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CHAPTER 1: INTRODUCTION 
The US population and economy exhibited significant growth between 2000 and 2014. According to 
the US Department of Transportation Freight Fact reports, while the population grew by 13% to an 
estimated 319 million in 2014, gross domestic product increased by 24.9%, reaching $15,773,516 
(millions of chained dollars). This expansion in the economy and population caused a concurrent 
increase in truck-freight transportation, which carried 69.6% (by ton) of the total goods moved in 
2013. Moreover, a total of 13,732 million tons of goods valued at $11,444 million were shipped by 
trucks in 2013, representing 9.21% and 6.16% over the estimates of 2007 by ton and value, 
respectively (USDOT, 2015). 

This growing truck traffic and freight demand has created two major issues for the trucking industry. 
The first is the shortage of truck drivers. According to the American Trucking Associations, the current 
driver shortage is around 50,000 and is expected to increase to 900,000 over the next eight years 
(ATA, 2017). The second issue is the increasing operation cost due to congestion. In 2014, according 
to the American Trucking Research Institute, congestion caused over $49 billion added operation cost 
in the United States, which in turn may raise the price of transported goods (Pierce & Murray, 2014). 
To address these issues, numerous technological developments have been introduced in the trucking 
industry. One such innovation is implementing connected and autonomous vehicle (CAV) technology 
on trucks. 

The research in CAV technologies historically has been driven by small-sized vehicles such as 
passenger cars or shuttles. However, in the last few years, there has been significant interest in 
developing autonomous and connected trucks (ACTs), with the motivation of lowering the freight 
cost. Almost all big companies that have been pioneers in CAV technologies have subsidiaries or 
departments for ACT development, such as Otto owned by Uber and Waymo owned by Google. 

The introduction of ACTs into freight transportation is expected to bring many advantages. These 
advantages can be grouped into two categories. The first one is addressing the limitations associated 
with having human as drivers. For example, currently in the United States, truck drivers are not 
allowed to work more than 11 hours per day and 60 hours per week. This restriction can be relaxed 
with even a limited level of automation (e.g., level 4), for which a human presence is required within 
a truck. Ideally, under the assumption of full automation, the operation time can even be extended to 
24 hours, which can significantly improve the efficiency of freight transportation and lower the cost. 
The second group is possible reduction in the operational cost through truck platooning, which can be 
defined as a convoy of trucks traveling at a close distance. Reducing congestion and 
braking/accelerating as well as improving safety, traffic flow, and fuel efficiency are some of the 
reported and expected benefits of platooning. 

Although there are, as previously mentioned, many reported and expected advantages of using ACTs 
in freight transportation, their adoption is correlated with the condition of the transportation 
infrastructure. In fact, aging and deteriorating infrastructure is considered by some experts to be one 
of the main barriers to advancing CAV technologies (RAC, 2017). Given that 20% of roadway miles are 
in poor or mediocre condition and 9.1% of bridges are structurally deficient or functionally obsolete 
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(ASCE, 2017), accurate prediction of performance of the infrastructure has become even more 
important to ensure the presence of a functioning and well-maintained infrastructure network for 
ACT advancement. 

Realistically predicting the behavior of any infrastructure strictly relies on accurate representation of 
the traffic inputs. As one may expect, currently, the traffic inputs for transportation analysis and 
design tools are characterized by the nature of human drivers. However, the introduction of ACTs is 
expected to result in drastic changes in characterization of such inputs, which may require significant 
modifications to existing infrastructure-design guidelines or development of new guidelines. This 
report focuses on one such input in pavement design and analysis: lateral position of loading. 

Lateral position of loading is one of the most important variables in pavement design and analysis. It 
is a well-known fact that trucks driven by humans seldom follow a straight path. On the contrary, 
their lateral position deviates significantly as they travel. This lateral movement of the wheel load is 
called wheel wander in the pavement-design community. The word “wander” implies the inherent 
randomness of the lateral position of the load for human-driven trucks. The introduction of ACTs is 
expected to change two main characteristics of the lateral position of loading. The first is that the 
level of randomness of the lateral position of ACTs will be significantly less. This will create a more 
channelized traffic load on the pavement and consequently decrease pavement service life, as well as 
increase maintenance and rehabilitation cost. The second is this variable, lateral position of loading, 
which is a random variable for human-driven trucks; it will be remotely controllable using autopilot 
and communication technologies existing in ACTs. This controllability creates opportunities for 
developing control strategies that laterally shift the trucks to minimize damage (Noorvand et al., 
2017). 

In the literature, there are flexible-pavement design guidelines that can assess the impact of 
channelized traffic caused by ACTs. However, to the best of the authors’ knowledge, there are no 
flexible-pavement design guidelines that take the lateral position of a wheel load as an explicit input. 
Furthermore, the impact of lane and axle width is not currently being considered for damage 
accumulation within flexible pavement. This study aims to fill this gap by developing a flexible-
pavement design framework for ACTs. This framework can explicitly consider lateral position of 
loading with any level of randomness, which enables it to simulate mixed-traffic conditions where 
human-driven and ACTs travel over pavement structures. Additionally, lane and axle widths are also 
incorporated into damage computation by this framework. This framework can incorporate any 
damage-accumulation approaches (e.g., mechanistic–empirical or mechanistic). This report presents 
the application of the developed framework on the state-of-the-practice pavement-design guideline 
Mechanistic-Empirical Pavement Design Guideline (MEPDG) (NCHRP, 2004), which generates a 
continuous damage profile that presents the accumulated damage through the cross section of 
pavement instead of reporting a number. This increases the dimensionality of pavement design from 
1D (only depth) to 2D. 
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CHAPTER 2: BACKGROUND 
The lateral position of the wheel load is one of the most important variables in flexible-pavement 
design. As mentioned, it is not a deterministic variable for human-driven trucks, i.e., its value changes 
in a random fashion. Therefore, this variable is commonly referred as wheel wander in the pavement-
design community, to imply the inherent randomness. Due to this randomness, all flexible-pavement 
design guidelines so far have considered this variable implicitly in an averaging sense rather than as 
an explicit input. This section summarizes the studies that incorporate wheel wander into the flexible-
pavement design procedure. However, to apprehend these studies, one should understand the 
mathematical representation of wheel wander, which is described in this chapter. 

WHEEL WANDER DEFINITION 
Wheel wander can be interpreted as the uncertainty of the lateral position of wheel loads on a lane. 
Mathematical representation of wheel wander can be built by defining a variable (𝑑𝑑𝑤𝑤) as the distance 
between the edge of the tire and the road. This distance is not a deterministic value for human-
driven trucks, i.e., its value changes in a random fashion. Therefore, it should be modeled using 
probabilistic approaches when one is designing pavement for human-driven trucks. Figure 1 
illustrates the wheel wander on a standard lane layout. This figure assumes that the lane width and 
axle width are 12 ft and 8.5 ft, respectively. 

 
Figure 1. Photo. Demonstration of wheel wander (Siddarthan, 2017). 

