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SUMMARY 

This report summarizes the results of an asphalt concrete mixture 
design analysis study which incorporates material property tests which can 
be "rationally" linked to actual field performance. In this case, the 
term ''rational" literally means that the material properties evaluated in 
the mixture analysis can be used together with a layered elastic pavement 
model and empirical formula which relate mechanistic parameters from the 
layered elastic analysis to observed performance. The procedures proposed 
in this study are to be used in conjunction with the current Texas State 
Department of Highways and Public Transportation (SDHPT) method of mix 
design in a complimentary fashion. 

Three major modes of distress: 1) rutting, 2) flexural fatigue 
cracking, and 3) low temperature cracking, were addressed in this report 
through mixture characterization, pavement structural modeling and a 
series of failure criteria. 

Analytical results indicate that structural arrangement of pavement 
layers and environmental factors have significant effects on the perfor­
mance of the asphalt concrete mixture. 

A significant contribution of this study was the development of a 
methodology by which to evaluate compression creep testing in the· 
characterization of the deformation potential of hot mix asphalt concrete. 
Specifically, a simplified method was proposed by which to correct for the 
nonlinear stress dependency of asphalt concrete mixtures in compressive 
creep testing and analysis. 

Field evaluation of the criteria developed in this study was con­
ducted on a limited basis. This verification phase will be greatly 
enhanced through other TTI studies including Studies 1170 and 1121. 
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IMPLEMENTATION 

In this report, a methodology is introduced which can be used to 
evaluate the performance potential of asphalt concrete paving mixtures. 
The methodology is not a replacement for the present Texas method of 
mixture design, but an extension of the present method. 

At present, all findings do not warrant immediate implementation into 
the mix design/analysis procedure. This is because verification has not 
been completed. However, the research does demonstrate that: 

a) A compressive creep and creep recovery test has been success­
fully developed to characterize hot mix asphalt concrete 
mixtures. 

b) The methodology of analysis of compressive creep data and 
presentation of these data in a format which can be used to 
ascertain deformation potential has been developed. 

c) The methodology of assessing the potential of asphalt concrete 
mixtures based on compressive creep testing and data analysis 
has been successfully accomplished and is ready for implementa­
tion on a limited basis. This limited implementation should be 
associated with data collection and the verification process. 

This research has also identified areas where more research is 
required to fully develop parts of the mixture design/analysis procedure. 
These areas of additional research are: 

a) Evaluation of a more fundamentally sound methodology to assess 
mixture stiffness to be used in evaluating thermal fracture 
potential. 

b) Evaluation of permanent deformation potential based on the Mohr­
Coulomb failure criteria. 

c) Evaluation of a procedure by which to directly measure flexural 
fatigue potential in an efficient, effective manner in lieu of 
simply predicting fatigue based on an algorithm relating fatigue 
life to mixture stiffness and strain level within the pavement 
structure. 
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The findings in this research are positive and indicate that a 
substantially verified methodology by which to design/analyze asphalt 
concrete mixtures based on potential performance within a specified 
category of structural pavement is at hand. 

The methodology by which to evaluate deformation within the asphalt 
concrete is now partially implementable as explained above. Implementa­
tion of procedures to evaluate flexural fatigue potential and low tempera­
ture cracking show great promise but must await additional research in 
Project 1170. 

The potential savings which may result by extending the asphalt 
mixture design/analysis to a ~ore complete and sensitive decision-making 
process are immense. The procedure presented in this report allows the 
engineer to evaluate, through a "rational" process, the influence of 
changes in mixture variables and the alteration of mixtures through the 
addition of asphalt modifiers. 
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DISCLAIMER 

The contents of this report reflect the views of the authors who are 
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CHAPTER I 

INTRODUCTION 

Background 
The design of hot mix asphalt concrete (HMAC) mixtures has been a 

trial and error process for a relatively long period of time. During the 
last four decades, two major methods of mix design have emerged as those 
most commonly used by asphalt paving technologists. The evolution of the 
Hveem (1) and Marshall (Z) methods was based on empirical criteria asso­
ciated with simple laboratory procedures. 

There are many variations of these basic methods in use among 
highway agencies. Figure 1 illustrates the distribution of mix design 
methods used in the United States. The Texas State Department of Highways 
and Public Transportation (SDHPT) has its own unique method of mix design 
(~) which utilizes a modified Hveem Procedure. 

According to the Asphalt Institute (1), all mix design procedures 
must provide the following: 

a) Sufficient asphalt to ensure a durable pavement. 
b) Sufficient mix stability to satisfy the demands of traffic 

without distortion or displacement. 
c) Sufficient voids in the final compacted mix to allow for a 

slight amount of additional compaction due to traffic 
loading without flushing, bleeding and loss of stability, yet 
enough voids to keep out harmful air and moisture. 

d) Sufficient workability to permit efficient placement of the mix 
without segregation or shoving. 

Empirical methods of mix design currently in use have proven to be 
inadequate to address in-service performance problems associated with 
variations in the crude source and refining processes, use of additives 
(Q), type of mix, and current trends toward heavier traffic loads and 
higher tire pressures (I). In these empirical proceduresr mixture 
performance in the field is not related to fundamental engineering 
properties measured in the laboratory. 
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Figure 1. Distribution of mixture design methods used in the 
United States (after Reference 5). 
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During the past two decades, the problems associated with purely 
empirical methods have led researchers to develop methods based on 
mechanistic parameters. 

The objective of this study has been to develop an integrated mix 
design and analysis procedure which addresses different modes of HMAC 
distress in terms of mechanistic parameters. Throughout this research, 
the main emphasis has been the permanent deformation or rutting characte­
rization of HMAC. 

Shell researchers (~, ~) pioneered the use of a simple static load 
creep test for predicting permanent deformation and rutting. The creep­
recovery parameters explain the resistance of HMAC to deformation (i.e. 
stability) in terms of basic engineering parameters such as stiffness, 
stress, and strain. 

In the last five years, interest has grown among researchers and 
state highway agencies in the use of the creep test for assessing rutting 
potential. The most notable of such agencies are the North Dakota Highway 
Department (1.Q, 11), the Georgia Department of Transportation (12), and 
the Texas SDHPT (_11, 14). 

Another trend in recent years has been the development of a procedure 
which brings the mix design and structural design of pavements into an 
integrated system. This was the main theme of the 1985 Association of 
Asphalt Pavement Technologists (AAPT) mix design symposium (~) and also 
the 1986 American Society for Testing and Materials (ASTM) mix design 
conference (1§.). 

Presently, Brent Rauhut Engineering (BRE) and Texas A&M researchers 
are working on a study which is funded by the National Cooperative Highway 
Research Program (NCHRP). This study, "Development of Asphalt-Aggregate 
Mixture Analysis System (AAMAS)," will provide guidelines for all aspects 
of HMAC mixture design (ll). 

Texas Mix Design Methodology 
In the present Texas method of mix design (~), the basic philosophy 

is to produce a mix with adequate Hveem stability and a target air void 
content of three percent. The latter is supposed to represent the void 
content in the pavement after the second summer in service. Item 340 of 
the Texas SDHPT Construction Specifications (18) also requires that 
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aggregate used in hot mix asphalt concrete have adequate polish resis­
tance, a minimum amount of crushed surfaces, and/or possess surface micro­
texture which reproduces itself upon wearing. An attempt to eliminate 
unstable and harsh, i.e., unworkable, mixes is made by introducing 
gradation specifications. In addition, a target window has been esta­
blished for mid-sized aggregate (finer than the #10 sieve, but coarser 
than the #40 sieve) together with tight control over the mineral filler 
(minus #200 sieve portion) as a further attempt to guarantee optimum 
mixture workability and stability. 

The Texas gyratory-shear method of compaction is used in specimen 
fabrication. This method closely simulates the kneading action of roller 
compactors and traffic and produces a laboratory mix density similar to 
what would be produced in the field following two summers of traffic. 
Traffic-induced densification has been investigated by the AAMAS research 
team (lI). Researchers used the Texas gyratory-shear compaction device at 
different levels of compaction in an effort to simulate the compacted mix 
cored from the field. The ability of the gyratory compactor to produce 
the densification and material properties similar to those developed 
through field compaction, proved better than that of other traditionally­
used laboratory compaction devices. 

Durability of asphalt concrete is primarily a function of air voids 
content which is controlled by asphalt content, compactive effort, and 
aggregate gradation. Figure 2 shows, schematically, how the selection 
process of the optimum asphalt content is dependent on the judgement of 
the design engineer (19). The introduction of new binders, asphalt 
modifiers, and marginal aggregates further complicates the matrix and 
makes it even more difficult to rely on the old, purely empirical and 
judgmental design methods. 

Recent computational advancements have made pavement structural 
analysis a routine task. Numerous analytical techniques have been used by 
researchers to investigate the effect of tire pressure (I), distribution 
of loads (20), etc., on pavement service life. Structural arrangement of 
pavement layers and bonding among layers has been shown to have a signifi­
cant effect on the distribution of stresses within a pavement (.fl, 22). 
The magnitude and distribution of these stresses are responsible for the 
manifestation of different modes of pavement distress. Therefore, it 
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becomes clear that an improved mix design rationale should account for the 
structural pavement system within which the asphalt concrete layer is to 
be integrated. 

For the first time, this research study introduces mix design 
guidelines tailored to specific structural configurations and 
environmental conditions commonly encountered in the State of Texas. 
These guidelines are assigned based on a set of acceptance criteria for 
three major modes of distress: 

a} Rutting. 
b} Load-related fatigue. 
c} Low-temperature cracking. 

The rutting criteria was given more attention than the others which 
were developed based on existing approaches found in the literature. In 
addition to these acceptance criteria, structural soundness of the 
pavement was based on its ability to protect the subgrade from excessive 
deformation. 

