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1. CHAPTER 1: BACKGROUND AND RESEARCH STATEMENT 

1.1. Background 
With the large percentage of goods moved by commercial trucks in the freight industry, 

trucks consume natural resources such as fuel and contribute to gas emissions, significantly 

impacting the environment. There is a need for innovative technologies that can improve the 

efficiency of trucking operations while minimizing damage to the environment. Due to the 

significant savings in energy consumption and simple mechanical load assembly, wide-based tires 

(WBT), or super single tires, are becoming one example of this technology and are increasing in 

truck axle applications in many states [1-4]. 

The tire size code explanation is presented in Figure 1.1, with the first number indicating 

the width in mm; WBTs have a wider width than conventional dual tires (DT) used in trucks (e.g., 

225 mm, 275 mm, 295 mm widths). The WBT was first introduced in North America in 1982. 

Early versions of WBTs, noted as super single tires (e.g., 385 mm, 425 mm widths), are rarely 

found anymore in load axles of trucks, as their limited contact area has been proven to cause 

tremendous deformations and distress development in pavements [5]. WBTs currently in use are 

primarily the new generation tires with a wider section width (e.g., 445 mm, 455 mm) to help 

spread these concentrated loads over a wider area [6, 7]. These new generations of wide-base tires 

were designed to inflict less pavement damage and provide other safety and cost-saving advantages, 

including fuel savings and less tire waste in comparison to DT assemblies [8, 9]. With the potential 

benefits to the trucking industry from the use of WBTs, it is anticipated that the market share of 

tire sales and usage will increase in the future. 
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Figure 1.1. Tire size code explanation [10] 

However, dual tires have been the trucking industry standard for many decades. Thus, 

existing prediction algorithms of stresses/strains inflicted on the pavement through external loads 

are based on dual tire setups, whether in the AASHTO Guide for Design of Pavement Structures 

(AASHTO 93) or the latest method, Mechanistic-Empirical Pavement Design, with its software, 

AASHTOWare Pavement ME Design. This project aims to quantify the effect WBTs have on 

pavement response and distress development for Michigan’s climate and construction practices. 

The effect of WBTs on both flexible pavement (Hot Mix Asphalt - HMA) and rigid pavement 

(refer to Jointed Plain Concrete Pavement - JPCP in this study) will be analyzed with the typical 

design parameters in Michigan. Furthermore, this project will identify the impacts that WBTs have 

on the current MDOT flexible and rigid pavement design methods and provide recommendations 

to adjust the design process in AASHTO 93 and Pavement ME to incorporate the effects of WBT 

loads into the pavement design. 

1.2. Research statement 
The Michigan Department of Transportation (MDOT) initiated this study to identify the 
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impact of WBTs on pavement performance in Michigan and to involve the WBT impact in the 

design process. Several Michigan State Police (MSP) weigh stations were made available to 

investigate WBT usage. Many existing studies have evaluated WBT loads’ impact on pavement 

by simulation or field test; however, limited research has focused on quantifying the impact of 

different WBT proportions on various pavements (with different layer thicknesses). In addition, 

most states, including Michigan, have conducted a local Pavement Mechanistic-Empirical (ME) 

calibration. Therefore, an objective of this study is to involve the WBT impact in the Michigan 

design process by using local ME calibration factors. One of the limitations of this study is that 

the ME process is developing, and some local calibration work for the latest models (e.g., flexible 

top-down cracking model) in Michigan is undergoing, which cannot be adopted in this study due 

to the timing. Another limitation is that the AASHTO 93 pavement design method does not 

incorporate pavement mechanical response in its methodology but instead uses empirical 

relationships to estimate the pavement serviceability. Therefore, it is difficult to compare or 

correlate the WBT mechanistic impacts from the ME method to AASHTO 93. 

1.3. Research tasks 
The original research plan involved six tasks. However, combinations and modifications 

were made to the original tasks to address the critical issues in the proposal. According to the 

modified work plan, the research contents of each task are described below.  

Task 1. Literature Review 
● WBT usage in other states  

● WBT accounting method 

● Impact of WBT on pavement performance 

● Differences between WBTs and dual tires 

Task 2. Investigate WBT usage in Michigan 

● Survey WBT (types, amounts, locations) usage in Michigan 

● Develop test matrix for WBTs used in Michigan  

● Estimate WBT types used in MI  

● Predict specific types of WBT to be used on Michigan pavements in the future 

Task 3. Determine impacts of WBT on pavement performance  

● Identify routes and quantities of each WBT type being used in the state 

● Perform mechanistic analysis, collect ME input data 
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● Compare results between WBTs and DTs 

Task 4. Identification of advanced WIM and other technologies in detecting WBT usage 

● Determine WBT percentage in FHWA truck classifications 

● Make investigations and recommendations for advanced WIM technologies 

Task 5 Final report and summary of the recommendations 

● Final report 

● MS presentation for MDOT 

● Summarize recommendations 
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2. CHAPTER 2:  LITERATURE REVIEW 

2.1. Current research on WBTs’ impact on pavement  
The use of WBTs on our road systems has been prevalent for many years, and researchers 

have analyzed WBTs’ impact on pavement via mathematic simulation (e.g., finite element) or field 

tests (using sensor gauges). This chapter will review current research on WBTs’ impact on 

different distresses of pavement. As there is little research evaluating WBT and DT load 

differences for rigid pavements, this section will review only research on flexible pavements. 

Fatigue cracking is one of the most concerning distresses of flexible pavement, and many 

studies have focused on WBTs’ impact on flexible pavement’s fatigue performance. Asphalt 

concrete (AC) bottom tensile strain is the critical response for calculating bottom-up fatigue 

distress in the current AASHTO Mechanistic-Empirical (ME) pavement design process [11]. 

Numerical simulation is the most widely adopted method in evaluating the impact of WBTs as to 

their high efficiency and accuracy in obtaining tensile strain response. Priest et al. used layered 

elastic analysis and calculated that with the same axle load weight, the horizontal strain under 

WBT load is 46% higher than under DT load for the parameters utilized in the study [12]. Greene 

et al. used the finite element (FE) method to argue that compared with DT load, the 445/50R22.5 

WBT would produce slightly higher bottom-up cracking but less top-down cracking, while the 

slightly wider 455/55R22.5 WBT would not cause more fatigue cracking [13]. Wang et al. used 

the FE model and found that WBT loads caused greater fatigue damage, but a thicker base would 

lower the impact [14]. Said et al.'s FE simulation resulted in WBT loads creating approximately 

17% larger AC bottom tensile strain than DT loads [15]. Molavi Nojumi et al.'s research showed 

that with 20% of WBT loads in the truck market, the fatigue damage would be 5.7-11.5% higher 

than in the DT assembly-only scenario, depending on the quality of pavement analyzed [16].  

Some research has focused on distresses other than the fatigue of flexible pavement, such 

as rutting (AC and subgrade). Elseifi et al. used Abaqus to calculate the rutting of the 1.5” AC 

layer structure under DTs and WBTs. The result showed that at low speed, AC under a DT load 

would suffer up to 16% more load cycles than under WBT loads (445mm widths), while the 

subgrade would suffer up to 43% more in the same scenario [17]. Wang et al.’s simulation proved 

that the damage ratio of AC rutting caused by 455 WBTs with respect to DTs is about 1.75 and 

would be stable in different base thicknesses [14]. Gungor et al. established the equation of 

pavement response between under DT load and under WBT load, as presented in Table 2.1; the 
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result shows that the vertical compressive strain (for rutting distress calculation in Pavement ME) 

in upper layers is more easily impacted by WBT loads by a 37% increase in the AC layer [9]. 

Fedujwar et al. adopted the 3D-Move Analysis Software to analyze the pavement response and 

found that the rutting life of pavement decreased by approximately 89% when super single tires 

(425mm widths) replaced all dual tires [18]. 

Table 2.1. Equations for pavement response under WBTs [9] 

Pavement Response Location Linear Equation R2 
Maximum tensile strain in traffic direction AC surface WBT=1.6×DTA-2.0509 0.9939 

Maximum tensile strain in transverse 
direction AC surface WBT=1.4039×DTA-10.09 0.9657 

Maximum tensile strain in traffic direction Bottom of AC WBT=1.2014×DTA+4.3014 0.9867 
Maximum tensile strain in transverse 

direction Bottom of AC WBT=1.5861×DTA-4.92 0.9927 

Maximum vertical compressive strain Within AC WBT=1.3689×DTA+0.4778 0.9909 
Maximum vertical compressive strain Within base WBT=1.1655×DTA+1.2327 0.9944 
Maximum vertical compressive strain Within subgrade  WBT=1.1615×DTA-4.5571 0.9898 

Maximum vertical shear strain Within AC WBT=1.3873×DTA-2.8506 0.9685 
Maximum vertical shear strain Within base WBT=1.2077×DTA-3.297 0.9944 
Maximum vertical shear strain Within subgrade  WBT=1.1113×DTA-0.5281 0.9902 
The research results noted above showed that the WBT load tended to cause more 

significant fatigue and rutting damage on flexible pavement than the standard DT loads. However, 

the proportion of WBTs in the total vehicle mix is a developing value rather than fixed. Rutting 

and fatigue cracking of flexible pavement are highly related to AC thickness and material quality 

[18-20]. Most research has failed to consider the range of WBT proportion and AC thickness 

impacts, which does not lend itself well to the practical pavement design process. Michigan and 

many other states have completed a local calibration for the ME pavement design method, which 

means some analyses based on global calibration do not fit well in local area pavement 

performance [21]. In addition, the top-down cracking is merged into the bottom-up cracking model 

according to the Michigan calibration process, and MDOT would consider the total rutting rather 

than AC rutting only in the design process, which is different from the global ME design process. 

Furthermore, although rigid pavement seems to be strong enough to suffer more extreme load 

conditions compared with flexible pavement, the WBT impact on rigid pavement needs to be 

similarly assessed. All in all, current research is not well connected with the Michigan local ME 

pavement design process. The impact on pavement distress from WBTs is not well quantified, as 

the existing Pavement ME analysis procedures cannot directly assess the impact of WBTs on 

pavement response and ultimate pavement performance predictions. 
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2.2. Contact pressure (area) difference between DT and WBT loads 
The essential difference in various types of WBTs relates to the tire-pavement contact 

pressure (load weight/contact area) [22]. According to Greene et al.'s research, the average increase 

in contact pressure for 445/50R22.5 and 455/55R22.5 WBTs is 21.3% and 19.0%, respectively, 

compared with a standard dual-tire at similar internal tire pressures [23]. Hernandez et al. also 

measured the contact area of  DTs and WBTs (445/50R22.5) and calculated that the contact 

pressure of a 445/50R22.5 WBT is approximately 30% larger than a DT [8]. Therefore, the load 

number difference in tires (2×2 for DT, 2×1 for WBT) and increased contact pressure (e.g., 20%) 

for WBTs can be used to quantify the differences between WBTs and DTs on pavement response. 

According to a review of tire-road contact for wide-base tires and dual tires, it is expected 

that the actual contact pressure of tires on the pavement is not equal to the tire's inner pressure due 

to the deformation restriction. However, "load divided by contact area" equals "contact pressure" 

equals "tire inner pressure" is a basic assumption in the linear elastic software JULEA. So, before 

analyzing more profound pavement distress, calibration must be conducted to obtain the actual 

contact area and contact pressure of wide-base tires. 

Greene et al. measured the contact area of WBTs and DTs under different inflated tire 

pressures and weights [13]. The actual contact pressure for different tire types can be computed 

according to their measured contact area, as shown in Table 2.2. Since WBTs always have a larger 

contact pressure than DT loads with the same inflation pressures and weights, the percent increase 

of WBT contact pressure compared with DT loads was computed in Table 2.3 to demonstrate the 

difference. According to Table 2.3, the research team concluded that the average increase in 

contact pressure for 445/50R22.5 and 455/55R22.5 WBT is 21.3% and 19.0%, respectively, 

compared with DTs.  
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Table 2.2. Computed contact pressure from Greene et al.’s research (From [13]) 

Tire type Tire inflation pressure 
(psi) 

Computed contact pressure under 
different wheel/tire loads (psi) 

9 kip  12 kip 15 kip 18 kip 

11R22.5 
(Dual-tire)  

80 72.6 80.0 86.7 103.4 
100 75.6 82.8 90.9 / 
125 87.4 90.2 98.7 / 

425/65R22.5 
(Super single) 

80 92.8 100 108.7  
115 120 116.5 129.3  
125 116.9 125 125  

445/50R22.5 
80 90 99.2 107.1 / 
100 89.1 96 108.7 / 
125 109.8 111.1 116.3 126.8 

455/55R22.5 
80 79.6 88.8 98.0 / 
100 93.7 105.3 107.1 / 
125 111.1 105.3 123.0 126.8 

Table 2.3. Percent increase of WBT contact pressure compared with dual tires 

WBT type Tire inflation 
pressure (psi) 

Contact pressure change under different 
wheel/tire loads (%) 

9 kip 12 kip 15 kip Average 

425/65R22.5 
(Super single) 

80 +27.8 +25 +25.4 
+29.5 115 / / / 

125 +33.8 +38.5 +26.6 

445/50R22.5 
80 +23.9 +24 +23.6 

+21.3 100 +17.8 +16.0 +19.6 
125 +25.6 +23.2 +17.8 

455/55R22.5 
80 +9.7 +11 +13.1 

+19.0 100 +23.9 +27.2 +17.8 
125 +27.1 +16.7 +24.6 

Hernandez and Al-Qadi et al. also measured the contact area of DTs and WBTs 

(445/50R22.5) and analyzed their relationship, as presented in Figure 2.1 [8]. The contact area of 

a dual tire assembly is typically 100-130% of a WBT, which also means the contact pressure of a 

445/50R22.5 WBT is 0-30% larger than a dual tire. 
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(a) WBT: 445/50R22.5                        (b) DT        
 

                          (c) Relationship 
Figure 2.1. Variation of contact area for WBTs and DTs and the relationship (From [8]) 

Based on current research of the actual contact area for WBTs and DTs as well as obtained 

survey results of WBT types used in Michigan, the research team decided to assume 10%, 20%, 

and 30% larger contact pressures for WBTs than DTs to evaluate the difference of pavement 

mechanical response. For pavement distress analysis, 20% larger contact pressure will be used 

since 455/55R22.5 and 445/50R22.5 are the most common WBT types used in Michigan. 
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3. CHAPTER 3: INVESTIGATION OF WIDE-BASE TIRE USAGE IN MICHIGAN 

3.1. Introduction and background 
According to the literature review in section 2, WBT loads seem to impact pavement 

distress negatively in most cases. The North American Council conducted a survey on 21 major 

carriers and found that the use of WBTs in tractors rose from 6% in 2003 to 51% in 2012 but then 

declined to 38% in 2018, which shows a huge variance of WBTs on pavement, even in several 

years [24]. WBT sale data from the US Tire Manufacturers Association (USTMA) in Figure 3.1 

present the growing market of WBTs in the US (before the pandemic). Some companies based in 

Michigan, such as Meijer, have large fleets using WBTs in the state.  Therefore, WBTs have 

become an inevitable issue to address with respect to Michigan’s pavement infrastructure. As axle 

load is a critical parameter in the mechanical-related distresses of pavement, and as the percentage 

of WBT loads varies in different areas and even in different road sections, it is crucial to find out 

the actual WBT proportion in Michigan before conducting quantitative studies.  
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Figure 3.1. Percentage of WBTs among all truck tire sales according to USTMA 

Before conducting the field investigation, the research team conducted user and 

manufacturer surveys, as presented in Appendix A in its entirety. As part of this effort, the team 

contacted more than 300 companies by email and phone.  However, only ten responses from WBT 

users and one from a tire manufacturer have been obtained. About 60% of responded truck 

companies state that more than half of their trucks have some WBTs used (Figure A.1). The WBT 

types used in Michigan are primarily new generation (with a width of 445mm or 455mm) and can 

be in any axles (Figure A.2, A.4). Fuel economy is the primary reason that WBTs are adopted 

(Figure A.6), as economics (reduced load or increased payload) and environmental concerns have 
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driven some companies’ policies. The only manufacturer who responded to the survey is not 

optimistic about WBT sales in the future; however, the manufacturer’s survey results support that 

445mm width WBTs are the most popular (Figure A.9). 

3.2. Comparison of WBT tire usage investigation methods 
Based on the survey in section 3.1, some valuable information was obtained (e.g., type and 

market scale of WBTs in Michigan); however, a more accurate WBT proportion in Michigan 

remains unknown, so the research team conducted a field investigation to quantify this factor better.  

While measurements using in-service sensors (pressure mats on the surface) were discussed, the 

research team felt that this was not a cost-effective way to obtain this data within the scope of this 

project. The general plan for field investigation was to record the traffic in some areas of Michigan, 

using convolutional neural networks (CNN) to distinguish the axle and tire types and then calculate 

the WBT percentage of trucks and axles from the obtained data. Various techniques (camera, radar, 

laser, etc.) can be used to record videos. Before conducting the field investigation, the team 

compared these video recording techniques and developed a comparison table in Table 3.1. 

Table 3.1. Comparison of typical video recording equipment 
Types GoPro Infrared camera Laser sensor Professional Camera Radar 

Stability B C B A A 
Clarity B C B A C 

Low-cost A B C C C 
Usability for CNN B C B A C 

Portability A B C C C 
Endurance A B C C B 

Low impact on traffic A B B C A 
Availability in dark C A B B A 

*: " A " indicates excellent; " B " indicates good; " C " indicates poor 

After considering the options, the research team took videos to investigate truck tire types 

(WBT; DT) with a GoPro camera during this task for the following reasons: 

(1) Stability 

As a professional sports brand, the most significant advantage of the GoPro camera is 

capturing stable images of moving objects, and it has been successfully applied to the pavement 

field for cracking inspection [25]. As this task required recording moving trucks on the road, the 

GoPro camera's anti-shake property was critical for recording. 

(2) Clarity of images at a low cost 
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Although GoPro cannot provide in-depth information like laser sensors [26], moving truck 

images shot by GoPro are clear enough for further analysis. GoPro images' expense and process 

costs are relatively low, while complex algorithms need inputs for optimal radar images [27]. 

Furthermore, applying radar in axle identification is rarely seen in current research [28, 29]. The 

GoPro camera is cheap and easy to install and use, significantly satisfying axle-type identification 

requirements at a low cost. 

(3) Usability for CNN 

The team used convolutional neural networks (CNN) to distinguish the axle and tire types 

in the task. Deep learning was applied with a vast number of actual truck pictures in different 

classes. So, technically, the imported images ought to be in natural light rather than infrared or 

radar images [30, 31]. It would be nearly impossible to find enough infrared pictures of trucks in 

different classes as the database for deep learning and training of a CNN. 

(4) Portability and endurance 

In this task, the team investigated the usage of WBTs in eight different locations across 

Michigan, covering the Lower and Upper Peninsulas. A portable tool is essential for completing 

the investigation within the required time, and GoPro perfectly satisfies this requirement.  

The recording time for the video survey could last 3 hours at most to obtain enough data. 

A GoPro can continuously record 2 hours of video without an external power source, and then the 

user can quickly and easily replace the batteries, an advantage not easily found in other tools for 

this task. 

(5) Low impact on traffic 

The recording location must be close to the trucks to get clear images of truck axles with 

tire-type information. Complex photographic equipment with a higher resolution ratio may distract 

drivers and compromise safety during data collection. The GoPro camera used in this survey was 

installed right by the roadside. Beneficial for its unobtrusive size, the camera was able to gather 

videos and pictures of axles without attracting attention from drivers. 

3.3. WBT field investigation process 
The research team took videos to investigate the volume and percentage of trucks (Classes 

7 through 13) with WBTs or DTs at several slow-speed MSP weigh stations in the Lower Peninsula. 

Three pavement sections in the Upper Peninsula were selected for investigation since traffic in the 
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Upper Peninsula is relatively low and MSP weigh stations are not prevalent. The locations of these 

investigated areas are shown in Figure 3.2, with the longitude and latitude information in Table 

3.2. Before taking these videos, the research group obtained the advance notice and approval of 

permitted activities files from MDOT, as shown in Appendix B. 

 
Figure 3.2. Location of weigh stations and pavement sections for investigation 

Table 3.2. Latitude and Longitude of investigated areas 

Location Latitude Longitude 
I-96 Fowlerville weigh station 42.646032 -84.085092 

I-94 Grass Lake(W/E) weigh station 42.284719 -84.283530 
I-75 Monroe/Erie weigh station 41.816805 -83.442808 
I-94 New Buffalo weigh station 41.768933 -86.738116 

I-69 Coldwater weigh station 41.848744 -84.996319 
I-75 Mackinac Bridge 45.850527 -84.722166 

US 2 Ironwood (MN/WI Traffic) 46.463048 -90.195617 

US 2 Iron Mountain (WI Traffic) 45.817074 -88.065522 

As shown in Figure 3.2, five MSP weigh stations were selected for investigation in the 

Lower Peninsula. The weigh station access allowed for safe installation, monitoring, and recording 

of data of trucks moving slowly over the scales.  For each weigh station, at least three hours of 

video was recorded between 10 am and 2 pm. 

In addition to assessing trucks at MSP weigh stations, the research team also investigated 

some rest areas and truck stops in the Lower Peninsula to sample the percentage of trucks using 



14 
 

WBTs to assess WBTs installed on trucks utilizing the MDOT trunkline system. The locations are 

presented in Figures 3.3 and 3.4. 

  
Figure 3.3. Location of rest areas for investigation 

 
Figure 3.4. Location of truck stops for investigation 

The research team developed a convolutional neural network (CNN) app to distinguish tire 
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types and Federal Highway Administration (FHWA) vehicle classes from the recorded videos. The 

operation windows and code for the CNN app are presented in Appendix C. CNNs are deep 

learning algorithms that utilize images to assign importance (learnable weights and biases) to 

various aspects of an image and to be able to differentiate one from the other.  This tool is handy 

in assessing minor differences in an image, as one would need to accomplish to distinguish tire 

types. 

3.4. WBT field investigation results 

3.4.1. Investigation results in the Lower Peninsula 
The results of the total recorded number of trucks in different weigh stations in the Lower 

Peninsula are shown in Figure 3.5. The I-75 Monroe/Erie and I-94 New Buffalo weigh stations 

sampled a relatively high truck number, at 1,337 for New Buffalo and 1,250 for Monroe/Erie. In 

contrast, the I-69 Coldwater weigh station has the lowest recorded truck number at 163. 

  
Figure 3.5. Total number of trucks recorded at Lower Peninsula MSP weigh stations 

The percentage of trucks with any WBTs (either in drive axle, trailer axle, or both) in the 
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above-recorded trucks was analyzed by the CNN model, as shown in Figure 3.6. The percentage 

of trucks with any WBTs at Lower Peninsula MSP weigh stations ranged from 9.1%-12.9%, with 

an average value of 11%. The I-94 Grass Lake(E) weigh station showed the highest percentage of 

trucks with any WBTs at 12.9%, while the I-94 New Buffalo weigh station demonstrated the 

lowest value at 9.1%. 

 
Figure 3.6. Percentage of trucks with any WBTs at Lower Peninsula MSP weigh stations 

According to the investigation, the research team noticed that Class 9 is the primary type 

of truck with WBTs. The percentage and number of class 9 trucks in total investigated trucks with 

any WBTs at Lower Peninsula weigh stations are shown in Figure 3.7. Class 9 trucks occupied 

87% (on average) of total trucks with any WBTs and are above 75% at every weigh station. The 

remaining trucks with any WBTs are in Class 10 or Class 13. 

 



17 
 

(a)  Percentage of class 9             
     

                      (b) Number of class 9 
Figure 3.7. Percentage and number of class 9 trucks on total trucks with any WBTs at 

Lower Peninsula weigh stations 
As introduced in section 3.3, the WBT usage at rest areas and truck stops was also 

investigated. The percentage of trucks with WBTs is shown in Figure 3.8 from the rest areas and 

Figure 3.9 from the truck stops. 

 
Figure 3.8. Percentage of trucks with any WBTs at Lower Peninsula rest areas 
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Figure 3.9. Percentage of trucks with any WBTs at Lower Peninsula truck stops 

As shown in Figures 3.8-3.9, the results vary significantly between individual rest areas 

and truck stops, which wouldn’t logically reflect the general WBT percentage in Michigan. The 

average percentage of trucks with any WBTs at rest areas is 13.5%. The average percentage of 

trucks with WBTs at truck stops is 46.9% based on this small sample, which was highly influenced 

by the oversampling of vehicles from particular companies who have higher than average volumes 

of WBTs in their fleets. 

A relatively stable percentage of trucks using any WBTs is obtained at Lower Peninsula 

weigh stations (Figure 3.6); however, these WBTs are distributed in different axles. As the 

pavement mechanical-related distress is determined by axle load repetitions rather than the number 

of trucks with WBTs, it’s essential to identify the percentage of WBT axles noted from the above 

data. In order to achieve that, the distribution of WBTs in different axles should be determined. 

Since Class 9 trucks are the primary contributor of WBTs in the investigation (see Figure 3.7 (a)), 

the research team used the axle distribution of WBTs in class 9 to represent the axle distribution 

of all trucks with any WBTs. Figure 3.10 shows the distribution of WBTs in different axles for 

Class 9 trucks at Lower Peninsula weigh stations. 
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(a) Fowlerville                                                       (b) Grass Lake (E)    

               
(c) Grass Lake (W)                                                  (d) Monroe/Eric 

                   
(e) New Buffalo                                                   (f) Coldwater 

 
(g) Average 

Figure 3.10. Distribution of WBTs in different axles for Class 9 trucks at Lower Peninsula 
weigh stations 
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According to Figure 3.10, the distribution of WBTs in drive axles, trailer axles, and both 

axles are 33.8%, 27.8%, and 33.4%, respectively, on average. Based on Figure 3.6 and Figure 3.10, 

the percentage of WBT loaded axles (PWBT load axle) can be computed using equation (3.1); the 

results are shown in Table 3.3. 

𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑎𝑎𝑎𝑎𝑎𝑎 𝑊𝑊𝑊𝑊𝑊𝑊 × (𝑃𝑃𝐼𝐼𝐼𝐼 𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 0.5 ×

(1 − 𝑃𝑃𝐼𝐼𝐼𝐼 𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎))/100                               (3.1) 

Table 3.3. Percentage of WBT loaded axles at different weigh stations 

Location PTruck with any WBT (%) PIn both drive and trailer axles (%) PWBT load axle (%) 
Fowlerville 11.9 35.3 8.05 

Grass Lake (E) 12.9 33.7 8.62 
Grass Lake (W) 9.7 36.5 6.62 

Monroe/Erie 12 23.9 7.43 
New Buffalo 9.1 40.2 6.38 

Coldwater 10.4 30.8 6.80 
Average 11 33.4 7.32 

According to Table 3.3, the percentage of WBT loaded axles is 7.32% using the distribution 

of WBTs in different axles for Class 9 trucks. This research did not investigate some classes of 

trucks included in AASHTO 93 pavement design (Class 5 - 6) or Pavement ME design (Class 4 - 

6). However, the research team would assume Class 4 - 6 trucks would have similar WBT 

percentages as those investigated in MSP weigh stations. In addition, the pavement design life in 

Michigan is typically 20 years, so at least ten years of the WBT's growth may be added to the 

current WBT percentage for any design considering WBT to approximate an average value over 

the design life. Considering all these impacts, the research team would suggest rounding up to a 

conservative 10% as the current WBT percentage in the Lower Peninsula. 

3.4.2. Investigation results in the Upper Peninsula 
The investigation results from several pavement sections are presented in Table 3.4. The 

percentage of trucks with any WBTs in the Upper Peninsula was found to be consistently lower 

than that in the Lower Peninsula. The average percentage of trucks with any WBTs in the Upper 

Peninsula was 5.68%. If the distribution of axles utilizing WBTs for the Upper Peninsula is 

assumed to be similar to the Lower Peninsula (drive axle, trailer axle, or both), then the WBT 

percentage of loaded axles would be less than 5% in the Upper Peninsula. 
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Table 3.4 Percentage of trucks with any WBTs on Upper Peninsula pavement sections 

Location Number of 
Trucks 

Percentage of trucks with 
any WBT (%) 

Recording time 

US-2 Ironwood 
 (MN/WI to MI) 48 2.1 3h 

US-2 Ironwood 
(MI to MN/WI) 45 4.4 3h 

US-41 Iron Mountain 
(MI to WI) 43 6.9 3h 

US-41 Iron Mountain 
(WI to MI) 86 5.8 3h 

I-75 Mackinac Bridge 
(UP to Lower Peninsula) 85 7.5 2h 30 min 

I-75 Mackinac Bridge 
(Lower Peninsula to UP) 80 5.9 2h 30 min 

Average 64.5 5.68 2h 50 min 

3.4.3. Future WBT usage estimation 
Based on the statistical data from the US Tire Manufacturers Association (USTMA), the 

percentage of WBTs among all truck tires in recent years is shown in Figure 3.11 (a). 

(a) Original data (2014-2020)              
     

              (b) Linear fit results (2014-2019) 

Figure 3.11. Prediction of WBT sales among all truck tire sales based on USTMA data 

It is worth pointing out that the percentage of WBTs among all truck tires in Figure 3.11 

(a) is not equal to the proportion of WBT loads since tires would be assembled onto load axles 

with four tires required for dual tire assemblies and only two tires for WBT single axles. However, 

the increase of WBTs every year would be valuable for WBT load prediction. As shown in Figure 

3.11 (a), the percentage of WBTs among all truck tires is slowly increasing (after a decrease in 

2020 due to the COVID-19 pandemic).  
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Based on the WBT sales data from 2014 to 2019, the research team linear fitted the trend 

of the percentage of WBTs (Figure 3.11 (b)) and found that the WBT load proportion in Michigan 

would grow from 10% to 25% after approximately 80 years. However, there could be a huge 

variance of WBT proportion in different years from others' research, as shown in section 3.1, and 

linear prediction presents how WBT loads would develop only if under this limited assumption, 

which does not mean the WBT usage has to follow this trend in the future. 

3.5. Chapter summary 
Based on the investigation of WBT usage in Michigan from this chapter, the following 

conclusions can be drawn: 

(1) The percentage of trucks with any WBT was relatively consistent in the Lower 

Peninsula, with an average of 11% of trucks using any WBTs (roughly 1 in 9 trucks). 87% of 

trucks with WBTs are Class 9 trucks. The remaining 13% of WBT trucks are Class 10 and 13. The 

percentage of trucks using any WBTs in the Upper Peninsula was lower than in the Lower 

Peninsula, with an average of 5.68% of the traffic sampled. 

(2) The percentage of axle loads with WBTs is 7.32% in the Lower Peninsula and less than 

5% in the Upper Peninsula when accounting for the fact that not all axles utilized WBTs on these 

trucks. 

(3) A higher percentage of WBTs are in the drive axles. The distribution of WBTs in drive 

axles (only), trailer axles (only), and both drive and trailer axles are 33.8%, 27.8%, and 33.4%, 

respectively. 

(4) The percentage of trucks with WBTs at truck stops and rest areas varied significantly 

due to less representative sampling. 

(5) Sales of WBT from USTMA suggest a roughly yearly 0.1% increase in WBT 

percentage based on data from 2014 to 2019. This would suggest a roughly 1% increase in WBT 

usage for every decade of a pavement service life (7.32% to 8.32% in 10 years). Based on field 

investigation and this assumption of sales growth, 10% would be recommended as the current 

WBT design proportion of axles in the quantitative impact analysis for the Lower Peninsula, with 

5% recommended for the Upper Peninsula.  This accounts for some small level of conservatism 

and potential growth in the near term.  The quantitative analysis presented in Chapters 4 and 5 

allows for WBT axle use up to 25% (more than 100 years is needed to increase from 10% to 25% 
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according to current WBT growth) to account for potential future WBT proportions, considering 

possible WBT usage growth. 
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4. CHAPTER 4: QUANTIFICATION OF WBT IMPACT ON FLEXIBLE PAVEMENT 
AND DESIGN IMPROVEMENT 

4.1. Preparation for flexible pavement distress analysis 
The research team adopted the linear elastic analysis software "JULEA," which is also used 

in Pavement ME software, to obtain the critical response under dual-tire (DT) and wide base tire 

(WBT) loads. Then, the impact of different proportions of WBT loads on the distress of flexible 

pavement was computed with the critical response results from JULEA. The flowchart of the 

process is presented in Figure 4.1. 

 

Figure 4.1. Flow chart of this chapter 

Four flexible pavement structures with various asphalt concrete (AC) thicknesses (5”-11.5”) 

were selected for analysis in this project, as presented in Table 4.1. The different AC thickness 

structures are suitable for roads with CADT (commercial annual daily traffic) from about 500 (5” 

AC) to about 9000 (11.5” AC), which cover the traffic on most roads of the Michigan trunkline 

system. According to the current MDOT flexible pavement manual, the minimum AC thickness 

adopted in Michigan is 6.5". However, MDOT is trying to assess the feasibility of the 5" AC 
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structure under lower-traffic scenarios (CADT around 500), so the 5" AC structure is included in 

this project. 

Table 4.1. Flexible pavement structures for analysis 

Structure type 5" AC 
structure 

6.5" AC 
structure 

9.5" AC 
structure 

11.5" AC 
structure 

AC 
courses 

Top course  
(Layer 1) 

2.0" HMA  
4E3 

1.5" HMA 
 5E3 

2.0" HMA  
5E10 

2.0" HMA  
GGSP 

Leveling course 
 (Layer 2) 

3.0" HMA 
 3E3 

2.0" HMA 
 4E3 

2.5" HMA 
 4E10 

2.5" HMA 
 4E30 

Base course  
(Layer 3) / 3" HMA  

3E3 
5.0" HMA 

 2E10 
7.0" HMA 

 3E30 
Base 6" Unbound aggregate, Mr = 33,000 psi 

Subbase 18" Unbound sand, Mr = 20,000 psi 

Subgrade Sandy clay subgrade, Mr = 5,000 psi 
The axle load information of DT and WBT loads used in JULEA is shown in Table 4.2. 

For DT and WBT loads, the same weight was assumed to be applied on the axle. Based on previous 

research on typical truck tire pressures, tire pressures of 80, 100, 110, 120, and 125 psi for both 

loads were analyzed. 

Table 4.2. Axle load information of DTs and WBTs 

Load type Load weight of half axle  
(lbs) 

Tire spacing 
(inch) 

Tire pressures  
(psi) 

DT load 9000 12 80, 100, 110, 120, 125 
WBT load 9000 N/A 80, 100, 110, 120, 125 

The analysis positions for different mechanical responses in the JULEA software are 

presented in Table 4.3 and Figure 4.2. 

Table 4.3. Pavement mechanical response analysis positions 

Distress type Response type and position 
Fatigue cracking (Bottom-up) Tensile strain at the bottom of AC layer Fatigue cracking (Top-down) 

AC rutting Vertical strain at the middle of each AC sublayer 
Total rutting 

 (AC + Unbound layers + 
Subgrade) 

AC+ Vertical strain at the middle of each unbound layer 
(Subgrade: 6" below top) 
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Figure 4.2. Pavement mechanical response analysis positions 

The research team used the measured dynamic modulus of AC materials mentioned in 

Table 4.1 from previous research in this project. However, the elastic modulus rather than dynamic 

modulus should be input into JULEA software for mechanical response calculation. To transform 

current dynamic modulus data to elastic modulus, the research team multiplied the dynamic 

modulus (at 70 °F, 10Hz) by the dynamic modulus reduction factor (RFDM) of 0.5, 0.4, and 0.3. 

The obtained modulus shown in Table 4.4 is within the typical elastic modulus range 

recommended in MDOT MEPDG.  

Table 4.4. Dynamic modulus and elastic modulus of AC 

Structure 
type 

AC 
type 

Dynamic modulus (E*) 
at 70 °F, 10Hz (psi) 

Elastic modulus (E) in different 
reduction factors (psi) 

×0.5 ×0.4 ×0.3 

5” and 6.5” 
AC structure 

5E3 272,062 136,031 108,825 81,619 
4E3 311,309 155,655 124,524 93,393 
3E3 571,086 285,543 228,434 171,326 

9.5” AC 
structure 

5E10 713,565 356,783 285,426 214,070 
4E10 857,698 428,849 343,079 257,309 
2E10 1,008,063 504,032 403,225 302,419 

11.5” AC 
structure 

GGSP 609,288 304,644 243,715 182,786 
4E30 820,258 410,129 328,103 246,077 
3E30 1,379,247 689,624 551,699 413,774 

In order to evaluate the impact of elastic modulus on the pavement critical response and 

determine the most reasonable RFDM, the tensile strain at the bottom of AC for the 9.5” AC 

structure with different RFDM was computed for demonstration. Part of the JULEA output 

examples is presented in Figure 4.3. 
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(a) under DT load                                             (b) under WBT load 

Figure 4.3. JULEA output examples 

The horizontal tensile strain at the AC bottom of the 9.5” AC structure under WBT and DT 

loads with different RFDM is shown in Table 4.5. Compared with the strain value under DT load, 

the percent increase of strain under WBT load with different RFDM was calculated and presented 

in Figure 4.4. 

Table 4.5. Horizontal tensile strain at the bottom of the AC layer 

Tire pressure 
(psi) 

Horizontal tensile strain with different reduction factors (με) 
E=0.5E* E=0.4E* E=0.3E* 

DT WBT  DT WBT  DT WBT  
80 136.7 149.3 162.1 177.7 201.1 221.4 
100 139.1 157.6 165.0 187.9 204.9 234.8 
110 140.0 160.9 166.1 192.0 206.4 240.1 
120 140.7 163.8 167.0 195.6 207.5 244.8 
125 141.0 165.1 167.4 197.2 208.1 246.9 
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Figure 4.4. Change rate of tensile strain 

Table 4.5 shows that for both DT and WBT loads, the horizontal tensile strain increases 

significantly with tire pressures under all RFDM. However, Figure 4.4 proves that the percent 

increase of tensile strain from under DT load to under WBT load has a limited correlation with the 

RFDM. This phenomenon means that the value of RFDM would have little influence on evaluating 

the impact of WBT load on pavement distress. So, in the following analysis, the research team will 

choose 0.5 as the RFDM value for the HMA elastic modulus for all AC thickness structures. 

4.2. Pavement ME analysis for flexible structures 

4.2.1. Input for Pavement ME 
This section contains several Pavement ME analysis (version 2.6.1.0) examples in seven 

different WIM stations in Michigan and compares the difference in pavement distresses before and 

after considering the WBT loads. The location of the seven WIM stations is shown in Figure 4.5. 
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Figure 4.5. Location of 7 WIM stations 

Based on the WIM stations' locations, the lane and CADT information in 2019 (Pre-

Pandemic) was investigated, as shown in Table 4.6 and Figure 4.6. The AC thickness was 

determined based on the CADT value and corresponding traffic levels. 

Table 4.6. Pavement section information 

WIM station Lanes in one 
direction 

Two-way CADT 
in 2019* 

Determined AC 
thickness (inch) 

Climate 
NO. 

US-41 (211459) 1 589 (Low) 5 150486 
US-2 (492029) 1 496 (Low) 5 151065 
I-75 (694049) 2 1330 (Low) 6.5 149914 

US-131 (595249) 2 1965 (Medium) 9.5 148184 
I-94 (776469) 2 3230 (Medium)  9.5 147613 
I94 (117189) 3 12088 (Heavy) 11.5 146454 
I69 (238869) 2 6203 (Heavy) 11.5 147033 

*Source:https://lrs-mdot.hub.arcgis.com/

https://lrs-mdot.hub.arcgis.com/
https://lrs.state.mi.us/portal/apps/webappviewer/index.html?id=1a8bf6b2681d483ca9090ebec5d105ff
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Figure 4.6. 2019 CADT information for WIM stations 

The research team then used the Prep ME software to obtain the traffic and load distribution 

for each WIM station, as shown in Figure 4.7; combined with the above 2019 CADT, the traffic 

input files for the Pavement ME software were formed. The climate input files were selected at or 

near each WIM station. 

 
Figure 4.7. Prep ME operation window 

4.2.2. Pavement ME analysis 
The research team conducted the Pavement ME analysis (version 2.6.1.0) in this section. 
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Two different input levels were used for the input level of the asphalt binder and AC material 

(Level 3: Defaulted value; and Level 1: Laboratory value). The pavement distress calibration was 

divided in two (Global calibration and Michigan calibration).  

