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After more than two decades of research by the tire industry in conjunction with pavement researchers, a new generation of wide-base tires, NG-WBT,  (445/50R22.5 and 455/55R22.5) was recently introduced to reduce pavement damage and to offer other improved safety, environment, and cost-savings characteristics. This NG-WBT is wider than its predecessors and has improved structure and design. Experiments have shown that, compared to dual-tire assemblies, wide-base tires have better contact stress distribution and possess capabilities for improved dynamic damping. The NG-WBT offers a rolling tread width (RTW) increase of 15 to 36% compared to first generation wide-base tires (FG-WBT). The NG-WBT are legal for the “inch-width” law in all 50 states of the United States for 5-axle, 79.8-kip gross-vehicle-weight (GVW) trucks.

In Europe, wide-base tires (having a different design than the ones introduced in the U.S.) have been used successfully on trucks since the early 1980s. In 1997, around 65% of trailers and semi-trailer tires in Germany used wide-base tires (COST 334, 2001). In April 2008, Canada increased the allowable weight limit on axles with wide-base tires. The law now requires that axle loads do not exceed 17 kip for single axles and 34 kip for tandem axle groups when an axle is fitted with two single tires (each 445 mm wide or greater), compared to 20.2 and 37.4 kip, respectively, for dual tire assemblies. 

For this study, after a thorough literature review, the logical next step is to quantify the impact of vehicle-tire interaction on pavement damage for various pavement structures utilizing advanced theoretical modeling and to validate that impact by performing full-scale pavement testing and/or make use of available data. There is also a need to further assess the economic, safety, and environmental effects of using wide-base tires as related to pavement performance. Finally, to allow the use and implementation of NG-WBT by state Departments of Transportation, a simple user-friendly tool may need to be developed to assess the impact of NG-WBT on pavement networks and to facilitate decision-making. 

This report summarizes the literature to date on testing and modeling as related to the impact of wide-base tires on pavements and presents the research plan that introduces an innovative and performance-based approach to address the objectives of the project, which include the following:
· Quantify the impact of vehicle-tire interaction on pavement damage utilizing advanced theoretical modeling that is validated via full-scale pavement testing. This includes the determination of the relative effects of NG-WBT and dual-tire assemblies on pavement performance. This should also include the determination of the relationship between the reported tire width and aspect ratio, load, tire inflation pressure, and actual tire tread width;
· Develop a tool and methodology that allows state Departments of Transportation to assess the impact of NG-WBT on pavements; and
· Perform an analysis of the economic, safety, and environmental effects of using NG-WBT relative to the impact on pavement performance.

The research team will use advanced modeling to predict pavement responses to 445/50R22.5 (wide-base) and 275/80R22.5 (dual) tire loading. The outcome of this task will quantify pavement damage due to various tire and axle loading configurations commonly used in North America and it will be validated using accelerated pavement testing (APT) data. The APT data includes data available to the research team from their previous extensive work in this field as well as from other studies that used APT. The factors to be considered will include the following: axle loads, speed, tire inflation pressure, and tire pressure imbalance within the dual-tire assembly. 

Accurate contact stresses will be measured using the Stress-In-Motion (SIM) tire contact stress method. In addition economic, environment, and safety impacts will be evaluated based on available data. This includes life cycle cost analysis (LCCA) considering pavement and truck operation costs, as well as a framework for life cycle assessment (LCA). A methodology that allows states to assess the impact of using NG-WBT tires will be presented. 

A detailed research plan has been prepared for this project, including the modeling approach, contact stress measurements, and material characterization. In addition, a plan for conducting APT and using the resulting data has been prepared. The results of the APT data will be used to validate the developed models and to define how the simplified approach will be presented. LCCA and LCA plans will also be introduced.  

This report provides a synthesis of the literature review in Chapter 2 including the outcome of the literature search as well as the gap between the current state of knowledge and the missing information. A detailed literature review is attached as an appendix A. Chapter 0 describes the numerical approach that will be followed during this project, as well as the material characterization procedures and the approach for the measurement of the tire-pavement contact stresses. The method that will be followed to validate the numerical model results will be described in Chapter 4, which includes the description of the proposed pavement sections and a description of the available data. Chapter 5 illustrates the plan for using the numerical model results to evaluate the pavement damage. Finally, Chapter 6 presents the methodology that will be followed to develop the analysis tool. A flowchart describing the proposed plan is presented in Figure 1.1.
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Accelerated pavement testing was used in Finland to study the effect of tire type and axle configurations (Huhtala 1986; Huhtala et al. 1989). Flexible pavements with thicknesses of 2, 3, and 6 in were instrumented and subjected to various axle configurations and tire types. The study concluded that FG-WBT was more damaging than dual-tire assembly; the difference of the amount of damage caused by these two types of tires decreased as the thickness of the asphalt concrete (AC) layer increased (Huhtala 1986). Furthermore, FG-WBT caused between 1.2 and 4 times more damage than the dual-tire assembly (Huhtala et al. 1989). 

In 1992, findings regarding FG-WBT were reported in two states: Virginia and Pennsylvania. Dual-tire assembly and FG-WBT were compared by FHWA in Virginia through performance and response analysis (Bonaquist 1992). Twelve pavement sections were tested at various environmental conditions, axle loads, and tire inflation pressures. Once more, FG-WBT was found to be more damaging than the dual-tire assembly: as much as two times more permanent deformation and 25% less fatigue life than the dual-tire assembly were reported. On the other hand, the Pennsylvania State University test track used trucks traveling at 40 mph with various tire inflation pressures, tire types, axle loads, and axle configurations in its study. The study showed that the damage caused by FG-WBT was between 50 and 70% greater than the dual-tire assembly (Sebaaly and Tabatabaee 1992).

FG-WBT was also evaluated in overlay systems. A study in California compared the performance of dense-graded AC and asphalt-rubber hot-mix gap-graded (ARHM-GG). The accelerated pavement testing was carried out at high temperature and included aircraft tires. The number of repetitions to failure (excessive rutting) of FG-WBT was between 10 and 60% of the dual-tire assembly (Harvey and Popescu 2000).

Several different countries in Europe also studied WBT at the beginning of the previous decade (COST 334 2001). The study included WBT 495/45R22.5, which was referenced as the new generation of WBT. In the United Kingdom, the comparison between WBT-385 and WBT-495 concluded that WBT-385 produced 70 and 50% more rutting in medium-thick and thin flexible pavements, respectively. Thick pavements were tested in Germany, and the ratio between the rutting generated by WBT-495 and dual-tire assembly (315/80R22.5) was around 1.3. Very thick and stiff pavement structures were built and tested in France. No significant difference was found between measurements from both tires at the bottom of the AC. Finally, the difference in dynamic loading between various types of tires was investigated in Finland. Measurements were taken when a truck traveled at 50 mph. The WBT-495 originated a greater response (COST 334 2001).

Twelve different pavement sections were built, heavily instrumented, and tested in Virginia a decade ago. The testing program included various tire types, loading configurations, and speeds (Al-Qadi et al. 2004; Al-Qadi et al. 2005a; Al-Qadi et al. 2005b; Elseifi et al. 2005). Transfer functions were used to link pavement response to damage. The comparison between the combined damage ratio of NG-WBT and dual-tire assembly showed that NG-WBT is, in general, less damaging.

Research regarding WBT has been also performed in Canada (Pierre et al. 2003). Strains near the surface of a flexible pavement with a 4-in AC layer were measured and compared considering different tire types, speeds, loads, and tire inflation pressures. The damage of NG-WBT and dual-tire assembly was found to be dependent on the environmental conditions and location. For instance, strains at the base resulted from NG-WBT and dual-tire assembly loading during summer are close in magnitude. However, during spring NG-WBT produced higher strains (Pierre et al. 2003). NCAT also reported that the horizontal strains at the bottom of the AC and the stresses on top of the subgrade produced by NG-WBT and dual-tire assembly are comparable (Priest and Timm 2006).

The effect of dual-tire assembly, FG-WBT, and NG-WBT on full-depth pavements were compared in a study at the University of Illinois at Urbana-Champaign (Al-Qadi and Wang 2009a; Al-Qadi and Wang 2009b). The thickness of the flexible pavements varied between 6 and 16.5 in. After testing at various tire-inflation pressures, axle loads, and temperatures, it was observed that WBT-425 (FG-WBT) is more damaging than WBT-455 (NG-WBT). Similar tests carried out on low-volume road test sections showed that NG-WBT is more damaging to this type of pavement (Al-Qadi and Wang 2009c).

Finally, a study performed in Florida that focused on permanent deformation compared WBT-445, WBT-455, WBT-425, and dual-tire assembly. Foil strain gauges close to the surface were installed, and the pavement was tested at high temperatures (Greene et al. 2009). Dual-tire assembly had the highest number of passes to reach a 0.5 in rutting, and WBT-425 needed the least number of passes. A summary of field and accelerated pavement testing to quantify the impact of WBT is presented in Table 2.1 

Numerical models have also been used to evaluate the effect of WBT. BISAR was utilized to compare radial, bias-ply and FG-WBT in thin (2 in) and thick (8 in) flexible pavements (Sebaaly and Tabatabaee 1989). The study concluded that FG-WBT (15R22.5 and 18R22.5) generated the greatest strain at the bottom of the AC and stress on top of the subgrade, respectively. VESYS-DYN was used to asses fatigue damage and rutting. It was reported that FG-WBT caused wider and shallower rut depth than dual-tire assembly (Gillespie et al. 1992). In addition, no influence of the tire-inflation pressure on rutting was observed. CIRCLY, software that considers shear contact stresses and friction between layers, was used to observe that FG-WBT produced between 15 and 40% greater critical strain (Perdomo and Nokes 1993). The relevance of the shear contact stresses was highlighted in the study. 

A continuum-based finite-layer method was used to show that for FG-WBT traveling at high speed, the transverse tensile strain was more critical when predicting fatigue life (Siddharthan et al. 1998). The study also mentioned the importance of non-uniform three-dimensional contact stresses. ABAQUS was used to conclude that the contact stresses between the tire and the pavement did not depend on the material of the layer in contact with the tire (Myers et al. 1999). Once more, BISAR was used to highlight the importance of the lateral contact stresses and how they influenced the surface cracking and near-surface rutting. Finally, the software 3D-MOVE was utilized to evaluate the shape of the contact area for different types of tires on the pavement response (Siddharthan et al. 2002). FG-WBT with circular contact area provided the highest longitudinal strain at the bottom of AC and vertical strain on top of the subgrade. The study also found that lateral contact stresses were relevant only close to the surface.
 
The general purpose software ABAQUS has been continuously improved to address details in the modeling of the response of flexible pavements. The software was used to included viscoelastic material characteristics (Elseifi et al. 2006), dynamic analysis (Yoo and Al-Qadi 2007), three-dimensional contact stresses (Al-Qadi and Yoo 2007), continuous moving loading and layer interaction (Yoo et al. 2006), and nonlinear granular material (Al-Qadi et al. 2010; Kim et al. 2009). All these effects have been proven as relevant when evaluating the response on flexible pavements. Table 2.2 presents a summary of the modeling conducted to date on this topic.

The impact NG-WBT on trucking operations has also been evaluated. The fuel economy improved when WBT is used. WBT reduced the rolling resistance coefficient to 0.005, which is translated in fuel efficiency of 10% higher than that of dual-tire assembly according to a fuel consumption model (Muster 2000). In addition, the combination of aerodynamic devices and WBT improved the fuel economy by 18% for a truck traveling on a highway at 65 mph according to field testing (Bachman et al. 2005). Moreover, through collection of data from hauling companies, the use of WBT translated into fuel savings between 3.5 and 12% (Genivar 2005). More recently, the improvement of fuel economy resulting from the use of NG-WBT was reported to be around 10% (Franzese et al. 2010).

Other benefits from using WBT have been reported. Since a WBT is lighter than dual-tire assembly, the hauling capacities of trucks equipped with WBT increases (Markstaller et al. 2000). WBT is easier to inspect, repair, and maintain (Genivar 2005); it uses less rubber material, and decreases materials to dispose (Environmental Protection Agency 2004). Furthermore, WBT has similar or slightly better performance than dual-tire assembly regarding safety and comfort (Markstaller et al. 2000). 

WBT is more environmentally friendly than dual-tire assembly, and since the gas consumption is reduced with WBT, gas-emission also decreases. Moreover, since the amount of materials needed to produce a WBT is less than that for dual-tire assembly, the material disposed at the end of the life-cycle of the tire is relatively less (Genivar 2005). It is also worth mentioning that WBT produces slightly less noise (Markstaller et al. 2000).

Details of the literature review are provided in Appendix A. The available literature clearly suggests that FG-WBT cause more damage to pavement. On the other hand, the NG-WBT impact on pavement had been inconsistent according to the findings in the literature. Hence, it is evident that a gap exists in the current state of knowledge; specifically as to pavement responses to loading applied by NG-WBT. In addition, results have shown significant variations due to inconsistency in load modeling (including tire configuration, axle loading, and contact stresses) and utilization of material models. Therefore, accurate models of pavement responses to tire loading are needed and must be validated with in-situ measured data.
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	Source
	Pavement Structure
	Instrumentation
	Tire Type
	Load (kip)
	Tire Pressure (psi)
	Outcome

	Finland (Huntala, 1986; Huntala et al. 1989)
	AC: 2, 3, and 6 in; base: 22 in; subgrade: fine sand
	Strain gauges at bottom of AC and pressure cells on top of subgrade
	12R22.5, 265/70R19.5, 445/65R22.5, 385/65R22.5, and 350/75R22.5
	8.8, 11, and 13.2
	69.6 to 156.5
	· WBT caused between 1.2 and 4 times more damage.
· The wider the WBT the less the damage

	Virginia (Bonaquist, 1992)
	12 sections. AC: 3.5 and 7 in; base: 12 in; subgrade: silty fine sand 
	Strain gauges at bottom of AC, and LVDT at different depths
	425/65R22.5 and 11R22.5
	9.2, 12.1, 14.4, and 16.6
	75.4, 103, and 140
	· WBT produced 2 times more permanent deformation, and 25% less fatigue life than DTA

	Texas (Akram, 1992)
	2 sections: i) AC: 1.5 in; base: 10 in; ii) AC: 7 in; base: 14 in; subbase: 6 in stabilized w/ lime; Subgrade: sandy clay
	Multidepth deflectometers
	425/65R22/5
	16.5 and  18.5
	130
	· Maximum shear at edge of WBT
· WBT produced higher deflections
· WBR caused 2.8 more damage for thin and 2.5 for thick AC pavements

	
	
	
	11R22.5
	
	120
	

	Pennsylvania (Sebaaly and Tabatabaee, 1992)
	Thin section: AC: 6 in; base: 8 in. Thick section: AC: 10 in; base: 10 in.
	Strain gauges at bottom of AC (instrumented core); geophones
	11R22.5, 245/75R22.5, 385/65R22.5, and 385/65R22.5
	7.3, 8.6, 8.8, and 10.8
	75, 90, 100, 105, 120, and 130
	· WBT resulted in .5 and 2.8 times more fatigue damage
· WBT caused 30 to 60% more rutting

	California (Harvey and Popescu 2000)
	Overlays: 1.5 and 2.5 in DGAC, and 2.5 and 3 in ARGM-GG. Preexisting: AC: 6 in; base: 10.8 in, subbase: 9 in 3-in ATPB under AC in some sections
	Thermocouples
	Bias ply 10.00-20
	9
	90
	· Aircraft tire showed the worst rutting performance followed by WBT. WBT required between 10 and 60% the number of repetitions to failure (0.5 in rutting) 

	
	
	
	11R22.5
	
	105
	· 

	
	
	
	425/65R22.5
	
	110
	· 

	
	
	
	Aircraft 46x16
	22.5
	150
	· 

	Europe (COST 334, 2001)
	England
	Two AC thicknesses: 4 and 8 in; subbase: 9 in; subgrade: 3-4% CBR
	LVDTs and strain gauges
	295/60R22.5,
295/80R22.5,
315/70R22.5,
315/80R22.5,
385/65R22.5, and 
495/40R22.5
	6.7, 9.69, and 12.7
	72-145
	· Ratio of rutting between 385/65R22.5 and 495/45R22.5 was 1.7 for 8-in pavement and 1.5 for 4-in pavement.

	
	Germany
	Four sections with: AC: 10.6 in; base: 10 in; subgrade: clay/peat
	N/A
	385/65R22.5
	10.1
	101.5
	· Ratio of rutting between WBT-385 and DTA-315: 1.94 to 2.73
· Ratio of rutting between WBT-495 and DTA-315: 1.32 to 1.34

	
	
	
	
	315/80R22.5 
	12.9

	130.5

	· 

	
	
	
	
	495/45R22.5
	
	
	· 

	
	
	
	
	295/60R22.5
	
	
	· 

	
	France
	AC: 3.2 in; AC base: 16 in; base: 16 in; subbase: 12 in; subgrade: sandy clay
	Strain gauges and thermocouples at different depths
	385/65R22.5
	10.1
	145
	· Similar vertical and longitudinal strains for WBT-495 and WBT-385

	
	
	
	
	495/45R22.5
	10.1 and 12.9
	116, 145, and 166
	· 

	
	
	
	
	315/80R22.5
	12.9

	87-167
	· 

	
	
	
	
	295/60R22.5
	
	145
	· 

	
	Finland
	AC: 6 in; base: 6 in; and subbase: 16 in
	7 long. strain gauges at bottom of AC and 3 pressure cells at various depths
	315/70R22.5
	12.8
	110
	· At 50 mph, WBT-495 induced 17% more strain at bottom of AC than DTA-315
· 21 and 14% greater stress on top of the base and subbase respectively. Almost the same on top of subgrade.

	
	
	
	
	495/45R22.3
	
	130
	· 

	Canada (Pierre et al. 2003)
	AC: 4 in; base: 8 in; subbase: 19 in; subgrade: silty 
	Distortion gauges, multi-depth deflectometer;  slab built and instrumented in laboratory.
	11R22.5, 12R22.5, 385/65R22.5, and 445/55R22.5
	6.6, 8.8, 11, 13.2, and 15.4
	81.2, 105.9, and 130.5
	· WBT-385 more damaging than the other tires
· Similar strain at base for WBT-455 and DTA during summer. 
· WBT performed better in rutting
· Less deflection for DTA

	Virginia (Al-Qadi et al. 2004, Al-Qadi et al. 2005a, Al-Qadi et al. 2005b, and Elseifi et al. 2005)
	12 pavement structures
	Strain gauges and pressure cells at different depths. Thermocouples and TDRs
	275/8R22.5
	17.0 and 8.5
	90/90, 90/60 and 90/30
	· Combined pavement damage for WBT-445 is less than for DTA-275

	
	
	
	445/50R22.5
	
	105
	· 

	Alabama (Priest and Timm, 2006)
	AC: 6.7 in; base: 6-in; 17 in compacted subgrade
	Long. and transverse strain gauges at bottom of AC and pressure cells on top of subgrade
	275/80R22.5
	9.25 and 7.8
	100
	· Insignificant difference at the instrumented location between both tires

	
	
	
	445/50R22.5
	
	120
	· 

	Illinois (Al-Qadi and Wang 2009a, Al-Qadi and Wang 2009b)
	AC: 16.5, 10, and 6 in; lime modified subgrade
	Two long. and one transverse strain gauge at bottom of AC
	425/65R22.5, and 455/55R22.5
	6, 8, 10, 12 and 14
	80, 100, and 110
	· WBT-425 showed higher response than WBT-455
· Difference between WBT and DTA is relevant close to surface
· WBT-425 is more damaging for fatigue cracking

	
	
	
	11R22.5
	6, 10, and 14
	110./30, 110/50, 110/70, 110/90, and 110/110,
	· 

	Illinois (Al-Qadi et al. 2006, and Al-Qadi and Wang 2009c)
	AC: 3 and 5; base: 8, 12, and 18 in; subgrade silty sand @4%. geogrid in 5 sections
	Strain gauge at bottom of AC; LVDTs in 3directions. Pressure cells; TDR, thermocouples
	11R22.5 and 455/55R22.5
	6, 8, and 10
	80, 100, and 110 and differential tire pressure
	· WBT-455 causes more damage to low volume roads than DTA

	Florida (Greene et al. 2009)
	AC: 5.1 in dense-graded and open-graded; base: 10.5 in; subbase: 12 in; subgrade: A-3
	Foil gauges at the wheel path and 2 and 5 in from the edge of the tire
	11R22.5
	9
	100
	· DTA performed the best regarding rutting. WBT-425 the worst.
· WBT-425 generated the highest transverse strain at the surface.
· WBT-455 lowest shear strain at edge of the tire; WBT-445 and DTA generated similar values.