Probabilistic modeling of wheel wander starts with a conventional assumption that the vehicles are 
inclined to be centered on the lane with an uncertainty, i.e., their position deviates from its mean 
location (from the center of the lane) with some probability. Traditionally, this assumption is 
modelled using a zero-mean normal distribution with a known standard deviation (Figure 2). The 
value used for standard deviation dictates the level of randomness of wheel wander. NCHRP (2004) 
recommends 10 in. for the standard deviation. 

 
Figure 2. Equation. Normal distribution 
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where 𝜇𝜇 = mean, and 𝜎𝜎 = standard deviation. 

WHEEL WANDER IN PAVEMENT DESIGN 
It is important to incorporate the impact of wheel wander when designing the pavements. Two 
studies in the literature developed analytical approaches to consider wheel wander in pavement 
design, based on its definition as given in the previous section. 

The first approach was developed by NCHRP (2004) and is illustrated in Figure 4. In the figure, row B 
shows the damage-accumulation profile whose maximum would be used to compute the pavement 
service life if there were no wander. Instead, NCHRP computes the average of predicted damages at 
five discrete locations and uses it as the final damage (Figure 3). The discrete points are selected by 
moving -1.28155*𝜎𝜎 (Figure 2) from the center, five times. Each jump is assumed to represent 20% of 
the traffic. It is important to note that this approach could only be used for fatigue-crack prediction. 
In NCHRP, it is stated that “for rutting, the guide software modifies the actual pavement responses 
for the effects of wander and uses this modified response for the calculation of the incremental 
permanent deformation within each layer.” However, no explanation is provided in the guide as to 
how the responses get modified. 

 
Figure 3. Equation. Damage index computation under wheel wander 

The second approach was developed by Siddharthan et al. (2017). This approach modifies the 
pavement’s structural responses computed by 3D Move software to account for wheel wander. The 
modification is performed based on Monte Carlo simulation. Later, the modified responses are 
injected into the empirical functions also used by NCHRP (2004), to predict the damage within the 
pavement structure. The steps of the approach developed are listed below. 

1. Draw a sample from the distribution given in Figure 2.  

2. Accept the sample if it is not outside the boundaries (Figure 1).  

3. Calculate all critical pavement responses at the accepted sample.  

4. Repeat the first three steps 10,000 times.  

5. Generate the cumulative distribution function for each critical pavement response. 

6. Discretize the cumulative distribution on specific probabilities (e.g., 0%, 20%, 40%, 60%, 
80%, 100%).  

7. Extract the responses at the selected probabilities and average them.  

8. Use the averaged responses in the empirical equations and compute the damage.  
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Figure 4. Photo. NCHRP analytical approach for consideration of wheel wander (NCHRP, 2004). 
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CHAPTER 3: CONCEPT BEHIND THE FRAMEWORK DEVELOPED 
The concept behind the proposed approach is illustrated in Figure 5. This figure can be explained in 
the following way. Let’s assume that we have a tire load that is applied right at the center of the 
wheel path for  𝑁𝑁 number of times (Figure 5-A). Additionally, we have access to the proper tools that 
compute the damage (i.e., rutting, bottom-up cracking) after this 𝑁𝑁 repetitions. Finally, let’s assume 
that, after computing the damage at discrete locations, we can fit a continuous function (i.e., 𝑔𝑔(𝑥𝑥) in 
Figure 5-A) that gives the damage profile over the cross section. In this example, what is not certain 
so far is the lateral position of this tire load. For example, in Figure 5-B, it is assumed that the same 
load is applied at a different lateral location. Because it is the same load, the magnitude of the 
damage profile stays the same (i.e., 𝑔𝑔(𝑥𝑥)). However, the center of the profile has shifted. We 
interpret this shift as wheel wander, which is the essence of the framework presented in this report. 
In other words, we are considering wheel wander as the uncertainty of the center of function 𝑔𝑔(𝑥𝑥). In 
mathematical terms, we are mapping the domain “𝑥𝑥” to “𝑥𝑥 − 𝑠𝑠” which leads to mapping 𝑔𝑔(𝑥𝑥) to 
𝑔𝑔(𝑥𝑥 − 𝑠𝑠). For human-driven trucks, 𝑠𝑠 is a random variable that follows a certain distribution. For 
autonomous trucks, depending on the assumption, 𝑠𝑠 can be either a random variable with much less 
uncertainty (e.g., much less standard deviation in the case of a normal distribution) or a deterministic 
value. If 𝑠𝑠 is a random variable, 𝑔𝑔(𝑥𝑥 − 𝑠𝑠) becomes a random function, which allows us to compute 
the statistics of the function, such as expectation (𝐸𝐸[𝑔𝑔(𝑥𝑥 − 𝑠𝑠)]), which can be interpreted as the 
resultant accumulated damage profile under wheel wander. 

 
(a) Original loading 

 
(b) Shifted loading 

Figure 5. Photo. Demonstration of the concept behind the framework developed.  
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CHAPTER 4: IMPLEMENTATION OF THE FRAMEWORK DEVELOPED 
It is clear from the previous chapter that the implementation of the framework developed needs a 
computed damage profile, which can be obtained by any pavement-design approach (e.g., 
mechanistic, mechanistic–empirical, or even from field tests). In this study, we are applying the 
framework to the-state-of-the-practice mechanistic–empirical damage-prediction approach (i.e., 
MEPDG) developed by NCHRP. To fully adopt MEPDG’s approach, we utilized a function-
approximation technique, namely Chebyshev approximation. Chebyshev approximation was 
especially important for implementing time-hardening approaches used in MEPDG for rutting 
simulation. The implementation of the framework developed on MEPDG’s approach consists of five 
steps: extracting responses, curve-fitting, differential damage computation, shifting, and damage 
accumulation. As explained in the remainder of this report, the order of the steps varies, depending 
on the distress type (e.g., fatigue cracking or rutting). 

EXTRACTING RESPONSES 
This step of the framework corresponds to the mechanistic part of MEPDG. In this step, the critical 
pavement responses are computed under a tire load given material properties and pavement 
structure. This study used 3D advanced pavement finite-element (FE) models that were developed 
and continuously improved by Al-Qadi and his coworkers over more than 15 years (Elsefi et al., 2006; 
Yoo & Al-Qadi, 2007; Wang & Al-Qadi, 2010; Al-Qadi & Wang 2012; Al-Qadi et al., 2015; Gungor et al., 
2016a, 2016b; Hernandez & Al-Qadi, 2017; Castillo & Al-Qadi, 2018) as the structural analysis tool for 
response computation. Using FE models brings the following advantages, as compared to 
conventional pavement structural analysis approaches (e.g., layered elastic theory) that are 
summarized in Table 1. 

