
 

ARIZONA AND TEXAS PAVEMENT DESIGN ON  
 

EXPANSIVE SUBGRADE SOIL: A COMPARISON 
 

by 
 

Brian Joseph Amos 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Thesis Presented in Partial Fulfillment  
of the Requirements for the Degree 

Master of Science 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

ARIZONA STATE UNIVERSITY 
 

August 2009 



 

ARIZONA AND TEXAS PAVEMENT DESIGN ON  

EXPANSIVE SUBGRADE SOIL: A COMPARISON 
 

by 
 

Brian Joseph Amos 
 
 
 
 

has been approved 
 

July 2009 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graduate Supervisory Committee: 
 

Claudia E. Zapata, Chair 
Sandra L. Houston 

Edward Kavazanjian 
Mohamed El-Basyouny 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ACCEPTED BY THE GRADUATE COLLEGE 



iii 

ABSTRACT 

Using a pavement design model presented by Hong et. al. the pavement structural 

number was computed in a 0.1 degree grid pattern for the entire state of Arizona.  This model 

takes into account the expansion potential and suction envelope within the subgrade soil using a 

model nearly identical to that used in post-tensioned slab design.  The pavement structural 

number for each of the points on the grid was also obtained using the pavement design model 

currently endorsed by the Arizona Department of Transportation (ADOT).  It was determined by 

comparing these two models that the method proposed by Hong et al., referred to as the “Texas 

method,” determines the structural number to be larger than that obtained using the ADOT model.  

In locations with soils with high expansion potential, the structural number estimated by the Texas 

Method was three to four times the structural number provided by the Arizona Method.  Pavement 

performance data is needed to determine which method provides a more accurate design. 

In order to properly model the Texas method, data was collected from various sources 

and analyzed.  Climatic information was collected and maps generated.  Soil property maps were 

also generated.  Sensitivity analyses were performed on the mean principal stress compression 

index and on the wetting and drying cycle frequency.  The latter parameter was analyzed for 

wetting and drying cycle frequencies of one day, one week, one month, and one year.  It was 

found that the frequency contributed greatly to the depth of suction equilibrium and had a large 

effect on the structural number estimated by the Texas method.   
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1 INTRODUCTION 

1.1 Overview 

Pavement design is an important topic within the realm of Civil Engineering.  There are 

many failures throughout the world due to inadequate design.  While many factors must be 

considered when designing pavements, few of these factors are very reliable.  From the amount 

of traffic to the environmental conditions, it is difficult to anticipate future events and how they will 

affect the pavement structure.  While it is impossible to know the future, it is possible to know how 

existing pavements have withstood these forces in the past.   

Environmental effects (weathering) and traffic loading are the two most destructive forces 

to pavements.  They are also the two most difficult to quantify.  Traffic wears away at the 

pavement, causing deterioration at the surface and fatigue in the asphalt, as well as rutting in the 

asphalt, base and subgrade material.  Environmental effects cause deterioration as well.    

Temperature changes cause thermal cracks to form.  Perhaps the single most detrimental 

environmental element to pavement is water.  As cracks form water is able to enter the pavement 

structure; water is also able to enter through the shoulders and the asphalt itself (Huang 2004).  

In some locations water enters the pavement structure through springs or a high water table 

however this is uncommon in Arizona.  The water wears away at the base and subgrade until the 

diminished support allows the traffic loads to cause rutting and roughness in the pavement and 

deterioration of the wearing surface.  If the water in the pavement structure freezes it breaks the 

pavement apart as it expands causing more rapid deterioration.   

Clay minerals in the subgrade material can be extremely sensitive to moisture changes.  

An increase in moisture can cause the soil to expand with enough strength to easily break apart 

the pavement structure.  A decrease in subgrade moisture content will bring about a contraction 

capable of causing loss of support in the subgrade and potholes will form with traffic loading.  In 

arid regions where the soil continuously undergoes wetting and drying cycles it is possible for the 

subgrade to swell and contract in response to these wetting changes.  The damage caused by 

the swelling and expansion of the clay fraction of the soil has the potential to cause similar 

damage to the roadway as the freeze-thaw cycle. 

In addition to damaging volume change, moisture changes also cause the soil to 

strengthen and weaken according to changes in soil suction. At lower moisture contents the soil 

suction, a result of the menisci receding, causes the soil to increase in strength.  Since the 
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strength decreases as the moisture content increases, it has not traditionally been accounted for 

in the design of pavements.  Pavement design traditionally assumes saturated conditions in the 

subgrade.   

The continuous cycling between stronger and weaker soil, along with the apparently 

counteracting swelling and shrinking forces, produces effects not completely understood which 

have been conveniently left out of pavement designs.  The use of soil suction in pavement design 

is, therefore, uncommon; however there are some theories and design methods which appear to 

provide good results within specific geographic regions.  While some private entities may be 

using these methods for their proprietary designs, their use is not widespread, and they have yet 

to be completely adopted by public agencies.   

The Minnesota Department of Transportation has adopted a pavement design based on 

unsaturated soil mechanics (Gupta 2007).  While the designs set forth therein are specifically 

suited for the environmental conditions in Minnesota, such a method could be modified for the 

geology and climatic conditions in any location.  Alternative methods have been proposed by 

other entities.  At the 2006 Unsaturated Soils Conference in Carefree, Arizona, several pavement 

design methods were proposed.  The two major factors in pavement design on unsaturated soils 

are the moisture gradient within the soil and the geology at the location.  Any pavement design 

method utilizing unsaturated soil mechanics will account for the effect of moisture change or 

suction on specific soil types.   

One such method was proposed by Robert Lytton of Texas A&M University (Lytton 

2005).  This method builds on work he and his students have been doing for the past 30 years, 

with the majority of it within the past 15 years.  Using basic soil index properties commonly found 

from simple laboratory procedures and climatic information for the specific location, the model 

determines a loss of serviceability or an increase in roughness over a given period of time.  

Accounting for overburden stresses, and suction or moisture changes, this method provides what 

may be an accurate prediction of the effect that soil expansion and contraction have on pavement 

roughness.  This method is referred to herein as the Texas Method. 

The pavement design method currently required by the Arizona Department of 

Transportation uses index properties and climatic data to determine the resilient modulus of the 

soil.  The resilient modulus is then input, along with predicted traffic data and initial and final 

serviceability constraints, into the design equation published by the American Association of State 
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Highway and Transportation Officials (AASHTO 1986).  The structural number of the pavement 

section is determined from this equation, and the pavement design is then based on the structural 

number.  This method is completely empirical.  The index properties, the Plasticity Index and the 

percent passing the #200 sieve are correlated to the resilient modulus through laboratory and 

field studies.  The AASHTO design equation is empirically based on data that does not 

correspond to the stresses that Arizona pavements undergo each year.  While this is an empirical 

model, it has been shown to provide good results, as pavement designed using this method is 

able to withstand the environmental and loading effects placed upon it.   

While the method Arizona uses is based on empirical studies, it is not completely 

accurate for the many climatic areas in the state.  Using a method such as that proposed by 

Lytton would provide a design that would be well suited to the varying conditions throughout the 

State of Arizona.  The purpose of this paper is to compare the two methods that are currently 

used in Arizona and Texas.  This comparison is based on soil properties at various locations 

within different climatic regions throughout Arizona.  This provides the ability to determine how 

the two differ in predicting future pavement performance.  This also serves to provide a basis 

whereby they can both be compared to actual pavement performance data to determine if either 

of them provides an accurate method to determine pavement designs.   

1.2 Historical Background 

During the years following World War II the population of the United States skyrocketed; 

as the population grew it became more and more necessary to transport goods via roadways in 

large tractor-trailer trucks.  With the increase in trucks came an increase in the rate that the 

existing roadways were deteriorating.  In addition to the population growth factor, the Eisenhower 

freeway system was being constructed to join the entire country in a grid of highways designed 

for high traffic and heavy loads, which caused overloading of existing roads.  As the rate at which 

new roadway construction grew it became very apparent that better pavement design guidelines 

were needed.  Three main road tests were conducted to determine the effect of traffic loading on 

the pavement: the first in Maryland (HRB 1952), the second in Idaho (HRB 1955) and the third in 

Illinois (HRB 1962).  During the years following these tests many different empirical equations 

were proposed.  Each equation was limited in use to the conditions in which it was calibrated.  In 

1956, AASHTO undertook a study to determine a proper pavement design that would combine 
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economy with performance.  On an alignment with the I-80 near Ottawa, Illinois a test track was 

constructed using various pavement thicknesses and types.  Trucks were purchased, loaded, and 

driven over the pavement for a period of 2 years.  During that time detailed measurements and 

notes were taken to determine the effect that the loading, subgrade, base, and surface properties 

had on the durability of the pavement.  After the completion of the experiment, AASHTO 

proposed a method relating the material properties, environmental variations and roadway 

serviceability to the amount of loading the pavement could withstand, and the AASHTO design 

method was born(HRB 1962). This method used nomographs to allow designers an easy method 

of determining the required pavement structure.  

Over the years many different alterations have been made by individual entities 

attempting to calibrate the results to match pavement performance observed in their regions.  

Arizona adopted the use of the R-Value to determine the resilient modulus. The R-Value is either 

found using the Hveem Stabilometer test or estimated using an equation based on the PI and 

sieve information and calibrated with data from Arizona subgrade soils. 

In 1975 the US Army Corps of Engineers released a report with generalized maps 

showing locations with potentially expansive materials (Snethen et.al. 1975).  The purposes of 

this report were to warn pavement and foundation engineers about the necessity of testing for 

expansive soils within the proposed construction areas and to provide some discussion on 

methods that had been found to prevent pavement damage due to expansive soil in the subgrade 

and potential problems associated with them.  Post construction remediation methods were also 

presented.  Some of the preventative measures outlined in the report included removal and 

replacement of the expansive soil, applying a surcharge load, compaction control, preventing 

moisture from entering the subgrade soil, and stabilization with chemical admixtures.   

While the possibility of pavement damage from expansive clay has been known for many 

years, the ability to properly understand and characterize the swelling potential, and mitigate its 

effects in a cost efficient manner, has only been possible for the past decade.  Some may argue 

that we still do not have a full understanding of the expansive and contractive nature of clayey 

soils.  Krohn and Slosson estimated that approximately $7 billion of damage was caused each 

year in the United States from the effects of expansive soils on civil infrastructure and private 

structures (Krohn and Slosson 1980).  Reports such as these pushed forward the need for all 
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geotechnical engineers and geologists to understand the nature of expansive soils in order to 

provide proper designs which reduce the damage potential of expansive soils. 

As the understanding of soil expansion mechanisms grew, they were applied to the 

models for soil-structure interaction (Mitchell 1984).  This application provided a better 

understanding of the relationship between the swell potential of the soil and an actual amount of 

movement.  On the other hand, as the understanding of the expansive soil problem grew, 

different regions developed their own tests to determine the amount of swell.  While each region’s 

method provided a different numerical result, regional experience indicated how much swell was 

a concern, and therefore different measures were introduced to prevent structural damage from 

soil expansion.  While these tests were routinely used for structural considerations, they were 

rarely incorporated into pavement design equations.  They were, however, used as an indicator of 

whether preventative action would be necessary to protect pavements from expansive soil 

problems.   

1.3 Objectives and Methodology  

The main purpose of this study was to determine whether the Texas pavement design 

method proposed by Lytton extrapolates to conditions found throughout Arizona.  In order to 

achieve this objective it was necessary to provide a pavement design for various regions of the 

state.  These pavement designs account for the variety of soil conditions and environmental 

conditions found throughout Arizona.  To enable comparable results, the same traffic loads were 

used for each case analyzed. 

A geospatial enabled database was created using soil data provided by the Natural 

Resource Conservation Service (NRCS) in the form of the State Survey Geographic 

(STATSGO2) Database, and the Soil Survey Geographic (SSURGO) Database.  The 

STATSGO2 database was only used in areas where no data was available from the SSURGO 

database.  The database linked the data from the NRCS with their geographic location and 

provided a means whereby the soil properties could easily be obtained for any location within the 

State of Arizona 

Another geospatial enabled database was created using climatic data obtained using the 

Enhanced Integrated Climatic Model (EICM) for specific climatic regions within Arizona (Mamlouk 
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and Zapata 2009).  This database provided the necessary climatic information for any location 

within the state in an easily accessible manner.   

