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Executive Summary 

 
Background 
The quality of Portland Cement Concrete (PCC) pavement foundation is vital for the successful 
construction and long-term satisfactory performance of PCC pavements.  As summarized in the 
NCHRP 4-23 project report, low base/subbase stiffness and shear strength resulting from low 
compaction density, high moisture content, improper gradation, high fines content, insufficient 
particle shape/morphological properties, particle degradation, or their combinations can increase 
slab tensile stresses under repeated wheel loads and initiate slab cracking (Saeed et al., 2001).  
Low base permeability can result in pumping, faulting, and frost-heave.  
 
For adequate pavement performance, the pavement foundation must support the construction 
equipment and remain stable during the construction period, and perform as designed during its 
design life as well as any future rehabilitation activities.  The major functions of base/subbase 
layers under a concrete pavement system include constructability, providing a stable construction 
platform, uniform slab support, preventing erosion of the pavement support, facilitating drainage, 
providing increased slab support, and providing a gradual vertical transition in layer moduli.  
Performance related tests that quantify other equally important properties such as 
permeability/drainage and frost/moisture susceptibility are not so readily available. 
 
Changes in environmental conditions can impact the behavior of pavement layers including the 
subgrade, which in turn can drastically affect pavement performance.  To maintain uniform 
support under concrete pavements and thus ensure satisfactory service performance, the need for 
a stable, non-erodible, drainable, and low frost heave subbase has long been recognized.   
 
Research Objectives 
The primary objective of this research study is to create a draft specification for the aggregate 
base/subbase supporting both flexible and rigid pavements.  Utilizing existing strength/modulus 
layer characteristics, this research study adds new permeability/drainage and frost/moisture 
susceptibility considerations to create a comprehensive performance related specification.  
MnDOT pavement design is used as the standard for this research study.  The focus is clearly to 
quantify the aggregate base properties required for pavement foundations in accordance with the 
currently established layer thickness requirements.  The life-cycle economic implications are 
demonstrated by a benefit/cost analysis. 
 
Research Scope and Methodology 
Concrete pavement design is a complex process that is constrained by three main categories of 
factors: (a) site-specific conditions including traffic, precipitation, subgrade soil conditions, 
climate, and aggregate availability; (b) design and construction features such as joint spacing, 
shoulder type and width, and material parameters; and (c) economic factors such as intended 
design life and funding availability.  The scope of this research study is to address design, 
construction, and maintenance issues related to concrete pavement bases; while other equally 
important issues such as performance-based PCC mix design are beyond the scope.  The-state-
of-the-art and the-state-of-the-practice for long life concrete pavement design, construction, and 



 
 

maintenance, as well as moisture susceptibility, subsurface drainage design, the thermo-physical 
properties of foundation materials and frost protection design aspects were reviewed. 
 
This study also evaluated the effects of using different base layers on the pavement foundation 
moisture regime and the overall pavement performance.  The Enhanced Integrated Climate 
Model (EICM) was employed to predict moisture profiles.  The evaluation was based on an 
extensive use of the mechanical and hydraulic properties of typical base/subbase materials 
collected from previous MnDOT studies and relevant literature; whereas field measured 
environmental data from the MnROAD test facility was collected and used for calibration 
purposes.  Statistical analyses were performed to interpret the spatial and temporal variations of 
the EICM predicted water contents in the base, subbase, and the subgrade with the presence of 
different base types considered.  The effect of moisture on long-term performance of concrete 
pavement sections built with different types of permeable base materials were evaluated 
accordingly using the MEPDG program.  The impacts of important pavement design parameters 
on pavement performance and service-life prediction were evaluated.  The MEPDG software 
version 1.0 was used to conduct limited sensitivity analysis to study the sensitivity of the output 
variables due to variations in the key input parameters used in the design process.  The objectives 
of the MEPDG analyses were to evaluate the effect of environmental conditions on the 
predictions of individual structural distresses for concrete pavement over different types of base 
materials. 
 
The effects of design and site factors on the field performance of PCC pavements were evaluated 
subsequently.  The moisture, temperature, and dynamic concrete strain sensors instrumented on 
MnROAD Cells 306 and 53 were retrieved for in-situ pavement response measurements.  In-
service pavement sections were analyzed for pavement performance.  Meanwhile, field 
permeability testing on pavement base/subbase layers was conducted to develop the necessary 
permeability database for use in performance-based material specifications.  Previous findings 
from field performance and MEPDG-based sensitivity studies and the survey of existing global 
sensitivity analysis methods were reviewed.  Preliminary analysis for MnROAD test facility 
sensor data included predicting field moisture content trends and PCC slab strain responses using 
the EICM and ISLAB2000 programs against sensor measurements, respectively. 
 
Finally, all the findings from the research tasks were synthesized to recommend revisions for a 
draft comprehensive performance-related specification for aggregate bases supporting concrete 
pavements.  One of the goals is to establish improved aggregate material classes by not only 
considering gradation but also including the aggregate shape properties and drainage 
characteristics when establishing performance-based material specifications.   
 
Summary of Research Outcomes 
The evaluation results of moisture regimes in PCC pavement foundation layers indicated that 
changing the PCC slab thickness from 8 to 16 in., while keeping other parameters constant, does 
not alter the cumulative frequency distribution of EICM predicted moisture.  The same 
observation can also be made when only changing the base course thickness from 4 to 12 in.  
Increasing groundwater table depth from 5 ft to 10 ft improves moisture condition in subgrade 
soils significantly.  The moisture-suction relationship, in addition to hydraulic conductivity itself, 
plays an important role in controlling the moisture regime in PCC pavement foundation layers as 



 
 

well.  It may be postulated that base/subbase hydraulic conductivity and soil water characteristic 
curve (SWCC) possibly exist as an optimal combination for which significant improvement can 
be achieved over the layer moisture regime, and that changing either hydraulic conductivity or 
SWCC alone may not be effective in improving the layer moisture regime.  Overall, the use of 
permeable base materials increases the moisture contents in underlying subbase and subgrade 
soils.  Depending on the specific gradation and material hydraulic properties, different types of 
unbound permeable aggregate bases result in varying performance improvements.  The use of 
permeable aggregate base and stabilized permeable base, as compared to baseline dense-graded 
aggregate base, significantly reduces predicted transverse cracking. 
 
The review of previous field performance studies relevant to this study demonstrates that PCC 
slab thickness and base type seem to be the most important factors affecting the occurrence of 
both longitudinal and transverse cracking; while drainage seems to have a marginal effect.  
Pavements built on fine-grained soils have slightly higher chances for the occurrence of 
transverse cracking than those built on coarse-grained soils.  Lane width seems to be the most 
important for faulting of PCC joints.  Drainage and base type seem to be the most important 
factors affecting the growth in roughness, with higher change in roughness observed from 
pavements without drainage; while slab thickness seems to have a marginal effect.  The 
MEPDG-based sensitivity studies relevant to this study indicate that environment has a 
significant impact on predicted JPCP performance.  Correlations and interactions among design 
inputs, which were neglected in a majority of previous studies, play an important role in 
predicted Jointed Plain Concrete Pavement (JPCP) performance.  It was also found that the high 
dimensional model representation (HDMR) method described can be efficiently used for global 
sensitivity analysis.  Both mean effects and interaction effects identified by the HDMR method 
largely agree with common understanding as well as relevant previous findings.  Significant 
higher-order interactions between design inputs were identified that cannot be quantified by 
traditional statistical methods such as the “two-way” ANOVA.   
 
The evaluation results of the effectiveness of the open-graded aggregate base (OGAB) layer in 
terms of drainability and structural stability show that the modified OGAB material (i.e., OGAB 
Special) used in PCC pavement test sections at MnROAD proved to be stable during 
construction, in addition to promising results for permeability of this material shown by field 
moisture sensor data.  The use of OGAB Special layer in Cell 306 significantly reduced the in-
situ moisture content levels in all pavement layers (especially in subgrade soil), as compared to 
Cell 53 with traditional dense-graded base layer.  It also becomes more evident that the OGAB 
special layer in Cell 306 is effective in reducing the subsurface moisture content and thus 
improving drainage efficiency.  It can be inferred that in terms of structural stability evaluated 
from subgrade dynamic modulus, the OGAB Special layer behaves similarly as Class 6 base 
layer, and that a 6-in Class 6 (or OGAB Special) layer may be equivalent to a 36-in Select 
Granular layer. 
 
Gradation analyses and discrete element-based packing simulation identified the relative 
importance of each control sieve in governing aggregate packing characteristics.  For the 
gradation curves studied, the No. 4 sieve is the breaking sieve size that separates the primary 
structure forming aggregate skeleton and secondary structure filling voids for the majority of 
those gradation curves.  Increasing percent passing the No. 4 sieve steadily decreases the 



 
 

coordination number, an indicator of the quality of the formed aggregate skeleton.  Based on 
MnDOT PAB gradation band analysis results, the gravel-to-sand ratio concept recommended 
that percent passing No. 4 sieve (or 4.75-mm sieve) be kept at 41 to maximize the coordination 
number for structural stability of the primary structure.  The DEM simulation results indicate that 
the 4.75 mm sieve appears to be a reasonable breaking sieve size between coarse and fine 
aggregates for MnDOT Class 5 lower bound.  This indicates that aggregates passing 4.75 mm 
sieve play a role of filling the voids between larger particles instead of creating new voids.   
 
In terms of developing performance-based material specifications that take into account 
permanent deformation accumulation in base/subbase layers, the original Tseng and Lytton 
model, if well calibrated, appears to yield more reasonable rutting prediction than its simplified 
version, yet it may still be regarded as ineffective in predicting rutting caused by different 
aggregate physical properties and more importantly by moving wheel loads.  The permanent 
deformation resistance envelopes can be defined by Mohr circles representing all the possible 
stress states that cause the specified permanent strain rate condition.  One prominent feature of 
such permanent deformation resistance envelopes is their potential usefulness in ranking and 
properly selecting different unbound pavement layer materials for use in specific traffic levels 
and site conditions, i.e., the rutting potential based on the shakedown theory is evaluated 
simultaneously in relation to the potential shear failure.   
 
Recommendations for Future Research 
It is recommended that the EICM model be calibrated for Minnesota local conditions, so that it 
can be further used to predict moisture and temperature variations with which the seasonal 
modulus adjustment can be performed more accurately for PCC pavement foundation layers.  
Once the cumulative frequency distribution of moisture content is known from EICM predictions, 
then given a certain level of design confidence, the targeted moisture content (or saturation) can 
be determined accordingly.  Based on the SWCC obtained, the matric suction corresponding to 
the targeted moisture (or saturation) can be determined for subsequent input into the resilient 
modulus (MR) constitutive model developed using the soil suction concept.  A simpler 
alternative is to obtain from the saturation difference (S-Sopt) the frozen, unbound materials 
factor, the ratio of MR at a given time to a resilient modulus under optimum conditions (MRopt), 
as adopted in the current MEPDG model. 
 
The effect on pavement performance from variations of material properties in different layers of 
a pavement structure can be effectively analyzed using the MEPDG software in combination 
with global sensitivity analysis (GSA).  For such purposes, the parameter mapping setting of the 
GSA can be used to determine the input parameters responsible for producing a certain region in 
the cumulative distribution function of the output, whereas the parameter prioritization setting 
can be used to determine the important parameters. 
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Chapter 1: Introduction 

The quality of Portland Cement Concrete (PCC) pavement foundation is vital for the successful 
construction and long term satisfactory performance of PCC pavements.  As summarized in the 
NCHRP 4-23 project report, low base/subbase stiffness and shear strength resulting from low 
compaction density, high moisture content, improper gradation, high fines content (passing No. 
200 sieve size), insufficient particle shape/morphological properties, particle degradation, or 
their combinations can increase slab tensile stresses under repeated wheel loads and initiate slab 
cracking (Saeed et al., 2001).  On the other hand, low base permeability can result in pumping 
and faulting, yet appropriate permeability under multiple freeze-thaw cycles may also cause 
frost-heave.  
 
For adequate pavement performance, the pavement foundation must exhibit the functionality to 
support the construction equipment and remain stable during the construction period when 
weather conditions create challenges, and to perform as designed for decades to support the 
pavement during its design life as well as any future rehabilitation activities.  Although not 
inclusive, the major functions of base/subbase layers under a concrete pavement system include 
constructability, providing a stable construction platform, uniform slab support, preventing 
erosion of the pavement support, facilitating drainage, providing increased slab support, and 
providing a gradual vertical transition in layer moduli.  Although performance related tests have 
been well studied and long developed to quantify strength and modulus characteristics of 
unbound aggregate bases/subbases, performance related tests that quantify other equally 
important properties such as permeability/drainage and frost/moisture susceptibility are not so 
readily available. 
 
Changes in environmental conditions (e.g., solar flux, air temperature, wind, moisture, etc.) 
certainly impact behavior of pavement layers including the subgrade, which in turn can 
drastically affect pavement performance.  In order to maintain uniform support under concrete 
pavements and thus ensure satisfactory service performance, the need for a stable, non-erodible, 
drainable, and low frost heave subbase has long been recognized.  A permanently stable, non-
erodible subbase layer below the concrete slab is most certainly desirable.  Drainage systems 
such as permeable aggregate bases and edge drains are becoming popular in construction and 
reconstruction plans to avoid premature pavement failure mainly due to excess moisture in a 
pavement structure.  

1.1 Research Objectives 
The primary objective of this research study is to create a draft specification for the aggregate 
base/subbase supporting pavements.  Utilizing existing strength/modulus layer characteristics, 
this research study would add new permeability/drainage and frost/moisture susceptibility 
considerations to create a comprehensive performance related specification.  The PCC pavement 
design approach currently in use by the Minnesota Department of Transportation (MnDOT) will 
be used as the standard for this research study.  The focus is clearly to quantify the aggregate 
base properties required for pavement foundations in accordance with the currently established 
layer thickness requirements.  The life cycle economic implications will be demonstrated by a 
benefit/cost analysis to be conducted.  
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1.2 Research Methodology and Tasks 
The original work plan for this study involved five different tasks.  However, modifications were 
made later on the original scope to include additional research tasks.  Brief descriptions on the 
scopes of individual tasks are presented below according to the modified work plan. 

1.2.1 Collect Materials Information, Conduct Refined Literature Review, and Evaluate 
Structural Adequacy of Concrete Pavement Foundations 

In the past, Minnesota designed and constructed two types of PCC pavements, namely jointed 
plain (unreinforced) concrete pavement (JPCP) and jointed reinforced concrete pavement (JRCP).  
After reviewing typical costs and performance trends of both pavement designs, the decision was 
made to discontinue the construction of JRCP; therefore, MnDOT is currently constructing only 
JPCP.  Two types of base courses, i.e., Open Graded Aggregate Base (OGAB) and Select 
Granular Base, are commonly used. 
 
Current concrete pavement thickness design in Minnesota is based on the 1981 American 
Association of State Highway and Transportation Officials (AASHTO) Interim Guide procedure, 
although a recent modification has adopted the nationally-calibrated thickness design equation to 
local conditions.  Using this procedure, the concrete slab thickness is determined from the 
cumulative 35-year design lane concrete Equivalent Single Axle Loads (ESAL) and the modulus 
of subgrade reaction (k) related to a soil’s R-value.  The AASHTO design equation calculates the 
number of ESALs that a pavement can withstand before it falls to a given serviceability level, 
and is the basis of MnDOT’s concrete pavement design, and may be solved iteratively using the 
program Rigid PAVE. 
 
In this task, previous and current research studies including the Best Value Granular project 
(Xiao and Tutumluer, 2012) were reviewed to gather existing data and research on both 
structural and hydrothermal adequacy (moisture susceptibility, frost damage potential, and 
drainage efficiency evaluation) considerations for cost effective foundation layers.  To evaluate 
the structural adequacy of common aggregate bases as pavement foundation for concrete 
pavements, material mechanistic properties, including strength, resilient modulus/stiffness, and 
permanent deformation characteristics, will be collected for different materials with varying 
aggregate source properties.  Moreover, sensitivity analyses will also be conducted to evaluate 
various design features of concrete slabs (e.g., slab dimensions, joint spacing, shoulder types, 
etc.). 

1.2.2 Evaluate moisture effects and long-term performance of concrete pavement foundations 
A correctly-designed base prevents the pumping of fine-grained material at slab joints, and 
reduces cracking and faulting.  In Minnesota, pavements that are designed to withstand more 
than one-million ESALs in 20 years utilize at least a 12-in select granular layer over the existing 
subgrade soils if they do not meet the requirements of select granular material (MnDOT 
Specification 3149.2B2).  The purpose of this layer is to better control frost action, drainage, and 
the other previously mentioned attributes for high-volume roadways.  Furthermore, a base layer 
may be designed to be permeable, which may assist in mitigating problematic moisture 
conditions that would develop in a dense graded base.  Not only must the foundation support the 
construction equipment and remain stable during the construction period, but also it should 
perform as designed for decades, supporting the PCC pavement during its design life as well as 
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throughout future rehabilitation activities.  This requires a concrete base course to maintain its 
minimum strength, modulus and deformation characteristics in the long term.  Therefore, 
rendering a concrete base insensitive to detrimental effects of moisture, such as seasonal changes 
and groundwater fluctuations, is a key objective for long term performance. 
 
In this task, emphasis was given to best evaluate moisture effects on concrete pavement 
performance and quantify permeability/drainage characteristics and frost/moisture susceptibility 
considerations.  Permeable aggregate bases were evaluated for their potential good performance 
and benefits in concrete pavements.  Among those promising base course materials and 
construction techniques are the use of blends of crushed concrete in the aggregate base (with 
special emphasis), chemical stabilization, and the use of geosynthetics.  The potential cost-
effectiveness of those material/construction alternatives were evaluated and compared based on 
previous and existing relevant research studies; however, no comprehensive laboratory testing 
schemes were planned for this purpose.  Characterizing subgrade soils for mechanical, thermal, 
and hydraulic properties is also beyond the scope of this research study, as several MnDOT 
sponsored research studies have been devoted to this topic and can provide information for 
subgrade soil properties.  Since subgrade support is an important aspect that cannot be 
overlooked, different levels of subgrade support were taken into account in the relevant analyses. 

1.2.3 Analyze Design and Site Factors Affecting Field Performance of Concrete Pavements  
Based on the findings in prior tasks, existing pavement distress data from both the Minnesota 
Road Research Facility (MnROAD) full-scale concrete pavement projects and several in-service 
concrete pavements (one to two representative pavement sections for each base course type) in 
Minnesota were studied to document effectiveness of concrete bases and pavement performances.  
The physical properties, such as gradation, shape, and mechanical and hydraulic properties, i.e. 
strength, modulus and permeability, of these aggregate base materials, either recovered from the 
previous designs or established from aggregate source property correlations developed early in 
the project, were collected and analyzed together with site factors including seasonal temperature, 
moisture content variations and groundwater table depths.  They were utilized as the rigid 
pavement analysis and design inputs for conducting sensitivity analyses and design checks using 
the MnDOT rigid pavement design software RigidPAVE.  The outcomes are critical for 
evaluating the adequacy of current material specifications and base type and thickness 
requirements in order to achieve long life concrete pavement performance. 
 
From Task 2, the following items were proposed for Task 3: (1) catalog material samples from 
Gupta’s research study and correlate those material samples to specific MnDOT projects; (2) 
work with MnDOT personnel to identify some in-service pavements with potential for adequate 
information (existing or that could be obtained). 

1.2.4 Develop Revised Material Specifications and Selection Procedures for Concrete 
Pavement Foundations 

This task synthesized all the findings from Tasks 1 through 3 and created a draft comprehensive 
performance-related specification for aggregate bases supporting concrete pavements.  The 
specifications will ideally help design cost effective base types and thicknesses suitable for both 
concrete and asphalt pavements.  The goal in this task was to establish improved aggregate 
material classes, such as Class 5A, 5B, 5C, etc., by not only considering gradation but also 
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including the aggregate shape properties and drainage characteristics when establishing 
performance based material specifications.  The importance of aggregate shape properties were 
documented in the Best Value Granular project (Xiao and Tutumluer, 2012).  Correlations to 
existing ASTM, AASHTO and MnDOT test methods are also further developed so that the 
ability to use current methods can be improved.  The improved aggregate classes are described in 
revised aggregate specifications based on pavement performance, for use in unbound aggregate 
base/subbase layers. 
 
Life Cycle Cost Analysis (LCCA) methods are also developed to evaluate the cost-effectiveness 
of different base course materials, base types, and corresponding design layer thicknesses, and to 
be used in the implementation task.  Past performance data linked to a certain pavement distress-
based damage accumulation (e.g., pumping or cracking) until failure is the basis of the life spans 
and life cycles to be evaluated.  LCCA results highlight economic benefits of building long life 
concrete pavements, which can be realized by properly selecting materials using the revised 
specification and designing base types and thicknesses with the proper understanding of 
structural needs and detrimental moisture effects on pavement performance.  Finally, different 
base type and thickness design alternatives are documented for prioritization based on their 
potential benefits and cost-effectiveness. 

1.3 Report Organization 
Chapter 2 of this final report reviews the-state-of-the-art and the-state-of-the-practice for long 
life concrete pavement design, construction, and maintenance, as well as moisture susceptibility 
and subsurface drainage design aspects.  Chapter 2 also describes the thermo-physical properties 
of PCC foundation materials and frost protection design.  Chapter 3 of this final report presents 
evaluation results of moisture regimes in PCC pavement foundation layers using the Enhanced 
Integrated Climate Model (EICM) program and typical Minnesota High Performance Concrete 
Pavement (HPCP) structure.  Chapter 4 of this final report presents results from previous field 
performance and Mechanistic-Empirical Pavement Design Guide (MEPDG) based sensitivity 
studies which focused on evaluating the effects of design and site factors on JPCP performance.  
Three different field JPCP projects along with their data availability and extent were presented.  
This chapter also introduces efficient global sensitivity analysis methods that have been widely 
used in other research fields and then presents the analysis results for collected field performance 
data by using the methods introduced.  Chapter 5 of this final report presents findings from 
analyzing field instrumentation data and Falling Weight Deflectometer (FWD) test results to 
assess the effectiveness of the OGAB Special layer in controlling subsurface moisture regime 
and providing structural stability.  This chapter also presents the gradation analysis framework 
and discrete element modeling for engineering aggregate shape and gradation to achieve proper 
field performance.  Chapter 5 introduces the importance of shear strength in interpreting and 
predicting rutting accumulation of unbound granular layers.  Finally, based on the major findings 
of this research study, the best value granular material selection components are recommended in 
Chapter 6 for implementation into the MnPAVE-Rigid 2.0 (MnDOT) pavement analysis and 
design program.  Major research study findings as conclusions and recommended future research 
needs are summarized in Chapter 7. 
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Chapter 2: Literature Review 

In pursuit of economic benefits including reduced life-cycle costs, minimized traffic disruptions, 
reduced user costs, and increased safety, state highway agencies start to build long life concrete 
pavements of which the definition may vary in different states but generally refers to those with 
expected service lives in excess of 40 years while requiring minimal maintenance activities 
(Rawool and Pyle, 2008).  Moreover, the 40-plus-year designs for concrete pavements also 
appear to be environmentally rational by providing secure environmental benefits over shorter 
design lives, as indicated by Santero et al. (2010) who evaluated the environmental effectiveness 
of long life pavements with respect to their life cycle global warming potential and energy 
consumption footprints.  Despite the fact that many long life concrete pavement examples do 
exist throughout the U.S. with several being more than 100 years old, there are still no 
“standardized” design and construction procedures for consistently achieving “long life” yet.  
Current design and construction practices in some states have shown that premature failures 
related to design and/or construction inadequacies, materials-related distresses, and structural 
distresses above certain threshold levels over design period are leading contributors to decreased 
service lives, ineffective functionality, and undesired serviceability.  Therefore, it is promising 
that performance lives of 60 years or more can then be consistently achieved by eliminating 
those contributors.  
 
Concrete pavement design is a complex process that is constrained by three main categories of 
factors: (a) site-specific conditions including traffic, precipitation, subgrade soil conditions, 
climate, and aggregate availability; (b) design and construction features such as joint spacing, 
shoulder type and width, and material parameters; and (c) economic factors such as intended 
design life and funding availability.  Dictated by the scope of this research study, this section will 
review only design, construction, and maintenance issues related to concrete pavement bases; 
while other equally important issues such as performance-based PCC mix design are beyond the 
scope.  The goal is to identify possible improvements that could be made to achieve long life in 
terms of base material selection and structural design (base type, subsurface drainage, etc.).  

2.1 Long Life Concrete Pavement: State-of-the-Art and State-of-the-Practice 
Any PCC pavement design procedure is primarily aimed at determining concrete slab and 
granular layer thicknesses that will provide effective functionality and satisfactory serviceability 
for the smallest annual cost over a specified design life.  The “long life” design concept for 
concrete pavements can be dated as far back as the “zero-maintenance” design concept proposed 
by Darter (1977) where a stress ratio approach for fatigue was incorporated in the thickness 
method with the inclusion of mechanical load and environmental stresses due to temperature and 
moisture gradients.  This first wide-spread mechanistic-empirical analysis suggested the use of 
dowel bars, short joint-spacing, good subdrainage, adequate sealing of joints, increased slab 
thicknesses, and increased foundation support as the necessary measures for preventing joint 
faulting.  

2.1.1 Mechanistic-Empirical Concrete Pavement Design Methods 
The Portland Cement Association (PCA, 1984) developed a widely used method that not only 
incorporated a tensile bending stress into a thickness design procedure but also accounted for 
erodibility of the underlying layers; however, the effects of temperature and moisture stresses 
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were not considered.  Later, two national research studies, i.e., NCHRP 1-26 (Thompson and 
Barenberg, 1992) and NCHRP 1-30 (Darter et al., 1995), incorporated the curling analyses into 
the mechanistic-empirical design procedure.  The AASHO road test conducted in the late 1950s 
has been the primary data source of several widely used pavement design methods such as the 
1981 and later 1993 AASHTO Guides, although major limitations of this test including one 
subgrade, one base, one climate, limited traffic, and better-than-normal construction practices 
may hinder the applicability of those methods under conditions dramatically different from the 
original test (e.g., excessive ESAL level and environmental variations).  Li et al. (2010) reported 
that the 1993 AASHTO Guide overdesigns pavement thicknesses for the Wisconsin Department 
of Transportation at all ESAL levels for both flexible and rigid pavements given the inputs used. 
 
Concrete pavement design procedures are gradually making the transition from use of the 
empirical ones that are based on field observations to use of mechanistic based ones where 
mechanical responses such as stress, strain, and deflection are computed and employed in design 
to predict concrete pavement performance over the design period.  A nationwide mechanistic-
empirical method for rigid pavement design has been developed under NCHRP 1-37A, also 
called the MEPDG (ARA, 2007).  It currently provides comprehensive design guidelines for 
PCC pavements and has been extensively evaluated by state DOTs for its applicability in lieu of 
other existing design methods after its release.  Several significant improvements made to the 
MEPDG includes nonlinear temperature effects, bottom-up and top-down transverse cracking 
prediction, faulting predictions, climatic influences, steer-drive axle spacing, etc.  Figure 1 
illustrates the MEPDG design framework, now adopted by AASHTO as DARWin-ME (NCHRP, 
2004).  As reported, continued efforts are always needed in terms of improving prediction 
models and combining historical performance trends with field data wherever possible (Li et al., 
2010). 
 

 
Figure 1.  The Overall Design Framework for JPCP in the MEPDG. 
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Table 1 shows a list of input parameters that currently needs to be specified for JPCP design 
using the 1993 AASHTO Guide (Bordelon et al., 2009).  Note that input parameters related to 
foundation materials are limited to layer thicknesses and layer moduli, and they are much less 
sophisticated and comprehensive than what is needed to reflect their complex behavior in reality. 

Table 1.  Input Parameters for JPCP Design 

Description Symbol Unit Typical Value or Selections 
Design equivalent single-axle loads ESALs - Up to 60 million (from IDOT, 

2002) 

Concrete fatigue algorithm - - 
Zero-maintenance (Darter, 1977), 
ACPA (Riley et al., 2005) or 
MEPDG (ARA, 2007) 

Concrete thickness h in. 6 to 14 (L/l>3) 
Slab-base bonding condition - - Bonded or unbonded 
Thickness of base layer h2 in. 0 to 24 
Shoulder type - - Asphalt, tied or widened lane 
Widened lane extension D ft. 1 to 2 
Slab length L ft. 10 to 20 (L/l>3) 
Spacing between dual tires S in. 12 to 16 
Offset distance between outer face 
of tire and slab edge (mean wander 
distance from edge) 

𝐷𝐷� in. 0, 12, or 18 

Concrete elastic modulus E psi 3,000,000 to 5,000,000 
Modulus of rupture – mean flexural 
strength from 3rd point bending at 
90 days 

MOR psi 650 to 850 

Elastic modulus of the base layer (if 
applicable) E2 psi 100,000 to 800,000 

Modulus of subgrade reaction k pci 50 to 200 
Shoulder load transfer efficiency 
(used with tied shoulders) LTE % 40 to 90 

Coefficient of thermal expansion α in/in/°F 3.9 E-6 to 7.3 E-6 

Temperature determination method - - Temperature distribution or 
effective temperature gradient 

Temperature stress superposition 
factor R - 

ILLICON (Barenberg, 1994), Lee 
and Darter (1994), Salsilli (1991), 
or ILLIJOINT 

Slab positive temperature gradient 
(used with effective temperature 
gradient) 

ΔT/h °F/in +1 to +2 (IDOT currently 
suggests +1.65) 

Percent time for temperature 
gradient (used with effective 
temperature gradient) 

- % 25 to 60 (IDOT currently 
suggests 25 for daytime) 

Reliability (for ACPA method) R’ % 80 to 99 
Percent cracking (for ACPA 
method) Pcr % 20 to 50 

 
As compared to concrete pavements with normal service lives (e.g., 35 years), long life concrete 
pavement design requires addressing properly the following issues with special care: (1) 
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development of an erosion model for material properties under dynamic wheel loading; (2) 
improved consideration of foundation and subdrainage models; (3) subdrain installation in 
concrete pavement construction; (4) feasible pavement strategies and promising features for 
providing long life for each type of concrete pavement selected; and (5) case studies of past long 
life concrete pavements.  To this end, a more efficiently designed base/subbase course for 
specific site conditions is needed to minimize erosion, moisture susceptibility, and frost 
penetration under traffic and environmental loadings.  Also needed is a greatly improved and 
more comprehensive design procedure to fully consider base/subbase layer, subgrade, and 
drainage needs of concrete pavements with related implementation guidelines. 

2.1.1.1 MnDOT Concrete Pavement Design Standards 
Concrete pavement thickness design in Minnesota is based on the 1981 AASHTO Interim Guide 
procedure with a modification added to adopt the nationally-calibrated equation to local 
conditions.  Using this procedure, the concrete slab thickness is determined using the cumulative 
35-year design lane concrete ESALs and the modulus of subgrade reaction (k).  Equation 1 
below is used to calculate the number of ESALs that a pavement can withstand before its 
serviceability decreases to a given level.  Developed from the AASHO Road Test, this equation 
forms the backbone of MnDOT’s concrete pavement design and is solved iteratively using the 
earlier “Rigid PAVE” program and its latest version MnPAVE-Rigid 2.0 (MnDOT) (Tompkins 
and Khazanovich, 2014).  Only JPCP are currently constructed by MnDOT, as JRCP was 
decided to be discontinued after the cost and performance review of both pavement designs. 

 
GlogWt = 7.35log(D +1)− 0.06 + 1 +

1.624x107

1+
(D +1)8.46

     Equation 1 
  
 S  0.75  D 1 132 (  − .4.22 − 0.32 pt )log c  
 215.63J  .75 18.42 D0 − 
  (E 0




) .25 
 k 

  
where: 

Wt = Number of applications of 18-kip ESALs required to reduce serviceability to pt, 
D = Slab thickness (in.), 
Gt = The logarithm of the ratio of the loss in serviceability at time t to the potential loss 

taken to a point where pt = 1.5 or log[(4.5 – pt)/(4.5 – 1.5)], 
pt = Serviceability at the end of time t (terminal serviceability), 
Sc = Modulus of rupture measured by third-point loading (psi), 
J = Load transfer coefficient (J=2.6 for protected edge designs and 3.2 for other 

applications), 
E = Young’s modulus of elasticity of concrete (psi), and 
k = Modulus of subgrade reaction (psi/in.). 
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According to MnDOT’s pavement design standards, three different types of concrete pavement 
structures, as described in shown below in Table 2 and Figure 2, can be selected depending on 
the site-specific traffic prediction (ESALs) and subgrade soil conditions (R-value).  

Table 2.  MnDOT Pavement Design Standards for Base Layers. 
20-Year 

Design Lane 
BESALs 

Subgrade Soil 
R-Value Process Type Design(s) Description of Design(s) 

1,000,000 or 
less 

> 40 Informal – Flexible 
Design #6 

Flexible – Aggregate Base (BAB) 
Flexible – Deep Strength (BDS) 

<= 40 Formal 
Design #3 & 6 

Rigid – Aggregate Base 
Flexible – Aggregate Base (BAB) 
Flexible – Deep Strength (BDS) 

1,000,001 to 
7,000,000 

> 40 Informal – Flexible 
Design #4 & 5 

Flexible – Aggregate Base (BAB) 
Flexible – Deep Strength (BDS) 

<= 40 Formal 
Design #1, 2, 4, & 5 

Rigid – Open Graded Base 
Rigid – Select Granular 
Flexible – Aggregate Base (BAB) 
Flexible – Deep Strength (BDS) 

7,000,001 to 
10,000,000 All Values Formal 

Design #1, 2, 4, & 5 

Rigid – Open Graded Base 
Rigid – Select Granular 
Flexible – Aggregate Base (BAB) 
Flexible – Deep Strength (BDS) 

Over 
10,000,000 All Values Informal – Rigid Design 

#1 & 2 
Rigid – Aggregate Base 
Rigid – Open Graded Granular 

 

 
Figure 2.  MnDOT Concrete Pavement Design Standards. 

Minnesota is among the states that have recently evaluated the applicability and validity of the 
MEPDG and related software for Minnesota local traffic and climatic conditions.  A study 
entitled “Implementation of the MEPDG for New and Rehabilitated Pavement Structures for 
Design of Concrete and Asphalt Pavements in Minnesota” was initiated by MnDOT and the 
Local Road Research Board (LRRB).  It was concluded from the analysis results that the 
MEPDG predicted the performance trends for rigid pavements quite reasonably.  No adjustment 
was recommended for the faulting prediction model; but a recalibration was needed for the 
cracking prediction model (Velasquez et al., 2009).  This is also consistent with the findings 
reported by Khazanovich et al. (2008) who examined the feasibility of adapting the MEPDG 
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Version 0.910 for the design of low volume concrete pavements in Minnesota.  In terms of low 
volume concrete pavement design, Table 4 lists the design parameters currently practiced by 
local agencies in Minnesota (Khazanovich et al., 2008).  A prototype catalog of recommended 
design features were also developed to provide a variety of feasible design alternatives for a 
given combination of site conditions.  
 
Vandenbossche et al. (2011) compared MEPDG predicted performances with observed 
performances for the in-service mainline JPCP test cells at MnROAD.  They indicated that the 
use of a default (constant) built-in equivalent temperature difference of -5.5 oC, instead of a site-
dependent value, would make MEPDG performance predictions for JPCP most accurate.  They 
also found that MEPDG cracking performance predictions are highly sensitive to PCC material 
properties (modulus of rupture, modulus of elasticity, and coefficient of thermal expansion) and 
pavement structural parameters (slab thickness, joint spacing, subbase type, and bond condition) 
of which even small changes would result in significant changes in predicted performance.  In 
contrary to the use of an unbound granular subbase that was predicted to result in higher rates of 
cracking, the use of a stabilized subbase was predicted to reduce transverse slab cracking.  This 
necessitated the future establishment of guidelines for determining the degree and/or temporal 
effectiveness of slab-subbase bond.  It was also identified that the MEPDG cracking model 
needed further local calibrations for fitting Minnesota local cracking observations more closely.  
As compared to the 1993 AASHTO Guide, the MEPDG generally led to thinner concrete 
pavement section, provided that constant service life was used. 
 
Long life jointed plain concrete pavements with a 60-year performance life target, also called 
high performance concrete pavements in Minnesota, started to be constructed by MnDOT in 
2000 under the Federal Highway Administration (FHWA) TE-30 program using the same design 
guide (based on 1981 AASHTO design guide).  It has been used as the standard in most urban 
high-volume highways since that time.  Table 3 summarizes Minnesota’s current long life PCC 
pavement design (Rohne, 2009).  Given the challenge that both the traffic prediction and service 
life over such a long design period needed to be extrapolated far beyond the available charts in 
the current design method, field test sections were constructed in the MnROAD facility for 
monitoring performance.  It was expected that an improved service life prediction model could 
be developed for MnDOT’s current 60-year concrete pavement designs (Rohne, 2009). 

Table 3.  MnDOT Pavement Selection Process and Design Options 

Design Feature Material Typical Dimensions 
Slab thickness HPCP mix 12 -13 in. 
Base course MnDOT Class 5 material* 4 in. 

Subbase MnDOT select granular Minimum 36 in. 

Transverse joints Preformed Elastomeric 
Compression Seal 

15 ft. spacing, perpendicular to direction of 
traffic 

Dowel bars Corrosion resistant 1.5 in. diameter, 15 in. long, spaced 12 in. 
on center 

Texture Astro-Turf or broom drag 1/25 in. average depth using ASTM E965 
* MnDOT Class 5 is a dense graded granular material containing a minimum of 10% crushed particles 
** See specification 3149 (MnDOT 2005) for information on the gradation of MnDOT select granular material 
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Table 4.  Concrete Pavement Design Parameters Used by Local Agencies in Minnesota 
Agency 
Name 

PCC Slab 
Thickness (in) 

PCC Design 
Strength (psi) 

Base 
Properties 

Subgrade 
Type 

Drainage Type 
and Conditions 

Joint 
Spacing 

Shoulder 
Type 

Traffic 
(ADT) 

Performance 
Criteria 

City of 
Owatonnaa 8 3,900 6 in (class 2) Clay Perforated pipes 16 ft (max) 

(doweled) 

No shoulder 
(curb and 

gutter) 
1,950 Crack: 30% 

Fault: NA 

Waseca 
Countya 

6 to 8, 8-6-8, 
9-7-9 3,900 4-6 in (class 5) Clay, clay-loam NA 

15 ft 
effective; 13-
16-14-17 ft 
(skewed and 
undoweled) 

Class 2 and 3 
type AGG or 

crushed 
bituminous 

asphalt 

350 to 2,550 Crack: 30%-40% 

City of 
Moorheada 8 and 9 3,900 6 and 8 in 

(class 5) Clay 4 and 6 in drain 
tiles 

15 ft (max) 
(doweled – 

1.25 in) 

Tied PCC, 
curb and 

gutter 

11,500 and 
14,500 Crack: 40% 

City of East 
Grand Forksa 7 3,900 2 and 5 in 

(class 5) Clay, clay-loam Storm sewer, 
curb, and gutter 

10 to 15 ft 
(undoweled) PCC 3,600 Crack: NA 

City of 
Rochestera 8.5 

3,900 (average 
field strength is 

5,300) 
5 in (class 2) 

12 in (select 
granular 
borrow 

modified) 

NA 
12 ft 

(doweled – 
1.25 in) 

Tied PCC 9,820 and 
18,640 

Engineering 
judgment & field 

visits 

Ramsey 
Countya 7.5, 8, and 9 3,900 

4 and 5 in 
(class 5, 6, and 

7) 

6 in and 2 ft 
(granular 
material) 

Storm sewer 

15 ft 
(effective) ad 

20 ft 
(doweled – 

1.25 in) 

Tied PCC 3,850 to 
34,600 

Crack: <30% 
Fault: <0.25in 
Engineering 
judgment & 

overlays 

MnDOT 7 and 7.5 3,900 2, 3, and 5 in 
(class 5) Clay, clay-loam NA 

15 and 27 ft 
(doweled – 1 

to 1.25 in) 

AGG and 
bituminous 

asphalt 

1,400 to 
8,200 

Engineering 
judgment & field 

visits 
aLocated in Minnesota 

2.1.1.2 Concrete Pavement Design Standards Outside Minnesota 
All available mechanistic-empirical (M-E) design methods/standards used in other states are 
evaluated and compared against MnDOT’s current JPCP design standards in order to identify 
possible improvements.  Accordingly, technical specifications about existing long life concrete 
pavement (LLCP) foundation designs for (base/subbase and/or subgrade) material types, 
thickness design, subsurface drainage, and other special requirements are summarized in Tables  
5 and 6 for domestic and international design practices, respectively.  As shown in Table 5, 
continuously reinforced concrete pavement (CRCP) is mainly used in California, Illinois, and 
Texas for high volume and heavy duty roads.  Any of the three common base types, i.e., cement-
treated, asphalt-treated, and unbound granular bases, can be chosen for use depending on 
historical performance and design preferences.  Good subsurface drainage was unanimously 
reported to reduce pumping and erosion related premature failures due to trapped water and thus 
resulted in prolonged performance lives.  
 
Several agencies, i.e., FHWA, AASHTO, and NCHRP, recently sponsored a scanning study to 
identify design philosophies, material requirements, construction procedures, and maintenance 
strategies used in Europe and Canada to build long life concrete pavements (2007).  The 
important observations and findings made are summarized in Table 6.  Open-graded permeable 
base layers and high-quality aggregates are used in Canada but not in the European countries 
visited.  Dense-graded hot-mix asphalt, cement-treated base layers, and unstabilized bases are 
used in several countries.  In Germany, an interlayer of either 0.2-in.-thick nonwoven geotextile 
or dense-graded hot-mix asphalt is used now to separate a cement-treated base from the concrete 
slab.  In terms of foundations, thick foundations are used for frost protection.  These systems are 
drainable and stable, but not open graded.  Recycled materials including asphalt, concrete, and 
masonry from building demolition are used in the foundations.  Sometimes deep, high-quality 
foundations are used.  The unbound granular materials used for concrete pavement subbases in 
Europe are generally better quality materials (better graded, better draining although not open-
graded, and with lower fines content) than the materials typically used as select fill and granular 
subbase in the United States. 



12 
 

Table 5.  Summary of LLCP Foundation Designs in the U.S. 

State LLCP 
Type* Foundation Design Reference 

California CRCP 
JPCP 

(a) 4-in. cement-treated (3.5%) base over 8-in. granular; 
(b) Cement-treated (4%) base over A-2-4 granular subbase; 
(c) Using either cement- or asphalt-treated base for good 
drainage properties. 

Rao et al. 
(2006) 

Florida JPCP 

(a) Well performing pavements: good subbase drainage; 
(b) Poorly performing pavements: poor subbase drainage 
(causing pumping and corner cracks); 
(c) 4-in. asphalt- / cement-treated permeable base over a 
stabilized subgrade (asphalt separation layer in between for 
fines migration prevention); 
(d) 5-ft. subgrade/embankment composed of special select 
material meeting AASHTO A-3 soil classification; 
(e) An edge drain is used in all concrete pavements. 

Armaghani & 
Schmitt 
(2006) 

Illinois CRCP 

(a) Use the 1993 AASHTO Guide; 
(b) Hot mix asphalt stabilized base; 
(c) 12-in. aggregate subbase layer (1.5-in. and 8-in. 
maximum aggregate size of the top 3 in. and the bottom 9 in., 
respectively). 

Winkelman 
(2006) 

Iowa JPCP 
(a) Limited data available about subgrades; 
(b) Longitudinal cracking is one of the most common 
distresses for low and medium volume roads; 
(c) Subgrade failure can cause longitudinal cracking. 

Ceylan et al. 
(2006) 

Texas CRCP 
(a) 6-in. cement-stabilized base with a 1-in. asphalt layer on 
top, or 4-in. asphalt-stabilized base; 
(b) Pumping and erosion of the base caused punchout 
distress. 

Won et al. 
(2006) 

Virginia / 

(a) Blocked drains caused premature failures even for 
concrete and materials of high quality; 
(b) Good pavement condition: no clogged drains; 
(c) 4-in. AASHTO #57 aggregate bases over 6-in. cement-
treated soil (10% cement by volume); 
(d) 4-in. dense-graded base for shoulders; 
(e) Use edge drains 

Hossain & 
Elfino (2006) 

Washington JPCP 

(a) Joint faulting due to poor underlying conditions and lack 
of dowels; 
(b) Currently used base layer: 4-in. dense-graded HMA over 
4-in. crushed stone; 
(c) Cemented-treated base caused severe joint faulting, 
pumping, and cracking;  
(d) Asphalt-treated base caused minimal joint faulting (which 
occurred due to stripping because of low asphalt content, i.e., 
2.5 to 4.5%); 
(e) Crushed stone caused faulting (due to fines migration 
from base and subgrade to the top of base) 

Muench et al. 
(2006) 
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Table 6.  Summary of LLCP Foundation Designs outside the U.S. 

Country Type* Foundation Design Reference 

Australia CRCP 
JPCP 

(a) Typically use CRCP and a design thickness catalog; 
(b) JPCP debonded from base layer to allow for free curling 
and warping of concrete slab; 
(c) A lean-mix concrete base with minimum compressive 
strength of 725 psi at 42 days (no induced joints and limited 
construction joints); 
(d) A minimum 12-in. subbase of select material with      
CBR > 30% after 4-day soak, PI < 12, and compressive 
strength of 145 psi (top 6-in. subbase is stabilized with 2% 
hydrated lime if soaked CBR < 30%) 

Vorobieff & 
Moss (2006) 

Austria JPCP 

(a) Typical high volume (18-40 million design axle loads) 
pavement: 10-in. JPCP on 2-in. bituminous interlay over 18-
in. unbound base or 8-in. cement-stabilized base; 
(b) 18- to 20-ft. joint spacing; 
(c)Two-lift concrete slab with recycled/inexpensive aggregate 
used in the bottom 8-in. and more wear resistant aggregate in 
the upper 1.5 in. with an exposed aggregate surface 

Hall et al. 
(2007) 

Belgium CRCP 

(a) Minimal-maintenance in-service life of 30 years and 
expected life span of 40 to 50 years; 
(b) 2.4-in. asphalt base over 7.9-in. lean-mix concrete over 
7.9- to 31.5-in. sand subbase (over specially compacted 3.3- 
to 4.9-ft. subgrade); 
(c) The asphalt base prevents reflective cracking from the 
subbase; 
(d) High-strength concrete base, asphalt base course, 
excellent bond between asphalt layer and upper and lower 
concrete layers, and high quality concrete contribute to good 
performance; 
(e) Side gutters, sufficient cross slope, thick layer of drainage 
sand, and drainage pipes on the edge of the shoulder lead to 
good drainage 

Caestecker 
(2006) 

Canada JPCP 

(a) Standard design in Ontario: doweled JPCP with a 14-ft 
widened outside lane; 
(b) Use 1993 AASHTO Guide and Canadian PCA’s M-E 
rigid design method; 
(c) 4-in asphalt-treated, open-graded drainage base (0.75-in. 
maximum aggregate size and 1.8% asphalt content); 
(d) Open-graded cement-treated base as an alternative; 
(e) JPCP over 6-in. granular base over granular subbase of 
varying thickness in Quebec for frost heave prevention; 
(e) 11-in. CRCP over open-graded cement-stabilized base as 
an alternative in Quebec 

Hall et al. 
(2007) 

Germany JPCP 
(a) 8.6- to 13.8-in. JPCP over base and frost protection 
layers; 
(b) Use geotextile between concrete slab and cement-
stabilized bases to debond these two layers 

Hall et al. 
(2007) 
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The following recommendations were made by the scanning team for the U.S. implementation of 
observed practices: (1) using a two-lift construction approach to build pavements; (2) developing 
pavement design catalogs; (3) using better-quality materials in pavement subbases; (4) paying 
greater attention to cement and concrete mixture properties; (5) using a geotextile interlayer to 
prevent concrete slabs from bonding with the cement-treated base; and (6) using exposed 
aggregate surfaces to reduce noise. 

