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A survey of selected hot mix asphalt (HMA) experts with state highway agencies across North America was recently completed by Von Quintus, et al (2004) for the Asphalt Institute on the effect of polymer modified asphalt (PMA) for reducing flexible pavement distress.  Nearly all of these experts were of the opinion that PMA reduced pavement distress and deterioration, the only question that had yet to be properly quantified was how much additional life could be expected from this reduction in distress. In response to results from that survey, a study was completed for the Affiliate Committee of the Asphalt Institute on the use of PMA for reducing distress in flexible pavements and HMA overlays.  The results from that study found that the use of PMA reduced pavement distress and increased the life of flexible pavements by 2 to 10 years (Asphalt Institute IS-215, Quantifying the Effects of PMA for Reducing Pavement Distress, 2005).  

Within that pavement performance study, only two companion projects (one constructed with PMA and the other with neat asphalt) were included from Colorado. The Colorado Department of Transportation (DOT), however, has been using PMA since the early 1990’s. Thus, the Colorado Asphalt Pavement Association (CAPA) requested that a similar study be conducted to confirm the effect of PMA in reducing pavement distress under Colorado’s climate and truck traffic, and quantify the specific increase in service life for use in life cycle cost analyses.  

The overall objective of this study was to use the mechanistic-empirical (M-E) distress prediction models included in the Asphalt Institute study (Von Quintus, et al; 2004) to verify the reduction in pavement distress and quantify the increase in HMA overlay life when using modified mixtures in Colorado. The distress magnitudes of modified and conventional projects were compared using the actual distress measurements and a normalization technique that is based on predicting pavement distress for each project. Both comparison techniques are defined below.  

1. The first approach was simply a direct comparison of the actual observations or distress measurements. Within this approach, the use of paired or companion projects is mandatory. Unfortunately, most of the modified and conventional projects are not true paired projects. Some of the paired projects included within the same pavement category and region do have different site features, structures, or traffic levels.  

2. The second approach was a comparison of the predicted distresses using equations that were calibrated to Colorado conditions and structures – defined as the normalization technique. This normalization technique uses mechanistic-empirical (M-E) models to reduce the effect from confounding factors or differences between the paired projects.  Paired-projects within this approach are not mandatory. However, adequately calibrating the prediction equation for the materials and site conditions is mandatory.

In summary, the distress comparisons and analyses completed within this study have shown that the use of PMA mixtures result in less cracking and rutting --- extending the service life of flexible pavements and HMA overlays. This finding supports the decisions being made by Colorado and other agencies to use modified mixtures on heavily traveled roadways. The specific findings and conclusions from this study include the following.

1. The projects with modified mixtures within this study were found to have lower amounts of fatigue cracking, transverse cracking, and rutting, as compared to projects with neat HMA mixtures. Most of these projects were designed for 10 years. The use of modified HMA mixtures was found to extend the service life of HMA overlays by about 3 years – a 30 percent increase over the design life.  This 3-year increase is conservative and was determined through the use of mechanistic-empirical (M-E) based distress prediction equations that were calibrated to Colorado conditions. The calibration factors used for the modified mixtures represent 75-percentil values. The 75-percentil values were used because of extrapolations and variability in the measured distress values. Use of 50-percentile values would have increased the three years to 5 to 6 years.  

2. None of the new construction or reconstruction projects identified by the Department for use in the study included modified HMA mixtures. All of the projects with PMA mixtures were overlays of flexible or rigid pavements. As such, the increase in service life reported within this study for modified HMA overlays would be conservative for flexible pavements with modified mixtures. In other words, new construction projects that include PMA mixtures can be expected to have service lives in excess of three years longer than expected for neat HMA mixtures.

3. M-E based prediction equations were successfully calibrated for the site conditions, materials, and rehabilitation strategies typically used in Colorado. No significant difference in the residual errors (predicted minus measured values) was found between the modified and neat HMA overlays. This conclusion suggests that the M-E based prediction equations adequately accounted for the differences between the companion projects.  These calibrated prediction equations were used to predict fatigue cracking and rut depths for the paired projects and estimate increases in HMA overlay service life when using modified HMA overlays.

4. The specific increases in service life were found to be independent of region, traffic, and other site features typically encountered in Colorado. A bias was found between HMA overlays of flexible and rigid pavements based. As a result, the determination of the service life for HMA overlays of flexible pavements should be considered separately from HMA overlays of rigid pavements. One reason for this bias is believed to be related to reflection cracks or joints from the underlying rigid pavement.

5. Transverse cracking was found to control the service life of HMA overlays of rigid pavements – about 5 years for the neat asphalt mixtures. This reduction in service life is the reason why the HMA overlays were considered separately for estimating the increase in service life of HMA overlays. It should be understood and noted, however, that more severe cracking criteria was used in the transverse cracking comparisons. Few of the projects included in this study had a sufficient number of transverse cracks that would require rehabilitation using the Department’s criteria. 

6. Fatigue cracking has the smaller increase in service life or truck loads for different distress levels than for rutting using the M-E based normalization approach.  One reason for the smaller extended service life for fatigue cracking is that the rut depths were significantly lower than the criteria used by the Department in establishing rehabilitation schedules. Few of the projects have rut depths exceeding 0.35 inches. The Department uses a critical rut depth of 0.5 inches. Thus, fatigue cracking controls the design of HMA overlays for different failure levels.  

7. Based on the comparisons completed within this study, a conservative increase in service life of three years was found for the modified HMA overlays of flexible pavements. A five year increase in pavement life was recommended from the Asphalt Institute study. Considering the amount of variability normally encountered when using pavement management data, the three additional years of performance is believed to be reasonable.

Even though modified HMA mixtures have increased fracture and permanent deformation resistance, the layer thickness should not be reduced. Reducing the layer thickness will result in different pavement responses in the other pavement layers and subgrade soils, which could alter the rate of occurrence of some load-related distresses. Thickness reductions should only be considered when using M-E design procedures and proper characterization of all unbound materials and soils. 

REDUCING FLEXIBLE PAVEMENT DISTRESS IN COLORADO THROUGH THE USE OF PMA MIXTURES
1
INTRODUCTION

1.1
Background

Polymer-modified asphalt (PMA) binders have been used in North America for many years with moderate to excellent results for improving hot mix asphalt (HMA) pavement and overlay performance and to increase pavement life.  Specifically, polymer-modification has been reported to reduce pavement cracking caused by thermal stresses and repetitive loads and decrease rutting due to plastic or inelastic deformations in the HMA mixture.  Numerous laboratory and some field studies have been conducted over the past decade to support that hypothesis, but most of these studies have been conducted independently.  

