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1 INTRODUCTION AND OVERVIEW 
 

This manual of practice describes an hot mix asphalt (HMA) quality assurance (QA) 
program written as a Microsoft Excel spreadsheet named AMPT_QA_Program.xlsm. The 
program features the use of: 

1. dynamic modulus (E*) values measured by AASHTO TP 621 along with PP 622 or TP 793 
along with PP 614 to derive estimates of in-service rutting and fatigue cracking and 

2. indirect tensile creep and strength values measured by AASHTO T 3225 with the indirect 
tensile (IDT) test to derive an estimate of in-service thermal cracking. 

The program was developed by Dr . Myung Jeong6 in partial fulfillment of the requirements for 
the Ph.D. degree from Arizona State University and this manual is a version of Chapter 5 of Dr . 
Jeong’s Ph.D. dissertation (1) edited for publication as a stand-alone document. 
 
This program complements the Quality-Related Specification Software (QRSS) developed by 
Fugro Consultants, Inc. and the Arizona State University in NCHRP Projects 9-22, Beta Testing 
and Validation of an HMA PRS, and 9-22A, Evaluation of the Quality-Related Specification 
Software (QRSS) Version 1.0. NCHRP Project 9-22 began in 2000 with the goal of advancing the 
HMA PRS software (HMA Spec) developed in the WesTrack project to implementation. 
However, the capabilities of the WesTrack PRS software proved too limited for general use 
across the United States. The project then evaluated the possibility of directly adapting the 
Mechanistic-Empirical Pavement Design Guide (MEPDG) software developed in NCHRP Projects 
1-37A and 1-40 to use as an HMA PRS. This latter approach proved too complex and it was 
superseded by work to base the HMA PRS on the spreadsheet solutions of the MEPDG originally 
developed in NCHRP Project 9-19 as specification criteria for the simple performance tests for 
permanent deformation and fatigue cracking. This final version of the HMA PRS was named the 
Quality-Related Specification Software (QRSS). 
 
The QRSS is a stand-alone program that calculates the predicted rutting and fatigue cracking 
performance of an HMA pavement from the mix volumetric and binder and aggregate 
properties of the as-designed HMA and compares it with the performance of the as-built 
pavement calculated from the contractor's lot or sub-lot quality control data for the same 
properties. The volumetric and materials properties are used with the Witczak Predictive 
Equation (WPE) (2) to estimate values of the dynamic modulus E* that, in turn, are used to 

                                                             
1 Standard Method of Test for Determining Dynamic Modulus of Hot Mix Asphalt (HMA) 
2 Standard Practice for Developing Dynamic Modulus Master Curves for Hot Mix Asphalt (HMA) 
3 Standard Method of Test for Determining the Dynamic Modulus and Flow Number for Hot Mix Asphalt (HMA) 
Using the Asphalt Mixture Performance Tester (AMPT). 
4 Standard Practice for Developing Dynamic Modulus Master Curves for Hot Mix Asphalt (HMA) Using the Asphalt 
Mixture Performance Tester (AMPT). 
5 Standard Method of Test for Determining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using 
the Indirect Tensile Test Device 
6 Present address: AMEC Earth and Environmental, Materials Department, 1405 West Auto Drive, Tempe AZ 
85284; e-mail: myunggoo.jeong@amec.com 

mailto:myunggoo.jeong@amec.com
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estimate the development of permanent deformation and fatigue cracking and the predicted 
pavement service life. The predicted service life difference between as-designed and as-built 
mixes determine pay factors for each lot or sub-lot. The performance predictions are project-
specific; the QRSS accounts for the climate, traffic, pavement structure, and desired or 
expected service life. Further , the predictions are stochastic (probabilistic); they are calculated 
through a Monte Carlo procedure that uses historical standard deviations of the input 
properties in order to account for construction and testing variabilities when assigning risk 
between the owner agency and the contractor . (For a detailed description of the QRSS and its 
development, the reader is referred to the project final report for NCHRP Project 9-22 [3]). 
 
The key difference between the QRSS and the spreadsheet program described herein is that the 
spreadsheet program uses measured values of E* to compute permanent deformation and 
fatigue cracking rather than values calculated with the WPE. Integration of the appropriate 
algorithms from the spreadsheet program in future versions of the QRSS may provide it with 
the capability to use either measured or estimated E* values depending on the specific 
characteristics of the project and the engineer’s wishes. 
 
This chapter first describes the program’s major input and output system along with a flow 
chart that provides an overview of the entire system. It then explains (1) the detailed input and 
output items implemented in the program and their order of operation, (2) what input data is 
required for each step, (3) how the data are used in the calculation process, and (4) how the 
output data is presented. 
 
The remainder of this manual is presented in seven chapters: 

• Chapter 2: Software and hardware requirements and input of general project 
information. 

• Chapter 3: Program input and output system structure. 
• Chapter 4: Analysis for a deterministic solution for each distress. 
• Chapter 5: Analysis for a stochastic solution for each distress. 
• Chapter 6: General field (site) information 
• Chapter 7: As-built mix information input 
• Chapter 8: Computation process for pay adjustment with an incentive / disincentive 

system. 
Each chapter presents specific information and detailed steps in the program process along 
with descriptions and references to relevant screen shots from the program in the FIGURES 
section. 
 
As with other pavement-related computer applications, the program requires the user to input 
all necessary information to properly run the program. Based upon the user input, the program 
analyzes the input data, conducts the necessary computations, and displays essential output 
data. The ultimate purpose of the program is to compare the as-designed mix (the job mix 
formula [JMF]) with the as-built mix in terms of the mix quality using laboratory-measured 



6 

 

dynamic modulus and creep compliance and then quantify the relative quality associated with 
the mix performance. Thus, it is important to understand that the input information includes 
the dynamic modulus and creep compliance of both the as-designed mix and as-built mix. The 
program can then carry out all necessary computations, based upon the inputs, to produce the 
resulting outputs in terms of incentive and disincentive. 
 
1.1 Major Input Components 
 

The program requires the user to input five major data groups regardless of the 
distresses selected for analysis: 

• General project information 
• As-designed (JMF) mix information 
• Pay Adjustment Factor 
• General field information 
• As-built mix information 

 
The general project information is descriptive project information such as project name, 
geographical location, analysis date, expected project completion date, operator’s name, etc. 
This information is for informational purpose only and is not used in the computation process. 
 
The as-designed (JMF) mix information includes the key mix properties, selected mix volumetric 
information and, most importantly, the laboratory-determined dynamic modulus and creep 
compliance data. The interactive mix and structure design analysis can be completed 
immediately after the completion of this input. 
 
For the pay adjustment factors input, the user can either use default values provided by the 
program or define the factors for a particular project. Factor values are required for each 
selected distress (i.e., the user can use a different pay adjustment schedule for each selected 
distress). Based upon the pay schedule, the program determines the incentive or disincentive, if 
any, for the project . 
 
There are two categories of field mix information: general field information and as-built mix 
information. The user is required to specify the mix design type (e.g., Superpave, Marshall, or 
other), the tonnage per lot, and the number of lots for each mix. This information is categorized 
as the general field information. The user then must input any necessary as-built mix 
properties. The most important input components in this category are the field mix dynamic 
modulus and creep compliance results obtained by testing the in-situ HMA. The as-built mix 
information also includes several key volumetric properties. It should be noted that, unlike the 
as-designed mix input, the as-built mix input is done on a lot by lot basis. 
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1.2 Major Output Components 
 

Based upon the user input, the program performs necessary computations and provides 
both interim and final results. The four major output components are as follows: 

• As-designed mix deterministic solution (by distress) 
• As-designed mix stochastic solution (by distress) 
• As-built mix stochastic solution (by lot and by distress) 
• Total pay incentive and disincentive summary 

 
The as-designed mix deterministic solution presents deterministically calculated results (i.e., it 
does not consider the variability of the mix properties) such as effective temperature and 
frequency, recommended frequency and temperature for dynamic modulus measurement, 
allowable dynamic modulus, and most importantly, predicted effective dynamic modulus and 
distress. With this deterministic solution, the user can determine whether the combination of 
as-designed mix and pavement structure meets user-defined allowable distress requirements. If 
the program indicates that either mix or structure does not meet the requirements, the 
program allows the user to return to the as-designed mix and structural input and modify it to 
obtain a valid combination of mix and structural design. 
 
The as-designed mix stochastic solution takes into account the mean and variance of the as-
designed JMF mix as well as the pavement structure variability. In this output, the dynamic 
modulus, selected distresses, and pavement service life are expressed in the type of the 
frequency distribution (Normal or Beta) appropriate to the distress. The mean values of the 
outputs are computed based upon the laboratory-determined dynamic modulus and creep 
compliance results while their standard deviation values are estimated by Monte Carlo 
simulation (for permanent deformation and fatigue cracking) or with the Rosenblueth method 
(for thermal cracking) using historical mix variability values. 
 
The as-built mix output is a key output component. It is displayed in tabular form with all 
essential as-built mix outputs designated by lot and by distress. These essential outputs include 
the predicted as-built mix dynamic modulus, predicted distresses, predicted service life, 
predicted service life difference, the as-designed and as-built conditions, and any incentive or 
disincentive. 
 
1.3 Flow Chart 
 

Figure 1 is a flow diagram of the entire program with the major input and output 
components described in the previous section presented in lined and dotted boxes, 
respectively. The program flow starts from the upper left side of the diagram where the general 
project information input is placed. The program operation proceeds from that point as 
indicated by the arrow in the chart. Each input and output item in the boxes of the figure is 
explained in detail in the remaining chapters of the manual. 
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2 DETAILED PROGRAM PROCEDURE 
 
2.1 System and Testing Requirements 
 

The program is coded in Microsoft Excel (2007 Version) with Visual Basic Application 
support. To run the program properly, the user’s computer requires the following system 
capabilities: 

1. Microsoft Excel 2007: Neither Excel 2003 nor the utility for converting Excel 2003 files to 
Excel 2007 format will run the program due to its size and complexity. 

2. Solver Function: The program uses the Solver function to complete the iteration process 
in the rutting and fatigue cracking modules. To check if your Excel program already has 
this function, open Excel and go to the “data” tab. The “Solver” function is located under 
the “Analysis” category in the far right side of the menu. If it is missing, install it through 
the following steps: 

a. Press the “Office” button at the upper-left corner of the Excel program 
b. Select “Excel Options” at the bottom. 
c. Press the “Add-Ins” on the left side of the window. 
d. Press the “Go” button with the selection of “Excel Add-Ins” in the manage 

category. 
e. In the pop-up “Add-Ins” window, check “Solver Add-in”. 
f. Press “OK”. 

3. Permission to copy or paste a file in the “C:\” folder: This action is only necessary for the 
thermal cracking module. In most cases, a personal computer is authorized to copy and 
paste files in any folder . If it is not, a log-in from a network administrator will be 
required for permission to access the folder . 

 
As described in Section 3.2, the program requires the input of E* values determined at five 
specific temperatures (14, 40, 70, 100 and 130°F [-10, 4.4, 21.1, 37.8, and 54.4°C]) and six 
loading frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz). These data are used by the program to create 
a sigmoidal E* mastercurve that is integral to the prediction of the HMA rutting and fatigue 
cracking over the pavement life. 
 
At present, there are two AASHTO standard methods of test for measuring the dynamic 
modulus of HMA. AASHTO TP 62 and its companion standard practice AASHTO PP 62 were 
developed in conjunction with NCHRP Project 1-37A, “Development of the 2002 Guide for the 
Design of New and Rehabilitated Pavement Structures: Phase II,” to meet the data input 
requirements of the Mechanistic-Empirical Pavement Design Guide (MEPDG) for analysis of 
HMA pavement designs. AASHTO TP 62 requires a servo-hydraulic testing machine capable of 
producing controlled haversine compressive loading over a frequency range of 0.1 to 25 Hz and 
an environmental chamber capable of controlling specimen temperature in the range of -10 to 
60°C. Thus, testing conducted in accordance with AASHTO TP 62 can produce all thirty values of 
E* (five temperatures times six frequencies) required for input into this program. 
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AASHTO TP 79 and its companion standard practice AASHTO PP 61 were developed through 
NCHRP Project 9-29, “Simple Performance Tester for Superpave Mix Design” whose objective 
was development of reliable, relatively inexpensive equipment to measure (1) two specific 
HMA performance-related properties, the dynamic modulus and the flow number, and (2) the 
dynamic modulus mastercurve needed for input to the MEPDG. AASHTO TP 79 requires an 
Asphalt Mixture Performance Tester (AMPT) meeting the specification for the Simple 
Performance Test (SPT) System, Version 3.08. 
 
The AMPT conditioning chamber specified in Article 6.2 of AASHTO TP 79 must be “ . . . capable 
of controlling the temperature of the specimen over a temperature range from 4 to 60°C . . .” 
Thus, the AMPT does not allow direct measurement of the E* values at 14°F that this program 
requires to develop E* master curves. Moreover, Table 2 of AASHTO PP 61 recommends the 
use of just three testing temperatures and three or four loading frequencies to provide test 
results needed to calculate the dynamic modulus mastercurve. However, Section 10.6, 
Determine AASHTO Mechanistic-Empirical Pavement Design Guide (MEPDG) Inputs, of AASHTO 
PP 61 does provide a method for calculating E* values at the five temperature and six loading 
frequencies specified in AASHTO TP 62 from the test results obtained with AASHTO TP 79. 
 