After the climatic and soil property databases were created, a pavement design following 

current standards as set forth by the Arizona Department of Transportation (ADOT 1989) was 

performed using a custom computer program which was created for this purpose.  This pavement 

design predicts the required structural number of the pavement in order to carry the specific load 

for a period of 20 years with a specific beginning and ending pavement serviceability index.   

Once the pavement designs were performed using the Arizona method at various 

locations, the Texas method was used to provide pavement designs for the same locations.  The 

Texas method estimates the expected loss in serviceability for a given structural number of the 

pavement.  The defined loss of serviceability was used as a guide to determine the structural 

number necessary for design using this method.  The structural numbers obtained using the 

different methods were then compared. 

1.4 Thesis Outline 

This thesis is organized into five chapters, the first being an introductory chapter to the 

remainder of the paper.  The Literature review, which is presented in Chapter 2, is an overview of 

the basic principles necessary to understand the theory behind clay expansion and pavement 

design.  It is not intended to be exhaustive; nevertheless it should be enough for the reader to 

understand how pavement design has evolved up to this point and how expansive soils play a 

role in pavement performance.  Both of the pavement design models used herein are also 

presented in Chapter 2.  The third chapter presents the data collected for the proposed analysis, 

including the subgrade properties, climatic data, and the traffic information. The implementation of 

the data into the two design models is also presented.  The fourth chapter contains the results 

obtained with each design model and a comparison of the two.  The fifth chapter is dedicated to 

the discussion of the results obtained in Chapter 4.  Discussion of further needed research is also 

presented in Chapter 5.  

 



2 LITERATURE REVIEW 

2.1 Unsaturated Clay Theory 

The reaction of clay minerals to moisture changes has been studied extensively.  While 

many methods for the identification of expansive soils have been proposed, the most accurate 

have been those based on soil properties directly affecting the swell potential of the soil, such as 

PI, percent clay, and activity.  An equation proposed by Seed et al. (1962) is as follows: 
44.344.25106.3 CAS

−×=  (2.1)  

Where:  

S is the swell potential of the soil in Percent,  

A is the activity ratio 

C is the percent clay size particles (% < 2µm).   

Pearring (1963) provided equations to determine the activity ratio based on basic soil 

index tests as follows: 

( )
( )

100
200.%

2%

%

×
−

−
=

sieveNo

micron

PI
Ac  (2.2) 

Where:  

Ac is the activity ratio of the soil,  

PI% is the plasticity index,  

%-2micron is the percentage of clay,  

%-No.200sieve is the percent passing the #200 Sieve.   

Recently it has been found that basing the swell potential on both the plasticity index and 

the amount of soil passing the 200 sieve provides a more accurate representation of the swell 

potential of the soil.  Zapata et al. (2006) proposed that by multiplying the percent of the soil 

passing the #200 sieve with the soil PI, there was a very strong correlation with the expansion 

index.  The correlation had an R
2
 of 0.67.  This research into the correlation of sieve and PI data 

indicates that the method currently used by the Arizona Department of Transportation (ADOT) to 

determine the R-Value of the subgrade indirectly accounts for the expansive nature of the soil.  

The ADOT method does not account for the timing or sequencing of the construction, nor does it 

account for expansion and contraction stresses in the subgrade on the remainder of the 
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pavement structure.  The timing of placement of pavement on expansive soils is very critical as 

pavement placed during a wet season will experience extreme subgrade shrinkage when a 

drought occurs.  On the other hand, a pavement placed during extreme drought will experience 

extreme subgrade swelling once the precipitation returns. A pavement placed at a moisture 

content value between these two will experience both shrinking and swelling, with a range of 

variation which is a function of the extreme conditions; the effect on the pavement, however, will 

not be equal to the afore-mentioned cases as the pavement will buffer the subgrade from extreme 

moisture conditions. 

The application of unsaturated soil mechanics principles to pavement design is relatively 

new.  Few municipalities employ any design which accounts for stress changes due to moisture 

flux in unsaturated soil.  The new Mechanistic-Empirical Pavement Design Guide (M-E PDG), 

approved last year by AASHTO, uses unsaturated soil theory to estimate moisture flow and 

unsaturated hydraulic conductivity. While permanent deformation of the subgrade is considered, it 

does not consider or incorporate volume change in unbound materials due to expansion potential.  

While the ME-PDG is available and has been adopted by AASHTO, Arizona and Texas are 

working on the implementation of it into routine pavement design.  Due to this, the M-E PDG is 

excluded from this analysis.   

In the mid-1970’s AASHTO provided some recommendations for dealing with 

unsaturated soils (Snethen 1975).  These recommendations were basically preventative 

measurements aimed at limiting exposure to moisture change or reducing the expansive potential 

of the subgrade soils.  The document presents various measures different states were taking at 

the time to limit moisture flux and/or to limit the effects of such flux.  The majority of 

recommendations use thicker asphalt sections, deeper ditches along the roadway, and the use of 

an impermeable geo-membrane under the pavement to prevent moisture flux. In some cases full 

depth asphalt was recommended.  Mixing lime into the subgrade was recommended to lower the 

expansive potential of the soil.  The recommendations also include remediation measures to fix 

pavements which have or may experience problems due to expansive soils.   

In the mid- to late-1970’s, Robert Lytton proposed a new equation to determine the 

expansion potential of expansive soil, including the effects of stress (Lytton 1977):   
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Where:  

V∆ =Volume change,  

V =Initial volume,  

hγ = Suction Compression Index,  

hγ = Mean principal stress compression index,  

ih = Initial suction,  

fh = Final suction,  

iσ = Initial mean principal stress,  

fσ = Final mean principal stress. 

This equation uses the semi-empirical factors hγ  and σγ  to characterize the expansion 

caused by changes in moisture content and loading stresses, respectively.  While these were 

principally empirical observations at the time this research was presented, the methods to 

determine these two factors continued to be researched in order to provide a more accurate 

theoretical prediction of the volume change, due especially to moisture flux.  Covar and Lytton 

(2001) provide some historical background and some new guidance as to the determination of 

hγ .  This factor was originally based on the activity ratio and the cation exchange capacity of the 

soil, and was computed as follows: 








−

−
=

sieveNo

micron
h

200.%

2%
100γγ  (2.5) 

Where:  

hγ = Soil compression index,  

100γ  = 100 percent clay soil compression index,  

micron2% −  = the clay fraction,  

sieveNo 200.% −  = the percent passing the #200 sieve. 

100γ , the soil compression index, was determined by charts comparing the cation 

exchange capacity to the activity ratio as shown in Figures 2.2 to 2.9.  Each graph representing a 

different region as determined with the Liquid Limit and Plasticity Index of the soil according to 

Figure 2.1.  Different regions on the graph were indicative of different coefficients of linear 

extensibility, COLE, values.   
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Figure  2.1. Data Filter for Partitioning Database (Covar and Lytton, 2001) 

 

 

 

Figure  2.2. Predicted Soil Compression Index for Zone I (Covar and Lytton, 2001) 
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Figure  2.3. Predicted Soil Compression Index for Zone II (Covar and Lytton, 2001) 

 

 

Figure  2.4. Predicted Soil Compression Index for Zone III (Covar and Lytton, 2001) 
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Figure  2.5. Predicted Soil Compression Index for Zone IV (Covar and Lytton, 2001) 

 

 

 

Figure  2.6. Predicted Soil Compression Index for Zone V (Covar and Lytton, 2001) 
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Figure  2.7. Predicted Soil Compression Index for Zone VI (Covar and Lytton, 2001) 
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Figure  2.8. Predicted Soil Compression Index for Zone VII (Covar and Lytton, 2001) 

 

 

Figure  2.9. Predicted Soil Compression Index for Zone VIII (Covar and Lytton, 2001) 
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Covar and Lytton provided this series of graphs based on information provided from data 

contained within the National Soil Survey Center’s Soil Survey Laboratory from the U.S. 

Department of Agriculture (USDA).  These graphs allow for the estimation of 0γ  based on the 

activity ratio, the cation exchange capacity, the liquid limit and the plasticity index of the soil.    

Once 100γ  is determined, hγ is found using equation 2.5.  Some Literature refers to 100γ  

as 0γ .  Presently, a software package titled VOLFLO enables the quick determination of hγ using 

basic index properties and the Thornthwaite moisture index at the location of the proposed 

construction. 

An alternative method for determining hγ  is to use the COLE value directly using 

equations 2.6a and 2.6b as presented by Covar and Lytton (2001): 
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Where )(swellinghγ  and )(shrinkinghγ  are the suction compression index for the 

swelling and shrinking case, respectively. COLE is the coefficient of linear extensibility.   

Lytton (1994) provides a method to determine σγ based on hγ , the suction, and the slope 

of the suction-versus-volumetric water content curve as follows:  

( )θθ

γγ σ

∂∂
+

=

/
1

1

h

hh  (2.7) 

Where:  

σγ = mean principal stress compression index,  

hγ = suction compression index,  

h  = suction,  

θ  = volumetric water content,  

θ∂∂ /h = slope of the suction vs. volumetric water content curve.   
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Long, et.al. (2006) presents a variation of equation 2.7: 

wS

h

*

4343.0
1

1

+

= γγ σ  (2.8) 

Where:  

σγ = mean principal stress compression index,  

hγ = suction compression index,  

S = slope of the suction vs. water content curve as determined with equation 

(2.11),  

w = gravimetric water content. 

Hong et.al (2006b) presented a method to determine the suction profile for extreme wet 

and dry soils using equation 2.9 as determined by Mitchell (1979).  The model by Hong used 

basic soil index properties and the Thornthwaite Moisture Index (TMI) to determine the suction 

profile.   











−±= Z

n
UUZU e

α

π
exp)( 0  (2.9) 

Where:  

U = value of suction (pF),  

Z = depth in cm. 

Ue = equilibrium suction determined using equation 2.12,  

Uo = amplitude of suction change on different soil layers,  

n = number of suction cycles per second,  

α = soil diffusion coefficient in cm
2
/sec. 

Lytton (1994) estimated the diffusion coefficient as follows: 

)(0122.0)(000162.00029.0 hS γα −−=  (2.10) 

Where:  

α = soil diffusion coefficient in cm
2
/sec. 

S = slope of the soil vs. gravimetric water content curve,  

hγ = suction compression index.   

S is calculated as follows (Lytton 1994): 



  17 

 

)200#(068.0)(117.0)(1555.029.20 −+−+−= PILLS  (2.11) 

Where:  

S = slope of the suction vs. gravimetric water content curve,  

LL = Liquid Limit of the soil,  

PI = Plasticity Index,  

-#200 = percent passing the #200 sieve. 

Hong et.al. (2006b) determined the equilibrium suction Ue according to a relationship 

established between field data and the Thornthwaite Moisture Index as follows: 
)(0051.05633.3 TMI

e eU
−=  (2.12) 

Where:  

Ue = equilibrium soil suction  

TMI = Thornthwaite Moisture Index for the geographic location where the soil is 

located. 

The vertical strain can be estimated as follows (Hong et.al. 2006b): 








 ∆
=

∆

V

V
f

H

H
 (2.13) 

Where:  

HH /∆ = vertical strain,  

VV /∆  = volumetric strain found in equation 2.4,  

f = crack fabric factor.   

Lytton (1994) suggested that pFf ∆−= 33.067.0 with typical values of 0.5 for drying 

soil, and 0.8 for wetting soil.   

2.2 Pavement Design on Unsaturated Soil (Texas Method) 

In a doctoral dissertation, Gay (1994) used equation 2.4, presented by Lytton (1977), to 

determine the roughness of pavements due to the change in moisture.  He developed computer 

software to compute the moisture flow beneath the pavement structure and determine the relative 

roughness at the surface of the pavement.   

Jayatilaka (1999) improved upon the work done by Gay in order to provide a more 

accurate measure of the subgrade movement and the associated degradation of the asphalt 
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pavement. His work included provisions for vertical moisture barriers.  He presented an equation 

using the one dimensional volumetric strain of the subgrade obtained from equation 2.13 with 

provisions for the half-width of the pavement and the distance from the edge of the pavement to 

the location where the deformation needs to be known.   
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Where:  

DVM 2 = two-dimensional movement of the subgrade,  

DVM1 = one-dimensional movement of the subgrade as determined with 

equation 2.13,  

d = distance from the center of the pavement to the location where the movement 

is to be determined,  

D = half width of the pavement.   