Table 1. Comparison of FE Analysis with Conventional Approaches (Gungor et al., 2017) 

Variable Name FE Analysis Conventional 

Tire loading 3D nonuniform contant stresses 1D uniform tire pressure 

Contact area Realistic irregular tire footprint Circular contact area 

Moving load Explicitly considered in viscoelastic dynamic 
analysis 

Implicitly considered in dynamic modulus 
calculations 

Tire types Both WBT and DTA can be simulated Only DTA can be considered 
Friction between 
layers Realistic Elastic stick model Distributed spring model 

AC-layer material 
properties Viscoelastic characterization using Prony series Dynamic modulus obtained from master 

curve 
Base layer Stress-dependent, nonlinear model for base Linear elastic 

Critical Response Locations 
The initial step of the damage-prediction framework developed by MEPDG is determining the 
locations where the responses are extracted. These locations are called critical locations. MEPDG 
provides a two-part procedure for finding critical locations. 
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The first part determines the critical depths and starts with a sub-layering step that divides each 
pavement layer into smaller parts. The midpoint of each part (i.e., sub-layer) is considered as a critical 
depth, which is used for rutting prediction. This study develops the algorithm given in Figure 6 that 
implements the sub-layering procedure developed by MEPDG. It is important to note that the 
algorithm is presented here only for the asphalt-concrete layer, the unbound granular layer, and the 
subgrade layer. Similar algorithms can be developed for other types of layers, such as asphalt-
modified base, by following the logic behind the algorithm developed. Other critical depths in 
addition to the mid-depth of sub-layers are the bottom and top of the AC layers, for fatigue-cracking 
prediction; and the bottom and 6 in. from the bottom of the last sub-layer, for rutting prediction. 

 
Figure 6. Equation. Algorithm 1: Sub-layering algorithm. 

The second part of the procedure includes determining critical locations in transverse and traffic 
directions. In the transverse direction, the critical locations are computed using the set of equations 
(Figure 7) that are a function of tire spacing (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and radius of the contact area (𝑇𝑇𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠). In 
these equations, 𝑋𝑋1 corresponds to the center of dual tires. MEPDG uses just these 10 locations, as 
the tire load is symmetric. However, in FE models, nonuniform contact stresses are used; therefore, 
we extracted the responses from two sides of the center. Furthermore, in this study, we omitted 
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critical locations whose values exceed the wheel-path width (i.e., if any of the values of 𝑋𝑋𝑠𝑠s is greater 
than half of the wheel path, which equals one-quarter of the lane width); and we added the wheel 
path half-width as a critical location. Thereby, we omitted the critical locations that fall out of the 
wheel path and capture the response profile through the wheel path. For multi-axle groups (e.g., 
tandem or tridem), these responses are computed at specific positions in traffic directions, which can 
be designated as slices in the traffic direction. Each slice is a vector that keeps the computed 
responses at transverse directions. The lateral movement of tire loading (i.e., wheel wander) does not 
impact the distribution of responses in the traffic direction. Therefore, to reduce computation 
complexity, after computing responses at each slice, the maximum slice with the highest response is 
determined and used for the next steps of the proposed framework. In summary, the outcomes of 
this step are 1 by 19 vectors that store the extracted responses at each transverse location for each 
critical depth. 

 
Figure 7. Equation. Critical responses 

DIFFERENTIAL DAMAGE COMPUTATION 
The damage-prediction framework developed by MEPDG has two steps. The first step answers the 
question of how much damage is going to occur when a strain is applied for 𝑁𝑁 times. In other words, 
the strains are transformed into damage that occurs after a number of load repetitions. This 
transformation is done by using transfer functions. Herein, we call this step differential damage 
computation. The outcomes of this step are rutting at the mid-depth of each layer and the fatigue-
damage index for fatigue-crack prediction. 

Whenever an input changes that alters the value of the computed strain (e.g., different modulus due 
to temperate changes or a different axle load), the differential damage-computation step is repeated. 
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After each repeat, the outcomes are fed to damage-accumulation equations to predict final damage. 
These accumulation equations are explained in the section titled “Damage Accumulation.” The 
following sections explain the computation of the parameters in the differential damage 
computation. 

Damage Index 
Damage index (𝐷𝐷𝐷𝐷) is used for predicting fatigue cracking and is computed using the equation in 
Figure 8.  

 
Figure 8. Equation. Damage index. 

where 𝑛𝑛 = number of load repetitions derived from traffic data; and  = vector of computed 
allowable number of repetitions, using transfer functions at each transverse location. 

The current version of the formula (AASHTO, 2015) used for calculating the number of repetitions to 
failure is given in Figure 9. 

 
Figure 9. Equation. Number of repetitions to failure. 

where  = vector of extracted tensile strains at the bottom of the AC for each transverse location; 𝐸𝐸 
= dynamic modulus of the hot-mix asphalt (HMA) layer (psi); 𝑘𝑘𝑓𝑓1, 𝑘𝑘𝑓𝑓2, 𝑘𝑘𝑓𝑓3 = global field-calibration 
factors: 0.007566, 3.9492, and 1.281, respectively; 𝛽𝛽𝑓𝑓1, 𝛽𝛽𝑓𝑓2, 𝛽𝛽𝑓𝑓3 = local calibration factors that are set 
to 1.0 by default. In addition: 

 

 
Figure 10. Equation. Some material constants needed for number of repetitions to failure. 

where 𝑉𝑉𝑏𝑏𝑏𝑏 = effective asphalt content by volume (%); 𝑉𝑉𝑠𝑠 = percent air voids in the HMA mixture; and 
𝐶𝐶𝐻𝐻 = thickness correction term, depending on the type of cracking. 

For bottom-up fatigue cracking: 

 
Figure 11. Equation. Thickness correction term for bottom-up cracking. 
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For top-down cracking: 

 
Figure 12. Equation. Thickness correction term for bottom-up cracking. 

Asphalt-Concrete (AC) Rutting 
The current version of the formula (AASHTO, 2015) used for calculating the rutting within AC is given 
in Figure 13.  

 
Figure 13. Equation. Rutting equation for asphalt concrete. 

where ℎ𝑠𝑠𝑟𝑟𝑏𝑏 = thickness of sub-layer (algorithm 1); 𝛿𝛿 = the vector of predicted rutting at the mid-
depth of each sub-layer of the AC layer at each critical transverse location; = the vector of vertical 
compressive strain at the mid-depth of each sub-layer at each critical transverse location; 𝑛𝑛 = 
repetition number of the load that developed 𝜀𝜀𝑟𝑟(𝐴𝐴𝐴𝐴) at given climatic conditions; 𝑇𝑇 = temperature at 
the mid-depth of each sub-layer (°F); 𝑘𝑘𝑟𝑟1, 𝑘𝑘𝑟𝑟2, 𝑘𝑘𝑟𝑟3 = global field-calibration factors: -3.3512, 0.4791, 
and 1.5606, respectively; 𝛽𝛽𝑟𝑟1, 𝛽𝛽𝑟𝑟2, 𝛽𝛽𝑟𝑟3 = local calibration factors that are set to 1.0 by default. In 
addition: 

 

 

 
Figure 14. Equation. Some constants needed for rutting calculation. 

where 𝐷𝐷 = mid-depth of the sub-layer from the surface (in.) and ℎ𝐴𝐴𝐴𝐴  = total AC thickness. 

