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EXECUTIVE SUMMARY 

This report documents the development of a mechanistic-empirical (M-E) flexible 

pavement thickness design procedure for use in Minnesota. M-E methods are gaining 

more acceptance and greater use both nationally and worldwide since they are more 

robust than traditional empirically-based design methods. For example, M-E methods 

can adapt to new design conditions (e.g., heavier loads, new pavement materials) by 

relying .primarily upon mechanistic pavement modeling. Empirically-based procedures, 

however, are limited to the original test conditions encountered during procedure 

development. 

While the M-E methodology is rooted in mechanistic pavement modeling, it also 

relies upon empirical pavement performance observations to link the engineering 

response of a pavement (e.g., stress, strain, deflection) to actual pavement performance. 

Therefore, M-E procedures must be calibrated to local pavement performance. The 

objectives of this research were to: 

1. Develop an M-E methodology for use in Minnesota. 

2. Characterize material properties, traffic and pavement performance in Minnesota 

3. Incorporate the research involved in the first two objectives into a user-friendly M-E 

pavement design program for flexible pavements. 

The project began with a comprehensive literature review that examined many 

areas of M-E design. Aspects of design flowcharts developed by other researchers were 

combined into a design flowchart for Minnesota. The flowchart not only served as the 



design method, but also broke the procedure into components that could be studied 

somewhat independently. The literature review included the following: 

1. A survey of mechanistic pavement models. 

2. A study of material property characterization in the context of M-E design. 

3. A study of load characterization in the context of M-E design. 

4. An investigation of pavement distress modeling and transfer functions. This included 

an examination of fatigue cracking and rutting as forms of pavement failure. 

5. The study of a cumulative damage hypothesis. 

Once the literature review was complete, it was possible to proceed with the 

development of a procedure for Minnesota. The Minnesota Road Research Project 

(MnIROAD) was the primary source of data, in addition to information from the 

literature where applicable, during development. 

The first step of development was to choose a mechanistic pavement model. A 

study was conducted that compared measured pavement strain under live traffic at 

MnIROAD to strains calculated by mechanistic pavement models. It was found that 

WESLEA, a linear layered elastic computer program, provided a reasonable match to 

measured strain and was a relatively simple piece of software to use. 

The next phase of development involved characterizing the material properties at 

MnfROAD. It was found that backcalculation of falling weight deflectometer (FWD) 

data provided reasonable layer modulus input for WESLEA. Additionally, 

backcalculated FWD data represent in-situ conditions on a seasonal basis. 



The third phase of development characterized MnJROAD interstate traffic using 

on-line WIM data. The use of load spectra is strongly encouraged since M-E design has 

the ability to model individual load configurations and weight classes. However, the 

authors realize that switching from equivalent single axle load (ESAL) estimates to load 

spectra will take time. In the interim, the ESAL estimate may be used as a proxy for load 

spectra. 

As mentioned above, the pavement performance transfer functions needed to be 

calibrated to local conditions. In this project, the fatigue and rutting equations were 

calibrated to observed performance at Mn/ROAD. The fatigue equation is a function of 

the maximum tensile strain at the bottom of the asphalt concrete layer which is consistent 

with other equations in the literature. The rutting equation uses a 12.7 mm rut depth as 

the failure criteria and is a function of the maximum compressive strain at the top of the 

subgrade. This is also consistent with other existing equations. Miner's hypothesis, 

commonly used in M-E design methods to calculate cumulative pavement damage, is the 

damage model used in the Minnesota procedure. 

The final objective of this project was to develop a user-friendly computer 

program that would serve as a flexible pavement design tool. The program, ROADENT, 

is the end result of this effort. The program embodies the research and flowchart 

developed during this project and is an interactive design tool. ROADENT runs in the 

Windows 9s0, Windows 98O or N'l? operating system. 

While the objectives of this project were met, the authors recognize that continued 

effort needs - to be made to advance the M-E design method in Minnesota. The following 
. . 

recommendations have been made: . 



1. Expand the information base beyond Mn/ROAD to other sites around Minnesota. 

2. Compare design results using the current Minnesota methodology versus results 

obtained using RO ADENT. 

3. Incorporate reliability, as a means of accounting for the variability associated with the 

design parameters, into the design procedure. 



CEUPTER 1 

INTRODUCTION 

Background 

Traditionally, flexible pavement thickness design has been accomplished through 

empirically based procedures. One well-known procedure, the American Association of 

State Highway and Transportation Officials (AASHTO) method, was based upon the 

AASHO Road Test held near Ottawa, Illinois between 1958 and 1960. The design 

procedure utilized empirical relationships developed £?om the AASHO road test and is 

therefore limited to the conditions of that test. In fact, all empirically based methods 

share the same common disadvantage in that they are limited to the conditions and 

observations of the particular road sections on which the procedure was based. This fact 

may force designers to extrapolate outside the original inference space, which could be 

problematic. 

Conversely, mechanistic-empirical (M-E) design is more robust since it combines 

the elements of mechanical modeling and performance observations in determining the 

required pavement thickness for a set of design conditions. The mechanical load- 

displacement model is based upon physics, not empirical relationships, and determines 

pavement stresses and strains due to wheel loads. The empirical part of the design uses 

the calculated stresses and strains to predict the life of the pavement based upon site 

specific field performance. In essence, M-E design has the capability of changing and 

adapting to new developments in pavement design by relying primarily on the mechanics 

of material< Specific advantages associated with M-E design include: 



Consideration of changing load types. 

Better utilization and characterization of available materials. 

Improved pavement performance predictions. 

The importance of construction variability is better defined by identifying the 

parameters that are most influential over pavement performance. 

Material properties are better defined using mechanistic criteria. 

The existing pavement layer properties are better defined. 

The accommodation of environmental and aging effects of materials. 

Many agencies (e.g., Illinois, Washington State, Asphalt Institute) have developed 

or adopted M-E thickness design procedures for flexible pavements. Currently, 

AASHTO is developing a nationwide M-E design guide to be released in 2002, which 

will encourage many more agencies to adopt M-E design. However, as mentioned above, 

there is still an empirical component to M-E design that must be calibrated to local 

conditions. Therefore, it was deemed prudent for Minnesota to begin developing its own 

M-E procedure based upon conditions encountered within the state. Even if the 

AASHTO 2002 Design Guide were to be fblly adopted in Minnesota, it is necessary to 

begin the transition fiom the current empirical procedure now in order to develop a 

familiarity and confidence with mechanistic analyses. 

Objectives 

The primary objective of this project was to develop an M-E flexible pavement 

thickness design procedure for use in Minnesota. This included characterizing material 

properties, trac characteristics and pavement performance within the state. The 

2 



secondary objective was to incorporate the design procedure into a straightforward 

computer program for use as a design tool. 

Scope 

This project included a comprehensive literature review examining many aspects 

of M-E design. Data fiom the Minnesota Road Research Project (Mn/ROAD) were used 

in the development of the Minnesota M-E method. Mn/ROAD is located approximately 

65 km west of the Minneapolis-St. Paul metropolitan area. The test facility is comprised 

of 40 pavement test cells consisting of flexible, rigid, and aggregate sections, each 150 m 

long. The test cells are divided between a mainline pavement that carries live interstate 

traffic and a low-volume test loop subjected to calibrated truck traffic. The total amount 

of pavement at MnlROAD is approximately 9.5 km with over 4,500 sensors monitoring 

conditions in the atmosphere and in each pavement layer. The data pertinent to this 

project included: backcalculated moduli from falling weight deflectometer (FWD) 

deflection measurements, traffic characteristics fiom the weigh-in-motion (WIMJ at 

MnJROAD and pavement performance measurements in terms of fatigue cracking and 

rutting. 

In the course of the project, two computer programs were developed within the 

context of M-E design. The first, WESLEA for Windows, was a mechanistic pavement 

model intended primarily for the examination of stresses and strains in a pavement 

structure caused by wheel loads. The second program, ROADENT, incorporated the 

entire Minnesota M-E design method where design thicknesses were the output. Only 



ROADENT is included with this report and details concerning its development, system 

requirements and utilization are detailed in later chapters. 



CHAPTER 2 

LITERATURE REVIEW 

Mechanistic-Empirical Design Process Overview 

The basic components of an M-E design process are depicted in Figure 2.1. The 

figure is a synthesis of flowcharts developed by others (1,2,3) and provides a discussion 

fiarnework for the literature review. Before proceeding into greater detail, however, a 

brief overview of the procedure is warranted. 

As shown in Figure 2.1, material properties, initial layer thicknesses, and load 

configurations are input into a computer model that calculates stresses and strains at 

critical locations. The stresses and strains are used to predict the number of loads until 

failure for each condition, while the number of expected loads for each condition must 

also be determined. The process iterates for each seasonal condition and load 

configuration and the accumulated damage is summed according to Miner's Hypothesis. 

Failure occurs when damage exceeds unity, in which case the layer thicknesses should be 

adjusted. If damage is much less than unity, the pavement has been over-designed and 

the layer thicknesses should again be adjusted. When damage is near but not exceeding 

unity the design thickness has been achieved. 

Perhaps the greatest advantage of the design procedure is the modular nature since 

it allows for the incorporation of new developments in pavement engineering. For 

example, if a different computer model was developed to calculate stress and strain 

within the pavement, it could replace the current model without disrupting the overall 



Figure 2.1 Mechanistic-Empirical Design Flowchart (4). 
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design scheme. In essence, M-E design has the capability of changing and adapting to 

pavement design issues by relying primarily upon a physical model rather than an 

empirical database. 

The remainder of the literature review will focus on each component of the M-E 

design process depicted in Figure 2.1. The discussion will begin with an examination of 

mechanistic pavement models and then continue with material property characterization, 

traffic characterization, and finally a discussion regarding failure criteria and damage 

accumulation. An additional topic, not addressed in this report, concerns design 

reliability. Briefly, reliability analysis accounts for the inherent variability associated 

with the design inputs and allows the designer to ascertain the risk associated with a 

particular design. 

