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CHAPTER 1: INTRODUCTION 
Despite the potential numerous advantages of truck platooning enabled by connectivity and possible 
automated driving systems, there are concerns regarding its impact on pavement performance due 
to expected channelized traffic and reduced spacing between trucks within the platoon (Fagnant and 
Kockelman, 2015; Liang et al., 2016; Gungor and Al-Qadi, 2020a). The temporal and spatial shifts in 
truck movements were expected to affect the pavement-deterioration progress (Birgisson et al., 
2020; Gungor and Al-Qadi, 2020a). Reduced rest period and lack of wander between trucks within the 
platoon were reported to increase pavement rutting and fatigue-damage accumulation (Gungor and 
Al-Qadi, 2020b). Various lateral and spatial truck positions in a platoon may impact pavement’s 
response differently (Figure 1). In this study, an experimental program supported by mechanistic 
numerical models was developed and performed to translate truck-platoon configurations to 
evaluate the impact of rest period on permanent deformation of pavement.  

 
A. S1: Platoons 

 
B. S2: Neither platoons nor wander 

 
C. S3: Wander with platoons 

 
D. S4: Wander with no platoons 

Figure 1. Illustrations. Different scenarios of platoon configurations. 
Source: Gungor and Al-Qadi, 2020a 
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Because truck-platoon technology has been recently developed and is not commonly applied, its 
impact on pavement performance has not been assessed in the field. Driverless trucks were used in 
the WesTrack project in the 2000s to test various pavement structures and asphalt concrete (AC) 
mixture designs (Epps et. al, 2002). The premature failure of some sections was attributed to 
channelized loading (Epps et. al, 2002). Gungor and Al-Qadi (2020b) introduced the effect of lateral 
position to the mechanistic–empirical pavement-design guide (MEPDG) damage-prediction 
equations. It was observed that permanent deformation increased when wander was absent. 
Noorvand et al. (2017) investigated the impact of the positioning of truck loadings on the long-term 
performance of transportation infrastructure, by simulating different scenarios utilizing MEPDG. The 
highest damage was predicted with zero wander; a single climatic location, pavement type, and 
traffic combination were used (Noorvand et al., 2017). 

Rest period governed by the distance between trucks can have a significant impact on AC pavement 
performance due to the viscoelastic nature of the AC materials. The effect of rest period on the AC 
cracking potential is well documented in the literature (Kim et al., 2001; Daniel and Kim, 2001; Kim 
and Roque, 2006; Underwood and Zeiada, 2014). Increasing the rest period was shown to allow for 
increasing strain recovery and healing time, especially at the onset of damage progression. However, 
the relationship between rest period and permanent deformation is relatively less studied. Kim and 
Kim (2017) reported an insignificant effect of rest periods on permanent deformation when using an 
optimal pulse configuration during a repeated load-deformation experiment. This behavior could be 
attributed to the relatively high rest-period values. In contrast, Darabi et al. (2013) developed 
nonlinear constitutive relationships, based on viscoelasticity and viscoplasticity theories, to evaluate 
the effect of rest period. The overall response of AC mixes to cyclic loading with varying pulse 
configuration was explained by a hardening–relaxation mechanism incorporated into the constitutive 
relationship. Although a limited number of parameters and experiments was considered, including a 
rest period between loading pulses resulted in higher permanent deformations due to hardening–
relaxation. 

Similar to temperature, stress magnitude, and material’s permanent-deformation resistance, pulse 
configuration and rest periods could be important. However, the degree of significance is related to 
the AC’s inherent characteristics (e.g., binder properties; aggregate size, gradation, and packing; and 
AC air void), which influence the AC strain recovery and hardening–relaxation properties. Hence, rest 
period should be considered in pavement design when subjected to platoon loadings. To achieve 
that, there is a need to verify and quantify the impact of rest period on AC permanent deformation, 
considering a range of parameters representative of loading conditions in the field.  

OBJECTIVE AND SCOPE 
The main goal of this study is to characterize the impact of rest period on permanent-deformation 
resistance of AC pavements. Understanding the fundamental characteristics of the rest-period impact 
on permanent deformations would help develop optimized truck-platoon scenarios, considering 
pavement damage as one of the variables. The work presented in the report is an outcome of 
collaborative research conducted by the University of Illinois at Urbana–Champaign and Arizona State 
University as part the Center for Connected and Automated Vehicles, sponsored by the United States 



3 

Department of Transportation’s (USDOT’s) University Transportation Center at the University of 
Michigan. The goal of the collaborative research project was to develop permanent-deformation 
prediction models that consider rest period and could be integrated into mechanistic design 
approaches.  

Research scope included experimental characterization of permanent deformations with varying rest 
periods and mechanistic modeling to incorporate the outcome into the AASHTO PMED. Specific 
research objectives were as follows: 

• Characterize the extent of AC linear viscoelastic recovery and its impact on total AC 
deformation under various axle-loading configurations that represent platoons. 

• Develop simplified models to describe the effect of rest period on AC permanent 
deformation that can be incorporated into mechanistic–empirical pavement-design 
platforms.  

• Characterize experimentally the mechanisms of the rest-period effect on AC permanent 
deformation. 

• Quantify the effect of temperature and stress level on rest period and its corresponding 
impact on AC permanent deformation. 

• Determine the effect of rest-period duration on AC permanent deformation. 
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CHAPTER 2: BACKGROUND 
The main benefit of driving trucks at a close distance from one another is reducing overall 
aerodynamic drag. Most of the aerodynamic drag, approximately 70% to 90%, is caused by the 
pressure difference, known as the pressure drag, between the front and rear of a truck, also referred 
to as the high- and low-pressure zones, respectively (Gaudet, 2014). In a platoon, the pressure drag 
on trailing trucks decreases because the truck in front blocks the air and lowers the pressure in the 
frontal zone. For a leading truck, the aerodynamic drag decreases because the trailing truck 
compresses the turbulent flow that increases the pressure in the low-pressure zone. Consequently, 
this reduction in aerodynamic drag leads to increased fuel efficiency. The effect on fuel consumption 
was documented in the literature review and discussed elsewhere (Al-Qadi et al., 2021). 

With the introduction of platoons, the resting period—the period between two consecutive loads—is 
expected to decrease significantly. The impact of a reduced rest period on AC performance may be 
grouped into two categories: fatigue and rutting. Rest period on concrete pavement will mainly affect 
granular base erosion. In this chapter, a summary of the literature to describe the effect of rest 
period on AC is discussed.  

Generally, AASHTOWare PMED is used to obtain the pavement responses (stresses and strains). 
Later, the pavement responses are used in transfer functions to compute distresses such as fatigue 
cracking and rutting. A pavement section is selected if computed distresses meet the failure criteria. 
An increasing number of state agencies in the United States use the above method to design flexible-
pavement sections. There are several shortcomings of AASHTOWare PMED: (a) Linear elasticity is 
assumed for all layers in the pavement; (b) constant static loading is applied; and (c) layer interactions 
are modelled as simplified distributed springs. To overcome the above drawbacks, pavements were 
modelled using finite elements by Al-Qadi and coworkers (Al-Qadi and Yoo, 2007; Elseifi et al., 2006; 
Hernandez et al., 2016; Yoo and Al-Qadi, 2007; and Yoo et al., 2006). 