Significance and Objective of Research 
This research study describes the development of an extended and 

comprehensive asphalt concrete mixture design procedure, which is to be 
used as a supplement to the current Texas method (l). Once the density, 
air void content, stability, and optimum asphalt content are determined, 
the extended procedure allows the engineer to evaluate the mix with 
respect to a series of acceptance criteria: l)subgrade protection; 2) 
fatigue cracking; 3)rutting potential; and, 4) thermal cracking. 

This extended procedure is based upon fundamental engineering 
properties such as: creep-recovery behavior, resilient modulus, and 
tensile strength. Throughout this study, analyses were conducted using 
layered-elastic pavement models and the results evaluated in conjunction 
with realistic material properties and the most widely accepted failure 
criteria. This should insure a more fundamental link between laboratory 
measurements and field performance. 
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Research Approach 
The philosophy of this extended procedure is to design a hot mix 

asphalt concrete (HMAC) that will provide a sufficient level of stiffness 
to protect the vulnerable subgrade by proper distribution of vertical 
compressive stresses. At the same time, however, there is a trade-off 
between the stiffness of HMAC and its flexibility. An adequate level of 
flexibility must be demonstrated by the HMAC for it to resist load­
induced, flexural fatigue. 

Once the stiffness/flexibility properties of HMAC are determined to 
be acceptable, the permanent deformation potential of HMAC can be assessed 
by means of a constant-stress creep analysis. 

Finally, the low-temperature fracture potential is evaluated based on 
stiffness and tensile strength. The temperature sensitivity of the 
stiffness is characterized by variation of the diametral resilient 
modulus with temperature. The tensile strength is also evaluated diame­
trally (under monotonic loading) over a range of temperatures and at a 
slow rate of loading to simulate the diurnal thermal contraction process 
in the pavement. 

The material properties which determine the success or failure of a 
pavement layer cannot be assessed without consideration of the pavement 
structure. A wide variety of pavement structures exist in the Texas SDHPT 
inventory. However, separation of pavement structures into representative 
categories is not only possible but appropriate. The approach used in 
this research was to identify four distinctive categories of pavement 
structures. The stress distributions within these pavement structures are 
typical and represent those that a Texas SDHPT engineer would encounter. 

The four pavement structures listed below represent the four pavement 
types used in the development of acceptance criteria in this study. 
Asphalt concrete mixtures were evaluated based upon their performance 
within a selected category. This research verifies that assessments based 
on performance within the structures identified are conservative. 

are: 
The structural categories and representative pavement cross-sections 

a) Thick flexible pavements: 10 in. asphalt concrete, 12 in. 
crushed limestone base, subgrade (weak, moderate, or soft). 
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b) Thin flexible pavements: 3 in. asphalt concrete, 6 in. crushed 
limestone base, subgrade (weak, moderate, or soft). 

c) Intermediate flexible pavements: 4 in. asphalt concrete, 12 in. 
crushed limestone base, subgrade (weak, moderate, or soft). 

d) HMAC overlaying a portland cement concrete pavement (PCCP): 6 
in. asphalt concrete, 8 in. PCCP, subgrade (weak, moderate, or 
soft). 

The results of this study are presented as a series of charts and 
nomographs in a user-oriented package for the Texas SDHPT HMAC design 
engineers. The nomographic s~lutions allow the engineer to extend this 
methodology beyond the four pavement structures presented herein as 
representative of distincitive pavement categories in Texas to a specific 
pavement structure. 
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CHAPTER II 

OVERVIEW OF METHODOLOGY 

Background 
This chapter presents a brief and general overview of the methodology 

incorporated in the proposed asphalt concrete mix design/analysis proce­

dure. The methodology may be broken down into four phases: 

a) Mixture design in accordance with Test Method TEX-204-F (~). 
b) Stiffness characterization related to: 

1) threshold resilient modulus for subgrade protection, and 
2) stiffness/flexibility analysis for flexural fatigue 

evaluation. 
c) Permanent deformation potential analysis. 

d) Thermal cracking analysis. 

A thorough explanation of Test Method TEX-204-F is given in Reference 

3. The following sections introduce the methodology outlined above. 

Stiffness Characterization 
The main purposes of asphalt concrete surface layers are to: 1) 

prevent moisture from penetrating into underlying layers; 2) protect 
underlying materials (especially the subgrade) from being overstressed; 
and, after accomplishing 1 and 2, 3) provide an "acceptable" riding 
quality. The HMAC is normally the stiffest layer in the pavement struc­
ture and thus is the layer which contributes most effectively to distribu-

tion of vertical compressive stresses. 
Proper distribution of vertical stresses is achieved through the use 

of stiffer HMAC layers. There is a life cycle cost penalty associated 
with this approach; that is, stiffer HMAC layers may exhibit shorter 
fatigue lives. Consequently, a trade-off situation exists with regard to 
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the mixture stiffness and service life which will be discussed in the 
following sections. 

Threshold Resilient Modulus 
The "acceptable" distribution of vertical compressive stresses 

within the pavement is achieved through a combination of layer moduli in 
which each layer is normally stiffer than the layer below. The general 
approach to insure that the HMAC layer provides adequate stiffness for 
subgrade protection is illustrated in Figure 3. Subsequent to applying 
Test Method TEX-204-F, the analysis for HMAC threshold modulus is ini­
tiated. The resilient modulus of the HMAC is evaluated over a range of 
temperatures to allow the engineer to select the moduli which corresponds 
to an applicable pavement temperature range in the field. 

The methodology also accounts for the type of pavement structure in 
which the HMAC is to be placed. Figure 4 shows different pavement 
categories that are included in this study. Structural adequacy in terms 
of the threshold resilient modulus for vertical compressive stress 
distribution is checked with the aid of charts similar to Figure 5. These 
charts, which are presented in Chapter V, were developed for each struc­
tural pavement category, account for: a) traffic level in terms of the 
number of 18 kip equivalent single axle load (ESAL) standard axle passes; 
and b) the level of subgrade strength. 

Flexural Fatigue 
Once an adequate level of HMAC stiffness is achieved with respect to 

the subgrade protection criteria, the fatigue resistance of the mixture is 
analyzed in order to insure a proper stiffness/flexibility balance. 
Figure 6 depicts the methodology by which the load-induced fatigue life of 
the HMAC layer is evaluated. 

The first step, which calls for the evaluation of the HMAC stiffness 
at the mean annual pavement temperature (MAPT), is illustrated in Figure 
7. Based on this selected value of HMAC stiffness, measured in terms of 
resilient modulus, the induced tensile strain at the bottom of HMAC layer 
is evaluated. This repeated load-induced tensile strain, ·the primary 
cause of load-induced fatigue cracking, is evaluated from a series of 
charts developed for each category of pavement structure (Figure 8). 
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Figure 3. Flow chart for providing acceptable resilient modulus of 
HMAC in order to provide protection for weaker sublayers. 
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Figure 4. Illustration of pavement structural categories. 
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These charts were developed using the results of over a hundred layered 
elastic computer runs. The final step in fatigue life evaluation is 
illustrated in Figure 9 employing flexural fatigue criteria which will be 
discussed in detail later. 

Permanent Deformation 
A flow chart summarizing the methodology incorporated in the perma­

nent deformation evaluation is presented in Figure 10. As before, the 
first step is to generate the mix design in accordance with the existing 
Texas method of mix design, Test Method TEX-204-F (~). 

The static creep and recovery tests are required to evaluate resis­
tance to permanent deformation potential. The data from this simple test 
are collected in terms of deformations, both recoverable and irreco­
verable, as a function of time. The irrecoverable portion of deformation 
is responsible for rutting; and by normalizing this viscoplastic deforma­
tion for laboratory stress conditions, a new parameter called viscoplastic 
stiffness is defined. Through the use of this parameter, rutting poten­
tial may be characterized by a series of charts on which actual creep/­
recovery data are plotted. Depending upon the position of the data plots 
on the appropriate rutting criteria chart, one can adjust the potential of 
rutting from laboratory to field conditions. Figure 11 and 12 depict this 
process schematically. The mix under analysis is acceptable as its 
viscoplastic stiffness plot does not transgress into any regions represen­
ting areas of an unacceptable or questionable level of permanent deforma­
tion. Rutting criteria charts were developed for the four different 
classes of pavement structure with different levels of surface layer and 
subgrade stiffnesses addressed within. 

Thermal Cracking 
Low-temperature cracking of HMAC is evaluated in this procedure by 

the indirect tensile (IDT) failure envelope concept. Figure 13 
illustrates the steps involved in the procedure. The conditions under 
which the failure envelope is developed simulate those that thermally 
activate pavement contractions. The laboratory measured failure envelope 
is plotted on the proper acceptance criteria chart and the acceptance or 
rejection decision is made based upon the position of the failure envelope 
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on the chart. 
Thermal cracking criteria charts used to judge the IDT failure 

envelope are selected according to: a) the resilient modulus versus 
temperature relationship; and, b) the climatic regions of Texas in which 
the pavement will function. Utilizing the extensive body of existing 
resilient modulus versus temperature data, collected over the years at 
Texas A&M, different categories of response were established (Figure 14). 
A given mix will fall within one of the different regions based on its 
resilient modulus sensitivity to temperature. The proper, thermally­
induced stress condition chart representing the climatic region of 
interest is selected next as a function of the modulus-temperature 
sensitivity region (Figure 15). Finally, the tensile strength failure 
envelope is superimposed on the proper low-temperature cracking chart 
(Figure 16), which is a function of modulus-temperature sensitivity 
(Figure 14) and climatic region. 