It is worth noting that the top-down cracking distress model and function were revised after 

Version 2.6.1 Pavement ME software, but the MDOT pavement design manual (March 2021) did 

not adopt the latest top-down cracking model yet [21]. The top-down cracking distress in the 

Michigan ME design process is now involved in the bottom-up cracking. So, when adopting 

Michigan calibration, the top-down cracking should not be used; the AC rutting distress threshold 

should also not be used in Michigan calibration. The Pavement ME analysis results are presented 

in Tables 4.7-4.10, with details shown in Appendix D. 

Table 4.7. Analysis results under level 3 and Global calibration 

NO. WIM station Traffic 

Distress value 

Bottom-
up (%) 

Top-down 
(%) 

AC 
rutting 
(inch) 

Total 
rutting  
(inch) 

IRI 

Threshold 20 20 0.25 0.75 172.00 
1 US-41 (211459) Low 1.86 9.57 0.09 0.58 166.73 
2 US-2 (492029) Low 1.86 10.13 0.10 0.58 167.76 
3 I-75 (694049) Low 1.89 17.08 0.19 0.67 174.65 
4 US-131 (595249) Medium 1.86 16.25 0.09 0.51 166.56 
5 I-94 (776469) Medium 1.89 16.33 0.11 0.56 168.22 
6 I94 (117189) Heavy 1.93 16.41 0.09 0.44 161.33 
7 I69 (238869) Heavy 1.89 16.42 0.10 0.47 164.87 

 
Table 4.8. Analysis results under level 3 and Michigan calibration 

NO. WIM station Traffic 

Distress value 
Bottom-

up  
(%) 

Top-
down* 

(%) 

AC 
rutting* 
(inch) 

Total 
rutting  
(inch) 

IRI 

Threshold 20 20 0.50 0.50 172.00 
1 US-41 (211459) Low 28.55 9.57 0.31 0.36 138.84 
2 US-2 (492029) Low 28.80 10.13 0.34 0.39 141.09 
3 I-75 (694049) Low 29.19 17.08 0.64 0.69 160.40 
4 US-131 (595249) Medium 18.90 16.25 0.35 0.39 142.42 
5 I-94 (776469) Medium 21.87 16.33 0.39 0.43 140.44 
6 I94 (117189) Heavy 19.95 16.41 0.36 0.39 137.01 
7 I69 (238869) Heavy 18.93 16.42 0.37 0.40 138.85 
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Table 4.9. Analysis results under level 1 and Global calibration 

NO. WIM station Traffic 

Distress value 

Bottom-up 
(%) 

Top-
down 
(%) 

AC 
rutting 
(inch) 

Total 
rutting  
(inch) 

IRI 

Threshold 20 20 0.25 0.75 172.00 
1 US-41 (211459) Low 1.86 11.32 0.09 0.57 166.92 
2 US-2 (492029) Low 1.86 13.27 0.10 0.57 168.52 
3 I-75 (694049) Low 1.88 19.82 0.27 0.73 178.14 
4 US-131 (595249) Medium 1.86 15.50 0.08 0.49 187.98 
5 I-94 (776469) Medium 1.87 15.88 0.09 0.53 189.50 
6 I94 (117189) Heavy 1.87 16.38 0.11 0.44 161.14 
7 I69 (238869) Heavy 1.86 16.41 0.12 0.47 180.92 

 
Table 4.10. Analysis results under level 1 and Michigan calibration 

NO. WIM station Traffic 

Distress value 

Bottom-
up (%) 

Top-
down* 

(%) 

AC 
rutting* 
(inch) 

Total 
rutting  
(inch) 

IRI 

Threshold 20 20 0.50 0.50 172.00 
1 US-41 (211459) Low 26.27 11.32 0.31 0.36 137.36 
2 US-2 (492029) Low 26.44 13.27 0.35 0.40 140.10 
3 I-75 (694049) Low 28.09 19.82 0.86 0.91 172.96 
4 US-131 (595249) Medium 17.47 15.50 0.30 0.34 147.70 
5 I-94 (776469) Medium 20.07 15.88 0.33 0.38 136.15 
6 I94 (117189) Heavy 18.16 16.38 0.40 0.43 138.95 
7 I69 (238869) Heavy 17.27 16.41 0.43 0.46 141.79 

*: The criteria are not used in the MDOT pavement design manual.  

4.3. Fatigue cracking distress analysis 

4.3.1. Mechanical response calculation 
The research team computed the horizontal tensile strain at the bottom of the AC layer with 

the JULEA software, as shown in Table 4.11 and Figure 4.8. Examples of the JULEA analysis 

process are presented in Figure 4.9. The horizontal tensile strain is a critical parameter for bottom-

up fatigue cracking analysis. For the DT load, the contact pressure was assumed to be equal to the 

tire pressure. With respect to the WBT load, the contact pressure was calculated under four 

different conditions: (1) the theoretical pressure, which equals the tire pressure; (2) ~ (4) the 

assumed actual pressures, which are 10%, 20%, 30% larger than the tire pressure. 
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Table 4.11. Horizontal tensile strain at the bottom of the AC layer 

Structure 
type 

Tire 
pressure 

(psi) 

Horizontal tensile strain at the bottom of the AC layer (με) 
Under DT 

load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger  

5" AC 
structure 

80 
100 
110 
120 
125 

426.1 
437.6 
441.7 
445.1 
445.6 

483.3 
543.1 
569.1 
593.1 
604.3 

508.6 
569.1 
595.3 
619.4 
630.6 

532.1 
593.1 
619.4 
643.4 
654.6 

553.8 
615.1 
641.5 
665.4 
676.6 

6.5" AC 
structure 

80 
100 
110 
120 
125 

342.3 
351.0 
354.2 
356.8 
358.0 

387.0 
426.1 
442.5 
457.3 
464.2 

403.7 
442.5 
458.8 
473.4 
480.1 

419.0 
457.3 
473.4 
487.7 
494.3 

432.8 
470.8 
486.5 
500.6 
507.0 

9.5" AC 
structure 

80 
100 
110 
120 
125 

136.7 
139.1 
139.9 
140.7 
141.0 

149.3 
157.6 
160.9 
163.8 
165.1 

153.0 
160.9 
164.1 
166.8 
168.2 

156.2 
163.8 
166.8 
169.5 
170.7 

159.0 
166.3 
169.3 
171.8 
172.9 

11.5" AC 
structure 

80 
100 
110 
120 
125 

86.6 
87.8 
88.3 
88.7 
88.9 

93.2 
97.2 
98.7 
100.0 
100.6 

95.1 
98.7 
100.1 
101.3 
101.9 

96.5 
100.0 
101.3 
102.5 
103.0 

97.8 
101.1 
102.4 
103.5 
104.0 
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(a) General result 
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(b) 5" AC structure                                           (c) 6.5" AC structure 
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(d) 9.5" AC structure                                           (e) 11.5" AC structure 

Figure 4.8. Horizontal tensile strain at the bottom of the AC layer 
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(a) Under DT load                                             (b) Under WBT load 

Figure 4.9. JULEA examples for AC bottom horizontal tensile strain 

4.3.2. Fatigue life and damage index calculation 
According to the MDOT User Guide for MEPD [21], the fatigue life of AC can be 

computed based on equation (4.1) with the obtained asphalt bottom horizontal tensile strain (εt) in 

Table 4.11 and some other parameters. The calibration factors in the equation are currently used 

by MDOT. 

𝑁𝑁𝑓𝑓 = 0.00432 × 10
4.84( 𝑉𝑉𝑏𝑏

𝑉𝑉𝑎𝑎+𝑉𝑉𝑏𝑏
−0.69)

× 𝑘𝑘1𝛽𝛽1(1
𝜀𝜀𝑡𝑡

)𝑘𝑘2𝛽𝛽2(1
𝐸𝐸

)𝑘𝑘3𝛽𝛽3                         (4.1) 

where: 

Va = Percent air voids in the asphalt mixture, assume 7% in this project;  

Vb = Effective asphalt content by volume, assume 11.6% in this project;  

εt = Horizontal tensile strain at the bottom of the AC layer;  

E = Resilient modulus of asphalt mixture; 

k1=0.007566; k2=3.9492; k3=1.281; β1= β2= β3=1. 

Since the objective of the research is to evaluate the difference in predicted distress levels 

between WBT and DT loads, the specific values of fatigue life are unnecessary, and only the 

percent difference is required. The research team assumes the fatigue life under DT load, and 120 

psi tire pressure (as the default condition for analysis in Pavement ME) as 1, and relative fatigue 

life under other conditions can be computed based on the relationship in equation (4.1). The results 
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are presented in Table 4.12. 

Table 4.12. Relative fatigue life for different structures 

Structure type 
Tire 

pressure 
(psi) 

Relative fatigue life 

Under DT load 
Under WBT load at different 

contact pressures 
+0% +10% +20% +30% 

5" AC structure 

80 
100 
110 
120 
125 

1.19 
1.07 
1.03 
1.00 
1.00 

0.72 
0.46 
0.38 
0.32 
0.30 

0.59 
0.38 
0.32 
0.27 
0.25 

0.49 
0.32 
0.27 
0.23 
0.22 

0.42 
0.28 
0.24 
0.20 
0.19 

6.5" AC structure 

80 
100 
110 
120 
125 

1.18 
1.07 
1.03 
1.00 
0.99 

0.73 
0.50 
0.43 
0.38 
0.35 

0.61 
0.43 
0.37 
0.33 
0.31 

0.53 
0.38 
0.33 
0.29 
0.28 

0.47 
0.33 
0.29 
0.26 
0.25 

9.5" AC structure 

80 
100 
110 
120 
125 

1.12 
1.05 
1.02 
1.00 
0.99 

0.79 
0.64 
0.59 
0.55 
0.53 

0.72 
0.59 
0.54 
0.51 
0.49 

0.66 
0.55 
0.51 
0.48 
0.47 

0.62 
0.52 
0.48 
0.45 
0.44 

11.5" AC structure 

80 
100 
110 
120 
125 

1.10 
1.04 
1.02 
1.00 
0.99 

0.82 
0.70 
0.66 
0.62 
0.61 

0.76 
0.66 
0.62 
0.59 
0.58 

0.72 
0.62 
0.59 
0.56 
0.55 

0.68 
0.60 
0.57 
0.54 
0.53 

The damage index of fatigue can be calculated with equation (4.2). 

𝐷𝐷 = ∑ 𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑇𝑇
𝑖𝑖=1                                                                                       (4.2) 

where: 

D = Damage index;  

T = Total number of periods;  

ni = Actual traffic for period i;  

Ni = Traffic allowed under conditions prevailing in i. 

The Pavement ME software would calculate the damage index of fatigue based on actual 

axle load weight and times. This process would contain tremendous computations, which are 

impossible to simulate manually due to the tremendous change in material parameters, load levels, 

etc., that are programmed into the software. To demonstrate the difference in damage index 

between DT and WBT loads, the research team used the reciprocal of relative fatigue life in Table 
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4.12 to represent the predicted damage index. The results are shown in Table 4.13. 

Table 4.13. Relative damage index for different structures 

Structure type 
Tire 

pressure 
(psi) 

Relative damage index 

Under DT load 
Under WBT load at different 

contact pressures 
+0% +10% +20% +30% 

5" AC structure 

80 
100 
110 
120 
125 

0.84 
0.94 
0.97 
1.00 
1.00 

1.38 
2.19 
2.64 
3.11 
3.35 

1.69 
2.64 
3.15 
3.69 
3.96 

2.02 
3.11 
3.69 
4.29 
4.59 

2.37 
3.59 
4.24 
4.89 
5.23 

6.5" AC structure 

80 
100 
110 
120 
125 

0.85 
0.94 
0.97 
1.00 
1.01 

1.38 
2.02 
2.34 
2.66 
2.83 

1.63 
2.34 
2.70 
3.05 
3.23 

1.89 
2.66 
3.05 
3.44 
3.62 

2.14 
2.99 
3.40 
3.81 
4.00 

9.5" AC structure 

80 
100 
110 
120 
125 

0.89 
0.95 
0.98 
1.00 
1.01 

1.27 
1.56 
1.69 
1.82 
1.89 

1.39 
1.69 
1.85 
1.96 
2.04 

1.52 
1.82 
1.96 
2.08 
2.13 

1.61 
1.92 
2.08 
2.22 
2.27 

11.5" AC structure 

80 
100 
110 
120 
125 

0.91 
0.96 
0.98 
1.00 
1.01 

1.22 
1.43 
1.52 
1.61 
1.64 

1.32 
1.52 
1.61 
1.69 
1.72 

1.39 
1.61 
1.69 
1.79 
1.82 

1.47 
1.67 
1.75 
1.85 
1.89 

According to previous survey results, the proportion of WBT loads in Michigan is around 

10%. So, the research team chose the proportions of WBT loads ranging from 0%-25% to calculate 

the relative damage index, considering possible future increases in WBT loads. The contact 

pressure increase for WBT load was selected as 20%, which corresponds with the primary types 

of WBTs used in Michigan. The calculated results of the relative damage index with different 

proportions of WBTs for different AC thickness structures are presented in Table 4.14. 
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Table 4.14. Relative damage index with different proportions of WBTs 

Structure 
type 

Tire 
pressure 

(psi) 

Relative damage index with different proportions of WBT 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

5" AC 
structure 

80 
100 
110 
120 
125 

0.84 
0.94 
0.97 
1.00 
1.00 

0.89 
1.03 
1.08 
1.13 
1.14 

0.91 
1.07 
1.13 
1.20 
1.22 

0.93 
1.11 
1.19 
1.26 
1.29 

0.96 
1.16 
1.24 
1.33 
1.36 

0.98 
1.20 
1.30 
1.39 
1.43 

1.01 
1.24 
1.35 
1.46 
1.50 

1.08 
1.37 
1.51 
1.66 
1.72 

1.14 
1.48 
1.65 
1.82 
1.90 

6.5" AC 
structure 

80 
100 
110 
120 
125 

0.85 
0.94 
0.97 
1.00 
1.01 

0.89 
1.01 
1.05 
1.10 
1.11 

0.91 
1.04 
1.09 
1.15 
1.17 

0.93 
1.08 
1.14 
1.20 
1.22 

0.95 
1.11 
1.18 
1.24 
1.27 

0.97 
1.15 
1.22 
1.29 
1.32 

1.00 
1.18 
1.26 
1.34 
1.38 

1.06 
1.28 
1.39 
1.49 
1.53 

1.11 
1.37 
1.49 
1.61 
1.66 

9.5" AC 
structure 

80 
100 
110 
120 
125 

0.89 
0.95 
0.98 
1.00 
1.01 

0.92 
0.98 
1.02 
1.04 
1.05 

0.93 
1.00 
1.04 
1.06 
1.08 

0.94 
1.02 
1.06 
1.09 
1.10 

0.95 
1.04 
1.08 
1.11 
1.12 

0.97 
1.05 
1.10 
1.13 
1.14 

0.98 
1.07 
1.12 
1.15 
1.17 

1.02 
1.12 
1.18 
1.22 
1.23 

1.05 
1.17 
1.23 
1.27 
1.29 

11.5" AC 
structure 

80 
100 
110 
120 
125 

0.91 
0.96 
0.98 
1.00 
1.01 

0.93 
0.99 
1.01 
1.03 
1.04 

0.94 
1.00 
1.02 
1.05 
1.06 

0.95 
1.01 
1.04 
1.06 
1.07 

0.96 
1.03 
1.05 
1.08 
1.09 

0.97 
1.04 
1.07 
1.09 
1.11 

0.98 
1.05 
1.08 
1.11 
1.12 

1.01 
1.09 
1.12 
1.16 
1.17 

1.03 
1.12 
1.16 
1.20 
1.21 

4.3.3. Fatigue cracking calculation 
According to the MDOT User Guide for MEPD [21], bottom-up fatigue cracking and top-

down fatigue cracking are both involved in the bottom-up cracking model, which can be calculated 

with equation (4.3); MDOT currently adopts the calibration factors in the equation. 

𝐹𝐹𝐹𝐹𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑢𝑢𝑢𝑢 = 6000

1+𝑒𝑒(𝐶𝐶1×𝐶𝐶1
′ +𝐶𝐶2×𝐶𝐶2

′×𝑙𝑙𝑙𝑙𝑙𝑙10(100𝐷𝐷))
× 1

60
                                               (4.3) 

where:  

D = Damage index calculated from equation (4.2); 

C1=0.5; C2=0.56; C2′ = −2.40874 − 39.748 × (1 + hAC)−2.856; C1' =-2C2'. 

The bottom-up fatigue cracking (FCBottom-up) in equation (4.3) could be calculated using the 

above relative damage index. However, due to the sigmoidal damage function employed in 

Pavement ME software, the obtained cracking would be unrealistically high if directly substituted 

into the equation. The WBT loads' impact on fatigue distress is worth attention only when the 

calculated FCBottom-up is near the distress threshold, as the WBT load is critical in determining 

whether the structure will fail or not. So, before substituting the relative damage index in Table 
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4.14 into equation (4.3), a damage reduction factor (RF) should be introduced and multiplied by 

Table 4.14 so that the calculated bottom-up fatigue cracking would be around the design threshold 

in Michigan. The relationship between bottom-up fatigue cracking and damage index (D) is shown 

in Figure 4.10. 
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Figure 4.10. Relationship between bottom-up fatigue cracking and damage index 

The failure threshold for fatigue cracking in Michigan is 20% (at 95% reliability). The 

analysis of the damage index in this paper and equation (4.3) are based on average values (at 50% 

reliability). Therefore, equation (4.4) can transform bottom-up cracking under 50% reliability 

(FCBottom-up, 50%) into bottom-up cracking under 95% reliability (FCBottom-up, 95%) by using the 

average cracking, standard error of the prediction (Se), and Z-value for 95% confidence level one-

tailed test. According to the back calculation of equation (4.4), the FCBottom-up, 95% would be close 

to the Michigan threshold of 20% if the mean fatigue cracking parameter FCBottom-up, 50% is near 

5%. 

 
𝐹𝐹𝐹𝐹𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑢𝑢𝑢𝑢,95% = 𝐹𝐹𝐹𝐹𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑢𝑢𝑢𝑢,50% + 𝑆𝑆𝑒𝑒 × 𝑍𝑍95                                                         (4.4) 

where:  

Se is the standard error, and 𝑆𝑆𝑒𝑒 = 0.7874 + 17.817
1+𝑒𝑒0.0699−0.4559×𝑙𝑙𝑙𝑙𝑙𝑙10(𝐷𝐷×100); Z95 is the Z-value 

for the 95%-confidence level one-tailed test, which equals 1.65. 



40 
 

According to Figure 4.10, the damage index for the four selected AC thickness structures 

would be approximately 0.005 if the FCBottom-up, 50% is near 5%. Based on this analysis, a damage 

index reduction factor (RF) of 0.005 would be multiplied by values noted in Table 4.14; then, the 

FCBottom-up, 50% would be obtained (near the 5% threshold at 50% reliability). Finally, using equation 

(4.4) again, the FCBottom-up, 95% would be obtained (near the 20% threshold at 95% reliability), as 

shown in Table 4.15. 

Table 4.15. Impact of WBTs on bottom-up fatigue cracking under 95% reliability 

Structure 
type 

Tire 
pressure 

(psi) 

Cracking percentage at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

5" AC 
structure 

80 18.13 18.35 18.44 18.53 18.65 18.74 18.86 19.14 19.37 
100 18.57 18.94 19.10 19.26 19.45 19.60 19.74 20.20 20.56 
110 18.70 19.14 19.34 19.56 19.74 19.96 20.13 20.66 21.10 
120 18.82 19.34 19.60 19.82 20.06 20.27 20.50 21.13 21.60 
125 18.82 19.37 19.67 19.92 20.16 20.40 20.63 21.31 21.83 

6.5" AC 
structure 

80 18.72 18.91 19.00 19.09 19.18 19.27 19.40 19.65 19.86 
100 19.13 19.44 19.57 19.74 19.86 20.02 20.14 20.52 20.84 
110 19.27 19.61 19.78 19.98 20.14 20.29 20.44 20.92 21.26 
120 19.40 19.82 20.02 20.21 20.37 20.55 20.74 21.26 21.66 
125 19.44 19.86 20.10 20.29 20.48 20.66 20.88 21.39 21.82 

9.5" AC 
structure 

80 19.33 19.47 19.52 19.57 19.61 19.71 19.75 19.93 20.06 
100 19.61 19.75 19.84 19.93 20.02 20.06 20.15 20.36 20.56 
110 19.75 19.93 20.02 20.10 20.19 20.28 20.36 20.60 20.80 
120 19.84 20.02 20.10 20.23 20.32 20.40 20.48 20.76 20.96 
125 19.89 20.06 20.19 20.28 20.36 20.44 20.56 20.80 21.04 

11.5" AC 
structure 

80 19.54 19.63 19.68 19.73 19.77 19.82 19.86 20.00 20.09 
100 19.77 19.91 19.95 20.00 20.09 20.13 20.18 20.35 20.48 
110 19.86 20.00 20.04 20.13 20.18 20.26 20.31 20.48 20.64 
120 19.95 20.09 20.18 20.22 20.31 20.35 20.43 20.64 20.80 
125 20.00 20.13 20.22 20.26 20.35 20.43 20.48 20.68 20.84 

It is worth noting that the specific cracking value in Table 4.15 is not that important, as this 

analysis aims to determine the impact of WBT loads on fatigue cracking for a range of WBT traffic 

proportions and AC thicknesses. Therefore, more attention has been given to the difference in 

cracking between 0% WBT (all DT loads as is standard in Pavement ME analyses) and a range of 

4-25% WBT loads that may be typical for current and future traffic in the state of Michigan. 

Comparing the predicted fatigue cracking percentage from all DT loads (0% WBT) with a 

range of 4-25% WBT loads in Table 4.15, the WBT loads' impact on thinner AC structures is more 

severe than on thicker AC structures. For example, the predicted cracking percentage increases 
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from 18.82% (with 0% WBT loads) to 20.06% (with 10% WBT loads) for the 5" AC structure 

under 120 psi, while this same increase for 11.5" AC structures is quite mild at 19.95% to 20.31%. 

For a given WBT traffic proportion, higher tire pressure leads to a higher cracking increase. Based 

on these research results, if the WBT traffic proportion in Michigan increases to higher levels than 

the typical 10%, the impact of WBTs on flexible pavement bottom-up fatigue cracking would 

increase significantly. 

The bottom-up fatigue cracking under 4-25% WBT loads and 0% WBT loads at the same 

tire pressure is compared to obtain the relative cracking increase for each WBT load proportion. 

The results of cracking increases are shown in Table 4.16. 

Table 4.16. Bottom-up fatigue cracking increase for different structures 

Structure 
type 

Tire 
pressure 

(psi) 

Cracking percentage increase at different WBT proportions 
(%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

5" AC 
structure 

80 0.00 1.24 1.72 2.20 2.91 3.37 4.05 5.60 6.87 
100 0.00 2.01 2.87 3.71 4.74 5.54 6.32 8.77 10.74 
110 0.00 2.38 3.42 4.63 5.60 6.74 7.67 10.51 12.85 
120 0.00 2.73 4.13 5.29 6.59 7.68 8.92 12.26 14.77 
125 0.00 2.94 4.52 5.85 7.14 8.39 9.61 13.22 15.97 

6.5" AC 
structure 

80 0.00 1.01 1.50 1.99 2.47 2.94 3.64 5.00 6.10 
100 0.00 1.61 2.27 3.15 3.79 4.62 5.24 7.23 8.94 
110 0.00 1.78 2.64 3.69 4.51 5.31 6.10 8.55 10.34 
120 0.00 2.16 3.20 4.21 4.99 5.96 6.90 9.60 11.64 
125 0.00 2.14 3.37 4.37 5.34 6.29 7.40 10.04 12.21 

9.5" AC 
structure 

80 0.00 0.74 0.98 1.22 1.46 1.94 2.17 3.10 3.78 
100 0.00 0.70 1.16 1.61 2.06 2.28 2.72 3.80 4.84 
110 0.00 0.91 1.35 1.79 2.22 2.65 3.08 4.32 5.33 
120 0.00 0.89 1.33 1.97 2.40 2.82 3.23 4.65 5.63 
125 0.00 0.88 1.53 1.96 2.38 2.79 3.41 4.61 5.78 

11.5" AC 
structure 

80 0.00 0.49 0.73 0.97 1.20 1.44 1.67 2.37 2.82 
100 0.00 0.70 0.92 1.15 1.60 1.82 2.05 2.92 3.56 
110 0.00 0.68 0.91 1.35 1.57 2.01 2.23 3.08 3.92 
120 0.00 0.67 1.11 1.33 1.76 1.98 2.40 3.45 4.26 
125 0.00 0.67 1.10 1.32 1.75 2.17 2.38 3.42 4.23 

Based on Table 4.16, the bottom-up fatigue cracking percent increase with different WBT 

loads’ proportions and tire pressures under 95% reliability are plotted, as presented in Figure 4.11. 



42 
 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20
B

ot
to

m
-U

p 
cr

ac
ki

ng
 p

er
ce

nt
 in

cr
ea

se
 (%

)

WBT load percentage (%)

 80 psi
 100 psi
 110 psi
 120 psi
 125 psi

    
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

0

5

10

15

20

Bo
tto

m
-U

p 
cr

ac
ki

ng
 p

er
ce

nt
 in

cr
ea

se
 (%

)

WBT load percentage (%)

 80 psi
 100 psi
 110 psi
 120 psi
 125 psi

 
(a) 5" AC structure                                     (b) 6.5" AC structure  
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(c) 9.5" AC structure                               (d) 11.5" AC structure 

Figure 4.11. Bottom-up fatigue cracking increase 

According to Table 4.16, under 120 psi tire pressure, the bottom-up fatigue cracking with 

10% WBT loads is 6.59% (For 5" AC structure) and 1.76% (For 11.5" AC structure) larger than 

that with only DT loads (0% WBT). The bottom-up fatigue cracking distress for thinner pavements 

is more sensitive to WBT loads than thicker pavements. Based on these results, the research team 

predicts that if the proportion of WBT loads in Michigan increased to 25% in the future, the 

bottom-up fatigue cracking would be 14.77% (For 5" AC structure) and 4.26% (For 11.5" AC 

structure) larger than that with no WBT loads considered.  
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4.4. Rutting distress analysis 

4.4.1. AC layers rutting analysis 
According to the MDOT User Guide for MEPD, the AC rutting depth (RD) calculation 

equations are presented in (4.5) and (4.6) [21]. The calibration factors in the equation are currently 

adopted by MDOT. 

𝜀𝜀𝑝𝑝𝑖𝑖 = 𝜀𝜀𝑟𝑟𝑖𝑖 × (𝐶𝐶1 + 𝐶𝐶2𝐷𝐷) × 0.328196𝐷𝐷𝛽𝛽𝑟𝑟110𝑘𝑘1𝑇𝑇𝑘𝑘2𝛽𝛽𝑟𝑟2𝑁𝑁𝑘𝑘3𝛽𝛽𝑟𝑟3                      (4.5) 

𝑅𝑅𝑅𝑅 = ∑ 𝜀𝜀𝑝𝑝𝑖𝑖 ℎ𝐴𝐴𝐴𝐴
𝑖𝑖𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖=1
                                                                   (4.6) 

where:  

εp
i  = Plastic axial strain in the AC sublayer i;  

εr
i  = Resilient axial strain in the middle of AC sublayer i;  

D = Depth of the sublayer i, inch;  

hAC
i = Thickness of the AC sublayer i, inch;  

T = Mix or pavement temperature, °F;  

N = Number of load repetitions;  

C1 = -0.1039(hAC)2+2.4868hAC-17.342;  

C2 = 0.0172(hAC)2-1.7331hAC+27.428;  

k1=-3.35412; k2=1.56; k3=0.4791; βr1=0.9453; βr2=1.3; βr3=0.7. 

As this project proposes to find out the impact of WBT loads on pavement distress, the 

specific AC layers’ strain value is not necessary for the research. As equation (4.5) presents, T, N, 

and hAC, would be the same for both DT and WBT loads in each AC sublayer for a specific AC 

thickness structure. So, the ratio of AC rutting between under WBT and under DT loads (RDWBT/DT) 

for each AC sublayer structure is critical in determining how the WBT load would impact the 

distress compared with the DT load. The ratio of AC rutting could be expressed as below: 

𝑅𝑅𝑅𝑅𝑊𝑊𝑊𝑊𝑊𝑊/𝐷𝐷𝐷𝐷
𝑖𝑖 = 𝜀𝜀𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊

𝑖𝑖 / 𝜀𝜀𝑟𝑟𝐷𝐷𝐷𝐷
𝑖𝑖                                                 (4.7) 

where:  

𝑅𝑅𝑅𝑅𝑊𝑊𝑊𝑊𝑊𝑊/𝐷𝐷𝐷𝐷
𝑖𝑖  = the ratio of AC rutting between WBT and DT loads in sublayer i;  

𝜀𝜀𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊
𝑖𝑖   = Resilient axial strain under WBT load in the middle of sublayer i;  

𝜀𝜀𝑟𝑟𝐷𝐷𝐷𝐷
𝑖𝑖   = Resilient axial strain under DT load in the middle of sublayer i;  

Then, the distribution of rutting proportion in each AC sublayer should be determined. A 
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sublayer rutting factor, represented as Fsub
i (i means the number of the AC sublayer), was used in 

this project to represent the proportion of AC rutting in different sublayers. Analyzed from 

equation (4.5) and (4.6), Fsub
i is represented as equation (4.8). 

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 = (𝐶𝐶1 + 𝐶𝐶2𝐷𝐷𝑖𝑖) × 0.328196𝐷𝐷𝑖𝑖 × ℎ𝐴𝐴𝐴𝐴𝑖𝑖                                          (4.8) 

where:  

Fsub
i is the sublayer rutting factor; other parameters have the same meaning as equation 

(4.5) and (4.6). 

Combined with equation (4.7) and equation (4.8), the ratio of total AC rutting between 

under WBT and DT loads for a three AC layer structure could be expressed as below: 

𝑅𝑅𝑅𝑅𝑊𝑊𝑊𝑊𝑊𝑊/𝐷𝐷𝐷𝐷
𝑆𝑆𝑆𝑆𝑆𝑆−𝐴𝐴𝐴𝐴 = 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖=1×( 𝜀𝜀𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊
𝑖𝑖=1 / 𝜀𝜀𝑟𝑟𝐷𝐷𝐷𝐷

𝑖𝑖=1)+𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖=2×( 𝜀𝜀𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊

𝑖𝑖=2 / 𝜀𝜀𝑟𝑟𝐷𝐷𝐷𝐷
𝑖𝑖=2)+𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖=3×( 𝜀𝜀𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊
𝑖𝑖=3 / 𝜀𝜀𝑟𝑟𝐷𝐷𝐷𝐷

𝑖𝑖=3)
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖=1+𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖=2+𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖=3                 (4.9) 

 
The research team then calculated the resilient axial strain (εr

i) in the middle of each AC 

sublayer for different AC thickness structures, as shown in Figure 4.12.  

   
(a) Under DT load                                             (b) Under WBT load 

Figure 4.12.  JULEA examples for AC middle axial strain 

The research team noticed that the JULEA software has a near-surface computation error, 

leading to some unreasonable vertical strain results in the layer near the surface. So, before 

conducting the full analysis for all thicknesses, the research team first conducted a trial analysis 

on the 9.5'' and 11.5'' AC structures to check the quality of the vertical strain obtained from JULEA.  

In the trial analysis, the critical vertical strain of each AC layer for these two structures 
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under DT and WBT loads was calculated without considering the actual contact pressure increase 

of the WBT load. The results are presented in Tables 4.17 and Figure 4.13. 

Table 4.17. Vertical strain at the middle of AC sublayers 

AC layer Structure 
type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of asphalt layer (με) 

Under DT load Under WBT load 

Top course  
(Layer 1) 

9.5" AC 
structure 

80 
100 
110 
120 
125 

130.11 
175.61 
198.56 
221.67 
233.24 

131.35 
172.80 
193.79 
197.66 
208.67 

11.5" AC 
structure 

80 
100 
110 
120 
125 

174.16 
228.62 
256.03 
283.61 
297.41 

160.96 
208.78 
232.95 
266.27 
279.57 

Leveling 
course 

 (Layer 2) 

9.5" AC 
structure 

80 
100 
110 
120 
125 

110.92 
136.92 
148.73 
159.87 
165.19 

110.93 
143.87 
159.84 
175.35 
183.00 

11.5" AC 
structure 

80 
100 
110 
120 
125 

123.54 
152.56 
165.73 
178.15 
184.09 

125.72 
162.72 
180.62 
197.99 
206.57 

Base 
course  

(Layer 3) 

9.5" AC 
structure 

80 
100 
110 
120 
125 

62.60 
66.60 
68.10 
69.42 
70.02 

80.98 
89.53 
93.18 
96.50 
98.05 

11.5" AC 
structure 

80 
100 
110 
120 
125 

38.18 
40.40 
41.28 
42.05 
42.40 

50.76 
56.29 
58.62 
60.70 
61.67 
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(a) 9.5" AC structure                        (b) 11.5" AC structure 
Figure 4.13. AC middle axial strain results 

As shown in Figure 4.13, the critical strain variance with tire pressures of layer 1 under 

WBT load is non-linear. This uncommon phenomenon is caused by a limitation of the JULEA 

software, the near face region, which does not exceed 20% of the tire contact area radius, leading 

to these unreasonable results. The solution is to interpolate linearly between the surface and at a 

depth corresponding to 20% of the tire contact area radius. Tire contact area radius under different 

tire pressures is computed in Table 4.18. 

Table 4.18. Tire contact area radius under different tire pressures 

Tire 
pressure 

(psi) 

Under DT load Under WBT load 
Contact area 

(inch2) 
20% Radius 
(0.2 R) (inch) 

Contact area 
(inch2) 

20% Radius 
(0.2 R) (inch) 

80 
100 
110 
120 
125 

56.250 
45.000 
40.909 
37.500 
36.000 

0.846 
0.757 
0.722 
0.691 
0.677 

112.500 
90.000 
81.818 
75.000 
72.000 

1.197 
1.070 
1.021 
0.977 
0.957 

 

The research team compared the initial JULEA results with another linear elastic software 

BISAR, as shown in Table 4.19. The input in BISAR software is presented in Figure 4.14. Based 

on the calculated contact area radius and 20% radius (0.2R) shown in Table 4.18, the linear 

interpolation results of AC vertical strain from JULEA are shown in Table 4.20. 
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Figure 4.14. BISAR software calculation demonstration 

Table 4.19. Vertical strain at the middle of AC layer 1 

Structure 
type 

Tire 
pressure 

(psi) 

Critical strain under DT load 
(με) 

Critical strain under WBT 
load (με) 

JULEA BISAR JULEA BISAR 

9.5" AC 
structure 

80 
100 
110 
120 
125 

130.11 
175.61 
198.56 
221.67 
233.24 

129.3 
175.1 
197.8 
220.8 
232.6 

131.35 
172.80 
193.79 
197.66 
208.67 

112.7 
155.6 
177.3 
199.2 
210.2 

11.5" AC 
structure 

80 
100 
110 
120 
125 

174.16 
228.62 
256.03 
283.61 
297.41 

172.2 
227.0 
254.0 
281.5 
295.5 

160.96 
208.78 
232.95 
266.27 
279.57 

160.4 
212.8 
239.0 
265.5 
278.7 
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Table 4.20. Vertical strain at the middle of AC layer 1 after linear interpolation 

Structure 
type 

Tire 
pressure 

(psi) 

Critical strain under WBT load (με) Interpolated 
result Strain at 

Z=0 
Location of 

0.2R 
Strain at 
Z=0.2R 

9.5" AC 
structure 

80 
100 
110 
120 
125 

78.386 
113.63 
131.36 

/ 
/ 

1.197 
1.071 
1.021 

0.977 (>1) 
0.958 (>1) 

116.47 
156.26 
176.49 

/ 
/ 

110.21 
153.47 
175.56 

/ 
/ 

11.5" AC 
structure 

80 
100 
110 
120 
125 

136.89 
181.89 
204.27 

/ 
/ 

1.197 
1.071 
1.021 

0.977 (>1) 
0.958 (>1) 

165.02 
215.16 
240.35 

/ 
/ 

160.39 
212.95 
239.61 

/ 
/ 

The research team compared the initial JULEA, BISAR, and interpolated JULEA results 

of AC layer 1 middle vertical strain from Tables 4.19 and 4.20, as shown in Figure 4.15. 
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(a) 9.5" AC structure                                               (b) 11.5" AC structure 
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Figure 4.15. AC Layer 1 middle vertical strain difference between JULEA and BISAR 

Based on the above analysis, the research team believes that the linear interpolation method 

must be used for AC layer 1 under WBT load to obtain good results. Same as for AC bottom 

horizontal strain, the research team then considers the actual contact pressure increase of WBTs to 

calculate the actual vertical strain at the middle of the AC layers and expand the analysis to include 

the 5" and 6.5" AC structures.  

As for the DT load, the contact pressure was assumed to be equal to the tire pressure. As 

for the WBT load, the contact pressure was calculated under four different conditions: (1) the 



49 
 

theoretical pressure, which equals the tire pressure; (2) ~ (4) the assumed actual pressures, which 

are 10%, 20%, and 30% larger than the tire pressure. The vertical strain results of AC layers are 

presented in Tables 4.21 - 4.23. 