	
	
	
	425/65R22.5
	
	115
	· 

	
	
	
	445/50R22.5
	
	
	· 

	
	
	
	455/55R22.5
	
	
	· 

	Ohio (Xue and Weaver, 2011)
	AC: 4 and 8 in; base: 6 in DGAB.
	Strain gauges rosettes and longitudinal and transverse strain gauges at the bottom of AC and close to the surface
	275/80R22.5
	5.05
	70, 100, and 120
	· WBT-425 produce higher response (shear strain) than the other tires



	
	
	
	295/75R22.5
	4.2
	
	

	
	
	
	425/65R22.5
	5
	
	

	
	
	
	495/45R22.5
	5
	
	





[bookmark: _Ref310692874][bookmark: _Toc310999129][bookmark: _Toc311329835][bookmark: _Toc323579141]Table 2.2. Summary of Numerical Modeling and Analytical Methods
	Study
	Pavement Structure
	Tire
	Load configuration
	Tire pressure
(psi)
	Material Characterization
	Outcome

	Hallin et al. (1983)
	AC: 3, 6, and 9.5 in; base: 8 in
	Dual and single (width between 10 and 18 in)
	Circular contact area: constant radius-variable pressure, double circle constant pressure, and single circle constant pressure
	80
	Resilient modulus test. Effect of temperature considered
	· The difference in equivalent loading factor is reduced as the tire width increases

	Sebaaly and Tabatabaee (1989)
	AC: 2, 4, 6, and 8 in; base: 8 in
	11R22.5, 11-22.5, and 385/65R22.5
	Measured contact stresses inputted as concentric circles with different pressures
	DTA: 80-130; WBT: 105-145
	Linear elastic
	· Inflation pressure affects thin pavement, mainly for WBT-385
· WBT-385 generated the greatest strain at the bottom of AC and compressive stress on top of subgrade

	Gillespie et al. (1992)
	AC: 2 - 6.5 in; base: 4 - 11 in
	215/75R17.5, 245/75R19.5; 11R22.5, 10.0-20, 11R24.5, 295/75R22.5; 15R22.5, 18R22.5, 385/65R22.5, and 445/65R22.5
	Circular area with uniform pressure
	75-120
	Linear elastic
	· WBT more damaging than DTA for typical highway pavement
· WBT causes wider but shallower rut profile than DTA; WBT 15R22.5 produced 9 times more fatigue damage after changing tire inflation pressure from 75 to 120 psi

	Perdomo and Nokes (1993)
	AC: 6.6 in; base: 3 in
	WBT and DTA (specific models not provided)
	Circular contact area. Shear and nonuniform vertical contact stresses were considered
	Maximum contact stress: WBT: 220; DTA: 160
	Linear elastic
	· WBT resulted in 15-40% higher critical strains, and 30-115% higher strain energy of distortion
· Shear contact stresses have high impact on tensile strain and strain energy

	Siddhartan et al. (1998) and Siddhartan and Sebaaly (1999)
	AC: 6 and 10 in; base: 8 and 10 in
	425/65R22.5 and DTA
	Moving load with any shape of contact area. 3D contact stresses
	123-130
	Elastic and viscoelastic AC layer 
	· 16 and 33% higher strain at the bottom of AC for thin and thick pavement, respectively
· When using WBT, transverse normal strain should be used

	Myers et al. (1999)
	AC: 8 in; base: 12 in
	Bias ply, Radial, and WBT
	Measured 3D contact stresses incorporated in BISAR
	90-140
	Linear elastic 
	· WBT  at high values of load and inflation pressure are considerably more damaging than DTA (surface rutting and cracking)
· Surface cracking and near surface rutting are mainly influences by lateral stresses

	Siddharthan et al. (2002)
	AC: 6 and 10; base: 8 and 10 
	425/65R22.5
	Circular, elliptical, and rectangular contact area. Uniform and nonuniform pressure. 3D contact stresses
	125
	Elastic and viscoelastic AC layer
	· For WBT, greater long. strain at the bottom of AC and vertical strain on top of subgrade
· Response at a depth of 2 in is greater for WBT with circular contact area
· Shear contact stresses are relevant close to the surface only

	Al-Qadi et al. (2005a), Elseifi et al. (2005)
	AC: 7.4 in; OGDL: 3 in; base: 6 in; subbase: 7 in
	11R22.5, 445/50R22.5 and 455/55R22.5
	Exact contact area and 3D contact stresses
	104.4
	Viscoelastic AC (creep test) 
	· WBT-445 more damaging than DTA for subgrade and surface rutting
· WBT-455 caused as much damage as DTA
· Both WBTs are less damaging than DTA; but may cause more for fatigue cracking

	Kim et al. (2005)
	AC: 6 in; base: 6.7 in 
	425/65R22.5 and conventional 5R17.5DTA
	Rectangular contact area. Uniform contact stress and equal to maximum vertical contact stress.
	125
	Subgrade: Druvker-Prager model. 
Linear elastic AC
	· WBT produced highest vertical stress on top of subgrade 
· WBT produced 4 times more permanent strain

	Yoo et al. (2006)
	AC: 7.4 in; OGDL: 3 in; base: 6 in; subbase: 7 in
	445/50R22.5 and DTA
	Continuous moving load. Measured 3D contact stresses
	104.4
	Viscoelastic AC, linear granular
	· Continuous moving load, interface friction, and 3D contact stresses improve accuracy of modeling

	Priest and Timm (2006)
	AC: 6.7 in; base: 6 in
	445/50R22.5 and 275/80R22.5
	Comparison between experimental results at NCAT and mechanistic calculation using WESLEA (properties backcalculated by EVERCALC 5.0
	120
	Linear elastic (backcalculation from FWD)
	· Measurement showed similar stresses and strain for WBT and DTA; based on analytical result, WBT response was higher
· Based on WESLEA: WBT creates 69% less fatigue life

	Al-Qadi et al. (2008), Al-Qadi and Wang (2009a, 2009b, and 2009c)
	Thin (see appendix C) and thick (see Appendix D) 
	455/55R22.5, 
445/50R22.5, and 425/65R22.5, 
	Dynamic analysis, continuous moving load, and measured 3D contact stresses 
	80-110
	Viscoelastic AC, and nonlinear granular material
	· WBT produced higher long. strain at bottom of AC and higher vertical stress on top of subgrade, and less compressive and vertical shear strains close to surface
· WBT-445 created less damage on highway pavements, but more on low volume roads
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[bookmark: _Toc296777881][bookmark: _Toc296777977][bookmark: _Toc296778035][bookmark: _Toc296778093][bookmark: _Toc296778149][bookmark: _Toc296778287][bookmark: _Toc296778438][bookmark: _Toc296778676][bookmark: _Toc296778757][bookmark: _Toc296778815][bookmark: _Toc296927803][bookmark: _Toc296927921][bookmark: _Toc296929162][bookmark: _Toc296931317][bookmark: _Toc296931379]The current design method for flexible pavements is based on the structural response that uses inappropriate assumptions. Static analysis of multilayer elastic systems where the tire load is applied on a circular contact area under constant pressure equal to the tire inflation pressure does not accurately represent the actual problem of a flexible pavement subjected to truck loading. Furthermore, the interface between two layers is not characterized by a full continuity of stresses and strains.

Therefore, to accurately predict the response of the system composed of a flexible pavement subjected to tire load, a powerful tool able to capture its actual complex characteristics is needed. The research team will use the Finite Element Method (FEM), which is the foundation of the software ABAQUS and CAPA 3D. The FEM offers the capabilities needed to address, in a successful manner, the response of the mentioned system. This system is a multilayer structure, where there is no full continuity between layers. In addition, it is subjected to dynamic loading with three-dimensional nonuniform contact stresses.
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ABAQUS will be used for low-volume pavement response prediction, as this allows the use of nonlinear anisotropic granular material behavior; while CAPA 3D will be used for the pavement response of high traffic volume pavements. To ensure the compatibility of both approaches, linear elastic cases under static loading will be tested. Both software are expected to give the same results. This allows checking the validity of using both software in this study and developing a framework that shall be independent of the used software. Then the improvement will be applied to both software. Continuous checking and comparison between the two software is planned throughout the project.  

Following is a description of each of the improvements that will be implemented in this study in the FEM and how the improvements compared to multilayer linear elastic analysis. In addition, a brief explanation of how each assumption of the simplified elastic theory affects the response of the system is included. 

[bookmark: _Toc323579073]Viscoelastic Asphalt Material

One of the main weaknesses of the conventional models to analyze flexible pavements is the assumption that asphalt concrete (AC) behaves as a linear elastic material. It is well known that the mechanical response of AC depends not only on the rate of loading but also on the temperature, and that these characteristics cannot be captured by a linear elastic model. The effect of the viscoelastic nature of AC is even more important at high temperatures. The viscoelastic characteristics of the AC will be used in this study and will be further discussed under the section on Material Characterizations. The research team recognizes the importance of AC aging and moisture damage on flexible pavement performance. However, such mechanisms will not be considered at this stage due to resource limitation. Considering AC aging and moisture damage would increase the number of variables in this study significantly. 

[bookmark: _Toc323579074]Dynamic Analysis

Three methodologies are usually used to describe the applied load in a flexible pavement: static, quasi-static, and dynamic. The static load does not change its magnitude or position during the analysis. On the other hand, in a quasi-static analysis, the load changes its position, but the inertial and damping forces are not considered. Finally, the dynamic analysis accounts not only for the change in magnitude and position but also for the inertia and damping forces. The conventional analysis of flexible pavement assumes the applied load as static.

It is evident that the nature of moving loads, such as the ones applied by moving trucks, is dynamic. As a consequence, the assumption of static load is incorrect and hence results will be inaccurate. Quasi-static analysis is expected to underestimate the response of the pavement and therefore predicts a higher number of repetitions to failure than the pavement can actually withstand. Therefore, analysis will be conducted at the beginning of this study on typical pavement structure to verify the difference between quasi-static and dynamic analyses. If the difference is significant, dynamic analysis will be used in this research to simulate actual loading.  

[bookmark: _Toc323579075]Three-dimensional Contact Stresses

Another inaccurate assumption used in the conventional analysis of pavements deals with the shape of the contact area and the magnitude and distribution of contact stresses. Currently, the design is based on circular contact area between the pavement and the tire. In addition, it is assumed that the contact stresses are applied only in the vertical direction and are equal to the tire inflation pressure. 

Measurements of contact stresses showed that a tire actually applies three-dimensional stresses on pavement surfaces. The distribution of these contact stresses are far from being uniform and equal to the tire inflation pressure (Figure 3.1). In fact, the peak vertical contact stress can be between 50 and 70% greater than the tire inflation pressure. Hence, actual tire-pavement contact stress distributions greatly influence the response of flexible pavements close to the surface, and they diminish with depth. In addition, variations in contact stresses between tire ribs have been well documented and presented elsewhere (Al-Qadi et al., 2005a&b). In addition, Figure 3-2 presents the impact of uniform contact stresses versus 3D nonuniform contact stresses.
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[bookmark: _Ref310694894][bookmark: _Ref310694879][bookmark: _Toc311329836][bookmark: _Toc323579153]Figure 3.1. Normalized tire–pavement contact stress distribution under center rib. 
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Figure 3‑3 and Figure Figure 3‑4 clearly illustrate the importance of considering 3D and nonuniform contact stresses, especially at surface proximity, for two different pavement structures (typical low- and high-volume roads). The figures also highlight the impact of dual tire assembly and NG-WBT on pavement response under two loading scenarios (35.6 kN and 53.3 kN). This has been also well documented in the literature (Al-Qadi and Yoo, 2007, Wang and Al-Qadi, 2009). As a result, in order to obtain an accurate prediction of the distresses associated with stresses and strains close to the surface (near-surface cracking and primary rutting), tire contact stresses in three dimensions will be included in the analysis using actual measured 3D stresses as presented in Section 3.3. In the literature, the contact stresses for the following tires are available, which are different than the ones considered in this study: Good Year 385/65R22.5 G178 (radial), 295/75R22.5 (radial), 10.00 X 20 bias play, G159A,11R22.5 (radial), 425/65R22.5; BF Goodrich aircraft tire; and Michelin 275/80R22.5 XDA-HT; 425/65R22.5 XTE2 TL; 445/50R22.5 Xone XDA-HT Plus; and 455/55R22.5 Xone XDA-HT.
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[bookmark: _Toc311329837][bookmark: _Toc323579154]Figure 3.2. Effect of 3D contact stresses on surface tensile and shear strains
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[bookmark: _Toc311329838][bookmark: _Toc323579155]Figure 3‑3. Vertical shear strains and Von Mises stresses in a pavement structure with 3 in AC layer for a loading of 35.6 kN (a-b) and 53.3 kN (c-d).
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[bookmark: _Ref310997511][bookmark: _Toc311329839][bookmark: _Toc323579156]Figure 3‑4. Vertical shear strains and Von Mises stresses in a pavement structure with 12 in AC for a loading of 35.6 kN (a-b) and 53.3 kN (c-d).

[bookmark: _Toc323579076]Continuous Moving Load

When the tire load is not considered static, two methodologies can be used to define the variation of the amplitude: impulse (e.g. trapezoidal shape) and continuous moving loading. For the impulse assumption, the loading amplitude in the contact area is constant during each step, and it suddenly changes from one to zero for the next step. This method of loading underestimates the pavement response and the difference is increased as temperature increases. On the other hand, the continuous moving loading assumes that the amplitude linearly changes from the value in the current step to the new value in the next step. This allows considering the variation between the entrance and the exit of the tire, as measurements of tire contact stresses shown Figure 3‑5. Hence, continuous moving load, which better simulates vehicle loading, will be used in this modeling. 

[bookmark: _Toc323579077]Layer Interaction

Regarding the interaction between layers, it was already mentioned that the conventional analysis assumes full continuity of displacements at layer interfaces. However, this is not a proper consideration, mainly at the interface between AC and granular materials. In addition, numerical modeling suggests that the characterization of the interface is relevant when evaluating the response of flexible pavements. The research team compared the simple friction model and the elastic stick model using FEM. The simple friction model assumes that the stresses along the interface are proportional to the normal stresses at the interface. On the other hand, the elastic stick model assumes a linear relationship between the shear force and the shear displacement up to a point where the interface “fails.” When the interface crosses this point, the behavior at the interface is governed by the simple friction model. When comparing the FEM results with the experimental measurements, the research team found that simple friction model brings closer results in the case of WBT and stick friction model in the case of dual-tire assembly. The research team suggests the use of full bonding between AC layers and elastic stick model at the interface between AC and granular layers. Simple friction will be used between unbound layers.   
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[bookmark: _Ref310696458][bookmark: _Toc311329840][bookmark: _Toc323579157]Figure 3‑5. Trapezoildal loading amplitude, and continuous loading amplitude for entrance and exit part of the imprint (Yoo et al., 2007)


[bookmark: _Toc323579078]Nonlinear Granular Material

Granular materials are usually assumed as linear in the conventional analysis of flexible pavements. This can be an acceptable assumption if the pavement structure is thick enough so that the stress levels transmitted to the granular layer are low. In this case, the response of the mentioned layer is close to that predicted by the linear behavior. However, if the AC thickness is relatively low, as in the case of low volume roads, the difference between the linear and nonlinear models becomes significant.

The research team will consider the granular material as linear elastic in the heavy traffic pavements and as a stress-dependent for low-volume roads. A user-defined material model, developed by the research team, that takes into account the cross-anisotropy and stress-dependence of the elastic properties of granular materials will be used in ABAQUS. The research team feels that this would be an appropriate tool to model the response of low-volume pavement subjected to a moving load.

As presented above, fully bonded multilayer elastic analysis using a static circular contact area with vertical uniform contact stresses is far from being the most appropriate methodology to predict the response of flexible pavements and most importantly incapable of predicting the impact of various tire characteristics on pavements. When computationally efficient and applicable, this study will consider the following features in the models to better predict pavement responses that will be used in transfer functions: dynamic analysis, three-dimensional contact stresses, continuous moving load, viscoelastic asphalt material, nonlinear granular materials for low volume roads, and friction between layers.  

[bookmark: _Toc323579079]Material Characterization

Material characteristics are needed as inputs for pavement modeling. The following tests are suggested on the materials to be collected from the test sections.  
  
[bookmark: _Toc323579080]Complex Modulus

The Complex modulus is given as the ratio between the amplitude of the applied sinusoidal stress and amplitude of the resulting strain (Kim 2009). The amplitude of the dynamic load is defined by a haversine pulse, and it is applied so that the deformation of the AC specimen is kept in the viscoelastic range. Time-temperature dependent complex modulus of AC is used by MEPDG to calculate critical response of the pavement structure (ARA 2004b). 

The viscoelastic properties of AC will be measured using frequency-sweep complex modulus tests at various temperatures as described by AASHTO TP-62. The measured complex modulus data and constructed master curves will be used as the base of inter-conversion to other viscoelastic properties (relaxation modulus or creep compliance). Particularly, core specimens collected from the field, specimens prepared in the laboratory from field samples, and laboratory prepared-mix specimens will be tested. Figure 3‑6 presents the experimental configuration of the dynamic modulus test. As described by AASHTO TP-62, the test will be performed at five temperatures (14, 40, 70, 100, and 130 °F), each temperature being tested at five frequencies (0.1, 0.5, 1, 2, 10, and 25 Hz). 

[image: IMG_8830]
[bookmark: _Ref310696758][bookmark: _Toc311329841][bookmark: _Toc323579158]Figure 3‑6. Complex modulus test set-up

[bookmark: _Toc323579081]Semi-Circular Beam (SCB)

SCB is a controlled displacement test usually performed at low temperature that is used to obtain measurements for fracture energy, fracture toughness, and stiffness. The applied load will generate a constant crack mouth opening displacement rate. The load-displacement variation will be plotted, and the work of fracture will be obtained as the area under this curve. The fracture energy will be calculated as the ration between the work of fracture and the ligament area.

In order to characterize the fracture behavior at low temperature of AC used in the field, the semi-circular beam (SCB) test will be performed. The test will be applied to field cores, and samples prepared in the lab using both field mixtures and lab-prepared mixtures. Figure 3‑7 shows the set-up of the SCB test. SCB test will help to provide a failure criterion for low temperature cracking.
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[bookmark: _Ref310696838][bookmark: _Toc311329842][bookmark: _Toc323579159]Figure 3‑7. SCB test configuration
[bookmark: _Toc323579082]Cross-Anisotropic Characterization of Granular Materials 

In order to model the variation of the elastic properties of granular material with direction and stress level, the procedure presented by AASHTO T307 will be followed. In this test, a cyclic loading is applied to the specimen. This cyclic loading is composed of a period of loading and a period of unloading. This will allow the computation of the resilient deformation, which will be used to calculate the resilient modulus.

A total of 16 stress levels will be applied to the specimen: one for conditioning and 15 for the actual calculation. The magnitude of the confining pressure and applied cyclic axial load will depend on the type of granular material. The measured resilient moduli will be used to fit the generalized model adopted by MEPDG for unbound granular material. The cross-anisotropic characterization will be conducted for granular material only.