Rutting in Unbound Layers 
The current version of the formula (AASHTO, 2015) used for calculating the rutting within unbound 
materials is given in Figure 15. 

 
Figure 15. Equation. Rutting in unbound layers. 

where 𝑘𝑘𝑟𝑟1 = global field-calibration factors: 2.03 for granular materials and 1.35 for fine-grained 
materials; and 𝛽𝛽𝑟𝑟1 = local calibration factor, set to 1 by default. In addition: 
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Figure 16. Equation. Some material constants required for rutting calculations. 

where 𝐸𝐸 = resilient modulus of the sub-layer at mid-depth (psi); 𝐺𝐺𝐺𝐺𝑇𝑇 = groundwater table depth (ft); 
𝑎𝑎1 = 0.15; and 𝑎𝑎9 = 20. 

It is important to note that the equation in Figure 15 calculates the plastic strain at the mid-depth of 
each sub-layer, which goes up to 8-ft depths. For the rest of the subgrade, a special formula is used. 
This formula is given in Figure 17. 

 
Figure 17. Equation. Rutting calculation after 8 ft. 

where ; , = the vectors that store vertical plastic strain at the bottom of the last sub-
layer and 6 in. below the the bottom of the last layer (the plastic strains are calculated using the 
equation in Figure 13 without a thickness term, i.e., without ℎ𝑠𝑠𝑟𝑟𝑏𝑏); and ℎ𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑏𝑏𝑠𝑠𝑏𝑏 = depth to bedrock 
(ft). 

CURVE FITTING 
This study aims to develop an analytical pavement-design framework that takes the lateral position of 
loading as input. To develop such an analytical framework, one has to represent the vectors, which 
store computed 𝐷𝐷𝐷𝐷 or rutting at the discrete transverse locations, as a continuous function. In other 
words, the aforementioned vectors resulting from differential damage computations should be 
functionalized. This is done by the curve-fitting step of the framework. 

The target variable for curve-fitting differs, depending on the type of damage parameter. For fatigue 

cracking, the curve is fitted to the final computed damage parameter, i.e., the vector of 𝐷𝐷𝐷𝐷 ( in 
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Figure 8). By contrast, for rutting computation, the curve is fitted directly to the response vector (i.e., 
). It should be noted that the motivation behind using different target variables is reducing the 

complexities in computations. For example, if we fit a curve to the tensile strain vector for the 
allowable number of computations, it would be computationally challenging to calculate the 𝑘𝑘𝑓𝑓2𝛽𝛽𝑓𝑓2 
power of this fitted curve (Figures 11 and 12). In the end, fitting the curve to response or damage 
does not make any difference in terms of results, as only one variable (i.e., response) changes with 
respect to the location. 

Various curve-fitting techniques are suggested in the literature, e.g., polynomial regression, ridge 
regression, artificial neural networks (ANNs), and so on. Although some of these techniques are more 
accurate than others, they have high computational cost (e.g., ANNs or other machine-learning 
algorithms). Given that the steps of this framework are to be repeated for each different loading and 
climate condition, computationally costly methods were avoided. In this study, the least-squares 
regression using the basis-expansion method was utilized (Figure 18). In this equation, there are two 
unknowns: the basis function (𝜙𝜙(𝑥𝑥)) and the regression coefficient (𝛼𝛼𝑠𝑠), which are explained in the 
following section. It should be noted that hereinafter, we denote “𝑥𝑥” as a continuous axis that 
represents the cross section of a wheel path.  

 
Figure 18. Equation. Curve fitting equation. 

where 𝑓𝑓(𝑥𝑥) = fitted curve or function. 

Input Transformation Using a Basis Function 
It should be observed that if 𝜙𝜙(𝑥𝑥) is set to 𝑥𝑥, Figure 18 becomes identical to the least-squares 
polynomial regression. However, polynomial regression did not produce a good fit, especially if the 
load is applied by a dual-tire assembly (DTA) and the response is near the surface. For example, 
Figure 23-A represents the extracted vertical compressive strains within the AC layer under a DTA 
loading. This type of loading manifests itself into as an M-shaped data distribution, where the 
responses are maximized under two tires and exponentially decay away from the tires. The issue with 
this type of data distribution is that it cannot be represented by a polynomial regression in their 
original space. To address this issue, we transform the data into a new space where data become 
smoother, so that we can fit a polynomial accurately. The transformation is conducted in two steps. 

The first step is linear mapping of 𝑥𝑥 into a new space that is bounded by -1 and 1. Figure 19 gives the 
formula for the mapping process. This step can be interpreted as normalization of data. 

 
Figure 19. Equation. Normalization. 
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where 𝑥𝑥′ = linearly transformed 𝑥𝑥, and 𝑤𝑤ℎ = wheel-path width that equals 0.25 times the lane width.  

The second step is the nonlinear transformation of 𝑥𝑥′ using an exponential function (Figure 20) as the 
basis function. The transformed data is given in Figure 23-B. In this figure, we define a new variable 𝑧𝑧 
that is the transformed version of 𝑥𝑥. It should be observed from this figure that the data are much 
smoother, as compared to the original space.  

 
Figure 20. Equation. Non-linear transformation. 

where 𝑧𝑧 = transformed variable, and 𝛾𝛾2 = smoothing constant. The recommended values are 0.1 for 
fitting the curve to rutting within AC, 0.5 for fitting the curve to rutting in the base/subgrade and 
fitting the curve to the damage index. 

Least-Squares Regression 
The equation in Figure 21 gives a modified version of Figure 18, where the constructed variable 𝑧𝑧 is 
substituted for 𝜙𝜙(𝑥𝑥). As can be seen, this equation is nothing but polynomial regression in the 
transformed space 𝑧𝑧, whose weight coefficients (𝛼𝛼𝑠𝑠) can easily be computed using the least-squares 
technique. The fitted polynomial in the transformed and original spaces is illustrated in Figures 23-C 
and 23-D, respectively. 

 
Figure 21. Equation. Least square regression. 

where 𝑛𝑛 = degree of the polynomial. The recommended values are 6 for fitting the curve to rutting 
within AC and base, 2 for fitting the curve to rutting within the subgrade and for fitting the curve to 
the damage index. 

As can be seen from Figure 23, the response vector  (Figure 23-A) is represented by a continuous 
function (Figure 23-D). After fitting the curve to the response, one can easily compute the rutting 
profile by multiplying this function with the constants given in the rutting equations, which also 
makes computed rutting a continuous function. The equations below represent the continuous forms 
of vectors defined in the differential damage-computation stage. As can be seen from the equations 
and as previously mentioned, the curve is fitted to the damage index (i.e., 𝐷𝐷𝐷𝐷) for the case of fatigue-
crack prediction rather than to the responses by following the same curve-fitting steps.  

 
Figure 22. Equation. From discrete space to continuous space. 
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where 𝐷𝐷𝐷𝐷(𝑥𝑥,𝐶𝐶) = function fitted to ; 𝛿𝛿(𝜀𝜀𝑣𝑣(𝑥𝑥),𝐶𝐶) = functionalized version of 𝛿𝛿 due to fitting the 
curve to . Hereinafter, we denote this function as 𝛿𝛿(𝑥𝑥,𝐶𝐶) for brevity; 𝐶𝐶 = vector that stores the 
required constants, such as calibration factors and temperature. 