In order to produce a mix more resistant to thermal cracking, it is 
necessary to achieve a balance between: a) tensile strength and b) 
resilient modulus. A softer mix at low temperature is more resistant to 
thermally-induced fracture than is a stiffer mix. Thus, an iterative 
process needs to be applied. If the stress envelope transgresses the 
selected boundary curve, mixture alterations are required to optimize the 
tensile strength versus resilient modulus relationship in order to promote 
resistance to thermal cracking. 
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CHAPTER III 

TEMPERATURE EFFECTS 

Background 
Mechanical behavior of asphaltic materials are highly dependent upon 

the temperature and the rate of loading. At higher temperatures, for a 
given loading rate, the HMAC is less stiff, hence it is less likely to 
adequately protect the base and the subgrade from being overstressed. 
Within the HMAC layer itself, resistance to permanent deformation drasti­
cally decreases at higher temperatures. At lower temperatures, HMAC is 
stiffer, and coupled with thermally-induced volume contractions, rela­
tively high tensile stresses are mobilized which can lead to a greater 
potential for thermal cracking. 

Texas Temperature Data 
The climatic conditions across the State of Texas must be adequately 

accounted for in an extended analysis of a mix design procedure. 
Extensive temperature data are available from the State Climatologist 
(23). Examples of such data are illustrated in Figures 17, 18, and 19. 
This type of information was used as background in the development of 
temperature profiles within the actual pavement structures. 

Researchers at Texas A&M University (24) have developed a regression 
model based on an extensive volume of weather data which predicts air 
temperature at any locality within Texas at any time during the year. The 
model then translates the predicted air temperature into pavement tempera­
ture profiles which are expressed as a function of depth for any category 
of pavement structure. 

The regression model, which has been developed based on the 180 
hottest days of an average year within the 30 years of the weather data 
studied, is divided into two important periods: one representing the 
daytime; another representing the nighttime. The representative R2 

values for these regression models for HMAC varying from 2 to 5 inches 
are all above 0.98. The general forms of the model are: 
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where: 

and 

where: 

T = temperature at the center of each sub-layer, 
x = period of year (x =I, 2, ... , 36), 
y = hour of the day (y > 7 and y < 19), 
z = sublayer (z =I, 2, ... , n), and 
a's regression constants, 

T = 

x = 

y = 

temperature at the center of each sub-layer, 
period of year (x =I, 2, ... , 36), 
hour of the night (y < 7 and y > 19), 

z = sublayer (z =I, 2, ... , n), and 
b's regression constants. 

These regression models offer the possibility of a comprehensive 
rutting prediction package in which one can superimpose the effect of 
traffic on the temperature. This can be done through an algorithm 
capable of performing a stepwise integration of traffic and temperature 
factors over the range of the common variable of time in a rutting model. 
A tentative procedure which was outlined by Li (24) offers the necessary 
tools for such an approach. 

In the temperature analyses by climati·c categories, the State of 
Texas was broken into four relatively distinct geographical regions 
(Figure 20). The study by Li (24) verifies that these four regions are 
statistically distinct for a mixture analysis of the type developed in 
this study. Temperature profiles for all four categories of pavement 
structure were generated for each climatic region within Texas. This was 
done using Texas weather data presented in Figures 17 through 19. 
Temperature profiles were generated using the methodology which was 
presented by Shell researchers (25). 

For the rutting analysis, it was decided to select the hottest 
profile to represent the conservative case. The average condition of 
these hot profiles are summarized in Table I. These average hot profiles 
are similar to those presented by Morris et al. (26), whose assumptions 
were assumed to be valid for this study: 
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Table 1. Design pavement temperatures for permanent deformation 
analysis derived from pavement temperature profile analysis. 

Pavement Structural Category 
., 

Thin Flexible Intermediate Thick Flexible HMAC/PCCP Overl a_y 

I 94* 95 90 92 
c: 
0 ..... 
C'I II 110 l 06' 102 l 04 C1l c: 
<..> .,... ....., 

III 107 105 100 102 ra 
5 ..... ,.... 
u 

IV 110 l 06 102 104 

* Temperatures are in degrees Fahrenhett 
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Figure 20. Temperature regions within Texas used in 
thermal analysis (after Reference 24). 
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a) Permanent deformation occurs daily over the time interval from 

0730 to 1730 hours. 
b) Permanent deformation occurs only in the period from April to 

October, inclusive. 
c) Permanent deformation can be ignored at temperatures below 

50°F. 
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CHAPTER IV 

SPECIMEN FABRICATION TECHNIQUES 

Background 
The effect of specimen fabrication parameters on material charac­

terization was investigated. A simple factorial study was conducted in 
order to consider mixing and compaction parameters such as: mixing 
temperature, compaction temperature, and method of compaction. The 
gyratory compactor is currently specified in Test Method TEX-204-F and 
unless clear justification is provided, it would be disruptive to change 
compaction procedures. 

Furthermore, there is a growing consensus that the gyratory method of 
compaction more closely duplicates what actually occurs in the field 
during hot mix compaction (27, 28). In fact, the National Cooperative 
Highway Research Program (NCHRP), through the Asphalt Aggregate Mixture 
Analysis System (AAMAS) Project, is investigating the effects of various 
laboratory compaction methodologies such as Marshall impact, kneading, 
rolling wheel, and static compaction, on the void structure and engineer­
ing properties of asphalt mixtures. Based on the results of field­
compacted and laboratory-compacted specimens, a decision will be made by 
AAMAS researchers as to which laboratory compaction method most closely 
simulates field compaction. Preliminary results from the AAMAS study 
indicate that the gyratory method of compaction is more consistent with 
actual field compaction based on air void content, density, and material 
properties of indirect tensile strength and resilient modulus (17). It 
was because of the breadth of the NCHRP study that an extensive comparison 
of compaction techniques was not included in this study. 

Compaction Experiments 
The objective of this phase of research was to select and recommend a 

"proper" method of compaction compatible with the new improved mix design 
procedure. Arrangements were made for either using the existing gyratory 
method or to propose a new method of compaction. 

Laboratory specimens were fabricated using only two techniques: the 
Texas gyratory compaction, and mechanical Marshall impact compaction. 
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The gyratory compactor was selected because it is currently used for all 
Texas SDHPT mix design work. The mechanical Marshall impact compactor was 
selected because it is the most widely used among the bituminous community 
and it offers a different and simple alternative for comparison. 

These experiments included two factors: 

a) Method of compaction (two levels); 
1) Texas gyratory {Test Method TEX 204-F), and 
2) Marshall impact (ASTM 1559). 

b) Compaction temperatures (three levels); 
1) 175°F, 
2) 250°F, and 
3) 300°F. 

Each experimental cell contained three replicates so that statis­
tically, it was possible to search for the compaction temperature at 
which the random variability in mechanical behavior of the HMAC, caused 
by non-uniform compaction, is minimized. The objective of this experiment 
was to select the method of compaction which would result in less random 
variability (noise) and therefore more uniform, laboratory-compacted 
specimens. 

Mixing temperature was not included in this experimental matrix. 
Instead, the results of a recent study conducted at the University of 
Texas at Austin (UT) were used in this study (27, 28). Researchers at U) 
compared mixtures prepared in continuous dryer plants with batch plant 
mixes. They concluded that as long as the operating temperatures are 
within a "reasonable range," the mixing temperature does not significantly 
affect the engineering properties of HMAC - see Figures 21 through 24. 
The parameters which were investigated in the UT study included: density, 
Hveem stability, and tensile strength. None of these parameters were 
significantly affected by mixing temperatures ranging from 180°F to 320°F. 
Tahmoressi (27) concluded that the in-place field density had the most 
effect on engineering properties of hot mix. 

Indirect tensile (IDT) tests were conducted on specimens manufactured 
by Marshall and Texas gyratory devices. The results are tabulated in 
Tables 2 and 3. Figures 25, 26, and 27 are graphical representations of 
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Table 2. Indirect tensile results for specimens compacted according 
to the Marshall method. 

Compaction Tensile Strain at Average 
Temperature, Strength, Failure, Percent 

OF psi x 10- 3 in/in Air Voids 

175 75.47 4.67 
76.62 3.75 7.74 
78.04 4.63 

250 106.59 3.69 
115.76 3.56 5.14 
116. 91 3.13 

300 140.57 3.13 
137.17 3.13 3.44 
138. 71 3.00 

Table 3. Indirect tensile results for specimens compacted 
according to the Texas gyratory method. 

Compaction Tensile Strain at Average 
Temperature, Strength, Failure, Percent 

OF psi x lo- 3 in/in Air Voids 

175 90.51 4.56 
95.59 4.25 2.52 
91.59 4.00 

250 106.86 4.06 
106.79 3.75 2.51 
109.76 3.75 

300 110.52 4.38 
113.47 3.44 1.42 
121. 73 3.44 
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these data. 
Statistical analyses were carried out to determine which method of 

compaction minimized variability in engineering properties of HMAC. The 
analyses were based on the stress at failure (tensile strength) and 
strain at failure. Tests for statistical significance were conductedusing 
the hypothesis of equality of variance between the two methods. The level 
of significance was set at 95% (a= 0.05). The statistical analyses led 
to the following conclusions: 

a) Random variability (noise) in the tensile strength and strain at 
failure is unaffected by the method of compaction. 

b) Variability in the air void content over the range of compaction 
temperatures was significantly lower for the gyratory compacted 
specimens. Therefore, it appears that the Texas gyratory method 
of compaction produces specimens that are more uniform. 

As a result of these analyses, the Texas gyratory compaction device 
was selected for sample fabrications. This was also done with the added 
confidence that it realistically approximates field compaction and 
produces samples with acceptable variability when compared to one other 
widely-~sed compaction method. 

During the course of this study, it was determined ~hat laboratory­
manufactured specimens should be compacted to different levels of air void 
content: a) 6-8% air void content representing conditions immediately . 
after construction; and, b) 2-4% air void content representing in-service 
mixtures after two years of traffic-induced densification. 

This rationale, which should be the topic of future research studies, 
could lead to a better characterization of premature failure of tender 
mixtures. In this regard, a Mohr-Coulomb-type failure envelope methodo­
logy can be utilized effectively. This is one topic of investigation of a 
follow-up study, TTI Project 1170. 
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CHAPTER V 

MIXTURE STIFFNESS REQUIREMENTS 

In a pavement system, the stiffness of an asphalt layer plays a 
critically important role in the distribution of stresses throughout the 
sublayers. Deformation characteristics of HMAC, both recoverable and 
irrecoverable, are greatly influenced by its stiffness. The irrecoverable 
portion of deformation, plastic and viscoplastic, in the asphalt layer is 
analyzed extensively in Chapter VI. 