2.1.2 Forensic Investigations of Concrete Pavement Performance  
Climate (moisture and temperature), subgrade type (fine- or coarse-grained), and traffic loadings 
are key site conditions over which the designer has no control; however, base/subbase type and 
modulus and subdrainage are among the key features of which the proper design is critical for 
effective functionality and satisfactory serviceability.  Although foundation layers beneath 
concrete slab play a minor role in increasing the structural capacity of concrete pavements, 
reducing bending stress in the slab and deflections at the joints and cracks, and/or improving 
joint/crack load transfer, etc., they are essentially indispensable for preventing pumping, 
insulating frost-susceptible subgrade soils from frost penetration, improving drainage efficiency, 
and so on.  Several representative forensic studies of JPCP field performances reviewed from 
literature are presented below.  The objective is to identify empirically observed knowledge 
about the design features that are critical to pavement performance so that current design and/or 
construction guidelines for concrete pavements can be further improved.  As consistent, the 
focus is still on the foundation layers. 

2.1.2.1 Khazanovich et al. (1998) 
Using data from the Long Term Pavement Performance (LTPP) test sections, Khazanovich et al. 
(1998) conducted a study to identify the site conditions and design/construction features of 
concrete pavements (JPCP, JRCP, CRCP) that led to good performance and those that led to 
poor performance as indicated by International Roughness Index (IRI), transverse joint faulting, 
transverse cracking, and localized failures in CRCP.  Important conclusions drawn from this 
study are summarized as follows. 
 
JPCP sections with higher drainage coefficients all had low IRI (smoother pavement), which also 
applied to both JRCP and CRCP.  The use of permeable base and edge drains increased drainage 
coefficients.  Sections with higher base modulus had a lower mean IRI.  JPCP with a granular 
base had a significantly higher IRI than JPCP with a stabilized base.  JPCP with asphalt 
stabilized base or a lean concrete base had significantly lower IRI than other bases, which was 
not true for cement-treated bases.  Design/construction features that affected joint faulting of 
JPCP and JRCP include subdrainage and base type.  Specifically, all types of jointed concrete 
pavement (JCP) with good subdrainage exhibited lower faulting, especially non-doweled JPCP.  
As compared to a granular base, a stabilized base tended to provide lower faulting for non-
doweled and doweled JPCP and JRCP.  In terms of transverse cracking, sections with higher 
base modulus had a higher percentage of cracked slabs.  JPCP with granular and asphalt concrete 
(AC) bases had a significantly lower percentage of cracked sections than JPCP with cement-
treated or lean concrete bases. 

2.1.2.2 Chen and Lin (2010) 
In Texas, Chen and Lin (2010) performed seven field investigations (US59, IH20, SH342, US75, 
US90, MLK Blvd., and US96) aimed at identifying the underlying causes of settlement and 
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irregular cracking in PCC pavements.  Threshold values for the load transfer efficiency (LTE) 
and base support conditions below which severe distresses (settlement, faulting, and irregular 
longitudinal cracking) could be caused were developed by utilizing the FWD and dynamic cone 
penetrometer (DCP), respectively.  
 
Based on the results from those seven projects investigated, base support and LTE were reported 
to play a critical role in concrete pavement performance.  Therefore, a base modulus exceeding 
50 ksi (345 MPa) and LTE greater than 80% were recommended to minimize the cracking and 
settlement.  In addition, DCP testing was concluded as a practical tool for characterizing base 
support conditions under the concrete slab; whereas the FWD results exhibited strong correlation 
between LTEs and maximum deflections, with lower LTEs yielding higher deflections (higher 
pumping and settlement potentials).  The 1986 AASHTO Guide that is currently used by the 
Texas Department of Transportation (TxDOT) for concrete pavement design appears to be 
misleading in terms of the inherent implication that deficiencies in slab support and LTE can be 
compensated for by increasing slab thickness.  Such design concept ignores the effect of 
deflections on pavement performance as slab deflections can potentially exacerbate pumping, 
creation of voids, and slab settlement. 
 
Chen et al. (2009) also extensively investigated a section of jointed concrete pavements on U.S. 
75 built from 1982 to 1985 and experienced severe pumping and settlement even after treatments 
of full depth repair and polyurethane foam injection.  The pavement conditions were evaluated in 
terms of LTE at both transverse and longitudinal construction joints, and base support conditions 
using ground penetrating radar, falling weight deflectometer, dynamic cone penetrometer, and 
coring.  The underlying mechanisms responsible for severe distresses in this pavement section 
was identified, i.e., low load transfer (<40%) at longitudinal construction joints resulted in large 
slab deflection which caused erosion and pumping with the existence of water intrusion, 
followed by the creation of voids under the concrete slab that caused slab settlement eventually.  
Adequate design considering not only environmental loading due to temperature variations but 
also the load transfer element was needed to maintain high LTEs (>80%) along longitudinal 
joints.  As indicated by DCP testing, weak slab support in this case could have accelerated slab 
settlement but was not the primary cause for such deterioration (little difference in base moduli), 
making LTE restoration along the longitudinal joints the most practical and cost-effective way 
for rehabilitating this specific pavement section. 

2.1.2.3 Izevbekhai and Palek (2012) 
Izevbekhai and Palek (2012) described the investigative study of early extensive cracking of a 
MnROAD concrete cell (call 6) built on a drainable base.  Cell #6 was constructed at the 
MnROAD Mainline in 2011.  It consisted of an 8-in. concrete surfacing placed on a base of 8-in. 
“drainable stable material” christened Special Open Graded Aggregate Base (OGAB Special).  A 
wide spread cracking pattern started to be observed in August 2012.  A series of investigative 
evaluations were conducted to ascertain the cause of early extensive cracking.  Activities 
included crack mapping and condition surveys, DCP on undisturbed base, moisture content of 
undisturbed base, gradation of undisturbed base and comparison before and after one year traffic 
and a review of the as-built section using DARWIN ME to ascertain reliability in design.  It was 
found that the investigative samples had more of the finer fractions than the original gradation, 
indicating a radical change in gradation.  The pulverization of the coarse fraction as well as the 
moisture transport of the finer fractions may cause the instability of the base, which then 
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rendered the base support non-uniform and resulted in the cracking of the pavement surface.  
They concluded that the unstable base appeared to be responsible for the early distress.  The 
inadequacy of the use or extrapolation of requirements (such as abrasion) of aggregate quality 
standards pertaining to normal basis for drainable bases became a concern.  They recommended 
to develop a reliable method of predicting in situ stability of drainable bases.  

2.2 Moisture Susceptibility of PCC Foundation Materials and Subsurface Drainage 
Excessive field moisture content is among the primary causes for concrete pavement 
deterioration and premature failures due to pumping, slab settlement, joint faulting, and slab 
cracking.  In places like Minnesota where a wide range of in-situ subgrade soil conditions exist, 
concrete pavement design, construction and maintenance face great challenges in terms of heavy 
and high volume traffic loadings, depletion of high quality aggregate materials, and drastic 
environmental conditions.  Among these challenges, one aspect is to adequately cope with 
increasing moisture contents and minimizing effects of seasonal spring thaw by removing all 
transient water out of the pavement structure as rapidly as possible before excessive 
accumulation (Birgisson and Roberson, 2000).  Such requirements imply the following two 
objectives of concrete pavement foundation design: (a) proper selection/utilization of 
base/subbase materials retaining low average moisture contents and/or moisture susceptibility, 
and (b) efficient subsurface drainage design.  Many field forensic studies as outlined previously 
have demonstrated that good drainage and subsurface grading are essential for long term 
satisfactory performance.  In this chapter, previous findings on the mechanisms of moisture-
related deteriorations and corresponding mitigation measures are reviewed.  

2.2.1 Moisture (Water) Related Deterioration 

2.2.1.1 Base/Subbase Erosion 
Base/subbase layers below concrete pavements should be properly designed to provide a stable 
construction platform, uniform slab support, and erosion resistance.  Different base/subbase 
materials below concrete pavements have been applied over the years, including dense- and 
open-graded unbound materials, cement- and asphalt-treated bases (CTB and ATB), lean 
concrete bases, and the combinations of those layers (sometimes with asphalt concrete interlayer 
for debonding).  The degree of erosion resistance, called erodibility, depends on the type and 
nature of the base/subbase materials.  In general, base/subbase erodibility increases with higher 
fines content and lower admixture stabilizer content (cement or asphalt). 
Figure 3 illustrates the subbase erosion process with which the pavement deteriorates (Jung, 
2009).  Any water infiltrated into pavement structure through joints/cracks becomes trapped and 
then is injected as pressurized water under dynamic moving wheel loads causing the migration 
and accumulation of fine materials at the top surface of base/subbase layers.  As this process 
evolves, distresses like pumping and joint faulting could be initiated and accelerated in 
combination with other mutual effects responsible for pavement deterioration, for example, 
concrete slab curling and warping due to temperature and moisture variations and decreasing 
LTE along joints.  Both field and laboratory observations have indicated that the combination of 
traffic loading, trapped subsurface water, and erosion susceptible base/subbase materials is the 
primary cause of base/subbase erosion and subsequent joint faulting. 
 



17 
 

 

 
(a) 

 
(b) 

Figure 3.  Illustrations of Subbase Erosion and Pavement Deterioration Process. 

According to Jung and Zollinger (2011), shear stress along the slab-subbase interface due to a 
moving load is the main contributor for the subbase erosion process.  As shown in Figure 4, fines 
generated by such shear stress along the interface can be dislocated by pumping and then 
deposited into the void beneath concrete slab created by pumping, which eventually results in 
further loss of joint stiffness and joint faulting (Jung and Zollinger, 2011).  As joint stiffness and 
the interface bonding keep decreasing, the magnitude of the interface shear stress increases and 
the erosion process becomes exacerbated.  Such hydraulic erosion was modeled by Jung and 
Zollinger (2011) for predicting erosion depth and joint faulting as a function of the number of 
wheel load applications. 

 

Figure 4.  Illustration of (a) Shear-induced Erosion (and faulting) and (b) Hydraulic-Erosion 
Modeling. 
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In order to maintain uniform support under concrete pavements, and thus ensure satisfactory 
service performance, the need for a non-erodible subbase has long been recognized.  The erosion 
resistance of materials beneath a concrete slab is an important performance-related property.  As 
summarized in Table 7, despite the existence of several empirical and subjective test methods, no 
well-accepted laboratory test methods are currently available for characterizing the erosion 
resistance of base/subbase materials using a mechanistic approach (Jung, 2009).  

Table 7.  Summary of Existing Erosion Test Methods 

Test method Features Strengths Weaknesses 

Rotational 
shear device 

Stabilized test samples are eroded 
by application of hydraulic shear 
stress.  The critical shear stress is 
recommended as an index of 
erosion resistance 

Easy and precise to 
control shear stress 

No consideration of 
crushing or compressive 
failure.  Overestimation 
of weight loss by coarse 
aggregates loss 

Jetting device 

Pressurized water at an angle to 
the upper surface of unstabilized 
samples generating weight loss 
over time 

Easy to test 

Shear stress is not 
uniform and inaccurate.  
Overestimation of 
weight loss by coarse 
aggregates loss 

Brush test 
device 

Rotational brush abrasions 
generate fines.  An erosion index, 
IE, is defined as the ratio of the 
weight loss to that of a reference 
material 

Easy to test.  Consider 
durability of wet and 
dry cycle.  Relative 
erodibility of each 
material is defined using 
an erosion index, IE 

Long test time and 
overestimation of 
weight loss by coarse 
aggregate loss 

Rolling wheel 
erosion test 

device 

Wheel movements over a friction 
pad on sample induce erosion.  
Measure average erosion depth 
after 5000 wheel load 
applications 

Simulate field 
conditions for flexible 
pavement.  No coarse 
aggregate loss 

Voiding of the subbase 
under concrete slab 
cannot be considered.  
Sample saw-cut can 
damage sample surface 

 
Table 8 summarizes existing erosion models and design procedures that take erosion into 
account.  The first concrete pavement design procedure addressing erosion is perhaps the 
Portland Cement Association (PCA) procedure which relates subbase erosion with pavement 
deflection (at the slab corner) due to axle loading.  The equations for estimating percent erosion 
damage, together with the erosion criterion, were developed primarily from the AASHO Road 
Test results.  Note that since only one highly erodible subbase type was used during the AASHO 
Road Test, extending the application of these equations to other different subbase types for 
mechanistic analysis of pavement support conditions may be problematic.  The AASHTO 1993 
Guide relates foundation erosion to the potential loss of support (LS) which is numerically 
categorized into four different contact conditions (i.e., LS=0, 1, 2, and 3).  Each contact 
condition is associated with an effective reduction of the modulus of subgrade reaction in the 
thickness design procedure.  An LS value of 0 represents the best contact condition when the 
concrete slab and the foundation are in full contact; whereas the value of 3 represents the worst 
case when concrete slab is completely separated from the foundation.  The major limitation of 
this method, as pointed out by Jung et al. (2010), is that it is too subjective to be sensitive to 
material factors causing erosion, which may lead to inconsistency and limiting applicability.  The 
MEPDG recommends 5 different Erodibility Classes (from 1 to 5) for assessing erosion potential 
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of both treated and untreated base materials on the basis of material type and stabilizer percent.  
The erodibility factor of base/subbase materials is incorporated as an input parameter for 
modeling maximum and minimum transverse joint faulting.  Note that none of those widely used 
analysis and design procedures explicitly include base/subbase erosion in a mechanistic 
approach.  
 
After reviewing previous erosion test methods and models, Jung et al. (2010) proposed a new 
test configuration that uses a rapid triaxial test and a Hamburg wheel-tracking device for 
evaluating erodibility of various base/subbase materials under dry and wet conditions, 
respectively.  Figure 5 shows the schematic diagrams of those test setups.  During the rapid 
triaxial test, shear stresses of varying magnitudes resulted from different combinations of 
deviator and confining pressures are applied on the interface between concrete and subbase 
samples.  The erodibility of subbase materials is then measured from the percent weight loss 
caused by shear-induced interfacial abrasion.  By integrating this new erosion test scheme with 
the theoretical hydraulic shear stress model (Jeong and Zollinger, 2001), they also developed a 
new laboratory-based mechanistic-empirical model for faulting in jointed concrete pavement and 
calibrated it using lab test results and LTPP field performance data.  

Table 8.  Summary of Existing Erosion Prediction Models 

Erosion 
model Features Strengths Weaknesses 

Rauhut 
model 

Empirical model using 
COPES data 

Include many 
erosion related 
factors 

Rough categories 
for each material 
factor 

Markow 
model 

Empirical model using 
AASHTO data: traffic, slab 
thickness, drainage 

Consider more 
detail drainage 
condition 

Subbase material 
properties are 
ignored 

Larralde 
model 

Empirical model using 
AASHTO data: traffic, slab 
thickness 

Normalized 
pumping index to 
eliminate the effect 
of slab length and 
reinforcement 

No consideration 
about many erosion 
related factors 

Van Wijk 
model 

Fusion model of Rauhut and 
Larralde models with more 
field data 

Consider various 
erosion related 
factors and four 
types of climates 

Rough categories 
for each material 
factor 

PCA model Mechanistic-empirical 
model using AASHO data 

Significant 
advancement in the 
mechanistic analysis 

Application of the 
model is limited to 
subbase types used 
in AASHO test 

Jeong and 
Zollinger 

model 

Mechanistic model using 
theoretical hydraulic shear 
stress model 

Predict erosion 
depth based on 
feasible mechanistic 
equations 

Calibration require 
through lab tests and 
field performances 
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Table 9.  Summary of Current Subbase Design Practices and Guidelines 

Design Guide Features Strengths Weaknesses 

PCA 

Provide erosion factor as a 
function of the slab thickness, 
composite k value, dowel, and 
shoulder type 

Consider erosion 
analysis in design 
procedures as the most 
critical distress in rigid 
pavement performance 

Proposed composite design 
k values for treated bases 
are overestimated and need 
discrimination for different 
stabilization levels 

1993 AASHTO 

Composite modulus of 
subgrade reaction considers 
the loss of support (LS) due to 
the foundation erosion 

Accounting structural 
degradation of support 
due to erosion using LS 
factor 

k-value obtained from the 
chart is overestimated and 
LS is insensitive to various 
stabilized materials 

NCHRP 1-37A 
MEPDG 

Classified erodibility of 
subbase materials are utilized 
in JCP faulting prediction 
models as well as erosion 
width estimation of CRCP 

Employed the 
erodibility class based 
on the type and level of 
stabilization along with 
compressive strength 

Erodibility class is 
determined based on dry 
brush test results and 
strength even erosion 
occurs mostly under 
saturated condition 

TxDOT 

Select one from two types of 
stabilized subbase and require 
minimum 7-day compressive 
strength 

Historical performances 
and erosion resistance 
are demonstrated as 
good 

Costly excessive design 
regardless subgrade and 
environmental condition 

 

 
Figure 5.  Schematic Diagrams of the New Erodibility Tests by Jung and Zollinger (2010). 
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2.2.1.2 Joint Faulting 
Regarded as one of the major structural and functional distresses of JCP, faulting is typically 
defined as the differential vertical slab edge deflection across transverse joints/cracks.  It is 
possible that non-zero initial faulting may occur in some cases due to inadequate design and/or 
construction; however, faulting in JCP, in most cases, is considered as the results of repeated 
traffic loading and the intrusion of water.  As illustrated in Figure 4, the approach slab edge is 
usually displaced upward from the departure slab edge due to pumping effects and subsequent 
void creation and fines deposition.  The occurrence of joint faulting not only decreases the ride 
quality, but also accelerates joint deterioration. 
 
In general, faulting and subbase erosion are consequently interrelated.  Figure 6 shows the 
schematic diagram of the erosion-related faulting development process (Jung and Zollinger, 
2011).  Before faulting occurs, the initial separation between concrete slab and underlying 
subbase layer is required, which is typically resulted from slab curling and warping along 
edge/corner areas (due to temperature and moisture variations) and/or joint opening and closing 
movements.  Meanwhile, the bonding between slab and subbase can be diminished over time by 
traffic and/or climate related factors, resulting in increased interfacial shear stresses and then 
abrasion induced fines generation.  This process can be even exacerbated by degraded joint 
stiffness and load transfer efficiency.  After the faulting depth reaches a threshold value when the 
void beneath slab edge grows beyond certain size, the rate of increase of the faulting depth slows 
down with the number of load applications. 

 

 
Figure 6.  Erosion Related Faulting Development Process. 

Transverse joint faulting and its prediction models have been studied through field and 
laboratory investigations (Khazanovich et al., 2004).  Although the current MEPDG and other 
similar M-E design procedures have the mechanism to predict transverse faulting, they often tend 
to be not based on sound mechanistic principles and/or not using material erodibility partly due 
to the unavailability of standard mechanistic procedures for characterizing the erosion resistance 
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of base/subbase materials.  The new erosion test procedure and prediction model recently 
developed by Jung and Zollinger, (2010) and Jung et al. (2011) may overcome these limitations. 

2.2.1.3 Long-term Stability 
As listed in Table 10, NCHRP 4-23 project (Saeed et al., 2001) listed physical and mechanical 
properties of base/subbase materials in relation to major concrete pavement distresses for 
performance evaluation.  In concrete pavements, subbase and subgrade are required to be stable 
under the application of traffic and environmental loadings; however, mechanical properties of 
unbound granular materials such as resilient modulus (MR), shear strength, and rutting resistance 
have long been found to be affected significantly by moisture content of the materials.  As shown 
in Figure 7, MR of certain materials can drop by 50% or more under saturated conditions.  
Saarenketo and Scullion (1996) reported the dielectric value and electrical conductivity related to 
both the strength and deformation properties and frost-susceptibility of base course aggregates.  
The substantial effect of saturation hysteresis on base strength was also among important 
findings.  Toros et al. (2008) characterized time-dependent changes in strength and stiffness of 
Florida base materials.  These are changes that can be explained with unsaturated soil mechanics 
framework, for example, changes in moisture or moisture distribution due to changes in internal 
pore pressure to influence the effective confining pressure constraining the material.  Such 
changes in moisture content anticipated in the base/subbase during the service life of a pavement 
structure should be properly accounted for in a pavement design process based on resilient 
modulus for the base/subbase material.  This concept is currently implemented in MnPAVE 
program as the resistance factors which incorporated the models for considering suction effects 
in shear strength and resilient modulus measurements for compacted subgrade soils and 
base/subbase materials, as proposed by Gupta et al. (2007). 

Table 10.  Aggregate Properties Linked to Concrete Pavement Performance 

 
 

Pavement 
Type 

Performance 
Parameter 

Related 
Aggregate 
Property 

Test Parameters That May Relate To 
Performance 

Rigid 

Cracking, 
Pumping, 
Faulting 

Shear Strength 

Failure stress, angle of internal friction, 
cohesion, gradation, fines content, particle 

geometrics (texture, shape, angularity), 
density, moisture effects 

Stiffness Resilient modulus, Poisson’s ratio 

Toughness Particle strength, particle degradation, 
particle size, gradation 

Durability Particle deterioration, strength loss 
Cracking, 
Pumping, 
Faulting, 

Roughness 

Permeability Gradation, fines content, density 

Frost 
Susceptibility 

Permeability, gradation, percent minus 
0.02 mm size, density, fines type 
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Figure 7.  Moisture Variations Affecting Resilient Moduli of Various Soils. 

It is a well-known fact that permanent deformation due to plastic strains in both subbase and 
subgrade for concrete pavements can cause non-uniformity and thus loss of support issues which 
in turn affect the mechanical behavior (e.g., deflection and stress) of concrete slab.  There is 
currently no explicit method for considering such effects.  Nishizawa (2012) recently attempted 
to use a method for predicting such plastic strains in subgrade and subbase based on the use of 
the VESYS model describing the plastic strain as a function of the number of load repetitions 
and elastic strain.  The model was transformed to an incremental form and incorporated into a 3 
dimensional (3D) finite element program, Pave3D, as illustrated in Figure 8.  Nishizawa (2012) 
reported that the total deformation of pavement is significantly affected by the plastic properties 
of subgrade, whereas the bending stress of concrete slab is affected by the plastic properties of 
subbase.  Accordingly, it becomes possible to simulate the gap between concrete slab and 
subbase and estimate the effect of the gap on the stress and deflection of concrete slab under 
realistic traffic conditions, i.e., after a considerably high number of load repetitions. 
 

 
Figure 8.  Illustration of the Incremental Calculation Process of Plastic strain in Subbase under 

Concrete Slab. 
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2.2.2 Subsurface Drainage Design for Mitigating Moisture-Related Deterioration 
Selecting/utilizing base/subbase materials having low average (or seasonal) moisture content, 
together with a high erosion resistance and low moisture susceptibility is one efficient way of 
mitigating moisture-related pavement damage/deterioration; while the other one is to efficiently 
design subsurface drainage system based on advanced flow theory analysis and properly 
determining moisture flow characteristics, i.e., hydraulic conductivity or permeability.  MnDOT 
concrete pavement design standards specify that subsurface drainage should be considered for 
designs 2 and 3 (see Figure 2) if the subgrade soils consist of non-granular material (greater than 
20% passing the No. 200 sieve).  Specifically, subcut drains and pavement edge drains should be 
considered for designs 2 and 3 in accordance with the guidelines provided in Figure 2, 
respectively.  Arika et al. (2009) also presented a series of methods and guidelines on how to 
design, construct, and maintain subsurface drainage systems for Minnesota highways. 

2.2.2.1 Saturated & Unsaturated Flow Theory for Drainage Modeling 
A suite of Microsoft Excel spreadsheet embedded computer programs, collectively referred to as 
MnDRAIN, were developed to provide a user-friendly environment for investigating the 
consequence of an edge drain design decision (Voller, 2003).  The control volume finite element 
(CVFE) solution of the Richards equation for variably saturated flow in a layered media forms 
the backbone of MnDRAIN program.  The basic concepts used in modeling variably saturated 
flow are briefly reviewed as follows. 
 
The pressure head h and volumetric moisture content ϴ are the two main variables used in the 
analysis.  The governing equation for the two-dimensional (2D) drainage system, known as the 
mixed form of the Richards equation, is formulated in Equation 2 below along with other 
equations.  Equation 3 is modified from the Brooks-Corey relationship relating moisture content 
to the pressure head by introducing a small enough constant (Cval) so that the relationship 
between moisture content and the pressure head can be extended beyond the air entry hd.  
Equation 4 is used to calculate the hydraulic conductivity for a given pressure head.  Equation 5 
shows the moisture-volume flux for both saturated and partially-saturated (or unsaturated) 
groundwater flow movements.  The above equations are usually solved numerically using either 
finite element or finite difference methods coded in many computer programs including 
MnDRAIN.  Default material properties used in MnDRAIN are presented in Figure 9 (Voller, 
2003). 

 
∂ ∂θ

= ∇ ⋅(K h( ) ) K
∇h +

 ∂ ∂t z  Equation 2 
(θ θsat − res )(h hd )−λ1 +θ θ res , for h < h

= 
d  Equation 3 

 val ( − +hd ) θres , f ≥C h or h hd

 
λ

θ −θ 2

 K = K res
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 θ θsat − res

− ∇K , Sat
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− ∇ K (h) H , Partially saturated flow

 



25 
 

where 
θ = Moisture content under consideration, 
θsat = Moisture content at saturation, 
θres = Residual moisture, 
h = Pressure head (negative in unsaturated regions), 
hd = Pressure head at air entry, 
λ1, λ2 = Material constants, 
Cval = Small enough (e.g., 10-4) constant, 
Ksat = Saturated hydraulic conductivity, 
K(h) = Unsaturated hydraulic conductivity as a function of the pressure head h, 
H = Total head (H=h+z). 
 

 
Figure 9.  Default Material Properties Used in MnDRAIN Program. 

Ariza and Birgisson (2002) investigated edge drains and underdrains used in MnROAD test cells 
by using SEEP/W software to model unsaturated flow under transient conditions through layered 
systems with complex boundary conditions and proper material characterization.  To further 
overcome the limitations of 1D and 2D flow analyses, 3D finite element (FE) based groundwater 
movement simulation was introduced to solve problems involving complex pavement geometries 
and advanced material modeling. 

2.2.2.2 Permeability of Base/Subbase Materials 
The hydraulic conductivity k (or the coefficient of permeability) is an essential parameter needed 
for analysis and design of the subsurface drainage systems along with other engineering 
properties of materials, such as the grain size distribution (gradation), the packing, the degree of 
saturation, and frost susceptibility.  Laboratory determination of the coefficient of permeability is 
highly recommended, particularly for base, subbase, fill materials, and other drainage layers; and 
test methods for this purpose are quite mature.  Obtaining in-situ measurements of permeability 
for base/subbase layers is desired from the standpoint of adequate engineering design.  With the 
advent of portable Gas Permeameter Test devices such as introduced by White et al. (2010), this 
becomes possible and widely used in quality control and quality assurance (QC/QA).  In cases 
where field measurement and laboratory testing of permeability is not possible, then empirical 
approaches can be used with caution to estimate permeability from readily available material 
properties, such as gradation and moisture and density conditions. 
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2.2.2.3 Subsurface Drainage Design for Concrete Pavement in Minnesota 
Free water in pavement structures is a critical issue to be addressed properly.  Table 11 
summarizes concrete pavement distresses caused by subsurface drainage and corresponding 
drainage designs deemed effective in practices (ERES, 1999).  The use of permeable bases and 
installation of edge drains are the primary options for restoring drainage efficiency.  In order to 
keep water out of the pavement structure, many approaches have been considered including pipe 
underdrains, French drains, impermeable subbase materials, geotextile fabrics, pavement sealers, 
and open graded drainage layer (OGDL).  
 
Arika et al. (2009) presented a series of methods and guidelines on how to design, construct, and 
maintain subsurface drainage systems for Minnesota highways.  More specifically, the 
subsurface drainage design was site-specific and case-specific, i.e., varying between different 
climatic regions (rainfall, groundwater table, and temperature), types of concrete pavement (new 
or in-service), and traffic loads (volume and weight).  The main goal was to identify why the 
subsurface drainage systems were needed, how much excess water the systems were to discharge 
(i.e., required capacity), what types of drains to install (longitudinal, transverse, or both), what 
kind of fill materials were needed for preventing subsurface erosion, and how to design drain 
outlets.  Note that such a decision-making process may require the use of numerical simulations 
of groundwater flow movements. 
 
As shown in Figure 10, the major water sources the subsurface drainage systems are to 
accommodate include seepage, groundwater, rainfall/snowmelt, and vapor/condensation (Arika 
et al., 2009).  The performance of a permeable base can be measured by the time-to-drain 
method or the storage capabilities (steady state flow).  AASHTO recommended two design 
standards for the time-to-drain method, i.e., percent drained (50%) and percent saturation (85%).  
Tables 12 and 13 summarize recommended subsurface drainage design levels for varying site 
conditions (Arika et al., 2009).  

Table 11.  Concrete Pavement Distresses Caused by Subsurface Drainage 

Concrete 
Pavement Type 

Distresses Affected by 
Subsurface Drainage 

Other Design Features 
Affecting Performance Effective Drainage 

JPCP 

Pumping & faulting Dowel, base type, widened 
slab 

Edge drains, 
permeable base 

Slab cracking 
Slab thickness, joint 

spacing, PCC strength, tied 
PCC shoulder, base type 

Permeable base, 
edge drains 

D-cracking Aggregate type and 
gradation, mix design 

Daylighting, edge 
drains, 

permeable base 

JRCP/CRCP 
Crack deterioration Steel design, slab thickness, 

base type Edge drains 

D-cracking Aggregate type and 
gradation, mix design 

Daylighting, edge 
drains 
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Figure 10.  Main Steps for Designing Subsurface Drainage System for New Concrete Pavements. 
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Table 12.  Recommended Subdrainage Design Levels for Non-doweled JPCP 

Design Traffic, 
million ESALs 

 
Climate 

Subdrainage 
Recommendations 

<1.5 million All Baseline Adequate 
1.5 – 3 Dry No-freeze Baseline Adequate 
1.5 – 3 Wet freeze Non-erosion Base (LCB) 
3 – 6 Dry No-freeze Baseline Adequate 
3 – 6 All Non-erosion Base (LCB), or 

Permeable Base 
6 – 18 Dry No-freeze Non-erosion Base (LCB), or 

Permeable Base 
> 6 Wet freeze None adequate, must add 

dowels or other design 
features 

Notes:  Recommendations are based primarily on meeting 2.5 (0.1 
inch) maximum joint faulting criteria.  Valid for all subgrade types.  
Baseline is a non-drained pavement structure without any positive 
subdrainage features.  It may however, include design features that 
prevent water from entering the pavement structure. 

Table 13.  Recommended Subdrainage Design Levels for Doweled JPCP and JRCP 

Design Traffic,  
million ESALs 

Subdrainage  
Recommendations 

1.5 – 3 Baseline Adequate 
3 – 6 Baseline Adequate 
6 – 18 Baseline Adequate 
> 18 Non-erodible (LCB), or Permeable Base 

Notes:  Recommendations are based primarily on meeting 2.5 (0.1 
inch) maximum joint faulting criteria.  They are valid for all 
climatic regions and all subgrade types.  Baseline is a non-
drained pavement structure without any positive subdrainage 
features.  It may however, include design features that prevent 
water from entering the pavement structure. 

 
Two main permeable base materials are widely used, i.e., stabilized and unbound.  In Minnesota, 
gradation specifications for an unstabilized base and a stabilized base are represented by the 
following percent passing values: [1”, 100%; ¾”, 65-100%; 3/8”, 35-70%; No. 4, 20-45%; No. 
10, 8-25%; No. 40, 2-10%; No. 200, 0-3%], and [1 ½”, 100%; 1”, 95-100; ½”, 25-60%; No. 4, 0-
10%; No. 8, 0-5%] (Arika et al., 2009).  With the addition of a stabilizer (asphalt or cement), the 
gradation of the stabilized material becomes much coarser; whereas unbound materials need high 
contents of finer-size aggregates to achieve stability through aggregate interlock.  Typical 
permeability values are 6800 ft/day for stabilized bases and 1000~3000 ft/day for unbound 
granular ones.  Table 14 shows the MnDOT guidelines for selecting permeable aggregate base 
(PAB).  In addition to maintaining adequate permeability, these layers are also required to 
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remain stable during construction as well as future rehabilitation activities over the design 
service life. 

Table 14.  MnDOT Concrete Pavement Permeable Aggregate Base Application Guidelines 

Subgrade Soil Plastic / Non-Granular Granular (D) 
Traffic Level VH H M L VH H M L 

Interstate R R NA NA R R/AR NA NA 
Non-Interstate R R R AR R R/AR NR NR 

 
Legend: Traffic Level: 35-yr Design Lane CESALs 
AR = As Recommended (A) VH = (Very High) > 30 million 
NA = Not Applicable (B) H = (High) 9 – 30 million 
NR = Not Recommended M = (Medium) 3 – million 
R = Recommended L = (Low) < 3 million 
R/AR = (C)    

 
Hagen and Cochran (1995) described and evaluated in a study (MD-RD-95-28) the drainage 
characteristics and pavement performance of four drainage systems under jointed concrete 
pavement: MnDOT standard dense-graded base, two dense-graded base sections incorporating 
transverse drains placed under the transverse joints, and permeable asphalt stabilized base 
reflecting MnDOT drainable base concept at that time.  Moisture sensors were placed in the 
pavement to assist in evaluating the relative performance of both traditional and new drainage 
systems and their effects on pavement performance.  Longitudinal edge drains were installed in 
all sections.  Drainage flows, percent of rainfall drained, time to drain, base and subgrade 
moisture content, and pavement and joint durability were the variables experimented.  The 
following important observations were reported: (1) although all systems seemed capable of 
removing drainable water from the pavement base, the permeable asphalt stabilized base 
commonly drained the most water within two hours after rainfall ended, while providing the 
driest pavement foundation with the least early pavement distress; (2) about 40% of the rain 
infiltrated into the concrete pavement; (3) the open-graded and geocomposite systems removed 
water most rapidly; (4) spring thaw flows were roughly equivalent to a major rain event; and (5) 
all rain inflow was reduced temporarily by sealing the longitudinal and transverse joints but 
resumed after about two weeks, despite the joint sealants appeared to be intact. 
 
In Illinois, Dhamrait and Schwartz (1979) evaluated four types of subbases (i.e., 4-in thick 
cement-aggregate mixture or CAM, 4-in thick bituminous-aggregate mixture or BAM, 8-in thick 
lime-stabilized soil mixture, and 4-in thick granular materials) and three types of subsurface 
drainage systems such as shoulder drainage.  Pavement behavior in terms of transverse cracking 
and deflections were analyzed and correlated with the type of subbase and type of subsurface 
drainage system.  The lime-stabilized soil mixture (LSSM) as subbase was reported to offer the 
potential for reducing construction costs.  The subsurface drainage system with longitudinal 
underdrains placed at the edge of the stabilized subbase was the most efficient in removing free 
water from beneath the pavement structure, which was adopted later by the Illinois Department 
of Transportation (IDOT) as the standard treatment for interstate highways.  Winkelman (2004) 
investigated OGDL performance in Illinois.  The OGDL consisted of a uniform size aggregate 
that may be bound together as a lean concrete mixture or low asphalt cement content bituminous 
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mixture.  Pavement performance was monitored in terms of FWD measurements, IRI values, 
visual distress surveys, and condition rating survey values.  In spite of being more costly than a 
stabilized base, the use of an OGDL under a CRCP was not recommended according to the 
findings.  This study suggested that a geotextile fabric or dense-graded aggregate filter be used 
under the OGDL to prevent the intrusion of subgrade fines. 
 
As compared to unbound aggregate bases, asphalt- or cement- treated bases become more 
expensive solutions and thus less desirable for some roadways, especially for low to medium 
volume ones.  In these situations, it is worth exploring if the use of a properly graded unbound 
aggregate can maintain adequate drainability and structural stability during construction and 
expected service lifetime after roadway is open to traffic. 
 
In Louisiana, Tao and Abu-Farsakh (2008) studied typical permeable base materials for their 
drainage benefits including asphalt/cement-treated aggregates, open-graded aggregates, and 
unbound aggregates.  The permeability of unbound aggregate was quantified by its saturated 
hydraulic conductivity, while its structural stability was characterized by various laboratory tests 
for strength, stiffness, and permanent deformation of the material.  A trade-off between structural 
stability and permeability of unbound aggregates was observed; the increase of permeability was 
often at the cost of structural stability or vice versa.  Therefore, the criteria for selecting such an 
optimum gradation were: (a) an adequate permeability to drain the infiltrated-water out from the 
pavement as rapidly as possible; and (b) a sufficient structural stability to support the traffic 
loading.  A series of laboratory tests were conducted on a Mexican limestone (commonly used in 
Louisiana highways) with different gradations including constant-head permeability, CBR, DCP, 
tube suction (TS), monotonic load triaxial tests, and repeated load triaxial (RLT) tests.  The 
gradations under investigation included coarse and fine branches of Louisiana class II gradation, 
New Jersey gradation medium, and an optimum gradation (fine and coarse branches).  As a 
result, they determined a proper/optimum gradation for permeable base materials. 
 
As sketched in Figure 11, edge drains are commonly used for subsurface drainage systems where 
pipes are placed in a highly permeable gravel trench below the shoulder/road surface and run 
along the length of a road to serve water-discharging purposes (Voller, 2003).  Edge drains are 
designed to remove moisture from the granular base of the road system as rapidly as possible.  
According to FHWA, the quality of drainage can be measured by the time to reduce an initially 
saturated base to a saturation level of 85%.  Both the geometry and materials used in the base as 
well as the subgrade soil type affect the efficiency of edge drains, i.e., the rate at which moisture 
is removed.  Table 15 gives the MnDOT specifications for fine filter aggregate materials (Arika 
et al., 2009). 

Table 15.  MnDOT Specifications for Fine Filter Aggregate Materials 

Sieve size Percent Passing 
9 mm (3/8 in.) 100 
4.74 mm (#4) 90-100 
2.00 mm (#10) 45-90 

0.425 (#40) 5-35 
0.075 mm (#200) 0-3 
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Figure 11.  Illustration of Edge Drain Installation. 

2.3 Thermo-physical Properties of PCC Foundation Materials and Frost Protection 
In many places of Minnesota, the pavement, base, subbase, and subgrade materials experience 
one or more freeze-thaw cycles during each year, leading to frost-associated distresses for 
concrete pavements.  Current MnDOT concrete pavement design practices require that a certain 
thickness of frost-free materials (FFM) be incorporated into the various designs.  FFM materials 
may include aggregate base (MnDOT’s Specification 3138, Classes 3, 4, 5, 6, and 7) and select 
granular borrow (MnDOT’s Specification 3149.2B2) containing less than 12% passing the No. 
200 sieve (0.075 mm).  The minimum thickness of the FFM is a function of the 20-year design 
lane ESALs and varies between 30 and 36 inches for most bituminous designs.  To examine the 
adequacy of existing design standards for frost protection, better understanding of thermo-
physical properties of base/subbase materials and accurate modeling of pavement temperature-
depth profile are required.  This chapter reviews research efforts dedicated to those aspects. 

2.3.1 Thermo-physical Properties of Base/Subbase Materials and Pavement Temperature-
Depth Profile Prediction 

2.3.1.1 Minnesota Practices 
Daily and seasonal temperature variations cause curling, warping, and effective built-in curling 
of concrete slabs and contribute to increased slab stresses and deflections as critical pavement 
responses.  These effects, in combination with traffic loadings, can often induce premature 
failures and reduce long-term stability.  In cold regions, frost heave is a major contributor to 
concrete pavement distresses such as broken slabs, pumping, faulting, instability, settling, non-
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uniform support, etc.  In Minnesota, drastic seasonal temperature variations, multiple freeze-
thaw cycles, and frost susceptible subgrade soils make adequate frost protection design a 
necessity.  Figure 12 is an example showing maximum soil frost depths in several Counties 
(Arika et al., 2009).  The thermo-physical properties of base/subbase materials, yet often 
overlooked in pavement design, are essential parameters controlling pavement temperature 
profile and thermal responses. 

 
Figure 12.  Averages of Maximum Soil Frost Depths in Minnesota. 

Berg (1997) calculated maximum frost penetration depths for each of the 40 test cells at 
MnROAD for the 1993-94, 1994-95, and 1995-96 winters (MN/RC-97/21) and compared results 
with measured maximum frost penetration depths for the same three winters.  Generally, 
calculated depths were reported to be within plus or minus 15% of measured depths, but 
differences were found to be much greater for the four test cells underlain by the granular 
subgrade.  Sensitivity analyses were conducted to determine the influences of the n-factor, soil 
moisture content, material density, layer thickness, thermal conductivity, mean annual soil 
temperature, and volumetric latent heat of fusion.  The following conclusions were drawn from 
this study:  (1) small variation in layer thickness will have a very minor effect on computed frost 
depths; (2) reasonable variations in moisture content and density of the various base course, 
subbase course, and subgrade layers had a minor effect on calculated frost penetration depths; (3) 
large n-factors caused deeper calculated frost penetration depths and the use of n-factors of 0.90 
and 0.95 for flexible and rigid pavements, respectively, provided the most reasonable estimates 
of frost depths; (4) increasing the thermal conductivity of the materials by 25% resulted in closer 
calculated agreement with measured frost depths; and (5) using a mean annual soil temperature 
of 9.4 oC rather than 11.1 oC resulted in better agreement between calculated and measured data. 
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In Berg’s study (1997), the Modified Berggren Equation (MBE) developed by Aldrich and 
Paynter (1953) for the U.S. Army Corps of Engineers was employed for the analyses.  MBE is a 
relatively simple procedure based on Stefan’s method for estimating the thickness of ice on large 
bodies of water.  The general form of this equation for a homogeneous material is shown in 
Equation 6 where the English system of units should be used.  For pavements with multiple 
layers, the MBE was rearranged using Equation 7 to consider the effects of layering.  Clearly, the 
maximum frost penetration depth is directly proportional to the square root of the freezing index; 
therefore, a greater freezing index results in a greater frost penetration.  The freezing index can 
be determined accordingly by algebraically summing the daily degree days for a period which 
includes the “freezing season.” The dimensionless n-factor used for converting air freezing index 
into pavement surface freezing index ranges from 0.12 to 0.87 for PCC pavements (from 0.74 to 
0.80 in Minnesota).  Thermal properties of the pavement layers that influence the rate of frost 
penetration and the total depth of frost penetration include: volumetric latent heat of fusion (L), 
volumetric heat capacity (C), and thermal conductivity (k).  Equations 8 and 9 relate those 
properties to the density and moisture content of the materials and the mineralogy of the soil 
components.  The two most important properties are L and k both of which tend to increase with 
increasing moisture content.  Table 16 lists those thermo-physical properties measured for 
subbase layer materials used in MnROAD test cells (Berg, 1997). 
 
 x = λ (48knF ) L  Equation 6 

t L2

 nF l
l =  Equation 7 

48k 2
l lλ

 L w=144γ d 100  Equation 8 
 C c= γ d S( + 0.75w 100)  Equation 9 
 
where: 

x  = Maximum frost depth (ft), 
k  = Thermal conductivity (Btu/ft hr oF), 
n  = Dimensionless n-factor to convert an air freezing index to a surface freezing index, 
F  = Air freezing index (oF-days), 
L  = Volumetric latent heat of fusion (Btu/ft3), 
λ  = A dimensionless factor to account for the effects of the initial temperature conditions 

not being isothermal at 32 oF.  It is influenced by the thermal properties of the soil as 
well as the mean annual temperature (MAT), the freezing index, and the length of the 
freezing season.  Its value is always less than 1.0 for freezing conditions. 

t  = Thickness of a particular layer (ft), 
l   = Subscript indicating the specific layer under consideration, 
γ 3d = Dry density of the material (lb/ft ), 
w  = Moisture content (% by dry weight), 
cs  = Specific heat capacity of mineral solids (0.17 by default). 
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Table 16.  Thermophysical Properties of Subbase Layers for Each MnROAD Test Cell 

Cell Type 
Thickness 

(in.) 
Density 
(lb/ft3) 

Moisture 
content 

(%) 

Thermal 
conductivity 
(Btu/ft hr °F) 

Heat 
capacity 

(Btu/ft3°F) 

Latent heat 
of fusion 
(Btu/ft3) 

2 
3 
5 
7 
8 
9 

10 
18 
23 
31 

Class 4 spl 
3 
3 
4 
4 
4 
4 
3 
4 
3 

28 
33 
27 
3 
3 
3 
3 
9 
3 
12 

128.5 
127.5 
130.1 
128.5 
128.5 
128.5 
128.5 
129 

128.5 
129 

8.9 
7.2 
7.2 
8.9 
8.9 
8.9 
8.9 
7.2 
8.9 
7.3 

2.38 
2.04 
2.19 
2.38 
2.38 
2.38 
2.38 
2.12 
2.38 
2.14 

30.4 
28.6 
29.1 
30.4 
30.4 
30.4 
30.4 
28.9 
30.4 
29.0 

1647 
1322 
1349 
1647 
1647 
1647 
1647 
1338 
1647 
1356 

Note:  Unlisted layers were not present. 
1 in. = 25.4 mm; 1 lb/ft3 = 26.0 kg/m3; 1 Btu/ft3 = 29.8 J/m3; 1 Btu/ft hr °F = 1.7 W/m °C; 1 Btu/ft3 °F = 
53.7 J/m3 °C. 
 

2.3.1.2 Other Practices 
Hall et al. (2012) studied the relative influence of different pavement thermophysical properties 
on the thermal response of several pavement structures and further investigated relative 
pavement behavior changes in different climatic regions.  A synthesis of thermophysical 
properties of typical pavement materials, as shown in Table 17, was provided (Hall et al., 2012).  
The pavement surface energy balance and the heat-transport processes within a pavement, as 
illustrated in Figure 13, were modeled numerically as a one-dimensional (1D) transient thermal 
conduction problem and then solved using an explicit finite-difference method (Hall et al., 2012).  
With thermal (long-wave) radiation heat fluxes and convective heat fluxes calculated from 
readily available empirical equations, the pavement temperature profile evolution along depth 
was predicted from numerical modeling results.  This provides an example of the numerical 
modeling of temperature-depth profile. 

Table 17.  Thermophysical Properties of Typical Pavement Materials 

 
 
 

Specimen ρd (kg/m3) λ (W/mK) Cp (J/kg K) α x 10-7 (m2/s) 
Plain concrete (general)a,m 1,600-3,000 0.50-4.00 800-1,200 1.4-20.8 
Subsoil (general)d 1,400-2,000 0.30-2.00 800-1,200 1.4-17.8 
PQC (general) 2,339e 1.20a 1,000a 5.1 
Crushed gravel/hardcore 2,190-2,403e 1.10b 1,000c 4.6-5.0 
Soil-aggregate mix 1,650e 1.00b 960d 6.3 
Subsoil 1,782-1,906e 0.80d 1,040d 4.0-4.3 
HMAf,g,h,i,j,k,l 1,800-2,500 0.50-2.50 900-21,000 1.2-16.8 
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Figure 13.  An Illustration of Ground Heat Fluxes and Surface Energy Balance. 

2.3.2 Freeze-Thaw and Frost Penetration 
In Minnesota and other cold regions of the world, distresses in concrete pavements associated 
mainly with frost heaving and thaw weakening can be commonly encountered given the presence 
of three factors: freezing temperatures, availability of moisture, and presence of frost-susceptible 
soils.  The pavement failure mechanism associated with freeze-thaw is illustrated in Figure 14 
(White et al., 2004).  It can be seen that non-uniform heave is destructive in terms of causing 
uneven support, while thaw weakening causes deformation in the base or subgrade and 
eventually damages pavement surface.  Frost depth typically ranges between 40 and 70 inches in 
Minnesota, well exceeding the thicknesses of the non-frost susceptible base and subbases.  If 
base/subbase layers have low content of fines, treating frost-susceptible subgrade soils is the 
emphasis of mitigating freeze-thaw damages; otherwise, both base/subbase and subgrade may 
need to be properly addressed.  
 