Table 4.21. Vertical strain at the middle of AC layer 1 

Structure 
type 

Tire pressure 
(psi) 

Vertical strain at the middle of AC layer (με) 

Under DT 
load 

Under WBT load at different contact 
pressures 

0% 
larger 

10% 
larger 

20% 
larger 

30% 
larger 

5" AC 
structure 

80 
100 
110 
120 
125 

135.4 
218.7 
262.5 
307.5 
330.3 

10.9 
72.8 
107.3 
142.4 
159.9 

34.4 
107.3 
145.9 
185.0 
205.2 

59.7 
142.4 
185.0 
229.7 
252.6 

86.3 
177.8 
225.8 
276.0 
301.7 

6.5" AC 
structure 

80 
100 
110 
120 
125 

186.2 
284.3 
333.6 
383.4 
408.5 

74.5 
155.4 
198.0 
241.7 
264.0 

107.9 
198.0 
246.3 
295.8 
320.9 

138.6 
241.7 
295.8 
350.9 
379.1 

172.2 
286.6 
345.9 
407.0 
438.0 

9.5" AC 
structure 

80 
100 
110 
120 
125 

130.1 
175.6 
198.6 
221.7 
233.2 

110.2 
153.5 
175.6 
197.7 
208.7 

127.3 
175.6 
199.9 
224.1 
236.5 

144.7 
197.7 
224.1 
250.9 
264.3 

162.3 
219.7 
248.6 
277.8 
292.4 

11.5" AC 
structure 

80 
100 
110 
120 
125 

174.2 
228.6 
256.0 
283.6 
297.4 

160.4 
212.9 
239.6 
266.3 
279.6 

181.3 
239.6 
268.9 
298.2 
312.9 

202.4 
266.3 
298.2 
330.4 
346.6 

223.6 
292.9 
327.7 
362.7 
380.3 
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(a) 5" AC structure                             
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          (b) 6.5" AC structure 

75 80 85 90 95 100 105 110 115 120 125 130
0

50

100

150

200

250

300

350

400

450

500

550

600

V
er

tic
al

 s
tra

in
 (μ

ε)

Tire pressure (psi)

9.5'' AC structure
 WBT +0%
 WBT +10%
 WBT +20%
 WBT +30%
 Dual-tire load

    
(a) 9.5" AC structure                                 
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      (b) 11.5" AC structure   
Figure 4.16. AC Layer 1 middle vertical strain difference 
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Table 4.22. Vertical strain at the middle of AC layer 2 

Structure 
type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of AC layer (με) 
Under 

DT load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger 

5" AC 
structure 

80 
100 
110 
120 
125 

227.3 
257.6 
271.5 
284.7 
291.0 

281.5 
323.5 
343.1 
362.1 
371.3 

298.8 
343.1 
364.0 
384.0 
393.8 

315.4 
362.1 
384.0 
405.1 
415.3 

331.3 
380.4 
403.3 
425.3 
435.9 

6.5" AC 
structure 

80 
100 
110 
120 
125 

262.4 
347.6 
389.0 
429.3 
449.0 

199.2 
281.0 
323.5 
366.6 
388.2 

231.4 
323.5 
370.9 
418.7 
442.6 

264.4 
366.6 
418.7 
470.9 
497.2 

297.9 
410.0 
466.5 
523.2 
551.3 

9.5" AC 
structure 

80 
100 
110 
120 
125 

110.9 
136.9 
148.7 
159.9 
165.2 

110.9 
143.9 
159.8 
175.4 
183.0 

124.3 
159.8 
176.9 
193.6 
201.7 

137.4 
175.4 
193.6 
211.2 
219.7 

150.3 
190.6 
209.7 
228.2 
237.1 

11.5" AC 
structure 

80 
100 
110 
120 
125 

123.5 
152.6 
165.7 
178.2 
184.1 

125.7 
162.7 
180.6 
198.0 
206.6 

140.7 
180.6 
199.8 
218.4 
227.5 

155.4 
198.0 
218.4 
238.1 
247.7 

169.9 
215.0 
236.4 
257.1 
267.1 
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(a) 5" AC structure                                           (b) 6.5" AC structure 
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(a) 9.5" AC structure                                       (b) 11.5" AC structure  

Figure 4.17. AC Layer 2 middle vertical strain difference 
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Table 4.23. Vertical strain at the middle of AC layer 3 

Structure 
type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of AC layer (με) 
Under 

DT load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger 

6.5" AC 
structure 

80 
100 
110 
120 
125 

204.6 
222.8 
230.5 
237.4 
240.7 

266.2 
298.7 
313.2 
326.8 
333.3 

279.8 
313.2 
328.1 
341.9 
348.5 

292.6 
326.8 
341.9 
356.0 
362.6 

304.6 
339.5 
354.8 
369.0 
375.7 

9.5" AC 
structure 

80 
100 
110 
120 
125 

62.6 
66.6 
68.1 
69.4 
70.0 

81.0 
89.5 
93.2 
96.5 
98.1 

84.6 
93.2 
96.8 
100.1 
101.6 

88.0 
96.5 
100.1 
103.3 
104.8 

91.0 
99.5 
103.1 
106.3 
107.7 

11.5" AC 
structure 

80 
100 
110 
120 
125 

38.2 
40.4 
41.3 
42.1 
42.4 

50.8 
56.3 
58.6 
60.7 
61.7 

53.1 
58.6 
60.9 
62.9 
63.9 

55.3 
60.7 
62.9 
64.9 
65.8 

57.3 
62.6 
64.8 
66.7 
67.6 
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(a) 6.5" AC structure 
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(a) 9.5" AC structure           

75 80 85 90 95 100 105 110 115 120 125 130
0

50

100

150

200

250

300

350

400

450

500

550

600

V
er

tic
al

 st
ra

in
 (μ

ε)

Tire pressure (psi)

11.5'' AC structure
 WBT +0%
 WBT +10%
 WBT +20%
 WBT +30%
 Dual-tire load

 
                            (b) 11.5" AC structure  

Figure 4.18. AC Layer 3 middle vertical strain 

The AC layer's middle vertical strain results from JULEA show that if considering a 20% 

of WBT contact pressure increase, WBT load would cause more vertical strain in each AC sublayer 

except for in two scenarios: AC Layer 1 with 5" and 6.5" AC thickness (Figure 4.16 (a) and (b)). 

It is worth noting that the linear interpolation method was used for AC layer 1 in the project 

due to the computation limitations of JULEA at near-surface locations. The interpolation may lead 

to unreasonable values when the total AC thickness is very thin (5" and 6.5" AC). However, Figure 

4.15 shows that the BISAR results of AC vertical strain are very consistent with the strain obtained 

from JULEA after interpolation, and the strain result from BISAR is directly obtained without 

manual interpolation. In order to avoid possible mistakes caused by JULEA interpolation, the 

research team then used BISAR software to calculate the AC layers' vertical strain to analyze this 

phenomenon further.  
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The vertical strain at the middle of the AC layer under DT load and WBT load (+20% tire 

pressure) is calculated with BISAR. The ratio of vertical strain under WBT load and DT load for 

each tire pressure can then be obtained and presented. A similar WBT/DT ratio calculated with 

JULEA (Tables 4.21 - 4.23) can also be calculated.  The results are presented in Tables 4.24 - 4.26. 

Table 4.24. Vertical strain (BISAR) at the middle of AC layer 1 

Structure 
type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of AC layer (με) Ratio (WBT/DT) 

Under DT load Under WBT load (+20%) BISAR JULEA 

5" AC 
structure 

80 
100 
110 
120 
125 

145.0 
230.7 
274.6 
320.1 
343.6 

100.0 
183.1 
227.9 
273.9 
297.8 

0.69 
0.79 
0.83 
0.86 
0.87 

0.44 
0.65 
0.70 
0.75 
0.76 

6.5" AC 
structure 

80 
100 
110 
120 
125 

200.8 
297.7 
346.2 
396.1 
421.7 

183.2 
287.9 
342.2 
396.9 
424.9 

0.91 
0.97 
0.99 
1.00 
1.01 

0.74 
0.85 
0.89 
0.92 
0.93 

Table 4.25. Vertical strain (BISAR) at the middle of AC layer 2 

Structure 
type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of AC layer (με) Ratio (WBT/DT) 

Under DT load Under WBT load 
(+20%) BISAR JULEA 

5" AC 
structure 

80 
100 
110 
120 
125 

166.3 
196.9 
210.7 
223.9 
230.3 

230.7 
276.3 
297.9 
318.5 
328.7 

1.39 
1.40 
1.41 
1.42 
1.43 

1.39 
1.41 
1.41 
1.42 
1.43 

6.5" AC 
structure 

80 
100 
110 
120 
125 

254.4 
341.5 
382.6 
423.1 
443.3 

266.4 
371.6 
424.9 
477.7 
504.4 

1.05 
1.09 
1.11 
1.13 
1.14 

1.01 
1.05 
1.08 
1.10 
1.11 

Table 4.26. Vertical strain (BISAR) at the middle of AC layer 3 

Structure 
type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of AC layer (με) Ratio (WBT/DT) 

Under DT load Under WBT load 
(+20%) BISAR JULEA 

6.5" AC 
structure 

80 
100 
110 
120 
125 

154.0 
172.1 
179.7 
186.7 
190.0 

224.9 
258.6 
273.6 
287.4 
294.0 

1.46 
1.50 
1.52 
1.54 
1.55 

1.43 
1.47 
1.48 
1.50 
1.51 
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According to Tables 4.25 - 4.26 (AC layers 2 and 3), the strain ratio (WBT/DT) between 

BISAR and JULEA is quite similar. However, as for AC layer 1, the ratio from JULEA in Table 

4.24 is much larger than that from BISAR, especially for the 5" AC structure. JULEA interpolation 

would lead to a significant strain difference between DT and WBT loads, while BISAR software 

does not have similar issues. Therefore, the following distress analysis would be based on the 

BISAR output for layer 1 of 5" and 6.5" AC structures.  

Following the equation (4.7), considering the 20% larger contact pressure of WBT load, 

the value of 𝑅𝑅𝑅𝑅WBT/DT
i  for each AC thickness structure could be calculated, as shown in Tables 

4.27-4.29. 

Table 4.27. Rutting depth ratio in AC sublayer 1 (𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃
𝐢𝐢=𝟏𝟏 ) 

Structure 
type 

Tire pressure 
(psi) Under DT load Under WBT (20% 

larger contact pressure) 𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃
𝒊𝒊=𝟏𝟏  

5" AC 
structure 

80 
100 
110 
120 
125 

145.0 
230.7 
274.6 
320.1 
343.6 

100.0 
183.1 
227.9 
273.9 
297.8 

0.69 
0.79 
0.83 
0.86 
0.87 

6.5" AC 
structure 

80 
100 
110 
120 
125 

200.8 
297.7 
346.2 
396.1 
421.7 

183.2 
287.9 
342.2 
396.9 
424.9 

0.91 
0.97 
0.99 
1.00 
1.01 

9.5" AC 
structure 

80 
100 
110 
120 
125 

130.11 
175.61 
198.56 
221.67 
233.24 

144.65 
197.66 
224.13 
250.85 
264.28 

1.11 
1.13 
1.13 
1.13 
1.13 

11.5" AC 
structure 

80 
100 
110 
120 
125 

174.16 
228.62 
256.03 
283.61 
297.41 

202.39 
266.27 
298.23 
330.41 
346.55 

1.16 
1.16 
1.16 
1.17 
1.17 
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Table 4.28. Rutting depth ratio in AC sublayer 2 (𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃
𝐢𝐢=𝟐𝟐 ) 

Structure 
type 

Tire pressure 
(psi) 

Under DT 
load 

Under WBT (20% 
larger contact 

pressure) 
𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃

𝒊𝒊=𝟐𝟐  

5" AC 
structure 

80 
100 
110 
120 
125 

227.3 
257.6 
271.5 
284.7 
291.0 

315.4 
362.1 
384.0 
405.1 
415.3 

1.39 
1.41 
1.41 
1.42 
1.43 

6.5" AC 
structure 

80 
100 
110 
120 
125 

262.4 
347.6 
389.0 
429.3 
449.0 

264.4 
366.6 
418.7 
470.9 
497.2 

1.01 
1.05 
1.08 
1.10 
1.11 

9.5" AC 
structure 

80 
100 
110 
120 
125 

110.92 
136.92 
148.73 
159.87 
165.19 

137.38 
175.35 
193.55 
211.15 
219.72 

1.24 
1.28 
1.30 
1.32 
1.33 

11.5" AC 
structure 

80 
100 
110 
120 
125 

123.54 
152.56 
165.73 
178.15 
184.09 

155.44 
197.99 
218.37 
238.06 
247.65 

1.26 
1.30 
1.32 
1.34 
1.35 

Table 4.29. Rutting depth ratio in AC sublayer 3 (𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃
𝐢𝐢=𝟑𝟑 ) 

Structure 
type 

Tire pressure 
(psi) 

Under DT 
load 

Under WBT (20% 
larger contact 

pressure) 
𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃

𝒊𝒊=𝟑𝟑  

6.5" AC 
structure 

80 
100 
110 
120 
125 

204.6 
222.8 
230.5 
237.4 
240.7 

292.6 
326.8 
341.9 
356.0 
362.6 

1.43 
1.47 
1.48 
1.50 
1.51 

9.5" AC 
structure 

80 
100 
110 
120 
125 

62.60 
66.60 
68.10 
69.42 
70.02 

87.96 
96.50 
100.10 
103.33 
104.82 

1.41 
1.45 
1.47 
1.49 
1.50 

11.5" AC 
structure 

80 
100 
110 
120 
125 

38.18 
40.40 
41.28 
42.05 
42.40 

55.29 
60.70 
62.94 
64.93 
65.84 

1.45 
1.50 
1.52 
1.54 
1.55 

Next, following equation (4.8), the sublayer rutting factor (𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 ) for each AC thickness 
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structure could be computed, as shown in Table 4.30.  

Table 4.30. Sublayer rutting factor (𝑭𝑭𝒔𝒔𝒔𝒔𝒔𝒔𝒊𝒊 ) for each AC thickness structure 

Structure type i-value  C1 C2 Di(inch) 𝑭𝑭𝒔𝒔𝒔𝒔𝒔𝒔𝒊𝒊  

5" AC structure 1 
2 

-7.5055 
-7.5055 

19.1925 
19.1925 

1 
3.5 

7.6713 
3.6252 

6.5" AC structure 
1 
2 
3 

-5.5676 
-5.5676 
-5.5676 

16.8896 
16.8896 
16.8896 

0.75 
2.5 
5 

4.6177 
4.5239 
0.9011 

9.5" AC structure 
1 
2 
3 

-3.0944 
-3.0944 
-3.0944 

12.5159 
12.5159 
12.5159 

1 
3.25 

7 

6.1842 
2.5139 
0.1733 

11.5" AC structure 
1 
2 
3 

-2.4846 
-2.4846 
-2.4846 

9.7721 
9.7721 
9.7721 

1 
3.25 

8 

4.7834 
1.9582 
0.0713 

* i is the layer number of AC; C1 and C2 are calibration factors; Di is the depth in the middle of i-th AC 
layer; 𝑭𝑭𝒔𝒔𝒔𝒔𝒔𝒔𝒊𝒊  is the i-th sublayer rutting factor as presented in equation (4.8). 

Then, based on equation (4.9), the rutting depth ratio results from Tables 4.27 - 4.29, and 

the sublayer rutting factor in Table 4.30, the sum of the rutting factor ratio of AC layers under 95% 

reliability can be calculated, as shown in Table 4.31.  

Table 4.31. Sum of rutting ratio for each AC thickness structure 

Structure type Tire pressure (psi) 𝑹𝑹𝑹𝑹𝐖𝐖𝐖𝐖𝐖𝐖/𝐃𝐃𝐃𝐃
𝑺𝑺𝑺𝑺𝑺𝑺−𝑨𝑨𝑨𝑨 

5" AC structure 

80 
100 
110 
120 
125 

0.9146 
0.9890 
1.0161 
1.0397 
1.0497 

6.5" AC structure 

80 
100 
110 
120 
125 

1.0017 
1.0509 
1.0745 
1.0899 
1.0999 

9.5" AC structure 

80 
100 
110 
120 
125 

1.1527 
1.1788 
1.1848 
1.1909 
1.1939 

11.5" AC structure 

80 
100 
110 
120 
125 

1.1918 
1.2038 
1.2098 
1.2227 
1.2257 

Before assessing the rutting increase caused by different proportions of WBT loads, the 
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reliability issue in Michigan pavement design should be discussed. The failure threshold for AC 

rutting in Michigan is 0.5” (at 95% reliability), which, although not used in the final design, is still 

important in total rutting calculation. 

Equation (4.10) can transform AC rutting under 50% reliability (RuttingAC, 50%) into AC 

rutting under 95% reliability (RuttingAC, 95%) by using the average rutting, standard error of the 

prediction (Se), and Z-value for the 95% confidence level one-tailed test. According to the back 

calculation of equation (4.10), the RuttingAC, 95% would be close to the Michigan threshold of 0.5” 

if the mean fatigue cracking parameter RuttingAC, 50% is near 0.35”. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴,95% = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴,50% + 𝑆𝑆𝑒𝑒 × 𝑍𝑍95                                         (4.10) 

where:  

Se is the standard error, and 𝑆𝑆𝑒𝑒 = 0.1126 × RuttingAC,50%
0.2352; Z95 is the Z-value for the 

95%-confidence level one-tailed test, which equals 1.65. 

The AC rutting increase caused by a WBT load in 95% reliability would be approximately 

0.35”/0.5”=0.7 times the AC rutting increase caused by a WBT load in 50% reliability. 

Considering 95% reliability, and according to Table 4.31, the rutting increases under 4-25% 

WBT loads and 0% WBT loads at the same tire pressure are compared to obtain the rutting increase 

for each WBT load proportion. The results are shown in Tables 4.32 - 4.35. 

Table 4.32. AC rutting increase at 95% reliability (5" AC) 

Tire pressure (psi) Rutting increase at different WBT proportions (%) 
0% 4% 6% 8% 10% 12% 14% 20% 25% 

80 0.00 -0.24 -0.36 -0.48 -0.60 -0.72 -0.84 -1.20 -1.49 
100 0.00 -0.03 -0.05 -0.06 -0.08 -0.09 -0.11 -0.15 -0.19 
110 0.00 0.05 0.07 0.09 0.11 0.14 0.16 0.23 0.28 
120 0.00 0.11 0.17 0.22 0.28 0.33 0.39 0.56 0.69 
125 0.00 0.14 0.21 0.28 0.35 0.42 0.49 0.70 0.87 

Table 4.33. AC rutting increase at 95% reliability (6.5" AC) 

Tire pressure (psi) 
Rutting increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 
100 0.00 0.14 0.21 0.29 0.36 0.43 0.50 0.71 0.89 
110 0.00 0.21 0.31 0.42 0.52 0.63 0.73 1.04 1.30 
120 0.00 0.25 0.38 0.50 0.63 0.76 0.88 1.26 1.57 
125 0.00 0.28 0.42 0.56 0.70 0.84 0.98 1.40 1.75 
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Table 4.34. AC rutting increase at 95% reliability (9.5" AC) 

Tire pressure (psi) Rutting increase at different WBT proportions (%) 
0% 4% 6% 8% 10% 12% 14% 20% 25% 

80 0.00 0.43 0.64 0.86 1.07 1.28 1.50 2.14 2.67 
100 0.00 0.50 0.75 1.00 1.25 1.50 1.75 2.50 3.13 
110 0.00 0.52 0.78 1.03 1.29 1.55 1.81 2.59 3.23 
120 0.00 0.53 0.80 1.07 1.34 1.60 1.87 2.67 3.34 
125 0.00 0.54 0.81 1.09 1.36 1.63 1.90 2.71 3.39 

Table 4.35. AC rutting increase at 95% reliability (11.5" AC) 

Tire pressure (psi) 
Rutting increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.54 0.81 1.07 1.34 1.61 1.88 2.68 3.36 
100 0.00 0.57 0.86 1.14 1.43 1.71 2.00 2.85 3.57 
110 0.00 0.59 0.88 1.17 1.47 1.76 2.06 2.94 3.67 
120 0.00 0.62 0.94 1.25 1.56 1.87 2.18 3.12 3.90 
125 0.00 0.63 0.95 1.26 1.58 1.90 2.21 3.16 3.95 

Based on Tables 4.32 - 4.35, the rutting increase with different WBT load proportions is 

plotted, as presented in Figure 4.19. 
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(a) 5" AC structure                                           (b) 6.5" AC structure 
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(c) 9.5" AC structure                                           (d) 11.5" AC structure 

Figure 4.19. AC rutting increase at 95% reliability 

According to the AC rutting increase values under 120 psi tire pressure in Tables 4.32 - 

4.35, the AC rutting increase under 10% WBT loads is 0.28% (for 5" AC structure) and 1.56% 

(for 11.5" AC structure) larger than that without WBT loads. Due to the 5" AC structure's limited 

thickness, the rutting increase value is miniscule since the energy from loads is mainly undertaken 

by the underlying layers, which weaken the tire shape impact. The research team can predict that 

if the proportion of WBT loads in Michigan increases to 25% in the future, the AC rutting depth 

would be 0.69% (for 5" AC structure) and 3.90% (for 11.5" AC structure) larger than that without 

WBT loads.  

The impact of WBT loads on AC rutting is much smaller than that on fatigue cracking. For 

a given percentage of WBT loads, higher tire pressure leads to higher AC rutting increases, but the 

growth is quite limited.  
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4.4.2. Unbound layers rutting analysis 
As for unbound layers, the layers' rutting depth (permanent deformation) can be calculated 

via equation (4.11) according to MDOT User Guide for MEPD [21]. 

𝑅𝑅𝑅𝑅 = 𝛽𝛽𝑠𝑠1𝑘𝑘𝑠𝑠1𝜀𝜀𝑣𝑣ℎ(𝜀𝜀0
𝜀𝜀𝑟𝑟

)𝑒𝑒−(𝜌𝜌𝑁𝑁)𝛽𝛽                                                       (4.11) 

where:  

εv = Average vertical resilient strain in the unbound layers; 

εr = Resilient strain imposed in the laboratory to obtain ε0, β, and ρ; 

ε0, β, ρ = Parameters related with material properties; 

N = Number of load repetitions; 

βs1, ks1 are constants that differ for base, subbase, and subgrade. 

The research team calculated the εv in base, subbase, and subgrade under DT and WBT 

loads with JULEA. As for the DT load, the contact pressure was assumed to be equal to the tire 

pressure. As for the WBT load, the contact pressure was calculated under four different conditions: 

(1) the theoretical pressure, which equals the tire pressure; (2) ~ (4) the assumed actual pressures, 

which are 10%, 20%, and 30% larger than the tire pressure. Vertical strain at the middle of the 

base and subbase are presented in Table 4.36 and Table 4.37. Vertical strain at the top and 6" below 

the top of the subgrade are presented in Table 4.38 and Table 4.39. 

  



63 
 

Table 4.36. Vertical strain at the middle of the base layer 

Structur
e type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of the base layer (με) 
Under 

DT load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger 

5" AC 
structure 

80 
100 
110 
120 
125 

519.5 
539.1 
547.0 
553.8 
556.9 

715.0 
767.8 
789.5 
808.9 
817.8 

737.8 
789.5 
814.9 
832.9 
841.2 

758.3 
808.9 
832.9 
850.5 
858.5 

776.8 
829.8 
849.1 
866.2 
874.0 

6.5" AC 
structure 

80 
100 
110 
120 
125 

390.5 
401.8 
406.2 
410.0 
411.5 

532.1 
562.6 
575.1 
586.1 
591.1 

545.3 
575.1 
587.1 
597.7 
602.6 

557.2 
586.1 
597.7 
607.9 
612.6 

567.8 
595.9 
607.1 
617.0 
621.4 

9.5" AC 
structure 

80 
100 
110 
120 
125 

162.9 
163.6 
163.9 
164.0 
164.2 

195.4 
201.4 
203.8 
205.9 
206.8 

198.1 
203.8 
206.0 
208.0 
208.9 

200.4 
205.9 
208.0 
209.8 
210.6 

202.4 
207.7 
209.7 
211.4 
212.2 

11.5" AC 
structure 

80 
100 
110 
120 
125 

112.3 
112.9 
113.1 
113.3 
113.3 

128.3 
131.1 
132.3 
133.2 
133.7 

129.6 
132.3 
133.3 
134.2 
134.6 

130.6 
133.2 
134.2 
135.0 
135.4 

131.6 
134.0 
135.0 
135.8 
136.1 
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Table 4.37. Vertical strain at the middle of the subbase layer 

Structur
e type 

Tire 
pressure 

(psi) 

Vertical strain at the middle of the subbase layer (με) 
Under 

DT load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger 

5" AC 
structure 

80 
100 
110 
120 
125 

473.5 
477.6 
479.1 
480.3 
480.9 

561.2 
574.9 
580.1 
584.5 
586.4 

567.4 
580.1 
584.9 
588.9 
590.6 

572.6 
584.5 
588.9 
592.6 
594.2 

577.1 
588.2 
592.3 
595.8 
597.3 

6.5" AC 
structure 

80 
100 
110 
120 
125 

382.2 
385.1 
386.2 
387.1 
387.5 

442.4 
451.7 
455.2 
458.1 
459.5 

446.6 
455.2 
458.4 
461.1 
462.3 

450.1 
458.1 
461.1 
463.6 
464.8 

453.2 
460.7 
463.4 
465.8 
466.8 

9.5" AC 
structure 

80 
100 
110 
120 
125 

172.8 
173.7 
174.0 
174.3 
174.4 

189.7 
192.1 
193.1 
193.8 
194.2 

190.8 
193.1 
193.9 
194.6 
194.9 

191.7 
193.8 
194.6 
195.3 
195.5 

192.5 
194.5 
195.2 
195.8 
196.1 

11.5" AC 
structure 

80 
100 
110 
120 
125 

119.9 
120.4 
120.5 
120.7 
120.7 

129.7 
131.0 
131.5 
131.9 
132.1 

130.3 
131.5 
132.0 
132.4 
132.5 

130.8 
131.9 
132.4 
132.7 
132.9 

131.2 
132.3 
132.7 
133.1 
133.2 
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Table 4.38. Vertical strain at the subgrade top 

Structur
e type 

Tire 
pressure 

(psi) 

Vertical strain at the subgrade top (με) 
Under 

DT load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger 

5" AC 
structure 

80 
100 
110 
120 
125 

306.2 
307.9 
308.6 
309.1 
309.3 

336.8 
341.1 
342.7 
344.0 
344.7 

338.7 
342.7 
344.2 
345.4 
346.0 

340.4 
344.0 
345.4 
346.5 
347.0 

341.8 
345.2 
346.5 
347.5 
348.0 

6.5" AC 
structure 

80 
100 
110 
120 
125 

261.3 
262.7 
263.1 
263.5 
263.6 

284.2 
287.4 
288.6 
289.5 
290.0 

285.6 
288.6 
289.6 
290.5 
291.0 

286.9 
289.5 
290.5 
291.4 
291.7 

287.9 
290.4 
291.3 
292.1 
292.4 

9.5" AC 
structure 

80 
100 
110 
120 
125 

139.1 
139.6 
139.7 
139.8 
139.9 

147.1 
148.1 
148.6 
148.9 
149.0 

147.6 
148.6 
148.9 
149.2 
149.3 

148.0 
148.9 
149.1 
149.5 
149.6 

149.3 
149.1 
149.5 
149.7 
149.8 

11.5" AC 
structure 

80 
100 
110 
120 
125 

102.0 
102.3 
102.4 
102.4 
102.5 

107.2 
107.8 
108.0 
108.2 
108.3 

107.5 
108.0 
108.2 
108.4 
108.5 

107.7 
108.2 
108.4 
108.5 
108.7 

107.9 
108.4 
108.5 
108.7 
108.8 
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Table 4.39. Vertical strain at 6" below the subgrade top 

Structur
e type 

Tire 
pressure 

(psi) 

Vertical strain at 6" below the subgrade top (με) 
Under 

DT load 
Under WBT load at different contact pressures 

0% larger 10% larger 20% larger 30% larger 

5" AC 
structure 

80 
100 
110 
120 
125 

225.8 
226.8 
227.1 
227.4 
227.5 

242.3 
244.6 
245.5 
246.1 
246.4 

243.4 
245.5 
246.2 
246.8 
247.1 

244.2 
246.1 
246.8 
247.4 
247.6 

244.9 
246.7 
247.3 
247.9 
248.1 

6.5" AC 
structure 

80 
100 
110 
120 
125 

198.9 
199.6 
199.9 
200.1 
200.2 

211.8 
213.5 
214.1 
214.7 
214.9 

212.6 
214.1 
214.7 
215.2 
215.4 

213.2 
214.7 
215.2 
215.6 
215.8 

213.8 
215.1 
215.6 
216.0 
216.2 

9.5" AC 
structure 

80 
100 
110 
120 
125 

116.2 
116.5 
116.6 
116.7 
116.7 

121.5 
122.1 
122.4 
122.6 
122.6 

121.8 
122.4 
122.6 
122.8 
122.8 

122.0 
122.6 
122.8 
122.9 
123.0 

122.2 
122.7 
122.9 
123.0 
123.1 

11.5" AC 
structure 

80 
100 
110 
120 
125 

88.2 
88.2 
88.4 
88.4 
88.4 

91.8 
92.1 
92.3 
92.4 
92.5 

91.9 
92.3 
92.5 
92.6 
92.6 

92.1 
92.4 
92.6 
92.6 
92.7 

92.2 
92.5 
92.6 
92.7 
92.8 

Parameters of βs1, ks1, h, εr, ε0, β, ρ, and N in equation (4.11) are related to unbound layers' 

types, material properties, or traffic, which are not affected by the load difference between DTs 

and WBTs. The vertical strain (εv) is valuable in evaluating the impact of WBT loads on unbound 

layers' rutting. So, the research team calculated the vertical strain (εv) increase of unbound layers 

under WBT load compared with the condition under DT load, considering εv at 20% larger contact 

pressure under WBT load. For subgrade, the average of εv on the top and 6" below the top was 

used for calculation. The results are presented in Table 4.40. 
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Table 4.40. Increase of εv from DT load to WBT load 

Structure type Tire pressure 
(psi) 

Increase in εv for different layers (%) 
Base Subbase Subgrade 

5" AC 
structure 

80 
100 
110 
120 
125 

45.97 
50.05 
52.27 
53.58 
54.16 

20.93 
22.38 
22.92 
23.38 
23.56 

9.89 
10.36 
10.55 
10.70 
10.77 

6.5" AC 
structure 

80 
100 
110 
120 
125 

42.69 
45.87 
47.14 
48.27 
48.87 

17.77 
18.96 
19.39 
19.76 
19.95 

8.67 
9.06 
9.22 
9.36 
9.42 

9.5" AC 
structure 

80 
100 
110 
120 
125 

22.98 
25.83 
26.91 
27.90 
28.32 

10.95 
11.59 
11.85 
12.03 
12.12 

5.76 
6.01 
6.10 
6.20 
6.23 

11.5" AC 
structure 

80 
100 
110 
120 
125 

16.35 
18.04 
18.68 
19.23 
19.49 

9.07 
9.60 
9.82 
9.97 
10.04 

5.02 
5.27 
5.34 
5.40 
5.45 

The increase of εv in Table 4.40 is equal to the increase of pavement unbound layers' rutting 

from DT load to WBT loads. Considering the proportion of WBT loads, the rutting increase of the 

base layer for different AC thickness structures are presented in Tables 4.41 - 4.44. 

Table 4.41. Base layer rutting increase (5" AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 1.84 2.76 3.68 4.60 5.52 6.44 9.19 11.49 
100 0.00 2.00 3.00 4.00 5.01 6.01 7.01 10.01 12.51 
110 0.00 2.09 3.14 4.18 5.23 6.27 7.32 10.45 13.07 
120 0.00 2.14 3.21 4.29 5.36 6.43 7.50 10.72 13.40 
125 0.00 2.17 3.25 4.33 5.42 6.50 7.58 10.83 13.54 

 

  



68 
 

Table 4.42. Base layer rutting increase (6.5" AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 1.71 2.56 3.42 4.27 5.12 5.98 8.54 10.67 
100 0.00 1.83 2.75 3.67 4.59 5.50 6.42 9.17 11.47 
110 0.00 1.89 2.83 3.77 4.71 5.66 6.60 9.43 11.79 
120 0.00 1.93 2.90 3.86 4.83 5.79 6.76 9.65 12.07 
125 0.00 1.95 2.93 3.91 4.89 5.86 6.84 9.77 12.22 

Table 4.43. Base layer rutting increase (9.5” AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.92 1.38 1.84 2.30 2.76 3.22 4.60 5.75 
100 0.00 1.03 1.55 2.07 2.58 3.10 3.62 5.17 6.46 
110 0.00 1.08 1.61 2.15 2.69 3.23 3.77 5.38 6.73 
120 0.00 1.12 1.67 2.23 2.79 3.35 3.91 5.58 6.98 
125 0.00 1.13 1.70 2.27 2.83 3.40 3.96 5.66 7.08 

Table 4.44. Base layer rutting increase (11.5” AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.65 0.98 1.31 1.64 1.96 2.29 3.27 4.09 
100 0.00 0.72 1.08 1.44 1.80 2.16 2.53 3.61 4.51 
110 0.00 0.75 1.12 1.49 1.87 2.24 2.62 3.74 4.67 
120 0.00 0.77 1.15 1.54 1.92 2.31 2.69 3.85 4.81 
125 0.00 0.78 1.17 1.56 1.95 2.34 2.73 3.90 4.87 

The rutting increase of the subbase layer for different AC thickness structures are presented 

in Tables 4.45 - 4.48. 

Table 4.45. Subbase layer rutting increase (5" AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.84 1.26 1.67 2.09 2.51 2.93 4.19 5.23 
100 0.00 0.90 1.34 1.79 2.24 2.69 3.13 4.48 5.60 
110 0.00 0.92 1.38 1.83 2.29 2.75 3.21 4.58 5.73 
120 0.00 0.94 1.40 1.87 2.34 2.81 3.27 4.68 5.85 
125 0.00 0.94 1.41 1.88 2.36 2.83 3.30 4.71 5.89 
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Table 4.46. Subbase layer rutting increase (6.5" AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.71 1.07 1.42 1.78 2.13 2.49 3.55 4.44 
100 0.00 0.76 1.14 1.52 1.90 2.28 2.65 3.79 4.74 
110 0.00 0.78 1.16 1.55 1.94 2.33 2.71 3.88 4.85 
120 0.00 0.79 1.19 1.58 1.98 2.37 2.77 3.95 4.94 
125 0.00 0.80 1.20 1.60 2.00 2.39 2.79 3.99 4.99 

Table 4.47. Subbase layer rutting increase (9.5” AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.44 0.66 0.88 1.10 1.31 1.53 2.19 2.74 
100 0.00 0.46 0.70 0.93 1.16 1.39 1.62 2.32 2.90 
110 0.00 0.47 0.71 0.95 1.19 1.42 1.66 2.37 2.96 
120 0.00 0.48 0.72 0.96 1.20 1.44 1.68 2.41 3.01 
125 0.00 0.48 0.73 0.97 1.21 1.45 1.70 2.42 3.03 

Table 4.48. Subbase layer rutting increase (11.5” AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.36 0.54 0.73 0.91 1.09 1.27 1.81 2.27 
100 0.00 0.38 0.58 0.77 0.96 1.15 1.34 1.92 2.40 
110 0.00 0.39 0.59 0.79 0.98 1.18 1.37 1.96 2.46 
120 0.00 0.40 0.60 0.80 1.00 1.20 1.40 1.99 2.49 
125 0.00 0.40 0.60 0.80 1.00 1.20 1.41 2.01 2.51 

The rutting increase of the subgrade layer for different AC thickness structures are 

presented in Tables 4.49 - 4.52. 

Table 4.49. Subgrade rutting increase (5" AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.40 0.59 0.79 0.99 1.19 1.38 1.98 2.47 
100 0.00 0.41 0.62 0.83 1.04 1.24 1.45 2.07 2.59 
110 0.00 0.42 0.63 0.84 1.06 1.27 1.48 2.11 2.64 
120 0.00 0.43 0.64 0.86 1.07 1.28 1.50 2.14 2.68 
125 0.00 0.43 0.65 0.86 1.08 1.29 1.51 2.15 2.69 
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Table 4.50. Subgrade rutting increase (6.5" AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.35 0.52 0.69 0.87 1.04 1.21 1.73 2.17 
100 0.00 0.36 0.54 0.72 0.91 1.09 1.27 1.81 2.27 
110 0.00 0.37 0.55 0.74 0.92 1.11 1.29 1.84 2.31 
120 0.00 0.37 0.56 0.75 0.94 1.12 1.31 1.87 2.34 
125 0.00 0.38 0.57 0.75 0.94 1.13 1.32 1.88 2.36 

Table 4.51. Subgrade rutting increase (9.5” AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.23 0.35 0.46 0.58 0.69 0.81 1.15 1.44 
100 0.00 0.24 0.36 0.48 0.60 0.72 0.84 1.20 1.50 
110 0.00 0.24 0.37 0.49 0.61 0.73 0.85 1.22 1.53 
120 0.00 0.25 0.37 0.50 0.62 0.74 0.87 1.24 1.55 
125 0.00 0.25 0.37 0.50 0.62 0.75 0.87 1.25 1.56 

Table 4.52. Subgrade rutting increase (11.5” AC) 

Tire pressure (psi) 
Rutting increase under different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.20 0.30 0.40 0.50 0.60 0.70 1.00 1.26 
100 0.00 0.21 0.32 0.42 0.53 0.63 0.74 1.05 1.32 
110 0.00 0.21 0.32 0.43 0.53 0.64 0.75 1.07 1.34 
120 0.00 0.22 0.32 0.43 0.54 0.65 0.76 1.08 1.35 
125 0.00 0.22 0.33 0.44 0.55 0.65 0.76 1.09 1.36 

According to Tables 4.41- 4.52, the order of WBT impact on unbound layers’ rutting is 

Base > Subbase > Subgrade; this is because the deeper area in the pavement is less sensitive to 

loads. Then, the proportion of rutting in base, subbase, and subgrade should be determined. βs1, 

ks1, and the multiple values of βs1, ks1, h in equation (4.11) for the base, subbase, and subgrade are 

shown in Table 4.53. 

Table 4.53. Parameters of βs1 and ks1 for the base, subbase, and subgrade 

Unbound layers βs1 ks1 βs1× ks1×h 
Base 0.0985 2.03 1.1997 

Subbase 0.0985 2.03 3.5992 
Subgrade 0.0367 1.35 0.2973 

Load repetitions N is the same for all unbound layers. According to AASHTO MEPDG 3 

[11], β can be computed with the water content of unbound layer material, and ρ can be calculated 

with β. The research assumes the same water content for all unbound layers in this project, meaning 
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the same β and ρ for all unbound layers.  

Next, the research team assumed 𝜀𝜀0
𝜀𝜀𝑟𝑟

 is inversely proportional to the resilient modulus, 

which is not a precise assumption; however, it corresponds with the fundamental property that 

weaker unbound material deforms more (ε0) in laboratory tests under the same resilient strain (εr) 

imposed. So, the proportion of 𝜀𝜀0
𝜀𝜀𝑟𝑟

 for the base, subbase, and subgrade is 1
33000

:  1
20000

:  1
5000

 = 1: 

1.65: 6.6. Combined with the value of βs1× ks1×h in Table 4.53, the proportion of rutting for base, 

subbase, and subgrade is 1.1997×1: 3.5992×1.65: 0.2973×6.6 = 1.1997: 5.9387: 1.9622 = 13%: 

65%: 22%. So, the proportion of rutting for the base, subbase, and subgrade is about 13%, 65%, 

and 22%.  

The reliability in Michigan pavement design for unbound layers should be discussed. As 

for the granular base or subbase layer, equation (4.12) could be used to transform rutting under 

50% reliability into rutting under 95% reliability by using the average rutting, standard error of the 

prediction (Se), and Z-value for the 95% confidence level one-tailed test. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑂𝑂𝑂𝑂 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,95% = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑂𝑂𝑂𝑂 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,50% + 𝑆𝑆𝑒𝑒 × 𝑍𝑍95              (4.12) 

where: 

Se is the standard error, and 𝑆𝑆𝑒𝑒 = 0.1145 × RuttingBase OR Subbase,50%
0.3907; Z95 is the Z-

value for the 95%-confidence level one-tailed test, which equals 1.65. 

As for the fine subgrade layer, equation (4.13) could be used to transform rutting under 50% 

reliability into rutting under 95% reliability. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,95% = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,50% + 𝑆𝑆𝑒𝑒 × 𝑍𝑍95                        (4.13) 

where:  

Se is the standard error, and 𝑆𝑆𝑒𝑒 = 3.6118 × RuttingSubgrade,50%
1.0951; Z95 is the Z-value 

for the 95%-confidence level one-tailed test, which equals 1.65. 

The unbound layers’ rutting is not an individual threshold used in pavement design, so the 

relationship between unbound layers’ rutting in 50% reliability and that in 95% reliability varies 

with different structures with specific unbound layers’ rutting values. However, according to the 

Pavement ME analysis examples in section 4.2, the rutting of unbound layers based on Michigan 

calibration is insignificant (less than 0.05”).  

The unbound layers’ rutting proportion is 78% (13% + 65%) from base + subbase and 22% 

from subgrade. Assuming the total unbound layers’ rutting is 0.05” in a pavement design at 95% 
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reliability, there would be approximately 0.04” from 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑂𝑂𝑂𝑂 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,95% and 0.01” from 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,95%. Back-calculation of equations (4.12) and (4.13) shows that at this time, the 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅Base OR Subbase,50%  would be around 0.01”, while the 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅Subgrade,50%  would be 

around 0.0025”. 

So, the rutting increase in base + subbase layers caused by WBT load in 95% reliability 

would be approximately 0.01”/0.04”=0.25 times the rutting increase caused by WBT load in 50% 

reliability. As for the subgrade layer, the value would be 0.0025/0.01”=0.25 times the rutting 

increase caused by WBT load in 50% reliability. 

Based on this rutting proportion and 95% reliability, the research team calculated the 

rutting increase for total unbound layers (Base + Subbase + Subgrade), as shown in Table 4.54 - 

4.57 and Figure 4.20. 

