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Abstract 

The implementation of an effective performance-based construction quality management requires a 
tool for determining impacts of construction quality on the life-cycle performance of pavements. 
This report present a statistical-based algorithm that was developed to reconcile the results from 
several pavement performance models used in the state of practice with systematic process control 
techniques. These algorithms identify project-specific parameters that should be the focus of the 
construction quality management by quantifying the variability of the construction parameters. The 
identification of these parameters allows for transportation agencies to focus their limited funds and 
resources in a more efficient manner. 

A software tool is developed in Excel that identifies the impact of construction parameters on 
several pavement performance indicators for both flexible and rigid pavements. A combination 
of probabilistic techniques was used to assess the impact of construction and design parameters 
on pavement performance. This algorithm allows users to optimize construction quality for a 
specific pavement. 

A sensitivity analysis, conducted to primarily identify the relative importance of construction 
parameters on performance indicators, is also included in this report. 
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Executive Summary 

The ability of a flexible or rigid pavement to perform adequately throughout its design life is one of 
the biggest challenges that transportation agencies face. One factor that has a large impact on the 
performance of a pavement is the quality of construction. The implementation of an effective 
performance-based construction quality management program is one way of ensuring that 
pavements are meeting their expected service life. As a part of that program a tool for determining 
impact of construction quality on life-cycle performance of pavements is required. 

TxDOT, amongst other highway agencies, has adopted statistic-based quality assurance/quality 
control (QNQC) techniques to improve the quality of roadways. In this report a method of 
optimizing construction quality management of pavements using mechanistic performance analysis 
method based on statistical techniques is presented. This method was developed for both flexible 
and rigid pavements. 

Ideally, if a pavement section is designed with the same cross section and constructed with the same 
materials, its performance should be uniform throughout the section. This is not the case in the real 
world. Almost every constructed road develops distresses randomly in different subsections of the 
pavement. One reason for the random development of distress is the variability in construction 
quality. As such the goal in this project is to devise a tool that can be used to identify and minimize 
variability in material properties that impact the performance of the pavement to ensure a 
performance period compatible with the expected life of the pavement. With that framework, 
structural models that predict performance of pavements and material models that relate 
construction parameters to primary design parameters were identified. Finally, a statistical 
algorithm that relates the impact of each construction parameter to the performance of a pavement 
has been developed. 

The algorithm, which is in Visual Basic, is incorporated into a Microsoft Excel workbook. The 
interface of Microsoft Excel is used to display the menus where a) users provide the input values 
and associated uncertainty of each construction parameter and b) view the results of the impact 
analysis. This tool would be used to identify relative level of impact construction-based parameters 
have on the performance of pavements. 
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Implementation Statement 

At this stage of the project the tools developed are ready for limited implementation. They can be 
used to identify and minimize variability in material properties that impact the performance of the 
pavement to ensure a performance period compatible with the expected life of the pavement. The 
software for flexible pavement is ready. The software for rigid pavements is available but is not 
recommended for implementation because the design methodology currently practiced by TxDOT, 
similar to the one recommended by AASHTO, is not sensitive to the properties of the layers 
underlying the concrete. 
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CHAPTER ONE 

INTRODUCTION 

The goal in any highway construction project is to produce durable rigid or flexible pavements that 
can perform satisfactorily throughout their expected design lives. To realize this goal, a well
calibrated design algorithm that can accurately predict the life-cycle performance is necessary. In 
practicality, the quality of construction also plays a significant role in the actual performance of the 
pavement. In this context, the quality of construction is defined as meeting a structural-related 
target variable with minimal variance. 

Experienced-based laboratory tests are necessary to ensure durability of a pavement's layers. 
Material selection and construction techniques are fine-tuned to provide a durable product. Quality 
assurance programs are geared towards ensuring the durability of the final product. The concept of 
pavements that perform satisfactorily throughout their design life is often discussed, but, to date, it 
has only been implemented on a limited level and, for the most part, in a primitive fashion. 

The consensus among transportation agencies is that cost incentive/disincentive should be a part of 
the process to implement an effective performance-based construction quality management 
program. To properly account for the pay factors, relevant parameters that directly impact the 
remaining life should be identified and quantified. This process should carefully consider the fact 
that relevant parameters are obviously different for different types of pavements (rigid vs. flexible). 
What is not so obvious is that for the same type of pavement, the relevant parameters change with 
the relative structure of the pavement. As demonstrated in this report, many parameters that are 
important for a thick pavement designed for an interstate highway may be of secondary significance 
to a secondary road. Simply put, defining one set of parameters that can be used in all projects is 
not appropriate because it may not be cost effective. As such, we are developing a method based on 
statistical techniques, which for a given project, will guide TxDOT personnel to determine what 
parameters would significantly impact the performance, what parameters will moderately impact 
and those that are of small importance. 
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OBJECTIVE 

This research study is based on three objectives. The first objective is the development of rational 
algorithms to reconcile the results from several pavement-performance models used in the state of 
practice with systematic statistical process control techniques and uncertainty analysis methods to 
determine project-specific parameters that should be the focus of the construction quality 
management. Second objective is to propose field tests that can be used to measure parameters 
identified in a cost-effective manner. The third objective is to establish protocols to validate the 
algorithms and processes developed during this project. 

In this report the efforts and work carried out to accomplish the first of the three objectives is 
presented. This work includes the following tasks: 

a) investigate existing techniques and current software packages that relate construction 
quality to pavement performance, 

b) develop algorithms using statistical tools to identify the impact of construction 
parameters on performance of flexible and rigid pavements commonly built in Texas, 
and 

c) based on the algorithms determine the importance of parameters using a sensitivity 
analysis. 

The level of acceptable deviations from the target design value for each parameter has been 
established based on quantification of the variability of the construction parameters introduced by: 

(a) the construction processes, 
(b) the material properties, 
(c) the models used to predict pavement performance and those used for data analysis, and 
(d) the resolution of the devices used in the field for quality control. 

ORGANIZATION 

Chapter 2 of this report introduces information on existing methods, presents an overview of 
performance-based methodologies and provides a background on some of the tools used in this 
project. In chapter 3, the methodology produced for this project is presented in detail. Chapter 4 
contains a description of the software and a sample case study to demonstrate the use of 
methodology being developed in this project. Typical sensitivity analyses results on several typical 
pavement sections are included in Chapter 5. Chapter 6, the last chapter, includes the summary of 
the work accomplished, the work remaining and the status of the project. 
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CHAPTER2 

BACKGROUND 

Pavements are designed and built to withstand a specified number of traffic loads. If however, the 
pavement is not constructed to certain specifications it may fail prematurely. As a result of such a 
premature failure, the pavement has to be rehabilitated or maintained earlier than expected. This in 
tum leads to cost reallocation for early maintenance and upkeep that can otherwise be used more 
effectively. One solution that addresses this problem is performance-based specifications where it 
can be used to verify compliance, without stating methods for achieving the required results. 
Performance-based specifications will allow the as-built pavement service life to be estimated. 
Until such specifications are developed, several alternatives utilizing existing design procedures can 
be explored. 

Aside from traffic and environmental loading, the primary parameters that affect the 
performance of a pavement section are the modulus, strength and thickness of each layer. 
Current mechanistic-empirical procedures for structural design of pavements consider these 
parameters. To successfully implement any mechanistic pavement design procedure and to 
move toward performance-based specifications, it is essential to develop tools that can measure 
parameters such as the modulus, strength and thickness of each layer. Furthermore, the results 
should be in a manner that can be readily shared by the design engineer, laboratory personnel 
and the construction engineer. Based on this discussion, the goal of performance-based quality 
management is to ensure that the modulus, strength and thickness of the pavement throughout 
the project are similar to the specified design values with a small variation. To achieve this goal, 
the development of the following elements should be considered: 

1. Mechanistic or mechanistic-empirical models that predict performance of pavements. 
2. Accurate and precise laboratory and field tests that can directly measure the 

parameters input into the above performance model. 
3. Realistic relationship between the performance determined from Item 1 and the pay 

factor1
• 

The random lack of uniformity (variance), which is related to the condition of the equipment and 

1 Task 3 is outside the scope of this project. 
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the experience of the crew, is normally difficult to observe during construction and can only be 
determined after the completion of a given section. These types of problems, which typically 
manifest as variability in the thickness, strength and modulus, are only discovered during the 
quality control phase. The existence of a statistical construction process control plan for QNQC 
helps in the understanding of how variability of the parameters is affected by every aspect of the 
construction process and helps to take steps to reduce such variability proactively. However, this 
variability is never eliminated and should be accounted for in the determination of performance
based QNQC specifications. 

Aside from the random variations, other construction-related parameters impact the performance 
of the pavement. These parameters, such as joint density and segregation, cannot be accounted 
for in a deterministic design process. As such, these problems should be minimized or 
eliminated during construction. The discrete lack of uniformity is a problem with well
understood reasons for their occurrences at a job site. These types of problems can be readily 
minimized with some effort from the contractor and the inspector. Highway agencies require 
appropriate equipment, test protocols and analytical algorithms to identify the extent of this type 
of lack of uniformity in the construction, and to determine the consequences on the performance 
of the pavement. 

Other construction parameters that significantly impact the performance of the pavement also 
exists, but they are either not considered or are not quantified in mechanistic models. These 
parameters are not and cannot be considered in algorithms like ours. They simply have to be 
accounted for by emphasizing to the inspector the significance of them, and by providing 
guidelines to her/him about unacceptable practices in those areas. 

As indicated before, the primary goal of this project is to provide a concept that, in a rational 
manner, combines the results from laboratory and field tests performed for quality control during 
construction to address the impact of variability on the performance of the pavement. Six 
general topics are considered in this endeavor. These topics include: 

1. identify models that predict performance of pavements, 
2. identify primary design parameters of the above models, 
3. identify parameters that can be controlled during construction that impact the primary 

design parameters, 
4. determine the feasibility of measuring these parameters in the field, 
5. establish means to quantify variability of the construction parameters and its sources, 

and 
6. develop a methodology to assess how variability of the construction parameters 

affects the predicted life cycle performance of the pavement. 

TxDOT, amongst other highway agencies, has adopted statistic-based quality assurance/quality 
control (QNQC) techniques to improve the quality of roadways. The goal with this approach is 
to minimize the variability in material properties that impact the performance of the pavement. 
This will promote a pavement that will uniformly develop distress. Even though such uniformity 
is desirable, the threshold for acceptable level for different parameters should be carefully 
selected to ensure a performance period compatible with the expected life of the pavement. 
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Several major studies have been carried out in relating quality of constructed materials to the 
pavement performance. Smith and Vlatas ( 1989) discuss the cost -effective means of procuring 
highway pavements that will provide satisfactory service over their design life using life-cycle 
performance specifications. 

Weed has published several papers related to performance-related specifications. Weed (1998) 
describes a conceptual method that utilizes the AASHTO 1993 design procedure with the statistical
based quality control to predict the as-built life of the pavement and to tie to it a value using 
engineering economy principles. Weed (1999a) discusses the use of existing analytical models and 
survey data to link construction quality to expected life and eventually a pay schedule. Weed 
( 1999b) lays the groundwork for the development of a practical construction acceptance procedures 
linked closely to quantified performance models. 