[bookmark: _Toc323579083]Volumetric Properties of Asphalt Mixtures

Volumetrics establish the relationship between mass and volume, and it can be used as indication of durability and performance. In addition to basic properties and proportions of the mixture components, bulk specific gravity and theoretical maximum specific gravity are needed to determine all the volumetric properties of the mix (Asphalt Institute 2007).

[bookmark: _Toc279495675]Bulk Specific Gravity () will be determined following AASHTO T166. In this procedure, three different weights of the compacted samples are recorded: the air-dry weight, submerged weight, and saturated surface-dry weight. The submerged weight is measured after the sample has been under water for at least three minutes. Based on these measurements, not only  is obtained but also the percentage of water absorbed by volume.

[bookmark: _Toc279495676]AASHTO T209 will be used to find the theoretical Maximum Specific Gravity (. As described by the mentioned standard, the sample used to calculate  is not compacted. Instead, the two-hour-aged mixture is broken down into is particles of size 0.25 in or smaller. Once the mixture is broken down into small pieces, it will be weighted. After that, the sample will be covered with water, and it will be subjected to a vacuum in order to fill all the voids with water. 
The explained procedure, as in the case of dynamic modulus test, will be applied to field and laboratory prepared-mix samples.

During the construction and instrumentation of the new pavement sections, samples of asphalt concrete pavement will be collected. These samples will be utilized to obtain the material properties used as input in the finite element software. The collected materials from each asphalt mixture will be used to fabricate specimens to be tested at University of Illinois. The tests to be performed on each asphalt mixture are listed in Table 3.1. In addition, specimens will be prepared in the field using in-situ gyratory compactor, when possible. 


[bookmark: _Ref323578950][bookmark: _Toc323579142]Table 3.1. Test to be performed and amount of material needed for testing
	Test
	Weight per replicate (kg)
	Number of Replicates
	Total (kg)

	Complex Modulus*
	7
	3
	21

	Semi-Circular Beam (SCB)*
	3
	4
	12

	Maximum Specific Gravity (Gmm)*
	2.5
	2
	5

	Creep Test
	3
	3
	9

	Bulk Specific Gravity (Gmb)*
	5
	2
	10

	Disk Compact Test (DCT)
	6
	4
	24

	Push-Pull Test
	7
	4
	28

	Total (kg)
	
	
	109


(*) indicates laboratory test included in the original proposal



[bookmark: _Ref298164379][bookmark: _Toc323579084]Tire Contact Stress Measurements

Accurate pavement response prediction can only be achieved using a modeling approach that simulates realistic tire-pavement interaction and allows incorporation of appropriate pavement material characteristics. It is evident from field measurements that tires induce non-uniform vertical and tangential shear stresses on the pavement surface (Figure 3‑8)
 
Because the complex 3D contact stresses increase the potential of various pavement damage mechanisms including top-down or “near-surface” cracking and AC rutting, measured tire-pavement contact stresses will be used in the modeling. Because tire-contact stress measurements are costly and time consuming, the contact stresses of two sets of tires will be measured: 445/50R22.5 (wide) and 275/80R22.5 (dual). Available tire contact stresses are presented in Section 3.1.3.  
 
In this task, a database of 3D tire-pavement contact stresses for the tires 445/50R22.5 (wide) and 275/80R22.5 (dual) will be developed in accordance with test plan presented in Table 3.2. The tires will be provided by Michelin. However, other manufacturers will provide contact stresses for the same tire types. Contact stresses as measured by Michelin will be checked against the values obtained from this study using the Vehicle-Road Surface Pressure Transducer Array (VRSPTA) or Stress-In-Motion (SIM) (Figure 3‑9) under Heavy Vehicle Simulator loading. The sensors used in VRSPTA are well calibrated (an internal CISR document is available). If the difference between Michelin- and VRSPTA-measured tire contact stresses is small, contact stresses from other manufacturers will be adopted in the study. Otherwise, the VRSPTA data will be used in the study and the variation will be reported. The research team recognizes that contact stresses are measured on rigid surface; where actual tire loading is applied on deformable pavement surface. In addition, measured contact stresses are conducted at a low speed. In the research team’s opinion and based on field studies, the contact stress values may not be affected by speed unless dynamic impact loading due to surface irregularity is considered. Tire wear and aging have an effect on measured contact stresses; but will not be considered in this study due to limited resources.
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[bookmark: _Ref310697994][bookmark: _Toc311329843][bookmark: _Toc323579160]Figure 3‑8. Normalized distributions of vertical and transverse tangential stresses under a wide-base 455 tire (Al-Qadi and Wang, 2009)

[bookmark: _Ref298162134][bookmark: _Toc323579143]Table 3.2. Test Matrix for SIM testing in South Africa
	Tire Type
	Inflation Pressure (psi)
	Tire Loading (kips)+

	NG-WBT and Dual
	80
	6
	8
	10
	14&
	18&

	NG-WBT and Dual
	100
	
	
	
	
	

	NG-WBT and Dual
	110
	
	
	
	
	

	NG-WBT and Dual
	125
	
	
	
	
	

	Dual Only
	60/110*
	
	
	
	
	

	Dual Only
	80/110*
	
	
	
	
	


Note:  NG-WBT = New generation of wide-base tire (445/50R22.5); Dual = Dual-tire assembly (Conventional 2 x 275/80R22.5 tires, max. size to fit on HVS); + maximum load is 14kps per panel; * indicates pressure differential in dual tires; & TAC needs to select a maximum tire loading of 14, 16, or 18kips.
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[bookmark: _Ref298162151][bookmark: _Toc311329844][bookmark: _Toc323579161]Figure 3‑9. Measurement of tire contact stress using SIM

Because the measurement of tire-pavement contact stresses is expensive and time-consuming, a realistic 3D air-inflated tire model may be developed for additional simulations of tire-pavement interaction (Figure 3‑10). Because the tire industry does not make the exact material properties and structural design of tires available to the general public, a relatively simple but effective tire-pavement interaction model that shows the comparative interface stress distributions under various tire loading conditions will be developed and checked against the manufacturers’ measured tire contact stresses. This model will be used to predict the tire-pavement contact stresses for conditions not tested at VRSPTA after being calibrated/validated for measured conditions. 
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[bookmark: _Ref298162704][bookmark: _Toc311329845][bookmark: _Toc323579162]Figure 3‑10. 3D air-inflated tire model for tire-pavement simulation (developed by the research team)
Appropriate material characterization of the tire components (rubber and reinforcement) should be carried out to consider accurate input in the finite element model of the tires. An independent and specialized laboratory will be testing the tire components affecting the 3D tire-pavement contact stresses. 

The rubber constituents to be tested include tread, side-wall, sub-tread, upper fillers, lower fillers, and shoulder. They will be characterized as linear viscoelastic materials utilizing frequency sweep test with four values of frequency (0.01, 0.1, 1.0, and 10.0 Hz) at nine values of temperature (-100, -75, -50, -25, 0, 25, 50, 75, 100 °C). Regarding the reinforcement, tension stress-strain curves will be measured for belts, plies, and bead wire. The tires to be sampled for the described testing program will be sent by Michelin to the contracted laboratory.


[bookmark: _Toc323579085]Load-Deflection curves

As mentioned before, tire-pavement contact stress measurements are costly and time consuming. As a consequence, a 3D air-inflated tire model will be used to predict the contact stresses for the tire inflation pressure and load that will not be tested. However, in order to guarantee the accuracy of the predictions, the model needs to be calibrated/validated not only with the measured contact stresses, but also with the load-deflection curves of each testing scenario. In other words, a load-deflection curve will be measured for each tire type and tire inflation pressure presented in Table 3.2. Measured and predicted contact stresses will form a loading input for various scenarios of FE analysis.



[bookmark: _Ref298580195][bookmark: _Toc323579086]Validation of Numerical Modeling

In order to check the validity of the developed models, measured pavement responses to various loading and tire pressures will be used. Some data are currently available that can be used in this study. Pavement sections will be built to complement the available data as needed.   

4. [bookmark: _Toc311331198][bookmark: _Toc311331679][bookmark: _Toc311332036][bookmark: _Toc311332316][bookmark: _Toc311370923][bookmark: _Toc311370999][bookmark: _Toc311375228][bookmark: _Toc311375302][bookmark: _Toc311375753][bookmark: _Toc311376140][bookmark: _Toc311376216][bookmark: _Toc311376413][bookmark: _Toc311381174][bookmark: _Toc311381250][bookmark: _Toc311381327][bookmark: _Toc311381404][bookmark: _Toc311381481][bookmark: _Toc311381558][bookmark: _Toc311381633][bookmark: _Toc311381716][bookmark: _Toc311382100][bookmark: _Toc311382428][bookmark: _Toc311383016][bookmark: _Toc311383450][bookmark: _Toc311383674][bookmark: _Toc323578828][bookmark: _Toc323579087]
[bookmark: _Toc323579088]Overview of Available Data

The research team has access to a wealth of databases that could be available to this project including data from the Virginia Smart Road, thin and full-depth pavement sections at UIUC-ATREL, Ohio SPS-8, UC-Davis, and Florida DOT. A summary of the data available at these sections is presented in Table 4.1 While the test parameters are summarized in Table 4.2. Details of this information are discussed below:

[bookmark: _Ref310698558][bookmark: _Toc310999139][bookmark: _Toc311329846][bookmark: _Toc323579144]Table 4.1. Description of Available Projects
	Project
	Pavement Structure
	Instrumentation
	Material Characterization (Model relevant)
	Measurements

	
	
	
	
	

	Virginia Smart Road
	12 Pavement structure (see Appendix B) 
	Strain gauges (mainly longitudinal and transverse) and pressure cells at different depths. 
	Creep 
	Pavement response

	UIUC-ATREL thin pavement sections
	9 pavement structures (see Appendix C)
	Strain gauges at AC bottom (1 or 2 per section). LVDTs in three orthogonal directions and pressure cells in base
	Complex modulus
	Pavement response and failure

	UIUC-ATREL full-depth pavement sections
	4 pavement sections, 2 with AC thickness of 16.5 in, 1 with 10 in, and the other one with 6 in. (see Appendix D)
	2 transverse and 1 longitudinal strain gauge at the bottom of the AC
	Creep 
	Pavement response

	UC-Davis
	Two overlay systems: DGAC (1.5 and 2.5-in-thick) and ARGM-GG (2.5 and 3-in-thick) (see Appendix F)
	Thermocouples
	Repeated shear frequency sweep test
	Number of passes to reach 0.5 in of rutting. Permanent deformation profiles

	Florida DOT
	5.1 in of AC
	Foil gauges at the wheel path and 2 and 5 in from the tire’s edge, and thermocouples
	N/A
	Surface strain at 78°F and permanent deformation profiles

	Ohio SPS-8
	AC: 4 and 8 in, DGAB: 6 in
	Longitudinal and transverse strain gauges at the bottom of the AC and close to the surface. 3 additional strain gauges at the middle of the thick slab. Canadian gauges also included. Strain gauges rosettes 
	Creep, relaxation modulus, and triangular pulse test
	Pavement response




[bookmark: _Toc323579089]Virginia Smart Road

The Smart Road is a full-scale research facility located in southwest Virginia. It is comprised of 12 different pavement sections that are instrumented with load- and environment-associated sensors such as strain gauges, pressure cells, thermocouples, and time domain reflectometery probes.

The 12 pavement structures, labeled from Section A to Section L (see Figure B- 1 to Figure B- 12, Appendix B), combined seven wearing surface mixes, one intermediate AC layer (BM-25.0) at various thicknesses, and a fine mix (SM-9.5A) underneath some sections. In addition, nine sections include an open-graded drainage layer (OGDL) with a thickness of 3 in, and 10 sections have a 6 in-thick cement stabilized layer (21-A). Finally, a subbase layer (21-B) was placed on top of the subgrade; this layer has different thicknesses and may or may not comprise geosynthetic.

From Section A to Section D, the pavement structure is very similar: wearing surface with a thickness of 1.5in is placed over a 6 in-thick base layer on top of the OGDL. The thickness of the subbase (21-B) in these four sections is 7 in, which results in a total pavement thickness of 23.5 in. The differences between these sections is the type of wearing surface mix (SM-12.5D, SM-9.5D, SM-9.5E, SM-9.5A in accordance with the Virginia DOT specifications) and the presence of geosynthetic between the subbase and the subgrade in Sections B, C, and D. 

Sections E, F, G, and H have the same wearing surface (SM-9.5D) and the same thickness for the cement stabilized base (21-A) as in the sections described in the previous paragraph. The BM-25.0 base layer is the same in Sections F and G (4 in-thick), but the thickness changes to 9 and 6 in in Section E and F, respectively. In addition, Sections E and F do not possess SM-9.5A base, while the thickness of this layer in sections G and H is 2 in. Out of these four sections, the only one that includes OGDL in its pavement structure is Section H, with a thickness of 3 in. The thickness of the 21-B subbase is 3 in in Sections E and H and 6 in in Sections F and G.

The remaining sections (Sections I, J, K, and L) have different wearing surfaces: SM-9.5A in Section I, SM-9.5D in Section J, OGFC+SM-9.5D in Section K, and SMA-12.5 in Section L. The OGDL layer in Sections K and L was stabilized with Portland cement; it has the same thickness (3 in). The thickness of the 21A base layer is the same in Sections I and L (6 in), and Sections J and K do not include this layer. Furthermore, the 21B subbase layer has two values of thickness in these sections, 6 in in Sections J and K, and 3 in in Sections I and L. The intermediate AC layer configuration varies for each section: 4 in with reinforcement mesh in Section I, 9 in in Section J, 9 in in Section K with stress relief geosynthetic, and 6 in with reinforcement mesh in Section L. The details of the pavement structure can be found in Figure B- 9 to Figure B- 12.

The described sections were heavily instrumented with load- and environmental-associated sensors. The load-associated sensor included strain gauges and pressure cells; they were mainly placed at the bottom of each layer of the pavement structure. Furthermore, they were not only placed along the wheel path, but also at two different offset from the tire edge (20, and 40 in). The strain gauges were installed in the longitudinal and transverse directions, and some of them were placed with an inclination of 45 in the plan view. The location and distribution of sensors for each section are presented in Figure B- 1to Figure B- 12.

Testing using NG-WBT was grouped in 22 conditions: Conditions 1 to 14 were tested in May 2000, Conditions 15 to 18 in November 2000, and Conditions 19 to 22 in July 2001. Each of these 22 conditions is defined by the tire configuration, the axle load magnitude, and the truck speed. Conditions 1 to 6 used dual-tire assembly in both axles; two of these conditions (3 and 4) used differential tire pressure. On the other hand, Conditions 7 to 14 used NG-WBT. For the other two scenarios, November 2000 and July 2001, each axle of the tandem configuration combined NG-WBT and dual-tire assembly. Conditions 15 and 16 used the first axle with dual-tire assembly and the second one with NG-WBT, while in Conditions 17 and 18 this configuration was inverted (first axle NG-WBT and second with dual-tire assembly). Furthermore, the testing of the third scenario used dual-tire assembly in the first axle and NG-WBT in the second. It is worthwhile to mention that the inflation pressure of the NG-WBT was kept constant and equal to 105 psi. Regarding the axle load, two different magnitudes were used in the 22 testing conditions: 17 kip in Conditions 1 to 4 and Conditions 11 to 22, and 8.5 kip in Conditions 5 to 10. Testing was also conducted at various speeds, 5 to 45 mph. Each test was performed at five different lateral positions. 

[bookmark: _Toc310999140][bookmark: _Toc311329847][bookmark: _Toc323579145]Table 4.2. Testing Results Available from Other Projects
	Project
	Tire Type
	Speed
(mph)
	Inflation Pressure
(psi)
	Load
(kip)
	Temperature
(°F)
	Offset
(in)

	Virginia Smart Road
	445/50R22.5, 275/80R22.5
	5, 15, 25, 35, and 45
	WBT: 105
DTA: 80, 95, and 105. 
Differential: 90/60 and 90/30
	8.5 and 17 
	May 2000, November 2000, and July 2001
	0, 10, 20, 30, and 40 

	UIUC-ATREL thin pavement sections
	455/55R22.5
425/65R22.5, and 11R22.5
	5 and 10
	80, 100, and 110
	6, 8, 10, 12, and 14 kips
	
	0, 6, 9, and 12

	UIUC-ATREL full-depth pavement sections
	455/55R22.5
425/65R22.5, and 11R22.5
	5 and 10
	WBT: 80, 100, and 110; DTA 110/110, 110/90, 110/70, 110/50, and 110/30
	6, 8, 10, 12, and 14 kips
	Between 52 and 93
	-6, 0, and 6

	UC-Davis
	10.00-20, 11R22.5, 425/65R22.5, and 46x16
	4.7 average
	10.00-20: 90, 11R22.5: 105, 425/65R22.5: 110, and 46x16: 150
	10.00-20, 11R22.5, and 425/65R22.5: 9; and 46x16: 22.5 
	122 at 2 in from the surface
	N/A

	Florida DOT
	11R22.5, 425/65R22.5, 445/50R22.5, and 455/55R22.5
	2 and 7
	WBT: 115; all the others: 100
	9
	78 for surface strain and 122 for permanent deformation
	N/A

	Ohio SPS-8
	425/65R22.5, 495/45R22.5, 75R22.5, and 80R22.5
	5, 25, and 55
	70, 100, and 120
	425/65R22.5 and 495/45R22.5: 9.65; 75R22.5: 4.2; and 80R22.5: 5.05
	Measured at 1, 3, and 7 in.
	N/A




[bookmark: _Toc323579090]UIUC-ATREL Thin Pavement Sections

Nine low-volume flexible pavement sections were constructed at the Advanced Transportation Engineering Laboratory (ATREL) of University of Illinois at Urbana-Champaign in order to evaluate and quantify the effect of geogrid in this type of pavement. Three base-layers with a thickness of 8, 12, and 18 in were built on top a 4% CBR subgrade. In addition, two different thicknesses of AC layers (3 and 5 in) were constructed. See Figure C- 1to Figure C- 6 (Appendix C) for details related to pavement structure.

The load-associated instrumentation is comprised of strain gauges, pressure cells, and LVDTs. Longitudinal and transverse strain gauges were placed at the bottom of the AC layers, while the pressure cells were installed at the interface between the granular base and the subgrade. A total of 12 strain gauges and 18 pressure cells (2 per section) were placed. Each cell has 4 strain gauges, three in the transverse direction and one in the longitudinal. A total of 49 LVDTs were used to measure deflection in three directions. 

The Accelerated Testing Loading Assembly (ATLAS) was used to load the described sections. Dual-tire assembly and WBT were used at two different speeds (5 and 10 mph). In addition, three different offsets were used during testing. Inflation pressure was another factor accounted for in this study: cell A was tested with tires at 80 and 100 psi; while in the other cells an extra inflation pressure was added (110 psi). Finally, axle loads between 6 and 14 kips with an increment of 2 kips were tested. In addition to the response measurements, all the sections were tested until failure subjected to a dual-tire assembly with an axle load of 10 kips traveling at 5 mph and an inflation pressure of 100 psi.

[bookmark: _Toc323579091]UIUC-ATREL Full Depth Sections

Full depth pavements were also tested at ATREL-UIUC. Four pavement sections were built on top of lime modified subgrade with three different AC thicknesses: 6 in (Section F), 10 in (Section D), and 16.5 in (Section A and B). All sections have a 2 in-thick wearing surface: DG surface for section D, B, and F, and SMA for section A. Details of the sections are presented in Figure D- 1 and Figure D- 2 (Appendix D) schematics.