The existing methods of mitigating frost damage in flexible pavements can be costly and 
sometimes cumbersome (Khan, 2008).  Current MnDOT concrete pavement design practices 
require that a certain thickness of FFM be incorporated into the various designs.  FFM materials 
may include aggregate base (MnDOT’s Specification 3138, Classes 3, 4, 5, 6, and 7) and select 
granular borrow (MnDOT’s Specification 3149.2B2) containing less than 12% passing the No. 
200 sieve (0.075 mm).  The minimum thickness of the FFM is a function of the 20-year design 
lane ESALs and varies between 30 and 36 inches for most bituminous designs.  Other existing 
methods of preventing or minimizing frost damage are briefly reviewed as follows: (1) simply 
increasing the pavement thickness to account for the damage and loss of support caused by frost 
action as the AASHTO 1993 Guide implies; (2) reducing the depth of frost-impacted subgrade 
under the pavement (between the bottom of the pavement structure and frost depth) by extending 
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the pavement sections well into the frost depth; (3) replacing the frost susceptible subgrade with 
non-frost susceptible material; (4) using an insulation layer between the pavement and subgrade; 
(5) preventing free water from infiltrating into pavement structures; (6) providing a capillary 
break in the subgrade water flow path; (7) using alternative insulation materials (saw dust, 
sand/tire chips mix, extruded Styrofoam) for preventing frost action; (8) using peat layer above 
the subgrade soils; and (9) engineering a pavement structure with reduced heat conductivity 
using lightweight aggregate as proposed by Khan (2008).  

 
Figure 14.  Pavement Failure Mechanism Due to Freeze-Thaw. 

Frost depth and thaw onset in pavement structures can be routinely predicted from pavement 
temperature-depth profile.  Current empirical models tend to simplify the 3D heat flow with 
complex boundary conditions in pavement structures as the 1D heat transfer problem.  Besides 
the widely used analytical equations (e.g., the MBE presented previously), a number of 
numerical models have also been developed by various researchers (Carroll et al. 1966; Dempsey 
and Thompson 1970; Smith and Tvede 1977; and Guymon et al. 1993) for computing pavement 
temperature-depth profile evolution and for estimating frost or thaw depth.  The heat transfer 
model developed by Dempsey and Thompson (1970) is suitable for predicting pavement 
temperatures but the model application is limited by the large number of inputs needed prior to 
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solving the problem.  US Army Cold Region Research and Engineering Laboratory (CRREL) 
also developed a heat transfer model, FROSTB, which is capable of predicting frost heave, thaw 
settlement and temperature and moisture distribution in pavements under various environmental 
conditions.  It was noted that the model requires calibration of predicted temperature to match 
the measured temperature. 

2.4 Summary 
In this chapter, previous and current research studies were reviewed to gather existing data and 
research on both structural and hydrothermal adequacy (moisture susceptibility, frost damage 
potential, and drainage efficiency evaluation) considerations for cost effective foundation layers.  
The existing mechanistic-empirical Concrete Pavement Design Methods including MnDOT 
Concrete Pavement Design Standards were first reviewed to explore the potential for achieving 
long life.  Several representative forensic studies of JPCP field performances were also reviewed 
to identify empirically observed knowledge about the design features that are critical to 
pavement performance so that current design and/or construction guidelines for concrete 
pavements can be further improved.  Previous findings on the mechanisms of moisture-related 
deteriorations and corresponding mitigation measures were reviewed for subsurface drainage 
design.  To examine the adequacy of existing design standards for frost protection, current 
understanding of thermos-physical properties of base/subbase materials and accurate modeling of 
pavement temperature-depth profile were reviewed. 
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Chapter 3: Evaluation of Moisture Effects and Long-Term Performance  

The primary objective of this research study is to evaluate the effects of using different base 
layers including open-graded ones on the pavement foundation moisture regime and the overall 
PCC pavement performance.  The EICM program version 3.4 was evaluated to predict the 
moisture profiles in a PCC pavement system.  Several weather stations within the state of 
Minnesota as included in the MEPDG climate data were used to provide weather inputs for the 
EICM model, such as precipitation, temperature, wind speed, and percent sunshine.  The 
evaluation is based on an extensive use of the mechanical and hydraulic properties of typical 
base/subbase materials collected from previous MnDOT studies and relevant literature; whereas 
field measured environmental data such as moisture and temperature sensor data from the 
MnROAD test facility is proposed to be collected and used for calibration purposes in the 
subsequent Task 3 study.  Statistical analysis technique is employed to interpret the spatial and 
temporal variations of the EICM predicted water contents in the base, subbase, and the subgrade 
with the presence of different base types considered.  
 
Also presented in this study are the MEPDG evaluation results of the effect of moisture on long-
term performance of concrete pavement sections built with different types of permeable base 
materials.  The evaluation procedures and the essential representative material properties were 
first described.  The impacts of important pavement design parameters on pavement performance 
and service life prediction were evaluated, such as PCC slab thickness, base and subbase 
thicknesses, and material properties (e.g., resilient modulus and hydraulic properties).  The 
MEPDG software version 1.0 was used to conduct limited sensitivity analysis to study the 
sensitivity of the output variables due to variations in the key input parameters used in the design 
process.  The objectives of the MEPDG analyses were to evaluate the effect of environmental 
conditions on the predictions of individual structural distresses for concrete pavement over 
different types of base materials. 

3.1 PCC Pavement Moisture Regime Predicted by EICM 
It is a known fact that the mechanical behavior and structural capacity of pavement foundation 
materials vary seasonally with moisture, i.e., modulus and strength of base/subbase layers 
decrease and permanent deformation increases with increasing moisture content.  Consequently, 
decreased structural capacity of underlying foundation layers leads to increased magnitude of 
critical stresses for PCC slabs and thus accumulated damage.  Therefore, it is desirable to predict 
how the moisture regimes within a PCC pavement system change both hourly and seasonally in 
different climatic regions and then account for the corresponding hourly and seasonal variations 
of base/subbase stiffness.  This could be achieved by taking the following steps: (a) determining 
the factors that affect the seasonal and daily moisture change; (b) developing the database of 
mid-depth base/subbase moisture contents using the EICM for a range of locations throughout 
the state of Minnesota; (c) determining the base/subbase modulus and permanent deformation 
characteristics for the selected locations; (d) establishing monthly adjustment factors for 
base/subbase modulus for the selected locations; and (e) establishing hourly correction factors to 
take into account the effect of the hourly moisture variation on the responses of the concrete slab. 
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3.1.1 Previous Studies 
Salem et al. (2006) evaluated the effectiveness of the rockcap layer (open-graded crushed 
aggregate with a nominal maximum size of 2.5 in.) on the variation of moisture in the subgrade 
(or subgrade moisture regime) and on the overall structural capacity of the flexible pavement 
system.  The use of the rockcap layer may increase or reduce the subgrade moisture content 
depending on the drainage design, but resulted in stronger pavement sections than did aggregate 
base even when greater subgrade moisture content was observed under rockcap.  Pavement 
sections with rockcap base layers had predicted rutting life approximately five times greater than 
those with aggregate base. 
 
Known as a one-dimensional coupled heat and moisture flow program, the EICM has been 
widely used to predict temperature and moisture profiles, pore water pressure, frost and thaw 
depths, and other climate-related phenomena across the depth of a preselected pavement 
structure for the entire design life due to its simplicity and distinct advantages over previous 
procedures (ARA, 2004).  It uses hourly climatic data files such as ambient temperature, wind 
speed, sunshine, precipitation, and humidity for over 800 weather stations across the U.S., 
whereas one of the main outputs is the MR adjustment factor for unfrozen unbound materials (FU) 
with which variations in moisture content as predicted by the EICM can be directly incorporated 
into MR prediction.  In the past few years, different models have been developed to calculate the 
FU value in the EICM for nonplastic and plastic unbound granular materials (Cary and Zapata, 
2010). 
 
Liang (2007) used the EICM to predict temperature, moisture, and frost depth data at real-world 
highway project sites in Ohio and then compare the EICM-predicted data with field-measured 
data at different times during the simulation period.  It was concluded from this study that the 
EICM is capable of providing a good prediction of the moisture profile for both base and subbase 
materials.  The EICM-predicted and actual field-measured temperature profiles compared 
marginally with relatively small difference observed at deeper depth; whereas reasonable 
consistency between the predicted and measured seasonal trend in moisture content variation was 
observed.  Using actual field dry density as an input for the EICM model improved agreement 
between the predicted and measured moisture content.  Quintero (2007) compared moisture and 
temperature data collected from the Ohio SHRP Test Road on US 23 in Delaware, OH with 
results predicted from the EICM for four PCC sections and five AC sections.  Poor and irregular 
correlations were observed for moisture variation data, while good agreement was observed for 
temperature data, especially at the subgrade level. 
 
In addition to the EICM, moisture movement in the pavement system was also simulated by 
using finite element methods, for example, in the study of Roberson and Siekmeier (2002) in 
order to evaluate and improve drainage design practices.  Seasonal changes in the stiffness and 
strength properties as a result of changing moisture conditions were predicted using material 
moisture characterization, which was proposed to be incorporated into mechanistic-empirical 
structural design. 
 
Johanneck (2011) indicated that the interpolation option for climate data generation may yield 
inaccurate results depending on the quality of the climatic data of the nearby locations.  It was 
found that it is likely for the St. Cloud station to have missing climatic data and possibly poor 
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quality data.  Johanneck (2011) evaluated the climate modeling package used in the MEPDG for 
modeling the thermal behavior of concrete and composite pavements.  Concluded from this study 
were that the use of weather stations with incomplete data may attribute to the inconsistencies 
found in analysis results, and that the environmental and material thermal property inputs are 
equally important as traffic, design features, and non-thermal material properties, thus requiring 
being a part of a process of local calibration and adaptation of the MEPDG. 

3.1.2 EICM Inputs for Moisture Regime Prediction 

3.1.2.1 Selection of Geographical Locations (Climate) 
In order to characterize the base/subbase moisture in different parts of Minnesota, the existing 
weather stations with climatic data files for the state of Minnesota, as shown in Figure 15 
(Johanneck, 2011), were selected from the MEPDG climatic database.  The EICM was utilized 
to predict the mid-depth moisture content on a daily interval with the pavement structure and 
geographical location given as inputs.  The EICM uses geographical location as an input to 
obtain weather data for a given location.  Since the groundwater table depth is an important 
parameter that significantly affects the moisture content predictions and hence the equilibrium 
modulus values of the underlying pavement layers, the sensitivity of EICM-predicted moisture 
regime to the variation of this parameter was also investigated.  The groundwater table depth 
data retrieved for 17 sites within the state of Minnesota were accessed from the web interface of 
the National Water Information System maintained by the US Geological Survey (USGS).  
Figure 16 shows the locations of those 17 sites.  The detailed groundwater table depth 
information for each site is presented in Appendix A. 
 
Table 18 also lists other information related to each geographical location, such as MnDOT 
district number, groundwater table depth, and corresponding measurement site.  For those 
locations where missing climatic data exist, then nearby weather locations were used for 
interpolation purpose.  It can be seen from Table 18 that those selected locations cover the 
majority of MnDOT districts and a wide range of groundwater table depth. 
 

 
Figure 15.  Map Showing Weather Stations Listed by MEPDG for Minnesota. 
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Figure 16.  Locations of 17 Sites for Groundwater Table Depth in Minnesota. 

Table 18.  Information of Geographical Locations Selected 

 
Location 

MnDOT 
District 

Groundwater 
Site 

Groundwater 
Table Depth (ft)* 

 
Evaluation Period 

Hibbing 1 WLN-01 22.5 08/01/2000 – 02/28/2006 
Park Rapids 2 Bemidji 27.5 07/01/1996 – 12/07/2005 

Brainerd 3 Belle River 4.5 07/01/1996 – 11/20/2005 
Alexander 4 Belle River 4.5 07/01/1996 – 12/04/2005 
Rochester 6 PI98-04/14 5 07/01/1996 – 11/25/2005 
Redwood 

Falls 8 Lower Sioux 49.5 08/01/2000 – 12/09/2005 

Minneapolis M PI98-04/14 5 07/01/1996 – 02/28/2006 
* Information is retrieved from 17 sites of the National Water Information System maintained by the USGS. 

3.1.2.2 Determination of PCC Pavement Structures 
Using the EICM, base/subbase moisture regimes at different climatic locations were predicted 
for a baseline long life concrete pavement section which was chosen as a typical design option 
for HPCP with a 60-year design life target, as shown in Table 19 (Rohne, 2009).  Multiple 
pavement structures were generated subsequently by changing the PCC slab and base/subbase 
layer thicknesses to check if layer thickness changes have negligible or important impact on 
changes in base/subbase moisture regime. 



42 
 

Table 19.  MnDOT Pavement Selection Process and Design Options 

Design Feature Material Typical Dimensions 
Slab thickness HPCP mix 12 -13 in. 
Base course MnDOT Class 5 material* 4 in. 

Subbase MnDOT select granular** Minimum 36 in. 

Transverse joints Preformed Elastomeric 
Compression Seal 

15 ft. spacing, perpendicular to direction of 
traffic 

Dowel bars Corrosion resistant 1.5 in. diameter, 15 in. long, spaced 12 in. 
apart on center 

Texture Astro-Turf or broom drag 1/25 in. average depth using ASTM E965 
* MnDOT Class 5 is a dense graded granular material containing a minimum of 10% crushed particles 
** See specification 3149 (MnDOT 2005) for information on the gradation of MnDOT select granular material 
 
Note that default values were used for some of the input parameters shown in Table 19 that are 
expected to either have minimal effects or be out of the scope of this study.  The MEPDG 
recommended national average values were selected for thermal conductivity and heat capacity 
of the concrete, respectively (ARA, 2004).  The surface shortwave absorptivity took a value of 
0.65 as suggested by Roesler et al. (2008).  For all the EICM runs, the upper temperature limit of 
the freezing range (32 oF) and the lower temperature limit of freezing range (30.2 oF) were kept 
the same.  By using the established inputs, the moisture variations for base, subbase, and 
subgrade soils were generated on a daily basis within the specified analysis period, respectively.  
Those preselected multiple climatic locations were used subsequently to conduct a sensitivity 
analysis and determine the effect of climate on moisture regime and PCC pavement performance 
predictions.  The groundwater table depth as presented in Appendix A was used for each 
corresponding climatic location.  The EICM default values were used for all other inputs.  The 
aim was to quantify the effects of design features and site conditions (e.g., climate) on predicted 
moisture regimes.  

3.1.2.3 Determination of Base/Subbase Material Properties 
Since base and subbase material selection and thickness design for long life concrete pavements 
are the focus of this study, the effects of base and subbase material properties on EICM predicted 
moisture regime were specifically investigated.  The required base/subbase material properties 
were collected from the study by Gupta et al. (2005) where soil moisture retention data (e.g., 
Fredlund and Xing function parameters) of 18 non-recycled and 7 recycled materials used in 
pavement construction were generated together with particle size distribution (gradation), 
optimum moisture content, and maximum dry density data.  The details of those data collected 
are presented in Appendix B.  As it can be seen, those 18 aggregate base and granular subbase 
materials are classified according to MnDOT specifications; include 13 samples of Select 
Granular (SG), one sample of Class-4 (CL-4), and four samples of Class-5 (CL-5); and bracket 
the extremes of gradation bands.  The resilient modulus results for six of the thirteen select 
granular samples were also available. 7 recycled materials used in roadbed construction included 
one sample each of concrete, crushed concrete, crushed concrete with shingles, and 4 samples of 
bottom ash.  Another available source for soil moisture retention data is the relatively small 
database (SoilVision®) currently used by MnDOT.  Including the work by Fredlund and Xing 
(1994) in the field of geotechnical engineering, this database is intended to generate soil moisture 
retention database for compacted aggregate base, granular subbase, and subgrade soils typically 
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used in pavement construction and then predict these properties for unknown materials.  
Motivated by the recent increasing use of recycled materials in roadbed construction, this study 
also included into the scope recycled materials mixed with aggregate base and/or granular 
subbase materials.  Table 20 summarizes material properties of conventional dense-graded base 
and subbase courses for the baseline PCC pavement structure that were selected from the study 
by Gupta et al. (2009). 

Table 20.  Properties of Baseline Base and Subbase Course Materials Used 

Property Base Course 
(100% Class 5 Aggregate) 

Subbase Course 
(Select Granular) 

Maximum Dry Density 
(pcf) 130 130 

Optimum Moisture Content 
(%) 9.2 9.4 

Saturated Volumetric Water Content 0.26 0.28 

Fredlund & Xing 
Function Parameters 

af 19.26 21.22 
nf 2.71 2.75 
mf 0.31 0.22 
hr 135.66 137.83 

MEPDG MR Model 
Parameters 

k1 0.442 0.397 
k2 1.191 1.146 
k3 -0.636 -0.481 

Saturated Hydraulic Conductivity (ft/hr) 0.01 0.005 

3.1.2.4 Moisture Regime Evaluation Results for Baseline Scenario 
Table 21 summarizes corresponding design features, material properties and other input 
parameters employed into the EICM program for the chosen baseline PCC pavement section.  
Since temperature regime is out of the scope of this project, default values were used for PCC 
thermal properties and shrinkage parameters.  

Table 21.  Design Inputs of the Baseline PCC Pavement Section Employed by the EICM  

PCC material inputs 
Thickness of layer (in) 12 

Number of elements in the layer 12 
Thermal conductivity (BTU/hr-ft-°F) 1.25 

Heat capacity (BTU/lb-°F) 0.28 
Total unit weight (pcf) 150 
Surface Absorptivity 0.65 

Infiltration 10% 
Drainage Path Length 12 ft 
Pavement Cross Slope 2% 

Base course 
Type MnDOT Class 5 

Thickness of layer (in) 4 
Number of elements 4 
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Table 21, cont.  Design Inputs of the Baseline PCC Pavement Section Employed by the EICM 
Porosity 0.257 

Saturated permeability (ft/hr) 0.01 
Dry unit weight (pcf) 130 

Dry thermal conductivity (BTU/hr-ft-°F) 0.8 
Dry heat capacity (BTU/ft3-°F) 0.22 

Specific gravity 2.786 
Degree of saturation (%) 62 

Initial volumetric water content (%) 15.26 
D60 (mm) 2.03 

Soil water characteristic curve parameter Specified 
Subbase Course 

Type MnDOT Select Granular 
Thickness of layer (in) 36 
Number of elements 18 

Porosity 0.276 
Saturated permeability (ft/hr) 0.005 

Dry unit weight (pcf) 130 
Dry thermal conductivity (BTU/hr-ft-°F) 0.80 

Dry heat capacity (BTU/ft3-°F) 0.22 
Initial volumetric water content (%) 12 

Specific gravity 2.859 
Degree of saturation (%) 58.8 

D60 2.22 
Soil water characteristic curve parameter Specified 

Subgrade 
Type A-6 

Number of elements 2 
Porosity 0.36 

Saturated permeability (ft/hr) 1.95 x 10-5 
Dry unit weight (pcf) 107.90 

Dry thermal conductivity (BTU/hr-ft-°F) 0.80 
Dry heat capacity (BTU/ft3-°F) 0.22 

Initial volumetric water content (%) 29.57 
Specific gravity 2.70 

Saturated hydraulic conductivity (ft/hr) 1.95 x 10-5 
Optimum gravimetric water content (%) 17.1 

Degree of saturation (%) 82.1 
Soil water characteristic curve parameter Default 
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3.1.3 Sensitivity Analysis for Moisture Regime Prediction 
Climatic regions, pavement foundation layer thicknesses, material properties, and groundwater 
table depth are among the important design features and site conditions that affect the moisture 
regime in foundation layers.  The following subsections investigated the effects of those 
variables on the EICM predicted moisture regime in pavement foundation layers.  The primary 
objective of such a sensitivity analysis is to better understand the key design variables that 
contribute significantly to the moisture regime and accordingly the long-term performance of 
long life PCC pavements.  Those variables and factorial levels, to the extent possible, were 
chosen to primarily represent the practices adopted by the MnDOT, as well as considering the 
existing design alternatives for long life concrete pavement, as reviewed in Chapter 2.  

3.1.3.1 Effect of Geographical Locations (Climate) 
Two climatic locations were selected for illustration purpose, i.e., Hibbing and Minneapolis, 
which have different climatic data and groundwater table depth.  Figure 17 shows the cumulative 
frequency distribution curves for volumetric moisture content variations in both base and 
subbase courses at both locations.  As shown in Figure 17, the cumulative frequency distribution 
curves for EICM predicted moisture did not show significant difference between those two 
preselected climatic locations, i.e., Hibbing and Minneapolis.  It also seems that the maximum 
volumetric moisture content in either base or subbase course, given the same pavement structure, 
is approximately the same for both locations, and that subbase moisture content is higher than 
base course. 
 
Figure 17 shows moisture variation with time in the mid-depth of both base and subbase courses 
for two climatic regions, i.e., Hibbing and Minneapolis.  As it can be seen from those Figures, 
the general trends of moisture variation with time are different for those two climatic regions; 
however, the maximum volumetric moisture contents in both base and subbase courses are 
eventually equilibrated around 25% and 28% for both regions, respectively.  Note that the 
moisture content at the mid-depth of base/subbase course is plotted for a one-year period.  The 
results for other weather stations included in the MEPDG climatic files for Minnesota are not 
presented for brevity. 

3.1.3.2 Effect of PCC Pavement Layer Thicknesses 
The PCC slab thickness was first varied from baseline 12 to 10 in., 14 in, and 16 in to investigate 
if slab thickness affects the moisture regime, respectively.  The weather station in Hibbing, MN 
was used for illustration purpose.  Figures 18 and 19 show the cumulative frequency distribution 
curves of moisture variation corresponding to different PCC slab thickness.  As it can be seen, 
changing the PCC slab thickness from 8 to 16 in, while keeping other parameters the same, does 
not alter the cumulative frequency distribution of EICM predicted moisture, although slight 
discrepancy exists for subbase course.  The same observation can also be made when only 
changing the base course thickness from 4 to 12 in, as illustrated in Figure 20. 
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Figure 17.  Cumulative Frequency Distribution for EICM Predicted Moisture in Baseline LLCP. 
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Figure 18.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying Slab 

Thicknesses (Hibbing, MN). 
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Figure 19.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying Slab 

Thicknesses (Minneapolis, MN). 
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Figure 20.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying Base 

Course Thicknesses (Hibbing, MN). 
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3.1.3.3 Influence of Groundwater Table Depth 
Since the groundwater table depth is an important parameter that significantly affects the 
moisture content predictions and hence the equilibrium modulus values of the underlying 
pavement layers, the sensitivity of EICM predicted moisture regime to the variation of this 
parameter is also investigated.  The groundwater table depth was varied from baseline 5 ft to 10 
and 15 ft for Minneapolis, MN and from baseline 22.5 ft to 12.5 ft and 32.5 ft for Hibbing, MN, 
respectively.  As shown in Figure 21, the groundwater table depth, to some extent, affects the 
moisture regimes in base, subbase, and subgrade soils.  The 22.5-ft groundwater table depth 
(GWT) seems to result in the lowest moisture content among the three representative 
groundwater table depth values, whereas the other two depth values approximately result in 
negligible difference in subbase and subgrade moisture regimes.  Figure 22 shows the cumulative 
frequency distribution curves of moisture variation for three different groundwater table depth 
levels in Minneapolis.  Negligible differences were observed in this case among moisture 
regimes in base and subbase courses.  Note that increasing groundwater table depth from 5 ft to 
10 ft or 15 ft only improves moisture condition in subgrade soils significantly.  It seems that the 
extent to which groundwater table depth influences the EICM predicted moisture regime depends 
on the specific geographical locations. 
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Figure 21.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying 

Groundwater Table Depth (Hibbing, MN). 
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Figure 22.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying 

Groundwater Table Depth (Minneapolis, MN). 

3.1.3.4 Effect of Hydraulic Properties of Base Course Materials 
To investigate the effect of base course material properties, namely hydraulic conductivity and 
soil water characteristic curves (SWCC), on EICM predicted moisture regimes, several types of 
typical MnDOT Class 5 aggregate base materials with varying hydraulic conductivities and 
SWCCs were selected from literature, as shown in Table 22 (Gupta et al., 2009).  It is worth 
mentioning that hydraulic conductivity and SWCC of a specific material interact with each other; 
therefore, it makes more sense to use actual measured values for both properties instead of 
varying one but keeping the other constant.  Note that base materials A, B, and C refer to 50% 
RCM + 50% Aggregate, 5% Fly Ash + 75% RAP +20% Aggregate, and 15% Fly Ash +75% 
RAP + 10% Aggregate used in the study of Gupta et al. (2009), respectively.  Those three 
different materials were selected to represent three hierarchical levels in both hydraulic 
conductivity and SWCC properties. 
 
Figure 23 shows that different base types with varying base material properties significantly 
affect the moisture regime of subbase course, but have negligible effect on moisture regime of 
base course.  Note that this observation is for climatic condition in Hibbing, MN where the 
groundwater table depth is set as a typical value of 22.5 ft.  Despite greater hydraulic 
conductivity for base material B than both baseline base material and base material C, the use of 
base material B leads to higher moisture content in subbase course, as evident from the 
cumulative frequency distribution falling below the other two.  Therefore, moisture-suction 
relationship (i.e., SWCC), in addition to hydraulic conductivity itself, plays an important role in 
controlling the moisture regime in PCC pavement foundation layers as well, which is probably 
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due to the fact that moisture flow within the pavement foundation layers is unsaturated in nature 
instead of being saturated. 

Table 22.  Properties of Alternative MnDOT Class 5 Base Course Materials 

Property Base Material A Base Material B Base Material C 
Maximum Dry Density 

(pcf) 123.6 128.6 125.0 

Optimum Moisture Content 
(%) 9.4 6.6 7.4 

Porosity 0.279 0.199 0.242 
Specific Gravity (Gs) 2.746 2.572 2.639 

Saturated Volumetric Water Content 0.28 0.20 0.24 

Fredlund & Xing 
Function 

Parameters 

af 22.89 19.38 30.75 
nf 3.66 1.17 1.60 
mf 0.17 0.69 0.45 
hr 104.24 392.23 408.07 

MEPDG MR 
Model Parameters 

k1 0.737 0.786 0.968 
k2 1.161 1.311 1.256 
k3 -0.818 -0.903 -1.117 

Saturated Hydraulic Conductivity 
(ft/hr) 0.4 0.15 0.07 
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Figure 23.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying Base 

Material Properties (Hibbing, MN). 
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3.1.3.5 Effect of Hydraulic Properties of Subbase Course Materials 
Different subbase course materials with varying hydraulic properties, classified as typical select 
granular according to MnDOT specification, were selected to investigate the effect of subbase 
hydraulic properties on predicted moisture regime.  Figure 24 shows the frequency distribution 
curves of EICM predicted moisture in base and subbase courses and subgrade soils in Hibbing, 
MN.  Note that the subgrade moisture is taken at the node 10 in below the top subgrade surface. 
 
The general trend observed from Figure 24 is that subbase hydraulic properties affect the subbase 
moisture regime much more significantly than the base course.  This may be due to the relative 
thin base course layer used (4-in thickness).  Although subbase A has larger hydraulic 
conductivity than subbase B, the cumulative frequency distribution curves indicated that subbase 
A has higher moisture content than subbase B.  It may be postulated that subbase hydraulic 
conductivity and SWCC possibly exist an optimal combination for which significant 
improvement can be achieved over layer moisture regime, and that changing either hydraulic 
conductivity or SWCC alone may not be effective in improving layer moisture regime. 
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Figure 24.  Cumulative Frequency Distribution for Predicted Moisture with Varying Subbase 

Material Properties (Hibbing, MN). 

Figure 25 illustrates the results evaluated for Minneapolis, MN.  As it can be seen, the same 
trend is also observed in Figure 25.  The moisture content distributions in base course for 
different subbase materials have almost negligible discrepancy, whereas the moisture 
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distributions in subbase course change somewhat significantly.  The subgrade volumetric 
moisture content is at a constant level of 0.38. 
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Figure 25.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying 

Subbase Material Properties (Minneapolis, MN). 

3.1.3.6 Effect of the Use of Permeable Base/Subbase 
Using permeable base design options, i.e., open-graded aggregate base, cement-treated base, and 
asphalt-treated base, has been demonstrated to be effective strategies for improving drainage 
efficiency and thus pavement longevity.  In Minnesota, two main permeable base materials are 
widely used, i.e., stabilized and unbound.  Figure 26 illustrates the MnDOT gradation 
specifications for both unstabilized and stabilized base materials (Arika et al., 2009).  It can be 
seen that the gradation of the stabilized material becomes much coarser due to the addition of a 
stabilizer (asphalt or cement) than unbound materials that need high contents of finer-size 
aggregates to achieve stability through aggregate interlock.  Typical permeability values are 
6800 ft/day for stabilized bases and 1000~3000 ft/day for unbound granular ones.  In addition to 
maintaining adequate permeability, these layers are also required to remain stable during 
construction as well as future rehabilitation activities over the design service life. 
 
Three different open-graded aggregate base materials typically used in permeable base 
applications were explored for potential benefits in terms of pavement foundation moisture 
regime.  Table 23 lists the corresponding material properties collected from literature (Liang, 
2007).  Figure 27 shows the evaluation results of using permeable aggregate base materials.  The 
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maximum moisture contents in base course for those three permeable aggregate base materials 
are less than the baseline dense-graded base material; while the maximum moisture contents in 
subbase course and subgrade soils are approximately identical.  Overall, the use of permeable 
base materials increases the moisture contents in underlying subbase and subgrade soils, as 
evident from the corresponding frequency distribution curves of moisture.  Similar trends are 
observed for both Hibbing and Minneapolis, MN. 
 

 
Figure 26.  MnDOT Gradation Specifications for Unbound and Stabilized PAB. 

Table 23.  Material Properties of Permeable Aggregate Bases (PAB) Used 

Material Property PAB A PAB B PAB C 
Thickness (in.) 4 4 4 

Porosity 0.22 0.19 0.23 
Specific Gravity 2.6 2.6 2.6 

Saturated Permeability (ft/hour) 159 95 154 
Dry Unit Weight (pcf) 127 128 127 

Percent Passing #4 Sieve (%) 47 40 28 
Plasticity Index 0 0 0 

Percent Passing No.200 Sieve (%) 1.2 0.7 1.18 
Diameter D60 (mm) 12.2 11.9 16.1 

Initial Volumetric water content (%) 17.9 6.7 6.8 

Fredlund & Xing Function 
Parameters 

af 2.05 2.40 1.66 
nf 149.17 210.25 15.24 
mf 0.41 0.33 0.53 
hr 0.11 0.19 2.24 
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(a) Hibbing, MN 
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Figure 27.  Cumulative Frequency Distribution for EICM Predicted Moisture with Varying 
Permeable Aggregate Base Material Properties in (a) Hibbing and (b) Minneapolis, MN. 
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3.2 Unbound Material Hydraulic Properties Affecting Predicted Performance  
Daily and seasonal moisture variations affect material behavior of PCC pavement foundation 
layers and hence long-term pavement performance.  Therefore, it necessitates the need to 
quantify the magnitudes of changes that variations in the hydraulic input properties of unbound 
pavement foundation materials exert on the predicted PCC pavement performance.  This chapter 
presents the results of a limited number of sensitivity analyses.  The primary objective is oriented 
towards quantifying the impact of base material hydraulic properties on long-term pavement 
performance as predicted by the MEPDG.  To serve this purpose, the MEPDG software version 
1.0 is used to predict PCC pavement distresses at the end of targeted service life, i.e., terminal 
IRI (in./mile), transverse cracking (% slabs cracked), and mean joint faulting (in.).  The MEPDG 
input parameters that are related to moisture effects and were varied for the sensitivity analyses 
include base/subbase material hydraulic properties (saturated hydraulic conductivity and SWCC), 
base material type, base thickness, and base/subbase resilient modulus.  Various types of base 
courses, ranging from traditional unbound dense-graded aggregate base (e.g., MnDOT Class 5) 
to unbound permeable aggregate bases (open-graded), cement treated permeable bases (CTPB), 
and asphalt treated permeable bases (ATPB) used in other states, were explored in this study for 
potential long-term performance benefits.  The Minnesota HPCP structure and corresponding 
base and subbase material properties, as presented in chapter 2, are employed herein as well.  For 
illustration purpose, pre-selected geographical locations are limited to Hibbing, MN and 
Minneapolis, MN. 

3.2.1 Baseline Scenario 
The baseline PCC pavement structure used in Chapter 2 is employed here as the baseline 
scenario.  The MEPDG software version 1.0 was subsequently used to run all the cases with a 
reliability level of 90% (as determined based on Table 24) and a design life of 60 years.  Table 
25 lists the NHS truck traffic classification, which is used here as a guideline (Alam et al., 2007).  
For those most important design variables such as material properties, Level 1 inputs obtained 
from literature were used in order to be as accurate as possible; whereas default values or 
estimated values through correlations were used for other variables that are relatively less 
important.  The depth of the groundwater table is another climate input required for the analysis.  
Since such information is readily available for 17 sites throughout Minnesota, the recorded 
values were used for each specific geographical (climatic) location wherever a site exists, instead 
of using default values.  Table 26 summarizes the AASHTO recommended performance criteria 
for rigid pavements. 

Table 24.  AASHTO Recommended Reliability Level 

Functional Classification Level of Reliability (%) 
Interstate 90 -95 

Principal Arterials 90 -85 
Collectors 80 - 75 

Local 75 -70 
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Table 27 lists the design variables considered for the baseline scenario, including Average 
Annual Daily Truck Traffic (AADTT) of 10,000, 15-ft joint spacing, dowels with 1.5-in 
diameter and 12-in spacing, 4-in MnDOT Class 5 aggregate base, 36-in granular subbase, and A-
6 subgrade.  Since the focus is to study the effect of base/subbase material properties on long-
term performance of PCC pavements, different combinations of base/subbase material properties, 
layer thicknesses, and base/subbase types are used subsequently. 

Table 25.  NHS Truck Traffic Classification 

Truck Traffic Classification Truck Traffic Level (AADTT) 
Very Low 0 -480 

Low 480 - 960 
Medium 960 – 2,880 

Medium High 2,880 – 5,760 
High 5,760 – 11,520 

Very High >>11,520 

Table 26.  AASHTO Recommended Performance Criteria for Rigid Pavements 

Performance Criteria Functional 
Classification Maximum Value at the End of Design Life 

Mean Joint Faulting 
Interstate 
Primary 

Secondary 

0.15 in. 
0.20 in. 
0.25 in. 

Percent Transverse Slab 
Cracking 

Interstate 
Primary 

Secondary 

10% 
15% 
20% 

IRI (Smoothness) 
Interstate 
Primary 

Secondary 

160 in./mi 
200 in./mi 
200 in./mi 

Table 27.  Design Variables and Corresponding Values for the Baseline Scenario  

Variable Factorial Levels 
1 Axle Load Spectra MEPDG Default 
2 Traffic Volume (AADTT) 10,000 (Urban) 
3 Climate Region Hibbing, Minneapolis 
4 PCC Thickness 8, 12, 16 in. 
5 Base Course Type MnDOT Class 5 Base 
6 Base Course Thickness 4 in. 
7 Subbase Course Type Select Granular 
9 Subbase Course Thickness 36 in. 
10 Subgrade Type A-6 
11 Dowels Dowels 
12 Shoulder Type Widened Slab Width (13’) 
13 Joint Spacing 12 ft 
14 28-day PCC Flexural Strength 700 psi 
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The predicted distress results for Minneapolis, MN are shown in Figures 28 through 30.  As can 
be seen, except for the terminal IRI which failed the specified criterion at 90% reliability, other 
distress indices pass the specified criteria.  Although the preselected baseline PCC pavement 
structure is not sufficient for withstanding the initial traffic level of 10,000 AADTT in the 60-
year service life, the magnitudes of changes in predicted pavement performance with respect to 
variations in base material properties can still be evaluated.  
 

 

 

Figure 28.  Predicted Mean Joint Faulting (in.) versus Pavement Age (Years). 

Figure 29.  Predicted Cracking (% Slabs Cracked) versus Pavement Age (Years). 
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Figure 30.  Predicted IRI (in./mi) versus Pavement Age (Years). 

3.2.2 Evaluation Results of Long-term Pavement Performance 
A limited number of sensitivity analyses were performed with the changing variables and 
corresponding subfactors summarized in Error! Reference source not found..  The primary 
objective was to quantify the impact of base material hydraulic properties on long-term 
pavement performance as predicted by the MEPDG.  Other MEPDG input parameters that are 
related to moisture effects were also varied as subfactors in the sensitivity analyses, including 
base material type (different saturated hydraulic conductivity Ks and SWCC), base layer 
thickness, subgrade type, and GWT depth.  Various types of base courses, ranging from 
traditional unbound dense-graded aggregate base (e.g., MnDOT Class 5) to unbound permeable 
aggregate bases (open-graded), CTPB, and ATPB, were explored in this study for potential long-
term performance benefits.  Note that subbase type and thickness, as well as subgrade resilient 
modulus, were assumed to be the same among all the cases analyzed.  For illustration purpose, 
Minneapolis, MN was pre-selected as the geographical location studied. 

3.2.3 Effect of the Use of Permeable Bases 
Two main permeable base materials are widely used, i.e., stabilized and unbound.  In Minnesota, 
gradation specifications for an unstabilized base and a stabilized base are illustrated in Figure 31 
(Arika et al., 2009).  As it can be seen, with the addition of a stabilizer (asphalt or cement), the 
gradation of the stabilized material becomes much coarser; whereas unbound materials need high 
contents of finer-size aggregates to achieve stability through aggregate interlock.  Typical 
permeability values are 6800 ft/day for stabilized bases and 1000~3000 ft/day for unbound 
granular ones.  The MnDOT guidelines for selecting PAB were given in Table 14.  In addition to 
maintaining adequate permeability, these layers are also required to remain stable during 
construction as well as future rehabilitation activities over the design service life. 
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Figure 31.  Gradation Bands for MnDOT Permeable Base Materials. 

Material properties of three different types of unbound permeable aggregate bases as used in the 
study of Liang (2007) were collected for this study.  Figure 32 shows the gradation curves of 
those three base materials as well as the MnDOT unbound permeable aggregate base gradation 
specifications.  It can be seen that those three base materials almost fall within the MnDOT 
specified gradation band and thus are suitable for this study.  The use of different permeable base 
materials in PCC pavements was evaluated using the new mechanistic-empirical pavement 
design guide.  The goal is to identify the sensitivity of long-term pavement performance to 
important input parameters related to permeable bases.  Cement treated and asphalt treated bases 
were assumed to have material properties as summarized in Tables 28 and 29.  The elastic 
modulus of subbase course is assumed to be 30,000 psi.  Three types of subgrade soils, namely 
A-2-4, A-4, and A-6, are assumed with default moduli of 16,500 psi, 15,000 psi, and 14,000 psi, 
respectively.  Figures 33 through 35 show effects of different types of base course with varying 
base thicknesses on predicted distress results. 
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Figure 32.  Gradation Curves for Three Different Permeable Base Materials Used. 

Table 28.  Material Properties for Asphalt Treated Permeable Base Course  

General Properties 
Reference Temperature (oF) 70 

Poisson’s ratio 0.35 
Volumetric Properties 

Effective binder content (%) 3.0 
Air voids (%) 20 

Total unit weight (pcf) 120 
Gradation 

Cumulative % retained ¾ in. sieve 23 
Cumulative % retained 3/8 in. sieve 46 

Cumulative % retained #4 sieve 60 
% Passing #200 sieve 0 

Thermal Properties 
Thermal conductivity asphalt (BTU/hr-ft-°F) 0.67 

Heat capacity asphalt (BTU/ft3-°F) 0.23 
Binder grade PG 58-28 
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Table 29.  Material Properties for Cemented Treated Permeable Base Course  

General Properties 
Reference Temperature (oF) 70 

Poisson’s ratio 0.35 
Volumetric Properties 

Effective binder content (%) 3.0 
Air voids (%) 20 

Total unit weight (pcf) 120 
Gradation 

Cumulative % retained ¾ in. sieve 23 
Cumulative % retained 3/8 in. sieve 46 

Cumulative % retained #4 sieve 60 
% Passing #200 sieve 0 

Thermal Properties 
Thermal conductivity asphalt (BTU/hr-ft-°F) 0.67 

Heat capacity asphalt (BTU/ft3-°F) 0.23 
Binder grade PG 58-28 

 

 
 
 
 
 

 

Table 30.  Evaluation Results for All Cases Analyzed (Minneapolis, MN) 

Base Type 
(SWCC & Ks) Variable Subfactor Terminal IRI 

(in./mi) 
Transverse Cracking 
(% Slabs Cracked) 

Mean Joint 
Faulting (in.) 

Class 5 
(Baseline) 

Base 
Thickness 

4 in. 
(Baseline) 161.2 0.1 0.05 

6 in. 160.3 0.1 0.049 
8 in. 159.3 0 0.047 
10 in. 159.3 0 0.047 

Subgrade 
Type 

A-6 
(Baseline) 161.2 0.1 0.05 

A-2-4 105.6 0.2 0.031 
A-4 154.3 0.1 0.043 

GWT 
Depth 

5 ft 
(Baseline) 157 0.1 0.042 

10 ft 157.5 0.1 0.043 
15 ft 157.4 0.1 0.043 
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Table 30, cont.  Evaluation Results for All Cases Analyzed (Minneapolis, MN) 
 

PAB A 

Base 
Thickness 

4 in. 
(Baseline) 157.6 0 0.043 

6 in. 156.5 0 0.041 
8 in. 157.4 0 0.043 
10 in. 157.9 0 0.044 

Subgrade 
Type 

A-6 
(Baseline) 155 0.1 0.039 

A-2-4 106.9 0.1 0.034 
A-4 151.8 0.1 0.038 

GWT 
Depth 

5 ft 
(Baseline) 155 0.1 0.039 

10 ft 155.1 0.1 0.039 
15 ft 155.1 0.1 0.039 

PAB B 

Base 
Thickness 

4 in. 
(Baseline) 156.9 0 0.042 

6 in. 156 0 0.041 
8 in. 155.6 0 0.04 
10 in. 155.1 0 0.039 

Subgrade 
Type 

A-6 
(Baseline) 155 0.1 0.039 

A-2-4 106.7 0.1 0.033 
A-4 151.9 0.1 0.038 

GWT 
Depth 

5 ft 
(Baseline) 155 0.1 0.039 

10 ft 155 0.1 0.039 
15 ft 155 0.1 0.039 

PAB C 

Base 
Thickness 

4 in. 
(Baseline) 158.2 0 0.045 

6 in. 157.2 0 0.043 
8 in. 158.6 0 0.045 
10 in. 157.9 0 0.044 

Subgrade 
Type 

A-6 
(Baseline) 154.9 0.1 0.038 

A-2-4 107 0.1 0.034 
A-4 151.8 0.1 0.038 

GWT 
Depth 

5 ft 
(Baseline) 154.9 0.1 0.038 

10 ft 155 0.1 0.039 
15 ft 154.9 0.1 0.039 
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Table 30, cont.  Evaluation Results for All Cases Analyzed (Minneapolis, MN) 
 

Cement 
Treated 
(CTB) 

Base 
Thickness 

4 in. 
(Baseline) 141.7 0 0.018 

6 in. 140.9 0 0.017 
8 in. 140 0 0.015 
10 in. 139.2 0 0.014 

Subgrade 
Type 

A-6 
(Baseline) 144.5 0 0.019 

A-2-4 96.2 0 0.013 
A-4 141.6 0 0.019 

GWT 
Depth 

5 ft 
(Baseline) 144.5 0 0.019 

10 ft 144.6 0 0.019 
15 ft 144.5 0 0.019 

Asphalt 
Treated 
(ATB) 

Base 
Thickness 

4 in. 
(Baseline) 142.5 0.1 0.02 

6 in. 142 0.1 0.019 
8 in. 141.6 0.1 0.018 
10 in. 141.3 0.1 0.018 

Subgrade 
Type 

A-6 
(Baseline) 145.2 0.1 0.02 

A-2-4 98.8 0.1 0.018 
A-4 142.2 0.1 0.02 

GWT 
Depth 

5 ft 
(Baseline) 145.2 0.1 0.02 

10 ft 145.2 0.1 0.02 
15 ft 145.3 0.1 0.02 

 

 
Figure 33.  Effect of Base Course Thickness on Predicted Terminal IRI. 
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Figure 34.  Effect of Base Course Thickness on Predicted Transverse Cracking. 

 
Figure 35.  Effect of Base Course Thickness on Predicted Mean Joint Faulting. 

As can be seen from Figures 33 through 35, the use of asphalt treated and cement treated 
permeable bases significantly reduces the predicted pavement distresses, as compared to the 
baseline dense-graded aggregate base; whereas the extent to which the use of unbound aggregate 
permeable bases (A, B, and C) reduces pavement distresses is much less profound than treated 
bases.  Depending on the specific gradation and material hydraulic properties, different types of 
unbound permeable aggregate bases result in varying performance improvements.  It seems that 
for unbound permeable aggregate bases, the 8-in thickness yields the best performance, while 
increasing treated base thickness leads to reduced pavement distresses. 

3.2.4 Effect of Subgrade Type 
The underlying subgrade Type (hydraulic properties and resilient modulus) is another important 
factor to take into account.  The evaluation results are shown in Figures 36 through 38.  The 
general trend observed is that the stronger the subgrade support is, the less the magnitude of 
predicted terminal IRI and mean joint faulting.  As shown in Figure 37, the use of permeable 
aggregate base and stabilized permeable base, as compared to baseline base, significantly 
reduces predicted transverse cracking; however, the predicted transverse cracking between 
different types of permeable bases is insensitive to subgrade type in this case.  This agrees with 
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the findings reported by Chatti et al. (2005) from LTPP field sections.  It is also obvious that 
both asphalt treated and cement treated permeable bases result in much less distress due to their 
greater structural capacity and permeability, as compared to other base types. 
 

 

 

Figure 36.  Effect of Subgrade Type on Predicted Terminal IRI. 

Figure 37.  Effect of Subgrade Type on Predicted Transverse Cracking. 
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Figure 38.  Effect of Subgrade Type on Predicted Mean Joint Faulting. 

3.2.5 Effect of Groundwater Table Depth 
The effect of groundwater table depth on predicted pavement distresses is shown in Figures 39 
through 41.  For the Minneapolis climatic region used in this study, the predicted pavement 
distresses are not very sensitive to the groundwater table depth varying from 5 to 15 ft, which is 
somewhat unexpected.  Further analysis using other climate regions is needed to confirm this 
temporary observation.  Note that some variations exist between predicted terminal IRI for 
baseline base and between mean joint faulting for baseline base and permeable aggregate base 
material C (PAB C) at different groundwater table depth.  For other base types with greater 
permeability, the effect of groundwater table depth is negligible. 
 

Figure 39.  Effect of Groundwater Table Depth on Predicted Terminal IRI. 
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Figure 40.  Effect of Groundwater Table Depth on Predicted Transverse Cracking. 

 
Figure 41.  Effect of Groundwater Table Depth on Predicted Mean Joint Faulting. 

3.3 Summary 
This chapter presents evaluation results of moisture regimes in PCC pavement foundation layers 
using the EICM program and typical Minnesota HPCP structure.  Different types of base and 
subbase course materials with varying hydraulic properties were studied for their potential 
effects of the EICM predicted moisture regimes.  Other factors investigated include geographical 
location (climate), pavement layer thickness, and groundwater table depth.  Some important 
findings made are summarized as follows: 
 
1. The cumulative frequency distribution curves for EICM predicted moisture did not show 

significant difference between those two preselected climatic locations, i.e., Hibbing and 
Minneapolis.  It also seems that the maximum volumetric moisture content in either base or 
subbase course, given the same pavement structure, is approximately the same for both 
locations, and that subbase moisture content is higher than base course.  

2. Changing the PCC slab thickness from 8 to 16 in, while keeping other parameters the same, 
does not alter the cumulative frequency distribution of EICM predicted moisture, although 
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slight discrepancy exists for subbase course.  The same observation can also be made when 
only changing the base course thickness from 4 to 12 in. 

3. The 22.5-ft groundwater table depth (GWT) in Hibbing, MN seems to result in the lowest 
moisture content among the three representative levels (12.5, 22.5, and 32.5 ft), whereas the 
other two depth values approximately result in negligible difference in subbase and subgrade 
moisture regimes.  In this case of Minneapolis, MN, negligible differences were observed 
among moisture regimes in base and subbase courses.  Increasing groundwater table depth 
from 5 ft to 10 ft or 15 ft only improves moisture condition in subgrade soils significantly.  It 
seems that the extent to which groundwater table depth influences the EICM predicted 
moisture regime depends on the specific geographical locations. 