Patel and Thompson (1998) also provide a comprehensive probabilistic-based method for 
estimating the as-built performance of a pavement using statistical-based quality control. Unlike 
Weed (1998), they used a calibrated mechanistic-empirical model developed for the lllinois 
Department of Transportation. 

Hoerner and Darter. (2000) developed a prototype performance-related specifications (PRS) 
program (PaveSpec 3.0) for jointed concrete pavement construction. This tool requires the 
measurement of quality characteristics to estimate future performance and life-cycle costs based on 
four distress indicators: transverse slab cracking, transverse joint faulting, transverse joint spalling 
and pavement smoothness over time. The program has a default model for each of the distress 
indicators that can be calibrated for a specific project. This program uses four main quality 
characteristics: concrete strength, slab thickness, air content and initial smoothness that are specified 
in terms of a mean and standard deviation for each of the variables and simulate several cases using 
the Monte Carlo approach to calculate performance using prediction models and then apply cost 
models to determine pay factors. Although this program is a prototype, it is available for use for 
jointed concrete pavements. Since TxDOT uses jointed concrete pavements on a limited basis, and 
since PaveSpec is available, upon consultation with the project management committee (PMC) of 
this project, further development of our software for this type of pavement was discontinued. 

Another prototype for performance-related specifications, named HMASpec (Scholz and Seeds, 
2001), was developed under the WesTrack project. HMA Spec is designed to generate 
performance-related specifications (PRS) for hot-mix asphalt (HMA) pavements. This program 
utilizes a Monte Carlo simulation process to develop specifications to predict the life-cycle costs 
of as-designed and as-constructed pavement lots. The prediction of pavement performance (in 
the form of distress types) is used to develop maintenance and rehabilitation decision trees. 
Default performance models for predicting the magnitude of rut depth and the percentage of 
fatigue cracking are based on parameters such as air void content, asphalt content, percentage of 
aggregate passing the No. 200 sieve and traffic loading. In addition user-defined pavement 
performance prediction models and maintenance and rehabilitation decision trees can be 
incorporated. 

A mechanistic-empirical design system called PCASE has been developed by the Army Corps of 
Engineers (Joint Departments of the Army and Air Force, 1994). The program PCASE is a 
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comprehensive package for design, evaluation and rehabilitation of rigid, flexible and unpaved 
roads and runways. The unique feature of PCASE is that the reduction, interpretation, and 
analysis of a large number of destructive and nondestructive test methods are already 
incorporated into the software and is interfaced with the performance models. 

Dossey et al. ( 1996) also presented a methodology for estimating the remaining life of a 
continuously reinforced concrete pavement (CRCP). The methodology developed is incorporated 
into a computer program (P A VLIF) that requires inputs such as pavement thickness, crack spacing 
data, swelling condition, coarse aggregate type, concrete flexural strength and traffic data. 

A program has also been developed under L TPP (long term pavement performance) to implement 
AASHTO Guide for design of pavement structures (LTPP, 1998). This software allows engineers 
to tailor the rigid pavement design to the site-specific conditions, materials, nature of traffic and 
design details. 

Since one of the goals of this project is to develop a tool that relates the quality of construction to 
pavement performance, it is necessary to investigate different types of material models and 
mechanistic-based remaining life models that are commonly used. The pavement performance 
models, material models and construction parameters are discussed separately for flexible and rigid 
pavements 

FLEXIBLE PAVEMENTS 

The initial intention was to use the failure models incorporated in the AASHTO 2002 pavement 
design guide in our algorithm. Unfortunately, these models were not readily available and were not 
finalized at the time the development of the algorithm for this project was initiated. However, the 
developed software is adequately modular so that when the AASHTO 2002 models become 
available, they can be reasonably easily incorporated in the algorithm. 

The performance indicators selected for flexible pavements were fatigue cracking, rutting of 
subgrade and rutting of AC layer. The general form of the three failure models are described in 
Huang (1993). For fatigue cracking 

2.1 

and for the subgrade rutting 

2.2 

where Nr and Nct are the allowable number of load repetitions to prevent fatigue cracking and 
rutting respectively, Et is the tensile strain at the bottom of asphalt-concrete layer, E1 is the elastic 
modulus of asphalt-concrete layer (in psi), £cis the compressive strain at the top of subgrade. Table 
2.1 contains suggested values recommended by a number of institutions that can be substituted for 
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parameters /J through f 5 of the equations. The so-called Asphalt Institute (AI) models were 
incorporated in this project. 

The rutting model adapted by the Asphalt Institute is based on the assumption that the rutting 
occurs in the subgrade layer. Based on many observations, this may not be the primary mode of 
rutting in Texas. Finn et al. (1984) recommended a set of equations for predicting the rutting in 
the AC layer. For conventional construction with hot-mix-asphalt (HMA) less than 6 in. in 
thickness 

logRR = -5.617 +4.343logw0 -0.167log(N18 ) -1.118logo-c 

for full-depth asphalt with HMA equal to or greater than 6 in. in thickness 

logRR = -1.173+ 0.717logw0 -0.658log(N18 ) +0.666logo-c 

Table 2.1 - Fatigue Cracking Model and Rutting Model Parameters Used to 
Determine Remaining Life of a Flexible Pavement (from Huang, 1993) 

2.3 

2.4 

Fatigue Cracking Model Subgrade Rutting Model 
Model N, = ~ ( &) -f2 (EAcr13 Nd =f4 ( Ec) -fS 

.fi fz .f3 .f4 .f5 

Asphalt Institute 0.0796 3.291 0.854 1.365*10"9 4.477 

Shell 0.0685 5.671 2.363 6.15*10"7 4.0 

Shell (50% reliability) - - - 6.15*10"7 4 

Shell (85% reliability) - - - 1.94*10"7 4 

Shell (95% reliability) - - - 1.05* w-7 4 

Illinois Dept. of Transportation 5E-6 3 - 3 -

Transport and Road Research Laboratory 1.66*10"10 4.32 - 4.32 -
U .K Research & Road Research 

6.18*10"8 3.95 
Laboratory (85% reliability) 

- - -

University of Nottingham - - - 1.13*10"6 3.571 

Belgian Road Research Center 4.92*10"14 4.76 - 3.05*10"9 4.35 

Note: constants are for US customary units 

where RR is the rate of rutting in micro-inches (1 Jlin. =10-6 in.) per axle load repetition, w0 is the 
surface deflection in mil (1 mil=I0-3 in.), crc is the vertical compressive stress under HMA in psi, 
and N18 is the equivalent 18-kip (80-kN) single-axle load in 105 ESALS. 

As indicated before, failure due to fatigue cracking is related to the elastic strain at the bottom of the 
asphalt-concrete layer, the rutting failure is related to compressive strain that occurs at the top of the 
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subgrade layer, and the rate of rut is related to the compressive stress at the bottom of the asphalt
concrete layer. To obtain any of the three critical strains, a structural model is necessary. 

The structural model can be either a multi-layer linear system, or a multi-layer equivalent-linear 
system, or a finite element code for a comprehensive nonlinear dynamic system. A multi-layer 
linear system is the simplest simulation of a flexible pavement. In this system, all layers are 
considered to behave linearly elastic. Program WESLEA is one of the popular programs in this 
category that is also incorporated in FPS 19W. 

The equivalent-linear model is based on the static linear elastic layered theory (Meshkani et al., 
2002). Nonlinear constitutive material models can be implemented in them. As such, they are more 
representative of the actual field condition. 

The all-purpose finite element software packages allows a user to model the behavior of a pavement 
in the most comprehensive manner and to select the most sophisticated constitutive models for each 
layer of pavement. The dynamic nature of the loading can also be considered. But the execution 
time is prohibitive. 

In this study, the equivalent linear program developed by Ke et al. (2000) was adapted as the 
structural model. This algorithm seems to be a reasonable compromise between the required 
accuracy and the execution time. 

With the performance models established, the next step is selecting material models. This step 
allows us to tie into the performance indicators. A flexible pavement consists of a top layer that is 
made of asphalt-concrete (AC) over one or more base and subgrade layers. The models for each 
material are described below. Upon consultation with the PMC, the stabilized layers were excluded 
from this phase of the project. 

The material model for the AC layer is an equation that relates the dynamic modulus of the AC to 
parameters such as temperature, asphalt content and air voids content. A popular model known as 
the ''Witczak" model serves this purpose. The equation that is used for this project is given as 
(Ayres et al., 1998): 

p200 
logE Ac = 5.553833 + 0.028829 fo.l?o33 0.03476Vv 

+ 0.070377TJ + 0.000005t p (1.
3
+

0
.4

982510
gf) Pac 0.5 -

p 0.5 

0.00189t p (1.3+0.49825logf) Jcl.l + 0.931757 ~-002774 + 3 

2.5 

where EAc is dynamic modulus of AC mix (in 105 psi), TJ is bitumen viscosity (in 106 poise ),f is the 
load frequency (in Hz), Vv is percent air voids in the mix by volume, Pac is percent effective bitumen 
content by volume, and P200 is percent passing No. 200 sieve by total aggregate weight. The 
"Witczak" model that is part of the AASHTO 2002 design guide can easily be implemented in this 
program upon the release of the final version of the design guide. 
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Material models for base and subgrade layers for granular and cohesive materials are needed. As 
part of the literature search several models were found. The popular constitutive that can be used 
for base and subgrade layers is the universal model (Barksdale et al., 1997). The general form of 
the universal equation is 

2.6 

where () = a1 + a 2 + a 3 = bulk stress ; ad = 0"1 - a 3 = deviator stress ( 0"1, 0"2 and 0"3 are the three 

principal stresses). Parameters k1, k2 and k3 are material regression constants statistically obtained 
from laboratory tests. In the AASHTO 1993 design manual, two separate models are proposed for 
the coarse-grained and fine-grained materials. For coarse-grained materials, AASHTO proposes 

2.7 

and for the fine-grained materials 

2.8 

The universal model can be easily modified to simulate these two equations. To obtain Equation 
2.7 from Equation 2.6, parameter k3 is set to zero. Similarly to obtain Equation 2.8, parameter k2 is 
set to zero in Equation 2.6. 

Thompson et al. ( 1998) provide a review of the development and predictive performance of models 
that characterize the nonlinear stress-strain behavior of materials under traffic. Table 2.2 lists 
several models described in that report. The table provides the name of the models accompanied by 
its reference, the form of the equations and identifies the variables of each equation. These models 
are in general very similar to Equation 2.6. The report also contains a thorough explanation of 
different factors that affect the moduli of base and sub grade materials. 

Hardin and Drnevich (1972) also provided a list of parameters that affect the moduli of both fine
grained and coarse-grained materials. Their observations are summarized in Table 2.3. The state of 
stress, void ratio, and the strain amplitude are the main parameters that affect the modulus of a 
material. For fine-grained material, the degree of saturation is also important. As reflected in Table 
2.3, these parameters also affect parameters k1 through k3 in Equation 2.6. 