This chapter addresses the pseudo-elastic responses in the pavement 
structure which are heavily influenced by the HMAC, specifically, tensile 
strains within the HMAC layer, and vertical compressive stresses and 
strains at the top of the subgrade. These parameters are primarily 
controlled by layer thicknesses and layer moduli ratios for a given wheel 
load (i.e., 18 kip single-axle load). An iterative process is presented 
in this chapter for f{nding a threshold resilient modulus for the asphalt 
layer which will maximize subgrade protection and fatigue life. 

Excessive Subgrade Deformation 
The primary function of any pavement structure is the protection of 

the subgrade from high compressive stresses which induce permanent 
deformation within the subgrade, and in turn, pavement roughness. 

Three categories of subgrades were included in this analysis: weak, 
moderate, and stiff. The approximate engineering properties of the three 
categories of subgrades are given in Table 4. 

Table 4. Subgrade classification table. 

Engineering Properties 

Types of Resilient CBR Texas 
Subgrade Modulus (psi) (%) Triaxial (class) 

Weak 3,000 2 5.5 

Moderate 7,500 5 4.5 

Strong 15,000 10 3.5 

46 



Shell researchers state that the number of 18 kip axle passes which 
will produce a 3/4 inch rut depth in the wheel path can be approximated by 
the following relationship as reported by Monismith and Finn (29): 

where: 

N18 = 6.15 x lQ- 7 

number of 18 kip axle passes to cause a 3/4 inch 
subgrade deformation, and 

€ 3 vertical compressive strain at the top of the 
subgrade. 

(3) 

There are other subgrade rutting models similar to the Shell model. 
The comparisons of these are shown in Figure 28 (Reference 25). All of 
these models are empirical; however, they are performance-based. 
According to these models, a threshold or minimal resilient modulus of the 
HMAC layer is required to protect the softer, lower layers from being 
overstressed. 

A series of charts was developed for determination of threshold 
resilient moduli for the four classes of pavement structures discussed 
earlier. The ensuing analytical evaluations were accomplished using a 
layered elastic computer model called CHEVPC (30). The results are pre­
sented in Figures 29 through 32. From these charts, one can select the 
minimum level of HMAC stiffness, measured in terms of its resilient 
modulus. 

If the laboratory-measured resilient modulus is less than the 
required threshold value, some mixture alterations may be necessary. 
These alterations may include a change in asphalt cement (AC) grade and 
content, aggregate gradation modifications, or a combination of both. 

Analyses of threshold resilient moduli are to be conducted at the 
mean annual pavement temperature. A simple chart is provided in Figure 33 
which translates the air temperature into the pavement temperature. This 
chart accounts for the thickness of the HMAC layer and can lead to a 
reasonable estimate of HMAC temperature. This estimate can be made more 
accurate through the use of pavement temperature models which account for 
cloud cover, solar radiation, wind velocity, etc .. Models proposed by 
Corlew and Dickson (11), Dempsey (32), and Li (24) could improve the 
accuracy of pavement temperature predictions. 
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Load-Related Fatigue 
The flexural fatigue mode of distress can be adversely affected by a 

relatively high level of stiffness in the HMAC surface layer. It is, 
therefore, crucial to establish a level of flexibility in the mixture 
compatible with the required stiffness as dictated by thestructural 
soundness requirements. The methodology by which the fatigue life of the 
mixture is established is discussed below. 

Once the threshold resilient modulus for subgrade protection is esta­
blished, the potential fatigue life is determined by means of a series of 
charts. These charts were developed based on a cumulative damage fatigue 
failure criterion. Fatigue is generally accepted to be a progressive 
process caused by traffic-induced repeated tensile strains at the bottom 
of the asphaltic layers (33). It has been shown, however, that the build­
up of residual tensile stresses and strains on the upper portion of 
asphalt concrete layer can initiate fatigue cracks from the top (34). For 
the purposes of this study, it was assumed that the former, which is a 
more conventional approach, is a valid assessment. 

The term "fatigue life" is defined in this study as: the magnitude 
of traffic, expressed in terms of the number of 18 kip equivalent axle 
passes, Nf, that a particular pavement structure can handle before a 
certain amount of distress, usually defined as about 10 percent cracking 
in the wheel path area, is observed. 

Any improved mixture design/analysis procedure should account for the 
fatigue performance of the HMAC in light of the following variables: 

a) Type of pavement (structural design). 
b) Type of loading (traffic considerations). 
c) Environmental effects (climatic regions). 
d) Stress/strain state (material properties and mechanical 

response). 
Finn et al. (35) developed a fatigue model based on laboratory and 

field data from the AASHTO Road Test (36) to predict up to 10 percent 
cracking in the wheel path area. This model states: 

where: 

log Nf = 15.947 - 3.291 log {et) - 0.854 log (.E*) 
103 

number of cycles to failure (18 kip ESAL), 
54 
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et repeated tensile strain (in/in x 10- 6 ), and 
E* = complex modulus of HMAC (psi), approximated by the 

resilient modulus in this study. 
Monismith, Epps, and Finn stated that stiffness moduli detemined from 

the quotient of applied stress and recoverable strain (some investigators 
term this quotient the resilient modulus, Ma) should provide essentially 
the same moduli as determined from creep and sinusoidal loading (complex 
modulus) so long as the time of loading is the same and strains are 
comparatively small (37). Hence, the substitution of the resilient 
modulus for complex modulus in Equation 4 is assumed to be valid. 

Equation 4 was obtained through laboratory testing followed by 
shifting laboratory data to match field observations of the AASHTO Road 
Test data. The resulting shift was about 1300 percent which suggests that 
the actual fatigue life of a pavement in the field is about 13 times 
greater than what is predicted based on laboratory measurements. One can 
offer the following explanations for this phenomenon: 

a) Rest periods between traffic loadings, allowing viscoelastic 
relaxation and chemical rebounding of the asphalt. 

b) Kneading action of tires. 
c). Build-up of residual compressive stresses. 
d) Environmental factors (high temperatures). 

Tensile strains induced at the bottom of HMAC surface layer for the. 
three classes of pavement structures are illustrated in Figures 34 through 
36. Due to the peculiar nature of the HMAC/PCC overlay structure, 
flexural tensile strains are absent in this pavement type. As a result, 
only the three "flexible pavement" structures are incorporated in the 
flexural fatigue analyses. All of these analyses were conducted using the 
CHEVPC program which is a conventional layered-elastic computer model 
(30). The results which were obtained from these computerized solutions 
were entered into Finn's equation (Equation 4) and the fatigue lives for a 
large combination of pavement structures and layer moduli were calculated. 
The results were then compiled and summarized in Figure 37. 
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CHAPTER VI 

PERMANENT DEFORMATION CHARACTERIZATION 

Background 
The compressive action of the tire on the pavement and the visco­

elastoplastic, time and temperature dependent response of the asphalt 
concrete layer have been extensively investigated in this study. 

Undoubtedly, the mechanical responses of the HMAC layer to various 
loading conditions are the result of a series of complex internal acti­
vities. For years, researchers have tried to relate these microscopic 
functions to the macroscopic rutting phenomenon. To date, no single 
universally accepted explanation of the mechanism(s) responsible for 
traffic-induced permanent deformation has emerged from the literature. 

Some researchers have hypothesized that the relative movements of 
aggregate particles result in different arrangements of the particles in 
order to satisfy equilibrium conditions. It is further hypothesized that 
this process is not a reversible one, and upon the removal of the loads, 
equilibrium is achieved through a recovery process which involves some 
permanent deformations (38). 

Others have taken the above theory one step further at the micro­
scopic level and offered explanations of the mechanisms involved in 
particle reorientation and the collapse of the void network. They have 
suggested that the rheology of asphalt concrete and its "flow-like" 
behavior stem from viscous flow of the asphalt binder itself (~, 38). The 
flow of asphalt cement into the voids and reduction in the thickness of 
aggregate coating result in reduction in the relative distance between 
aggregate particles. Hence, a particle reorientation is caused by the 
flow of the bitumen into the voids (38). 

In the field, the method by which the rutting is measured has a 
significant influence on the reported rutting values. Three types of 
rutting measurements are depicted in Figure 38. The application of a 
mechano-lattice methodology, a computer-simulated model developed by 
Yandell (40-45), revealed that the critical type of rutting is a function 
of different combinations of relative layer properties such as modular 
ratio, thickness ratio, and plasticity ratio. Figure 38 illustrates the 
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types or classes of rutting considered. 
In this study, it was determined that the absolute rutting better 

represents the reduction in the HMAC layer thickness which occurs as a 
result of compressive stresses. This determination was made based on 
numerous mechano-lattice analyses conducted by Yandell. These runs 
included models of two different pavement sections which were included in 
the Pennsylvania State University Test Track (46). The analytical rutting 
results were obtained assuming both bound and unbound pavement layers. 
Rutting predictions in terms of absolute and straight edge rutting along 
with rutting trends predicted by the VESYS model (47) were compared to the 
actual field data. Results of Yandell's analyses are summarized in 
Figures 39 and 40. One can clearly observe from these two figures that 
for both bound and unbound cases, absolute rutting is the critical type of 
rutting under the actual field conditions. 

The contribution to total pavement rutting and roughness made by non­
asphaltic layers is considered to be outside the scope of this study. 
Attempts have been made, through the subgrade protection criteria, to 
insure adequate stiffness on the part of the HMAC layer for successful 
distribution of vertical compressive strains before they reach the softer 
lower layers. 