4. Moisture-suction relationship (i.e., SWCC), in addition to hydraulic conductivity itself, plays 
an important role in controlling the moisture regime in PCC pavement foundation layers as 
well, which is probably due to the fact that moisture flow within the pavement foundation 
layers is unsaturated in nature instead of being saturated.  

5. It may be postulated that base/subbase hydraulic conductivity and SWCC possibly exist an 
optimal combination for which significant improvement can be achieved over layer moisture 
regime, and that changing either hydraulic conductivity or SWCC alone may not be effective 
in improving layer moisture regime 

6. The maximum moisture contents in base course for those three PAB materials studied are 
less than the baseline dense-graded base material; while the maximum moisture contents in 
subbase course and subgrade soils are approximately similar.  Overall, the use of permeable 
base materials increases the moisture contents in underlying subbase and subgrade soils. 

7. Through a limited sensitivity study, the use of asphalt treated and cement treated permeable 
bases significantly reduces the predicted pavement distresses, as compared to the baseline 
dense-graded aggregate base; whereas the extent to which the use of unbound aggregate 
permeable bases (A, B, and C) reduces pavement distresses is much less profound than 
treated bases.  Depending on the specific gradation and material hydraulic properties, 
different types of unbound permeable aggregate bases result in varying performance 
improvements.  

8. Among the limited thickness levels studied, it seems that for unbound permeable aggregate 
bases, the 8-in thickness yields the best performance, while increasing treated base thickness 
leads to reduced pavement distresses. 

9. It is observed that the stronger the subgrade support is, the less the magnitude of predicted 
terminal IRI and mean joint faulting.  The use of permeable aggregate base and stabilized 
permeable base, as compared to baseline dense-graded aggregate base, significantly reduces 
predicted transverse cracking. 

10. The effect of groundwater table depth on predicted pavement distresses is shown in Figures 
39 through 41.  For the Minneapolis climatic region used in this study, the predicted 
pavement distresses are not very sensitive to the groundwater table depth varying from 5 to 
15 ft, which is somewhat unexpected.  Further analysis using other climate regions is needed 
to confirm this temporary observation.  Note that some variations exist between predicted 
terminal IRI for baseline base and between mean joint faulting for baseline base and 
permeable aggregate base material C (PAB C) at different groundwater table depth.  For 
other base types with greater permeability, the effect of groundwater table depth is 
negligible. 
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Chapter 4: Analysis of Design and Site Factors Affecting Field Performance  

4.1 Introduction 
While effects of pavement structural features (e.g., thickness and strength of base layers), 
drainage, and climatic factors are considered in current JPCP design procedures, some of these 
effects are only theorized due to the limited available field data.  In order to extend PCC 
pavement life and provide significant savings in the pavement infrastructure, in-depth guidance 
is urgently needed for assessing the relative importance of design and construction features for 
JPCP, developing the relationship between pavement responses and performance, and improving 
material specifications.  The well-instrumented MnROAD test cells and in-service pavement 
sections may help quantify the influence of these parameters on pavement responses and 
performance, and even improve current design procedures and material specifications.  The 
outcome will help MnDOT in selecting more economical design options for new and 
reconstructed JPCP. 
 
To investigate and quantify the difference in the JPCP field responses and performance caused 
by a variety of design features and site factors, especially by different base types and PCC slab 
thicknesses, several field projects were surveyed in this study for collecting necessary data, 
including full-scale pavement test sections designed by the LTPP SPS-2 program and 
constructed at MnROAD, as well as in-service pavements retrieved from MnDOT’s pavement 
management system.  The rigid pavement sections at MnROAD test facility were well 
instrumented with strain gauges, moisture probes, and temperature sensors, making the collected 
sensor data suitable for validating and calibrating analytical models used to predict moisture and 
temperature variations within and relative damage to rigid pavements.  The descriptions of these 
field projects, together with their data availability and extent, are presented next. 

4.2 Field Performance Data Collected from MnROAD and In-service Pavements 

4.2.1 Field Performance Data from LTPP SPS-2 Program 

4.2.1.1 Description of SPS-2 Experiment Design 
The primary objective of the SPS-2 experiments is to determine the relative influence and long-
term effectiveness of design features and site conditions on the performance of doweled JPCP 
sections with uniformly spaced transverse joints.  As the test sections in the experiment are 
monitored since inception, the experiment provides an opportunity to estimate, more precisely, 
the relative influence of the key pavement elements that affect pavement performance.  Table 31 
shows the design factorial for the SPS-2 experiments (Chatti et al., 2005).  As it can be seen, the 
overall experiment consists of 192 factor level combinations comprising of 8 site-related 
(subgrade soil type and climate, also referred to as site factors) combinations and 24 pavement 
structure combinations (design factors).  In the LTPP database, climatic data available from two 
sources, i.e., Virtual Weather Station (VWS) and Automated Weather Station (AWS), is defined 
by a wide range of variables.  The climatic zones in LTPP are defined based on two parameters: 
average annual precipitation and average annual freezing index.  The experiment was in essence 
a fractional factorial in that 12 sections were built, with only half of the possible combinations of 
design factors, at each of the 16 sites; moreover, for each climatic zone and soil type 
combination, 12 sections are to be constructed at one site and the other 12 sections at the other 
site (see Table 32).  Figure 42 shows the locations of those SPS-2 test sections. 



70 
 

Table 31.  SPS-2 Experiment Design Matrix 
Pavement Structure Climatic Zone, Subgrade 

Drainage Base 
Type 

PCC 
Lane 

Width 
(m) 

WET DRY 

Thickness 
(mm) 

14-day 
Flexural 
Strength 
(MPa) 

FREEZE NO FREEZE FREEZE NO FREEZE 
Fine Coarse Fine Coarse Fine Coarse Fine Coarse 

J K L M N O P Q R S T U V W X Y 

No DGAB 

203 
3.8 3.7 201  201  201  201  201  201  201  201  

4.3  213  213  213  213  213  213  213  213 

6.2 3.7  214  214  214  214  214  214  214  214 
4.3 202  202  202  202  202  202  202  202  

279 
3.8 3.7  215  215  215  215  215  215  215  215 

4.3 203  203  203  203  203  203  203  203  

6.2 3.7 204  204  204  204  204  204  204  204  
4.3  216  216  216  216  216  216  216  216 

No LCB 

203 
3.8 3.7 205  205  205  205  205  205  205  205  

4.3  217  217  217  217  217  217  217  217 

6.2 3.7  218  218  218  218  218  218  218  218 
4.3 206  206  206  206  206  206  206  206  

279 
3.8 3.7  219  219  219  219  219  219  219  219 

4.3 207  207  207  207  207  207  207  207  

6.2 3.7 208  208  208  208  208  208  208  208  
4.3  220  220  220  220  220  220  220  220 

Yes PATB 

203 
3.8 3.7 209  209  209  209  209  209  209  209  

4.3  221  221  221  221  221  221  221  221 

6.2 3.7  222  222  222  222  222  222  222  222 
4.3 210  210  210  210  210  210  210  210  

279 
3.8 3.7  223  223  223  223  223  223  223  223 

4.3 211  211  211  211  211  211  211  211  

6.2 3.7 212  212  212  212  212  212  212  212  
4.3  224  224  224  224  224  224  224  224 

 

Table 32.  Status of the Design Factorial 

Subgrade 
Type Designs Wet Dry Total Freeze Non-Freeze Freeze Non-Freeze 

Fine-
grained 

0201-0212 KS (20) 
OH (39) NC (37) WA (53) 

NV (32)*  

9 
0213-0224 

MI (26) 
IA (19) 
ND (38) 

 CO (8)*  

Coarse-
grained 

0201-0212 DE (10)   CA (6) 5 0213-0224 WI (55) AR (%)*  AZ (4) 
Total 7 2 3 2 14 

Note:  *Two sections in NV and five sections in CO are coarse-grained while two sections in AR are finee-rained. 
 a.  Wet Regions – Average Annual Rainfall > 20 inchs (508 mm) 
 b.  Dry Regions – Average Annual Rainfall < 20 inchs (508 mm) 
 c.  Freeze Regions – Average Annual Freezing Index > 83.3 °C-day (150 °F-day) 
 d.  Non-Freeze Regions – Average Annual Freezing Index < 83.3 °C-day (150 °F-day) 
 
The structural factors included in the experiment are: Drainage (presence or lack of drainage), 
Base type (DGAB, LCB, and PATB), PCC slab thickness (203 mm and 279 mm), PCC flexural 
strength (3.8 MPa and 6.2 MPa, at 14-day), and Lane Width (3.66 m and 4.27 m).  The site 
factors included in the experiment are: Subgrade soil type (fine-grained and coarse-grained, 
based on Unified system), Climate (Wet Freeze, Wet No Freeze, Dry Freeze and Dry No Freeze), 
and Traffic (considered as a covariate).  At each site, six sections have a target PCC slab 
thickness of 8-inch (203 mm) and the remaining six have a target PCC slab thickness of 11-inch 
(279 mm).  The 76-mm difference between the lower and upper levels of PCC slab thickness was 
believed to be necessary to demonstrate the effect of PCC slab thickness and its interaction with 
other factors on performance.  The other factors with two levels (PCC flexural strength and lane 
width) have six test sections corresponding to each level.  Also, four test sections have dense-
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graded aggregate base (DGAB), four sections have lean concrete base (LCB), and the other four 
sections have permeable asphalt treated base (PATB) over DGAB.  In-pavement drainage is 
provided only to the sections with PATB as the base. 

 

 
Figure 42.  Geographical Location of SPS-2 Sites. 

Though a major factor, traffic is not addressed like other design factors, in that, only a lower 
limit was specified for traffic volume in terms of ESALs per year.  A SPS-2 test site must have a 
minimum estimated traffic loading of 200,000 rigid ESAL per year in the design lane (Chatti et 
al., 2005).  Traffic will thus vary from site to site and will therefore be treated as a covariant in 
the study.  In the experiment, the 12 sections at a given site are represented by either XX-0201 
through XX-0212, or XX-0213 through XX-0224, where XX denotes the site code.  The number 
02 indicates the SPS experiment number and the last two digits represent the sequential 
numbering of the sections. 

4.2.1.2 Data Availability and Extent 
A summary on the available data and extent of various performance measures for the SPS-2 
experiment is presented in Table 33.  The construction information of each site was obtained 
from the construction reports.  The relevant variables contained in the SPS-2 experiment can be 
divided into: (1) dependent variables, and (2) independent variables.  The dependent variables 
are those used to describe pavement response and performance.  The measurements of pavement 
responses such as surface deflections from FWD testing, strain data, and vertical deflections at 
various depths are only available from the instrumented sections in the Dynamic Load Response 
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(DLR) experiments.  Measures of pavement performance are those that cumulate with time (e.g., % 
slabs cracked in rigid pavements).  These are collected using both manual and automated surveys.  
The independent variables are those that describe the design and construction factors. 

Table 33.  Data Availability and Extent for LTPP SPS-2 Test Sections 

Data Type Details 

Site Information 

• Site location 
• Construction 
• Climatic data 
• Traffic 

Material Data • Properties of materials of different layers 

Pavement Structure Data 
• Layer type & thickness 
• Other design features, e.g., lane width, shoulders & 

dowels 

Monitoring Data 

• Roughness (IRI, m/km) 
• Transverse cracking (# of cracks & % of slabs cracked) 
• Longitudinal cracking (total length, m) 
• Wheel-path joint faulting (mm), Deflection (FWD) 

Dynamic Load Response 
Data 

• Instrumentation (Ohio & North Carolina DLR 
experiments) 

• Testing 
• Pavement response data 

4.2.1.3 Performance Indicators 
All pavement sections within each SPS-2 site were monitored for the accumulation of damage 
over time over time; however, the monitoring of these sections is not continuous but staggered 
with age (i.e., the distresses data were collected at different times for individual sections), 
resulting in a variable trend with time observed for each of the performance measures (cracking, 
faulting and roughness).  Therefore, a measure that can quantify the overall performance of a 
pavement section over time needs to be developed.  In light of these issues, Chatti et al. (2005) 
presented various options that were considered to transform the time series data of a section into 
a single performance indicator, which included Maximum distress at the latest age/survey, Area 
under the performance curve, Area under the performance curve normalized to the latest age, and 
the “Performance Index”.  Table 34 lists the formulas for calculating those performance 
indicators (Chatti et al., 2005).  It is worth mentioning that the variance based sensitivity indices 
(from global sensitivity analysis) do not require any assumptions regarding the relationship 
between the input and the output and are therefore more reliable than the correlation coefficients. 
 
The use of maximum distress at the latest age as a performance indicator fails to capture the 
performance trend or the measurement variability over time.  The “area under the curve” cannot 
discriminate the performance of two sections having the same area but with different times for 
distress occurrence.  For performance curves exhibiting highly variable trends with time and/or 
having gaps in the data for some years as in the case of SPS-2 test sections, the Performance 
Index (PI) was reported by Chatti et al. (2005) to be the most applicable option.  Another reason 
is that no maintenance or rehabilitation action should be taken during the life of the pavement for 
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SPS test sections.  The inherent limitation of PI is its dependence on the number and timing of 
the distress surveys.  To overcome this issue, the age of test sections may need to be included as 
a covariate in all statistical analyses of PI to adjust the PIs according to the age of pavement 
sections (Chatti et al., 2005). 

Table 34.  Performance Indicators 

Performance Indicator Formula 

Maximum distress at the latest age ( )
1

. max i
i n

Max distress y
≤ ≤

=
 

Area under the performance curve ( ) 1
1

1 2

n
i i

i i
i

y yArea t t +
+

=

 +  = −     
∑

 

Area under the performance curve 
normalized to the latest age 

( ) 1
1

1 2
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i i

i i
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L L

+
+

=
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Performance index 
1 1 2 2 3 3 i i

i i i i
i i i i

y t y t y t y tPI
t t t t
⋅ ⋅ ⋅ ⋅

= + + +
∑ ∑ ∑ ∑



 
Notes: ti i

number of ages at which distress measurements were taken; and Lage is the latest age used to normalize the “area”. 
 

4.2.2 Field Response and Performance Data from MnROAD Test Facility 

4.2.2.1 Description of Selected MnROAD Test Cells 
MnROAD is a 2.5-mile closed loop with two traffic lanes and is parallel and adjacent to the 
Interstate 94.  It is an excellent choice due to the availability of accurate information regarding 
material properties and construction data.  In order to evaluate the performance and effectiveness 
of different JPCP designs, MnROAD test sections located in both the main line and the low-
volume line that are relevant to the scope of this research study were identified, as depicted in 
Figure 43.  Corresponding strain, moisture, and temperature sensor data were also collected from 
MnDOT personnel for those test sections. 
 
As can be seen from Figure 43 that those selected PCC test cells cover different PCC slab 
thicknesses, several different base types including OGAB, permeable stabilized aggregate base 
(PSAB) and traditional MnDOT Class 1 or 5 base, and different subgrade soil types (sand or 
clay).  This provides an opportunity to study the effectiveness of different PCC slab thicknesses 
and base types in controlling not only the moisture and temperature regimes within the PCC 
system but also PCC pavement responses and performance.  As the request of sensor data for 
most of the aforementioned test cells is still being processed by MnDOT personnel, only sensor 
data from MnROAD Cells 53 and 306 are analyzed in this chapter.  The analysis results for the 
remaining test cells, upon completion, will be presented in Chapter 5.  
 
 

 and y  denote the age at distress measurement and the measured distress at year i, respectively; n is the 



74 
 

 
(a) 

 
(b) 

Figure 43.  Candidate MnROAD Test Cells Identified for Case Studies and Data Collection: (a) 
Main Line and (b) Low-volume Road. 
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Located on the low-volume loop at the MnROAD test facility, Cell 53 is an undoweled PCC 
pavement which consists of a 5.0-in thick concrete layer with 7-in of gravel base and A-6 clay 
subgrade soil.  The joint spacing and lane width of PCC section is 10 feet and 12 feet, 
respectively.  
 
Class 6sp is special sandy gravel with the lowest percentage of fine at about 4.7% according to 
Unified Soil Classification.  Additionally, Class 6sp base material has the lowest optimum 
moisture content at approximately 6.8% compared with other aggregate base materials utilized at 
MnROAD testing facility, based on the gradation tests conducted by MnDOT.  Class 6sp 
material is also reported as the strongest material of the four bases tested for University of 
Illinois rapid shear strength and the least susceptible to changes in moisture content.  According 
to the frost susceptibility tests conducted by CRREL in 1990, Class 6sp material appeared to 
have negligible frost susceptibility; moreover, increasing freeze-thaw cycles may increase frost 
susceptibility of the base material. 

4.2.2.2 Data Availability and Extent 
MnROAD Cells 53 and 306 were heavily instrumented with sensors which are able to measure 
major in-situ pavement responses within the pavement structure.  Vertical deflections at the edge 
of the concrete slabs were measured using linear variable differential transducers (LVDTs).  
Concrete strain gauges were embedded at the top and bottom of the concrete layer to measure 
dynamic strain responses in the horizontal direction under moving traffic loads.  Additionally, 
horizontal movements between the concrete slabs particularly at the joints were monitored using 
horizontal clip gauges.  A total of ten strain gauges were installed at Cell 306: five of which 
measure strain transverse to the direction of traffic, two in the longitudinal direction, and three 
strain gauges were angled at 45 degree.  These strain gauges were also installed at the near 
surface to measure strains at the top of the concrete layer.  Thermocouple trees and moisture 
probes were also employed in the rigid pavement test sections to measure pavement temperature 
and moisture content at various depths of the concrete and base layers.  Table 35 summarizes all 
the static sensor types and corresponding measurement information relevant to the scope of this 
research study. 
 
The cross-sectional details of the instrumentation and the sensor layout for Cells 53 and 306 are 
shown in Figure 44.  Each of the installed sensors was given a unique sensor label.  Sensors were 
labeled according to their cell location, sensor type, and number as such: [Cell #]-[Sensor type]-
[Sensor #].  Strain gauges were denoted as CE and SS whereas LVDTs and clip gauges were 
denoted as DT and HC, respectively.  Unfortunately, these designations do not provide 
information regarding the sensor orientations.  Data acquisition for this research study was 
accomplished with various types of electronic data collection systems at MnROAD.  The 
MnROAD data acquisition system starts to record response measurements when a test vehicle 
approaches a testing cell and passes a trigger.  These systems collected response measurements 
at a rate of 1,200 data points per second (1,200 Hz) and each vehicle pass typically has a 
collection time of 15 to 18 seconds (Lim et al., 2011).  Approximately 18,000 to 22,000 data 
points per sensor were recorded under one vehicle run.  Large amount of information regarding 
strain, stress, and deflection data of the rigid pavement were obtained through the heavily 
instrumented pavement sections during testing.  Table 36 shows the data record periods for 
concrete strain gauges. 
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Figure 44.  Instrumentation Layout of MnROAD Cell 306. 

Table 35.  Sensor Types and Measurement Information 

MnROAD 
Static Sensor 

Type 
Sensor Description Model Number Measurement Units 

EC Electrical Conductivity in soil 
(EC, ET, EW) 

Decagon ECHO, 
ECH2O-TE, or 5TE Ohms-1 

EW Volumetric Moisture Content 
in soil 

Decagon ECHO, 
ECH2O-TE, or 5TE 

Percent  
moisture-volume 

WM Moisture Block Watermark 200-X Centibar (or kPa) 

ET Thermistor embedded in soil 
moisture/conductivity sensor 

Decagon ECHO, 
ECH2O-TE, or 5TE 

oC 

TC Thermocouple Fabricated Omega 
Type-T 

oC 
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Table 36.  Summary of Data Record Periods for Concrete Strain Gauges 

Test Season Test Dates 
April 2009 April 7th, 29th,  

August 2009 August 5th 
October 2009 October 27th 
March 2010 March 31st  
July 2010 July 9th  

Spring 2011 March 21st, April 21st  
June 2011 June 23rd  

October 2011 October 11th 
Spring & Summer 2012 March 16th, May 4th, August 7th  

Note: there are 14 test sequences for each of the 24 sensors. 

4.2.2.3 Dynamic Load Test Data Processing 
Raw data acquired directly from the field tests include pavement response data containing time 
history of concrete strains, subgrade stresses, and base deflections generated by the vehicles.  
The data process began with determination of which sensors were properly functioning, followed 
by extracting maximum and minimum values of critical pavement responses from properly 
working sensors by reviewing the pavement response measurements collected under each vehicle 
pass.  To achieve this, the “Peak-Pick Program” was employed that was developed for MnDOT 
by the researchers at the Department of Electrical and Computer Engineering, University of 
Minnesota.  Figure 45 shows the start-up screen for the Peak-Pick program written in 
MATLAB® software.  As the Peak-Pick program was found to have sufficient efficiency in 
locating maximum and minimum pavement responses from the time history measurements 
generated by the vehicle pass (Lim et al., 2011), it is used in this study to perform analysis on all 
collected strain data.  The Peak-Pick program can filter the noise out of the dynamic load sensor 
output, and either automatically or manually (selected by the user) determine the baseline strain, 
axle responses (peak strain from load) and inflection points.  It can also determine intermediate 
baseline strains when appropriate.  An example of the raw sensor output and the denoised output 
using the Peak Pick program is provided in Figure 46 with the baseline, inflection points, and 
axle responses highlighted.  The strain values presented are the differences between peak strain 
and the baseline for each of the five axle responses, and are shown as an average of all runs at 
each sensor.  Other details about the execution of the Peak-Pick program are described elsewhere 
(Lim et al., 2011). 

4.2.2.4 Static Sensor Test Data Processing 
Concrete slab behavior is responsive to temperature; whereas the granular base and subgrade 
stiffness and strength behaviors are responsive to changes in the state of moisture.  In this study, 
the static sensor test data collected include in-situ temperature measured with thermocouples 
(TC), and the base and subgrade unfrozen volumetric moisture contents measured with time 
domain reflectometers (TDR).  The measured subsurface temperatures and moisture contents are 
compared later with analytical prediction results through the EICM program.  The groundwater 
table (GWT) in both cells fluctuates from season to season and year to year.  According to 
Birgisson et al. (2000), the GWT for Cells 17 and 22 during the 2-year study (from fall of 1995 
to fall of 1997) was found on the average at depths of 2.8 and 4.27 m. 
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Figure 45.  Peak-Pick Program Start-up Screen. 

 
Figure 46.  An Example of Concrete Strain Gauge Data Processed by Peak-Pick program. 
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4.2.3 Minnesota In-service Pavements 
In a previous study performed by Gupta et al. (2005) for MnDOT, 18 aggregate base and subbase 
materials were well characterized in the laboratory for resilient modulus, shear strength, 
permanent deformation, and water retention characteristics.  Those materials were sampled from 
MnDOT highway construction projects, of which 13 samples were classified as Select Granular 
(SG), one sample as Class-4 (CL-4), and four samples as Class-5 (CL-5) according to MnDOT 
specifications.  These samples also included aggregates that are believed to provide good 
pavement drainage.  In an effort to try to fully utilize such well-characterized material 
information, the in-service highway projects where those samples were eventually used as 
pavement foundation layers are identified by MnDOT personnel with corresponding pavement 
field performance records retrieved from MnDOT’s pavement management system.  Figure 47 
shows the locations of those in-service highway sections in Minnesota (Gupta et al., 2005). 
 

 
Figure 47.  Minnesota In-service Pavements Linked to Base/subbase Material Samples. 

The field data collected so far for those in-service include site-specific traffic information 
(annual average daily traffic and percent truck traffic), pavement performance measures over 
time (RQI, SR, and PQI), maintenance/rehabilitation history, and base material gradation 
information.  However, important information such as pavement structural design is still missing 
and to be forwarded by MnDOT personnel, which prevents further data analysis from being 
completed in this report. 

4.3 Data Analysis Methods 
One of the main purposes behind this research study is to investigate the interaction effects of 
key design features and site factors on JPCP responses and performance; therefore, full-scale 
JPCP sections constructed in various design and site conditions (e.g., soil-climate combinations) 
are the subjects of this study.  The findings made from this study are expected to help verify the 
current understanding of pavement performance and assist highway agencies in selecting better 
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and more appropriate design strategies to achieve better long-term pavement performance.  To 
achieve this goal, global sensitivity analysis (GSA) techniques that are efficient in identifying 
influential input parameters as well as their interaction effects are employed in this study.  
Although GSA has been used to assess sensitivities in other fields, its application to pavement 
engineering has been limited.  To effectively deal with the unbalanced field performance data 
from fractional factorial experiments, this study extends the GSA methods to determine the 
contribution of design inputs to pavement field performance.  Note that those techniques are 
essentially different from data analysis methods reviewed in Chapter 2 from previous studies, 
such as the Analysis of Variance (ANOVA), binary logistic regression, linear discriminant 
analysis, and local (one-at-a-time) sensitivity analysis, in terms of concepts, functionality, and 
performance.  In statistics, the ANOVA decomposition represents decomposing f(x) into 
summands of increasing dimensionality. 
 
Sensitivity analysis (SA) serves the purpose of estimating the effects of each model input, either 
in isolation or through combined effects, on the model output in order to identify the main 
contributors to the output uncertainty.  Specific to pavement design, this helps to identify which 
design inputs limited resources and efforts to improve pavement performance should be focused 
on.  Compared with conventional local SA, GSA is a more powerful method that assesses all 
input variables simultaneously over the whole model and ranks them by determining the average 
contribution that each makes to the value of the model function over the ranges of values for 
each input.  Variable ranks (also known as Sensitivity Indices) can be used to quantify both the 
impact of individual variables on a model as well as their interactions.  For any function f(x)  
consisting of n input variables, i.e., f(x1, x2, …, xn) two methods are commonly used to determine 
sensitivity index (SI) values: FAST (Fourier Amplitude Sensitivity Test) and Sobol’ sensitivity 
indices, each of which has advantages and disadvantages as compared with the other (Saltelli et 
al., 2008).  These methods determine the contribution that each input makes towards the total 
model variance and can compute SI terms to quantify the impact of both individual inputs on 
output variance (known as the first-order SI values) as well as the interactions between variables 
(known as the higher-order interaction indices).  An interaction index refers to that portion of the 
variance due to any combination of input variables that cannot be explained by the sum of the 
relevant lower-order indices alone.  The following sections describe different mathematical 
techniques used to calculate SI values in more detail. 

4.3.1 High Dimensional Model Representation 
The high dimensional model representation (HDMR) method is a set of tools that can be used to 
not only construct a fully functional metamodel for expressing the input-output relationship of 
complex models with a larger number of input variables (e.g., the MEPDG), but also to calculate 
variance based sensitivity indices very efficiently (Rabitz et al., 1999).  Specifically, the mapping 
between the input variables x1, x2, …, xn and the output variables f(x) = f(x1, x2, …, xn) in the 
domain Rn can be written in the following form (Sobol’, 1990; 1993): 

( )
n

f x = f0 + ∑ fi ( x fi ) + ∑ ij xi , x fj + + 1,2,,n ( x1, ,x2 , xn )
 i=1 1≤ < ≤

( )
i j n   

Where f0 is a constant denoting the mean effect (zero-th order); the function fi(xi) is a first-order 
term denoting the effect of variable xi acting independently (generally nonlinearly) upon the 
output f(x); the function fij(xi,xj) is a second-order term describing the cooperative effects of the 
variables xi and xj upon the output f(x); and so on.  The higher order terms reflect the cooperative 
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effects of increasing numbers of input variables acting together to influence the output f(x).  If 
there is no interaction between the input variables, then only the zero-th order term f0 and the 
first order terms fi(xi) will appear in the HDMR expansion.  If higher-order input variable 
correlations are weak and can therefore be neglected, the HDMR expansion would be 
computationally very efficient.  According to Li et al. (2001), for many systems, an HDMR 
expression up to second order is found to already provide satisfactory results and a good 
approximation of f(x).  There are two commonly used HDMR expansions: cut-HDMR, which 
depends on the value of f(x) at a specific reference point χ, and RS-HDMR, which depends on 
the average value of f(x) over the whole domain.  The latter approach is employed in this study 
due to its greater computational efficiency for a larger number of input parameters (more than 10 
model inputs) and no direct dependence of the sample size N on the input space dimension 
(Ziehn and Tomlin, 2008). 
 
For RS-HDMR, a set of random sample points N over the entire domain Rn is used.  The 
component functions are determined through an averaging process.  First of all, the input 
variables xi are rescaled such that 0 ≤ xi ≤ 1 for all i.  The output function is then defined in the 
unit hypercube Kn = {(x1, x2, …, xn), i=1, 2, …, n}.  The zeroth order term f0 can be approximated 
by the average value of f(x) for all x(s) = {( x x(s s) ( ) (s)

1 2, , , xn ), s =1,2, , N} . 

 
The determination of the higher order component functions is based on the approximation of the 
component functions by analytical basis functions (orthonormal polynomials in this study), 
which reduces the sampling effort dramatically (Li et al., 2002).  The determination of the 
expansion coefficients is based on the Monte Carlo (MC) integration.  Since the error of the MC 
integration controls the accuracy of the RS-HDMR expansion, variance reduction methods are 
often applied to improve the accuracy of the MC integration without increasing the sample size 
N, especially for high dimensional systems; furthermore, for complex models having a high 
number of input parameters (greater than 20) and only low higher order effects, a threshold is 
also introduced to exclude insignificant component functions from the HDMR expansion.  If 
significant parameter interactions exist, then it might be computationally more efficient to apply 
a screening method such as the Morris method (Morris, 1991) beforehand in order to reduce the 
dimensionality of the problem.  This can result in a more accurate estimation of the higher order 
component functions for smaller samples sizes.  Extensions to the existing set of random 
sampling (RS)-HDMR tools have recently been developed by Ziehn and Tomlin (2008) in order 
to make the method more applicable for complex models with a large number of input 
parameters as often appear in pavement performance simulation.  The extended RS-HDMR 
method significantly reduces the required number of model runs, and only one set of input values 
(random or experimental data) and the corresponding output values need to be supplied. 
 
The HDMR method described above can also be used for global sensitivity analysis, as it is 
conceptually the same as the method of Sobol’, a commonly used method in global SA (Sobol’, 
1990).  More importantly, the HDMR method requires much less evaluation of the Monte Carlo 
integrals and is computationally more efficient (Chan et al., 2000), because the RS-HDMR 
function expansion already gives the ANOVA decomposition needed for calculating the partial 
and total variances.  Once the RS-HDMR component functions are approximated by orthonormal 
polynomials, then the partial variances Di, Dij, … can be calculated as follows (Li et al., 2002):  
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pq are constant coefficients determined from the RS-HDMR function expansion 
for fi(xi) and fij(xi, xj), respectively; and ki, li, and mj represent the order of the polynomial 
expansion.  The sensitivity indices Si1 , , is

can then be calculated based on the partial variances Di, 
Dij, … and the total variance D as follows (Ziehn and Tomlin, 2008): 

D
S 1 , ,

1 , , = i  is
i  is

,1≤ <i
D 1 < i ns ≤

∑
n

S Si + ∑ ij + + S1,2,,n =1
i=1 1≤ <i j≤n  

 
Note that all the SI terms add up to 1.  Regarding the interpretation of the sensitivity indices, the 
first-order sensitivity index si measures the main effect of the input variable xi on the output, or 
in other words, the fractional contribution of xi to the variance of f(x), whereas the second-order 
sensitivity index sij measures the interaction effect of xi and xj on the output; and so on.  The total 
effect indices TSi can also be conveniently calculated to represent the overall parameter 
importance.  

4.3.2 Other Global Sensitivity Analysis Methods 
The most suitable sensitivity analysis method for a specific problem depends on the objectives of 
the sensitivity analysis.  According to Saltelli et al. (2008), the global sensitivity analysis 
framework or setting consists of three components: (1) the parameter prioritization setting, in 
which the objective of the analysis is to identify parameters that when fixed to their true values 
result in the greatest reduction in variance of the output; (2) the parameter fixing setting which 
identifies input parameters that if fixed at any value in their range do not produce significant 
change in the output; and (3) the parameter mapping setting which is used to determine the input 
parameters responsible for producing a certain region in the cumulative distribution function 
(CDF) of the output.  Based on the parameter prioritization setting, the important parameters can 
be determined and then sampled intensively and accurately.  The extended FAST described next 
can be used for this purpose to rank different parameters according to their first-order 
sensitivities.  The parameter fixing setting can be used to reduce the complexity of models by 
focusing on a small number of parameters that control the majority of output uncertainty, which 
can be achieved by using the screening method (Morris, 1991) and the total effect coefficients 
computed from the extended FAST.  The objective of the parameter mapping setting can be 
achieved by using the Monte Carlo filtering method. 

4.3.2.1 Screening Methods 
As mentioned previously, for the applications of the HDMR method to problems where 
significant parameter interactions exist, a screening method such as the Morris method (Morris, 
1991) can be applied beforehand to reduce the dimensionality of the problem.  The use of 
screening methods can complement SA techniques in terms of reducing the required number of 



83 
 

model evaluations.  For the design of rigid pavements which involves computationally expensive 
models and a large number of input factors, screening methods can identify the factors that have 
the strongest effects on the output variability.  The One-factor-At-a-Time (OAT) method, as 
employed in many prior studies, is based on the variation of only one factor while the others are 
kept fixed at a baseline or reference value.  The OAT analysis is often performed by varying one 
of the inputs in an interval (e.g., 10%) relative to a baseline for the model (the nominal values of 
the input factors), while the other input factors are fixed to the baseline value.  The range of the 
output is then analyzed for the set of the k-OAT computations.  Another OAT technique 
computes the partial derivatives of the model's function with respect to the input factors and is 
called local sensitivity analysis, because it depends on the choice of the point where the partial 
derivatives are calculated.  While these OAT methods require few model evaluations, they are 
local and do not provide information on the entire range of variation of the input factors. 
Morris (1991) proposed another OAT sensitivity analysis method that is based on a repetition of 
a set of randomized OAT design experiments.  Morris method overcomes the limitation of the 
local sensitivity analysis by performing partial derivative calculations in different locations of the 
input factor range of variation chosen according to a random OAT experiment.  This method is 
global because the input factors can vary over their entire domain of definition.  It has been 
widely used for effective identification of a few important parameters in models that have many 
parameters.  Morris method is applicable in dimension n, and a sample of elementary effect (EE) 
of any parameter xi can be computed using approximations of the derivative of the response 
function at a number of points.  The mean µ∗

i
of the absolute value of the different partial 

derivatives is a measure of the sensitivity (or the importance) of the parameter; whereas the 
standard deviation σi is a measure of both the interactions and the nonlinear effects (Campolongo 
et al., 2007).  The main advantage of Morris method is the low computational cost, requiring 
only about one model evaluation for each elementary effect per replication.  However, its 
drawback is that it is not possible to distinguish non-linearity from interactions, which might be 
essential from the design perspective.  Furthermore, the sensitivity measures cannot be 
quantitatively interpreted beyond their definition.  More details of the Morris method can be 
found elsewhere (Brevault et al., 2013).  

4.3.2.2 Fourier Amplitude Sensitivity Test 
FAST involves initially converting the n-dimensional integral of f(𝑥𝑥) into a single dimension f(s), 
through use of a transformation function Gi and a set of integer frequencies ωi.  The resulting 
function is then Fourier-analyzed to determine the partial variance (due to individual inputs) as 
well as the total model variance.  A single transformation function and frequency are assigned to 
each input variable i for which an SI value needs to be determined.  The general form of the Gi 
function is given as follows (Saltelli et al., 2008) 
 

x Gi i= sin (ωis) ; i =  1,,n
 

where s is a frequency variable ranging from -π to π and xi ranges from 0 to 1, with f(s) given 
below as the resulting transformed function. 
 

f (s) = f ( x ) = f G{ 1 sin (ω ω1 2s)   , G sin ( 2s) , , Gn nsin (ω s)   };
 

̅
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Although the inputs to xi in FAST range from 0 to 1, these can be re-scaled to the real model 
input ranges.  The total model variance of f(s), i.e., DFAST can then be calculated using as follows 
(Saltelli et al., 2008): 

Pω

DFAST = 2 ∑
max

A2 2
j + Bj

j=1

1Aj = ∫
π

−π
f (s)cos( js)ds

2π
1Bj = ∫

π

2π −π
f (s)sin ( js)ds

 
where P is the maximum harmonic considered and ωmax is the highest value in the set of angular 
frequencies used.  Sensitivity index (SI) calculation also requires definition of the transformation 
function G, as well as the frequency set.  Several different G functions have been proposed in the 
past, of which the one proposed by Saltelli et al. (2008) provides the most uniform coverage of 
G-space.  The contribution that the i-th variable makes to the variance of f(s) can then be 
determined by evaluating Aj and Bj for the fundamental frequency ωi and its higher harmonics up 
to the value of p.  The SI value for the i-th input variable is then calculated as follows: 
 

P

D 2 2 2
ωi

= ∑ A Bjω ωi i
+ j

j=1

D
SI = ωi

i i; 0 ≤ SI ≤1
DFAST  

FAST computes the first-order sensitivity indices at little computational expense; however, it is 
impractical to use it for computing the interaction terms due to the complexity involved in a 
multidimensional Fourier decomposition (Saltelli et al., 2008).  Alternatively, the Sobol’ method 
can be used to determine the interaction indices. 

4.3.2.3 Monte Carlo Filtering 
The Monte Carlo filtering method is used within the context of the parameter mapping 
framework to recognize input parameters that produce a targeted region in the output uncertainty 
space.  The realizations of the input parameters are 'filtered' as behavioral and non-behavioral 
based on whether the realization produces an output value within the targeted region or not.  The 
discrepancy between the behavioral CDF, F ( X i B) , and non-behavioral CDF, F ( X i B ) , is 

measured using Smirnov two-sample test, which can be used to accept or reject the hypothesis of 
the importance of a parameter Xi (Saltelli et al., 2008).  If the two CDFs are significantly 
different, then this implies that the factor plays a major role in producing the targeted region in 
the output. 

4.3.2.4 Partial Correlation Coefficient 
This coefficient is a regression-based sensitivity measure (Helton, 1993).  Efficient usage of this 
measure requires a linear model; however, for nonlinear models, a rank transformation might be 
an effective linearizing technique.  A linear response surface is fitted between the input and 
output, and then a sensitivity analysis is performed on this fitted model. 
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4.4 Analysis Results for LTPP SPS-2 Test Sections 
As pointed out in Chapter 2, The LTPP SPS-2 experiments as studied previously by many 
researchers were designed as fractional factorials in nature, with different number of sites 
constructed in each climatic zone-subgrade soil type combination; therefore, the experiment is 
essentially unbalanced, which makes it difficult to meet the equal variance assumption, a 
prerequisite inherent to the ANOVA analysis.  Furthermore, the results of the prior ANOVA 
analysis were based only on distressed JPCP sections, and only two-way interactions may be 
reliable in the ANOVA analysis.  In light of these issues, the aforementioned extended HDMR 
method by Ziehn and Tomlin (2008) is employed in this study to re-study those field 
performance data, because it is especially suitable for complex problems with a high number of 
input parameters and only significant interaction effects.  Another reason for choosing the 
HDMR method is that only a total of 167 test sections with necessary data exist in the LTPP 
SPS-2 program.  Such a relatively small sample size may be not sufficient for other SA methods 
to accurately calculate the first and second order sensitivity indices (in other words, main effects 
and interaction effects). 
 
The LTPP Standard Data Release (SDR) 27.0 requested from FHWA provides the necessary 
field performance monitoring data.  The Performance Index as proposed by Chatti et al. (2005) is 
calculated and used as the indicator for each performance measure (e.g., cracking, joint faulting, 
and roughness).  The inputs for the HDMR based global sensitivity analysis are the five 
structural factors and three site factors as defined by the scope of LTPP SPS-2 program, whereas 
the outputs are pavement distress data monitored over time.  Table 37 lists those inputs and 
outputs.  The first step involved is to scale each input into the range from 0 to 1 as  

X X− min

 X = i i
i X Xmax

 
i − min

i

(as per the requirement of the HDMR method), while the outputs are kept as their original values.  
A fully functional metamodel is then constructed using such a pre-prepared dataset on the basis 
of the HDMR method.  Additionally, component functions of first and second order are plotted 
and compared with scatter plots of original data, and sensitivity indices of first and second order 
are calculated accordingly.  Different sample sizes have been tested from N=10 up to N=167 
(total number of LTPP SPS-2 test sections with available data) to study the side effect of the 
sample size used on the global sensitivity analysis accuracy.  Note that if only a small sample 
size is used, it may be not possible to estimate the second order effects, as the fitting of the 
polynomials takes place in a high dimension.  The maximum polynomial order for the 
approximation of the first order component function is set to be 10 and for the second order 
component function 5.  The correlation method for variation reduction as described by Li et al. 
(2003) is applied. 
 
Table 38 summarizes the first-order and second-order sensitivity indices calculated for the four 
outputs with three different sample sizes N.  As it can be seen from Table 38, the interaction 
effects increase with the increased sample size N, indicating more field pavement data are 
needed to reveal the interaction effects between different design inputs; whereas no significant 
changes to the mean effects are induced by increased sample size N.  Both mean effects and 
interaction effects identified by the HDMR method largely agree with common understanding as 
well as relevant previous findings.  It is expected that as more field performance datasets become 
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available, the analysis accuracy will be further improved until reaching a certain sample size 
beyond which the benefit of the sample size increase would be trivial.  It is also worth noting that 
the sum of the first- and second-order effects covers less than 20% of the output variance for all 
the outputs, indicating significant higher-order interactions between design inputs.  However, 
those higher-order interactions cannot be identified and further quantified by traditional 
statistical methods such as the “two-way” ANOVA. 
 

Table 37.  Input and Output Variables in the HDMR based Global Sensitivity Analysis 

Variable Description 

Input 

X1 PCC Slab Thickness (203 mm and 279 mm) 
X2 Base Type (DGAB, LCB, and PATB) 
X3 Drainage (presence or lack of drainage) 
X4 Lane Width (3.66 m and 4.27 m) 
X5 PCC Flexural Strength (3.8 MPa and 6.2 MPa, at 14-day) 
X6 Subgrade Soil Type (fine-grained and coarse grained, based on Unified system) 
X7 Climatic Zone (Wet Freeze, Wet Non-freeze, Dry Freeze, and Dry Non-freeze) 
X8 Proposed Traffic (KESALs per year) 

Output 

Y1 Roughness (IRI, m/km) 
Y2 Wheel-path joint faulting (number of joints with >1.0 mm faulting) 
Y3 Longitudinal Cracking (total length, m) 
Y4 Transverse Cracking (number of cracks) 

Notes: PATB: DGAB: Dense-graded Aggregate Base; LCB: Lean Concrete Base; Permeable Asphalt Treated Base; 
KESALs: ×1000 Equivalent Single Axle Loads; and IRI: International Roughness Index. 
 

Table 38.  First-order and Second-order Sensitivity Indices for the Outputs 

N 
Sensitivity indices calculated for the outputs on the basis of: 

Y1 Y2 Y3 Y4 
42 84 167 42 84 167 42 84 167 42 84 167 

S1  0.0807 0.0328  * 0.0053 0.1394 0.0605 0.0720 0.1395 0.0370 0.0370 

S2  0.0037 0.0056      0.0045 0.0009 0.0045 0.0045 

S3             

S4       0.0155    * * 

S5   *          

S6         *    

S7       *  0.0002    

S8             

ΣSi 0.0000 0.0844 0.0384 0.0000 * 0.0053 0.1549 0.0605 0.0826 0.1404 0.0415 0.0415 
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Table 38, cont.  First-order and Second-order Sensitivity Indices for the Outputs 

S1,2 0.0106   *     0.0003 0.0029   

S1,3   *   *       

S1,4 0.0058     0.0020   0.0018    

S1,5    * *        

S1,6   *  *        

S1,7    *  0.0068      * 

S1,8 0.0296          0.0389  

S2,4          *   

S2,5           *  

S2,7       *     0.0009 

S2,8   0.0232    0.0070      

S3,5   *          

S3,7         *    

S3,8    *         

S4,5 *  *   *    * *  

S4,6     *        

S4,7     *    0.0028  * 0.0003 

S4,8       *      

S5,7      * *    *  

S5,8        0.0001 *    

S7,8    0.1417   0.0065     0.0028 

ΣSij 0.0460 0 0.0233 0.1417 * 0.0088 0.0135 0.0001 0.0049 0.0033 0.0390 0.0040 

ΣSi+ΣSij 0.0460 0.0844 0.0617 0.1417 * 0.0141 0.1684 0.0605 0.0875 0.1437 0.1977 0.0455 

Note: * denotes values less than 10-4. 
 
Figure 49 illustrates the first-order component functions and scatter plots for the highest-ranked 
parameters (Left) and second-order component functions for the highest-ranked interactions 
(Right) for the four Outputs Y1, Y2, Y3, and Y4.  All the plots highlight the nonlinearity of the 
models.  Figure 48a shows the highest-ranked Sobol’ Sensitivity Indices for corresponding mean 
and/or interaction effects; whereas Figure 48b shows the Pearson Correlation Coefficients for the 
mean effects.  The ranking indicated by the Pearson Correlation Coefficients is different from 
that by the Sobol’ sensitivity indices, as the variance based SIs do not require any assumptions 
regarding the relationship between the input and the output and are accordingly more reliable 
than the correlation coefficients. 
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Figure 48.  First-order Component Functions and Scatter Plots for the most Important 
Parameters (Left) and Second-order Component Functions for the most Important Interactions 

(Right) for the Outputs: (a) Y1, (b) Y2, (c) Y3, and (d) Y4. 
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(a) (b) 

Figure 49.  Sobol’ Sensitivity Indices (a) and Pearson Correlation Coefficients (b) of Input 
Parameters for the Outputs. 

4.5 Preliminary Analysis Results for MnROAD Cells 306 and 53 
Although the LTPP SPS-2 full-scale testing provided a wealth of information on pavement field 
distresses, it still could not cover all the combinations of base types and PCC slab thicknesses.  
To address this limitation, field instrumentation data from selected MnROAD PCC test cells are 
used to further confirm the observations made.  As preliminary data analysis, this section 
presents the development of both EICM and ISLAB2000 finite element models for verification 
of trends observed in the field with required material property inputs identified by matching 
prediction and measurement results.  

4.5.1 Comparison of EICM Predictions and Field Measurements 
The various input parameters for Cells 306 and 53 needed for the EICM program is summarized 
in Tables 39 through 41 Details of the meaning of each parameter and in some cases of how to 
estimate their default values can be found elsewhere (Larson and Dempsey, 1997).  Table 39 
summarizes the baseline input required to run the EICM, which includes data such latitude, 
geographic region, and number of days in analysis period, as well as background information on 
the thermal properties associated with the site of interest.  Table 39 also summarizes the input 
required for the infiltration and drainage calculations performed in the EICM.  Table 40 
summarizes the input required for the bases and subgrades, and  
Table 41 summarizes the input required for the PCC slab. 
 
In the procedures used to establish the distribution of temperatures in the EICM, the surface 
temperature is established, and the temperatures throughout the pavement layers are then 
calculated.  The EICM uses a three-step process to calculate the water contents in the base and 
subgrade layers.  First, the equilibrium water contents are determined by assuming a hydrostatic 
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suction profile above the water table; second, the shape of the moisture characteristic curves is 
established from a series of regression equations; third, the gravimetric water contents are 
computed from the moisture characteristic curves for the suction estimated in step 1.  The result 
of the predicted volumetric moisture contents for one moisture sensor in the base layer of Cell 53 
is shown in Figure 50 as an example.  The field volumetric moisture contents were measured 
with TDRs, placed at different locations in the base material.  It can be seen from Figure 50 that 
the predicted trends follow the measured moisture content trends fairly closely, except during 
spring thaw, when the EICM misses the critical increase in volumetric moisture content.  
Noticeable differences remain in the winter months, where the EICM assumes that the entire 
base is frozen with no unfrozen pore water.  The TDR result indicates some volume of unfrozen 
water during the winter months.  This may be due to the calibration of the TDR probes, which 
may not adequately reflect the winter conditions.  Note that the simulations were performed with 
hydraulic properties surveyed from previous literature, which may have some error associated 
with the differences in boundary conditions between the laboratory and the field. 