Obviously, equipment availability will dictate which test method is chosen to measure dynamic 
modulus values for input to this program. The correlation of these measured and calculated E* 
values and the resultant mastercurves are discussed in detail in NCHRP Report 6149. 
 
2.2 Getting Started 
 

Clicking on the program file named “AMPT_QRS_Program.xlsm” opens an Excel 
worksheet with a “Run the Program” button at the upper-left corner along with notes on the 
system requirements described in the previous section, as shown in Figure 2. 
 
Pressing the run button accesses a welcome screen shown in Figure 3 that displays the 
program’s official title, “Quality Related Specification for Hot Mix Asphalt Based Upon the 
Simple Performance Test,” the program release date, names of the developer and advisor, and 
the name of the institution holding copyright. The start button at the bottom right takes the 
user to the general information input window. 
 
2.3 General Information Input 
 

The user is required to input the general project information into the window, as shown 
in Figure 4. These items are used only for information with the exception of the expected 

                                                             
8 See Appendix E of NCHRP Report 629: Ruggedness Testing of the Dynamic Modulus and Flow Number Tests with 
the Simple Performance Tester, Transportation Research Board, Washington D.C., 2008. 
9 NCHRP Report 614: Refining the Simple Performance Tester for Use in Routine Practice, Transportation Research 
Board, Washington D.C., 2008. 
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construction end date, which is used in the program computations. This date is utilized for the 
Thermal Cracking (TC) analysis because TC is a distress type that is affected by the climatic 
conditions immediately after the end of the pavement construction. The general information 
inputs are as follows: 

• Project ID and Name 
• Road Name and Length 
• Name of State, County, and City 
• Date of Analysis 
• Date of Expected Construction End Date 
• Operator’ Name 

 
3 AS-DESIGNED (JOB MIX FORMULA) MIX USER INPUT 
 

In this input section, the user provides the as-designed (JMF) mix information. The 
several major categories in this input window are separated by tabs for traffic, structure and 
design mix property, climate, distress selection, and distress criteria. 
 
The following sections describe these input categories, their interactions, and their use in the 
relevant analyses. 

 
3.1 Traffic  
 

The expected traffic volume during the project design life is necessary for calculation of 
the rutting and fatigue cracking distress predictions. These calculations utilize the total 
Equivalent Single Axle Load (ESAL) as a single variable representing the entire effect of traffic on 
the development of these distresses. The total ESAL is calculated from several traffic-related 
factors, viz., design life, daily ESAL in Year 1 (ESAL0), and annual growth rate (%), by the 
following equation: 
     =  (     )(   )   (   ) [( +  ) −  1]  

 
where 

ESAL = total ESAL after design life 
ESAL0 = year one, initial daily ESALs on the day traffic is opened 
r = growth rate (rate of traffic increase per year) 
Y = design life in years. 

 
Figure 5 shows the traffic input tab in the user input and an example of the calculation of total 
ESAL using the above equation. Note that the design speed in Figure 5 is not used to calculate 
the total ESAL, but rather to calculate an effective frequency within a pavement structure that, 
in turn, is used in the rutting and fatigue cracking prediction analyses. Vehicle design speed is a 
critical design input. 
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3.2 Structure and Mix Volumetric Property  
 

The next inputs are the design structure and mix properties, which are key inputs for the 
as-designed mix because they include the laboratory-measured dynamic modulus and creep 
compliance for the as-designed mix. 

 
As shown in Figure 6, the program allows analysis of structures with up to three asphalt 
concrete (AC) layers—AC surface, AC binder, and AC base—and three unbound material 
layers—granular base, subbase, and subgrade. The design thickness of all selected layers must 
be specified. Also, the resilient modulus (Mr) value is required for the selected unbound layers. 
The resilient modulus is only used in the fatigue cracking distress analysis since the resilient 
modulus of the foundation does not play a significant role in the development of rutting in the 
AC pavement layers. Instead, it is assumed that a subgrade layer having a resilient modulus of 
14,500 psi is present regardless of the actual unbound, subsurface layers. The TC analysis also 
does not consider the effect of the unbound layers. 
 
E* test results at five temperatures (14, 40, 70, 100, and 130°F) and six frequencies (25, 10, 5, 
0.5, 1 and 0.1 Hz) should be entered in the table shown in Figure 7; this table is opened when 
the “Dynamic Modulus” button under “SPT INPUT” in Figure 6 is pressed. Once all E* results are 
entered in the table and the user presses the “RUN Optimization” button, the program begins 
optimizing the E* data and creating a sigmoidal E* master curve using the Excel Solver function. 
The program provides the resulting seven master curve parameters as well as a visualization of 
the curve, as shown in Figures 8 and 9, respectively. 
 
Similar to the dynamic modulus data input, the creep compliance (D) laboratory test results 
obtained with the indirect tensile (IDT) test at three temperatures (-4, 14, and 32°F) and six load 
times (1, 2, 5, 10, 20, 50, and 100 seconds) are entered in an input table shown in Figure 10 
with example data. A creep compliance curve is developed at each test temperature; the three 
creep compliance curves are then combined to create a creep compliance master curve for 
each replicate. In addition, the program requires an indirect creep strength test result for each 
replicate. The program allows up to five replicates. The creep compliance and strength test 
results are essential for the TC analysis. 
 
The program uses measured values of dynamic modulus and creep compliance to evaluate the 
as-designed and as-built mix quality. However, the program also estimates these quantities 
using well-established prediction equations. This is done because the variability of the dynamic 
modulus and creep compliance cannot be estimated from a single laboratory test 
measurement; rather , it should be estimated from multi-laboratory tests in an interlaboratory 
study that would be impractical in this situation. It is more reasonable to estimate the 
variability of the dynamic modulus and creep compliance by using the historical variance of the 
key volumetric properties included in the E* and D prediction equations. For this reason, the 
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program requires the user to provide the design volumetric properties in the material property 
window shown in Figure 11. The following key properties are entered in this window: 

• Asphalt Content by Weight (AC) 
• Specific Gravity of Binder with Binder Type 
• In-Situ Air Voids (Va) 
• Specific Gravity of Aggregate (Gsb) 
• Maximum Theoretical Specific Gravity of Mix (Gmm) 

 
The program then uses the following equations to calculate several mix volumetric properties 
and automatically populates the associated cells in Figure 11: 
              (   ) =   1−            

                                           =  (      )    (      )        

                            (   ) =    +         
                 ℎ    ℎ    (   ) =               100  

 
The user must also provide aggregate gradation data including the percent passing values for 
four sieve sizes: 3/4", 3/8”, #4, and #200. All these entered data and calculated results are used 
by the program in the WPE to estimate a value of E* for a mix from its volumetric properties. 

 
3.3 Selection of Climatic Location  
 

Climatic data at the project location must be inputted in order for the program to 
include the effects of climate in the distress predictions. The program provides two options for 
the user . The first option is manual entry of the following climatic information, if known, in the 
climatic selection user input window in Figure 12: 

• Mean Annual Temperature (MAAT) in °F 
• Standard Deviation of Mean Monthly Air Temperature (σMMAT) in °F 
• Mean Annual Wind Speed (Wind) in mph 
• Mean Annual Sunshine (Sunshine) in % 
• Mean Cumulative Rainfall Depth (Rain) in inches 

 
These data are used to calculate effective temperatures (Teff) for rutting and fatigue cracking 
distresses using the following equations: 
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For Rutting:     =  14.620 − 3.361 ln      − 10.940 + 1.121(    ) + 1.718(     )−0.431(    ) + 0.333(    ℎ   ) + 0.080(    )  
 
For Fatigue Cracking     = −2.3316     − 13.9951 + 1.0056(    ) + 0.8755(     ) − 1.1861(    ) +0.5489(    ℎ   ) + 0.0706(    )  
 
The second option is to directly choose the weather station nearest to the project location. This 
option is the same as that used by the Mechanistic-Empirical Pavement Design Guide (MEPDG) 
software. When the user presses the “Select Location” button in Figure 12, the weather station 
selection program “Climit.exe” is executed. At this point, the user can directly select a 
geographical weather station near the desired project location from the existing station list as 
presented in Figure 13. If the desired location is not in the list, then the user can use an 
interpolation option by selecting several adjacent weather stations. For a more detailed 
description of the process, the user is referred to the MEDPG user guide (4). 
 
These two options are only valid for calculation of rutting and fatigue cracking distresses. For 
the TC analysis, the user must use the second option as this analysis requires actual hourly 
climatic data, and not summarized data, to create the necessary pavement temperature file. A 
more detailed explanation of the TC analysis and the creation of temperature files is presented 
in Section 4.5 “Deterministic Solution for Thermal Cracking”. 

 
3.4 Distress Selection for Desired Analysis  
 

The program allows the user to select one, two, or all three distresses for analysis by 
interactively showing the structural AC layer system and critical distresses for each layer . The 
user can then simultaneously see the distress and its critical layer in the interactive distress-
layer window shown in Figure 14. For example, in a two-layer AC pavement structure, the 
rutting analysis can be performed for either the surface layer (AC1) or the base layer (AC2) or 
both by checking or unchecking the small boxes in the distress selection window. Layer 
selection for fatigue cracking and thermal cracking is made in the same way. 
 
It is important to note that the bottom AC layer is considered the primary response layer for 
fatigue cracking, i.e., all fatigue cracking is assumed to arise at the bottom of the AC pavement 
structure. On the other hand, the surface AC layer is considered the critical layer for thermal 
cracking as this distress is well known to initiate at the surface of the AC. 
 
International Roughness Index (IRI) can also be selected for distress analysis in this distress 
selection window. However, IRI is only used for the final incentive/disincentive calculation in 
the pay performance analysis and is not included in the deterministic distress prediction. 
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3.5 Allowable Distress Limits (Criteria)  
 

The allowable distress limits are user selected in the criteria input window (Figure 15) 
for the mix and structural pavement design. The distress deterministically predicted from the 
given input variables should be less than the allowable distress limit. If it is not, the as-designed 
mix or design structure or both do not comply with the specification and should be modified to 
meet the requirements. 
 
The program will indicate whether the combination of as-designed mix and design structure is 
acceptable in terms of the allowable distress limits in the deterministic design solution window 
as explained in a later section (4.7 “Determination of Mix—Structure Acceptance”). 
 
4 DETERMINISTIC SOLUTION PROCEDURE FOR AS-DESIGN JOB MIX FORMULA MIX 
 

Section 2.4 explained the major components of the user input. This chapter describes 
how the user inputs play an interactive role in the deterministic calculation of predictions for 
three distresses: rutting, fatigue cracking, and thermal cracking, respectively. 

 
4.1 Deterministic Solution for AC Rutting  
 

The general background and fundamental theory associated with development of the 
rut depth prediction model is presented in Chapter 2 of reference 1. In this section, the 
implementation of this rut depth prediction model in the program and its step-by-step 
interaction with the user input values to produce accurate rut depth predictions are described. 
 
Step 1: Before the program starts the analysis, it checks whether all necessary variables are 
appropriately entered. If not, the program displays an error message. In the rut depth 
prediction procedure, the following inputs are critical: 

• Traffic: total ESAL 
• Structure: thickness of each AC layer . 
• As-Designed Mix Volumetric Properties: asphalt content by weight, asphalt 

binder type, specific gravity of binder, target in-situ air voids, specific gravity of 
aggregate, maximum theoretical specific gravity, and aggregate gradation 
(specifically, % passing 3/4”, 3/8” , #4, and #200). 

• Climatic Summary: Either a weather station close to the project site is selected or 
the five climatic characteristics (i.e., MAAT, σMMAT, Wind Speed, Sunshine, and 
Rain) as presented in Figure 12 are manually entered. 

•  Seven Sigmoidal Dynamic Modulus Master Curve Parameters: These are 
calculated from the dynamic modulus test results of several replicates manually 
inputted by the user . A set of seven parameters is needed for each AC layer . 

• Allowable Rutting Limit: User-defined criterion. 
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As previously mentioned, the program assumes that all unbound foundation materials have a 
negligible effect on the magnitude of rut depth that will develop in an asphalt layer . Therefore, 
regardless of the actual granular base or subbase or subgrade properties in the given pavement 
structure, the rut depths in the AC layers are calculated on the assumption that there exists 
only a subgrade having a resilient modulus of 14,500 psi. 
 