Mechanistic Pavement Models 

Background 

The most critical component of the M-E design procedure is the mechanistic- 

based load-deformation pavement model. The model is the driving engine of  any M-E 

design process since it is responsible for calculating the engineering responses (e.g., 

stress, strain, deflection) of a pavement when loads are applied. 

Mechanistic models for pavement began with a simple one-layer analysis 

developed by V.J. Boussinesq in 1885. He developed solutions for computing stresses 

and deflections in soil composed of homogeneous, isotropic, and linearly elastic material. 

Boussinesqy s one-layer theory was extended to multiple layers by Burmister (5). He gave 

special consideration to the conditions of the individual layers and the conditions at the 



intedace between layers. An idealized pavement structure is illustrated in Figure 2.2. A 

two dimensional element of the material has been magnified and the horizontal (ax), 

vertical (aZ) and shear stresses (t,) are as indicated. Bunnister assumed the top layers of 

the multi-layer system had finite thickness but extend infinitely in the horizontal 

direction, while resting continuously on the bottom layer. Full adhesion was assumed 

between layers, which required shear resistance and a hll continuity of stress and 

displacement across layer interfaces. The bottom layer was assumed to extend infinitely 

downward and horizontally. Each layer could have different strength properties, but the 

material within a single layer was characterized as homogeneous, isotropic, and linearly 

elastic. The assumption of linear elasticity allowed for the use of Young's modulus (E) 

and Poisson's ratio (v). Burmister hrther assumed that the surface of the top layer was 

fiee of shear and normal stress outside the loading area, and that the stresses and 

displacements at infinite depth equaled zero in the bottom layer. 

--... -.... -.. 

o x  

E2, ~2 Layer 2 

Layer 3 
E3, v3 CO 

Figure 2.2 Three-layer Pavement Structure with Idealized Load. 

Increasing the number of layers in the pavement system, as done by Burmister, 

also increased the complexity of the solution. The increased complexity was first 

accomplished through design charts, which later gave way to faster computer solutions. 



Although exact solutions may be computed, some guidelines regarding pavement 

response are useful when using a mechanistic model. The following discussion is 

presented in consideration of the three-layer pavement shown in Figure 2.2 and is based 

upon an investigation done at the U.S. Naval Civil Engineering Laboratory (6). 

In general, an increase of the upper layer moduli (El or Ez) or thicknesses (hl or 

h2) will effectively reduce vertical compressive stress at the top of the subgrade (az3). 

High vertical stress at the top of the subgrade is commonly related to pavement rutting 

while the maximum deflection (Atob,) is another means to relate pavement life to rutting 

failure. As much as 70% to 90% of At0d can be attributed to deflection of the subgrade in 

many pavements. Generally, greater reductions in At0d can be accomplished through 

increasing layer modulus rather than layer thickness. 

Horizontal tensile stress at the first interface (orl) is critical to fatigue cracking 

and can be described in terms of the ratios of layer moduli (K1=El/E2) and thicknesses 

(H=hl/h2). The tensile stress (orl) will increase with either an increase in K1 or a 

decrease in H. Also, if the ratio of the heights is less than two and the modulus of the 

surface layer is high, a high horizontal tensile stress at the first interface will result. 

The shear stress on the z plane in the radial direction, r,, is a maximum at the 

middepth of the top layer (hl). Also, an increase in hl corresponds to r, decreasing 

within the first layer and at the interface between layers one and two. Finally, as the 

modular ratio (K1) increases, r, in the upper layer increases, but is decreased at the first 

interface. 

Applied total loads and tire pressures will have an effect on vertical stress (a,). 

For equal tire pressures, increasing loads increases 4 at great depths. Dual and single 



wheels will generate similar o, at shallow depths but will deviate at greater depths due to 

overlap of stress bulbs (Figure 2.3). Higher tire pressures have a greater effect near the 

surface but the effect diminishes with depth. 

Single Tire Dual Tires 

Pavement 
Surface 

Overlapping Bulbs 

Figure 2.3 Tire Load Stress Bulbs. 

Survey of Mechanistic Computer Models 

The guidelines presented above provide insight and should be kept in mind when 

modeling a pavement structure. However, M-E design requires stress and strain 

calculations and it is therefore necessary to select a mechanistic pavement model for use 

in the procedure. Many computer models currently exist for pavement analysis and a 

selection is discussed below. They range in capability £tom the analysis of flexible 

layered elastic to rigid pavements and use analytical or finite element methods for 

analysis. 

Lavered Elastic Analysis 

Layered elastic analyses have been widely used to analyze flexible pavement 

structures (7). The calculations are generally straightforward when compared to finite- 



element based approaches and reasonable solutions may be obtained. However, there are 

several recognized limitations associated with layered elastic analysis (8): 

They are unable to model the nonlinear resilient behavior of granular and cohesive 

soils in a realistic manner. 

The layers must be modeled as if they were in a state of full contact (i.e full friction). 

The models may yield tensile stresses in an unbound material, which does not occur 

in the field under usual conditions. Under certain conditions, unbound materials may 

sustain tensile stresses due to suction andor compaction stress. However, linear 

layered elastic analysis does not realistically simulate these effects. 

The following review of layered elastic analysis programs was derived fiom a 

report published by the Washington State Department of Transportation (9) and includes 

discussion of the programs: ELSYMS, CHEVNL, BISAR, CIRCLY, and WESLEA. 

ELSYMS 

ELSYMS, developed at the University of California-Berkeley (IO), can be used to 

analyze up to ten identical loads on five-layer systems. The program computes the 

components of stresses, strains, and displacements along with principal values in a three- 

dimensional ideal layered elastic system. The assumptions of the system are consistent 

with those proposed by Burmister. Zero shear stress is assumed at the surface of the top 

layer. The underlying layers have uniform thicknesses and are infinite in the horizontal 

direction. The layer interfaces are continuous and the bottom layer is semi-infinite in the 

vertical direction. 



ELSYM5 users input two of three load characteristics (load, tire pressure, or 

radius of wheel load). Load positions, elastic modulus (E), Poisson's ratio (v), location of 

analysis points, and thickness of each layer (except bottom) must also be specified. 

Coordinates for load positions and analysis points are expressed in Cartesian coordinates. 

The following characteristics regarding ELSYM5 have been identified (11): 

1. One to five systems may be evaluated in a single run. 

2. One to five layers may be used in each system. 

3. One to ten identical circular loads may be applied to the pavement. 

4. One to one hundred points may be specified for pavement response. 

5. No negative inputs are allowed except for horizontal distances. 

6. Poisson's ratio can be any value except one. 

7. Poisson's ratio must not be between 0.748 to 0.752 for a subgrade on rigid 

support. 

8. Results are approximate at or near the pavement surface and at some horizontal 

distances fiom the load. This is due to a truncated series in the integration 

process. 

CHEVNL 

The Chevron Research Company originally developed CHEVNL, which presents 

solutions for multi-layer elastic systems, in the 1960s. Unlike ELSYM5, this program 

allows for only one uniform circular load applied vertically to the pavement. However, it 

can analyze up to 15 layers of which all have finite thickness, except for the semi-infinite 



bottom layer. Horizontally, each layer extends infinitely. The surface of the top layer, as 

in ELYSMS, sustains zero shear force. 

Vertical load and contact pressure are input, fiom which the program calculates 

load radius. The material properties of each layer consist of modulus, Poisson's ratio, 

and layer thickness. Cylindrical coordinates (r, z) are used to express distances, where r 

equals zero extends through the center of the load. At least 3 0  radial and 3 0  vertical 

locations may be selected for analysis. The following operating characteristics for 

CHEVNL have been identified (12): 

1. Up to 15 layers may be incorporated in the program. 

2. The materials may assume any modulus value. 

3 .  Poisson's ratio may be any value except one. 

4. The mathematics are relatively easy and self contained. 

5 .  The effects of multiple gears must be computed outside of the program using 

superposition principles. 

BISAR 

BISAR uses elastic-layered theory to solve for stresses, strains, and displacements 

in pavement systems with one or more uniform circular loads applied vertically to the 

surface. Additionally, BISAR has the capability of considering surface loads as 

combinations of vertical normal and unidirectional horizontal forces. The layered elastic 

assumptions as described in ELSYMS and CHEVNL apply here, except that layer 

interfaces may be assumed either in full contact or frictionless. 



User inputs include modulus, Poisson's ratio, thickness, and layer interface 

'conditions (rough or frictionless). Stresses, strains, and displacements are then 

calculated separately in a cylindrical coordinate system. For multiple loads, the 

cylindrical coordinate system is transformed to a Cartesian coordinate system and the 

total effects are computed by summing the effects of each individual load. 

Characteristics of BISAR include (11): 

1. A maximum of ten layers may be used. 

2. Up to 99 systems may be evaluated in a single run. 

3.  Up to 99 points within a system may be specified for evaluation. 

4. No negative data may be input except for horizontal distances. 

5 .  There are no provisions for non-linear behavior in the materials. 

CIRCLY 

CIRCLY, written in 1977 by Dr. Leigh Wardle, is a pavement model used by 

Australian pavement designers. The program analyzes multiple complex circular loads 

on a layered anisotropic elastic structure using integral transform techniques. It is limited 

to horizontal, parallel layers, each having uniform properties within the layer. The 

complex load patterns are modeled by superimposing several individual loads. 

CIRCLY users must input the applied loads, the pavement structure and material 

properties, and the points at which the output displacements, stresses, and strains are to 

be calculated. A right-handed coordinate axis system with z extending positive 

downward is used to specifL locations. Layer thickness, vertical and horizontal modulus 

(isotropic materials will have equal moduli), and Poisson's ratio are input for each layer. 