1ξ , 2ξ , and 3ξ = regression coefficients determined with equations 2.15a-c and 

2.16a-c.  

If the pavement width is less than 18.0m equations 2.15a-c are used, if the pavement 

width is greater than 22.0m, equations 2.16a-c are used.  If the pavement width is between them 

the coefficient value is determined using linear interpolation. 
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Where:  

VM1D = one-dimensional vertical movement in millimeters,  

DB = depth of vertical barrier in meters,  

dam = depth of available moisture in meters,  

D = half width of the pavement in meters,  

Sm = mean suction at the location in pF,  

TMI = Thornthwaite Moisture Index.   

These regression coefficients were determined using 240 points with a correlation as 

found in Table  2.1 (Jayatilaka 1999). 

Table  2.1  

Regression Coefficient Correlations (Jayatilaka 1999). 

Equation R
2
 

2.15a 0.91 
2.15b 0.85 
2.15c 0.78 
2.16a 0.80 
2.16b 0.81 
2.16c 0.82 

These equations were developed using pavement performance data provided by the 

Texas Department of Transportation.   

Jayatilaka (1999) developed pavement design equations based on the present 

serviceability index (PSI) using the pavement performance data obtained from the TDDOT.  He 

found that the pavement performance followed a sigmoid curve.  Equation 2.17 predicts the PSI 

at a future point in time. 




















−−−=

s

t
PSIPSIPSI s

β
ρ

exp)5.1( 00  (2.17) 

Where:  

PSI = present serviceability index at a future period in time,  

PSI0 = initial serviceability index,  

t = time in months,  
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sρ and sβ are roughness parameters.  

sρ  was calculated using equation 2.18. The dimensionless coefficient sβ was determined 

to be equal to 0.66. 

The roughness coefficient sρ is a function of both subgrade movement and traffic 

loading. This coefficient is found using the following equation. 

HBA sss ∆−=ρ  (2.18) 

Where: 

sρ = roughness coefficient,  

AS = parameter determined in equation 2.20,  

H∆ = vertical movement in mm,  

BS is a roughness parameter related to the standard normal variable corresponding to the 

reliability.   

BS was found as: 

ZBS 195.4960.17 +=  (2.19) 

Where:  

BS = roughness parameter  

Z = standard normal variable corresponding to the assigned reliability. 

( )[ ]( )
66.0

1

10ln λ−= tAS  (2.20) 

Where:  

AS = roughness parameter,  

t = time in months and  

λ is equal to )]5.1/(log[ 0 −∆ PSIPSI , where PSI∆  is the loss of serviceability due to 

traffic, and 0PSI is the initial serviceability.   

λ is found by rearranging the AASHTO (1993) equation as follows: 

 ( )

010

10181019.5

log32.227.8

)1(log36.9[log
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+−×








+
+=λ

 (2.21) 

Where:  

SN = pavement structural number,  



  21 

 

W18 = total 18-kip single axle loads,  

Mr = resilient modulus of the subgrade,  

Z = standard normal variable,  

S0 = standard deviation; Jayatilaka used a standard deviation of 0.35.   

Hong et al. (2006a, 2006b) provided a case study of the work done by Jayatilaka (1999) 

and Gay (1994) to determine the pavement design.  However Hong incorporated the work of 

Covar and Lytton (2001) to determine the volume change in the expansive clay.  This is the 

theory behind a computer program Hong introduces titled WinPRES.  This software provides a 

pavement design based on many of the factors suggested by Gay (1994) and Jayatilaka (1999), 

including vertical moisture barriers and soil stabilization techniques.   

The WinPRES software is the means whereby the Texas Transportation Institute, 

headquartered at Texas A&M University, suggests that pavement design should be conducted 

when the subgrade is deemed to be expansive. Typically the subgrade is deemed ‘expanse’ 

when the plasticity index of the subgrade material is at least 15 percent.   

2.3 AASHTO  

After the road tests were performed as discussed in section 1.2, three equations were 

developed and presented in HRB 1962.  Normalizing the three equations presented therein to an 

18-kip single axle load allows the simplification of the three equations into one equation: 

( ) ( ) ( )[ ]
19.5)1/(10944.0

5.12.4/)2.4(log

18 2.01log36.9log
++

−−
+−+=

SN

ptSNW  (2.22) 

Where:  

W18 = total 18 kip equivalent single axle loads,  

SN = structural number of the pavement,  

pt = final serviceability index.   

This equation assumes that 4.2 is the initial serviceability of asphalt pavement, and that 

environmental and subgrade conditions are identical to those encountered at the AASHTO test 

track.  Equation 2.22 was modified to account for differing subgrade and environmental 

conditions.  It was also modified to provide a more reliable design.  The equation as presented in 

AASHTO 1986 is as follows: 
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Where:  

ZR = standard normal variable for a given reliability,  

S0 = standard deviation in the performance of the pavement,  

MR = resilient modulus of the subgrade soil.   

This equation still assumes that the initial serviceability for asphalt pavement is 4.2. 

The 1986 AASHTO design guide did not have a specific design method where 

unsaturated soils are concerned.  In 1974 and 1975 AASHTO provided two works overseen by 

Donald R. Snethen which provided early reports on various mitigation methods for dealing with 

expansive subgrade soils.  These manuals quantified the location of expansive soils within the 

United States using maps, and provided various methods for dealing with an expansive subgrade 

both pre- and post-construction.   

2.4 Arizona Pavement Design Method 

The pavement design method used by the Arizona Department of Transportation is 

based on the 1986 AASHTO pavement design equation, with adjustments to the equation based 

on local experience (ADOT 1989).   

( ) ( ) ( )[ ]
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R

SN

PSI

R

M

SNSZW
 (2.24) 

The only difference between equations 2.24 and 2.23 is the minor change in the 

serviceability section.  Where equation 2.23 reads tp−2.4 , equation 2.24 reads PSI∆ .  While 

minor, this change reflected the local experience that smaller roads may not have an initial 

serviceability of 4.2.  ADOT specified that the level of reliability is based on the roadway class.  

The freeways and interstates were required to have a reliability of 99%; divided non-interstate 

highways 95%; roads with an average daily traffic (ADT) of 2,000 to 10,000 vehicles per day, 

90%; roads with an ADT of 500 to 2,000 vehicles per day, 85%; and roads with and ADT of less 

than 500 vehicles per day, require a reliability of 75%. These reliability levels correspond to 

standard normal variables -2.327, -1.634, -1.282, -1.037, and -0.674, respectively.  S0, the 
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combined standard deviation, was assigned the value of 0.45 for flexible pavements, as this was 

the value assigned by AASHTO (1986).   

ADOT specified that the change in serviceability is 1.2 for Freeways and Interstates, 1.4 

for divided, non-interstate highways, 1.5 for roads with an ADT of 500 to 10,000 vehicles per day, 

and 1.6 for roads with less than 500 vehicles per day.   

The resilient modulus of the subgrade was determined from the R-Value of the subgrade.  

In addition to conducting an R-Value test, ADOT (1989) provided a method of correlating basic 

soil index properties to the R-Value of the soil.  This was done using the equation: 

)(017.0)200#(006.00.2)log( PIRvalue −−−=  (2.25) 

Where:  

Rvalue = R-Value at 300 psi,  

-#200 = amount of soil passing the #200 sieve,  

PI = plasticity index of the soil.   

This equation was presented as a means of reducing the amount of R-Value tests 

required, not as a means of eliminating the test altogether. The correlated R-Values as computed 

with equation 2.25 were to be used along with the actual R-Values obtained from laboratory tests 

to determine a weighted average of the R-Value for use in determining the resilient modulus of 

the subgrade.   

The resilient modulus was computed as follows: 

6.0

2

)(6.0

)(40.2)(2251815

SVF

RmeanRmean
M R

++
=  (2.26) 

Where:  

MR = resilient modulus of the soil in pounds per square inch,  

Rmean = weighted average R-Value,  

SVF = seasonal variation factor  

The SVF is found in a map provided in the Preliminary Engineering and Design Manual 

provided by the ADOT Materials Section, or using a table listing all the cities on the map also 

found in the manual (ADOT 1989).  The nearest city is selected when the pavement design 

doesn’t fall within the immediate vicinity of a locality in the list.  This table is included in the 



  24 

 

appendix as Appendix A.  A map depicting the distribution of SVF throughout Arizona is provided 

as Figure  3.9. 

The Structural Number (SN) of the pavement is determined by multiplying the layer 

thickness in inches by the layer structural coefficient, and by a drainage coefficient in unbound 

layers as depicted in the following equation: 

iii maDmaDaDSN ++= 22211  (2.27) 

Where:  

D = the thickness of the layer in inches,  

a = structural coefficient,  

m = drainage coefficient.   

The drainage coefficient is determined from a table where drainage quality is compared 

to SVF.  The structural coefficient of each layer is determined by the material type and strength 

(ADOT 1989).  



3 DATA COLLECTED AND ITS APPLICATION IN PAVEMENT DESIGN 

3.1 Soil Conditions 

In order to obtain expansive soil properties for various climatic conditions within the state 

it is necessary to have access to the soil properties for various locations within each climatic 

region.  A database of soil index properties is available from the National Resource Conservation 

Service (NRCS), listing 114,784 individual soil units.  The two datasets used herein, the Soil 

Survey Geographic Database (SSURGO) and the State Soil Geographic Database (STATSGO) 

were queried for samples containing linear extensibility percent (LEP), liquid limit, plasticity index, 

percent passing the #200 sieve, and percent clay.  As the SSURGO has the highest level of 

detail, it was the primary database; when the needed soil properties were not available via the 

SSURGO database, however, the STATSGO database was queried for the parameters.  There 

were some areas within the State of Arizona where the needed parameters were not available 

from either source.  In this case no pavement design was conducted at that specific location.  The 

data from the SSURGO and the STATSGO was stored in a spatially enabled database by using 

the PostGIS plug-in within a PostgreSQL database.  The soil parameters placed in the database 

correspond to the largest LEP within the upper two feet of the soil profile.  Maps showing the 

distribution of each soil property with Arizona were created.  These maps are depicted here in 

Figure  3.1 to Figure  3.5.   



  26 

 

 

Figure  3.1 Linear Extensibility Percent Distribution 
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Figure  3.2 Liquid Limit Distribution 
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Figure  3.3 Plasticity Index Distribution 
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Figure  3.4 Percent Passing the #200 Sieve Distribution 
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Figure  3.5 Percent Clay Distribution 

 

3.2 Climatic Conditions 

3.2.1 Data for Texas Model 

The climatic conditions affect the results obtained from both the ADOT pavement design 

method and the Texas method.  The Texas method uses the Thornthwaite moisture index (TMI) 

to determine the suction profile.  The Thornthwaite moisture index was found by dividing Arizona 

into 13 climatic regions (Mamlouk and Zapata 2009) and using the Enhanced Integrated Climatic 

Model (EICM), as found in the Mechanistic-Empirical Pavement Design Guide to determine the 

minimum, maximum, and average TMI for each climatic region.  This value is a function of the 

monthly climatic data provided by weather stations positioned throughout the state and in 
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adjacent states.  The model used to estimate TMI values is reported elsewhere (Zapata et.al. in 

print; Witczak et.al., 2006).  The Thornthwaite moisture index was determined for each climatic 

region by finding the average, minimum, and maximum monthly TMI for two to six locations, 

depending on size, for each climatic region.  The climate regions and the locations used to 

determine the TMI statistics are depicted in Figure  3.6.  Table  3.1 provides the average, 

maximum, and minimum TMI for each climate region. 

Table  3.1  

TMI Data for each Climate Region 

Climate 

Region 

Minimum 

TMI 

Average 

TMI 

Maximum 

TMI 

1 -65 -60 -49 

2 -65 -57 -46 

3 -53 -35 -3 

4 -60 -41 -8 

5 -61 -41 55 

6 -59 -35 41 

7 -61 -47 -37 

8 -60 -44 12 

9 -50 -6 100 

10 -60 -43 -25 

11 -63 -38 60 

12 -61 -32 88 

13 -61 -40 -17 
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Figure  3.6 AZ Climate Regions (Modified from Mamlouk and Zapatat, 2009) 

 

The depth of wetting is a function of the soil properties and environmental conditions.  