Step 2: The program determines two pre-solved neighboring AC thicknesses (termed Structure I 
and Structure II) to the actual total AC thickness in accordance with the following table: 
 

Actual Thickness 
(in) 

Structure I 
Thickness 
(in) 

Structure II 
Thickness (in) 

1-2 1 2 
2-2.75 2 2.75 
2.75-3 2.75 3 

3-4 3 4 
4-6 4 6 
6-8 6 8 

8-12 8 12 
12-20 12 20 

 
Step 3: The program sub-divides each layer of Structure I and Structure II and calculates an 
effective depth (Zeff), effective temperature (Teff), effective frequency (feff), and effective E* 
(E*eff) for each layer sub-division as shown in the following table: 
 

Structures I and II 
Layer Thickness (in) 

Layer Sub-Division 
Thickness(in) 

1 1 
2 1—1 

2.75 1—1.75 
3 1—1—1 
4 1—1—1—1 
6 1—1—1—1—2 
8 1—1—1—1—2—2 

12 1—1—1—1—2—2—4 
20 1—1—1—1—2—2—12 

 
The effective depth, Zeff, is calculated using the following equation: 
     =  ∑  ℎ         +                    
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where 
n = number of sub-divided layers 
hi = sub-divided layer thickness (in) 
Ei = sub-divided layer modulus (psi) 
Esg = subgrade modulus (14,500 psi) 
hn = last sub-divided layer thickness (in) 
En = last sub-divided layer modulus (psi) 

 

With this equation the effective depth for a 1-inch structure is always 0.75        because it is 

assumed there is no rut depth within 0 ∼ 0.5 inch. Also, since the Esg sub-divided layer modulus 
(Ei) is unknown in the equation, and Ei is a function of a combination of effective temperature 
and frequency, an iteration process is required to solve the equation by assuming the initial Ei is 
equal to a certain value. In the program, an E*eff value of 250,000 psi is initially assumed. The 
program then calculates the effective frequency, feff, and temperature, Teff, from Zeff with the 
following equations: 
     =    .   (      )  
     =  14.620 − 3.361 ln      − 10.940 + 1.121(    ) + 1.718(     )−0.431(    ) + 0.333(    ℎ   ) + 0.080(    )  
 
where 

v = design traffic speed (mph) 
r = tire radius (4.886 in.) 

 
Next, an effective dynamic modulus, Eeff, is calculated using the seven sigmoidal parameters 
determined for the E* master curve from the measured E* test results, feff, and Teff. First, a 
reduced time is calculated in accordance with the time-temperature superposition principle 
using the following equation: 
 log(  ) = log  1       −          +        +     

 
where 

tr = time of loading at the reference temperature (reduced time) 
a, b, and c = regression coefficients 

 
The next calculation determines the value of     ∗   from the reduced time using the sigmoidal 
function and the rest of seven parameters: 
 log     ∗  =   +          (     )  
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where 

δ = minimum value of E* master curve 
δ + α = maximum value of E* master curve 
β and γ = parameters associated with the shape of the E* master curve 

 
Once     ∗    is calculated, the program compares it with the value initially assumed at the 
beginning of the iteration process. If the absolute value of the difference between the two 
values of     ∗    is more than 0.1 psi, the program re-starts the iteration process from the 
calculation of effective depth by taking a newly assumed     ∗    which is obtained from the 
following equation: 
     ( )∗ = (    ( )∗ +      ( )∗ )/2  
 
where     ( )∗  = newly assumed     ∗      ( )∗  = initially assumed     ∗      ( )∗ = calculated     ∗  based on     ( )∗  
 
Once the iteration process is completed, there will be a set of critical effective values, feff, Teff, 
and     ∗  , for each sublayer in the pavement system. Figure 16 presents an example of 
Structures I and II derived for an actual structure having an AC thickness of 7 inches after the 
calculation of all effective values is completed. 
 
Step 4: In this step, the program calculates rut depths for each sublayer of both Structures I and 
II. The calculation uses the following rut depth prediction model with a set of coefficients used 
in conjunction with the predetermined effective values from Step 3. 
 ∆  =    (    )  (    )  ( )    
 
This equation was developed based upon a constant traffic level of 10 million ESALs because it 
was known that the rut depth increases by an approximate factor of 3 for each factor of 10 
increase in traffic (5). Therefore, the following multiplier should be applied in the preceding 
equation: 
   = (        ,   ,   ) .        

 
For example, if the actual traffic level is 100 million, then the multiplier , tm, becomes 3.0147. At 
the end of this step, the program has finished calculating all sublayer rut depths for both 
Structures I and II. 
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Step 5: Since the calculated rut depths are for the neighboring Structures I and II, and not the 
actual structure, the program now interpolates the predicted sublayer rut depth for the actual 
sublayer using the following equation: 
 ∆   = ∆    (∆     − ∆    )                       

 
where ∆    = ith sublayer rut depth for the actual structure ∆     and ∆      = ith sublayer rut depths for Structures I and II 

hac = actual total AC thickness ℎ    and ℎ     = AC thicknesses for Structures I and II 
 
Note that for the last sublayer rut depth calculation, this equation simplifies to the following 
equation: 
 ∆   = ∆                           

 
Step 6: This is the last step in the calculation of the rut depth. All sublayer rut depths calculated 
in Step 5 are summed to the final rut depth. That is, the total rut depth n is ∑ ∆        . 
 
Steps 1 through 5 can be applied regardless of the number of AC layers within a pavement 
system. When there is a multi-AC layer structure, Step 6 is modified as follows to calculate the 
rut depth for each different AC mix layer . This case is explained in the following Steps 6-1 and 7. 
 
Step 6-1 (Modified Step 6 when the structure is made up of multiple AC layers): In this case, the 
calculated sublayer rut depths of the first AC mix (e.g., Mix A) within the entire pavement 
structure are summed. For instance, if the Mix A thickness is 3.4 inches in the 7-inch pavement 
structure shown in Figure 17, the sublayer rut depths from ∆    to ∆    are calculated using 
the first equation in Step 5. Since the last sublayer thickness is 0.4 in, only 40% of ∆    should 
be included in the sum. This requires calculation of a partial rut depth for the 4th layer . That is, ∆   (       ) =  ∆   ( .      ), or more generally for the last sublayer rut depth of Mix A: 

 ∆   (       ) =  ∆       (    )                     

 
where ∆   (       ) = a partial rut depth for the last sublayer of Mix A ∆    = rut depth for the ith sublayer when considering the entire structure using 

Mix A property ℎ  (    ) = AC thickness of Mix A ℎ      = AC thickness of Mix A including the last (ith) sublayer 
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ℎ    = AC thickness of Mix A excluding the last (ith) sublayer 
 
Step 7: In this step, the total rut depth of the second layer mix (e.g., Mix B) is calculated. Steps 1 
through 6 above are repeated with dynamic modulus test results for Mix B and a dynamic 
modulus master curve for Mix B is used to calculate the requisite effective temperature, 
frequency, and modulus. 
 
After completion of Steps from 1 to 6 using the Mix B properties, the total rut depth is 
calculated. Since this total rut depth includes the portion of the Mix A, this portion should be 
subtracted from the total rut depth to obtain the pure Mix B rut depth. Thus, the following 
equation can be used for the Mix B rut depth: 
     =    −        
 
and the same procedure can be applied to a three-AC- layer pavement system to calculate the 
individual rut depths for each different AC mix layer with the following equation: 
      =    −      −      =     −       
 
where      = rut depth of Mix B layer using Mix B property     = rut depth of the entire structure using Mix B property      = rut depth of Mix A layer using Mix A property      = rut depth of Mix C layer using Mix C property     = rut depth of the entire structure using Mix C property 
 
The predicted rut depth for each layer is displayed in the mix design result output screen as 
shown in Figure 18, along with the other critical computed results. These results are discussed 
in the next section. 
 
4.2 Development of a Single Power Curve for Rutting Distress  
 

In this section, a methodology to develop a single power curve for the relationship 
between rut depth and E* is discussed. Having a single power curve representing this 
relationship is a useful means of estimating the E* corresponding to a particular rut depth, or 
vice versa. To effectively explain this methodology, the steps necessary for the example of a 7-
inch-thick AC structure is presented below. 
 
Step 1: Calculate the effective temperature, effective dynamic modulus, and corresponding 
(sublayer) rut depth for each sublayer of both Structures I and II corresponding to actual 
pavement structure by using the deterministic rutting solution explained in Section 4.1. Table 1 
summarizes the rut depth predictions for Structures I and II (i.e., 6- and 8-in structures) with the 
coefficients (p-values) of the rut prediction model. 
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Table 1. Summary of Sublayer Coefficients and Predicted Rut Depths 
Strc I Sublayer p(0) p(1) p(2) p(3) Teff feff     ∗  (10 ) RUT 

6-inch 1 0.0146 0.2380 -1.2488 0.0359 112.1 84.2 2.37106 0.018 
2 0.0161 0.6167 -0.9964 0.0545 104.3 64.5 3.46392 0.103 
3 0.0104 0.7224 -08531 0.0554 93.8 47.6 5.80593 0.078 
4 0.0013 1.0970 -07269 0.0542 83.3 36.3 9.49878 0.041 
5 0.0010 1.1586 -0.5484 0.0467 67.4 25.2 17.91849 0.033 

SUM 0.273 
Strc II Sublayer p(0) p(1) p(2) p(3) Teff feff     ∗  (10 ) RUT 
8-inch 1 0.0019 0.7335 -1.0371 0.0274 112.1 84.2 2.37106 0.28 

2 0.0094 0.7285 -0.9276 0.0461 104.3 64.5 3.46392 0.106 
3 0.0048 0.8562 -0.8624 0.0514 93.8 47.6 5.80593 0.064 
4 0.0019 0.9630 -0.8123 0.0567 83.3 36.3 9.49878 0.027 
5 0.0015 0.9785 -0.7193 0.0544 67.4 25.2 17.91849 0.014 
6 0.0005 0.9677 -0.5895 0.0448 46.1 16.9 33.15061 0.003 

SUM 0.243 
 
Step 2: Based upon Table 1, the next step is to transform a simple power model of the form ∆  =     (     )  ( ∗    )  ( )   for each sublayer to the form ∆  =  ( ∗    )  where 
the power coefficient b equivalent to p2. In Table 1. Table 2 presents the coefficients a and b for 
the simplified rut depth model. 
 
Table 2. Reduced Coefficients for a Simple Power Model 
Structure 

I 
Sublayer a b Structure 

II 
Sublayer a b 

6-inch 1 0.052 -1.249 8-inch 1 0.069 -1.037 
2 0.354 -0.996 2 0.336 -0.928 
3 0.348 -0.853 3 0.293 -0.862 
4 0.213 -0.727 4 0.170 -0.812 
5 0.162 -0.548 5 0.114 -0.719 

 6 0.022 -0.590 
 
Step 3: Calculate each sublayer rut depth based upon the power equation in Table 2 for a wide 
range of dynamic modulus values (in this example, E* values from 50 ksi to 2,000 ksi are used). 
Sum all the sublayer rut depths (for each possible E*eff value) as shown in Table 3. 
 
Step 4: The rut depth data, with     ∗  for Structures I and II, are plotted as shown in Figure 19. 
 
Step 5: The power curve for the actual AC thickness (7.0 in) is then determined by interpolation 
between the two curves (two sets of data) in Figure 19 (see Table 4) and plotted (see Figure 20). 
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Table 3. Sublayer rut depths and total rut depth at different values of     ∗  
 Sublayers  6-inch 

 6,1 6,2 6,3 6.4 6,5       ∗  RUT RUT RUT RUT RUT  Total RUT 
50,000 0.124 0.707 0.629 0.353 0.238  2.050 

100,000 0.052 0.354 0.348 0.213 0.162  1.130 
200,000 0.022 0.178 0.193 0.129 0.111  0.632 
300,000 0.013 0.119 0.136 0.096 0.089  0.453 
400,000 0.009 0.089 0.107 0.078 0.076  0.359 
600,000 0.006 0.059 0.076 0.058 0.061  0.259 
800,000 0.004 0.045 0.059 0.047 0.052  0.207 

1,200,000 0.002 0.030 0.042 0.035 0.042  0.151 
1,500,000 0.002 0.024 0.035 0.030 0.037  0.127 
2,000,000 0.001 0.018 0.027 0.024 0.031  0.102 
 
 Sublayers  8-inch 
 8,1 8,2 8,3 8,4 8,5 8,6      ∗  RUT RUT RUT RUT RUT RUT Total RUT 

50,000 0.142 0.640 0.533 0.299 0.188 0.033 1.835 
100,000 0.069 0.336 0.293 0.170 0.114 0.022 1.005 
200,000 0.034 0.177 0.161 0.097 0.070 0.015 0.553 
300,000 0.022 0.121 0.114 0.070 0.052 0.012 0.390 
400,000 0.016 0.093 0.089 0.055 0.042 0.010 0.305 
600,000 0.011 0.064 0.062 0.040 0.032 0.008 0.216 
800,000 0.008 0.049 0.049 0.031 0.026 0.007 0.169 

1,200,000 0.005 0.034 0.034 0.023 0.019 0.005 0.120 
1,500,000 0.004 0.027 0.028 0.019 0.016 0.005 0.099 
2,000,000 0.003 0.021 0.022 0.015 0.013 0.004 0.078 
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Table 4. Total Rut Depth for the Actual 7-inch Structure After Interpolation 
 Total Rut     ∗  6-inch 8-inch Actual (7-inch) 

50,000 2.050 10835 1.942 
100,000 1.130 10005 1.068 
200,000 0.632 0.553 0.592 
300,000 0.453 0.390 0.422 
400,000 0.359 0.305 0.332 
600,000 0.259 0.216 0.238 
800,000 0.207 0.169 0.188 

1,200,000 0.151 0.120 0.135 
1,500,000 0.127 0.099 0.113 
2,000,000 0.102 0.078 0.090 

 
Step 6: The final step is to find the coefficients a and b for the actual AC thickness power model 
using the Solver function. Upon obtaining these coefficients, corresponding values of     ∗  and 
total predicted rut depth can be found. For example, if the total rut depth is predicted as 0.258 
inches for the actual 7-in structure, then the corresponding     ∗  will be 536,100 psi from the 
following equation:  
        = 1.076(    ∗ )  .     
 