IMPACT OF REST PERIOD ON MECHANISTIC RESPONSE OF VISCOELASTIC PAVEMENT  
To investigate the impact of rest period on AC pavement responses, 204 finite-element (FE) 
simulations were conducted using ABAQUS. The simulation matrix is presented in Table 1. The weak 
and strong AC layer properties are extracted by conducting a statistical analysis of the Long-Term 
Pavement Performance (LTPP) dynamic modulus database (Hernandez et al., 2016). The objective of 
the simulations was to capture the time dependent of AC responses and observe their evolution prior 
to and after tire loading. 
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Table 1. Simulation Matrix for Single and Tandem Axles (from Al-Qadi et al., 2021) 

Type Single Axle Tandem Axle  

AC Layer Type Strong and Weak Strong and Weak 

Structure Thick (11-in AC, 70 mph) and Thin  
(4-in AC, 40 mph) 

Thick (11-in, 70 mph) and Thin  
(4-in AC, 40 mph) 

Tire Type DTA, WBT, and Steering DTA and WBT 

Temperature 122°F, 68°F, and 18°F profiles 122°F, 68°F, and 18°F profiles 

Half-Axle Load (kips) 6.75, 9, 11.25, 13.5, and 15.75 16.875 

Total Number of Cases 2×2×3×3×5 = 180 cases 2×2×2×3 = 24 cases 
* DTA: dual-tire assembly; WBT: wide-base tire. 

 

Because tensile strains at the bottom of the AC layer are thought to be correlated to fatigue cracking 
in the field, transverse and longitudinal tensile strains at the bottom of the AC layer were obtained. 
Similarly, for rutting, maximum compressive strains in the AC and base and top of the subgrade were 
calculated. Critical tensile and compressive strains were collected during tire passage.  

A truck platoon results in a reduced rest period between truck-load applications. Therefore, recovery 
of critical responses was extracted from the FE simulations. The recovery of tensile and compressive 
strains for two critical sections is presented in Figure 2. Because the time steps of the simulations 
were limited, the tail of the recovery end was not captured by the simulation. To mitigate this issue, 
Gaussian mixture models were used to fit the data to the tail end of the recovery curve. It was 
observed that critical responses recover fully after 0.1 sec. If two trucks are travelling 10 ft apart at 70 
mph, the time it takes between the last tandem-axle loading of the first truck and the steering-axle of 
the second truck is approximately 0.1 sec. Therefore, it was concluded that the impact of rest period 
on viscoelastic AC pavement responses was insignificant for truck spacings larger than 10 ft.  

 
A. Tensile-Strain Response 
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B. Compressive-Strain Response 

Figure 2. Plots. Percentage of transverse-strain recovery.  

Source: Al-Qadi et al., 2021 

IMPACT OF REST PERIOD ON FLEXIBLE-PAVEMENT FATIGUE PROGRESSION 
Properly designed and mixed AC has a self-healing capability of recovering microcracks when the 
pavement is not loaded (Kim and Little, 1989; Kim and Little, 1994). Introducing a rest period 
between two consecutive loads is expected to increase AC’s service life. Self-healing occurs 
simultaneously with viscoelastic relaxation of AC, which also affects its fatigue life. Thus, it is 
important to separate the effects of viscoelastic relaxation from microcrack healing. A few key 
examples from the literature are discussed. 

Daniel and Kim (2001) used the third-point flexure-fatigue (TFFT) test for studying the healing 
characteristics of AC mixes under three damage levels—low, medium, and high—and two 
temperatures―68° and 140°F. The results from a series of experiments showed that rest period 
increased the number of repetitions to failure. Results suggested that rest period increased AC elastic 
modulus, and healing occurred faster at higher temperatures (Figure 3). Additionally, healing 
characteristics are AC mix-dependent.  
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Figure 3. Graph. Flexural stiffness versus number of cycles (1 MPa = 145 psi). 

Source: Daniel and Kim, 2001 

Carpenter and Shen (2006) introduced a specifically designed fatigue-healing test to study AC-fatigue 
life and self-healing. The test was a modified version of a four-point flexural test with intermittently 
applied haversine loading. The polymer-modified AC mixes exhibited a faster healing rate, as 
compared to AC mixes with neat binder. A follow-up study conducted by Beranek and Carpenter 
(2009) introduced a transfer function (Figure 4), based on both laboratory and field tests, that 
explicitly uses rest period as input to determine the number of repetitions to failure. 

 
Figure 4. Equation. Calculation of the number of cycles to failure. 

where 𝑁𝑁𝑓𝑓 is the number of repetitions to failure and 𝑅𝑅𝑅𝑅 is the rest period (sec). 

EFFECT OF REST PERIOD ON AC RUTTING 

When AC is loaded and unloaded, the resultant strain has four components: elastic, viscoelastic, 
plastic, and viscoplastic. Elastic strain refers to strain that is immediately recovered when load is 
removed. Plastic strain is unrecoverable and immediately occurs when a load is applied. Viscoelastic 
and viscoplastic strains are time-dependent. Viscoelastic strains are recoverable, while viscoplastic 
strains are unrecoverable (Figure 5). The permanent strain, such as normalized rutting, is a 
summation of the plastic, viscoelastic, and viscoplastic strains. Thus, the permanent strain has two 
components that are time-dependent; and it is affected by both rest period and loading time. 
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Figure 5. Graph. Components of strain in a creep testing. 

Source: Mallick and Tahar, 2013 

Temperature, stress level, loading rate, and AC-mixture characteristics affect AC permanent 
deformation. The AC permanent deformation is typically characterized using repeated-load 
permanent-deformation (RLPD) tests, such as AASHTO T378 flow number and flow time. The 
experiment is conducted at a selected stress level and temperature, representing the region of 
application. Uniaxial deviatoric stresses are applied at a fixed haversine pulse configuration with 0.1-
sec loading time. The flow-number experiments are commonly used to evaluate the AC-mix 
permanent deformation and the impact of factors such as reclaimed asphalt pavement (RAP), mix 
type, and binder modification (Witzcak and Ed, 2002). The Francken model, a phenomenological 
permanent-deformation prediction model presented in Figure 6, was developed by Biligiri et al. 
(2007). The model represents primary and secondary regions, using a power function; and a tertiary 
region, using an exponential model. The flow-number value at which the tertiary flow starts can be 
derived mathematically using the Francken model, as presented in Figure 6 and 7 (Biligiri et al., 2007 
and Witczak, 2007). 

 
Figure 6. Equation. The Francken model. 

where Ɛp = permanent deformation or plastic strain; N = number of loading cycles; and A, B, C, and D 
= regression constants and are a function of the AC-mix quality, test temperature, and stress state 
used in the repeated-load study.  
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Figure 7. Graph. Relationship between permanent strain and the number of cycles in a flow-

number test.  

Source: Witczak, 2007 

The effects of loading time and rest period were recognized as critical parameters primarily for 
fatigue characterization of AC mixtures (Kim et al., 2001; Kim et al., 2006; Daniel et al., 2001; 
Underwood and Zeiada, 2014). Few studies have focused on characterizing the impact of pulse 
configurations on permanent deformations. Qi and Witzcak (1998) showed the effect of loading time 
at constant rest periods and the rest periods at constant loading times. One dense-graded AC with a 
1/2-in nominal maximum aggregate size (NMAS) was used in accordance with Maryland Department 
of Transportation (MDOT) specifications. All samples were tested using a repeated-cyclic creep test. 
Three loading times with square wave (0.1, 10, and 1,000 sec), three rest periods (0.9, 10, and 1,000 
sec), two stress levels (10 and 20 psi), and two temperatures (100° and 130°F) were applied. It was 
shown that the permanent deformation increased with increasing loading time at constant rest 
periods and decreased with increasing rest periods at a constant loading time (Qi and Witzcak, 1998).  