Table 4.54. Total unbound layers’ rutting increase in 95% reliability (5" AC) 

Tire pressure (psi) 
Rutting increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.22 0.33 0.44 0.54 0.65 0.76 1.09 1.36 
100 0.00 0.24 0.35 0.47 0.59 0.70 0.82 1.17 1.46 
110 0.00 0.24 0.36 0.48 0.60 0.72 0.84 1.20 1.50 
120 0.00 0.25 0.37 0.49 0.61 0.74 0.86 1.23 1.53 
125 0.00 0.25 0.37 0.49 0.62 0.74 0.87 1.24 1.55 

Table 4.55. Total unbound layers’ rutting increase in 95% reliability (6.5" AC) 

Tire pressure (psi) 
Rutting increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.19 0.29 0.38 0.48 0.57 0.67 0.95 1.19 
100 0.00 0.20 0.31 0.41 0.51 0.61 0.71 1.01 1.27 
110 0.00 0.21 0.31 0.42 0.52 0.62 0.73 1.04 1.30 
120 0.00 0.21 0.32 0.42 0.53 0.64 0.74 1.06 1.32 
125 0.00 0.22 0.32 0.43 0.54 0.64 0.75 1.07 1.34 

Table 4.56. Total unbound layers’ rutting increase in 95% reliability (9.5” AC) 

Tire pressure (psi) 
Rutting increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.12 0.17 0.23 0.29 0.34 0.40 0.57 0.71 
100 0.00 0.12 0.19 0.25 0.31 0.37 0.43 0.61 0.76 
110 0.00 0.13 0.19 0.25 0.32 0.38 0.44 0.63 0.79 
120 0.00 0.13 0.19 0.26 0.32 0.38 0.45 0.64 0.80 
125 0.00 0.13 0.20 0.26 0.32 0.39 0.45 0.65 0.81 
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Table 4.57. Total unbound layers’ rutting increase in 95% reliability (11.5” AC) 

Tire pressure (psi) 
Rutting increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
80 0.00 0.09 0.14 0.18 0.23 0.28 0.32 0.46 0.57 
100 0.00 0.10 0.15 0.20 0.24 0.29 0.34 0.49 0.61 
110 0.00 0.10 0.15 0.20 0.25 0.30 0.35 0.50 0.63 
120 0.00 0.10 0.15 0.20 0.26 0.31 0.36 0.51 0.64 
125 0.00 0.10 0.15 0.21 0.26 0.31 0.36 0.51 0.64 
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(a) 5" AC structure                                           (b) 6.5" AC structure 
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(a) 9.5” AC structure                        (b) 11.5” AC structure 

Figure 4.20. Total unbound layers’ rutting increase 

According to Figure 4.20, the impact of WBT load on unbound layers' rutting is much less 

than that on AC rutting because unbound layers are deeper than AC layers. The mechanical strain 

of unbound layers is less sensitive to load types and contact pressure. 

When the tire pressure is 120 psi, the unbound layers’ rutting with 10% WBT loads is 0.61% 

(for 5” AC structure) and 0.26% (for 11.5” AC structure) larger than that with 0% WBT loads. 

The WBT loads have less impact on the thicker AC structures, which is reasonable because the 
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unbound layers for the thicker AC structures (9.5” and 11.5”) are deeper while loaded less. Based 

on research results, the research team predicts that if the proportion of WBT loads in Michigan 

increases to 25% in the future, the unbound layers' rutting depth would be 1.53% (for 5” AC 

structure) and 0.64% (for 11.5” AC structure) larger than that with 0% WBT loads. 

4.4.3. Total rutting analysis 
At this point, the research team has determined the impact of WBT load on AC rutting and 

unbound layers’ rutting separately. Since total rutting of pavement is combined with AC rutting 

and unbound layers' rutting, if the proportion of rutting for AC layers and unbound layers is 

determined, the impact of WBT load on total rutting can be computed. The research team 

conducted test scenarios using Pavement ME, and according to the output result, the AC rutting 

occupies approximately 85% to 95% of total rutting for different AC thickness structures. The 

research team assume that total rutting contains 90% of AC rutting and 10% of unbound layers’ 

rutting for the total rutting analysis. Based on the AC rutting increase in section 4.4.1 and total 

unbound layers’ rutting increase in section 4.4.2, the total rutting increase under different WBT 

loads is computed, as presented in Table 4.58 and Figure 4.21. 

Table 4.58. Total rutting increase for different structures 

Structure type Tire pressure 
(psi) 

Rutting increase at different WBT proportions (%) 
0% 4% 6% 8% 10% 12% 14% 20% 25% 

 80 0.00 -0.19 -0.29 -0.39 -0.49 -0.58 -0.68 -0.97 -1.21 
 100 0.00 0.00 -0.01 -0.01 -0.01 -0.01 -0.02 -0.02 -0.03 

5" AC structure 110 0.00 0.07 0.10 0.13 0.16 0.20 0.23 0.33 0.40 
 120 0.00 0.12 0.19 0.25 0.31 0.37 0.44 0.63 0.77 
 125 0.00 0.15 0.23 0.30 0.38 0.45 0.53 0.75 0.94 
 80 0.00 0.02 0.04 0.05 0.06 0.07 0.09 0.11 0.15 
 100 0.00 0.15 0.22 0.30 0.38 0.45 0.52 0.74 0.93 

6.5" AC structure 110 0.00 0.21 0.31 0.42 0.52 0.63 0.73 1.04 1.30 
 120 0.00 0.25 0.37 0.49 0.62 0.75 0.87 1.24 1.55 
 125 0.00 0.27 0.41 0.55 0.68 0.82 0.96 1.37 1.71 
 80 0.00 0.40 0.59 0.80 0.99 1.19 1.39 1.98 2.47 
 100 0.00 0.46 0.69 0.93 1.16 1.39 1.62 2.31 2.89 

9.5" AC structure 110 0.00 0.48 0.72 0.95 1.19 1.43 1.67 2.39 2.99 
 120 0.00 0.49 0.74 0.99 1.24 1.48 1.73 2.47 3.09 
 125 0.00 0.50 0.75 1.01 1.26 1.51 1.76 2.50 3.13 
 80 0.00 0.50 0.74 0.98 1.23 1.48 1.72 2.46 3.08 
 100 0.00 0.52 0.79 1.05 1.31 1.57 1.83 2.61 3.27 

11.5" AC structure 110 0.00 0.54 0.81 1.07 1.35 1.61 1.89 2.70 3.37 
 120 0.00 0.57 0.86 1.15 1.43 1.71 2.00 2.86 3.57 
 125 0.00 0.58 0.87 1.16 1.45 1.74 2.03 2.90 3.62 
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(a) 5" AC structure                                           (b) 6.5" AC structure 
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(c) 9.5” AC structure                        (d) 11.5” AC structure 

Figure 4.21. Total rutting increase 

According to Tables 4.58, under 120 psi tire pressure, total rutting with 10% WBT loads 

is 0.31% (for 5” AC structure) and 1.43% (for 11.5” AC structure) larger than that with 0% WBT 

loads. The impact of WBT loads on total rutting distress for those two structures is similar. 

Figure 4.21 shows that the thinner AC structures (5” AC; 6.5”AC) are more sensitive to 

tire pressure than the thicker AC structures (9.5” AC; 11.5”AC) in total rutting distress due to the 

total thickness difference. Based on research results, the research team can predict that if the 

proportion of WBT loads in Michigan increased to 25% in the future, the total rutting depth would 

be 0.77% (for 5” AC structure) and 3.57% (for 11.5” AC structure) larger than that with 0% WBT 

loads. 
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4.5. IRI impact analysis 

4.5.1. IRI analysis method introduction 
International Roughness Index (IRI) is another criterion in the ME pavement design 

process.  Using the process developed for the Pavement ME software, the IRI value for flexible 

pavement structures could be predicted with equation (4.14). 

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼0 + 𝐶𝐶1(𝑅𝑅𝑅𝑅) + 𝐶𝐶1(𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) + 𝐶𝐶3(𝑇𝑇𝑇𝑇) + 𝐶𝐶4(𝑆𝑆𝑆𝑆)                (4.14) 
where: 

IRI = Predicted IRI, MDOT recommended failure value is 172, in/mile 

SF = Site factor 

IRI0 = Initial IRI after construction; defaulted 67 for MDOT, in/mile 

FCTotal = Fatigue cracking area, % 

TC = Length of transverse cracking, ft/mile 

RD = Average rut depth, inch 

C1=50.372; C2= 0.4102; C3=0.0066; C4=0.0068 

Thermal cracking is related to AC properties and climate conditions; SF is related to 

pavement age, precipitation, and subgrade soil properties. 

As the value of IRI is a combination of other pavement distress, it would be difficult to 

theoretically calculate the WBT impact, considering the reliability issue. However, the relationship 

between IRI and other distress could be analyzed from Pavement ME outputs. According to the 

Pavement ME results under Michigan calibration and level 1 input (section 4.2), the Pavement ME 

distress comparison is shown in Table 4.59. 

Table 4.59. Pavement ME distress comparison 

NO. WIM station Traffic 

Distress value 
Bottom-up 
cracking  

(%) 

Thermal 
cracking 

(feet) 

Total 
rutting  
(inch) 

IRI 

Threshold 20 2000 0.50 172 
1 US-41 (211459) Low 26.27 346.55 0.36 137.36 
2 US-2 (492029) Low 26.44 346.55 0.4 140.1 
3 I-75 (694049) Low 28.09 346.61 0.91 172.96 
4 US-131 (595249) Medium 17.47 2625.96 0.34 147.7 
5 I-94 (776469) Medium 20.07 372.3 0.38 136.15 
6 I94 (117189) Heavy 18.16 346.55 0.43 138.95 
7 I69 (238869) Heavy 17.27 346.57 0.46 141.79 

As shown in Table 4.59, Nos. 1, 2, 3, 6, and 7 have almost the same thermal cracking 
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values. Also, since all projects have the same soil condition and age assumption in Michigan, the 

site factors for those projects would be similar. So, fatigue cracking and rutting would be two 

critical parameters for IRI impact analysis considered in this project. The research then uses fatigue 

cracking, rutting, and IRI values in these scenarios (Nos. 1, 2, 3, 6, 7 in Table 4.59) to establish 

the IRI prediction equation (95% reliability) with the format of IRI = a·x + b·y + c (x is cracking, 

y is rutting). The result is shown in Figure 4.22. 

 

Figure 4.22. IRI multiple regression result 

According to Figure 4.22, Equation (4.15) could be obtained. 

IRI = 107.03 + 0.28x + 63.81y                                             (4.15) 

where:  

x is fatigue cracking value, %; y is rutting depth, inch; IRI value is in 95% reliability. 

The following equations could be obtained by applying different IRI (IRIa, IRIb), cracking 

(xa, xb), and faulting (ya,yb) values to equation (4.15). 

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎 = 107.03 + 0.28𝑥𝑥𝑎𝑎 + 63.81𝑦𝑦𝑎𝑎                                          (4.16) 
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𝐼𝐼𝐼𝐼𝐼𝐼𝑏𝑏 = 107.03 + 0.28𝑥𝑥𝑏𝑏 + 63.81𝑦𝑦𝑏𝑏                                          (4.17) 
𝐼𝐼𝐼𝐼𝐼𝐼𝑏𝑏−𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
= 0.28(𝑥𝑥𝑏𝑏−𝑥𝑥𝑎𝑎)

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
+ 63.81(𝑦𝑦𝑏𝑏−𝑦𝑦𝑎𝑎)

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
                                          (4.18) 

Then, the equation with the dependent variable of IRI percent change (PIRI=
𝐼𝐼𝐼𝐼𝐼𝐼𝑏𝑏−𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
) in 

value and independent variables of percentage change of cracking and rutting in value 

(PCracking=
𝑥𝑥𝑏𝑏−𝑥𝑥𝑎𝑎
𝑥𝑥𝑎𝑎

); PRutting=
𝑦𝑦𝑏𝑏−𝑦𝑦𝑎𝑎
𝑦𝑦𝑎𝑎

) could be established, as shown in equation (4.19). 

𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 = 0.28 𝑥𝑥𝑎𝑎
𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 63.81 𝑦𝑦𝑎𝑎
𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅                            (4.19) 

Assume that 𝑚𝑚 = 0.28 𝑥𝑥𝑎𝑎
𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

; 𝑛𝑛 = 63.81 𝑦𝑦𝑎𝑎
𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

; and m and n values could be calculated, as 

shown in Table 4.60. 

Table 4.60. Factors of IRI percent change equation 

NO. Percent fatigue 
cracking (xa) 

Rutting in 
inches (ya) 

IRIa 

(inch/mile) m n 

1 26.27 0.36 137.67 0.054 0.167 
2 26.44 0.4 140.27 0.053 0.182 
3 28.09 0.91 173.27 0.046 0.335 
6 18.16 0.43 139.86 0.036 0.196 
7 17.27 0.46 141.53 0.034 0.207 

Average 0.045 0.218 

Using average values for both m and n, the equation to calculate the IRI percent change 

could be finally obtained, as presented in equation (4.20) 

PIRI = 0.045 PCracking+0.218 PRutting                                      (4.20) 

4.5.2. Analysis results of WBT impact on IRI of flexible pavement 
According to the percent increase of fatigue cracking (Table 4.16) and rutting (Table 4.58) 

at different WBT proportions, the PCracking and PRutting in equation (4.20) can be obtained. The PIRI 

(which equals the IRI growth rate) at different WBT proportions can be calculated, as shown in 

Table 4.61 and Figure 4.23. 
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Table 4.61. IRI percent increase at different WBT proportions 

Structure type 
Tire 

pressure 
(psi) 

IRI increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
 80 0.00 0.01 0.01 0.01 0.02 0.03 0.03 0.04 0.05 
 100 0.00 0.09 0.13 0.16 0.21 0.25 0.28 0.39 0.48 

5" AC structure 110 0.00 0.12 0.18 0.24 0.29 0.35 0.40 0.54 0.67 
 120 0.00 0.15 0.23 0.29 0.36 0.43 0.50 0.69 0.83 
 125 0.00 0.17 0.25 0.33 0.40 0.48 0.55 0.76 0.92 
 80 0.00 0.05 0.08 0.10 0.12 0.15 0.18 0.25 0.31 
 100 0.00 0.11 0.15 0.21 0.25 0.31 0.35 0.49 0.61 

6.5" AC structure 110 0.00 0.13 0.19 0.26 0.32 0.38 0.43 0.61 0.75 
 120 0.00 0.15 0.22 0.30 0.36 0.43 0.50 0.70 0.86 

 125 0.00 0.16 0.24 0.32 0.39 0.46 0.54 0.75 0.92 
 80 0.00 0.12 0.17 0.23 0.28 0.35 0.40 0.57 0.71 
 100 0.00 0.13 0.20 0.28 0.35 0.41 0.48 0.67 0.85 

9.5" AC structure 110 0.00 0.15 0.22 0.29 0.36 0.43 0.50 0.72 0.89 
 120 0.00 0.15 0.22 0.30 0.38 0.45 0.52 0.75 0.93 
 125 0.00 0.15 0.23 0.31 0.38 0.45 0.54 0.75 0.94 
 80 0.00 0.13 0.19 0.26 0.32 0.39 0.45 0.64 0.80 
 100 0.00 0.14 0.21 0.28 0.36 0.42 0.49 0.70 0.87 

11.5" AC structure 110 0.00 0.15 0.22 0.29 0.36 0.44 0.51 0.73 0.91 
 120 0.00 0.15 0.24 0.31 0.39 0.46 0.54 0.78 0.97 
 125 0.00 0.16 0.24 0.31 0.39 0.48 0.55 0.79 0.98 
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(a) 5" AC structure                                           (b) 6.5" AC structure 
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(c) 9.5” AC structure                        (d) 11.5” AC structure 

Figure 4.23. Impact of WBT on flexible pavement IRI in different AC thicknesses 

According to Table 4.61, the percent increase of IRI with 10% WBT loads ranges from 

0.36% (5" AC thickness) to 0.39% (11.5" AC thickness) under the standard 120 psi tire pressure. 

The research team predicts that if the proportion of WBT loads in Michigan increased to 25% in 

the future, the IRI percent increase caused by WBT load would be in the range of 0.83% (5" AC 

thickness) to 0.97% (11.5" AC thickness). 

The impact of WBT loads on the IRI of thinner AC thickness structures is more sensitive 

to tire pressures compared with the thicker AC structures, as the lines in Figure 4.23 (a) and (b) 

are farther apart than those in Figure 4.23 (c) and (d). The impact of WBT loads on flexible 

pavements’ IRI is negatively related to the AC thickness, while positively related to the WBT 

proportion. Thicker AC thickness would slightly decrease the pavement failure risk caused by 

increasing WBT loads. 
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4.6. Prediction function establishment of WBT loads’ impact on flexible pavement  

4.6.1. Prediction with simple linear regression 
The research team has found the impact of WBT loads on flexible pavement distress with 

different AC thicknesses (5", 6.5", 9.5", 11.5") and WBT proportions. According to the flexible 

pavement distress increase data under four thicknesses, the increase in fatigue cracking values 

correlates with AC thickness positively. In contrast, rutting increase has a negative correlation with 

AC thickness. So, the research team tried to fit the data with linear regression functions. The WBT 

proportion is fixed at 10%, the independent is set as AC thickness, and the four flexible pavements' 

distress is the dependent. The regression results are shown in Figure 4.24. 
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(a) Bottom-up cracking                                     (b) Total rutting 

Figure 4.24. Simple linear regression results 

According to the regression results in Figure 4.24, two prediction functions for the different 

distresses can be established, as presented in equations (4.21) - (4.22). 

f1=10.09102-0.75766×TAC                                                      (4.21) 

f2=-0.54075+0.17732×TAC                                                      (4.22) 

where: 
f1 : Bottom-up fatigue cracking increase by linear regression (%); 

f2 : Total rutting increase by linear regression (%); 

TAC : AC thickness (inch). 

The above two linear prediction functions can quickly estimate the impact of WBT loads 

on the distress of flexible pavement in different thicknesses. The WBT load's proportion in those 

functions is fixed at 10%, corresponding with the WBT load survey results. Those functions' R2 
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(coefficient of determination) are all greater than 0.96, showing good regression accuracy. 

4.6.2. Prediction with multiple regression 
Although linear regression in section 4.6.1 would make it easy to estimate WBT loads’ 

impact on the distress of flexible pavements with different thicknesses, this approach does not 

involve different WBT proportion scenarios. So, the research team then conducted multiple 

regression analyses. The distress increase scatters with the WBT proportion are presented in Figure 

4.25. 

       
(a) Bottom-up cracking                                (b) Total rutting 
Figure 4.25. Distress increase with the WBT proportion 

As for another dimension, the scatters of distress percent increase with the AC thickness 

are presented in Figure 4.26. 

     
(a) Bottom-up cracking                                 (b) Total rutting 

Figure 4.26. Distress increase with the AC thickness 

Figures 4.25 – 4.26 show that the flexible pavement's distress increase strongly correlates 
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with the WBT proportion and the AC thickness. The Poly 2D surface fitting model, as shown in 

(4.23), should accurately fit the distress with these two independents. The two variables (x and y) 

are quadratically regressed to improve accuracy, and the relationship between x and y is considered 

with a coefficient of f. 

𝑧𝑧 = 𝑧𝑧0 + 𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑥𝑥2 + 𝑑𝑑𝑦𝑦2 + 𝑓𝑓𝑓𝑓𝑓𝑓                            (4.23) 

Using the Poly 2D surface fitting model, the multiple regression results of the bottom-up 

cracking distress, top-down cracking distress, AC rutting distress, and total rutting distress can be 

obtained, as shown in Figures 4.27 – 4.28. 

 
Figure 4.27. Multiple regression of the bottom-up cracking distress 
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Figure 4.28. Multiple regression of total rutting distress 

The multiple regression with the Poly 2D surface fitting model shows excellent accuracy. 

The functions' R2 (Coefficient of determination) is 0.994 for bottom-up cracking and 0.996 for 

total rutting. Quadratic regression is better than linear regression for this data set. Since the WBT 

proportion impact is computed linearly, the final regression shows a very good R2. It is worth 

mentioning that the quadratic regression would achieve peak values at specific points, and the 

trend will be reversed after the peak. In order to avoid these issues, for all the multiple regression 

functions above, the range of AC thickness should be within 5-12 inches, and the range of WBT 

proportion should be within 0-25%. 

According to the multiple regression results in Figures 4.27 - 4.28, predictive equations for 

the bottom-up fatigue cracking and total rutting can be established, as noted in equations (4.24) 

and (4.25). With these equations, the impact of WBT loads on fatigue cracking and total rutting 

under WBT traffic proportions in the range of 0-25% and any AC thicknesses in 5"-12" can be 

calculated. It is worth noting that the quadratic regression would achieve peak values at specific 
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points, and the trend would be opposite after the peak. Therefore, predictions outside the 5-12" AC 

thickness range or 0-25% WBT traffic proportion are unreliable. 

Bottom-up fatigue cracking distress increase: 

𝐹𝐹1 = 5.54997 − 1.39729𝑇𝑇𝐴𝐴𝐴𝐴 + 0.94793𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊 + 0.08029𝑇𝑇𝐴𝐴𝐴𝐴2 − 0.0019𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊
2 − 0.06618𝑇𝑇𝐴𝐴𝐴𝐴 × 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊    (4.24) 

Total rutting distress increase: 

𝐹𝐹2 = −0.88614 + 0.23695𝑇𝑇𝐴𝐴𝐴𝐴 − 0.0534𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊 − 0.01436𝑇𝑇𝐴𝐴𝐴𝐴2 + 0.0000123𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊
2 + 0.01767𝑇𝑇𝐴𝐴𝐴𝐴 × 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊   

(4.25) 

where: 

F1 : Bottom-up fatigue cracking increase (%); 

F2 : Total rutting increase (%); 

TAC : AC thickness (inch); 

PWBT : WBT load proportion (%). 

4.7. Adjustment of flexible pavement design considering WBT loads 

4.7.1. Based on Pavement ME - adjusted distress threshold 
With the two multiple regression functions in section 4.6.2, the flexible pavement distress 

increases at any AC thickness between 5-12 inches and at any WBT proportion between 0-25% 

can be computed. Table 4.26 presents distress increase prediction results at AC thickness and WBT 

proportion combinations in the range of the regression equations developed. 

Different colors are used to represent different impact extents. Green represents impact 

below 2.5%; yellow represents impact above 2.5% but below 5.0%; red represents impact above 

5%. As for green scenarios, no action is suggested to be taken, as the WBT loads’ impact is 

insignificant. Yellow scenarios mean the revised design method is recommended. Red scenarios 

mean the revised design process is highly recommended to involve the significant WBT impact on 

pavement. 
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Table 4.62. Prediction of flexible pavement distress percent increase 

Distress type Variables 
Distress percent increase (%) 

AC thickness (inch) 
5 6 7 8 9 10 11 12 

Bottom-up 
cracking 

WBT 
proportion 

(%) 

5 3.61 2.76 2.08 1.56 1.19 0.99 0.95 1.07 
10 6.55 5.38 4.36 3.51 2.81 2.28 1.90 1.69 
15 9.40 7.89 6.55 5.36 4.34 3.47 2.77 2.22 
20 12.15 10.31 8.64 7.12 5.76 4.57 3.53 2.66 
25 14.81 12.64 10.63 8.78 7.10 5.57 4.21 3.00 

Total rutting  

5 0.11 0.28 0.42 0.53 0.61 0.66 0.69 0.68 
10 0.29 0.55 0.77 0.97 1.14 1.28 1.39 1.48 
15 0.47 0.81 1.13 1.41 1.67 1.90 2.10 2.27 
20 0.64 1.08 1.48 1.85 2.20 2.52 2.81 3.07 
25 0.82 1.34 1.83 2.30 2.73 3.14 3.51 3.86 

* Green: Low impact, distress percent increase ≤ 2.5%; no action recommended. 

   Yellow: Moderate impact, 2.5% ≤ distress percent increase ≤ 5%; revised design recommended. 

   Red: High impact, 5% ≤ distress percent increase; revised design highly recommended. 

The research team then modified the distress threshold in Pavement ME to include the 

impact of WBT loads on the pavement design. The general process is presented in Figure 4.29. 

The method to compute the adjusted distress threshold is shown in equation (4.26). 

 
Figure 4.29. The process of modifying the design considering WBT impact 

Adjusted distress threshold = Initial threshold /(1+Increase in percentage)           (4.26) 
The adjusted flexible pavement distress thresholds are shown in Table 4.63. 
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Table 4.63. Adjusted flexible pavement distress threshold 

Distress type Variables 
Adjusted design threshold (% or inch) 

AC thickness (inch) 
5 6 7 8 9 10 11 12 

Bottom-up 
cracking (%) 

(Standard: 20%) 
WBT 

proportion 
(%) 

5 19.30 19.46 19.59 19.69 19.76 19.80 19.81 19.79 
10 18.77 18.98 19.16 19.32 19.45 19.55 19.63 19.67 
15 18.28 18.54 18.77 18.98 19.17 19.33 19.46 19.57 
20 17.83 18.13 18.41 18.67 18.91 19.13 19.32 19.48 
25 17.42 17.76 18.08 18.38 18.67 18.94 19.19 19.42 

Total rutting 
(inch)  

(Standard: 0.5”) 

5 0.4994 0.4986 0.4979 0.4974 0.4970 0.4967 0.4966 0.4966 
10 0.4986 0.4973 0.4962 0.4952 0.4944 0.4937 0.4931 0.4927 
15 0.4977 0.4960 0.4944 0.4930 0.4918 0.4907 0.4897 0.4889 
20 0.4968 0.4947 0.4927 0.4909 0.4892 0.4877 0.4863 0.4851 
25 0.4959 0.4934 0.4910 0.4888 0.4867 0.4848 0.4830 0.4814 

* Green: Low impact, distress percent increase ≤ 2.5%; no action recommended. 

   Yellow: Moderate impact, 2.5% ≤ distress percent increase ≤ 5%; revised design recommended. 

   Red: High impact, 5% ≤ distress percent increase; revised design highly recommended. 

With Table 4.63, the impact of WBT load on flexible pavement distress can be easily 

considered in the Pavement ME software by adjusting the distress threshold based on AC thickness 

and assumed proportion of WBT loads.  

To demonstrate the WBT impact, the research team then calculated the specific WBT 

proportion that would lead to failure for Michigan calibration scenarios based on equations (4.24) 

- (4.25), shown in section 4.6.2. The results are shown in Tables 4.64 - 4.65. 

Table 4.64. Calculated WBT proportion that leads to failure (Level 3) 

NO. WIM station Traffic Calculated WBT proportion for each distress (%) 
Bottom-up cracking AC rutting Total rutting  

1 US-41 (211459) Low 0 >25 >25 
2 US-2 (492029) Low 0 >25 >25 
3 I-75 (694049) Low 0 0 0 
4 US-131 (595249) Medium 23 >25 >25 
5 I-94 (776469) Medium 0 >25 >25 
6 I94 (117189) Heavy 1 >25 >25 
7 I69 (238869) Heavy >25 >25 >25 
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Table 4.65. Calculated WBT proportion that leads to failure (Level 1) 

NO. WIM station Traffic Calculated WBT proportion for each distress (%) 
Bottom-up cracking AC rutting Total rutting  

1 US-41 (211459) Low 0 >25 >25 
2 US-2 (492029) Low 0 >25 >25 
3 I-75 (694049) Low 0 0 0 
4 US-131 (595249) Medium >25 >25 >25 
5 I-94 (776469) Medium 0 >25 >25 
6 I94 (117189) Heavy >25 >25 >25 
7 I69 (238869) Heavy >25 >25 >25 

* : 0 means that the structure failed before considering the WBT load 

4.7.2. Based on Pavement ME – adjusted CADT 
Although adjusting distress thresholds could take the impact of WBT load on all pavement 

distresses into consideration, it still needs multiple steps which could not accommodate the design 

directly. In this section, the research team will try to involve WBT loads’ impact on flexible ME 

design by adjusting a more specific parameter – commercial annual daily traffic (CADT) or 

AADTT (the input parameter in Pavement ME). 

According to the results in section 4.7.1, the critical distress for flexible pavement is fatigue 

cracking when considering WBTs’ impact, so the relative damage index for fatigue in Table 4.13 

would be used to adjust the CADT (under tire pressure of 120psi and +20% contact pressure).  

By multiplying the CADT value by the CADT adjustment factor (FCADT) when conducting 

the ME flexible pavement design process, the extra damage caused by the WBT load would be 

involved. The first step is determining the CADT adjustment factor (FCADT-100) when loads were 

100% WBT loads. Since the impact of WBT loads on the damage index of different AC 

thicknesses is different, the FCADT-100 is assumed to be a piecewise function with the following 

control points. 

• The relative damage index in the 5" AC structure is 4.29, assuming FCADT-100 = 4.29 

corresponds to CADT < 500; 

• The relative damage index in the 6.5" AC structure is 3.44, assuming FCADT-100 = 3.44 

corresponds to CADT = 1000; 

• The relative damage index in the 9.5" AC structure is 2.08, assuming FCADT-100 = 2.08 

corresponds to CADT = 5000; 

• The relative damage index in the 11.5" AC structure is 1.79, assuming FCADT-100 = 1.79 

corresponds to CADT ≥ 9000; 
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• Then, the linear interpolation method would be used to determine FCADT-100 in the CADT 

range of 500 - 1000, 1000 - 5000, and 5000 - 9000. 

The piecewise function for the CADT adjustment factor (FCADT-100) when loads were 100% 

WBT loads are shown in Figure 4.30 and equation (4.27) below. 
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Figure 4.30. The adjustment factor for flexible pavement under different CADTs 

FCADT-100 = 4.29    when CADT < 500 

                 -0.0017×CADT + 5.14   When 500 ≤ CADT < 1000 

                 -0.00034×CADT + 3.78   When 1000 ≤ CADT < 5000 

                 -0.0000725×CADT + 2.4425  When 5000 ≤ CADT < 9000 

      1.79        When CADT ≥ 9000                                         (4.27) 

Since the load type in Michigan is not 100% WBT according to field investigation in 

section 3, the second step is determining the CADT adjustment factor (FCADT-P) with the WBT 

percentage of P. The relative damage index for fatigue is assumed as 1 under DT load so that the 

FCADT-P could be calculated with the equation below. 
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FCADT-P = FCADT-100 × P/100 + 1×(100-P)/100                        (4.28) 

The CADT adjustment factor (FCADT-P) with the WBT percentage of P can be computed 

using the equation (4.28). Below are the examples of FCADT-P with P in 5%, 10%, and 25%.   

(1) When P = 5%, the FCADT-5 is shown in equation (4.29). 

FCADT-5    = 1.1645    When CADT < 500 

                  -0.000085×CADT + 1.207 When 500 ≤ CADT < 1000 

                  -0.000017×CADT + 1.139 When 1000 ≤ CADT < 5000 

                  -0.000003625×CADT + 1.072125  When 5000 ≤ CADT < 9000 

                  1.0395    When CADT ≥ 9000                                         (4.29) 

(2) When P = 10%, the FCADT-10 is shown in equation (4.30). 

FCADT-10   = 1.329    When CADT < 500 

                  -0.00017×CADT + 1.414  When 500 ≤ CADT < 1000 

                  -0.000034×CADT + 1.278 When 1000 ≤ CADT < 5000 

                  -0.00000725×CADT + 1.14425  When 5000 ≤ CADT < 9000 

                  1.079    When CADT ≥ 9000                                        (4.30) 

(3) When P = 25%, the FCADT-25 is shown in equation (4.31). 

FCADT-25   = 1.8225    When CADT < 500 

                  -0.000425×CADT + 2.035 When 500 ≤ CADT < 1000 

                  -0.000085×CADT + 1.695 When 1000 ≤ CADT < 5000 

                  -0.000018125×CADT + 1.360625  When 5000 ≤ CADT < 9000 

                  1.1975    When CADT ≥ 9000                                        (4.31) 

4.7.3. Based on AASHTO 93 – adjusted structure number (SN) 
The AASHTO 93 and the ME pavement design methods have different design processes 

and thresholds. Structural number (SN) is the critical parameter used in AASHTO 93 for flexible 

pavement design to describe the thickness and stiffness required to withstand the traffic and 

reliability level for support conditions on a given site. The design SN is related to traffic, subgrade 

resilient modulus, change in serviceability, reliability, etc., as presented in equation (4.32). The 

calculated SN is related to the properties of the pavement structure to be used. The design SN must 

≥ calculated SN. 
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            (4.32) 

where: 

W18 = Equivalent single axle loads (ESALs); 

ZR = Z-value for the 95% (MDOT) confidence level one-tailed test; 

S0 = Standard deviation, typically 0.49 for MDOT; 

ΔPSI = Change in present serviceability index, typically 2.0 for MDOT; 

MR = Resilient modulus of subgrade, psi, typically 3000-5000 for MDOT. 

PSI is different from the above pavement distresses (Cracking, rutting, IRI) analyzed for 

ME design; however, PSI has some relationship with the cracking and smoothness. The research 

team would use the most significantly impacted distress, fatigue cracking, as the basis to adjust 

the AASHTO 93 design method; the WBT impact on pavement serviceability (AASHTO 93 

process) is assumed to be the same as the impact on fatigue cracking (ME process).  

As the WBT loads lead to more distress, the pavement’s ΔPSI should be lower than the 

default design value for MDOT (which = 4.5-2.5 = 2). Through this process, the designed 

pavement structure would be stronger to offset the impact of WBT loads. Artificially increasing 

the terminal PSI is a feasible way to lower the ΔPSI and account for the distress and reduction in 

serviceability that WBTs may contribute to the pavement over its design life. For example, if the 

WBT loads caused 10% more distress, the ΔPSI should be 10% less, meaning the terminal PSI 

would be 2.7 (or 2.5+2*10%). The result of adjusted terminal PSI considering WBT impact is 

presented in Table 4.66. 

The relationship between fatigue cracking percent increase and the terminal PSI is shown 

in equation (4.33). 

TerminalPSI = 2.5+ 0.02×Pcracking                                      (4.33) 

where: 

TerminalPSI = Adjusted terminal PSI considering WBT impact;  

Pcracking  = Percent change in fatigue cracking caused by WBT loads, %; 
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Table 4.66. Adjusted terminal PSI considering WBT impact (2.5 originally) 

AC thickness (inch) 
Adjusted terminal PSI considering WBT impact 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
5 2.50 2.55 2.58 2.61 2.63 2.65 2.68 2.75 2.80 

6.5 2.50 2.54 2.56 2.58 2.60 2.62 2.64 2.69 2.73 
9.5 2.50 2.52 2.53 2.54 2.55 2.56 2.56 2.59 2.61 
11.5 2.50 2.51 2.52 2.53 2.54 2.54 2.55 2.57 2.59 

The process of adjusting AASHTO 93 flexible pavement design considering WBT impact 

would be as follows: 

(1) Calculate the design SN (structure number) of flexibility as usual; 

(2) Using the design SN from process (1) to design the pavement structure, get the AC 

thickness; 

(3) Use the AC thickness from process (2) and Table 4.66 with linear interpolation to get 

the proper adjusted terminal PSI and reconduct steps (1) and (2); 

The research team also conducted a sensitivity check of different terminal PSI numbers on 

SN, with the input parameters shown in Figure 4.31. Sensitivity analysis results are shown in 

Figures 4.32 - 4.33. 

 
Figure 4.31. The AASHTO 93 analysis process for flexible pavement 
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Figure 4.32. Sensitivity analysis of terminal PSI (ESALs: 1E6) 

 

 
Figure 4.33. Sensitivity analysis of terminal PSI (ESALs: 1E7) 

4.7.4.  Based on AASHTO 93 – adjusted ESAL 
In this section, the similar adjustment process in section 4.7.2 will be adopted to adjust 

traffic parameters in the AASHTO 93 pavement design process. Unlike the CADT (or AADTT) 

parameter used in the ME design, ESAL is the traffic parameter input in the AASHTO 93 design. 

Since ESAL is computed with load axle number and weight distribution, it does not have a strict 
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relationship with CADT. In this research, the team used the Michigan freeway average vehicle 

class distribution, freeway axle load spectrum (average of 12 month) [32], and other traffic 

parameters shown in Table 4.67 to convert the CADT values used in section 4.7.2 to the calculate 

the ESAL. The obtained ESAL used were round to integer for calculation simplify, as shown in 

Table 4.68. 

Table 4.67. Traffic parameters used for ESAL calculation 

Design life 
(year) 

Traffic growth 
rate (%) 

Lane factor under different CADT value 
500 1000 5000 9000 

20 0.5 0.92 (2 lanes) 0.86 (2 lanes) 0.60 (3 lanes) 0.55 (3 lanes) 

Table 4.68. CADT to ESAL transformation for flexible pavement 

CADT Estimated ESAL 
500 1.2× 106 
1000 2.2 × 106 
5000 7.5 × 106 
9000 12.5 × 106 

Similar to the adjustment of CADT in section 4.7.2, the first step is determining the ESAL 

adjustment factor (FESAL-100) if all loads were WBT loads with the following control points. 

• The relative damage index in the 5" AC structure is 4.29, assuming FESAL-100 = 4.29 

corresponds to ESAL < 1.2×106; 

• the relative damage index in the 6.5" AC structure is 3.44, assuming FESAL-100 = 3.44 

corresponds to ESAL = 2.2×106; 

• the relative damage index in the 9.5" AC structure is 2.08, assuming FESAL-100 = 2.08 

corresponds to ESAL = 7.5×106; 

• The relative damage index in the 11.5" AC structure is 1.79, assuming FESAL-100 = 1.79 

corresponds to ESAL ≥ 12.5×106; 

• Using linear interpolation method to determine FESAL-100 in the ESAL range of 1.2×106- 

2.2×106, 2.2×106- 7.5×106, and 7.5×106- 12.5×106. 

The piecewise function for the ESAL adjustment factor (FESAL-100) when loads were 100% 

WBT loads is shown in Figure 4.34 and equation (4.34) below. 
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Figure 4.34. Adjust factor for flexible pavement under different ESALs 

FESAL-100 = 4.29    when ESAL < 1.2×106 

                  -0.850×10-6×ESAL + 5.310 When 1.2×106 ≤ ESAL < 2.2×106 

                  -0.257×10-6×ESAL + 4.005  When 2.2×106
 ≤ ESAL < 7.5×106 

                  -0.058×10-6×ESAL + 2.515  When 7.5×106
 ≤ ESAL < 12.5×106 

                  1.79    When ESAL ≥ 12.5×106                                         (4.34) 

The second step is determining the CADT adjustment factor (FCADT-P) with the WBT 

percentage of P. As for DT load, the relative damage index for fatigue is assumed as 1, so the 

FESAL-P could be calculated with the equation below. 

FESAL-P = FESAL-100 × P/100 + 1×(100-P)/100                                         (4.35) 

The ESAL adjustment factor (FESAL-P) with the WBT percentage of P can be computed 

using the equation (4.35). Below are the examples of FESAL-P with P in 5%, 10%, and 25%.   

(1) When P = 5%, the FESAL-5 is shown in equation (4.36). 
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FESAL-5    = 1.1645    When ESAL < 1.2×106 

                  -0.0425×10-6×ESAL + 1.2155 When 1.2×106 ≤ ESAL < 2.2×106 

                  -0.01285×10-6×ESAL + 1.15025 When 2.2×106
 ≤ ESAL < 7.5×106 

                   -0.0029×10-6×ESAL + 1.07575 When 7.5×106
 ≤ ESAL < 12.5×106 

                  1.0395    When ESAL ≥ 12.5×106                                         (4.36) 

(2) When P = 10%, the FESAL-10 is shown in equation (4.37). 

FESAL-10   = 1.329    When ESAL < 1.2×106 

                  -0.085×10-6×ESAL + 1.431 When 1.2×106 ≤ ESAL < 2.2×106 

                  -0.0257×10-6×ESAL + 1.3005 When 2.2×106
 ≤ ESAL < 7.5×106 

                  -0.0058×10-6×ESAL + 1.1515  When 7.5×106
 ≤ ESAL < 12.5×106 

                  1.079    When ESAL ≥ 12.5×106                                         (4.37) 

(3) When P = 25%, the FESAL-25 is shown in equation (4.38). 

FESAL-25   = 1.8225    When ESAL < 1.2×106 

                  -0.2125×10-6×ESAL + 2.0775 When 1.2×106 ≤ ESAL < 2.2×106 

                  -0.06425×10-6×ESAL + 1.75125 When 2.2×106
 ≤ ESAL < 7.5×106 

                  -0.0145×10-6×ESAL + 1.37875  When 7.5×106
 ≤ ESAL < 12.5×106 

                  1.1975    When ESAL ≥ 12.5×106                                         (4.38) 

4.8. Chapter summary 
Based on the above flexible pavement distress analysis results, the research team 

summarized the WBT loads’ impact on the distress of different AC thickness structures under tire 

pressures of 120 psi. According to field WBT load survey results in section 3, Michigan's current 

WBT load proportion was found to be 7.32% from a limited assessment at MSP weigh stations.  