The instrumentation of this project is relatively simple. It is composed of three strain gauges in each section, for a total of 12. In each section, two strain gauges were placed in the transverse direction and the other one in the longitudinal direction. All the sensors were located at the bottom of the AC layer. The details are given in Figure D- 1 and Figure D- 2.

The accelerated pavement testing was carried out using ATLAS with three different tires: wide-base 455, wide-base 425, and 11R22.5 dual-tire assembly. In the case of NG-WBT, the applied load varied between 6 and 14 kips with increments of 2 kips. On the other hand, the dual-tire assembly was loaded with three loadings: 6, 10, and 14 kips. Regarding the inflation pressure, the NG-WBT were tested at 80, 100, and 110 psi. Differential pressure was also taken into account for the dual tire: The inflation pressure of one tire was fixed at 110 psi, and it was varied for the other between 30 and 110 psi with an increment of 20 psi.

[bookmark: _Toc323579092]Ohio SPS-8 Sections

Two pavement structures were built in Ohio to validate the existing rutting models. Each pavement structure is composed of an AC layer built on top of 6 in of dense-graded aggregate base. The thickness of each AC layer is 4 and 8 in.

The thin section was instrumented with 12 strain gauges: six close to the pavement surface and the other six at the bottom of the AC layer. Out of these six sensors at each location, three measured longitudinal strain and three measured transverse strains. The strain gauges were distributed in a similar manner in the thick section; however, three additional strain gauges were installed at the middle of the AC layer, for a total of 15 gauges. Furthermore, eight Canadian strain gauges were also placed: four close to the surface and four at the bottom of the AC (two longitudinal and two transverse). In addition, a total of eight rosettes, four in each section, were placed. Details of the pavement structure and instrumentation are presented in Figure E- 1to Figure E- 2 (appendix E).

The testing program consisted of four different tires (WBT 425/66R22.5, WBT 496/45R22.5, Dual-tire assembly 295/75R22.5, and Dual-tire assembly 275/80R22.5) inflated at three different pressures (70, 100, and 120 psi). Each tire at each inflation pressure was tested at three different speeds (5, 25, and 55 mph). The load applied by each tire varied according to the type of tire: 9.65 kip for WBTs, 4.2 kip for dual-tire assembly 75R22.5, and 5.05 kip for dual-tire assembly 80R22.5, respectively.

[bookmark: _Toc323579093]UC-Davis Permanent Deformation Profiles

To evaluate the rutting performance of two types of overlays, accelerated pavement testing at high temperature was performed at the University of California at Davis (UC-Davis). The overlays were placed on existing flexible pavements.

Two types of overlay mixes were used: asphalt-rubber hot-mix gap-graded (ARHM-GG) and dense-graded asphalt concrete (DGAC). In addition, two design thicknesses were used for each overlay: 1.5 and 2.5 in for the case of ARGM-GG, and 2.5 and 3 in for DGAC. The existing flexible pavement was composed of two types of structures: 6 in of AC layer placed on top of 3 in of asphalt treated permeable base (ATPB) on untreated base with a thickness of 10.8 in, while the thickness of the aggregate subbase was 9 in. The details of the pavement structures are illustrated in Figure F- 1 (Appendix F). The permanent deformation profile was measured using laser profilometer at 16 locations in each section.

Four kinds of tires were used in the accelerated pavement testing (each applied to a different pavement section): bias-ply dual (Goodyear 10.00-20), radial duals (Goodyear G159A, 11R22.5), WBT (Goodyear G286, 425/65R22.5), and aircraft single (BF Goodrich TSO C62C, 46x16). The target temperature for the testing was 122 °F at 2 in under the surface of the pavement. For all the tires, but aircraft single, the applied load was 9 kip. In the case of bias-ply duals, the tire inflation pressure was 90 psi; while for radial duals it was 105 psi. Regarding WBT, the mentioned pressure was 110 psi. The single aircraft tire transmitted a load of 44.8 kip to the pavement, and its tire inflation pressure was 150 psi.

[bookmark: _Toc323579094]Florida DOT

Five-inch full depth flexible pavement was instrumented by the Florida Department of Transportation (FL-DOT) with longitudinal and transverse strain gauges on the surface of the pavement. The pavement structure is composed of 5.1 in of AC placed on top of 10.5 in of limerock base. Under the base, a 12 in granular subbase was placed on top of the subgrade. The instrumentation of this pavement section is composed of 12 strain gauges placed on the surface in three locations. For each location, one of the sensor lines was on the wheel path (middle of the dual tires) and the other two were located 2 and 5 in from the dual-tire assembly edge.

Four types of tire were used during the testing program: dual (Goodyear Unisteel G149 RSA, 11R22.5), WBT (Goodyear G286 A SS, 425/65R22.5), WBT-445 (Michelin X One XDA-HT Plus, 445/50R22.5), and WBT-455 (Michelin X One XDA-HT Plus, 455/55R22.5). Two types of test were carried out: permanent deformation and surface strain profile. The load applied to each tire was 9 kip, and the speed of the moving load was 2 and 5 mph. In addition, the temperature of the pave was 78±2 °F for surface strain and 122 °F for rutting. A total of five deformation profiles were measured for each combination of tire and speed.

A summary of the advantages and drawbacks of each of the aforementioned five test sections is presented in Table 4.3. There is significant data available from the Virginia Smart Road that will cover needed validation for high traffic volume pavements. In addition, data from the thin pavement sections at UIUC ATREL is available to cover low volume roads needed data. As indicated in the Table 4.3, the perpetual pavement section at UIUC has limited strain data and mainly at the AC-subgrade interface and none close to the surface, where the tire-type impact is important. On the other hand, the sections at Davis didn’t have any instrumentation that allowed for pavement response measurement; however, data related to pavement performance such as rutting is available. Similarly, FLDOT sections have performance measurements but lack the availability of material properties needed for the models; although surface strain measurements are available. Ohio test section will be used in this study in a limited basis. Although it has vital data, including material properties and pavement response, different tires (495) was used rather than the NG-WBT considered in this study. Therefore, the following new sections are proposed pending the approval of the TAC and the discussion with Ohio University for using data from their planed sections that will be constructed soon.	

[bookmark: _Toc310999141][bookmark: _Toc311329848][bookmark: _Toc323579146]Table 4.3.  Relevancy of Available Data
	Project
	Type of data
	Pros
	Cons

	Virginia Smart Road
	Pavement response (stress and strain) at various depths
	Major variation of pavement structures, and environmental and loading conditions. Tire used is the same as the intended for this project
	N/A

	UIUC-ATREL thin pavement sections
	Pavement response and failure of thin pavement sections on top of various base thicknesses
	Effect of WBT on thin sections. Strain close to the surface was measured. Failure testing included
	Trans. strain for 5in AC and trans. and long. for 3in AC (at the bottom)

	UIUC-ATREL full-depth pavement sections
	Pavement response at the bottom of the AC
	Various thicknesses were evaluated
	Instrumentation only at the bottom of the AC with no pressure cells. 

	UC-Davis
	Permanent deformation profiles at high temperature
	Evaluation of the effect of different tires on overlay systems
	No pavement response measurement. No tests using NG-WBT

	Florida DOT
	Permanent deformation and surface strain profiles
	Surface strain in the longitudinal and transverse direction using foil gauges
	Only one pavement structure. Response measured at the surface only. No material characterization available

	Ohio SPS-8
	Strain (longitudinal, transverse and shear) close to the surface and at the bottom of the AC
	Shear strain was measured
	WBT-445 was not used in APT (WBT-495 used).




[bookmark: _Toc323579095]Proposed Pavement Structures

[bookmark: _Toc323579096] New Test Sections at UC-Davis
Pavement structures using high amounts of recycled asphalt pavement will be built and instrumented in UC-Davis. Three test sections, 165 ft-long and 16.4 ft-wide, will use various 16 in of granular base layer on top of clayey subgrade. 5 in of granular recycled AC layer will be placed on top of the base layer, and overlayed with 2 in AC wearing surface. 

The instrumentation will include strain gauges in both directions under the AC layer lifts; they will be located at the middle and at the edge of the wheel path. Two pressure cells will also be installed at the bottom of the recycled granular layer and the AC wearing surface layer. A multidepth deflectometer will complement the instrumentation, in order to measure the deflection at different depths in the pavement structure. In addition, surface and circumference foil strain gauges may be used at the test sections. Figure 4.1 presents details regarding the typical pavement structure and instrumentation of the section proposed at UC-Davis.

[bookmark: _Toc323579097] New Test Sections in Florida

The AC layers to be built and instrumented by Florida DOT will be supported by 10.5 in of limerock base and 12 in of natural subgrade mixed with limerock. The thickness of the AC layers will be 4 and 6 in. A set of six strain gauges (three longitudinal and three transverse) will be installed at the bottom of the AC layer. Furthermore, the strain on the surface of the pavement will be measured using foil strain gauges installed at different offsets (between 3 and 12 in with a separation of 3 in). Stresses will also be measured using pressure cells installed at the bottom of the AC layer. However, it is important to mention that the installation of pressure cells depends on the availability of test pits. Figure 4.2 shows the pavement structure for the case of 6-in AC layer and the instrumentation.

Data from both UC-Davis and FLDOT sections will provide us with further information on pavement response near surface, where WBT are expected to have the most influence. In addition, data from pavement sections, which are being considered for construction in Ohio, may be included in this study. Discussion between FHWA and Ohio University is currently underway. Shall there be a need to conduct further in-situ testing, other than the ones being considered at Ohio University, sections will be constructed at UIUC per recommendations from the TAC. The budget for the sections at FL-DOT and UC-Davis was maintained. Discussion is underway for the construction of thick pavement at ATREL sponsored by the Netherlands Ministry of Infrastructure and Environment at ATREL. Discussion is underway to find first if mixes can be prepared locally. The section construction budget at UIUC was moved to conduct more analysis and to involve Professor Tutumler and a student for ANN analysis. However, instrument and loading budget was maintained and will be updated as the project progresses. 

[bookmark: _Toc323579098]New Test Sections in Ohio
The pavement structure and instrumentation of three sections to be built in Ohio and used in the WBT project are presented in Figure 4.3 and Figure 4.4. The total thicknesses of the AC layer for the sections are 13 in for Sections A and B, and 15 in for Section C. For Sections A and B, the thickness of the ATB is 6 in, while for Section C is 8 in. 

The instrumentation of these sections includes LVDTs, pressure cells, and strain gauge rosettes (SGR) as shown in Figure 4.3 - Figure 4.6. In addition to the pressure cells on top of the subgrade, another two pressure cells will be installed at the bottom of the FRL. H-type strain gauges will be installed at three various depths: the bottom of the fatigue resistant layer (FRL), the bottom of the asphalt treated base (ATB), and the bottom of upper lift of the surface layer. Six longitudinal sensors will be place at the bottom of the FRL; six at the bottom of the ATB (3 longitudinal and 3 transverse); and four close to the surface (2 longitudinal and 2 transverse). 

In order to determine the shear strain close to the surface, a total of 16 strain gauge rosettes (SGR) will be installed in each section, two holes total, 8 rosettes in each hole at four depths. Two rosettes will be installed at each depth (4 depths total per hole as shown in Figure 4.5). One of the holes will be circular and the other one rectangular. Figure 4.5 shows the detail of the rosettes instrumentation. In each hole, one of these two strain gauges will be installed in the direction of traffic and the other one in the direction perpendicular to traffic.
[bookmark: _GoBack]


[bookmark: _Toc323579099]Testing program
The testing program is intended to cover the most common and representative scenarios that an APT configuration allows. The objective is to measure the pavements’ responses to specific loading configurations including axle loading, tire pressure, and tire type. Stresses and strains at certain locations in the pavement sections will be measured with appropriate instrumentation. It is important to recall that the instrumented pavement sections are located in different geographic areas.

[bookmark: _Toc323579100]Accelerated Pavement Testing and Response

The accelerated pavement testing will be performed at a speed of 5 mph. 100 cycles are proposed to be run on each of the proposed pavement structures. In addition, the same tire type, applied load, and tire inflation pressure as the ones used to measure the tire-pavement contact stresses will be used during APT (see Table 3.2). The loading will start with the lowest load and lowest tire pressure and then increase the tire pressure for each load. 

The pavement response of the APT pavement sections will be measured using in-situ instrumentation. The instrumentation includes strain gauges and pressure cells. The pavement responses will be used to calibrate and validate the numerical models. The instrumentation will be installed at critical location including, but not limited to, strain gauges and pressure cells at the bottom of the AC layer and pressure cells possibly on top of subgrade. Surface foil strain gauges will also be considered. Redundancy and reliability of instrumentation will be considered.



[bookmark: _Ref298401431][bookmark: _Toc311329849][bookmark: _Toc323579163]Figure 4.1. Plan and profile view of typical pavement structure and instrumentation of proposed section at UC-Davis



[bookmark: _Ref298408252][bookmark: _Toc311329850][bookmark: _Toc323579164]Figure 4.2. Plan and profile view of typical pavement structure and instrumentation of proposed section at Florida DOT


[bookmark: _Ref320008047][bookmark: _Toc323579165]Figure 4.3. Pavement structure and instrumentation of Sections A and B (13-in-thick)



[bookmark: _Ref318739518][bookmark: _Ref320008049][bookmark: _Toc323579166]Figure 4.4. Pavement structure and instrumentation of Section C (15-in-thick)



[bookmark: _Ref320727902][bookmark: _Toc323579167]Figure 4.5. Detail of rosettes instrumentation for Sections A and B





[bookmark: _Ref319663170][bookmark: _Ref319677763][bookmark: _Toc323579168]Figure 4.6. Detail of rosettes instrumentation for Section C



[bookmark: _Toc323579169]Figure 4.7. Cross section of pavement structure and instrumentation for Sections A and B



[bookmark: _Toc323579170]Figure 4.8.  Cross section of pavement structure and instrumentation for Section C
[bookmark: _Toc323579101]Evaluation of Pavement Damage

The pavement damage caused by NG-WBT will be evaluated using the transfer functions recommended by the mechanistic-empirical pavement design guide (ARA 2004a). Five distresses will be considered when evaluating pavement damage: fatigue cracking, including bottom-up cracking and surface/near surface cracking (caused by surface tensile and shear strains), AC rutting, and subgrade rutting. Each one of these distresses is related to a variable of the pavement response through a transfer function.

5. [bookmark: _Toc310717281][bookmark: _Toc310998746][bookmark: _Toc310999076][bookmark: _Toc311331212][bookmark: _Toc311331693][bookmark: _Toc311332050][bookmark: _Toc311332330][bookmark: _Toc311370937][bookmark: _Toc311371013][bookmark: _Toc311375242][bookmark: _Toc311375316][bookmark: _Toc311375767][bookmark: _Toc311376154][bookmark: _Toc311376230][bookmark: _Toc311376427][bookmark: _Toc311381188][bookmark: _Toc311381264][bookmark: _Toc311381341][bookmark: _Toc311381418][bookmark: _Toc311381495][bookmark: _Toc311381572][bookmark: _Toc311381647][bookmark: _Toc311381730][bookmark: _Toc311382114][bookmark: _Toc311382442][bookmark: _Toc311383030][bookmark: _Toc311383464][bookmark: _Toc311383688][bookmark: _Toc323578843][bookmark: _Toc323579102]
[bookmark: _Toc323579103]Fatigue Cracking (bottom-up and top-down)

Fatigue cracking is mainly caused by the effect of repeated loading on the tensile strain at the bottom of the AC layer in thin AC pavements. Traffic loading bends the pavement structure, generating tensile strains and stresses that create cracks at the bottom of the AC and then propagate to the surface (ARA 2004a).  

In opposition to bottom-up cracking, top-down fatigue cracking generates at the surface (or near surface) of the pavement and propagates downwards. It is believed that top-down cracking is caused by load-associated tensile strains and stresses on the surface of the pavement, shear stresses close to the edge of the tire, and over-aging of the AC (ARA 2004a). In addition, shear stresses in the upper part of the AC pavements can cause near surface cracking. 

The formula recommended by MEPDG to calculate the number of repetition to fatigue cracking and that will be used in this project is the following:
 
	


	
	

	

	
	

	
	
	



where:	= number of repetitions to fatigue cracking;
= tensile strain at the critical location;
= stiffness of the material;
= laboratory to field adjustment factor;
= effective binder content (%); and
= air voids (%).

The value of the parameter  depends on the type of distress. For bottom-up cracking:

	
	
	



And for top-down cracking:

	
	
	


where:	= total thickness of the asphalt layer.

Even though the formula for top-down cracking is based on tensile strain on the surface, the maximum shear strain in the AC, instead of the tensile strain on the surface, will be also used. This will take into account the effect of shear strain.

[bookmark: _Toc323579104]AC Rutting
AC rutting is defined as permanent deformation (inelastic or plastic) that results from densification or compression, or lateral movement of the AC (ARA 2004a). MEPDG offers two expressions to evaluate rutting. The first one is based on laboratory repeated load test, and it is given by the following:

	

	
	



where:	= accumulated plastic strain at  repetitions of load;
	= resilient strain of asphalt material;
	= number of load repetitions; and
	= temperature (°F).

The second expression is based on national field calibration:

	


	
	

	

	
	

	

	
	

	

	
	



[bookmark: _Toc323579105]Subgrade Rutting   
Another type of rutting is observed when the elastic limit of the subgrade is exceeded; it is associated with the repetitive shear strain in the subgrade. The subgrade rutting will be evaluated using the expression recommended by the Asphalt Institute:

	
	
	



where:	= allowable load repetitions for subgrade rutting failure; and
	= maximum vertical strain on top of the subgrade.

[bookmark: _Toc323579106]Combined Damage Ratio
A total of five distresses will be considered in this study: i) bottom-up fatigue cracking; ii) top-down fatigue cracking caused by tensile strain on the surface; iii) top-down fatigue cracking caused by shear strain in AC layer; iv) AC rutting; and v) subgrade rutting. Each distress will allow the calculation of a damage ratio, which is defined as the quotient between number of repetitions to failure for reference load and the allowable number of repetitions for specific tire, or:

	
	
	


where:	= damage ratio;
	= allowable number of loading repetitions for a reference load; and
	= allowable number of load repetitions for specific load.

In order to combine the considered failure mechanisms, a logarithmic damage distribution factor will be used. Logarithmic distribution is chosen because the variables to be integrated spread over several orders of magnitude; as a result, linear transfer function becomes inappropriate. The expression that will be used to calculate the combined damage ratio is the following:

	

	
	

	


	
	



where:= combined damage ratio;
	= damage ratio for bottom-up fatigue cracking;
= damage ratio for top-down fatigue cracking caused by shear strain;
= damage ratio for top-down fatigue cracking caused by tensile strain on surface;
	= damage ratio for rutting in the subgrade; 
	= damage ratio for rutting in the AC; and
	= total number of failure mechanisms considered (it depends on the road type).

The study will incorporate any modifications to the transfer functions used in the MEDDG. The study will also consider models reported in NCHRP such as 1-42A and any other model developments related to top-down cracking that may result from yet to start NCHRP 01-52.
 
[bookmark: _Toc323579107]Use of Modeling Results in an Analysis Tool

6. [bookmark: _Toc310717287][bookmark: _Toc310998752][bookmark: _Toc310999082][bookmark: _Toc311331218][bookmark: _Toc311331699][bookmark: _Toc311332056][bookmark: _Toc311332336][bookmark: _Toc311370943][bookmark: _Toc311371019][bookmark: _Toc311375248][bookmark: _Toc311375322][bookmark: _Toc311375773][bookmark: _Toc311376160][bookmark: _Toc311376236][bookmark: _Toc311376433][bookmark: _Toc311381194][bookmark: _Toc311381270][bookmark: _Toc311381347][bookmark: _Toc311381424][bookmark: _Toc311381501][bookmark: _Toc311381578][bookmark: _Toc311381653][bookmark: _Toc311381736][bookmark: _Toc311382120][bookmark: _Toc311382448][bookmark: _Toc311383036][bookmark: _Toc311383470][bookmark: _Toc311383694][bookmark: _Toc323578849][bookmark: _Toc323579108]
To accurately assess the economic, safety and environmental effects of increased use of wide-base tires, the results of the measurement and modeling efforts to assess pavement damage in other sub-tasks must be incorporated into a calculation engine that will permit computation for economic and environmental analyses. This calculation engine must be robust, accurate, and rapid. The calculation engine must make use of the finite element (FE) model, and the limited number of tire/stress measurements and accelerated test sections to be used to validate the model. It cannot rely on the FE analysis engine itself because of the computation time needed to perform accurate modeling. 