Table 39.  Baseline Input for the EICM Program  

EICM Program Inputs 
Parameter Cell 53  
Latitude 45º 078´ 
Climate region II-A 

Default weather station Minneapolis, MN (supplemented by 
actual weather data) 

Analysis period 9/24/2008 – 3/24/2010 
First month in analysis period September 
Time increment for output 2 hours 
Time increment for calculation 0.1 hours 
Climatic/Boundary Condition Dialog Box 
Lower boundary suction 0 kPa (0 psi) at GWT 
Thermal Properties Box 
Modifier of overburden pressure during thaw 0.5 
Emissivity factor 0.9 
Cloud base factor 0.85 
Maximum convection coefficient 5.19 W/m-ºC (3 Btu/hr-ft-ºF) 
Coefficient of variation of unsaturated permeability 1.0 
Time of day when minimum air temperature occurs 04:00 
Time of day when maximum air temperature occurs 15:00 
Upper temperature limit of freezing range 0 ºC (32 ºF) 
Lower temperature limit of freezing range -1.1 ºC (30 ºF) 
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Table 39, cont.  Baseline Input for the EICM Program 

TTI Infiltration and Drainage Box 
Linear length of cracks/joints 210.6 m (691 ft) 
Total length surveyed for cracks and joints 1524.0 m (500 ft) 
Type of fines added to base course Clay 
Percentage of fines added to base course 12% 
Percentage of gravel in base course 8% 
Percentage of sand in base course 80% 
One sided width of base course 6.7 m 
Slope ratio/base tangent value 2.0% 
Internal boundary condition Flux 
Evaluation period 10 years 
Constant K for intensity-duration-recurrence equation 0.25 
Power of rainfall duration n 0.75 
Shape constant for rainfall-intensity-period curve 1.65 

Table 40.  Properties of Base and Subgrade Layers  

Material Properties Dialog Box Base Subgrade 
Parameter Cell 53 Cell 53 
Thickness of layer 28 in. 74.65 in. set at GWT 
Number of elements 10 12 
Porosity, n 0.238 0.49 

Saturated Permeability, Ksat 0.00137 m/hr (0.0045 ft/hr) 0.0003048 m/hr 
(0.0001 ft/hr) 

Dry unit weight, γdry 129.8 lb/ft3 112.47 lb/ft3 

Dry thermal conductivity 0.3 Btu/hr-ft-ºF 0.2 Btu/hr-ft-ºF 

Dry heat capacity 0.17 Btu/lb-ºF 0.17 Btu/lb-ºF 

Coefficient of volume compressibility 0.1 0.8 

Gardner’s unsaturated permeability 
function 

Multiplier: 0.001 
Exponent: 3.52 

Multiplier: 0.001 
Exponent: 2.23 

Gardner’s moisture content function Multiplier: 0.02654 
Exponent: 0.5933 

Multiplier: 0.0023 
Exponent: 0.6962 

Resilient modulus Frozen: 292.824 ksi 
Unfrozen: 13.818 ksi 

Frozen: 27.783 ksi 
Unfrozen: 0.8085 ksi 

Poisson’s ratio Frozen: 0.25 
Unfrozen: 0.25 

Frozen: 0.45 
Unfrozen: 0.45 

Length of recovery 60 days 60 days 
Factor of MR reduction during thawing 20% 20% 
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Table 41.  Properties of PCC Slab  

PCC Slab Material Properties 

Layer Description PCC 
Cell 53 

Air content in PCC layer 6% 
Thickness of layer 195 mm (7.75 in.) 
Number of elements in this layer 4 
Coarse aggregate content in PCC 35% 
Gravimetric water content of PCC layer 0.5% 

Thermal conductivity of PCC layer 
Unfrozen: 1.04 W/m-ºC (0.6 Btu/hr-ft-ºF) 
Freezing: 1.04 W/m-ºC (0.6 Btu/hr-ft-ºF) 
Frozen: 1.04 W/m-ºC (0.6 Btu/hr-ft-ºF) 

Heat capacity of PCC layer 
Unfrozen: 0.92 kJ/kg-ºC (0.22 Btu/lb-ºF) 
Freezing: 5.02 kJ/kg-ºC (1.2 Btu/lb-ºF) 
Frozen: 0.92 kJ/kg-ºC (0.22 Btu/lb-ºF) 

Total unit weight of PCC layer 
Unfrozen: 22.04 KN/m3 (140.4 lb/ft3) 
Freezing: 22.04 KN/m3 (140.4 lb/ft3) 
Frozen: 22.04 KN/m3 (140.4 lb/ft3) 

 

 
Figure 50.  A Representative Example Comparing EICM Predicted Moisture Content Trends 

with Field Measured Trends. 

4.5.2 Comparison of ISLAB 2005 Predictions and Field Measurements 
The rigid pavement analysis model of ISLAB 2000 was employed to estimate the pavement 
responses for damage predictions of concrete pavements.  To achieve this objective, the 
measured and predicted concrete strain responses were compared.  ISLAB 2000 is a FE 
modeling program developed for predicting rigid pavement responses under traffic and 
temperature loading.  It allows the user to manually define the number of the nodes, pavement 
layers, and complicated wheel configurations/loadings.  The standard MnROAD truck of Mn80 
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was also selected as a control vehicle.  A parametric study was performed by varying two 
dominant variables: modulus of subgrade support (k) and slab temperature differences (∆T) in 
order to identify proper ISLAB 2000 inputs for pavement response predictions close to field 
measurements.  Since ISLAB 2000 could only allow static loading condition, the loading 
position of the each vehicle began at the first axle of the vehicle touches the beginning of the slab 
and then was moved along the traffic direction every 5 inches until the last axle of the vehicle 
leaves the slab to simulate the dynamic loading condition. 
 
The slab width was set to 12 feet, and the slab length was set to 15 feet for all the runs to 
represent cell 53.  The mesh size was set to 6 in by 6 in.  A concrete elastic modulus of 4.5×106 
psi was used in PCC material property inputs.  The PCC coefficient of thermal expansion was set 
to 5.5*×10-6 /oF for the entire runs.  The load transfer efficiency for the x-direction (vertical to 
traffic direction) in the ISLAB2000 was set to 40% while that was 50% for the y-direction 
(traffic direction).  The following factorial inputs were utilized in varying modulus of subgrade 
reaction (k) and slab temperature differences (∆T): k=50, 100, 200, and 300 psi/in; and ∆T=40, 
30, 20, 10, 0, -10, -20, -30, and -40 oF, respectively.  Comparisons between the ISLAB2000 
outputs and the field measurements were made as a function of time.  Due to the large number of 
strain gauges used, only a representative figure resulted from these comparisons is shown in 
Figure 51 for illustration purposes.  It can be seen from Figure 51, reasonable accuracy is 
achieved by using the ISLAB2000 program.  Note that the field strain measurements were 
converted into stress responses using a concrete elastic modulus of 4.5×106 psi in these 
comparisons. 

 
Figure 51.  A Representative Example Comparing ISLAB2000 Predicted Concrete Strain 

Responses with Field Strain Gauge (#18: 53CE118) Measurements (k=200 psi/in). 
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4.6 Summary 
The chapter describes three different rigid pavement field projects as the data sources for this 
study, i.e., full-scale pavement test sections designed by the LTPP SPS-2 program and 
constructed at the MnROAD, as well as in-service pavements retrieved from MnDOT’s 
pavement management system.  In addition to necessary background information, and data 
availability and extent for these field projects, both dynamic and static sensor data processing 
techniques are briefly described as well.  A new efficient global sensitivity analysis technique, 
termed as the HDMR method, is described in details and subsequently employed as one of the 
data analysis methods for this study.  Other commonly used GSA methods such as screening 
methods, FAST, and Monte Carlo filtering method are also briefly introduced within the overall 
objectives of the GSA.  A summary of preliminary results from all analyses conducted for the 
collected field performance data is presented in this chapter.  As part of the requested 
information for Minnesota in-service pavements has not been received by the authors yet, only 
analysis results for LTPP SPS-2 experiments and MnROAD Cells 306 and 53 are included in 
this report. 
 
Important findings are summarized as follows: 
 
1. The HDMR method described above can be efficiently used for global sensitivity analysis, as 

it is not only conceptually the same as the method of Sobol’, a commonly used method in 
global SA, but also requires much less evaluation of the Monte Carlo integrals and is 
therefore computationally more efficient. 

2. The most suitable sensitivity analysis method for a specific problem depends on the 
objectives of the sensitivity analysis.  The global sensitivity analysis framework or setting 
consists of three components: (1) the parameter prioritization setting, in which the objective 
of the analysis is to identify parameters that when fixed to their true values result in the 
greatest reduction in variance of the output; (2) the parameter fixing setting which identifies 
input parameters that if fixed at any value in their range do not produce significant change in 
the output; and (3) the parameter mapping setting which is used to determine the input 
parameters responsible for producing a certain region in the CDF of the output.  Different 
GSA methods are available for achieving each of the three objectives. 

3. The LTPP SPS-2 experiments as studied previously by many researchers were designed as 
fractional factorials in nature, with different number of sites constructed in each climatic 
zone-subgrade soil type combination; therefore, the experiment is essentially unbalanced, 
which makes it difficult to meet the equal variance assumption, a prerequisite inherent to the 
ANOVA analysis.  Both mean effects and interaction effects identified by the HDMR 
method largely agree with common understanding as well as relevant previous findings.  
Significant higher-order interactions between design inputs were identified that cannot be 
quantified by traditional statistical methods such as the “two-way” ANOVA. 

4. Both EICM predicted moisture content trends and ISLAB2000 predicted concrete strain 
response match the corresponding field measurements reasonably well, respectively.  The 
promising use of those two programs for the remaining MnROAD test cell data analysis is 
confirmed. 
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Chapter 5: Development of Revised Material Specifications and Selection 
Procedures  

5.1 Introduction 
Concrete pavement foundations represent a very substantial portion of the public's investment in 
roadway infrastructure.  It is essential that such investment be preserved through cost-effective 
planning, design, and maintenance.  One way of achieving this is through the use of long-term 
performance-based specifications.  The most part of the current practice for pavement foundation 
material specifications still remains “recipe” oriented.  Very specific requirements need to be set 
for material selection and construction procedures, such as proper combination of material 
physical properties, compaction, and as constructed properties such as density.  With the 
proposed performance-based guidelines, the actual performance of pavement foundations can be 
warranted over an extended term, which in turn results in cost-effectiveness and sustainability.  
As well, the measures that can be used to characterize performance and suitable models for 
estimating performance are identified.  Finally, this study explores some of the concerns 
associated with the implementation of the performance-based material specification guidelines 
and how these concerns might be addressed in practice. 

5.2 OGAB Subsurface Moisture Regime and Structural Stability from MnROAD Data 
Open-graded aggregate base courses have been increasingly used in PCC pavements as one of 
the effective strategies for improving subsurface drainage efficiency and thus pavement 
longevity.  In addition to maintaining adequate permeability, these layers are also required to 
remain stable during pavement construction, performance period and future rehabilitation 
activities.  In an effort to study subsurface drainage and stability of a new open-graded aggregate 
base material (OGAB Special) under construction, PCC pavement test sections (Cells 306 and 
406) were constructed by the MnDOT on the 3.5-mile mainline interstate roadway segment at 
the MnROAD test facility in 2011.  Both test cells consist of 6-in thick PCC slab, 6-in thick 
OGAB Special layer and 7-in Class 5 (MnDOT traditional dense-graded) unbound aggregate 
underlain by clay subgrade.  
 
This Chapter presents the findings from analyzing field instrumentation data and FWD test 
results to assess the effectiveness of the OGAB Special layer in controlling subsurface moisture 
regime and providing structural stability.  For comparison, field test data were also collected and 
analyzed from MnROAD Cells 38, 53, and 54 that are located in the low-volume roadway 
segment and consist of PCC slabs of similar thickness and traditional dense-graded base layers 
(Class 5 or 6) underlain by clay subgrade.  It was concluded from analysis results that the OGAB 
Special layer can not only reduce the subsurface moisture content significantly but also provide 
comparable structural stability, as compared to traditional dense-graded (Class 5/6) base layers. 

5.2.1 Previous Studies on Permeable Bases 
Moisture is a main cause of deterioration in PCC pavements (Cedergren 1994; Ceylan et al., 
2013).  For pavement foundation materials, excessive moisture within the pavement system 
could cause reduced strength (bearing capacity), increased material erosion and reduced 
hydraulic conductivity (Fredlund and Rahardjo, 1993; Lu and Likos, 2004).  In cold winter 
climates like in Minnesota, this problem is magnified further by the risk of frost damage when 
water is present.  To improve subsurface drainage efficiency and thus pavement longevity, 
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placing a permeable base layer underneath PCC slabs, among others, has become a typical 
countermeasure.  In Minnesota, two main PAB materials are currently used, i.e., stabilized and 
unbound.  Hagen and Cochran (1996) demonstrated the effectiveness of a permeable asphalt-
stabilized base in removing water within two hours after rainfall ended; furthermore, research at 
MnROAD and elsewhere has shown that concrete pavements built over well-draining aggregate 
base materials perform substantially better than those built over more traditional dense-graded 
bases (Akkari et al., 2012).  In addition to maintaining adequate permeability, these layers are 
also required to remain stable during pavement construction, performance period and future 
rehabilitation activities.  This is evidenced by MnDOT’s use of OGAB on many construction 
projects, which has added substantial construction costs due to stability issues (Akkari et al., 
2012). 
 
Much of the permeable base research has focused on its role as a subsurface drainage component 
as characterized by its porosity and permeability, while the structural behavior of permeable base 
has received much less attention.  Diefenderfer et al. (2005) reported the use of the FWD as an 
effective tool in evaluating the performance of a drainage layer in pavements in Virginia as it 
contributes to the structure of the pavement system.  Hall and Crovetti (2007) assessed the 
relative structural contributions of different base types in NCHRP Project 1-34D and indicated 
that it is not the drainability of the base layers but the stiffness that influenced deflection 
response, roughness, rutting, faulting, and cracking.  Presently, there are few guidelines for 
structural analysis and design of permeable base.  Tao et al. (2008) determined through 
laboratory testing an optimum gradation for unbound aggregates that are commonly used in 
Louisiana highways, which outperforms current Louisiana class II base gradation in terms of 
both structural stability and permeability.  More recently, MnROAD tested a modified OGAB 
material (i.e., OGAB Special) which proved to be stable during construction, in addition to 
showing promising results for permeability of this material shown by preliminary test results 
(Akkari et al., 2012). 
 
Conflicting findings have been reported in prior studies regarding the effectiveness of permeable 
bases.  As a follow-up to the preliminary study outlined by Akkari et al. (2012), this section aims 
to examine further the effectiveness of the OGAB Special layer that was experimented in PCC 
pavement sections at MnROAD, in terms of both permeability and structural stability in actual 
service.  This is accomplished by two steps: first, analyze subsurface moisture contents measured 
using instrumented sensors under pavement sections constructed by the OGAB Special and 
traditional dense-graded layers; and second, evaluate the pavement structural capacity using the 
FWD data for predicting the expected pavement life. 

5.2.2 Description of MnROAD Field Data Acquired 

5.2.2.1 Selection of PCC Pavement Test Sections at MnROAD 
MnROAD is a pavement testing facility operated by MnDOT in Albertville, MN.  The purpose 
of this research facility is to build and instrument innovative pavement sections and monitor their 
behavior.  As shown in Figure 52, it consists of two unique road segments: a 3.5-mile mainline 
interstate roadway carrying “live” traffic averaging 28,000 vehicles a day; and, a 2.5-mile 
closed-loop, low-volume roadway (LVR) carrying a controlled 5-axle tractor-semi-trailer to 
simulate conditions of rural roads.  Note that pavement test sections at MnROAD are referred to 
as “Cells”. 
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Figure 52.  Layout of MnROAD (a) mainline and (b) low-volume road segments and pavement 

cross sections for (c) Cells 306 and 406 and (d) Cells 38, 53 and 54. 

In an effort to study subsurface drainage and stability of a new permeable base material (i.e., 
OGAB special) under construction, two PCC pavement test sections, Cells 306 and 406 (referred 
to together as Cell 6), were constructed on the mainline segment at MnROAD in 2011.  Both test 
cells consist of 6-in thick PCC slab, 6-in thick OGAB special layer and 7-in Class 5 unbound 
aggregate underlain by clay subgrade, as shown in Figure 52c.  According to MnDOT 
specifications for traditional dense-graded aggregate materials, Class 5 requires at least 10% 
crushed particles, whereas Class 6 requires at least 15% crushed particles.  Three additional PCC 
cells of similar design that are constructed with traditional dense-graded base layers on the low-
volume segment are selected, i.e., Cells 38, 53, and 54.  As shown (not to scale) in Figure 52d, 
Cell 38 is a 6.5 in thick JPCP with 1.0 in dowels.  It has a 5 in thick Class 5 base and clay 
subgrade.  Following the Minnesota HPCP design concept targeted for a 60-year service life, 
Cell 53 is a 12 in thick JPCP with 1.5 in dowels and consists of a 5 in thick Class 5 base, a 36 in 
thick select granular subbase and clay subgrade.  A 7.5 in thick JPCP with 1.0 in dowels, Cell 54 
consists of a 12 in thick Class 6 base and clay subgrade.  All three cells have 15×12 ft panels.  
The grain size measurements in Figure 53 show that the OGAB Special is coarser than typical 
MnDOT Class 5 aggregate.  Based on limited extensive laboratory and field observations, the 



98 
 

OGAB Special gradation used to achieve the drainable base in Cell 6 at MnROAD appears to 
provide stability and permeability during construction (Akkari et al., 2012). 
 
Two different types of field data were collected from those selected PCC pavement test sections: 
(i) field instrumentation data including moisture, temperature, frost condition, climatic 
information and groundwater level; and (ii) pavement surface deflection data measured using 
FWD.  Both moisture sensor and FWD data are analyzed to assess the effectiveness of the 
OGAB special base material. 
 

 
Figure 53.  Grain size measurements of MnROAD Cell 6 OGAB Special in Relation to MnDOT 

Class 5 and Unbound PAB Bands. 

5.2.2.2 Field Instrumentation Data 
To track the changes in the load and environmental response of a pavement structure over time, 
electronic sensors were installed during the initial construction of the test cells at MnROAD.  
These sensors measure variables such as temperature, moisture, strain, deflection, and frost depth 
in and under the pavement at certain intervals throughout the year (Johnson et al., 2008).  
Specifically, in addition to Time Domain Reflectometer, the Watermark (WM) 200-x sensors 
manufactured by the Irrometer® have been used to measure both soil moisture content and frost 
depth in base and subgrade layers.  Those “WM” sensors measure change in electrical resistance 
due to changes in the soil moisture content.  They are installed in a vertical stack of 7 sensors to 
capture the moisture content at various layers below the pavement surface.  Data is automatically 
collected from each WM sensor every 15 minutes.  The instrumentation layout of WM sensors in 
Cells 306, 38, and 53 is illustrated in Figure 54. 
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5.2.2.3 Field FWD Data 
The FWD device is designed to measure the load-deflection response of pavement systems 
subjected to an impulse load that simulates a passing wheel.  The deflection basin captured by 
the geophone sensors (spaced at specific distances from the load plate) can be used to determine 
the strength of concrete pavement and back-calculate the moduli of PCC slabs and underlying 
layers, e.g., the modulus of subgrade reaction ks.  The maximum deflection under the loading 
plate (D0) and the deflection at the outermost sensor are indicators of overall pavement and 
subgrade stiffness, respectively (Barenberg and Petros, 1991).  According to Suleiman et al. 
(2011), the PCC static modulus of elasticity (EPCC) values are more strongly correlated to the 
FWD deflections near the load center than in the farther ones, whereas the opposite is true for ks 
values.  Several methodologies have been developed over the years to back-calculate the rigid 
pavement properties from measured FWD deflection basins and pavement layer thicknesses 
(Hall et al., 1997; Ceylan, 2002; Fwa and Setiadji, 2006).  
 
In general, FWD tests are performed on most of the MnROAD pavement cells multiple times 
each year to measure the unique seasonal response of a pavement layer or system to a dynamic 
load.  As of May 2009, there are 10 sensors used and they are numbered and located according to 
Table 42.  FWD tests at MnROAD have been done with the trailer facing in the direction of 
traffic loading for all PCC test cells after April 1998 (Izevbekhai and Rohne, 2008).  
Specifically, each test cell has approximately 40 test points that are routinely tested.  Test points 
in PCC cells are in groups of 5, following a fixed pattern associated with panel position.  
Typically, five of these groups are tested in each PCC lane.  At each test point, surface 
deflections are collected for one drop at each load level of 6,000, 9,000, and 12,000 lbs.  Note 
that the radius of the load plate is 6 in.  Figure 55 shows the diagram of the FWD test points for 
Cells 306 and 406, as well as for a typical LVR cell.  Other information recorded during FWD 
testing includes the air temperature and infrared pavement surface temperature. 

Table 42.  Geophone Sensor Spacing for Each FWD Test at MnROAD 

Sensor Number 1 2 3 4 5 6 7 8 9 10 
Distance from center 

of load plate (in.) 0 8 12 18 24 36 48 60 72 -12 

Note: 1 in. = 25.4 mm 
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(a) 

 
(b) 

  
(c) 

 

  

Figure 54.  Instrumentation layout of WM sensors for MnROAD (a) mainline Cell 306, (b) low-
volume Cell 38 and (c) low-volume Cell 53. 
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(a) 

 
(b) 

 
(c) 

Figure 55.  Diagram of FWD test points in (a) Cell 306, (b) Cell 406 and (c) a typical LVR cell. 

5.2.3 Field Data Analysis 

5.2.3.1 Impact of OGAB Special Layer on Subsurface Moisture Regime 
The WM sensor data are analyzed for the effectiveness of the OGAB special layer as a 
subsurface drainage component.  Figure 56 shows the variation with time of hourly electrical 
resistivity (indicator of in-situ moisture content) recorded by sensors in different layers at Cells 
306 and 53.  The precipitation information recorded by MnROAD weather station is also 
provided as a reference.  It clearly shows that the use of OGAB Special layer in Cell 306 
significantly reduced the in-situ moisture content levels in all pavement layers (especially in 
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subgrade soil), as compared to Cell 53 with traditional dense-graded base layer.  Sensors #207 
and #208 placed atop and within clay subgrade in Cell 306 were further compared against 
sensors #102 and #108 placed atop the SG subbase in Cell 53.  Figure 56a shows the variation of 
average daily electric resistivity with time.  It becomes more evident that the OGAB special layer 
in Cell 306 is effective in reducing the subsurface moisture content and thus improving drainage 
efficiency.  The coefficient of variation (COV), defined as the ratio of standard deviation to the 
mean, of average daily electric resistivity that varies with time is also shown in Figure 57b for 
both cells.  Note that each of the dashed horizontal lines in Figure 57b represents the average 
COV level for the corresponding sensor.  It shows that the use of the OGAB special layer 
resulted in much higher COV values of subsurface moisture content, which is expected as water 
can more easily penetrate through the OGAB special layer and make the subsurface moisture 
variation more susceptible to precipitation, if no other drainage options are used. 
 

 
 (a) (b) 
 

 
(c) 

Figure 56.  Hourly electric resistivity measurements at Cells (a) 306 and (b) 53 and (c) 
precipitation data recorded by the MnROAD weather station. 

It is worth mentioning that laboratory permeability testing was performed on thirteen samples of 
the OGAB Special material by closely following ASTM D2434-68 procedure (Constant Head).  
The resulting average value for the coefficient of permeability (kavg) was reported as 19.3 ft/day, 
which is under the typical range for fine sand (2.83-28.3 ft/day) and is lower than what would be 
expected (Akkari et al., 2012).  According to MnDOT specifications, permeable aggregate layers 
should have a permeability k of at least 300 ft/day, although a minimum value of 1,000 ft/day is 
desirable.  This is probably because the only possible flow path for the water was clogged by 
finer particles seen washing to the bottom of the apparatus during the test, which is however less 
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likely to occur in the field.  In-situ permeability testing was also performed on August 17, 2011 
at several different locations.  The in-situ permeability k was found between 0.41 and 55 ft/day 
with an average of 23 ft/day (1ft/day=3.53×10-4 cm/s).  The permeability of Class 5 (dense-
graded) base is about 0.4 ft/day, which is apparently much less than that of the OGAB Special in 
Cell 6. 

 
(a) 

 
(b) 

Figure 57.  Average Daily Electric Resistivity Measurements (a) and (b) corresponding COV 
values at Cells 306 and 53. 

5.2.3.2 Impact of OGAB Special Layer on Pavement Structural Capacity 
The structural behavior of the OGAB Special layer in actual service compared to traditional 
dense-graded aggregate bases has not been investigated or reported yet; therefore, this section 
focuses on evaluating the structural behavior of Cell 6 with the OGAB Special layer compared 
with that of traditional concrete pavement systems, i.e., Cells 38 and 54.  This is accomplished 
by comparing FWD test results.  Those three cells share very similar geometry/configuration of 
PCC slabs and reinforcement details, as presented previously.  To minimize the effect of 
potential thermal curling of the slab, only FWD measurements taken at similar time, air 
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temperature and infrared surface temperature are selected for further comparison.  This results in 
the selection of FWD measurements taken in early October when the air temperature and 
infrared surface temperature were about 14 oC and 20 oC, respectively.  Note that the average 
EPCC was reported as 5.5×106 psi for Cell 54 (Izevbekhai and Rohne, 2008) and 4.5×106 psi for 
Cell 38 (Vancura et al., 2011).  
 
The center panel deflection basins measured from center points of several PCC slabs for Cells 
306 and 54 at different FWD loading amplitudes are compared in Figure 58.  The shape and 
magnitude of deflection basins in Figure 58 show that PCC slab #3 in Cell 306 yielded deflection 
response closely matching that of Cell 54, while slabs #8 and #13 in Cell 306 yielded weaker 
response compared to that of Cell 54.  Considering the aforementioned similarity between Cells 
306 and 54 (i.e., 6 in vs. 7.5 in slab thickness, 15×12 ft panels, 1.0 in dowels, and clay subgrade), 
one may reasonably infer that the combination of 6-in OGAB Special and 7-in Class 5 in Cell 
306 could exhibit structural behavior as strong as that of 12-in Class 6 in Cell 54, provided that 
proper construction quality (e.g., uniformity) is achieved.  Therefore, the structural capacity of 
the OGAB special layer in actual service could potentially compete with that of traditional Class 
6 layer, not to mention its outperforming drainage efficiency.  Those varying center panel 
deflection basins (measured at center points of different slabs) are then averaged and shown in 
Figure 59.  It becomes more obvious that Cells 306 and 54 provided similar response, while Cell 
38 provided the weakest response.  This is expected because Cell 38 has the thinnest base layer 
(5-in Class 5), which in turn further confirms the effectiveness of the OGAB Special layer in 
providing significant structural support. 
 
Additionally, the discrepancy of deflection basins between driving and passing lanes (Cell 306) 
or between inside and outside lanes (Cell 54) reflects the spatial variability of the overall PCC 
pavement stiffness.  PCC slabs #3 and #13 in Cell 306 exhibited trivial discrepancy compared to 
slab #8, indicating much more uniform PCC modulus and slab support from underlying 
aggregate base.  The same applies to slab #11 in Cell 54 compared to slabs #2 and #7.  This 
implies that careful attention should be paid to construction quality by implementing proper 
QC/QA procedures. 
 
The following section presents the work done to back-calculate the modulus of the OGAB 
Special layer from measured FWD deflection basins using different methodologies in order to 
better understand the response of concrete pavement systems constructed with OGAB.  Such 
back-calculated modulus, once verified by comparing finite element based deflection solutions 
with the FWD sensor deflections, can be used for predicting PCC fatigue life so that the cost-
effectiveness of using OGAB in concrete pavements can be evaluated. 
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(a) 

 
(b) 

 

   
(c) 

Figure 58.  Center panel FWD deflection basins measured for Cells 306 (left) and 54 (right) at 
applied loads of (a) 6,000, (b) 9,000 and (c) 12,000 lbs. 
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(a) (b) 

Figure 59.  Comparison of average center panel FWD deflection basins. 

5.2.4 Backcalculating Layer Modulus from FWD Deflections 

5.2.4.1 Backcalculation Analysis Using AREA Method 
The behavior of selected rigid pavements is modeled using Westergaard’s theory of a medium-
thick plate resting on a Winkler foundation (Ioannides, 1990).  Deflections of the concrete 
pavements measured by the FWD tests were used to backcalculate the subgrade modulus and 
modulus of elasticity of the pavements using Westergaard’s model parameters.  FWD sensors 
were located at the prescribed intervals of 0, 8, 12, 18, 24, 36, and 60 inches from the center of 
load.  The FWD load varied from 5,500 to 15,000 lbs with three typical loads—6,000, 9,000, and 
12,000 lbs—dropped at multiple pre-defined locations across the pavement surfaces.  The load 
was dropped onto a plate with a radius equal to 5.9 inches.  The sensors measured deflections 
caused by the imparted load, and the deflections were used to back-calculate the dynamic 
subgrade modulus (kd) using the AREA method.  Subsequently, equations of Kirchhoff’s plate 
theory were used to determine the modulus of elasticity (E) of the concrete.  The AREA method 
is a tool for estimating kd of concrete pavements based on FWD deflection data and is discussed 
in detail elsewhere (Hall et al., 1997).  It estimates the area of a deflected basin by utilizing the 
trapezoidal rule for deflections measured by 4 or 7 sensor locations.  The response of the 
deflection basin to an applied load is used to calculate the dynamic subgrade modulus, which, in 
turn, is used to estimate the modulus of elasticity (E) of the concrete layer. 
 
To begin calculating kd of concrete pavements in Cells 306, 406, 38 and 54, A7 was calculated 
with FWD deflection data from seven sensors and the A7 equation (Equation 10).  The A4 
equation, which uses deflection data from four sensors, was used to verify A7 calculations and is 
indicated by Equation 11 (Hall et al., 1997).  Both the A4 and A7 methods are based on 
Westergaard’s theory and both can be used for back-calculation.  The 1993 AASHTO Guide for 
Design of Pavement Structures uses the A4 method to calculate kd.  The 1998 AASHTO Guide 
for Design of Pavement Structures, 4th Ed, Supplement uses the A7 method to calculate kd.  The 
following steps were followed:  
 
Deflections at seven sensors were measured and inserted into the A7 equation, where dr is the 
measured deflection at the sensor located a radial distance r from the location of the applied load. 
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For the A7 sensor configuration, the radius of relative stiffness (l) was estimated with Equation 
12 and the prescribed coefficients shown in Table 43.  For the A4 sensor configuration, Equation 
11 was substituted for the A7 term in Equation 12, and the coefficients from Table 43 were used 
(Ioannides, 1990). 

d
 6 8 d

+ * 12 d d d dA7 = 4 + ∗ 5 + 6* 18 + 9* 24 +18* 36 +12* 60  Equation 10 
d d0 0 d0 d0 d0 d0

d
 A4 = 6 + ∗12 12 d d

+12* 24 + 6* 36  Equation 11 
d0 d d0 0

  x A
x

 1 − 7
4

 ln
x

l    = 2  Equation 12 
 x
 3

 
Pd *

k = r

 
d d lr  Equation 13 

d * *−b e− c l*

r = a e*

Table 43.  Coefficients for the AREA Calculation of Radius of Relative Stiffness 

AREA x1 x2 x3 x4 
A7 60 289.708 -0.698 2.566 
A4 36 1812.279 -2.559 4.387 

 
The subgrade dynamic modulus (kd) was estimated at each sensor location with Equation 13.  
Equation 13 utilizes a non-dimensional deflection coefficient ( d ∗

r ), the magnitude of the applied 
load in (P) in lbs, the radius of relative stiffness, and the FWD deflection data measured at a 
radial distance r from the location of applied load (dr). d ∗

r  was calculated using coefficients, a, b, 
and c that are listed in Table 44. 

Table 44.  Coefficients for Calculating the Non-dimensional Deflection Coefficient d ∗
r . 

 

Sensor Location at r 
inches from applied load a b c 

0 0.12450 0.14707 0.07565 
8 0.12323 0.46911 0.07209 
12 0.12188 0.79432 0.07074 
18 0.11933 1.38363 0.06909 
24 0.11634 2.06115 0.06775 
36 0.10960 3.62187 0.06568 
60 0.09521 7.41241 0.06255 
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The values of l and kd were used to calculate the pavement’s flexural stiffness (D).  Equation 14 
is an alternative equation for the radius of relative stiffness from Equation 12, and was solved for 
D. 

1

 D  4

l =  
 kd 

D = l 4k d  Equation 14 
 
Once D is determined, plate mechanics were employed to solve for the concrete’s modulus of 
elasticity (E).  For a Kirchhoff plate, Equation 15 represents a plate’s flexural stiffness and 
includes E.  Equation 15 is rearranged to solve for E. 
 

Eh3

D =
12(1− µ 2 )
12D(1− µ 2 )E =

 h3
 Equation 15 

 
where h is thickness of the plate (in.), and μ is Poisson’s ratio. 
 
To solve for E with known parameters, Equation 16 was used. 
 

12l 4 2k
E = d (1− µ )

3
 h  Equation 16 
 
The average and range of kd and E values were determined from FWD tests and the AREA 
method for the pervious concrete pavements in Cells.  These values are shown in Table 45. 
 
As described previously, Cell 38 is a 6.5 in thick JPCP with 1.0 in dowels.  It has a 5 in thick 
Class 5 base and clay subgrade.  Following the Minnesota HPCP design concept targeted for a 
60-year service life, Cell 53 is a 12 in thick JPCP with 1.5 in dowels and consists of a 5 in thick 
Class 5 base, a 36 in thick select granular subbase and clay subgrade.  A 7.5 in thick JPCP with 
1.0 in dowels, Cell 54 consists of a 12 in thick Class 6 base and clay subgrade.  All three cells 
have 15×12 ft panels.  Therefore, Cell 306 has similar combined base and subbase layer 
thickness (13 in.) as Cell 54 (12 in.).  
 
As shown in Table 45, the composite subgrade dynamic modulus (kd) for Cell 306 is relatively 
less than that of Cell 54, but both have the same order of magnitude.  This implies that the 
structural stability of the OGAB Special layer could be similar to that of MnDOT traditional 
Class 5 and Class 6 dense-graded base layers, provided that it is properly designed and 
constructed.  As compared to Cell 38, Cell 306 has extra 6-in.  OGAB Special layer, which 
significantly increases the kd by more than two folds.  Another interesting observation from 
Table 45 is that the kd values for Cell 306, 53, and 54 are approximately close to each other.  By 
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comparing the structural design of those three Cells, one can infer that in terms of structural 
stability evaluated from FWD surface deflections, the OGAB Special layer behaves similarly as 
Class 6 base layer, and that 6-in.  Class 6 (or OGAB Special) layer is equivalent to 36-in select 
granular layer.  This further indicates the effectiveness of the OGAB Special in structural 
stability.  

Table 45.  Average and Range of E and kd Values for Concrete Pavements at MnROAD 

Cell Number/Lane Base Type Average E 
(psi) 

Range of E 
(psi) 

Average k 
(psi/in.) 

Range of k 
(psi/in.) 

Cell 38 
Outside Conventional 1.63E+08 9.49E+07 – 

2.75E+08 2488 1488 - 4128 

Cell 38 
Inside Conventional 1.81E+08 1.00E+08 – 

2.84E+08 2738 1601 - 4264 

Cell 306 
Driving OGAB 1.96E+08 9.61E+08 – 

3.40E+08 5695 3104 - 8684 

Cell 306 
Passing OGAB 1.91E+08 9.09E+07 – 

3.22E+08 5410 3004 - 8467 

Cell 54 
Outside Conventional 1.74E+08 7.37E+07 – 

5.07E+08 6452 3290 - 11201 

Cell 54 
Inside Conventional 1.42E+08 6.73E+07 – 

2.80E+08 6385 3239 - 10240 

Cell 53 
Outside Conventional 1.29E+08 7.29E+07 – 

1.94E+08 5929 3671 - 9111 

Cell 53 
Inside Conventional 1.43E+08 7.92E+07 – 

2.42E+08 6553 3986 - 11363 

5.2.4.2 Verifying Back-calculated Moduli with ISLAB2000 
To further verify such back-calculated kd and E values based on the Westergaard’s theory, the kd 
and E values generated from a particular FWD load case were input into ISLAB2000 program, a 
finite-element-based pavement design software.  The ISLAB2000 deflection predictions were 
compared with the FWD sensor deflections.  Note that ISLAB2000 also relies on principles of 
Westergaard’s theory to generate its output. 
 
To simulate interior loading of an infinite slab in ISLAB2000, the selected MnROAD concrete 
pavements were modeled as 24 ft by 24 ft sections with a load at the center.  ISLAB2000 
accepted inputs for pavement thickness, exact load and pressure, and average kd and E values as 
determined by deflections from one FWD test and either the A4 or A7 AREA method.  
ISLAB2000 output the deflections at 0, 8, 12, 18, 24, 36, and 60 inches from the center of the 
load.  These deflections were compared to the deflections registered by the sensors during the 
FWD test.  A graphical example of the data output from one of these comparisons is displayed in 
Figure 60.  This example represents the typical relationship observed between FWD deflections 
and ISLAB2000-generated deflections with A4 and A7-calculated kd and E values. 
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In most of the deflection basin checks, there was agreement between the FWD measured 
deflections and the ISLAB2000-generated deflections.  Both the AREA method and ISLAB2000 
are based on Westergaard’s plate theory on a Winkler foundation. 
 

j

  
(a) (b) 

Figure 60.  Deflection Comparison between FWD data and ISLAB2000-generated Deflections. 

5.3 Engineering Gradation and Shape for Optimum Stone-On-Stone Contact in OGAB 
As presented previously, open-graded aggregate base courses have been increasingly used in 
PCC pavements as one of the effective strategies for improving subsurface drainage efficiency 
and thus pavement longevity.  In addition to maintaining adequate permeability, these layers are 
also required to remain stable during pavement construction, performance period and future 
rehabilitation activities.  Much of the permeable base research has focused on its role as a 
subsurface drainage component as characterized by its porosity and permeability, while the 
structural behavior of permeable base has received much less attention.  In an effort to balance 
drainability and stability of a new open-graded aggregate base material (OGAB Special) that was 
previously experimented at MnROAD, this section presents the efforts aimed to employ 
analytical gradation analysis framework and discrete element modeling approaches for further 
engineering aggregate shape and gradation so that maximum stone-on-stone contact can be 
achieved yet without significantly decreasing the drainability.  Enhancements over current 
approaches are proposed for the quantitative determination of stone-on-stone contact of OGAB 
materials, as stone-on-stone contact of the coarse-aggregate fraction is one of the main 
characteristics of OGAB materials that is required to provide adequate resistance to both 
permanent deformation.  The assessment, which was supported on both analytical packing theory 
and the application of the DEM techniques, led to recommendation of a criterion to determine 
the breaking-sieve size.  This ensures the design and construction of OGAB mixtures with fully 
developed stone-on-stone contact. 
 
The first step is to identify the range of aggregate sizes which form the load carrying structure 
and then determine its quality.  The method has been developed as a numerical procedure based 
on packing theory.  Parameters like porosity and coordination number have been used to evaluate 
the quality of the load carrying structure and relate it to resistance to rutting.  The framework has 
been verified by image-aided discrete element modeling simulations.  The developed gradation 
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analysis framework has the potential to be a tool to identify those aggregate matrices with a poor 
rutting performance based on the gradation of the aggregates. 

5.3.1 Engineering MnDOT Gradation Bands Using Analytical Gradation Analysis Framework 
For unbound aggregate layers, rutting or permanent deformation caused by repeated traffic loads 
is the most important single performance indicator.  This occurs due to plastic flow in the base or 
subbase layer from re-arranging or crushing damage of the aggregates.  Unbound aggregate 
rutting or other stability issues can be best addressed by improving the material selection and 
gradation design.  By determining the load-carrying aggregate skeleton and its quality, the 
mechanism involving aggregate interactions is addressed.  For this purpose, both analytical 
gradation framework and DEM based packing simulation as presented in the previous section 
can be used to determine the range of sizes for aggregate skeleton (or PS), the aggregate skeleton 
porosity, Coordination Number, and Disruption Factor. 

5.3.1.1 Determination of Gradation Design Alternatives  
For illustration purpose, the study scope targeted MnDOT specified unbound PAB gradation 
band to provide the different gradations that all fall within the MnDOT specified PAB gradation 
band.  Table 46 lists the 30 detailed lower and upper bounds of the MnDOT specified PAB 
gradation control sieve requirements. 
 
Different gradations were created by adjusting the percent passing values of the control sieves 
tabulated in Table 46.  Table 46 also lists the percent passing values used to create the individual 
gradation curves, which were then studied using the analytical gradation analysis framework for 
their effects on the unbound PAB particle packing characteristics.  The individual grain size 
distributions studied are to realistically represent possible different new aggregate gradations that 
may be received from a pit/quarry source and all satisfy the MnDOT specified PAB gradation 
requirements.  Only the percent passing value for one control sieve was changed at a time, and 
the others were kept constant as the mid-range.  In total, a full factorial of 6×8×6×3×3×3=7776 
different individual gradation curves can be possibly generated with all falling within the 
MnDOT specified PAB gradation band.  However, the main objective of this gradation analysis 
is not to exhaust all the possible gradation curves but to identify the relative importance of each 
control sieve in governing aggregate packing characteristics.  This way, special attention will be 
paid to the most important control sieves to achieve stability. 

Table 46.  MnDOT Specified PAB Gradation Control Sieves 

Control Sieve Upper Limit 
(% Passing) 

Lower Limit 
(% Passing) % Passing Values Considered mm inches 

25 1 100 100 100 
19 3/4 100 65 65, 72, 79, 86, 93, 100 
9.5 3/8 70 35 35, 40, 45, 50, 55, 60, 65, 70 
4.75 #4 45 20 20, 25, 30, 35, 40, 45 

2 #10 25 8 8, 16, 25 
0.425 #40 10 2 2, 6, 10 
0.075 No. 200 3 0 0, 1.5, 3 
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5.3.1.2 Analytical Gradation Analysis Framework 
 
Gravel-to-Sand Ratio Concept  
Xiao et al. (2012) employed commonly used gradation quantification methods, including the 
Talbot equation, the Rosin-Rammler distribution function, the Unified Classification System 
parameters, the conventional Gravel-to-Sand ratio, as well as the Bailey method, to identify key 
gradation parameters governing the shear strength behavior of the studied aggregate materials.  
While other gradation parameters seemed to be less significant, the Gravel-to-Sand (G/S) ratio 
was found to control the shear strength behavior of both “standard” and reclaimed materials.  
Depending on the relative concentrations of gravel and sand sized fractions, different packing 
states with varying stability and porosity can be achieved.  As illustrated in Figure 61a, an 
aggregate matrix with excessive amount of gravel sized fraction (i.e., large G/S ratio) will have a 
large air void content but low connectivity among those air voids, which leads to instability and 
permanent deformation under repeated loading.  For those mixtures with an optimum G/S ratio 
(Figure 61b), the air void content is also in an optimum level, after shearing the voids re-arrange 
allowing material from the secondary structure (SS) to now be part of the primary structure (PS) 
providing higher stability.  Finally, in the case when there is no PS (or aggregate skeleton) due to 
lack of stone-on-stone contact (Figure 61c), the mix is mainly fines fraction with bigger particles 
floating in it.  These mixture also gives low durability and high instability (Xiao et al., 2012). 
 
For the MnDOT database samples studied, the highest shear strength was reached around an 
optimal G/S ratio of 1.5 where void spaces enclosed by the coarse aggregate fraction were 
probably filled completely by the sand size particles and fines.  According to the “gravel-to-
sand” ratio concept proposed from the experimental studies for optimizing unbound aggregate 
gradations for improved shear strength behavior (Xiao et al., 2012), a drainable aggregate base 
was already recommended that needs to include a significant amount of recycled PCC to support 
a new PCC pavement on MnROAD test Facility 2013 Test Section 13 reconstruction (an 
interstate test section).  Such a recommended material gradation is shown in Figure 62a along 
with current MnDOT unbound PAB specifications.  As a reference, another gradation (Ohio 
DOT C307-IA for drainable bases) with proven field performance (22) is also illustrated.  Figure 
62a indicates that these two drainable gradations are actually very close to each other, hence the 
promising application of the gravel-to-sand ratio concept for gradation optimization. 
 

   
(a) Large G/S (b) Optimum G/S (c) Small G/S 

Figure 61.  Different Packing States of Unbound Aggregates. 



113 
 

  
(a) (b) 

Figure 62.  (a) MnDOT gradation specifications for unbound and stabilized PAB; (b) gradation 
chart with contours of the G/S Ratio gradation parameter for MnDOT unbound PAB gradation 

band. 

Concept of Primary Structure and Secondary Structure 
Yideti et al. (2010) developed a gradation model based on packing theory to evaluate the effect 
of the aggregate size distribution on the strength and permanent deformation performance of 
unbound granular materials.  As illustrated in Figure 63, two basic components of the skeleton of 
the unbound granular materials, i.e., PS and SS, are identified by this framework along with their 
volumetric composition (Yideti et al., 2010).  The procedure to identify the load carrying part of 
the aggregate skeleton (PS) was developed and packing parameters controlling the stability of 
the loading carrying material were identified.  It is shown that strength values of granular 
materials are controlled to a great extent by the packing characteristics of their load carrying 
skeleton (Yideti et al., 2010).  
 

 
 

(a) Skeleton of Unbound Granular Material (b) Volumetric Composition of Skeleton 

Figure 63.  Packing Theory based Gradation Model. 
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According to the gradation analysis framework proposed by Lira et al. (2013), the upper and 
lower limits for the average particle size between two contiguous sieve sizes can be formulated 
as in Equation 17, which determines the interaction between particles retained on two contiguous 
sieve sizes where Dn  is the mean size of particles for the sieve size Dn with material retained at 
Dmin (opening of the sieve) and smaller than Dmax (opening of the previous sieve).  It is defined 
as in Equation 18 where B is a dimensionless parameter representing the mean value for a 
distribution between 0 and 1.  The parameter B can be calculated using probability distributions.  
 
 0.311Dn + 0.689D Dn+1 1≤ ≤avg 0.703Dn + 0.297Dn+  Equation 17 

 Dn = B D( min + Dmax )  Equation 18 
 
Lisa et al. (2013) determined the interaction between two consecutive sieve sizes (i.e., stone-on-
stone contact) by assuming that all particles are considered as spherical, and that the material 
within a sieve presents a uniform distribution of sizes (i.e., B=0.5).  The gradation analysis via 
Equation 17 is done in a systematic way until the last sieve size and a list of interaction ranges is 
obtained.  Note that the interaction range might include several sieve sizes; and in some cases, 
these consecutive ranges can be interrupted by a non-interactive case, giving several possible 
ranges for the Primary Structure.  To select which one of these ranges is the strongest one, the 
total concentration of material at each range is accounted.  Then, the range of sieve sizes that has 
the highest concentration will be the Primary Structure.  According to the fundamentals of the 
model, the PS range must have a minimum concentration of 45% to carry load, but these values 
are not always achieved.  According to the literature (Lisa et al., 2013), the smallest material to 
be part of the Primary Structure is the one passing the 2.36 mm sieve and retained at the 1.18 
mm sieve (AASHTO T27, ASTM C136) or retained at 2 mm (ISO 565, DIN 4188, BS 410). 
 
The porosity of the PS is calculated as the fraction of volume of voids over the total volume, as 
shown in Equation 19 where V otherT is the total mix volume, Va  is the volume of aggregates that 
are of a size larger than the PS and just float in the whole aggregate matrix, and V PSa  is the 
volume of aggregates belonging to the Primary Structure.  
 