This unique relationship allows estimation of     ∗  values corresponding to any predicted rut 
depth. 

 
4.3 Deterministic Solution for Fatigue Cracking  
 

Unlike the rut depth prediction methodology, the internal process for the bottom-up 
fatigue cracking analysis implemented in the program is straightforward. This section presents 
the step-by-step process for predicting fatigue cracking. 
 
Step 1: The program checks for the correct entry of all necessary input values. If missing or 
incorrect inputs are detected, the program displays an error message. In the fatigue cracking 
prediction procedure, the following inputs are critical: 

• Traffic: Total ESALs 
• Structure: Thickness for each AC layer and unbound material layer . The program 

can handle three unbound layers: Base, Subbase, and Subgrade (where the base 
and subbase layers may be optional inputs). 

• Design Mix Volumetrics: Asphalt content by weight, asphalt binder type, binder 
specific gravity, target in-situ air voids, aggregate specific gravity, maximum 
theoretical specific gravity, and aggregate gradation (viz., % passing 3/4” , 3/8”, 
#4,and #200 sieves) 
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• Climatic Summary: This is obtained either by selecting a weather station close to 
the project site or by directly entering the five climatic characteristics (i.e., 
MAAT, σMMAT, Wind Speed, Sunshine, and Rain) as presented in Figure 12 in 
Section 3.3. 

• Seven Parameters for the Dynamic Modulus Master Curve: These are obtained 
from dynamic modulus test results of several replicates. Note that a full set of 
seven parameters is needed for each AC layer if the layers have different mixture 
types. 

• Allowable Fatigue Cracking Limit: User-defined criterion 
 
Step 2: The program calculates the key effective variables: effective length (Zeff) and frequency 
(feff) by use of the following equations: 
     = 2( + ℎ  )  
     =   +         (      ).   
 
where 

r = tire radius (4.886 in.) 
hac = AC thickness (in.) 
v = design traffic speed (mph) 

 
Notice that, unlike the rutting effective depth, which uses the center point of each sublayer , the 
effective depth of the fatigue distress always uses the bottom point of the total AC thickness. 
This is based on the assumption that the fatigue cracking is bottom-up, i.e., critically induced by 
tensile strains at the bottom of AC layer . 
 
The program also calculates the effective fatigue temperature by using the following effective 
temperature model: 
     =  −2.3316     − 13.9951 + 1.0056(    ) +  0.8755(     ) −  1.1861(    ) + 0.5489(    ℎ   ) +  0.0706(    )  
 
Step 3: In this step     ∗ . is determined at any reference time or temperature using the seven E* 
master curve parameters (δ, α, β, γ and a, b, c) calculated through the optimization process 
from the laboratory-measured E* values. The following, previously presented equations are 
used: 
 log(  ) = log  1       −          +        +     
 log     ∗  =   +          (     )  
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Step 3-1: In cases where there is more than one AC layer, the multi-AC-layer structure should 
be transformed into one combined equivalent AC layer, as shown in Figure 22, in order to 
calculate     ∗  at the bottom of the AC layer . Odemark’s transformation method is applied to 
calculate the equivalent AC thickness and the following equation can be used for the 
transformation: 
 ℎ  =  ℎ +  ℎ       

  

 
This equation requires four variables, viz., the thickness h and dynamic modulus E for AC layers 
1 and 2. However, since the effective length of the second layer is initially unknown; it is not 
possible to initially calculate the corresponding effective frequency and effective dynamic 
modulus; an iteration process is needed to determine     ∗  for the second layer (i.e., E2 in 
Figure 22) as well as the effective thickness (heff). 
 
The iteration process requires the following steps: 

• Assume the second AC layer dynamic modulus 
• Calculate the effective thickness heff , the effective length     , and the effective 

frequency      using the equations above 
• Calculate the reduced time and corresponding dynamic modulus using the seven 

parameters 
• Compare the calculated dynamic modulus with the assumed one 
• Re-assume the dynamic modulus and repeat the process until the difference is 

minimized 
 
Step 4: In this step the program calculates the composite foundation modulus Ecf based upon 
the inputted unbound material properties. The value of Ecf is calculated through interpolation in 
a large database of five variables: effective AC thickness (heff), effective dynamic modulus (E*eff), 
granular base thickness (hbase) and modulus (Ebase), and subgrade modulus (Esubg). The database 
covers the following ranges for these variables: 

• heff: 1, 2, 4, 6, 8, and 20 inches 
• E*eff: 50, 300, 1,000, and 4,000 ksi 
• hbase: 4, 8, 12, and 20 inches 
• Ebase: 15, 50, 100, 200, 350, 500, 600, 750, and 1,000 ksi 
• Esubg: 3, 8, 15, 20, 50, and 200 ksi 

 
The interpolation scheme begins by looking up 32 Ecf values for a given condition. For example, 
if the given condition contains the following information: heff = 5.5 inches, E*eff = 350 ksi, hbase = 
10 inches, Ebase = 45 ksi, and Esubg = 5 ksi, the 32 combinational Ecf values are selected from Table 
5 and the Ecf value is then interpolated from the 32 values in the last column. 
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Step 5: The allowable number of traffic repetitions (Nf) is then calculated by using the following 
fatigue equations: 
 
For hac < 3 in (thin pavement model) 
 log  = 8.3014−   (−0.0095log (ℎ  ) − 0.0756 log(ℎ  ) + 0.0438) log     ∗  − 0.5414log (ℎ  ) + 1.4319 log(ℎ  )− 1.0252 log (   ) +  −0.0208log (    ∗ ) + 0.7040 log     ∗  − 4.1171 log     + [−4.1659log (ℎ  ) − 3.0733 log(ℎ  )− 6.4418]log (   ) + [−1.5883log (ℎ  ) − 2.8014 log(ℎ  )− 9.2885] log(   )− 0.1177log (    ∗ ) + [0.0681(ℎ  ) − 0.3789(ℎ  ) + 0.8989] log     ∗  + 2.9330  
 
For hac ≥ 3 in (thick pavement model) 
 log  = 8.3014−   (0.0645log (ℎ  ) − 0.0144 log(ℎ  ) + 0.0416) log     ∗  − 0.5414log (ℎ  ) + 1.4319 log(ℎ  )− 1.0252 log (   ) +  −0.0218log (    ∗ ) + 0.6280 log     ∗  − 3.2499 log     + [28.9186log (ℎ  ) − 51.9588 log(ℎ  ) + 12.7671]log (   ) + [15.8844log (ℎ  ) − 28.6128 + 0.9160] log(   )− 0.1792log (    ∗ ) + [0.0024(ℎ  ) − 0.1009(ℎ  ) + 1.2623] log     ∗  + 1.4613  
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Table 5. Matrix Table for Composite Foundation Modulus 

Structure Condition Output 
heff (in.) E*eff (ksi) hbase (in.) Ebase (ksi) Esubg (ksi) Ecf (ksi) 

4 

300 

8 
15 

3 #1 
8 #2 

50 
3 #3 
8 #4 

12 
15 

3 #5 
8 #6 

50 
3 #7 
8 #8 

1,000 

8 
15 

3 #9 
8 #10 

50 
3 #11 
8 #12 

12 
15 

3 #13 
8 #14 

50 
3 #15 
8 #16 

6 

300 

8 
15 

3 #17 
8 #18 

50 
3 #19 
8 #20 

12 
15 

3 #21 
8 #22 

50 
3 #23 
8 #24 

1,000 

8 
15 

3 #25 
8 #26 

50 
3 #27 
8 #28 

12 
15 

3 #29 
8 #30 

50 
3 #31 
8 #32 

 
Step 6: Finally, the fatigue damage and cracking are calculated with the following equations: 
 % =       × 100  
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  =         (  ∗      ∗   ∗      ( ))   

 
derived in Section 2.5.2.2 of reference 1. 
 
The predicted fatigue cracking is displayed in the mix design output window along with the 
predicted and allowable     ∗  as shown in Figure 23. The next section discusses a method of 
determining an allowable value of     ∗  corresponding to a user-defined limit of allowable 
fatigue cracking. 
 
4.4 Determination of Allowable     ∗  for Fatigue Cracking  
 

Similar to the rutting     ∗  relationship described in Section 4.2, there is a relationship 
between     ∗  and fatigue cracking. In this section, the relationship and the sequence of steps 
for finding the allowable     ∗  by using the relationship are described. 
 
Step 1: The program reads the allowable fatigue cracking from the distress limit inputted by the 
user . 
 
Step 2: Fatigue cracking (FC) is a function of fatigue damage (D) and AC thickness as shown in 
the previous section. The equation for FC in the previous section is merely rearranged in terms 
of the damage D as follows: 
  =  10^                 (  .        .   (      )  .     .        .   (      )  .      

 
Step 3: Once the fatigue damage is computed, calculate the allowable number of traffic 
repetitions (Nf) with the following relationship: 
   =    % × 100  

 
Step 4: Since the fatigue distress model (the Nf equation) is a function of several volumetric 
variables and     ∗  is the only unknown in the equation,     ∗  can be calculated. There are two 
different models (shown in Step 5 of the previous section) that depend on the AC thickness (i.e., 
the thin pavement model and the thick pavement model, which may also be combined). The 
challenge is that these equations cannot be rearranged to directly solve for     ∗  because of 
their complexity. An alternative method is to use an iteration process where an initial     ∗  
value is assumed and then changed until the difference between the calculated Nf in Step 3 and 
the Nf obtained from the assumed     ∗  converges. 
 
Note that four different relationships between fatigue cracking and     ∗  exist as follows: 
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a. The common and general relationship between fatigue cracking and E* is presented 
in Figure 24, where the fatigue cracking decreases with the increase of E*. 
b. Sometimes the fatigue cracking increases with the increase of E* as depicted in Figure 
25 (e.g. a thin and stiff AC layer on top of a soft base or subgrade). 
c. There may be two corresponding allowable     ∗  (i.e., two solutions) for one fatigue 
cracking value as presented in Figure 26. In this case, the larger     ∗  value should be 
selected. 
d. If the user defined allowable fatigue cracking is relatively large compared to the 
actual capacity of a given pavement structure and mix, there will be no corresponding     ∗  found as illustrated in Figure 27. 

 
For simplicity and practicality, the program considers only cases “a” and “b”. To avoid cases “c” 
and “d”, the program assumes that the value of %FC increases as     ∗  decreases and that there 
is no peak in case “a”. 
 
4.5 Deterministic Solution for Thermal Cracking  
 

This section discusses the process used in the program to deterministically solve for the 
thermal cracking (TC) of an asphalt pavement. In the TC analysis, unlike the rutting and fatigue 
cracking analyses, the program runs an external sub-program named “tcnew.exe,” which was 
originally developed for the QRSS by Jacob Uzan in NCHRP Project 9-22 (3). The sub-program 
“tcnew.exe” functions as the computational engine for thermal cracking and expected service 
life. Depending upon the format of the input data, the program can either estimate thermal 
cracking from mix volumetric data or calculate it from a laboratory-measured creep compliance 
and strength data measured at low temperatures with the IDT test. 
 
The following steps describe how the program deterministically estimates thermal cracking. 
 
Step 1: The program reads all required input data from the user inputs. For the TC analysis, it is 
minimally required to have the following input data: 

• Expected construction end date: This is used as the starting date of the TC 
analysis. It is important to use this specific date because the TC analysis employs 
an actual weather database containing climatic information on an hourly basis. 
For instance, if the construction end date is in December, the analysis would 
begin with the historic climatic information of the same date in December in the 
earliest year existing in the database. 

• AC thickness: Total AC thickness is essential to compute the pavement 
temperature from the surface to the bottom of the AC structure; the sum of all 
AC layer thicknesses is used, regardless of whether or not they are the same mix 
type and quality. 

• Laboratory-measured creep compliance: This input is critically important 
because it represents the behavior of the mix at low temperature. A set of 
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laboratory-measured creep compliance data at different temperatures and time 
is used to create the creep compliance master curve. 

• Climatic location: Recall that there are two general options in the climatic 
location selection user input. The first option is to provide the key climatic 
summary values by directly entering them. The second is to select a weather 
station adjacent to the project site. The rutting and fatigue cracking distress 
analyses can be completed with either option. However, the second option only 
is permitted in the TC analysis. By selecting a weather station, the program 
automatically creates a virtual climatic file with an extension name of “icm”. 
Also, the program automatically creates two additional files related to the 
climatic data in the icm file, named “climate.tmp”and “input.tmp”, in the same 
folder where the program is located. All these files contain key climatic 
information (e.g., air temperature, rainfall, etc.) as well as geographical 
information (e.g., longitude, latitude, and elevation) for the selected location and 
are used for the calculation of TC. 

• Distress limit: This input is the maximum allowable TC distress and is defined by 
the user . 

 
Step 2: The TC RUN tab at the end of the user input window is activated as shown Figure 28 if 
the user selects TC distress in the distress tab as one of the distresses to be analyzed. In this TC 
RUN window, the user must press the first button named “RUN TC Rep. 1” .This button allows 
the program to perform several significant internal processes as follows: 

• Check whether all required climatic files exist (i.e., icm file, climate.tmp, and 
input.tmp). 