Daleiden et al. ( 1994) devised methods for determining the sub grade modulus based on soil 
properties and nondestructive data found in the Strategic Highway Research Program (SHRP) 
Long-Term Pavement Performance (LTPP) database. Subgrade materials were classified into three 
types: clay, sand, and silt. Regression models were developed for each type. The regression 
equations developed contained applied load and deflection measured with sensor seven of a Falling 
Weight Deflectometer, layer thickness, percent saturation, dry density, and specific gravity of the 
material. 

Mohammad et al. ( 1999) proposed regression models that are used to determine parameters k of the 
octahedral stress-state model (Table 2.2) to determine the moduli of subgrade layer using index 
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parameters such as moisture content, dry density, degree of compaction, liquid limit and plastic 
limit of the soil. These models, which were developed for different soil types, were validated with 
eight different soil types from Louisiana. These models fit the criteria and were candidates for 
developing the methodology in this project. 

Table 2.2- Summary of Material Models (Thompson et al., 1998) 

K-~Model 

UzaqModel 

Octahedral Shear 
Stres~ Model 

Ita11i Model 

M R= k/}kz 

where 8 = a 1 + a 2 + 0"3 = bulk stress ; k1 and k2 are material regression 

constants obtained from repeated load triaxial tests performed on granular 
materials. 
M = k ekza k3 

R 1 d 

where e = 0"1 + 0" 2 + 0" 3 = bulk stress ; 0" d = 0"1 - 0" 3 = deviator stress; kJ, 

k2 and k3 are material regression constants obtained from repeated load 
triaxial tests 2_erformed on ~anular materials. 

M = k p [!!__]kz ['oct ]kJ 
R 1 a p p 

a a 

where 8 = a 1 + a 2 +a 3 = bulk stress; !Oct = Octahedral shear stresses; 

O"atm = Atmospheric pressure, and k1. k2 and k3 are multiple regression 
constants evaluated from resilient modulus test data 

M = k p [ 8 ] kz a k1a a k3b 
R 1 a 

3 
d 3 

where e = 0"1 + 0" 2 + 0" 3 = bulk stress; 0" d = 0"1 - 0" 3 = deviator stress; <7] = 
confining stress; 'fact = Octahedral shear stresses; CTatm = Atmospheric 
pressure, and k1. k2. k3a and kJb are multiple regression constants obtained 
from repeated load triaxial tests performed on granular materials. 

M R= k1ekz (ea )k3 

UTE~ Model where 8 = 0"1 +a 2 +a 3 =bulk stress; ~ = induced resilient axial strain; k1, 

k2 and k3 are multiple re_g_ression constants. 

M R= k1ekza3 k3 

UT -Austin Model where 8 = a 1 +a 2 +a 3 = bulk stress; 0"3 = confining stress; k1, k2 and k3 

are multiple regression constants obtained from repeated load triaxial tests. 

Bilinear 
Approximation 

(Arithmeti<; Model) 

M R= K1 +k3b(ad -k2 ) when ad> k2 

where ad= 0"1 -0"3 = deviator stress; k1, k2, k1a and k3b are material 

constants obtained from laboratory repeated load tests 
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Table 2.3 - Parameters Affecting Modulus of Granular Base and Subgrade 
(After Hardin and Drnevich, 1972) 

Importance* 
Parameter Affected 

in Ec uation 2.6 
Parameter Coarse- Fine-

Grained Grained kl k2 k3 
Materials Materials 

Strain Amplitude v v ~ 
Effective Mean Principal Stress (Confining v v ~ ~ pressure) 

Void Ratio v v ~ 
Degree of Saturation R v ~ ~ 

Overconsolidation Ratio R v ~ 
Effective Stress Envelop R L ~ 

Octahedral Shear Stress L L ~ 
Frequency of Loading L L ~ 

Long-Term Time Effects (Thixotropy) R R ~ 
Grain Characteristics R L ~ ~ 

Soil Structures R R ~ ~ 
Volume Change Due to Shear Strain v R ~ 

Note: V means Important, L means less Important, R means relatiVely ummportant. 

Another model that best suits this project at this time is the one developed by the Georgia 
Department of Transportation (GADOT). In that study, Santha (1994) collected and tested a 
number of soil samples to determine parameters k from resilient modulus tests. He also obtained 
various construction parameters such as the moisture content, compaction, and percent saturation. 
He then developed regression equations for cohesive and granular materials that estimate 
parameters k from the construction parameters using the octahedral shear stress model shown in 
Table 2.2. The regression equations for granular material is in the form of 

log(k1) = 3.479-0.07 * MC + 0.24 * MCR 

+ 3.681 * COMP + 0.011 * SLT + 0.006 * CLY 

-0.025*SW -0.039* DEN +0.004*(SW 2 ICLY) 

+0.003*(DEN 2 I S40) 

log(k2 ) = 6.044-0.053 *MOIST- 2.076 * COMP 

+ 0.0053 * SATU- 0.0056 * CLY + 0.0088 * SW 

-0.0069 * SH- 0.027 *DEN+ 0.012 * CBR 

+0.003*(SW 2 /CLY)-0.31 *(SW + SH)ICLY 

2.9a 

2.9b 
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log(k3 ) = 3.752-0.068* MC + 0.309* MCR 

- 0.006 * SLT + 0.0053 * CLY- 0.026 * SH 

-0.033* DEN -0.0009*(SW 2 /CLY) 

+ 0.00004* (SATU 2 ISH) -0.0026*(CBR* SH) 

and for cohesive materials, 

log(k1) = 19.813-0.045 *MOIST -0.131 * MC 

-9.171 * COMP + 0.0037 * SLT + 0.015 * LL 

-0.016 *PI- 0.021 * SW- 0.052 *DEN 

+0.00001 *(S40*SATU) 

log(k3 ) = 10.274-0.097 *MOIST -1.06* MCR 

-3.471 *COMP+0.0088*S40-0.0087* PI 

+0.014*SH -0.0246* DEN 

2.9c 

2.10a 

2.10b 

where MC is moisture content, MOIST is optimum moisture content, MCR is the ratio of MC and 
MOIST, COMP is compaction, SATU is percent saturation, S40 is percent passing sieve No. 40, 
CLY is percent of clay, SLT is percent of silt, SW is percent swell, SH is percent shrinkage, DEN is 
maximum dry unit weight, CBR is California Bearing Ratio, LL is liquid limit, and PI is plastic 
limit index. 

The advantage of these equations is that they handle parameters with a wide range of input values 
(Santha, 1994). Although these equations were generated based on test sites in Georgia they fit the 
criteria and will be used since the objective of this project is not to determine values for design 
purposes, but rather to develop a methodology for determining the impact of construction on 
performance. If this methodology is proven to be successful and useful, similar regression 
equations can be developed for Texas roadways. This can then be expanded into a performance
based specification tool. 

RIGID PAVEMENTS 

As with flexible pavements, mechanistic design of rigid pavements entails the use of structural 
models to determine pavement responses that are used to obtain pavement performance based on 
some type of distress models. From the literature search it seemed evident that several structural 
models are available ranging from regression equations to finite element programs. The common 
modes of failures that apply to rigid pavements are fatigue cracking, pumping, faulting joint 
deterioration for jointed pavements, and punchouts for CRCP. 

Computer programs ILLISLAB, KENSLAB, and CRCP-8 or 9 are commonly used for analysis 
and design of rigid pavement. The program ILLISLAB is a popular finite element modeling 
program developed at the University of lllinois (Tayabji and Colley, 1986). The latest version of 
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this program is called ISLAB2000 (Khazanovich and Gotlif, 2002). ISLAB2000 enables users 
to incorporate a wide range of conditions that are potentially encountered in the field. Several 
examples of these conditions include: 

1. Variable bond between layers (full bond vs. partial bond) 
2. Mismatched joints and cracks 
3. Widened base 

KENSLAB computer program (Huang, 1993) is also a finite element program that features three 
types of foundations: liquid, solid and layer with either bonded or unbonded slabs. The 
documentation of this program can be found in Huang (1993). 

The analysis of CRC pavements is a highly complex problem. A large number of variables 
influence the pavement behavior and the variables are highly interacted. Since the mid-seventies, 
researchers at the Center for Transportation Research (CTR) have been developing and improving 
mechanistic models for CRC pavements. These models have been calibrated over the years using 
field data from actual pavement test sections. The program CRCP-8 simulates the early age 
behavior of CRC pavements and is used to calculate performance measures based on design, 
construction and environmental factors. Because CRCP-8 in a sense packages the prediction model 
with the structural model, it was not necessary to investigate its components. Since this program is 
currently being used by TXDOT, it seemed logical to incorporate it into our algorithm. This 
resulted in several advantages and disadvantages in the development process. These concerns will 
be addressed appropriately in this report. 

Table 2.4lists the equations involved in the modeling process. These theoretical models are used to 
solve for stresses and strains, and to estimate representative movements and crack width. The 
outputs of the CRCP-8 in terms of failure indicators that reflect the performance of CRC pavement 
are: 

a) Crack spacing, 
b) Crack width, 
c) Steel stress at a crack, 
d) Bond development, and 
e) Failure per mile. 

These five performance indicators were used in our algorithm. A substantial amount of input data 
relating to pavement design, environmental factors and loading must be provided to the CRCP-8 
program. As a result, the main parameters that will be part of the impact analysis using the CRCP-8 
program are: 

a) thickness of concrete section, 
b) modulus of concrete, 
c) modulus of steel, 
d) modulus of subgrade, 
e) percent of steel reinforcement, 
t) bar diameter, 
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g) yield stress of steel, 
h) drying shrinkage of concrete, 
i) tensile strength of concrete, 
j) compressive strength of concrete, and 
k) flexural strength of concrete. 

L 

JFidx 

Table 2.4 -Mechanistic Equations Used in CRCP-8 

O'sc=stress in the steel at the crack, 

O's.=stress in the steel between cracks, 
O'c.=stress in the concrete between cracks, 0 acm 0 

a.c + PD a.m --p= F; = friction force per unit length along the slab, 
t------------------1 L =half of the crack spacing, 

ac =~+EjZ +~T(ac -a.)] 
n 

a b 

Ja.dx+ Ja.dx = E.a.L~T 
0 a 

D = thickness of concrete slab, 
P = ratio of area of longitudinal steel to the cross-sectional area of 

concrete per unit width, A/Ac, 
A. = cross-sectional area of longitudinal steel, and 
Ac = cross-sectional area of concrete. 
O'c= the total stress in the concrete along the bonded section of the 

slab, 
as= the total stress in the steel along the bonded section of the slab, 

da. ___ Fi Ll d . T = rop m concrete temperature, 
dx ( 1 ) Ec = elastic modulus of concrete, 

D - + p n = E/Eco moduli ratio, 
1----------n---------1 Z = drying shrinkage strain of concrete, 

a;,= linear thermal coefficient of concrete, 
a.= linear thermal coefficient of Steel, 
L1T=drop in concrete temperature, 

1-------------------1 a= the length of fully bonded zone, 

dac =--F_i __ 4_uP_ 
dx D <l> 

b = the length of bond slip zone, L = a+b, and 
dx = the length of a slab element in the fully bonded section of the 

unit, 
x ifJ = the bar diameter, 

J dx (z ATW- u =the shear bond stress, 
Y c = c c - + a c L.l ~ h f h d hr. k Yc=t e movement o t e concrete ue to s m age Z, 

0 
t-------------------1 Ec= the strain of concrete, 

L1x = the crack width. 