A survey of selected HMA experts with state highway agencies across North America was recently completed by Von Quintus, et al (2004) for the Asphalt Institute on the effect of PMA for reducing pavement distress.  Nearly all of these experts were of the opinion that PMA reduced pavement distress and deterioration, the only question that had yet to be properly quantified was how much additional life could be expected from this reduction in distress.

In response to results from that survey, a study was completed for the Affiliate Committee of the Asphalt Institute on the use of PMA for reducing distress in flexible pavements and HMA overlays (Von Quintus, et al., 2004).  The results from this study found that the use of PMA reduced pavement distress and increased the life of flexible pavements by 2 to 10 years.  The pavement sections included in this study came from the LTPP program and individual state studies across North America. Within that pavement performance study, only two companion projects (one constructed with PMA and the other with neat asphalt) were included from Colorado. The Colorado Department of Transportation, however, has been using PMA since the early 1990’s. 
The Colorado Asphalt Pavement Association (CAPA) requested that a similar study be conducted to confirm the effect of PMA in reducing pavement distress under Colorado’s climate and truck traffic, and quantify the specific increase in pavement and overlay life for use in life cycle cost analyses.  This report documents the results from the distress comparisons of pavements with PMA mixtures to those with neat asphalts.
1.2
Project Objectives

The overall objective of this study was to use the mechanistic-empirical (M-E) distress prediction models included in the Asphalt Institute study (Asphalt Institute, 2005) to verify the reduction in pavement distress and quantify the increase in pavement and HMA overlay life when using PMA mixtures in Colorado.  To achieve this objective, two activities were accomplished, which are listed below.

1. Confirm the effect of using PMA, as compared to conventional or neat asphalt mixtures, in terms of increasing pavement life (as related to the average life of flexible pavements and HMA overlays from Colorado’s pavement management database) and reducing the occurrence of surface distress.

2. Identify the site and design features (for example, traffic levels, layer thickness, climate, and supporting soils) used to design HMA pavements and overlays in Colorado that have an effect on this reduction in pavement distress from the use of PMA.

2
PROJECTS INCLUDED IN THE PERFORMANCE COMPARISON
The projects that were used in the performance evaluations for comparing PMA to neat HMA mixtures were selected from the Colorado pavement management database and Colorado test sections included in the Long Term Pavement Performance (LTPP) program. The project selection process is summarized below.

1. Mr. Jay Goldbaum and Colorado Department of Transportation (DOT) region personnel identified two sets of projects that were constructed between 1995 and 2000 – conventional or neat and modified HMA mixtures. 

2. Projects were initially selected to cover differences in region, traffic, layer thickness, and materials. Two to three projects with neat asphalts were selected for each project with modified asphalts. These projects were defined as the companion projects. 
3. Distress data were extracted by Mr. Jay Goldbaum and his staff for each of these projects from the Colorado pavement management database. These data were provided on a 0.1 mile basis along each project.
4. Concurrently, region personnel provided more detailed information and data on the selected projects; including acceptance dates, pavement cross sections (material types and layer thicknesses), traffic levels, maintenance activities, etc. on each of the selected projects.
5. This information was used to confirm or re-assign companion projects to those projects with modified mixtures.

Table 1 lists the projects that were considered for use, by pavement type category, in the detailed performance comparisons. The majority of the selected projects were HMA overlays designed for 10 years. The design life for each project is included in table 1, under the Project ID column. None of the projects included in the final list were found to be in the category of new construction or reconstruction projects with modified mixtures. In addition, most of the Colorado sections included in the FHWA LTPP (LTPP) program are HMA overlays. Thus, the study focused on performance differences between neat and modified mixtures used to overlay flexible and rigid pavements. 

More importantly, the companion projects initially selected for those projects with modified mixtures were found to have substantial differences – confounding any simply comparison. For example, none of the conventional HMA mixtures were placed over cold in place recycled materials, while the modified HMA mixtures consistently have been placed on heavier truck traffic routes. In summary, relatively few of the initial projects were found to be similar for any direct comparison of distresses. Of those projects included in the study, however, they are well distributed around Colorado to investigate the effect of pavement type and climate on any performance differences between modified and neat HMA mixtures, as discussed in subsequent chapters of the report.  

3
PERFORMANCE COMPARISON METHODOLOGY

3.1
General Approach

The distress magnitudes of modified and conventional projects were compared using the actual distress measurements and a normalization technique that is based on predicting pavement distress for each project. Both comparison techniques are defined below and presented in subsequent chapters for each distress.  

1. The first approach was simply a direct comparison of the actual observations or distress measurements. Within this approach, the use of paired or companion projects is mandatory. Unfortunately, most of the modified and conventional projects are not true paired projects. Some of the paired projects included within the same pavement category and region do have different site features, structures, or traffic levels. These differences increase the dispersion in the data, and make it difficult to identify small differences in performance between modified and neat HMA mixtures.  

2. The second approach was a comparison of the predicted distresses using equations that were calibrated to Colorado conditions and structures – defined as the normalization technique. This normalization technique uses mechanistic-empirical (M-E) models to reduce the effect from confounding factors or differences between the paired projects.  Paired-projects within this approach are not mandatory. However, adequately calibrating the prediction equation for the materials and site conditions is mandatory.