• Create a pavement temperature file named “thermal.tmp” for the specified 
location and AC thickness. This file contains pavement temperatures at different 
depths (0” , 0.5” , 2” and every 2” thereafter). Creating this file will take 
approximately one minute (depending on the total AC thickness and the 
computer’s processing power). Figure 29 shows the screen displayed as the 
tcnew.exe program is preparing the temperature file thermal.tmp. 

• Create a data file named “fil#.dat” where the creep compliance and tensile 
strength data is coded. Each replicate is differentiated by the number at the end 
of “fil” (i.e., “fil1.dat” for the first replicate, “fil2.dat” for the second replicate, 
etc.). This file is then used to create another data file named “input.dat” which 
contains the same laboratory-measured creep compliance data; it is directly 
employed by the “tcnew.exe” program. In other words, each “fil#.dat” file is 
internally converted into “input.dat” to be used by the TC program. 

• Create a data file named “doc-17a.dat” where some critical input data such as 
expected construction ending date, design life, and the file paths of 
“thermal.tmp” and “fil#.dat” are recorded. 
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• Find the regressed coefficients for two distinct creep compliance master-curve 
fitting models: power model and the Prony series (Maxwell model). These 
models are represented by the two following equations, respectively. 

  ( ) =    +        
 
where 

D(t) = total creep compliance at time t 
D0 = instantaneous creep compliance 
t = loading time 
D1, m = materials regression coefficients 

  (  ) =    +  ∑        1−         +     

 
where 

D(tr) = creep compliance at reduced time tr 
tr = reduced time (t/aT) 
aT = temperature shift factor 
Di,   , η = Prony series (Maxwell model) parameters 

 
• Predict monthly thermal cracking and create a TC result file named “1.txt” where all 

TC results are recorded on a monthly basis. 
 
Step 3: The user saves the TC result file produced for each replicate mix by clicking the “Save 
Data” button in the third column in Figure 28; the TC data is saved with a file name of “TC#.txt” . 
Steps 2 and 3 are repeated for each replicate. 
 
Step 4: Once the TC analysis is completed for all replicate mixtures, the program calculates the 
average thermal cracking behavior and displays the results in the mix design output window as 
shown in Figure 29. As shown in Figure 29, the user can either go to the pay performance 
analysis (stochastic analysis for the as-built mix compared to the as-designed mix) or go back to 
the mix design input window to modify any mix property or the structure until the as-designed 
mix and structure comply with the TC criteria. 
 
It is important to recognize in the TC analysis that if the user changes the structure (i.e., total AC 
thickness), then he or she must go back to the climatic selection input and re-select the climatic 
location, even though the selected location is unchanged. This is necessary because as a total 
AC thickness is changed, the pavement temperature file must be recreated to take account of 
the revised AC thickness. 
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4.6 Calculation of the Recommended Temperature and Frequency  
 
As mentioned earlier, one major advantage of using the effective temperature and 

frequency is that they greatly simplify the process of the asphalt material characterization. For 
example, the effective frequency and temperature represent the precise testing condition at 
which to conduct the dynamic modulus test. This yields a massive reduction in laboratory 
testing. In general, if the calculated effective frequency is greater than 25 Hz, a limitation in the 
laboratory equipment will be encountered as 25 Hz is the maximum frequency that can be 
attained on most mechanical test systems used to measure E*. If this occurs, it is possible to 
define a new frequency and corresponding equivalent temperature that will yield the same     ∗  determined in the analysis. When such an adjustment is made, these adjusted results are 
called the recommended frequency and temperature . These values can be calculated by 
applying the time-temperature superposition principle to a given asphalt mixture master curve. 
 
It is well known that the dynamic modulus master curve has seven fitting parameters in a form 
of a sigmoidal function that is determined by an optimization process (6). The time-
temperature superposition principle enables the dynamic moduli determined at any 
temperature to be shifted to a reference temperature without changing the dynamic modulus. 
The shift factor as a function of temperature, a(T), is defined theoretically by the following 
quadratic equation: 
    +    +  − log  ( ) =  0  
 
and the relationship between shift factor and reduced time by: 
 log  ( ) = log( ) −  log (  )  
 
where 

T = Temperature 
a(T) = Shift factor 
t = time 
tr = reduced time 

 
Once the seven fitting parameters and the E* value are determined for a given asphalt mix, the 
relationship of time or frequency to temperature is established. Combining the previous two 
equations yields a second-degree equation with the following general solution: 
  =    ±      (     ( )    (  ))    

 
The positive solution of this equation is the corresponding effective temperature when a 
desired frequency (e.g. t = 1/f = 1/25) is inputted. The recommended effective frequency 
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selected by the user, and its corresponding temperature value computed from this equation , 
are displayed in the mix design output window as shown in Figure 31. 
 
4.7 Determination of Mix-Structure Acceptance 
 
 At the end of the interactive mix and structural design process, the user has to make a 
final decision as to whether the initially proposed as-designed (JMF) mix is acceptable for the 
construction, i.e., are the specified criteria met? This decision is made by comparing the 
predicted with the specified parameters. If the predicted distress is less than the allowable 
distress, then the program suggests that the proposed mix design can be used, and vice versa. 
Another parameter to help the user make the acceptance decision is the effective dynamic 
modulus. The difference in magnitude between predicted and allowable     ∗  helps estimate 
how good or bad the proposed mix is relation to rutting, fatigue cracking, or both. This provides 
an important tool for assessing the probable adequacy of the pavement structure in relation to 
the quality of the AC mixtures used in the analysis. 
 
5 STOCHASTIC SOLUTION PROCEDURE FOR AS-DESIGNED JOB MIX FORMULA MIX 
 

Chapter 4 focused on the mix-structure design process in conjunction with the 
deterministic solution process for the three distresses and described how they are internally 
calculated and displayed in the program. In this section, a methodology to stochastically predict 
these distresses (in terms of a statistical frequency distribution) is presented. 
 
5.1 Pay Adjustment Factor Input 
 

As discussed in Section 2.4 of reference 1, NCHRP Project 9-22 developed a pay 
adjustment system for use with the QRSS that is rational and defensible when compared to pay 
factor systems where individual mix properties are used for the incentive/disincentive system 
with little or no link to pavement performance. The prediction and use of the gain or loss in the 
service life between the as-designed and as-built AC mixes to determine and justify the pay 
factor are the major underpinnings of this pay adjustment system. 
 
The pay adjustment factor input is conducted for each selected distress type after completion 
of the interactive mix and structure design for as-designed (JMF) mix. The following parameters 
are entered in the Pay Adjustment Factor input window shown in Figure 32 for the relevant 
project distress types: 
 

• Maximum Bonus, Y1 (%) 
• Maximum Penalty, Y2 (%) 
• Maximum Predicted Life Difference, X1 (year) 
• Minimum Predicted Life Difference, X2 (year) 
• Predicted Life Difference for no Bonus, X3 (year) 
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• Predicted Life Difference for no Penalty, X4 (year) 
• Predicted Life Difference for Remove/Replace, X5 (year) 

 
The parameters X and Y define the coordinates of the pay adjustment schedule where the slope 
points of the pay schedule occur . Note that default values for each parameter are initially given 
by the program but these can be overwritten by the user . The maximum bonus and maximum 
penalty percentages are restricted to120 and 50, respectively. Figure 33 illustrates a typical 
example of a pay adjustment schedule plot for rutting. 
 
The pay adjustment schedule for the International Roughness Index (IRI) is defined using similar 
parameters. An example of an IRI payment schedule plot is presented in Figure 34. Note that 
the IRI pay adjustment schedule exhibits an opposite trend to those for the three distresses 
because the ride quality increases with decreasing IRI. 
 
5.2 Stochastic Solution for AC Rutting  
 

The methodology for stochastic analysis for the as-designed mix rutting utilizes Monte 
Carlo simulation to obtain probabilistic solutions for effective dynamic modulus, rut depth, and 
service life. The mean value of the dynamic modulus is obtained from laboratory-measured E* 
results of several replicates and is used in the stochastic analysis, along with the standard 
deviation of the dynamic modulus estimated from historic variances of key volumetric 
properties through use of the WPE. Using the simple power relationship between rut depth and 
dynamic modulus,               ℎ =    (    ∗ )  , the mean and variance of rut depth and 
service life are calculated. 
 
The following steps describe the procedure for this stochastic analysis for the AC rutting 
distress implemented in the program. 
 
Step 1: The user presses a distress button located at the left side of the probabilistic analysis 
window, where the selected distresses are activated, as shown in Figure 35. 
 
Step 2: The program transfers the mean and standard deviation values for the volumetric 
variables; calculates the coefficient of variation; and displays all values on the screen. The mean 
values are transferred from the as-designed mix volumetric information entered in the mix 
design stage, while the historic standard deviation values are provided by the program as 
default values. These values can be replaced by values determined by the user . The critical 
variables used in this analysis include: AC thickness (in.), target in-situ air voids (%), asphalt 
content by weight (%), specific gravities (Gmb, Gsb, Gmm), and aggregate gradation (viz., percent 
passing the 3/4”, 3/8”, #4, and #200 sieves). 
 
Step 3: The program internally performs the Monte Carlo simulation and produces the mean 
and standard deviation of the following key parameters: effective binder content, effective 
dynamic modulus (variance only), rut depth, and corresponding service life. 



34 

 

 
Step 4: The user then presses the second tab named “Monte Carlo Simulation” where all results 
are presented as shown in Figure 36. Recall that the average value of     ∗  comes from the 
laboratory-measured dynamic modulus test results (deterministic solution), while its standard 
deviation comes from utilization of the historic variance of each key volumetric property in the 
Monte Carlo simulation. The relevant simulation plots can be shown by clicking the “Show MCS 
Plots” in Figure 36; all of the generated Monte Carlo plots are presented in Figure 37. In Figure 
37, note that the mean     ∗  plot shows a constant value because it presents the laboratory-
measured     ∗ , while the other plots show the convergence of each parameter with 
incrementing simulation runs. Some plots may visually appear to have little or no variation even 
though it exists. This is because the range of variation is small compared to the scale used in the 
plots. For instance, the plot of mean of service life located in the upper right corner in Figure 37 
appears to show no variation. However, if it is enlarged as shown in Figure 38, then it clearly 
shows that there is variation and convergence in the Monte Carlo simulation. 
 
5.3 Stochastic Solution for Fatigue Cracking  
 
 Similar to the stochastic process for rutting distress, the fatigue cracking module uses 
Monte Carlo simulation to obtain stochastic solutions for the dynamic modulus, fatigue 
cracking, and corresponding service life. The closed-form fatigue cracking model, which is a 
function of     ∗  and other mix volumetric variables, is used to predict the mean and standard 
deviation of fatigue cracking. Again, the mean value of     ∗  is calculated from the laboratory-
measured E* at the effective temperature and frequency. However, the standard deviation of     ∗  is calculated with the WPE using the historic standard deviation of each mix volumetric 
variable. 
 
The results of the stochastic solution are presented in the second tab (“Monte Carlo 
Simulation”). The Monte Carlo simulation plots are displayed when the “Show MCS Plots” 
button is selected. Unlike the rutting analysis, the fatigue cracking analysis utilizes a Beta 
distribution to represent the frequencies of fatigue cracking and service life. Figure 39 
illustrates a set of the Beta frequency distribution plots for the fatigue cracking. The upper plots 
depict a density function (left side) and a cumulative distribution (right side) for fatigue 
cracking, while those at the bottom show the service life of the fatigue cracking. 
 
5.4 Stochastic Solution for Thermal Cracking 
 
 Unlike the rutting and fatigue cracking analysis modules where the Monte Carlo 
simulation is used for the stochastic analysis, the TC analysis uses the Rosenblueth method to 
obtain the stochastic solution for the predicted TC and its service life. 
 
When the user selects the “Thermal” button in the “Probabilistic Analysis” window in the 
program, the mean and standard deviation values of key volumetric variables are transferred 
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from the as-designed (JMF) analysis and the historical variances, respectively, and displayed in 
the “Variable Summary” tab. The last tab of the “Rosenblueth Method” is activated 
simultaneously; as shown in Rosenblueth method tab, there are three buttons: “Make Temp 
File” , “Run TC for Vol” , and “Read Outputs” . The first button leads to the creation of two 
temperature files: one for the mean minus the standard deviation of AC thickness and the other 
for the mean plus the standard deviation. This process is performed by the TC program as 
shown in Figure 41. For example, if the total AC thickness is 5.5 inches and the standard 
deviation is 0.859, then the corresponding temperature files will be created for the following 
AC thicknesses: 

5.5 + 0.859 = 6.359 
5.5 – 0.859 = 4.641 

 
These temperature files are stored in the ‘tcp’ folder under the main folder where the program 
is located. The second button, “Run TC for Vol” , leads to running the TC program 16 (= 24) times 
using the two temperature files for both TC and service life. It is important to understand that 
this process has the purpose of estimating the variability of the given asphalt mix based upon 
the historical variance of volumetric variables. The results—the mean, variance, and CV of TC 
and service life—are displayed in the same window by clicking the third button “Read Outputs” . 
The relevant plots are presented in a separate sheet and the user can see them by clicking the 
button at the bottom of the window named “Show Beta Dist. Plots” where the beta frequency 
distributions for both predicted TC and service life are presented. Figure 43 shows an example 
of the Beta distribution plots for TC and service life. 
 