These parameters are classified as either construction or design parameters. Since the impact of the 
materials that impact the strength and stiffness of concrete is well-understood and well controlled, 
these items were not included in this program. The ongoing effort in Research Project 0-1700 as 
well as the computer program Hiperpave (Rasmussen et al., 2002) will adequately allow the control 
of the components of the concrete mixtures. In Chapter 3 the process of incorporating this module 
into the impact analysis will be further discussed. 
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The program CRCP-9, a revision of CRCP-8, is based on finite element analysis. This new 
version of the program uses a two-dimensional finite element code to create a mechanistic model. 
In CRCP-9 the crack spacing prediction model was developed using the Monte Carlo simulation 
process, and the failure prediction model was developed using probabilistic analysis. The major 
characteristics of CRCP-9 is the consideration of nonlinear variations in temperature and drying 
shrinkage through the depth of the concrete slab, nonlinear bond-slip relationship between 
concrete and steel bars, viscoelastic effect of concrete, curling and warping effects, and the 
ability of changing locations of the longitudinal steel bars. Since this program was based on 
finite element analysis it would not be practical for the impact analysis in the existing form. This 
will become clearer in Chapter 3 when the impact algorithm is described. However, there is no 
technical reason why CRCP could not be used in the impact analysis in the future. 

AASHTO DESIGN MODELS 

So far only mechanistic models have been discussed since this is the main focus of the project. At 
the suggestion of the PMC, the empirical design models in the current AASHTO design guide were 
also investigated. 

The AASHTO equations for flexible and rigid pavements estimate the cumulative expected 18-kip 
equivalent single-axle load. Models for both pavement types were developed with consideration to 
environmental, serviceability and reliability factors. For flexible pavements the performance model 
is in the form of: 

log10 (W18 ) = ZR xS0 +9.36xlog10 (SN + 1) 

MSI 
log10 [ ] 

-0.20 + ---4:..:..:·2=---!;..!1.~5-+ 2.32 x log10 M R -8.07 
0.4 + 1094 

(SN + 1)s.I9 

2.11a 

2.11b 

where Wts is the number of 18-kip equivalent single axle load repetitions to failure, M>SI is the 
design serviceability loss, ZR is the reliability factor, So is the overall standard deviation, SN is the 
structural number of pavement. Parameters a1 and a2 are layer coefficients for the surface and base 
layers respectively; and D1 and D2 are the thicknesses of the surface and base layers respectively. 
Parameter MR is the effective roadbed soil resilient modulus. 
In the AASHTO model for flexible pavements, the only parameters that can be related to design or 
construction are SN and MR. Parameter SN is a function of layer coefficients and layer thicknesses. 
AASHTO design guide proposes a relationship between layer coefficients and the resilient modulus 
of the corresponding layer (see Figure 21). The relationship shown in Figure 2.1 can be 
approximated with: 
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4 3 2 a1 =- 0.0012E1 + 0.0174E1 -0.0967 E1 + 0.295E1 -0.02787 2.12 

where E1 is modulus of top layer. 
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HMA Resilient Modulus at 70oF (10AS psi) 

Figure 2.1 - Variation in Layer Coefficient with Modulus for Dense-Graded Asphalt 
Concrete 

Similarly, layer coefficient for granular base, a2, can be related to its modulus, Ez, using: 

a2 = 0.249(log E2 )-0.977 2.13 

For rigid pavements, the performance model is in the form of: 
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I [ MS/ J 
og,o 4.2-1.5 

Iog10 ~8 = zRSo + 7.35log10 (D+ 1)-0.06 
1 
+ 1.624e7 

(D+ 1)8.46 

2.14 

s·ccJD075 -1.132] 
+ ( 4.22-0.32 p1 )log10 ----:[:->-------..::....._-::::-] 

215.631 D075
-

18
.4

2 
(Ec I k )o.zs 

where W18 =the number of 18-kip equivalent single axle load repetitions to failure, MSI =design 
serviceability loss, ZR = reliability, S0 = overall standard deviation, Ec = concrete elastic modulus (in 
psi), S'c =modulus of rupture of concrete (in psi), D =thickness of PCC (in inches), k =effective 
modulus of subgrade reaction (in pci), Cd = drainage coefficient, and J = load transfer coefficient. 
In this case, the PCC properties are well represented in the design by three parameters (i.e. concrete 
elastic modulus, modulus of rupture and thickness). Even though the thickness of the PCC is 
checked during the construction, moduli of elasticity and rupture are usually determined based on 
testing a small number of moist-cured cylinders in the laboratory. It is clear that the impact of 
construction on the properties is ignored. Once again, the impact of the underlying layers is 
included as a composite modulus of subgrade reaction obtained based on empirically developed 
relationships. 
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CHAPTER THREE 

DEVELOPMENT OF METHODOLOGY 

Theoretically, if a pavement section is designed with the same cross section and constructed with 
the same materials, its performance should be uniform throughout the section. Practically, distress 
may develop randomly in different subsections of the pavement even though the vehicular and 
environmental loads are more or less uniform along the section. One reason for the random 
development of distress is the variability in construction quality. The performance of the pavement 
can be more consistent for the entire section if the construction quality is uniform. This uniformity 
is accomplished by reducing the variability of construction-based parameters. 

One method for assessing the uniformity in construction is statistic-based quality assurance/quality 
control (QNQC) techniques. The goal with these techniques is to minimize the variability in 
performance of the pavement by reducing the variability in the material properties that impact the 
performance of the section the most. One appropriate way to achieve this goal is by developing a 
probabilistic approach using mechanistic-based algorithms that would easily identify the impact of 
construction parameters on pavement performance. More specifically, widely accepted mechanistic 
models, which consider the impact of stresses due to environmental factors, repeated load 
applications, and deterioration of material with age, are desirable. The models should be based on 
parameters that are directly related to the performance of the pavement and that are readily 
measurable either in the laboratory or in situ. Many performance-related parameters that are 
universally accepted by the designers can be controlled during mixing and placing. Therefore, one 
can measure surrogate parameters such as the asphalt content of the AC layer or gradation for bases 
during material processing. Parameters such as modulus or strength in place can be measured during 
construction. 

As quality is related to performance, the determination of parameters that should be used in 
pavement design is the framework of the quality management. Consequently, the distress 
prediction algorithms for both flexible and rigid pavements should typically have models in the 
form of (Patel and Thompson, 1998): 

3.1 
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where P is the performance of the pavement, X/ s are the parameters that impact the performance, 
and £is the error term related to several sources of uncertainty. One major source of uncertainty in 
determining the input parameters, Xi's, is the combined errors due to testing procedure and 
replication error due to differences in testing devices. Since most performance models today are 
either empirical or empirical-mechanistic in nature, another major source of uncertainty is attributed 
to error in predicting performance. This source of uncertainty is commonly known as model 
uncertainty. As the performance model becomes more mechanistic, the model-based uncertainties 
will become smaller. 

With that framework, the primary goal of this project is to provide a concept that, in a rational 
manner, combines the results from laboratory and field tests performed for quality control during 
construction to address the impact of variability on the performance of the pavement. To develop 
this concept, three critical steps are essential. First, structural models that predict performance of 
pavements have to be identified. Second, material models that relate construction parameters to 
primary design parameters based on primary design parameters (thickness and modulus) have to be 
assessed. Finally, a statistical algorithm that can relate the impact of each construction parameter on 
the performance of a pavement needs to be implemented. 

Figure 3.1 provides a general framework of the methodology. The three circles presented in the 
figure represent the main aspect of the process starting from construction parameters, which is 
represented by the inner circle. The material characteristics models, represented by the middle 
circle, are the links between the construction and pavement performance. Performance is 
represented by the outer circle. The two sets of arrows indicate the flow of the development and 
execution processes. To develop the algorithm, the following steps have to be taken: 

1. A performance model has to be selected (e.g. Asphalt Institute Rutting Model). 
2. The parameters that impact the performance model should be identified (e.g. moduli of 

different layers and thickness of each layer). 
3. For each parameter in Item 2, the construction parameters that impact them should be 

identified (e.g. modulus of AC is impacted by air void, asphalt content percent fine etc.) 

The algorithm proposed consists of the following steps: 

1. Determine the thickness and target modulus of each layer from the design engineer 
2. Determine the optimum value for each parameter that impact the modulus of each layer 
3. Determine the impact of variability of each relevant parameter on the modulus of the 

layer 
4. Determine the impact of variability in modulus and thickness on the remaining life 
5. Identify the most significant construction parameters 
6. Minimize the variability in the values of the parameters identified in Item 5. 
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Figure 3.1 - Conceptual Framework Developed for this Project 

As described above, one of the most important items in developing the algorithm is the perfonnance 
model. In collaboration with the project advisory committee members, several mechanistic-based 
perfonnance models were agreed upon. The existing AASHTO design procedures for flexible and 
rigid pavements were also incorporated into the process to provide alternatives to users. The 
selection of the final perfonnance models were based on the following criteria: 

a) the needs of the end users mainly TxDOT personnel, 
b) the current design programs used by TxDOT and 
c) the desire ofTxDOT to eventually adapt the new AASHTO 2002 design guide. 

An algorithm to assess the importance of construction parameters was developed. This algorithm 
combines the performance, structural and material models, as shown in the circles of Figure 3.1. 
Although the process of determining the impact of the construction parameters (called impact 
analysis hereafter) is similar for both flexible and rigid pavements, the specific algorithm used for 
each type is described separately. 

ALGORITHMS 

Flexible Pavement Algorithm 

The models and parameters used to develop the algorithm for flexible pavements were discussed in 
Chapter 2. The integration of the perfonnance, structural and material models is illustrated in 
Figure 3.2. The algorithm flow is from construction parameters linked to material models and 
finally to pavement perfonnance. Relevant construction parameters and their values are specified 
by the user in Step 1. 
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Figure 3.2 - Flow chart of Mechanistic Algorithm 



In Step 2, the construction parameters are input to the relevant material models to determine the 
moduli of the layers. For example, the modulus of AC is estimated directly from the construction 
parameters such as air voids, asphalt content, asphalt viscosity, etc. 

Step 3 is to evaluate the critical stresses based on the layer properties from Step 2 and determine the 
performance of the pavement. The structural model that is used to calculate the appropriate stresses 
and strains is the program WESLEA. The source code from WESLEA was modified to incorporate 
the material models, and to serve as the engine that performed all the numerical calculations. Ke 
(1999) provides a detail explanation of the approach taken to incorporate nonlinear material models 
into the layer elastic algorithm. In his algorithm, Ke divided each pavement layer into several 
sublayers and the stresses and strains were calculated at the middle of each sublayer. In this project, 
the stresses and strains were calculated at the bottom of the base layer and at the top of the sub grade 
layer where the load-induced nonlinear behavior is more evident. For the models used for the base 
and subgrade, a structural model is also needed to calculate the appropriate stresses as input in the 
materials models. This is also achieved using WESLEA. 