	Table 1.  Projects Included in this Pavement Performance Study Comparing Modified and Neat HMA Mixtures 

	Pavement Type
	Reg-ion
	Neat Mixtures
	Modified Mixtures

	
	
	Route
	Project ID*
	Location
	Route
	Project ID
	Location

	Overlay of Flexible Pavements
	1
	I 25-A
	C10768R
(10 yrs.)*
	Greenland North;

Southbound lanes only;

MP 167.3 to 174.0;
	385-C
	C11389

(10 yrs.)
	South of Burlington – North;

MP 175 to 187

	
	1
	I 285-D
	C10773
(10 yrs.)
	Antero Jct. North;

MP 162 to 202
	71-C
	C12441

(10 yrs.)
	North & South of Limon;

MP 97 to 101

	
	1
	US 36-D
	C10959

(10 yrs.)
	County Line to Last Chance;

MP 129.5 to 135.5;
	
	
	

	
	
	
	
	
	
	
	

	Overlay of Flexible Pavements
	2
	SH 50-A
	C10652

(10 yrs.)
	Royal Gorge-East;

MP 270 to 278
	SH 85-A
	C10942
(10 yrs.)
	Fountain – North;

MP 128 to 135.9

	
	2
	SH 50-B
	C10653

(10 yrs.)
	Swink – East;

MP 377.5 to 381
	I 25-A
	C11371

(20 yrs.)
	South of Pueblo – North;

MP 94.1 to 96.3

	
	2
	SH 24-A
	C10654R

(10 yrs.)
	31st St., Business Loop Manitou;

MP 300 to 303.5
	I 25-A
	C91025

(20 yrs.)
	North of Trinidad;

MP 23.2 to 34

	
	2
	SH 45-A
	C10791

(20 yrs.)
	Jct. SH 50 – South;

MP 5.5 to 8.8
	I 25-A
	C11783

(10 yrs.)
	Walsenburg Business Loops;

MP 52.3 to 58.8

	
	2
	SH 83-A
	C10941

(10 yrs.)
	Palmer Park Blvd. – South;

MP 6.6 to 8.2
	
	
	

	
	2
	SH 12-A
	C10957

(10 yrs.)
	Cokedale – East;

MP 61.3 to 70.3
	
	
	

	
	2
	SH 69-A
	C10958

(10 yrs.)
	Westcliff – North;

MP 59 to 82
	
	
	

	
	
	
	
	
	
	
	

	Overlay of Flexible Pavements
	4
	SH 119-C
	C10858

(10 yrs.)
	Martin St. (Longmont) to I-25
	SH 34-A
	C10510

(10 yrs.)
	Estes Park to Glade Rd.;

MP 75.6 to 88.7

	
	4
	
	
	
	SH 34-B
	C10515

(5 yrs.)
	Brush – South;

MP 154.5 to 174.4

	
	
	
	
	
	
	
	

	Overlay of Flexible Pavements
	5
	SR 112-A

(10 yrs)
	C10984
	Del Norte to Jct. w/US 285;

MP 0 to 13
	SH 285-B
	C10228

(20 yrs.)
	Saguache – North;

MP 87 to 100

	
	
	
	
	
	
	
	

	Overlay of Flexible Pavements
	6
	I 25-A

(10 yrs.)
	C10602
	38th St. & Fox, Phase III;

MP 211 to 213
	I 70-A
	C11691

(10 yrs.)
	SH 26 to Kipling, Phase III

MP 259 to 267.4

	
	6
	SH 36-B

(10 yrs.)
	C10678
	Sheridan to Wadsworth;

MP 48 to 52.4
	I 470-A
	C12651

(10 yrs.)
	Morrison Rd. to I 70;

MP 0 to 4

	
	6
	I 25-A

(10 yrs.)
	C10681
	120th St. to SH 7;

MP 222.1 to 229
	SR 6-G
	C12023

(10 yrs.)
	Union to Wadsworth;

MP 278.2 to 280.8

	
	
	
	
	
	
	
	

	Overlay of Rigid Pavements
	1
	I 70-A

(10 yrs.)
	C10963
	Stratton – East;

MP 418.1 to 427
	
	
	

	
	1
	I 25-A

(10 yrs.)
	C10768R
	Greenland – North; Southbound Lanes only;

MP 167.3 to 174
	
	
	

	
	4
	
	
	
	SH 6-J
	C11319

(10 yrs.)
	Holyoke to Nebraska State Line;

MP 453 to 467

	
	6
	
	
	
	I 70-A
	C11691

(10 yrs.)
	SH 26 to Kipling, Phase III

MP 258.7 to 267.4

	
	6
	
	
	
	I 70-A
	C11364

(10 yrs.)
	SH 26 to Kipling, Phase I

MP 258.7 to 261.6

	
	6
	
	
	
	I 70-A
	C11512

(10 yrs.)
	SH 26 to Kipling, Phase II

MP 261.6 to 265

	* - The value in the parenthesis is the design period for each project.


	Table 1.  Projects Included in this Pavement Performance Study Comparing Modified and Neat HMA Mixtures, continued

	Pavement Type
	Reg-ion
	Neat Mixtures
	Modified Mixtures

	
	
	Route
	Project ID
	Location
	Route
	Project ID
	Location

	New Construct.
	2
	US 83-A
	C10178

(20 yrs.)
	Research Pkwy. – North;

MP 17 to 18.5
	NA
	NA
	NA

	
	2
	US 50-B
	C91066 (20 yrs.)
	West of Otero – Bent C.L.;

MP 384.8 to 386.6
	NA
	NA
	NA

	
	2
	US 50-B
	C91067

(20 yrs.)
	West of SH 207;

MP 355 to 358
	NA
	NA
	NA

	
	6
	US 85-B
	C10061

(20 yrs.)
	Windermere, Belleview North;

MP 204.7 to 205.5
	NA
	NA
	NA

	
	6
	SH 93-A
	C10306

(20 yrs.)
	Golden Gate Canyon Rd.;

MP1.1 to 2.3
	NA
	NA
	NA

	
	6
	SH 121-A
	C90448

(20 yrs.)
	Wadsworth, 58th to 64th
MP 17 to 17.9
	NA
	NA
	NA

	* - The value in the parenthesis is the design period.


A statistical analysis of the distress measurement ratios between the paired projects was planned but abandoned because of the differences found between those paired projects, as noted in Chapter 2.  The distress ratio is equal to the distress measured on the modified project divided by the distress measured on the paired-conventional project at the same age.  The M-E distress prediction equations were used to define the increase in expected service life when using modified mixtures for the load related distresses – fatigue cracking and rutting. The increase in service life is discussed for each distress in the following chapters.

3.2
Distresses Used in Performance Comparisons

The distresses included in the normalization technique for comparisons are fatigue cracking and rutting. For these comparisons, the length of longitudinal cracking in the wheel paths (LCWP) and area cracking were combined, and assumed to initiate at the bottom of the HMA layer. These two types of cracking were combined because the M-E fatigue cracking prediction equation used does not distinguish between these two types of load-related cracking. 