Fundamental permanent-deformation models were also developed using viscoelasticity and 
viscoplasticity constitutive relationships (Darabi et al., 2012; Yun and Kim, 2011; Gibson et al., 2003; 
Chehab et al., 2003). Although plasticity-based characterization and models require advanced 
equipment and modeling techniques, such fundamental constitutive models allow more consistent 
evaluation of loading time and rest period. The viscoelastic and viscoplastic constitutive models were 
built on recognizing the limitations of the Perzyna viscoplastic model to capture cyclic hardening 
observed in the secondary region of permanent deformations (Darabi et al., 2012; Darabi et al., 2013; 
Yun and Kim, 2011). The effect of rest period was captured consistently with experiments by adding a 
relaxation property to the hardening behavior. Using the model feature touted as hardening–
relaxation, or hardening–softening, it was demonstrated that as rest period increased, permanent 
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deformation also increased. As an example, the effect of rest period and model predictions is 
presented in Figure 8. 

 
Figure 8. Graph. Effect of rest period on permanent deformation, using model predictions and 

experimental data. 

Source: Darabi et al., 2012 

The physical explanation of hardening–relaxation was described by the reorientation of aggregate 
structure from a hardened state to a more relaxed previous state less resistant to deformation. As 
more time was allowed between cycles, relaxation of aggregate structure continued to a state less 
resistant to deformation; hence, the more permanent deformation (Darabi et al., 2012; Darabi et al., 
2013; Yun and Kim, 2011; Jahangiri et al., 2017). The hypothesis of aggregate reorientation with 
applied cycles is illustrated in Figure 9. 

 
Figure 9. Illustration. Schematic representation of hardening–relaxation. 

Source: Darabi et al., 2012 

Yun and Kim (2011) implemented a model considering the viscoplastic rate-dependent hardening–
softening behavior using Perzyna’s flow rule and a rate-dependent yield-stress function. Some of 
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those experiments were also discussed in detail in Yun’s doctoral dissertation (Yun, 2008). The 
repetitive creep and recovery test was conducted at a temperature of 131°F and high-confining 
pressure of 72.52 psi to reduce the effect of aggregate friction on viscoplastic strain. To calibrate and 
verify the development of the model, three scenarios of loading conditions were performed on the 
repetitive creep and recovery test as follows: (a) variable time (VT), (b) constant loading time (CLT), 
and (c) variable load (VL). The VT and CLT tests were used to capture the rate hardening and 
softening effects on viscoplastic strains, along with the effect of rest period. During the CLT 
experiments, the experiments with shorter pulse time resulted in higher viscoplastic strains. For 
example, viscoplastic strain after testing with a 0.4-sec pulse time was over 3%, whereas it was 
around 1.5% with a 1.6-sec pulse time. Because loading time was constant, as the pulse time reduces, 
a greater number of pulses can be applied. According to the authors, every loading and long 
unloading (rest period) sequence is an opportunity for the material to soften (or unlock from a 
hardened state). Longer rest periods (200 sec) were also compared to the tests comprised of pulses 
with 0.05-sec and 0.1-sec pulse periods. Smaller viscoplastic strains were observed as the rest period 
became shorter. The effect of rest period was compared to the effect of reducing deviatoric stress. It 
was concluded that rest period can have comparable impact on viscoplastic strains with the changes 
in the deviatoric stress levels and should not be ignored. Mechanisms of hardening and softening 
were explained and defined by viscoplastic constitutive relationships.  

Darabi et al. (2013) enhanced the constitutive models to predict the viscoplastic response of AC 
under different cyclic-loading conditions and rest periods at a high temperature (i.e., 131°F). A 
viscoplastic hardening–relaxation memory surface was introduced to obtain an initiation and 
evolution criteria of the hardening–relaxation effect by memorizing the maximum-experienced 
viscoplastic strain during the loading history. Similar to the results presented by Yun and Kim, as rest 
period increased, permanent deformation increased (Yun and Kim, 2011). The developed constitutive 
model was implemented in ABAQUS, a commercial finite-element software program, using a material 
subroutine. Permanent-deformation predictions using the numerical simulations at high 
temperatures subjected to cyclic compression loading were consistent with the experimental data by 
using the hardening–relaxation model with the memory surface (Darabi et al., 2013). 

The effect of recovered viscoelastic strains on viscoplastic behavior of AC was investigated by 
Jahangiri et al., 2017. They investigated the effect of different loading times and residual stress levels 
on the permanent deformation of 3/4-in NMAS dense-graded AC using repetitive cyclic loading. Tests 
were conducted at 86°F using 5-sec haversine loading and 6.4-sec trapezoidal loading to reflect high-
volume traffic with low speed. Four rest periods (0, 5, 10, and 20 sec) were introduced to trapezoidal 
loading. One rest period (5 sec) was introduced to the haversine loading. The primary stress level 
(130.5 psi) was applied to the trapezoidal loading, while 108.8 psi was applied to the haversine 
loading. Three different residual stresses after unloading (87, 54.4, and 0 psi) were used for 
trapezoidal loading. Three different residual stresses (108.8, 87, and 65.27 psi) were applied for 
haversine loading. It was reported that when rest period increased, viscoplastic strain increased. 
Moreover, when residual stress increased, total strain decreased at constant rest periods.  

Kim and Kim (2017) investigated the effect of rest period on permanent deformation by introducing 
three rest periods (3, 5, and 10 sec) and a constant loading time (0.4 sec at 129.2°F) by triaxial 
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repeated-load permanent-deformation tests. Variable stress levels were applied with reverse loading 
blocks at 70, 100, and 130 psi with 200 cycles in each block and a confining pressure of 10 psi. It was 
shown that the effect of rest period on permanent strain at a high temperature was insignificant due 
to the relatively high rest-period values (Kim and Kim, 2017). 

Motevalizadeh et al. (2018) developed a regression model for predicting permanent deformation by 
conducting a series of 36 RLPD tests: two rest periods, two temperatures, three loading times, and 
three levels of stress. The developed regression equation is presented in Figure 10. . Furthermore, 
temperature was found to be the critical parameter for AC permanent-deformation behavior. 

 
Figure 10. Equation. Regression model for permanent deformation 

The coefficients of the strain model (a, b) are functions of rest period, temperature, loading time, and 
stress level. To understand the effect of rest period, synthetic curves were generated by keeping 
other variables constant, as presented in Figure 11. It can be observed that permanent deformation 
increases with the rest period. The trends are similar to what was observed in the experimental 
program conducted for this study. 

 
Figure 11. Illustration. Permanent deformation versus number of cycles for different rest periods. 
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In the same study, Motevalizadeh et al. (2018) presented a secondary regression equation with 
additional constant value for coefficient ‘a.’ The influence of parameters was completely changed, as 
shown in the Figure 12. .  

 
Figure 12. Equation. Second regression model for permanent deformation. 

Similar to Figure 11., curves were generated to understand the influence of rest period (other 
variables were assumed constant) using the equations in Figure 12. The curves are shown Figure 13. 
Though the trends are similar to Figure 11., the extent of influence of the rest period is completely 
different. Varying trend is one of the drawbacks of using a regression approach, as the influence of 
parameters could be significantly different based on the equation chosen to fit the experimental 
data. Regression would be a better approach if experimental data collected were large enough to 
produce almost similar trends and influence of the parameters. 

 
Figure 13. Illustration. Permanent deformation versus number of cycles for different rest periods, 

using secondary regression equation. 