6 GENERAL FIELD (SITE) INFORMATION USER INPUT 
 

The next step is evaluating the as-built asphalt mix quality. It begins with the user 
providing information on the actual job site and the as-built mix property information. The first 
user QA input section is the job site general information shown in Figure 44. Note that this 
information must be entered for each AC layer . 
 
The user then selects the mix design type, whether Superpave Gyratory or Marshall Design. The 
program allows the user to specify another design type by choosing the “Other” button. This 
mix design information does not affect the analysis of the as-built mix quality. It is only used for 
purposes of project identification and information. 
 
The next user input in this section is definition of the statistical lot and the number of lots. The 
definition of a lot varies by agency. Some agencies define a lot as a constant tonnage, for 
example, 500 tons, while others define the daily production as one lot. Therefore, the program 
allows the user to select the project-specific definition used by the agency. If the constant 
tonnage definition is selected, then the user has to specify that tonnage. Also, the program 
requires the user to select the expected number of lots. The maximum allowable number of 
lots number is arbitrarily set to 30. With the drop-down menu, the user can select the number 
of lots; the user must also enter the production amount along with the date for each lot in the 
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daily production table by clicking the “Tonnage Input” button. Doing this takes the user to the 
tonnage input screen shown in Figure 45.  
 
7 DETAILED AS-BUILT MIX INFORMATION INPUT 
 

The as-built mix input section is where all information required for the program to 
perform the stochastic analysis of the as-built mix is entered. This input window is divided into 
two major parts. As seen in Figure 46, the left side of the window focuses on the basic mix 
information including mix volumetric properties, AC thickness, and asphalt binder properties. 
On the right side, most importantly, the results of dynamic modulus and creep compliance 
testing needed for calculating the rutting, fatigue cracking, and thermal cracking distress 
predictions are entered and evaluated. 
 
The following sections of this chapter explain each property input in detail. Note that this as-
built mix property input is repeated for each AC layer . Each AC layer input has its own tab 
labeled as “AC1” , “AC2”, and “AC3” in the window. The last tab in the window is for the initial 
field IRI input. Its use is explained later in the chapter . 
 
7.1 Volumetric Information 
 

In the as-built mix volumetric input part, the user enters volumetric mix properties. 
These property values are measured in the field and used to calculate the mean and variance of 
each volumetric property by lot. The mean and variance are then used as critical variables in 
the distress prediction process. In this volumetric input window, the following properties are 
inputted: 

• Asphalt content (%) 
• Maximum theoretical specific gravity (Gmm) 
• In-situ bulk density (Gmb) or air voids (Va) 
• Aggregate specific gravity (Gsb) 

 
Asphalt content and in-situ air voids or density can be measured on cores or with a nuclear 
gauge. The mix bulk specific gravity (Gmb) is directly inputted from measurements on either field 
cores or a nuclear gauge and the program calculates the in-situ air voids by the following 
equation: 
 %  =   1 −        100  

 
 
Aggregate specific gravity (Gsb) is assumed to be constant for all lots because it is not common 
practice in the field to measure Gsb for every lot. 
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Upon selection of a volumetric property button, the program takes the user to the user input 
screen as shown in Figure 47 as an example. In this sheet, the following major components are 
included: 

• Number of Samples: Up to four samples are allowed. 
• Historical Standard Deviation 
• Reliability (%) 
• Significance Interval (±R) 
• Target Value (JMF) 

 
The program also generates control charts that track as-built mix quality by lot, providing a 
visual assessment of whether any lots have significantly different mix properties than others. 
 
7.2 In-Situ AC Thickness 
 
 The next part of the as-built mix input section is the in-situ AC thickness. It should be 
noted that the in-situ AC thickness is not used for the analysis of rutting and fatigue cracking, 
but only for the TC analysis that uses the in-situ AC thickness as a variable to create the two 
temperature files (for the mean ± the standard deviation of the thickness). If there is more than 
one AC layer (i.e. two or three AC layers), the TC analysis assumes that the as-built total AC 
thickness is the same as the AC thickness of the design structure; i.e., the same temperature 
files used in the mix design analysis are used for the as-built mix analysis; new temperature files 
are not created. This is because it is not possible to define the total AC thickness considering all 
AC layers within the same general area (i.e., there is no assurance that the AC thickness of 
Layer#1 for Lot#6 would come at the same pavement location of Lot#6 for Layer#2 or Layer#3). 
 
7.3 As-Built Asphalt Binder  
 

The next parameter group in the as-built input section is for the in-situ asphalt binder. 
The program assumes that a binder different from the as-designed binder will not be used in 
the as-built mix. Thus, the program uses the as-designed asphalt binder as a default for the as-
built binder and displays the same Ai and VTSi values at the RTFO condition. However, the 
program gives the user an option to specify a different binder type. 

 
7.4 Dynamic Modulus and Creep Compliance Test Results 
 
 The most important as-built mix properties are (1) the dynamic modulus test results 
used for the rutting and fatigue cracking distress analyses and (2) the creep compliance test 
results used for the TC analysis. The ideal way to evaluate the as-built mix would be to obtain 
core samples from the actual job site and measure their      ∗  or D values through laboratory 
testing. However, cored specimens generally do not comply with the required dimensions for 
test specimens needed to measure dynamic modulus. Because of this, the program provides 
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the user with the ability to enter dynamic moduli measured on specimens either prepared from 
field cores or compacted from plant mix. 

 
7.4.1 Dynamic Modulus 
 

The first option for entering the as-built mix      ∗  is to use field cores. In this option, the 
user performs      ∗  tests in the laboratory at an effective temperature and frequency using the 
core samples obtained from the job site immediately after pavement compaction. These 
laboratory-measured      ∗  values should be entered in the input table shown in Figure 49. 
 
The program then calculates the mean and variance of the      ∗   values, which are in turn used 
to stochastically predict the rutting and fatigue cracking distresses following the procedure in 
Chapter 5. 
 
The second, more likely option is used when the first option is not feasible due to the difficulty 
of obtaining a properly-dimensioned dynamic modulus test specimen from field cores. This 
option uses the relationship between air voids and dynamic modulus. If the      ∗  - Va 
relationship is known for the as-built mix and the in-situ air voids are measured, it is possible to 
estimate the dynamic modulus of the as-built mix. Therefore, specimens must be produced 
from loose mix from each lot at user-defined low and high air voids. Since the in-situ air voids of 
each lot are readily measured, it is possible to estimate the typical range of the in-situ air voids. 
The program arbitrarily provides a possible range of in-situ air voids from 4% to 11.5%,; the user 
can also define a different range. A good idea is to set the range so that the in-situ air voids fall 
in a range between µ-3σ and µ+3σ, thus covering at least 99% of the distribution. For instance, 
if the mean and standard deviation of measured in-situ air voids are 6.51% and 0.87%, then the 
recommended low and high air voids are 3.9% and 9.12%. 
 
Figure 50 illustrates an example of the      ∗  input for plant mixes. As can be seen, the mean and 
standard deviation of the air voids measured in-situ are presented in the section titled “In-Situ 
Air Voids” for each lot as are the low and high air voids values. The user enters the laboratory-
measured      ∗  values corresponding to the specified low and high air voids for each lot. The 
program allows four sub-lots where a sub-lot represents a plant mix sample which produces 
two replicates specimens, one for low air voids and the other for high air voids. 
 
The program then develops a linear relationship between the two air voids values and the 
corresponding      ∗  values. Development of this relationship is based on the assumption that 
the actual in-situ      ∗  is within the y-axis range as shown in Figure 51. Since the mean and 
standard deviation of the in-situ air voids is readily known, the corresponding      ∗  values can 
be estimated on the basis of this relationship. 
 
The mean and standard deviation of the estimated      ∗  can be calculated using Taylor’s series. 
Let each linear relationship be: 
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   ∗ =      +       ∗ =      +        ∗ =      +        ∗ =      +      
 
Therefore, the estimated E* can be expressed by: 
     ∗ =   (  +   +   +   )  +   (  +   +   +   )  

 
If the first moment Taylor’s series is applied to Equation 43, then the mean and standard 
deviation of     ∗  will be: 
      ∗ =   (  +   +   +   )   +   (  +   +   +   )        ∗ = (ə ∗

ə  )     = (  (  +   +   +   )   )       

 
Figure 52 presents an example of an estimated in-situ      ∗  distribution based on the 
determined mean and variance. 
 
7.4.2 Creep Compliance 
 
 Two options are available to analyze the TC potential of the as-built mix. The first, and 
preferable, option is to conduct measurements on field cores. Here, at least three core 
specimens are obtained at three randomly-selected locations within the pavement length 
constructed with mix produced in one lot. The IDT test is then performed on these nine core 
specimens (i.e. 3 cores x 3 locations = 9 specimens) to measure their creep compliance and 
strength.. 
 
The program provides an input table (Figure 53) where creep compliance results for each lot 
and each replicate are entered in accordance with requisite test temperatures and times. On 
the right side of the table, there are buttons labeled “RUN TC”, and “Read Outputs” assigned to 
each lot, as shown Figure 53. When “RUN TC” is pressed, the program calculates the predicted 
amount of TC and service life based upon the three creep compliance master curves developed 
from the entered creep compliance data, coded according to Table 6: 
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Table 6. Rosenblueth Table for Thermal Cracking Analysis Using Field Core Samples 

Variable Results 
AC Thickness Replicate Creep Compliance 

Master Curve 
Thermal 
Cracking 

Service Life 

+ 1 TC1 SL1 
+ 2 TC2 SL2 
+ 3 TC3 SL3 
- 1 TC4 SL4 
- 2 TC5 SL5 
- 3 TC6 SL6 

 
Now the mean and variance of TC and SL are calculated by the following equations: 
    = (∑    6     )   

    = (   ) −   ∑     6         

    = (∑    6     )   

    = (   ) −        6  
      

 
Note that the program assumes the in-situ (as-built) AC thickness is the same as the as-
designed thickness. Pressing the “Read Outputs” button reads the calculated TC and service life 
for each lot and writes them in the table in the four columns headed “Results for Each Lot.” 
 
The second analysis option, in the case where the lift thickness is not great enough conduct the 
IDT test, is to manufacture test specimens in the laboratory that simulate the field conditions. 
Generally, the IDT test requires a specimen thickness between 38 and 50 mm after trimming. 
Sufficient loose plant mix for the specific lot being evaluated must be obtained at three 
randomly selected spots in the field during laydown or at randomly selected times during the 
plant production. This material is used to make three specimens (one specimen for each of the 
three locations) at different air void levels. The in-situ air voids are measured and their average 
(μ) and standard deviation (σ) are calculated. When making the three specimens, the following 
air voids are recommended: μ-1.2σ, μ, μ+1.2σ (e.g., if μ = 7% and σ = 1%, the respective air 
voids should be 5.8%, 7%, and 8.2%). The IDT test is then performed at three temperature (-20, 
-10, and 0°F) for 100 seconds. The test results are then entered into the program table shown 
in Figure 55. The program uses these results to calculate three creep compliance master curves; 
using these master curves, the program predicts the TC and service life. 
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Since the TC and service life results are calculated for a range of estimated rather than actual 
in-situ air voids, an estimate the actual in-situ air voids is needed to perform the two-point 
Rosenblueth method with two variables of AC thickness and air voids. By interpolating between 
TC1 and TC2, a value of TC at the in-situ air voids of µ-σ can be obtained; similarly, interpolating 
between TC2 and TC3 yields a value of TC at the in-situ air voids of µ+σ. With the process, the 
following tables can be created: 
 
Table 7. TC Result Table for Thermal Cracking Analysis Using Plant Mix 

Variable Results 
AC Thickness Air Voids Creep 

Compliance 
Master Curve 

Thermal Cracking Service Life 

+ µ-1.2σ 1 TC1 SL1 
+ µ 2 TC2 SL2 
+ µ+1.2σ 3 TC3 SL3 
- µ-1.2σ 1 TC4 SL4 
- µ 2 TC5 SL5 
- µ+1.2σ 3 TC6 SL6 

 
Table 8. Rosenblueth Table for Thermal Cracking Analysis Using Plant Mix 

Variable Results 
AC Thickness Air Voids Thermal Cracking Service Life 

+ µ-σ TC+- SL+- 
+ µ+σ TC++ SL++ 
- µ-σ TC-- SL-- 
- µ+σ TC-+ SL-+ 

 
Now that four Rosenblueth data are available with two variables, the mean and variance of TC 
and service life are calculated by the following equations: 
    = ∑    4       

    = (   ) −   ∑     4         

 
As was done for the field core specimens, the program writes the TC and service life results at 
the right end of the prepared table. Note that this procedure is repeated for each lot of the 
project. 
 
  



42 

 

7.5 International Roughness Index 
 

The final user input involving the as-built mix quality is related to the pavement surface 
characteristics. The program uses the International Roughness Index (IRI) as an indicator of 
pavement surface quality. The user must enter an initial IRI value (IRI0) to characterize the 
roughness measured prior to opening the project to traffic. IRI0 values are entered at every mile 
post by lane in the prepared table as shown in Figures 56 and 57. Using these IRI0 values, the 
program calculates the change in IRI over time and the related amount of incentive or 
disincentive in accordance with by the user-defined pay adjustment schedule. 