Transverse cracking was also included using the direct comparison technique of the measured distress values.  The prediction of thermal cracking was not included because there was an insufficient amount of mixture test data to determine the inputs required for the M-E prediction model to be considered reliable (Roque et al., 1993). More importantly, differences in traffic and structure between the paired projects are less important for the non-load related distresses than for load related distresses (e.g., fatigue cracking and rutting). 
One of the important factors used in the comparison of the different HMA mixtures is the magnitude of the distresses that trigger some type of action by the Department. Table 2 lists the distress magnitudes used by the Colorado DOT to establish rehabilitation and maintenance schedules and those values used in this study to determine the expected increase in service life. The reason these trigger values differ is that none of the paired projects were found to have distress magnitudes that exceed the Department’s critical values.

	Table 2.  Critical Distress Magnitudes that Trigger Some Type of Rehabilitation or Pavement Preservation Activity

	Distress Type
	Critical Magnitude or Value Used by the Department
	Critical Magnitude Used in this Study (see Note 1)

	Rut Depth
	0.5 inches
	0.35 inches

	Fatigue Cracking
	3,100 sq. ft per 0.1 mi. or

50 percent total lane area
	1,500 sq. ft. per 0.1 mi. or

25 percent total lane area

	Transverse Cracking
	55 per 0.1 mi.
	20 per 0.1 mi.

	Note1:  The critical magnitudes used in this study are lower than the Department’s values, because they represent overall project averages.


3.3
Assumptions Used In Performance Predictions and Comparisons
The following lists the assumptions that were used in calibrating the distress prediction equations and predicting the distresses for each project.

1. All rutting measured at the surface was assumed to occur within the HMA layers. The rut depth prediction equation used in this study assumes that the permanent deformation in the unbound layers and soil is insignificant. Trenches were unavailable, nor expected, to measure the percentage of rutting that occurred in each paving layer. This assumption is believed to be acceptable for HMA overlays of existing pavements. It may not be acceptable, however, for newly constructed flexible pavements with thin HMA layers.
2. All fatigue cracking was assumed to initiate at the bottom of the HMA layer or overlay. The fatigue cracking prediction equation used in the study assumes that the cracking starts at the bottom of the lower dense-graded HMA layer. Trenches or cores were unavailable, nor expected, to identify if cracking did initiate at the surface on any of these projects.
3. The distresses were extracted from the Colorado pavement management database and provided on a 0.1 mile basis. Average distress magnitudes were calculated on a 0.5 mile basis along each direction within a project. For the direct comparison of distresses, the same length was used between the paired projects. For the normalization approach using the M-E distress prediction equations, each project was given the same weight, regardless of its length.
4. Site features, pavement cross sections, traffic, and material properties change along a project. However, there was insufficient data and information to determine how those features and conditions changed along each project included in this study. Thus, it was assumed that the site features, pavement cross section, traffic level, and other properties were the same along the entire length of a project.

5. The average distress was calculated on a 0.5-mile basis and plotted along the project’s length. This longitudinal variation in distress was evaluated to identify any outliers – short lengths within the project with significantly higher or lower magnitudes of distress.  Outliers were removed from the comparison of paired projects.  

For those projects where drift or an abrupt change was observed in the measured distress, the project was subdivided into two sections and the average from both sections compared to the averages from its paired project. Drift is defined as a consistent change (higher or lower) in the measured distress with project length.
6. The elastic layered theory program entitled EVERSTERSS was used in all pavement response computations needed for the normalization comparison technique.

7. Table 3 lists the material properties that were used in the pavement response calculations for each project. The properties of each material were based on the experience of the authors from similar studies.

8. Full friction was assumed between each paving layer for all pavement response calculations, with the exception of cold in place recycling (CIPR). Where this material was used in the rehabilitation process, no friction was assumed between layers adjacent to it.

9. The truck loading factors that were used in the elastic layer program to compute pavement responses are listed below.

a. Standard 18-kip Single Axle Load

b. Tire Pressure = 120 psi

c. Load per tire = 4,500 pounds

d. Dual tire spacing = 13 inches

10. The average asphalt content and air void of the HMA mixtures after construction are needed for the fatigue cracking and rutting prediction equations. The design asphalt content and air void levels were extracted from construction reports or summaries for selected projects provided by the Colorado DOT. When these physical properties of the HMA mixtures were unavailable, overall averages values were used. The average air void for dense-graded conventional HMA mixtures was assumed to be 7.5 percent and the effective asphalt content by volume was assumed to be 9.5 percent. For modified mixtures, an average air void level of 8 percent was used, while the asphalt content was assumed to be the same as for the conventional mixtures.
	Table 3.  Summary of Layer Stiffness Properties that Were Assumed in the Pavement Response Calculations Using Elastic Layer Theory

	Material Type of Layer
	Poisson’s Ratio
	Equivalent Annual Elastic Modulus, ksi
	Equivalent Summer Elastic Modulus, ksi

	Modified HMA Mixtures; Dense-Graded
	0.3
	500
	300

	Conventional HMA Mixtures; Dense-Graded; AC-20
	0.3
	430
	270

	Conventional HMA Mixtures; Dense-Graded; AC-10
	0.3
	400
	250

	Hot Recycle HMA Mixtures
	0.3
	430
	270

	Heater Scarify or Remix/Repave
	0.3
	350
	250

	Cold Recycle; Cold In Place Recycle
	0.35
	200
	160

	Portland Cement Concrete
	0.15
	4,000
	4,000

	Aggregate Base Materials
	0.35
	15 to 35
	15 to 35

	Existing Flexible Pavement
	0.3
	See Note 1
	See Note 1

	Soil or Embankment
	0.4
	See Note 2
	See Note 2

	NOTES:

1. A composite flexible pavement modulus value was assumed for the existing paving layers. This composite modulus value was estimated based on the amount of cracking prior to overlay, as shown below.

· Little to no cracking, E = 150 ksi

· Minor amount of cracking, less than 10 percent, E = 100 ksi

· Moderate amount of cracking, 10 to 20 percent, E = 80 ksi

· Moderate amount of cracking, 20 to 30 percent, E = 60 ksi

· Extensive cracking, more than 30 percent, E = 40 ksi

2. The soil or embankment modulus values were based on the soil classification found from soil maps and estimated from the LTPP default values determined from laboratory testing.