WESLEA 

Van Cauwelaert, Alexander, White and Barker (13) developed WESLEA in the 

late 1980s at the U.S. Army Engineer Waterways Experiment Station in Vicksburg, 

Mississippi. Within WESLEA is a subroutine, WESS, which performs the mechanistic 

calculations. The same subroutine was implemented within the backcalculation program, 

EVERCALC, which has been selected for use at Mn1ROA.D (14). 

WESLEA includes a five-layer isotropic system program written at L'Institut 

Superieur Industriel Catholique Du Hainaut in Belgium. The program runs input files in 

a batch mode, while a separate program, INLEA, is required to create the input files. The 

program then calculates normal and shear stresses, normal strains, and displacements at 

the specified evaluation points. 

WESLEA can analyze up to five pavement layers, all extending infinitely in the 

horizontal direction. The fifth layer is semi-infinite in the vertical direction. The user 

specifies Poisson's ratio, modulus, thickness, and interface conditions for each layer. 

Poisson's ratio may be any value other than one, while a layer may have any modulus 

value. Realistically, however, the material property values should be kept within the 

realm of pavement materials (e.g., Poisson's ratio less than 0.5). Layer interface 

conditions can be set at full adhesion, full slip, or any degree of partial slip. The user 

must also specify the loading conditions. Up to 20 uniform, circular loads can be entered. 

Each load must be specified in terms of load magnitude, radius, and x, y coordinates. 

Finally, the-user must enter evaluation points. Up to 50 evaluation locations can be 

specified in terms of layer number and x, y, z coordinates. 



Finite-Element Based Analysis 1 
Finite element (FE) based analyses, unlike layered elastic, are able to model non- 

I 

linear pavement systems more accurately by accounting for the change in modulus within 

each pavement layer (15). However, FE based analyses add a level of complexity to I 

pavement modeling and the increase in computation time can be significant. The 
I 

following discussion regarding ELI-PAVE and MICH-PAVE was derived from a study 

conducted by the FHWA and the Oklahoma Department of Transportation (8). , 

ELI-PAVE (16) and MICH-PAVE (I 7) both employ finite element analyses in 

I 
the context of pavement evaluation. Two limitations regarding these programs have been 

cited previously (IS). First, the principal stresses in the unbound layers (e.g. base, I 

subbase, subgrade) are modified at the end of each iteration so that the Mohr-Coulomb 

failure criteria is not exceeded. However, Huang questions the validity of this approach 

since the stresses are adjusted without consideration to the overall equilibrium of the 

system. Second, both programs represent wheel loads as a single interior circular area 

whereby edge loads or dual wheels may not be considered directly. 

Summary 

The preceding discussion presented a cross-section of available mechanistic 

pavement models available for M-E design, and there are many more besides those cited 

above. With the numerous programs available, it is important to keep in mind that the 

"perfect" mpdel does not exist. In other words, all models are only an approximation of 



what occurs in the field. The key is to find or develop a model that provides reasonable 

solutions while not being unnecessarily complicated. 

Material Properties 

As described above, material properties are vital inputs for the mathematical 

evaluation of pavement structures and are essential to M-E design as illustrated in Figure 

2.1. Specifically, layer modulus and Poisson's ratio must be determined for materials in a 

pavement structure and are measured within a laboratory, estimated from field 

measurements, or assumed. It is also important to note that material properties will vary 

with seasonal conditions, which deserves consideration during pavement design. 

Layer M&lus 

Definition and Measurement Techniques 

Modulus refers to the stiffness a material exhibits when subjected to load or 

displacement. While stiffness may be defined in terms of shear modulus (G) or bulk 

modulus (K), the two definitions of primary concern in mechanistic pavement modeling 

are elastic (E) and resilient modulus (MR), since most pavement models require these 

types of stiffness definitions. 

Elastic or Young's modulus refers to the slope of the stress-strain curve that 

results when either load or displacement is applied to the material. Young's modulus is 

only applicable in the linear elastic range of the stress-strain curve, as shown in Figure 

2.4. This is_the definition of modulus utilized in linear layered elastic mechanistic 

pavement models and may be expressed as: 



Equation 2.1 

where: a = stress due to applied load within proportional limit 

E = corresponding strain 

A 

Stress, a 

b 
Strain, E 

Figure 2.4. Young's Modulus. 

Resilient modulus is a measure of the resilient behavior of a material when 

subjected to load or displacement and can serve as a proxy for elastic modulus in linear 

layered elastic models. Figure 2.5 illustrates the concept of resilient modulus and may be 

expressed by the equation: 

where: ad = applied deviator stress 

Equation 2.2 

G = recoverable strain 
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Figure 2.5 Resilient Modulus. 

One means of estimating layer stiffness, though not strictly Young's modulus, is 

through non-destructive tests (NDT). Measurement of a deflection basin helps to 

characterize different parts of the pavement structure. Some testing devices will only 

provide one aspect of the basin, while others are more effective at defining the entire 

basin. There are four major areas of the deflection basin that aid in material 

characterization (18). 

1. The plate or center-of-load deflection represents the total displacement of the 

pavement, indicating overall pavement stiffness. This deflection measurement has been 

used as a primary design parameter for several overlay design procedures. 

2. The slope or deflection differences close to the load such as radius of curvature 

(R), shape factor (F1), and surface curvature index (SCI) tend to reflect the relative 

stiffness of the bound or upper regions of the pavement section. 



3. The slope or deflection differences in the middle of the basin about 30  cm to 

90 cm from the center of the load characterize the relative stiffness of the base or lower 

regions of the pavement structure. 

4. The deflections toward the end of the basin relate very well to the stiffness of 

the subgrade below the pavement structure. 

Falling weight deflectometers (FWD) are impact load deflection devices that 

create a deflection basin by imposing a transient impulse load to the pavement surface. 

Washington State, Idaho, and South Africa all use FWD data to some extent in their 

determination of material properties. Additionally, the Minnesota Department of 

Transportation currently owns and operates four of these machines and uses them both 

for pavement design and research purposes. 

Although popular and widely used, FWD devices require a high initial cost and 

trac control during testing. RST SWEDEN, the U.S. Air Force, and the Federal 

Highway Administration are developing rolling-wheel deflectometers (RWDs). In the 

fbture, these devices may be used to accomplish deflection testing of pavement at high 

speeds, negating the need of traffic control during FWD testing. 

Despite the disadvantages associated with FWD testing, it does provide a measure 

of in-situ material properties. Additionally, when used with backcalculation techniques, 

FWD testing can be an effective means of determining material properties in terms of 

their seasonal and spatial variation. A subgrade atlas compiled fiom testing conducted 

throughout Minnesota over a ten-year period demonstrates the effectiveness and 

usefblness of backcalculating FWD deflection data (19). While the atlas serves as a 



useful guide in selecting design subgrade moduli, the stiffness values were not divided 

seasonally and engineering judgement must be exercised. 

Laboratory methods are also used to determine the modulus of the materials. 

ASTM D4123, Standard Test Method for Resilient Modulus of Bituminous Mixtures, has 

been used in Washington State and Minnesota (20). The triaxial test method, AASHTO 

T724, has been used in Washington State to determine the resilient moduli of unbound 

materials that were remolded and recompacted after being taken from the field. 

Seasonal Variation of Laver Modulus 

The moduli of pavement layers are affected by changing environmental 

conditions. For example, it is widely known that the stiffness of a bituminous mixture 

will decrease with increasing temperature. The material behaves differently under 

varying seasonal conditions, which should be accounted for in the design process. 

To account for environmental effects, the state of Idaho was divided into 

"pavement climate zones" based on geographic areas (21). Each zone was described by 

approximately equal climatic parameters, such as annual air temperature and rainfall. 

Climate indices, such as Thornthwaite moisture index (TMI) and freezing index PI), also 

helped characterize the zones. The primary purpose of the climate zone was to predict 

moisture changes in various soil groups and to define the duration and onset dates of the 

possible climatic periods. 

Typically, the modulus of asphalt concrete is assumed to be primarily a function 

of temperature and loading rate, Lab determined asphalt concrete resilient moduli (MR) 



values obtained from the Mn/ROAD research project (22) demonstrated temperature 

dependence, as shown in Figure 2.6. Additionally, the stiffness of the binder affected the 

modulus of the mixture. The AC 20 binder was stiffer than the 1201150 pen binder and 

produced higher moduli values, especially at colder temperatures. These data were used 

by Ovik (23) to develop a temperature-based algorithm to predict asphalt concrete 

modulus from pavement surface temperature: 

M, = 17,270. e 12011 50 Penetration Grade Mix Equation 2.3 

Equation 2.4 

where: MR = resilient modulus, MPa 

T = pavement surface temperature, OC 

The equations above compared well with backcalculated modulus values obtained from 

Mn1ROA.D test cells (23). 



Figure 2.6. Resilient Modulus of Asphalt Concrete at Mn/ROAD (22). 

Washington State developed an empirical relationship describing the resilient 

modulus strictly as a hnction of temperature (20). Another equation was regressed to 

obtain a loading time adjustment factor (LAF). South Afiica ( I )  assumed the stiffness of 

the asphalt layer to be a hnction of gradation, depth from surface, temperature, and 

condition (new to very cracked material). Again, the primary environmental condition 

was temperature. Finally, an equation from Chou et a1 ( 2 4  expressed the asphalt layer 

modulus as a function of gradation, frequency of loading, percent air voids, original 

absolute viscosity of the asphalt used in the mix at 21°C, test temperature, and the asphalt 

content by weight of mix. Chou et a1 also assumed that the modulus of the asphalt layer 

must be in the range of 345 MPa to 14,000 MPa. 
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In addition to the surface layer modulus, the designer must also consider the base, 

subbase and subgrade layer moduli and their seasonal variation. Typically, seasonal 

changes in unbound layer moduli are attributed to changes in the moisture content of the 

material and the state of the moisture (e.g., fiozen or unfiozen). 