 
8 FINAL STOCHASTIC SOLUTION 
 
8.1 Overall Summary of Stochastic Solution 
 
 At the completion of the program, a summary of the output is presented in three 
sections: Distress Summary, Weighting Factor/Construction Cost, and Total Payment, as shown 
Figure 58. 
 
The Distress Summary summarizes the predicted difference in service life between the as-
designed and as-built pavement and the average penalty/bonus percentage for each distress. In 
the Weighting Factor/Construction Cost section, the user defines several factors that affect the 
final incentive/disincentive for the project. The user enters the distress weighting factors to 
define the relative significance of each distress for the project. If the project uses multiple AC 
layers and rutting is selected as a distress to be analyzed, the user defines the relative 
significance of each AC layer by entering the rutting weighting factor ratio by layer . The user 
must insure that the sum of all weighting factors is 1 (i.e., 100%). In addition, the program 
requires the user to enter the unit construction cost per ton by layer . The unit cost and 
weighting factors are directly used in the distress pay adjustment equations and are considered 
the key financial variables. In the Total Payment Calculation section; pressing the “Calculate 
Final P/B Cost” button calculates the predicted payment (incentive or disincentive amount) for 
the three distresses using the following equation: 
     =      _  ∑  (   )    (  _ ) − 1    _ +   _  ∑  (   )    (  _ ) − 1    _ +   _  ∑  (   )    (  _ ) − 1    _   
+    ∑  ( / )    (  _ ) − 1    _ +     ∑  ( / )     (  _ ) − 1  

 
where 

βr, βf, and βtf = beta factor in percentage for rutting, fatigue cracking, and thermal 
cracking 
k, l, and m = lot number for surface, middle, and bottom layer 
Nt (AC_s), Nt(AC_m), and Nt(AC_b) = tonnage for surface, middle, and bottom layers 
CAC_s, CAC_m , and CAC_b = construction cost in dollars ($) for surface, middle, and 
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bottom layers 
Pr_s, Pr_m, and Pr_b = rutting contribution factor in ratio for surface, middle, and 
bottom layers 

 
The pay adjustment calculation result for the IRI is also calculated in this window based on the 
initial IRI input. The incentive/disincentive pay adjustment for the IRI is calculated by the 
following equation: 
     = ∑ ∑ ( / )        . ⁄         
where 

L = number of total lanes 
Lp = length of project (mile) 
(P/B)IRIij = penalty or bonus in dollars ($) for each IRIij 
IRIij = average IRI0 for ith lane and jth milepost 

 
The program calculates the final P/B cost by the following equation: 
    =     +       
 
where 

CPB = Final Penalty/Bonus cost for a given project 
CPB1 = Penalty/Bonus cost associated with the three distresses 
CPB2 = Penalty/Bonus cost associated with IRI0 

 
8.2 Summary by Distress 
 
 By selecting a distress under the Distress Summary section in Figure 58, the user can 
open a summary of the individual distress results. The Distress Summary window (see Figure 59 
for the Distress Summary window for rutting) concisely displays the important input and output 
summary such as traffic and climatic data as well as the as-designed mix output, the predicted 
service life, and the percentage of penalty or bonus caused by the selected distress. 
 
Figure 60 shows an example of the lot summary for rutting. To open a lot summary table, the 
user presses the “Lot Summary” button at the bottom left corner of the Distress Analysis 
Results window (e.g., Figure 59). This action takes the user to the lot summary table as shown 
in Figure 60. The lot summary table provides a quick overview of the relative quality of each as-
built lot compared to the as-designed mix. 
 
8.3 Detailed Lot Summary by Distress 
 
 The program provides a detailed output summary table. The table contains a 
comprehensive analysis of both the as-designed and the as-built mix quality in terms of 
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dynamic modulus, predicted distress, predicted service life, and, most importantly , the resulting 
incentive/disincentive by lot. The following parameters are displayed in the summary table; 
each distress has its own detailed output table: 
 

• Lot Number 
• Date 
• Tonnage 
• Air Voids (%) 
• Effective Binder Content (%) 
• Effective Temperature (F) 
• Effective Frequency (Hz) 
• Target E* (ksi) 
• Predicted E* (ksi) 
• E* Variance (ksi2) 
• E* Coefficient of Variation (%) 
• Target Distress (var .) 
• Predicted Distress (var .) 
• Predicted Distress Standard Deviation (var .) 
• Predicted Distress Coefficient of Variation (%) 
• Target Service Life (year) 
• Predicted Service Life (year) 
• Predicted Service Life Standard Deviation (year) 
• Predicted Service Life Coefficient of Variation (%) 
• Predicted Life Difference (year) 
• Reliability (ratio) 
• Bonus / Penalty 
• Weighted Pay Adjustment 

 
8.4 Comparison Plot 
 
 Plots comparing the as-designed mix and as-built mix can be seen by selecting the lot 
number of interest using the drop-down menu labeled Lot# in Figure 59 and then pressing the 
button labeled “Show Plot.” These actions open a cumulative frequency distribution plot 
associated with the predicted service life for both the as-designed and as-built mixes by lot as 
shown for fatigue cracking in Figure 62. Since the distribution curve for the as-designed (JMF) 
mix is the same for all lots (i.e., the as-designed mix is the reference material), only the as-built 
mix curve varies by lot. 
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FIGURES



 
Figure 1 Flow Chart for SPT QA Program 

General Information Input 

- Project ID and Name 

- Road Name and Length 

- State, County, and City 

- Date of Analysis 

- Expected Construction Date 

As-Design JMF Mix Input 

- Traffic: Design Speed, Design Life, Year 1 Daily 
ESALs, Annual Growth Rate 

- Structure and Volumetrics : AC Thickness, SPT 
Results (E* and D), Volumetric Properties, Base 
Thickness and Modulus, Subbase Thickness and 
Modulus, and Subgrade Modulus 

- Climate 

Is Design JMF 
Acceptable? 

NO As-Design JMF Mix Output (Deterministic 
Solution) 

- Effective Temperature and Frequency 

- SPT Recommended Effective Temp. and Freq. 

- Allowable Distress and Layer E*eff Pay Adjustment Factor Input 

- Max Bonus and Penalty 

- Max and Min Predicted Life Difference 
(PLD) 

YES 

As-Design JMF Mix Output (Stochastic 
Solution) 

- Mean, Variance, CV of Vbeff 

- Mean, Variance, CV of E*eff 

- Mean, Variance, CV of Distresses 

General Field Information Input 

- Mix Design Type 

- Lot Definition 

As-Built Mix Property Input 

- Volumetric: %AC, Gmm, Gmb, Gsb 

- AC Thickness 

As-Built Mix Output (Stochastic 
Solution) 

- Distress Summary: PLD and Bonus / 
Penalty (B/P) 

- Lot Summary: B/P per Lot 

- Lot Detail: Mean and Variance of 
Distress, E*eff, Service Life, etc 

Total Pay Adjustment 

- Penalty / Bonus Cost for Distress 

- Penalty / Bonus Cost for IRI 
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Figure 2 Initial Screen of the QRS Program 
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Figure 3 Screen Shot - Welcome Screen 
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Figure 4 Screen Shot - General Information 
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Figure 5 Screen Shot – Traffic Input 
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Figure 6 Screen Shot – Structure Input 
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Figure 7 Screen Shot – Dynamic Modulus Lab Test Results Input 



54 

 

 
Figure 8 Screen Shot – Dynamic Modulus Seven Parameters after Optimization 
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Figure 9 Screen Shot – Dynamic Modulus Master Curve 
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Figure 10 Screen Shot – Creep Compliance Lab Test Results Input 
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Figure 11 Screen Shot – Material Volumetric Property Input 
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Figure 12 Screen Shot – Climatic Selection 
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Figure 13 Screen Shot – “Climit” Program Run 
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Figure 14 Screen Shot – Selection of Distress Desired to be Analyzed 
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Figure 15 Screen Shot – Allowable Distress Limit Input 
 
  



62 

 

 
Figure 16 Example of Structures I and II for a 7-in Structure 
  
  

(I) ( I) *(I)
eff 1 eff 1 eff 1f ,T ,E  

Structure (I): hac = 6in 

1 in. 

1 in. 

1 in. 

1 in. 

2 in. 

(I) (I) *(I)
eff 2 eff 2 eff 2f ,T ,E  

(I) (I) *(I)
eff 3 eff 3 eff 3f ,T ,E
(I) (I) *(I)
eff 4 eff 4 eff 4f ,T ,E  

(I) (I) *(I)
eff 5 eff 5 eff 5f ,T ,E  

(II) (II) *(II)
eff 1 eff 1 eff 1f ,T ,E

Structure (II): hac = 8in 

1 in. 

1 in. 

1 in. 

1 in. 

2 in. 

(II) (II) *(II)
eff 2 eff 2 eff 2f ,T ,E  
(II) (II) *(II)
eff 3 eff 3 eff 3f ,T ,E  

(II) (II) *(II)
eff 4 eff 4 eff 4f ,T ,E  

(II) (II) *(II)
eff 5 eff 5 eff 5f ,T ,E  

2 in. 
(II) ( II) *(II)
eff 6 eff 6 eff 6f ,T ,E  
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Figure 17 Example of Two AC Mix Layer System (3.4-in Mix A and 3.6-in Mix B) 
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Figure 18 Screen Shot – Rutting Mix Design Output (Deterministic Solution) 
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Figure 19 Relationship between Total Rut Depth and E*eff for the Neighboring Structures 
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Figure 20 Power Curve for the Actual Structure (7-in) after Interpolation 
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Figure 21 Final Rut Depth-E*eff Relationship 
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Figure 22 Odemark’s Transformation for AC thickness 
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Composite Foundation 
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Figure 23 Screen Shot – Fatigue Cracking Mix Design Output (Deterministic Solution) 
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Figure 24 Relationship between fatigue cracking and E*eff – Case “a” 
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Figure 25 Relationship between fatigue cracking and E*eff – Case “b” 
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Figure 26 Relationship between fatigue cracking and E*eff – Case “c” 
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Figure 27 Relationship between fatigue cracking and E*eff – Case “d” 
   
 
  

No Solution FC (%) 
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Figure 28 Screen Shot – Thermal Cracking Prediction for Each Replicate 
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Figure 29 Screen Shot – Creating Temperature File (thermal.tmp) 
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Figure 30 Screen Shot – Thermal Cracking Mix Design Output (Deterministic Solution) 
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Figure 31 Screen Shot – SPT Recommended Effective Temperature and Frequency 
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Figure 32 Screen Shot – Pay Adjustment Factor Input for Rutting 
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Figure 33 Screen Shot – Penalty / Bonus Factor VS Predicted Life Difference for Three Major 
Distresses 
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Figure 34 Screen Shot - Penalty / Bonus Factor VS Predicted Life Difference for IRI0 
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Figure 35 Screen Shot – Probabilistic Analysis Window 
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Figure 36 Screen Shot – Monte Carlo Simulation 
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Figure 37 Screen Shot – Monte Carlo Simulation Plots 
  

Monte Carlo Simulation Plots: Rutting AC Surface Layer (AC1)

0

10,000

20,000

30,000

40,000

50,000

60,000

0 200 400 600 800 1000 1200

St
an

da
rd

 D
ev

ia
tio

n,
 p

si

Number of Runs

E*eff Standard Deviation

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0 200 400 600 800 1000 1200

Ru
tt

in
g,

 in
ch

Number of Runs

Rutting Average

0.00

5.00

10.00

15.00

20.00

25.00

0 200 400 600 800 1000 1200

Se
rv

ic
e L

ife
, Y

ea
r

Number of Runs

Service Life Average

0.000

0.010

0.020

0.030

0.040

0.050

0.060

0 200 400 600 800 1000 1200
St

an
da

rd
 D

ev
ia

tio
n,

 in
ch

Number of Runs

Rutting Standard Deviation

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0 200 400 600 800 1000 1200

St
an

da
rd

 D
ev

ia
tio

n,
 Y

ea
r

Number of Runs

Service Life Standard Deviation

0

50,000

100,000

150,000

200,000

250,000

300,000

0 200 400 600 800 1000 1200

E*
ef

f, 
ps

i

Number of Runs

E*eff Average

0.0

5.0

10.0

15.0

20.0

25.0

0 200 400 600 800 1000 1200

CV
, %

Number of Runs

E*eff Coefficient of Variation

0.0

5.0

10.0

15.0

20.0

25.0

0 200 400 600 800 1000 1200

CV
, %

Number of Runs

Rutting Coefficient of Variation

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0 200 400 600 800 1000 1200

C
V,

 %

Number of Runs

Service Life Coefficient of Variation

OK



84 

 

 
Figure 38 Screen Shot – Monte Carlo Simulation Plot of Service Life Average 
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Figure 39 Screen Shot – Beta Frequency Distribution for Fatigue Cracking 
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Figure 40 Screen Shot – Rosenblueth Mothod Window for the Thermal Cracking Analysis 
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Figure 41 Screen Shot – TC program Creating Two Temperature Files 
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Figure 42 Screen Shot – TC Program Run 16 times for Estimating Variance of TC and Service Life 
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Figure 43 Screen Shot – Beta Distribution for Thermal Cracking and Service Life 
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Figure 44 Screen Shot – As-Built Mix General Information 
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Figure 45 Screen Shot – Tonnage Input for Each AC Layer 
 