[bookmark: _Toc323579109]Artificial Neural Network (ANN) Based Prediction Model for Pavement Damage Based on Finite Element Analyses

The success of using Artificial Neural Networks (ANN) for pavement system applications makes it a good candidate for consideration in this proposal. ANNs are computational tools that operate similar to biological neurons in human brain. They are mainly used for processing information, where inherent and complex patterns are available. They are capable of capturing the nonlinear relationship between the inputs and outputs of a dataset reliably (Haykin, 1999). The MEPDG prepared for AASHTO’s Darwin-ME software already incorporates ANN models developed from the ISLAB2000 FE solutions for the analyses of rigid pavements. In recent successful applications at the University of Illinois, ANN models were developed as surrogate ILLI-PAVE FE analysis models for backcalculating pavement layer moduli and predicting critical pavement responses directly from the Falling Weight Deflectometer (FWD) deflection basins (Pekcan et al., 2008). Hence, there is some basis for the success of this approach.

In order to achieve this, a factorial of FE analysis cases will be developed to calculate the relative damage ratios between different tire configurations under various scenarios, such as different pavement structures, axle configurations, and load and pressure levels (including extreme values). A soft computing model based on ANN will be developed to predict the relative damage ratios based on the factorial of FE analyses for low volume roads. The primary advantage of ANN is the ability to develop complex linear/non-linear models under minimum assumption about the underlying data distribution. 

Dataset obtained from the FE factorial will provide training for the ANN model in order to improve the accuracy of the output. The input layer in the ANN model may consider the following:
· Loading factors (axle load and configuration, tire pressure, speed);
· Tire factors (tread width, tire contact length, aspect ratio, peak and average contact stress);
· Pavement factors (asphalt and base layers’ characteristics and subgrade support); and
· Environmental factors (temperature). 

[bookmark: _Toc323579110]Suggested Options for utilization of modeling results
As indicated earlier, the results of the FE models would be used to calculate a combined damage ratio for the various pavement-loading scenarios. The scenarios parameters include layer thicknesses, material properties of each layer, pavement structure, tire type, applied load, and tire inflation pressure. The total number of cases can be obtained from the number of possible pavement structures and loading cases. 
Table 6.1 presents the total number of possible loading combinations. It is important to notice that at least 24 cases will be considered for each APT pavement testing section. 

In order to obtain results for all the cases in the FE matrix, considerably more time than the duration of the project will be required. In order to address this issue, three options are proposed for the TAC consideration:

[bookmark: _Ref310716254][bookmark: _Toc310999146][bookmark: _Toc311329851][bookmark: _Toc323579147]Table 6.1: Maximum Considered Number of Loading Combinations*
	
	Wide Base Tire
	Dual-Tire Assembly

	Applied Load
	3 (2)
	3 (2)

	Inflation Pressure
	3 (2)
	5 (3)

	Loading Cases
	9 (4)
	15 (6)


*Values in parentheses present minimum values to consider. 


[bookmark: _Toc323579111]Consider Analysis of Full Factorial Pavement System 
Table 6.2 shows the total number of possible pavement structures. As can be seen, the amount of cases to be run considering all possible pavement structures is extremely high. 

[bookmark: _Ref310716274][bookmark: _Toc310999147][bookmark: _Toc311329852][bookmark: _Toc323579148]Table 6.2: Possible Structures for Interstate Pavement Design
	Thick Pavement Structure

	 
	Different Materials
	Thicknesses

	Wearing Surface
	3
	2

	Intermediate Layer
	3
	2

	Binder Layer
	3
	2

	Base Granular 
	3
	3

	Base Treated
	3
	3

	Subbase Treated
	3
	3

	Subbase Granular
	3
	3

	Subgrade
	3
	--

	Possible Combinations
	4,251,528

	 (with Loading Conf.)
	102,036,672




Advantages:
· A comprehensive set of pavement damaged values for multiple pavement structures will be obtained.
· No additional FE runs will be required
Disadvantages:
· Unrealistic additional efforts (time and budget).
Hence, this option is not viable.

[bookmark: _Toc323579112]ANN on Specific Scenarios
Given the large number of the pavement materials and thicknesses involved in the comprehensive structural analysis matrix and to allow end users to benefit from the detailed FE analysis results without difficulties, a simplified approach utilizing ANNs will be developed. In this case, efforts will be made to develop a quick and robust surrogate ANN model offering solutions generated based on the FE analysis database. For a successful application of ANNs, it is possible to utilize a comprehensive FE analysis database as well as limited scenarios. If the latter is selected, selective type of pavements will be considered per discussion with the TAC to build ANN models. This approach provides predictions of intermediate damage cases even though they are not analyzed by FE. Table 6.3 and Table 6-4 present the total number of cases in a hypothetical scenario that ANN is developed for the low and high volume roads, respectively.

[bookmark: _Ref310628280][bookmark: _Toc310999148][bookmark: _Toc311329853][bookmark: _Toc323579149]Table 6.3: Total Cases Suggested for Low-volume Road Pavements
	Thin Pavement Structure

	
	Different Materials
	Thicknesses

	AC Layer
	2
	2

	Base
	2
	2

	Subgrade
	2
	--

	Possible Combinations
	32

	With Loading Conf.
	768 (320)*


[bookmark: _Ref310627653][bookmark: _Ref310627585]*Values in parentheses present minimum values to consider. 

[bookmark: _Toc310999149][bookmark: _Toc311329854][bookmark: _Toc323579150]Table 6.4: Total Cases for High-volume Road Pavements
	Thick Pavement Structure

	 
	Different Materials
	Thicknesses

	Wearing Surface
	2
	2

	Intermediate Layer
	
	

	Binder Layer
	
	

	Base Granular 
	2
	2

	Base Treated
	
	

	Subbase Treated
	
	

	Subbase Granular
	
	

	Subgrade
	1
	--

	Possible Combinations
	16

	With Loading Conf.
	384 (160)*


*Values in parentheses present minimum values to consider. 

Advantages:
· This approach and the final product can serve as a standard to be followed by future studies to expand it to other pavement sections. 
· The TAC may select a scenario with a higher priority.
Disadvantages:
· It requires significant computational resources that could possibly be overcome by taking several steps including reducing the tire travel length, and using other computation resources such Argonne lab (which has an agreement with FHWA).

[bookmark: _Toc323579113]Postpone ANN for a Future Work
In this option the focus will be on conducting the pavement analysis and postpone the ANN work for a future study. If this alternative is adopted, a different approach will be suggested to present the outcomes of this research instead of an Analysis Tool.

Advantages:
· A future or independent study focused on ANN can cover all possible scenarios.
Disadvantages:
· Intermediate cases may not be predicted.

[bookmark: _Toc323579114]Life Cycle Cost Analysis Results and Environmental Life Cycle Assessment Framework

[bookmark: _Toc323579115] Life Cycle Cost Analysis

An LCCA tool for agency costs and road user delay associated with pavement maintenance and rehabilitation exists in the FHWA software RealCost and its associated documentation. This software has been used by many states and has been further customized to facilitate more widespread use by states such as California (customized by the UCPRC for Caltrans). Guidelines for using RealCost to assess the change in life cycle cost (LCC) for a pavement structure due to increased use of WBT will be developed. The guidelines will be outlined as follows:
· Identify RealCost inputs and assumptions other than those identified here based on standard state practice.
· Calculate low volume road pavement damage for current traffic using ANN damage sub-module. Reconcile any differences between state assumptions and damage calculations. This is the control case.
· Calculate pavement damage for traffic with expected use of NG-WBT.
· Run RealCost for the control case and WBT case following standard state practice and input values.
· Compare difference in LCC.
· Conduct only simple comparison for dual-tire assembly and NG-WBT for typical interstate highway design.

Using this approach, this project will perform an assessment of the impacts of tire type on pavement’s life and associated traffic delay impacts using RealCost for a factorial of typical U.S. scenarios, which will be documented as examples in the guidelines. The set of examples in the guidelines will be used to develop a decision tree that will permit users to assess the potential effect on LCC of WBT use. The study will primarily look at examples that will help the development of a framework and provide a first look at the effects of NG-WBT on costs. RealCost has been used for factorial experiments of this type, such as an assessment of long-life pavement rehabilitation versus conventional rehabilitation performed for the California Department of Transportation.  

This project will provide limited evaluation covering a small number of cases due to project cost limitations.

[bookmark: _Toc323579116] Life Cycle Assessment (LCA)

To evaluate environmental effects, the most comprehensive and robust methodology appears to be the life cycle assessment (LCA) approach. The UCPRC has developed a framework for performing the LCA for pavement systems. The framework is shown in Figure 6.1. Based on the framework, and the critique from an industry/government/academia held in May, 2010, UCPRC has established a common practice for conducting LCA for pavements, which is laid out in the UCPRC Pavement LCA Guideline. The mentioned guideline will serve as high-level guidance for the LCA work for this project (the three documents in the Pavement LCA Guideline area available at http://www.ucprc.ucdavis.edu/P-LCA/).
The focus of the LCA for this project will be on energy use and greenhouse gas emissions.

The basic trade-offs in LCA for increased use of WBT will be between the increment in pavement damage which will cause more emissions from increased materials use and construction, and improved fuel economy in the Use phase. The energy savings from decreased tires produced and wasted will be considered based on calculations of tire use for current tires and WBT and tire LCA models available in the literature.

A literature survey was performed by UCPRC that focused on the energy consumption during the Use phase of pavement, because the deterioration of pavement will increase the vehicle rolling resistance and thus fuel consumption. This literature survey was incorporated into MIRIAM Project SP1 report. Previous studies have reached a consensus that for conventional vehicles, a 10% reduction in rolling resistance can lead to a 1% to 2% improvement in fuel economy; the trade-offs between tire rolling resistance and other tire characteristics are sometimes significant. Lower rolling resistance can reduce wet traction. Less tread depth can reduce rolling resistance (lowering fuel expense), but this comes with the risk of lower lifetime tire expenses and increased waste generation. It is also concluded that that IRI (International Roughness Index) and MPD (Mean Profile Depth) are the two main factors in pavements that are currently identified to affect the vehicle fuel economy. Considering that variation in rolling resistance could still have a relatively small influence on fuel consumption, the major impact accumulates through traffic volumes. 

The basic approach to be used for this project will involve analyzing the environmental impacts from the entire highway network as the ultimate goal; however, considering the various situations in the highway network, it will be inaccurate to create an “average” highway scenario for the entire network. Therefore, the approach for this project will follow these steps:
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[bookmark: _Ref298157631][bookmark: _Toc311329855][bookmark: _Toc323579171]Figure 6.1. Proposed framework for pavement LCA1





1 The list in this figure is not intended to be comprehensive or exhaustive

· Divide the national highway network into categories based on a factorial analysis case design.
· For each category, perform a case study. Each case study includes all life cycle phases of a pavement segment.
· Apply results from the categorical case studies to the network with additional sensitivity analyses, including:
· Range of smoothness or rolling resistance and surface characteristics: IRI, MPD, materials (including type, producing method, etc.);
· Hauling distance;
· Traffic levels and congestion;
· Traffic closure during construction;
· Fleet composition (new vehicle technologies);
· Others.

Two main factors are considered in constructing the factorial analysis: traffic condition and pavement condition. Traffic condition includes road type, road gradient, road access type, and traffic level. These factors affect the final result from the traffic perspective. Pavement condition includes surface characteristics. The combination of these factorials constructs a 7-dimentional matrix, which forms the bases for the factorial analysis. These factorials and their possible values are explained as follows:
· Road type: urban road or rural road. This factor mostly affects the speed profile of vehicles. Studies have shown that vehicles running on urban roads and rural roads may represent different driving behaviors.
· Road access type: restricted access or unrestricted access. This factor affects the speed profile of vehicles. For restricted access, vehicles will not present a large speed fluctuation, while in unrestricted access, road vehicles could encounter frequent cycles of accelerate, decelerate, and stop. The effect from this factor is more significant for urban roads.
· Road grade: mountainous road or flat road. This factor affects the engine power because on mountainous roads, a vehicle’s engine needs to overcome extra resistance when going uphill or saves energy when going downhill.
· Traffic level: a list of AADT and AADTT categories. This factor essentially determines how much fuel consumption variation will result from the change in damage due to the use of NG-WBT.
· Pavement surface characteristics: a list of IRI and MPD categories based on predicted pavement damage. This factor affects the fuel consumption by changing the rolling resistance that the vehicle engine needs to overcome.
· Treatment: a list of pavement treatment options, such as overlay. This factor provides the options for possible rehabilitation and maintenance strategies when the condition of a road has reached a certain level. Each of these options includes a set of material production in the upstream, the construction process, and its effect on the pavement surface characteristics.

The factorial will initially be built around an initial factorial being analyzed for the California Department of Transportation. This factorial will be expanded to consider other national scenarios. Guidance from the TAC will be needed to finalize the factorial, while remaining within budget for the project.

For each life cycle phase of a pavement segment, including material production, construction, use, maintenance and rehabilitation (M&R), and end-of-life treatment, the energy consumption and pollutant emission will be assessed. Sensitivity analysis will be performed on variables with high uncertainty. 

For the Construction phase, the basic principle of evaluating fuel use and emissions can be formulated as in the following equations: 
	
	
	

	
	

	



where Fuel_factor and Emission_factor: represents the fuel use factor and emission factor of pollutants (e.g., SO2 or NOx) of one type of equipment under unit amount of activity (such as an hour), respectively. Activity represents the amount of work (such as the total hours needed in this construction event); and Population represents the total number of this equipment.

A construction schedule analysis tool is used to model the equipment activities and equipment population needed during a construction event. The CA4PRS (Construction Analysis for Pavement Rehabilitation Strategies) model, licensed by FHWA to all states, will be used to achieve this goal. CA4PRS can quantify the total operation hours of construction equipment based on its schedule estimate output based on engine and operation information. 

Figure 6.2 shows the procedures to be considered. First, the time progression of pavement surface characteristics of a road segment, which affects maintenance and rehabilitation scenarios, is generated from a pavement condition survey. With a rolling resistance model, the rolling resistance based on these surface characteristics can be calculated, and these rolling resistance values can be used to update the relevant parameters in a vehicle emission model. This vehicle emission model should be capable of analyzing the emission on a microscopic level, which is simulating the engine running status. 
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[bookmark: _Ref298584070][bookmark: _Toc311329856][bookmark: _Toc323579172]Figure 6.2. Procedure to address additional fuel consumption adopted by UCPRC.

Depending on the specific vehicle emission model, the method to update this rolling resistance parameter can be different. The traffic data on a road segment can be extracted from the traffic database. With the traffic data and rolling resistance parameter updated, the fuel consumption and emissions can be modeled through the vehicle emission model, and the net difference between different M&R strategies can be evaluated. MOVES, (Motor Vehicle Emission Simulator) is the official highway vehicle emission model developed by U.S. Environmental Protection Agency (U.S. EPA), will be considered in this study. 

A process and framework to analyze the environmental effects of a change to NG-WBT will be developed in this project.  The results of the sensitivity analysis will be organized into a look-up table for those agencies that do not want to perform their own analyses. In addition, available data and analysis will be summarized regarding the potential impacts of WBT use on safety. Other factors such as waste tire generation will be considered.
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7. [bookmark: _Toc323579117]Implementation
This study aims quantifying the impact of relative wide-base tires on pavement damage for various pavement structures utilizing advanced theoretical modeling and to validate that impact by measured pavement responses. The economic, safety, and environmental effects of using wide-base tires will also further be assessed as pertinent to pavement performance. In order to improve the chances that the results from this research will be adopted and implemented, implementation will be considered throughout the development process, rather than just at the end.  According to the research team, implementation will be facilitated if this project succeeds in developing a product with the following attributes:

1. A validated approach considering the most critical pavement structures.
1. An approach that can be used by state highway agencies (SHAs) at various level of experience. 

The approach described in the previously presented research plan will result in such a product that will be made available to FHWA, state highway agencies (SHAs), and practitioners. However, engineers and practitioners alike will want to see a demonstration of the procedures before they can fully accept their utility. 

As currently outlined in this report, this study will utilize advanced computational tools supported by realistic field measurements of pavement damage and tire contact stresses. The final product of this research will synthesize the outcome of the numerical models and field measurements into a pavement damage assessment tool. It is important to disseminate this simplification process from advanced computational tools to readily usable software as well as the introduction and training for the final product. It is believed that this can be accomplished through a series of approximately three webinars or workshops throughout the progress of research, including one at the end of the project. 

Each region has a range of experiences and pavement analysis practices with high and low volume roads. It is believed that there are more than enough SHAs from each background category within each region to participate in a webinar. The sharing of the benefits, successes, and lessons learned will benefit all participants. The implementation plan should be considered in two phases: 
· First phase will target increasing awareness about the advantages/disadvantages of wide base tires and the current research study. The main objective of this interaction for the research team is to obtain feedback from SHAs about their expectations for a potential product that this research effort can produce. These should be organized to accompany the meetings with TAC and it will help the research team to either fine-tune the software according to the needs of SHAs or make some adjustments in the research plan along the way. This can be considered as supplemental feedback from the end users in addition to TAC members.   
· Second phase will be executed upon the approval of the project report and final product. The final product will be introduced with a detailed background and how to use demonstrations.
A plan for implementing and disseminating the study’s findings and results will include presentations at state and national levels, establishing a website to post online briefs, documents (after FHWA approval), and self-directed presentations, to target state transportation agencies, local government agencies, and other policy makers. Clearly, an effective implementation effort is needed to carry the results of this research forward. A summary of some of the key aspects comprising the implementation process are summarized below:
1. Product: The primary product of this project is a tool and methodology allowing SHAs to assess the impact of wide-base tires. This tool will integrate validated FE results into an ANN model to expand prediction of pavement damage to intermediate scenarios. The final product that will be provided to end users will be in the form of a simple Microsoft Excel program that can be easily used by practitioners and engineers. In addition, this tool will also benefit from the compatibility of Microsoft programs as the new versions come into the market. A secondary product is the final report that documents the research effort.  In addition, sophisticated design facilitators such as the Pavement Analysis Using Nonlinear Damage Approach (PANDA) can utilize findings of this study. For example, nonuniform 3D contact stresses utilized in this study can be readily available as input for PANDA.    
1. Audience: The audience for this product should include state transportation agencies, local government agencies, other policy makers, and trucking/tire industry. Pavement managers and designers are the potential users of this research who will assess the impact of wide-base tires on pavement networks.  
1. Impediments to successful implementation: One impediment to successful implementation is those who don’t believe that wide-base tires could reduce damage and offer other improved safety, environment, and cost-savings characteristics. With more robust tools of analysis and field validation, it is hoped that more agencies will be willing to modify their specifications that might promote the use wide-base tires if proved to be effective and efficient. Regional workshops, webinars, and training courses will facilitate this transition. It is extremely important that these agencies should be informed about the findings of the case studies or the field validation in these meetings. Another hindrance is the long-term viability of the product provided at the end of the project. In order to avoid future complications, this tool will be implemented in software that will remain compatible with current and emerging operating systems. Possible impediment, pending the outcome of this study, is the trucking industry and its acceptance of the outcome of the study and it’s willing to implement the outcome and work with SHAs.
1. Institutions and individuals who might take leadership in applying the research product:  Support for the implementation of this product should come from the FHWA, TRB committees, and participants states. Help is also expected from the trucking industry, tire manufacturers, and EPA. Over time, pavement managers should help generate the data that are needed to support the analyses of pavement performance utilizing wide-base tires. The more successful case studies of field performance with wide-base tires can be used to validate the results from this research, the closer full validation will occur.   
1. Organizations that are expected to play a lead role in implementation:  Key organizations that expect to play an active role in the implementation effort include the FHWA (pavements) and appropriate TRB committees (including AFD40 full scale accelerated pavement testing, AFD60 flexible pavement design, AFD80 strength and deformation characteristics of pavement sections), initially participating SHAs in collaboration with trucking industry, EPA, and tire manufacturers. Some of these stakeholders will be included from the start of this research project. They will have an opportunity to monitor progress and provide feedback in the development of the pavement damage assessment tool.
1. Activities necessary for successful implementation: As noted previously, the key activity necessary for successful implementation is the development of a technically sound product upon successful completion of this project. As a follow-up to this project, it is believed that the development of case studies would also contribute to successful implementation. Therefore, training courses, webinars, or regional workshops will be utilized to train pavement managers and designers for the assessment tool developed in this study and particularly the environmental aspects of the use of wide-base tires. In addition, the results of the project will be publicized through various road agencies, EPA, trucking industry, and tire manufacturers oriented publications and other communications (email updates, technical brief items in electronic updates, etc.). 
1. Training: Opportunities for improving implementation through training include developing training materials to specifically target damage assessment tool with different tire types and economical and environmental aspects of using wide-base tires (if the study proves its efficiency and effectiveness). A formal training course or a webinar could easily be developed to present the research findings, discuss how these new approaches can be used by state highway agencies, and introduce the tool developed in the study.  