This was determined using equation 2.9.  The depth of wetting was defined as the greater of the 

depth at which the difference between the wetting and drying envelopes was less than one 

percent, or three meters.  The limitation of three meters was used based on local engineering 

practice.  The depth of wetting is controlled by the moisture diffusion within the soil and the 

frequency of one wetting and drying cycle.  While the diffusion was computed with equation 2.10, 

the frequency of one wetting and drying cycle is left for debate.  In order to determine the effects 

of the cycle rate, a sensitivity analysis was performed wherein the depth of wetting was calculated 

for each of the 2,815 points analyzed for the pavement design.  The depth of wetting was 

calculated for a wetting and drying cycle occurring every one day, one week, one month, and one 

year.  As the weather does not follow normal cycles it is difficult to determine an accurate 
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assumption for the length of one wetting and drying cycle.  This cycle length will differ during 

every season and every year.  The majority of precipitation occurs during the winter months and 

the summer “Monsoon.”  In higher elevations the winter precipitation is generally stored until 

snowmelt in the spring.  While a complete cycle of one day is excessively short, a cycle of one 

year is excessively long.   The analysis herein assumes an average cycle length of 30 days.  

Figure  3.7 indicates that a frequency of one month places the average depth of wetting around 

2.2m.  A frequency of one year placed the depth to constant suction over three meters in every 

case; therefore, it being truncated, does not appear in the statistics herein.   
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Figure  3.7 Depth of Wetting at Differing Moisture Cycles 

 

One concern was the effect of the depth of wetting on the structural number of the 

pavement.  By comparing the structural number with the wetting-drying cycle frequency the effect 

of the moisture migration zone on pavement design could be analyzed.  It can be seen from 

Figure  3.8 that the average pavement design is not affected by the depth of wetting, however in 
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locations with extreme weather, or soil that is extremely sensitive to moisture the depth of wetting 

plays a significant role in pavement distress.  This is seen in the increase in structural number of 

the upper quartile in the box and whisker plot. 
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Figure  3.8 SN Relationship to Available Moisture Depth 

 

3.2.2 Data for ADOT Model 

The ADOT pavement design method uses a ‘Seasonal Variation Factor,’ or SVF, which 

inversely affects the resilient modulus.  A Seasonal Variation Factor is provided for each location 

within the state, based on the nearest city listed in the table supplying the values.  This factor is 

based on a pavement design in the Phoenix climatic area having a seasonal variation factor of 

1.0.  The remainder of the state was compared to the climatic conditions in Phoenix to provide a 

range from an SVF of 0.3 to 4.2.  Figure  3.9 provides a graphical view of the location of the cities 

specified and their respective seasonal variation factor.  While the method of creation was not 

indicated, the Preliminary Engineering and Design Manual from the Arizona Department of 
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Transportation (ADOT 1989) – the document that has defined pavement design in Arizona for the 

past twenty years –  presents the seasonal variation factor in both tabular and graphical form.  

The table can be found herein as  APPENDIX A. 

 

Figure  3.9 Seasonal Variation Factor 

 

3.3 Traffic Loads 

Traffic loads cause a significant amount of damage to flexible pavements.  Different 

loading conditions exist on nearly every roadway and differ from year to year; it is therefore 

difficult to estimate the future loading conditions on any given roadway.  Loading conditions are 

likely the most variant unknown in the pavement design process.  The purpose of the 

geotechnical engineer is to provide a pavement design sufficient to endure the expected loading 
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conditions on any given roadway; therefore, it is often necessary for a traffic engineer to conduct 

a traffic analysis study, providing estimated traffic volumes for future years. 

This thesis was designed to compare two different pavement design methods.  It was 

therefore necessary to assume that the traffic loading conditions at each location are identical.  

While this is not an accurate assumption in practice, it serves the purpose of providing the ability 

to compare the two different pavement design methods, all factors being equal.  It is possible that 

the relationship between the Texas method and the current ADOT pavement design method 

differs based on changing loading conditions at a single location.  In order to quantify or dismiss 

this possibility it was necessary to conduct the pavement design for each with at least three 

different traffic loading conditions. 

The roadway classifications at the pavement locations were assumed to be an interstate, 

an arterial, and a local street.  Each of these classifications will require different loading 

conditions: high, medium, and low traffic volumes.  The pavement loading is quantified in 

equivalent 18 kip single axle loads (ESAL), defined as the equivalent stress of an 18 kip axle.  A 

typical tractor-trailer will provide approximately 1 to 2.5 ESALs per vehicle, while approximately 

1200 passenger vehicles provide 1 ESAL to the pavement.   

The traffic loads used in this study are quantified in Table  3.2.  Total ESALs defines the 

expected traffic loads over the life of the pavement, therefore the pavement design must provide 

adequate support for these loads.  The loading conditions are based on current and historical 

traffic volumes, the percentage of trucks on the roadway, the distribution of trucks in each lane, 

and the required life of the pavement.  The pavement life is assumed to be 20 years.   

 

Table  3.2  

Traffic Loads 

Roadway Class Total ESALs 

Interstate Freeway 12,000,000 

Arterial 1,000,000 

Local Street 600,000 
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The loads presented are generalized loads for each type of roadway class.  While all of 

these roadway classifications may not exist at each location, it is possible that a road with each 

classification will exist where conditions are very similar to those used herein. 

3.4 Serviceability Index 

The roadway continually deteriorates due to environmental and loading conditions.  The 

deterioration is measured with either the present serviceability index (PSI) or the international 

roughness index (IRI).  These two indices measure the same deterioration quite differently.  The 

PSI ranges from 0 to 5, 5 being a perfectly smooth road and 0 being a roadway that is unusable.  

It is calculated based on the roughness and deterioration of the pavement.  It is traditionally 

determined based on a survey filled where each item is rated by various people and the statistics 

determine the PSI.  Modern instrumentation, in the form of profilometer trailers pulled behind a 

vehicle, is able to determine the PSI based on roughness data.  The deterioration is based on the 

appearance of the pavement, cracking patterns, etc.  

An alternative method of determining the deterioration of a pavement is through the 

International Roughness Index (IRI).  The IRI was developed from tests conducted in Brazil in 

1982. The roughness of a roadway is measured with either a survey, or by using a profilometer.  

The profilometer is calibrated in order to provide the roughness measuring the average rectified 

slope. The IRI is reported as in/mile or as m/km (Huang 2004).  AASHTO has not released an 

official pavement design model using the IRI.  While there is a calibration to design a pavement 

using the IRI with the Texas method, it was not used herein due to AASHTO’s lack of design data 

for use with the IRI. 

In order to compare the Texas pavement design method with the current ADOT method it 

was necessary to use the PSI, as it has a direct effect on the ADOT method.  No correlation 

between the IRI and the PSI has been adopted by ADOT.  The assumption herein is that the 

initial PSI is 4.5 while the final PSI is 2.5.  This gives a difference, ∆PSI, equal to 2.  The ∆PSI will 

be used to solve the ADOT pavement equation.  As the PSI is the result of the Texas method, the 

structural number of the pavement, as discussed below, will be iterated until a final PSI of 2.5 is 

reached.  This will allow a comparison of the two pavement design methods. 
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3.5 Pavement Materials 

The typical pavement design in Arizona consists of a compacted subgrade supporting 

aggregate base, supporting asphalt concrete.  The subgrade is prepared by scarifying to a 

specified depth, moisture conditioning to optimum and compacting to 95 to 100 percent of the 

maximum dry density as determined by ASTM D-698 (ASTM 2007).  The aggregate base 

consists of select granular material.  The base course is placed in lifts whose thickness depends 

on the thickness of the total layer.  For the purpose of the analysis contained herein, full depth 

asphalt will be assumed in order to provide a meaningful comparison of the two pavement design 

methods.  The asphalt typically consists of a 12.5mm or 19mm hot mix asphalt (HMA) placed in 1 

to 2.5 inch lifts. The exact gradation and mix design of the HMA as well as the chemical 

composition of the bitumen is determined by available materials and the climatic conditions.  

Some mixes perform better in warmer climates while others perform better in cooler climates.  In 

some areas of the state, especially those mountainous regions subject to constant freeze-thaw 

action, chip seal is common.  All of these considerations are left out of this analysis, assuming 

that all these are equal for each of the areas in order to compare the design methods. 

 The pavement widths were assumed to be 26 ft (9 m), or one lane in each direction for 

the local street case, and 76 ft (26 m) for both the arterial and the freeway.  The arterial has two 

lanes in each direction, a median lane, and space on the shoulders for a bike lane and/or turn 

lanes.  The interstate has five lanes in one direction with a wide shoulder for emergency vehicles.  

The two travel directions are separated by a wide landscaped median.   

3.6 AASHTO/ADOT Design 

The Arizona Department of Transportation method calculates the mean R-Value of the 

subgrade from a combination of actual R-Value tests and R-Values correlated from grain size 

distribution and PI information.  The grain size distribution and PI information is related to the 

expansion potential of the soil and is also used in the Texas method to calculate various 

parameters necessary for that design.  With the mean R-Value and a seasonal variation factor 

(SVF) a resilient modulus is calculated as presented in Chapter 2.   
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3.6.1 Data Needed for the AASHTO/ADOT Design 

As neither the R-Value nor MR is found within the SSURGO or STATSGO databases all 

of the R-Values presented here were determined from correlated R-Values.  The maximum 

allowable resilient modulus is 26,000 per AASHTO (1986), which the Arizona method is based 

on.  This limitation imposes maximum strength limits on the subgrade material.  The correlated R-

value is found using equation 3.1: 
)(017.0)200#(006.0210 PI

ValueR
−−−=−  (3.1) 

Where:  

-#200 is the percent passing the #200 sieve,  

PI is the plasticity index.   

From the R-Value and the seasonal variation factor (SVF), the resilient modulus (MR) is 

determined with equation 3.2, as follows: 

6.0
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)(6.0

)(4.2)(2251815
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ValueRValueR
M R

−+−+
=  (3.2) 

The remainder of the design requires some assumptions about the pavement material 

quality and placement quality.  These assumptions include the following: 

• initial and final serviceability  

• the pavement reliability level  

• the overall standard deviation  

• the structural coefficient of the different materials  

Table  3.3 tabulates these assumptions. Notice that each of the three roadway 

classifications (Interstate, Arterial, and Local Street) use the same assumptions.  These values, 

along with the traffic data and resilient modulus, are input into the AASHTO pavement design 

equation (equation 3.3), which is then solved for the structural number (SN) of the entire 

pavement section. 
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Table  3.3  

Pavement Design Assumptions 

Item Interstate Arterial Local Street 

Initial Serviceability (PSIo) 4.5 4.5 4.5 

Final Serviceability (PSIf) 2.5 2.5 2.5 

Reliability Level 0.99 0.95 0.90 

Overall Standard Deviation 0.4 0.4 0.4 

Project Life, years 20 20 20 
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Where:  

RZ = reliability level 

0S  = overall standard deviation 

SN  = structural number of the pavement 

PSI∆ = difference between the initial and final serviceability index 

RM = resilient modulus, in pounds per square inch (PSI) 

18W = total number of 18 kip equivalent single axle loads (ESALs) 

In order to calculate the structural number of the pavement, the soil property database 

was queried for the percent passing the #200 sieve and the plasticity index at each design 

location.  A database with each Seasonal Variation Factor (SVF) was created, and queried to 

provide the SVF at the location of the pavement design based on the SVF of the nearest city.  In 

cases where the soil properties were not available from the SSURGO database, the more general 

STATSGO2 database was queried.   