V other PS

 T a− −V Vη = a
PS VT a−V other

 Equation 19 

In the following analysis, only the influence of the whole structure formed by the stones is 
considered, which is characterized by porosity of the assemblage, contact points, and air void 
size as a key parameter to understand the stability of the structure.  Contact points are the number 
of points where a particle touches its neighbor and is related to the shear and rutting resistance of 
unbound granular materials.  Coordination number (m) is the average of contact points per 
particle and can be calculated using the relationship derived based on packing theory.  Lisa et al. 
(2013) presented the relation (as in Equation 20) found from plotting coordination number (m) 
against porosity (η) for four theoretical packing arrangements for spheres, i.e., Simple cubic, 
Orthorhombic, Tegragonal-Sphenoidal, and Rhombohedral. 
 
 m = 2.827 ⋅η −1.069  Equation 20 
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To determine the influence of the Secondary Structure on the stability of the Primary Structure as 
defined previously, Lisa et al. (2013) proposed the Disruption Factor (DF) as a rational measure.  
The DF is calculated as in Equation 21 where Vdp is the volume of the potentially disruptive 
portion of the Secondary Structure which includes particles bigger than the PS average void size 
according to packing (obtained from the PS porosity) and smaller than the smallest PS particle 
size, Wdp is the weight of the potentially disruptive particles, Gsb is the specific gravity of the 
aggregates, No.VoidsPS is the number of voids in the PS, V1Void is the volume of each void in the 
PS, V PSa  is the volume of aggregate in the PS, and r is one half of the weighted average size of 
PS. 
 

V W G
 DF = dp W Gdp sb = dp s

PS = b  Equation 21 
VV No.VoidsPS ⋅V PS

1Void
Va ⋅V4 1Void

π r3

3
Rutting performance of unbound aggregate layers is related to the capacity of the aggregate 
skeleton formed to resist shear.  In addition to a strong aggregate skeleton (i.e., the PS), an 
adequate amount of Secondary Structure, especially the potentially disruptive particles, will 
benefit the whole aggregate matrix in the load carrying capacity.  The amount of Secondary 
Structure will also determine the microstructural behavior of an aggregate matrix and its 
response to failure.  The gradation analysis framework presented above, as developed by Lisa et 
al. (2013) allows identifying the load carrying aggregate size range.  The PS gives information 
about the way the aggregates are arranged within the mix, the air void distribution, its capacity to 
resist shearing and its durability.  The porosity and disruption factor allows us to characterize the 
Primary Structure to subsequently relate it to performance of unbound aggregate layers.  Relating 
such gradation analysis framework parameters to field rutting performance of several asphalt 
mixtures, they found that those mixtures with a more balanced combination between coarse and 
fine material (around 60/40) showed a low rut depth.  Interestingly, this 60/40 combination 
coincides with the optimal value of around 1.5 proposed from the Gravel-to-Sand ratio concept 
(Xiao et al., 2012). 
 
Concept of Gradation Weighing Factor 
Shen and Yu (2012) defined a gradation weighing factor (fv) (Equation 22) as the percentage of 
voids change by volume due to the addition of unit aggregate, which is an indication of the 
resulting volumetric impact when smaller aggregates are added into the structure.  The newly 
added aggregates typically have two effects, either enlarge the structures by creating more voids, 
or fill the voids created by the original aggregates without changing the total volume of the 
structure.  It is also possible that part of the added aggregates serves as creating voids while 
others serve as filling the voids. 
 

V
 2 −

= v Vv1 V2 p2 −V pf = 1 1
v   Equation 22 

Va a2 2V
In the gradation and packing analysis, the actual fv values can be determined for each sieve size 
when added into the aggregate structure consisting of upper sieve size aggregates.  The 
development of the fv parameter provides a straightforward method to estimate the porosity or 
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VMA of an aggregate structure.  This method is an iteration process starting from an aggregate 
structure with uniform size (typically NMAS) of aggregates.  When smaller size aggregates are 
added in, the resulting porosity of the new structure can be determined as in Equation 23.  
Repeating the same procedure, smaller size aggregates will be added into the mixed aggregate 
structure, and the corresponding fv values will be determined.  Once all fv values for each sieve 
size are determined, the following Equation 24 will be used to predict the VMA (or porosity) of 
the mix.  It provides a linkage between the aggregate gradation properties and the resulting 
porosity.  It can be used to estimate the fv values or the porosity values when the other 
information is available.  Shen and Yu (2012) assumed that the fv values are not sensitive as long 
as they have the same NMAS and belongs to the same gradation type (coarse-graded, medium-
graded, or fine-graded), which was later verified by the DEM simulation.  
 

Vv2 f V
 v +p = a 2 1Vv

2 =  Equation 23 
V2 1V + (1+ f Vv a) 2

∑
n

fviVai

 p = i=1
n  Equation 24 

∑(1+ f Vvi ) ai
i=1

where Vv2 is the total air void volume at state II, V2 is the total volume at state II, p2 is aggregate 
porosity at state II, fvi is the fv value for ith sieve size of the gradation, Vai is the percentage by 
volume of aggregate retained in the ith sieve size, and p is the porosity or VMA of the aggregate 
structure. 

5.3.1.3 Analysis Results of Gradation Design Alternatives  
Table 47 lists for each gradation curve the gradation analysis results using the aforementioned 
framework, including the range of sizes that form aggregate skeleton (or Primary Structure), the 
Primary Structure Porosity, Coordination Number, and Disruption Factor.  As it can be seen, #4 
sieve (or 4.75-mm sieve) is the breaking sieve size that separates the Primary Structure and 
Secondary Structure for the majority of those gradation curves. 
 
Figure 64 graphically plots the PS Porosity and Coordination Number results against different 
percent passing values at each control sieve.  It can be seen from Figure 64c that increasing 
percent passing #4 sieve steadily decreases the coordination number, an indicator of the quality 
of the formed aggregate skeleton.  As expected, particles smaller than 2 mm have no influence 
on the primary structure, as shown in Figure 64d.  This is due to the fact that the smallest particle 
size of the primary structure is limited to 2 mm in this study. 

5.3.1.4 Guidelines for Refining MnDOT PAB Gradation Band  
Based on the results presented in Figure 64, the use of the packing theory based gradation 
framework recommended that percent passing #4 sieve (or 4.75-mm sieve) be kept at lower 
bound (i.e., 20) in order to maximize the coordination number for structural stability of the 
Primary Structure.  Meanwhile, percent passing 19-mm and 9.5-mm sieve could be kept around 
the corresponding mid-ranges, i.e., 80 and 60, respectively.  Table 48 lists the optimum unbound 
PAB gradation that is recommended based on analytical gradation analysis, which is somewhat 
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different from the one recommended for use at MnROAD construction by Xiao et al. (2013) 
using the G/S concept. 
 
Note that the methodology presented herein for MnDOT PAB gradation band can be readily 
extended to MnDOT traditional Class 5 and 6 bands as well.  

Table 47.  Gradation Analysis Results for MnDOT Specified PAB Gradation Band 

Control Sieve 
(mm) % Passing PS Range 

(mm) 
% Material Retained PS 

Porosity 
Coordination 

Number m PS SS O 

19 

100 - 0 100 0 1.00 2.8 
93 9.5 - 4.75 60.5 32.5 7 0.35 8.7 
86 9.5 - 4.75 53.5 32.5 14 0.38 8.0 
79 19 - 4.75 67.5 32.5 0 0.33 9.4 
72 19 - 4.75 67.5 32.5 0 0.33 9.4 
65 9.5 - 4.75 32.5 32.5 35 0.50 5.9 

9.5 

70 19 - 9.5 30 70 0 0.70 4.1 
65 19 - 4.75 67.5 32.5 0 0.33 9.4 
60 19 - 4.75 67.5 32.5 0 0.33 9.4 
55 19 - 4.75 67.5 32.5 0 0.33 9.4 
50 19 - 4.75 67.5 32.5 0 0.33 9.4 
45 19 - 9.5 55 45 0 0.45 6.6 
40 - 0 100 0 1.00 2.8 
35 - 0 100 0 1.00 2.8 

4.75 

45 19 - 9.5 47.5 52.5 0 0.53 5.6 
40 19 - 9.5 47.5 52.5 0 0.53 5.6 
35 19 - 4.75 65 35 0 0.35 8.7 
30 19 - 4.75 70 30 0 0.30 10.2 
25 19 - 4.75 75 25 0 0.25 12.4 
20 19 - 4.75 80 20 0 0.20 15.8 

2 
25 19 - 4.75 67.5 32.5 0 0.33 9.4 
16 19 - 4.75 67.5 32.5 0 0.33 9.4 
8 19 - 4.75 67.5 32.5 0 0.33 9.4 

0.425 
10 19 - 4.75 67.5 32.5 0 0.33 9.4 
6 19 - 4.75 67.5 32.5 0 0.33 9.4 
2 19 - 4.75 67.5 32.5 0 0.33 9.4 

0.075 
3 19 - 4.75 67.5 32.5 0 0.33 9.4 

1.5 19 - 4.75 67.5 32.5 0 0.33 9.4 
0 19 - 4.75 67.5 32.5 0 0.33 9.4 

Note: “-“ denotes that no obvious Primary Structure exists according to the analytical 
framework. 
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(a) 19-mm Control Sieve 

  
(b) 9.5-mm Control Sieve 

  
(c) 4.75-mm Control Sieve 

  
(d) 2-mm Control Sieve 

Figure 64.  Relative Importance of Each Control Sieve in Primary Structure Porosity and 
Coordination Number. 
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Table 48.  Recommended Unbound PAB Gradation based on Packing Characteristics 

Sieve Size 
(mm) 25 19 9.5 4.75 2 0.425 0.075 

% Passing 

Recommended by Packing Theory based Analytical Gradation Framework 

100 80 60 20 15 10 3 

Recommended by Gravel-to-Sand Ratio Concept 

100 92 61 41 24 10 3 

Note: the percent passing values at two sieve sizes, i.e., 19 mm and 4.75 mm are different 
between the two methodologies. 

5.3.2 Discrete Element Modeling for Verifying Analytical Gradation Analysis Framework 
In reality, the granular assembly consists of discrete or discontinuous grains that have different 
shapes and sizes; therefore, the suggestion to treat it as a continuum is not sufficiently correct 
and needs to be studied carefully.  Yet, no well formulated equations have been developed to 
quantify the effect of the surface roughness and grain shape.  Accounting for the influences of 
unbound aggregate physical properties (e.g., gradation and geometry) and their interactions 
through experimental methods requires a very comprehensive, time-consuming, and labor-
extensive set of experiments, yet still cannot provide insight for understanding the mechanical 
behavior of unbound aggregates in relation to aggregate selection and optimizing the internal 
structure to improve performance.  It is imperative that the contribution of the aggregate 
properties to unbound layer performance is understood, and that methods are developed to 
analyze this contribution during aggregate selection.  Current specifications often delineate 
maximum and minimum percentages of material that pass certain critical sieve sizes (e.g., 1-in., 
No. 4, and No. 200); however, in many cases, these specifications for grain size distribution are 
often empirical and ad hoc in nature, simply requiring the use of well-graded materials (as per 
Unified Soil Classification System).  By adjusting the percentages of aggregates at different 
sizes, aggregate gradations can be optimized at the microstructure level for large enough void 
space and adequate structural performance.  The DEM approach has recently been demonstrated 
to have the potential of being used effectively to identify differences in current aggregate 
specifications in terms of drainage and structural support and provide insight into optimizing 
foundation layer aggregate gradation for improved pavement performance.  

5.3.2.1 Particle Generation  
The DEM method is used in this study to simulate the packing characteristics of aggregate 
structures with different gradations, and to evaluate the degree of aggregate contact and 
interlocking.  The effect of aggregate angularity and surface texture are considered directly by 
choosing different particle shape from pre-established shape library.  The process of DEM 
simulation involves three major steps.  First, polyhedron particles retained on the Nominal 
Maximum Particle Size are generated in the computer according to the target gradation.  These 
particles are added to a square box (0.15*0.15*0.15 m) under a unidirectional gravitational force, 
as shown in Figure 65.  Secondly, particles are compacted by the assigned gravitational force to 
its stable position.  Finally, the volumetric properties and the mean contact force are calculated.  
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The simulation of a complete aggregate gradation requires adding different sizes of particles to 
the system sequentially (from large to small) following an iteration process.  Once the structure 
of large size particles are established and their volumetric properties are determined, finer 
aggregates will then be added into the structure following the same three steps of particle 
generating – compaction to equilibrium – data calculation.  The corresponding volumetrics and 
mean contact forces will be determined and compacted with the results for larger size particles to 
check the change in volume and contact force due to the addition of small size particles.  
 
The packing characteristic parameters developed in the DEM simulation provides a promising 
approach to estimate the quality of stone-on-stone contacts without the needs of experimental 
testing.  Eventually, a direct linkage between aggregate gradation and mechanical performance 
of the mix will be needed for optimizing the aggregate gradation design.  
 

 
Figure 65.  Domain Dimensions for the DEM Particle Simulation. 

5.3.2.2 Model Parameters  
Previous studies showed that the aggregate elastic modulus value of 30 GPa would predict 
satisfactory results.  Zelelew (2007) used the elastic modulus of 30 GPa and assumed that the 
rigid wall stiffnesses to be 10 times stiffer than the particle stiffness, and reasonable results have 
been obtained.  Also, he used an aggregate-to-aggregate contact friction coefficient of 0.5, which 
corresponds to an angle of internal friction of 27 degree.  Those successful parameters are 
adopted in this study, i.e., aggregate elastic modulus of 30 GPa, rigid wall stiffness of 300 GPa, 
and aggregate-to-aggregate contact friction coefficient u=0.5.  

5.3.2.3 Breaking-sieve Size Determination Based on the Discrete Element Method  
Different criteria currently exist to define the breaking-sieve-size that separates the load-carrying 
coarse fraction and the void-filling fine fraction.  For instance, according to the USCS definition, 
4.75-mm (No. 4) sieve is the breaking-sieve-size for separating “gravel” and “sand” sizes.  The 
gravel-to-sand ratio concept introduced in Chapter 5 was also based on this definition.  Therefore, 
the validity of the 4.75-mm sieve as the breaking-sieve-size between coarse and fine fractions for 
typical Minnesota dense gradations needs to be examined.  For this purpose, the DEM simulation 
using polyhedral particles was performed, the results of which are presented in the following. 
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For the purposes of illustration and saving computational time, the DEM packing simulation 
targeted MnDOT specified Class 6 (CL-6) gradation band, which is coarser than other traditional 
MnDOT specified gradation bands (e.g., Class 5, Class 3, etc.), as shown in Figure 66.  Table 49 
lists the detailed lower and upper bounds of the MnDOT specified CL-6 gradation control sieve 
requirements.  Since it is computationally expensive and almost impractical to model the whole 
distribution of the given gradations, the smallest particle size simulated in the DEM packing 
simulation was chosen as the one passing 4.75-mm sieve and retained at the 2-mm sieve.  
Different gradation design alternatives simulated in DEM were created by orderly changing the 
minimum particle sizes, as tabulated in Table 49.  A visual representation of those gradations 
simulated in DEM is given in Figure 67 with the x-axis being the normalized 0.45 power sieve 
size.  Note that the use of those gradation design alternatives in DEM is to mimic the process of 
sequentially adding finer aggregates into the aggregate structure. 

5.3.2.4 DEM Simulation Procedures  
The main objective of this DEM simulation is to study and identify the breaking-sieve-size for 
CL-6 gradation band.  The methodology involves the use of an image-aided aggregate particle 
generation and establishing a cubical domain to create aggregate packing model simulations 
based on the DEM.  To achieve this main objective, this study was primarily focused on studying 
the upper and lower bounds of the MnDOT specified CL-6 gradation band and using 3-
dimensional (3D) polyhedral discrete aggregate particles having low and high angularity 
categories quantified by image analysis.  
 
Based on the gradations given in Table 49, three DEM simulation gradations that included 
different fractions of the CL-6 upper bound were established.  For CL-6 upper bound, Gradation 
#1 includes aggregates larger than 9.5 mm; Gradation #2 consists of aggregates larger than 4.75 
mm; and Gradation #3 contains all aggregates larger than 2 mm.  Particles smaller than 2 mm 
were assumed to behave as finer particles filling the voids of the aggregate skeleton and were not 
included in the DEM packing simulation.  By analogy, five different gradations were created for 
CL-6 lower bound, as tabulated in Table 49. 
 
In BLOKS3D, a rectangular container was first generated with a side dimension of 6 times the 
maximum particle size, i.e., 150 mm for CL-6 upper bound and 225 mm for CL-6 lower bound, 
respectively.  Target gradations of different sized particles were then created from predefined 
particle shape libraries and used in the DEM simulations.  As tabulated in Table 50, two particle 
shape libraries were used in the DEM simulations to represent high and low angularity levels.  
The flatness and elongation (F&E) ratio of aggregate particles for each shape library was fixed as 
1:1 to specifically study the effect of different angularity levels.  Each particle defined in 
libraries had equal chance of being picked up by the simulation program.  Note that each library 
also contained cube-shaped particles limited to around 2.5% of all the particles in the simulation 
(Huang, 2010).  The total weight (or volume) of aggregate particles for a specific size group of 
each DEM gradation were calculated according to the proportions of the given gradation.  
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Figure 66.  Gradation Bands Specified by MnDOT for Different Aggregate Classes. 

Table 49.  MnDOT Specified Class 6 (CL-6) Gradation Control Specifications and DEM 
Simulated Gradation Alternatives 

Control Sieve Upper Limit 
  

Lower Limit 
  mm inches Spec.* Design Alternatives Spec.* Design Alternatives 

#1 #2 #3 #1 #2 #3 #4 #5 
37.5 1.5 100    100 100 100 100 100 100 
25 1 100    95 0 50 90 92.3 93.8 
19 3/4 100 100 100 100 90  0 80 84.6 87.5 
9.5 3/8 85 0 50 66.7 50   0 23.1 37.5 
4.75 #4 70  0 33.3 35    0 18.8 

2 #10 55   0 20     0 
0.425 #40 30    10      
0.075 No. 200 7    0      

Note: * denotes MnDOT specified control sieve specifications (spec.). 
 

  
(a) (b) 

Figure 67.  DEM Simulated MnDOT CL-6 Gradation Alternatives: (a) CL-6 Lower Bound and 
(b) CL-6 Upper Bound. 
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Table 50.  Two Particle Shape Libraries Representing High and Low Angularity Levels Used in 
DEM Simulations 

Particle Shape 
Library 

Average 
Angularity Index 

(AI) 

Flatness & 
Elongation (F&E) 

Ratio 
Visual Representation 

High 
Angularity 600 1:1 

 
Low 

Angularity 419 1:1 
 

 

 

 

 (a) (b) 

 (c) (d) 

Figure 68.  Illustration of DEM Particle Generation Process for (a) Gradation #1, (b) Gradation 
#2, and (c) Gradation #3 of CL-6 Upper Bound and (d) Particle Compaction Process. 
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As illustrated in Figure 68, the aggregate gradation samples were generated and compacted in 
accordance to the following DEM procedure: (i) generate aggregate particles as discrete elements 
(Kn=20 MN/m; Ks=10 MN/m; θ=31°) and drop them, using a gravity constant of 9.8 m/s2, into 
the rectangular container also generated as a discrete element; (ii) switch the gravity constant 
between “+” and “-“ 9.8 m/s2 a few times to obtain a uniformly packed assembly; (iii) compact 
samples using a force of 50 psi (344.7 kPa) for 10 seconds; (iv) delete particles if necessary so 
that the total aggregate weights for different DEM gradations are proportional according to the 
given gradation.  Given the specific gravity of particles, the weight of the DEM aggregate 
sample and the sample air voids content can be calculated.  The DEM simulations were repeated 
twice for each gradation alternative with the averages reported.  

5.3.2.5 DEM Breaking-Sieve-Size Simulation Results 
Table 51 lists for CL-6 upper bound the DEM simulated packing characteristics before and after 
compaction.  Note that the relative volume change for Gradations #2 and #3 is relative to 
Gradations #1 and #2, respectively.  By comparing the volume and porosity changes of different 
gradations simulated by DEM, the role of a specific particle size is determined.  To further 
describe the change of volume due to the addition of finer aggregates and to quantify the roles of 
aggregate particles in a specific aggregate assembly, a parameter named relative volume change 
was used.  It is defined as the ratio of the total volume increase (or decrease) to the solid volume 
of added finer aggregates (see Equation 25).  A value greater than 1 indicates the added finer 
aggregates play a role of creating additional air voids in the aggregate assembly, whereas a value 
less than 1 indicates a role of filling the existing air voids. 
 

Re lative Volume Change :

 V VT T
after − before >1, Creating additional voids  Equation 25 

∆ =V
V S = 

added particles <1, Filling air voids
 
As can be seen from Table 51, adding aggregates within the size range of 4.75 to 2 mm into the 
coarser aggregate assembly decreases the value of relative volume change from above 1 (1.40) to 
below 1 (0.69).  This means that aggregate particles passing 4.75 mm sieve play a role of filling 
the voids between larger particles instead of creating additional voids.  Therefore, #4 sieve (or 
4.75-mm sieve) can be regarded as the breaking sieve size that separates the Primary Structure 
and Secondary Structure for the CL-6 upper bound.  This further confirms that the concept of 
gravel-to-sand ratio presented in Chapter 5 that uses 4.75 mm sieve as the breaking sieve size 
appears to be reasonable for typical Minnesota aggregate gradations studied.  Other packing 
characteristics such as the number of contact points and coordination number (average contact 
points per particle) are listed in Table 51 as well.  Also noticeable is the compaction effect that 
increases the coordination number value, an indication of the structural stability and load-
transferring capacity of aggregate skeleton.  
 
Table 52 shows the DEM packing simulation results for CL-6 lower bound.  It can be seen that 
#4 sieve (or 4.75-mm sieve) can also be regarded as the breaking sieve size for the CL-6 lower 
bound, as indicated by the relative volume change values less than 1 for Gradation #5 (which 
includes the particles passing 4.75-mm sieve and retained on 2-mm sieve).  Therefore, it can be 
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concluded that the use of 4.75-mm sieve as the breaking-sieve-size appears to be reasonable for 
MnDOT Class 6 aggregate gradations.  

Table 51.  DEM Packing Simulation Results (High Angularity) for CL-6 Upper Bound 

Parameter Gradation #1 Gradation #2 Gradation #3 
Particle Size Range (mm) 19 - 9.5 19 - 4.75 19 - 2 

No. of Particles 296 1066 2415 
Volume of Particles (mm3) 967144 1963852 2918135 

Before 
Compaction 

Total Volume 
(mm3) 

150*150*180 
=1,800,000 

150*150*240 
=3,150,000 

150*150*280 
=4,050,000 

Porosity 0.462 0.377 0.279 
No. of Contacts 1085 4030 8585 

Coordination Number 3.17 3.45 3.29 
Relative Volume Change - 1.35 0.84 

After 
Compaction 

Total Volume 
(mm3) 

150*150*160 
=4050000 

150*150*210 
=5400000 

150*150*250 
=6750000 

Porosity 0.232 0.202 0.135 
No. Contacts 1434 4986 9257 

Coordination Number 4.18 4.14 3.49 
Relative Volume Change - 1.21 0.85 

Table 52.  DEM Packing Simulation Results (High Angularity) for CL-6 Lower Bound 

Parameter Gradation #2 Gradation #3 Gradation #4 Gradation #5 
Particle Size Range (mm) 37.5 - 19 37.5 - 9.5 37.5 - 4.75 37.5 - 2 

No. of Particles 40 584 960 1487 
Volume of Particles (mm3) 776531 3935004 5088646 6219595 

Before 
Compaction 

Total Vol. 
(mm3) 

226*226*152 
=2655952 

226*226*234 
=6849292 

226*226*260 
=8172160 

226*226*276 
=89893760 

Porosity 0.71 0.43 0.38 0.31 
No. Contacts 36 2039 3352 5187 
Coord. No. 0.55 3.10 3.13 3.09 

Relative Vol. 
Change - 1.33 1.15 0.72 

After 
Compaction 

Total Volume 
(mm3) 

226*226*140 
=2043040 

226*226*210 
=202603710 

226*226*240 
=231364546 

 

226*226*258 
=257630155 

Porosity 0.62 0.30 0.29 0.23 
No. Contacts 81 2576 3761 5269 
Coord. No. 2.0 3.72 3.43 3.12 

Relative Vol. 
Change - 1.13 1.33 0.81 
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5.3.2.6 DEM Packing Simulation Results 
This section presents the verification results of the packing theory based framework using 
spherical particles against DEM packing simulation using polyhedral particles.  DEM packing 
simulation was performed on a selection of gradations tabulated in Table 53 to verify the 
analysis results of the analytical gradation framework.  The same DEM procedure as presented 
previously was followed.  The goal of the DEM simulation is to simulate the packing 
characteristics of different coarse aggregate structures, and to identify how the degree of 
aggregate contact and interlocking changes with varying percentages of material passing each 
individual sieve size.  The effect of aggregate angularity was also considered directly by 
choosing different particle shape from pre-established shape library.  The packing characteristic 
parameters obtained from the DEM simulation provides a promising approach to estimate the 
quality of stone-on-stone contacts in the aggregate skeleton without the needs of experimental 
testing.  Eventually, a direct linkage between aggregate gradation and mechanical performance 
of the aggregate assembly will be needed for optimizing the aggregate gradation design.  
 
The minimum particle size simulated in the DEM is the one that retained on 4.75-mm sieve, 
according to the calculation results of the analytical gradation framework.  The percent passing 
value for each of the two chosen control sieve sizes (i.e., 19 mm and 9.5 mm) was changed from 
upper bound, mid-range to lower bound at a time, and the others were kept constant as the mid-
range, as shown in Table 53.  The process of DEM simulation involves three major steps.  First, 
polyhedron particles were generated in the computer according to the target gradation.  These 
particles were added to a square box (0.15*0.15*0.15 m) under a unidirectional gravitational 
force.  Next, particles were compacted by the assigned gravitational force to its stable position.  
Finally, the volumetric properties and the mean contact force were calculated.  

Table 53.  Packing Characteristics Obtained from DEM Simulation (High Angularity) for 
Unbound PAB 

Control 
Sieve Size 

(mm) 

% 
Passing* 

Particle 
Volume 
(mm3) 

No. of 
Particles Porosity No. of 

Contacts 
Coordination 

Number 

19 
100 1,554,455 629 0.200 2986 4.13 
82.5 1,471,804 326 0.243 1348 3.56 
65 1,462,115 253 0.248 1034 3.22 

9.5 
70 5,199,771 1496 0.271 5545 3.43 

52.5 5,737,862 1316 0.263 5034 3.49 
35 5,712,392 1128 0.278 4446 3.35 

Note: * % Passing for each of the sieve sizes other than the control one is kept at the mid-range. 
 
The DEM simulation results are tabulated in Table 53 and shown in Figure 69.  The DEM 
simulated coordination number increases with increasing percentage of material passing 19-mm 
sieve, which is different to the trend predicted by the packing theory based analytical framework.  
The trend of the coordination number vs. percentage of material passing 9.5 mm sieve is, 
however, consistent with that predicted by the analytical framework.  Therefore, to maximum the 
coordination number, the optimal unbound PAB gradation should be close to the upper bound at 
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the 19-mm sieve and be close to the mid-range at the 9.5-mm sieve.  The optimal gradation 
predicted by the Gravel-to-Sand ratio is found to agree well with the DEM simulation results. 
 

 
(a) 19-mm Control Sieve 

 
(b) 9.5-mm Control Sieve 

Figure 69.  Relative Importance of Each Control Sieve in Primary Structure Porosity and 
Coordination Number from DEM Packing Simulation (High Angularity). 

5.3.2.7 DEM Validation of the Gravel-to-Sand Ratio Concept 
In view of the slight difference in recommended optimal gradation between the Gravel-to-Sand 
ratio concept and the packing theory based analytical gradation framework, DEM simulations 
were performed on three different gradations with the G/S ratio values of 1.0, 1.6, 2.0, and 2.5, 
respectively.  The three different gradations were all chosen from the current MnDOT specified 
gradation band for unbound permeable aggregate base (UPAB).  The main objective is to verify 
if the recommended UPAB gradation for MnROAD 2013 construction cycle outperforms others 
in terms of both structural stability (as characterized by coordination number) and drainability 
(as characterized by porosity).  Two different aggregate angularity levels, i.e., high and low, 
were also considered to include the interaction effects of grain size and particle shape.  Note that 
the minimum particle size simulated in DEM was 2 mm due to computational time constraints. 
 
Figure 70 shows the final compacted aggregate assembly in the DEM simulation for three 
different gradations with G/S ratio values of 1.0, 1.6, 2.0, and 2.5, respectively.  Table 54 lists 
the contact and packing characteristic parameters obtained from the DEM simulation for both 
high and low angularity levels.  As it can be seen, the G/S ratio of 1.6 results in the highest 
coordination number due to the achieved densest packing (indicated by the lowest porosity).  
Therefore, the optimal G/S ratio of 1.6 observed from experimental results agrees well with 
DEM simulation using 3D polyhedral particles with realistic aggregate shape.  The 
recommended optimal gradation for unbound PAB exhibits better contact and packing 
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characteristics of aggregate skeleton as compared to others; therefore, it is expected to yield 
better structural stability in the field while still satisfying the MnDOT unbound PAB gradation 
band requirements.  Also observed from Table 54 is the significant increase in the coordination 
number with increasing aggregate angularity level. 

Table 54.  Packing Characteristics Obtained from DEM Simulation for Different G/S Ratios 

Angularity 
Level 

G/S 
Ratio* 

Particle 
Volume 
(mm3) 

No. of 
Particles Porosity No. of 

Contacts 
Coordination 

Number 

High 

1.0 4,051,234 1499 0.198 5456 3.21 

1.6 4,219,308 1688 0.183 7483 3.67 

2.0 4,217,466 1274 0.181 5122 3.52 

2.5 4,221,270 1164 0.248 4422 3.34 

Low 

1.0 4,057,460 1399 0.248 4383 2.64 

1.6 3,971,062 1498 0.235 5161 2.98 

2.0 4,069,062 1189 0.241 4027 2.87 

2.5 4,046,569 1103 0.270 3961 2.80 

Note: * maximum aggregate size Dmax=25 mm. 
 

  
(a) 
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(b) 

  
(c) 

  
(d) 

Figure 70.  Final Compacted Aggregate Samples in DEM Simulation for G/S ratio=1.0 (a), 1.6 
(b), 2.0 (c), and 2.5 (d) (Left: Low AI; Right: High AI). 
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5.4 Performance-based Material Specification Guidelines for Structural Stability 
The primary objective of this section is to propose a viable criterion for ranking the long-term 
rutting potential of unbound granular materials based on the shakedown theory and to develop a 
unified approach for modeling permanent deformation behavior.  This approach effectively takes 
into account various aggregate physical properties and field stress states induced by moving 
wheel loads and thus can be applied with greater confidence to a wider range of conditions.  This 
way, consequences of using different qualities of aggregates including local marginal and 
recycled materials can be effectively evaluated for a sustainable yet reliable utilization in 
pavement construction.  The scope of this section deals with utilizing a comprehensive aggregate 
mechanistic property database recently compiled at the University of Illinois from a number of 
research studies spanning almost two decades and including resilient modulus, shear strength, 
and permanent deformation test data for several base/subbase aggregate materials used in 
highway and airport pavement foundation layers.  
 
The remainder of the section is organized as follows to achieve the objective.  Section 5.4.1 
introduces the unbound aggregate mechanistic property database used in this study and explains 
the deficiency of current MEPDG rutting prediction model for unbound granular materials.  
Section 5.4.2 briefly reviews the most accredited rutting prediction models, the shakedown 
theory for analyzing permanent deformation behavior, and the important role played by shear 
strength in permanent deformation development.  Section 5.4.3 applies the shakedown theory to 
analyze the stable permanent strain accumulation rate (i.e., the slope of the secondary stage) 
affected by different aggregate physical properties and varying dynamic stress levels.  Section 
5.4.4 presents the development of a stable permanent strain accumulation rate model and its 
potential use for long-term rutting potential evaluation and validates the developed permanent 
strain accumulation model by using the MnDOT laboratory rutting testing data.   

5.4.1 Unbound Aggregate Mechanistic Property Database 

5.4.1.1 Federal Aviation Administration (FAA) Study Database 
The first data source of unbound aggregate permanent deformation results of laboratory RLT 
tests was from the FAA’s National Airport Pavement Test Facility (NAPTF) research study 
(Kim and Tutumluer, 2007).  Two crushed aggregate materials, specified herein as the P-209 
granular base and P-154 subbase materials, were tested for permanent deformation trends in the 
laboratory to study effects of moving wheel loads and the degree of compaction.  The P-209 
material was a crushed limestone and the P-154 material consisted of manufactured screenings 
specified by FAA’s Advisory Circular 150/5370-10B.  The P-209 aggregate material was 
classified as A-1-a according to AASHTO procedure and as GP-GM (poorly graded gravel with 
silt) according to ASTM procedure; whereas the P-154 aggregate material was classified as A-1-
b according to AASHTO procedure and as SW-SM (well graded sand with silt) according to 
ASTM procedure.  The P-209 has much less amount of fines fraction than the P-154.  Material 
properties, stress path RLT permanent deformation test programs, and corresponding laboratory 
test results for this study were detailed elsewhere (Kim, 2007). 
 
Both constant confining pressure (CCP) and variable confining pressure (VCP) tests were 
performed using an advanced repeated load triaxial testing device named UI-FastCell to clearly 
account for the effects of variable stress states, including stress ratio, stress magnitude, and stress 
path loading slope (representing rotating principal stress directions) on permanent deformation 
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accumulation for the FAA P-209 and P-154 aggregate materials.  In the CCP tests, vertical wheel 
load stresses were repeatedly applied on laboratory specimens and the effects of applied stress 
magnitudes and stress ratios (vertical to horizontal stress) on the permanent deformation 
accumulation were studied to adequately simulate the conditions realized directly under the 
wheel where the highest applied stress ratios are experienced in the field.  In contrary to the CCP 
tests, the VCP tests were performed by subjecting the specimens to various constant stress path 
loadings realized under actual traffic.  Specifically, two dynamic stresses of prescribed 
magnitudes were pulsed simultaneously in both horizontal and vertical directions, in addition to 
the applied constant hydrostatic confining stress.  Different combinations of the stress path slope 
(m) and its length (L) were therefore applied to simulate the various dynamic loading conditions 
experienced under the moving wheels.  Shear strength properties of the two materials were also 
determined from rapid shear strength tests.  The P-209 aggregate had a friction angle of 61.7o 
with a cohesion intercept of 132 kPa and the P-154 material had a friction angle of 44o with a 
cohesion intercept of 182 kPa. 

5.4.1.2 Illinois Center for Transportation R27-1 Research Project Database 
The second data source of unbound aggregate permanent deformation results of laboratory RLT 
tests is from an Illinois Center for Transportation (ICT) research project focused on the 
characteristics and performances of dense graded structural layers for constructing aggregate 
working platforms over soft subgrades.  A comprehensive experimental test matrix was 
developed for the three most commonly used aggregate types in Illinois: uncrushed gravel, 
limestone, and dolomite.  The primary objective was to establish ranges for major aggregate 
properties that primarily influence strength, modulus, and deformation behavior of unbound 
aggregate layers in any pavement system.  These major physical properties include: fines 
content, Plasticity Index (PI) of fines, particle shape (flatness and elongation), angularity and 
surface texture, and moisture content and dry density (compaction) properties.  The detailed 
laboratory test matrix, mechanistic property test programs, material properties, and complete test 
results can be found elsewhere (Tutumluer et al., 2009). 
 
In brief, for studying the effect of fines on aggregate behavior, laboratory specimens with four 
different target fines contents, i.e., 4%, 8%, 12% and 16% material passing No. 200 sieve, were 
fabricated and tested.  To study the effect of type of fines on aggregate behavior, two different 
types of fines were used: one was non-plastic in nature such as mineral filler type [plasticity 
index (PI) = 0], and the other was plastic such as cohesive fine-grained soil type (PI in the range 
of 10-12).  The effect of moisture content on aggregate performance was also studied by testing 
the blended aggregate specimens at three different moisture contents: optimum moisture content 
(wopt), 90 percent of wopt, and 110 percent of wopt, whereas the wopt was established through the 
standard Proctor (AASHTO T-99) test for each aggregate gradation.  Therefore, the laboratory 
test matrix was a 4x2x3 factorial (4 different fines contents, 2 different types of fines, 3 different 
moisture contents) for each one of the three different aggregate types.  Resilient modulus and 
permanent deformation tests were performed on specimens according to AASHTO T307-99, i.e., 
the specimens were first conditioned for 1,000 load cycles to characterize their permanent 
deformation behavior at an applied stress state of 15-psi deviator stress and 15-psi confining 
pressure.  Note that the permanent deformation test data utilized were recorded from the 
condition stage.  Rapid shear triaxial strength tests were also conducted on the aggregate samples 
to determine shear strength properties. 



132 
 

5.4.2 Verification of MEPDG Rutting Model for Unbound Aggregates 
In this section, the original Tseng and Lytton model (1989) and nationally calibrated MEPDG 
rutting model for unbound granular materials are verified against laboratory triaxial test results 
obtained using both constant and varying confining pressure tests performed on different types of 
base/subbase aggregates.  Both models correlate rutting in the unbound layers inversely with 
resilient modulus, resulting in the general misunderstanding that a high modulus is regarded to 
lead to high rutting resistance.  The universal constants of the MEPDG rutting model, as well as 
its general applicability to a wide range of materials, need to be validated further for it to become 
a truly universal model; otherwise, it cannot be expanded to unbound granular materials with 
confidence. 
 
The original Tseng and Lytton model (1989) is formulated as Equation 26 where the regression 
coefficients ε0, β, and ρ, regarded as material constants, are obtained from laboratory RLT tests 
by fitting permanent strains against the number of load applications.  Empirical relationships 
were also developed to estimate those material constants from water content, bulk stress and 
resilient modulus.  The Tseng and Lytton model was modified and calibrated by El-Basyouny et 
al. (2005) for implementation into the current MEPDG.  As shown in Equation 27, it normalizes 
the predicted permanent strain to the resilient strain and thus requires knowledge of resilient 
modulus.  
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where ωc is moisture content (%); σd and σθ are deviator stress (psi) and bulk stress (psi), 
respectively; ε0, β, and ρ are material constants; εr and Er is resilient strain and resilient modulus 
(psi), respectively; and a1=0.15, b1=0, a9=20, and b9=0 are the fitting parameters finally selected 
by the ASU researchers after a considerable study to provide the best prediction for a wide range 
of unbound material types.  However, recently Hashem and Zapata (2013) found that the use of 
a9=50 yielded better prediction results as compared to a9=20 adopted in the current MEPDG 
model.  They also developed new prediction equation for β by replacing resilient modulus with 
shear stress/strength ratio. 
 
Permanent deformation data from laboratory RLT tests, as described previously, were first 
analyzed to obtain the accumulated permanent strain due to different loading along multiple 
stress paths and different aggregate physical properties, respectively.  Both permanent strain 
models were used to calculate the accumulated permanent strain after the corresponding number 
of load applications, respectively.  The model parameters ε0, β, and ρ were solved for based on 
the least square error between the measured and calculated permanent strains.  For illustration 
purpose, only such parameters obtained using this approach for FAA P-154 and ICT Crushed 
Dolomite materials are listed in Tables 55 and 56, respectively.  The obtained parameters ε0/εr, β, 
and ρ were then compared with estimated values from Tseng and Lytton’s empirical 
relationships and with the universal constants of the MEPDG model, respectively.  Note that the 
original regression coefficients in Tseng and Lytton’s empirical relationships (Equation 26) 
provided poor estimates for model parameters ε0/εr, β, and ρ; therefore, they were re-calculated 
by regressing obtained parameters ε0/εr, β, and ρ against the same independent variables in the 
original relationships (Equation 27), i.e., moisture content, bulk stress and resilient modulus, 
respectively.  The relationships between the measured and predicted values of ε0/εr, β, and ρ are 
plotted in Figures 71 and 72 for FAA P-154 and ICT Crushed Dolomite materials, respectively.  
Figure 71 shows that low R2 values were overall observed for all three stress path slopes by 
using the Tseng and Lytton’s empirical relationships, even though the regression coefficients 
were recalculated.  This indicates that the model parameters of Tseng and Lytton’s permanent 
strain model vary significantly with applied stress states along different stress paths.  As contrary 
to current practice, relying on resilient modulus and bulk stress alone may not be sufficient 
enough to provide accurate prediction of rutting accumulation, especially for in-situ moving 
wheel load conditions.  Note that the current MEPDG permanent strain model, simplified from 
the original Tseng and Lytton’s model, eliminates the dependence of model parameters on 
stresses and resilient moduli; instead, they are only dependent on moisture content.  This 
explains why the same model parameters were obtained regardless of applied stress states, as 
shown in Figure 71d.  Apparently, such simplification could result in poor permanent 
deformation prediction that contradicts laboratory RLT test results.  
 
Figure 72 shows that the Tseng and Lytton model, on the other hand, exhibits reasonably good 
agreement between measured and predicted values of ε0/εr, β, and ρ for ICT Crushed Dolomite 
materials tested at different physical conditions (i.e., moisture content, fines content, and 
plasticity index), as indicated by R2 values comparable to those reported for the original 
empirical relationships.  This could possibly imply that the difference in permanent deformation 
behavior caused by different aggregate physical properties under the same stress state can be 
reasonably captured by moisture content, bulk stress, and resilient moduli together.  It is worth 
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noting that this finding is subject to further validation with greater number of load applications.  
As expected, the laboratory measured values of ε0/εr, β, and ρ are significantly different from 
those estimated from the universal constants of the MEPDG rutting model.  Therefore, it may be 
inferred from this study that the use of the universal constants in the MEPDG rutting model, as 
well as its general applicability to a wide range of materials subject to varying dynamic stress 
states and/or physical conditions, still remain questionable and are at least not supported by 
laboratory permanent deformation results.  The original Tseng and Lytton model, if well 
calibrated, appears to yield more reasonable rutting prediction than its simplified version, i.e., the 
MEPDG rutting model, yet it may still be regarded as ineffective in predicting rutting caused by 
different aggregate physical properties and more importantly by moving wheel loads. 

Table 55.  Permanent Strain Model Parameters for Stress Path Loading RLT Tests of FAA P-154 
Material 

Material 

Stress 
Path 
Slope 

m 

Stress 
State 
(psi) 

RLT Test 
Results Model Parameters 

εr 
(%) 

MR 
(ksi) ε0 ρ β R2 

FAA 
P-154 

 

3 

03/09 0.06 12.63 0.28 21399.12 0.07 0.98 
03/15 0.10 13.03 0.40 4.26 0.15 0.99 
03/21 0.06 14.81 0.62 99.25 0.19 0.99 
03/27 0.14 15.48 0.56 1.13 0.21 0.98 
05/15 0.08 16.73 0.31 3.16 0.15 0.97 
05/35 0.16 20.33 0.53 3.72 0.13 0.98 
08/24 0.11 20.55 0.39 55.78 0.10 0.99 
08/40 0.17 21.37 0.48 3.44 0.14 0.99 

1.5 

3/11/3 0.07 12.36 0.23 6023.60 0.09 0.97 
3/18/4 0.11 10.97 0.45 203.92 0.10 0.99 
3/24/6 0.12 15.29 0.57 0.44 0.15 0.98 
3/32/8 0.15 14.42 0.61 642.36 0.08 0.98 
5/18/4 0.09 16.23 0.41 2.50 0.17 0.99 
5/29/7 0.12 18.78 0.38 0.86 0.15 0.96 
5/41/10 0.14 21.59 0.41 0.31 0.13 0.96 

0 

3/9/9 0.05 4.04 0.32 2004.22 0.09 0.98 
3/16/16 0.07 6.48 0.50 9074.76 0.07 0.99 
3/22/22 0.07 6.12 0.31 3.98 0.13 0.98 
3/28/28 0.10 6.30 0.56 22423.59 0.07 0.98 
5/16/16 0.06 7.26 0.20 10.75 0.14 0.99 
5/26/26 0.08 7.68 0.37 1417895.27 0.05 0.93 
5/37/37 0.12 7.68 0.63 5974252.02 0.05 0.96 
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(a) (b) 

 

 

(c) (d) 

Figure 71.  Relationship between Laboratory Measured and Predicted Values of (a) log(ε0/εr), 
(b) logβ and (c) logρ (Tseng & Lytton) and (d) by the MEPDG Model for P-154 Material. 

Table 56.  Permanent Strain Model Parameters for ICT Crushed Dolomite Materials of Different 
Physical Properties 

Material Plasticity 
Index 

Fines 
Content 

(%) 

Moisture 
Condition 

RLT Test 
Results Model Parameters 

εr 

(%) 
MR 

(ksi) ε0 ρ β R2 

ICT 
Crushed 
Dolomite 

Non-
plastic 

4 
Dry 0.06 24.64 0.63 518.66 0.14 0.999 

Optimum 0.06 23.89 0.68 2246.46 0.13 0.999 
Wet 0.07 23.36 0.61 1225.42 0.13 0.999 

8 
Dry 0.06 24.06 0.84 18600.72 0.11 0.999 

Optimum 0.06 24.36 0.88 113920.09 0.09 0.999 
Wet 0.06 25.43 0.44 2409.96 0.12 0.998 

12 
Dry 0.07 23.16 0.92 5666.45 0.11 0.999 

Optimum 0.07 21.07 1.45 7015.67 0.13 0.998 
Wet 0.07 21.42 1.06 3056.90 0.13 0.999 

16 
Dry 0.07 20.80 1.46 6186.58 0.12 0.999 

Optimum 0.11 14.39 1.89 202.36 0.27 0.988 
Wet 0.08 18.00 1.16 152.93 0.25 0.994 



136 
 

Table 56, cont.  Permanent Strain Model Parameters for ICT Crushed Dolomite Materials of 
Different Physical Properties 

 Plastic 

4 
Dry 0.07 22.65 1.13 15719.41 0.10 0.999 

Optimum 0.06 24.01 0.67 505.52 0.12 0.999 
Wet 0.06 23.62 0.49 250.26 0.16 0.997 

8 
Dry 0.07 21.47 0.59 367.75 0.13 0.999 

Optimum 0.06 23.86 0.56 718.67 0.12 0.999 
Wet 0.07 23.10 0.90 12518.19 0.11 0.999 

12 
Dry 0.08 19.96 0.62 24.55 0.19 0.998 

Optimum 0.08 19.15 0.85 200.47 0.16 0.998 
Wet 0.09 17.43 1.01 308.35 0.17 0.998 

16 
Dry 0.07 20.56 0.50 2.49 0.13 0.998 

Optimum 0.19 7.87 2.46 438.56 0.20 0.999 
Wet 0.35 4.35 5.91 29.76 0.27 0.980 

 

  
(a) 

  
(b) 



137 
 

  
(c) 

Figure 72.  Relationship between Laboratory Measured and Predicted Values of (a) log(ε0/εr), 
(b) logβ and (c) logρ by the Tseng & Lytton Model Form (Left) and by the MEPDG Model 

(Right). 

5.4.3 Shakedown Based Interpretation of Permanent Deformation Test Results 
As discussed previously, the permanent strain model parameters of both Tseng and Lytton model 
and the MEPDG model vary significantly with changing dynamic stress states (path slope and 
magnitude) and material physical states.  By either considering only moisture content, bulk stress 
and resilient properties or using universal material constants, their prediction accuracy and 
potential usefulness for practical applications could be severely reduced.  Therefore, it is highly 
desirable for a rational permanent deformation model to properly include the respective effect of 
these variables.  It then becomes the major motivation of this section to analyze from laboratory 
permanent deformation database a viable criterion for ranking long-term rutting potential based 
on the shakedown theory. 