𝜖𝜖 = 𝑎𝑎𝑁𝑁𝑏𝑏  

𝑎𝑎 = −0.1207 + 0.0957 𝑇𝑇0.1593𝑆𝑆-0.0495𝐿𝐿0.000291𝑅𝑅0.1647  

𝑏𝑏 = −1.3416 + 0.3532𝑙𝑙𝑙𝑙𝑙𝑙(𝑆𝑆) + 0.4401𝑙𝑙𝑙𝑙𝑙𝑙(𝐿𝐿) + 0.0842𝑙𝑙𝑙𝑙𝑙𝑙(𝑅𝑅) − 0.1522𝑙𝑙𝑙𝑙𝑙𝑙(𝑇𝑇) 
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Because the hypothesis behind the hardening–softening, or hardening–relaxation, theory hinges 
upon aggregate structure and reorientation during cyclic loading, it is crucial to test this assumption 
with similar experiments on granular materials. Alnedawi et al. (2019) explored the effect of rest 
period on the deformation behavior of two types of crushed granular materials (i.e., basalt and 
granite), using repeated-load triaxial tests and finite-element (FE) modeling using the Drucker-Prager 
model. The tests were conducted in two phases. Initially, a trapezoidal pulse for 1 sec of loading time 
and 2 sec of rest period was applied with three deviatoric stresses of 50.8, 65.3, and 79.8 psi as a 
block within one test at a confining pressure of 7.25 psi. The number of cycles for each stress block 
was 10,000. Then a trapezoidal pulse for 3 sec of loading time and no rest period was applied with 
the same parameters as the first phase. It was concluded that rest period had a significant effect on 
the permanent deformations. The plasticity model used in the FE simulations resulted in higher errors 
in prediction for the cases with a rest period, as compared to those without a rest period. The study 
found that the rest-period impact could be due to the hardening–relaxation, or hardening–softening, 
phenomenon.  

SUMMARY 
As opposed to the positive effect of increasing rest periods on AC fatigue cracking due to the healing 
and recovery of strains, rest period was shown in some studies to have an opposite impact on AC 
permanent deformation. According to the hypothesis used in the developed plasticity-based 
constitutive model, aggregate structure and its reorientation change during load pulses with varying 
rest periods, which affects AC permanent-deformation resistance. The hardening–relaxation, or 
hardening–softening, behavior emerged as an important property of AC materials and defines the 
effect of rest period on rutting. The impact of rest period may diminish and become negligible at 
values above a certain threshold; however, the threshold is yet to be found. The extent of rest-period 
impact on AC depends on stress, temperature, AC characteristics, and rest period.  

  



15 

CHAPTER 3: IMPACT OF REST PERIOD ON PERMANENT 
DEFORMATION EXPERIMENTALLY  
To accomplish the research objective, an experimental program was developed considering the effect 
of binder type and aggregate structure. The AC-mixture design variables, materials, and testing 
parameters, including rest period, temperature, and stress levels, were selected to identify the 
impact on AC permanent deformation.  

EXPERIMENTAL PLAN  

Materials and Mix Design 
Two AC-mix designs were developed. Aggregate and asphalt binders were obtained from local 
suppliers in Arizona. First, a 1/2-in NMAS fine, dense-graded AC mix was acquired in accordance with 
Arizona Department of Transportation (ADOT) specifications. Aggregates were provided by the 
Vulcan Materials Company plant in the Phoenix area. These included the following stockpiles: 1/2-in 
coarse aggregate, 3/8-in coarse aggregate, crusher fines, washed crusher fine, and concrete sand. The 
two AC-mix designs include 1.0% lime in accordance with the region’s moisture-sensitivity protocol. 
Four different types of binders were used in both AC mixes: PG 70-10, PG 76-22 TR+ (a combination 
of terminal blend rubber [TR] modification and Styrene-Butadiene-Styrene (SBS) to achieve the target 
grade), PG 76-22 SBS, and PG 64-28 SBS. 

The key volumetric properties from the AC fine-mix design results were as follows: binder content 
6.2% and voids in mineral aggregates (VMA) 16.3%. A 1/2-in NMAS coarse, dense-graded AC mix was 
developed using the same source materials in accordance with the Bailey method (Vavrik et al., 
2001), where binder content 5.4% and VMA 14.6%. Both AC mixes were designed for 70 gyrations. 
The aggregate gradations are presented in Figure 14.  

 
Figure 14. Graph. Aggregate gradation for coarse and fine dense-grade mix design. 
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Experimental Program 
The experimental program is presented in Figure 15. Permanent-deformation characteristics were 
evaluated using the flow-number experimental setup in accordance with AASHTO T378, with 
modifications to incorporate rest periods as needed. The effect of three different stress levels and 
temperatures was coupled with the rest-period variable. In addition, the complex modulus and linear 
viscoelastic characteristics of each AC mixture with the four binders were determined. Standard and 
customized multiple-creep stress-recovery (MSCR) tests were performed on the binder to identify 
possible contribution of hardening–relaxation behavior of the binder on the AC permanent 
deformation. The details of each test are discussed in the following sections. 

 
Figure 15. Illustration. Flowchart illustrating the experimental program. 

Multiple-Stress Creep Recovery 
MSCR tests were conducted in accordance with AASHTO T350 using two replicates of each binder 
type. In addition to the standard MSCR protocol, the samples were subjected to shear loads of 0.1 
kPa (0.0145 psi) and 3.2 kPa (0. 465 psi) for 10 cycles with three rest periods (0.18, 0.57, and 2.5 sec). 
The samples were tested for 100 cycles at the same stress level. A combination of rest periods 
allowed investigation of the binders’ response to cyclic loads beyond the binder linear viscoelastic 
range, which may contribute to hardening–relaxation. 

Complex Modulus  
Complex modulus tests were conducted in accordance with AASHTO T342. Three replicates were 
tested for each AC mixture. The target air void was 7 ± 0.5%. Controlled stress was used for all 
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specimens, generating a recoverable axial microstrain between 30 and 90 to ensure a linear 
relationship at different temperatures without damaging the specimens. The test was conducted at 
five temperatures (14°, 40°, 70°, 100°, and 130°F) and six frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz). A 
60-sec rest period was used between each frequency to allow for specimen recovery before applying 
the next loading at a lower frequency.  

Repeated-Loading Permanent Deformation  
Different pulse configurations were used to simulate the impact of potential truck-platoon scenarios 
on permanent deformation. The AASHTO T378 flow-number procedure was followed to prepare 
cylindrical AC specimens. The specimens were subjected to a haversine axial load without 
confinement. The cumulative permanent axial strains were recorded throughout the test. For each 
test configuration, two replicates from each AC mixture were produced and tested. The testing 
variables included loading time, temperature, and rest period, as presented in Table 2. The 
assumptions to select loading time and rest period are introduced in the following sections.  

Selection of Loading Time  

The loading time was determined based on the approach followed in AASHTOWare (Inc and ERES 
Division, 2004). The concept of pulse duration needed to calculate a representative viscoelastic 
modulus for AC layers was used. The steps to calculate pulse duration included factors such as traffic 
speed, depth of AC layer, tire radius, and single-tire wheel load (Inc and ERES Division, 2004). The 
assumptions made for these factors were as follows: a speed of 60 mph to simulate average highway 
speed in the United States, a single-tire wheel load of 9,000 Ib, and a tire radius of 6 in. The AC layers 
were assumed to be 14-in thick, with three AC layers (wearing, intermediate, and base-AC), 
considering an interstate high-volume road scenario. Based on the effective depth assumption made 
in AASHTOWare, a pulse duration on the surface and in the AC base layer could be as low as 0.04 sec 
and 0.10 sec, respectively. Pulse durations of 0.05 sec and 0.10 sec were selected in the study. The 
experimental program included a rutting scenario for critical surface layers, conducted for a pulse 
duration of 0.05 sec. The impact of loading and its interaction with rest period are part of ongoing 
research.  