4
TRANSVERSE CRACKING
An evaluation of the transverse cracking between the paired projects was confined to the direct comparison technique. Transverse cracking is recorded in the Colorado pavement management database as the number of transverse cracks per 0.1 mile segment in each direction. This value was used for all comparisons. 
Figure 1 shows examples of the variation in number of transverse cracks measured along a project, while figure 2 shows the change in the average number of cracks over time for different projects. The within project variations and variations over time make it difficult to detect small differences in transverse cracking between the paired projects. The following summarizes the comparisons and findings for transverse cracking.
· Figure 3 shows a direct comparison of the number of cracks between the modified and conventional projects. The points plotted on figure 3 include all average values from each 0.5 mile segment along the paired-projects. 

· Figure 4 shows the distribution of the difference in number of transverse cracks between the modified and neat HMA mixtures. In summary, the neat HMA mixtures have exhibited a larger number of transverse cracks than those with modified mixtures; on the average, over 6 more cracks per 0.1 mile (varies from about 3 to over 15 cracks per 0.1 mile). This suggests that the modified mixtures are more resistant to thermal fracture. However, figures 2 and 3 show that few projects would be rehabilitated because of excessive transverse cracking, based on the Department’s 55 transverse cracks per 0.1 mile action limit (refer to table 2). 

· Figures 5 and 6 compare the cumulative frequency of transverse cracking magnitudes for the paired projects and the average number of transverse cracks exhibited with age, respectively. As shown, there is a higher frequency of transverse cracks, as well as more cracking at similar ages for the neat HMA mixtures. Figure 6.a, however, shows that after 10 years for the HMA overlays of flexible pavements the number of transverse cracks is about the same for the modified and conventional HMA overlays of flexible pavements. Conversely, figure 6.b shows a significant increase in expected service life for the modified HMA overlays of rigid pavements. The basic difference between the performance of the neat HMA overlays of flexible and rigid pavements is that much higher levels of cracking have been measured along the conventional overlays of rigid pavements. Table 4 summarizes the expected service life for each pavement type using the more severe distress criteria selected for this study – based on project averages (refer to table 2).
	Table 4.  Summary of the Expected Service Life of HMA Overlays Using Transverse Cracking Criteria Based on Projects Averages (refer to table 2) 

	HMA Overlay Type
	HMA Overlays of:

	
	Flexible Pavements
	Rigid Pavements

	Neat Mixtures
	10
	5

	Modified Mixtures
	10
	14
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(a)  Route 385-C, Project Identification Number C-11389
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(b)  Route 112-A, Project Identification Number C-10984
Figure 1
Examples showing the variation in the number of transverse cracks measured along a project.
In summary, the modified mixtures were found to reduce the occurrence and magnitude of transverse cracks along Colorado highways, but mostly within the early service life of the HMA overlays.  No increase in expected service life is estimated for the modified HMA overlays of flexible pavements at the critical distress level for transverse cracking (refer to table 2 and figure 6.a). This finding contradicts one of the conclusions reported in the Asphalt Institute report (Von Quintus, et al., 2004). For the HMA overlays of rigid pavements, there is a substantial reduction in service life for the neat HMA mixtures and an increase in service life for the modified mixtures, which is consistent with the findings of the Asphalt Institute (refer to figure 6.b). In either case, figures 2 and 6 show that the number of transverse cracks are well below the action limit used by the Department (refer to table 2).
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(a)  Neat HMA Mixtures.
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(b)  Modified HMA Mixtures.
Figure 2
Examples showing the increase in average number of transverse cracks measured with age or over time.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.
Figure 3
Graphical comparison of the number of transverse cracks measured along the paired projects.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.
Figure 4
Distribution of difference in the number of transverse cracks between the conventional and modified projects.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.

Figure 5
Cumulative frequency of the average number of transverse cracks measured within 0.1 mile segments.

[image: image17.emf]0

5

10

15

20

25

30

0 1 2 3 4 5 6 7 8 9 10 11

Age, years

Average Number of 

Transverse Cracks per 0.1 mi.

Modified Mixtures; HMA Over HMA Neat Mixtures; HMA Over HMA


(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.

Figure 6
Average number of transverse cracks measured along a project with age for the different HMA mixtures.

5
FATIGUE CRACKING
Both of the approaches discussed in chapter 3 were used to compare modified and neat HMA overlays of flexible pavements for fatigue cracking. For the HMA overlays of rigid pavements, only the direct comparison approach was used to determine any reduction in fatigue cracking with the use of modified mixtures. Fatigue cracking in HMA overlays of rigid pavements is difficult to predict with any elastic layer response program.
Fatigue cracking is recorded in the Colorado pavement management database as sq. ft. per 0.1 mile segment in each direction. These area measurements were converted to percent total lane area for all analyses and comparisons.  Figure 7 shows examples of the variation in fatigue cracking measured along a project, while figure 8 shows the change in fatigue cracking over time for different projects. The within project variations and variations over time make it difficult to detect small differences in fatigue cracking between the paired projects. 
5.1
Direct Comparison of Paired Projects

The following summarizes the comparisons and findings from the direct comparison approach for fatigue cracking of HMA overlays.

· Figure 9 shows a direct comparison of fatigue cracking between the modified and conventional projects. The points plotted on figure 9 include all average values from each 0.5 mile segment along the paired-projects. This direct comparison suggests no definite reduction in fatigue cracking with the use of modified HMA overlays.
· Figure 10 shows the distribution of the difference in fatigue cracking between the modified and neat HMA mixtures. No significant difference in fatigue cracking was detected between the neat and modified HMA overlays.  
· Figures 11 and 12 compare the cumulative frequency of fatigue cracking for the paired projects and the average amount of fatigue cracking exhibited with age, respectively. Similarly, no significant difference was noted in fatigue cracking between the different HMA overlays. 
The results from the direct comparison suggest that there is no systematic difference between the modified and neat HMA overlays, which contradicts another major finding from the Asphalt Institute report. The modified HMA overlay projects, however, consistently have been placed on roadways with higher levels of truck traffic than their paired projects.  In addition, there are other substantial differences between the paired projects that affect fatigue cracking. In summary, no definite conclusion can be reached based on the direct comparison of fatigue cracking between the paired projects. 
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(a)  Route 285-B, Project Identification Number C-10228.
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(b)  Route 119-C, Project Identification Number C-19858.
Figure 7
Examples showing the variation in fatigue cracking measured along a project.
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(a)  Modified HMA Mixtures.
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(b)  Neat HMA Mixtures.
Figure 8
Examples showing the change in fatigue cracking with age for different projects.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.
Figure 9
Graphical comparison of the fatigue cracking measured along the paired projects.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.
Figure 10
Distribution of difference in fatigue cracking between the paired (conventional and modified) projects.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.