5.4.3.1 Effects of Aggregate Physical Properties 
The unbound aggregate RLT test database collected from the ICT R27-1 Research Project is 
useful for assessing effects of individual material physical properties on permanent deformation 
behavior (Tutumluer et al., 2010; Mishra, 2012).  It is worth noting that limited information 
regarding permanent deformation behavior is reflected in those data that were recorded from the 
pre-conditioning stage of the resilient modulus tests, as only one CCP type stress state of 103.42-
kPa (15-psi) constant radial confining pressure (σ3) and 206.84-kPa (30-psi) axial deviator stress 
(σd) was applied for up to 1,000 loading cycles (unless failure earlier) for each factorial 
combination of material physical properties.  By applying the shakedown theory, Figure 73 
illustrates the relationships between accumulated permanent axial strains and permanent axial 
strain rates (strain per load application) for each aggregate type (i.e., dolomite, limestone, and 
uncrushed gravel) at dry (D), optimum (O), and wet (W) moisture conditions, respectively.  Note 
that the dolomite material (Do) with 12% plastic fines (P) at wet moisture condition (W), 
denoted by P-Do-12-W, was subject to only 91 load applications before the specimen collapsed, 
while 916 for NP-L-0-D, 501 for NP-G-12-O, 506 for NP-G-12-W, 326 for P-G-8-W, and 251 
for P-G-12-W.  With the shear strength parameters (c and φ) obtained from rapid shear strength 
tests, the shear stress ratio qratio (qfailure/qmax) was also calculated and included as a covariate 
(shown in the legends of Figure 73).  It is worth mentioning that all the shear stress ratio values 
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in this study were averaged from the actual stress magnitudes applied during RLT testing instead 
of the targeted stress values.  The calculated shear stress ratio values are approximately within 
the range of 15% to 45%.  
 

  
(a) 

  
(b) 

  
(c) 

Figure 73.  Cumulative Permanent Axial Strain (εp, N=1,000) Varying with Permanent Axial Strain 
Rate for (a) Crushed Limestone, (b) Crushed Dolomite and (c) Uncrushed Gravel. 
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(a) 

  
(b) 

  
(c) 

 
Figure 74.  Stable Permanent Axial Strain Rate Varying with Fines Content for (a) Limestone, 

(b) Dolomite and (c) Uncrushed Gravel. 

Figure 74 shows that larger cumulative permanent axial strain (εp) and greater permanent axial 
strain rate (εp ) tend to be reached for materials of lower quality, as indicated by curves shifting 
towards the upper right corner.  For instance, the combination of the highest amount of fines 
(16%, either plastic or non-plastic) and wet moisture condition is consistently depicted among 
the worst scenarios for all three aggregate types.  Overall, the shear stress ratio discerns fairly 
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well different permanent deformation characteristics reflecting material quality aspects.  The 
majority of these permanent deformation curves in Figure 75 exhibits steadily decreasing rate of 
cumulative permanent strain and thus can be categorized as plastic creep (Range B) behavior.  It 
turns out that the Theyse model (2001) and the Perez and Gallego model (2010) consistently 
outperform others in best fitting all test data at each factorial combination of material physical 
properties.  Figure 76 shows relationship between such permanent strain rates (expressed as 
percentage of permanent strain accumulated per l000 load applications) and fines content for 
each aggregate type at each moisture condition.  Note that the specimens collapsed prior to the 
completion of prescribed 1,000 load applications are excluded from the analysis for consistency 
purposes.  
 
For uncrushed gravel materials containing high amounts of plastic fines (exceeding 8.1%), a 
large increase in the permanent strain rate was observed in Figure 74c as moisture content 
increases beyond the optimum.  On the contrary, nonplastic fines generally exhibit much less 
moisture susceptibility, especially for higher quality crushed aggregates (Dolomite and 
Limestone).  Another noticeable observation is that eight percent seems to be the optimum fines 
content that overall leads to the least change in the permanent strain rate across all the test 
conditions.  This remarkably matches previous findings reported by Tutumluer and Seyhan 
(2000).  Using the directional dependency, anisotropy, of aggregate stiffness as the criterion, 
they determined an optimum fines content of 7%.  The strain rate criteria proposed by 
Werkmeister (2003) to discern different shakedown ranges are also plotted as dotted lines in 
Figure 74, i.e., 10-8 and 8×10-8 per cycle for Range A-B boundary and Range B-C boundary, 
respectively.  Note that the permanent deformations recorded for up to only 1,000 cycles did not 
reach the secondary stage yet, which explains that greater strain rate values than the threshold 
value defining Range B-C boundary were obtained, as shown in Figure 74.  

5.4.3.2 Effects of CCP Stress States 
Figure 75 shows permanent deformation characterization results of P-209 and P-154 aggregate 
materials under the applied CCP stress states.  The legends in Figure 75 represent the CCP stress 
states applied, i.e., constant radial confining stress σ3 (psi), pulsed axial deviator stress σd (psi), 
and the calculated shear stress ratio qratio.  The total number of load applications is 10,000 for P-
209 aggregate material and 40,000 for P-154 aggregate material, respectively.  Note that the P-
154 specimens subjected to the stress state of 3-psi constant confining pressure and 21-psi axial 
deviator stress (denoted as “3/21”) were excluded from the following analysis, as only 10,000 
load applications were recorded from it.  As shown in Figure 75a, for both materials, the 
permanent strain accumulation reaches a steady-state level at the end of the application of all 
stress states, as indicated by the decreasing or near constant cumulative permanent strain rate.  
This means that both materials exhibit plastic creep type permanent deformation behavior under 
such CCP stress states, which agrees with previous findings reported by Kim (2005).  In 
particular, the P-209 aggregate material is expected to undergo plastic shakedown under the 
stress state of 3-psi constant confining pressure and 9-psi axial deviator stress (“3/9/24%”), due 
to the radically decreasing cumulative permanent strain rate.  The stress states resulting in higher 
shear stress ratio are seen to overall result in faster permanent strain rate during loading and 
greater final permanent strain.  This may imply the capability of the shear stress ratio (SSR) as a 
variable to capture essential permanent deformation behavior.  Detailed analyses of the role 
played by the shear stress ratio in controlling permanent deformation are discussed next.  
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(a) 

  
(b) 

Figure 75.  Permanent Deformation Characterization of P-209 and P-154 Aggregate Materials 
during CCP Tests: (a) Axial Permanent Strain Rate vs. Axial Permanent Strain and (b) 

Stabilized Permanent Strain Rate vs. Maximum Axial Stress. 

The aforementioned stable permanent strain rate values were obtained by fitting triaxial test data 
from each CCP stress state against the Theyse model (2001) for both materials, respectively.  
Such stable permanent strain rates are then plotted in Figure 76b against the maximum axial 
stress (σ1=σ3+σd) at each confinement level.  It is interesting to note from Figure 76b that despite 
the limited number of CCP stress states investigated, a clear trend can still be observed.  That is, 
the stable permanent strain rate for both materials consistently increases with increasing axial 
stress but decreases with increasing confinement level.  The final accumulated permanent strain 
results also confirm such a consistent trend.  
 
Figure 76b also highlights the difference between the real behaviors of both aggregate materials 
investigated.  The slopes of the stable permanent strain rate curves for the P-209 change 
abruptly, while those for the P-154 are aligned more parallel and closer to each other.  This 
implies that for aggregate materials containing much less plastic fines such as the P-209, the 
stable permanent strain rate increases much faster with decreasing confinement level (σ3); on the 
contrary, relatively more cohesive materials such as the P-154 rely less on the confinement due 
to more contribution of the shear cohesive strength component and thus are less susceptible to 
the axial stress increase.  Intuitively, with a lower increase rate, to cause the same amount of 
increase in the stable permanent strain rate, higher axial stress increase would be required and 
thus better capability of withstanding axial stress (i.e., hardening response) can be expected.  In 
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practice, this means that a suitable confinement is needed for frictional (non-cohesive) materials 
to avoid excessive permanent strain accumulation and offset the detrimental effect exerted by 
axial stress.  This inference is indirectly supported by the GT-PAVE finite element analysis on 
the effect of compaction-induced residual stresses locked in granular bases (Tutumluer and 
Thompson, 1997).  Conversely, cohesive materials may withstand higher permanent strains even 
in the absence of confinement by relying on the contribution of the shear cohesive strength 
component (e.g., pore water suction between interfaces of solid particles), which again confirms 
the importance of incorporating (unsaturated) shear strength behavior into permanent 
deformation prediction of unbound aggregate materials.  Therefore, such stable permanent strain 
rate analysis is capable of discerning the changes in rutting behavior of materials dissimilar in 
nature. 

5.4.4 Development of Permanent Strain Rate Model 

5.4.4.1 Mohr-Coulomb Representation of Permanent Strain Rate Envelope 
After observing from Figure 76b the dependency of stable permanent strain rate on the maximum 
axial stress associated with certain confinement level, efforts were made accordingly to develop 
an analytical model for mathematically expressing such a dependency.  As a result, a power law 
was found after several trials to well fit the experimental data.  Equations 28 and 29 formulate 
the identified model forms.  Both models are acceptable in terms of the reasonably high R2 
values and low standard error of estimates (SEE), both of which are frequently used measures of 
the differences between values predicted by a model and those actually observed.  Figure 76 also 
illustrates the predictive accuracy of each model by plotting measured stable permanent strain 
rate against its predicted values, respectively. 
 P209 : ε =1.9 10− −7σ σ0.535 1.009−0.046σ3 ( 2

p × =3 1 R 0.78, SEE = 9.78×10 7 )  Equation 28 

 P154 : εp = 2.65× =10− −7σ σ0.855 0.808+0.012σ3 (R2
3 1 0.92, SEE = 7.24×10−8 )  Equation 29 

 

  
(a) (b) 

Figure 76.  Predicted vs. Observed Stable Permanent Strain Rate for (a) P-209 and (b) P-154. 
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Note that the two simple but effective model forms above include the major and minor principal 
stresses (σ1 and σ3) as explanatory variables.  To make them directly applicable to other multi-
axial stress states, the proposed stable permanent strain rate models are then depicted on a Mohr-
Coulomb diagram.  By rearranging Equations 28 and 29, the major principal stresses σ1 can be 
formulated below in Equations 30 and 31 as function of the minor principal stresses σ3 and the 
stabilized permanent strain rate (εp ).  

1

 ε 1.055-0.048σ

 P209: σ = p  3

1    Equation 30 
1.6×10-8σ 0.560

3 
1

 ε 0.808+0.012σ

 P154: σ = p 3

1  -9 -0.855  Equation 31 
 6.61×10 σ3

 
Given a pre-specified permanent strain rate level, the major principal stress σ1 (or axial stress in 
triaxial testing) in Equations 30 and 31 can be calculated for any paired minor principal stress σ3 
(or radial confining pressure in triaxial testing), both of which can be further used to construct 
the corresponding group of Mohr circles.  Analogic to the concept of the Mohr-Coulomb failure 
envelope, the permanent deformation resistance envelopes can be defined by these Mohr circles 
representing all the possible stress states that cause the specified permanent strain rate condition.  
One prominent feature of such permanent deformation resistance envelopes is their potential 
usefulness in ranking and properly selecting different unbound pavement layer materials for use 
in specific traffic levels and site conditions, i.e., the rutting potential based on the shakedown 
theory is evaluated simultaneously in relation to the potential shear failure.  Such a Mohr-
Coulomb rutting resistance envelope representation also highlights the capacity of the proposed 
stabilized permanent strain rate model to distinguish the physical-mechanical properties of 
different unbound pavement materials effectively and reliably.  Figure 77 shows as an example 
several envelopes representing different levels of the permanent deformation resistance for both 
P-209 and P-154 materials, respectively.  

    
(a) (b)  

Figure 77.  Mohr Circles (a) Representing Stable Permanent Strain Rate for P-154 and (b) 
Rutting Resistance Envelopes for P-209 and P-154 Aggregate Materials. 

In many of the models described above, the stress level and the stress/strength ratio are used to 
describe the permanent deformation behavior.  Stresses above the shakedown threshold result in 
shearing and the permanent strain rate could be stable or result in failure depending how close to 
the strength the stress level is. 
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5.5 Summary 
In an effort to balance drainability and stability of a new open-graded aggregate base material 
(OGAB Special) that was previously experimented at MnROAD, this Chapter presents the 
efforts aimed to employ analytical gradation analysis framework and DEM approaches for 
further engineering aggregate shape and gradation so that maximum stone-on-stone contact can 
be achieved yet without significantly decreasing the drainability.  Enhancements over current 
approaches are proposed for the quantitative determination of stone-on-stone contact of OGAB 
materials, as stone-on-stone contact of the coarse-aggregate fraction is one of the main 
characteristics of OGAB materials that is required to provide adequate resistance to both 
permanent deformation.  The assessment, which was supported on both analytical packing theory 
and the application of the DEM techniques, led to recommendation of a criterion to determine 
the breaking-sieve size.  This ensures the design and construction of OGAB mixtures with fully 
developed stone-on-stone contact. 
 
A well-validated DEM model was employed for evaluating the gradation effect on both packing 
characteristics and load-carrying performance of unbound aggregate materials.  DEM model 
parameters were first determined from calibrating an image-aided DEM program BLOKS3D 
developed at the University of Illinois (Zhao et al., 2006) against laboratory rapid shear strength 
(triaxial compression) test results.  The DEM packing simulations using different gradations and 
particle shape were performed next to investigate the validity of using the 4.75-mm sieve (or No. 
4 sieve) as the breaking-sieve-size for typical Minnesota dense-graded aggregates.  It involved 
the use of an image-aided aggregate particle generation and establishing a cubical domain to 
create aggregate packing model simulations based on the DEM.  The focus was on studying the 
upper and lower bounds of the MnDOT specified CL-6 gradation band and using 3-dimensional 
(3D) polyhedral discrete aggregate particles having low and high angularity categories quantified 
by image analysis.  It was found from DEM simulation results that #4 sieve (or 4.75-mm sieve) 
can be regarded as the breaking sieve size that separates the Primary Structure and Secondary 
Structure for the CL-6 gradation band.  This further confirms that the concept of gravel-to-sand 
ratio that uses 4.75 mm sieve as the breaking sieve size appears to be reasonable for typical 
Minnesota aggregate gradations studied. 
 
Based on the DEM approach, current unbound PAB material gradations specified by Minnesota 
DOT were further engineered by optimizing the particle contact and packing characteristics in 
order to minimize the overall rutting potential (based on shear strength behavior) yet still 
accommodate desired drainage requirements.  The optimal gradation proposed for UPAB 
materials according to the Gravel-to-Sand ratio concept was also verified.  To maximize the 
coordination number, the optimal unbound PAB gradation should be close to the upper bound at 
the 19-mm sieve and be close to the mid-range at the 9.5-mm sieve.  The optimal gradation 
predicted by the Gravel-to-Sand ratio is found to agree more closely with the DEM simulation 
results, as compared to that predicted by the packing theory based analytical gradation 
framework. 
 
Finally, DEM simulations were performed on three different gradations with the G/S ratio values 
of 1.0, 1.6, and 2.0, respectively.  The three different gradations were all chosen from the current 
MnDOT specified gradation band for UPAB.  The main objective is to verify if the 
recommended UPAB gradation for MnROAD 2013 construction cycle outperforms others in 
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terms of both structural stability (as characterized by coordination number) and drainability (as 
characterized by porosity).  The G/S ratio of 1.6 resulted in the highest coordination number due 
to the achieved densest packing (indicated by the lowest porosity).  Therefore, the optimal G/S 
ratio of 1.6 observed from experimental results agrees well with DEM simulation using 3D 
polyhedral particles with realistic aggregate shape. 
 
The primary objective of this chapter is to synthesize all the findings and create a draft 
comprehensive performance-related specifications for aggregate bases supporting concrete 
pavements.  The specifications will ideally help design cost effective base types and thicknesses 
suitable for both concrete and asphalt pavements.  One of the goals in this chapter is to establish 
improved aggregate material classes by not only considering gradation but also including the 
aggregate shape properties and drainage characteristics when establishing performance based 
material specifications. 
 
To achieve this objective, this chapter first presents findings from analyzing field 
instrumentation data and FWD test results to assess the effectiveness of the OGAB Special layer 
in controlling subsurface moisture regime and providing structural stability.  It then presents the 
gradation analysis framework and discrete element modeling for engineering aggregate shape 
and gradation to achieve proper field performance.  It also introduces the importance of shear 
strength in interpreting and predicting rutting accumulation of unbound granular layers.  
 
A brief summary of key findings from evaluating the effectiveness of the OGAB layer in terms 
of drainability and structural stability is presented as follows: 
 
1. The modified OGAB material (i.e., OGAB Special) used in PCC pavement test sections at 

MnROAD proved to be stable during construction, in addition to promising results for 
permeability of this material shown by field moisture sensor data. 

2. The use of OGAB Special layer in Cell 306 significantly reduced the in-situ moisture content 
levels in all pavement layers (especially in subgrade soil), as compared to Cell 53 with 
traditional dense-graded base layer.  

3. It also becomes more evident that the OGAB special layer in Cell 306 is effective in reducing 
the subsurface moisture content and thus improving drainage efficiency.  

4. It can be inferred that in terms of structural stability evaluated from subgrade dynamic 
modulus that were back-calculated from FWD surface deflections, the OGAB Special layer 
behaves similarly as Class 6 base layer, and that 6-in Class 6 (or OGAB Special) layer is 
equivalent to 36-in select granular layer.  This further indicates the effectiveness of the 
OGAB Special in structural stability. 

 
Important findings from gradation analyses and discrete element based packing simulation are 
summarized as follows: 
 
1. Different gradations were created by adjusting the percent passing values of the control 

sieves specified by MnDOT for unbound PAB.  The relative importance of each control sieve 
in governing aggregate packing characteristics was identified. 

2. For the gradation curves studied, #4 sieve (or 4.75-mm sieve) is the breaking sieve size that 
separates the Primary Structure forming aggregate skeleton and Secondary Structure filling 
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voids for the majority of those gradation curves.  Increasing percent passing #4 sieve steadily 
decreases the coordination number, an indicator of the quality of the formed aggregate 
skeleton. 

3. Based on MnDOT PAB gradation band analysis results, it is recommended that percent 
passing #4 sieve (or 4.75-mm sieve) be kept at lower bound (i.e., 20) in order to maximize 
the coordination number for structural stability of the Primary Structure; meanwhile, percent 
passing 19-mm and 9.5-mm sieve could be kept around the corresponding mid-ranges, i.e., 
80 and 60, respectively. 

4. Such optimum unbound PAB gradation that is recommended based on analytical gradation 
analysis turns out to be very close to the one recommended for use at MnROAD construction 
by Xiao et al. (2013) using the Gravel-to-Sand ratio concept. 

5. The methodology presented herein for MnDOT PAB gradation band can be readily extended 
to MnDOT traditional Class 5 and 6 bands as well. 

6. By comparing the volume and porosity changes of different models simulated by DEM, the 
role of specific particle size is determined.  A parameter named relative volume change is 
used to further describe the change of volume due to the addition of finer aggregates, and 
quantify the roles of aggregate particles in a specific aggregate structure. 

7. DEM simulation results indicate that the 4.75 mm sieve appears to be a reasonable breaking 
sieve size between coarse and fine aggregates for MnDOT Class 5 lower bound, as evident 
from the relative volume change (∆V) value changing from above 1 to below 1.  This 
indicates that aggregates passing 4.75 mm sieve play a role of filling the voids between larger 
particles instead of creating new voids.  

8. This further confirms that the concept of gravel-to-sand ratio that uses 4.75 mm sieve as the 
breaking sieve size appears to be reasonable for different Minnesota aggregate gradations 
studied. 

 
Important findings from developing performance-based guidelines for structural stability (i.e., 
rutting resistance) are summarized as follows: 
1. The Tseng and Lytton model for rutting prediction exhibits reasonably good agreement 

between measured and predicted values of ε0/εr, β, and ρ for ICT Crushed Dolomite materials 
tested at different physical conditions (i.e., moisture content, fines content, and plasticity 
index), as indicated by R2 values comparable to those reported for the original empirical 
relationships.  This could possibly imply that the difference in permanent deformation 
behavior caused by different aggregate physical properties under the same stress state can be 
reasonably captured by moisture content, bulk stress, and resilient moduli together. 

2. As expected, the laboratory measured values of ε0/εr, β, and ρ are significantly different from 
those estimated from the universal constants of the MEPDG rutting model.  Therefore, it may 
be inferred from this study that the use of the universal constants in the MEPDG rutting 
model, as well as its general applicability to a wide range of materials subject to varying 
dynamic stress states and/or physical conditions, still remain questionable and are at least not 
supported by laboratory permanent deformation results. 

3. The original Tseng and Lytton model, if well calibrated, appears to yield more reasonable 
rutting prediction than its simplified version, i.e., the MEPDG rutting model, yet it may still 
be regarded as ineffective in predicting rutting caused by different aggregate physical 
properties and more importantly by moving wheel loads.  
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4. Analogic to the concept of the Mohr-Coulomb failure envelope, the permanent deformation 
resistance envelopes can be defined by these Mohr circles representing all the possible stress 
states that cause the specified permanent strain rate condition.  

5. One prominent feature of such permanent deformation resistance envelopes is their potential 
usefulness in ranking and properly selecting different unbound pavement layer materials for 
use in specific traffic levels and site conditions, i.e., the rutting potential based on the 
shakedown theory is evaluated simultaneously in relation to the potential shear failure.  

6. Such a Mohr-Coulomb rutting resistance envelope representation also highlights the capacity 
of the proposed stable permanent strain rate model to distinguish the physical-mechanical 
properties of different unbound pavement materials effectively and reliably. 
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Chapter 6: Implementation Materials  

Based on the results of the analyses conducted as part of this project, and reported in the previous 
chapters, this chapter presents recommendations for changes and additions to be made in relevant 
sections of MnDOT’s Standard Specifications for Construction (MnDOT, 2014) and the 
Materials Control Schedule.  This chapter presents recommendations for improved stability 
through considerations given to gradation, permeability testing in the laboratory and the field, 
and estimates of material stiffness through easily obtained material properties.   
 
The recommendations given in this chapter are intended to provide draft language for 
construction specifications or special provisions, and to provide suggestions on gradation bands, 
field and laboratory testing, and other material properties to enhance the opportunity for the 
contractor to construct a base that will help a concrete pavement provide long-life performance.   
 
The results presented in the previous chapters include the following. 
 
Related to the Open-graded Aggregate Base 

• The material observed at MnROAD had good permeability characteristics and similar 
deflection responses as traditional dense-graded materials.   

• The use of OGAB at MnROAD significantly reduced the in-situ moisture content levels 
in all pavement layers, compared to other MnROAD pavements with traditional dense-
graded bases. 

• Based on deflection response, the backcalculated modulus indicates that the OGAB 
material, with appropriate quality aggregates, behaves similar to a Class 6 base layer, and 
that six inches of Class 6 (or OGAB Special) may be equivalent to 36 inches of select 
granular material.   

 
Related to Permeable Aggregate Base 

• The No. 4 sieve is appropriate to use as the breaking sieve for determining gravel and 
sand components and the Gravel/Sand ratio, which is an indicator of the quality of the 
aggregate skeleton formed during compaction.  Two different analyses (discussed below) 
indicated optimum Gravel/Sand ratios of 1.6 and 1.4.  Further, a different analysis 
approach described in this chapter also indicated similar optimum values. 

• The coordination number analysis (the number of contacts each particle makes with other 
particles) indicated an optimum Gravel/Sand ratio of about 1.6.  Increasing the percent 
passing the No. 4 sieve decreases the coordination number.  It is useful to maximize the 
coordination number, while also maintaining an adequate Gravel/Sand ratio.  These two 
objectives seem to compete with each other.  To maximize the coordination number, the 
percent passing the No. 4 sieve should be decreased; while increasing the percent passing 
the No. 4 sieve helps the Gravel/Sand ratio stay near the optimum of 1.6 (which is 
obtained with approximately 39% passing the No. 4 sieve). 

• From the optimum particle packing analysis using the Discrete Element Method, a 
suggested Gravel/Sand (G/S) ratio of about 1.4 indicates that the percent passing the No. 
4 sieve should be kept at 41%.  The 41% passing No. 4 sieve corresponds to a G/S ratio 
of 1.44. 
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• The gradation analysis framework recommends that percent passing the 3/4” and 3/8” 
sieves be kept at about the mid-range (approximately 80 and 60 percent, respectively).  

• Based on the recommendations from the two methods of 41% and 39% passing, a value 
of 41% passing is recommended in the gradation suggestions below. 

• For MnDOT Class 5 aggregates, the No. 4 sieve is also recommended as the breaking 
sieve, indicating that particles passing the No. 4 sieve tend to fill voids between larger 
particles instead of creating new voids. 

• Greater angularity in the primary structure aggregates leads to higher coordination 
number (the average number of contact points per particle) which in turn contributes to 
the long-term stability of the base layer.   

 
The discussions and analyses in the previous chapters may be summarized into three primary 
characteristics for base layers in concrete pavements – stiffness, stability, and permeability.  
Stiffness, characterized by the resilient modulus property of the material, provides load-carrying 
capacity and the support for the concrete slab above.  Stability is characterized by the size and 
shape properties of the aggregates, as well as the gradation and G/S ratio, and represents the 
ability of the layer to maintain its other characteristics over the long term, without degradation of 
the aggregate particles and the resulting deformation of the layer.  Permeability is related to the 
strength of the layer in that higher moisture content can lead to lower strength.  It is important for 
the base layer to drain properly so that strength is restored as moisture content and saturation 
levels return to their normal, drained state. 
 
The remainder of this chapter discusses these three characteristics, their anticipated impact on 
performance, and methods of compensating for deficiencies in one characteristic by improving 
one or both of the other two, or by increasing thickness.  Adjustment factors have been 
developed based on the previous work in this report, using the MEPDG and typical MnDOT 
rigid pavement designs.  The remaining sections of this chapter present these adjustments, based 
on the following base layer characteristics. 
 

• 5-inch base layer thickness, 
• 35,000-psi resilient modulus in base layer material, 
• 10 ft/hr saturated permeability (corresponding to 85x10-3 cm/sec or 240 ft/day), and 
• G/S ratio of 1.40. 

As the properties of the designed base layer deviate from these values, the base layer thickness 
may be adjusted to compensate for higher or lower quality.  Additionally, the thickness 
adjustment factors may be combined, as shown below, so that a material that has a higher 
permeability but a lower resilient modulus, for example, may result in no thickness adjustment to 
attain the same predicted performance. 
 
 ℎ𝑏𝑏−𝑎𝑎𝑎𝑎𝑎𝑎 = ℎ𝑏𝑏𝑓𝑓𝑀𝑀𝑀𝑀𝑓𝑓𝐺𝐺/𝑆𝑆𝑓𝑓𝑘𝑘 
 
where 
 hb-adj = adjusted thickness of designed base layer, 
 hb = designed base layer thickness, 
 fMR = adjustment factor for resilient modulus, 
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 fG/S = adjustment factor for gravel-sand ratio, 
 fk = adjustment factor for base layer permeability. 
 
With this adjustment model, it is important to consider unintended interactions between 
variables, and avoid implementing results at the extremes of the adjustment factor.  For example, 
based on the characteristics that follow in the next few sections, it is conceivable that several 
high adjustment factors could combine to suggest a much higher hb-adj (an fMR of 1.4 and an fG/S 
of 1.5 could indicate that a base thickness adjustment factor of 2.1 would be appropriate, while in 
fact it may not be).  Engineering judgment should still be employed in the factoring of base 
thicknesses.   

6.1 Stiffness 
An important characteristic of high-quality concrete pavement structures is the stiffness of the 
base layer.  Since the most comprehensive measure of stiffness is the resilient modulus test 
conducted in the laboratory, and because this laboratory test is time-consuming, expensive, and 
difficult to conduct, it is recommended that the MnDOT resilient modulus models for estimating 
MR from Dynamic Cone Penetrometer or R-value tests be used to estimate stiffness of materials 
used for specific projects.  The resilient modulus models have been incorporated into other tools 
developed by MnDOT, including the Base Type selection tool developed as part of this project.   
 
Using the MEPDG analysis described in later sections of this chapter, a relative adjustment was 
developed to allow for lower-quality materials in the design, as long as adequate compensation is 
made to improve the base layer in other ways.  As shown in Figure 78, as the resilient modulus 
decreases below 35 ksi, the thickness should be increased accordingly.  Likewise, as it is 
increased above 35 ksi, the thickness of the layer may be reduced slightly to take advantage of 
the stiffer material.  One caution regarding this adjustment is that if the design of the pavement 
structure already considered the higher stiffness material, no further adjustment should be made.  
This adjustment should be considered applicable when different materials are considered for a 
pavement that is already designed.  For example, a different source or type of material may 
become available just prior to construction.  While all diligence should continue to be conducted 
regarding the quality of the new material, slight differences in the material properties could be 
compensated using this method.  
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Figure 78.  Base layer thickness adjustment factor related to resilient modulus. 

6.1.1 Predicting Stiffness with Gradation 
Another way of estimating the resilient modulus without physical testing is through the models 
developed as part of the Best Value Granular project conducted by Xiao and Tutumluer (2012).  
In that report, a model for predicting resilient modulus was developed using the gradation and 
other properties of an aggregate base or granular subbase.  The model below was modified from 
the one reported in the Best Value Granular project by using data from the MnDOT resilient 
modulus database, and other sources. 
 

 ϖ γ 2 
 0.4776−0.01168FE _ Ratio−0.04343ST +0.002997ϖ opt −0.3128 +0.00083 max +0.06459C 

M 10
 ϖ P c 

=  opt 40 
R Pa ×  

 γ 2 


 
2.0821+0.002362γ ma

d −0.000876 x −0.0128P −0.0416P 
θ 

 P 10 200 

 
40 

×   
 Pa 

 ϖ γ 2 P 


 
−14.8839+0.04183FE _ Ratio+0.003038AI +0.01717γ −1.0138E−15 +0.001139 max +0.2127 200

d +0.0838P +0.000921P 
τ  ϖ opt P40 logC 2" 1" 

 +
u oct  1

 Pa 
 

 
 where: 
  FE_Ratio = Flat and elongated particles ratio, percent by weight of aggregate, 
  ST = surface texture index, 
  AI = angularity index, 
  ωopt = optimum moisture content, %, 
  ω = moisture content, %, 
  γmax = maximum dry density, lb/cf, 
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  γd = dry density, lb/cf, 
  P2”, P1”, P10, P40, P200 
   = percent passing the 2”, 1”, #10, #40, and #200 sieves, respectively, 
  Cc = coefficient of curvature of the gradation,  

D2

   = 30  
D10D60

  Cu = coefficient of uniformity, 
D   = 60  
D10

  Pa = atmospheric pressure, 14.7 psi, 
  θ = bulk stress, psi, 
   = σ1+2σ3, 
  τoct = octahedral stress, psi, and 
   = 1 (σ −σ )2 + ( 2

1 2 σ ) ( 3 )3 1 −σ 2
3 + σ 2 −σ , 

  D10, D30, D60  
   = diameter at which 10, 30 and 60 percent of material is smaller, respectively, 
  σ1, σ2, σ3 = principal stresses. 
   
The model above was developed using data collected from a previous MnDOT sponsored 
research study by Edil et al. (2012).  As part of the testing program of that study, the resilient 
modulus of crushed recycled concrete (RCA) and asphalt pavement (RAP) as unbound base were 
characterized.  Sixteen recycled materials (seven RAP, seven RCA, and two recycled pavement 
materials), one conventional base course (a gravel meeting the MnDOT Class 5 aggregate 
specifications), and one blended recycled/conventional material (a mix of approximately equal 
parts by mass RCA from MnDOT and Class 5 aggregate) were used.  Those recycled materials 
were obtained from a wide geographical area.  However, the aggregate shape properties, which 
are essential predictive variables in the resilient modulus model, were not measured for those 18 
different samples in that study.  An assumption was then made that the shape properties of the 
RCA, RAP, RPM, and Class 5 aggregate samples in that study were similar to their counterparts 
collected by MnDOT and then quantified for shape indices using the University of Illinois 
aggregate image analyzer.  The shape indices of the blended recycled/conventional material in 
the study of Edil et al. (2012) are also assumed to be the average of those of RCA and Class 5 
aggregate.  Note that the individual samples of the same material type (RCA, RAP, or RPM) 
were assumed to have the same shape properties regardless of their differing geographical areas.  
This way, the effect of shape properties on the resilient modulus can be taken into account, 
although the assumption may cause certain inaccuracy.   
 
For the purposes of this analysis, the gradation and related parameters were varied based on the 
recommended gradation bands suggested later in this chapter.  Other model parameters were 
varied using their naturally occurring distributions, in that random values were selected with 
frequencies centered around the particular distribution.  The information in Table 57 provides the 
parameters that are varied based on the specific gradation bands suggested later in this chapter.   
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Table 57.  Gradation Model Parameters Used in MR Analysis. 
 Class 5-Qa PAB-Qa 

Parameter Fine Spec Coarse Fine Spec Coarse 
Cu 57.2 60.5 37.8 53.0 22.7 14.5 
Cc 0.215 2.664 3.402 1.208 3.168 1.161 
P2” 100 100 100 100 100 100 
P1” 100 100 80 100 100 100 
P10 40 30 20 35 25 15 
P40 30 20 10 25 10 5 
P200 5 3 0 5 3 0 

       
 Fall Spring     

ω/ωopt 0.83 1.25     
 

The model parameters of the stress state for computing bulk stress and octahedral stress were 
held constant (σ3 = 5psi and σd = 15 psi), based on recommendations by Xiao and Tutumluer 
(2012), and the moisture ratio (ω/ωopt) was held at 0.83 for fall and 1.25 for spring.  The 
remaining parameters were varied in a matrix of 100,000 sets of inputs to model the natural 
variability found in the MnDOT resilient modulus database, as indicated in Table 58.  These sets 
of inputs were utilized in a Monte Carlo simulation to develop the expected distribution of the 
resilient modulus in fall and spring, for the two gradations recommended in this report.  The 
components of this analysis are illustrated in Figure 79.   

Table 58.  Parameters Varied in the Monte Carlo Simulation. 

Input Parameter Mean Min Max Distribution 
FE Ratio 3.82 1.26 11.7 Johnson SB 
Surface Texture (ST) Index 3.6 0.8 6.4 Pareto 
Angularity Index (AI) 425 229 785 Inverse Gauss 
Optimum Moisture Content 8.7 6.0 12.2 Log-logistic 
Maximum Dry Density 129 121 140 Log-logistic 

 
The resulting predicted resilient modulus values (100,000 results for each of the gradations and 
each moisture state indicated in Table 57) are shown as probability distributions in Figures 80 
and 81. 
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Figure 79.  Input Parameters and Resulting Resilient Modulus Distribution. 

 

 
Figure 80.  Predicted Resilient Modulus Distributions. 
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Figure 81.  Predicted Resilient Modulus Distributions – Fall and Spring. 

It may be assumed for purposes of pavement design parameters that the distributions shown in 
the figures above are normally distributed.  Thus, the mean and standard deviation of the 
distributions can be determined by evaluating the results of the Monte-Carlo simulation.  These 
are reported in Table 59.   

Table 59.  Tabulated Predicted Resilient Modulus Values, ksi 

 Class 5-Qa  PAB-Qa 
 Fall  Fall 
 Fine Spec Coarse  Fine Spec Coarse 

Mean 25.6 38.6 44.6  31.1 45.4 34.9 
Standard Deviation 4.6 7.1 8.2  5.7 8.3 6.4 
        
 Spring  Spring 
 Fine Spec Coarse  Fine Spec Coarse 

Mean 19.2 28.8 33.4  23.2 34.2 26.0 
Standard Deviation 3.3 5.2 6.1  4.1 6.3 4.7 

 
Using the probability distributions in the preceding figures, and selecting the appropriate figure 
based on the season and gradation, an estimate of the effective resilient modulus can be selected 
for use in pavement designs.   

6.2 Stability 
A complete discussion of gradation by necessity must address other properties in addition to 
stability, such as drainability and stiffness.  This section relates to the work reported in previous 
sections of this report on the G/S ratio and the structure of the base layer.  It presents the current 
MnDOT gradation specifications for various aggregate types and overlays, and recommendations 
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for modified gradations that are predicted to promote and maintain good layer structure in the 
aggregates and thus improve long-term performance.  As will be seen, the recommendations do 
not differ significantly from the current gradations.  An important aspect of the recommendations 
is that the tolerances on some important sieve sizes are smaller than in many of the current 
gradation specifications.  This section presents the recommended adjustment to the base layer 
thickness based on G/S and then discusses recommendations for gradations in base layers. 

6.2.1 Thickness Adjustment for G/S 
Similar to the results presented in the previous section on stiffness, as the gradation deviates 
from one that promotes good internal structure and stability, adjustments could be made to other 
characteristics in order to compensate for the lower quality gradation.  In Chapter 5, the optimum 
G/S ratio was estimated to be a value of about 1.4 or 1.6.  The MEPDG analysis seemed to 
confirm this, showing an optimum between about 0.8 and 1.4.  For this analysis, 10 well-graded 
aggregates were evaluated, with G/S ratios ranging from 0.2 to about 3.2 (representing percent 
passing No. 4 ranging from 24 to 83, respectively), as shown in Figure 82.   
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Figure 82.  Range of gradations used in G/S ratio analysis. 

The MEPDG analysis for the effect of G/S ratio resulted in the base layer thickness adjustments 
shown in Figure 83.  As described earlier, the analyses presented in this report suggest an 
optimum G/S ratio of about 1.4, and the MEPDG analysis at the standard levels discussed above 
indicates an optimum value of about 0.8 to 1.2.  The close agreement between the different 
analyses helps to confirm these results.  At G/S ratios between about 0.6 to 1.4 (or 63 and 42 
percent passing the No. 4 sieve, respectively) the analysis indicates no recommended thickness 
adjustment, or possibly a small deduction in thickness.  Above and below those points, however, 
the analysis suggests increasing the thickness of the base layer in order to compensate for the 
lower quality gradation.   
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Figure 83.  Base layer thickness adjustment factor related to gravel-sand ratio. 

Further research should be conducted to establish this relationship more definitively, and 
whether increasing the thickness to compensate for very large G/S ratios would be a suitable 
mitigation.  For example, Figure 83 indicates that to compensate for a G/S of 3.2 the thickness 
could be increased by about 60%.  This may not be realistic, but additional study should be 
conducted to evaluate such cases.  Until then, it may be best to limit the G/S ratio in base layer 
gradations to a maximum of about 2.3.  Such a requirement would effectively limit the percent 
passing No. 4 to a minimum of 30%.  Some of the current MnDOT gradation bands discussed in 
this section allow less than this level.   
 
The remainder of this section discusses MnDOT’s current aggregate gradation and quality 
specifications, and provides suggestions that may result in better performing base layers.   

6.2.2 Class 5 and Class 5Q 
Figures 84 and 85 show the gradation bands in the current specifications for Class 5 and Class 
5Q aggregates, respectively.  Figure 86 shows these two sets of gradation bands with a 
recommended gradation designed to provide stability and stiffness, and to maintain an acceptable 
level of permeability.  Based on the analyses conducted throughout the project, and described in 
previous sections, this recommended gradation keeps the percent passing the No. 4 sieve at 41% 
and the percent passing the 3/8” and 3/4” sieves at 60% and 80%, respectively.  This 
recommended gradation follows closely along the overlap between the two bands – near the low 
end of the Class 5 band and the high end of the Class 5Q band. 
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Figure 84.  MnDOT Class 5 gradation band. 
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Figure 85.  MnDOT Class 5Q gradation band. 
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Figure 86.  Combined Class 5 and Class 5Q bands with the recommended gradation. 

Table 60 gives the gradation band limits for Class 5 and Class 5Q with the recommended 
gradation.  In designing the width of the recommended band, it is important that some critical 
sieve sizes have narrower limits while wider tolerance may be given for other sieves.  Table 61 
shows the range between percent passing at the high and low ends of each gradation band.  This 
is essentially the tolerance given to a contractor or supplier within which the gradation for a 
particular base layer is acceptable.  Figure 87 shows the recommended gradation with an 
acceptable band.  While the band for the recommended gradation is fairly narrow, the gaps at 
each sieve size are similar to those in the OGAB Special, presented later in this section. 

Table 60.  Percent Passing Class 5, Class 5Q, and Recommended Gradations 

  Percent Passing 

Sieve Size 
Sieve 

Opening, in Class 5 Class 5Q 
Recommended 

Class 5-Qa 
2” 2  100  

1-1/2” 1.5   100 
1” 1 100 65-95 80-100 (100) 

3/4” 0.75 90-100 45-85 65-90 (80) 
3/8” 0.375 50-90 35-70 50-70 (60) 
#4 0.187 35-80 15-45 30-50 (41) 
#10 0.0787 20-65 10-30 20-40 (30) 
#40 0.0165 10-35 5-25 10-30 (20) 
#200 0.0029 3-10 3-10 0-5 (3) 

G/S Ratio  1.86-0.25 5.67-1.22 2.30-1.00 (1.44) 
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Figure 87.  Recommended Class 5-Qa gradation and band. 

Table 61.  Percent Passing Band Gap at Each Sieve Size 

 Range Between High and Low Gradation Limits 
Sieve 
Size Class 5 Class 5Q 

Recommended 
Class 5-Qa 

2”  0  
1-1/2” 0  0 

1”  30 20 
3/4” 10 40 25 
3/8” 40 35 20 
#4 45 30 20 
#10 45 20 20 
#40 25 20 20 
#200 10 10 5 

6.2.3 Class 6 
The gradation in the current MnDOT specification for Class 6 is similar to that of Class 5.  In 
fact, the lower gradation limit is identical, and the upper limit is of a similar shape, but with 
lower values (other differences are evident in the quality requirements for the two classes of 
aggregate).  Figure 88 shows these two gradation bands and the recommended Class 5-Qa for 
comparison.  As mentioned, the recommended gradation is near the low end of the Class 5 
gradation, as well as that of the Class 6.   
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Figure 88.  MnDOT Class 5 and Class 6 bands shown with the recommended gradation. 

6.2.4 Permeable Aggregate Bases 
Several permeable aggregate base gradations are defined in the current MnDOT specifications.  
These include the OGAB, the OGAB Special (a modified gradation of the open graded aggregate 
base), and the Drainable Stable Base (DSB).  These three gradation bands are shown in Figure 
89.   
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Figure 89.  MnDOT OGAB, OGAB Special, and DSB gradations. 
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Table 62.  Percent Passing OGAB, OGAB Special, DSB, and Recommended Gradations. 

  Percent Passing 
Sieve 
Size 

Sieve 
Opening, in OGAB 

OGAB 
Special 

 
DSB 

Recommended 
PAB-Qa 

1-1/2” 1.5 100 100 100  
1” 1 95-100 75-100  100 

3/4” 0.75 65-95  75-100 65-90 (80) 
3/8” 0.375 30-65 40-65 45-75 50-70 (60) 
#4 0.187 10-35 25-47 30-60 30-50 (41) 
#10 0.0787 3-20 10-30 10-35 15-35 (25) 
#40 0.0165 0-8 0-15 5-20 5-25 (10) 
#200 0.0029 0-3.5 0-5 0-5 (or 0-6.5) 0-5 (3) 

G/S  9.00-1.86 3.00-1.13 2.33-0.67 2.30-1.00 (1.44) 
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Figure 90.  Current drainable base gradations with recommended PAB-Qa. 

Figure 90 shows the same gradation bands as in Figure 89 with the addition of the recommended 
drainable base gradation.  The recommended gradation for the drainable bases is similar to that 
of the recommended Class 5-Qa.  At the larger sizes, no changes are made to the recommended 
Class 5-Qa, in order to maintain the skeletal structure of the base layer.  In the smaller sizes the 
finer materials are decreased in order to promote permeability and better drainage.  For 
simplicity in comparison, and since the recommended PAB-Qa gradation is very similar to the 
upper limit of the OGAB Special, these two are shown together in Figure 91.  Figure 92 shows 
the recommended gradation with an acceptable band.  The tolerances between high and low 
gradations in each band are shown in Table 63.  As with the recommended Class 5-Qa, the 
ranges between the high and low gradations are narrow, but it is also similar to the narrow 
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tolerance of the OGAB Special.  It is recommended that the high end of the OGAB and OGAB 
Special gradations seem within an appropriate range for a reasonable G/S ratio.   
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Figure 91.  Gradation band for OGAB Special and recommended PAB-Qa.  
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Table 63.  Percent Passing Band at Each Sieve Size 

 Range Between High and Low Gradation Limits 
Sieve 
Size OGAB 

OGAB 
Special 

 
DSB 

 
Recommended 

2”     
1-1/2” 0 0 0 0 

1” 5 25  15 
3/4” 30  25 20 
3/8” 35 25 30 20 
#4 25 22 30 20 
#10 17 20 25 20 
#40 8 15 15 20 
#200 3.5 5 5 or 6.5 5 

6.2.5 Other Gradation Parameters 
Research conducted by Kim et al. (2005) presented adaptations of a parametric model to fit 
subgrade soil gradation curves and to predict the resilient modulus of the subgrade.   
 

100Pp = g
 

  g g m
n

e  a  
ln +  

  d  
 
 where 
 Pp = percent passing a particular grain size diameter, 
 ga = fitting parameter corresponding to the initial break in the grain-size curve, 
 gn = fitting parameter corresponding to the maximum slope of the grain-size curve, 
 gm = fitting parameter corresponding to the curvature of the grain-size curve, and 
 d = grain size diameter, mm. 
 
These coefficients are then used in another model developed by Kim et al. (2007) to correlate 
FWD test results and the grain-size parameters with the subgrade modulus. 
 

𝐸𝐸𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑀𝑀𝑎𝑎𝑎𝑎𝑆𝑆 = 19,729 + 322𝑔𝑔𝑎𝑎 − 1.31𝑔𝑔𝑚𝑚 − 5,022𝐻𝐻𝑈𝑈𝑈𝑈𝑈𝑈/𝐻𝐻𝑀𝑀𝑈𝑈 + 0.183𝑊𝑊𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎 − 157𝑔𝑔𝑎𝑎𝑔𝑔𝑛𝑛 
 
 where 
 ESubgrade = subgrade modulus, psi, 
 HUAB/HMA= thickness ratio of unbound aggregate base to HMA, and 
 WLoad = weight of applied load on the pavement surface, lb. 
 
While this model was developed for use with flexible pavements, it may be adapted for rigid 
pavements as well.  Of more usefulness would be the developing correlations between grain-size 
curve parameters, stability of an unbound aggregate base, and performance of a concrete 
pavement.   
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6.2.6 Aggregate Shape Properties 
Other characteristics of aggregates that should be considered in future grading and base 
specifications include shape properties that are expected to provide good stability in the base 
layer.  These include Flat and Elongated (F&E) ratio, Angularity Index (AI) and the Surface 
Texture Index (STI).  
 
The easiest of these to determine is the F&E ratio, which is also already conducted by MnDOT 
for other pavement applications.  The other two parameters are currently more difficult to 
determine and thus are not recommended for immediate implementation.  A separate research 
study has been proposed to implement a field imaging process to help determine the AI and STI, 
which provide an indication of the level of interlocking and stone-on-stone contact, and relate to 
the structural properties such as strength and resilient modulus, as well as drainage properties.   
 
It is recommended that a flat and elongated particle specification be established for aggregates 
used in concrete pavement base layers, and that an evaluation of the potential benefits of limiting 
these particles be initiated.  Common upper limits of F&E for bituminous and concrete pavement 
layers often range from 10% to 15% at a 3:1 length to width ratio (FAA, 2014).   

6.3 Permeability 
As described in previous sections of this report, the permeability of a base layer is very important 
in providing subsurface drainage, but base layers must also perform by providing stability and 
stiffness to the pavement structure.  The literature review discussed gradations that provide both 
structural stability and permeability.  In practice, the permeability of an aggregate base material 
can be difficult to measure.  As mentioned in Chapter 5, several laboratory permeability tests 
were conducted on the OGAB Special base layer in Cell 6 at MnROAD (Izevbekhai and Akkari, 
2011), with results indicating an average permeability of 19.3 ft/day.  While the results are much 
lower than those suggested by MnDOT (2007) for drainable bases (at least 300 ft/day and 
preferably 1,000 ft/day) the low value might be attributed to fines washing to the bottom of the 
permeability apparatus during the test.  This was also suspected in the laboratory testing of the 
samples collected at the gas permeameter field sites described later in this section.  This is less 
likely to occur in the field, where there are many outlets through which fine material may move 
to prevent large-scale permeability problems.  
 