So far a link between a large number of construction parameters and the three remaining life models 
are developed. The number of construction parameters is too many to be used in the quality 
management. An algorithm to evaluate the impact of each construction parameter is needed so that 
the parameters that affect the remaining life the most can be determined. This will be represented in 
an impact chart (Step 4). A cost-effective quality management program should focus on only the 
parameters that impact the performance of the pavement the most. A probabilistic analysis is 
needed to achieve this goal. This process is described in the next section. 

In a deterministic analysis, a representative value of each input parameter is input into a 
mathematical model (a system) to determine an output value (see Figure 3.3a). To implement a 
deterministic analysis in our case, a typical value for each construction parameter is obtained from 
either a specification manual or a laboratory test, or a field test. These values are used as input to a 
mechanistic algorithm (system) to obtain a performance value. In the deterministic analysis, the 
uncertainties that are associated with the input parameters are ignored or accounted for by inflating 
or deflating some of the input parameters. Any engineering measurement associated with a 
construction parameter demonstrates a certain variation. Therefore a probabilistic analysis is a more 
rational engineering approach. 

The probabilistic approach differs from a deterministic approach by explicitly accounting for the 
variability of a parameter. A random parameter can take a range of values and can be represented 
by different types of probability distributions. In this research project all input parameters are 
assumed to be normally distributed. A current TxDOT study by Zhang et al. (2002) is developing 
actual distribution for different construction parameters. As soon as these distributions are 
available, they can be incorporated in the algorithm developed here. 

Figure 3.3b shows how an input parameter with a normal distribution can be represented by a mean 
and a coefficient of variation (COV). A Monte Carlo simulation technique is used to simulate each 
input parameter. The simulated cases are input to the analysis system to determine the associated 
performance indicator as described for the deterministic analysis. The simulated performance 
indicators obtained are then used to establish the associated mean and COV. The COV of a given 
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input construction parameter is compared with the COV calculated for the performance indicator to 
assess whether the performance indicator is sensitive to the construction parameter. In this manner, 
one can assess whether a given parameter is worth considering in the quality management of a given 
project. To prioritize the significance of different construction parameters relative to one another, 
the approach described next is followed. 

The algorithm used to determine the significance of a parameter relative to all other parameters 
involved is based on a so-called "Impact value." The impact value for a parameter i, h is 
determined from 

I.= cov; 
l COVALL 

3.2 

where co~ is the coefficient of variation of a performance indicator based on perturbing parameter 
i, and COV ALL is the coefficient of variation of the same performance indicator when all input 
parameters are simultaneously varied. As a reminder, COVx is determined by: 

1. simulating the input parameter using Monte Carlo technique, 
2. inputting each simulated case into the analysis system, and 
3. calculating the COV of the output values. 

Parameter COV ALL is calculated in a similar fashion except that in the Monte Carlo simulations all 
parameters involved are allowed to vary. This process is then repeated for all construction 
parameters. 

Once the impact values for all parameters are determined, the relative significance of each 
parameter is assessed by determining its normalized impact value, NNi, using 

NIV .= I; . 12 
l n l = ' , ... , n 3.3 

I (IJ 
i=l 

where /i is the impact value for the ith input parameter. The larger the normalized impact value is, 
the larger its impact on the performance of the pavement will be. A pie chart can be used to 
conveniently represent all the NIV values simultaneously. Such a pie chart, which is called the 
impact chart, allows the user to visually assess the significance of each parameter. Figure 3.4 shows 
an example of an impact chart that exhibits the relative impact values of six parameters labeled P1 to 
P6. In this example, P1 is very significant and impacts the performance indicator the most, while 
parameters P3 and P6 have negligible impact on the performance indicator. If one is interested in 
changing the mean and COV of the performance indicator associated with these parameters, she/he 
should focus on Pt and essentially ignore P3 and P6. 

One important factor to consider in the above algorithm is the size of the sample to be generated by 
the Monte Carlo technique. In general, the larger the sample, the more representative the 
distribution of the simulated variable will be. The larger number of simulations also translates to 
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more lengthy computation time. For practical applications, the desire for more simulations should 
be balanced with the time period required to obtain the results. 

* pl (57%) 

p3 (1 %) 
p2 (9%) 

* P1 is the most significant parameter with 
the highest normalized impact value 
relative to other parameters 

Figure 3.4 - Illustration of an Impact Chart 

The results from one exercise to determine the number of simulations necessary are presented in 
Figure 3.5. In this case, thickness of base is simulated 25, 100,500, and 1000 times using a normal 
distribution with a mean thickness of 12 inches and a COV of 10%. The frequency distribution 
(left-hand axis) and the cumulative frequency distribution (right-hand axes) for each simulation are 
shown in the figure. The frequency distribution is a histogram that represents the frequency of 
occurrence of a parameter (thickness of base) at different values of the parameter. 

Visually the shape of a histogram can be used to determine the appropriateness of a simulation. The 
shape of the histogram or frequency distribution should be a bell-shaped curve. The smoother the 
bell-shaped curve is, the closer the distribution to a normal distribution will be. For larger numbers 
of simulation (n = 500 or 1000) the distribution curves are smooth (see Figure 3.5c and 3.5d). 

The cumulative frequency distribution (CFD) is an alternative way to present the results. The 
cumulative distribution always varies between 0% and 100%. Ideally, the CDF is an s-shaped curve 
with an inflection point at 50% (which represents the mean value). Once again, the smoother the 
shape of the CFD is, the more representative of an ideal distribution the curve will be. 

For each of the four cases, the mean and the COV of the simulation are shown in the corresponding 
figure. The mean and COV values for the simulated results should be close to 12 inches and 10% as 
specified in the simulation. As reflected in the figure, the mean values for all four graphs are close 
to 12 inches. However, as the number of simulations, n, increases, the COV becomes closer to the 
actual value. For example in Figure 3.5a (n = 25) the COV of the simulated values is 8.6% and if 
this was used in the impact algorithm the results will be based on the variability of 8.6% and not the 
10% specified. 
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Figure 3.6 - Repeatability of Monte Carlo Simulation for Four Sample Sizes 

Another criterion to determine the optimum number of simulations is the repeatability of the 
simulation. Simulating the same number of cases several times should yield approximately the 
same means and COVs. The repeatability for each of the four different simulation sizes, based on 
10 different simulations, is shown in Figure 3.6. When the simulation size is 25, the repeatability is 
poor; whereas for the 500 and 1000 simulations the repeatability is quite acceptable. Based on this 
and many other similar exercises, a simulation size of 500 was selected. 

Given the large number of construction parameters that have to be simulated, this process may be 
too time-consuming. Alternative methods, other than Monte Carlo technique, are available that can 
accelerate the process. One such alternative is the two-point mass method (Rosenblueth, 1975). 
The two-point -mass (TPM) method, a derivative of the Point -Estimate method (Rosenblueth, 1981 ), 
can be used to approximate low-order moments of functions (such as mean, variance and standard 
deviation) of random variables. Without going into too much detail, a continuous random variable 
is replaced with a discrete random variable. In this case the continuous random variable 
(represented by a mean, a COV, and a skewness coefficient) is replaced by two masses representing 
the distribution of the function with the characteristic that the discrete distribution has the same 
mean, COV and skewness coefficient as the continuous one. 

Figure 3.7 illustrates this concept. The left-hand side of the figure shows a parameter represented 
by three distributions: a) normal distribution (symmetric), b) left skewed distribution, and c) right 
skewed distribution. Each distribution is continuous and can take any value between a and b. To 
represent these distributions using TPM method, only two discrete points are required. The TPM 
representation is shown on the right-hand side of the figure. All three cases show each point 
representing one side of the areas to the left or right of the mean value. The location of the masses 
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and the weights are computed to bear the same moment as the original distribution. In the case of a 
normal distribution (symmetric), the points are located at a distance equal to one standard deviation 
from the mean with equal weights of 0.5. The other two distributions show different distances from 
the mean with larger weight values depending on the skewness of the distribution. 
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left skewed 
distribution 

right skewed 
distribution 

Continuous Function 

a 

1PM Function 

... 
mass 1 : 1 \ mass2 

... 
. . . . 

mass1 
I •• • '¥:• •• 

Jl 

. . · . . .. 

. . . 
j •• •• mass2 .. . . . . . . . ······ 

.. .. . . . . : . 
mass1 / 1 

····· 
. .. 

Jl 

. . . . . .. 

Figure 3. 7 - Illustration of Two Point Mass Method 

The advantage of the TPM method is that it can rapidly determine the sensitivity of one variable 
since only two executions are required instead of 500 as in the case of the Monte Carlo technique. 
However, for determining the impact value of several parameters, the number of simulations 
increases according to a power law. To put this statement in perspective, recall that for a flexible 
pavement, 28 construction parameters are identified. From Equation 3.2, two COVs are required to 
determine the impact value: 1) based on one variable, and 2) with all parameters simulated together. 
For the first part the TPM method is more practical than the Monte Carlo technique, since it reduce 
the number of total cases that are simulated from 14000 cases (500 simulations multiplied by 28 
parameters) to 56 cases (2 simulations multiplied by 28 parameters). However for the second part, 
where all parameters are simulated together, the number of simulations with the Monte Carlo 
technique is only 500 cases compared to the TPM which require 228 cases. Therefore, the TPM 
method is only practical if the number of variables is small. The algorithm developed uses the TPM 
technique to calculate the COV of individual parameters and the Monte Carlo technique to simulate 
all parameters concurrently. This improves processing time with small sacrifice in accuracy. 

29 



Rigid Pavement Algorithm 

As explained in Chapter 2, the program CRCP-8 was incorporated into the impact analysis 
algorithm. Again CRCP-8 was used instead of CRCP-9 solely based on the processing speed. 
Program CRCP-8 is actually a combination of three executable modules. Upon the execution of 
the program, the pre-processing module is loaded. This serves as a tool to allow the user to 
provide and generate an input file. Once the input is generated, the processing module performs 
the appropriate calculations, and generates the output file. The post-processing module is then 
activated to extract and display the most relevant information. Only the processing module of 
the CRCP-8 is required in this project. 

The algorithm to determine the impact of construction parameters shown in Figure 3.8, is quite 
similar to the one described for the flexible pavement except that relevant input construction 
parameters and the structural models are different. The figure is divided into three sections, 
namely input parameters, performance models, and impact chart. In the first step, i.e. input 
parameters section, the user provides the average and COV for each construction parameter. 
Using the Monte Carlo simulation, each relevant parameter and the combination of all 
parameters are randomly simulated five hundred times. In Step 2, each simulated input is fed 
into the CRCP-8 to obtain the performance indicators. The third step consists of performing the 
appropriate statistical operations, calculating the impact values based on Equations 3.2 and 3.3, 
and presenting the results in an impact chart. 

If solely Monte Carlo simulation is utilized, and the number of simulation is set to 500 per 
parameter (as discussed earlier in the chapter), the number of times program CRCP-8 is executed 
is about five thousand times. This translates to 5 hours of analysis. However, as indicated 
earlier, a method that combines both Monte Carlo simulation and the Two-Point-Mass 
techniques is being used and has decreased the processing time to 20 minutes. 