Figure 11
Cumulative frequency of the average fatigue cracking measured within 0.1 mile segments.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.

Figure 12
Average fatigue cracking measured along a project with age for different HMA mixtures.

5.2
Comparison of Predicted Fatigue Cracks – The Normalized Approach

5.2.1
Fatigue Cracking Prediction Equation

Mechanistic-Empirical (M-E) fatigue cracking prediction equations were used to normalize the differences between the paired projects. The mathematical relationship used in the fatigue cracking analyses and comparisons is a form of the basic model included in the M-E Pavement Design Guide (NCHRP 1-37A, 2004). The area of fatigue cracking (percent of total lane area) was calculated using equations 1 through 5 for each project, as discussed below. 

· The allowable number of load applications is calculated for the specific pavement cross section using equation 1.
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Where:



C = 10M
(2)
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Nf
= Number of load applications to failure (20 percent fatigue cracking over the entire pavement area, which relates to about 37 percent of the wheel path area).



Va
= Air voids of the HMA, percent.



Vbeff
= Effective binder content by volume, percent.

C
= Correction factor.


E 
= HMA dynamic modulus, psi (refer to table 3).


Cf1
= Local calibration factor for fracture.
· The damage index (DI) is calculated for the times when the fatigue cracking measurements were made using equation 4.
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Where:


n
= Actual equivalent single axle load applications.

Nf
= Allowable number of load applications to failure or to a specific level of distress computed with equation 1.

· The area of fatigue cracking, in terms of percent of total lane area, is calculated using equation 5.
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(5)

Where:


FC
= Total area of fatigue cracking, percent of total lane area.


DI
= Damage index computed with equation 4.


Cf2, Cf3
= Local calibration factors for fracture.

5.2.2
Calibration of Prediction Equation

To account for differences in construction equipment and techniques, material specifications, and other parameters, the local calibration factors in equations 1 and 5 were determined to minimize the difference between the measured and predicted fatigue cracking. The local calibration factors were found to be dependent on the type of rehabilitation strategy used prior to placing the HMA overlay and are provided in table 5. 

	Table 5.  Summary of the Local Calibration Values that Were Determined from the Paired Projects and Used to Predict Fatigue Cracking for Different Site Conditions and Rehabilitation Strategies 

	Type of Mixture
	Rehabilitation Strategy
	Local Calibration Parameters

	
	
	Cf1
	Cf2
	Cf3

	Neat Mixtures
	Simple Overlay; with or without Milling Surface
	1.0
	0.30
	1.4

	
	Heater Scarify; Remix/Repave; or Leveling Mix
	1.0
	0.30
	1.4

	
	Cold Recycle or CIPR
	1.0
	0.30
	1.4

	Modified Mixtures
	Simple Overlay; with or without Milling Surface
	1.0
	0.26
	1.0

	
	Heater Scarify; Remix/Repave; or Leveling Mix
	1.0
	0.30
	1.0

	
	Cold Recycle or CIPR
	1.0
	0.30
	1.0


The calibrated fatigue cracking prediction equation was used to calculate the amount of cracking for each of the paired projects. Figure 13 shows the comparison of the predicted and measured fatigue cracking for the modified and neat HMA overlays of flexible pavements, while figure 14 shows the residual error (predicted minus measured values) for each project.  The fatigue cracking predictions using the calibration values listed in table 5 are good, considering the variability measured along each project and with time (refer to figures 7 and 8). More importantly, the difference in the residual error between the modified and neat HMA overlay projects is insignificant (refer to figure 14). Thus, the calibrated fatigue equations can be used to normalize differences between the paired projects to determine differences in fatigue cracking performance between modified and neat HMA overlays of flexible pavements.
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(a)  Modified HMA Overlay Projects.
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(b)  Neat HMA Overlay Projects.
Figure 13
Comparison of the measured and predicted fatigue cracking using the calibration values listed in table 5.
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Figure 14
Residual errors between the predicted and measured fatigue cracking values using the calibration factors for the paired projects.
5.2.3
Comparison of Predicted Fatigue Cracking

The calibrated fatigue equation was used to calculate the amount of cracking on the projects with neat HMA mixtures (refer to table 1). The neat HMA mixtures were then replaced with the same thickness of modified mixtures. These theoretical modified HMA projects are defined as virtual-companion projects for the neat or conventional HMA projects. The amount of fatigue cracking was calculated for these virtual-companion projects with time. Fatigue cracking was also calculated for the modified HMA projects (refer to table 1). The modified mixtures were replaced with neat HMA mixtures at the same thickness and the amount of cracking calculated for those virtual-conventional projects – companions to the modified HMA projects.
The age to 25 percent fatigue cracking was then determined for the virtual-companion and actual projects (refer to table 1). For some of these projects the time to 25 percent cracking exceeded 40 years. For those projects, a limit of 25 years was used in the analysis because of the uncertainty in the extrapolations and, in all probability, the project would have exceeded any design period used by the Department. It is also expected that the occurrence of other surface distresses, not predicted using M-E based equations, will require the project to be rehabilitated – ending its service life.  
The 75-percentile values for the calibration parameters of the modified mixtures were used to calculate the distress magnitudes with time to estimate the overlay age to a critical distress value. The 75-percentil value was used to reduce the extrapolation of time to that critical distress value and the amount of within project variability in the measured distress. The use of 50-percetnile values would result in longer service lives – increasing the difference in time to a critical distress magnitude between the modified and neat HMA mixtures.

A cumulative distribution of the age to 25 percent cracking is shown in figure 15. The time to 25 percent fatigue cracking for the modified mixtures always exceeded that time for the neat HMA mixtures. The difference in service life between the modified and neat HMA overlays varies from 0 to 10 years. This is consistent with the findings from the Asphalt Institute study. The average increase in service life for equal amounts of fatigue cracking is almost 3 years for the modified HMA overlays of flexible pavements.
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Figure 15
Cumulative frequency diagram showing the expected increase in service life for the modified HMA overlays of flexible pavements (longer service life expected over neat HMA overlays).

6
RUTTING
Both of the approaches discussed in chapter 3 were used to compare modified and neat HMA overlays of flexible pavements for rutting. Figure 16 shows examples of the variation in rutting measured along a project, while figure 17 shows the change in rutting over time for different projects. As with fatigue cracking, the within project variations and variations over time make it difficult to detect small differences in rutting between the paired projects. 