Selection of Rest Period 

The rest periods selected in this study were based on the safe sight distance between the trucks and 
an assumed highway truck-traffic speed of 60 mph. Three scenarios of distances between trucks were 
considered to simulate actual traffic conditions. A distance of 220 ft was chosen to simulate a typical 
safe sight distance between trucks, whereas 50 and 16 ft were chosen to simulate platoon distances. 
These distances corresponded to 2.5, 0.57, and 0.18 sec of rest periods, respectively. Additional 
extended rest periods up to 5 and 10 sec were tested with limited specimens to verify the extent of 
the impact of the rest period.  

Selection of Temperature 

Three temperatures were selected to simulate the critical environmental conditions in various 
climatic regions in the United States, such as Phoenix and Chicago. The temperatures selected were 
130°F, 104°F, and 82.4°F. Each AC mixture was tested against at least two temperatures, based on the 
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high-temperature grade of the binder. An overlap of a minimum of one temperature was considered 
between AC mixes having different binder grades.  

AC Air Voids 

The primary stage of the densification process occurred during the first few months after the AC 
placement and opening for traffic. To simulate the most critical conditions in the primary and 
secondary stages of rutting, specimens were compacted at an air void of 7 ± 0.5%. In addition, a 
limited number of tests was conducted at an air void of 4 ± 0.5% to investigate the role of aggregate 
structure on rest period. 

Table 2. Repeated-Load Permanent-Deformation Testing Matrix 

Binder Type Temperature (°F) Mix Type Test Matrix 
   Stress Level (psi) Rest Period (sec) 
    0.18 0.57 2.5 

PG 76-22 TR+ 130 Fine 140    

PG 76-22 TR+ 130 Fine 110    

PG 76-22 TR+ 130 Fine 80    

PG 76-22 TR+ 130 Coarse 140    

PG 76-22 TR+ 130 Coarse 110    

PG 76-22 TR+ 130 Coarse 80    

PG 76-22 TR+ 104 Fine 140    

PG 76-22 TR+ 104 Fine 110    

PG 76-22 TR+ 104 Fine 80    

PG 76-22 TR+ 104 Coarse 140    

PG 76-22 TR+ 104 Coarse 110    

PG 76-22 TR+ 104 Coarse 80    

PG 76-22 SBS 130 Fine 140    

PG 76-22 SBS 130 Fine 110    

PG 76-22 SBS 130 Fine 80    

PG 76-22 SBS 130 Coarse 140    

PG 76-22 SBS 130 Coarse 110    

PG 76-22 SBS 130 Coarse 80    

PG 76-22 SBS 104 Fine 140    

PG 76-22 SBS 104 Fine 110    

PG 76-22 SBS 104 Fine 80    

PG 76-22 SBS 104 Coarse 140    

PG 76-22 SBS 104 Coarse 110    

PG 76-22 SBS 104 Coarse 80    

PG 70-10 130 Fine 140    

PG 70-10 130 Fine 110    

PG 70-10 130 Fine 80    

PG 70-10 104 Fine 140    

PG 70-10 104 Fine 110    

PG 70-10 104 Fine 80    

PG 64-28 SBS 104 Fine 140    

PG 64-28 SBS 104 Fine 110    

PG 64-28 SBS 104 Fine 80    

PG 64-28 SBS 104 Coarse 140    

PG 64-28 SBS 104 Coarse 110    

PG 64-28 SBS 104 Coarse 80    
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Binder Type Temperature (°F) Mix Type Test Matrix 
   Stress Level (psi) Rest Period (sec) 
    0.18 0.57 2.5 

PG 64-28 SBS 82.4 Fine 140    

PG 64-28 SBS 82.4 Fine 110    

PG 64-28 SBS 82.4 Fine 80    

PG 64-28 SBS 82.4 Coarse 140    

PG 64-28 SBS 82.4 Coarse 110    

PG 64-28 SBS 82.4 Coarse 80    

RESULTS AND DISCUSSION 

Multiple-Stress-Creep Recovery 
The results from the standard MSCR experiments from the first 10 cycles are presented in Table 3. It 
is demonstrated that SBS-modified binders (PG 76-22 and PG 64-28) performed similarly in terms of 
their recovery characteristics and irrecoverable creep compliance (Jnr). The binder PG 76-22 TR+ had 
a lower recovery percentage and higher Jnr than the other binders, perhaps suggesting a higher 
permanent-deformation susceptibility under repeated loads. Increasing the rest period had a 
significant and consistent effect on both recovery percentage and Jnr for the three binders. Increasing 
rest period resulted in improved recovery percentage and a reduction in Jnr, indicating a greater 
permanent-deformation resistance. As the rest period increased, recovery of viscoelastic strains 
continued, resulting in less accumulated permanent deformation.  

Table 3. Recovery and Jnr Properties of Various Binders at Variable Rest Periods (1 kPa = 0.145 psi) 

Binder Type Temperature (°F) Parameter (%) Rest Periods (sec) 
      0.18 0.57 2.5 

PG 76-22 SBS  168.8 Recovery at 0.1 kPa 42.2 63.7 81.7 
PG 76-22 SBS  168.8 Recovery at 3.2 kPa 10.2 20.1 33.6 
PG 76-22 SBS  168.8 Jnr at 0.1 kPa 1 0.7 0.5 
PG 76-22 SBS  168.8 Jnr at 3.2 kPa 3.2 2.6 2.1 
PG 76-22 TR+ 168.8 Recovery at 0.1 kPa 16.1 28.5 42.6 
PG 76-22 TR+ 168.8 Recovery at 3.2 kPa 1.9 4 6.8 
PG 76-22 TR+ 168.8 Jnr at 0.1 kPa 3 2.8 2.5 
PG 76-22 TR+ 168.8 Jnr at 3.2 kPa 5.7 5.7 5.5 
PG 64-28 SBS 147.2 Recovery at 0.1 kPa 44.7 70.1 93 
PG 64-28 SBS 147.2 Recovery at 3.2 kPa 18.4 37.6 60.7 
PG 64-28 SBS 147.2 Jnr 0.1 at kPa 0.6 0.4 0.1 
PG 64-28 SBS 147.2 Jnr 3.2 at kPa 1.3 0.9 0.6 

 
The next step was to test if the same trend would continue for an extended number of cycles; the 
binder in the AC mixture would be subjected to more cycles in a permanent-deformation experiment. 
Figure 16 presents the results at varying rest periods for 100 cycles. As the rest period increased, 
accumulated shear strain decreased for PG 76-22 SBS, as presented in Figure 16. a. Once again, that 
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effect could be attributed to the increasing percentage of recoverable strains after each cycle with a 
longer rest period. Figure 16. b presents a comparison of the three binders at 2.5 sec of rest period. 
The SBS modified binders ranked consistently better than the terminal-blend rubber and SBS 
combination (PG 76-22 TR+) at all stress levels and rest periods.  