The modified research plan including implantation tasks (2.6 and 2.7) follows:

[image: ]

Dark blue: original plan
Light blue: delays during phase I evaluation
Yellow: time needed to complete tasks
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[bookmark: _Toc323579119]Detailed Literature Review


The wide-base tire (WBT) technology was introduced as an alternative for the truck and hauling industry to increase assets by reducing operational and energy costs.  The wide-base tire (WBT) studies related to pavement infrastructure can be divided into two periods. The first period corresponds to the time between the appearances of the first generation of wide-base tires (FG-WBT) in the early 1980s until the end of the previous century, although WBT was introduced earlier than that date. In the year 2000, the new generation of wide-base tires (NG-WBT) entered the market, and a new era of research regarding WBT started and continues today. 

[bookmark: _Toc291145689][bookmark: _Toc291150818][bookmark: _Toc323579120]Impact on Road Infrastructure

Most of the findings related to the effect of FG-WBT on the pavement structure generally agree with one fact: FG-WBT are more damaging than dual-tire assemblies. The studies included accelerated testing, modeling, and in-service pavement testing.

[bookmark: _Toc291145690][bookmark: _Toc291150819][bookmark: _Toc323579121]Accelerated Pavement Testing

In 1986, instrumented test sections in Finland were used to investigate the effect of different axle configurations and type of tires on pavements (Huhtala 1986). Strain gauges at the bottom of the asphalt concrete (AC) layer and pressure cells at the base-subbase and subbase-subgrade interface in thin pavements (2-in, 3-in, and 6-in-thick AC layers) were installed. Three axle configurations (single, tandem, and tridem) and three different types of tires (single, tandem, and WBT) were considered in the experimental program. Based on the measurements, fatigue curves were calculated for various axle configurations. It was concluded that WBT caused more damage to the pavement than the dual-tire assembly. Furthermore, the tridem axle with WBT produced an amount of damage similar to the tandem with dual-tire assembly. In addition, the difference between the damage caused by WBT and dual-tire assembly decreased as pavement depth increased. Additional test using the same experimental setting were reported in 1989 (Huhtala et al. 1989). In this part of the investigation, dual-tire assembly (12R22.5) and WBT (445/65R22.5, 385/65R22.5 and 350/75R22.5) with three applied loads (16, 20, and 24 kip) and three inflation pressures (the recommended by the manufacturer and ±20%) were employed. Uneven load distribution in the dual-tire assembly was also considered. The study concluded that WBT caused more damage than dual-tire assembly: WBT caused between 2.3 and 4.0 times more damage than dual-tire assembly when using equal inflation pressure, and from 1.2 to 1.9 with uneven inflation pressure in the dual-tire assembly. The study also reported that the wider WBT (385/65R22.5) generated less damage than the 350/75R22.5.

Bonaquist (1992) presented results of accelerated pavement testing (APT) by the FHWA in Virginia. The aim of the experimental configuration was to compare a dual-tire assembly (11R22.5) with a WBT (425/65R22.5). Twelve flexible pavement sections were built and distributed in three lanes (four sections per lane). Two out of the three lanes were used for WBT testing: one for response analysis and the other one for performance analysis. Two different AC thicknesses (3.5 and 7 in) were constructed on top of 12.0 in-crushed aggregate. All the section were tested during three various seasons (spring, winter, summer), four loads (9.2, 12.1, 14.4, and 16.6 kip), and three tire inflation pressures (75.4, 103, and 139 psi). Horizontal strain at the bottom of AC, average vertical strain at different locations, and temperature profile were measured using strain gauges, differential deflectometer, and thermocouples, respectively. Six strain gauges per section were installed (three in traffic direction and three perpendicular to traffic direction). The differential deflectometers were located in the AC layer, crushed aggregate base, and the top 6.0 in of the subgrade. For each combination of applied load and tire inflation pressure, the footprint area was recorded. The instrument measurements were used to predict the response for various loading at different temperatures and inflation pressures using multi-linear regression analysis. The study found that WBT produced greater horizontal strain and average vertical strain in all layers (the average vertical strain was defined as the difference between the deflection of two differential deflectometers and its separation). Moreover, for 12.5-kip-load and 104-psi-tire pressure, WBT produced between 3.5 and 4.3 times more fatigue damage than dual-tire assembly and between 1.1 and 1.5 more rutting, using the measured AC strain and the average vertical strain. In general, WBT produced more permanent deformation in all pavement layers (two times as much as dual-tire assembly) and lower fatigue life (25% of dual-tire assembly).

Instrumented flexible pavement sections subjected to traffic loads traveling at 40 mph at Pennsylvania State University test track were studied by Sebaaly and Tabatabaee (1992). The study focused on the pavement response and the load equivalent factor created by various tire inflation pressures, tire types, axle loads, and axle configurations. Surface deflection, strain, and temperature were measured in two flexible pavement sections: 6 in (thin) and 10 in (thick). In addition to single and tandem axles having different loads and tire inflation pressures, four different tires were analyzed: two dual-tire assembly (11R22.5 and 245/75R22.5) and two WBT (425/65R22.5 and 385/65R22.5). In the case of thin pavement, it was found that the damage caused by single WBTs is between 50 and 70% greater than the fatigue damage caused by a single-axle with dual-tire assembly 11R22.5. In general, WBT loading (at the same load and tire pressure) resulted in greater strain and deflection than dual-tire assembly. Also, the wider the WBT, the less the damage: 385/65R22.5 resulted in greater strain and deflection than 425/65R22.5.

A study focused on rutting performance of two overlay systems was presented by Harvey and Popescu (2000). The two overlays analyzed are dense-graded asphalt concrete (DGAC) and asphalt-rubber hot mix gap-graded (ARHM-GG). Accelerated pavement testing was performed at high temperatures (104°F and 122°F) with four different types of tires: bias ply (Goodyear 10.00-20), radial (Goodyear G159A, 11R22.5), WBT (Goodyear G286, 425/65R22.5), and aircraft (BF Goodrich TSO, 46x16). The measurement of the rut depth showed that the worst performance was resulted from the aircraft tire followed by the WBT for DGAC at 122°F. The WBT resulted in greater rutting when compared to dual/radial in ARHM-GG. The number of repetitions to rutting failure of WBT varied between 10 and 60% of the value for radial dual-tire assembly. As a general conclusion, the study reported that WBT increased the rutting in highways.

The effects of WBT as compared to a dual-tire assembly were also investigated by COST 334 in Europe (COST 334 2001). Seventeen different tire types were considered in the study, eight of them dual-tire assembly, and nine of them WBT. It is worth noting that the new generation of wide-base tires (NG-WBT) in this study refers to the 495/45R22.5, while the proposed NG-WBT in North America corresponds to 445/50R22.5 (2000), and subsequently the 455/55R22.5 (2002). This discrepancy is due to the difference in axle configurations and load regulations between Europe and North America. The following field pavement tests were conducted in the study:
· British TRL Pavement Test:
Testing at the British Pavement Testing Facility compared a conventional wide-base tire (385/45R22.5) at a load of 10 kip and a tire pressure of 145 psi to a NG-WBT (495/45R22.5) at a load of10 kip and a tire pressure of 116 psi. Two pavement designs were considered; one with an AC thickness of 4 in, and the other with an AC thickness of 8 in. Pavement responses were measured for six tire types at several wheel loads and tire inflation pressures. The average rutting ratio of the conventional WBT (385/65R22.5) relative to the new WBT (495/45R22.5), was 1.7 for the medium thickness pavement (8 in) and 1.5 for the thin pavement (4 in).
· Dutch Lintrack Pavement Test
Full scale accelerated pavement tests were conducted at the Dutch Lintrack for four different tire assemblies. Tests were conducted at four pavement sections with the same pavement design (thick pavement with 10.6 in AC layer). After the tests were completed on the first design, the two top layers of AC were changed with the same mix design, but using a stiffer binder. Pavement temperature was maintained at 104°F using infrared heaters. The study concluded that the average rutting ratio of the conventional WBT (385/65R22.5) to the conventional dual-tire assembly (315/80R22.5) ranged from 1.94 to 2.73, whereas the average rutting ratio of NG-WBT (495/45R22.5) to the conventional dual-tire assembly (315/80R22.5) varied between 1.32 and 1.34.
· French LCPC Pavement Test
The accelerated pavement testing of the Laboratoire Central des Ponts et Chaussées (LCPC) in France conducted a study on various tires and wheel load configurations to evaluate rutting and fatigue performance of flexible pavements.  The experimental program was conducted on a very stiff pavement structure consisting of 3.2 in wearing surface, on top of a 16 in AC base layer, 16 in granular base, and 12 in coarse subbase on a sandy clay subgrade. Due to the very thick and stiff pavement structure, the measured longitudinal and transverse strain amplitudes were very low, between 10 and 20 microstrains at the bottom of the AC, and the vertical strains at the top of the granular base were 40 to 70 microstrains. To eliminate the influence of temperature variation in pavement responses, a second analysis was performed using linear elastic multilayer software, “Alize,” which was developed by the LCPC. After the model was successfully calibrated based on measured pavement responses, relative comparisons were made between the various tire configurations at a reference temperature of 59°F. For the WBT, the vertical and longitudinal strains induced by the conventional WBT (385/65R22.5) were very close to the responses exerted by the NG-WBT (495/45R22.5). In the case of dual-tire assembly, the 315/80R22.5 resulted in a 6.2% lower strain than the 95/60R22.5. This pattern of results could be attributed to the use of linear elastic theory, which does not consider nonuniform contact stresses or variation in the loading contact area. In addition, the impact of the tire contact area, uniformity, and pressure diminish with depth. Measurements in this study were taken at relatively deep locations within the pavements.
· Finnish Pavement Test
Accelerated pavement testing at the VTT Transportation Research Center in Finland measured pavement responses under two tire assemblies using pavement instrumentations. The primary objective of the study was to investigate the differences in dynamic loading between different tire types. A dual-tire assembly (315/70R22.5) and a WBT (495/45R22.5) were tested at inflation pressures of 110 and 130 psi, respectively. Testing was conducted at two different speeds (28 and 50 mph) on a pavement system consisting of 6 in of AC, 6 in crushed rock base, and 16 in granular subbase on sandy subgrade. Longitudinal strains at 50 mph indicated that the wide-base tire induced about 17% greater strain at the bottom of the AC than the dual-tire assembly. Vertical pressure at pavement interfaces indicated that the wide-base tire produces about 21% greater stresses on top of the base layer, and 14% greater stresses on top of the subbase layer than the dual-tire assembly, while vertical pressure on top of the subgrade were nearly equal between the tires.

Results of COST Action 334 (COST 334 2001) were formulated through the concept of tire configuration factor (TCF). The tire configuration factor is “a factor describing the pavement wear attributable to different tire types and sizes, when compared with an arbitrarily selected reference tire, at equal load”  The selected reference tire with a TCF of 1.0 was the dual-tire assembly 295/80R22.5 under maximum recommended loading conditions. To evaluate the damage of the new generation of wide-base tires used in North America (i.e., 445/50R22.5 and 455/55R22.5) to the most equivalent dual-tire assembly in the tractor drive position (275/80R22.5), the following model developed during the COST study was used:
	
	
	


where:	 = tire configuration factor;
 = contact area width;
 = length of the contact area; and
 = pressure ratio compared to the manufacturer recommended pressure (i.e., 1.0 means inflated as recommended).

Similar models were developed for fatigue and subgrade rutting. A correction factor is also used to account for real-world operating conditions (i.e., possible imbalance in load distribution in case of dual-tire assemblies, roughness of the road, and dynamic effects).  These correction factors were 1.01 and 0.97 for dual-tire assembly and WBT tires, respectively. Error! Reference source not found. illustrates the calculation of the TCF for the dual-tire assembly and WBT.  As presented in this table, NG-WBT would cause approximately the same primary rutting damage as a dual-tire assembly on primary roads.  In secondary roads, a weighted average was used, which assumes 20% primary rutting, 40% secondary rutting, and 40% fatigue cracking. Surface-initiated top-down cracking was not considered in the study. Based on this distribution, the new generation of wide-base tires (445/50R22.5 and 455/55R22.5) would be 44% and 52% more damaging than the equivalent dual-tire assembly.
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	Primary Roads
	Secondary Roads

	Tire Type
	W
(mm)
	D
(mm)
	TCF
	Wide-base vs. dual
	TCF
	Wide-base vs. dual

	Dual (275/80R22.5)
	368
	1054
	1.52
	NA
	1.51
	NA

	Wide (445/50R22.5)
	380
	947
	1.56
	2.7%
	2.29
	52.4%

	Wide (455/55R22.5)
	380
	998
	1.47
	-3.1%
	2.17
	44.1%


1 mm=0.0394 in


COST 334 also estimated the relative damage between the steering axle and a reference dual-tire assembly axle. Assuming the same axle load, the steering axle, on average, was three to four times as aggressive as the reference axle on primary roads, and five to eight times as aggressive as the reference axle on secondary roads. Nevertheless, even under smaller loads, it is still expected a steering axle with 20 kip on two single tires to be much more detrimental than the reference axle. This agrees with the findings of Smart Road studies by Al-Qadi and his coworkers with respect to the steering axle (Al-Qadi et al. 2004).

Major research was conducted at Virginia Tech to assess the pavement damage caused by different tire types and axle configurations (Al-Qadi et al. 2004; Al-Qadi et al. 2005a; Al-Qadi et al. 2005b; Elseifi et al. 2005). Twelve pavement structures were built combining different types of wearing surfaces, intermediate layer with different thicknesses, asphalt layer under the intermediate layer, drainage layer, cement stabilized subbase, and subbase. In addition to sensor to determine moisture and frost penetration, each section was heavily instrumented with strain gauges, pressure cells, and thermocouples (Al-Qadi et al. 2004; Al-Qadi et al. 2005b). Four damage mechanisms were considered in this study: fatigue cracking, surface and subgrade rutting, and top-down cracking. Each of these mechanisms was linked to a pavement response by the use of transfer functions. The experimental program considered two types of tires: dual-tire assembly (275/80R22.5) and NG-WBT (445/50R22.5). The built sections were subjected to truck load during May and November 2000 and July 2001 with two load configurations: 17 and 8.5 kip per tandem axle. The speed of the moving load was 45 and 5 mph for both tires, and two different speeds were incorporated in May 2000 for WBT: 15 and 25 mph. During the other two testing sessions, the dual and WBT were combined in the tandem axle. In addition to the program described above, the dual-tire assembly was tested at three tire inflation pressures (80, 95, and 105 psi) and four speeds (5, 15, 25, and 45 mph). A third loading condition was introduced, in which barrier walls were not used (Loulizi et al. 2001). Dual-tire assembly was also tested at different axle loads, tire-inflation pressures, environmental conditions, and speeds.

This NG-WBT were compared with dual-tire assembly at Section A of the Virginia Smart Road test (Al-Qadi et al. 2002). The study highlights the differences between the NG-WBT and conventional WBT: NG-WBT has greater loading carry capacity, has lower contact stresses, and requires less inflation pressure to carry the same load. The experimental program subjected the pavement to truck load traveling at different speed (5, 15, 25, and 45 mph) and two values of tandem axle load (17 and 8.5 kip per axle). The whole testing program consisted of three sessions at different seasons: May 2000, November 2000, and July 2001. During the first test session (May 2000) and based on strain at the bottom of AC, NG-WBT produced almost the same fatigue damage as dual-tire assembly. Regarding vertical compressive stress, the difference between dual and NG-WBT decreases with depth, even though it is higher for NG-WBT near the surface. Similar results were obtained during November 2000 and July 2001. 

The effect of different tire types has also been studied in Canada (Pierre et al. 2003). An experimental section with a thickness of 4 in was built in Laval University, Quebec, and it was instrumented to measure longitudinal and transverse strains at different levels as well as vertical strain. The strains near the surface were measured using a slab built and instrumented in the laboratory, and attached later to the pavement structure. Diverse testing scenarios were created based on tire type, applied load, and tire inflation pressure. Four tire types (11R22.5, 12R22.5, 385/65R22.5, and 455/55R22.5) moving at a speed of 30 mph, five loads (13.3, 17.6, 22.0, 26.4, and 30.9 kip per axle), and three inflation pressures (81, 106, and 130 psi) comprise the experimental program. It was found that at an inflation pressure of 106 psi, dual-tire assembly produce less strain at the base than the WBT, and 455/55R22.5 produced less strain than 385/65R22.5. In general, all tests showed that 385/65R22.5 is more damaging than the other tires. In addition, the strains created by 455/55R22.5 and dual-tire assembly at the pavement’s base during summer are comparable in magnitude. This situation changes during spring, when strains from 455/55R22.5 were greater than dual-tire assembly. A similar trend is shown for fatigue cracking. On the other hand, when the tire inflation pressure was increased to 130 psi, 385/65R22.5 and 455/55R22.5 produced lower vertical strain than the dual-tire assembly. Regarding rutting, WBT gave a better performance; they produced less permanent strain than the other two type of dual tire assembly, with 455/55R22.5 giving the lowest values. Finally, the deflection produced by dual-tire assembly is less than WBT.

Dual and WBT were mechanically compared by NCAT in 2006 (Priest and Timm 2006). A pavement section 6.73 in-thick was subjected to accelerated pavement testing using two types of tires: 275/80R22.5 and 445/50R22.5. The mentioned section was instrumented with longitudinal and transverse strain gauges at the bottom of the AC layer and pressure cell on top of the base and subgrade. The readings from the instrumentation were compared to analytical results calculated using WESLEA. The study concluded that there is insignificant difference in the horizontal strain at the bottom of the AC layer and the stress on top of the subgrade between WBT and standard dual-tire assembly.

