror rule”. According to this rule, the stress 6 

removal is equivalent to applying a negative stress of equal magnitude σ0 whilst preserving the original applied stress (see 7 

Fig. 2(a)). As stated by the BSP, the actual stress input is then the linear sum of these two stresses. In this case, the sum 8 

of the stresses is zero (as required by the definition of recovery in creep-recovery testing) because the positive and negative 9 

stress are equal in magnitude. Similarly, according to the BSP - and as shown in Fig. 2(b) - the strain response during the 10 

recovery period can be imagined to be a linear sum of two individual strain responses: the one induced by the positive 11 

creep stress (applied at time t = 0 in Fig. 2(a)) and the one induced by the negative creep stress (applied at time t = tc in 12 

Fig. 2(a)). Note that in this case these two imaginary strain responses are mirror images of each other, i.e. they have both 13 

identical magnitude and (shifted) time scales. 14 

 15 

    16 

Fig. 2 Application of the Boltzmann superposition principle in the analysis of creep-recovery behavior: breakdown of the 17 

a stress input and b strain response during the recovery period according to the “mirror rule” 18 

 19 

According to the theory of linear viscoelasticity, there is a relation between the SAOS and creep-recovery 20 

behavior of viscoelastic materials. This interrelationship can be conveniently expressed by using a discrete retardation 21 

time spectrum to describe the time-dependent strain response in creep and recovery (Eqs. (7) and (8), respectively) 22 

(Winter 1997; Ferry 1980; Macosko 1994). 23 

𝛾(𝑡) = 𝜎0𝐽(𝑡) = 𝜎0 [𝐽0 + 𝜓(𝑡) +
𝑡

𝜂0
] =  𝜎0 [𝐽0 + ∑ 𝑗𝑖 (1 − 𝑒

−
𝑡

𝜆𝑖) +
𝑡

𝜂0

𝑁−1
𝑖=1 ]       for 0<t<tc                                      (7) 24 

𝛾(𝑡) =  𝜎0𝐽(𝑡𝑟 , 𝑡𝑐) = 𝜎0[𝐽(𝑡) − 𝐽(𝑡𝑟)] = 𝜎0 [(𝐽0 + 𝜓(𝑡) +
𝑡

𝜂0
) − (𝐽0 + 𝜓(𝑡𝑟) +

𝑡𝑟

𝜂0
)] = 𝜎0 [∑ 𝑗𝑖 (𝑒

−
𝑡𝑟
𝜆𝑖 − 𝑒

−
𝑡

𝜆𝑖) +
𝑡𝑐

𝜂0

𝑁−1
𝑖=1 ]                                                   25 

      for tc<t      (8) 26 

where ji are the retardation strengths, λi are the retardation times, N is the number of relaxation modes, and the recovery 27 

time is defined as tr = t-tc. Note that these equations also satisfy the “mirror rule” as shown in Fig. 2. 28 
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Experiments on various glassy materials show that the elastic part of the creep compliance, J0, is typically on 1 

the order of 10-9 Pa-1 (Donth 2001), and therefore it is often negligibly small compared with the viscoelastic and viscous 2 

components of the creep compliance. Consequently, the instantaneous elastic contribution to the creep compliance can 3 

well be neglected in the calculation of creep strain (Eq. 7). 4 

The retardation time spectrum of the material determines the viscoelastic part of the creep compliance, ψ(t). 5 

Methods of calculating the retardation time spectrum from the corresponding relaxation time spectrum are well known 6 

and based on the Laplace transform method (Baumgaertel and Winter 1989; Ferry 1980; Gross 1953; Leaderman 1958; 7 