 
(a) Extracted vertical strain at critical locations 

 
(b) Transformed data 

 
(c) Fitted polynomial in transformed space 
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(d) Fitted polynomial in original space 

Figure 23. Graph. The steps of curve-fitting. 

SHIFTING 
As described in Chapter 3, we interpret wheel wander as the shift of the function that represents a 
damage parameter. Also, as previously mentioned, the framework developed can consider two types 
of shifting: (1) deterministic, which can be interpreted as ACTs with advanced technology so that they 
do not exihibit any random lateral movement as they travel; and (2) probabilistic, which can 
incorporate randomness on the lateral position of the vehicles (i.e., wheel wander) at any level. 
Furthermore, we also defined the mathematical formulation for shifting, which is basically mapping 𝑥𝑥 
to 𝑥𝑥 − 𝑠𝑠 − 𝑡𝑡 where 𝑠𝑠 stands for a random variable for wheel wander, and 𝑡𝑡 for deterministic shifting. 
It should be noted that, hereinafter, we use the terms wheel wander and probabilistic shifting 
interchangeably. 

The first step of the shifting is writing the equation in Figure 21 in terms of 𝑥𝑥 by tracing back the 
transformation described in Figures 19 and 20, which results in the equation in Figure 24.  

 
Figure 24. Equation. Fitted equation. 

Afterwards, the shifting (i.e., mapping) can be applied as follows: 

 
Figure 25. Equation. Applying deterministic and probabilistic shifting. 
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In Figure 25, 𝑓𝑓(𝑥𝑥, 𝑠𝑠, 𝑡𝑡) has become a random function due to the variable 𝑠𝑠. To compute the resultant 
damage profile, the expectation of this function (i.e.,𝐸𝐸[𝑓𝑓(𝑥𝑥, 𝑠𝑠, 𝑡𝑡)]) should be calculated. For only 
deterministic shifting (where 𝑠𝑠 equals zero and 𝑡𝑡 equals some real number), the calculation of 
expectation is straightforward, and it is done by substituting the value of 𝑡𝑡 into the equation in Figure 
25. 

For example, the blue line in Figure 29-A demonstrates the rutting profile that is computed by 
multiplying the fitted response curve (Figure 23-A) by other constants (Table 2) according to Figure 
13. If we want to apply deterministic shifting (e.g., t = 300 mm) to this rutting profile (Figure 23-A), we 
insert 300 mm into Figure 25, which results in a shifted rutting profile demonstrated by the red line in 
Figure 29-A. It should be observed from this figure that because there is no randomness (i.e., wheel 
wander), the magnitude of the damage did not change with the shifting, only the locations changed. 
This kind of shifting should be interpreted in the following way. Instead of applying 𝑁𝑁 road repetitions 
at the center of the load that gave the profile in the blue line, the loads were applied 300 mm away 
from the center of the wheel path that produced the red line. 

Computation of the damage profile under probabilistic shifting, however, is not as straightforward 
because it involves integration of the function over the random variable. Before explaining how to 
compute the expectation, we introduce the random variable. 

Truncated Normal Distribution 
Traditionally, the normal distribution (Figure 2) is used for modeling wheel wander. What normality 
essentially indicates is that the distribution of data points looks like a bell-shaped curve, in which 
most probable data occur around the mean, while other data points occur with an exponentially 
decaying probability with respect to their distance from the mean. Because most of the data in 
engineering problems exhibit this kind of behavior, a normal distribution is one of the most 
commonly used distributions for simulating probabilistic events. 

Although the wheel-wander data may pass the normality test, the use of a normal distribution may 
not be appropriate for modeling wheel wander because of its infinite support (i.e., a normally 
distributed variable can take values from ∞ to −∞). In other words, the lateral position of the truck 
can not change between ∞ and −∞. Therefore in this study, for the first time to the best of the 
authors’ knowledge, we are proposing to use a truncated normal distribution for wheel-wander 
modeling. 

The formula of a truncated normal distribution is given in Figure 26, which actually makes the support 
of a normally distributed random variable finite by bounding it at one or both ends. As can be seen 
from Figure 26, using a truncated normal distribution allows explicit consideration of lane width, axle 
width, and tire types in simulating damage accumulation under wheel wander. 

 
Figure 26. Equation. Truncated normal distribution. 
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where 𝑠𝑠 = a normally distributed random variable; 𝜇𝜇 = mean of 𝑠𝑠; 𝜎𝜎 = standard deviation of 𝑠𝑠; 𝜙𝜙(⋅), 
Φ(⋅) = probability density and cumulative distribution function of a standard normal distribution, 
respectively; 𝐿𝐿 = lower bound, which equals − 𝑙𝑙𝑤𝑤−𝐴𝐴𝑤𝑤

2
− 𝐷𝐷𝑡𝑡<0𝑡𝑡; 𝑈𝑈 = upper bound, which equals  

𝑙𝑙𝑤𝑤−𝐴𝐴𝑤𝑤
2

− 𝐷𝐷𝑡𝑡>0𝑡𝑡 ; 𝑙𝑙𝑊𝑊 = lane width; 𝐴𝐴𝑤𝑤 = axle width that is a function of tire type; and 𝐷𝐷𝐵𝐵(𝑡𝑡) = identity 
function that equals 1 if condition 𝐵𝐵 is satisfied, 0 otherwise. 

It should be noted that a couple of experimental studies in the literature question/disprove the 
normality assumption of the wheel-wander distribution (Islam et al., 2014; Luo & Wang, 2013). These 
studies suggest different types of distributions. Although the results presented here are based on 
normal distributions, any distribution can be truncated and easily incorporated into the framework 
developed. 

Expectation Computation 
To get the damage profile, one should compute the expectation of Figure 25 as follows.  

 

 

 
Figure 27. Equation. Expected value computation. 

with 

 

 

 
Figure 28. Equation. Some constants needed for expected value. 
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where erf(𝑥𝑥) = 2
√𝜋𝜋
∫𝑥𝑥0 𝑒𝑒−𝑡𝑡2𝑑𝑑𝑡𝑡 = error function, which can be computed using readily available 

functions. 

Figure 29-B shows the rutting profile (𝑓𝑓(𝑥𝑥, 𝑡𝑡)) computed, considering wheel wander for 𝜎𝜎 equals 250 
mm and 𝜇𝜇 equals zero (values recommended by MEPDG). It should be noted that both magnitude 
and location of maximum damage have changed under wheel wander. While the maximum damage 
is observed right under the tires for the deterministic case (blue line), it moves to the center of the 
tires for the probabilistic case (red line). A field study (Wu & Harvey, 2008) that compared the rutting 
profiles with and without channelized load application validates this observation. 

 
(a) Damage profile shifted by 300 mm 

 
(b) Transformed data 

Figure 29. Graph. Application of shifting. 