Permanent Deformation and the Creep Test 
After a careful review of existing rutting characterization method­

ologies, it was decided that the concepts introduced by Shell researchers 
(~, ~, 25, 38) offered the most promising direction to this research. 
Shell researchers have developed a pavement design system (25, 48) in 
which rutting potential of asphalt concrete is characterized by a simple 
creep test (49, 50). This has led to the establishment of an empirical 
link between the rheological properties of asphalt cement and the visco­
elastoplastic behavior of asphalt concrete. Van der Poel's nomograph (ii) 
is the system used by Shell which provides the stiffness of the bitumen at 
a given temperature, above or below the ring and ball softening point 
(AASHTO T53), and loading time. In development of the nomograph, bitumen 
stiffness values were measured by a series of dynamic and-static tensile 
and bending tests. Van der Poel (ii) indicated that static and dynamic 
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measurements provided similar stiffness trends, hence the static creep was 
viewed to be an adequate test. 

The original Shell equation for rutting prediction was of the 
following form: 

where: h 

H 

z 

h = H·C ·Z· m (5) 

rut depth (inches), 
asphalt layer thickness (inches), 
correction factor accounting for dynamic loads in 
the field as opposed to the static creep test 
(see· Table 5), 
stress distribution factor (see References 24 and 

47)' 
tire inflation pressure (psi), and 
total stiffness measured from the creep test 
(psi). 

Table 5. Correction factor for dynamic effects, Cm 
(after Reference 9). 

Open 

Dense 

Mix Type 

Sand sheet and lean sand mixes 
Lean open asphaltic concrete 

Lean bitumen macadam 
Asphaltic concrete 
Gravel sand asphalt 
Dense bitumen macadam 
Mastic types 
Gus-asphalt 
Hot rolled asphalt 

c 

1.6-2.0 

1.5-1.8 

1.2-1.6 

1.0-1.3 

There are major drawbacks associated with the original Shell equation: 