Mead 1994). Because of this, the discrete retardation time spectrum, i.e. the values of retardation strengths ji and 8 

retardation times λi, is most conveniently obtained by first calculating the discrete relaxation time spectrum from SAOS 9 

data (Baumgaertel and Winter 1989) using the following equations for the storage modulus G’ and the loss modulus G’’, 10 

respectively: 11 

𝐺′(𝜔) = 𝐺𝑒 + ∑ 𝑔𝑖
 (𝜔𝜏𝑖)2

1+(𝜔𝜏𝑖)2
𝑁
𝑖=1            (9) 12 

𝐺′′(𝜔) = ∑ 𝑔𝑖
𝜔𝜏𝑖

1+(𝜔𝜏𝑖)2
𝑁
𝑖=1            (10) 13 

Ge is the equilibrium modulus (= 0 for viscoelastic liquids like bitumen), and gi and τi are relaxation strengths and times, 14 

respectively. Notably, Eqs. (9) and (10) are mathematical representations of the dynamic moduli according to the 15 

generalized Maxwell model (GMM).  16 

The material property influencing the viscous component of the creep compliance, t/η0, is the zero-shear 17 

viscosity. Its value can be determined from the relaxation time spectrum, as shown by the following equation: 18 

𝜂0 = ∑ 𝑔𝑖𝜏𝑖
𝑁
𝑖=1             (11) 19 

 20 

3 Sequence of repeated creep recovery (RCR) experiments 21 

The tools for modeling the strain response in a single creep-recovery experiment can be generalized to model 22 

the strain in a sequence of creep-recovery loadings. Within the linear viscoelastic range, such RCR experiment can be 23 

modeled as the linear superposition of many independent single creep-recovery tests, Eqs. (12) and (13). This idea of the 24 

linear superposition of strains in a RCR experiment is illustrated in Fig. 3 where both the strain contributions of single 25 

creep-recovery tests and the actual (total) RCR response are shown. Separate equations describe the strain during the Mth 26 

creep period  27 

𝛾(𝑡) = 𝜎0[∑  𝐽(𝑡 − 𝑡𝑖) − ∑ 𝐽(𝑡 − (𝑡𝑖 + 𝑡𝑐))𝑀−2
𝑖=0

𝑀−1
𝑖=0 ]   for ti<t<(ti+tc)     (12) 28 

and during the Mth recovery period 29 

𝛾(𝑡) = 𝜎0 ∑ [𝐽(𝑡 − 𝑡𝑖) − 𝐽(𝑡 − (𝑡𝑖 + 𝑡𝑐))] 𝑀−1
𝑖=0    for (ti+tc)<t<ti+1     (13) 30 

where ti = i(tc+tr) is the duration of the sequence of i creep-recovery cycles. In the case of a single creep test (M = 1), the 31 

summation in the second term of Eq. (12) has the form ∑ …−1
𝑖=0  and is defined to be equal to zero. 32 
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 1 

Fig. 3 Superposition of single creep-recovery tests to predict the strain response under RCR loading. The solid curve is 2 

the total accumulated strain and dashed curves represent the strain contributions from single creep-recovery tests 3 

 4 

It should be noted that, as can be seen from Fig. 3, the strain may still be recovering at the end of each recovery 5 

period, i.e. the recovery is incomplete at the starting of the next creep-recovery cycle. This is particularly true for materials 6 

with significantly delayed elasticity and/or if the recovery periods are kept short in comparison to the characteristic 7 

material times.  In this way, the remaining recoverable strain in one cycle will continue to contribute to the strain response 8 

during subsequent creep-recovery cycles, thereby increasing the overall amount of strain recovery. Wasage et al. (2007; 9 

2010) already reported such evolution in the RCR response of a polymer-modified bitumen and attributed it to shear-10 

induced structural changes in the material. Here we suggest that this explanation might not be correct. It is more likely 11 

that the apparent increase in strain recovery under RCR loading is due to delayed elasticity effects as described above. 12 

Experimental data and model predictions on the evolution of creep-recovery response are presented in Section 13 

“Comparison of predicted RCR response with measured data”.   14 

 15 

4 Materials and Methods 16 

Various unmodified and modified bituminous binders were collected for this study to assess the performance of 17 

the presented model. Table 1 lists the investigated binders and their empirical properties (penetration, Ring-and-Ball 18 

softening point and penetration index). The elastomer is a commercial additive, which is widely used in bitumen 19 

modification, and the wax additive is a synthetic, commercially available Fischer-Tropsch wax.  20 

 21 

 22 
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Table 1 Overview of the investigated binders and their empirical properties. The type of bitumen modification is indicated 1 

in the sample code (B = no modification, E = elastomer modification, EW = elastomer+wax modification)  2 