3.7 TXDOT Suction Design 

The pavement design proposed by Hong et. al. (2006b) is based on an equation 

proposed by Lytton (1977), as follows. 
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Where: 

V∆ = Change in Volume,  

V = Initial Volume,  

hγ = suction compression index 

σγ = mean principal stress compression index 

ih = initial suction 

fh = final suction 

iσ = initial mean principal stress 

fσ = final mean principal stress 

Once the change in volume was calculated, the one dimensional displacement of the 

subgrade was determined using the following equation: 
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Where: 

∆ = one-dimensional displacement 

i  = depth interval number 

if = fabric crack factor as presented by Lytton (1994) 

iz∆ = depth increment  

The one-dimensional displacement, ∆ , was used in a regression model proposed by 

Jayatilaka (1999) to determine the two dimensional volume change at the wheel path.  Equation 

(3.5) was solved for D2∆  and this value was used in Equation (3.6) to determine the present 

serviceability index at time t (in months).  The constants iξ  in equation (3.6) are a function of the 

one-dimensional displacement, the depth of available moisture, the pavement dimensions, the 

mean suction, and the Thornthwaite moisture index.  The constants were calculated using 

empirical equations derived by Jayatilaka using statistical software relating the previously 

mentioned parameters to the two dimensional vertical movement of the subgrade under the 

pavement.  The depth of a moisture barrier also affects the constants, as no vapor barrier was 
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considered in this analysis, however, the moisture barrier depth was set to zero.  These constants 

remain constant for pavement widths less than 18m and those greater than 22m.  The critical 

wheel path in our analysis was that at the far outside of the pavement as this lane carries more 

load than any other lane and the outer wheel path will have the most severe moisture change 

conditions.  Once the subgrade deflection at the desired wheel path was determined this data 

was used to determine the pavement design as shown in equations 3.6 to 3.10 
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Where: 

D2∆ = two-dimensional movement of the subgrade  

D1∆ = one-dimensional movement of the subgrade as determined with equation 

2.13  

d = distance from the center of the pavement to the location where the movement 

is to be determined, in meters 

D = half width of the pavement, in meters 

1ξ , 2ξ , and 3ξ = regression coefficients determined with equations 2.15a-c 

and/or 2.16a-c  

0PSI  = Present Serviceability Index at the time the road is opened to traffic 

PSI = Present Serviceability Index at time t  

t  = time in months 
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RZ = reliability level 

0S  = overall standard deviation 

SN  = structural number of the pavement 

PSI∆ = difference between the initial and final serviceability index 

RM  = resilient modulus, in pounds per square inch (PSI) 

18W  = total number of 18 kip equivalent single axle loads (ESALs) 

 

A custom computer program was created to provide a pavement design using the Texas 

method as previously described.  The program queried the soil property database for the linear 

extensibility percent (LEP), liquid limit, plasticity index, the percentage passing the #200 sieve, 

and the percent clay.  The LEP is the Coefficient of Linear Extensibility (COLE) represented as a 

percentage.  The LEP value was used to determine hγ  using equations 2.6a and 2.6b for the 

swelling and shrinking case, respectively.  As there are various opinions as to the value of the 

mean principal stress compression index, σγ , a sensitivity analysis was used to determine the 

influence of σγ  on the overall pavement design.  As can be seen in equations 2.7 and 2.8, there 

is a link between the suction compression index and the mean principal stress compression 

index.  It has been recommended that the mean principal stress compression index is equal to or 

slightly less than the suction compression index (Naiser 1997).  The influence was determined to 

be significant in the upper quartile of structural numbers.  In other words, the locations with large 

variations in environmental conditions and highly moisture sensitive soils were affected, while the 

average soil was not.  The most conservative method of determining σγ  was used in the 

program.  The pavement design program based on the Texas method was used to compute 

various pavement designs varying only σγ , with values ranging from hγ×0  to hγ×1 , the results 

can be found as a box and whisker plot in Figure  3.10.  The figure refers to a comparison value 

(C) which is equal to σγ / hγ .  It was determined that the most conservative pavement design 

occurred when σγ  was equal to hγ , while the closest result to ADOT values was obtained when 

σγ was set to zero.   
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Figure  3.10 Sensitivity Analysis on σγ  

 

The Texas pavement design program separated the assumed 10 foot deep soil profile 

into 1cm layers in order to create a suction envelope.  The initial and final suction for the swelling 

case was calculated based on the average Thornthwaite Moisture Index (TMI) and the highest 

monthly TMI at the location, respectively.  The initial and final suction for the shrinking case was 

calculated based on the average TMI and the lowest monthly TMI at the location, respectively.  

These suction values were determined by using the soil index properties and the climatic 

information obtained using the soil property database and the climatic database.   

The initial mean principal stress was determined to be the mean principal stress at a 

depth of 2.64 ft (Lytton et. al.  2005).  The final mean principal stress was calculated as: 
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Where: 

fσ  is the final mean principal stress 

Zσ  is the stress at depth Z due to the overburden soil 

 K0 is the lateral earth pressure coefficient, assumed to be 0.5 

 

The volume change for each 0.1 ft thick soil layer was calculated and equation 3.5 was 

used to determine the total one-dimensional volume change.  The change in volume of the 

subgrade at a specified distance from the edge of pavement was then determined using equation 

3.6.  This volume change along with various parameters obtained from equations 3.8 to 3.10 

were used to determine the final present serviceability index (PSI).  The Structural Number 

required for the pavement with each set of conditions was determined by iterating it until the final 

(PSI) was at the desired level.   

The value of using a custom program was the ability to perform a pavement design by 

selecting only the cadastral location, the traffic load, and the width of the roadway.  All other 

information was provided from various sources indexed to the cadastral location in the 

specialized databases.   

3.8 Program Results 

In order to determine pavement designs throughout Arizona, locations were selected in a 

0.1 degree grid pattern throughout the state.  The custom computer program was run to 

determine the structural number for each roadway type using both the Texas and ADOT 

pavement design methods at each location.  Six maps were created showing the structural 

number (SN) at each location.  These maps are depicted here as Figure  3.11 through Figure 

 3.16. 
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Figure  3.11 Local Road Texas Method 
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Figure  3.12 Local Road ADOT Method 
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Figure  3.13 Arterial Texas Method 
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Figure  3.14 Arterial ADOT Method 
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Figure  3.15 Interstate Highway Texas Method 
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Figure  3.16 Interstate Highway ADOT Method 



4 RESULTS 

4.1 Pavement Structure Comparison 

While there may be many different means and methods of comparing the results of the 

two pavement design models, two methods were used for this analysis.  The first is by a visual 

comparison of the two methods based on geographic location.  This was done by comparing 

Figure  3.11 to Figure  3.12.  It was apparent that in the locations where the Texas model predicts 

higher structural numbers, the Arizona model does too.  The structural number maps for each of 

the roadway classifications were compared in this way, and the same results were obtained; the 

Arizona model predicts lower structural numbers than the Texas model for the same locations.  

The second method of comparison is graphical. The structural number obtained using the 

Texas method was plotted against the structural number obtained using the ADOT method for 

each location.  The results are compared to the wPI.  The wPI is defined as: 

100

200PPI
wPI

×
=  (4.1) 

 Where: 

PI = plasticity index, 

P200 = percent passing the #200 Sieve.   

 

This comparison, provided herein as Figure  4.1 through Figure  4.3, showed the structural 

number of the pavement designed using the Texas method plotted against the structural number 

of the pavement designed using the ADOT method.  As all the points were below the 1:1 line it 

was clear that the Texas method provided a pavement design at least as conservative as that 

provided using the ADOT method.  This resulted in the Texas model requiring a thicker pavement 

section than the Arizona method.  Best fit lines were produced as can be seen in Figure  4.4 in 

order to determine the correlation between the wPI and structural number for each design 

method.  It was noted that the wPI does correlate with the two methods in that a higher wPI is 

indicative of higher expansion potential and a lower resilient modulus.  Based on the correlation 

of the best fit lines it appeared that the wPI correlated better with the Arizona method than the 

Texas method.  The R
2
 value for these are 0.879 and 0.8629, respectively. Figure  4.4 was 

created from the data obtained from the two pavement designs for the Interstate roadway 
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classification.  The different roadway classifications had a different relationship between the wPI 

and the structural number; the difference between the two methods is most pronounced in the 

highest loading class. 

Another comparison can be found in Figure  4.5 to Figure  4.7 where the structural number 

for both models was compared to the linear extensibility percent.  It appeared that the lower LEP 

values place the Texas model more in line with the Arizona model, and higher LEP values push 

the Texas model to have higher structural numbers than the Arizona model.  Figure  4.8 shows 

the relationship between the LEP and the structural number for the Interstate roadway 

classification.  The best fit curves were included in order to determine the correlation between the 

LEP and the structural number for each design method.  The Texas and ADOT methods have an 

R
2
 of 0.7822 and 0.7056, respectively.  This indicates that the LEP correlates better with the 

Texas model than the ADOT model. As the LEP is a soil property which factors into the Texas 

model this makes sense.  The LEP only correlates with the ADOT method in that it correlates with 

the resilient modulus of the soil.   

There appears some linearity between the structural numbers of each method.  This can 

be best seen in Figure  4.3 and Figure  4.7.  The properties of the points for three random “lines” 

were compared, and no single parameter was nearly constant among all the values in each 

individual line.  The points from the lines were mapped to determine if there were any geographic 

correlation.  While the majority of the points from the lines analyzed were in the immediate area of 

one another, there were also points in the line that were in other climatic regions, and spread 

throughout the state.  In the figures comparing the structural numbers from the two design 

methods there are some cases where the same structural number for both methods were found 

by multiple test locations.  In some instances these locations where in different areas of the state, 

in different climatic conditions, and with different soil properties.  This indicates that the two 

design methods are not singular.  That is to say that different environmental and soil conditions 

can result in the same pavement design.  
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Figure  4.1 wPI and Structural Numbers Compared: Local Street 
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Figure  4.2 wPI and Structural Numbers Compared: Arterial 
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Figure  4.3 wPI and Structural Numbers Compared: Freeway 

 



  57 

 

0 5 10 15 20 25 30 35 40 45
3

4

5

6

7

8

9

10

11

12

SN vs wPI

wPI

S
N

ADOT Method

ADOT Best Fit

Texas Method

Texas Best Fit

 

Figure  4.4 Structural Number and wPI Comparison 

Using Equation 2.27, assuming full depth asphalt, and a structural coefficient of asphalt 

of 0.44, a pavement with a structural number of 11 would be 25 inches thick.  Compared to the 

structural number of 7.5 for the same location using the ADOT method, with a full depth asphalt 

section of 17 inches, the Texas method is definitely more conservative.  This is a significant 

increase in pavement thickness, and a significant increase in construction cost.   

While the incorporation of a wider shoulder, or a vertical moisture barrier into the Texas 

design model would lower the structural numbers required for that method, the ADOT model does 

not provide the ability to incorporate these moisture flux preventing devices into the design 

calculations.  Depending on the cost of earthwork it may be more cost effective to use a chemical 

admixture such as lime to alter the expansive properties of the soil.  Another option is removal of 

the expansive soil.   

This analysis assumed that the worst case properties of the soil were present for the full 

depth of the analysis.  This is not usually the case.  In many instances soils with less expansion 

potential were present in layers above or below the one considered herein.  These layers would 
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have the effect of lowering the expansion potential of the entire subgrade, and thus lowering the 

structural number.   
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Figure  4.5 LEP and Structural Numbers Compared: Local Street 
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Figure  4.6 LEP and Structural Numbers Compared: Arterial 
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Figure  4.7 LEP and Structural Numbers Compared: Interstate 
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Figure  4.8 Structural Number and LEP Comparison 

4.2 Mean Principal Stress Compression Index 

A sensitivity analysis was performed on the mean principal stress compression index.  

The purpose of this analysis was to determine the effect, if any, of fixing the mean principal stress 

compression index to a linear relationship with the suction compression index.  While this was not 

ideal, obtaining the in-situ moisture content for each location would have been very difficult.  It 

had been reported that the mean principal stress compression index was equal to or slightly less 

than the suction compression index (Naiser 1997).  It was determined that the most conservative 

value, ie. the thickest pavement, for the mean principal stress compression index was to fix it as 

equal to the suction compression index.  While this option produced the most conservative 

pavement design, it may indicate that they are, in fact, not equal to each other, and the mean 

principal stress compression index should be determined based on other parameters, such as 

those proposed in Equation 2.7. The Texas method produced results most similar to those 

obtained using the ADOT method when the mean principal stress compression index was set to 

zero.  As the average pavement design fluctuated very little with differing values of the mean 

principal stress compression index, it may be that the ADOT pavement design method under-



  62 

 

predicts the necessary pavement thickness in areas with highly expansive soil and large 

fluctuations in environmental conditions.   