Data obtained fiom the ~ n 1 ~ 0 . m  research project (25) showed that granular 

base moduli may range fiom 83 MPa to 370 MPa. These values were determined by 

backcalculation of FWD data, and are specific to the MnIROAD research facility. 

Theyse, De Beer and Rust of South Africa have tabulated suggested ranges of 

elastic moduli for granular materials (I). The values depended upon the type of material, 

underlying material, and moisture condition. For example, a high quality crushed stone 

layer over a granular layer may have a modulus value between 150 MPa and 600 MPa. 

The elastic modulus of a natural gravel in a wet condition with good support may vary 

fiom 20 MPa to 150 MPa. 

Chou et a1 suggested a modulus range for two different types of stabilized base 

materials (24). Lime stabilized bases should have modulus between 689 MPa and 6,896 

MPa. Cement stabilized bases are generally stiffer with values ranging fiom 2.1 GPa to 

27.6 GPa. 

South Afiica utilized California Bearing Ratio (CBR) data to aid in categorizing 

subgrade materials and corresponding moduli (I). For example, the modulus of a 

subgrade soil having a soaked CBR value greater than 7 in a dry condition may range 

between 30 MPa and 140 MPa. 

Subgrade soil samples fiom MnfROAD were laboratory and field tested to 

determine resilient modulus (25). Lab testing of the subgrade soil yielded moduli values 



ranging fiom 69 MPa to 205 MPa. Deflection data, obtained fiom FWD tests, was used 

to backcalculate resilient modulus. Backcalculated moduli varied between 87 MPa and 

110 MPa. 

As stated previously, resilient modulus for unbound materials is stress and 

moisture content dependent. Idaho takes this into account by adjusting "normal" 

modulus values for a particular material condition (21). They consider summer as the 

normal condition when temperatures average 17"C, unfortunately no moisture condition 

data were provided. Once the "normal" moduli values had been determined, by either lab 

or FWD tests, Idaho adjusted them for the particular climatic condition. Four basic 

conditions were considered: summer or normal, fiozen, thaw, and wet. Each climate 

zone in Idaho was evaluated to see which of the four conditions would be encountered in 

a typical year. For example, subgrade fiost penetration may not be prevalent in a 

particular zone and the fiozen condition could be excluded. The adjusted moduli were 

calculated as follows: 

Mi = m*Ri Equation 2.5 

where: Mi = subgrade soil modulus in fiozen (f), thaw (t), or wet (w) condition 

M,, = normal modulus value 

R,= adjustment factor for fiozen (f), thaw (t), or wet (w) condition 

When subgrade fiost penetration occurs, the adjustment factor inflates the normal 

modulus 11.2 times (21). That is to say that a fiozen subgrade has a modulus 11 times 

greater than the same material during the summer months. When fiost does not enter the 

subgrade, the material is subjected to high water content and the adjustment factor ranges 

fiom 0.87 to 0.27. This means that high water content may reduce the subgrade modulus 



by 10% to 70%. The spring thaw adjustment factors range fiom 0.9 to 0.43, a decrease in 

normal modulus of 10% to 60%, respectively. It is important to emphasize that these 

adjustment factors have been developed for conditions found in Idaho and are not 

applicable on a nationwide basis. 

Poisson 's Ratio 

Poisson's ratio (v), a material response parameter, represents the ratio of 

transverse strain (ct) to axial strain (E~) when the material is loaded: 

Equation 2.6 

Poisson's ratio has traditionally been difficult to measure and the values have 

usually been assumed. Yoder and Witczak (26) cited that, for most pavement materials, 

the influence of many factors on v was generally small. Although for asphalt concrete 

they do report a change in v with temperature where v varies between 0.25 at cooler 

temperatures (4°C) to 0.5 at warmer temperatures (60°C), with a typical value of 0.35. 

Table 2.1 summarizes Yoder and Witczak's recommendations pertaining to Poisson's 

ratio. A hrther breakdown of unbound materials by soil type is shown in Table 2.2, 

which was taken directly fiom Das (27). The range of values for soft clay appear 

somewhat low, as reported by Das, especially when compared with the typical value 

given by Yoder and Witczak for a cohesive unbound granular material. It is commonly 

accepted that a soft clay has a Poisson's ratio approaching 0.45. 



Load Characterization 

Medium Sand 
Dense Sand 

After the pavement structure has been defined in terms of the appropriate 

0.25-0.4 
0.3-0.45 I 

engineering properties, the loads that will be applied to the pavement must be 

characterized. This aspect of M-E design, and pavement design in general, is critical 

since many forms of pavement distress are either caused or accelerated by trafEc loads. 

Traditional pavement design methods (e.g. AASHTO 1993 Design Guide for 

Flexible Pavements) have employed an equivalency concept to characterize the trafEc 

loads. The equivalent single axle load (ESAL) is a common term derived from the 

AASHO road test and is defined as a 80 kN single axle with dual tires inflated to 485 kPa 

(Figure 2.7). In the ESAL approach, other types of axles and axle weights are empirically 

equated to an ESAL such that they cause equivalent damage. The empirical relationship 

was a knction of axle load, axle configuration, pavement type (i.e., flexible or rigid), 

pavement cross-section and degree of pavement damage. In essence, the equivalency 

concept converts an entire trafEc stream into one number for use in design. 
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Other agencies, though using an M-E approach, have defined traffic in similar 

fashions. The Asphalt Institute uses the ESAL in its M-E design procedure (28). The 

state of Idaho, which utilizes M-E design, estimates the traffic loading by weigh in 
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section at the Idaho Department of Transportation (21). The standard mechanistic design 

- - -  - . - .  . . - . - - . . . . - - - - . . 
load tor South m c a  is a 40 kN dual wheel load at 350 mm sDacinn between centers and 

- . Y 

a uniform contact pressure of 520 kPa due to a legal single axle load of 80 kN allowed on. 

public roads (1). Washington State considers the effect of trafEc on pavement to be a 

hnction of axle configuration and type, tire pressure, contact area between tire and 

pavement, and axle repetition (20). 

While the E S a  approach has been widely used to summarize many vehicles and 

weights in a traffic stream into one number for design, there are several disadvantages. 

The major disadvantage s f  the ESAL is the empirical basis. The AASHO ESAL 

database was constructed using pavement performance (e.g., ride quality) data under a 

limited variety of materials and conditions. Therefore, the performance observations 

were inherently based upon those conditions and may not apply to other design scenarios. 

For example, the truck tires used at the AASHO road test were inflated to 485 kPa. 



However, tire studies conducted in the 1980's in Wisconsin (29), Oregon (30), and 

Montana (31) have shown that average heavy vehicle tire pressures are approximately 

690 kPa and increasing. A second disadvantage of the ESAL is the conversion of traffic 

to an axle type that may not truly represent pavement damage when the ability to 

accurately model individual axle types exists. 

M-E design, relying upon mechanical modeling, has the ability to adapt to new 

traffic load conditions by dissecting the load into its components: weight per tire, tire 

pressure and wheel spacing. Each of these components is discussed below. 

Weight Per Tire 

Most mechanistic-based load-displacement models require that the tire loads be 

applied vertically to the pavement. Additionally, an individual load magnitude for each 

tire in the configuration must be specified. However, traditional traffic load data have 

been gathered on a per-vehicle or per-axle basis. For example, many static weigh stations 

measure gross vehicle weight (GVW) although some. weigh axles or axle groups 

individually. Weigh-in-motion (WIM) stations also determine GVW but more typically 

measure axle weights. 

It has been well documented that the GVW distribution of heavy vehicles is bi- 

modal. Figure 2.8 illustrates typical truck load distributions measured on 1-74 near 

Danville, Illinois (32). Similar distributions were observed by Liu, Cornell and Imbsen 

when GVW data were analyzed fiom 18 WIM sites in Florida and 23 WIM sites in 

Wisconsin (33). It has been commonly speculated that the two peaks represent loaded 

and unloaded heavy vehicles. A more detailed analysis, performed by Chia-Pei and 



Ching examined weights on an axle-by-axle basis ( 3 4 .  A total of 186,034 heavy 

vehicles were measured and the weights were divided into single and tandem axles. 

Figure 2.9 illustrates the findings, which show that the bi-modality lies in the tandem 

axles. 

Figure 2.8 Gross Vehicle Weight Distribution (32). 
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Figure 2.9 Axle Weight Distributions in Taiwan (34). 

Tire Pressure 

The second load characteristic critical to mechanistic analysis is the contact stress 

between the tire and the pavement which defines the interface conditions. This variable 

is important since a small contact area with corresponding higher stress would be more 

damaging than if the weight were spread over a larger area. There were two main types 

of tires cited in the literature, radial and bias ply. A bias-ply tire is constructed with 

crossed layers of ply-cord set diagonally to the center line of the tread while radial tires 

have ply cords approximately 90 degrees to the center line of the tread. Radial tires are 

more frequent; comprising approximately 85 % of the tire population (30, 31). A more 

recent study indicated that bias-ply tires are almost never used (35). 

A common assumption used in pavement design is that the tire inflation pressure 

nearly equals the pressure applied to the pavement beneath the wheel. The assumption is 

based upon the membrane theory for tire-pavement interaction, which states that if an 

inflated membrane lacking any bending stiffness is in contact with a flat surface, the 



contact pressure at each point will equal the inflation pressure of the membrane (36). In 

the context of mechanistic analyses the interface is modeled, using the membrane theory, 

as a circular uniform load. 

Recently, several researchers have challenged the membrane theory when applied 

to tire contact stress (35, 37, 38). Each study evaluated the stress distribution beneath a 

rolling tire and produced similar results. Namely, the stress distribution was found not to 

be unifohn as assumed in the membrane theory. Additionally, it was found that tensile 

stresses could develop beneath the outer edges of radial tires. 