Sample code Modification Pen [1/10 mm] TR&B [°C] PI [-] 
Additive Level of modification 

B1 none - 18 61.3 -0.83 
B2 none - 64 47.4 -1.31 
B3 none - 81 44.9 -1.44 
E4 elastomer Moderate 42 57.7 0.14 
E5 elastomer Moderate 60 61.5 1.80 
E6 elastomer High 75 65.4 3.20 

EW7 elastomer + wax High 31 92.9 4.71 
Pen = penetration measured at 25 °C according to EN 1426 (2007a)  3 

TR&B = Ring-and-Ball softening point according to EN 1427 (2007b) 4 

PI = penetration index = (1952-500log(Pen)-20TR&B)/(50log(Pen)-TR&B-120) 5 

Rheological measurements were performed with a stress-controlled Paar Physica MCR 500 rheometer. A Peltier 6 

plate and active hood controlled the test temperature with the accuracy of better than ±0.1 K avoiding temperature 7 

gradients within the test specimen. Isothermal frequency sweep measurements between 0.0628 to 62.8 rad/s were 8 

conducted in the temperature range of 10-70 °C at 10 K increments. A parallel plate geometry with a diameter of 25 mm 9 

and a gap of 1 mm was used in the temperature range of 40-70 °C, while a smaller plate diameter of 8 mm and a larger 10 

gap of 2 mm were used at the lower temperature range of 10-30 °C to minimize instrument compliance related errors (Liu 11 

et al. 2011; Schröter et al. 2006; Laukkanen 2017). RCR experiments were performed at 50 °C using a 25-mm parallel 12 

plate geometry with a 1-mm gap. The applied creep stress was varied from 100 to 6400 Pa, but only the RCR data 13 

measured at the lowest creep stress level of 100 Pa were analyzed to ensure the LVE response of the test materials 14 

(excluding the analysis presented in Section “Application to the assessment of the rutting resistance of bituminous 15 

binders”). The linear viscoelastic response of the investigated materials at 100 Pa creep stress was confirmed by plotting 16 

various rheological material parameters as a function of creep stress; selected results of this analysis have been published 17 

by Laukkanen et al. (2015).  A sequence of a 1-second creep period followed by a 9-second recovery period was repeated 18 

ten times consecutively at each creep stress level. A careful analysis of the raw strain versus time data confirmed that the 19 

instrument-related artifacts described by Gabriel and Kaschta (1998) and Münstedt (2014) did not significantly influence 20 

our test results. 21 

A well-defined specimen preparation protocol was followed throughout the study to ensure the consistency of 22 

the test results. A careful specimen preparation is essential in the rheological characterization of polymer and wax 23 

modified bituminous binders as differences in their thermal and loading histories may drastically change their rheological 24 

behavior (Soenen et al. 2006; Soenen et al. 2008; Soenen et al. 2005; Laukkanen and Soenen 2015). To prepare specimens 25 

for rheological testing, hot binder was poured in a silicon mold after the bulk binder sample had been carefully 26 

homogenized by manual stirring. The binder specimen was transferred from the mold to the rheometer, the gap of the 27 

rheometer was decreased to the trimming position (1.05  the final measurement gap), and the test specimen was trimmed 28 

flush with the edges of the plate geometry using a hot spatula. After this, the gap was further decreased to the final 29 

measurement gap, and the temperature of the test specimen was let to equilibrate for 15 minutes prior to the start of the 30 

measurement. 31 
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Commercial Interactive Rheology Information Systems (IRIS) software (Winter and Mours 2006) was used in 1 

the analysis and plotting of rheological data. 2 

 3 

5 Results and Discussion 4 

5.1 Check for thermorheological simplicity 5 

In order to have a complete description of the LVE properties of a material, it is desirable to construct the 6 

relaxation and retardation time spectra, used to calculate the RCR response as described in Section “Framework for 7 

predicting RCR response from SAOS data”, from dynamic data that extends over a wide range of frequencies. Therefore, 8 

an effort is made to widen the frequency window of the experimental SAOS data by performing horizontal shifting 9 

according to the time-temperature superposition (TTS) principle. However, it should be remembered that the TTS 10 