Therefore, a recommended level for a somewhat conservative design would be approximately 10% 

WBTs. The distresses’ percent increases under 10% WBT loads were plotted, corresponding with 

Michigan's current WBT load proportion, and the results are presented in Figure 4.35. 
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Figure 4.35. Distress increase under 10% WBT load for different AC thickness structures 

Considering WBT loads’ increase in the future, the research team compared the increase 

of distress under 25% WBT loads, as shown in Figure 4.36. 
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Figure 4.36. Distress increase under 25% WBT load for different AC thickness structures 

All in all, flexible pavement fatigue cracking is more affected by the use of WBTs than are 

rutting and IRI. As for the different AC thickness structures, the thinner AC structures are more 
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impacted by WBT loads in fatigue cracking distress. However, the thicker AC structure in this 

study still experiences higher relative rutting increases due to thicker AC layer thickness. The 

WBT loads’ impact on IRI does not significantly relate to the AC thickness.  

Under the roughly 10% WBT load proportion as suggested from several Michigan 

truckline locations from this study, all flexible pavement relative distress increases are relatively 

minor, although fatigue cracking was found to be a larger issue from the impact of WBT usage in 

comparison with rutting for AC thickness structures. If the WBT load proportion in Michigan were 

to increase to 25% in the future, this impact would likely be more significant, with bottom-up 

fatigue cracking impacted the most.  
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5. CHAPTER 5: QUANTIFICATION OF WBT IMPACT ON RIGID PAVEMENT (JPCP) 
AND DESIGN IMPROVEMENT 

5.1. Preparation for rigid pavement distress analysis 
In an effort to mimic the approach taken to assess WBT impacts on flexible pavement 

design using Pavement ME principles, the research team adopted the Illislab software, which is 

also used to train artificial neural networks for the stress prediction algorithm in Pavement ME 

software, to obtain the critical response under dual tire (DT) and wide base tire (WBT) loads of 

rigid pavement. Since CRCP pavements are not standard for MDOT, these performance criteria 

will not be analyzed in this project. As for JPCP pavement, transverse cracking (bottom-up; top-

down) and mean joint faulting are the primary distresses considered in the design. The critical load 

and response for each JPCP distress are presented in Figure 5.1. 

 

 

 

(a) For JPCP bottom-up transverse cracking 

(b) For JPCP top-down transverse cracking 

(c) For JPCP joint faulting 
Figure 5.1. Critical load and response for each JPCP distress [33] 
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Based on Figure 5.1, the load location is vital in identifying the distress level. The fixed 

input parameters for JPCP distress analysis used in Illislab software are presented in Table 5.1. 

The variables used in Illislab are shown in Table 5.2. The LTE-x value is from tie bars in 

longitudinal joints, which is assumed to be constant at 50%, while the LTE-y value is due to load 

transfer from dowel bars at the transverse joints. LTE-y is set as 70% for cracking distress to 

simulate undesirable working conditions, but mid-slab stresses are not sensitive to this input 

parameter. As for the faulting distress analysis, LTE-y is set as 50%, 70 %, and 90% since faulting 

is extremely sensitive to transverse load transfer capacity. The ΔT in Table 5.2 indicates the 

temperature gradient which would cause slab curling and impact stress development. The ΔT is 

positive for bottom-up cracking and negative for top-down cracking. 

Table 5.1. Fixed parameters used in Illislab 
Parameter Value 

Mesh dimension (inch) 3 
Number of slabs 3×3 

LTE-x (%) * 50 
Dimension of the slab (') 12×14 

Subgrade reaction (k-value) Winkler (150psi)  
PCC thickness (inch) 10 

PCC Elastic modulus (psi) 4,200,000 
PCC Poisson's ration 0.20 

PCC unit weight (lbs/ft3) 145 
Single axle weight (lbs) 18,000 

Coefficient of thermal expansion  4.4×10-6 
* LTE—load transfer efficiency 

Table 5.2. Variables used in Illislab 

JPCP distress ΔT (°F)  Tire pressure (psi) Distance from 
shoulder joint LTE-y (%) 

Bottom-up cracking 0; +10; +20 80; 100; 120 18”; 10”; 0” 70 
Top-down cracking 0; -10; -20 80; 100; 120 18”; 10”; 0” 70 

Faulting 0 80; 100; 120 18”; 10”; 0” 50; 70; 90 

5.2. Pavement ME analysis for JPCP structures 

5.2.1. Pavement ME input parameters 
This chapter will contain the Pavement ME analysis (version 2.6.1.0) for JPCPs in seven 

different locations across Michigan. The research team selected seven WIM stations adopted in 

flexible pavement analysis to assure a broad representation of typical sites in the MDOT trunkline 

network. The locations of the WIM stations are shown in Figure 5.2. 
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Figure 5.2. Location of 7 WIM stations 

The number of lanes and CADT information in 2019 (pre-pandemic) for each area were 

investigated, as shown in Table 5.3. The parameters used for JPCP structures in Pavement ME are 

presented in Table 5.4. Prep ME software was used to obtain each WIM station's traffic and load 

distribution data, and combined with the above CADT information, the traffic input files for the 

Pavement ME software were formed. The climate input files were selected at or near each WIM 

station. The climate stations' numbers are presented in Table 5.3, and their specific locations are 

shown in Figure 5.3. 

Table 5.3. Pavement section information 

WIM station Lanes in one 
direction 

Two-way CADT in 
2019 

Climate 
number 

US-41 (211459) 1 589 94893 
US-2 (492029) 1 496 14841 
I-75 (694049) 2 1330 04854 

US-131 (595249) 2 1965 94860 
I-94 (776469) 2 3230 14822 
I94 (117189) 3 12088 94871 
I69 (238869) 2 6203 14836 
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Table 5.4. JPCP parameters used in Pavement ME 
Category Parameter Value 

JPCP design 
properties 

PCC surface shortwave absorptivity 0.85 

Doweled joints (inch) Spacing 12; Diameter 
1~1.5 

Fairly erodible Fairly erodible (4) 

PCC-base contact friction Full friction with friction 
loss at (60) months 

PCC joint spacing (') 12~16 
Permanent curl/warp effective 

temperature difference (°F) -10 

Sealant type Other 

Tired shoulders Tied with long term load 
transfer efficiency of 50 

Widened slab Not widened 

PCC properties 

Poisson's ratio 0.2 

Thickness (inch) Minimal to pass the 
criteria (6~13) 

Unit weight (pcf) 145 
PCC coefficient of thermal expansion 

(in/in/°F) × 10-6 4.4 

PCC heat capacity (BTU/lb-°F) 0.28 
PCC thermal conductivity 

(BTU/(h⋅ft⋅°F)) 1.25 

28-day compressive strength (psi) 5600 

Base 
Gradation Open graded; 

Dense graded 
Resilient modulus (psi) 33000 

Thickness (inch) 6 

Subbase 
Gradation A-1-b (Sand subbase) 

Resilient modulus (psi) 20000 
Thickness (inch) 10 

Subgrade Gradation A-2-7 
Modulus (psi) 5000 
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Figure 5.3. Location of 7 climate stations 

5.2.2. Pavement ME analysis results 
The research team conducted the Pavement ME analysis (version 2.6.1.0) with the 

previously noted traffic, climate, and material information. The pavement distress calibration was 

set in global calibration, as MDOT calibration was not finalized at the time of the analysis. Open-

graded and dense-graded bases were analyzed, and the results are presented in Tables 5.5 (Open-

graded base) and 5.6 (Dense-graded base), with details shown in Appendix E. 
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Table 5.5. JPCP Pavement ME analysis result (Open-graded base) 

NO. WIM 
station 

Slab 
thickness  

(inch) 

Dowel 
Diameter 

(inch) 

Joint 
spacing 
(inch) 

Distress value 
Transverse 

cracking 
(%) 

Mean faulting 
(inch) IRI 

Threshold 15 0.125 172 

1 US-41 
(211459) 

6 1 12 33.96 0.04 166.47 
6.5 1 12 12.83 0.04 150.30 
7 1 12 6.13 0.05 148.09 

2 US-2 
(492029) 

6 1 12 8.71 0.05 143.24 
6.5 1 12 4.44 0.05 143.24 
7 1 12 2.79 0.05 143.85 

3 I-75 
(694049) 

7.5 1 12 1.23 0.10 179.72 
8 1.25 12 1.23 0.05 143.59 

8.5 1.25 12 1.23 0.05 142.25 

4 US-131 
(595249) 

7.5 1 12 2.46 0.16 223.90 
8 1.25 12 1.23 0.07 156.57 

8.5 1.25 12 1.23 0.07 154.64 

5 I-94 
(776469) 

8 1.25 12 1.23 0.10 172.75 
8 1.5 12 1.23 0.07 154.22 

8.5 1.25 12 1.23 0.09 170.42 
9 1.25 14 1.23 0.11 175.19 

6 I94 
(117189) 

12 1.5 16 1.23 0.13 176.24 
12 1.5 14 1.23 0.10 169.07 

12.5 1.5 16 1.23 0.12 173.53 
13 1.5 16 1.23 0.12 172.65 

7 I69 
(238869) 

10 1.25 14 1.23 0.14 197.57 
10.5 1.5 14 1.23 0.09 164.00 
11 1.5 14 1.23 0.09 161.85 
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Table 5.6. JPCP Pavement ME analysis result (Dense graded base) 

NO. WIM 
station 

Slab 
thickness  

(inch) 

Dowel 
Diameter 

(inch) 

Joint 
spacing 

(') 

Distress value 
Transverse 

cracking 
(%) 

Mean faulting 
(inch) IRI 

Threshold 15 0.125 172 

1 US-41 
(211459) 

6 1 12 35.33 0.05 173.03 
6.5 1 12 13.24 0.05 156.60 
7 1 12 6.26 0.06 154.38 

2 US-2 
(492029) 

6 1 12 9.08 0.05 146.77 
6.5 1 12 4.52 0.06 146.80 
7 1 12 2.79 0.06 147.26 

3 I-75 
(694049) 

7.5 1 12 1.23 0.11 188.94 
8 1.25 12 1.23 0.05 146.69 

8.5 1.25 12 1.23 0.05 145.04 

4 US-131 
(595249) 

7.5 1 12 2.46 0.17 233.61 
8 1.25 12 1.23 0.08 161.21 

8.5 1.25 12 1.23 0.08 158.68 

5 I-94 
(776469) 

8 1.25 12 1.23 0.10 178.73 
8 1.5 12 1.23 0.08 158.47 

8.5 1.25 12 1.23 0.10 176.04 
9 1.25 14 1.23 0.10 180.38 

6 I94 
(117189) 

12 1.5 16 1.23 0.13 178.71 
12 1.5 14 1.23 0.11 171.46 

12.5 1.5 16 1.23 0.13 175.72 
13 1.5 16 1.23 0.12 172.79 

7 I69 
(238869) 

10 1.25 14 1.23 0.16 204.75 
10.5 1.5 14 1.23 0.10 168.58 
11 1.5 14 1.23 0.10 164.99 

5.2.3. Temperature gradient analysis 
Based on the Enhanced Integrated Climatic Model embedded in the Pavement ME output 

files, the PCC thermal data for different depths can be obtained, with which the temperature 

gradient for a particular site can be calculated. Since the temperature gradient is mainly determined 

by climate location and slab thickness, the slab thickness was set from 6" to 13" for each of the 

seven climate locations. The temperature gradient distribution was then calculated, shown in Table 

5.7. The permanent curl/warp temperature gradient of -10°F was considered as utilized for MDOT 

design. 
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Table 5.7. Percentage of temperature gradient distribution 
Climate 
station 
number 

Slab 
thickness 

(inch) 

Percentage of temperature gradient (%) 
-30°F 

(-35~-25) 
-20°F 

(-25~-15) 
-10°F 

(-15~-5) 
0°F 

(-5~5) 
10°F 

(5~15) 
20°F 

(15~25) 
30°F 

(25~35) 

1 

6 0.72  34.16  39.03  19.48  6.31  0.30  0.00  
8 2.50  35.54  34.53  18.51  7.78  1.12  0.01  

10 4.60  34.88  32.43  17.54  8.43  2.01  0.06  
12 5.96  34.05  31.54  16.81  8.79  2.56  0.16  
13 6.40  33.52  31.40  16.57  8.92  2.76  0.20  

2 

6 0.12  30.07  46.53  17.49  5.66  0.13  0.00  
8 0.76  33.38  41.16  16.67  7.34  0.69  0.00  

10 2.05  34.29  38.22  15.94  8.03  1.45  0.03  
12 3.21  34.10  36.74  15.57  8.24  2.05  0.07  
13 3.60  33.96  36.30  15.45  8.30  2.28  0.09  

3 

6 0.19  31.72  43.72  18.41  5.79  0.17  0.00  
8 1.13  34.26  38.78  17.60  7.42  0.80  0.00  

10 2.76  34.50  36.18  16.80  8.17  1.55  0.03  
12 4.11  34.07  34.75  16.33  8.49  2.15  0.08  
13 4.59  33.77  34.35  16.21  8.58  2.36  0.12  

4 

6 0.29  33.26  40.57  19.02  6.63  0.23  0.00  
8 1.65  35.29  35.74  18.06  8.30  0.96  0.00  

10 3.53  34.97  33.45  17.19  8.95  1.89  0.03  
12 4.87  34.20  32.39  16.68  9.19  2.56  0.09  
13 5.39  33.81  32.11  16.51  9.24  2.80  0.12  

5 

6 0.31  32.06  42.14  19.37  5.88  0.24  0.00  
8 1.53  34.30  37.18  18.63  7.35  1.00  0.01  

10 3.13  34.35  34.68  17.86  8.15  1.80  0.03  
12 4.36  33.73  33.57  17.33  8.58  2.30  0.11  
13 4.85  33.35  33.33  17.13  8.69  2.48  0.15  

6 

6 0.22  32.69  40.46  19.46  6.90  0.26  0.00  
8 1.44  34.79  35.63  18.48  8.61  1.04  0.00  

10 3.36  34.47  33.17  17.76  9.19  1.99  0.05  
12 5.39  34.16  31.42  16.88  9.35  2.66  0.13  
13 5.89  33.66  31.20  16.76  9.40  2.89  0.16  

7 

6 0.38  33.46  40.08  19.53  6.29  0.25  0.00  
8 1.77  35.25  35.42  18.64  7.84  1.08  0.01  

10 3.76  34.75  33.19  17.69  8.66  1.91  0.04  
12 5.15  33.89  32.20  17.12  9.03  2.49  0.11  
13 5.71  33.43  31.92  16.95  9.12  2.69  0.14  

According to the data in Table 5.7, the temperature gradient distribution at different 

locations is plotted, as shown in Figures 5.4 – 5.8. 
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Figure 5.4. Temperature gradient distribution (6" slab thickness) 

-30 -20 -10 0 10 20 30
0

10

20

30

40

50

Pr
ob

ab
ilit

y 
(%

)

ΔT (°F)

 1
 2
 3
 4
 5
 6
 7

 
Figure 5.5. Temperature gradient distribution (8" slab thickness) 
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Figure 5.6. Temperature gradient distribution (10" slab thickness) 
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Figure 5.7. Temperature gradient distribution (12" slab thickness) 
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Figure 5.8. Temperature gradient distribution (13" slab thickness) 

The distribution regularity shown in Figures 5.4 – 5.8 proves that while some differences 

exist, the temperature gradient distributions for different slab thicknesses across Michigan climate 

stations are quite similar. Therefore, the research team then determined the average temperature 

gradient distribution percentage, as shown in Table 5.8, which would be used in the WBT impact 

analysis. These determined distributions are approximate values but reasonable to mimic 

Michigan's practice. 

Table 5.8. Determined temperature gradient distribution 

Intervals (°F) -30 
(-35~-25) 

-20 
(-25~-15) 

-10 
(-15~-5) 

0 
(-5~5) 

10 
(5~15) 

20 
(15~25) 

30 
(25~35) 

Percentage (%) 5 35 35  15 8 2 0 
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5.3. Transverse cracking distress analysis 

5.3.1. Slab bottom stress analysis with Illislab 
As described previously, transverse cracking is divided into bottom-up and top-down 

cracking. When the load is placed on the middle of the slab and the slab curves downward (positive 

temperature gradient), the bottom of the slab tends to suffer the most extensive stress, leading to 

bottom-up cracking. 

The research team adopted Illislab software to compare the slab bottom stress difference 

under DT and WBT loads. The variables utilized in Illislab are presented in Table 5.9. Slab 

thicknesses range from 6" to 13", with the dowel diameter and joint spacing corresponding with 

slab thickness in Figure 5.9, as dictated by MDOT design practice. 

The temperature gradient ranges from -30℉ to 30℉. The load edge from slab edge ranges 

from 0 to 18". The tire pressure for loads is set as 80, 100, and 120 psi. 

Table 5.9. Variables used in Illislab for cracking analysis 
Variables Values 

Slab thickness (inch) 6 8 10 12 13 
Distance from shoulder (inch) 0; 10; 18 

Temperature gradient (℉) -30; -20; -10; 0; 10; 20; 30 
Joint spacing (') 12 12 14 16 16 

Tire pressure (psi) 80; 100; 120 
 

 
Figure 5.9. JPCP dowel diameter and joint spacing 

Stress at the bottom of the slab for different slab thicknesses and load distances obtained 

from Illislab are shown in Appendix F. With the stress data in Appendix F, the stress at the bottom 

of the slab for different thicknesses under the dual tire design standard of 120 psi is plotted, as 

shown in Figures 5.10 – 5.12. The upper surface of plotted squares in Figures 5.10 – 5.12 represents 

the stress under dual-tire (DT) load, while the bottom surface indicates the increased stress under 

more concentrated WBT loads. 
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Figure 5.10. Stress at the bottom of the slab in different thicknesses (0" from shoulder 

joint) 

 
Figure 5.11. Stress at the bottom of the slab in different thicknesses (10" from shoulder 

joint) 
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Figure 5.12. Stress at the bottom of the slab in different thicknesses (18" from shoulder 

joint) 
As shown in Figures 5.10 – 5.12, the difference in stress between DT and WBT loads 

decreases with the slab thickness for all load locations, which proves JPCP structure with a thinner 

slab thickness is more sensitive to WBT load impact. When the positive temperature gradient 

increases, slab bottom stress under both DT and WBT loads increases significantly. However, 

there is little apparent difference between DT and WBT loads with the temperature gradient. The 

distance of the loads’ exterior edge from the shoulder joint also has a significant influence on WBT 

impact, especially for thinner slab thicknesses, as the squares' height in Figure 5.10 (0" from 

shoulder joint) is much higher than that in Figure 5.12 (18" from shoulder joint).   

5.3.2. Slab top stress analysis with Illislab 
When the loads are placed on the slab's edges and the slab curves upward (negative 

temperature gradient), the top of the slab tends to suffer the most extensive stress, leading to top-

down cracking. The variables in Illislab are presented in Table 5.9. Stress at the top of the slab for 

different slab thicknesses and load distances obtained from Illislab are shown in Appendix G. 

With the stress data in Appendix G, the stress at the top of the slab for different thicknesses 

under the dual tire design standard of 120 psi can also be plotted, as shown in Figures 5.13 – 5.15. 

The upper surface of squares in Figures 5.13 – 5.15 represents stress under dual-tire (DT) load, 
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while the bottom surface again indicates the increased stress under corresponding WBT loads. 

 
Figure 5.13. Stress at the top of the slab at different thicknesses (0" from shoulder joint) 
 

 
Figure 5.14. Stress at the top of the slab at different thicknesses (10" from shoulder joint) 
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Figure 5.15. Stress at the top of the slab at different thicknesses (18" from shoulder joint) 

As shown in Figures 5.13 - 5.15, the development of squares' height with slab thickness is 

similar to that for slab bottom stress figures (Figures 5.10 - 5.12). JPCP structures with a thinner 

slab thickness are more sensitive to WBT load impact. However, the stress difference between DT 

and WBT loads is much lower compared with slab bottom stress scenarios, especially for thinner 

slab structures. The distance of load from the edge of the shoulder joint does not significantly 

influence the WBT impact, as the squares' height does not change too much with the distance. It 

is worth mentioning that the slab stress does not show a decreasing trend from 6" to 8" slab 

thickness when the temperature gradient is equal to 0 or -10°F (at or near fully supported slab 

conditions). 

5.3.3. Analysis of WBT impact on transverse cracking 
With the slab bottom and top stresses obtained from the Illislab analysis, the research team 

started the JPCP transverse cracking analysis using the method described in AASHTO MEPDG 3 

[11]. The allowable number of load applications is calculated based on equation (5.1). 

log𝑁𝑁𝑖𝑖,𝑗𝑗,𝑘𝑘… = 𝐶𝐶1 × ( 𝑀𝑀𝑀𝑀𝑖𝑖
σ𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙,𝑚𝑚,𝑛𝑛

)𝑐𝑐2                                            (5.1) 

where: 

Ni,j,k,…  =  Allowable number of load applications at condition i, j, k, l, m, n 
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MRi = PCC modulus of rupture at age i, psi 

σi,j,k,… = Applied stress at condition i, j, k, l, m, n 

C1,2 = Calibration coefficients; C1 = 2.0; C2 = 1.22 

The total fatigue damage index DIF can be obtained with allowable load N applications and 

applied load applications n from equation (5.2) below.  

𝐷𝐷𝐷𝐷𝐹𝐹 = ∑ 𝑛𝑛𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙,𝑚𝑚,𝑛𝑛,𝑜𝑜

𝑁𝑁𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙,𝑚𝑚,𝑛𝑛,𝑜𝑜
                                                      (5.2) 

Where: 

DIF = Total fatigue damage index (top-down or bottom-up) 

ni,j,k,…  =  Applied number of load applications at condition i, j, k, l, m, n 

The applied load applications n are assumed to be the same for DT and WBT loads, so the 

inverse of N was assumed as DIF in this project. 

The distribution of wheel edge distance from the shoulder joint is based on a mean distance 

of 18 inches and a standard deviation of 10 inches, with resulting probabilities presented in Figure 

5.16 and Table 5.10, while the temperature gradient distribution is shown in Table 5.8 in section 

5.2.3. The combined distribution of wheel edge distance and temperature gradient is then obtained, 

as shown in Table 5.11. 

 

Figure 5.16. Distribution of wheel edge distance from shoulder joint 
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Table 5.10. Distribution of wheel edge distance from shoulder joint 

Distance from shoulder joint (inch) Location (inch) Probabilities 
5 to -100 0 0.106 
14 to 5 10 0.258 

>14 18 0.636 

Table 5.11. Combined distribution of wheel edge distance and temperature gradient  

 
Temperature gradient  

-30°F 
(-35~-25) 

-20°F 
(-25~-15) 

-10°F 
(-15~-5) 

0°F 
(-5~5) 

10°F 
(5~15) 

20°F 
(15~25) 

30°F 
(25~35) 

Distance 
0 0.0053  0.0371  0.0371  0.0159  0.0085  0.0021  0.0000  

10 0.0129  0.0903  0.0903  0.0387  0.0206  0.0052  0.0000  
18 0.0318  0.2226  0.2226  0.0954  0.0509  0.0127  0.0000  

The predicted amount of bottom-up or top-down cracking can be calculated with the 

damage index DIF, as shown in equation (5.3). The relation between DIF and CRK is plotted in 

Figure 5.17. 

CRK = 100
1+𝐶𝐶4𝐷𝐷𝐷𝐷𝐹𝐹𝑐𝑐5

                                                      (5.3) 
where: 

CRK =  Predicted amount of bottom-up or top-down cracking (fraction); 

DIF = Fatigue damage index calculated; 

C4,5 = Calibration coefficients; C4 = 0.52; C5 = -2.17. 
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Figure 5.17. Relationship between DIF and CRK 

The threshold of JPCP transverse cracking in Michigan is 15% (95% reliability). When 
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calculating the average value (50% reliability), 4.2% cracking would arrive at the threshold. 

According to Figure 5.17, when the CRK is 4.2%, the DIF is about 0.175. The damage index under 

different slab thicknesses was multiplied with various DIF reduced factors presented in Table 5.12. 

The CRK calculated with DIF and DIF reduced factor will be around the 4.2% cracking threshold 

under 50% reliability and 15% under 95% reliability. 

Table 5.12. DIF reduced factor for bottom-up and top-down cracking 

Slab thickness (inch) 6 8 10 12 13 
Reduced factor (Bottom-up) 0.0958 0.0687 0.0527 0.0427 0.0388 
Reduced factor (Top-down) 0.0810 0.0678 0.0573 0.0496 0.0451 

With the combined distribution in Table 5.11 and the reduced factor in Table 5.12, the 

combined damage index for bottom-up and top-down cracking is calculated. The percent increase 

percentage from DT load to WBT load is also obtained. The results are shown in Tables 5.13 - 

5.14. 

Table 5.13. Combined damage index for bottom-up cracking 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

Damage index Percent 
increase (%) Under DT load Under WBT tire load 

6 
80 0.1575 0.2111 34.03 
100 0.1645 0.2221 35.02 
120 0.1699 0.2305 35.67 

8 
80 0.1554 0.2022 30.12 
100 0.1617 0.2119 31.05 
120 0.1665 0.2194 31.77 

10 
80 0.1599 0.2001 25.14 
100 0.1654 0.2086 26.12 
120 0.1696 0.2151 26.83 

12 
80 0.1625 0.1971 21.29 
100 0.1673 0.2046 22.30 
120 0.1710 0.2103 22.98 

13 
80 0.1567 0.1895 20.93 
100 0.1612 0.1966 21.96 
120 0.1648 0.2021 22.63 
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Table 5.14. Combined damage index for top-down cracking 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

Damage index Percent 
increase (%) Under DT load Under WBT tire load 

6 
80 0.1620 0.1798 10.99 
100 0.1635 0.1817 11.13 
120 0.1647 0.1831 11.17 

8 
80 0.1621 0.1752 8.08 
100 0.1653 0.1794 8.53 
120 0.1677 0.1825 8.83 

10 
80 0.1610 0.1692 5.09 
100 0.1634 0.1723 5.45 
120 0.1653 0.1746 5.63 

12 
80 0.1667 0.1718 3.06 
100 0.1686 0.1742 3.32 
120 0.1700 0.1759 3.47 

13 
80 0.1683 0.1714 1.84 
100 0.1704 0.1739 2.05 
120 0.1720 0.1758 2.21 

With the damage index for DT and WBT loads, the relative damage index at different WBT 

proportions for bottom-up and top-down cracking can be calculated considering WBT proportions 

from 0 to 25%. The relative damage index at different WBT proportions (bottom-up; top-down) is 

presented in Tables 5.15 - 5.16. 

Table 5.15. Relative damage index at different WBT proportions (Bottom-up) 

Slab 
thickness 

(inch) 

Tire 
pressure 

(psi) 

Relative damage index at different WBT proportions 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.1575 0.1596 0.1607 0.1618 0.1629 0.1639 0.1650 0.1682 0.1709 

100 0.1645 0.1668 0.1680 0.1691 0.1703 0.1714 0.1726 0.1760 0.1789 
120 0.1699 0.1723 0.1735 0.1747 0.1760 0.1772 0.1784 0.1820 0.1851 

8 
80 0.1554 0.1573 0.1582 0.1591 0.1601 0.1610 0.1620 0.1648 0.1671 

100 0.1617 0.1637 0.1647 0.1657 0.1667 0.1677 0.1687 0.1717 0.1743 
120 0.1665 0.1686 0.1697 0.1707 0.1718 0.1728 0.1739 0.1771 0.1797 

10 
80 0.1599 0.1615 0.1623 0.1631 0.1639 0.1647 0.1655 0.1679 0.1700 

100 0.1654 0.1671 0.1680 0.1689 0.1697 0.1706 0.1714 0.1740 0.1762 
120 0.1696 0.1714 0.1723 0.1732 0.1742 0.1751 0.1760 0.1787 0.1810 

12 
80 0.1625 0.1639 0.1646 0.1653 0.1660 0.1667 0.1673 0.1694 0.1712 

100 0.1673 0.1688 0.1695 0.1703 0.1710 0.1718 0.1725 0.1748 0.1766 
120 0.1710 0.1726 0.1734 0.1741 0.1749 0.1757 0.1765 0.1789 0.1808 

13 
80 0.1567 0.1580 0.1587 0.1593 0.1600 0.1606 0.1613 0.1633 0.1649 

100 0.1612 0.1626 0.1633 0.1640 0.1647 0.1654 0.1662 0.1683 0.1701 
120 0.1648 0.1663 0.1670 0.1678 0.1685 0.1693 0.1700 0.1723 0.1741 
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Table 5.16. Relative damage index at different WBT proportions (Top-down) 

Slab 
thickness 

(inch) 

Tire 
pressure 

(psi) 

Relative damage index at different WBT proportions 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.1620 0.1627 0.1631 0.1634 0.1638 0.1641 0.1645 0.1656 0.1665 

100 0.1635 0.1642 0.1646 0.1650 0.1653 0.1657 0.1660 0.1671 0.1681 
120 0.1647 0.1654 0.1658 0.1662 0.1665 0.1669 0.1673 0.1684 0.1693 

8 
80 0.1621 0.1626 0.1629 0.1631 0.1634 0.1637 0.1639 0.1647 0.1654 

100 0.1653 0.1659 0.1661 0.1664 0.1667 0.1670 0.1673 0.1681 0.1688 
120 0.1677 0.1683 0.1686 0.1689 0.1692 0.1695 0.1698 0.1707 0.1714 

10 
80 0.1610 0.1613 0.1615 0.1617 0.1618 0.1620 0.1621 0.1626 0.1631 

100 0.1634 0.1638 0.1639 0.1641 0.1643 0.1645 0.1646 0.1652 0.1656 
120 0.1653 0.1657 0.1659 0.1660 0.1662 0.1664 0.1666 0.1672 0.1676 

12 
80 0.1667 0.1669 0.1670 0.1671 0.1672 0.1673 0.1674 0.1677 0.1680 

100 0.1686 0.1688 0.1689 0.1690 0.1692 0.1693 0.1694 0.1697 0.1700 
120 0.1700 0.1702 0.1704 0.1705 0.1706 0.1707 0.1708 0.1712 0.1715 

13 
80 0.1683 0.1684 0.1685 0.1685 0.1686 0.1687 0.1687 0.1689 0.1691 

100 0.1704 0.1705 0.1706 0.1707 0.1708 0.1708 0.1709 0.1711 0.1713 
120 0.1720 0.1722 0.1722 0.1723 0.1724 0.1725 0.1725 0.1728 0.1730 

With the relative damage index in Tables 5.15 - 5.16 and equation (5.3), the CRK (bottom-

up and top-down) at different WBT proportions under 95% reliability are calculated, as presented 

in Tables 5.17 - 5.18. 

Table 5.17. CRK (bottom-up) at different WBT proportions 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

CRK at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 13.4431 13.6258 13.7176 13.8095 13.9017 13.9941 14.0868 14.3661 14.6004 

100 14.0432 14.2429 14.3431 14.4436 14.5443 14.6454 14.7466 15.0521 15.3084 
120 14.5128 14.7255 14.8323 14.9394 15.0467 15.1544 15.2623 15.5879 15.8611 

8 
80 13.2649 13.4237 13.5033 13.5831 13.6631 13.7433 13.8236 14.0657 14.2686 

100 13.8020 13.9748 14.0615 14.1484 14.2356 14.3229 14.4104 14.6742 14.8953 
120 14.2164 14.4006 14.4930 14.5857 14.6786 14.7716 14.8650 15.1462 15.3821 

10 
80 13.6477 13.7855 13.8546 13.9238 13.9931 14.0626 14.1321 14.3417 14.5172 

100 14.1211 14.2710 14.3462 14.4216 14.4971 14.5727 14.6485 14.8768 15.0680 
120 14.4866 14.6461 14.7260 14.8062 14.8865 14.9670 15.0476 15.2905 15.4941 

12 
80 13.8707 13.9900 14.0498 14.1096 14.1696 14.2296 14.2898 14.4708 14.6224 

100 14.2860 14.4160 14.4812 14.5464 14.6118 14.6773 14.7429 14.9404 15.1058 
120 14.6092 14.7473 14.8166 14.8860 14.9555 15.0251 15.0948 15.3048 15.4806 

13 
80 13.3751 13.4866 13.5425 13.5985 13.6546 13.7107 13.7669 13.9362 14.0778 

100 13.7591 13.8807 13.9417 14.0028 14.0639 14.1252 14.1866 14.3713 14.5259 
120 14.0691 14.1984 14.2632 14.3281 14.3931 14.4583 14.5235 14.7199 14.8843 
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Table 5.18. CRK (top-down) at different WBT proportions 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

CRK at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 13.8277 13.8890 13.9196 13.9503 13.9810 14.0117 14.0425 14.1349 14.2121 

100 13.9569 14.0197 14.0511 14.0826 14.1141 14.1457 14.1772 14.2721 14.3513 
120 14.0605 14.1242 14.1561 14.1880 14.2199 14.2519 14.2839 14.3800 14.4604 

8 
80 13.8363 13.8814 13.9039 13.9265 13.9491 13.9717 13.9943 14.0622 14.1189 

100 14.1124 14.1613 14.1857 14.2102 14.2347 14.2592 14.2837 14.3574 14.4189 
120 14.3208 14.3724 14.3982 14.4240 14.4499 14.4757 14.5016 14.5794 14.6443 

10 
80 13.7419 13.7700 13.7841 13.7982 13.8123 13.8264 13.8405 13.8828 13.9181 

100 13.9482 13.9789 13.9943 14.0097 14.0250 14.0404 14.0558 14.1020 14.1405 
120 14.1124 14.1446 14.1607 14.1769 14.1930 14.2092 14.2253 14.2738 14.3143 

12 
80 14.2338 14.2515 14.2604 14.2693 14.2781 14.2870 14.2959 14.3225 14.3447 

100 14.3992 14.4188 14.4286 14.4383 14.4481 14.4579 14.4677 14.4971 14.5216 
120 14.5216 14.5422 14.5526 14.5629 14.5732 14.5836 14.5939 14.6250 14.6509 

13 
80 14.3731 14.3839 14.3893 14.3947 14.4001 14.4055 14.4109 14.4272 14.4407 

100 14.5566 14.5689 14.5750 14.5811 14.5873 14.5934 14.5995 14.6180 14.6333 
120 14.6970 14.7104 14.7171 14.7238 14.7304 14.7371 14.7438 14.7639 14.7806 

Compared with the zero WBT load scenario, the CRK (bottom-up and top-down) percent 

increase for each slab thickness structure at different WBT proportions and tire pressures under 

95% reliability is calculated, as presented in Tables 5.19 - 5.20. 

Table 5.19. CRK (bottom-up) percent increase at different WBT proportions 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

CRK percent increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.00 1.36 2.04 2.73 3.41 4.10 4.79 6.87 8.61 
100 0.00 1.42 2.14 2.85 3.57 4.29 5.01 7.18 9.01 
120 0.00 1.47 2.20 2.94 3.68 4.42 5.16 7.41 9.29 

8 
80 0.00 1.20 1.80 2.40 3.00 3.61 4.21 6.04 7.57 
100 0.00 1.25 1.88 2.51 3.14 3.77 4.41 6.32 7.92 
120 0.00 1.30 1.95 2.60 3.25 3.91 4.56 6.54 8.20 

10 
80 0.00 1.01 1.52 2.02 2.53 3.04 3.55 5.08 6.37 
100 0.00 1.06 1.59 2.13 2.66 3.20 3.74 5.35 6.71 
120 0.00 1.10 1.65 2.21 2.76 3.32 3.87 5.55 6.95 

12 
80 0.00 0.86 1.29 1.72 2.15 2.59 3.02 4.33 5.42 
100 0.00 0.91 1.37 1.82 2.28 2.74 3.20 4.58 5.74 
120 0.00 0.95 1.42 1.89 2.37 2.85 3.32 4.76 5.96 

13 
80 0.00 0.83 1.25 1.67 2.09 2.51 2.93 4.19 5.25 
100 0.00 0.88 1.33 1.77 2.22 2.66 3.11 4.45 5.57 
120 0.00 0.92 1.38 1.84 2.30 2.77 3.23 4.63 5.79 
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Table 5.20. CRK (top-down) percent increase at different WBT proportions 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

CRK percent increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.00 0.44 0.66 0.89 1.11 1.33 1.55 2.22 2.78 
100 0.00 0.45 0.68 0.90 1.13 1.35 1.58 2.26 2.83 
120 0.00 0.45 0.68 0.91 1.13 1.36 1.59 2.27 2.84 

8 
80 0.00 0.33 0.49 0.65 0.82 0.98 1.14 1.63 2.04 
100 0.00 0.35 0.52 0.69 0.87 1.04 1.21 1.74 2.17 
120 0.00 0.36 0.54 0.72 0.90 1.08 1.26 1.81 2.26 

10 
80 0.00 0.20 0.31 0.41 0.51 0.61 0.72 1.03 1.28 
100 0.00 0.22 0.33 0.44 0.55 0.66 0.77 1.10 1.38 
120 0.00 0.23 0.34 0.46 0.57 0.69 0.80 1.14 1.43 

12 
80 0.00 0.12 0.19 0.25 0.31 0.37 0.44 0.62 0.78 
100 0.00 0.14 0.20 0.27 0.34 0.41 0.48 0.68 0.85 
120 0.00 0.14 0.21 0.28 0.36 0.43 0.50 0.71 0.89 

13 
80 0.00 0.08 0.11 0.15 0.19 0.23 0.26 0.38 0.47 
100 0.00 0.08 0.13 0.17 0.21 0.25 0.30 0.42 0.53 
120 0.00 0.09 0.14 0.18 0.23 0.27 0.32 0.46 0.57 

The research team then used Pavement ME to investigate the contribution of bottom-up 

and top-down cracking in total transverse cracking. For each of the seven locations in section 5.2, 

slab thicknesses of 6", 8", 10", 12", and 13" were analyzed, and the proportion of bottom-up and 

top-down cracking from the output files are presented in Figures 5.18 - 5.22. 
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(a) Location 1 

 
(b) Location 2 

 
(c) Location 3 

 
(d) Location 4 

 
(e) Location 5 

 
(f) Location 6 

 
(g) Location 7 

Figure 5.18. The proportion of bottom-up and top-down cracking (6" slab thickness) 
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(a) Location 1 (b) Location 2 

(c) Location 3 (d) Location 4 

(e) Location 5 (f) Location 6 

(g) Location 7 
Figure 5.19. The proportion of bottom-up and top-down cracking (8" slab thickness) 
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(a) Location 1 

 

  

  

(b) Location 2 

(c) Location 3 (d) Location 4 

(e) Location 5 (f) Location 6 

 
(g) Location 7 

Figure 5.20. The proportion of bottom-up and top-down cracking (10" slab thickness) 
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(a) Location 1 (b) Location 2 

(c) Location 3 (d) Location 4 

(e) Location 5 (f) Location 6 

(g) Location 7 
Figure 5.21. The proportion of bottom-up and top-down cracking (12" slab thickness) 
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(a) Location 1 (b) Location 2 

(c) Location 3 (d) Location 4 

(e) Location 5 (f) Location 6 

 
(g) Location 7 

Figure 5.22. The proportion of bottom-up and top-down cracking (13" slab thickness) 
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According to the results in Figures 5.18 - 5.22, thinner slab thicknesses predict more 

bottom-up cracking, while thicker slab thicknesses have more top-down cracking, which is 

partially due to different joint spacings. Since the impact of WBTs on bottom-up cracking is much 

higher, the research team would consider more bottom-up cracking during analysis to avoid 

pavement performance failure. Table 5.21 presents the determined proportion of bottom-up and 

top-down cracking used in the following study. 

Table 5.21. The determined proportion of bottom-up and top-down cracking 

Slab thickness (inch) 6 8 10 12 13 
Proportion of bottom-up cracking (%) 100 90 80 70 60 
Proportion of top-down cracking (%) 0 10 20 30 40 

With the proportion of bottom-up and top-down cracking in Table 5.21 and CRK (bottom-

up; top-down) percent increase results in Tables 5.19 - 5.20, total transverse cracking (TCRACK) 

percent increase at different WBT proportions is then calculated, as shown in Table 5.22 and 

Figures 5.23 - 5.24. 