It is recommended that laboratory testing be conducted on a sample of proposed base layer 
aggregate, with appropriate safeguards to prevent fines from artificially decreasing the 
permeability results, and that testing conform to AASHTO T-215 (AASHTO, 2014) or a 
MnDOT-modified version of the test standard.  

6.3.1 Thickness Adjustment for Permeability 
Before discussing permeability testing and materials specifications, the suggested adjustment 
factor related to permeability of the base layer is presented.  The results of the MEPDG analysis, 
as shown in Figure 93, indicate that as permeability increases above 10 ft/hr (corresponding to 
85x10-3 cm/sec or 240 ft/day), the thickness of the base layer may be reduced by up to 8% from a 
design value using the standard parameters noted at the beginning of this chapter.  However, 
below a permeability of about 10 ft/hr no additional layer thickness seems to overcome the 
reduction in the predicted concrete pavement cracking performance.   
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Figure 93.  Base layer thickness adjustment factor related to permeability. 

6.3.2 Field Permeability Testing 
Another significant recommendation is to conduct in-situ permeability testing.  There are several 
methods of in-situ permeability testing, although most were developed for clay and similar soils 
with very low hydraulic conductivity.  Most devices measure in-situ permeability using the 
infiltration of water over time.  One device that was tested as part of this project is the field Gas 
Permeability Test (GPT), shown in Figure 94.  Other test methods include the Double-Ring 
Infiltrometer, MnDOT Infiltrometer, and the Dual Head Infiltrometer, discussed later in this 
section. 
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Figure 94.  GPT test apparatus in the field. 

6.3.2.1 Gas Permeability Test 
The GPT was used on seven concrete pavement projects with two objectives:  (1) evaluate the 
device as a viable method of estimating in-situ permeability of the base layer in terms of 
accuracy and repeatability; and (2) determine the saturated permeability of the base materials in 
the projects tested.  To accomplish these, the following was done at each test site.  For each 
location, the GPT was conducted in a grid pattern across the width of the base layer.  While the 
number of test locations varied, there were generally about 8-10 columns across the width, and 
six rows.  At each test site, the base material was sampled in several locations immediately after 
GPT testing in order to obtain moisture content at the time of testing.  Additionally, a five-gallon 
bucket of material was collected at each site for further laboratory testing.  The following 
laboratory tests were conducted on the materials collected.   
 

• Moisture content 
• Gradation 
• Compacted density 
• Specific gravity 
• Permeability (constant head) 

The first four of these material properties were used in the permeability prediction using the 
GPT.  The permeability test conducted in the laboratory was used as a verification of the 
prediction.  The results from the GPT were used to predict the in-place permeability with the 
equations used by White, et al. (2010) in the development of the GPT device.   
 

 2𝜇𝜇𝐾𝐾 𝑔𝑔𝑔𝑔𝑔𝑔𝑄𝑄𝑃𝑃1 𝜌𝜌𝑆𝑆
𝑠𝑠𝑎𝑎𝑠𝑠 = � 2 2 � �(2+𝜆𝜆)/𝜆𝜆�  Equation 33 

𝑀𝑀𝐺𝐺0�𝑃𝑃1−𝑃𝑃2 � 𝜇𝜇𝑤𝑤𝑔𝑔𝑤𝑤𝑤𝑤𝑤𝑤(1−𝑆𝑆 )2𝑤𝑤 �1−𝑆𝑆𝑤𝑤 �
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where 
Ksat  = Saturated hydraulic conductivity (cm/sec) 
μgas  = Kinematic viscosity of the gas (Pas) (CO2: 1.48E-05, Air: 1.83E-05, 

Nitrogen: 1.78E-05) 
P1  = Absolute gas pressure on the soil surface (Pa) = Po(g) * 250 + 101325 
Po(g)  = Gauge pressure at the orifice outlet (inches of H20) 
P2  = Atmospheric pressure (Pa) = 101325 
Q  = flow rate (cm3/sec) 
r  = radius at the outlet (cm) = 4.45 
G0  = Geometric factor (determined by base layer thickness from Figure 2 in 

White et al., 2010) 
μwater  = Absolute viscosity of water (g/cm-s) = 0.01 
ρ  = Density of water (g/cc) = 1 
g  = Acceleration due to gravity (cm/s2) = 981 
Se  = Effective saturation [Se = (S – Sr)/(1-Sr)] 
S  = Degree of saturation (Field) 
Sr  = Residual saturation (determine based on soil type from Table 2 in White et 

al., 2010) 
λ = Pore size distribution index (determine based on soil type from Table 2 in 

White et al., 2010) 
 
The field testing was set up in a manner similar to that conducted in previous studies by White et 
al. (2010) to evaluate the predicted permeability across the width of the roadway, and for a short 
distance along the centerline, as shown in Figures 95 and 96.  Figure 97 shows a sample of the 
results obtained from the GPT in the field.   
 

 
Figure 95.  General layout of GPT testing plan at each site. 



169 
 

 

 

Figure 96.  Typical GPT testing layout. 
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Figure 97.  Sample Gas Permeameter Test results. 

Table 64 provides the material properties, including the last two rows of the table which report 
the in-situ permeability computed by the GPT method and measured in the laboratory.   
 
The data shown in the table indicate that the results obtained in the field with the GPT and the 
resulting estimated saturated permeability properties vary widely.  The largest range of results 
shown in the table using the GPT is from 162 to 1241 ft/hr within the same grid of 48 test 
locations.  When this is compared to the laboratory tested permeability of a sample compacted to 
the same density, the results are up to four or five orders of magnitude different.   
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Table 64.  Material Types and Properties Tested in the Field and the Laboratory. 
 
 
Location 

CSAH 10 
Lyon County 

MN 23 
Rock 

County 

I-94 
MnROAD 

Cell 13 

 
I-35 

Duluth 

 
MN 60 

Worthington 

 
I-694 

Shoreview 

US 14 
North 

Mankato 

Material Type OGAB / 
Quartzite 

Bituminous 
Reclaimed Class 1 Recycled 

Concrete 

Class 5 + 
Crushed 
Concrete 

Class 6 Class 5 

Residual 
Saturation1, % 

1-2 11-15 2-5 11-15 2-5 11-15 1-2 

Pore Size 
Distribution 
Index1 

17.26-18.20 0.59-0.98 3.65-4.62 0.59-0.98 3.65-4.62 0.59-0.98 17.26-
18.20 

Compacted 
Dry Density, 
pcf 

139 128 139 133 129 120 125 

Specific 
Gravity 

2.707 2.464 2.699  2.581 2.415 2.617 

Moisture 
Content, % 

0.8-1.7 2.2-3.6 3.9-5.5 3.3-4.7 4.0-5.2 4.4-4.9 5.3 

Layer 
Thickness, in 

3 
(on 6in RAP) 

6 6 11 7 4 6 

Geometric 
Factor2 

5.6 5.0 5.0 4.7 4.8 5.4 5.0 

Permeability, 
ft/hr  (Lab) 

0.0573 0.00143 0.00413 0.239 0.0306 0.0223 0.0162 

Permeability, 
ft/hr (GPT) 

53-615 44-263 162-1241 99-1911 139-546 129-472 242-1053 

 Notes: 1Based on material type, values taken from White et al. (2010). 
  2Based on layer thickness, values taken from White et al. (2010). 

6.3.2.2 Double-Ring Infiltrometer 
Another field permeability test device is the Double-Ring Infiltrometer (DRI).  The DRI has 
been used in highway applications (Bowders, et al., 2003) and is standardized in ASTM D3385 
(ASTM, 2014).  A modified version of this test was evaluated by MnDOT (Clyne, et al., 2001), 
termed the MnDOT Permeameter.  In the DRI test, shown in cross-section in Figure 98, the 
double-ring apparatus is embedded approximately two inches into the base layer, and both rings 
are filled with water which is kept at a constant height during the test.  The volume of water 
infiltrated into the base layer is measured, as well as the time taken for the infiltration.  The 
double-ring infiltrometer apparatus provides for a one-dimensional flow in the base material.  
The hydraulic conductivity can then be determined by dividing the infiltration rate by the 
hydraulic gradient.   
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Figure 98.  Cross-section of double-ring infiltrometer. 

 

 
Figure 99.  Double-ring infiltrometer. 

While the double-ring infiltrometer test can take several days for soils with very low hydraulic 
conductivity, it can be conducted within minutes on aggregate base layers that are intended to be 
drainable.  In fact, one difficulty in conducting the test may be accurately measuring the volume 
of infiltrated water while keeping the elevation constant in the double ring apparatus. 
 
A comparative study was conducted by Bowders (2003) which evaluated the results of the in-situ 
test to rigid-wall, constant head permeability testing in the laboratory and with three empirical 
equations.  The study compared eight aggregates with various gradations and sources from 
Missouri.  In Figure 100 the vertical bars represent the range of hydraulic conductivity values 
estimated by the three empirical equations.  The round data points represent the results obtained 
in the laboratory, and the triangular points represent the in-situ double-ring infiltrometer test 
results.  As can be seen in the figure, the in-situ tests agree with the range of empirical results 
more consistently than do the laboratory results.   
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Figure 100.  Comparison of laboratory, field, and empirical estimates of hydraulic conductivity. 

Other advantages and disadvantages of the double-ring infiltrometer include the following. 
 

• A bentonite paste was used to ensure a seal between the rings and the surrounding soil.  
This may have created a decreased cross-sectional area available for water to flow in the 
inner ring.  Calculations showed that by reducing the effective flow area by half, the 
calculated hydraulic conductivity would only increase by a factor of about 3 (Bowders, 
2003). 

• It can be difficult to press the double-ring infiltrometer the necessary two inches into the 
surface of the compacted base layer.  If the infiltrometer is not seated properly, the water 
contained in the outer ring may suddenly cause a failure in the base material into which it 
is embedded and allow all of the water to escape, effectively ending the test.   

• The test apparatus is large and may be awkward to use.   
• Depending on the gradation and the material type, it may require large amounts of water 

added to the apparatus quickly in order to conduct the test properly.   
• For materials with lower permeability (less than about 2 ft/day), Mariotte tubes are 

recommended.  Mariotte tubes allow the in-situ permeability test to be conducted over 
long periods of time without constant monitoring.  The use of Mariotte tubes adds some 
cost and complexity to the apparatus, but they are not expected to be needed on most in-
situ base layer tests. 

6.3.2.3 MnDOT Permeameter 
The MnDOT Permeameter, shown in Figure 101, is a 67-inch long device with a 2.5-inch outside 
diameter.  It is based on the same principle as the DRI evaluated by Bowders, but is smaller and 
not as heavy.  Since this device was evaluated specifically for base and subbase layers, 
conditions were identified for the proper use of the permeameter, developed by Clyne, et al. 
(2001) and repeated below. 



 

 
Figure 101.  MnDOT Permeameter. 

Table 65.  Conditions Necessary for Using the MnDOT Permeameter (Clyne et al., 2001). 

1 The permeameter is used in a manner consistent with the guidelines set 
out in the operation manual (Minnesota Department of Transportation 
Permeameter User’s Manual). 

2 The values obtained do not fall outside the operating range of the 
permeameter, which, to avoid excessively fast or slow flow rate into the 
base, are 10-5 cm/s ≤ ksat ≤ 10-3 cm/s (0.0012 to 0.12 ft/hr) 

3 A factor of two accuracy in the measure of the saturated hydraulic 
conductivity is sufficient for the task at hand.   

4 To avoid the effect of layering on the results, the thickness of the base 
layer is larger than T > D + 5cm (2 inches), where D is the depth of the 
borehole, dug for the operation of the permeameter (~10cm). 

5 In cases where the base layer meets this restriction but still may be thin, 
the reading of the permeameter should be governed by Equation 6.3 in 
Clyne et al. (2001). 

6 The assumption of a homogeneous and isotropic base layer is reasonable. 
 
These conditions suggest that the test not be conducted on layers less than 6 inches thick, or with 
saturated permeability greater than 0.12 ft/hr (less than 3 ft/day).  While it is reasonable to expect 
that most pavement structures will have base layers of at least 6 inches, previous work cited in 
this report has suggested that a permeability of about 300 ft/day is more appropriate for a 
drainable base layer (MnDOT, 2007). 

6.3.2.4 Dual Head Infiltrometer 
The Dual Head Infiltrometer is a new device that uses water to measure saturated hydraulic 
conductivity.  According to the manufacturer, the device is fully automated conducts the test 
without the need for maintaining water supply, or manually collecting and processing data.  
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Similar to the Double-Ring Infiltrometer, it must be pressed into the base layer and water is 
ponded in the device at the surface of the material.  The device uses one chamber and two 
different pressure heads to determine the hydraulic conductivity, rather than two rings and one 
pressure head, as used by the Double-Ring Infiltrometer.  The theory behind the device utilizes 
analyses presented by Reynolds and Elrick (1990) to solve mathematical equations at two 
different pressure heads so that the saturated hydraulic conductivity can be computed without 
making assumptions regarding the nature of the soil or base layer. 

6.4 Recycled Material 
The use of recycled aggregates for base layer construction has been common practice for some 
time, and it is expected that such aggregates will be used more frequently in the future.  Some 
properties of recycled aggregates which are significant to concrete pavement performance can be 
more variable than in natural materials due to the wide variety of source material and processing 
methods.  The three major characteristics discussed in the previous sections, in addition to the 
material quality tests are all important when assessing the suitability of recycled material for use 
in a base layer.   
 
It is important to hold recycled aggregate materials to the same gradation and quality standards 
as for natural material, as currently required in MnDOT specification 3138.  In cases where the 
physical, mechanical, and chemical properties cannot meet those standards, adjustments may be 
made according to the three categories of properties – stability, stiffness, and permeability.  
Those adjustments are described in the previous sections.  
 
Van Dam et al. (2015) suggest that recycled concrete aggregates used in subbase layers may 
initially behave similarly to unbound natural aggregates (with some increases in stiffness due to 
the angular and rough-textured nature of the particles).  However, the subsequent hydration of 
freshly exposed, previously unhydrated cement grains may result in increased stiffness, and 
possibly increased slab curling and warping stresses.   
 
The gradations discussed in the previous section refer to MnDOT Tables 3138-3 through 3138-5, 
for aggregates containing less than 25 percent recycled material, between 25 and 75 percent 
recycled, and greater than 75 percent recycled material, respectively.  According to specification 
3138.2.C, recycled aggregates contain only “recycled asphalt pavement (RAP), recycled concrete 
materials, recycled aggregate materials, or certified recycled glass.”  The gradation requirements 
for Class 5, Class 5Q and Class 6 aggregates with recycled materials differ only slightly from 
those without.  For Class 5 and Class 6, the maximum sizes (the smallest sieve size through 
which 100% of the material passes) are 1½ inches with recycled and 1 inch without.  For all 
three aggregates (Class 5, Class 5Q, and Class 6) the low side of the gradation band at the No. 
200 sieve is decreased to 0% with recycled from 3% without (MnDOT, 2014).  With more than 
75 percent recycled concrete, the No. 40 sieve gradation limits for all three aggregates is 
decreased to “0 – 8” percent passing and the No. 200 limits are reduced to “0 – 3.0”.  Otherwise, 
the gradations are the same as for the 25-75 percent recycled material (MnDOT, 2014). 
 
The properties of a recycled material should be the determining factor for its acceptability in 
pavement base and subbase layers, as they are for natural materials.  An appropriate adjustment 
to the specified gradations is described in the paragraph above, which decreases the amount of 
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fines allowed, due to potentially detrimental effects on drainability.  Thus, recommendations in 
this report apply to both recycled and natural material, with appropriate adjustment as described 
in this chapter based on their properties. 

6.5 Other Design Features 
Other features in the design of the base layer can have an effect on pavement performance.  Any 
aspect of the design that promotes or hinders drainage should be considered in the design of the 
pavement structure.  Topics specifically related to the base layer, however, include the crown, or 
cross-slope of the subgrade layer, and a layer of sand beneath the base course. 

6.5.1 Subgrade Crown 
Many states, including Minnesota, have design standards for the cross-slope or crown of the 
subgrade surface to match the cross-slope of the final pavement surface.  This is beneficial to the 
pavement structure in several ways.  Maintaining the same cross-slope throughout all layers of 
the pavement structure avoids the need for tapering one of the layers (thus, each successive layer 
has consistent thickness).  In addition, if the lower surface of the pavement structure is sloped 
away from the pavement, any water that has infiltrated the base layer will be moved toward the 
edges (to a ditch or to installed subdrains).  It is recommended that this practice be maintained in 
Minnesota.  While a steeper cross-slope at the subgrade surface may help move water away from 
the pavement structure more quickly, the resulting difficulty in maintaining the proper cross-
slope in the finished surface may outweigh any benefits.   

6.5.2 Capillary Prevention  
A relatively thick layer of sand is often used beneath the base layer to prevent frost-related 
problems.  For new PCC pavements on non-granular soils, MnDOT requires a minimum of 4 
inches of base on 12 inches of subbase (MnDOT, 2014a).  This, coupled with an 8-inch PCC 
slab, provides 24 inches of non-susceptible soils for protection from frost heave.  For 
comparison, HMA pavements are required to have a minimum total pavement structure of 30 
inches for lower-volume roads and 36 inches for roads with high traffic volumes. 
 
With a desire to reduce the possibility of frost heave in concrete pavements, the 12 inches of 
subbase often takes the form of granular material.  The relationship between grain size and frost 
action affects the height to which water will rise due to capillary action in the underlying soils.  
One objective of the granular layer is to keep the water out of the base layer.  To do this, the 
gradation of the subbase must be designed properly to match the layer thickness.  The height to 
which water will rise due to capillary action is related to the diameter of a capillary tube.  Thus, 
the minimum required thickness of the layer is related to the effective capillary diameter in a 
soil, which is a function of its grain size distribution.  McCarthy (2006) presented an equation for 
the effective capillary diameter in soils using  
  
 𝑑𝑑 = 1𝐷𝐷10 Equation 34 

5
 
where 
 d = effective capillary diameter, mm 
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 D10 = particle size corresponding to 10 percent passing from the grain-size distribution 
curve, mm. 

 
The height of capillary rise is predicted to be  
 

31
 ℎ𝑐𝑐 =  Equation 35 

𝑎𝑎
where 
 
 hc = expected height of capillary rise, mm. 
 
For example, for the gradation bands for select granular material vary with the 10 percent 
passing point between the No. 40 and No. 200 sieves.  These values correspond to D10 diameters 
of  0.425 and 0.075mm, and predicted capillary rise of 365 and 2070mm (14 and 81 inches), 
respectively.  If one objective of the granular subbase layer is to minimize the possibility of frost 
heave, the thickness of the granular subbase layer should be designed accordingly.   

6.6 Draft Materials Specifications 
This section reviews the current state of aggregate base specifications and presents some 
recommendations for changes or additions to the specifications.  This section refers to the 2014 
edition of the MnDOT Standard Specifications for Construction and the Materials Lab 
Supplemental Specifications for Construction (MnDOT, 2014), and refers to the following 
specific sections within the standard specifications. 
 

• 2211 – Open Graded Aggregate Base (OGAB) Special 
• 3136 – Drainable Bases 
• 3138 – Aggregate for Surface and Base Courses 

6.6.1 Aggregate Quality 
This section addresses the quality measures of aggregates for use in base layers for concrete 
pavements.  These include crushing, durability (in terms of loss in the abrasion, or Los Angeles 
Rattler test), and maximum deleterious materials.  For the recommended specifications for new 
aggregate base layers, the same tests are suggested, but at different levels of quality.  While the 
implementation of these quality levels is recommended, it is understood that it may present 
difficulties within the aggregate producing industry, and that not all of these recommendations 
may be feasible.   
 
In the event that some of the suggested specification limits are not considered feasible to 
implement as requirements in the specifications, another option could be to offer incentives for 
achieving the suggested limits.  Potential levels for such incentives are included in the sections 
that follow. 

6.6.1.1 Crushing and Aggregate Quality Requirements  
Table 66 presents the current MnDOT specifications for crushed material and other properties 
required for aggregate base materials.  The values for crushing are for non-quarried materials.  
The permeable and drainable base materials require between 60% to 85% crushing, and the Class 
5 and Class 6 materials only require 10% to 15% crushing.  Since angular aggregates can 



177 
 

dramatically increase the long-term stability of a base layer, it is recommended that the standard 
be increased for minimum two-face crushing for the Class 5 and Class 6 materials.  Another 
aspect of a crushing specification that could be considered is the maximum quantity (5 to 10 
percent) of material without any evidence of crushed faces (PWS, 2012).  The Federal Aviation 
Administration (FAA) requires “at least 90% by weight of particles with at least two fractured 
faces and 100% with at least one fractured face” (FAA, 2014).  In addition, the FAA requires 
that “[t]he area of each face shall be equal to at least 75% of the smallest mid-sectional area of 
the piece.  When two fractured faces are contiguous, the angle between the planes of fractures 
shall be at least 30 degrees to count as two fractured faces.” 
 
Similarly, the less a material degrades in the Los Angeles Rattler (LAR) test, the better it is 
expected to perform in a constructed concrete pavement.  The current maximum loss specified 
by MnDOT for the LAR test is 40% for all materials except Class 6, where the limit is 35%.  As 
discussed above, it is recommended that the allowable limits be reduced in order to provide an 
incremental benefit to the performance of concrete pavements.  It is also understood that many 
aggregates used in Minnesota concrete pavements perform better than the LAR limits, and that 
such a decrease in the allowable maximum loss would not affect the performance of those 
pavements.  The FAA P-209 (FAA, 2014) specification is less restrictive in this measure, and 
allows up to 45% loss according to ASTM C 131 (ASTM, 2014).  In addition, the laboratory 
performance (LAR test result) and the field performance (construction activities) may be 
different depending on aggregate size and gradation.  Izevbekhai and Van Deusen (2015) 
suggested that open-graded aggregate base layers should have separately developed LAR 
standards.   
 
Most state highway agencies have LAR specifications for various applications of coarse 
aggregate including unbound aggregate surface roads, base layers, bituminous pavements and 
PCC pavements.  A report by the US Army Corps of Engineers (2006) indicates that for 
unbonded aggregate surface roads, most states require less than 35% and up to 50% loss in the 
LAR test.  One report (Pavement Interactive, 2014) indicates that as of 2003, while most states 
require a maximum loss of 40% in the LAR test, 5 states required a maximum of 35%, 4 states 
required a maximum of 30%, and one agency required a maximum loss of 25%.  

Table 66.  Summary of Crushing and Quality Requirements for Aggregate Bases. 

 
Material Type 

Minimum 
Two-Face 
Crushing 

Maximum Los 
Angeles Rattler 

Loss (LAR) 

Maximum Shale, if 
#200 ≤7% by mass  
(if >7% by mass) 

Maximum Spall 
Materials 

OGAB 85% 40%  5% 
OGAB Special 75% 40%  5% in gravel 

2% in quarried rock 
DSB 60% 40%  5% 
Class 5 10% 40% 10% (7%)  
Class 5Q 10% 40% 10% (7%)  
Class 6 15% 35% 7% (7%)  

 
In summary, the recommended additions to the aggregate base specifications include the 
following.  Table 67 provides recommended gradation bands for two new aggregate base layer 
materials – Class 5-Qa and PAB-Qa.  While these two gradation bands are similar to existing 
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gradations, they are different in two important respects.  The tolerance of the gradation band at 
the critical sieve sizes is narrower than in traditional bands, and the fines in the Class 5-Qa 
recommendation are decreased to allow for greater permeability.   
 
Table 68 provides recommendations for the aggregate quality requirements recommended for 
these two base layer materials.  As mentioned above, the maximum loss in the LAR test is lower, 
and the minimum percent crushed faces is higher than for the traditional aggregate materials.  
Table 68 also includes suggested incentive levels that could be used to encourage contractors and 
aggregate suppliers to meet the new requirements, if possible.  Over time the suppliers may be 
able to meet them, given appropriate compensation for their efforts in attempting new methods 
and processes to obtain them.   

Table 67.  Summary of Recommended Gradations 

 Percent Passing 
Sieve 
Size Class 5-Qa PAB-Qa 

1-1/2” 100  
1” 80-100 100 

3/4” 65-90 65-90 
3/8” 50-70 50-70 
#4 30-50 30-50 
#10 20-40 15-35 
#40 10-30 5-25 
#200 0-5 0-5 
G/S 2.30-1.00 2.30-1.00 

Table 68.  Summary of Recommended Aggregate Quality Requirements 

 Class 5-Qa PAB-Qa 
Minimum Two-Face Crushing 30% 85% 

Maximum Los Angeles 
Rattler Loss 

35% 35% 

Maximum Shale  7%  
Maximum Spall Materials  5% 
Gravel / Sand Ratio (Max / 

Min) 
1.85 / 1.22 1.85 / 1.22 

Lab- or Field-Tested 
Permeability 

300 ft/day 300 ft/day 

6.6.2 Specification Topics to Consider 
This section reiterates the specification recommendations above, and suggests others that may be 
considered by the MnDOT Grading and Base Office.   
 

• Maximum loss by LA abrasion:  35%. 
• Maximum percent without any crushing: 5-10% 



179 
 

• Aggregate shape properties:  F&E ratio – 10% maximum by weight at a 3:1 ratio; future 
consideration of aggregate imaging-based angularity index, surface texture index. 

• Field permeability testing, using double-ring infiltrometer or other means.  If not done in 
the field, a compacted sample should be tested in the laboratory. 

• Gravel / Sand ratio calculation based on gradation. 
 
As mentioned previously, if these items are not implemented, MnDOT should at least consider 
the institution of incentives for contractors or suppliers who can meet them.   

6.7 Analysis Tool 
Based on the analyses conducted as part of this project, an analysis tool was developed to assist 
pavement design staff in selecting appropriate materials, layer thicknesses, material properties, 
gradations, and permeability.  This analysis tool takes parameters from pavement designs 
developed by other pavement design methods and analyzes them using a database of results from 
thousands of runs of the MEPDG 1.100 software.  The tool finds the sets of results that are most 
similar to the inputs provided by the user and then interpolates between them to develop 
estimates of performance in terms of cracking, faulting, and smoothness.   

6.7.1 MEPDG Analyses 
The data used in the tool were developed from analyses conducted using the MEPDG 1.100 
software.  This software was selected for several reasons, including the desire to be compatible 
with the new MnPAVE-Rigid software developed by Tompkins and Khazanovich (2014).  
Whereas the MnPAVE-Rigid project kept the base layer constant and conducted many thousand 
runs of the MEPDG 1.100 software, the cost-effective bases project changed the parameters of 
the base layer and kept much of the remainder of the pavement structure constant.  Table 69 
details the basic inputs that were held constant in the analysis.  Table 70 provides information on 
the levels of variables analyzed in this project.  Besides these parameters, the MPEDG analyses 
maintained the same input levels as those used by Tompkins and Khazanovich (2014).   

Table 69.  Design Parameters Held Constant in MEPDG Analyses. 

Variable Value 
JPCP Slab  
 Thickness 8 inches 
 Flexural Strength 700 psi  
 Width 13 feet 
  
Subbase Layer  
 Thickness 10 inches 
 Resilient Modulus 18,350 psi 
 AASHTO Material Type A-3 
  
Subgrade  
 Resilient Modulus 14,000 psi 
 AASHTO Material Type A-6 
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After the analysis parameters were determined, the input files for the runs were created.  Since 
the MEPDG software requires a proprietary “.dgp” file in binary format, it was not possible to 
create the input files quickly, but an automated script program – AutoIT® (2014) was used to 
handle the MEPDG software and create the input files.  After these input files were created, they 
were distributed to 12 computers in a campus computer lab to run the analyses.  Even when 
distributed to this many computers, the analyses took approximately 30 hours of computation 
time per computer, and much more in managing the data created by the analyses.   

Table 70.  Variables Used in MEPDG Analyses. 

Variable Levels Range 
Climate 3 “Northern” (D1 – D4, located at Brainerd) 

“Metro” (D5, located at MSP Airport) 
“Southern” (D6 – D8, located at Redwood Falls) 

Axle Load Spectrum 2 MnDOT “Average” 
MnDOT “Heavy” 

Base Layer   
 Thickness 5 3 to 20 inches 
 Resilient Modulus 4 10,000 to 60,000 psi 
 Hydraulic Conductivity 2 0.1 to 100 ft/hr 
 Gradation  9 Representing: 

 OGAB 
 OGAB Special 
 DSB 
 Class 5 (Coarse side of gradation band) 
 Class 5 (Fine side of gradation band) 
 Class 5Q 
 Class 6 
 Proposed Class 5-Qa 
 Proposed PAB-Qa 

 
Once the runs were completed, a small program was created to validate the resulting data files.  
This visual basic scripting routine checked 100% of the data files (the resulting performance data 
for cracking damage, faulting, and IRI) to verify that the analysis had completed correctly, that 
the data files were created and saved properly, and that the resulting data are within normal 
bounds.  After this routine had completed, another routine was created to extract the data 
necessary for the performance database to be used with the tool.  The extracted data includes 
annual values for top-down and bottom-up cracking; faulting and faulting at 90% reliability; and 
IRI and IRI at 90% reliability.   

6.7.2 Database  
The database created with the results of the MEPDG runs described above is stored in the 
spreadsheet containing the analysis tool.  As described in Tompkins and Khazanovich (2014), 
the cracking damage is a linear relationship with traffic, and thus can be scaled by the user-
entered Heavy Commercial Average Daily Traffic (HCADT) and then converted to percent 
cracked slabs.  The cracking model shown below is taken from the MEPDG Manual of Practice 
(AASHTO, 2008)   



181 
 

 
1

 CRK =
4 C5   Equation 36 C + FD

where 
 CRK = percent slabs cracked in bottom-up and top-down transverse cracking, 
 FD = bottom-up and top-down fatigue damage, computed by the MEPDG software, 
 C4, C5 = calibration constants (AASHTO default values are 1.0 and -1.98, respectively). 

 
Tompkins and Khazanovich (2014) modified the two default calibration constants, C4 and C5, to 
use the local values for Minnesota developed by Yut et al. (2007) of 0.9 and -2.64, respectively.   
 
When the user enters the pavement design parameters for analysis with the cost-effective base 
type tool, the database is engaged to select the eight sets of results that match most closely with 
the user’s inputs.  The eight are chosen based on three inputs where the user may enter non-
discrete selections (Base thickness, permeability, and resilient modulus estimated from DCP or 
R-value data).  The other values are selected from drop-down lists and the input can only be 
chosen from the list (climate, traffic load spectrum, material type and gradation). 
 
With the eight sets of results (representing values just higher and lower than the three selected by 
the user), the predicted distresses are interpolated among them and a final array of damage, 
faulting, and IRI is developed.  For example, Table 71 lists the chosen inputs, resulting in the 
eight curves from actual MEPDG runs shown in Figure 102. 

Table 71.  Variables Used in Example. 

Variable Level 
 Climate “Northern” (D1 – D4, located at Brainerd) 
 Axle Load Spectrum MnDOT “Heavy” 
Base Layer  
 Thickness 8 inches 
 Resilient Modulus 22,000 psi 
 Hydraulic Conductivity 1 ft/hr 
 Gradation  OGAB Special 

 
The model estimates cracking damage by interpolating between the base layer thickness, resilient 
modulus, and permeability.  Beginning with the base layer thickness, the routine uses the 
interpolated results to subsequently interpolate distresses between resilient modulus and then 
permeability.  This interpolation scheme is applied for each distress (faulting, cracking damage, 
and IRI) at each year of the analysis.   
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Figure 102.  Set of eight MEPDG results for interpolation example. 

6.7.3 Tool 
The tool developed for this project is in the form of a Microsoft Excel spreadsheet in which the 
user can enter the basic base layer design parameters and plot the MEPDG predicted distresses.  
The basic screen is shown in Figure 103.   

6.7.3.1 User Inputs 
The user enters pavement design information for the climate and traffic, concrete slab, base 
layer, and subgrade.  When an input is changed, the tool recalculates the resulting distresses and 
updates the plot.  The user can also specify limits for cracking, faulting, and IRI to be included in 
the distress plots.  By selecting the distress of interest in the chart (cracking, faulting, IRI), the 
user can see the predicted performance over the expected life of the pavement structure.  In 
addition, the estimated unit costs of the slab and base layers can be included.   
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Figure 103.  Screen-shot of Cost Effective Bases Tool. 

6.7.3.2 Climate and Traffic 
In the climate and traffic area, the user may specify the geographic area within the State of 
Minnesota with which to model the pavement performance.  The Climate Type can be selected 
from the Northern, Metro, or Southern areas of the state representing MnDOT Districts 1 through 
4, District 5, and Districts 6 through 8, respectively.  The Initial Year HCADT and the expected 
Annual Growth rate are entered directly by the user, and the Vehicle Classification Scheme 
(heavy or average) is also selected.  The heavy and average axle loading schemes are used as 
defined by Tompkins and Khazanovich (2014).   

6.7.3.3 Concrete Slab 
The concrete slab has no user-entered inputs with the exception of the cost.  The values of slab 
thickness (8 inches), flexural strength (700 psi), and outside lane width (13 ft) were preset in the 
analysis and are set to average values found in MnDOT and county concrete paving projects 
from 2009 through 2011.  As mentioned previously, the user may enter the estimated cost for the 
slab.  Since the Base Type Analysis Tool is primarily concerned with the relative differences 
between design parameters, it was felt that the concrete slab and other parameters could be left at 
average values and the differences in distresses due to the variables specifically related to the 
base would be evaluated.   
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6.7.3.4 Base Layer 
In the base layer area, the user may select a standard gradation (described in more detail in 
Section 6.6) for standard aggregate types or for one of the two proposed types in that section.  
Once selected, the Gravel-to-Sand Ratio is computed and shown in the cell directly below the 
base type selection.  This value is entered either as a single value or a range of possible values.   
 
The base layer thickness, saturated permeability, and estimated cost are entered next.  The 
Resilient Modulus can be estimated using models developed by MnDOT (Tanquist, 2007) by 
entering either a DCP Index or R-value of the material.   

6.7.3.5 Subbase Layer and Subgrade 
As with the concrete slab, the subbase layer and subgrade materials are preset and are included to 
provide a complete MEPDG analysis.  Again, the results are relative, and depend on these values 
remaining constant.   

6.7.3.6 Distress Levels 
In this input area, the acceptable levels of distress may be entered in order to plot them in the 
chart, as shown in Figure 104. 
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Figure 104.  Sample chart showing predicted and user-defined acceptable levels of distress.   

6.8 Summary 
This chapter reviewed the research findings from previous chapters and presented 
recommendations for implementation of those findings in terms of aggregate gradations and 
quality measures.  Based on the three parameters discussed throughout the previous chapters – 
stiffness, stability, and permeability – adjustment factors were presented to increase or decrease 
the thickness of the base layer in response to the lower or higher quality of the aggregates used in 
the layer.  A gradation band is recommended for use in base layers which may optimize the 
Gravel-Sand ratio analyzed in the previous chapters.  Suggestions for other materials and layer 
properties are also made including LA abrasion, permeability, Gravel/Sand ratio, and crushing.  
A tool for visualizing the relative impacts of higher and lower quality gradations and material 
quality was developed and presented.  
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Chapter 7: Conclusions and Recommendations 

The quality of pavement foundation is vital for the successful construction and long term 
satisfactory performance of PCC pavements.  For adequate pavement performance, a structurally 
stable, non-erodible subbase layer below the concrete slab is most certainly desirable.  Changes 
in environmental conditions (e.g., solar flux, air temperature, wind, moisture, etc.) certainly 
impact behavior of pavement layers including the subgrade, which in turn can drastically affect 
pavement performance.  This research study recommends modifications for future 
implementation into the current material specification for the aggregate base/subbase supporting 
PCC pavements.  Such a material specification may be suitable although not required for flexible 
pavements as well.  Utilizing existing strength/modulus layer characteristics, this research study 
also adds new permeability/drainage and frost/moisture susceptibility considerations.  The focus 
was to quantify the aggregate base properties required for PCC pavement foundations in 
accordance with the currently established layer thickness requirements.  
 
The-state-of-the-art and the-state-of-the-practice for long life concrete pavement design, 
construction, and maintenance, as well as moisture susceptibility, subsurface drainage design, the 
thermo-physical properties of PCC foundation materials and frost protection design aspects were 
reviewed first.  The goal is to identify possible improvements that could be made to achieve long 
life in terms of base material selection and structural design (base type, subsurface drainage, etc.).  
This study also evaluated the effects of using different base layers including open-graded ones on 
the pavement foundation moisture regime and the overall PCC pavement performance.  The 
EICM program version 3.4 was employed to predict the moisture profiles in a PCC pavement 
system.  The evaluation was based on an extensive use of the mechanical and hydraulic 
properties of typical base/subbase materials collected from previous MnDOT studies and 
relevant literature.  The effect of moisture on long-term performance of concrete pavement 
sections built with different types of permeable base materials were evaluated accordingly using 
the MEPDG program.  The impacts of important pavement design parameters on pavement 
performance and service life prediction were evaluated as well, such as PCC slab thickness, base 
and subbase thicknesses, and material properties (e.g., resilient modulus and hydraulic 
properties).  The effects of design and site factors on the field performance of PCC pavements 
were evaluated subsequently.  For this purpose, field pavement performance data from LTPP 
SPS-2 study was collected from LTPP SDR 27.0.  The high dimensional model representation 
(HDMR) method was employed for analyzing the LTPP SPS-2 SDR 27.0 data in order to 
overcome some issues encountered by the ANOVA analysis in prior studies.  Finally, all the 
findings were synthesized to recommend revisions for a draft comprehensive performance-
related specification for aggregate bases supporting concrete pavements. 

7.1 Major Research Findings 
The evaluation results of moisture regimes in PCC pavement foundation layers indicated that 
changing the PCC slab thickness from 8 to 16 in, while keeping other parameters the same, does 
not alter the cumulative frequency distribution of EICM predicted moisture, although slight 
discrepancy exists for subbase course.  The same observation can also be made when only 
changing the base course thickness from 4 to 12 in.  Increasing groundwater table depth from 5 ft 
to 10 ft or 15 ft only improves moisture condition in subgrade soils significantly.  It seems that 
the extent to which groundwater table depth influences the EICM predicted moisture regime 
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depends on the specific geographical locations.  Moisture-suction relationship (i.e., SWCC), in 
addition to hydraulic conductivity itself, plays an important role in controlling the moisture 
regime in PCC pavement foundation layers as well, which is probably due to the fact that 
moisture flow within the pavement foundation layers is unsaturated in nature instead of being 
saturated.  It may be postulated that base/subbase hydraulic conductivity and SWCC possibly 
exist an optimal combination for which significant improvement can be achieved over layer 
moisture regime, and that changing either hydraulic conductivity or SWCC alone may not be 
effective in improving layer moisture regime.  The maximum moisture contents in base course 
for those three PAB materials studied are less than the baseline dense-graded base material; 
while the maximum moisture contents in subbase course and subgrade soils are approximately 
similar.  Overall, the use of permeable base materials increases the moisture contents in 
underlying subbase and subgrade soils.  Through a limited sensitivity study, the use of asphalt 
treated and cement treated permeable bases significantly reduces the predicted pavement 
distresses, as compared to the baseline dense-graded aggregate base; whereas the extent to which 
the use of unbound aggregate permeable bases reduces pavement distresses is much less 
profound than treated bases.  Depending on the specific gradation and material hydraulic 
properties, different types of unbound permeable aggregate bases result in varying performance 
improvements.  It is observed that the stronger the subgrade support is, the less the magnitude of 
predicted terminal IRI and mean joint faulting.  The use of permeable aggregate base and 
stabilized permeable base, as compared to baseline dense-graded aggregate base, significantly 
reduces predicted transverse cracking. 
 
The review of previous field performance studies relevant to this study demonstrates that PCC 
slab thickness and base type seem to be the most important factors affecting the occurrence of 
both longitudinal and transverse cracking; while drainage seems to have a marginal effect.  
Pavements built on fine-grained soils have slightly higher chances for the occurrence of 
transverse cracking than those built on coarse-grained soils.  Lane width seems to be the most 
important for faulting of PCC joints with higher faulting observed in pavements with standard 
lane (3.7 m or 12 ft), especially for sections built on fine-grained soils and located in wet freeze 
zone.  Drainage and base type seem to be the most important factors affecting the growth in 
roughness with higher change in roughness observed from pavements without drainage; while 
slab thickness seems to have a marginal effect.  The MEPDG based sensitivity studies relevant to 
this study indicate that environment has a significant impact on predicted JPCP performance; 
however, the quality of existing weather stations included in the MEPDG database may become 
a concern and need to be confirmed in order to obtain reliable pavement performance predictions.  
Correlations and interaction effects among design inputs (e.g., between PCC elastic modulus and 
modulus of rupture), which are often neglected in a majority of previous studies, play an 
important role in predicted JPCP performance and therefore need to be properly accounted for.  
It was also found that the HDMR method described can be efficiently used for global sensitivity 
analysis.  The LTPP SPS-2 experiments as studied previously by many researchers were 
designed as fractional factorials in nature, with different number of sites constructed in each 
climatic zone-subgrade soil type combination; therefore, the experiment is essentially 
unbalanced, which makes it difficult to meet the equal variance assumption, a prerequisite 
inherent to the ANOVA analysis.  Both mean effects and interaction effects identified by the 
HDMR method largely agree with common understanding as well as relevant previous findings.  
Significant higher-order interactions between design inputs were identified that cannot be 
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quantified by traditional statistical methods such as the “two-way” ANOVA.  Both EICM 
predicted moisture content trends and ISLAB2000 predicted concrete strain response match the 
corresponding field measurements reasonably well, respectively.  The promising use of those 
two programs for the remaining MnROAD test cell data analysis is confirmed. 
 
The evaluation results of the effectiveness of the OGAB layer in terms of drainability and 
structural stability show that the modified OGAB material (i.e., OGAB Special) used in PCC 
pavement test sections at MnROAD proved to be stable during construction (as analyzed from 
FWD deflection perspective), in addition to promising results for permeability of this material 
shown by field moisture sensor data.  The use of OGAB Special layer in Cell 306 significantly 
reduced the in-situ moisture content levels in all pavement layers (especially in subgrade soil), as 
compared to Cell 53 with traditional dense-graded base layer.  It also becomes more evident that 
the OGAB special layer in Cell 306 is effective in reducing the subsurface moisture content and 
thus improving drainage efficiency.  It can be inferred that in terms of structural stability 
evaluated from subgrade dynamic modulus that were back-calculated from FWD surface 
deflections, the OGAB Special layer behaves similarly as Class 6 base layer, and that 6-in.  Class 
6 (or OGAB Special) layer is equivalent to 36-in Select Granular layer.  This further indicates 
the effectiveness of the OGAB Special in structural stability.  
 
Gradation analyses and discrete element based packing simulation identified the relative 
importance of each control sieve in governing aggregate packing characteristics.  For the 
gradation curves studied, No. 4 sieve (or 4.75-mm sieve) is the breaking sieve size that separates 
the Primary Structure forming aggregate skeleton and Secondary Structure filling voids for the 
majority of those gradation curves.  Increasing percent passing No. 4 sieve steadily decreases the 
coordination number, an indicator of the quality of the formed aggregate skeleton.  Based on 
MnDOT PAB gradation band analysis results, it is recommended that percent passing No. 4 
sieve (or 4.75-mm sieve) be kept at lower bound (i.e., 20) in order to maximize the coordination 
number for structural stability of the Primary Structure; meanwhile, percent passing values of 19-
mm and 9.5-mm sieves could be kept around the corresponding mid-ranges, i.e., 80 and 60, 
respectively.  DEM simulation results indicate that the 4.75 mm sieve appears to be a reasonable 
breaking sieve size between coarse and fine aggregates for MnDOT Class 5 lower bound.  This 
indicates that aggregates passing 4.75 mm sieve play a role of filling the voids between larger 
particles instead of creating new voids.  This further confirms that the concept of gravel-to-sand 
ratio that uses 4.75 mm sieve as the breaking sieve size appears to be reasonable for different 
Minnesota aggregate gradations studied. 
 
In terms of developing performance-based material specifications that take into account 
permanent deformation accumulation in base/subbase layers, the original Tseng and Lytton 
model, if well calibrated, appears to yield more reasonable rutting prediction than its simplified 
version, i.e., the MEPDG rutting model, yet it may still be regarded as ineffective in predicting 
rutting caused by different aggregate physical properties and more importantly by moving wheel 
loads.  Analogic to the concept of the Mohr-Coulomb failure envelope, the permanent 
deformation resistance envelopes can be defined by these Mohr circles representing all the 
possible stress states that cause the specified permanent strain rate condition.  One prominent 
feature of such permanent deformation resistance envelopes is their potential usefulness in 
ranking and properly selecting different unbound pavement layer materials for use in specific 
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traffic levels and site conditions, i.e., the rutting potential based on the shakedown theory is 
evaluated simultaneously in relation to the potential shear failure.  Such a Mohr-Coulomb rutting 
resistance envelope representation also highlights the capacity of the proposed stable permanent 
strain rate model to distinguish the physical-mechanical properties of different unbound 
pavement materials effectively and reliably. 

7.2 Recommendations for Future Research 
It is recommended that the EICM model be calibrated for Minnesota local conditions, so that it 
can be further used to predict moisture and temperature variations with which the seasonal 
modulus adjustment can be performed more accurately for PCC pavement foundation layers.  
Once the cumulative frequency distribution of moisture content (or degree of saturation) is 
known from EICM predictions, then given a certain level of design confidence, the targeted 
moisture content (or saturation) can be determined accordingly.  Based on the soil water 
characteristic curve (SWCC) obtained, the matric suction corresponding to the targeted moisture 
(or saturation) can be determined for subsequent input into the resilient modulus constitutive 
model developed using the soil suction concept.  A simpler alternative is to obtain from the 
saturation difference (S-Sopt) the FU factor, the ratio of MR at a given time to a resilient modulus 
under optimum conditions (MRopt), as adopted in the current MEPDG model. 
 
The effect on pavement performance from variations of material properties in different layers of 
a pavement structure can be effectively analyzed using the MEPDG software in combination 
with Global Sensitivity Analysis.  For such purposes, the parameter mapping setting of the GSA 
can be used to determine the input parameters responsible for producing a certain region in the 
cumulative distribution function of the output, whereas the parameter prioritization setting can be 
used to determine the important parameters.  The Monte Carlo filtering method can be used to 
identify optimal values or ranges for PCC and base material properties. 

7.3 Implementation Recommendations  
Based on the results provided throughout this report, and the implementation materials presented 
in Chapter 6, several implementation recommendations are presented in this section.   
 

1. Establish multiple test sections in various regions of the state.  These test sections could 
be as simple as several 500-ft sections in the same mile of pavement with different 
aggregate type in the base layer, different gradations of the same aggregate, or different 
permeability levels.  It is important to establish test sections on the same paving project 
so that all other variables are constant across all test sections.  Over several years the 
performance of these sections should be monitored and the contribution of different base 
design parameters evaluated.   

2. Establish aggregate imaging testing in standard MnDOT practice.  A proposal for near-
real-time aggregate imaging as a pilot project has been presented, and could provide 
further information regarding the size and shape properties of aggregates used in the field.  
The proposed system could be used at the aggregate source for quality control, and again 
at the stockpile as material is being placed in the base layer as a quality assurance 
measure.  Once these shape properties, i.e., flat and elongated ratio, angularity and 
surface texture, can be measured from imaging on a consistent basis, they can be readily 
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incorporated into base layer design methods, and their contribution to overall pavement 
distress levels and performance can be predicted.   

3. Continue improving methods for determining design inputs linked to the important 
concepts of stiffness, stability, and permeability.  Resilient modulus of base layer 
materials is one such property to characterize, but is difficult to measure.  Stability over 
time is also difficult to predict using current testing methods, but can be approximated 
using tests such as the LA Abrasion test method.  Permeability can be measured in the 
laboratory, but could be characterized better if better and more user-friendly test methods 
were available for use after the material is compacted and in place, prepared for the 
concrete slab.   

4. Incorporate the recommended materials specifications from Chapter 6 into standard 
construction practices.  A subsequent analysis should be conducted to evaluate the cost, 
constructability, performance and overall effectiveness of pavements built on base layers 
constructed to these specifications.  
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