 
A. Three rest periods (0.18, 0.57, and 2.5 sec) for PG 76-22 SBS 

 
B. Rest period (2.5 sec) for PG 76-22 SBS, PG 76-22 TR+, and PG 64-28 SBS 

Figure 16. Graphs. Accumulated permanent deformation based on 100 cycles, 3.2 kPa (1kPa= 0.145 
psi) in MSCR test. 
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Complex Modulus Results  
The complex modulus master-curve plots were constructed by shifting results to the reference 
temperature of 70°F. The complex modulus and phase-angle results were analyzed to present master 
curves and black-space graphs, as presented in Figure 17.  and Figure 18. , respectively. The results 
obtained included the fine- and coarse-graded AC mixes prepared with the three types of binders (PG 
76-22 SBS, PG 76-22 TR+, and PG 64-28 SBS). The fine-graded AC mixes with PG 76-22 SBS and PG 76-
22 TR+ had similar modulus values, whereas the AC mix with PG 64-28 SBS had a lower modulus at 
reduced frequencies (i.e., lower than 10 Hz). The same trend could be observed for the coarse-graded 
AC mixes. However, the coarse-graded mix for all three binders showed a relatively higher complex 
modulus at higher reduced frequencies. The difference could be attributed to the aggregate 
gradation and lower VMA of the coarse-graded AC mix.  

 
A. Fine-graded AC mix 

 
B. Coarse-graded AC mix 

Figure 17. Graphs. Master curves for both fine-graded AC mix and coarse-graded AC mix. 
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The black-space plots show the relationship between the complex modulus and phase angle. No 
significant difference in the black space could be observed when binder type was altered for both 
coarse- and fine-graded AC mixes. 

 
A. Black space of fine-graded mix 

 
B. Black space of coarse-graded mix 

Figure 18. Graphs. Black space for both fine-graded mix and black space of coarse-graded mix. 
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Repeated-Loading Permanent-Deformation Results 
The results of the flow-number test conducted at 104°F for the fine-graded AC mix using the four 
binder types are presented in Figure 19. The AC permanent deformation increased with when the 
rest period increased, independent of the binder type. The impact of the rest period at the AC-
mixture level was contrary to that measured on the binder; however, AC mixture test was consistent 
with results reported elsewhere in the literature (Darabi et al., 2013; Yun and Kim, 2011; 
Motevalizadeh et al., 2018). As would be expected, the AC mix with PG 76-22 SBS showed the best 
performance to resist permanent deformation.  

 
A. Effect of rest period based on 140 psi, 104°F for PG 64-28 SBS 

 
B. Effect of rest period based on 140 psi, 104°F for PG 76-22 TR+ 
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C. Effect of rest period based on 140 psi, 104°F for PG 70-10 

 
D. Effect of rest period based on 140 psi, 104°F for PG 64-28 SBS 

Figure 19. Graphs. Effect of rest period based on 140 psi, 104°F and four binder types for fine-
graded AC mixes. 
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Figure 20. shows the permanent-deformation results for the coarse-graded AC mix utilizing two 
binder types at 130°F. The same trend of increasing permanent deformation with increasing rest 
period was observed. Additional tests were conducted at extended rest periods for the AC mix with 
PG 76-22 TR+ (Figure 20. a). Permanent deformation continued to increase with rest period up to 10 
sec. However, it can be observed that the rest period impact slowly diminished after 2.5 sec.  

 
A. Effect of rest period based on 110 psi, 130°F PG 76-22 TR+ 

 
B. Effect of rest period based on 110 psi, 130°F and PG 76-22 SBS 

Figure 20. Graphs. Effect of rest period based on 110 psi, 130°F for coarse-graded AC mixes. 
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Flow numbers were calculated for each test and are presented in Figure 21. a for the fine-graded AC 
mix at 104°F and 110 psi. The mix with PG 76-22 SBS had the highest flow number, while PG 64-28 
had the lowest flow number. The impact of rest period was clearly observed with the flow numbers. 
Normalized flow numbers are presented in Figure 21. b, using the same data to investigate the 
behavior of various binder grades. Despite a few small differences in the slope of the normalized 
curves, the behavior was consistently defined by an exponential decline. The reduction in the flow 
number was in the range of 20% to 30% when the rest period was increased to 0.57 sec from 0.18 
sec. When the rest period increased up to 2.5 sec, the flow number decreased by about 70% to 80%. 
Considering the variability in data, it could be argued that binder-grade effect relative to rest period 
on AC permanent deformation was low. It is worth noting that by changing rest period in the 
experiment, the effect of binder on AC performance could be controlled, achieving comparable 
performance of SBS-modified and unmodified binders. This observation is important in selecting the 
combination of testing parameters that include not only temperature and stress level but also rest 
duration. 

 

 
A. Effect of rest period based on flow number at 104°F 
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B. Effect of rest period based on normalized flow number at 104°F 

 
C. Effect of rest period based on flow number at 130°F 
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D. Effect of rest period based on normalized flow number at 130°F 

Figure 21. Graphs. Effect of rest period based on 110 psi for four different types of binders. 

A similar analysis was conducted to evaluate the effect of stress level. Figure 22 presents the flow 
number and normalized flow number for the four binder grades. Stress level was added to the testing 
matrix to mimic the effect of traffic wander. A similar exponential decline could be observed with the 
flow number and stress-level relationship. At each stress level, the AC mixes with PG 76-22 SBS and 
PG 76-22 TR+ outperformed the rest of the AC mixes; the AC mix with PG 76-22 SBS showed the best 
performance. A relative reduction in the flow number (Figure 22b) showed consistent exponential 
decline similar to that of the rest-period impact presented in Figure 21. b. A greater reduction was 
observed in the stress change from 80 psi to 110 psi than the stress-level increase from 110 psi to 140 
psi. That difference could be explained by increasing nonlinearity with increasing stress level. 
However, a greater percentage of reduction was observed with the two top-performing binders 
(about 70% to 90% for the two stress levels, respectively) than with the other two (about 40% to 80% 
for the two stress levels, respectively). The AC mixes might be reaching a limit state of yielding 
governed by factors other than the stress level. 
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A. Effect of stress level based on flow number 

 
B. Effect of stress level based on normalized flow number 

Figure 22. Graphs. Effect of stress level based on 0.18-sec rest period and 104°F for four binders. 

y = 476288e-0.039x

R² = 1
y = 208892e-0.035x

R² = 0.98

y = 26576e-0.025x

R² = 0.99
y = 26030e-0.03x

R² = 0.99

0

2500

5000

7500

10000

12500

15000

17500

20000

22500

70 80 90 100 110 120 130 140 150

Fl
ow

 N
um

be
r (

C
yc

le
s)

Stress Level (psi)

PG 76-22 SBS
PG 76-22 TR+
PG 70-10
PG 64-28 SBS

y = 476288e-0.039x

R² = 1

y = 208892e-0.035x

R² = 0.98

y = 26576e-0.025x

R² = 0.99

y = 26030e-0.03x

R² = 0.99

0

20

40

60

80

100

70 80 90 100 110 120 130 140 150

N
or

m
al

iz
ed

 F
lo

w
 N

um
be

r (
%

) 

Stress Level (psi)

PG 76-22 SBS
PG 76-22 TR+
PG 70-10
PG 64-28 SBS



30 

Lastly, the impact of the rest period based on aggregate gradation and density was evaluated. Figure 
23 presents the number of cycles to reach a 3% permanent strain for the fine- and coarse-graded AC 
mixes at 7% air void. The coarse-graded AC mixture was also prepared at a reduced air void (4%) to 
check if changing the aggregate skeleton may alter the trends with the observed rest period. The 
coarse-graded AC mix showed higher resistance to permanent deformation than the fine-graded AC 
mix at all rest periods. The impact of the rest period was shown to be consistent for both AC mixes. 
As would be expected, the coarse-graded AC mix at a reduced air void had the highest resistance to 
permanent deformation. However, permanent-deformation resistance was significantly reduced with 
increasing rest period, as observed experimentally.  