principle is applicable only to thermorheologically simple materials. According to Dealy and Plazek (2009), the 11 

thermorheological simplicity of a material can be tested most conveniently by using linear scales in constructed master 12 

curve plots (Wood-Adams and Costeux 2001), by studying the smoothness of the loss tangent master curve (Winter 2013), 13 

or by plotting dynamic data in the Booij-Palmen (BP) plot of loss angle versus log|G*| (Booij and Palmen 1992). In the 14 

case of bituminous binders, it has been observed that the TTS principle does not hold for bitumens that contain high 15 

amounts of crystallizable fractions (waxes) or asphaltenes (Lesueur et al. 1996; Qin et al. 2014) and/or low amounts of 16 

resins (Loeber et al. 1998). Also, some polymer modified bituminous binders have been shown to exhibit 17 

thermorheologically complex behavior, especially when the amount of polymer is relatively high (Airey 2002; Pérez-18 

Lepe et al. 2005). 19 

To test the thermorheological simplicity of the investigated binders, and thus the applicability of the TTS 20 

principle, the BP plots were constructed and are shown in Fig. 4. The viscoelastic data of unmodified binders collapse 21 

into smooth monotonic BP curves and, thus, these binders can be viewed as thermorheologically simple. In the case of 22 

the elastomer modified binders, BP plots have more complex shape but are still relatively continuous. Therefore, also 23 

these binders can be judged to be thermorheologically rather simple. Finally, the binder modified both with elastomer and 24 

wax is as well observed to form a relatively smooth and continuous curve in the BP plot, and thus this binder too is 25 

thermorheologically nearly simple. As a side note, it can be mentioned that binders B1, B2, B3, E4 and E5 can be 26 

considered to be viscoelastic liquids as evidenced by the fact that phase angle values asymptotically approach the value 27 

of 90° at low G* values. On the contrary, the phase angle values of binders E6 and EW7 appear to diverge from 90° at 28 

low G* values, indicating the semi-solid nature of these materials. In this case, the semi-solid characteristics are most 29 

likely due to the formation of a continuous elastomeric network within the binder that is modified with a high amount of 30 

polymer (Airey 2003). 31 

 32 
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 1 

Fig. 4 Booij-Palmen plots of the investigated binders 2 

 3 

 4 
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5.2 Construction of master curves and spectra calculation 1 

Although it was observed that not all the investigated binders are perfectly thermorheologically simple, an effort 2 

was made to construct master curves for these binders. Master curves of dynamic material functions (storage modulus, 3 

G′; loss modulus, G″; and loss tangent, tan δ) were obtained by using the horizontal (frequency) shifting routine of the 4 

IRIS software (Winter and Mours 2006), and are shown in Fig. 5 with the fits of the GMM at the reference temperature 5 

of 50 °C. The horizontal shift factors aT obtained from the construction of the master curves are found to follow a 6 

Williams-Landel-Ferry (WLF) type of temperature dependence (Williams et al. 1955) (not shown here for brevity). 7 

The loss tangent master curves in Fig. 5 do not show noticeable discontinuities, therefore indicating at least a 8 

moderate applicability of the TTS principle for all the investigated binders.  At the low-frequency regime, the storage and 9 

loss modulus master curves of the unmodified binders are characterized by the slopes of 2 and 1, respectively, indicating 10 

Newtonian flow behavior in the terminal zone. In contrast, the values of the low-frequency slopes are generally smaller 11 

for the modified binders demonstrating the non-Newtonian nature of these binders at low frequencies or high 12 

temperatures. Furthermore, the storage modulus master curves of binders E6 and EW7 appear to plateau at low 13 

frequencies, reinforcing the observation of the semi-solid nature of these binders (cf. Section “Check for 14 

thermorheological simplicity”). 15 

Relaxation time spectra of the binders were calculated by fitting Eqs. (9) and (10) to the time-temperature shifted 16 

dynamic data using the method of Baumgaertel and Winter (1989). Upon the calculation of the relaxation time spectrum, 17 

the values of relaxation strength gi and time τi of each individual relaxation mode are obtained. Further, the values of 18 

retardation strengths ji and times λi are acquired, defining the discrete retardation time spectra of the binders. The values 19 

of the relaxation and retardation parameters for the investigated binders are listed in the Electronic Supplementary 20 