Table 5.22. TCRACK percent increase at different WBT proportions 
Slab 

thickness 
(inch) 

Tire 
pressure 

(psi) 

TCRACK percent increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.00  1.36  2.04  2.73  3.41  4.10  4.79  6.87  8.61  
100 0.00  1.42  2.14  2.85  3.57  4.29  5.01  7.18  9.01  
120 0.00  1.47  2.20  2.94  3.68  4.42  5.16  7.41  9.29  

8 
80 0.00  1.11  1.67  2.23  2.78  3.35  3.90  5.60  7.02  
100 0.00  1.16  1.74  2.33  2.91  3.50  4.09  5.86  7.35  
120 0.00  1.21  1.81  2.41  3.02  3.63  4.23  6.07  7.61  

10 
80 0.00  0.85  1.28  1.70  2.13  2.55  2.98  4.27  5.35  
100 0.00  0.89  1.34  1.79  2.24  2.69  3.15  4.50  5.64  
120 0.00  0.93  1.39  1.86  2.32  2.79  3.26  4.67  5.85  

12 
80 0.00  0.64  0.96  1.28  1.60  1.92  2.25  3.22  4.03  
100 0.00  0.68  1.02  1.36  1.70  2.04  2.38  3.41  4.27  
120 0.00  0.71  1.06  1.41  1.77  2.12  2.47  3.55  4.44  

13 
80 0.00  0.53  0.79  1.06  1.33  1.60  1.86  2.67  3.34  
100 0.00  0.56  0.85  1.13  1.42  1.70  1.99  2.84  3.55  
120 0.00  0.59  0.88  1.18  1.47  1.77  2.07  2.96  3.70 
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Figure 5.23. Impact of WBT on JPCP transverse cracking at different slab thicknesses 

 
Figure 5.24. Impact of WBT on JPCP transverse cracking at different WBT proportions 

According to Table 5.22 under 120 psi tire pressure, the TCRACK with 10% WBT loads 

ranges from 3.68% (6" slab thickness) to 1.47% (13" slab thickness) larger than that without WBT 
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loads. JPCPs with thicker slabs are less impacted by WBT loads. For a given percentage of WBT 

loads, higher tire pressure leads to higher cracking increases; however, the difference caused by 

tire pressure is limited. Based on these research results, the research team predicts that if the 

proportion of WBT loads in Michigan increased to 25% in the future, the TCRACK would be in 

the range of 9.29% (6" slab thickness) to 3.70% (13" slab thickness) larger than that without WBT 

loads. The impact of WBT loads on TCRACK would be significant in the future under these 

scenarios. 

Figures 5.23 – 5.24 prove the impact of WBT loads on JPCP transverse cracking has an 

apparent relationship with the slab thickness and WBT proportion. With the slab thickness 

increased, the cracking increase caused by WBT loads decreases approximately linearly. 

5.4. Faulting distress analysis 

5.4.1. Slab corner deflection analysis with Illislab 
When the traffic loads are moved to one edge of the slab, the corner of the slab tends to 

suffer the most considerable vertical deflection. The deflection difference between the loaded slab 

and unloaded slab would lead to JPCP faulting distress. Similar to cracking analysis, Illislab 

software is used to compare the slab corner deflection difference under DT and WBT loads. The 

variables used in Illislab for faulting analysis are presented in Table 5.23. The slab thickness ranges 

from 6" to 13", with the dowel diameter and joint spacing corresponding with the slab thickness 

in section 5.3.1, Figure 5.9. 

The transverse load transfer efficiency LTE-y (for joint spacing) ranges from 50% to 90% 

during the analysis since faulting is extremely sensitive to transverse load transfer capacity. The 

load edge distance from slab edge ranges from 0 to 18", while the tire pressure for loads is set as 

80, 100, and 120 psi in this analysis. 

Table 5.23. Variables used in Illislab for faulting analysis 
Variables Values 

Slab thickness (inch) 6 8 10 12 13 
Distance from shoulder (inch) 0; 10; 18 

LTE-y (%) 50; 70; 90 
Joint spacing (') 12 12 14 16 16 

Tire pressure (psi) 80; 100; 120 

With all parameters set, deflection data at the corner of the slab with different slab 

thicknesses (6", 8",10",12",13") and load distances are obtained from Illislab, as shown in 
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Appendix H. 

5.4.2. Analysis of WBT impact on faulting 
In this section, the research team will process the deflection data in Appendix H to transfer 

the deflection difference between dual tire loads and WBT loads into faulting difference. 

According to AASHTO MEPDG 3 [11], the faulting distress is accumulated monthly. The 

complete process for faulting is quite complex, which should also consider load transfer efficiency 

change by month. However, for evaluating the impact caused by WBT loads, most material 

properties and climate conditions variables should be the same except for the deflection difference 

between under DT load and under WBT load. 

Equations (5.4) and (5.5) are introduced in AASHTO MEPDG 3 to calculate the 

incremental change (monthly) in mean transverse joint faulting. 

∆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖 = 𝐶𝐶34 × (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖−1 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖−1)2 × 𝐷𝐷𝐷𝐷𝑖𝑖                            (5.4) 

𝐷𝐷𝐷𝐷𝑖𝑖 = 𝑘𝑘
2

(𝛿𝛿𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙2 − 𝛿𝛿𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢2 )                                                (5.5) 

where: 

ΔFaulti = Incremental change (monthly) in mean transverse joint faulting in month i, inch 

DE  =  Differential energy, lb/inch 

δloaded = Loaded corner deflection, inch 

δunloaded = Unloaded corner deflection, inch 

 As shown in equations (5.4) and (5.5), the δ2
 loaded - δ2

 loaded value is critical in faulting 

increment values, so the value of δ2
 loaded - δ2

 loaded (represented as Fδ) was calculated in this research 

to assess the difference between DT and WBT loads. 

The value of Fδ, as well as the ratio of Fδ between under WBT loads (Fδ-WBT) and DT loads 

(Fδ-DT) under different LTE-ys, can be calculated considering the distribution of load distance from 

the edge. The results are shown in Tables 5.24 - 5.26. 
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Table 5.24. Fδ value in different slab thicknesses (LTE-y = 50%) 

Slab thickness 
(inch) 

Tire pressure 
(psi) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

6 
80 2.52E-04 3.58E-04 1.42 
100 2.67E-04 3.86E-04 1.44 
120 2.79E-04 4.07E-04 1.46 

8 
80 2.02E-04 2.61E-04 1.29 
100 2.12E-04 2.76E-04 1.31 
120 2.19E-04 2.88E-04 1.32 

10 
80 1.65E-04 1.98E-04 1.20 
100 1.71E-04 2.08E-04 1.21 
120 1.76E-04 2.15E-04 1.22 

12 
80 1.38E-04 1.58E-04 1.14 
100 1.43E-04 1.65E-04 1.15 
120 1.47E-04 1.70E-04 1.16 

13 
80 1.28E-04 1.43E-04 1.12 
100 1.32E-04 1.49E-04 1.13 
120 1.35E-04 1.53E-04 1.13 

Table 5.25. Fδ value in different slab thicknesses (LTE-y = 70%) 

Slab thickness 
(inch) 

Tire pressure 
(psi) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

6 
80 1.02E-04 1.60E-04 1.57 
100 1.09E-04 1.74E-04 1.59 
120 1.15E-04 1.85E-04 1.61 

8 
80 9.18E-05 1.29E-04 1.40 
100 9.68E-05 1.37E-04 1.42 
120 1.01E-04 1.44E-04 1.43 

10 
80 7.91E-05 1.03E-04 1.30 
100 8.26E-05 1.08E-04 1.31 
120 8.53E-05 1.13E-04 1.32 

12 
80 6.82E-05 8.34E-05 1.22 
100 7.07E-05 8.73E-05 1.23 
120 7.27E-05 9.03E-05 1.24 

13 
80 6.37E-05 7.60E-05 1.19 
100 6.59E-05 7.94E-05 1.20 
120 6.76E-05 8.19E-05 1.21 
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Table 5.26. Fδ value in different slab thicknesses (LTE-y = 90%) 

Slab thickness 
(inch) 

Tire pressure 
(psi) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

6 
80 1.51E-05 3.00E-05 1.98 
100 1.67E-05 3.34E-05 2.00 
120 1.80E-05 3.61E-05 2.01 

8 
80 1.68E-05 2.85E-05 1.69 
100 1.81E-05 3.09E-05 1.71 
120 1.90E-05 3.29E-05 1.73 

10 
80 1.71E-05 2.60E-05 1.52 
100 1.81E-05 2.78E-05 1.54 
120 1.88E-05 2.92E-05 1.55 

12 
80 1.64E-05 2.31E-05 1.41 
100 1.71E-05 2.44E-05 1.43 
120 1.77E-05 2.55E-05 1.44 

13 
80 1.58E-05 2.17E-05 1.37 
100 1.65E-05 2.29E-05 1.39 
120 1.70E-05 2.38E-05 1.39 

As shown in Tables 5.24 - 5.26, LTE-y significantly impacts the Fδ. Pavement ME output 

files on the JPCP pavement structure show that 90% is the closest value to practice design.  

The above analysis did not consider the existence of the temperature gradient of the slab. 

AASHTO MEPDG 3 introduced that the faulting will be more severe under negative temperature 

gradient. However, whether the negative temperature gradient has a similar impact extent on WBT 

and DT loads is still unclear. So, the research team then conducted Illislab with a temperature 

gradient from -10°F to -30°F to check if the temperature gradient would impact the value of Fδ-

WBT / Fδ-DT. 

The deflection at the corner of the slab under various temperature gradients is shown in 

Tables 5.27 - 5.31. 
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Table 5.27. Deflection at the corner of the slab at different temperature gradients (6" slab 
thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

Temperature 
gradient  

(°F) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

0 0.027395 0.030357 0.024767 0.026330 
-10 0.019002 0.021959 0.016373 0.017932 
-20 0.007345 0.010511 0.004705 0.006473 
-30 -0.006496 -0.002613 -0.009181 -0.006710 

10 

0 0.019810 0.022187 0.019314 0.021203 
-10 0.011416 0.013792 0.010919 0.012806 
-20 -0.001136 0.001680 -0.001649 0.000679 
-30 -0.017433 -0.013617 -0.017970 -0.014661 

18 

0 0.015111 0.017074 0.015193 0.017033 
-10 0.006704 0.008678 0.006783 0.008635 
-20 -0.007120 -0.004390 -0.007057 -0.004454 
-30 -0.025385 -0.021746 -0.025334 -0.021831 

 
Table 5.28. Deflection at the corner of the slab at different temperature gradients (8" slab 

thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

Temperature 
gradient  

(°F) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

0 0.020862        0.022452        0.018450       0.019038       
-10 0.013011 0.014597 0.010598 0.011183 
-20 0.001088 0.002771 -0.001326 -0.000643 
-30 -0.012476 -0.010497 -0.014921 -0.013958 

10 

0 0.015997        0.017338        0.015209       0.016049       
-10 0.008141 0.009480 0.007352 0.008192 
-20 -0.004313 -0.002777 -0.005110 -0.004075 
-30 -0.019157 -0.017300 -0.019965 -0.018620 

18 

0 0.012837        0.013974        0.012675       0.013589       
-10 0.004959 0.006106 0.004797 0.005720 
-20 -0.008146 -0.006721 -0.008315 -0.007117 
-30 -0.023947 -0.022220 -0.024121 -0.022626 
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Table 5.29. Deflection at the corner of the slab at different temperature gradients (10" slab 
thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

Temperature 
gradient  

(°F) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

0 0.017027     0.017971        0.014838 0.015042 
-10 0.009876 0.010819 0.007687 0.007891 
-20 -0.002631 -0.001639 -0.004824 -0.004572 
-30 -0.016703 -0.015610 -0.018916 -0.018573 

10 

0 0.013586        0.014406        0.012643 0.013017 
-10 0.006426 0.007248 0.005483 0.005859 
-20 -0.006456 -0.005544 -0.007405 -0.006943 
-30 -0.021282 -0.020258 -0.022239 -0.021671 

18 

0 0.011261        0.011968        0.010901 0.011354 
-10 0.004086 0.004798 0.003726 0.004183 
-20 -0.009193 -0.008363 -0.009558 -0.008985 
-30 -0.024600 -0.023657 -0.024968 -0.024287 

 
Table 5.30. Deflection at the corner of the slab at different temperature gradients (12" slab 

thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

Temperature 
gradient  

(°F) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

0 0.014475        0.015078        0.012496       0.012535       
-10 0.008307 0.008909 0.006328 0.006367 
-20 -0.004522 -0.003890 -0.006507 -0.006441 
-30 -0.018892 -0.018246 -0.020890 -0.020814 

10 

0 0.011886        0.012422        0.010880       0.011033       
-10 0.005711 0.006249 0.004706 0.004860 
-20 -0.007371 -0.006790 -0.008383 -0.008188 
-30 -0.022202 -0.021594 -0.023218 -0.023001 

18 

0 0.010083        0.010550        0.009589       0.009805       
-10 0.003900 0.004369 0.003406 0.003624 
-20 -0.009429 -0.008906 -0.009927 -0.009657 
-30 -0.024624 -0.024067 -0.025123 -0.024823 
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Table 5.31. Deflection at the corner of the slab at different temperature gradients (13" slab 
thickness) 

Variables Deflection (inch) 
Loaded slab Unloaded slab 

Distance 
from 

shoulder 
joint (inch) 

Temperature 
gradient  

(°F) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

0 0.013510        0.014003        0.011627       0.011623       
-10 0.008235 0.008727 0.006352 0.006348 
-20 -0.004150 -0.003641 -0.006037 -0.006025 
-30 -0.017747 -0.017231 -0.019643 -0.019629 

10 

0 0.011223        0.011666        0.010208       0.010297       
-10 0.005945 0.006388 0.004930 0.005019 
-20 -0.006619 -0.006149 -0.007636 -0.007523 
-30 -0.020560 -0.020076 -0.021582 -0.021456 

18 

0 0.009611        0.009998        0.009071       0.009216       
-10 0.004328 0.004716 0.003789 0.003934 
-20 -0.008408 -0.007987 -0.008949 -0.008773 
-30 -0.022627 -0.022185 -0.023169 -0.022974 

As shown in Tables 5.27 - 5.31, the slab would curve upward under negative temperature 

gradients, which would provide incorrect values when calculating Fδ (δ2
 loaded - δ2

 loaded), as some 

slab deflection at the corners would be negative. This is because Illislab outputs report overall 

deflections from a flat slab condition when reporting deflections. In reality, the slab would already 

show deflections due to curling even without external loading.  The deflection required from the 

Fδ analysis should be relative to the unloaded condition of the slab. In order to eliminate the 

negative values and make the following analysis possible, the research team then calculated the 

slab upward deflection values for different temperature gradients and slab thicknesses without 

loads, as shown in Table 5.32. 

  



136 
 

Table 5.32. Deflection at the corner of the slab caused by temperature without loads 
Variables Upward slab deflection without loads 

(inch) Slab thickness 
(inch) Temperature gradient (°F) 

6 

0 0 
-10 0.012058 
-20 0.038510 
-30 0.069347 

8 

0 0 
-10 0.009558 
-20 0.029493 
-30 0.052212 

10 

0 0 
-10 0.008100 
-20 0.026299 
-30 0.047192 

12 

0 0 
-10 0.006677 
-20 0.023819 
-30 0.043755 

13 

0 0 
-10 0.005580 
-20 0.021327 
-30 0.039515 

The upward slab deflection values in Table 5.32 are added to representative cases in Tables 

5.27 - 5.31, and then negative values caused by temperature gradient could be eliminated, while 

continuing to consider the influence of temperature gradient. The Fδ-WBT / Fδ-DT values in different 

temperature gradients are then calculated as shown in Tables 5.33 - 5.37 and Figures 5.25 - 5.27. 
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Table 5.33. Fδ value in different temperature gradients (6" slab thickness) 
Distance from 
shoulder joint 

(inch) 

Temperature 
gradient  

(°F) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

0 

0 1.37E-04 2.28E-04 1.665  
-10 1.56E-04 2.58E-04 1.648  
-20 2.35E-04 3.80E-04 1.614  
-30 3.30E-04 5.30E-04 1.605  

10 

0 1.94E-05 4.27E-05 2.200  
-10 2.31E-05 5.00E-05 2.166  
-20 3.81E-05 7.95E-05 2.086  
-30 5.55E-05 1.15E-04 2.078  

18 

0 -2.48E-06 1.40E-06 -0.563  
-10 -2.97E-06 1.78E-06 -0.600  
-20 -3.96E-06 4.36E-06 -1.102  
-30 -4.49E-06 8.08E-06 -1.802  

Table 5.34. Fδ value in different temperature gradients (8" slab thickness) 
Distance from 
shoulder joint 

(inch) 

Temperature 
gradient  

(°F) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

0 

0 9.48E-05 1.42E-04 1.494  
-10 1.03E-04 1.53E-04 1.487  
-20 1.42E-04 2.09E-04 1.471  
-30 1.88E-04 2.77E-04 1.470  

10 

0 2.46E-05 4.30E-05 1.750  
-10 2.73E-05 4.74E-05 1.735  
-20 3.95E-05 6.77E-05 1.713  
-30 5.28E-05 9.04E-05 1.714  

18 

0 4.13E-06 1.06E-05 2.568  
-10 4.68E-06 1.19E-05 2.554  
-20 7.19E-06 1.79E-05 2.488  
-30 9.81E-06 2.42E-05 2.467  
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Table 5.35. Fδ value in different temperature gradients (10" slab thickness) 
Distance from 
shoulder joint 

(inch) 

Temperature 
gradient  

(°F) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

0 

0 6.98E-05 9.67E-05 1.386  
-10 7.39E-05 1.02E-04 1.383  
-20 9.90E-05 1.36E-04 1.374  
-30 1.30E-04 1.78E-04 1.372  

10 

0 2.47E-05 3.81E-05 1.540  
-10 2.65E-05 4.07E-05 1.536  
-20 3.68E-05 5.61E-05 1.526  
-30 4.87E-05 7.41E-05 1.523  

18 

0 7.98E-06 1.43E-05 1.795  
-10 8.64E-06 1.55E-05 1.792  
-20 1.24E-05 2.19E-05 1.775  
-30 1.65E-05 2.93E-05 1.774  

Table 5.36. Fδ value in different temperature gradients (12" slab thickness) 
Distance from 
shoulder joint 

(inch) 

Temperature 
gradient  

(°F) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

0 

0 5.34E-05 7.02E-05 1.316  
-10 5.54E-05 7.28E-05 1.314  
-20 7.27E-05 9.52E-05 1.310  
-30 9.54E-05 1.24E-04 1.305  

10 

0 2.29E-05 3.26E-05 1.423  
-10 2.39E-05 3.40E-05 1.422  
-20 3.23E-05 4.57E-05 1.415  
-30 4.28E-05 6.04E-05 1.412  

18 

0 9.72E-06 1.52E-05 1.560  
-10 1.02E-05 1.59E-05 1.558  
-20 1.41E-05 2.18E-05 1.550  
-30 1.88E-05 2.92E-05 1.549  
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Table 5.37. Fδ value in different temperature gradients (13" slab thickness) 
Distance from 
shoulder joint 

(inch) 

Temperature 
gradient  

(°F) 

Fδ under DT 
load 

Fδ under WBT 
load Fδ-WBT / Fδ-DT 

0 

0 4.73E-05 6.10E-05 1.289  
-10 4.85E-05 6.24E-05 1.287  
-20 6.13E-05 7.86E-05 1.284  
-30 7.89E-05 1.01E-04 1.281  

10 

0 2.18E-05 3.01E-05 1.382  
-10 2.24E-05 3.09E-05 1.381  
-20 2.89E-05 3.98E-05 1.379  
-30 3.77E-05 5.17E-05 1.373  

18 

0 1.01E-05 1.50E-05 1.489  
-10 1.04E-05 1.55E-05 1.491  
-20 1.37E-05 2.04E-05 1.487  
-30 1.80E-05 2.67E-05 1.484  
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Figure 5.25. Fδ-WBT / Fδ-DT values (load edge 0" from shoulder joint) 
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Figure 5.26. Fδ-WBT / Fδ-DT values (load edge 10" from shoulder joint) 
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Figure 5.27. Fδ-WBT / Fδ-DT (load edge 18" from shoulder joint) 

Figures 5.25 - 5.27 prove that in most cases, although both Fδ-WBT and Fδ-DT values would 
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be higher in lower temperature gradients, the ratio between them (Fδ-WBT / Fδ-DT) does not change 

significantly.  This indicates that the existence of the negative temperature gradient will not change 

the WBT impact extent on faulting. In most cases, when the temperature gradient is 0°F, the value 

of Fδ-WBT / Fδ-DT is the largest. The research team chose Fδ under 0°F, 90% LTE-y as the basis for 

calculating different WBT proportions, as shown in Table 5.38. 

Table 5.38. Fδ value at different WBT proportions 

Slab 
thickness 

(inch) 

Tire 
pressure 

(psi) 

Fδ at different WBT proportions (×10-5, %) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 1.51  1.57  1.60  1.63  1.66  1.69  1.72  1.81  1.88  
100 1.67  1.74  1.77  1.80  1.84  1.87  1.90  2.00  2.09  
120 1.80  1.87  1.91  1.94  1.98  2.02  2.05  2.16  2.25  

8 
80 1.68  1.73  1.75  1.77  1.80  1.82  1.84  1.91  1.97  
100 1.81  1.86  1.89  1.91  1.94  1.96  1.99  2.07  2.13  
120 1.90  1.96  1.98  2.01  2.04  2.07  2.09  2.18  2.25  

10 
80 1.71  1.75  1.76  1.78  1.80  1.82  1.83  1.89  1.93  
100 1.81  1.85  1.87  1.89  1.91  1.93  1.95  2.00  2.05  
120 1.88  1.92  1.94  1.96  1.98  2.00  2.03  2.09  2.14  

12 
80 1.64  1.67  1.68  1.69  1.71  1.72  1.73  1.77  1.81  
100 1.71  1.74  1.75  1.77  1.78  1.80  1.81  1.86  1.89  
120 1.77  1.80  1.82  1.83  1.85  1.86  1.88  1.93  1.97  

13 
80 1.58  1.60  1.62  1.63  1.64  1.65  1.66  1.70  1.73  
100 1.65  1.68  1.69  1.70  1.71  1.73  1.74  1.78  1.81  
120 1.70  1.73  1.74  1.75  1.77  1.78  1.80  1.84  1.87  

Then, considering the reliability issue, Equation (5.6) can transform JPCP faulting under 

50% reliability (Faulting50%) into faulting under 95% reliability (Faulting95%) by using the average 

rutting, standard error of the prediction (Se), and Z-value for the 95% confidence level one-tailed 

test. According to the back calculation of equation (5.6), the Faulting95% would be close to the 

Michigan threshold of 0.125” if the mean fatigue cracking parameter Faulting50% is near 0.068”. 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹95% = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹50% + 𝑆𝑆𝑒𝑒 × 𝑍𝑍95                                                         (5.6) 

where:  

Se is the standard error, and 𝑆𝑆𝑒𝑒 = 0.07162 × Faulting50%
0.368 + 0.00806; Z95 is the Z-

value for the 95%-confidence level one-tailed test, which equals 1.65. 

The faulting increase caused by WBT loads in 95% reliability would be approximately 

0.54 (=0.068”/0.125”) times the faulting increase caused by WBT loads in 50% reliability. 

The faulting percent increase with 0°F temperature gradient and 90% LTE-y under 95% 
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reliability at different WBT proportions is calculated based on Table 5.38, as presented in Table 

5.39 and Figures 5.28 - 5.29. 

Table 5.39. Faulting percent increase at different WBT proportions 

Slab 
thickness 

(inch) 

Tire 
pressure 

(psi) 

Faulting percent increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.00 2.13 3.20 4.26 5.33 6.39 7.46 10.66 13.32 
100 0.00 2.16 3.24 4.32 5.40 6.48 7.56 10.80 13.50 
120 0.00 2.17 3.26 4.34 5.43 6.52 7.60 10.86 13.58 

8 
80 0.00 1.51 2.26 3.01 3.76 4.51 5.27 7.52 9.40 
100 0.00 1.53 2.29 3.06 3.82 4.58 5.35 7.64 9.55 
120 0.00 1.58 2.37 3.16 3.95 4.74 5.53 7.90 9.88 

10 
80 0.00 1.12 1.68 2.25 2.81 3.38 3.94 5.62 7.03 
100 0.00 1.16 1.74 2.32 2.89 3.47 4.05 5.79 7.24 
120 0.00 1.19 1.79 2.39 2.99 3.59 4.18 5.97 7.47 

12 
80 0.00 0.88 1.32 1.77 2.21 2.65 3.09 4.41 5.51 
100 0.00 0.92 1.38 1.85 2.31 2.76 3.23 4.61 5.76 
120 0.00 0.95 1.43 1.91 2.38 2.86 3.33 4.76 5.95 

13 
80 0.00 0.80 1.21 1.61 2.01 2.42 2.82 4.03 5.04 
100 0.00 0.84 1.26 1.67 2.10 2.51 2.93 4.19 5.24 
120 0.00 0.86 1.30 1.73 2.16 2.59 3.02 4.32 5.40 

 
Figure 5.28. Impact of WBT on JPCP faulting at different slab thicknesses 
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Figure 5.29. Impact of WBT on JPCP faulting at different WBT proportions 

According to Table 5.39. the faulting with 10% WBT loads ranges from 5.43% (6" slab 

thickness) to 2.16% (13" slab thickness) larger than under DT loads using the standard 120 psi tire 

pressure. Therefore, the impact of WBT loads on JPCP faulting distress is much higher than on 

transverse cracking distress development.  

However, pavements with thicker slab thickness are less impacted by WBT loads. For a 

given percentage of WBT loads, higher tire pressure leads to higher cracking increases; however, 

the difference caused by tire pressure is insignificant. The research team predicts that if the 

proportion of WBT loads in Michigan increases to 25% in the future, the faulting percent increase 

caused by WBT loads would be in the range of 13.58% (6" slab thickness) to 5.40% (13" slab 

thickness). Figures 5.28 – 5.29 prove the impact of WBT loads on JPCP faulting has a negative 

relationship with the slab thickness and a positive relationship with WBT proportion. 

5.5. IRI impact analysis 

5.5.1. IRI analysis method introduction 
The International Roughness Index (IRI), which indicates the smoothness of the pavement, 

is also a criterion for JPCP pavement design.  Using the process developed for the Pavement ME 

software, the IRI value for JPCPs is predicted with equation (5.7). 
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𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼0 + 𝐶𝐶1 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶2 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶3 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐶𝐶4 ∗ 𝑆𝑆𝑆𝑆            (5.7) 
where: 

IRI = Predicted IRI, in/mile 

IRI0 = Initial smoothness measured as IRI, in/mile 

CRK = Percent slabs with transverse cracks 

SPALL= Percentage of joints with spalling 

TFAULT= Total joint faulting cumulated per mile, inch 

C1=0.8203; C2= 0.4417; C3=1.4929; C4=25.24; SF=Site factor 

Spalling is related to age and site factor (SF), as introduced in AASHTO MEPDG 3; SF is 

related to the subgrade's age, climate, and gradation. According to the Guide for ME Design-Part 

3 Design analysis[33], the effects of changes in crucial distresses and site variables on JPCP 

smoothness are shown in Figure 5.30. 

 
Figure 5.30. The effects of changes in key distresses and site variables on JPCP smoothness 
[33]  

As shown in Figure 5.30, cracking, spalling, and faulting are the most critical factors for 

IRI; however, spalling is non-load-related distress that would not be included in the WBT loads’ 

impact analysis. The increase of cracking and faulting in Figure 5.30 has a linear relationship with 

IRI, which indicates that the impact of WBT loads on cracking and faulting could be transformed 
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into the effect on IRI. Similar to flexible pavement, the research team then established the 

relationship between IRI and other distress from Pavement ME outputs. According to the 

Pavement ME analysis results in Tables 5.5 - 5.6 from section 5.2.2, the IRI prediction equation 

(95% reliability) with the format of IRI = a·x + b·y + c (x is cracking, y is faulting) was established 

by multiple regression, as shown in Figure 5.31. 

 

Figure 5.31. IRI multiple regression result 

According to Figure 5.31, equation 5.8 could be obtained. 

IRI = 110.53 + 0.96x + 596.83y                                             (5.8) 

where:  

x is transverse cracking value, %; y is faulting, inch; IRI value is in 95% reliability. 

The following equations could be obtained by applying different IRI (IRIa, IRIb), cracking 

(xa, xb), and faulting (ya,yb) values to equation (5.8). 

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎 = 110.53 + 0.96𝑥𝑥𝑎𝑎 + 596.83𝑦𝑦𝑎𝑎                                          (5.9) 
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𝐼𝐼𝐼𝐼𝐼𝐼𝑏𝑏 = 110.53 + 0.96𝑥𝑥𝑏𝑏 + 596.83𝑦𝑦𝑏𝑏                                          (5.10) 
𝐼𝐼𝐼𝐼𝐼𝐼𝑏𝑏−𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
= 0.96(𝑥𝑥𝑏𝑏−𝑥𝑥𝑎𝑎)

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
+ 596.83(𝑦𝑦𝑏𝑏−𝑦𝑦𝑎𝑎)

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
                                          (5.11) 

Then, the equation with the dependent variable of IRI percent change (PIRI=
𝐼𝐼𝐼𝐼𝐼𝐼𝑏𝑏−𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎
) in 

value and independent variables of percentage change of cracking and faulting in value 

(PCracking=
𝑥𝑥𝑏𝑏−𝑥𝑥𝑎𝑎
𝑥𝑥𝑎𝑎

); PFaulting=
𝑦𝑦𝑏𝑏−𝑦𝑦𝑎𝑎
𝑦𝑦𝑎𝑎

) could be established, as shown in equation (5.12). 

𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 = 0.96 𝑥𝑥𝑎𝑎
𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 596.83 𝑦𝑦𝑎𝑎
𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎

𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                            (5.12) 

Assuming that m = 0.96 xa
IRIa

 and n = 596.83 ya
IRIa

, m and n values for different pavement 

ME analysis scenarios could be calculated. Some examples are shown in Table 5.40. 

Table 5.40. Factors of IRI percent change equation 

NO. Percent slab 
cracking (xa) 

Faulting in 
inches (ya) 

IRIa 

(inch/mile) m n 

1 33.96 0.04 166.47 0.20 0.14 
2 12.83 0.04 150.3 0.08 0.16 
3 6.13 0.05 148.09 0.04 0.20 
4 8.71 0.05 143.24 0.06 0.21 
5 4.44 0.05 143.24 0.03 0.21 
6 2.79 0.05 143.85 0.02 0.21 
7 1.23 0.1 179.72 0.01 0.33 
8* 7.5 0.0625 155.03 0.05 0.24 

As shown in NO.1 ~ 7 in Table 5.40, m and n are highly related to the specific distress 

values (xa and ya). The research team decided to use the half design threshold (shown in NO.8 in 

Table 5.40) to calculate the Factors of the IRI percent change equation, which is presented in 

equation 5.13. 

PIRI = 0.05 PCracking+0.24 PFaulting                                      (5.13) 

5.5.2. Analysis results of WBT impact on IRI of JPCP pavement 
According to the percent increase of cracking (Table 5.22) and faulting (Table 5.39) at 

different WBT proportions, the PCracking and PFaulting in equation (5.13) can be obtained. The PIRI 

(which equals the IRI growth rate) at different WBT proportions can then be calculated, as shown 

in Table 5.41 and Figures 5.32 - 5.33. 
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Table 5.41. IRI percent increase at different WBT proportions 

Slab 
thickness 

(inch) 

Tire 
pressure 

(psi) 

IRI percent increase at different WBT proportions (%) 

0% 4% 6% 8% 10% 12% 14% 20% 25% 

6 
80 0.00 0.58 0.87 1.16 1.45 1.74 2.03 2.90 3.63 
100 0.00 0.59 0.88 1.18 1.47 1.77 2.06 2.95 3.69 
120 0.00 0.59 0.89 1.19 1.49 1.79 2.08 2.98 3.72 

8 
80 0.00 0.42 0.63 0.83 1.04 1.25 1.46 2.08 2.61 
100 0.00 0.43 0.64 0.85 1.06 1.27 1.49 2.13 2.66 
120 0.00 0.44 0.66 0.88 1.10 1.32 1.54 2.20 2.75 

10 
80 0.00 0.31 0.47 0.63 0.78 0.94 1.09 1.56 1.95 
100 0.00 0.32 0.48 0.65 0.81 0.97 1.13 1.61 2.02 
120 0.00 0.33 0.50 0.67 0.83 1.00 1.17 1.67 2.09 

12 
80 0.00 0.24 0.36 0.49 0.61 0.73 0.85 1.22 1.52 
100 0.00 0.25 0.38 0.51 0.64 0.76 0.89 1.28 1.60 
120 0.00 0.26 0.40 0.53 0.66 0.79 0.92 1.32 1.65 

13 
80 0.00 0.22 0.33 0.44 0.55 0.66 0.77 1.10 1.38 
100 0.00 0.23 0.34 0.46 0.58 0.69 0.80 1.15 1.44 
120 0.00 0.24 0.36 0.47 0.59 0.71 0.83 1.18 1.48 

 

 
Figure 5.32. Impact of WBT on JPCP IRI at different slab thicknesses 
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Figure 5.33. Impact of WBT on JPCP IRI at different WBT proportions 

According to Table 5.41, the percent increase of IRI with 10% WBT loads ranges from 

1.49% (6" slab thickness) to 0.59% (13" slab thickness) under the dual tire standard 120 psi tire 

pressure. The WBT impact on JPCP IRI is lower than for transverse fatigue and faulting. Similar 

to cracking and faulting, thicker slab thicknesses are less impacted by WBT loads, and the impact 

difference between different tire pressures is insignificant in comparison.  

The research team predicts that if the proportion of WBT loads in Michigan increased to 

25% in the future, the IRI percent increase caused by WBT loads would be in the range of 3.72% 

(6" slab thickness) to 1.48% (13" slab thickness). According to Figures 5.32 - 5.33, the impact of 

WBT loads on JPCP IRI is negatively related to the slab thickness, while positively related to the 

WBT proportion. Higher JPCP slab thickness would decrease the pavement failure risk caused by 

increasing WBT loads. 

5.6. Interpolation of WBT loads’ impact on JPCP pavement 
According to sections 5.3 - 5.5, the impacts of WBT load on JPCP cracking, faulting, and 

IRI with slab thicknesses of 6", 8", 10", 12", and 13" have been investigated. Although the analysis 

has covered many typical thicknesses in Michigan, the effect on some slab thicknesses, such as 7" 

and 8.5", remains unknown. Assessing the results of WBT loads on the JPCP structure’s distresses 
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and IRI, the WBT impact has a nearly linear relationship with the slab thicknesses. Therefore, the 

linear interpolation method could be adopted to widen the research. The JPCP pavement distress 

increases at any slab thickness between 6"-13" and WBT proportion between 0-25% can be 

computed by using linear interpolation. Table 5.42 presents the distress percent increase prediction 

with integer slab thickness and WBT proportion.  

Different colors are used to represent different impact extents. Green represents impact 

below 2.5%; yellow represents impact above 2.5% but below 5.0%; red represents impact above 

5%. As for green scenarios, no action is suggested to be taken, as the WBT load’s impact is 

insignificant. Yellow scenarios mean the revised design method is recommended. Red scenarios 

mean the revised design process is highly recommended to address the significant WBT impact on 

pavement. 

Table 5.42. Prediction of JPCP pavement distress percent increase 

Distress 
type Variables 

Distress percent increase (%) 
Slab thickness (inch) 

6 7 8 9 10 11 12 13 

Cracking 

WBT 
proportion 

(%) 

5 
10 
15 
20 
25 

1.84  1.67  1.51  1.33  1.16  1.02  0.88  0.74  
3.68  3.35  3.02  2.67  2.32  2.04  1.77  1.47  
5.54  5.04  4.54  4.01  3.49  3.07  2.65  2.22  
7.41  6.74  6.07  5.37  4.67  4.11  3.55  2.96  
9.29  8.45  7.61  6.73  5.85  5.14  4.44  3.70  

Faulting 

5 
10 
15 
20 
25 

2.72 2.34 1.98 1.73 1.50 1.34 1.19 1.08 
5.43 4.69 3.95 3.47 2.99 2.68 2.38 2.16 
8.15 7.04 5.92 5.20 4.48 4.02 3.57 3.24 
10.86 9.38 7.90 6.94 5.97 5.37 4.76 4.32 
13.58 11.73 9.88 8.67 7.47 6.71 5.95 5.40 

IRI 

5 
10 
15 
20 
25 

0.74 0.65 0.55 0.48 0.42 0.37 0.33 0.30 
1.49 1.29 1.10 0.97 0.83 0.75 0.66 0.59 
2.23 1.94 1.65 1.45 1.25 1.12 0.99 0.89 
2.98 2.59 2.20 1.93 1.67 1.49 1.32 1.18 
3.72 3.24 2.75 2.42 2.09 1.87 1.65 1.48 

* Green: Low impact, distress percent increase ≤ 2.5%; no action recommended. 

   Yellow: Moderate impact, 2.5% ≤ distress percent increase ≤ 5%; revised design recommended. 

   Red: High impact, 5% ≤ distress percent increase; revised design highly recommended. 
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5.7. Adjustment of JPCP pavement design considering WBT loads 

5.7.1. Based on Pavement ME – adjusted distress threshold 
Once the JPCP pavement distress percent increase with different slab thicknesses and WBT 

proportions was obtained, the research team modified the pavement design distress threshold to 

consider the impact of WBT loads. The general process is similar to that used for flexible pavement 

as shown in Figure 5.34. The method to compute the adjusted distress threshold is shown in 

equation (5.14). 

Adjusted distress threshold = Initial threshold /(1+Increase in percentage)           (5.14) 
 

 
 

Figure 5.34. The process of modifying the design considering WBT impact 

The adjusted JPCP pavement distress design criteria for transverse cracking, faulting, and 

IRI are obtained by adopting the above method, as shown in Table 5.43. 

Table 5.43. Adjusted JPCP pavement distress threshold 

Design 
criteria Variables 

Adjusted distress threshold (% or inch) 
Slab thickness (inch) 

6 7 8 9 10 11 12 13 

Cracking 
(%) 

(Standard: 
15%) 

WBT 
proportion 

(%) 

5 
10 
15 
20 
25 

14.73  14.75  14.78  14.80  14.83  14.85  14.87  14.89  
14.47  14.51  14.56  14.61  14.66  14.70  14.74  14.78  
14.21  14.28  14.35  14.42  14.49  14.55  14.61  14.67  
13.97  14.05  14.14  14.24  14.33  14.41  14.49  14.57  
13.72  13.83  13.94  14.05  14.17  14.27  14.36  14.46  

Faulting 
(inch) 

(Standard: 
0.125") 

5 
10 
15 
20 
25 

0.122 0.122 0.123 0.123 0.123 0.123 0.124 0.124 
0.119 0.119 0.120 0.121 0.121 0.122 0.122 0.122 
0.116 0.117 0.118 0.119 0.120 0.120 0.121 0.121 
0.113 0.114 0.116 0.117 0.118 0.119 0.119 0.120 
0.110 0.112 0.114 0.115 0.116 0.117 0.118 0.119 

IRI  
(inch/mile) 
(Standard: 

172) 

5 
10 
15 
20 
25 

170.74 170.89 171.06 171.18 171.28 171.37 171.43 171.49 
169.47 169.81 170.13 170.35 170.58 170.72 170.87 170.99 
168.25 168.73 169.21 169.54 169.88 170.09 170.31 170.48 
167.02 167.66 168.30 168.74 169.17 169.47 169.76 169.99 
165.83 166.60 167.40 167.94 168.48 168.84 169.21 169.49 

* Green: Low impact, distress percent increase ≤ 2.5%; no action recommended. 

   Yellow: Moderate impact, 2.5% ≤ distress percent increase ≤ 5%; revised design recommended. 

   Red: High impact, 5% ≤ distress percent increase; revised design highly recommended. 
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With the adjusted JPCP pavement distress threshold shown in Table 5.43, the impact of 

WBT load on JPCP pavement distress can be easily considered in the Pavement ME software by 

adjusting the distress threshold based on the slab thickness and assumed proportion of WBT loads. 