Dual and WBT have been also compared in pavements with different thicknesses regarding response and damage (Al-Qadi and Wang 2009a; Al-Qadi and Wang 2009b). Flexible pavement sections with thicknesses varying between 6 and 16.5 in were instrumented and tested at the Advanced Transportation Research Engineering Laboratory (ATREL) of University of Illinois at Urbana-Champaign. Thermocouples and strain gauges (two longitudinal and one transverse) were installed in order to monitor the response on the three types of pavement: interstate (16.5 in-thick), primary road (10 in-thick), local road (6 in-thick). These three types of pavements were subjected to moving load (5 and 10 mph) using conventional dual-tire assembly (11R22.5), NG-WBT (455/55R22.5) and FG-WBT (425/65R22.5). All tires were inflated at three different pressures (80, 100, and 110 psi). The applied load was varied between 6 and 14 kips, with 2 kips increments. Pressure differential in dual-tire assembly was also considered. The measurements showed that the lowest longitudinal strain at the bottom of the AC is created by dual-tire assembly. Also, WBT-425 presented a higher response than WBT 455 for all testing condition. As previously noted by other researchers, the difference between WBT and dual-tire assembly is relevant close to the surface, but it becomes negligible as the depth increases. As a general trend, a linear increment of the longitudinal strain with the applied load was seen, and this strain is no significantly affected by the inflation pressure. Based on the experimental measurements, it was possible to conclude that WBT-425 is the most damaging tire regarding fatigue cracking followed by WBT-455.

A similar study focused on the damage caused by dual-tire assembly and WBT-455 on roads with low traffic volume was conducted by Al-Qadi and Wang (Al-Qadi and Wang 2009c). Three sections having the same surface layer (3- and 5-in-thick) but different base thickness (8, 12, and 18 in) were instrumented and modeled. The instrumentation included strain gauges at bottom of AC, linear variable differential transformers in granular layer in three directions and subgrade in vertical direction, and thermocouples at different depths. The investigation found that, in opposition to the case interstate highway, WBT caused more damage to the low-traffic volume when compared to dual-tire assembly.

One additional study regarding WBT and pavement damage was presented in 2009 by Greene et al. (Greene et al. 2009). The focus of this project was to evaluate rutting prediction. Two types of pavement were subjected to accelerated loading until a rut depth of 0.5 in was reached. The two pavements differ from each other in the kind of surface used: dense graded and open graded. The load applied on each of the four tires considered (445/50R22.5, 455/55R22.5, 425/65R22.5, and 11R22.5) was 9.0 kips, at 122°F traveling at 8 mph with different offset. A numerical model was also developed using ADINA; this model did not include all the details given by other researchers (Al-Qadi et al. 2008; Yoo et al. 2006). It assumed constant vertical contact stresses, and elastic materials. The type of tire with the greatest number of passes to create 0.5 in rut-depth was the dual-tire assembly, while WBT-425 needed the least. In addition, WBT-455 required similar number of repetitions as dual-tire assembly on open-graded surface and slightly less on dense-graded. Based on the readings of two surface sensors installed 5 in from the edge of the tire, it was concluded that WBT-425 generated the highest transverse strain. WBT-455 produced the lowest shear strain under the edge of the tire while the result for dual-tire assembly and WBT-445 were similar. Regarding tensile strain at the bottom of AC, WBT-445 generated slightly higher values, while WBT-455 and dual-tire assembly were similar. Finally, WBT-445 was found to be more damaging than dual-tire assembly and WBT-455; while WBT-455 and dual-tire assembly were similar. The numerical model proved that elastic material properties are not suitable to predict rutting.

Recently, Xue and Weaver (2011) analyzed shear strains from the SPS-8 section built and instrumented in Ohio. Two AC layers, 4- and 8-in-thick were constructed on top of 6-in DGAB. The instrumentation was composed by rosettes strain gauges to measure shear strain, and longitudinal and transverse strain gauges at the bottom of AC and close to the surface. Four types of tires were tested: two types of DTA (275/80R22.5 and 295/75R22.5) and two WBT (425/65R22.5 and 495/45R22.5). Three inflation pressures were considered: 70, 100, and 120 psi. It was reported that WBT-425 resulted in greater shear strain; while other tires resulted in similar shear response. 
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The influence of the tire-width on the equivalent loading factor was studied by Hallin et al. (1983) based on an analytical study. Flexible and rigid pavement subjected to dual-tire assembly and single tire-loading were analyzed using the finite element method (ILLI-SLAB for rigid pavement, developed by University of Illinois and PSAD2A from University of Berkeley). The width of the single tire was varied in a range that included WBT (from 10 to 18 in). In the case of rigid pavement, the applied load contact area was assumed rectangular with uniform contact pressure and located at four different points. Not only the width of the tire varied but also the contact pressure and the joint spacing. It was found that, for rigid pavement, the maximum tensile strain decreases as the width of the tire increases. On the other hand, the flexible pavement was assumed as composed by one elastic layer with the load applied through a circular contact area. The reported load equivalent factor was based on the average of two different contact-area assumptions: two circles with constant radius but different contact pressure and one circle. Fatigue analysis based on warping and load stresses (concrete pavement) and strain at the bottom the AC layer (flexible pavement) allowed the calculation of the equivalent loading factor. The authors showed a reduction of the difference in the equivalent loading factor as the tire width is increased for different values of AC thickness. Furthermore, in the case of rigid pavement, this difference is almost constant as the tire width changes from 10 to 18 in

A modified version of the linear elastic program BISAR was used to assess the influence of tire inflation pressure and tire type on the response of flexible pavement (Sebaaly and Tabatabaee 1989). Radial (11R22.5) and bias (11-22.5) tires and WBT were used in the study. Each tire class was subjected to values of load and pressure that covers behaviors such as under and over-loaded and under and over-inflated tire. The resulting footprint and vertical contact pressures were measured in order to obtain the input required by BISAR. The analyzed flexible pavement, whose thickness was varied from 2 to 8 in, was assumed to be placed on top of 8 in granular base. The study concluded that if the pavement is 2 in-thick, the longitudinal strain at the bottom of the AC is 40% greater when the tire inflation pressure changes from 130 to 145 psi for an applied load of 20 kips. In addition, if the thickness of the AC is 6 or 8 in and the load changes from 10 to 17 kip, the change in the mentioned strain is less than 10%. Regarding the deflection at the surface, all three tires showed similar values with bias tire producing the greatest ones. The authors not only concluded that WBT generates the greatest strain at the bottom of the AC, but also the largest stress on top of the subgrade. In addition, it was found that WBT with high applied load were more critical in thin pavements.

A major effort was made in 1992 by the University of Michigan Transportation Research Institute to establish a relationship between truck characteristics and pavement response and performance (Gillespie et al. 1992). The characteristics of heavy-vehicles considered in this study are weight, axle load, axle configuration, suspension properties, tire types, tire pressure, tire contact area, tire configuration, and operating conditions. In addition, flexible and rigid pavements were built with different surface condition (smooth, rough, and joined surface). The analytical tool used depended on the type of pavement: VESYS-DYN for flexible pavement and ILLI-SLAB for rigid. Fatigue damage was assessed in both flexible and rigid pavement, and rutting was included in flexible pavement. Different tires were considered: dual-tire assembly (11R22.5), and WBT (15R22.5 and 18R22.5). In relation to the WBT, this study concluded that WBT produced between 2 and 9% more peak tensile stress in the rigid pavement than the dual-tire assembly. Moreover, WBT were more damaging than dual-tire assembly for the typical major highway pavement design if the axle load is 18 kip, and the damage of the WBT increased from 22 to 52% when compared to the damage caused by a 20 kip axle. The authors also observed that WBT caused wider but shallower rut depth than single and dual-tire assembly. If rut depth is considered as the variable in defining rut damage, conventional single tire and WBT are more harmful; however, this is not the case if rut volume is taken into account. The research also found that for WBT 15R22.5, the fatigue damage increases 9 times when the tire inflation pressure changes from 75 to 120 psi. In the case of dual-tire assembly with 11R22.5, the increment is 2.8 times for the same change in tire inflation pressure. In addition, it was concluded that changes in the inflation pressure do not affect rutting, no matter the type of tire used. As a final and general conclusion, it was recommended to use dual-tire assembly instead of WBT.

The software CYRCLY was used to assess the effect of WBT on the response of flexible pavements in 1993 (Perdomo and Nokes). This software accounts for shear contact stresses on a circular contact area, nonuniform contact stresses, and gradient of temperature in surface layers. In addition, it is able to consider the pavement structure as a multilayered elastic anisotropic system whose layers can be fully bonded or frictionless. The analyses considered thick flexible pavement with nonuniform vertical contact stresses and with and without shear contact stresses. In addition, temperature gradient and different axle configuration (single, tandem, and tridem) were included. Based on these analytical results, it was concluded that WBT produce between 15 and 40% higher critical strain and between 30 and 115% higher strain energy of distortion. The authors also claimed that the shear contact stresses increase the tensile strain between 6.0 and 6.7 times when compared to the case when they were ignored. Moreover, the inclusion of shear contact stresses increased the strain energy between 5.5 and 5.8 times. However, it is noticed that the shear contact stresses used by the authors are unreasonably high.

In order to measure the dynamic wheel force applied by a truck to the pavement, a new wheel load transducer was introduced by Streit et al. (1998). The experimental program included two types of suspension (steel lead spring ant air bag), three different types of tires (two dual: one low profile (295/75R22.5) and one radial (11R22.5), and one WBT (425/65R22.5)), and four values of axle static load (16, 20, 24, and 30 kip). In addition, different values of speed (15, 30, 45, and 60 mph), tire inflation pressure (70, 95, and 120 psi), and road roughness were analyzed. Gross contact area, net contact area, load-deflection curves, and contact pressure distribution were measured for each tire, inflation pressure and applied load. Based on linear regression, a relationship was established between the net contact area, applied load, and inflation pressure. Similarly, equations to determine the tire stiffness as a function of inflation pressure were given. The authors found that the maximum contact stress is 1.6 or 1.7 times the inflation pressure for both types of tires (WBT and dual-tire assembly), and that speed has negligible effect on the contact stress distribution. The authors also proposed equations to calculate the dynamic load coefficient (DLC) as a linear function of road roughness, speed, wheel load, and inflation pressure. The experimental results showed that WBT has a DLC between 10 and 12% lower than dual-tire assembly. This difference, according to the researchers of this study, is caused by the mismatch in stiffness (WBT are 30% softer than dual-tire assembly). In addition, DLC for the three types of tires analyzed is very similar if they are in the front axle. However, based on the Eisenmann’s stress factor, WBT have 85% more potential damage than dual-tire assembly.

Siddharthan et al. (1998) and Siddharthan and Sebaaly (1999) introduced an analytical method to calculate the response of flexible pavement. This continuum-based finite-layer approach consists of multiple layers with the same properties, and it accounts for moving load, contact area of any shape, elastic and viscoelastic materials, and three-dimensional contact stresses implemented using Fourier series. Siddharthan et al. (1998) used this method to compare the response of thin and thick asphalt pavement subjected to a moving tandem-axle load with both dual-tire assembly and WBT traveling at 44.7 mph. It was found that the strain at the bottom of the AC layer is 33% higher for WBT than dual-tire assembly in thin pavements and 16% in thick pavements. This same analytical procedure was used to develop a parametric study when the load is applied by a WBT 425/65R22.5 in thin and thick flexible pavement (Siddharthan and Sebaaly 1999). The parametric study showed that for WBT at high speed, transverse normal strain should be used when predicting fatigue life. The authors also affirmed that the contact stresses between the pavement and WBT are nonuniform and the loaded area is not circular.

In 1999, the effect of tire structure, applied load, and inflation pressure on pavement performance was assessed by Myers et al. (1999). Contact stresses were measured for three different types of tires: bias ply (General Ameri Freight), radial (Bridgestone R299), and wide-base (Bridgestone M844); three inflation pressures (90, 115, and 140 psi); and different applied loads. These laboratory measurements showed that WBT have the highest vertical and transverse contact stresses. Based on a finite element model created in ABAQUS, it was concluded that the contact stress distribution was not dependent of the material at which the tire was applying the load. The measured contact stresses were used in the software BISAR to determine the pavement response, and it was found that the vertical and transverse contact stresses of WBT at high values of applied load and inflation pressure can create considerably more damage than dual-tire assembly considering surface rutting and cracking. It was also reported that surface cracking and near-surface rutting were mainly influenced by lateral stresses, and the main difference between WBT and bias ply dual-tire assembly was due to lateral contact stresses.

Siddharthan et al. (2002) used the software 3D-MOVE to carry out an analytical study to determine the effect of the contact stress distribution on pavement response. 3D-MOVE is based on the continuum-based finite-layer approach (Siddharthan et al. 1998; Siddharthan and Sebaaly 1999). Two AC pavement thicknesses (5.9 and 9.8 in) were analyzed under tandem axle load with dual-tire assembly and WBT. Different contact conditions were assumed according to the tire. For the tandem axle with dual-tire assembly, circular and rectangular contact area with constant and nonuniform stress distributions were considered. On the other hand, for the tandem with WBT, circular contact area with uniform and constant stresses and non-uniform distribution represented the contact stresses. Three-dimensional contact stresses for WBT (425/65R22.5) were also included. For WBT, circular contact area brought greater longitudinal strain at the bottom of the AC and greater vertical strain at the top of the subgrade. In addition, the shear stresses and strains at 2 in from the surface for both thin and thick pavement were also higher in magnitude for WBT with circular contact area when compared to the other contact assumptions. The authors also concluded that the effect of shear contact stresses for WBT is not relevant unless the response near the surface is being studied.

Finite Element Modeling (FEM) is another important aspect of the Virginia Smart Road study (Al-Qadi et al. 2005a; Elseifi et al. 2005). The developed model included exact contact area between the tire and the pavement and vertical nonuniform contact stress distributions. The AC layers were assumed viscoelastic, while subgrade and granular materials were assumed linear with its elastic modulus determined from in-site FWD measurements. The viscoelastic characterization of AC was based on the indirect creep compliance test and variable creep loading test (time hardening model) (Al-Qadi et al. 2005a; Elseifi et al. 2005). This FEM was validated with the experimental measurements of the instrumented sections, and it was used to quantify the damage. This allowed the comparison of dual-tire assembly (11R22.5) and two sizes of NG-WBT: 445/50R22.5 and 445/55R22.5. 

Based on the experimental measurements and the numerical model, the authors concluded that WBT 445/50R22.5 produced more subgrade rutting than dual-tire assembly. Regarding surface rutting, 445/50R22.5 was found to be more damaging than dual-tire assembly, but 455/55R22.5 caused as much damage as dual-tire assembly at low speed. In general, 455/55R22.5 tires were less damaging than 445/50R22.5 tires from the surface rutting perspective. In the case of top-down cracking, both sizes of NG-WBT were considerably less harmful than dual-tire assembly. Finally, WBT caused more fatigue cracking than dual-tire assembly, but NG-WBT showed a better performance than the first generation of WBT for this type of distress. 

A direct comparison between 385/65R22.5 and 445/50R22.5 reasserts that the first generation of WBT is more harmful for the pavement than NG-WBT (Al-Qadi et al. 2005a). The experimental data also evidenced a reduction in the strain at the bottom of the AC layer as the speed increases. The rate at which these strains were reduced was greater for dual-tire assembly than for WBT. After all the damage mechanisms were combined, it was concluded that 385/65R22.5 tire is the most deteriorating type among the tires considered in this study, followed by 445/50R22.5 tires and dual-tire assembly. 

In 2005, the impact of WBT on the subgrade was study using FEM (Kim et al. 2005). The mentioned model considered a 425/65R22.5 tire with inflation pressure of 125 psi and applied load of 11.4 kip. In the numerical model, the contact area was assumed to be rectangular with no treads and without longitudinal or transverse contact stresses. In addition, two types of models were compared: plain strain 2D and 3D. The pavement structure was composed by 6 in of asphalt on top of 6.75 in-thick base, 24 in-thick compacted clay, and 240 in-thick clay or sand subgrade. After comparing different assumptions, uniform contact stress distribution equal to the maximum vertical stress was selected for being more conservative. The material properties for all layers were obtained from the literature, and the subgrade was assumed to be governed by the Druvker-Prager model. Furthermore, three tire configurations were analyzed: conventional dual-tire assembly at 18 kip axle load, conventional dual-tire assembly at 22.8 kip axle load, and WBT (425/65R22.5) at 22.8 kip axle load. The FEM results indicated that WBT produced the highest vertical stress on top of the subgrade, and that WBT induced four times more permanent strain than dual-tire assembly. Moreover, single axle with WBT resulted in the largest vertical plastic strain on top of the subgrade when compared to the other axle configurations.

An analytical study was presented by Yoo et al. (2006) using FEM of flexible pavements to assess the validity of different assumptions commonly used to model such as layer interaction, amplitude of applied load, and tire contact stresses. The asphalt material was considered as viscoelastic with its parameter determined from the creep compliance test; while base and subbase were assumed linear with their modulus of elasticity given by FWD test. WBT and dual-tire assembly were modeled considering 3D contact stresses. In addition, two friction models (simple friction (Coulomb) and Stick model) and two load amplitude assumptions (trapezoidal and continuous) were investigated. Experimental measurements from Section B of the Virginia Smart Road project (Al-Qadi et al. 2004) were used to validate the numerical predictions. It was concluded, in general, that continuous amplitude loading and non-uniform 3D contact stresses improve the accuracy of the FEM and should be considered in any future study. In particular, it was found that results of the simple friction model for WBT are closer to the experimental measurements.

Three-dimensional contact stresses were measured for a variety of tires (WBT included), inflation pressures, and applied load in Texas (Emmanuel et al. 2006). In order to measure these contact stresses, the Stress-in-Motion system was used. In the case of WBT (425/65R22.5), measurements were taken at four inflation pressures (73, 102, 131, and 145 psi) and five applied loads (5.86, 10.4, 12.6, 14.9, 19.4, and 23.9 kip). Based on these readings, expressions to predict the contact area as a linear function of tire load and inflation pressure were proposed. The entire experimental results were compiled in software called TireView; this software can be used to predict the 3D contact stresses at any load and inflation pressure. This is done by interpolation between the experimental values. The authors also used the measured contact stresses to calculate the pavement response analytically. Three analytical calculations were included: 3D FE with 3D measured contact stresses, layered linear elastic with contact area equivalent to the measured one, and layered linear elastic with the contact area based on the load and inflation pressure. It was concluded that the 3D contact stresses and uniform circular pressure assumptions bring “quite comparable” results. It was also noted by the authors that WBT experimental values provided the worst repeatability.

The experimental readings obtained by NCAT in 2006 were compared to analytical results calculated using WESLEA (Priest and Timm 2006). This software uses the layered elastic theory and assumes circular contact area with uniform pressure. The elastic properties of each layer used as input in this program were backcalculated using EVERCALC 5.0. The testing program, where the only different parameter was the type of load used, showed that the strain and stresses of WBT and dual-tire assembly are virtually the same. On the other hand, the analytical result presented higher strains and pressures in the case of WBT. In addition, the difference between both tires decreased as the depth increased. Based on the numerical results, the fatigue life was found to be 69% less if the pavement is subjected to moving load using WBT. It was also noted that the difference in WESLEA’s results was higher for WBT.

In addition to the experimental program described in the previous section, a detailed finite element model was developed during the investigation carried out by University of Illinois (Al-Qadi et al. 2008; Al-Qadi and Wang 2009a; Al-Qadi and Wang 2009b). This model included advanced characteristics such as dynamic implicit analysis, continuous loading amplitude, Coulomb friction between layers, three dimensional contact stresses, and viscoelastic asphalt materials. The aforementioned model was proved to predict the response of the pavement structure, since it brought good agreement with experimental readings of the peak strain and time history. The study showed that NG-WBT produced higher longitudinal strain at the bottom of the AC layer and higher stresses on top of the subgrade than dual-tire assembly. On the other hand, it resulted in less compressive and vertical shear strain close to the surface of the pavement. As in studies by other authors, the difference in the response of the pavement between both types of tires decreased as the depth increased. 