While the membrane theory may not be perfect, there is widespread data 

regarding truck tire inflation pressure which is useful when attempting to model the 

tirdpavement interface. Various state departments of transportation have conducted 

surveys to characterize loading mechanisms and their magnitudes that included a 

measure of tire inflation pressure (summarized in Table 2.3). Studies conducted in 

Wisconsin (29 ,  Texas (39,  Montana (31) and Illinois (40) generally found that tire 

inflation pressures varied according to tire type, size, and manufacturer. 

Wisconsin (29) tested 6,780 truck tires and found the manufacturer 

recommended cold inflation pressures to range between 620 kPa and 760 kPa. 

Approximately 12% of the tested population were inflated more than 70 kPa above the 

upper limit. Texas (39) tested a total of 1,486 tires of which radial tires were more 

common than bias tires and also inflated to a higher pressure. The maximum pressure 

encountered in the Texas study was 1,035 kPa. 
- 

The Montana Department of Highways encountered 81 % steel belted radials 

inflated to an average 725 kPa (31). Bias ply tires constituted 17% of the tested tires, 



with an average inflation of 580 Wa. Approximately 11 % of the tires had inflation 

pressures exceeding 760 Wa. Unpublished data from the Illinois Department of 

Transportation showed an average inflation pressure of 670 Wa (40). The values 

ranged from 360 Wa to 900 Ha.  

An additional issue deals with the dependence of tire pressure on wheel load. 

Another report of truck tire pressures in Texas found, through regression analysis, that 

the axle weight is statistically significant in explaining the variability in tire pressures 

(41). However, the authors pointed out that the regression equations require that the 

axle load increase by more than 6,000 N for a tire pressure increase of only 7 Ha .  

The authors concluded that the magnitude of this pressure-weight relationship may be 

considered practically non-significant. Additionally, the report showed the mean tire 

pressures of radial and bias-ply tires to be 670 Wa and 590 Wa, respectively. 

Table 2.3. Surnmarv of Tire Pressure Information. 

Texas (39) ' 

Montana (31) 

Illinois (40) 

Oregon (30) 

Radial tires more frequent than bias ply tires 
81 % Radials inflated to an average of 725 Wa 
17% Bias ply inflated to an average of 580 kPa 
Average pressure: 670 Wa 
Range of Pressure: 360 kPa - 900 Wa 
87% Radials inflated to an average of 705 Wa 

I 



Tire and Axle Spacing 

Tire and axle spacing refers to the distance between tires within a single 

configuration. This characteristic is important since the pavement may react differently 

to wheel configurations comprised of different spacings. Figure 2.10 illustrates typical 

axle groupings and the important distances. The distances reported by different 

researchers are discussed below. 

Yoder and Witczak tabulated the minimum tandem axle spacing for the 50 U.S. 

states (26). The smallest allowable, 91 cm, was found in Pennsylvania while the largest 

minimum was 122 cm in Delaware, Maine, North Carolina and Vermont. The typical 

minimum value, also reported in Minnesota, was 102 cm. It would be logical to assume 

that these spacings also pertain to tridem axles. 

The distances between dual tires were reported by Gerard and Harrison (42). 

They classified wide dual tire spacing as 34 cm, average spacing as 30 cm and close 

spacing as 27 cm. Further, Gerard and Harrison defined wide axle spacing as 140 cm, 

average spacing as 120 cm and 102 cm as close spacing. 

The reason for requiring closely spaced tires is to take advantage of the 

compressive forces at the bottom of the pavement surface layer some distance away from 

the center of the tire. If the tires are spaced close enough, the compressive zone of one 

tire may overlap the tensile zone of another for a net reduction in tensile stress. This 

tends to work better on portland cement concrete than on asphalt as shown by Gillespie 

and Karamihas (43). In fact, they stated that the zone of compressive influence for 5 cm 

to 17 cm thick asphalt pavements is so narrow, for a minimum axle spacing of 1.3 m 



common for most truck tires, that there is no beneficial effect at the bottom of the asphalt 

layer, where fatigue cracking typically originates. With thicker surfaces or when 

examining locations deeper in the pavement structure, there will be a net effect of 

overlapping stresses which should be taken into consideration. 

Tandem Axle 

Dinsnse Between Axla 

Figure 2.10 Typical Axle Groups and Important Tire Spacings. 

Pavement Distress and Transfer Functions 

After the material properties have been characterized and the traffic loading 

defined, it is necessary to understand the loading effects on the pavement structure. 

Monismith (2), among others, cites three major modes of pavement distress; they are: 

Fatigue Cracking 

a Permanent Deformation or Rutting 

Thermal Cracking 

The controlling mode of distress, in terms of pavement life, will be the mode that allows 

the fewest number of load applications before "failure." 



Fatigue Cracking 

Fatigue cracking is also commonly referred to as alligator cracking. The fatigue 

mechanism can be idealized as the asphalt surface layer working as a bending beam 

where tensile forces exist at the bottom of the beam. When a load is applied to the 

surface, the bottom of the asphalt layer is in tension that may, when subjected to 

repeated loads, lead to cracks. Figure 2.11 illustrates the physical concept of fatigue 

cracking. A more rigorous explanation (44, 45) describes fatigue cracking in terms of 

crack initiation and crack propagation. The crack initiation phase.constitutes the 

formation, growth, densification, and coalescence of distributed microcracks under 

repeated loads. Some crack healing may also occur in this stage. Crack propagation 

begins with cracks growing outward from the tensile zone where the microcracks had 

formed. Eventually the cracks grow from small but visible flaws into full depth cracks 

of the asphalt layer. 
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Figure 2.11 - Fatigue Cracking Mechanism 

Many researchers, using transfer functions, have quantified the number of loads 

until fatigue failure in terms of repeated tensile strain at the bottom of the asphalt layer 



(a. Other, more complicated, equations have also been developed. Some may require 

inputs of volume of bitumen in the mix or mixture stiffness as additional regression 

variables. .Pavement 'life" equations are strictly empirical and should be used with 

caution since they were developed using specific materials and testing conditions and 

may not be widely applicable. However, they are critical to M-E design because they 

provide the link between engineering response (i.e., stress, strain, deflection) and 

pavement performance. Therefore it is paramount that they be carefully calibrated to 

local conditions in order to provide good pavement performance estimates. 

Asphalt Fatigue Transfer Functions - General Strain Based Algorithm 

The majority of fatigue transfer functions found in the literature are of the form 

illustrated in Figure 2.12, and may be expressed as: 

where: N, = number of repeated loads until fatigue failure 

Equation 2.7 

E, = repeated tensile strain 

k, , k, = regression constants 



- 

Figure 2.12 General Form of Fatigue Transfer Function. 
I 

Considerable research has been devoted to the determination of the regression 

constants (k, and kJ in the fatigue algorithm. Fatigue testing has traditionally been I 

performed in the laboratory using third-point flexure loading (Figure 2.13). In this 

mode of testing, repeated constant load or strain is applied to a beam specimen until a 

fatigue crack forms and the number of cycles is recorded. The procedure is then 

repeated numerous times at other load or strain levels until a curve may be regressed as 

in Figure 2.12. 

Applied Load 

Typical Beam Dimensions: 
38 x  38 x  381 mm 
7 6 x 7 6 ~ 3 8 1  mm 

Figure 2.13 Schematic of Third-point Flexure Loading. 

A report prepared for the National Cooperative Highway Research Program (46) 

expressed fatigue life as in equation 2.7. The report stated that there was not a 



'unique" fatigue algorithm suitable for all asphalt concrete mixtures, rather the 

algorithms should be initially established for various mixtures. NCHRP 1-26 also listed 

observations to aid in the development of a fatigue algorithm, as described below. 

Experimental data from several studies (47, 48, 49, 50) indicated consistent k, 

versus k, trends. Therefore, if a realistic value of k2 can be determined, field calibration 

is simplified in that only k, must be established. Figure 2.14 illustrates three different 

relations between k, and k2. The Federal Highway Administration (FHWA) relation 

was presented in a cost allocation study (47). A study completed in Norway by Myre 

showed a relation similar to the FHWA (48, 49). Finally, during the development of 

the Nottingham procedure it was noted that a similar relation between the coefficients 

existed (50). NCHRP 1-26 recommended that any algorithm in the form of equation 

2.7 should be checked against the FHWA and Norwegian relations to verify its 

r 'reasonableness. " The equations are: 

FHWA: k, = 1.35-0.252 *Log(k,) 

Norway: k, = 1.332 - 0.306 * ~ o g ( k , )  

Nottingham: k, = 0.5 - 0.21 3 * Log(k,) 

Equation 2.8 

Equation 2.9 

Equation 2.10 



Fatigue Regression Coefficient Relationship 

Figure 2.14 k, versus log k, Relation for Asphalt Concrete Fatigue. 

Specific Transfer Functions 

Monismith 

In order to predict the onset of fatigue, according to Monismith (2), it is necessary 

to determine the tensile strains (st) at the bottom of the top pavement layer, as shown in 

Figure 2.1 1. He also specified that a range of tensile strains should be calculated for the 

expected range of traffic loads, materials, and environmental conditions. Monismith's 

laboratory model related the number of loadings until failure to the tensile strain and 

modulus of the asphalt bound material (51): 

log N ,  = 1482 - 3291 *log($) - 0.854 *log(%) 
10- 1000 

where: Nf = number of loads until failure 

= tensile strain at the bottom of the surface asphalt layer 

Equation 2.1 1 



E, = modulus of asphalt bound material (psi) 

Washington State 

Washington State used Monismith's formula but applied a shift factor (SHF) to 

reflect actual field measurements, so that (52): 

N,,M = (N, * (SHF) Equation 2.12 

The shift factor was taken as a knction of voids ratio, asphalt cement content, viscosity, 

layer thickness, and pavement loading conditions. For thicknesses between 13 cm and 18 

cm, the shift factor was reported to vary from 3 to 6 (51). 