DAMAGE ACCUMULATION 
In the section titled “Differential Damage Computation,” we presented various transfer functions that 
input a critical strain, along with the number of repetitions and output rutting or damage index. Any 
change in loading and/or climatic conditions also changes the value of critical strains and, hence, 
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requires recomputation of rutting and damage index. This results in a series of computed rutting and 
damage indices after each load application (i.e., step). After each step, computed damages are 
accumulated, using damage-accumulation equations. These equations differ for rutting and fatigue 
cracking, as explained in the following sections.  

Rutting Accumulation 
MEPDG uses a nonlinear strain-hardening approach to simulate the rutting accumulation after each 
step. This approach starts with computation of the equivalent repetition (𝑛𝑛𝑏𝑏𝑒𝑒), which is defined as the 
number of repetitions that would cause the previously accumulated rutting, using the current 
computed vertical strain. Figure 30 formulates this statement with 𝑛𝑛𝑏𝑏𝑒𝑒 the only unknown variable. 

 
Figure 30. Equation. Rutting accumulation after applying shifting. 

where 𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥) = accumulated rutting profile until the 𝑖𝑖𝑡𝑡ℎ step at each transverse location, considering 
wheel wander; 𝜀𝜀𝑣𝑣𝑠𝑠(𝑥𝑥) = fitted function to extracted compressive strains at the critical locations at the 
𝑖𝑖𝑡𝑡ℎ step after applying shifting; 𝑛𝑛𝑏𝑏𝑒𝑒(𝑥𝑥) = profile of the equivalent number of repetitions, which 
amounts to the solution of Figure 25; and 𝛿𝛿(𝑇𝑇𝑠𝑠, 𝜀𝜀𝑣𝑣𝑠𝑠(𝑥𝑥),𝑛𝑛𝑏𝑏𝑒𝑒(𝑥𝑥)) = predicted rutting profile at each 
transverse location, which can be computed using empirical functions given in Figures 12, 13, and 14, 
depending on the material type under the loading and climatic conditions (e.g., 𝑇𝑇𝑠𝑠) at the 𝑖𝑖𝑡𝑡ℎ step. 

After solving the equation in Figure 30, 𝑛𝑛𝑏𝑏𝑒𝑒(𝑥𝑥) is added to the number of repetitions of the current 
strain. Finally, the total number of repetitions, along with the current strain, is plugged into rutting 
empirical functions to compute the accumulated rutting (Figure 31). 

 
Figure 31. Equation. Accumulated rutting at step i. 

where 𝛿𝛿𝑠𝑠(𝑥𝑥) = accumulated rutting profile at the 𝑖𝑖𝑡𝑡ℎ step; and 𝑛𝑛𝑠𝑠  = number of repetitions at the 𝑖𝑖𝑡𝑡ℎ 
step. 

Finally, total rutting is computed by summing the accumulated rutting at each sub-layer (Figure 32). 

 
Figure 32. Equation. Total rutting, summation of rutting from each layer. 

where 𝑅𝑅𝐷𝐷𝑠𝑠 = total accumulated rutting profile at the 𝑖𝑖𝑡𝑡ℎ step; and 𝑀𝑀 = number of sub-layer.  
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Fatigue Cracking 
Damage accumulation for fatigue cracking is simulated using Miner’s Law, given in Figure 33. 

 
Figure 33. Equation. Accumulated damage index at step i. 

where 𝐷𝐷𝑠𝑠(𝑥𝑥) = accumulated fatigue-damage profile at the 𝑖𝑖𝑡𝑡ℎ step. 

Afterwards, using the transfer functions given in Figures 34 and 35, the resultant bottom-up and top-
down fatigue cracking is computed. 

 
Figure 34. Equation. Bottom-up cracking. 

where 𝐹𝐹𝐶𝐶𝑠𝑠𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏(𝑥𝑥) = percent of alligator-cracking profile that initiates at the bottom of the HMA 
layers at the 𝑖𝑖𝑡𝑡ℎ step; 𝐶𝐶1,𝐶𝐶2,𝐶𝐶4 = calibration factors that equal 1, 1, 6, respectively; 𝐶𝐶1∗ = -2𝐶𝐶2∗; 𝐶𝐶2∗ = 
−2.40874 − 39.748(1 + ℎ𝑠𝑠𝑠𝑠)−2.856. In addition: 

 
Figure 35. Equation. Top-down cracking. 

where 𝐹𝐹𝐶𝐶𝑠𝑠
𝑡𝑡𝑏𝑏𝑠𝑠(𝑥𝑥) = length of longitudinal cracking profile that initiates at the top of the HMA layer 

(ft/mi) at the 𝑖𝑖𝑡𝑡ℎ step; and 𝐶𝐶1,𝐶𝐶2,𝐶𝐶4 = calibration factors that equal 7, 3.5, 1, respectively. 

International Roughness Index (IRI)  
After computing the distress profile, the international roughness profile (𝐷𝐷𝑅𝑅𝐷𝐷(𝑥𝑥)) can be computed as 
follows.  

 
Figure 36. Equation. IRI. 

where 𝐷𝐷𝑅𝑅𝐷𝐷0 = initial IRI after construction in./mi; 𝑅𝑅𝐷𝐷 = accumulated rutting depth from all layers (in.); 
𝐹𝐹𝐶𝐶𝑡𝑡𝑏𝑏𝑡𝑡𝑠𝑠𝑙𝑙  = total amount of fatigue cracking, summation of bottom-up and top-down cracking; 𝑇𝑇𝐶𝐶 = 
thermal cracking. It should be noted that because thermal cracking is not load-related distress, it is 
not studied in this paper. The amount of accumulated thermal cracking can be computed by running 
commercial AASHTOWare software and integrated into the framework; 𝐶𝐶1,𝐶𝐶2,𝐶𝐶3,𝐶𝐶4 = calibration 
factors, which equal 40, 0.4, 0.008, and 0.015, respectively; and 𝑆𝑆𝐹𝐹 = site factor given by 



22 

 
Figure 37. Equation. Site factor. 

where 𝐴𝐴𝑔𝑔𝑒𝑒 = pavement age in years; 𝑃𝑃𝐷𝐷 = percent plasticity index of soil; 𝐹𝐹𝐷𝐷 = average annual 
freezing index (°F); 𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑖𝑖𝑃𝑃 = average annual precipitation of rainfall (in.); 𝑃𝑃02 = percent passing the 
0.02 mm sieve; and 𝑃𝑃200 = percent passing the 0.075 mm sieve. 

CHEBYSHEV APPROXIMATION TO ACCUMULATED DAMAGE 
Accumulated-damage equations become too complex to store and compute after a couple of 
accumulation steps due to the use of continuous functions. This creates the need to simplify the 
equations using function approximation. In the following paragraph, we demonstrate this issue by 
giving an example of rutting accumulation on one of the sub-layers within the AC. 