6.1
Direct Comparison of Paired Projects

The following summarizes the comparisons and findings from the direct comparison approach for rutting of HMA overlays.

· Figure 18 shows a direct comparison of rutting between the modified and conventional projects. The points plotted on figure 18 include all average values from each 0.5 mile segment along the paired-projects. This direct comparison suggests no significant reduction in rutting with the use of modified HMA overlays of flexible pavements (figure 18.a), while the modified HMA overlays of rigid pavements were found to have higher levels of rutting (figure 18.b).
· Figure 19 shows the distribution of the difference in rut depths between the modified and neat HMA mixtures, while figure 20 compares the cumulative frequency of measured rut depths for the paired projects.  The modified HMA overlay of flexible pavements consistently have slightly smaller rut depths, while slightly greater rut depths were measured on the modified overlays of rigid pavements.  

The results from the direct comparison contradict another major finding from the Asphalt Institute report (Von Quintus, et al., 2004). The modified HMA overlay projects, however, consistently were placed on roadways with higher levels of truck traffic than their paired projects.  In summary, no definite conclusion can be reached based on the direct comparison of rutting between the paired projects. 
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(a)  Route 70-A, Project Identification Number C-11364.
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(b)  Route 119-C, Identification Number C-10858.
Figure 16
Examples showing the variation in rutting measured along a project.
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(a)  Neat HMA Mixtures.
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(b)  Modified HMA Mixtures.

Figure 17
Examples showing the change in average rutting with project age.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.

Figure 18
Graphical comparison of the rutting measured along the paired projects.
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.

Figure 19
Distribution of difference in rutting between the paired projects (conventional and modified).
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(a)  HMA Overlays of Flexible Pavements.
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(b)  HMA Overlays of Rigid Pavements.
Figure 20
Cumulative frequency of the average rut depths measured within 0.1 mile segments.

6.2
Comparison of Predicted Rut Depths – The Normalized Approach

6.2.1
Rut Depth Prediction Equation

Mechanistic-Empirical (M-E) rut depth prediction equations were used to normalize the differences between the paired projects, especially for the different traffic levels. The mathematical relationship used in the rutting analyses and comparisons is a form of the basic model included in the M-E Pavement Design Guide (NCHRP 1-37A, 2004). The rut depth was calculated using equations 6 and 7 for each project, as discussed below. 

· The rut depth is calculated for each 2-inch increment of the HMA overlay layers for the specific pavement cross section using equation 6.
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(6)

Where:


Δ
= Rut depth or distortion computed for the thickness increment, ti, inches.

N
= Number of equivalent axle load applications during the summer months.


(r
= Resilient strain calculated at the mid-depth of the HMA lift, in./in.


T
= Average temperature at the mid-depth of the HMA lift, (F.


Vbeff
= Effective asphalt content by volume, %.


Va
= Air void content, %.  


ti
= Thickness increment of the HMA layer, inches.


C3
= Confinement factor.


Cr2,Cr1
= Local calibration factors for rutting.

· The total rut depth for a particular section is simply the sum of the incremental rut depths within each HMA layer, as given by equation 7.
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6.2.2
Calibration of Prediction Equation

To account for differences in construction equipment and techniques, material specifications, and other parameters, the local calibration factors in equation 6 were determined to minimize the difference between the measured and predicted rut depths using data from the paired projects. The resulting local calibration factors are provided in table 6. 

The calibrated rut depth prediction equation was used to calculate the rut depths for each of the paired projects. Figure 21 shows the comparison of the predicted and measured rut depths for the modified and neat HMA overlays of flexible pavements, while figure 22 shows the residual error (predicted minus measured values) for each project.  The rutting predictions using the calibration values listed in table 6 are good, considering the variability measured along each project and with time (refer to figures 16 and 17). More importantly, the difference in the residual error between the modified and neat HMA overlay projects is insignificant (refer to figure 22). Thus, the calibrated rut depth equations can be used to normalize the differences between the paired projects to determine differences in rutting performance of the modified and neat HMA overlays.

	Table 6.  Summary of the Local Calibration Values that Were Determined from the Paired Projects to Predict Rutting

	Type of Mixture
	Calibration Parameters

	
	Cr1
	Cr2

	Neat Mixture
	0.28
	1.27

	Modified Mixture
	0.20
	1.21


Figure 23 shows the same information on comparing the predicted and measured rut depths and residual errors for HMA overlays of rigid pavements. As shown, there is some bias in the predictions – the calibrated model consistently over predicts the measured rut depths with time. However, the bias is similar between the modified and neat HMA overlays.
6.2.3
Comparison of Predicted Rut Depths
The calibrated rutting prediction equation was used to calculate the rut depths on the projects with neat HMA mixtures. The neat HMA mixtures were then replaced with the same thickness of modified mixtures. These theoretical projects are defined as virtual-companion projects; as discussed under Chapter 5 for fatigue cracking. Rut depths were calculated for these virtual-companion projects with time. The same process was completed for the HMA modified overlay projects.  

The age to 0.35 inches of rutting was determined for each virtual-companion and actual projects (refer to table 1). For many of these projects, the time to 0.35 inches exceeded 40 years. For such projects, a limit of 25 years was included in the analysis for the same reasons noted under Chapter 5. As discussed for fatigue cracking in Chapter 5 and for the same reasons, the 75-percentile values for the calibration parameters were used to calculate rut depths over time to determine the overlay age to the critical rut depth for the modified mixtures. 

A cumulative distribution of the age to 0.35 inches was shown in figure 15. As shown, the time to 0.35 inches for the modified mixtures always exceeded that time for the neat HMA mixtures, and varies from 0 to 10 years. This finding is consistent with the findings from the Asphalt Institute study (Von Quintus, et al., 2004). The average increase in service life for equal rut depths is just over 4 years for the modified HMA overlays of flexible pavements.
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(a)  Modified HMA Overlay Projects.
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(b)  Neat HMA Overlay Projects.

Figure 21
Comparison of the measured and predicted rutting for the HMA overlay of flexible pavements using the calibration values listed in table 6.
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Figure 22
Residual errors between the predicted and measured rut depths for the HMA overlays of flexible pavements using the calibration factors for the paired projects.
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(a)  Measured Versus Predicted Rut Depths.
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(b)  Residual Error Versus Predicted Rut Depths.

Figure 23
Comparison of the measured and predicted rut depths and the residual errors for the HMA overlays of rigid pavements using the calibration values included in table 6.