University of California - Berkeley 

A study conducted at the University of California - Berkeley, summarized by 

Witczak in a state-of-the-art report (53), investigated various mix properties in terms of 

fatigue life. Repeated flexural testing was performed on beam specimens sawed from 

in situ pavements that varied in mix stiffness, air voids, aggregate gradation, asphalt 

type, and asphalt content. An empirical relationship, as in equation 2.7, was developed 

where the regression constants depended on the individual mix. It was concluded that, 

for California mixes, the mix stiffness and air voids were the most significant 

influences on fatigue life. 



Asphalt Institute 

As reported by the Westrack Team (15), the Asphalt Institute utilized the air void 

content (V,), volumetric asphalt content (Vb), stiffness of the mixture (El), and tensile 

strain in their algorithm: 

Equation 2.13 

where: M = 4.84[ vb -0.691 
v* + Vb 

Equation 2.13 was used in the 1981 MS-1 Asphalt Institute Thickness Design 

manual (54) and was based on previous research done by Finn et al(55). 

Mobil Pavement Design Manual 

The fatigue algorithm used in the Mobil procedure was based on the Nottingham 

procedure (56). The equation had the same form as equation 2.7, but the regression 

constants depended upon the binder content (by volume) in the mixture and initial 

softening point of the binder. 

Belgian Road Research Center 

The Belgian Road Research Center presented a simplified fatigue transfer 

function in lieu of a more comprehensive approach (57). The form was identical to 

equation 2.7: 

Equation 2.14 



Idaho 

Bayomy, Fawzi and Smith of Idaho (21) also characterized fatigue failure with 

tensile strain at the bottom of the asphalt layer and modulus of the layer, but the transfer 

hnction took this form: 

Equation 2.15 

where: Nf = allowable number of loads until fatigue failure 

E, =tensile strain at the bottom of the asphalt layer 

El = modulus of asphalt layer 

f ~ ,  fi, f3 = coefficients determined from fatigue tests 

Illinois DOTIUniversity of Illinois 

The Illinois Department of Transportation (IIDOT) uses a strain based fatigue 

algorithm in their thickness design procedure for full-depth asphalt pavements (58, 59, 

60). The relationship was established based on consideration of mixture composition 

factors, field calibration studies, and split strength characteristics. The fatigue equation 

for a typical dense graded Illinois DOT hot mix asphalt pavement was: 

Equation 2.16 



Transport and Road Research Laboratory 

The Transport and Road Research Laboratory (TRRL) developed fatigue 

relationships based on an analysis of several experimental flexible pavements (61). The 

testing consisted of varying the temperature and level of dynamic strain while using a 

multi-layer linear elastic approach to calculate the dynamic strain. Using an 85 % 

probability of survival and an equivalent temperature of 20°C, two fatigue algorithms 

were specified: 

Dense Macadam Roadbase: 

Rolled Asphalt Road Base: 

Equation 2.17 

Equation 2.18 

TRRL concluded that the laboratory-based fatigue relations required considerable 

adjustment to match observed road performance. 

Nantes Circular Test Track 

Full scale pavement tests conducted by the Organization for Economic 

Cooperation and Development (OECD) at the Nantes Circular test track developed 

asphalt fatigue relations at a variety of temperatures (62). This reflects the response of 

asphalt concrete to changes in temperature. The fatigue equations below were - 

determined at a testing frequency of 30 Hz: 



Equation 2.19 

Equation 2.20 

Equation 2.21 

South Africa 

Theyse, De Beer and Smith of South Africa also used a strain-based algorithm 

to define fatigue cracking of asphalt concrete ( I ) .  The equations presented below are in 

terms of crack initiation, and a distinction was made between thin asphalt surfacing 

layers and thick asphalt bases. Furthermore, the crack initiation equations were divided 

into road categories based on design reliability. Finally, a shift factor applied to the 

crack initiation value related crack initiation to overall fatigue life. 

South Africa has introduced the concept of design reliability to fatigue transfer 

functions. Specifically, as shown in Table 2.4, an approximate design reliability was 

assigned to each road category. The fatigue function regression constants were then 

expressed in terms of the appropriate road category under consideration. In effect, a 

lower road category would 'allow" more load applications prior to crack initiation. 

Table 2.4. Reliability and Road Category for South African Roads (I). 
Road Description Design 

D Lightly trafficked rural roads 5 0 I 

A - 
B 
C 

Interurban freeways and major interurban roads 
Interurban collectors and major rural roads 

Rural roads 

95 
90 
80 



The general form of the South African strain-based fatigue algorithm is: 
I 

Equation 2.22 I 
i 

where: N, = number of repeated loads until crack initiation 
I 

E, = tensile microstrain at the bottom or in the asphalt layer 

A,B = regression constants I 

As previously stated, a distinction was made between thick and thin asphalt : I 

surface layers. Thin asphalt surfacing layers; as defined by Theyse, et al, are less than 

I 
50 mm deep. This category was further divided into continuously graded or gap graded i 

asphalt surface layers. Tables 2.5 and 2.6 below list the A and B regression 

Thick asphalt bases, according to Theyse et al, are greater than 75 mm thick. 

The transfer function for fatigue crack initiation has the same form as equation 2.22, 

coefficients and their corresponding k, and k, values for each type of gradation. 

Table 2.5. Continuously Graded Asphalt Surface Layers-Regression Coemcients I 
(1) 
Road Category 

A 
B 
C 
D 

k2 
5.118 
5.120 
5.129 
5.118 

A 
17.4 
17.46 
17.54 
17.71 

B 
3.4 
3.41 
3.42 
3.46 

k, 
4.921*10-l4 
5 .495*10'14 ' 

5.884* 10-14 
1.005*10-l3 



but the regression coefficients were dependent upon the mix stiffness of the asphalt in 

addition to the road category. 

Rutting 

A form of permanent deformation, rutting, develops with an increasing number of 

load applications (2). A combination of densification and shear deformation creates 

longitudinal depressions in the pavement with a small amount of upheaval on the sides of 

the ruts (Figure 2.15). Although rutting can occur in any part of the pavement structure, 

it is generally characterized empirically by the vertical compressive strain (E,) at the top 

of the subgrade. Therefore, most transfer equations characterizing rutting involve E,. 

However, it is important to point out that rutting can certainly occur in the surface layer 

only. This typically indicates a mix design problem, rather than a mechanistic design 

deficiency. 

The Chevron equation (20) estimated the number of loads to form an approximate 

20 mm rut: 

Equation 2.23 

where: N, = number of loads to cause a 2 0  mm depth rut 

E, = vertical compressive microstrain at the top of the subgrade 



Asphalt Concrete 

Base 

Subgrade 

Figure' 2.15. Rutting Failure. 

The South Afiican rutting equation, like the fatigue equation, took into account 

the vertical strain at the top of the subgrade, road category and terminal rut condition (I): 

N, = 10(*-~ologs.) Equation 2.24 

where: N, = number of loads until failure of the subgrade 

E" = vertical strain at the top of the subgrade layer 

A = regression constant dependent on road category (reliability) and terminal rut 

condition 

Again, as with the South Afiican fatigue equation, the regression constant does 

not vary greatly with load category. Rut depths play the more significant role in defining 

the coefficient "A". A terminal rut depth of 10 rnrn corresponds to A approximately 

equal to 33.5. A 20 mm terminal rut corresponds to an A value around 36.5. 

The Asphalt Institute also used a strain criteria to predict rutting failure (63). 

Their equation reads: 

Equation 2.25 



The U.S. Army Corps of Engineers developed a rutting transfer function that 

considered the subgrade resilient modulus &) in addition to the vertical compressive 

strain (64): 

Equation 2.26 

Thermal Cracking 

Thermal cracks, although a form of distress, are not usually considered in M-E 

design and are beyond the scope of this report. Briefly, they appear as transverse cracks 

at the pavement surface due to material contraction and increased asphalt mixture 

brittleness at cooler temperatures. 

Cumulative Pavement Damage 

Miner's hypothesis is a relatively straightforward damage model often used in M- 

E pavement analysis (6.5). The hypothesis was originally developed to predict metal 

fatigue but has been applied to other materials and forms of distress. The hypothesis is 

governed by the equation: 

where: D = cumulative damage 

i = seasonal condition 

j = load configuration 
- 

nij = number of applied loads, j, in condition i 

Equation 2.27 

Ni = number of allowable repetitions of load, j, in condition i 

49 



Essentially, Miner's hypothesis detennines the fraction of pavement life 

consumed for each condition then calculates the sum. If damage, D, exceeds unity then 

the life of the pavement has been consumed. 

Although straightforward and widely used, some researchers have pointed out the 

limitations of the damage model. ~ i r s c h i n ~  and Yao (66) stated that Miner's hypothesis 

failed to accurately predict material behavior because: 

1) the equation does not account for the order in which the stresses are applied, 

2) the equation ignores the presence of a possible stress endurance limit, and 

3) the equation does not include the considerable statistical variability that exists 

in constant amplitude data. 

While the recognized limitations are valid, there has not been a damage model 

developed that can match the simplicity of Miner's hypothesis. Miner's hypothesis also 

fits very well into the M-E design framework where multiple seasonal conditions and 

load configurations must be considered. 



CHAPTER 3 

DEVELOPMENT OF MINNESOTA METHODOLOGY 

As in Chapter 2, the components of the M-E design flowchart (Figure 2.1) form 

the framework for this chapter. The selection of the mechanistic pavement model will 

first be discussed, followed by materials characterization, traffic characterization, failure 

criteria and finally a pavement damage model. 

Mechanistic Pavement Model Selection 

Chapter 2 demonstrated that there is no lack of mechanistic pavement models that 

could be used in an M-E design approach. Therefore, the challenge is to select a model 

that calculates pavement responses with reasonable accuracy, is easy to use and 

implement, and readily available. At this juncture, finite-element models were ruled out 

since they can be very complicated and time consuming to use. Of the linear layered 

elastic approaches, ELSYMS and WESLEA were both readily available and easy to use. 