Material for this article, with the values of mode density, N/decade, zero-shear viscosity, η0, and instantaneous creep 21 

compliance, J0. 22 

 23 
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 1 

Fig. 5 G’ (open symbols), G’’ (solid symbols) and tan δ (lines) master curves of the studied binders, Tref = 50 °C. Different 2 

colors indicate different measurement temperatures as in Fig. 4. Fits of the GMM are shown as black lines 3 

 4 
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5.3 Comparison of predicted RCR response with measured data 1 

In order to assess the validity of the used model, the predicted RCR strain is compared with experimental 2 

(measured) RCR data. As shown in Fig. 6, experimental data compare well with predictions for the unmodified binders. 3 

However, in the case of modified binders, strain accumulation is slightly but systematically overestimated, the relative 4 

error of the model predictions being ≤20 %. These minor deviations between the predicted and measured RCR response 5 

can be attributed to the lack of experimental information of the binders’ long relaxation time modes as described later in 6 

this section. Indeed, the predicted RCR response deviates most from the measured one in highly modified binders E6 and 7 

EW7 that presumably exhibit very long relaxation modes (much longer than those listed in the Electronic Supplementary 8 

Material for this article) and, consequently, semi-solid like characteristics at low frequencies or high temperatures (Figs. 9 

4 and 5). However, we want to underline that, in general, the observed model deviations can still be regarded as relatively 10 

small, especially when considering that they are within the repeatability limits of this test method (a detailed analysis of 11 

the repeatability of the RCR test results has been published elsewhere (Soenen et al. 2013)). Moreover, the reported 12 

inaccuracies in the model predictions are typically insignificantly small compared to the large differences between the 13 

RCR responses of different binders (the bottom right part of Fig. 6). With the consideration of the aforementioned factors, 14 

the accuracy of our model predictions can be deemed acceptable both in the case of unmodified and modified bituminous 15 

binders.  16 

 To further assess the accuracy of the presented model, some parameters for describing RCR response were 17 

defined and their measured and predicted values were compared. Firstly, the measured and predicted values of the average 18 

strain generated during the 1-second creep periods were calculated and compared, see Fig. 7(a). In this figure the data 19 

points corresponding to each of the binders lie on the line of equality, thus evidencing a good agreement between the 20 

measured and predicted values of the parameter. Similarly, the predicted and measured values of the average strain 21 

recovery during the 9-second recovery periods (expressed as a percentage of the preceding creep strain) were calculated 22 

and are plotted against each other in Fig. 7(b). Also in this case a good correspondence between the measured and 23 

predicted values is observed. Lastly, Fig. 7(c) compares the predicted and measured values of the accumulated strain at 24 

the end of the RCR experiment, and yet again a very good agreement is found. We also note that our modeling approach 25 

is able to rank the investigated binders in the correct relative order in each of Figs. 7(a)-(c). Conclusively, the analysis 26 

described above demonstrates the general ability of the presented methodology to predict strain development both in 27 

creep and in recovery under RCR loading. 28 

 29 
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 1 

Fig. 6 Comparison of predicted (solid black curve) and measured (filled red circles) strain responses under RCR loading 2 

(note different scaling on the y-axes). The last of the plots compares the measured RCR strain of different binders (note 3 

that the y-axis is plotted on a logarithmic scale to accommodate the broad strain range) 4 
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 1 

 2 

 3 

Fig. 7 Plots of predicted versus measured values of a average creep strain, b average percent recovery and c accumulated 4 

strain at the end of the RCR experiment. The lines of equality are shown, and the error bars correspond to the repeatability 5 

standard deviations determined by Soenen et al. (2013) 6 

 7 

However, it is not always sufficient to investigate only the average values of creep and recovery properties as 8 

the strain response of a material may evolve remarkably under RCR loading (Laukkanen et al. 2015). From among the 9 

investigated materials, evolution in the strain response was observed in highly modified binders E6 and EW7. In these 10 

binders the amount of recovery increases in successive creep-recovery cycles, leading to the decrease in the rate of strain 11 

accumulation (see Fig. 3 as an example). This type of evolution in the material response can be attributed to the incomplete 12 