a) The stiffness parameter, Smix' is a pseudo-elastic parameter, and it 
is used in a Hooke's Law format: 
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Stress (Z a ) Strain = tire 
~~~~~~~-

Stiffness (Smix) 
(6) 

It is extremely important to remember that the above format only 
holds true for elastic (recoverable) deformations. As a result, 
using the total stiffness parameter, smix' which represents the 
combination of elastic, plastic, viscoelastic, and viscoplastic 
responses in a Hooke's Law format for rutting prediction is not 
valid. 

b) The original Shell equation accounts for the field dynamic 
effects through the Cm factor. This factor magnifies the 
rutting predictions by 30 to 100 percent (Table 5). Normally in 
viscoelastic materials, dynamic loading causes less deformation 
than does static creep loading. This phenomenon was thoroughly 
explained by Kinder (52). Kinder's data suggest that static 
loads have a more deleterious effect on asphalt concrete than do 
dynamic and cyclic loads. According to these observations, the 
Cm factor should be a reduction factor (less than one) rather 
than its present form as reported by Shell researchers (ranging 
from 1.3 to 2.0) (Table 5). It is clear that Shell researchers 
have incorporated this factor into their rutting equation based 
on discrepancies that they had observed between their rutting 
predictions and the actual observed rutting in the field (~, ~). 

The source of these discrepancies lies in the fact that simple. 
linear extrapolation of laboratory-measured deformation trends 
to field conditions is not adequate. This important point will 
be further explained in the following sections. 

c) Another serious consequence of using a Hookian constitutive 
relationship for permanent deformation characterization is the 
assumption of linearity. Information in the literature (53) and 
Texas Transportation Institute's investigations (.11) indicate 
that accumulation of permanent strains is not linearly propor­
tional to stress level. In fact, the relationship between the 
independent variable (stress) and the dependent variable 
(permanent strain) is of a log-linear form. The slope of this 
log-linear relationship is approximately 1.61 as shown in Figure 

66 



41. The "intercepts" of this log-linear relationship is a 
function of mixture type. Softer mixescause a shift in the 
intercept while the slope remains almost constant. Similar 
results were reported by Perl, Uzan, and Sides (54) who suggest 
that log-linear slope in Figure 41 should be 1.45. This led to 
the conclusion that the logarithmic rate at which permanent 
strains are accumulated as a function of applied stress is rela­
tively constant. 

It is important to mention that the stress dependancy of permanent 
deformations, as defined in item c), was derived under conditions of 
equilibrium, i.e. accumulation of irrecoverable deformations become 
asymptotic, using a repeated-load compression test. It is, however, 
conceivable that under a large number of load repetitions, permanent 
deformations may accumulate at a faster rate which reflects beyond the 
equilibrium conditions. This may cause a "rebound" from the assumed 
asymptotic conditions. 

Non-recoverable deformation of an asphaltic concrete layer in a 
pavement structure can be best characterized by the creep test. Although 
researchers agree on this point, they differ on the type of creep test 
that should be used. Shell researchers (~, ~), who pioneered the use of 
the static creep test, have developed their creep and rutting criteria 
based on the static compressive creep. Others have presented their 
rutting prediction models based on the repetitive load creep test. The 
VESYS model (47) and the Modified ILLIPAVE model (55) are two examples of 
predictive models which require repetitive load testing. Researchers at 
the Australian Road Research Board (ARRB) investigated both the static 
creep and the repetitive creep tests (52). They showed that although the 
magnitude of plastic deformation will be different depending on the type 
of the creep test, the irrecoverable deformation trends are similar. This 
conclusion is in agreement with the one made by Van der Poel (.21) describ­
ing the dynamic and static responses of bitumens. 

The above discussion suggests that perhaps no single method fully 
simulates field rutting behavior. Nevertheless, for qualitative compari­
sons, static creep data seem to be very effective, and can reasonably 
quantify deformation potential. 
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Modified Shell Equation 
This section deals with the alterations that were made by this study 

to the original Shell equation. The analysis of any rutting prediction 
model requires an advanced knowledge of plasticity and viscoelasticity. 
The static creep test was the major material characterization tool in this 
study by which the viscous and plastic characteristics of asphaltic 
concrete mixtures were established for further use in the modified Shell 
equation. Procedural details for performing the static creep test are 
given in Appendix A. 

The laboratory-measured viscoplastic characteristics are normalized 
in the modified Shell method to accommodate the stress levels at which 
they are developed. This allows transformation of laboratory-measured 
parameters to the field conditions where higher stresses are often encoun­
tered. As a result of this process, a parameter called the "viscoplastic 
component of mixture stiffness" was developed. 

The original Shell method for rutting prediction (ft, ~) assumes a 
linear relationship between the stress and the accumulated plastic 
strain. As previously discussed, the relationship is not linear. For 
example, doubling the stress level from a to 2a will lead to an increase 
in the accumulated viscoplastic strains from €vp to 3evp; a three-fold 
increase as opposed to two. These observations led to the development of 
a refined version of the Shell rutting equation which does not depend on 
empirical correction factors. This modified Shell equation accounts for 
plasticity trends and nonlinearity of such deformations in the following 
format: 

where: h 

1. 61 

h = H (za~,~l evp(t) 
~ 

= calculated rut depth (inches), 
H asphaltic layer thickness (inches), 

(7) 

Z = vertical stress distribution factor (derived from 
layered elastic solutions, see Appendix C), 

atire = average contact pressure (psi), 
a 1 ab stress level at which the creep test is conducted 

(psi}, and 
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evp(t) = viscoplastic trend of the mixture measured by the 
creep test (in/in). 

In radial tires, the average contact pressure is the same as the tire 
inflation pressure. Due to the simplicity of the modified Shell equation, 
the assumption of radial tires was necessary. For bias-ply tires, studies 
indicate that the contact pressure is not uniform and peak values are 
often higher than the inflation pressure (I). Therefore, average of 
contact pressure should be used in the case of bias-ply tires. 

The ratio of Zatire to a1 ab is raised to the 1.61 power in order to 
account for the non-linearities involved in the accumulation of viscoplas­
tic deformations. This expon~nt was derived from Figure 41 and the 
justification is outlined below along with the constitutive plasticity law 
that was used in this study. 

Most of the information in the literature suggests that the accumula­
tion of permanent deformation as a function of time or number of load 
cycles (for static or cyclic creep, respectively) can be approximated by a 
simple power relationship (56). It is the form of the power law, however, 
which is the subject of dispute among researchers. 

The VESYS model for permanent deformation (47) was developed based on 
the following form of power law which characterizes rutting as a strain 
hardening process (i.e. the exponent of the power relationship is less 

than one). 

where: 
t = 

= atb 

viscoplastic strain; 
time; and, 

a,b = regression constants. 
This basic concept has been employed by many analysts around the globe, 
particularly in Australia (!l, 52). 

Lai and Anderson (57) also suggest a power law format of a strain 
hardening nature with a stress dependent term, a(a): 

e = a{a)tb vp 

where: viscoplastic strain, 
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t time, 
a(a) bla + bia2 , 

a = creep stress, and 
b,b1 ,b2 = regression constants. 

Perl, Uzan, and Sides (54) have reported power relationships similar 
to Lai and Anderson's for both compressive and tensile modes of creep. 

Studies show that the a-coefficient in a simple power law format is a 
function of creep stress and mixture stiffness (54, 57). The b-exponent, 
however, represents the rate at which permanent deformation is accumulated 
in a constant stress creep test as a function of time. For asphalt 
concrete, this exponenet appears to be relatively constant. Table 6 
summarizes the results which have been reported by different researchers. 

Table 6. Simple power law exponent as reported by different 
researchers 

Reference 

Kinder (fil.) 

Perl, Uzan and Sides (53) 
Lai and Anderson (56) 
The author 

b-exponent 

0.25 
0.22 
0.25 

0.17, 0.22, 0.25 
(average: 0.21) 

Tseng and Lytton (55) have proposed a 3-parameter power law for describ~ 
ing the permanent deformation under cyclic loading. Constants used in 
this model are generated from a nonlinear regression process. This model 
is of the following form: 

where: 
N 

= 

permanent strain, 
load cycle, and 

€ 0 ,~,p regression constants. 

(10) 

The above model provides a better fit for the permanent deformation data 
and justifications for the form of the equation are based on activation 
energy concepts (58). Although this relationship provides a powerful tool 
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for permanent deformation data analysis, it requires repeated load testing 
rather than static creep testing, which has been selected for mixture 
design/analysis in this study because of its expedience. The three 
parameters in the Tseng-Lytton model, referred to as "material proper­
ties," are highly interdependent and are determined by nonlinear regres­
sion techniques. In the simple power law (Equation 8), the slope and 
intercept are treated as pseudo material properties. 
This research study has produced a modified version of the Shell equation 

which: 

a) Utilizes a simple power law constitutive relationship for permanent 
deformation characterization. 

b) Accounts for the nonlinearity and stress dependency within the 
plasticity laws. 

This was derived through the following steps based on a series of cyclic 
permanent deformation tests over a range of stresses, a power relationship 
was used to relate the plastic or irrecoverable strain to the stress 
magnitude as: 

where: evp/N accumulated, viscoplastic deformation per 
cycle, 

a = peak cyclic stress, and 
a, b = regression parameters. 

( 11) 

The parameter evp/N was averaged over the last 10 cycles of about 100 
cycles of the first stable hysteresis trend. Figure 41 (page 68) illu­
strates the data from two independent sources which suggest that asphalt 
mixtures of different stiffness have different "a-parameters." The "b­
parameter," however, is relatively constant and is equal to 1.61. Conse­
quently, one can rewrite Equation 11 for the two stress levels, one 
representing the field and the other representing the laboratory condi­
tions: 

( IN) [ ,i . 6 1 
€vp field = afield • afieldJ ( 12) . 

and likewise: 
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Therefore: 

(€vp/N)field 
(€vp/N)lab 

= • [afield ]
1

.

61 

a lab 

(13) 

(14) 

Assuming that the laboratory-manufactured specimen has identical proper­
ties to the field-constructed mix, one can assume afield and a1 ab to be 
equal. Equation 14 then becomes: 

= [ ]

1.61 afield 
a lab 

(15) 

The above equation illustrates the nonlinear nature of permanent defo­
rmation accumulation. Any laboratory to field projection of rutting needs 
to be conducted using the above nonlinear equation. Indeed, rutting 
criteria charts that are included in this study were developed using the 
nonlinear analysis. 

Development of Permanent Deformation Criteria 
In the development of any rutting criteria, the question which must be 

addressed is: how much rutting is excessive rutting? Therefore, it is 
necessary to define some limiting values or levels of severity for 
rutting. In this study, the limiting values for rutting were obtained 
from the Federal Highway Administration, Highway Pavement Distress 
Identification Manual (59), which classifies rutting in severity levels of 
high, medium, and low. For safety considerations, a new class of rutting 
below the low severity level was developed to account for hydroplaning 
potential. The development of the limiting value for the hydroplaning 
class of rutting was based on: 

a) A roadway cross-slope of one percent. 
b) Vehicle speed of 55 miles per hour. 
c) Average pavement surface texture depth of 0.04 inches. 
d) Tire tread of 1/16 inches. 



e) Accumulation of 0.08 inches of water in the wheel path. 
The above conditions were considered to be representative of Texas roads 

(60, .Ql). Rutting limiting values are summarized in Table 7 from which a 
series of rutting criteria charts were developed. 

Table 7. Rutting severity classification 

Severity Mean Rut Depth Criteria 

Hydroplaning 0.20-0.25 in. 
Low >0.25-0.50 in. 
Medium >0. 50-1. 00 in. 
High >1.00 in. 

These charts are used as acceptance or rejection guides in the improved 
mix design/analysis procedure. The process by which these charts were 
developed is summarized in the following paragraphs. 
Researchers at the Australian Road Research Board (ARRB) (521) have 

indicated that viscoplastic strains, measured from a simple static creep 
test, when normalized for the stress level under which they are accumu­
lated, exhibit the following form of relationship: 

(16) 

where: viscoplastic strain; and, 
t time. 

The above expression is of the compliance form. In the inverted form, a 
parameter which will be referred to as viscoplastic stiffness is deve­
loped: 

a/evp = (1/0.47) t- 0 · 25 ( 17) 

Equation 17 suggests that the viscoplastic stiffness is a decreasing 
function of time with the decay rate of -0.25 on a log-log scale. Perl, 
Uzan, and Sides studies suggest a decay rate of -0.22 for the viscoplastic 