5.7.2.  Based on Pavement ME – adjusted CADT 
Using a similar method to the flexible pavement CADT adjustment, the research team 

would adjust the CADT for the ME design of JPCP to include WBT loads’ impact. According to 

results in section 5.7.1, the critical distress for JPCP is faulting in WBTs’ impact analysis. So, the 

value of Fδ-WBT / F δ-WBT for faulting in Table 5.26 would play a similar role to the relative damage 

index in section 4.7.2 to adjust the CADT for JPCP. In order to simplify the process, the value of 

Fδ-WBT / F δ-WBT for the 12’’ slab JPCP will be the lower limit in adjustment. 

The first step is determining the CADT adjustment factor (FCADT-100) when loads were 100% 

WBT loads. Since the impact of WBT loads on the Fδ-WBT / Fδ-WBT values of different slab 

thicknesses is different, the FCADT-100 is assumed to be a piecewise function with the following 

control points. 

• The relative damage index in the 6" JPCP structure is 2.01, assuming FCADT-100 = 2.01 

corresponds to CADT < 500; 

• The relative damage index in the 8" JPCP structure is 1.73, assuming FCADT-100 = 1.73 

corresponds to CADT = 1000; 

• The relative damage index in the 10" JPCP structure is 1.55, assuming FCADT-100 = 1.55 

corresponds to CADT = 5000; 

• The relative damage index in the 12" JPCP structure is 1.44, assuming FCADT-100 = 1.44 

corresponds to CADT ≥ 9000; 

• Then, the linear interpolation method would be used to determine FCADT-100 in the CADT 

range of 500 - 1000, 1000 - 5000, and 5000 - 9000. 

The piecewise function for the CADT adjustment factor (FCADT-100) when loads were 100% 

WBT loads are shown in the Figure 5.35 and equation (5.15) as below. 
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Figure 5.35. The adjustment factor for JPCP under different CADTs 

FCADT-100 = 2.01    when CADT < 500 

                 -0.00056×CADT + 2.29   When 500 ≤ CADT < 1000 

                 -0.000045×CADT + 1.775  When 1000 ≤ CADT < 5000 

                 -0.0000275×CADT + 1.6875  When 5000 ≤ CADT < 9000 

                 1.44    When CADT ≥ 9000                                          (5.15) 

The second step is determining the CADT adjustment factor (FCADT-P) with the WBT 

percentage of P. As for DT load, the relative damage index for fatigue is assumed as 1, so the 

FCADT-P could be calculated with the equation below. 

FCADT-P = FCADT-100 × P/100 + 1×(100-P)/100                                         (5.16) 

The CADT adjustment factor (FCADT-P) for JPCP with the WBT percentage of P can be 

computed using the equation (5.16). Below are the examples of FCADT-P with P in 5%, 10%, and 

25%. 
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(1) When P = 5%, the FCADT-5 is shown in equation (5.17). 

FCADT-5 = 1.0505    When CADT < 500 

                -0.000028×CADT + 1.0645 When 500 ≤ CADT < 1000 

                -0.00000225×CADT + 1.03875 When 1000 ≤ CADT < 5000 

                -0.000001375×CADT + 1.034375 When 5000 ≤ CADT < 9000 

                1.022    When CADT ≥ 9000                                         (5.17) 

(2) When P = 10%, the FCADT-10 is shown in equation (5.18). 

FCADT-10 = 1.101    When CADT < 500 

                -0.000056×CADT + 1.129  When 500 ≤ CADT < 1000 

                -0.0000045×CADT + 1.0775 When 1000 ≤ CADT < 5000 

                -0.00000275×CADT + 1.06875 When 5000 ≤ CADT < 9000 

                1.044    When CADT ≥ 9000                                         (5.18) 

(3) When P = 25%, the FCADT-25 is shown in equation (5.19). 

FCADT-25 = 1.2525    When CADT < 500 

                -0.00014×CADT + 1.3225  When 500 ≤ CADT < 1000 

                -0.00001125×CADT + 1.19375 When 1000 ≤ CADT < 5000 

                -0.000006875×CADT + 1.171875  When 5000 ≤ CADT < 9000 

                1.11     When CADT ≥ 9000                                         (5.19) 

5.7.3. Based on AASHTO 93 – adjusted slab thickness 
Slab thickness is the critical parameter used in AASHTO 93 for JPCP pavement design. 

The design slab thickness (D) is related to traffic, subgrade resilient modulus, change in 

serviceability, reliability, etc., as presented in equation (5.20). 

                     (5.20) 

where: 

W18 = Equivalent single axle loads (ESALs); 

ZR = Z-value for the 95% (MDOT) confidence level one-tailed test; 
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S0 = Standard deviation, typically 0.39 for MDOT; 

ΔPSI = Change in present serviceability index, typically 2.0 for MDOT; 

Pt  = Terminal serviceability; 

SC = Modulus of rupture; 

Cd = Drainage coefficient; 

J = Load transfer coefficient; 

Ec = Modulus of elasticity; 

k = Effective modulus of subgrade reaction. 

The research team would use the most significantly impacted distress, faulting, as the basis 

to adjust the AASHTO 93 design method; the WBT impact on pavement serviceability (AASHTO 

93 process) is assumed to be the same as the impact on faulting (ME process).  

As WBT loads lead to more distress, the pavement’s ΔPSI should be lower than the default 

design value for MDOT (which = 4.5-2.5 = 2). Through this process, the designed pavement 

structure would be stronger to offset the impact of WBT loads. Enlarging the terminal PSI is a 

feasible way to lower the ΔPSI. For example, if the WBT loads caused 10% more distress, the 

ΔPSI should be 10% less, meaning the terminal PSI would be 2.7 (or 2.5+2*10%).  

The relationship between fatigue cracking percent increase and the terminal PSI is shown 

in equation (5.21). 

TerminalPSI = 2.5+ 0.02×Pfaulting                                   (5.21) 

where: 

TerminalPSI = Adjusted terminal PSI considering WBT impact;  

Pfaulting  = Percent change in faulting caused by WBT loads, %; 

Table 5.44. Adjusted terminal PSI considering WBT impact 

Slab thickness (inch) Adjusted terminal PSI considering WBT impact 

0% 4% 6% 8% 10% 12% 14% 20% 25% 
6 2.50 2.54 2.57 2.59 2.61 2.63 2.65 2.72 2.77 
8 2.50 2.53 2.55 2.56 2.58 2.59 2.61 2.66 2.70 
10 2.50 2.52 2.54 2.55 2.56 2.57 2.58 2.62 2.65 
12 2.50 2.52 2.53 2.54 2.55 2.56 2.57 2.60 2.62 
13 2.50 2.52 2.53 2.53 2.54 2.55 2.56 2.59 2.61 
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The process of adjusting AASHTO 93 rigid pavement design considering WBT impact 

would be as follows: 

(1) Calculate the design slab thickness (D) of rigid pavement as usual; 

(2) Use the D from process (1) and Table 5.44 with linear interpolation to get the properly 

adjusted terminal PSI and reconduct step (1). 

The research team also conducted a sensitivity check of different terminal PSI numbers on 

D. The input parameters are shown in Figure 5.36. The sensitivity analysis results are shown in 

Figures 5.37 - 5.38. 

 
Figure 5.36. The AASHTO 93 analysis process for JPCP 
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Figure 5.37. Sensitivity analysis of terminal PSI (ESALs: 1E6) 

 

 
Figure 5.38. Sensitivity analysis of terminal PSI (ESALs: 1E7) 

5.7.4. Based on AASHTO 93 – adjusted ESAL 
A similar adjustment process in section 5.7.2 will be used to adjust ESAL in this section’s 

AASHTO 93 pavement design process. The Michigan freeway average vehicle class distribution 
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and freeway axle load spectrum (average of 12 month) [32], and other traffic parameters same to 

Table 4.67 in section 4.7.4 would be used for calculation. The CADT to ESAL transformation for 

JPCP result is then obtained and presented Table 5.45. 

Table 5.45. CADT to ESAL transformation for JPCP 

CADT Estimated ESAL 
500 1.7 × 106 
1000 3.2 × 106 
5000 11 × 106 
9000 18.5 × 106 

 

The first step is determining the ESAL adjustment factor (FESAL-100) if all loads were WBT 

loads (100% WBT) with the following control points. 

• The relative damage index in the 6" JPCP structure is 2.01, assuming FESAL-100 = 2.01 

corresponds to ESAL < 1.7×106; 

• The relative damage index in the 8" JPCP structure is 1.73, assuming FESAL-100 = 1.73 

corresponds to ESAL = 3.2×106; 

• The relative damage index in the 10" JPCP structure is 1.55, assuming FESAL-100 = 1.55 

corresponds to ESAL = 11×106; 

• The relative damage index in the 12" JPCP structure is 1.44, assuming FESAL-100 = 1.44 

corresponds to ESAL ≥ 18.5×106; 

• Then, the linear interpolation method was used to determine FESAL-100 in the ESAL range 

of 1.7×106- 3.2×106, 3.2×106- 11×106, and 11×106- 18.5×106. 

The piecewise function for the ESAL adjustment factor (FESAL-100) when loads were 100% 

WBT loads are shown in the Figure 5.39 and equation (5.22) as below. 
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Figure 5.39. Adjust factor for JPCP under different ESALs 

FESAL-100 = 2.01    when ESAL < 1.7×106 

                 -0.187×10-6×ESAL + 2.327 When 1.7×106 ≤ ESAL < 3.2×106 

                 -0.023×10-6×ESAL + 1.804 When 3.2×106≤ ESAL < 11×106 

                 -0.015×10-6×ESAL + 1.711 When 11×106≤ ESAL < 18.5×106 

                 1.44    When ESAL ≥ 18.5×106                                         (5.22) 

The second step is determining the ESAL adjustment factor (FESAL-P) with the WBT 

percentage of P. As for DT load, the relative damage index for fatigue is assumed as 1, so the 

FESAL-P could be calculated with the equation below. 

FESAL-P = FESAL-100 × P/100 + 1×(100-P)/100                                         (5.23) 

The ESAL adjustment factor (FESAL-P) with the WBT percentage of P can be computed 

using equation (5.23). Below are the examples of FESAL-P with P in 5%, 10%, and 25%.  
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(1) When P = 5%, the FESAL-5 is shown in equation (5.24). 

FESAL-5 = 1.0505    When ESAL < 1.7×106 

                 -0.00935×10-6×ESAL + 1.06635 When 1.7×106 ≤ ESAL < 3.2×106 

                 -0.00115×10-6×ESAL + 1.0402 When 3.2×106≤ ESAL < 11×106 

                 -0.00075×10-6×ESAL + 1.03555 When 11×106 ≤ ESAL < 18.5×106 

                 1.022    When ESAL ≥ 18.5×106                                         (5.24) 

(2) When P = 10%, the FESAL-10 is shown in equation (5.25). 

FESAL-10 = 1.101    When ESAL < 1.7×106 

                -0.0187×10-6×ESAL + 1.1327 When 1.7×106 ≤ ESAL < 3.2×106 

                -0.0023×10-6×ESAL + 1.0804 When 3.2×106≤ ESAL < 11×106 

                -0.0015×10-6×ESAL + 1.0711 When 11×106 ≤ ESAL < 18.5×106 

                1.044    When ESAL ≥ 18.5×106                                         (5.25) 

(3) When P = 25%, the FESAL-25 is shown in equation (5.26). 

FESAL -25 = 1.2525    When ESAL < 1.7×106 

                -0.04675×10-6×ESAL + 1.33175 When 1.7×106 ≤ ESAL < 3.2×106 

                -0.00575×10-6×ESAL + 1.201 When 3.2×106≤ ESAL < 11×106 

                -0.00375×10-6×ESAL + 1.17775 When 11×106 ≤ ESAL < 18.5×106 

                1.11     When ESAL ≥ 18.5×106                                         (5.26) 

5.8. Chapter summary 
Based on the above JPCP pavement distress analysis, the research team summarized WBT 

loads’ impact on the distress of different JPCP slab thickness structures under tire pressures of 120 

psi. According to field WBT load survey results section 3, Michigan's current WBT load 

proportion is approximately 10% for design purposes in the Lower Peninsula and 5% for the Upper 

Peninsula. The distresses’ percent increase under 10% WBT loads were plotted, corresponding 

with Michigan's current WBT loads proportion, and the results are presented in Figure 5.40. 
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Figure 5.40. Distress increase under 10% WBT load for different slab thickness structures 

Considering WBT loads’ increase in the future, the research team compared the increase 

of distress under 25% WBT loads, as shown in Figure 5.41. 
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Figure 5.41. Distress increase under 25% WBT load for different slab thickness structures 

Figures 5.40 and 5.41 show that faulting of JPCP pavement is the most easily impacted 

distress by WBT loads. The impact extent of transverse cracking, faulting, and IRI are all 
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negatively related to the slab thickness, which is different from that of flexible pavement. It is also 

worth noting that the impact of WBT loads on JPCP pavement’s IRI is more significant than that 

on flexible pavement’s IRI, especially under higher WBT proportions. 

Under the roughly 10% WBT load proportion as measured in several Michigan truckline 

locations from this study, JPCP pavement’s distress increases are relatively minor. However, 

suppose the WBT load proportion in Michigan were to increase to 25% in the future. In that case, 

the WBT impact on JPCP distresses, especially faulting, should receive more attention, and the 

adjusted design threshold (or adjusted terminal PSI in the AASHTO 93 method) should be adopted 

if needed.   
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6. CHAPTER 6: WIM TECHNOLOGY INVESTIGATION 

6.1. Conventional WIM technologies 
Weigh-in-motion (WIM) devices are meant to detect and record axle weights and gross 

vehicle weights as vehicles pass through a measuring location. WIM systems, unlike static scales, 

can measure vehicles operating at reduced or normal traffic speeds and do not require the vehicle 

to come to a complete stop. WIM technology speeds up the weighing process and, in the case of 

commercial vehicles, permits trucks under the weight limit to avoid static scales and inspection. 

The research team conducted a literature review on the Weigh-in-Motion (WIM) system 

to identify the accuracy of load weight results in motion with the intention to assess the impacts 

WBTs may have in measurement. WIM estimates a vehicle’s static gross weight and weight 

allocation by measuring and analyzing dynamic tire forces transmitted by each wheel and axle/axle 

group [34]. WIM systems primarily consist of sensors and a data collection and analysis controller. 

For this data collection process, the weight sensors can utilize load cells, bending plates, 

piezoelectric systems, in-line strain gauges, and capacitive and optical fiber sensors [35, 36]. The 

process of the WIM system operation with different sensors is presented in Table 6.1. The typical 

layouts of different WIM technologies are shown in Figures 6.1 - 6.3. 

Table 6.1. The process of the WIM system operation [37] 
Sensor types Operation Process 

Piezoelectric 
sensors 

Force → Proportional voltage in piezoelectric sensor generated→ Record → 
Calculate dynamic load → Estimate static load 

Bending Plate Force → Strain gauges under metal plates record strain → Calculate dynamic 
load → Estimate static load 

Load cell 
Force → wire under the strain gauge compressed and modified → Resistance 

difference to the current in the wire → Calculate the weight of two in-line 
scales → Estimate static load 
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Figure 6.1. Piezoelectric sensors layout example [37] 

Figure 6.2. Bending plate layout example [37] 

Figure 6.3. Load cell layout example [37] 

If the WIM system is well equipped, other multi-sensors, cameras, and laser scanners make 

it possible to collect more parameters like vehicle class, length, direction, registration number, 

number of axles, and distance [38]. For example, inductive loop or axle detectors can be placed 

before and after weight sensors to measure vehicles' speed and spacing [37]. The WIM station may 

be equipped with an automatic vehicle classification system to obtain vehicle classification data 
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[39]. 

Factors affecting WIM systems and causing errors are complex, including WIM site, 

characteristics of the vehicles, and environmental conditions, as shown in Table 6.2 [34, 40, 41]. 

Sujon et al. noted that the wheel's friction might lead to higher or lower weight depending on the 

direction of the axle movement while crossing the WIM sensor [42]. 

Table 6.2. Factors affecting the WIM systems [34, 40, 41] 
Factors Specification 

WIM site conditions Road geometry, slopes, and surface condition 
Characteristics of vehicles Speed, oscillation, axle configurations 
Environmental conditions Temperature 

Calibration Procedure and frequency 
WIM generally has more significant errors than static weight measurement due to the speed 

of the vehicles evaluated. Methods based on reliability characteristics and tolerance interval 

boundaries have been used for error analysis [43]. Load cell sensors can reach an accuracy of 2% 

during static measurements but may deteriorate to 10% in WIM systems [38]. Ji et al. investigated 

the relative error between the static weight and WIM (using a polyvinylidene fluoride piezoelectric 

sensor) of vehicles at different speeds, as shown in Figure 6.4 [44]. The error did not present a 

significant correlation with speed in this research. 

     
(a) no-load                               (b) half-load                               (c) full-load 

Figure 6.4. Relative error of axle load at different vehicle speeds 
The percentages of error of WIM systems with different sensors in current research are 

summarized in Table 6.3. The Error column, if without a specific note, refers to gross vehicle 

weight error between WIM and estimating static load. 
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Table 6.3. The error of WIM systems with different sensors 
Author Sensor types Error, % 

Pham et al. [34] Load cells *GVW: ±6 

Al-Qadi et al. [39] 

Bending Plate  
Single Load cell 

Piezoelectric Sensor- Quartz 
Piezoelectric Sensor-Other 

GVW: ±10 
GVW: ±6 
GVW: ±10 
GVW: ±15 

Cheng et al. [45] Capacitive flexible weighing sensor GVW: ±10 

Haidar et al. [46] 

Quartz piezo 
Bending plate 

load cells 
Piezo polymer 

GVW: ±9.8 
GVW: ±9.0 
GVW: ±5.0 
GVW: ±9.8 

Bermejo et al. [47] / GVW: ±6.35 

Zhang et al. [48] Single sensor 
Three Sensors array 

GVW: ±6 
GVW: ±4 

* GVW: Gross Vehicle Weight 
As for the cost of WIM technologies, Dontu et al. estimated the average cost per lane and 

12-year lifespan for five types of WIM technologies, as shown in Table 6.4 [49]. 

Table 6.4. Estimated average cost per lane and 12-year lifespan 
WIM technologies Estimated annual average cost/lane ($) 

Piezo polymer 4,224 – 5,917 
Piezo quartz 7,500 

Bending plate 4,990 – 6,750 
Double bending plate 7,709 

Single load cell 6,200 – 8,750 

6.2. Advanced WIM technologies in identifying tire types 
Newer advanced WIM technologies have been developed that may help agencies such as 

MDOT identify standard WIM data as well as automate the process for identifying other key 

parameters affecting pavement response, such as tire type (DT or WBT), axle width, and tire 

pressure.  While a 120 psi tire pressure is assumed in the Pavement ME analysis, this is generally 

higher than most in-service truck tires even under “hot” conditions.  These technologies would 

help MDOT understand the distribution of tire pressure and tire types to develop a more robust, 

on-going database to monitor changes in the loads experienced on the MDOT trunkline system. 

(1) Technology from Kistler  

Kistler's technology could help detect single and dual tires and identify flat tires, as shown 

in Figure 6.5. The Automated Tire Screening (ATS) system from Kistler offers a reliable solution 
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to monitor tire pressures. The ATS system will promote the accuracy of the quartz sensors and 

deliver vital data to identify missing or under-inflated tires. The system can easily be integrated 

into existing WIM screening sites. More details on this technology can be found at the following 

link: https://www.kistler.com/en/. 

 

Figure 6.5. Demonstration of WIM technology from Kistler 

(2) Technology from OptiWIM 

The OptiWIM® sensor offers multiple valuable features, and the sensor can directly 

measure the vehicle's axle width. It is also able to detect the use of double-wheel assemblies or the 

presence of underinflated tires, even in dual-assembly, separately. It has demonstrated a 10-year 

lifespan. It provides weight assessment in the sensor's whole length, which means that the recorded 

value is the same in any part of the road, no matter where the vehicle passes. A demonstration of 

WIM technology from OptiWIM is shown in Figure 6.6. More details can be found on their website: 

https://www.optiwim.com/. 
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Figure 6.6. Demonstration of WIM technology from OptiWIM 

 (3) Technology from Fiscal Tech America 

A demonstration of WIM technology from Fiscal Tech America is shown in Figure 6.7. It 

complies with several standards, such as ASTM E1318-09 Type I, Type II, Type III and COST 

323 A(5), B+(7), or B(10). It is a complete system, including OIML-certified strain gauge strip 

sensors, electronics, and a friendly web-based user interface. It is highly effective for weight 

overload control, enhancing road safety, and reduced maintenance costs. Its advanced weighing-

in-motion technology allows traffic to remain flowing, while pre-selected vehicles are routed to 

the weighing station. It can also be applied to industrial truck weighing. The following can be 

highlighted: (1) High-speed WIM up to 80 mph, (2) Width, length, and height measurement (3D 

Laser Scanner), and (3) Single/Dual tire detection and Vehicle classification. More details can be 

found on their website: https://ft-america.com/. 

 
Figure 6.7. Demonstration of WIM technology from Fiscal Tech America 
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7. CHAPTER 7: SUMMARY AND CONCLUSIONS 
This research analyzed WBT loads' impact on the distress of flexible and rigid pavements 

under Michigan's climate and construction practices. The following conclusions could be drawn 

from the research. 

(1) Field investigation at weigh stations in the Lower Peninsula shows that the percentage 

of trucks with any WBTs is 11% on average, contributed to mainly by Class 9 trucks. The 

percentage of load axles with WBTs in all load axles in the Lower Peninsula is 7.32%, from the 

limited data set in this study. The percentage of trucks using any WBTs is 5.8% on average in the 

Upper Peninsula, and it is estimated that less than 5% of load axles would contain WBTs. Based 

on field investigation, 10% would be recommended as the current proportion of WBTs in the 

quantitative impact analysis to account for near-term growth during the pavement design life and 

conservativeness in design, while 25% would be recommended as the future WBT proportion 

considering WBT growth. 

(2) The impact of WBT loads on pavement distress (Flexible: fatigue cracking, rutting, IRI; 

Rigid: transverse cracking, faulting, IRI) are all positively related to the proportion of WBTs; more 

WBTs would cause more risk of pavement failure. However, the extent of the WBT loads' impact 

on different pavement distress varies. Fatigue cracking of flexible pavement and faulting of JPCP 

are critical distresses, which should be given attention considering WBT loads. 

(3) Thickness is another parameter affecting WBT loads' impact. Thicker AC is beneficial 

in reducing WBT loads' impact on fatigue cracking but does not work to reduce total rutting. 10% 

of trucks utilizing WBT axle loads would cause 6.59% more bottom-up fatigue cracking on a 5" 

AC structure and 1.76% more on an 11.5" AC structure than a standard Pavement ME DT analysis, 

indicating thinner AC structures are more likely to fail in fatigue when under the same WBT loads. 

For flexible pavements' rutting, 10% WBT axles loads would cause only 0.31% more distress on 

a 5" AC structure and 1.43% more on an 11.5" AC structure, which is much less than fatigue 

cracking. 

(4) Thicker slabs help reduce WBT loads' impact on both transverse cracking and faulting 

for JPCP. 10% of axles utilizing WBTs caused 3.68% more transverse cracking and 5.43% more 

faulting on the 6" slab structure, while for the 13" slab structure under the same WBT axle load 

percentage, the increase of the two distresses was limited to 1.47% and 2.16%, respectively. 

(5) The impact of WBT loads on the IRI of different pavement structures was obtained by 
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establishing the relationship between IRI and other distress. Results show that WBT load will not 

affect flexible pavement's IRI significantly (approximately 0.4% more terminal IRI under 10% 

WBT and 0.9% more terminal IRI under 25% WBT). For JPCP, IRI is more impacted by WBT 

loads compared with flexible pavement, but the impact is still less than transverse cracking and 

faulting of JPCP (less than 1.5% more terminal IRI under 10% WBT axles and less than 4% more 

terminal IRI under 25% WBT). 

(6) Using the distress change results under the scattered AC or slab thicknesses and 

scattered WBT proportions, the WBT loads' impact on structures with 5-12" AC layer, 6-13" PCC 

slab, and under WBT proportion within 25% could be estimated using quadratic equations or the 

linear interpolation method. The design threshold in Pavement ME can then be adjusted 

considering different WBT load impacts. An impact of less than 2.5% is considered minor in this 

approach, and no action is recommended in the design process. However, if the impact exceeds 5% 

for a given distress prediction, the adjusted Pavement ME design threshold is recommended as 

noted in red in Table 4.63 for AC pavements and Table 5.43 for JPCPs. In addition, the traffic 

parameter for Pavement ME design - CADT, was also adjusted considering different percentages 

of WBTs. 

(7) Considering that the AASHTO 93 pavement design method is still adopted by MDOT, 

an adjusted AASHTO 93 pavement design was also proposed, by artificially adjusting the terminal 

PSI (from 2.5) to indirectly account for additional loss in serviceability due to WBT loads (see 

Tables 4.66 and 5.44). WBT loads' impact on fatigue cracking of flexible pavement and faulting 

of JPCP is used to determine the adjustment of terminal PSI, as these two distresses are critical 

according to analysis results. In addition, the traffic parameter for AASHTO 93 design - ESAL, 

was adjusted considering different percentages of WBTs. 

(8) Conventional WIM technologies with different sensors were reviewed with regard to 

the operation process while noting its limitation with respect to WBT identification. Factors 

affecting conventional WIM systems come from the site, vehicles, environment, and calibration 

process. WIM systems with load cell sensors have corrected minor errors but at a relatively higher 

cost. Some advanced WIM technologies from Kistler, OptiWIM, and Fiscal Tech America show 

potential in identifying WBTs in addition to other factors such as wheel spacing and tire pressure 

to help DOTs better identify critical factors that affect pavement response and distress 

development.  
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A. APPENDIX A: USER'S SURVEY AND MANUFACTURER’S SURVEY 
User’s survey results: 

 

Question 1: What is your company's name? 

• Company name redacted. 

 

Question 2: How many trucks are in your fleet (using either dual or wide-base tire 

configurations)? 

• 107 Trucks / 600 Trailers 

• 3050 

• 26 

• 2750 

• 850 

• 200 

• 250 

• 1000 

• 56 

• 25 

 
Question 3: What percentage of trucks in your fleet utilize wide-base tires? 

 
Figure A.1. Percentage of trucks from user’s survey 
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Question 4: What types of wide-base tires are being used in your fleet? 

 

 

 

Figure A.2. Types of WBT used from user’s survey 
 
Question 5: If wide-base tires are utilized, what tire pressure do you typically operate these tires 

(in psi)? 

Figure A.3. Tire pressure used in WBT from user’s survey 
 
Question 6: What axle(s) does your company utilize wide-base tires on? 

Figure A.4. Axle type used in WBT from user’s survey 
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Question 7: What routes are primarily used by trucks using wide-base tires in the state of 

Michigan? 

• various 

• Interstate and truck routes 

• I79, I69, I75 

• None 

• I75, US23 

• Highway and regional transport, to store and back to highway. 

• I94, I75 

 
Question 8: What is the average distance of the routes taken? 

 
Figure A.5. Average distance of routes from user’s survey 

 
Question 9: Why do you use wide-base tires in your fleet? 

 

 
Figure A.6. Reasons for using WBTs from user’s survey 
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Question 10: In the near future, does your company plan on utilizing wide-based tires _____ 

than previous years? 

 
Figure A.7. Attitude toward using WBTs from user’s survey 
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Manufacturer’s survey results: 
 
Question 1: Please provide your company name and a contact person(name and email) 

• No response 

 
Question 2: Based on total truck tire sales, what percentage of these sales are for wide-base tires?  

 

 

 

Figure A.8. Percentage of WBTs sold from manufacturer’s survey 
 

Question 3: What types of wide-base tires does your company sell? 

Figure A.9. Types of WBTs sold from manufacturer’s survey 
 

Question 4: What are the primary reasons for purchases of wide-base tires from your company?  

Figure A.10. Reasons for purchasing WBTs from manufacturer’s survey 
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Question 5: In the near future, what does your company foresee in terms of sales projections of 

wide-base tires? 

 
Figure A.11. Projections of WBT sales from manufacturer’s survey 

 
Question 6: Do you have any other comments regarding the sale or manufacturing of wide-base 

tires by your company?  

• No response 

 

Question 7: What companies/organizations/industries are purchasers of your wide-base tires?  

• Regional over the road fleets. Grocery distribution 
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B. APPENDIX B: APPROVAL OF PERMITTED ACTIVITIES FILES FOR WBT 
PROPORTION ROAD INVESTIGATION 

 
Figure B.1. Advance notice and approval of permitted activities at New Buffalo weigh 

station 
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Figure B.2. Advance notice and approval of permitted activities at Luna Pier weigh station 
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Figure B.3. Advance notice and approval of permitted activities at Grass Lake weigh 

station 
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Figure B.4. Advance notice and approval of permitted activities at Coldwater weigh station 
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Figure B.5. Advance notice and approval of permitted activities at Ionia weigh station 
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Figure B.6. Advance notice and approval of permitted activities at Fowlerville weigh 

station 
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Figure B.7. Annual construction permit for operations within the state highway right-of-

way 
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C. APPENDIX C: CNN APP INTRODUCTION 
Two examples of the CNN operation windows developed by the research team are shown 

in Figures C.1 and C.2 below. 

 
Figure C.1. CNN App interface showing DT truck 

 
Figure C.2. CNN App interface showing WBT truck 
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The MATLAB code used to transfer the video to a picture that could be used for CNN training 

is shown below. The picture database is shown in Figure C.3. 

MATLAB CODE: 
%%%%%Video cut into image sequence 
fileName = 'F:\Google drive\Jin-DongZhao\1Project\Wide-base Tire\20000221_041851.MOV';  
%image_path= 
obj = VideoReader(fileName); 
numFrames = obj.NumberOfFrames;% Read the number of frames of the video CurrentTime 
for i = 1 : numFrames 
frame = read(obj,i);% Read every frame 
imshow(frame);%Show every frame 
namestyle=sprintf('%06d',i); 
imwrite(frame,strcat(namestyle,'.png'),'png');% Save every frame 
%imwrite(frame,strcat(num2str(i),'.png'),'png');% Save every frame 
End 
 

 
Figure C.3. CNN Training pictures that show WBT trucks 

 
The MATLAB code used to train the picture based on the CNN method is shown below. 

MATLAB CODE: 
clear 
clc 
imds = imageDatastore('F:\Google drive\2016-Asphalt-Group\Jin-DongZhao\1Project\Wide-base 
Tire\CNN\train', ... 
    'IncludeSubfolders',true, ... 
    'LabelSource','foldernames'); 
numTrainImages = numel(imds.Labels); 
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for i = 1:numTrainImages 
    s = string(imds.Files(i)); 
    I = imread(s); 
    I = imresize(I,[227,227]); 
    imwrite(I,s); 
    s 
end 
 
[imdsTrain,imdsValidation] = splitEachLabel(imds,0.76,'randomized'); 
 
net = alexnet; 
 
inputSize = net.Layers(1).InputSize 
 
layersTransfer = net.Layers(1:end-7); 
 
numClasses = numel(categories(imdsTrain.Labels)); 
 
layers = [ 
    layersTransfer 
    fullyConnectedLayer(numClasses,'WeightLearnRateFactor',20,'BiasLearnRateFactor',20) 
    softmaxLayer 
    classificationLayer]; 
 
augimdsValidation = augmentedImageDatastore(inputSize(1:2),imdsValidation); 
augimdsTrain = augmentedImageDatastore(inputSize(1:2),imdsValidation); 
 
options = trainingOptions('sgdm', ... 
    'MiniBatchSize',8, ... 
    'MaxEpochs',8, ... 
    'InitialLearnRate',1e-4, ... 
    'Shuffle','every-epoch', ... 
    'ValidationData',augimdsValidation, ... 
    'ValidationFrequency',4, ... 
    'Verbose',false, ... 
    'Plots','training-progress'); 
 
netTransfer = trainNetwork(augimdsTrain,layers,options); 
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The results of the CNN training process for distinguishing wide-base tire trucks are shown 

in Figure C.4. After training, the accuracy reached up to 96%. 

 
Figure C.4. CNN training process for wide-base tire trucks 

The MATLAB code for the interface is shown below. After uploading the trained CNN model 

database and selecting pictures of trucks with WBT or not, the class level and whether the truck 

had WBTs would show in the results. 

 
MATLAB CODE: 
function varargout = alexnet(varargin) 
 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @alexnet_OpeningFcn, ... 
                   'gui_OutputFcn',  @alexnet_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin[1]) 
    gui_State.gui_Callback = str2func(varargin[1]); 
end 
 
if nargout 
    [varargout[1:nargout]] = gui_mainfcn(gui_State, varargin[:] ); 
else 
    gui_mainfcn(gui_State, varargin[:]); 
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end 
 
% --- Executes just before alexnet is made visible. 
function alexnet_OpeningFcn(hObject, eventdata, handles, varargin) 
 
handles.output = hObject; 
 
% Update handles structure 
guidata(hObject, handles); 
 
 
% --- Outputs from this function are returned to the command line. 
function varargout = alexnet_OutputFcn(hObject, eventdata, handles)  
 
varargout [1]= handles.output; 
 
 
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
clear; 
global netTransfer; 
load('wbt.mat'); 
 
% --- Executes on button press in pushbutton2. 
function pushbutton2_Callback(hObject, eventdata, handles) 
global pic; 
[filename filepath]=uigetfile('*.*','ÇëÑ¡ÔñÎÄ¼þ'); 
picpath = [filepath filename]; 
pic = imread(picpath); 
axes(handles.axes1); 
imshow(pic); 
 
 
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
global netTransfer; 
global pic; 
Pic = imresize(pic,[227,227]); 
tic; 
Tr = classify(netTransfer,Pic); 
Tt = toc; 
str_show1 = string(Tr); 
str_show2 = [num2str(Tt) 's']; 
set(handles.edit1,'string',str_show1); 
set(handles.edit2,'string',str_show2); 
function edit1_Callback(hObject, eventdata, handles) 
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% --- Executes during object creation, after setting all properties. 
function edit1_CreateFcn(hObject, eventdata, handles) 
 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
 
function edit2_Callback(hObject, eventdata, handles) 
 
 
% --- Executes during object creation, after setting all properties. 
function edit2_CreateFcn(hObject, eventdata, handles) 
 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
 
% --- Executes during object creation, after setting all properties. 
function axes1_CreateFcn(hObject, eventdata, handles) 
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D. APPENDIX D: FLEXIBLE PAVEMENT ME OUTPUT 
Location 1. (5" AC) Global calibration; Asphalt and mixture: Level 3 

 

 

 

 

Location 1. (5" AC) Michigan calibration; Asphalt and mixture: Level 3 

Location 1. (5" AC) Global calibration; Asphalt and mixture: Level 1 

Location 1. (5" AC) Michigan calibration; Asphalt and mixture: Level 1    

Figure D.1. Flexible Pavement ME output in location 1 
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Location 2. (5" AC) Global calibration; Asphalt and mixture: Level 3 

 

 

 

 

Location 2. (5" AC) Michigan calibration; Asphalt and mixture: Level 3 

Location 2. (5" AC) Global calibration; Asphalt and mixture: Level 1 

Location 2. (5" AC) Michigan calibration; Asphalt and mixture: Level 1    

Figure D.2. Flexible Pavement ME output in location 2 
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Location 3. (6.5" AC) Global calibration; Asphalt and mixture: Level 3 

 

 

 

 

Location 3. (6.5" AC) Michigan calibration; Asphalt and mixture: Level 3 

Location 3. (6.5" AC) Global calibration; Asphalt and mixture: Level 1 

Location 3. (6.5" AC) Michigan calibration; Asphalt and mixture: Level 1    

Figure D.3. Flexible Pavement ME output in location 3 
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Location 4. (9.5" AC) Global calibration; Asphalt and mixture: Level 3 

 

 

 

 

Location 4. (9.5" AC) Michigan calibration; Asphalt and mixture: Level 3 

Location 4. (9.5" AC) Global calibration; Asphalt and mixture: Level 1 

Structure 4. (9.5" AC) Michigan calibration; Asphalt and mixture: Level 1    

Figure D.4. Flexible Pavement ME output in location 4 
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Location 5. (9.5" AC) Global calibration; Asphalt and mixture: Level 3  (Default) 

 

 

 

 

Location 5. (9.5" AC) Michigan calibration; Asphalt and mixture: Level 3  (Default)    

Location 5. (9.5" AC) Global calibration; Asphalt and mixture: Level 1 

Location 5. (9.5" AC) Michigan calibration; Asphalt and mixture: Level 1 

Figure D.5. Flexible Pavement ME output in location 5 
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Location 6. (11.5" AC) Global calibration; Asphalt and mixture: Level 3  (Default) 

 

 

 

 

Location 6. (11.5" AC) Michigan calibration; Asphalt and mixture: Level 3  (Default)    

Location 6. (11.5" AC) Global calibration; Asphalt and mixture: Level 1 

Location 6. (11.5" AC) Michigan calibration; Asphalt and mixture: Level 1    

Figure D.6. Flexible Pavement ME output in location 6 
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Location 7. (11.5" AC) Global calibration; Asphalt and mixture: Level 3  (Default) 

 
Location 7. (11.5" AC) Michigan calibration; Asphalt and mixture: Level 3  (Default)    

 
Location 7. (11.5" AC) Global calibration; Asphalt and mixture: Level 1 

 
Location 7. (11.5" AC) Michigan calibration; Asphalt and mixture: Level 1 

 
Figure D.7. Flexible Pavement ME output in location 7 
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E. APPENDIX E: RIGID PAVEMENT ME OUTPUT 
Open graded:  
Location 1. 6" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 1. 6.5" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 1. 7" slab ; 1" dowel diameter; 12" joint spacing; 

 
Figure E.1. Rigid Pavement ME output in location 1 (Open graded) 

 
Location 2. 6" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 2. 6.5" slab ; 1" dowel diameter; 12" joint spacing; 
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Location 2. 7" slab ; 1" dowel diameter; 12" joint spacing; 

 
Figure E.2. Rigid Pavement ME output in location 2 (Open graded) 

 
Location 3. 7.5" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 3. 8" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 3. 8.5" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Figure E.3. Rigid Pavement ME output in location 3 (Open graded) 

 
Location 4. 7.5" slab ; 1" dowel diameter; 12" joint spacing; 

 
 
  



201 
 

Location 4. 8" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 4. 8.5" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Figure E.4. Rigid Pavement ME output in location 4 (Open graded) 

 
Location 5. 8" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 5. 8" slab ; 1.5" dowel diameter; 12" joint spacing; 

 
Location 5. 8.5" slab ; 1.25" dowel diameter; 12" joint spacing; 
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Location 5. 9" slab ; 1.25" dowel diameter; 14" joint spacing; 

 
Figure E.5. Rigid Pavement ME output in location 5 (Open graded) 

 
Location 6. 12" slab ; 1.5" dowel diameter; 16" joint spacing; 

 
Location 6. 12" slab ; 1.5" dowel diameter; 14" joint spacing; 

 
Location 6. 12.5" slab ; 1.5" dowel diameter; 16" joint spacing; 

 
Location 6. 13" slab ; 1.5" dowel diameter; 16" joint spacing; 

 
Figure E.6. Rigid Pavement ME output in location 6 (Open graded) 
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Location 7. 10" slab ; 1.25" dowel diameter; 14" joint spacing; 

 
Location 7. 10.5" slab ; 1.5" dowel diameter; 14" joint spacing; 

 
Location 7. 11" slab ; 1.5" dowel diameter; 14" joint spacing; 

 
Figure E.7. Rigid Pavement ME output in location 7 (Open graded) 

 
Dense graded:  
Location 1. 6" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 1. 6.5" slab ; 1" dowel diameter; 12" joint spacing; 
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Location 1. 7" slab ; 1" dowel diameter; 12" joint spacing; 

 
Figure E.8. Rigid Pavement ME output in location 1 (Dense graded) 

 
Location 2. 6" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 2. 6.5" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 2. 7" slab ; 1" dowel diameter; 12" joint spacing; 

 
Figure E.9. Rigid Pavement ME output in location 2 (Dense graded) 

 
Location 3. 7.5" slab ; 1" dowel diameter; 12" joint spacing; 

 
  



205 
 

Location 3. 8" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 3. 8.5" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Figure E.10. Rigid Pavement ME output in location 3 (Dense graded) 

 
Location 4. 7.5" slab ; 1" dowel diameter; 12" joint spacing; 

 
Location 4. 8" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 4. 8.5" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Figure E.11. Rigid Pavement ME output in location 4 (Dense graded) 
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Location 5. 8" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 5. 8" slab ; 1.5" dowel diameter; 12" joint spacing; 