In this example, we simulate three steps. We assume that the computed vertical strains after 
applying shifting and their corresponding repetitions are {𝜀𝜀𝑣𝑣1(𝑥𝑥),𝑛𝑛1}, {𝜀𝜀𝑣𝑣2(𝑥𝑥),𝑛𝑛2}, {𝜀𝜀𝑣𝑣3(𝑥𝑥),𝑛𝑛3}. AC-
rutting accumulation starts with computing rutting using the empirical functions given in Figure 13 for 
{𝜀𝜀𝑣𝑣1(𝑥𝑥),𝑛𝑛1} , which is denoted as 𝛿𝛿1(𝑥𝑥) in Figure 38. This amounts to the total rutting profile at the 
first step. Later, the equivalent repetition 𝑛𝑛𝑏𝑏𝑒𝑒(𝑥𝑥) for the second step is calculated by solving Figure 
25. The result is given in Figure 39. Afterwards, the total rutting profile at the second step is 
calculated by plugging the total repetition (𝑛𝑛𝑏𝑏𝑒𝑒(𝑥𝑥) + 𝑛𝑛2) into Figure 30, as given in Figure 40. The 
rutting profile for the third step can be computed by following the exact steps given in Figures 41 and 
42. 

 
Figure 38. Equation. Accumulated rutting at step 1. 

 
Figure 39. Equation. Number equivalent repetition at step 2. 

 
Figure 40. Equation. Accumulated rutting at step 2. 
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Figure 41. Equation. Number equivalent repetition at step 3. 

 

 
Figure 42. Equation. Accumulated rutting at step 3. 

As can be seen, the accumulation equations become too complex to compute even after three steps 
(the accumulation steps can go into the hundreds). Furthermore, they involve taking the decimal 
power (e.g., 𝑘𝑘𝑟𝑟2𝛽𝛽𝑟𝑟2) of continuous functions (i.e., the shifted version of fitted curves, as given in 
Figure 25), which is computationally challenging. Therefore, to make the damage-accumulation 
equations feasible to compute and process, we use Chebysev function approximation, which 
transforms these complex equations into linear combinations of Chebyshev polynomials in an 
accurate and efficient way. 

Chebysev Approximation 
The general formula for Chebyshev polynomials is given in Figure 43.  

 
Figure 43. Equation. Chebyshev polynomials. 

where 𝑅𝑅𝑠𝑠 = 𝑃𝑃𝑡𝑡ℎ degree Chebyshev polynomial and 𝑦𝑦 = real numbers between -1 and 1. Using 
Chebyshev polynomials, any bounded continuous functions can be approximated, as given in Figure 
44. 



24 

 
Figure 44. Equation. Chebyshev approximation. 

where 𝑔𝑔(𝑦𝑦) = the function to be approximated, and ℎ𝑏𝑏  = Chebyshev coefficients calculated using 
Figure 45. 

 
Figure 45. Equation. Chebyshev coefficients. 

where 𝑏𝑏𝑗𝑗 = Chebyshev nodes computed by  where 𝑗𝑗 ≥ 0. 

Using Chebyshev function approximation, one can transform the complicated damage-accumulation 
formula (e.g., Figure 42) into a much simpler form. Thereby, instead of the complex equations, the 
computed Chebyshev coefficients (i.e., ℎ𝑏𝑏) are enough to store, representing the accumulated 
damage profile at any given step. In this report, we present separate algorithms that simulate the 
accumulation of rutting and damage index. 

Chebyshev Approximation for Rutting Accumulation  
The algorithm to simulate rutting accumulation for any sub-layer within AC, by using Chebysev 
approximation, is given in Figure 46. Although the equations look complex, their computation is easy 
because every function is evaluated point-wise at Chebyshev nodes. For this algorithm, we introduce 
a few more notations, which are explained in the following. 

•  is the approximated rutting profile using Chebyshev approximation at the 𝑖𝑖𝑡𝑡ℎ step.  

• Similarly, we denote the variables whose values can change at each step i with a subscript 
i (e.g., temperature (𝑇𝑇𝑠𝑠), or vertical strain curve (𝜀𝜀𝑣𝑣𝑠𝑠)). 

Chebyshev Approximation for Fatigue-Damage Accumulation  
Chebyshev approximation for fatigue accumulation is much more straightforward, as compared to 
rutting, due to linear damage accumulation (i.e., Miner’s Law), which allows us to fit the curve of the 
damage index (Figure 8) rather than the response. The algorithm for fatigue accumulation is given in 
Figure 47. We introduce one more notation for this algorithm, which is explained in the following. 
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• 𝐷𝐷𝐷𝐷(𝑏𝑏𝑗𝑗) is the value of the fitted curve to damage index (see the section titled “Curve-
Fitting”). 

 
Figure 46. Equation. Algorithm 2: The algorithm for simulating the rutting-profile accumulation 

using Chebyshev polynomials. 

 
Figure 47. Equation. Algorithm 3: The algorithm for simulating the damage-index profile 

accumulation using Chebyshev polynomials.  
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CHAPTER 5: NUMERICAL EXAMPLE 
In this section, an example demonstrates the framework developed. Due to the brevity of this paper, 
which focuses on the concept and equations behind the framework, we preferred to present a simple 
but illustrative example. The pavement section considered in the example is shown in Figure 48. 
Following algorithm 1, this pavement section was divided into 15 sub-layers. The loadings considered 
in the example are two identical dual-tire assemblies (DTA) that are shifted to the left by 16 in. and 8 
in. from the center of the road. DTA has an axle load of 18 kips, with 125 psi of tire pressure. The 
standard deviation for wheel wander is assumed to be 1 in., which can be interpreted as channelized 
traffic such as ACTs (recommended value for human-driven trucks is 10 in.). The number of 
repetitions for the loads is assumed to be 1,000 (i.e., 𝑛𝑛 = 1,000). The degree of Chebyshev 
approximation is selected as 50. Assumed typical values for all the constants used in the transfer 
functions are presented in Table 2. 

 
Figure 48. Photo. The pavement section considered in the example. 

Table 2. Assumed Values for the Constants Used in Empirical Functions 

Variable Name Value Variable Name Value 
Initial IRI 60 in./mi Percent plasticity index of the soil 4 
AC temperature 72 F Age 0.1 year 
Lane width 12 ft Resilient modulus of base 40000 psi 
Axle width 8 ft Resilient modulus of subgrade 5000 psi 
Average annual precipitation 39.2 in. Groundwater table depth 10 ft 
Freezing Index 50 Effective asphalt content by volume 4.6 
Percent passing the 0.02-mm sieve 2 Percent air voids 4 
Percent passing the 0.075-mm sieve 7   
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Figure 49 shows the rutting profile computed after the first load application at each sub-layer. It 
should be noted that the first three sub-layers were omitted because there was no compressive 
strain within these layers. Therefore, the results were presented for 12 sub-layers. In the figures, the 
𝑥𝑥-axis stands for the wheel path, which changes -3 ft to 3 ft (half-lane width); and the 𝑦𝑦-axis shows 
the damage profiles. Because the assumed standard deviation is very small (i.e., 1 in.), the shape of 
DTA loading is reflected in the computed rutting profiles, which can be observed in Figure 49-A, 49-B, 
49-C, and 49-D. However, the shape of DTA loading starts to disappear as the depth of the response 
increases. For example, rutting profiles for all sub-layers within the subgrade (Figure 49-E to 49-L) 
exhibit the profiles with only one peak. Moreover, the rutting profile gets wider as the depth 
increases, which matches field observations: Subgrade rutting manifests itself as much wider rutting 
at the pavement surface, as compared to AC rutting. Figure 50 presents the damage index for fatigue-
cracking computation, both top-down and bottom-up cracking. As can be seen, fatigue cracking also 
is not affected by the shape of loading. 