recovery that is caused by the existence of long-term elasticity. In other words, in highly modified binders that exhibit 13 

long-term relaxation modes not all the recovery occurs during the 9-second recovery period immediately following the 14 
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creep loading, but recovery persists also during the following creep-recovery cycles. The ability of the presented model 1 

to predict this evolution in the strain response is illustrated in Fig. 8 where the measured and predicted evolution in the 2 

strain response of binder E6 are shown and compared. It is observed that, indeed, the relative amount of recovery increases 3 

significantly under RCR loading, from ∼57 % in the first creep-recovery cycle to ∼82 % in the tenth creep-recovery 4 

cycle), and the model predictions are found to follow this trend satisfactorily. The slight systematic underestimation of 5 

the amount of recovery can be explained by the lack of experimental information on the long relaxation time modes of 6 

the binder, as discussed more fully later in this paper. Similarly, adequate predictions of the evolution of strain response 7 

in binder EW7 were obtained by using the presented methodology (the figure is not shown here for brevity).  8 

 9 

 10 

Fig. 8 Measured and predicted evolution in the strain response of binder E6 under RCR loading. The curves are 11 

normalized with respect to the strain at the end of the creep period 12 

 13 

 It is widely known that a successful conversion between creep and dynamic viscoelastic functions requires the 14 

timescales to be matched (Emri et al. 2005; Ferry 1980; Katicha et al. 2008). In RCR experiments the relevant (effective) 15 

timescales are defined by the total durations of loading and unloading periods (Soenen et al. 2006); in our case the total 16 

loading time is 10  1 = 10 seconds and the total unloading time is 10  9 = 90 seconds. Therefore, the strain response 17 

towards the end of our RCR experiment corresponds to relatively long loading times. In our modeling approach, we 18 

measure high-temperature SAOS data and utilize the time-temperature superposition principle to extend the experimental 19 

data window to lower frequencies (or to longer loading times, equivalently). The importance of this time-temperature 20 

shifting procedure in the prediction of RCR response is investigated further in Fig. 9. This figure shows the original 21 

predictions of the RCR response together with the predictions that have been generated without utilizing time-temperature 22 

shifting (i.e. by using only the frequency sweep data measured at 50 °C). These predictions are shown only for highly 23 

modified binders E6 and EW7 that exhibit significant long-term elasticity. As expected, the predictions start to deviate 24 

from each other towards the end of the test, so that the prediction generated from the time-temperature shifted data is in 25 

a better agreement with the experimental RCR data than the prediction calculated solely based on the frequency sweep 26 

data measured at 50 °C. However, as noted already earlier, even the prediction calculated from the time-temperature 27 

shifted data is not perfect but overestimates the amount of strain accumulation. Therefore, it is clear that SAOS data 28 

would need to be measured at even higher temperatures (above 70 °C) in order to properly capture the long-term elasticity 29 

and to further improve the accuracy of the RCR predictions. 30 

 31 
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 1 

Fig. 9 Comparison of the RCR response predicted from time-temperature shifted SAOS data (solid black curve) and from 2 

isothermal SAOS data measured at 50 °C (dashed black curve). Filled red circles represent measured data. Plots are shown 3 

only for highly modified binders a E6 and b EW7 that possess significant long-term elasticity 4 

 5 

Furthermore, we emphasize that the use of high-temperature SAOS data in the prediction of RCR behavior 6 

becomes ever more important when the total loading and unloading times are increased. This is demonstrated in Fig. 10 7 

which shows strain response for moderately modified binder E4 (showing liquid-like terminal behavior, see Figs. 4 and 8 

5) during 520-second creep and recovery periods. This figure also depicts two predictions of the strain response calculated 9 

in the same way as in Fig. 9. The two model predictions are observed to follow the experimental strain data very accurately 10 

during the first 100 seconds of creep (magnified in the inset figure). However, at longer loading times and during recovery 11 

the prediction calculated solely based on the frequency sweep data measured at 50 °C deviates clearly from the measured 12 

data. On the other hand, fairly good predictions of the long-term creep and recovery behavior can be obtained when time-13 

temperature shifted SAOS data, including high-temperature data, is utilized in the model calculations. It can therefore be 14 

concluded that even when the material of interest does not exhibit significant long-term elasticity, it is important to utilize 15 

high-temperature SAOS data and time-temperature shifting in the prediction of (repeated) creep-recovery behavior when 16 

the (total) loading and unloading times are long. 17 

 18 

 19 

Fig. 10 Comparison of the long-term creep-recovery response of binder E4 predicted from time-temperature shifted 20 