stiffness parameter (54). These observations have been verified in this 
study by laboratory measurem~nts which reflected decay rate values ranging 
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from -0.17 to -0.25 (Table 6). These findings have been incorporated into 
the development of rutting criteria charts. 

The viscoplastic stiffness rate of decay as a function of time was 
utilized in the development of boundary curves. This was done by the 
following stepwise procedures: 

a) The viscoplastic stiffness necessary to yield a certain level of 
rutting (e.g. low severity rutting) after one million passes of 
standard 18 kip axles was back-calculated. This would establish 
an end-point in the rutting criteria chart representing the 

- final rutting stage. in the HMAC layer. 
b) Based on this back-calculated terminal value (the end-point) and 

the rate of viscoplastic stiffness decay (the slope), the trend 
of this parameter was established as a function of time. 

The rutting criteria charts were developed accounting for the 
following variables: 

a) Levels of subgrade strength (3 levels). 
b) Types of pavement structures (4 types). 
c) Range of HMAC layer moduli (3 moduli). 

These charts are presented in Appendix B. Upon the completion of the 
rutting criteria charts, it was decided that it is necessary to be able to 
evaluate a wider range of the above variables (a through c) in order to 
better approximate the actual field conditions. It was, therefore, 
decided that an extended analysis procedure should be developed which 
addresses the following variables: 

a) Broader range of layer moduli. 
b) Traffic levels other than one million 18 kip axle load. 
c) Variations in temperature profiles and traffic distributions. 

This was accomplished through the extension of the same analytical 
procedures which were used in the development of rutting criteria charts. 
The results are presented in a series of nomographs in Appendix C. The 
nomographs provide ample flexibility for the specific needs of the 
bituminous design engineer. 
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Experimental Matrix 
Laboratory verification of the creep/recovery procedures was con­

ducted on a series of asphaltic mixtures. As a result of these investiga­
tions, viscoplastic deformation, which is the primary cause of rutting in 
the pavement, was evaluated for a wide range of asphalt mixtures, were 
evaluated. 

This effort included two types of aggregates and three grades of 
Texaco asphalts. The aggregates were: a) rounded siliceous Brazos River 
gravel; and, b) crushed Brownwood limestone. Gradation information for 
these aggregates are given in Figures 42 and 43, Tables 8 and 9. The 
asphalt grades were: a) AC-5, b) AC-10, and c) AC-20. These aggregates 
and asphalts were considered to be "typical" for use in Texas asphaltic 
mixtures. Table 10 illustrates the experimental matrix. The results of 
this rutting characterization analysis will be discussed in the subsequent 
sections. 

Rutting Design/Analysis Procedure 
The primary objective of this procedure is to provide a relatively 

simple and user-oriented methodology by which the rutting potential of 
HMAC can be evaluated as part of a routine mixture design/analysis 
procedure. The methodology is general enough to account for a large array 
of variables as listed in earlier sections. 
Mechanical properties of asphaltic layers are highly dependent upon the 

stiffness of the mixture. Stiffness of HMAC, however, is a function of 
two rheological variables, namely: temperature and loading rate. In a 
pavement structure, for analysis purposes, one can assume a fixed rate of 
loading corresponding to that induced by the predominant traffic. At this 
fixed loading rate, the temperature distribution profile within the cross­
section of the HMAC layer has a profound effect on the elastic response of 
the asphalt layer. As a result, a "modulus profile" is produced within 
the HMAC layer. Therefore, it is imperative to investigate how substan­
tially the distributions of vertical compressive stresses, assumed to be 
responsible for rutting, are altered due to the presence of a temperature 
profile. The effect of shear stresses on accumulation of permanent 
deformations is the subject of investigations in TTI Project 2452. 

Morris et al. (26) have demonstrated that the distribution of 
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Table 8. Compositional distribution of the Brazos River gravel 
aggregate 

Aggregate 

Pea gravel 

Washed sand 

Field sand 

Limestone crusher fines 

Job Mix Formula (%) 

50% 

30% 

10% 

10% 

Table 9. Compositional distribution of the crushed limestone 
aggregate 

Aggregate Job Mix Formula (%) 

Limestone rock (-3/8, + 1/4) 25% 

Limestone rock (-1/4, 30) 35% 

Limestone fines (+30) 20% 

Limestone fines (-30) 12% 

Field sand 8% 
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0 

4% 

5% 

6% 

Table 10. Creep/recovery experiment matrix. 

Crushed Limestone Siliceous Brazos River Gravel 

AC-5 AC-20 AC-5 AC-10 AC-20 

Replictes = 3 



compressive stresses, within a pavement structure, does not change 
significantly as a result of incorporating the temperature profile into 
the stress analysis. One can verify this conclusion by dividing the HMAC 
layer into sublayers, each having a different layer modulus corresponding 
to the average temperature of that sublayer. Analytical investigations 
can then be conducted by means of layered elastic solutions. Indeed, this 
was done on a very limited basis in this study, and the results were 
almost identical to Morris' conclusions (26) (Figure 44). This suggests 
that analytical modeling of an asphaltic layer with a single modulus value 
representing the elastic behavior of the entire thickness of HMAC, as 
opposed to a multilayer analysis, is a valid one. Hence, in layered 
elastic analyses conducted in this study, individual layers of each 
pavement structure were assumed to have the following set of continuum 
properties: 

a) Homogeneous. 
b) Isotropic. 
c) Isothermal. 

With the help of the above assumptions, rutting potential of asphal­
tic mixtures can be estimated based on a series of rutting criteria charts 
which were discussed earlier. The steps involved in thi.s procedure can be 
summarized as follows: 

a) Once the stiffness requirements for structural soundness are 
satisfied, the viscoplastic deformation properties are studied 
by means of a creep test. Appendix A contains the procedural 
details of the static creep test employed in this study. 

b) Time dependent viscoplastic strains are then normalized for the 
stress level at which they are measured in the laboratory. This 
produces a parameter called the viscoplastic component of 
stiffness. As a result, transformation of laboratory-measured 
parameters to account for the actual pavement conditions in the 
field is made possible through a nonlinear modified form of the 
Shell equation (Equation 7, page 69). 

c) The normalized trend of viscoplastic deformations is then 
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plotted on a rutting criteria chart developed to account for the 
type of pavement structure, the annual critical stiffness of the 
asphalt layer corresponding to a critical temperature, and the 
levels of subgrade stiffness. 

Depending on where the viscoplastic stiffness data plots on the 
rutting criteria charts, an acceptance or rejection decision is madewith 
respect to the asphaltic mixture under investigation. In case of rejec­
tion, modifications in the binder content and/or binder type can lead to a 
mixture which is less susceptible to rutting. Minor adjustments in the 
gradation of aggregate, adjustments to the percent of minus 200 sieve 
material, adjustments to void contents, and replacement of smooth, 
surface-textured, sand-size particles by crushed fine portions are other 
approaches which may yield success in reducing the rutting potential of 
the mix. 

Experimental Results 
In order to investigate the sensitivity of the proposed methodology 

for rutting potential evalution, an experimental matrix was developed. 
This section summarizes a series of creep/recovery tests conducted on the 
mixtures described in Table 11. 

In general, the results from creep/recovery tests demonstrate the 
following: 

a) Lower viscosity asphalts make the mixture less stiff and 
therefore more susceptible to irrecoverable deformations, i.e. 
rutting. 

b) Higher asphalt cement contents producing lower air void contents 
increase rutting potential; and, 

c) Dense crushed limestone aggregates produce mixtures less 
susceptible to rutting than mixtures made with siliceous river 
gravel only if air voids are kept below 7 percent. 

The performance of high versus low air void contents was compared in 
the experimental matrix in order to demonstrate the sensitivity of the 
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Table 11. Detailed experimental matrix for the creep/recovery 
study. 

Asphalt Percent Percent Texas 
Aggregate Cement Binder Air Voids Stability (%) 

4 12.6 48 
AC-5 5 9.6 47 

Crushed 6 7.7 40 

Limestone 4 5.9 - 13.7* 52 - 47* 
AC-20 5 6.4 - 11. 7* 55 - 46* 

6 4.9 - 8.5* 40 - 38* 

4 12.5 43 
AC-5 5 6.5 40 

6 3 .1 35 
Siliceous 

4 10.5 45 
Brazos River AC-10 5 6.0 42 

Gravel 
6 3.4 40 

4 9.6 47 
AC-20 5 7 .1 40 

6 3.4 41 

* These values represent mixtures which were compacted at a lower 
compactive effort in order to achieve higher air voids. 
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creep test to mixture densification. Analysis of the irrecoverable 
deformation trends of mixtures over the range of air voids indicated in 
Table 11 demonstrates that the creep test is greatly sensitive to this 
parameter. These conclusions were made from a series of permanent 
deformation trends derived from creep or recovery tests. The results of 
these tests are discussed in the following paragraphs. 

Figure 45 demonstrates the influence of an increase in the asphalt 
content of a crushed limestone and AC-5 mixture on permanent deformation 
potential. The reduction in air voids as a result of an increase in the 
asphalt content of the mix indicates that the available asphalt cement is 
filling the void space. As a result of this process, the increase of 
asphalt content in this mixture is equivalent to introduction of lubri­
cants between aggregate particles otherwise separated by a very tight 
network of air voids. This phenomenon causes the mixture with richer 
asphalt content to be more susceptible to permanent deformation induced by 
viscous flow of asphalt between aggregate particles. 

Figure 46 illustrates permanent deformation trends for AC-20 and 
crushed limestone mixtures. The data presented in Figures 45 and 46 
exhibit similar trends. The sensitivity of the static creep test results 
to different levels of air void content, which were induced by adjusting 
the compactive effort, is shown in Figure 46. Two mixtures of the same 
asphalt content may exhibit permanent deformation potentials that are 
substantially different from one another as a result of variations in 
their degree of densification (air void content). A high air void 
content, introduced by a low level of compaction, leads to susceptibility 
to permanent deformation induced by the collapse of a large number of 
small void pockets in the HMAC matrix. Whereas, at a higher asphalt 
content, a similar level of compaction may produce a tendency to increase 
the viscous flow in the matrix of HMAC leading to more rutting suscepti­
bility. 

In Figure 46, the mixture containing 4% asphalt cement and 5.9% air 
voids does not follow the previously described patterns and shall be 
viewed as a test anomaly. These anomalous results are often encountered 
in the cylindrical HMAC specimens that are compacted in three layers using 
the kneading compaction device. A detailed research study is required to 
investigate the cause of the permanent deformation patterns that do not 
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follow any defineable trends. This may offer explanations for some of the 
creep/recovery data that are thus far regarded as inconclusive in this 
study. 

Figure 47 illustrates an example of the sensitivity of the creep test 
to the distribution of air voids in the HMAC. The patterns in Figure 47 
do not follow any logical trend. These anomalous data prompted an 
investigation into the distribution of air voids content within the 4-inch 
diameter by 8-inch tall creep/recovery specimens. These specimens were 
compacted in 3 layers by a kneading compaction device. It was only during 
the verification phase (Chapter VIII), that 6-inch diameter by 8-inch tall 
Texas gyratory compacted specimens were used for the creep/recovery test. 

Results of the air void analysis indicates that the kneading compac­
tion of cylinders in three layers introduces an air void gradient. 
Visual observations during kneading compaction of cylinders suggest that 
tender mixes exhibit excessive shoving which may make the distribution of 
air voids even less uniform. 

Figure 48 illustrates the distribution of air voids in three parts of 
the 4-inch by 8-inch cylinders of AC-5 and river gravel. The mid-section 
of these cylindrical specimens was poorly compacted, which may have been 
caused by shoving during compaction. It is hypothesized that the nonuni­
form distribution of voids in the mid-section of AC-5 and river gravel 
specimen may have caused stress concentrations along the interfaces with 
denser top and bottom portions. The development of those stress concen­
trations along the interface layers could potentially lead to localized 
failure. These potentially erratic deformations are recorded by the 
Linear Variable Transducers (LVDT's), which are positioned at the mid­
section of the specimen and are reported as erroneous creep strains. The 
effect of the air void gradient on the engineering properties of HMAC is 
the subject of investigation in the AAMAS study (ll). The hypothesized 
explanantion of anomalous permanent deformation behavior, which was 
depicted in Figures 46 and 47, needs to be verified in TTI Project 1170 as 
well as in the AAMAS study. 

Figures 49 through 52 illustrate the distribution of air voids in the 
remainder of the experimental matrix mixtures. These data indicate that a 
variation of ±1.53 in the air void content along the height of the 4-inch 