Several limitations can be attributed to this model. Despite the practical observations that the 
modulus of subgrade impacts the performance of the pavement, that parameter has small impact 
in the models adopted by the CRCP8. Since as a primary design parameter, the impact of 
subgrade is small, it is not prudent to assign a material model to this parameter. We could have 
easily utilized the models described in Chapter 2 for this case as well. But irrespective of values 
assigned to construction parameters, the performance would change only slightly. The impact of 
the subgrade can be incorporated using CRCPIO or ISLAB 2000 but the execution time would 
be prohibitive. Our extensive information search did not provide a model that is superior to 
those used in the CRCP8. Should such a model become available, it can be readily incorporated 
in our algorithm. 

The parameters associated with the strength or stiffness of the concrete were also maintained at 
the primary design levels. Project 0-1700 is developing a series of models that we can readily 
incorporate in our algorithm. Since no other realistic model is available, we decided to wait until 
later and incorporate those models. 
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Figure 3.8 - Algorithm for Continuously Reinforced Concrete Pavements 

AASHTO Pavement Algorithms 

The algorithm used to determine the impact values for the AASHTO flexible design, is almost 
identical to the mechanistic flexible algorithm except that the damage model is different. 
Referring to Figure 3.9, the input construction parameters used in this analysis are the same as 
the mechanistic model. The same structural model (WESLEA) is also used to estimate the 
moduli of the base and sub grade. The failure models used in the mechanistic algorithm are 
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exchanged with the AASHTO equation (Equation 2.lla) so that the number of ESALs can be 
estimated. Since AASHTO equation requires structural number, the layer moduli are input in 
Equations 2.12 and 2.13 to calculate the layer coefficients as indicated in Figure 3.9. The layer 
coefficients are in tum input to Equation 2.11 b to calculate the structural number. In this process 
no external links are required since the AASHTO equation can be programmed into the Excel 
sheet, therefore processing several thousands of cases is possible in a few minutes. In this 
situation only the Monte Carlo technique has been implemented with the number of simulations 
equal to 500. 

Similarly, the algorithm used for determining the impact charts for the mechanistic approach 
based on the CRCP-8 is modified so that the AASHTO equation for rigid pavements can be used 
as the failure model. Figure 3.10 illustrates this process. As before, the average and COV of the 
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Figure 3.10- Algorithm Modification for the AASHTO Rigid Model 
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construction parameters used in the analysis are input to the algorithm so that the appropriate 
Monte Carlo simulations can be carried out. In the second step the performance indicator, 
number of ESALs to failure, is calculated for each simulated case. As soon as the performance 
indicator values are determined, the process described in Figure 3.2 is used to develop impact 
charts. The AASHTO rigid pavement model is rather simplistic and does not require a structural 
model. As such, this approach is extremely fast. 
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CHAPTER FOUR 

DESCRIPTION OF SOFTWARE 

The methodology presented in the previous chapters is prototyped in a program. Since the general 
algorithms are essentially similar for both the flexible and rigid pavements, only the algorithm for 
the flexible pavement is demonstrated in this chapter. A user's manual for this program can be 
accessed from its help file. 

The software can be potentially used at several junctions within a project. First, it can be used 
during the development of project-specific specifications to outline a cost-effective quality 
management program by emphasizing the quality control on parameters that make the biggest 
impact in the life of the pavement. The engineer can utilize typical values from previous project in 
the area to come up with those parameters. 

The program can potentially be used a second time at the time that the actual construction is about 
to be initiated. In that matter, the actual parameters measured in the lab based on the selected mix 
design for the AC or PCC and the selected quarry for the base, to re-evaluate the parameters that can 
potentially have detrimental affect on the performance. The construction engineer at this time can 
also inform the design engineer whether the primary design parameters can be achieved with the 
selected materials. If the target moduli for the base cannot be met with the selected material, either 
the thickness of the layers or the quarry has to be changed. At this stage, adequate information 
about the variability of the subgrade materials, based on the site investigation, is also available so 
that the construction engineer can make an informed decision on the impact of the subgrade 
variability on the performance of the pavement. 

Finally, the program can be used by the construction engineer and the contractor during construction 
to fine-tune the construction. If the target variability for a parameter cannot be met based on data 
collected at the site during construction, the two parties can meet to determine whether the 
variability can be controlled better or whether the target variability is not set realistically. In that 
manner, an appropriate solution can be found to the problem. 

The platform for the software is Microsoft Excel 2000. The program is also compatible with the 
Office 97, and Office XP. Excel is popular software that many computer users are familiar with. 
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As such, TxDOT personnel hardly require any training to execute the algorithm. All the input 
parameters to the program and the resulting outputs are carried out in spreadsheets. The pertinent 
analyses in tum are performed using macros and other built-in tools of Excel. External modules, 
such as the structural model WESLEA, are linked internally to the Excel workbook. Figure 4.1a 
demonstrates the main worksheet of the program. This worksheet allows the user to input the 
average and coefficient of variation (COV) of each construction parameter. 

Once the inputs are provided and the analysis is performed the results window is displayed. As 
shown in Figure 4.1 b, the results are presented in two ways. A table containing the statistical 
information about the performance indicators is presented first. This table contains results based on 
both deterministic and probabilistic analyses. In the probabilistic portion, the mean, COV and 
standard deviation are presented for each distress indicator. The purpose of this table is to allow the 
user to determine whether under the selected COVs for the construction parameters, the variability 
of a critical distress indicator is acceptable. If the variability for a given distress is unacceptable, the 
user can use the impact charts such as the one displayed in Figure 4.1b to determine which and to 
what level should the variability of one or more construction parameters should be adjusted. The 
user can reduce the variability (COV) of those parameters and rerun the analysis. This process 
continues until a satisfactory result is achieved. A sample exercise is presented to demonstrate this 
progression. 

SAMPLE CASE 

Let us assume that a three-layer pavement system is to be built with the specifications listed in 
Table 4.1. The means and COVs of the parameters listed in the table are arbitrary and are used to 
illustrate the features of the software. The design life of the pavement is 1 million ESALs. Let us 
also assume that the variability in the pavement performance criteria cannot exceed 25%. Given 
this information, the user sets up the problem by entering the values of the parameters in Table 4.1 
into the program. 

The user then initiates the analyses so that the results shown in Table 4.2 are obtained. She/he first 
has to ensure that the design life (i.e. average ESALs) for all modes of failure exceeds the projected 
ESALs with an acceptable level of confidence. If the performance life is not adequate for any 
mode, thicker layers or higher quality materials should be specified until the design ESALs are 
greater than the projected ESALs. Note that the larger the variability in the performance, the more 
critical the expected ESALs that the road will be able to carry. 

The next step consists of ensuring that the variability in remaining life is not excessive (i.e. the 
uniformity of the quality along the project is maintained). In this case study, the acceptable 
variability is defined by a COV of less than 25% for the design life obtained for each performance 
indicator. As reflected in Table 4.2, the COVs of three of the four performance indicators exceed 
25%. As such, the construction process has to be improved. 

To achieve better uniformity, a two-step approach is followed. As depicted in Figure 4.2, the 
impact of primary design parameters (thickness and moduli) on the performance indicators is 
investigated first. Depending on the level of impact of these parameters, the user can decide to 
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reduce the variability in the performance indicators by either reducing the specified COV for the 
thickness or the modulus values of layers. If the user selects to control the variability in the 
thickness, no further investigation is needed. She/he will rerun the analysis after inputting a reduced 
COV for the thickness. However if she/he decides to reduce the variability in the modulus, further 
investigation is necessary to determine how such an improvement can be achieved. 

a) Main Menu (Input Screen) 
-- ----- ----

Con.ttrw;tion 

Pyam .. u, ... 

Maximum Dry Den.ity 

M.oioture Content 

Optimum M.oioture Content 

Compution 

Aa;repte Pa.,.in& No.40 

Saturation 

s~ 
Swell 

Pernnt of Clay 

Percent of Silt 

CDR 

Suhgrade Layer 

Sybmul!! Material 
( 1) C:nnular, (2) Cohe•m 

CoJU"iruction 

l'arynetep 
Maximum Dry Deuity 

M.oioture Conu.nt 

Optimum M.oioture Content 

Compution 

Aagrepte Passing No.40 

b) Results Window 

Vobo 
Cli[Jpcf 
CJL]% 
CJL]% 
C2L]% 
DLJ % 
DLJ% 
CL]% 
CI:i% 
CC]% 
c::ILJ% 
02[] 

Perl'ormance huticator 
Fotiaue Cradana Rnttina ESAL"s Rote of Ruttina 
ESAL"s in 10"6 in 10"6 Mi.:roinches 

Deterministic 1.8 0.5 O.ll4 

Mean 1.1 0.5 O.ll4 
Probabills1lo: COY .:U~ 16~ 

Std.Dev. 0.1 0.1 O.Dl 

Impact of Construction Parameters on the 
Modulus of AC 

B% 

12% 

EJnoo •Vis 

ITJ% 
o:::J ~ 
[I]% 
CD% 
o:J% 

Traffic ESAL"s 
in 10' 6 

2.8 
2.ll 

1.!1~ 
0.5 
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Table 4.1 - Parameters Used in Sample Case Demonstration 

Parameters Value cov 
Thickness 

Asphalt-Concrete Layer Sin 5.0% 

Base Layer lOin 10.0% 

Design 
Depth to Bedrock 200in 10.0% 

Modulus 

Asphalt-Concrete Laver 500000 psi 

Base Layer 50000 psi 

Subgrade Layer 10000 psi 

Asphalt Layer 
Aggregate Passing No.200 0.06 5.0% 

AC Mix Air Void 0.055 10.0% 

Asphalt Viscosity 2*HY'6 poise 5.0% 

Asphalt Content 0.05 8.0% 

Base Layer 
Maximum Dry Density 110 pcf 9.0% 

Moisture Content 10% 8.0% 

Optimum Moisture Content 10% 10.0% 

Compaction 96% 8.0% 

Aggregate Passing No.40 25% 5.0% 

Saturation 85% 10.0% 

Shrinkage 2% 8.0% 

Swell 2% 10.0% 

Percent of Clay 1% 8.0% 

Construction Percent of Silt 10% 8.0% 

CBR 100 5.0% 

Subgrade Layer 
Maximum Dry Density 90pcf 9.0% 

Moisture Content 33% 8.0% 

Optimum Moisture Content 25% 10.0% 

Compaction 80% 8.0% 

Aggregate Passing No.40 80% 5.0% 

Saturation 100% 10.0% 

Shrinkage 2% 8.0% 

Swell 2% 10.0% 

Percent of Clay 50% 8.0% 

Percent of Silt 20% 8.0% 

CBR 10 5.0% 

Liquid Limit 50 10.0% 

Plastic Index 30 10.0% 
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Table 4.2 - Results of Impact Analysis 

No. of ESALs to Failure (106
) 

Method of Analysis Fatigue Subgrade 
Cracking Rutting 

Deterministic 3.72 4.92 

Mean 3.78 5.22 

Probabilistic cov 17% 33% 

Std.Dev 0.7 1.7 
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For the cases when the variability in moduli is being improved, the user can take advantage of two 
different impact charts for each mode of failure. She/he has the option of inspecting a global impact 
chart that represents the impact of all construction parameters on the performance indicator. In that 
manner, the construction parameters that matter the most are identified, and their specified COYs 
are reduced (see Figure 4.2a). These are also the parameters that should also be carefully monitored 
either during mixing or placing. The global impact charts are sometimes difficult to follow, since a 
large number of construction parameters are charted at one time. For instance, 28 construction 
parameters that may impact the performance of flexible pavement were identified in Chapter 3. To 
provide a more convenient way to study the impact of different construction parameters, the user 
may select to study a second set of impact charts. These charts demonstrate the relative significance 
of construction parameter in a layer-specific manner. The user can freely and readily explore 
parameters that are related to any of the pavement layers (AC, base, or sub grade) and identify in 
more detail the important construction parameters. For example, as shown in Figure 4.2b, the user 
can request the parameters that are related to the base layer. As a reminder, the term 'impact value" 
in any of the impact charts is a relative value, which means that it a measure of relative importance 
(relative significance) to the other parameters in the chart and should be used as such. 