SAOS data (solid curve) and from isothermal SAOS data measured at 50 °C (dashed curve). Filled circles represent 21 

measured data. The inset figure shows a magnification of the first 100 s of the creep phase 22 

 23 
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5.4 Application to the assessment of the rutting resistance of bituminous binders 1 

As indicated in the bottom right part of Fig. 6, RCR is a sensitive indicator between small differences in 2 

materials.  The asphalt industry routinely relies on RCR experiments to select bituminous binders for performance at high 3 

service temperatures. A test protocol called ‘Multiple Stress Creep Recovery (MSCR) test’ is widely used, especially in 4 

the United States, to grade binders according to their resistance against permanent deformation (D'Angelo et al. 2007). 5 

This test method consists of ten consecutive creep-recovery cycles at 100 Pa creep stress followed by another ten creep-6 

recovery cycles at 3200 Pa creep stress. Each creep-recovery cycle is comprised of 1-second creep phase and 9-second 7 

recovery phase. From the collected strain versus time data, the average values of non-recoverable creep compliance, Jnr, 8 

and percent recovery, %R, are calculated at both 100 and 3200 Pa creep stress levels. 9 

𝐽𝑛𝑟 =
∑

𝛾10,𝑖
𝜎0

𝑀
𝑖=1

𝑀
              (14) 10 

%𝑅 =
∑

𝛾1,𝑖−𝛾10,𝑖
𝛾1,𝑖

𝑀
𝑖=1

𝑀
× 100            (15) 11 

where M = 10 is the number of creep-recovery cycles at each creep stress level, 10,i is the strain value at the end of the 12 

recovery portion of the ith creep-recovery cycle, and 1,i is the strain value at the end of the creep portion of the ith creep-13 

recovery cycle. The permanent deformation in a binder under RCR loading, Jnr, has been shown to correlate linearly with 14 

the rut depth in asphalt mixtures and pavements (D'Angelo 2009; Laukkanen et al. 2015; Zhang et al. 2015). 15 

Correspondingly, %R relates to the elastic response of polymer modifier in a binder, which helps to discriminate between 16 

the dump-and-stir types of polymer modified binders and those that have been optimally dispersed (D'Angelo and Dongré 17 

2009). A comparison of the test parameters, Jnr,diff and %Rdiff, at creep stresses 100 Pa and 3200 Pa, 18 

𝐽𝑛𝑟,𝑑𝑖𝑓𝑓 =
𝐽𝑛𝑟,3200−𝐽𝑛𝑟,100

𝐽𝑛𝑟,100
× 100            (16) 19 

%𝑅𝑑𝑖𝑓𝑓 =
𝑅%100−𝑅%3200

𝑅%100
× 100           (17) 20 

assess the stress sensitivity of binders. A more comprehensive description of the test protocol and related data analysis 21 

are presented in AASHTO T350 (2014a) and ASTM D7405 (2015) standards. 22 

 From the viewpoint of an asphalt engineer, it is interesting to study whether the presented methodology could 23 

be used to predict the values of Jnr and %R parameters from SAOS data. Most importantly, one would like to know if it 24 

is possible to estimate the value of Jnr parameter at 3200 Pa creep stress level; this parameter is known to well describe 25 

the binder contribution to asphalt mixture permanent deformation (D'Angelo 2009). It has been reported earlier that while 26 

the unmodified binders investigated in this study exhibit only moderate nonlinearity under these testing conditions (T = 27 

50 °C, σ0 = 3200 Pa), some of the modified binders are highly stress-sensitive and show highly nonlinear properties 28 