The effect of the offset was also documented: as the offset was increased, the longitudinal strain at the bottom of AC for NG-WBT decreased at a higher rate. The numerical model was used to assess other failure mechanism (rutting and near-surface cracking). NG-WBT-445 resulted in higher strain damage at the bottom of AC (fatigue cracking) and compressive strain at top of the subgrade (secondary rutting), but less near the surface damage (primary rutting, top-down cracking, and near-surface cracking). The researcher of the study concluded that, based on combined damage, NG-WBT-445 caused less damage on interstate highways, but it is more harmful on local roads. Based on cost analysis, it was also affirmed that NG-WBT-445 could be more cost-effective for an interstate highway, but it is slightly more expensive for primary roads.

Al-Qadi and Wang (2009a; 2009b; 2009c) conducted a study on quantification of the damage caused by dual-tire assembly and NG-WBT-455 on roads with low-volume traffic. The main characteristics of the experimental set-up were presented in the previous section. The numerical model accounted for all the features used by the author in other studies (Al-Qadi et al. 2008). Even though the agreement between measured and predicted values was not strong, the ratio of NG-WBT to dual-tire assembly of the experimental measurements was similar to the FEM ratio. For all base thicknesses, the longitudinal strain at the bottom of AC was greater for the dual-tire assembly, but the transverse strain was very similar. It was also concluded that NG-WBT produced the lowest vertical shear stresses, no matter the thickness of the base layer. On the contrary, WBT-425 resulted in the greatest deviatoric and bulk stresses for all pavement structures analyzed. 

The authors noted that the compressive strain and deviator stress on top of the subgrade decreased as the thickness increased. The analysis of the damage performed based on described analysis indicated that NG-WBT-455 was more harmful than dual-tire assembly: from 1.9 to 2.5 times more fatigue damage, from 1.3 to 2.3 times subgrade rutting, and from 1.3 to 1.8 times more AC rutting due to densification. On the other hand, NG-WBT-455 showed less AC rutting due to shear flow and less shear failure potential. The authors reported that after all the damage mechanisms were combined, NG-WBT-455 caused between 1.12 and 1.38 more combined damage than dual-tire assembly on secondary road. NG-WBT-455 was also showed to be more expensive on low-volume traffic.
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Multidepth deflectometers were used by Akram et al. (1992) to compare the damage produced by dual-tire assembly (11R22.5) and NG-WBT (425/65R22.5) in two flexible pavement sections open to real traffic. Each pavement section represented a thin and thick structure (1.5 and 7 in-thick respectively), and the speed varied between 4 and 60 mph. Not only was the offset of the tire taken into account, but also the WBT and the dual-tire assembly were switched between the tandem drive trailer axles. The authors found that a lower deflection is caused by the dual-tire assembly when compared to NG-WBT. It was also concluded that the maximum deflection occurred at a different location depending on the type of tire: around the center of the tire for NG-WBT and under one of the tires of the dual-tire assembly. Some important remarks were made regarding WBT: the maximum shear stress occurred at its edge, and its deformation basins were deeper and more concentrated. Moreover, NG-WBT was more damaging based on the vertical strain on top of the subgrade. The vertical strain on top of the subgrade was used to determine the number of repetitions to failure. It was reported that the number of repetitions increased 45% and 39% when the speed changed from 4 to 60 mph for dual-tire assembly and NG-WBT respectively. For thick pavement, the increment was 87% for dual-tire assembly and 26% for NG-WBT for the same change in speed, respectively. When the speed was kept constant at 55 mph, NG-WBT were 2.8 times more damaging on thin pavements and 2.5 times more damaging on thick pavements than dual-tire assembly, respectively.

[bookmark: _Toc291145693][bookmark: _Toc291150822][bookmark: _Toc323579124]Impact on Dynamic Tire Loading

Since WBT have only two sidewalls, it is much more flexible than a pair of dual-tire assembly, which has four sidewalls. This flexibility means that the tire absorbs more dynamic bouncing of the truck; hence, less dynamic load is transmitted to the pavement. Tielking (1994) compared a single 425/65R22.5 and two 11R22.5 tires on an MTS servo-hydraulic machine. The author found that, except near the resonant frequency, the transmissibility of the WBT was less than that of the dual-tire assembly. At 10Hz, which is near the fundamental vibration frequency of a heavy highway vehicle, the force transmissibility of the WBT is 35% less than that of the dual-tire assembly. This indicates that the dynamic component of pavement load from a WBT is less than the dynamic component of pavement load from dual-tire assembly. Moreover, the research found that the sensitivity of the force transmissibility was negligible considering the load level, and it was slightly sensible to tire inflation pressure. 

Similar results were found in a shaker table study by Streit et al. (1998). Two different types of dual-tire assembly (standard and low profile) were compared with a WBT (425/65R22.5). The magnitudes of the dynamic wheel loads produced by the dual-tire assembly were very similar. The Dynamic Load Coefficient (DLC is equal to standard deviation of tire load divided mean value) values of the standard radial tires were about 2% higher than those produced by the low-profile tire. The WBT produced DLC’s from 10 to 12% lower than those of the dual-tire assembly.

[bookmark: _Toc291145694][bookmark: _Toc291150823][bookmark: _Toc323579125]Impact on Trucking Operations

A review of the improvements provided by the NG-WBT was given by Elseifi and Al-Qadi (Elseifi et al. 2005). They mention how this type of tire decreases the rolling resistance, which translates in fuel saving from 2 to 10%. The gross weight of the truck having NG-WBT could be reduced by 744 lb, increasing the hauling capacity. The NG-WBT could have a 50% lower maintenance cost while the cost could be the same as dual-tire assembly. Regarding safety, NG-WBT has a sensor that controls the inflation pressure, so the probability of having a sudden flat tire is reduced. This is confirmed by the satisfactory performance of NG-WBT on the sudden-failure test. In addition, the drivers of trucks with NG-WBT installed noted similar truck handling as with dual-tire assembly.

Overall economic analysis of the use of wide-base tires from COST Action 334 (COST 334 2001) indicated that the benefits of this technology are considerably greater than the additional pavement maintenance costs they may cause. Items considered in the economic analysis included pavement maintenance costs, government tax income, vehicle operating costs, non-pavement related government expenditures (polluting emissions), and trucking operations spending (tires cost and recycling). It was estimated that the use of wide-base tires on the towed axles alone would be associated with a saving of €2,302 million in the European Union. Using wide-base tires on the towed, driven, and steering axles would provide an additional saving of €682 million.
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In 2000, the Energy Laboratory of the Massachusetts Institute of Technology (MIT) analyzed alternatives to reduce gas consumption and to improve fuel efficiency of class-8 trucks by reducing the rolling resistance and improving propulsion technologies (Muster 2000). A script using Matlab-Simulink was used to predict the fuel economy. The proposed model assumes a vehicle traveling on a flat road, and it considers the rolling resistance coefficient (RRC), aerodynamic drag coefficient (), vehicle mass, frontal vehicle area, engine and transmission performance, and driving cycle (highway and urban). Also, the resistance (internal and external) that the vehicle must overcome in order to move was taken into account. The rolling resistance coefficient was varied between 0.007 and 0.005, 0.005 representing a truck equipped with WBT. The results of the modeling process show that the reduction of the RRC to 0.005 (WBT) increases the fuel efficiency of the truck by 10%.

The effect of reducing the rolling resistance and the aerodynamic drag on the gas consumption and the emission of oxides of nitrogen (NOx) was studied by Bachman et al. (2005). Class-8 trucks on a test track simulating the operating conditions of real traffic were used. The tests included two scenarios: highway conditions at two different speeds (55 and 65 mph) and suburban circumstances. The truck was equipped with aerodynamic devices and WBT, so the rolling resistance and dynamic drag could be varied. It was found that both aerodynamic devices and WBT improved fuel economy by similar values. However, WBT are more efficient in the suburban scenario. WBT improved fuel economy between 3 and 18%: 3% for no WBT in sub-urban conditions with aerodynamic devices, and 18% for the truck traveling at 65 mph on a highway and equipped with aerodynamic devices.

As explained by Genivar Consulting Groups (Genivar 2005), the energy used by a truck can be sorted in the following categories: 35% for rolling resistance, 50% for aerodynamic resistance, 5% for mechanical resistance (assuming that the truck travels at 60 mph), and 10% is used by auxiliary devices of the truck. The study collected information from hauling companies regarding savings resulting from reduction in fuel consumption when WBT were used. The fuel consumption was found to be reduced between 3.5 to 12%.  

Ang-Olson and Schroeer (2002) analyzed the use of WBT as one of eight strategies to improve environmental performance and fuel efficiency in the truck industry. The authors affirmed that the use of WBT improves the fuel economy between 2 and 5% depending on the specific model of the WBT (tire manufacturer). This translates to savings of 424 gal/year for a typical long-haul truck.

Different alternatives to reduce the gas consumption of heavy truck vehicles from different points of view such as vehicle technology and driver skills were analyzed in Finland (Nylund 2006). The report highlights the benefits of WBT regarding weight, space, and reduction of rolling resistance when compared to dual-tire assembly. The fuel consumption was measured using a chassis dynamometer, and it compared WBT and dual-tire assembly. No significant difference was observed. The results obtained using the chassis dynamometer were verified with a test on a straight highway; similar results were reported. The authors affirmed that rolling resistance is a relevant factor that links tire with fuel efficiency. They also point out that the tire system (tire pressure, tire type, tread depth, etc.) can improve the fuel efficiency between 5 and15%.

Recently, Franzese et al. (2010) analyzed real performance data of class 8 trucks regarding its fuel efficiency when using NG-WBT. Six trucks were instrumented to measure not only instantaneous gas-consumption related data, but also information related to weather, speed, location, and weight among others. Three trucks were equipped with NG-WBT and the other three with conventional dual-tire assembly. Four combinations were used for the installation of the tires: tractor and trailer with dual-tire assembly, tractor and trailer with NG-WBT, tractor with dual-tire assembly and trailer with NG-WBT, and tractor with NG-WBT and trailer with dual-tire assembly. The authors concluded that truck equipped with NG-WBT improved the fuel efficiency by 6%. The data was also analyzed by grouping the truck by weight, and it was found that less fuel was consumed by trucks with NG-WBT in all truck-weight ranges. This increment becomes more important as the number of NG-WBT installed in the truck increases. It reached 10% improvement when all the tires were NG-WBT, and it augmented if the truck weight became higher.

[bookmark: _Toc173836046][bookmark: _Toc173836114][bookmark: _Toc173836195][bookmark: _Toc174789393][bookmark: _Toc291145696][bookmark: _Toc291150825][bookmark: _Toc323579127]Hauling Capacity

WBTs increase the hauling capacity of trucks by reducing the total weight of the empty truck. As described by Markstaller et al. (2000), WBT are lighter than dual-tire assembly, so the total weight reduction in a truck with WBT can be as high as 896 lb. This reduction in total weight translates to an increment in hauling capacity of 2%.

[bookmark: _Toc173836047][bookmark: _Toc173836115][bookmark: _Toc173836196][bookmark: _Toc174789394][bookmark: _Toc291145697][bookmark: _Toc291150826][bookmark: _Toc323579128]Tire Cost and Repair
The use of WBT also allows a reduction in maintenance costs (Genivar 2005). This is due to easier inspection and repair of trucks equipped with WBT. According to the referenced study, the time allotted for maintenance of a truck using WBT can be reduced by 50% when compared to a truck with dual-tire assembly. The report indicated that WBT could be retreaded just once, while dual-tire assembly could be retreaded as many as three times under particular conditions. However, NG-WBT can have multiple retreads as in the case of conventional tires. Another source of savings is the rim cost. Even though the cost of one dual-tire assembly is as high as one WBT, a single wide-rim cost is cheaper than two rims for a dual-tire assembly (Environmental Protection Agency 2004). Finally, it is easier to inspect the inflation pressure of a WBT when compared to dual-tire assembly, specially the interior tire of the dual set. Differential inflation pressure is a common problem in dual-tire assembly.

[bookmark: _Toc173836048][bookmark: _Toc173836116][bookmark: _Toc173836197][bookmark: _Toc174789395][bookmark: _Toc291145698][bookmark: _Toc291150827][bookmark: _Toc323579129]Truck Operation and Safety

Concerns have emerged regarding tire inflation pressure controls in WBT; however, incidents have been reduced by enhancing pressure maintenance. Markstaller et al. (2000) conducted rapid air loss tests in trucks with WBT installed. It was found that the most critical situation appears when sudden air loss occurrs in the rare drive position on the exterior part of a curve. The traveling speed of the truck was 60 mph, and the radius of the curve was 1200 ft creating a lateral acceleration of 2g. The truck never left the corresponding lane during the test.
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The driver’s impression was also considered by Markstaller et al. (2000). According to the authors, both types of tires require similar degrees of handling, and the vibration was reduced by installing WBT. Constant-radius understeer test show a linear increase of understeer behavior with lateral acceleration. The steering wheel angle was lower in most of the ranges for WBT than dual-tire assembly.

Vehicle ride tests also showed advantages of WBT over dual-tire assembly. Power spectral density at the base of the seat base was measured using accelerometers showing a reduction in the acceleration level for the truck with WBT.

[bookmark: _Toc291145700][bookmark: _Toc291150829][bookmark: _Toc323579131]Impact on Environment

Al-Qadi and Elseifi (2005) highlight the fact that NG-WBT is more environmentally friendly than dual-tire assembly: it generates less noise and fewer emissions due to less gas consumption. In addition, the amount of rubber needed to fabricate NG-WBT is less, so the disposed material at the end of its service life is reduced. In general, various studies have consistently concluded that NG-WBT causes similar damage to the pavement than dual tires.

[bookmark: _Toc291145701][bookmark: _Toc291150830][bookmark: _Toc323579132]Gas Emission

The reduction in the gas consumption of trucks using WBT results in a reduction of the emission of contaminant from the truck to the air. The savings caused by less emission can be calculated based on the amount of contaminant produced by a gallon of gas and the amount of gas not consumed by a truck using WBT (Genivar 2005). Following this procedure, Genivar Consulting Groups calculated environmental savings of $17.8 million.

In addition, Ang-Olson and Schroeer affirmed that the use of WBT can reduce the gas emission by 1.1 million metric tons of carbon equivalent (MMTCE) in 8 years (Ang-Olson and Schroeer 2002). 

The effect of reducing the rolling resistance and the aerodynamic drag on the emission of oxides of nitrogen (NOx) was studied by Bachman et al. (Bachman et al. 2005). The authors reported a reduction of NOx emission between 9 and 45% when NG-WBT compared to dual-tire assembly.

[bookmark: _Toc291145702][bookmark: _Toc291150831][bookmark: _Toc323579133]Tire Recycling

According to Riesman (1997), landfill and stockpiles in the United States store between 2 and 4 billion of scrap tires. Genivar calculated the amount of savings resulting from the reduction of tire disposal. The calculation was based on the amount of disposed material according to the type of tire (118 lb for a WBT and 160 lb. for conventional dual-tire assembly), the amount of tires disposed, and the cost of disposing used tires (Genivar 2005). The authors calculated savings of $415,900/year in their study if WBT were disposed instead of conventional dual-tire assembly.

[bookmark: _Toc291145703][bookmark: _Toc291150832][bookmark: _Toc323579134]Noise

In a noise test conducted by Markstaller et al. (2000), WBT produce slightly less noise when compared to trucks that use conventional dual-tire assembly.
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[bookmark: _Toc323579135]Available Pavement Structures and Instrumentation – Virginia Smart Road






[bookmark: _Ref302561328][bookmark: _Toc311329857][bookmark: _Toc323579173]Figure B- 1. Plan and profile view of pavement structure and instrumentation of Section A, Virginia Smart Road



[bookmark: _Toc311329858][bookmark: _Toc323579174]Figure B- 2. Plan and profile view of pavement structure and instrumentation of Section B, Virginia Smart Road



[bookmark: _Toc311329859][bookmark: _Toc323579175]Figure B- 3. Plan and profile view of pavement structure and instrumentation of Section C, Virginia Smart Road


[bookmark: _Toc311329860][bookmark: _Toc323579176]Figure B- 4. Plan and profile view of pavement structure and instrumentation of Section D, Virginia Smart Road




[bookmark: _Toc311329861][bookmark: _Toc323579177]Figure B- 5. Plan and profile view of pavement structure and instrumentation of Section E, Virginia Smart Road



[bookmark: _Toc311329862][bookmark: _Toc323579178]Figure B- 6. Plan and profile view of pavement structure and instrumentation of Section F, Virginia Smart Road



[bookmark: _Toc311329863][bookmark: _Toc323579179]Figure B- 7. Plan and profile view of pavement structure and instrumentation of Section G, Virginia Smart Road


[bookmark: _Toc311329864][bookmark: _Toc323579180]Figure B- 8. Plan and profile view of pavement structure and instrumentation of Section H, Virginia Smart Road



[bookmark: _Ref302561543][bookmark: _Toc311329865][bookmark: _Toc323579181]Figure B- 9. Plan and profile view of pavement structure and instrumentation of Section I, Virginia Smart Road


[bookmark: _Toc311329866][bookmark: _Toc323579182]Figure B- 10. Plan and profile view of pavement structure and instrumentation of Section J, Virginia Smart Road



[bookmark: _Toc311329867][bookmark: _Toc323579183]Figure B- 11. Plan and profile view of pavement structure and instrumentation of Section K, Virginia Smart Road



[bookmark: _Ref302561332][bookmark: _Toc311329868][bookmark: _Toc323579184]Figure B- 12. Plan and profile view of pavement structure and instrumentation of Section L, Virginia Smart Road
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[bookmark: _Ref302561860][bookmark: _Ref302561854][bookmark: _Toc311329869][bookmark: _Toc323579185]Figure C- 1. Plan and profile view of pavement structure and instrumentation of thin Section A-1 and A-2 at ATREL-UIUC



[bookmark: _Toc311329870][bookmark: _Toc323579186]Figure C- 2. Plan and profile view of pavement structure and instrumentation of thin Section A-3 and B-1 at ATREL-UIUC



[bookmark: _Toc311329871][bookmark: _Toc323579187]Figure C- 3. Plan and profile view of pavement structure and instrumentation of thin Section B-2 and C-1 at ATREL-UIUC



[bookmark: _Toc311329872][bookmark: _Toc323579188]Figure C- 4. Plan and profile view of pavement structure and instrumentation of thin Section D-1 at ATREL-UIUC



[bookmark: _Toc311329873][bookmark: _Toc323579189]Figure C- 5. Plan and profile view of pavement structure and instrumentation of thin Section D-2 at ATREL-UIUC



[bookmark: _Ref302561861][bookmark: _Toc311329874][bookmark: _Toc323579190]Figure C- 6. Plan and profile view of pavement structure and instrumentation of thin Section D-3 at ATREL-UIUC
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[bookmark: _Ref302561922][bookmark: _Ref302561917][bookmark: _Toc311329875][bookmark: _Toc323579191]Figure D- 1. Plan and profile view of pavement structure and instrumentation Sections A and B, ATREL-UIUC full depth pavements.



[bookmark: _Ref302561923][bookmark: _Toc311329876][bookmark: _Toc323579192]Figure D- 2. Plan and profile view of pavement structure and instrumentation Sections A and B, ATREL-UIUC full depth pavements.
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[bookmark: _Ref302562065][bookmark: _Toc311329877][bookmark: _Toc323579193]Figure E- 1. Plan and profile view of pavement structure and instrumentation of 4 in section, Ohio SPS-8.
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[bookmark: _Ref302562066][bookmark: _Toc311329878][bookmark: _Toc323579194]Figure E- 2. Plan and profile view of pavement structure and instrumentation of 8-in section, Ohio SPS-8.
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[bookmark: _Ref302562097][bookmark: _Toc311329879][bookmark: _Toc323579195]Figure F- 1. Profile view of pavement structure UC-Davis Sections.
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