7
SUMMARY OF FINDINGS AND CONCLUSIONS
This chapter of the report provides a summary and listing of the findings and conclusions from the distress comparisons and performance evaluations conducted under this study. In summary, those findings and conclusions are simply listed below.
1. The projects with modified mixtures within this study were found to have lower amounts of fatigue cracking, transverse cracking, and rutting. This finding supports the decisions being made by Colorado and other agencies to use modified mixtures on heavily traveled roadways. After 10 years, however, the number of transverse cracks was found to be about the same for the modified and neat HMA overlays. The number of transverse cracks at this time is still well below, on the average, the magnitude used by the Department that would trigger some type of rehabilitation activity, ending the HMA overlay’s service life.  

2. Most of the projects included within this study were designed for 10 years. The use of modified HMA mixtures was found to extend the service life of HMA overlays by about 3 years (refer to figure 15) – a 30 percent increase in the design life.  The 3-year increase in service life for modified HMA overlays is a conservative estimate, because the 75-percentile values for the calibration parameters were used to predict the distress magnitudes over time. Use of 50-percentile value would result in a higher service life, increasing the difference in time to a critical distress magnitude between the modified and neat HMA overlays. The 50-percentile values would result in a 5 to 6 year increase in service life – a 50 to 60 percent increase above the design period.
3. None of the new construction or reconstruction projects identified by the Department for use in the study included modified HMA mixtures. All of the projects with PMA mixtures were overlays of flexible or rigid pavements. As such, the increase in service life reported within this study for modified HMA overlays would be conservative for flexible pavements with modified mixtures. In other words, new construction projects that include PMA mixtures can be expected to have service lives in excess of three years longer than expected for neat HMA mixtures.

4. M-E based prediction equations were successfully calibrated for the site conditions, materials, and rehabilitation strategies typically used in Colorado. No significant difference in the residual errors (predicted minus measured values) was found between the modified and neat HMA overlays. This conclusion suggests that the M-E based prediction equations adequately accounted for the differences between the companion projects.  These calibrated prediction equations were used to predict fatigue cracking and rut depths for the paired projects and estimate increases in HMA overlay service life when using modified HMA overlays.
5. The specific increases in service life were found to be independent of region, traffic, and other site features typically encountered in Colorado. A bias was found between HMA overlays of flexible and rigid pavements based on the rutting and cracking analyses. As a result, the determination of the service life for HMA overlays of flexible pavements should be considered separately from HMA overlays of rigid pavements. One reason for this bias is believed to be related to reflection cracks or joints from the underlying rigid pavement.

6. Transverse cracking was found to control the service life of HMA overlays of rigid pavements – about 5 years (refer to table 4). This reduction in service life is the reason why the HMA overlays were considered separately for estimating the increase in service life of HMA overlays. It should be understood and noted, however, that more severe cracking criteria was used in the transverse cracking comparisons. Few of the projects included in this study had a sufficient number of transverse cracks that would require rehabilitation using the Department’s criteria (refer to table 2). 

7. Fatigue cracking has the smaller increase in service life or truck loads for different distress levels than for rutting using the M-E based normalization approach.  One reason for the smaller extended service life for fatigue cracking is that the rut depths were significantly lower than the criteria used by the Department in establishing rehabilitation schedules. Few of the projects have rut depths exceeding 0.35 inches. The Department uses a critical rut depth of 0.5 inches. Thus, fatigue cracking controls the overlay design for different failure levels.  

8. Based on the comparisons completed within this study, an average increase in service life of three years was determined for the modified HMA overlays of flexible pavements. A five year increase in pavement life was recommended from the Asphalt Institute study (Von Quintus, et al., 2004). Considering the amount of variability normally encountered when using pavement management data, the three additional years of performance is believed to be reasonable.
9. Even though modified HMA mixtures have increased fracture and permanent deformation resistance, the layer thickness should not be reduced. Reducing the layer thickness will result in different pavement responses in the other pavement layers and subgrade soils, which could alter the rate of occurrence of some load-related distresses. Thickness reductions should only be considered when using M-E design procedures and proper characterization of all unbound materials and soils. 

The calibrated fatigue equation was also used to predict the amount of fatigue cracking with time for different site conditions and rehabilitation strategies. The predicted fatigue cracking for both the modified and neat HMA mixtures were used to estimate the increase in service life or reduction in fatigue cracking when using modified HMA overlays.  The following defines the different conditions used in the fatigue cracking analysis for comparing the performance of modified and neat HMA mixtures. 

· HMA Overlay Mixture Properties

· Refer to table 3 for the modulus values 

· Asphalt content equals 9.5 percent for both mixtures 

· Air voids equals 7.5 percent for the neat HMA mixtures and 8.0 percent for the modified mixtures 

· Rehabilitation Strategies; simple overlay, 2 inches of heater scarification, and 3 inches of cold recycle. The calibration factors were found to be different for the modified and neat HMA mixtures for these rehabilitation strategies (refer to table 4). The thickness of the overlay was selected based on truck traffic to result in a 10-year design for the neat or conventional HMA overlays – in other words, 25 percent cracking at 10 years.

· Condition of Existing Pavement; good or minor cracking, and poor or extensive cracking.

· Truck Traffic; low traffic or 200,000 per year and high traffic or 2,000,000 per year. 

Figures 24 through 26 show the fatigue cracking predicted for both modified and neat HMA overlays for different conditions. As shown, the modified overlays are more resistant to fatigue cracking. The increase in service life was found to vary from 2 to 6 years. A conservative estimate of the increase in service life for the modified HMA overlays is 3 years. 
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(a)  Existing Pavement in Good Condition; Overlay Thickness equals 2 inches for Low Traffic Levels and 4 inches for High Traffic Levels.
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(b)  Existing Pavement in Poor Condition; Overlay Thickness equals 3.5 inches for Low Traffic Levels and 6 inches for High Traffic Levels.

Figure 24
Comparison of predicted fatigue cracking for simple overlays placed over a milled flexible pavement.
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Figure 25
Comparison of predicted fatigue cracking for HMA overlays placed over heater scarification of flexible pavements (overlay thickness equals 1.5 inches for low traffic levels and 2.5 inches for high traffic levels).
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Figure 26
Comparison of predicted fatigue cracking for HMA overlays placed over cold in place recycled material (overlay thickness equals 4 inches for low traffic levels and 6 inches for high traffic levels).
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