4.3 Depth to Constant Suction 

A sensitivity analysis was performed on the equation that determined the suction 

envelope to adjust the depth to constant suction.  There have been many disagreements as to 

the optimum value to use for this depth, especially out of the State of Texas.  Short of conducting 

suction tests at various times of the year at various depths at each location, there is no way to 

know for certain what the equilibrium suction is and at what depth the suction envelopes 

converge.  It was determined that the depth to constant suction was greatly affected by the 

frequency of the wetting and drying cycle.  The moisture cycle refers to the average time that 

passes between periods where the soil moisture content begins to increase.  The higher the 

frequency, the shallower the depth to constant suction.  The lower the frequency, i.e. less 

frequent precipitation, the greater the depth to constant suction.  The degree of saturation and to 

what depth depends on the duration and type of the precipitation event.  In areas with spring 

snowmelt, the soil will become saturated at the surface, and the degree of saturation below the 

surface will tend towards the average annual moisture content which will be encountered at the 

depth of constant suction.  As the soil dries the minimum moisture content at the surface will 

depend on the duration between rain storms and the saturation of the underlying soil.  The soil 

type plays a large role in this as well.  Coarse grained soils that have a high permeability have a 

deeper depth to constant suction than do soils with a much lower permeability such as clay.  At a 

frequency of one year the suction envelopes did not converge to within one percent shallower 

than three meters.  A frequency of once cycle per month provided a range of one to three meters 

as the depth of wetting, with the average around 2.2 meters.  The typical estimated depth of 

wetting currently used in practice in the area is approximately 2.4 to 3 meters. 

The depth to constant suction did not greatly affect the pavement design at the majority 

of locations.  However, pavement designs in areas with higher sensitivity to moisture and more 

extreme moisture conditions were affected significantly by the depth to suction equilibrium.  The 

Arizona model does not account for this, and in all cases suggested that the climate extremes 

were not as significant as those found using the EICM.  In these cases the Texas pavement 
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model may provide pavement designs which are more adequate to support the loads given the 

actual climatic conditions, actual field data is needed to support this possibility.  



5 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

5.1 Summary of Work Done 

In order to perform the analysis detailed herein various parameters were required.  Both 

design methods iterate the structural number until all equations are satisfied.  The necessary 

input parameters to conduct a pavement design following the ADOT method are as follows: 

• Percent of subgrade material passing the No. 200 sieve 

• Plasticity Index (PI) of the subgrade material 

• Seasonal Variation Factor (SVF) 

• Total lifetime traffic in the form of equivalent 18-kip single axle loads (ESALs) 

• Initial and final serviceability index 

• Standard normal variable for given reliability 

• Standard deviation in pavement performance 

• Roadway classification 

• Design life 

The necessary parameters to conduct a pavement design following the Texas method 

are as follows: 

• Percent of the subgrade material passing the No. 200 sieve 

• Liquid Limit (LL) of the subgrade material 

• Plasticity Index (PI) of the subgrade material 

• Coefficient of Linear Extensibility (COLE) 

• Percent clay of subgrade material 

• Initial mean principal stress 

• Minimum monthly TMI 

• Maximum monthly TMI 

• Average annual TMI 

• Suction cycle frequency 

• Pavement half width 

• Distance from pavement edge to critical tire path 

• Depth of vertical moisture barrier, if any 

• Initial and final serviceability index 

• Total lifetime traffic in the form of equivalent 18-kip single axle loads (ESALs) 
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• Standard normal variable for given reliability 

• Standard deviation in pavement performance 

• Design life 

• Soil resilient modulus 

In order to provide a statewide analysis 2,815 data points were selected for analysis, 

spread evenly throughout the state on a grid of 0.1 degree.  At each location soil and 

environmental conditions were determined, and a pavement design was performed for each of 

the three traffic load scenarios.  In addition the analysis was completed four times for the 

sensitivity analysis on moisture cycles, and five times for the sensitivity analysis on the mean 

principal stress compression index.  A total of 56,300 individual pavement designs were 

completed.   

To determine the soil parameters at each location the data found in the SSURGO and 

STATSGO databases were parsed for worst case soil properties within each soil region, 

correlated with a soil unit map, and indexed by location in a geocoded database.  This enabled 

the custom analysis software easy access to soil  property data.  These databases consisted of a 

total of 114,784 soil units.  While the data was freely available significant data parsing was 

required to determine the necessary soil properties, define the worst case soil within the depth of 

influence and link those properties to their geographic location.   

The environmental data was placed in two geocoded databases, one for the ADOT SVF 

parameter and one for the TMI data necessary for the Texas design method.  The ADOT 

environmental database we created by geocoding each of the locations listed in Appendix A, and 

assigning that location the SVF listed in the table.  The TMI database was created using the 

climatic regions provided by Mamlouk and Zapata (2009).  Two to five locations were selected 

from each climatic region where the M-E PDG was used to find the monthly TMI for each location.  

This TMI data was parsed to find the average annual TMI, and the maximum and minimum 

monthly TIM.   

Two pavement design programs were written in C++.  These programs determined the 

pavement designs using the ADOT and Texas methods by obtaining the soil and environmental 

conditions from the geocoded databases, the parameters that remained constant were hard 

coded into the program.  These programs were run a combined 56,300 times in order to 
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determine the pavement design at each predetermined location.  The code for both programs is 

included as Appendix B.    

5.2 Summary of Main Results 

The main purpose of this research was to determine the viability of using a pavement 

design method which accounts for expansive subgrade for pavement design in Arizona.  The 

Texas method was chosen as the expansive subgrade design model.  By comparing the results 

of the two pavement design methods it can be seen that the ADOT method produces pavements 

which are thinner than those designed with the Texas method.  The two are very close when the 

soil and environmental conditions produce very little expansion and contraction of the subgrade.  

In areas with very highly moisture sensitive soil and extreme climatic conditions the Texas 

method produced significantly thicker pavement sections.  A study comparing the results of the 

two methods with actual field data is required to determine which method more accurately 

predicts the performance of pavement with expansive subgrade soil.   

In addition to the main results, it was also determined that the mean principal stress 

compression index and the suction compression index are not likely equal to each other, and 

there is likely not a linear correlation between the two.  It is more likely that the two parameters 

are related based on soil suction.   

The depth of wetting was also studied.  It was found to be significantly related to the 

frequency of the wetting and drying cycle.  Constant suction was obtained at greater depths when 

the cycle took longer to complete.  In other words, when the precipitation events and moisture 

infiltration events occurred less frequently the depth to constant suction increased.   

The proposed climatic regions do not appear to be good indicators of the TMI for each 

region.  The TMI varied greatly from different test points within the same regions. This could be 

due to the scarce nature of weather stations with sufficient data for the EICM model; this could 

also be due to the regions being overly broad in size and nature.  Perhaps a study could be 

conducted that finds the climatic conditions at more points within the state using more local 

weather stations.  This information would either validate the existing climatic regions, or facilitate 

the defining of new, more accurate regions.   
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5.3 Overall Conclusions 

The obvious pattern in the relationship between the two design methods is that the ADOT 

method produced thinner pavement sections than the Texas method.  This does not necessarily 

signify that either correctly predicts the distress the pavement will experience during its life.  The 

Arizona method accounts for environmental conditions in the calculation of the resilient modulus 

but this does not account for volume change explicitly.  This may or may not be an accurate way 

to account for environmental conditions.  The Texas method accounts for the environmental 

conditions throughout the model, however if the Thornthwaite index is calculated independently 

for each individual test location, instead of regionally, a more accurate prediction of the subgrade 

suction envelope would be created.   

A more accurate design would require field suction measurements during peak dry and 

wet seasons to determine the actual subgrade moisture and suction profiles.  This would also 

improve knowledge of the depth of available moisture.  In-situ tests would provide more detailed 

insight into the actual nature of the subgrade soils. 

The traffic loads are treated the same in both methods as they are based on the 

AASHTO road test equations. The Arizona method uses local experience and equations derived 

empirically to determine the best pavement design.  The Texas method uses shrink/swell models 

to account for environmental effects on the subgrade, however these models are semi-empirical 

based on studies done on pavements in Texas.  Based on the case studies the Texas method 

provides a good pavement design for the environmental effects and subgrade materials 

encountered in Texas.  Without actual field data the ability of the Texas method to properly 

predict the pavement performance in Arizona is unknown.  

One major problem with the Texas method is that curbs, sidewalks, and gutters are not 

considered.  These act as horizontal moisture barriers preventing moisture from penetrating into 

the subgrade soils in much the same way a vertical moisture barrier does.  Considering these 

would inhibit the moisture migration into the subgrade soils and thus the suction changes would 

be minimized.  This would lessen the vertical strain in the subgrade soils and lessen the thickness 

of the pavement section.  One method of modeling the effects of hardscape on the subgrade 

movement would be to limit the range of TMI values.  This model would also need to account for 

moisture increases under the roadway due to thermodynamic conditions.   
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Another major problem with the Texas method is the lack of data comparing the equation 

presented by Lytton in 1977, all of the subsequent addenda and adjustments to the variables 

used therein, and actual swell tests performed in-situ and in the laboratory. This information 

would conclude whether the predicted subgrade strain is accurate.  This is also the case with the 

many empirical factors necessary to conduct the pavement design according to the Texas 

method.  Each contributor to the knowledge base used different soils data and different test 

results, and they are all combined in Hong’s work.  Based on his case studies they appear to be 

effective design models.  The true effectiveness of any design model is unknown until the life of 

the pavement has passed and we are able to look with hindsight at how that pavement has 

performed.  In-situ pavement distress information is necessary to assess the behavior of the 

pavement. 

At present it is necessary to continually maintain the pavement. This includes crack 

sealing, fog and/or slurry sealing, and sometimes milling and overlaying the pavement at periods 

more frequent than 20 years.  If we are designing pavement for a 20 year life should we maintain 

it? Or should we let it fail at 20 years and then re-construct it as was budgeted for in the first 

place?  If we don’t maintain the pavement structure, will it last 20 years? If not, perhaps a more 

accurate portrayal of pavement performance is necessary to construct a maintenance free 

pavement that will endure 20 years of environmental and traffic loads before failure.  

The new mechanistic-empirical design guide and associated software contains a more in 

depth consideration of all the factors that go into pavement design.  Weather data from the past is 

scrutinized in order to guess at what will occur during the life of the pavement. The subgrade 

material is classified more stringently, and, while a modulus of elasticity is used, a soil-water 

characteristic curve may be developed which relates the subgrade strength and volume change 

to the moisture flux in the soil.  This provides a theoretical approach to the conditions under which 

the pavement will be expected to survive for its design life.  

No recommendations for considering using the Texas method or a similar method for 

pavement design should be made.  The pavement design methods based on the old AASHTO 

design equations will soon be superseded by the new AASHTO mechanistic-empirical pavement 

design guide.   
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5.4 Suggestions for Further Research 

In order to determine whether either of these methods provides an accurate portrayal of 

the future condition of the pavement, actual pavement loads, conditions, performance statistics, 

weather, and suction information for a period equal to the design life of the pavement would be 

required to compare with the current condition of the roadway.  Not all of this information is 

available, though what is available should be obtained from the state highway department.  By 

comparing actual distress information with regional climatic information using the Texas model, 

the accuracy with which the model predicts pavement distress could be determined.  If the 

pavement distress estimation using the model corresponds well with actual pavement distresses 

from existing roadways, it can be assumed that the pavement design using the Texas model is an 

accurate one. 

The new AASHTO mechanistic-empirical pavement design guide should be compared to 

the methods compared herein to determine their relationship to it.  After this has taken place a 

study of existing pavement should be made in order to determine any local modifications that may 

be necessary to the new pavement design guide.  The existing design guides and design 

methods should serve as a means of understanding the true relationship between the strains in 

the subgrade and the deterioration of the asphalt pavement.  While the relationship seems 

somewhat difficult to define at present, that will not always be so. 

The Texas model should be modified to account for a soil profile, not simply a single, 

worst-case soil, extended to the depth of available moisture.  This will provide a more accurate 

accounting of what will occur in the field.  By comparing this result with that actually found from 

existing highway data it can be determined how accurate this model is. 