Back to the sample case, let us attempt to reduce the variability in performance due to subgrade 
rutting. The impact of the primary design parameters on rutting is shown in Figure 4.3a. According 
to that impact chart, moduli of the base and subgrade layers seem to contribute the most to the 
variability in the subgrade rutting life. To reduce these impact values both the global and layer 
specific approaches are presented. In the global approach the user will simultaneously examine the 
impact construction parameters for both base and subgrade layers for subgrade rutting. As indicted 
previously the impact chart of the global approach is divided into three folds for visual appeal. In 
this case since only the base and subgrade parameters are examined, the impact chart is presented 
twice; once to highlight the base parameters and once to highlight the subgrade parameters. From 
the base impact chart, the maximum dry density and degree of compaction exhibit the highest 
impact values and are therefore the most critical parameters of the base. In the chart that highlights 
the impact of subgrade, the degree of compaction and the moisture content at placement are very 
important. Therefore based on the global method the variability of these four parameters needs to 
be reduced to improve the variability of sub grade rutting. 

The same conclusion is reached using the layer specific method. In the case the user wishes to 
reduce the impact of the base and subgrade modulus, therefore the impact on the base and the 
impact on the subgrade are investigated separately. The first chart examined for the layer specific 
approach is that of the base. Two parameters impact the base most, the maximum dry density and 
degree of compaction. In the next chart the impact on the subgrade is presented. As with the global 
approach, degree of compaction and the moisture content are important. For the subgrade, the 
maximum moisture content also plays an important role, by controlling this parameter may be 
difficult. The conclusion from both approaches lead to the same conclusion. That conclusion is: if 
the variability of the four identified parameters is reduced then the variability of rutting is reduced. 

The problem is resolved with the following modification: 

1. The COY of maximum dry density of the base is reduced from 9% to 3% 
2. The COY of compaction of the is reduced from 8% to 3% 
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3. The COV of compaction of the subgrade is reduced from 8% to 3% 
4. The COV of moisture content of the subgrade is reduced from 8% to 3% 
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Figure 4.3 - Two Processes of Determining Significant Parameters Using Impact Charts 
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Once the modifications are entered into the program and the analysis is performed the results 
presented in Table 4.3 are obtained. The COV of the pavement performance with respect to 
subgrade rutting is reduced to 16%, which is less than the criteria set. Also presented in the table 
are the results of the other performance indicators. The adjustment to the four parameters seems to 
also reduce the variability of the other performance indicators. This example shows that through an 
iterative process the variability of the performance parameters can be reduced. From this example, 
it is also obvious that the inspector has to place utmost care on these four parameters. The moisture 
content and the density of the base and sub grade should be checked frequently. On the other hand, it 
is not very necessary to check the thickness of the AC and base as frequently since for this condition 
their contribution to the performance is small. 

This example shows the process of using this algorithm to ensure that highway construction projects 
will produce durable rigid or flexible pavements that can perform satisfactorily throughout their 
expected design lives. It allows engineers to focus their efforts in laboratory testing, material 
selection, and construction techniques to provide a durable product. The program will put pavement 
engineers one step closer to ensuring pavements performing satisfactorily throughout their design 
life. 
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Table 4.3 - Results of Impact Analysis after Modification 
to COV of Selected Construction Parameters 

No. of ESALs to Failure (106
) 

Method of Analysis Fatigue Subgrade 
AASHTO 

Failure 
Cracking Rutting 

Criterion 

Deterministic 3.3 4.2 45.2 

Mean 3.3 4.3 46.6 

Probabilistic cov 9% 16% 18% 

Std.Dev 0.30 0.98 12.66 

AC Rutting 

333.3 

333.4 

12% 
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CHAPTER FIVE 

TYPICAL SENSITIVITY ANALYSES 

Two sensitivity analyses were conducted, using the algorithms developed in this project, to 
demonstrate the types of trends one can expect from the impact of the construction parameters on 
the performance indicators. These case studies will aid us in identifying parameters that are 
sensitive to performance, for these special cases. Since the algorithm developed is a prototype, the 
focus of the reader should be on the process more than on the actual numbers. The outcomes of the 
analyses from four flexible pavements will be presented first, followed by those for four rigid 
pavements. 

FLEXIBLE PAVEMENTS 

The focus of the sensitivity analysis for flexible pavements is on four categories of pavements 
typically found in Texas: Thick AC-Thick Base (e.g. interstate roads), Thick AC-Thin Base (e.g. 
farm-to-market roads), Thin AC-Thick Base (e.g. secondary roads) and Thin AC-Thin Base (e.g. 
street roads). The performance indicators are the four failure modes discussed in Chapter 3 (fatigue 
cracking, subgrade rutting, AC rutting, and number of ESALs to failure according to the AASHTO 
failure criteria). The Asphalt Institute fatigue cracking and subgrade rutting models and the so
called Finn model were used to assess the performance for the first three failure indicators. 

The first step in the analysis consisted of defining the typical properties for the pavement sections. 
Typical primary design parameters assumed for each pavement section are presented in Table 5.1. 
As indicated in the table, the target modulus of all four-pavement sections were set to typical design 
values of 500 ksi for the AC, 50 ksi for the base, and 10 ksi for the sub grade. The thicknesses of the 
pavement layers are the combination of 3 in. or 6 in. of AC with 6 in. or 12 in. of base. The depth to 
bedrock was set at 200 in. for all sections. 

Once the primary design parameters are defined, typical values for construction parameters that 
impact each of these parameters need to be defined. These values are listed in Table 5.2. The 
construction parameters used for the analysis were selected in a manner that the calculated moduli 
were close to the target moduli set in Table 5.1. The construction parameters are categorized by 
layers. The abbreviations included in the table will be used in displaying the results of the study. 
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The parameters are limited to those that the contractor can possibly control during the construction. 
To assure that each parameter is weighed equally in the analysis, a COV of 5% was assigned to all 
perturbed parameters. This level of variation corresponds to a well-constructed road by a careful 
contractor. For many parameters, achieving such a small COV is practically impossible. Once 
again, we emphasize that this sensitivity study is carried out to demonstrate trends. 

Table 5.1 - Primary Design Parameters of Flexible Pavement Sections 

Pavement Type Layer Thickness (in.) Modulus (ksi) 

ThinAC-
AC 3 500 

Base 6 50 
Thin Base 

Sub grade 200 10 

ThinAC-
AC 3 500 

Thick Base 
Base 12 50 

Sub grade 200 10 

Thick AC-
AC 6 500 

Base 6 50 
Thin Base 

Sub grade 200 10 

ThickAC-
AC 6 500 

Base 12 50 
Thick Base 

Sub grade 200 10 

Each input parameter was simulated 500 times using the Monte Carlo technique described in 
Chapter 3. The results from each simulation were input into the developed algorithm and the four 
performance indicators were calculated. The coefficient of variation from each performance 
indicator was then divided by the COV of the corresponding construction parameter to develop a 
parameter called the "Relative Importance of the Parameter (RIOP)." 

The impact of each parameter on performance is classified into four categories: very significant, 
significant, moderately significant, and not significant. To quantify these levels of significance 
subjective limits were set based on similar studies performed by Ke et al. (2000) and Meshkani et al. 
(2002). The levels of significance are quantified as follows: 

• very significant (VS): RIOP >2 
• significant (S): 2 > RIOP > 1 
• moderately significant (MS): 1 > RIOP > 0.5 
• not significant (NS): RIOP < 0.5 

The first step is to determine the level of significance of the primary design parameters (i.e. moduli 
and thicknesses). The relative importance of the primary design parameters is shown in Figure 5.1. 
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Table 5.2- Construction Parameters Values Used in Flexible Pavement Case Study 

Layer Construction Parameters Symbol Value 
Aggregate Passing No. 200 P200 6% 

Asphalt Air Void Content VR 6% 

Layer Asphah Viscosity (million poise) Vis 2 

Asphah Content PAC 5% 

Maximum Dry Density (pet) MDD 110 

Moisture Content MC 10% 

Optirrunn Moisture Content OMC 10% 

Compaction Com 96% 

Base 
Aggregate Passing No. 40 P40 25% 

Saturation Sat 85% 
Layer 

Shrinkage SH 2% 

Swell sw 2% 

Percent Clay PC lay 1% 

Percent Sih PSih 10% 

California Bearing Ratio CBR 100 
Maxirnmn Dry Density (pet) MDD 90 
Moisture Content MC 33% 

Optirrunn Moisture Content OMC 25% 
Compaction Com 80% 

Aggregate Passing No. 40 P40 80% 

Subgrade 
Saturation Sat 100% 
Shrinkage SH 2% 

Layer 
Swell sw 2% 
Percent Clay PC lay 50% 
Percent Sih PSih 20% 
California Bearing Ratio CBR 10 

' 
I Liguid Limit LL 50 
Plastic Index PI 30 

The thickness of the AC layer and the moduli of the base and subgrade are significant for all four 
types of pavement. The thickness of the base, depending on the mode of failure may or may not be 
significant. The modulus of the AC is less important for thinner AC layers and is moderately 
important for the thicker ones. The thickness of the sub grade (depth to bedrock) has no impact at all 
since the rigid layer is deep. At shallower depths to bedrock, the subgrade thickness more 
significantly impacts the performance of the pavement. 

The next step consists of determining the impact of the construction parameters on the modulus of 
each layer. Typical results from the thin AC-thin base pavement are shown in Figure 5.2. The 
figure contains three graphs each corresponding to one of the three pavement layers. For each 
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Figure 5.1- Sensitivity Analyses Based on Primary Design Parameters for Four Flexible Pavement Sections 



construction parameter, the results for all four performance indicators are included. From Figure 
5.2a, the performance indicators are either moderately sensitive or not sensitive to the overall 
performance of the pavement. The two most sensitive parameters in this case are the air void 
content (VR) and Asphalt content (PAC). The air void content impacts the AC rutting model the 
most, and the subgrade rutting model the least. The asphalt content, on the other hand, moderately 
impacts both the AC rutting and subgrade rutting. 

For the base layer, as shown in Figure 5.2b, the two most significant parameters are the variation in 
the maximum dry density (MDD) and the compaction effort (Com). These two parameters are very 
significant for all four modes of failure considered. From the figure, one should also be aware of 
the variability in percent clay in the base being used. 