Figure 51 presents the accumulated damage after the second load application. The highest impact of 
shifting was observed within the sub-layers that are close to the surface (Figure 51-A to 51-D). 
However, as the depth increases, the impact of shifting also decreases, which matches the findings in 
the literature. The rutting profile becomes wider under wheel wander for deeper sub-layers. Figure 
51 shows damage-index profiles after the second step. After summing all the rutting profiles given in 
Figure 52 and plugging the total into Figure 32, along with fatigue cracking, the IRI profile can be 
computed as given in Figure 52-C. It should be noted that this roughness profile was obtained after 
only two load applications. The IRI profile exhibits a more irregular behavior when many more 
loadings with different lateral positions are applied. 
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   (a) Sub-layer 1 (AC)                              (b) Sub-layer 2 (AC)                        (c) Sub-layer 3 (AC) 

 

     (d) Sub-layer 4 (Base)                           (e) Sub-layer 5 (Base)                 (f) Sub-layer 6 (Subgrade) 

 

     (g) Sub-layer 7 (Subgrade)             (h) Sub-layer 8 (Subgrade)                (i) Sub-layer 9 (Sub-grade) 

 

    (j) Sub-layer 10 (Subgrade)              (k) Sub-layer 11 (Subgrade)            (i) Sub-layer 12 (After 8 ft) 

Figure 49. Graph. Accumulated rutting profiles after the first load application. 
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(a) Top-down cracking 

 
(b) Bottom-up cracking 

Figure 50. Graph. Damage-index (Figure 8) profiles after the first load application. 
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          (a) Sub-layer 1 (AC)                    (b) Sub-layer 2 (AC)                       (c) Sub-layer 3 (AC) 

 

                 (d) Sub-layer 4 (Base)                (e) Sub-layer 5 (Base)                 (f) Sub-layer 6 (Subgrade) 

 

               (g) Sub-layer 7 (Subgrade)          (h) Sub-layer 8 (Subgrade)          (i) Sub-layer 9 (Subgrade) 

              

           (j) Sub-layer 10 (Subgrade)           (k) Sub-layer 11 (Subgrade)        (i) Sub-layer 12 (After 8 ft) 

Figure 51. Graph. Accumulated rutting profiles after the second load application. 
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(a) Top-down cracking 

 
(b) Bottom-up cracking 

 
(c) IRI 

Figure 52. Graph. Damage index and IRI profiles after the second load application. 
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CHAPTER 6: DISCUSSION 
Results of the example demonstrated the capability of the framework developed, as the damage 
accumulation within pavement was simulated by explicitly considering the lateral position of wheel 
loading, lane width, and axle width. It should be noted that although MEPDG’s damage approach was 
used in this paper, the concept behind Wander 2D can be applied on any pavement-design approach 
as long as the damage can be computed at discrete points along the pavement cross section. Further 
observations and discussion about the framework are presented in two groups in the remainder of 
this section.  

INCREASING DIMENSIONALITY OF PAVEMENT DESIGN  
The state-of-the-practice pavement-design guideline, MEPDG, reports a single number as a decision 
criteria because, as explained in Chapter 2, MEPDG averages the damage over the cross section. On 
the contrary, the framework developed outputs a continuous damage profile. In other words, this 
framework increases the dimensionality of pavement design from one dimension (depth only) to two 
dimensions (depth and transverse direction). This creates two challenges. 

The first challenge is that failure criteria may need to be revisited because the existing criteria are 
defined solely based on the magnitude of the distresses, whereas lateral characteristics of damage 
distresses (e.g., width) also become a decision factor with the framework developed. The second 
challenge is that new calibration techniques (rather than an average) may be required to calibrate the 
transfer functions for the transverse profile. 

LIMITATIONS FOR MEPDG’S DAMAGE-ACCUMULATION APPROACH 
There are two main limitations of emprical functions used in MEPDG for consideration of ACTs. The 
first and most important one is that resting period, which is one of the most significant variables 
affecting the behavior of asphalt concrete, is not explicitly taken into account. Especially with the 
introduction of platooning, the characteristics of the resting period observed in the field are expected 
to change drastically. Therefore, explicit consideration of the resting period becomes necessary for 
accurate assessment of the impact of ACTs. The second is the transfer function used for simulating 
rutting in granular materials. If previously accumulated rutting is too small and if the response applied 
at the current step is not large enough, the time-hardening approach fails due to the structure of the 
transfer function. In this study, this limitation is overcome numerically by employing identity 
functions given in algorithm 2. However, more robust empirical functions are needed for granular 
materials. 

  



33 

CHAPTER 7: SUMMARY AND CONCLUSION 
Introduction of autonomous and connected trucks (ACTs) is expected to improve highway freight 
operations. ACTs are expected to increase fuel efficiency and productivity while decreasing 
congestion and operation costs. However, their introduction may require changes and modifications 
to existing transportation-infrastructure design and management guidelines because the 
characteristics of the inputs to such guidelines may drastically change due to introduction of ACTs. 

This paper analyzed one such input to pavement design: the lateral position of loading. The lateral 
position of loading is a random phenomenon for human-driven trucks, as they do not follow a 
straight path when they travel. Therefore, this variable has been considered in an implicit way in 
existing pavement-design guidelines (i.e., wheel wander). However, due to enabling technologies 
embedded in ACTs, this variable will be much less random and, more importantly, controllable. 
Therefore, it needs to be considered explicitly (i.e., as a direct input in pavement design) rather than 
implicitly. 

This study presented a framework that can improve any pavement damage-accumulation approach 
(i.e., pavement design) to take the lateral position of loading as an explicit input. Due to using 
truncated normal distributions, the effects of lane width and vehicle width on pavement-damage 
accumulation could be considered in the framework as well. In this paper, this framework was 
applied to the state-of-the-practice pavement-design approach MEPDG. MEPDG’s damage-
accumulation equations were reinforced with curve-fitting and function-approximation techniques 
for explicit consideration of the lateral position. A simple numerical example was presented to 
demonstrate how accumulated damage varies with respect to the position of loading. 

Future work includes improving the curve-fitting part of the framework to make it fully autonomous 
because it still requires a user-defined parameter. Additionally, we plan to increase the 
dimensionality to 3D by fitting the 2D curve to computed damages at discrete locations (i.e., in both 
lateral and longitudinal directions). Finally, the resting period, another important input for pavement 
design whose characteristics are expected to be affected by the introduction of ACTs, will be 
incorporated into the framework. 
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