The ADOT model could be improved by altering the resilient modulus to account for soil 

expansion potential.  The equation could be modified to reflect a combined term based on recent 

developments and correlations found in literature. This would only work if the SVF were modified 

to account for more specific environmental conditions, assessing the potential for moisture flux in 

the subgrade material.  Any research into the existing ADOT method may be moot, as the M-E 

PDG addresses these issues, and should be adopted by the Arizona Department of 

Transportation within the next few years.  However the added knowledge of pavement 

performance on expansive subgrade soil would aid in modifying the M-E PDG to account for the 

stresses caused by expansive soil. 
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Considering the effect of the range of the TMI on pavement design, and using data from 

weather stations which are closer to the pavement location would improve the design.  If the TMI 

were to be calculated individually for each location, instead of regionally, this would provide a 

better understanding of the potential subgrade deformation at the roadway location.  New TMI 

maps could be generated by automating the EICM to calculate the TMI at each location where 

the pavement design was conducted herein.  This data could then be used to create new contour 

maps for the minimum, maximum, and average TMI throughout Arizona.  As the current TMI map 

was created in the 1950’s with very general climatic information, and is of a very low resolution, a 

new map could provide a better resolution of the TMI throughout the state. This would require 

sufficient information from as many weather stations as possible.  The few that are currently 

available for use with the EICM do not provide the necessary amount of data to determine the 

TMI throughout the entire state.   

In order to facilitate a complete understanding of the Texas and ADOT models, and the 

effect of each parameter on the design, a complete sensitivity analysis should be completed.  

This would include a sensitivity analysis on each parameter.  This would not only allow for an 

understanding of how each influences the design, it would also provide insight for the 

municipalities on how well their fixed parameters are preventing roadway deterioration while 

providing for fiscally responsible pavement designs.  
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Aguila 1.1 

Ajo 1.2 

Alpine 3.8 

Apache Junction 1.2 

Ash Fork 2.7 

Avondale 1.0 

Bagdad 2.3 

Benson 1.9 

Bisbee 2.6 

Black Canyon City 2.5 

Bonita 2.1 

Bouse 1.0 

Bowie 1.7 

Buckeye 0.9 

Cameron 1.5 

Camp Verde 2.1 

Carrizo 3.3 

Casa Grande 1.0 

Chandler 1.0 

Chinle 2.1 

Chino Valley 2.7 

Clarkdale 2.3 

Clifton 2.6 

Clints Well 4.1 

Colorado City 1.9 

Concho 2.2 

Congress 1.7 

Coolidge 1.0 

Cordes Junction 2.6 

Cottonwood 2.2 

Dewey 2.7 

Dos Cabezas 2.4 

Douglas 1.9 

Duncan 1.7 

Eager 3.7 

Ehrenberg 0.5 

Eloy 1.1 

Flagstaff 3.5 

Florence 1.3 

Florence Junction 1.9 

Fort Grant 2.1 

Fredonia 1.9 

Ganado 2.6 

Gila Bend 0.8 
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Glendale 1.0 

Globe 2.6 

Goodyear 1.0 

Grand Canyon 2.6 

Gray Mountain 2.0 

Greer 4.2 

Heber 3.1 

Hillside 2.6 

Holbrook 1.7 

Hoover Dam 1.0 

Hope 1.0 

Indian Pine 4.1 

Jacob Lake 3.1 

Jakes Corner 2.4 

Jerome 2.6 

Joseph City 1.7 

Kayenta 1.8 

Keams Canyon 2.4 

Kearney 2.1 

Kingman 1.7 

Lake Havasu City 0.5 

Leupp 1.5 

Littlefield 1.2 

Lukeville 1.2 

Lupton 2.2 

Mammoth 2.1 

Marana 1.6 

Marble Canyon 1.7 

Mayer 2.7 

McNeal 1.9 

Mesa 1.0 

Mexican Water 1.8 

Miami 2.8 

Moenkopi 1.7 

Mohawk 0.5 

Morenci 2.6 

Morristown 1.5 

New River 1.5 

Nogales 2.3 

North Rim 4.0 

Oracle 2.3 

Oracle Junction 2.1 

Oraibi 2.0 

Overgaard 3.3 

Page 1.5 

Parker 0.5 

Patagonia 2.5 
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Payson 3.5 

Peach Springs 1.8 

Pearce 1.9 

Peoria 1.0 

Phoenix 1.0 

Picacho 1.3 

Pima 1.6 

Pine 3.9 

Pinedale 3.1 

Prescott 3.2 

Prescott Valley 2.9 

Quartzsite 0.6 

Quijota 1.6 

Robles Ranch 1.8 

Roosevelt 2.3 

Round Rock 1.9 

Safford 1.6 

Salome 1.0 

San Carlos 2.0 

San Luis 0.3 

Sand Manuel 1.9 

San Simon 1.6 

Sanders 2.0 

Sasabe 2.2 

Scottsdale 1.0 

Seba Delkai 1.8 

Second Mesa 1.8 

Sedona 2.4 

Seligman 2.7 

Sells 1.6 

Seneca 3.4 

Sentinel 0.6 

Show Low 3.4 

Sierra Vista 2.0 

Snowflake 2.5 

Somerton 0.3 

Sonoita 2.1 

Springerville 3.7 

Strawberry 4.1 

St. David 2.1 

St. John 2.1 

Superior 2.1 

Taylor 2.5 

Teec Nos Pos 2.1 

Tempe 1.0 

Thatcher 1.6 

Tombstone 2.2 
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Tonalea 1.9 

Tonopah 1.0 

Topock 0.7 

Tuba City 1.7 

Tubac 2.0 

Tucson 1.7 

Valle 2.6 

Wellton 0.5 

Whiteriver 3.6 

Why 1.2 

Wickenburg 1.5 

Wide Ruins 2.2 

Wikieup 1.5 

Wilcox 1.8 

Williams 3.3 

Winkelman 2.1 

Winslow 1.7 

Yarnell 3.1 

Young 3.4 

Yucca 1.2 

Yuma 0.4 
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B.1 Texas Design Program 

#include "libpq-fe.h" 
#include <sstream> 
#include <string> 
#include <iostream> 
//#include <fstream> 
#include <cmath> 
#include <math.h> 
#include "main.h" 
 
using namespace std; 
 
int main(int argc, char **argv) 
{ 
//whether this is for debugging purposes or not 
int test=0; 
 
//delimiter (ie csv, or tsv, or whatever) 
string delim=","; 
 
 
if((argc != 5)  && (argc != 6)){ 
 cout << argv[0] << " [latitude] [longitude] [ESALs] [pavement width]" << endl; 
 cout << '\t' << "Please call the program as referenced above." << endl; 
 cout << "Output is:" << endl; 
 cout << "lat" << delim << "lon" << delim<< "LL" << delim << "PI" << delim << "P200"<< 
delim << "PCLAY" << delim << "LEP"<< delim << "SN" << delim << "PSIt" << delim << "DAM" << 
endl; 
 
 exit(1); 
} 
 
//initialize database connection 
PGconn *conn; 
conn = db_conn(); 
 
 
float lat, lon;  
stringstream slat, slon;  
 
slat <<argv[1];  
slon << argv[2]; 
 
slat >> lat;  
slon >> lon; 
 
 
//get soil index properties from database  
string soil_ll, pi, p200, pclay,lep; 
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string val="ll";  
soil_ll = db_soil(val, conn, lat, lon); 
 
val="pi"; 
pi = db_soil(val, conn, lat, lon); 
 
val="pclay"; 
pclay = db_soil(val, conn, lat, lon); 
 
val="p200"; 
p200 = db_soil(val, conn, lat, lon); 
 
val="lep"; 
lep = db_soil(val, conn, lat, lon); 
 
//get climate information from database 
string tmi_min, tmi_max, tmi_ave; 
 
val = "tmi_min"; 
tmi_min = db_climate(val, conn, lat, lon); 
 
val = "tmi_max"; 
tmi_max = db_climate(val, conn, lat, lon); 
 
val = "tmi_ave"; 
tmi_ave = db_climate(val, conn, lat, lon); 
 
 
if(test==1) 
{ 
 cout << "---Data from Database---" << endl; 
 cout << "LL" <<delim << "PI" << delim << "pclay" << delim << "p200" << delim << "LEP" 
<<endl; 
 cout << soil_ll << delim << pi << delim << pclay << delim << p200 << delim << lep 
<<endl; 
 cout << endl << tmi_max << delim << tmi_ave << delim << tmi_min << delim << endl; 
 cout << "---Data from Database---" << endl << endl; 
} 
 
 
//convert values from strings to floats 
float f_tmimax, f_tmimin, f_tmiave; 
float f_ll, f_pi, f_p200, f_pclay, f_lep; 
 
f_tmimax = atof(tmi_max.c_str()); 
f_tmimin = atof(tmi_min.c_str()); 
f_tmiave = atof(tmi_ave.c_str()); 
 
f_ll = atof(soil_ll.c_str()); 
f_pi = atof(pi.c_str()); 
f_p200 = atof(p200.c_str()); 
f_pclay = atof(pclay.c_str()); 
f_lep = atof(lep.c_str()); 
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//do math to find the pavement thickness below 
 
float S, alpha, Ghwet, Ghdry, Gh, Gs, COLE, temp; 
 
//calculate gamma_h for wetting and drying and gamma_sigma 
COLE = f_lep/100.0; 
temp=pow(COLE/100.0 + 1.0,3); 
Ghwet = temp-1; 
Ghdry = 1-1/temp; 
Gh = (Ghwet+Ghdry) / 2; 
 
float gh_coeff; 
if(argc==5) 
 Gs = Gh; 
else{ 
 gh_coeff = atof(argv[5]); 
 Gs = gh_coeff * Gh; 
} 
 
//Calculate S and alpha 
S=-20.29 + 0.1555*f_ll - 0.0117*f_pi + 0.0684*f_p200; 
alpha=0.0029 - 0.000162*S - 0.0122*Gh; 
 
//Climate Calcs 
float Ue, Umin, Umax, Uomin, Uomax, N; 
Ue = 3.5633 * exp(-0.0051*f_tmiave); 
Umin = 3.5633 * exp(-0.0051*f_tmimin); 
Umax = 3.5633 * exp(-0.0051*f_tmimax); 
N=1.0f/(86400*365) ;// inv(seconds per day * #days in cycle) 
Uomin = Umin - Ue; 
Uomax = Umax - Ue; 
 
if(test==1) 
{ 
cout << "---Calculated Values---" << endl; 
cout << "COLE" << delim << "Gh" << delim << "S" << delim << "alpha" << delim << "Ue" << 
delim<< "Uomin" << delim<< "Uomax"<<delim<<"n"<<endl; 
cout << COLE << delim << Gh << delim << S << delim << alpha << delim << Ue << delim<< 
Uomin<<delim << Uomax<<delim<< N<<endl; 
cout << "---Calculated Values---" << endl << endl; 
 
} 
 
//construct suction vs. depth curves along side the calculations for volume change 
float Z, Uz1, Uz2, dvv, dvv_sh, dvv_sw, k, Sf, Si, sigma, f_wet, f_dry, dvi, sum_dvi, 
depth_moisture; 
float step=1.0; 
Z=0; //depth in cm 
k=0.5; 
sigma=100; //unit weight 
Si = (1+2*k)*sigma*2.62/3; 
sum_dvi=0; 
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depth_moisture=0; 
if(test==1) 
 cout << "Z" << delim << "Uz1" << delim << "Uz2" << delim << "Ue" << delim << "dvv_sw" 
<<delim<<"dvv_sh" <<delim<<"f_wet"<<delim<<"f_dry"<<delim<<"dvi"<<endl; 
 
while ((Z/30.48) < 10) 
{ 
 Uz1=Uz(N, Z, Ue, Uomax, alpha); //wetting, depth in cm 
 Uz2=Uz(N, Z, Ue, Uomin, alpha); //drying, depth in cm 
 
 //calculate the sigma_f values 
 
 if((Z < (2.62*30.48)) ) 
  Sf = (1+2*k)*sigma*(((Z/30.48)/2+((Z+step)/30.48))/2)/3; 
 else 
  Sf = Si; 
 //calculate the volume change 
 dvv_sh = -Ghdry * log10(Uz2/Ue) - Gs*log10(Sf/Si); 
 dvv_sw = -Ghwet * log10(Uz1/Ue) - Gs*log10(Sf/Si); 
 f_wet=0.67-0.33*(Uz1-Ue); 
 f_dry=0.67-0.33*(Uz2-Ue); 
 dvi = (f_wet*abs(dvv_sw) + f_dry*abs(dvv_sh)) * step; 
 