Hence, a study was conducted to evaluate which model yielded more accurate pavement 

response data (67). 

The study utilized in situ strain gauge data and live WIM data from the 

Mn/ROAD research facility. The distributions of live strain and weight data were 

compared and plots of strain versus weight were drawn. ELSYMS and WESLEA were 

then used to calculate the pavement response, given the structural cross section, at each 

weight magnitude. It was found that WESLEA was far more accurate than ELSYMS in 

calculating pavement response to applied load. Figure 3.1 illustrates measured and 



modeled pavement response reported in the study (67). While the modeled pavement 

response was not a perfect match, it was reasonably accurate. 

Test Section 1 

m Percentile Strains 
-- -Linear Regression 

-4-WESLEA Sirnutation (Dual Tire) 

Test Section 15 

-- / 

Test Section 4 

Test Section 17 

/ 
Test Section 21 

-- / 
Test Section 22 

/ 
Strains are Lemperaturecorrecled to 25% 



Materials Characterization 

This investigation relied upon data obtained from the Mn/ROAD research facility 

that consequently specifies the scope of the inference space as those materials and 

conditions encountered at Mn/ROAD. Therefore, a brief discussion of the materials and 

conditions at Mn/ROAD is warranted. 

The default modulus data that appear in the computer program, discussed in 

Chapter 4, were derived from Mn/ROAD data. Further investigations will be required to 

expand the knowledge base beyond Mn/ROAD to incorporate the rest of the state, but 

MnJROAD does provide a good starting point for materials characterization. 

Aqhalt Concrete Mixtures 

A comprehensive investigation of the asphalt concrete mixtures used at 

MnIROAD was conducted by Stroup-Gardiner and Newcomb (22), while only a 

summary of their work is provided here to provide a fiame of reference. The MnIROAD 

mixes met the Mn/DOT 233 1 specification and some of the details regarding the 

aggregates and asphalt bindeware discussed below. 

Awegates 

The important aspect of the aggregate gradation used in the Mn/ROAD mixtures 

was that it was held constant for each test cell throughout the project. The aggregates 

were obtained from Minnesota suppliers and the properties and gradation of the job mix 

formula are-listed in Table A. 1 in Appendix A. 



Asphalt Cement 

Two grades of asphalt cement, a 12011 50 penetration grade and an AC 20 

viscosity grade, were supplied by the Koch Refinery in Rosemount, MN. The 1201150 

penetration grade was classified under the Superpave specification as a PG 58-28 asphalt 

while the AC 20 was classified as a PG 58-22. Further details concerning the binders 

may be found in the report by Stroup-Gardiner and Newcomb (22) and in Table A.2 of 

Appendix A. 

Mix Designs 

Four mix designs were part of the pre-construction work at MnlROAD. The Marshall 

mix design method was done at the 35-blow, 50-blow and 75-blow level. The fourth mix 

design was done according to SHRP Level 1 (volumetric mix design). 

Material Properties 

As discussed in the literature review, a correlation between temperature and 

asphalt concrete modulus had all ready been developed and was checked against 

backcalculated modulus data (23). Therefore, it is possible to characterize asphalt 

concrete modulus by pavement surface temperature using the equation: 

Equation 3.1 

where: EAC = asphalt concrete modulus, MPa 

T = asphalt concrete surface temperature, "C 
- 

This equation was developed in the same manner as equations 2.3 and 2.4, but there was 

no differentiation made between the AC 20 and 120/150 penetration binders. In fact, 



Equation 3.1 represents an "average" equation. This was done because the AC 20 binder 

is stiffer than binders typically used in Minnesota and the 120/150 is softer than typical. 

Therefore it was logical to develop an equation somewhere in the middle. 

An argument could be made against using the asphalt concrete surface 

temperature to predict the asphalt concrete modulus since the temperature varies 

throughout the thickness of the mat. However, the equation developed by Ovik was an 

empirical relationship and she showed good agreement between the equation and 

backcalculated moduli (23). 

As discussed in the literature review, Poisson's ratio was not easily measurable. 

Therefore, it was decided to use a default value of 0.35 derived fiom Yoder and Witczak 

(26). 

Granular Base Materials 

Four classes of base materials were used at MnfROAD and their aggregate 

gradations and Atterberg limits are listed in Table A.3 in Appendix A (68). Prior to 

construction, generally speaking, the quality of the base materials was considered to 

improve with higher class number (iie., Class 3 was the poorest while Class 6 was the 

best). 

Triaxial testing conducted on the Mn/ROAD materials showed that the resilient 

modulus of the base materials had a definite stress dependency (69). However, it was 

also shown that the materials yielded similar moduli values in the laboratory, as 

illustrated in Figure 3.2. This was especially true at lower stress levels. 



I I 

Figure 3.2 Stress Dependency of Mn/FtOAD Base Materials (69). 

Ovik evaluated backcalculated moduli data obtained from the MnIRO AD 

database in order to examine in situ base properties on a seasonal basis (23). It should be 

noted that MidDOT researchers performed the FWD tests and subsequent EVERCALC 

evaluation, while Ovik carried out the seasonal analysis. The FWD data used in her 

analysis represented three drops at a load level of 40 kN. Additionally, the 

backcalcuIation procedure utiIized a stiff layer, representing the water table, at a finite 

depth below the surface of the pavement. The reason for using a stiff layer is described 

by Newcomb, et a1 (70). 

It was found that for surface thicknesses greater than 150 mm (where the stress in 

the base material would be relatively low) there was very little difference bemeen the 

base material moduli on a seasonal basis. In other words, in a particular season, the 



different classes of base materials were nearly indistinguishable on the basis of 

backcalculated moduli alone. This fact may be reaffirmed by the stress dependency 

shown in Figure 3.2 where there are only small differences among the base materials at 

low stress levels. The test cells with thin surfaces (less than 150 mm) generally produced 

higher base moduli in backcalculation than their thick counterparts, but again there was 

little appreciable difference between the classes of materials. 

Data provided by Ovik (23) seemed to indicate that the base materials might be 

considered indistinguishable in terms of modulus. An important point to make, however, 

is that the materials will have differences in terms of drainage, fiost protection, and so 

forth. Therefore, a material must not be selected for use solely upon the modulus or a 

myriad of pavement failures could result. 

In order to further the understanding ofthe base materials at MnIROAD, an 

extension of Ovik's work was conducted for this study. The objective of the 

investigation was to determine seasonal modulus trends for each of the base materials. 

To accomplish this, one test station within each flexible cell was selected and 

backcalculated moduli data between 1994 and 1996 were collected. Only one station per 

cell was used to minimize the effect of spatial variation throughout the test cell and only 

the 40 kN drops were utilized. Again, the data were simply obtained from the database 

while MnIDOT researchers performed the actual testing and EVERCALC 

backcalculation. 

A series of linear regressions were performed on the data to establish the seasonal 

trend for each - base material. The trends were compared between test cells having the 

same base materials and comparison between the base materials was also made. A 



summary of the results of the investigation is shown in Figure 3.3. The plotted lines in 

the figure represent the regression lines, not actual data points. Note the rapid thaw and 

recovery between days 50 and 130. Additionally, as seen in Ovik's work (23)' there was 

very little difference between the base materials in terms ofbackcalculated moduli. 

As with the asphalt concrete, the Poisson's ratio for the granular base materials 

was derived fiom the literature. The representative value may be taken as 0.40. 

10 . 
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Figure 3.3. Mn/ROAD Base Materials, Seasonal Modulus Trends. 

Subgrade Materials 

The natural subgrade material at Mn/ROAD would be best classified as silty clay. 

Using the AASHTO classification method, the soil would fall in the A-6 category. Two 
- 

test sections (Cells 24 and 25), however, were constructed on a higher quality sandy 



subgrade (i.e., AASHTO A-3). For a full description of the AASHTO soil classification 

system, see reference (71). 

MnDOT tested the subgrade materials for resilient modulus. It was found, as 

illustrated in Figure 3.4, that the silty clay materials exhibited a decrease in stiffness with 

an increase in applied deviator stress. Refer to the report by Alvarez and Thompson for 

details concerning laboratory testing and results of the Mn/ROAD subgrade soils (68). 

Figure 3.4 Laboratory Resilient Modulus of MnIROAD Silty Clay Soils (68). 

As with the base materials, Ovik utilized FWD deflection data to backcalculate 

subgrade modulus and evaluate stiffness on a seasonal basis (23). Stress dependency was 



again evident but due to the softening effect shown in Figure 3.4, the backcalculated 

moduli tended to decrease under thin AC surfaces. 

The same sort of regression procedure, as illustrated in Figure 3.3, was performed 

with the subgrade backcalculated modulus data for this report. The results are 

summarized in Figure 3.5. Keep in mind that the lines represent linear regression, not 

actual data points. 

Note first that the silty clay soils clearly exhibit a stress dependency, on a 

seasonal basis. The MLlO soils (mainline, 10-year design) are under the thickest 

pavement structures, while the ML5 and LVR soils are under progressively thinner 

pavement cross-sections. Consequently, the MLlO soils were generally stiffer, followed 

by the ML5 and LVR soils. It is also interesting to note the seasonal changes in subgrade 

moduli. The so-called "weak" point occurs sometime after the base materials have 

reached a minimum (refer to Figure 3.3). The sandy subgrade modulus did not exhibit a s  

much seasonal change in that it remained relatively constant during the summer period. 

The Poisson's ratio was taken directly fiom the literature for subgrade materials. 

A representative value of 0.45 was chosen as the default. 
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Figure 3.5 Backcalculated Modulus of MnIROAD Soils. 