(Laukkanen et al. 2015; Soenen et al. 2013). Therefore, we must acknowledge that using our linear viscoelastic modeling 29 

approach to predict RCR response at 3200 Pa creep stress is not theoretically sound. However, our aim here is only to 30 

test whether approximate estimates of the Jnr and %R parameters at 3200 Pa creep stress can be obtained empirically in a 31 

very simple and practical manner. 32 
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Figure 11 plots the LVE predictions of Jnr and %R against the measured values of these parameter at 3200 Pa 1 

creep stress. In this case, a very strong correlation can be found between the measured and predicted values of both of 2 

these parameters. Therefore, we suggest that, in most cases, the presented modeling approach can be used to calculate a 3 

first approximation of the RCR properties at the creep stress level of 3200 Pa. We note that the accuracy of these 4 

approximations would be significantly tolerated only in extremely stress-sensitive binders that are forbidden in road 5 

construction (AASHTO M332 standard (2014b) allows only binders with Jnr,diff < 75 % to be used in paving applications). 6 

 7 

 8 

Fig. 11 Plots of the LVE predictions versus measured values of the a Jnr and b %R parameters at 3200 Pa creep stress. 9 

Solid lines represent lines of equality and error bars correspond to the repeatability standard deviations determined by 10 

Soenen et al. (2013) 11 

 12 

 Figure 12 shows another way to evaluate the feasibility of using the LVE prediction of Jnr as the first 13 

approximation of binder rutting resistance. Here the LVE predictions of the binders’ Jnr values are plotted against the 14 

rutting performance of the corresponding asphalt mixtures, as measured by the power-law exponent b derived from the 15 

wheel tracking test (WTT) results (see Laukkanen et al. (2015) for details). Note that in these WTT tests, the asphalt 16 

mixtures differed only by the type of bituminous binder used, and therefore the value of the power-law exponent b can 17 

be directly related to the binder properties. The figure reveals a strong correlation (R2 = 0.975) between the two variables 18 

that is, in fact, practically as strong as the correlation between the measured values of Jnr at 3200 Pa and the power-law 19 

exponent b (see Fig. 10 in Laukkanen et al. (2015)). This analysis further demonstrates the feasibility of using the LVE 20 

prediction of Jnr as a simple approximation of the rutting resistance of bituminous binders. 21 

 22 

  23 
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 1 

Fig. 12 Plot of the LVE prediction of Jnr versus the power-law exponent b derived from the asphalt mixture WTT results. 2 

Binder B3 is omitted from the analysis due to the experimental limitations of WTT (Laukkanen et al. 2015) 3 

 4 

6 Conclusions 5 

In this paper, we presented a framework for predicting strain accumulation under repeated creep-recovery (RCR) 6 

loading from small-amplitude oscillatory shear (SAOS) experiments, and applied this framework to the specific case of 7 

bituminous binders. Predictions of the shear strain response under RCR loading are obtained through the calculation of 8 

the relaxation and retardation time spectra and by utilizing a linear superposition of strain according to the Boltzmann 9 

superposition principle. It was found that the RCR response of unmodified binders can be accurately predicted using the 10 

presented methodology, but in modified binders the strain accumulation is slightly but systematically overestimated. 11 

This deviation in the model predictions is attributed to the lack of experimental information on the long relaxation time 12 

modes of the modified binders, leading to the underestimation of long-term elasticity. Consequently, low-frequency (high-13 

temperature) SAOS data are needed to obtain accurate predictions of RCR behavior when material exhibits significant 14 

elasticity. It was also demonstrated that the evolution in the strain response under RCR loading, caused by incomplete 15 

recovery, can be successfully predicted using the presented modeling methodology. 16 

 As RCR measurements often suffer from experimental artifacts and poor repeatability and reproducibility, the 17 

presented modeling approach may be useful in obtaining an accurate description of the RCR behavior of different 18 

viscoelastic materials (given that extensive SAOS or other type of linear viscoelastic data are available). One of the 19 

potential application areas of this methodology is asphalt industry; analysis of our results showed that the predicted RCR 20 

properties can be used as a simple first approximation to estimate the rutting resistance of bituminous binders. However, 21 

the authors acknowledge that predictions of nonlinear viscoelastic RCR behavior would be needed to obtain more accurate 22 

predictions of binder rutting resistance, but this remains a subject for further study.  23 
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