 
Figure 23. Graph. Effect of aggregate skeleton and air void based on 130°F and 110 psi for PG 76-22 

TR+. 

SUMMARY  
An experimental program was performed to understand the impact of rest period on AC permanent 
deformation. The experimental variables included stress level, temperature, and rest period. Two 
types of AC mixes, fine- and coarse-graded, were tested using four binder grades. The study 
concluded that although increasing rest period would increase binder permanent-deformation 
resistance when tested in the shear mode, the opposite trend was observed for AC mixes mainly due 
to the aggregate structure and compression loading. The linear viscoelastic recovery characteristics 
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governed deformation behavior of the binder, which resulted in reduced total deformation with 
increasing rest period.  

For AC mixes, increasing rest periods from 0.18 to 2.5 sec increased permanent deformation 
consistently under testing conditions applied in this study. The reduction in the flow number with an 
increase in rest period from 0.18 to 2.5 sec could be as high as 80%. The hardening–relaxation, or 
hardening–softening, mechanism proposed in the literature was consistent with the experiments 
conducted in this study when specimens were loaded axially. The impact of rest period was 
consistent for coarse- and fine-graded mixes and the mix at the reduced air-void content. The 
reduction in permanent-deformation resistance with increasing rest period was shown to be 
comparable to a change in stress level by about 65.3 psi. Rest-period influence on permanent 
deformation diminishes beyond 2.5 sec.  
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CHAPTER 4: MECHANISTIC MODEL DEVELOPMENT 
In a study conducted by Choi and Kim (2013), a shift model was proposed to include the effects of 
deviatoric stress, temperature, and loading time on permanent deformation. The shift model is based 
on superposition principles of time–temperature and time–stress. The main objective of the study 
was to develop a single master curve for permanent deformation that comprises the effect of stress 
level, loading time, and temperature. The benefit of this approach is that the permanent deformation 
can be computed for any new stress level, loading time, and/or temperature using shift factors that 
are computed from shift functions. The coefficients of shift functions are obtained by shifting the 
actual experimental data. The procedure is similar to developing a master curve from dynamic 
modulus experiments. Similarly, for this study, permanent-deformation curves were shifted with 
respect to a reference rest period. A master curve for permanent deformation as a function of rest 
period was developed. 

SHIFTING CURVES FOR REST PERIOD 
The experimental data were used to develop a master curve for permanent deformation as a function 
of rest period. The curves could not be shifted directly; shape changed with load-cycle applications. 
Each curve has three parts, commonly known as primary (R1), secondary (R2), and tertiary (R3) 
regions (Figure 24. ). The primary region represents the densification of the AC layer due to initial 
traffic-load application. Permanent deformation would be similar for all rest periods in the primary 
region. As specimens were loaded until failure, tertiary regions were observed. A pavement section is 
considered to have failed if permanent strain reaches the tertiary region. The tertiary region is where 
material is considered to be in the flow state. Therefore, pavement-design guidelines often overlook 
primary and tertiary regions for the rutting analysis. In PMED, the permanent-strain function is used 
to capture mainly the behavior of the secondary region, where accumulation of rutting occurs. 
Hence, before shifting the experimental data directly, preprocessing of the experimental data was 
needed.  

 
Figure 24. Illustration. Primary, secondary, and tertiary regions in a strain curve. 
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The curvature changes from convex to concave while transitioning from secondary to tertiary regions. 
The point where the tertiary region starts in the curve is known as the flow-number (FN) point. In the 
secondary region, strain increases at a slower rate (a power function), as compared to an exponential 
rate in the tertiary region. The experimental data was fitted with a Franken model, as presented in 
Figure 25. . 

 
Figure 25. Equation. Franken model. 

where 𝜖𝜖𝑝𝑝= permanent deformation or plastic strain; N = number of loading cycles; and A, B, C, and D 
= regression constants obtained from fitting the equation with experimental data. The FN point is 
determined by computing the number of cycles for which the double derivative of the equation 
(Figure 25. ) is zero. Hence, the region past the FN point is removed during the analysis. As there is no 
clear transition point from primary to secondary region, a strain threshold was set to eliminate the 
primary region. Strain threshold was selected based on the extent of overlapping for all the curves 
during the initial cycles of loading. The procedure is presented systematically in Figure 26.  for binder 
PG 64-28 SBS at 104°F with loading of 80 psi. In Figure 26. A, three red circles on strain curves 
represent the FN point computed from the Franken model. Tertiary data was removed, and 0.75% 𝜖𝜖𝑝𝑝 
was set to exclude the primary region (Figure 26. B). The FN points are different for different rest 
periods (Figure 26. A). Hence, the extent of data that could be used for shifting was determined by 
the curve with the lowest FN (occurs at highest rest period). Therefore, another vertical red dashed 
line is presented in Figure 26. B. The region between the two vertical dashed lines (number of cycles) 
is the data that could be used for shifting. The final preprocessed data are presented in Figure 26. C. 

 

A. Strain curves with FN points 

𝜖𝜖𝑝𝑝 = 𝐴𝐴𝑁𝑁𝐵𝐵 + 𝐶𝐶(𝑒𝑒𝐷𝐷𝑁𝑁 − 1) 
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B. Removal of tertiary and setting threshold for primary region 

 
C. Final preprocessed data 

Figure 26. Plots. Schematic representation of preprocessing experimental data for shifting. 

After preprocessing (Figure 26. C), data were shifted in the log space similar to complex modulus to 
the reference curve. The strain curve for the 0.18-sec rest period was taken as a reference. The final 
shifted curve is shown in the Figure 27. For example, if it takes 1,800 cycles to reach 1.75% strain for a 
rest period of 0.18 sec, it will take only 400 cycles to reach the same strain for 2.5 sec. The Williams-
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Landel-Ferry (WLF) equation was used to compute the shift factors. In general, the WLF equation was 
used to compute shift factors for complex modulus data. Temperature was replaced with rest period 
(RP) in the equation ( Figure 28.). 

 
Figure 27. Plot. Shifted curve of experimental data. 

 
Figure 28. Equation. Shift function for rest-period data. 

where, 𝑎𝑎𝑇𝑇 is shift factor; 𝐶𝐶1,𝐶𝐶2 are coefficients of shift function; 𝑅𝑅𝑅𝑅 is rest period; and 𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑓𝑓 is 
reference rest period. Coefficients of shift functions were computed using the experimental data. 
Once coefficients were determined, shift factors could be computed for any rest period. Hence the 
strain curve could be obtained for newer rest periods without conducting further experiments. To 
verify the rest-period effect on strain and data shifting, additional tests were conducted with rest 
periods of 1 and 1.5 sec for PG 76-22 SBS 130°F at 110 psi loading. The data were initially 
preprocessed and shifted with only four rest periods (0.18, 0.57, 2.5, and 1.5 sec), with the curve for 
the 1.5-sec rest period as reference. Coefficients 𝐶𝐶1,𝐶𝐶2 were calculated using actual data, and the 
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computed shift factor and was compared with actual experimental data (Figure 29. ). Predicted and 
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experimental values matched closely, and this approach appeared to be an appropriate technique to 
quantify the rest-period effect. 

 
Figure 29. Plot. Predicted and experimental data for 1-sec rest period. 