 //determine moisture flux depth 
 if((depth_moisture==0) && ((Uz2-Uz1)/Uz2 < 0.01)) 
  depth_moisture=Z; 
 
 //total volume change 
 sum_dvi+=dvi; 
 if(test==1) 
 cout << Z << delim << Uz1 << delim << Uz2 << delim << Ue << delim << dvv_sw 
<<delim<<dvv_sh <<delim<<f_wet<<delim<<f_dry<<delim<<dvi<<delim << 
depth_moisture<<endl; 
 
 Z+=step; 
} 
 
if(test==1) 
 cout <<endl<< "Total Swell: " << sum_dvi << endl<<"Moisture Depth: " << 
depth_moisture << endl;  
 
//jayatilaka conversion equation 
float d, D, f_e1, f_e2, f_e3, vm1d, f_vm2d, dam, DB; 
vm1d = sum_dvi * 10; //convert movement from cm to mm 
//D=3; 
D=atof(argv[4])/2; //input pavement width when program called 
 
d=D-1; 
DB=0; 
dam=depth_moisture/100; //dam in m 
if(dam==0) 
 dam=3; // fix error of non-convergence 
 
f_e1 = e1(D, dam, Ue, DB, vm1d, f_tmiave); 
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f_e2 = e2(D, dam, Ue, DB, vm1d, f_tmiave); 
f_e3 = e3(D, dam, Ue, DB, vm1d, f_tmiave); 
f_vm2d = vm2d(vm1d, d, D, f_e1, f_e2, f_e3); 
 
if(test==1) 
 cout << endl << f_e1 << delim << f_e2 << delim << f_e3 << delim << f_vm2d << endl; 
 
//do pavement design 
float psi_min, psi, psi_0, rho_s, t, beta_s, lambda, S0, dh, W18, f_Mr, Zr;  
float As, Bs, SN, temp1; 
 
//standard pavement inputs 
W18 = atof(argv[3]); //input traffic load on program start 
 
float f_rval = r_val(f_pi, f_p200); 
float f_svf = svf(lat,lon); 
f_Mr= Mr( f_rval, f_svf); 
if(W18 == 600000) 
 Zr=snorminv(0.90); 
else if(W18 == 1000000) 
 Zr=snorminv(0.95); 
else if(W18 == 12000000) 
 Zr=snorminv(0.99); 
else{ 
 cout << endl << "Check that the traffic load is 600000 | 1000000 | 12000000" << endl; 
 exit(1); 
} 
 
if(test==1) 
 cout << "Zr: " <<Zr << endl << "Mr: " << f_Mr << endl; 
S0=0.45; // per AASHTO  
t=20*12; //time in months 20 years * 12 months/year = 240 months 
psi_0 = 4.5; 
psi_min = 2.5; 
 
//calculated values 
Bs=17.960+4.195*Zr; 
dh = f_vm2d; 
 
SN=1; 
do{ 
 psi=0; 
 SN+=.01; 
 lambda = (0.4 + 1094/(pow(SN+1, 5.19f))) * (log10(W18)-9.36*log10(SN+1)+8.27-
2.32*log10(f_Mr)+Zr*S0); 
 temp = pow(10.0f,-1*lambda); 
 As = t * pow(log(temp),1.0f/0.66f); 
 rho_s = As-Bs*dh; 
 temp1 = -1*pow(rho_s/t,0.66f); 
 psi = psi_0-(psi_0-1.5)*exp(temp1); 
 if(isinf(temp1)) 
  psi = 0; 
 
 if((psi>0) && (test==1)) 
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  cout << SN << delim << temp1 << delim << psi << endl; 
 
 //fix some singularities in the math 
 if(isinf(psi)) 
  psi=0; 
 
 if(isnan(psi)) 
  psi=0; 
 
}while((SN < 20) && (psi < psi_min)); 
 
if(test==0) 
 cout << lat << delim << lon << delim<< f_ll << delim << f_pi<< delim << f_p200<< delim 
<< f_pclay << delim << f_lep<< delim <<SN << delim << psi << delim << dam << delim; 
 
return 0; 
 
} 
 
float Uz(float N, float Z, float Ue, float Uo, float alpha) 
{ // return Uz from the inputs Uo should be negative for wetting and positive for drying 
 float retval; 
 retval = Ue; 
 retval += Uo * exp(-1*sqrt(N*M_PI/alpha)*Z); 
 
 return retval; 
} 
 
 
//equations relating to jayatilaka's equation to determine subgrade deformation at the wheel path 
 
float vm2d(float vm1d, float d, float D, float eta1, float eta2, float eta3) 
{ // return vm2d according to jayatilaka 
 
 float vm2d, temp; 
 
 temp=pow(eta2*d/D,eta3); 
 vm2d=vm1d*eta1*exp(temp); 
 
 return vm2d; 
} 
 
/*all this is in metric 
vm1d (mm) - vertical movement from 1-D program 
DB (m) - depth of barrier 
dam(m) - depth of available moisture 
D(m) - Half width of the pavement 
sm (pF) - mean suction (Ue) 
TMI - thornthwaite moisture index 
*/ 
 
/**************return eta_1****************/ 
float e1(float D, float dam, float sm, float DB, float vm1d, float tmi) 
{  
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float e1, e18, e22; 
 
if(D*2 < 22) 
{ //e18 
 e18 = 0.056 + 1.5872*dam + 0.1244*sm - 0.1936*log(D) - 0.0007139*(vm1d*sm) - 
0.1443*(DB*dam); 
 e1=e18; 
} 
 
if(D*2 > 18) 
{ //e22 
 e22 = 0.3736 + 0.4141*dam + 0.04078*sm - 0.0924*log(D) - 0.000426*(vm1d*sm) - 
0.02584*(DB*dam); 
 e1=e22; 
} 
 
if((D*2 > 18)&&(D*2<22)) 
{ //interpolation between 18 and 22 
 e1=(e18*(22-D)+e22*(D-18)) / 4; 
} 
return e1; 
} 
 
/**************return eta_2****************/ 
float e2(float D, float dam, float sm, float DB, float vm1d, float tmi) 
{  
float e2, e18, e22; 
 
if(D*2 < 22) 
{ //e18 
 e18 = -0.068 + 0.09134*sm - 0.101*DB - 0.000188*tmi*tmi + 0.321*log(D) + 
0.000153*vm1d*sm + 0.000706*vm1d*DB; 
 e2=e18; 
} 
 
if(D*2 > 18) 
{ //e22 
 e22 = 0.0298 + 0.09345*sm - 0.08724*DB - 0.00001643*tmi*tmi + 0.1701*log(D) + 
0.00049*vm1d*sm + 0.000256*vm1d*DB; 
 e2=e22; 
} 
 
if((D*2 > 18)&&(D*2<22)) 
{ //interpolation between 18 and 22 
 e2=(e18*(22-D)+e22*(D-18)) / 4; 
} 
return e2; 
}//end e2 
 
 
/**************return eta_3****************/ 
float e3(float D, float dam, float sm, float DB, float vm1d, float tmi) 
{  
float e3, e18, e22, temp; 
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if(D*2 < 22) 
{ //e18 
 temp = 1.8061 - 0.4397*sm + 0.4711*log(D) + 0.08855*DB*DB - 0.000143*vm1d*tmi + 
0.003022*vm1d*DB - 1.2592*DB*dam; 
 e18 = exp(temp); 
 e3=e18; 
} 
 
if(D*2 > 18) 
{ //e22 
 temp = 3.5562 - 0.8125*sm + 0.3707*log(D) + 0.05649*DB*DB - 0.000306*vm1d*tmi - 
1.6175*dam - 0.4207*DB*dam; 
 e22 = exp(temp); 
 e3=e22; 
} 
 
if((D*2 > 18)&&(D*2<22)) 
{ //interpolation between 18 and 22 
 e3=(e18*(22-D)+e22*(D-18)) / 4; 
} 
return e3; 
} 
 
/********* STANDARD PAVEMENT DESIGN EQUATIONS *****/ 
 
float r_val(float pi, float p200) 
{ 
float r_val, temp; 
temp = 2-0.006*p200-0.017*pi; 
r_val = pow(10,temp); 
 
return r_val; 
} 
 
float Mr(float r_val, float svf) 
{ 
float Mr; 
Mr = (1815 + 225*r_val + 2.4*r_val*r_val)/(0.6*pow(svf,0.6f)); 
if (Mr > 26000) 
        Mr = 26000; // per adot and AASHTO? 
 
return Mr; 
} 
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B.2 ADOT Design Program 

#include "BStat.h" 
#include "main.h" 
#include <iostream> 
#include <fstream> 
#include <sstream> 
#include <string> 
#include <cmath> 
 
using namespace std; 
 
int main(int argc, char **argv) // the main function is used for data input the adot function actually 
does the calculation; 
{ 
 
string delim = ","; 
// what to do with input parameters 
 
 
if(argc < 4){ 
 cout << argv[0] << " lat lon esals" << endl; 
 cout << "Output is:" << endl; 
 cout << "lat" << delim << "lon" << delim << "P200" << delim << "PI"<< delim << "SVF" << 
delim << "R_val" << delim << "Mr" << delim << "SN" << delim << "ESALs" << endl; 
 
 return 1; 
} 
 
//some variables I need 
PGconn *conn; 
 
float p200, pi, svn, esals, lat, lon; 
string line; 
 
lat = atof(argv[1]); 
lon = atof(argv[2]); 
esals = atof(argv[3]); 
 
conn = db_conn(); 
 
 
//where data comes from 
 
line = db_soil("p200",conn,lat,lon); 
p200 = atof(line.c_str()); 
 
line = db_soil("pi", conn, lat, lon); 
pi = atof(line.c_str()); 
 
svn = svf(lat, lon); 
//cout << "SVF= " << svn << endl; 
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cout << lat << delim << lon << delim ; 
 
adot( p200, pi, svn,  esals); 
 
 
return 0; 
} 
 
int adot(float p200, float pi, float svn, float esals) 
{ 
//whether to test 1=test, 0=don't; 
int test=0; 
 
string delim = ","; 
 
//r_val calc; 
float r_val, temp; 
temp = 2-0.006*p200-0.017*pi; 
r_val = pow(10, temp); 
 
if(test==1) 
 cout << "Rval=" << r_val << endl; 
 
//Mr calc; 
float Mr;  
Mr = (1815 + 225*r_val + 2.4*r_val*r_val)/(0.6*pow(svn,0.6f)); 
if (Mr > 26000) 
 Mr = 26000; // per adot and AASHTO? 
 
if(test==1) 
 cout << "Mr=" << Mr << endl; 
 
 
//ac analysis 
float psi_o, psi_f, ac_coef, st_dev, SN, diff, last_diff, esal_temp; 
 
double reliability, rel_inv; 
 
psi_o=4.5; 
psi_f=2.5; 
st_dev=0.4; 
 
if(esals == 600000) 
 reliability = 0.90; 
else if(esals == 1000000) 
 reliability=0.95; 
else if(esals == 12000000) 
 reliability=0.99; 
else{ 
 cout<< endl << "Please check that the input esals are 600000 | 1000000 | 12000000 " << 
endl; 
 exit(1); 
} 
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rel_inv = normsinv(reliability); 
 
if(test==1) 
 cout << "rel_inv=" << rel_inv << endl; 
 
 
//find the difference in esals to be the closest 
 
SN=0; 
diff=100; 
esal_temp=0; 
 
int i=0; 
 
do { 
SN+=0.01; 
i+=1; 
temp=-rel_inv*st_dev; 
temp+=9.36*log10(SN+1)-0.2; 
temp+=(log10((psi_o-psi_f)/(4.2-1.5)))/(0.4+1094/(powf(SN+1,5.19))); 
temp+=2.32*log10(Mr)-8.07; 
esal_temp=powf(10,temp); 
last_diff=diff; 
diff=abs(esal_temp-esals)/esals; 
if(test==1) 
 cout << "SN=" << SN << '\t' << "diff=" << diff << '\t'<< "ESALs=" << esal_temp << endl; 
}while ((esals > esal_temp)); 
 
if(test==0) 
 cout << p200 << delim << pi << delim << svn << delim << r_val << delim << Mr << delim 
<<SN << delim << esal_temp << endl; 
 
return 0; 
} 

 

 