The sensitivities of the thirteen construction-related subgrade parameters are shown in Figure 5.2c. 
Since both the AC and base layers are thin, the subgrade, which is the foundation layer, should 
naturally contribute significantly to the load carrying capacity of the pavement. The dominant 
parameters in this layer are clearly the optimum moisture content (OMC), maximum dry density 
(MDD), compaction effort (Com), and moisture content (MC). The liquid limit (LL) and plasticity 
index (PO should also be controlled. A number of other subgrade parameters also play a role in the 
uniformity of the performance. This case clearly demonstrates that for thin pavements, most of the 
effort should be concentrated towards inspecting the subgrade. From practical stand point, a 
number of parameters that cannot be controlled by the contractor for the subgrade also contribute to 
the performance. In this case, the construction engineer and design engineer should be aware that 
the variability in the performance is inevitable and should consider it in their design. 

The impact of construction parameters for the other three types of flexible pavements (i.e. thick AC
thick Base, thick AC-thin base and thin AC-thick base) are shown in Figures 5.3 through 5.5. As 
the thickness of the layers vary and for different modes of failure, the significance of parameters 
varies. Instead of discussing each case one by one, it would be more beneficial to summarize the 
sensitivity of the parameters in tables. Tables 5.3 through 5.6 contain these summaries for the four 
modes of failures considered. 

For the fatigue cracking mode of failure, as shown in Table 5.3, the variability in performance can 
be reduced by decreasing the variability in the AC content. For thick AC layers, it is prudent to also 
require a reasonably uniform air voids for the mat. For the base layer in this mode of failure, a 
number of parameters that can be controlled should be considered, especially when the base 
becomes thick. The most significant parameters consist of maintaining the density and ensuring that 
the degree of compaction specified is consistently achieved. From Table 5.3, as the pavement 
layers (combination of AC and base) become thicker, the significance of sub grade parameters 
diminishes. 

For the subgrade rutting mode of failure, as shown in Figure 5.4, the trends are more or less similar 
to those of fatigue cracking. A subtle difference between the trends observed for the two modes of 
failures exists. For rutting mode, the base construction parameters play smaller role and the 
sub grade parameters play a greater role. 
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Figure 5.2- Sensitivity Analyses Results of Thin-Thin Pavement Sections 
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Figure 5.3 - Sensitivity Analyses Results of Thin-Thick Pavement Sections 
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Table 5.3 - Impact of Construction Parameters for Flexible Pavement on Fatigue 
Cracking 

Layer 

AC 

Base 

Comtrcution Parameter Thin
Thin 
NS 
NS 

Pavement Type 

Thin- Thick-
Thick Thin 

NS 
NS 

Thick
Thick 
NS 
NS 

NS 
NS 
NS 
NS 
NS 
NS 



Table 5.4 - Impact of Construction Parameters for Flexible Pavement on Subgrade 
Rutting 

Pavement Type 

Layer Constrcution Parameter Thin- Thin- Thick- Thick-
Thin Thick Thin 
NS NS 

AC 
NS NS 

Base 

NS 
NS 
NS 
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Table 5.5 - Impact of Construction Parameters for Flexible Pavement on AC Rutting 

Pavement Type 
Layer Constrcution Parameter Thin- Thin- Thick- Thick-

Thin Thick Thin Thick 
NS NS NS NS 

AC 
NS NS NS NS 

NS NS NS 
NS NS 

NS NS 
Base NS NS 

NS NS 
NS NS 

NS NS NS 
NS NS NS 
NS NS NS 

NS NS 
NS NS 
NS NS 
NS NS 
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Table 5.6 - Impact of Construction Parameters for Flexible Pavement on AASHTO 
Failure Criteria 

Pavement Type 

Layer Constrcution Parameter Thin- Thin- 'Thick- 'Thick-

Thin Thin 

AC 

Base 

NS 

NS 
NS 
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Ironically, as shown in Figure 5.5, for the failure mode due to rutting in the AC layer, the base 
parameters play a more predominant role in contributing to variability in the base than the AC layer 
itself. Since the rutting in the AC layer is related to the compressive strain at the bottom of the base 
this observation is logical. The construction parameters related to the subgrade only play a role 
when the AC layers are thin. 

If the design is based on the AASHTO design guide, a significant number of parameters have to be 
considered as very sensitive. This can be attributed to the empirical and statistical nature of the 
equations and the conservatism built into determining structural numbers. 

RIGID PAVEMENTS 

The sensitivity study for rigid pavements was carried out using both the CRCP algorithm and the 
AASHTO 1993 design equation. 

The parameters considered in the analysis with the CRCP8 and the typical values considered for 
them are included in Table 5.7. About a dozen parameters are considered. The sensitivity analyses 
were performed for four slab thicknesses of 8 in., 10 in., 12 in. and 14 in. Five distress indicators 
were considered. As indicated before, these indicators consist of mean crack spacing, crack width, 
steel stress, bond development and failure per mile. 

The values of the relative importance of parameters (RIOP) of different input parameters for the five 
distress indicators are shown in Figure 5.6. Variability in the modulus of subgrade reaction (MSG) 
and yield strength of steel do not seem to induce any variability in any of the four slab thicknesses 
considered. For slabs thicker than 10 in., the drying/shrinkage properties (DS) and concrete flexural 
strength (CFS) do not impact the performance of the concrete either. For slabs thicker than 12 in., 
only three parameters: percent reinforcement (PR) bar diameter (BD) and elastic modulus of 
concrete (EMS) should be of concern. Perhaps one of the reasons that so many parameters are not 
impacting the variability of performance indicator may be due to practical limits imposed in the 
CRCP8 to ensure reasonable designs. 

The most critical distress parameter is perhaps failure per mile of road. As reflected in Figure 5.6, 
depending on the thickness of the slab, the parameters that impact the number of failures per mile 
vary. For an 8-in.-thick slab (Figure 5.6a), the variability in the thickness of the slab (ST), the 
tensile strength (CTS) and flexural strengths of concrete (CFS) significantly impact the variability in 
the distress indicator. For the 10 in. slab (Figure 5.6b ), only the variability in the thickness of the 
slab seems to impact the variability in the number of distresses per mile. For the 12 in. and 14 in. 
thick slabs (Figures 5.6c and 5.6d), the number of failures per mile is not impacted by any of the 
eleven construction parameters that are selected. Again, the practical limits imposed on the distress 
indicators may be the reason for this matter. 

56 



Table 5. 7 - Construction Parameters Values Used in Rigid Pavement Case Study 

Model Design and Construction Parameters Symbol Value 

Slab Thickness (in.) ST 8, 10, 12 &14 

Elastic Modulus of Steel (ksi) EMS 37000 

Modulus of Sub grade Reaction (pci) MSR 300 

Percent Reinforcerrent PR 0.4 

Bar Diarreter (in.) BD 0.625 

CRCP Yield Stress of Steel (ksi) YS 60 

Concrete Elastic Modulus of Concrete (ksi) CEM 5000 

Drying Shrinkage DS 0.000195 

Concrete Tensile Strength (psi) CTS 500 

Concrete Compressive Strength (psi) ccs 5000 

Concrete Flexural Strength (psi) CFS 580 

Slab Thickness (in.) ST 8, 10, 12 &14 

AASHTO 
Concrete Flexural Strength (psi) CFS 580 
Concrete Elastic Modulus (ksi) CEM 5000 
Modulus of SubgradeReaction (pci) MSR 300 

The results from all thicknesses and for all five distress indicators are summarized in Table 5.8. The 
variability in the mean crack spacing and crack width seems to be controlled by the variability in the 
percent reinforcement (PR) in the cross section, elastic modulus of concrete (CEM) and the tensile 
strength of concrete (CTS). For a 10 in. slab, the thickness of the slab (ST) also plays a role; while 
for other three slab thicknesses, it does not play a major role. The variability in steel stress at crack 
is somewhat impacted by the tensile strength of the concrete (CTS) and the percent reinforcement 
(PR). Finally, the bond development is moderately impacted by the tensile strength of concrete 
(CTS) and bar diameter (BD). Based on this study, it seems that CRCP-9 or CRCP-10 may be a 
better candidate for incorporation in this type of analysis. Since those two programs are more 
mechanistic, the distress models are better developed and seem to be better related to the distress 
indicators. Alternatively, the hard design limits imposed on the CRCP-8 can be relaxed to allow a 
more representative variability analysis. 

The sensitivity analyses based on the AASHTO model are presented in Figure 5.7. The 
stress indicator in this case is the number of ESALs to failure (W 18). In the figure, the PPRI values 
for all four-pavement thicknesses and for the construction parameters indicated in Table 5.7 are 
included. The two significant construction parameters that impact the distress indicator seem to be 
the slab thickness (ST) and the concrete flexural strength (CFS). The modulus of concrete (CEM) 
and the modulus of subgrade reaction (MSR) seem to have little or no impact on the variability in 
the distress indicators. 
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Table 5.8 - Impact of Construction Parameter for Rigid Pavement Based on CRCP-8 
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CHAPTER SIX 

SUMMARY OF CONCLUSIONS 

SUMMARY 

Pavements are designed and built to withstand a specified number of traffic loads. If however, the 
pavement is not constructed to certain specifications it may fail prematurely. The goal of 
performance-based quality management is to ensure that the modulus, strength and thickness of the 
pavement throughout the project are similar to the specified design values with a small variation. In 
this study, analytical tools have been developed to assist the construction engineer in identifying the 
parameters that most impact the performance of a project under consideration and guide her/him in 
reducing the variability associated with them. An algorithm that in a rational manner reconciles the 
results from existing pavement-performance models used in the state of practice, with systematic 
statistical process control techniques and uncertainty analysis methods has been developed. The 
algorithm carefully considers the fact that relevant construction processes and parameters are 
different for different types of pavements (rigid vs. flexible) and for different pavement cross
sections. This report summarizes the logic and steps taken to develop the algorithm. 

The outcome of the project so far has been a software package developed in Excel that identifies 
the impact of construction parameters on performance indicators for both flexible and rigid 
pavement. A combination of two probabilistic techniques, Monte Carlo simulation and two 
point mass methods were used to assess the impact of construction and design parameters on 
pavement performance. This algorithm allows users to optimize construction quality for a 
specific pavement. 

A sensitivity analysis was conducted to primarily identify the relative importance of construction 
parameters on performance indicators. Based on the results of this study further research will be 
conducted to determine means to measure and control relevant construction parameters. 
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RECOMMENDATIONS 

This study is an initial step toward a performance based specifications and can be used as an 
optimization tool in construction quality management. The recommendations for improvements 
of the algorithm and for future work are as follows: 

1. Demonstrating the application of this algorithm using actual case studies. 
2. Investigate the use of other types of distribution such as lognormal distribution. 

Currently the program uses normal distribution for all construction parameters. 
3. Expand the flexible pavement algorithm to handle multiple layers. At this time the 

program handles a three-layer system. 
4. Research the impact of eliminating insensitive parameters to speed up processing time. 
5. Investigate the feasibility of adopting the AASHTO 2002 Design models into program. 

Since the program is a prototype and is under development, it can further be optimized for speed. 
This can be accomplished by using more sophisticated probabilistic techniques that require less 
simulation, or utilizing programming languages, such as C++, for calculations instead of Excel. 
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