CORRECTION-FACTOR DEVELOPMENT 
Currently, the PMED program does not consider the influence of rest period. In PMED, pavement is 
divided into sublayers; and vertical compressive strains are obtained at mid-depth of each sublayer 
using linear elastic analysis. Rutting is calculated for all sublayers using the transfer function. Transfer 
functions are different for bound and unbound materials. Total rutting in the pavement is simply the 
summation of all rut in the sublayers. The effect of rest period on unbound materials is beyond the 
scope of this study. Therefore, correction factors were provided only for AC layers. The transfer 
function used in PMED for a given sublayer is presented in Figure 30. . 

 
Figure 30. Equation. Rutting equation for an AC sublayer 

where, 𝛿𝛿𝑠𝑠𝑠𝑠𝑏𝑏 is rut on the specific sublayer; 𝑓𝑓(𝑠𝑠𝑠𝑠𝑏𝑏𝑙𝑙𝑎𝑎𝑠𝑠𝑒𝑒𝑠𝑠) is function of sublayer thickness, depth of 
sublayer from pavement surface, compressive strain, global and local calibration factors, and 
temperature at sublayer; 𝑁𝑁 is number of load repetitions; and 𝑏𝑏 is a calibration constant. It is to be 
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noted that for each sublayer 𝑓𝑓(𝑠𝑠𝑠𝑠𝑏𝑏𝑙𝑙𝑎𝑎𝑠𝑠𝑒𝑒𝑠𝑠) needs to be computed separately. The effect of rest period 
can be incorporated simply by changing the number of load repetitions. The correction factor would 
be 𝑎𝑎𝑇𝑇 obtained from  Figure 28.  for a newer rest period. The equivalent number of repetitions would 
be calculated as presented in Figure 31. . 

 
Figure 31. Equation. Equivalent number of load repetitions. 

where, 𝑁𝑁𝑟𝑟𝑒𝑒 is the equivalent number of load repetitions, 𝑁𝑁 is number of repetitions for the reference 
rest period, and 𝑎𝑎𝑇𝑇 is the computed shift factor. Temperature and load-level change along the depth 
of the pavement; and hence, values will be different for each sublayer. It is a well-established fact, 
and observed in this study, that stress level and temperature have significant impact on the 
permanent deformation during experiments. Therefore, 𝑁𝑁𝑟𝑟𝑒𝑒 is different for each sublayer. Hence, 𝑎𝑎𝑇𝑇 
should be a function of rest period, as well as load level and temperature. The experiments were 
conducted for three stress levels and two temperatures. Hence, shift factor could be computed 
approximately as a function of stress level and temperature. The coefficients of shift function for all 
tests conducted for AC mix with PG 64-28 SBS are presented in Table 4.  

Table 4. Coefficients of Shift Function (See Figure 28.) 

Temperature 104°F 82°F 

Stress Level (psi) C1 C2 C1 C2 

80 -457.93 1617.58 -524.81 1931.93 

110 -480.85 1609.64 -468.30 1076.72 

140 -378.52 1641.15 -375.19 428.11 

A mathematical approximation was used in the shift function (Figure 28.). Coefficients C2 from Table 
4 are higher values when compared to the difference between rest periods (𝐶𝐶2 ≫ 𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑓𝑓). 
Therefore, the equation in Figure 28. reduces to the following equation (Figure 32. ). Now, 𝐶𝐶1

𝐶𝐶2
 can be 

considered as a single coefficient obtained from experimental data. 

 
Figure 32. Equation. Approximated shift function for rest period. 
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The advantage of the above approximation is to reduce the number of variables, as only limited 
experimental data were available. For any temperature and stress level, 𝐶𝐶1

𝐶𝐶2
 could be computed using 

Figure 33. . Generally, strains are exponentially related to temperature and hence, exponential 
interpolation could be used. Linear interpolation was used with respect to stress level. Therefore, 
linear equations could be used to identify shift coefficient or 𝐶𝐶1

𝐶𝐶2
. 

 
Figure 33. Plot. Shift coefficient versus stress for two temperatures. 

Equivalent number of load repetitions (𝑁𝑁𝑟𝑟𝑒𝑒) may be calculated for each sublayer individually. Thus, 
the effect of rest period could be incorporated into the calculation of rutting for a flexible-pavement 
system. The procedure is illustrated in the following example.  

• Rest period (RP) = 0.52 sec, rest period (RPref) = 0.18 sec. 

• Binder: PG 64-28 SBS 

• Temperature: 104°F 

• Load level: 140 psi 

For variables, −𝐶𝐶1
𝐶𝐶2

 could be computed to be 0.87 from Figure 33. . Now, 𝑎𝑎𝑇𝑇 could be calculated using 

Figure 32. . 

 
Figure 34. Equation. Calculation of shift factor. 
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Shift factor implies that the rutting caused over 0.52 sec for load repetition 𝑁𝑁 would be equivalent to 
rutting caused over 0.18 sec for load repetition 2𝑁𝑁. The phenomenon is presented in Figure 35. . The 
rutting progression was computed for a thin section (Table 1) with a traffic of 2.500 AADT (only Class 
9 vehicles with maximum allowable loads on each axle) at a speed of 40 mph, and it is shown as the 
orange (reference) curve in Figure 35. . Based on the calculation, an equivalent number of load 
repetitions for 0.52 sec would be 5,000 AADT of 0.18-sec rest period (two times 2,500 AADT). The 
blue curve is the progression for a rest period of 0.52 sec at the same 2,500 AADT. Alternatively, 
2,500 AADT at a rest period of 0.52 sec is equivalent to 5,000 AADT at 0.18 sec.  

 
Figure 35. Plot. Rutting progression versus months. 

SUMMARY 
A model to characterize the effect of rest period on the AC permanent-deformation behavior was 
introduced. The approach assumes rest period as an additional variable to perform a superposition 
similar to temperature and time. As rest period increases, rutting increases due to the hardening–
relaxation effect. A simplified approach to incorporate the developed shifted-prediction model to the 
current PMED is introduced.  
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
Rest period as a result of spacing of trucks was identified as a key parameter in the optimization of 
truck platoons. Although reducing truck spacing was shown to reduce aerodynamics resistance and 
fuel consumption, pavement performance could be negatively impacted. The effects of rest period on 
the deformation behavior of AC materials were explored using mechanistic and experimental 
methods. It was confirmed that rest period would be a key variable to consider in optimization of 
truck platoons with respect to pavement damage. The findings from the mechanistic and 
experimental tasks are listed below: 

• According to the 3-D finite-element analysis using dynamic and moving loads, linear 
viscoelastic recovery decreases with decreasing spacing between trucks; hence, the rest 
period resulting in higher total deformations in AC layers.  

• A positive effect of decreasing rest period on total and permanent deformations was 
observed according to the repeated-load permanent-deformation experiments. 
Permanent deformations substantially reduced with decreasing rest periods, representing 
the most aggressive truck spacing in platoons.  

• The effect of rest period was shown to be a key factor affecting permanent-deformation 
behavior, with a significance equivalent to stress and temperature levels.  

• A shift model was developed by extending the time–temperature superposition concept 
and framework. The shift model was used to develop equivalent numbers of cycles for 
loading cases with truck spacings different from a selected reference case. The shift model 
was proposed as an approach to implement in the current AASHTO PMED.  

The following recommendations are made as future research needs: 

• Experimental characterization of rest period needs to be extended to stress states better 
representing truck platoons. The loading cases may include representation of the effect of 
moving loads and more representative stress states with confinement. 

• The shift model needs to be verified with additional experimental data.  

• The shift-model implementation needs to be verified with loading examples representing 
more realistic traffic spectra.  
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