1 10/28/2003 3000
2 10/30/2003 3000
3 11/5/2003 3000
4 11/7/2003 3000
5 11/8/2003 3000
6 11/9/2003 3000
7 11/11/2003 3000
8 11/12/2003 3000
9 11/13/2003 3000
10 11/14/2003 3000
11 11/15/2003 3000
12 11/18/2003 3000
13 11/19/2003 3000
14 11/21/2003 3000
15 11/25/2003 3000
16
17
18
19
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22
23
24
25
26
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28
29
30

15                     

LOT NUM DATE Tons in Lot

LOT TONNAGE (AC Surface)

AVERAG
E
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VARIANCE

COEFF. OF 
VARIATION

3000 0 0.00%
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Figure 46 Screen Shot – As-Built Asphalt Mix Property Input Window 
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Figure 47 Screen Shot – Asphalt Content of As-Built Mix  
  

4.00
0.22

99.9%
-0.34
0.34

N Constant
5.20 2.00 3.27

3.00 2.57
4.00 2.28
5.00 2.12
6.00 2.00

1 2 3 4
1 10/28/2003 5.00 5.30 5.00 5.30 5.15 0.03 3.4% 0.30 0.00 0.53 4.86 5.20 5.54
2 10/30/2003 5.40 5.60 5.40 5.60 5.50 0.01 2.1% 0.20 0.00 0.53 4.86 5.20 5.54
3 11/5/2003 5.00 5.30 5.00 5.30 5.15 0.03 3.4% 0.30 0.00 0.53 4.86 5.20 5.54
4 11/7/2003 5.70 5.40 5.50 5.40 5.50 0.02 2.6% 0.30 0.00 0.53 4.86 5.20 5.54
5 11/8/2003 5.40 5.60 5.40 5.60 5.50 0.01 2.1% 0.20 0.00 0.53 4.86 5.20 5.54
6 11/9/2003 5.50 5.40 5.50 5.40 5.45 0.00 1.1% 0.10 0.00 0.53 4.86 5.20 5.54
7 11/11/2003 5.00 5.30 5.00 5.30 5.15 0.03 3.4% 0.30 0.00 0.53 4.86 5.20 5.54
8 11/12/2003 5.40 5.60 5.40 5.60 5.50 0.01 2.1% 0.20 0.00 0.53 4.86 5.20 5.54
9 11/13/2003 5.00 5.30 5.00 5.30 5.15 0.03 3.4% 0.30 0.00 0.53 4.86 5.20 5.54
10 11/14/2003 5.40 5.60 5.40 5.60 5.50 0.01 2.1% 0.20 0.00 0.53 4.86 5.20 5.54
11 11/15/2003 5.20 5.40 5.50 5.40 5.38 0.02 2.3% 0.30 0.00 0.53 4.86 5.20 5.54
12 11/18/2003 5.70 5.40 5.50 5.40 5.50 0.02 2.6% 0.30 0.00 0.53 4.86 5.20 5.54
13 11/19/2003 5.40 5.60 5.40 5.60 5.50 0.01 2.1% 0.20 0.00 0.53 4.86 5.20 5.54
14 11/21/2003 5.50 5.40 5.50 5.40 5.45 0.00 1.1% 0.10 0.00 0.53 4.86 5.20 5.54
15 11/25/2003 5.00 5.30 5.00 5.30 5.15 0.03 3.4% 0.30 0.00 0.53 4.86 5.20 5.54

Project Name: T uscumbia LEGEND:
Project ID: NHF0013 USER INPUT

Significance Interval (+R)

Date of Analysis: 7/11/2008 TITLE
Operator: Myung Jeong RESULTS

Number of Samples=
Historical Standard Deviation =
Reliability
Significance Interval (-R)

Target Value (JMF) =

"ASPHALT CONTENT (%) " - AC1

LOT NUM DATE
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VARIANCE
COEFF . OF 
VARIATION RANGE LCL UCL LL TV UL

Return to As-Built Input
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Figure 48 Screen Shot – Control Charts (Average Chart and Range Chart) 
 
  

4.8
4.9
5.0
5.1
5.2
5.3
5.4
5.5
5.6

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A
sp

ha
lt 

C
on

te
nt

 (
%

)

LOT NUMBER

AVERAGE CHART OF ASPHALT CONTENT - AC1

AVERAGE
UL
TV
LL

0.0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30R
an

ge
 o

f 
A

sp
ha

lt 
C

on
te

nt
 (

%
)

LOT NUMBER 

RANGE CHART OF ASPHALT CONTENT - AC1

RANGE
UCL
LCL



 

 
Figure 49 Screen Shot – Lab-Measured Dynamic Modulus Input from Field Cores 
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Figure 50 Screen Shot – Lab-Measured Dynamic Modulus Input from Plant Mix
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Figure 51 Relationship between In-Situ Air Voids and E*eff 
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Figure 52 Estimated In-Situ E*eff Distribution 
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Figure 53 Screen Shot – Lab-Measured Creep Compliance Input from Field Cores 
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Figure 53 (Continued) Screen Shot – Lab-Measured Creep Compliance Input from Field Cores 

Input (AC Surface): Lab-Measured Creep Compliance and Strength Data (Field Core Analysis)

Strength
Temp (°F) 14°F
Time (sec) 20 sec 50 sec 100 sec N/A Mean Stdev Mean Stdev

Rep. 1 1.68E-06 2.26E-06 2.83E-06 380.00
Rep. 2 1.68E-06 2.26E-06 2.83E-06 415.60
Rep. 3 1.68E-06 2.26E-06 2.83E-06 450.00
Rep. 1 3.21E-06 5.96E-06 9.52E-06 650.00
Rep. 2 3.21E-06 5.96E-06 9.52E-06 615.52
Rep. 3 3.21E-06 5.96E-06 9.52E-06 580.00
Rep. 1
Rep. 2
Rep. 3
Rep. 1
Rep. 2
Rep. 3
Rep. 1
Rep. 2
Rep. 3
Rep. 1
Rep. 2
Rep. 3
Rep. 1
Rep. 2
Rep. 3

Creep Compliance SPT Results (1/psi)

2

3

4

5

6

7

LOT NUM DATE
32°F

1 10/28/2003

Thermal Cracking Service Life

1,418     62.3      21.3      7.4        

10/30/2003 929       41.5      33.5      7.1        

Results for Each Lot

Make TempMake Temp RUN TC Read Outputs

Make TempMake Temp RUN TC Read Outputs

Return to As-Built Data Input

Make TempMake Temp

Make TempMake Temp

Make TempMake Temp

Make TempMake Temp

Make TempMake Temp

RUN TC

RUN TC

RUN TC

RUN TC

RUN TC

Read Outputs

Read Outputs

Read Outputs

Read Outputs

Read Outputs
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Figure 54 Screen Shot – Lab-Measured Creep Compliance Input from Plant Mixes
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Figure 55 Screen Shot – International Roughness Index Input
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Figure 56 Screen Shot - International Roughness Index Detailed Input Table
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Figure 57 Screen Shot – Summary of Probabilistic Analysis Results 
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Figure 58 Screen Shot – Distress Summary Window 
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Figure 59 Screen Shot – Lot Summary for Each Distress 
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Figure 60 Screen Shot – Lot Detailed Summary for Each Distress 
  

1 10/15/1997 2000 7.99 8.24 114.95 72.01 106.88 25.00 246.37 212.07 17.49 8.2 0.27 19.99
2 10/16/1997 2000 7.20 7.99 114.95 72.01 106.88 25.00 246.37 228.11 10.71 4.7 0.27 19.99
3 10/17/1997 2000 7.51 8.43 114.95 72.01 106.88 25.00 246.37 217.56 5.17 2.4 0.268 19.99
4 10/20/1997 2000 6.84 8.51 114.95 72.01 106.88 25.00 246.37 232.19 11.92 5.1 0.268 19.99
5 10/21/1997 2000 7.58 8.32 114.95 72.01 106.88 25.00 246.37 228.71 24.20 10.6 0.268 19.99
6 10/31/1997 2000 6.28 8.56 114.95 72.01 106.88 25.00 246.37 241.90 18.29 7.6 0.268 19.99
7 11/3/1997 2000 6.86 8.70 114.95 72.01 106.88 25.00 246.37 228.99 9.05 4.0 0.268 19.99
8 11/5/1997 2000 6.81 8.98 114.95 72.01 106.88 25.00 246.37 232.07 11.90 5.1 0.268 19.99
9 11/6/1997 2000 7.45 8.73 114.95 72.01 106.88 25.00 246.37 216.98 10.35 4.8 0.268 19.99

10 11/7/1997 2000 6.20 9.15 114.95 72.01 106.88 25.00 246.37 237.89 12.36 5.2 0.268 19.99
11 11/10/1997 2000 6.73 8.94 114.95 72.01 106.88 25.00 246.37 229.62 11.75 5.1 0.268 19.99
12 11/11/1997 2000 6.63 9.42 114.95 72.01 106.88 25.00 246.37 226.84 10.42 4.6 0.268 19.99
13 11/17/1997 2000 6.06 9.03 114.95 72.01 106.88 25.00 246.37 238.02 17.87 7.5 0.268 19.99
14 11/18/1997 2000 7.34 9.20 114.95 72.01 106.88 25.00 246.37 223.58 13.12 5.9 0.268 19.99
15 11/19/1997 2000 6.63 8.89 114.95 72.01 106.88 25.00 246.37 234.06 17.72 7.6 0.268 19.99
16 11/20/1997 2000 7.27 8.64 114.95 72.01 106.88 25.00 246.37 225.94 23.55 10.4 0.268 19.99
17 11/24/1997 2000 7.90 8.18 114.95 72.01 106.88 25.00 246.37 218.31 13.50 6.2 0.268 19.99
18 11/25/1997 2000 8.72 7.86 114.95 72.01 106.88 25.00 246.37 200.38 17.13 8.5 0.268 19.99

Project Name: Cienega Creek
Project ID: IM 10-5 (75)
Date of Analysis: 7/11/2008

E* CV (%)

Operator: Myung Jeong

LOT Detailed Summary: Performance Related Pay Factors for Rutting (AC1)

LOT NUM  DATE TONNAGE
IN-SITU       

AIR VOIDS 
(%)

IN-SITU Vbeff 
(%)

Eff. TEMP . 
(oF)

Eff. FREQ. 
(Hz)

SPT TEMP . 
(oF)

SPT FREQ. 
(Hz)

TARGET E*     
(KSI)

Average In-
Situ E*   
(KSI)

Std. Dev. In-
Situ E*   (KSI)

Design Mix 
AC Rut 

Depth (in)

Design Mix 
SERVICE 
LIFE (yrs)

BACK
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Figure 60 Screen Shot – Lot Detailed Summary for Each Distress (Continued)

0.31 0.02 7.7 19.91 0.05 0.2 -0.08 26.81 100.00 5.56
0.29 0.01 4.4 19.96 0.03 0.1 -0.04 38.75 100.00 5.56
0.30 0.01 2.2 19.93 0.01 0.1 -0.07 30.22 100.00 5.56
0.28 0.01 4.8 19.97 0.03 0.1 -0.03 42.05 100.00 5.56
0.29 0.03 10.1 19.95 0.06 0.3 -0.04 39.27 100.00 5.56
0.27 0.02 7.1 19.99 0.04 0.2 -0.01 49.47 100.00 5.56
0.29 0.01 3.7 19.96 0.02 0.1 -0.04 39.47 100.00 5.56
0.28 0.01 4.8 19.97 0.03 0.1 -0.03 41.94 100.00 5.56
0.30 0.01 4.4 19.93 0.03 0.1 -0.07 29.92 100.00 5.56
0.28 0.01 4.8 19.98 0.03 0.1 -0.02 46.63 100.00 5.56
0.29 0.01 4.8 19.96 0.03 0.1 -0.04 39.97 100.00 5.56
0.29 0.01 4.3 19.95 0.03 0.1 -0.04 37.72 100.00 5.56
0.28 0.02 7.0 19.98 0.04 0.2 -0.02 46.49 100.00 5.56
0.29 0.02 5.5 19.94 0.03 0.2 -0.05 35.16 100.00 5.56
0.28 0.02 7.1 19.97 0.04 0.2 -0.02 43.41 100.00 5.56
0.29 0.03 9.9 19.95 0.06 0.3 -0.04 37.22 100.00 5.56
0.30 0.02 5.8 19.93 0.03 0.2 -0.06 31.09 100.00 5.56
0.33 0.03 8.0 19.88 0.05 0.2 -0.11 19.10 100.00 5.56

Weighted Pay 
Adjustment

As-Built Mix 
AC Rut Depth 

(in)

As-Built Mix Rut 
Std. Dev. (in)

As-Built Mix 
Rut Depth 

CV (%)

As-Built Mix 
PRED. 

SERVICE LIFE 
(Yrs) 

As-Built Mix 
PRED. 

SERVICE LIFE 
Std. Dev. (yrs)

As-Built Mix 
SERVICE LIFE CV 

(%)

Average Predicted 
Life Difference (PLD) RELIABILITY (%) AC Rutting Penalty/Bonus 

(%)  Summary of Results

Average PLD for 
the Project (Yrs) -0.04

Total Pay 
Adjustment Factor 

(PFTotal), (%)
100.00
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Figure 61 Screen Shot – Comparison Plot between As-Design and As-Built Mix  
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