 
Location 5. 8.5" slab ; 1.25" dowel diameter; 12" joint spacing; 

 
Location 5. 9" slab ; 1.25" dowel diameter; 14" joint spacing; 

 
Figure E.12. Rigid Pavement ME output in location 5 (Dense graded) 

 
 
Location 6. 12" slab ; 1.5" dowel diameter; 16" joint spacing; 
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Location 6. 12" slab ; 1.5" dowel diameter; 14" joint spacing; 

 
Location 6. 12.5" slab ; 1.5" dowel diameter; 16" joint spacing; 

 
Location 6. 13" slab ; 1.5" dowel diameter; 16" joint spacing; 

 
Figure E.13. Rigid Pavement ME output in location 6 (Dense graded) 

 
 
Location 7. 10" slab ; 1.25" dowel diameter; 14" joint spacing; 

 
Location 7. 10.5" slab ; 1.5" dowel diameter; 14" joint spacing; 
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Location 7. 11" slab ; 1.5" dowel diameter; 14" joint spacing; 

 
Figure E.14. Rigid Pavement ME output in location 7 (Dense graded) 

 
  



209 
 

F. APPENDIX F: STRESS AT BOTTOM OF SLAB WITH DIFFERENT SLAB 
THICKNESSES 

Table F.1. Stress at the bottom of the slab (0" from shoulder joint; 6" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -343.610 -439.375 27.87 

100 -366.492 -476.387 29.99 

120 -385.569 -507.438 31.61 

-20 

80 -340.530 -436.685 28.24 

100 -363.501 -473.805 30.34 

120 -382.646 -504.941 31.96 

-10 

80 -358.970 -456.044 27.04 

100 -382.048 -493.284 29.12 

120 -401.276 -524.512 30.71 

0 

80 -421.649 -519.376 23.18 

100 -444.774 -556.660 25.16 

120 -464.036 -587.922 26.70 

10 

80 -496.120 -593.832 19.70 

100 -519.244 -631.114 21.54 

120 -538.505 -662.374 23.00 

20 

80 -564.443 -662.488 17.37 

100 -587.596 -699.806 19.10 

120 -606.880 -731.092 20.47 

30 

80 -628.688 -725.675 15.43 

100 -651.876 -763.029 17.05 

120 -671.187 -794.345 18.35 
  



210 
 

Table F.2. Stress at the bottom of the slab (10" from shoulder joint; 6" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -127.059 -172.290 35.60 

100 -132.323 -181.253 36.98 

120 -136.354 -188.174 38.00 

-20 

80 -122.249 -167.343 36.89 

100 -127.516 -176.402 38.34 

120 -131.550 -183.394 39.41 

-10 

80 -137.431 -183.639 33.62 

100 -142.821 -192.841 35.02 

120 -146.948 -199.944 36.06 

0 

80 -198.600 -245.664 23.70 

100 -204.044 -254.927 24.94 

120 -208.213 -262.075 25.87 

10 

80 -273.076 -320.141 17.24 

100 -278.521 -329.404 18.27 

120 -282.690 -336.552 19.05 

20 

80 -340.647 -388.075 13.92 

100 -346.123 -397.374 14.81 

120 -350.315 -404.549 15.48 

30 

80 -404.115 -450.555 11.49 

100 -409.617 -459.892 12.27 

120 -413.830 -467.097 12.87 
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Table F.3. Stress at the bottom of the slab (18" from shoulder joint; 6" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -54.882 -82.495 50.31 

100 -57.704 -87.133 51.00 

120 -59.850 -90.653 51.47 

-20 

80 -51.081 -77.115 50.97 

100 -53.815 -81.678 51.78 

120 -55.897 -85.171 52.37 

-10 

80 -63.668 -90.799 42.61 

100 -66.508 -95.504 43.60 

120 -68.673 -99.106 44.32 

0 

80 -123.470 -151.568 22.76 

100 -126.374 -156.345 23.72 

120 -128.586 -160.000 24.43 

10 

80 -197.929 -226.035 14.20 

100 -200.834 -230.813 14.93 

120 -203.047 -234.469 15.48 

20 

80 -264.908 -293.358 10.74 

100 -267.843 -298.173 11.32 

120 -270.078 -301.857 11.77 

30 

80 -327.814 -355.443 8.43 

100 -330.774 -360.289 8.92 

120 -333.030 -363.997 9.30 
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Table F.4. Stress at the bottom of the slab (0" from shoulder joint; 8" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -223.607 -281.529 25.90 

100 -236.974 -303.052 27.88 

120 -248.080 -321.053 29.42 

-20 

80 -225.608 -283.525 25.67 

100 -239.016 -305.098 27.65 

120 -250.154 -323.138 29.18 

-10 

80 -242.629 -300.748 23.95 

100 -256.092 -322.388 25.89 

120 -267.274 -340.478 27.39 

0 

80 -286.818 -345.179 20.35 

100 -300.308 -366.848 22.16 

120 -311.510 -384.961 23.58 

10 

80 -335.598 -393.959 17.39 

100 -349.088 -415.628 19.06 

120 -360.290 -433.740 20.39 

20 

80 -382.256 -440.777 15.31 

100 -395.761 -462.464 16.85 

120 -406.974 -480.589 18.09 

30 

80 -423.153 -480.474 13.55 

100 -436.657 -502.171 15.00 

120 -447.872 -520.306 16.17 
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Table F.5. Stress at the bottom of the slab (10" from shoulder joint; 8" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -91.564 -120.291 31.37 

100 -94.899 -125.870 32.64 

120 -97.451 -130.169 33.57 

-20 

80 -92.666 -121.232 30.83 

100 -96.007 -126.853 32.13 

120 -98.563 -131.185 33.10 

-10 

80 -108.063 -136.892 26.68 

100 -111.463 -142.588 27.92 

120 -114.065 -146.977 28.85 

0 

80 -151.439 -180.587 19.25 

100 -154.871 -186.319 20.31 

120 -157.496 -190.735 21.10 

10 

80 -200.214 -229.366 14.56 

100 -203.646 -235.099 15.44 

120 -206.272 -239.515 16.12 

20 

80 -246.535 -275.850 11.89 

100 -249.980 -281.599 12.65 

120 -252.616 -286.028 13.23 

30 

80 -287.421 -315.406 9.74 

100 -290.874 -321.172 10.42 

120 -293.519 -325.615 10.93 
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Table F.6. Stress at the bottom of the slab (18" from shoulder joint; 8" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -44.905 -62.911 40.10 

100 -46.786 -65.907 40.87 

120 -48.218 -68.195 41.43 

-20 

80 -46.053 -63.498 37.88 

100 -47.898 -66.496 38.83 

120 -49.304 -68.787 39.52 

-10 

80 -60.121 -77.844 29.48 

100 -62.026 -80.920 30.46 

120 -63.477 -83.269 31.18 

0 

80 -102.783 -120.866 17.59 

100 -104.722 -123.981 18.39 

120 -106.199 -126.361 18.99 

10 

80 -151.549 -169.638 11.94 

100 -153.488 -172.754 12.55 

120 -154.966 -175.135 13.02 

20 

80 -197.612 -215.866 9.24 

100 -199.563 -218.998 9.74 

120 -201.050 -221.391 10.12 

30 

80 -238.333 -255.237 7.09 

100 -240.299 -258.388 7.53 

120 -241.799 -260.797 7.86 
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Table F.7. Stress at the bottom of the slab (0" from shoulder joint; 10" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -130.836 -169.464 29.52 

100 -139.604 -183.535 31.47 

120 -146.876 -195.280 32.96 

-20 

80 -139.595 -178.189 27.65 

100 -148.389 -192.291 29.59 

120 -155.680 -204.060 31.08 

-10 

80 -163.252 -201.874 23.66 

100 -172.076 -216.013 25.53 

120 -179.390 -227.811 26.99 

0 

80 -208.554 -247.257 18.56 

100 -217.390 -261.410 20.25 

120 -224.714 -273.218 21.58 

10 

80 -256.600 -295.300 15.08 

100 -265.436 -309.452 16.58 

120 -272.760 -321.260 17.78 

20 

80 -303.342 -342.108 12.78 

100 -312.185 -356.270 14.12 

120 -319.515 -368.086 15.20 

30 

80 -342.436 -380.439 11.10 

100 -351.280 -394.609 12.33 

120 -358.613 -406.432 13.33 
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Table F.8. Stress at the bottom of the slab (10" from shoulder joint; 10" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -41.755 -61.389 47.02 

100 -44.042 -65.195 48.03 

120 -45.791 -68.124 48.77 

-20 

80 -49.821 -69.423 39.34 

100 -52.134 -73.261 40.52 

120 -53.904 -76.215 41.39 

-10 

80 -72.599 -92.261 27.08 

100 -74.945 -96.141 28.28 

120 -76.740 -99.127 29.17 

0 

80 -117.542 -137.306 16.81 

100 -119.903 -141.203 17.76 

120 -121.708 -144.201 18.48 

10 

80 -165.594 -185.355 11.93 

100 -167.953 -189.251 12.68 

120 -169.759 -192.250 13.25 

20 

80 -212.140 -231.969 9.35 

100 -214.508 -235.875 9.96 

120 -216.319 -238.881 10.43 

30 

80 -251.187 -270.163 7.55 

100 -253.563 -274.083 8.09 

120 -255.382 -277.102 8.50 
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Table F.9. Stress at the bottom of the slab (18" from shoulder joint; 10" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -9.237 -21.652 134.41 

100 -10.550 -23.748 125.10 

120 -11.550 -25.348 119.46 

-20 

80 -16.807 -29.154 73.46 

100 -18.137 -31.279 72.46 

120 -19.152 -32.901 71.79 

-10 

80 -38.834 -51.252 31.98 

100 -40.200 -53.421 32.89 

120 -41.241 -55.077 33.55 

0 

80 -83.460 -95.990 15.01 

100 -84.841 -98.178 15.72 

120 -85.894 -99.848 16.25 

10 

80 -131.513 -144.042 9.53 

100 -132.894 -146.230 10.04 

120 -133.947 -147.900 10.42 

20 

80 -177.908 -190.505 7.08 

100 -179.297 -192.703 7.48 

120 -180.355 -194.381 7.78 

30 

80 -216.788 -228.503 5.40 

100 -218.190 -230.719 5.74 

120 -219.260 -232.413 6.00 
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Table F.10. Stress at the bottom of the slab (0" from shoulder joint; 12" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -71.256 -98.763 38.60 

100 -77.455 -108.684 40.32 

120 -82.589 -116.955 41.61 

-20 

80 -84.751 -112.233 32.43 

100 -90.967 -122.175 34.31 

120 -96.114 -130.461 35.74 

-10 

80 -113.501 -140.965 24.20 

100 -119.734 -150.928 26.05 

120 -124.895 -159.231 27.49 

0 

80 -160.179 -187.668 17.16 

100 -166.417 -197.637 18.76 

120 -171.582 -205.944 20.03 

10 

80 -208.364 -235.851 13.19 

100 -214.603 -245.821 14.55 

120 -219.767 -254.128 15.64 

20 

80 -255.738 -283.259 10.76 

100 -261.981 -293.233 11.93 

120 -267.149 -301.545 12.88 

30 

80 -295.331 -322.399 9.17 

100 -301.575 -332.380 10.21 

120 -306.747 -340.698 11.07 
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Table F.11. Stress at the bottom of the slab (10" from shoulder joint; 12" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -6.900 -21.136 206.32 

100 -8.582 -23.906 178.56 

120 -9.869 -26.036 163.82 

-20 

80 -19.942 -34.160 71.30 

100 -21.641 -36.951 70.75 

120 -22.942 -39.099 70.43 

-10 

80 -48.179 -62.390 29.50 

100 -49.898 -65.206 30.68 

120 -51.213 -67.372 31.55 

0 

80 -94.699 -108.941 15.04 

100 -96.424 -111.765 15.91 

120 -97.744 -113.937 16.57 

10 

80 -142.887 -157.129 9.97 

100 -144.612 -159.952 10.61 

120 -145.932 -162.124 11.10 

20 

80 -190.151 -204.428 7.51 

100 -191.880 -207.257 8.01 

120 -193.204 -209.433 8.40 

30 

80 -229.666 -243.432 5.99 

100 -231.402 -246.273 6.43 

120 -232.733 -248.460 6.76 
 
 
  



220 
 

Table F.12. Stress at the bottom of the slab (18" from shoulder joint; 12" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 17.375 8.234 -52.61 

100 16.386 6.670 -59.29 

120 15.632 5.476 -64.97 

-20 

80 4.711 -4.412 -193.65 

100 3.705 -5.998 -261.89 

120 2.937 -7.209 -345.45 

-10 

80 -23.076 -32.198 39.53 

100 -24.104 -33.812 40.28 

120 -24.888 -35.044 40.81 

0 

80 -69.449 -78.608 13.19 

100 -70.485 -80.230 13.83 

120 -71.274 -81.469 14.30 

10 

80 -117.639 -126.796 7.78 

100 -118.674 -128.419 8.21 

120 -119.463 -129.658 8.53 

20 

80 -164.818 -174.012 5.58 

100 -165.858 -175.640 5.90 

120 -166.650 -176.882 6.14 

30 

80 -204.169 -212.824 4.24 

100 -205.221 -214.469 4.51 

120 -206.024 -215.726 4.71 
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Table F.13. Stress at the bottom of the slab (0" from shoulder joint; 13" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -62.534 -86.180 37.81 

100 -67.856 -94.687 39.54 

120 -72.261 -101.774 40.84 

-20 

80 -75.790 -99.406 31.16 

100 -81.124 -107.929 33.04 

120 -85.540 -115.029 34.47 

-10 

80 -102.730 -126.329 22.97 

100 -108.079 -134.869 24.79 

120 -112.505 -141.983 26.20 

0 

80 -143.385 -166.996 16.47 

100 -148.736 -175.540 18.02 

120 -153.165 -182.657 19.26 

10 

80 -184.822 -208.433 12.77 

100 -190.174 -216.977 14.09 

120 -194.602 -224.093 15.15 

20 

80 -225.941 -249.572 10.46 

100 -231.296 -258.120 11.60 

120 -235.726 -265.238 12.52 

30 

80 -261.098 -284.411 8.93 

100 -266.454 -292.964 9.95 

120 -270.887 -300.088 10.78 
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Table F.14. Stress at the bottom of the slab (10" from shoulder joint; 13" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -6.802 -19.117 181.05 

100 -8.270 -21.523 160.25 

120 -9.393 -23.374 148.84 

-20 

80 -19.710 -31.999 62.35 

100 -21.190 -34.422 62.44 

120 -22.324 -36.285 62.54 

-10 

80 -46.234 -58.513 26.56 

100 -47.730 -60.955 27.71 

120 -48.876 -62.835 28.56 

0 

80 -86.796 -99.093 14.17 

100 -88.297 -101.540 15.00 

120 -89.445 -103.423 15.63 

10 

80 -128.236 -140.532 9.59 

100 -129.736 -142.979 10.21 

120 -130.885 -144.862 10.68 

20 

80 -169.286 -181.602 7.28 

100 -170.789 -184.053 7.77 

120 -171.939 -185.938 8.14 

30 

80 -204.383 -216.324 5.84 

100 -205.891 -218.785 6.26 

120 -207.048 -220.679 6.58 
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Table F.15. Stress at the bottom of the slab (18" from shoulder joint; 13" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire pressure 
(psi) Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 14.512 6.554 -54.84 

100 13.639 5.180 -62.02 

120 12.973 4.132 -68.15 

-20 

80 1.908 -6.024 -415.72 

100 1.021 -7.416 -826.35 

120 0.344 -8.478 -2564.53 

-10 

80 -24.252 -32.180 32.69 

100 -25.156 -33.594 33.54 

120 -25.847 -34.673 34.15 

0 

80 -64.727 -72.674 12.28 

100 -65.636 -74.094 12.89 

120 -66.330 -75.177 13.34 

10 

80 -106.168 -114.115 7.49 

100 -107.077 -115.534 7.90 

120 -107.770 -116.617 8.21 

20 

80 -147.163 -155.132 5.42 

100 -148.075 -156.555 5.73 

120 -148.771 -157.641 5.96 

30 

80 -182.132 -189.708 4.16 

100 -183.053 -191.143 4.42 

120 -183.757 -192.240 4.62 
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G. APPENDIX G: STRESS AT TOP OF SLAB WITH DIFFERENT SLAB 
THICKNESSES 

Table G.1. Stress at the top of the slab (0" from shoulder joint; 6" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -330.505 -345.249 4.46 

100 -331.910 -346.809 4.49 

120 -332.974 -347.951 4.50 

-20 

80 -268.378 -282.092 5.11 

100 -269.251 -283.041 5.12 

120 -269.911 -283.741 5.12 

-10 

80 -195.314 -209.138 7.08 

100 -195.898 -209.843 7.12 

120 -196.345 -210.367 7.14 

0 

80 -120.503 -134.350 11.49 

100 -121.089 -135.059 11.54 

120 -121.539 -135.586 11.56 

10 

80 -47.411 -61.499 29.71 

100 -48.184 -62.470 29.65 

120 -48.787 -63.212 29.57 

20 

80 6.183 -7.547 -222.06 

100 4.805 -9.193 -291.32 

120 3.759 -10.451 -378.03 

30 

80 45.269 32.665 -27.84 

100 43.397 30.447 -29.84 

120 41.988 28.752 -31.52 
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Table G.2. Stress at the top of the slab (10" from shoulder joint; 6" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -293.164 -307.122 4.76 

100 -294.891 -309.221 4.86 

120 -296.175 -310.749 4.92 

-20 

80 -238.505 -250.019 4.83 

100 -239.573 -251.277 4.89 

120 -240.376 -252.206 4.92 

-10 

80 -167.591 -178.913 6.76 

100 -168.266 -179.683 6.79 

120 -168.777 -180.245 6.79 

0 

80 -92.392 -104.071 12.64 

100 -93.006 -104.843 12.73 

120 -93.468 -105.407 12.77 

10 

80 -18.928 -30.741 62.41 

100 -19.670 -31.692 61.12 

120 -20.240 -32.410 60.13 

20 

80 34.813 23.480 -32.55 

100 33.467 21.819 -34.80 

120 32.447 20.571 -36.60 

30 

80 73.057 62.801 -14.04 

100 71.221 60.539 -15.00 

120 69.836 58.858 -15.72 
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Table G.3. Stress at the top of the slab (18" from shoulder joint; 6" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -265.195 -277.450 4.62 

100 -267.016 -279.757 4.77 

120 -268.379 -281.456 4.87 

-20 

80 -216.135 -226.639 4.86 

100 -217.399 -228.139 4.94 

120 -218.346 -229.255 5.00 

-10 

80 -149.264 -158.214 6.00 

100 -150.009 -159.082 6.05 

120 -150.573 -159.734 6.08 

0 

80 -73.393 -83.101 13.23 

100 -74.023 -83.923 13.37 

120 -74.495 -84.522 13.46 

10 

80 0.195 -9.590 -5017.95 

100 -0.536 -10.550 1868.28 

120 -1.094 -11.269 930.07 

20 

80 53.678 44.516 -17.07 

100 52.351 42.844 -18.16 

120 51.340 41.599 -18.97 

30 

80 91.057 82.963 -8.89 

100 89.225 80.702 -9.55 

120 87.835 79.017 -10.04 
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Table G.4. Stress at the top of the slab (0" from shoulder joint; 8" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -257.913 -266.344 3.27 

100 -259.942 -268.892 3.44 

120 -261.468 -270.775 3.56 

-20 

80 -222.489 -230.359 3.54 

100 -224.139 -232.437 3.70 

120 -225.382 -233.980 3.81 

-10 

80 -176.539 -183.954 4.20 

100 -178.059 -185.871 4.39 

120 -179.204 -187.298 4.52 

0 

80 -127.551 -134.975 5.82 

100 -129.071 -136.893 6.06 

120 -130.216 -138.321 6.22 

10 

80 -78.814 -86.231 9.41 

100 -80.335 -88.150 9.73 

120 -81.481 -89.578 9.94 

20 

80 -38.998 -46.631 19.57 

100 -40.791 -48.900 19.88 

120 -42.145 -50.594 20.05 

30 

80 -10.860 -18.276 68.29 

100 -12.910 -20.851 61.51 

120 -14.446 -22.769 57.61 
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Table G.5. Stress at the top of the slab (10" from shoulder joint; 8" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -228.412 -235.793 3.23 

100 -230.439 -238.386 3.45 

120 -231.960 -240.310 3.60 

-20 

80 -196.706 -203.829 3.62 

100 -198.371 -205.930 3.81 

120 -199.619 -207.482 3.94 

-10 

80 -152.690 -159.218 4.28 

100 -154.144 -161.084 4.50 

120 -155.236 -162.468 4.66 

0 

80 -103.690 -110.201 6.28 

100 -105.137 -112.063 6.59 

120 -106.224 -113.445 6.80 

10 

80 -54.975 -61.477 11.83 

100 -56.422 -63.340 12.26 

120 -57.510 -64.722 12.54 

20 

80 -14.953 -21.653 44.81 

100 -16.647 -23.833 43.17 

120 -17.922 -25.459 42.05 

30 

80 12.856 6.335 -50.72 

100 10.901 3.863 -64.56 

120 9.435 2.022 -78.57 
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Table G.6. Stress at the top of the slab (18" from shoulder joint; 8" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -207.041 -213.388 3.07 

100 -209.019 -215.965 3.32 

120 -210.499 -217.874 3.50 

-20 

80 -177.576 -183.821 3.52 

100 -179.248 -185.958 3.74 

120 -180.500 -187.549 3.91 

-10 

80 -135.799 -141.401 4.13 

100 -137.185 -143.209 4.39 

120 -138.225 -144.551 4.58 

0 

80 -86.940 -92.464 6.35 

100 -88.311 -94.257 6.73 

120 -89.339 -95.588 6.99 

10 

80 -38.243 -43.758 14.42 

100 -39.614 -45.552 14.99 

120 -40.643 -46.883 15.35 

20 

80 1.659 -4.035 -343.22 

100 0.053 -6.129 -11664.15 

120 -1.151 -7.683 567.51 

30 

80 28.926 23.487 -18.80 

100 27.069 21.092 -22.08 

120 25.681 19.312 -24.80 
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Table G.7. Stress at the top of the slab (0" from shoulder joint; 10" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -221.339 -225.433 1.85 

100 -222.689 -227.149 2.00 

120 -223.708 -228.423 2.11 

-20 

80 -188.155 -192.034 2.06 

100 -189.267 -193.435 2.20 

120 -190.107 -194.479 2.30 

-10 

80 -143.851 -147.567 2.58 

100 -144.883 -148.873 2.75 

120 -145.664 -149.847 2.87 

0 

80 -95.849 -99.564 3.88 

100 -96.881 -100.869 4.12 

120 -97.661 -101.844 4.28 

10 

80 -47.737 -51.450 7.78 

100 -48.768 -52.755 8.18 

120 -49.548 -53.729 8.44 

20 

80 -6.633 -10.407 56.90 

100 -7.835 -11.926 52.21 

120 -8.742 -13.061 49.41 

30 

80 22.434 18.873 -15.87 

100 21.070 17.157 -18.57 

120 20.045 15.879 -20.78 
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Table G.8. Stress at the top of the slab (10" from shoulder joint; 10" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -202.384 -206.274 1.92 

100 -203.710 -207.974 2.09 

120 -204.710 -209.239 2.21 

-20 

80 -171.788 -175.665 2.26 

100 -172.899 -177.074 2.41 

120 -173.734 -178.122 2.53 

-10 

80 -128.832 -132.313 2.70 

100 -129.816 -133.570 2.89 

120 -130.557 -134.507 3.03 

0 

80 -80.837 -84.304 4.29 

100 -81.817 -85.558 4.57 

120 -82.556 -86.492 4.77 

10 

80 -32.734 -36.200 10.59 

100 -33.713 -37.453 11.09 

120 -34.451 -38.386 11.42 

20 

80 8.454 4.903 -42.00 

100 7.317 3.451 -52.84 

120 6.462 2.370 -63.32 

30 

80 37.109 33.763 -9.02 

100 35.818 32.120 -10.32 

120 34.848 30.897 -11.34 
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Table G.9. Stress at the top of the slab (18" from shoulder joint; 10" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -188.464 -192.059 1.91 

100 -189.753 -193.733 2.10 

120 -190.721 -194.978 2.23 

-20 

80 -159.394 -163.026 2.28 

100 -160.490 -164.433 2.46 

120 -161.313 -165.476 2.58 

-10 

80 -118.022 -121.169 2.67 

100 -118.961 -122.381 2.87 

120 -119.667 -123.283 3.02 

0 

80 -70.090 -73.208 4.45 

100 -71.021 -74.413 4.78 

120 -71.723 -75.310 5.00 

10 

80 -21.993 -25.110 14.17 

100 -22.924 -26.314 14.79 

120 -23.625 -27.211 15.18 

20 

80 19.066 15.862 -16.80 

100 17.983 14.468 -19.55 

120 17.170 13.428 -21.79 

30 

80 47.257 44.263 -6.34 

100 46.020 42.678 -7.26 

120 45.093 41.499 -7.97 
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Table G.10. Stress at the top of the slab (0" from shoulder joint; 12" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -200.846 -202.895 1.02 

100 -201.783 -204.094 1.15 

120 -202.494 -204.989 1.23 

-20 

80 -167.598 -169.672 1.24 

100 -168.380 -170.663 1.36 

120 -168.971 -171.400 1.44 

-10 

80 -123.302 -125.294 1.62 

100 -124.026 -126.214 1.76 

120 -124.576 -126.902 1.87 

0 

80 -75.195 -77.187 2.65 

100 -75.919 -78.107 2.88 

120 -76.468 -78.796 3.04 

10 

80 -26.962 -28.955 7.39 

100 -27.686 -29.875 7.91 

120 -28.235 -30.562 8.24 

20 

80 16.413 14.433 -12.06 

100 15.585 13.383 -14.13 

120 14.960 12.597 -15.80 

30 

80 47.476 45.700 -3.74 

100 46.534 44.510 -4.35 

120 45.824 43.621 -4.81 
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Table G.11. Stress at the top of the slab (10" from shoulder joint; 12" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -188.124 -190.262 1.14 

100 -189.038 -191.443 1.27 

120 -189.729 -192.322 1.37 

-20 

80 -156.712 -158.844 1.36 

100 -157.482 -159.827 1.49 

120 -158.064 -160.560 1.58 

-10 

80 -113.189 -115.152 1.73 

100 -113.880 -116.035 1.89 

120 -114.403 -116.694 2.00 

0 

80 -65.083 -67.042 3.01 

100 -65.772 -67.923 3.27 

120 -66.294 -68.581 3.45 

10 

80 -16.853 -18.813 11.63 

100 -17.542 -19.694 12.27 

120 -18.063 -20.352 12.67 

20 

80 26.543 24.578 -7.40 

100 25.758 23.575 -8.48 

120 25.165 22.825 -9.30 

30 

80 57.231 55.452 -3.11 

100 56.335 54.313 -3.59 

120 55.661 53.464 -3.95 
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Table G.12. Stress at the top of the slab (18" from shoulder joint; 12" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -178.585 -180.625 1.14 

100 -179.478 -181.782 1.28 

120 -180.153 -182.643 1.38 

-20 

80 -148.466 -150.550 1.40 

100 -149.219 -151.520 1.54 

120 -149.788 -152.241 1.64 

-10 

80 -105.846 -107.696 1.75 

100 -106.507 -108.547 1.92 

120 -107.006 -109.182 2.03 

0 

80 -57.760 -59.602 3.19 

100 -58.418 -60.450 3.48 

120 -58.916 -61.083 3.68 

10 

80 -9.532 -11.376 19.35 

100 -10.191 -12.223 19.94 

120 -10.688 -12.856 20.28 

20 

80 33.761 31.908 -5.49 

100 33.009 30.942 -6.26 

120 32.442 30.221 -6.85 

30 

80 64.058 62.385 -2.61 

100 63.199 61.288 -3.02 

120 62.553 60.471 -3.33 
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Table G.13. Stress at the top of the slab (0" from shoulder joint; 13" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -183.346 -184.794 0.79 

100 -184.275 -185.982 0.93 

120 -184.979 -186.870 1.02 

-20 

80 -153.939 -155.438 0.97 

100 -154.746 -156.463 1.11 

120 -155.357 -157.226 1.20 

-10 

80 -115.219 -116.675 1.26 

100 -115.987 -117.652 1.44 

120 -116.569 -118.383 1.56 

0 

80 -73.809 -75.268 1.98 

100 -74.578 -76.245 2.24 

120 -75.160 -76.975 2.41 

10 

80 -32.330 -33.789 4.51 

100 -33.098 -34.766 5.04 

120 -33.680 -35.496 5.39 

20 

80 6.635 5.181 -21.91 

100 5.802 4.123 -28.94 

120 5.172 3.331 -35.60 

30 

80 35.236 33.910 -3.76 

100 34.310 32.736 -4.59 

120 33.611 31.859 -5.21 
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Table G.14. Stress at the top of the slab (10" from shoulder joint; 13" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) Percent increase (%) 

-30 

80 -172.190 -173.754 0.91 

100 -173.092 -174.915 1.05 

120 -173.774 -175.782 1.16 

-20 

80 -144.164 -145.745 1.10 

100 -144.952 -146.753 1.24 

120 -145.548 -147.503 1.34 

-10 

80 -105.923 -107.408 1.40 

100 -106.655 -108.344 1.58 

120 -107.208 -109.043 1.71 

0 

80 -64.508 -65.993 2.30 

100 -65.239 -66.928 2.59 

120 -65.791 -67.627 2.79 

10 

80 -23.031 -24.517 6.45 

100 -23.762 -25.452 7.11 

120 -24.314 -26.150 7.55 

20 

80 15.967 14.475 -9.34 

100 15.176 13.463 -11.29 

120 14.579 12.708 -12.83 

30 

80 44.295 42.917 -3.11 

100 43.414 41.793 -3.73 

120 42.751 40.956 -4.20 
 
  



238 
 

Table G.15. Stress at the top of the slab (18" from shoulder joint; 13" slab thickness) 
Variables Stress (psi) 

ΔT 
(°F) 

Tire 
pressure 

(psi) 
Under DT load Under WBT tire load 

(+20% tire pressure) 
Percent increase 

(%) 

-30 

80 -163.743 -165.300 0.95 

100 -164.621 -166.436 1.10 

120 -165.283 -167.283 1.21 

-20 

80 -136.793 -138.353 1.14 

100 -137.560 -139.340 1.29 

120 -138.138 -140.076 1.40 

-10 

80 -99.151 -100.577 1.44 

100 -99.851 -101.478 1.63 

120 -100.378 -102.150 1.77 

0 

80 -57.742 -59.166 2.47 

100 -58.440 -60.065 2.78 

120 -58.967 -60.736 3.00 

10 

80 -16.267 -17.691 8.75 

100 -16.964 -18.590 9.59 

120 -17.491 -19.261 10.12 

20 

80 22.679 21.244 -6.33 

100 21.924 20.272 -7.54 

120 21.354 19.546 -8.47 

30 

80 50.704 49.373 -2.63 

100 49.860 48.294 -3.14 

120 49.225 47.489 -3.53 
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H. APPENDIX H: DEFLECTION AT CORNER OF SLAB WITH DIFFERENT SLAB 
THICKNESSES 

Table H.1. Deflection at the corner of the slab (6" slab thickness) 

Variables Deflection (inch) 
Loaded slab Unloaded slab 

Distance 
from 

shoulder 
joint (inch) 

LTE-y 
(%) 

Tire 
pressure 

(psi) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

50 
80 0.032854 0.036480 0.017335 0.017511 
100 0.033667 0.037629 0.017644 0.017896 
120 0.034285 0.038502 0.017878 0.018185 

70 
80 0.029251 0.032433 0.020938 0.021558 
100 0.029976 0.033464 0.021335 0.022061 
120 0.030527 0.034248 0.021635 0.022439 

90 
80 0.026292 0.028795 0.023897 0.025195 
100 0.026919 0.029681 0.024393 0.025843 
120 0.027395 0.030357 0.024767 0.026330 

10 

50 
80 0.023060 0.026147 0.014514 0.015086 
100 0.023657 0.027008 0.014798 0.015454 
120 0.024111 0.027661        0.015013 0.015730 

70 
80 0.020542 0.023143 0.017032 0.018090 
100 0.021066 0.023898 0.017390 0.018564 
120 0.021464 0.024471 0.017660 0.018920 

90 
80 0.019003 0.021047 0.018570 0.020186 
100 0.019462 0.021695 0.018994 0.020766 
120 0.019810 0.022187 0.019314 0.021203 

18 

50 
80 0.016863 0.019381 0.012186 0.012960 
100 0.017320 0.020045 0.012443 0.013301 
120 0.017667 0.020549 0.012637 0.013558 

70 
80 0.015165 0.017241 0.013883 0.015099 
100 0.015565 0.017819 0.014197 0.015527 
120 0.015869 0.018257 0.014435 0.015850 

90 
80 0.014475 0.016175 0.014573 0.016165 
100 0.014837 0.016687 0.014926 0.016659 
120 0.015111 0.017074 0.015193 0.017033 
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Table H.2. Deflection at the corner of the slab (8" slab thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

LTE-y 
(%) 

Tire 
pressure 

(psi) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

50 
80 0.025466        0.027394        0.012650       0.012496       
100 0.025968        0.028085        0.012830       0.012720       
120 0.026349        0.028607        0.012966       0.012887       

70 
80 0.022628        0.024354        0.015486       0.015533       
100 0.023077        0.024976        0.015719       0.015825       
120 0.023418        0.025447        0.015895       0.016043       

90 
80 0.020179        0.021506        0.017934       0.018380       
100 0.020567        0.022044        0.018228       0.018756       
120 0.020862        0.022452        0.018450       0.019038       

10 

50 
80 0.019244        0.021025        0.010975       0.011025       
100 0.019639        0.021576        0.011143       0.011238       
120 0.019938        0.021993        0.011270       0.011397       

70 
80 0.017049        0.018573        0.013167       0.013474       
100 0.017397        0.019060        0.013383       0.013751       
120 0.017661        0.019429        0.013545       0.013959       

90 
80 0.015470        0.016607        0.014747       0.015440       
100 0.015770        0.017023        0.015010       0.015788       
120 0.015997        0.017338        0.015209       0.016049       

18 

50 
80 0.015067        0.016632        0.009606       0.009787       
100 0.015389        0.017084        0.009763       0.009989       
120 0.015632        0.017425        0.009881       0.010141       

70 
80 0.013378        0.014673        0.011293       0.011744       
100 0.013659        0.015068        0.011491       0.012003       
120 0.013872        0.015367        0.011640       0.012198       

90 
80 0.012404        0.013377        0.012268       0.013040       
100 0.012650        0.013717        0.012500       0.013354       
120 0.012837        0.013974        0.012675       0.013589       
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Table H.3. Deflection at the corner of the slab (10" slab thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

LTE-y 
(%) 

Tire 
pressure 

(psi) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

50 
80 0.021054 0.022150     0.009996 0.009784 
100 0.021401     0.022619        0.010115 0.009933 
120 0.021664     0.022973        0.010205 0.010044 

70 
80 0.018627 0.019643     0.012420 0.012288 
100 0.018936     0.020065        0.012576 0.012484 
120 0.019171     0.020384        0.012695 0.012630 

90 
80 0.016555 0.017327     0.014491 0.014604 
100 0.016823     0.017693        0.014689 0.014854 
120 0.017027     0.017971        0.014838 0.015042 

10 

50 
80 0.016656 0.017724        0.008875 0.008769 
100 0.016944        0.018114        0.008990 0.008911 
120 0.017158        0.018408        0.009074 0.009018 

70 
80 0.014691 0.015634        0.010839 0.010857 
100 0.014944        0.015979        0.010987 0.011044 
120 0.015133        0.016240        0.011096 0.011183 

90 
80 0.013205 0.013887        0.012324 0.012603 
100 0.013424        0.014183        0.012507 0.012840 
120 0.013586        0.014406        0.012643 0.013017 

18 

50 
80 0.013593        0.014573        0.007959 0.007928 
100 0.013836        0.014906        0.008067 0.008065 
120 0.014017        0.015157        0.008147 0.008168 

70 
80 0.011990        0.012825        0.009559 0.009675 
100 0.012203        0.013116        0.009698 0.009853 
120 0.012362        0.013336        0.009801 0.009986 

90 
80 0.010939        0.011530        0.010610 0.010970 
100 0.011124        0.011780        0.010777 0.011189 
120 0.011261        0.011968        0.010901 0.011354 
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Table H.4. Deflection at the corner of the slab (12" slab thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

LTE-y 
(%) 

Tire 
pressure 

(psi) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

50 
80 0.018129 0.018779 0.008244 0.008049 
100 0.018387        0.019123        0.008329       0.008155       
120 0.018583        0.019383        0.008393       0.008235       

70 
80 0.015951 0.016581 0.010419 0.010243 
100 0.016180        0.016889        0.010533       0.010386       
120 0.016354        0.017122        0.010619       0.010493       

90 
80 0.014126 0.014606 0.012243 0.012216 
100 0.014325        0.014875        0.012387       0.012399       
120 0.014475        0.015078        0.012496       0.012535       

10 

50 
80 0.014796 0.015453        0.007446 0.007308       
100 0.015015        0.015749        0.007528       0.007411       
120 0.015181        0.015971        0.007589       0.007488       

70 
80 0.012981 0.013588        0.009258 0.009171       
100 0.013174        0.013849        0.009366       0.009307       
120 0.013320        0.014046        0.009448       0.009410       

90 
80 0.011595 0.012028        0.010644 0.010729       
100 0.011760        0.012253        0.010778       0.010903       
120 0.011886        0.012422        0.010880       0.011033       

18 

50 
80 0.012410        0.013032        0.006791       0.006697       
100 0.012602        0.013292        0.006869       0.006797       
120 0.012746        0.013487        0.006928       0.006871       

70 
80 0.010884        0.011436        0.008315       0.008291       
100 0.011051        0.011663        0.008418       0.008423       
120 0.011177        0.011834        0.008496       0.008521       

90 
80 0.009831        0.010209        0.009368       0.009517       
100 0.009974        0.010404        0.009494       0.009682       
120 0.010083        0.010550        0.009589       0.009805       
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Table H.5. Deflection at the corner of the slab (13" slab thickness) 

Variables 
Deflection (inch) 

Loaded slab Unloaded slab 
Distance 

from 
shoulder 

joint (inch) 

LTE-y 
(%) 

Tire 
pressure 

(psi) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

Under DT 
load 

Under WBT 
tire load 

(+20% tire 
pressure) 

0 

50 
80 0.017027 0.017532 0.007591 0.007411 
100 0.017253        0.017834        0.007664       0.007504       
120 0.017426        0.018062        0.007719       0.007573       

70 
80 0.014940 0.015443 0.009672 0.009495 
100 0.015141        0.015712        0.009770       0.009619       
120 0.015293        0.015915        0.009845       0.009712       

90 
80 0.013204 0.013591 0.011406 0.011344 
100 0.013378        0.013825        0.011531       0.011504       
120 0.013510        0.014003        0.011627       0.011623       

10 

50 
80 0.014066 0.014586        0.006905 0.006768       
100 0.014261        0.014848        0.006975       0.006858       
120 0.014409        0.015046        0.007029       0.006925       

70 
80 0.012309 0.012801        0.008657 0.008549       
100 0.012480        0.013032        0.008751       0.008669       
120 0.012610        0.013206        0.008823       0.008758       

90 
80 0.010964 0.011317        0.010000 0.010031       
100 0.011111        0.011516        0.010118       0.010183       
120 0.011223        0.011666        0.010208       0.010297       

18 

50 
80 0.011924        0.012422        0.006340       0.006238       
100 0.012097        0.012655        0.006408       0.006325       
120 0.012227        0.012830        0.006460       0.006390       

70 
80 0.010429        0.010882        0.007831       0.007774       
100 0.010579        0.011086        0.007922       0.007890       
120 0.010693        0.011239        0.007990       0.007977       

90 
80 0.009384        0.009693        0.008875       0.008962       
100 0.009513        0.009867        0.008987       0.009107       
120 0.009611        0.009998        0.009071       0.009216       
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