Traflic Characterization 

As discussed in Chapter 2, traffic must be characterized in terms of weight per 

tire, tire spacing, and tire pressure for use in M-E design. Based upon information gained 

fkom the literature, it would not be unreasonable to assume a particular tire pressure and 

tire spacing for use in design. This is particularly true since if these parameters do 

change, they could be adjusted without disrupting the overall design scheme. Therefore, 

the current default values are as follows: 

Default tire pressure: 690 kPa 

Default longitudinal distance between consecutive axles in a group: 137 cm 

Default transverse distance between dual tires: 35 cm 

The third characteristic, weight per tire, still needs to be characterized. This is a 

particularly complex issue, since traffic weight characteristics are location specific and 
I 

should be examined on a location basis. I 

One means of representing traffic data, currently in use, is to determine the number of 1 
i 

ESALs expected over the life of the pavement. The ESAL could then be broken into its 

components with the tire pressure and dual tire spacing given above and the weight per 

tire given by: 

Weight per tire = W1ES4L = 20 kN/tire 
4 tires 1 ESAL 

The number of ESALs would correspond to the number of load applications, n, under 
I 

these conditions. - 

Another, more comprehensive, means of characterizing the traffic weight is to use 
I 

, 

load spectra. A load spectrum is nothing more than a distribution of axle weights, 



divided into axle group categories. For example, Figure 3.6 shows axle weight 

distributions of heavy vehicles for single, tandem and steer axles obtained fiom the 

Mn/ROAD weigh-in-motion during 1995 (72). Note that the total weight distribution 

(All Axles) is comprised of steer, single, and tandem axle groups. Further, as seen in 

other studies (32, 33, 3 4 ,  the weight distribution has several modes and the tandem axle 

weight distribution is bimodal. 

Typical Half M e  Weight Bistognm 
Measured @ MntROAD - 1995 

1 5 9 13 17 21 25 29 .33 37 41 45 49 53 57 61 

Half Axle Weight, kN 

Figure 3.6 MnlROAD WIM Data (72). 

Use of load spectra in M-E design would take full advantage of the mechanistic 

pavement model's ability to model different loading conditions. Rather than rely upon 

empirical relationships, as with the ESAL concept, the load spectra would enable the 

traffic characteristics to be better defined by directly modeling them. 
- 

. In order to use load spectra in design, weight data as shown in Figure 3.6 would 

be necessary. The data would then be discretized into particular weight increments, say 9 

63 



EN. As an example, Table 3.1 illustrates the concept of load spectra in design. It should 

be noted that the table and the figure do not represent the same data, since the table 

included all vehicles from MnIROAD while the figure considered only the heavy 

vehicles. 

The pavement response in each axle and weight category would be calculated 

using the mechanistic pavement model and a corresponding expected pavement life 

determined. The number in each category would represent the number of applied loads, 

n, and damage would be determined on a categorical basis. In this way, the traffic could 

be represented more precisely and take full advantage of M-E design. 

Table 3.1. Load Spectra in Design (4). 
Weight Range (kN) Expected Number of Axles in Weight Range of Given M e  1 

I G r ~ u ~ i n a  Over pavement Life I 
Minimum Maximum Front Single Tandem Tridem 

0 9 39400 54225 0 0 



In concept, representing the weight per tire with load spectra would be ideal. 

However, the authors realize that axle weight data as shown in Figure 3.6 and Table 3.1 

are not always readily available to the designer. Therefore, the fallback position will rely 

upon ESAL data and the corresponding representation described above. 

Failure Criteria 

As discussed in Chapter 2, the primary modes of distress for flexible pavements 

are fatigue cracking and rutting. Important aspects of any M-E design procedure are the 

transfer functions that relate pavement response (e.g., stress, strain) to predicted - 

pavement life (N). These functions must be calibrated to reflect local conditions and 

performance because, as seen in the literature review, there are many representations of 

transfer functions and they are all sensitive to the database on which they were 

developed. Therefore, the transfer functions that would be used for M-E design in 

Minnesota needed to be calibrated to Minnesota conditions. The Mn1ROA.D project 

provided a unique opportunity to perform the calibration given that traffic characteristics, 

seasonal material properties and levels of distress were well characterized. The following 

subsections describe the calibration of fatigue and rutting transfer hnctions for 

Mi~esota,  based upon W O A D  data. 



Fatigue Transfer Function 

Descri~tion of Distress and Pavement Section 

The first true fatigue cracking distress was observed in March of 1997 on the low- 

volume road at MnIROAD. Specifically, the fatigue cracking was observed in Cell 28 

which was designed as a three-layer pavement consisting of 76 mm of 1201150 

penetration graded asphalt concrete over 330 mm of class 5 base material on top of a silty 

clay subgrade (Figure 3.7). However, previous investigations with ground penetrating 

radar had measured a minimum surface thickness of 58.4 mm in the region of distress. 

f 58.4 mm 12011 50 pen asphalt concrete + 
330 mm Class 5 base 

Silty Clay Subgrade 

I I 
Figure 3.7 Cell 28 - Mn/ROAD. 

The fatigue cracking occurred between stations 184+35 and 184+75 and was 

approximately 12 m long. Furthermore, in March of 1997, the cracking was isolated to 

the right wheel path of the lane t r acked  by the 356 kN truck loading. 

Description of Traffic Loading 

Traffic loads, in the region of the crack, were applied with the five-axle 

MnIROAD-tractor-trailer loaded to 356 kN. Therefore, the loading configuration 

consisted of one steering axle and two tandem axle groups. The steering axle weighed 72 



kN while each tandem contributed 142 kN. Each tire was inflated to approximately 670 

kPa and it was assumed that the dual tires of the tandem axles were spaced 343 mm 

center-to-center and the axles were spaced at 137 cm. 

The number of daily load applications, in terms of number of laps, were recorded 

in the low-volume road data log and were obtained fiom the MnIROAD database. The 

information provided a seasonal breakdown of loading and is illustrated in Figure 3.8. 

Figure 3.8 Cumulative Load Applications on the 356 kN Low-Volume Road Lane. 

Mechanistic Simulation 

In order to calibrate a fatigue transfer function, it was necessary to determine the 

horizontal tensile strain at the bottom of the asphalt concrete layer resulting fiom the 

MnfRO AD tractor-trailer. This was accomplished by using the Mn/ROAD traffic data 

described above, the layer thickness information, backcalculated modulus values 

obtained fiom the database and the computer program WESLEA. 



The elastic modulus, Poisson's ratio, and thickness of each pavement layer were 

required as input into WESLEA. For the purposes of this investigation, Poisson's ratio 

and thickness were held constant for each layer as shown in Table 3.2. 

Table 3.2 Cell 28 Thicknesses and Poisson's Ratios. 
I Layer-Material I Poisson's Ratio I Thickness, mm / 

Modulus values, however, changed seasonally and these changes were accounted 

1 - AC 12011 50 pen asphalt 
2 - Class 5 Granular Base 
3 - Silty Clay Subgrade 

for in the simulation. Since construction of Mn/ROAD, numerous falling weight 

deflectometer tests have been performed on Cell 28, at different times of the year. 

0.35 
0.40 
0.45 

Therefore,, it was possible to estimate "seasonal" backcalculated moduli values fiom the 

58.4 
330 

Semi-infinite 

MnlROAD database. Only FWD tests performed between the stations containing the 

fatigue cracking were used in order to reduce the spatial variability in the calibration 

process. The values were backcalculated using EVERCALC and it was assumed that a 

rigid layer existed at depth below the surface with a modulus of 350 MPa. The seasonal 

values used in the simulation are shown in Table 3.3. 

Table 33. Cell 28 - Seasonal Modulus Values. 

Season 
Date Date 

1994 1 

Fall 
Winter 

Winter 
Spring 

Summer 
Fall 

Winter 
Spring 

Summer 

MPa 

2,069 1 
4,137 

Start 

2,069 
1 1,724 1 

2,4 13 
4,137 
2,758 
1,034 

1-Sep 
16-Dec 

Year Finish 

16-Dec 
16-Mar 

1 1-Apr 
1-Sep 

1 6-Dec 
16-Mar 
1 6-Apr 

117 
124 
3 10 
3 10 
138 
138 

15-Dec 
15-Mar 

AC 
Modulus, 

15-Mar 
31-Mar 
31-Aug 
15-Dec 
1 5-Mar 
15-Apr 
3 1 -Aug 

42 
48 1 
48 
207 
2 1 
34 

1994- 1995 
1995 
1995 
1995 

1 995- 1 996 
1996 
1996 
1996 

1996- 1997 

Base 
Modulus, 

Subgrade 
Modulus, 

2,069 
4,137 

138 
3 10 

5 5 
207 



Results of Mechanistic Simulation 

Using the above inputs with WESLEA it was possible to calculate the maximum 

tensile strain at the bottom of the asphalt concrete surface layer on a seasonal basis. The 

results are contained in Table 3.4. For example, in the first summer condition, each 

passage of the Mn/ROAD truck caused approximately 760 microstrain (p) due to the 

steer axle and 676 p z  due to each tandem axle group. 

Table 3.4 Seasonal Maximum Tensile Strain of the AC Layer - Cell 28. 

I Fall 1 716 1 624 1 

Season 
Summer 

I Summer 1 732 
I Fall 1 324 1 315 1 

Maximum Tensile Microstrain 

Winter 

Summer 744 724 
Fall 

Steer Axle 
760 

/ Winter 1 296 1 266 1 

Tandem Axle Group 
676 

Evaluation of Transfer Functions 

The calibration procedure consisted of evaluating a number of different transfer 

functions in conjunction with the strain data above to determine which function made the 

best performance prediction for MnlROAD. The transfer functions were evaluated using 

Miner's hypothesis, as described in Chapter 2, in order calculate the accumulated damage 

over all the seasons. Recall that with Miner's hypothesis, failure is estimated to occur 

when damage, D, equals unity. 

- 




















































