diameter by 8-inch tall, kneading-compacted cylinders should be expected. 
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This problem was remedied by the Texas gyratory compaction method which 
produced a much more uniform distribution of air voids. Variations in air 
void contents are about ±0.5% along the 6-inch diameter by 8-inch tall 
cylindrical specimens that are compacted by the Texas gyratory device 
(Figure 53). 

Figure 54 illustrates the permanent deformation potential of AC-10 
and river gravel mixtures. The trends for mixtures containing 4% and 6% 
asphalt contents follow the normal pattern as described for Figure 45. 
The mixtures containing 5% asphalt cement exhibited tenderness during 
compaction causing an average air void content of 6%. The compactive 
effort was maintained constan~ throughout this portion of the study which 
makes the air void content a function of mixture response to compaction. 

Figure 55 depicts the permanent deformation potential of AC-20 and 
river gravel mixtures. The increase in asphalt content induces a rather 
conventional trend as described for Figure 45. In general, the trends in 
Figure 55, when compared to the trends illustrated in Figure 46, indicate 
that permanent deformation potential is greater for mixtures of AC-20 with 
siliceous river gravel than with AC-20 with crushed limestone aggregate. 

The optimum asphalt content should be determined based on prelimi­
nary evaluation of stability, density, and air voids content. This 
determination is then further evaluated based on creep/rutting criteria 
for specific environmental conditions and structural categories of the 
pavement. 

It is extremely important to identify the type of pavement structure 
to which the mixture will be applied. In order to demonstrate the 
importance of the structural effects, the following example is provided. 
The mixtures shown in Table 12, were used in this investigation. 
Gradation charts for the Brazos River Gravel and Brownwood Limestone are 
provided in Figures 42 and 43. The creep specimens were compacted using 
the kneading device and Texas stability values, reported in Table 12, were 
measured according to Test Method TEX-204-F. 
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Table 12. Identification of mixtures used to demonstrate 
of procedure to pavement structural category. 

Asphalt Aggregate Air Voids 
Cement (%) 

AC-5 (5%) 
AC-10 (4%, 5%) 
AC-20 (4%) 

Brazos River Gravel 
Brazos River Gravel 
Crushed Limestone 

7.0 
7.0 
5.5 

sensitivity 

Texas 
Stability (%) 

43 
43 
52 

The results of this phase of rutting analysis are illustrated in 
Figures 56 through 59. In these figures, the viscoplastic stiffness is 
plotted versus time of creep loading. The viscoplastic stiffness trends 
are then plotted on rutting severity evaluation charts for all four 
categories of pavement structure that were included in this study. 
In conclusion, the type of pavement structure has a significant influence 
on the magnitude of compressive stresses in the asphalt layer. This could 
result in satisfactory or unsatisfactory rutting behavior purely due to 
the structural category within which the HMAC will be used. Figures 56 
through 59 illustrate how the structural arrangements shift the rutting 
performance of a mixture from acceptable to marginal or even unacceptable 
zones. 

Bitumen-Mixture Relationship 
Historically, researchers who pioneered the use of a simple creep 

test for rutting characterization, have done so by incorporating the 
bitumen properties into their analyses (a,~, 29, 38, ~, 62). This was 
done in order to establish an empirical link between the mixture stiffness 
and the bitumen stiffness derived from Van der Poel's nomograph (49-~). 

In recent years, there has been a resurgence of these basic ideas among 
the bitmuninous community. The American Society for Testing and Materials 
(ASTM) Symposium in December, 1985, is a good example (63). 

In this study, an attempt was made to provide enough background 
information so that one can assess the mixture stiffness based upon 
bitumen properties. Such a task was accomplished through presenting 
charts in terms of bitumen stiffness, shit' and mixture stiffness, smix' 

parameters. This is illustrated in Figures 60 and 61. With the aid of 
these figures, one can estimate the mixture stiffness by knowing the basic 
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bitumen properties such as: penetration, viscosity, and ring and ball 
temperature. In the absence of any creep or recovery data, this methodo­
logy offers reasonable estimates of HMAC stiffness. 

The methodology uses a simple system of nomographs which was intro­
duced by Van der Poel (~), and it was further refined by Mcleod (64, 65). 
The refinements were necessary for waxy asphalts which exhibit somewhat of 
a "false softening point." 

As a result of these investigations, a shift factor can be developed 
to account for the effect of temperatures encountered in the field which 
are different than the creep test temperature. In order to accomplish 
this task, the stiffness values of hypothetical bitumens having penetra­
tion indices ranging from +2 to -2 and temperature differences from the 
ring and ball temperature ranging from -60° to +40°F were evaluated using 
Van der Poel's nomograph (Figure 62). The viscous component of bitumen 
stiffness, which is viewed to be responsible for permanent deformation was 
derived for the above conditions. Figures 63 through 67 illustrate the 
result of this analytical work. Through empirical relationships, such as 
the one illustrated in Figure 68, the viscous component of mixture 
stiffness values for conditions depicted in Figures 63 through 67 were 
determined. This is presented in Figures 69 through 73. 

The actual values for stiffness shift factors were derived from the 
viscous component of mixture/stiffness versus time plots which were 
evaluated over a range of temperatures. Principles of time-temperature 
superposition along with the assumption that HMAC can be regarded as 
thermo-rheologically simple, led to the shift factor relationship which is 
illustrated in Figure 74. The assumption of thermo-rheological simplicity 
of HMAC was shown to be a valid one by the Shell researchers (~, ~). 

The availability of this mixture stiffness shift factor provides the 
opportunity for a "laboratory-to-field shift" in the permanent deformation 
data in order to approximate rutting at high temperatures. Viscoplastic 
stiffness data can be shifted to account for the actual field tempera­
tures, which may be higher than the creep test temperature. The shifted 
trends are then plotted on the appropriate rutting criteria charts for 
performance prediction with respect to rutting. Appendices C and D 
contain examples of such laboratory-to-field shift. 
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CHAPTER VII 

THERMAL CRACKING 

Background 
Low temperature cracking of flexible pavements is a very significant 

and often a costly mode of distress in many areas of Texas. This mode of 
pavement distress occurs as the result of thermal stresses developing in 
all pavement layers, including the subgrade. However, this phenomenon 
should be distinguished from block cracking which is caused by volume 
shrinkage of cement-stabilized layers or other sublayers which shrink. 
For the purposes of this study, the author has concentrated on thermal 
stresses induced in the asphaltic concrete layer which leads to transverse 
cracking. 

Analytical Tools 
Most methods for calculation of thermally-induced stresses are based 

on algorithms similar to those used in the computer program COLD (66). 
This program originally was developed by Christison (67) at the University 
of Alberta. Based on thermal properties of the pavement, solar radiation, 
and air temperature, the program COLD generates a series of temperature 
profiles through the use of a one dimensional finite element heat transfer 
routine. The temperature drop with time induces thermal stresses which 
could potentially exceed the tensile strength of HMAC and cause cracking. 

Users of the COLD Program have the option of using either a pseudo­
el astic beam or a pseudo-elastic slab analysis. The slab option was used 
in this study. Thermally induced stresses in the slab are calculated as: 

where: t 
T 
ax (t) 
S(~t,T) 

ax (t) = t:J S(~t, T) • a • dT(t) (18) 

= 

= 

time; 
temperature; 
induced thermal stress; 
mix stiffness, time and temperature dependent; 
and, 
coefficient of thermal expansion. 
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The stiffness parameter in the above equation plays an important role 
in the magnitude of calculated, induced thermal stresses. The current 
version of the COLD Program characterizes the HMAC stiffness in terms of 
resilient modulus input over a range of temperatures. The program then 
performs the integration in a stepwise fashion over small time intervals, 
each assigned a stiffness value from resilient modulus interpolations. 

Researchers, however, have proposed that the mode of loading which 
induces thermal stresses, is of a slow or creep nature. Therefore, the 
application of diametral resilient modulus, which is evaluated at a 
dynamic rate of loading, may not be the best one to use in calculation of 
thermally induced stresses. Ruth et al. (68) suggested that one can 
arrive at this creep stiffness through the bitumen's properties which are 
later transformed into mixture stiffness by the Shell nomographic method 
(.21,,65). Khosla (69), however, showed that the stiffness measurements 
obtained from a compressive creep test and a diametral tensile creep test 
are consistent for the most part but diverge at longer loading times 
(greater than 1000 seconds). 

For the purposes of this study, all analytical work for calculation 
of induced thermal stresses was done using resilient modulus values to 
characterize the HMAC stiffness. Some interim analyses were also con­
ducted using creep stiffness, both tensile and compressive. The results 
are presented in the following sections. 

Boundary Curves 
Two sets of low temperature cracking boundary curves were developed 

for this study based on: a) average low temperature conditions in Texas, 
and b) extreme low temperature conditions in Texas. Each chart depicts 
the magnitude of critical, thermally-induced tensile stresses over the 
entire year as a function of average daily air temperature. These 
stresses are induced in the asphalt layer as the result of a temperature 
drop. Temperature drops used in this analysis are characteristic of the 
most severe thermal changes that occur within selected regions of Texas. 

Analytical Method 
The potential of HMAC to crack due to thermally-induced stresses is 

essentially a function of three mixture properties: a) mixture stiffness 
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at the low pavement temperature; b) the thermal coefficient of contrac­
tion; and, c) tensile strength at the low pavement temperatures. Of these 
material properties, the mix stiffness or resilient modulus and tensile 
strength are by far the most significant. Thus, the methodology to 
control thermal cracking is based on control of these two most important 
material properties: stiffness and tensile strength over the critical 
temperature range. 

Based on the resilient modulus versus temperature relationship, the 
HMAC is classified as being within a certain response zone (Figure 75). 
These response zones were developed based on extensive Texas Transporta­
tion Institute research on typical resilient modulus versus temperature 
relationships for asphalt concrete used in Texas (70, Zl). 

Once the resilient modulus versus temperature region is specified, a 
chart of thermally-induced stresses as a function of pavement temperature 
is selected. These relationships were derived based on a conservative 
representation of the resilient modulus versus temperature relationship 
for the region in question. In addition to the modulus versus temperature 
relationship, the climatic region within which the HMAC will be used is 
required to select the proper criteria chart. These criteria charts are 
shown in Figures 76 and 77. 

The tensile strength of the HMAC mixture is determined by indirect 
tensile testing. The tensile strength versus temperature failure envelope 
is then superimposed on the respective criteria chart. Thermal cracking 
is indicated by transgression of the failure envelope beyond the boundary 
criteria curve. 

Figure 78 presents induced thermal stress versus temperature plots 
for stiffnesses determined by resilient modulus, creep stiffness-compres­
sive, and creep stiffness-tensile. The great difference illustrates the 
need to select a more realistic measurement of stiffness which is repre­
sentative of loading rates and loading configurations. This is one of the 
areas which will be addressed in Texas Transportation Institute's Project 
1170 for the Texas State Department of Highways and Public Transportation. 

Tensile Strength Characterization 
In the evaluation of tensile strength of asphaltic mixtures, Anderson 

et al. (72, 73) used a nomin~l stroke rate of 0.06 inches per minute for 

122 



(f) 

0... 

10 7 

- 10 • 
(f) 

:J 
:J 

'"O 
0 
2 
...;....I 

c 10 5 

Q) 

MR Regions 

10 4 
jtilliiiiljlllillilllllilillllllliililiijliiiillllllllliililll1illililj 

-20 0 20 40 60 80 1 00 120 

Temperature, F 

Figure 75. Resilient modulus versus temperature regions 
to be used in thermal fracture analysis. 

123 



Cf) 
o_ 

-
(j) 
Cf) 
Q) 
L 

4-1 

(.I) 

10 3 

Boundary curves for MR regions. 

0 10 2 

E 
L 
Q) 

_c 
t-

u 
Q) 

u 
~ 
v 
c 

Region A 

Region B 

Region C 

10 -i-..,...-,.-.-..,.-,.............,-...---T-r--r-T-r-...,.....,-....-.--,-.,--.-.,-,...--.--..--..--.-......... ~ 

-20.00 0.00 20.00 40.00 

Temperature, F 

Figure 76. Induced thermal stress versus temperature 
relationship for climatic regions I and III 
as designated in Figure 20, page 37. 

124 



(J) 

0.. 

.. 
(J) 
(J) 
Q) 
!...... 

..µ 

U1 

10 3 

Boundary curves for MR regions. 

0 10 2 

E 
\.._ 

Q) 

.£: 
1-

-0 
Q) 

u 
:::J 
v 
c 

Region A 

Region B 

Region C 

0.00 20.00 
10 ~~~......-.~ ............. -.--.-.......... -.-.--.--.-.....-r-.-..--...--r-..--...--r-.,..-,--r-~ 

40.00 -20.00 
Temperature, F 

Figure 77. Induced thermal stress versus temperature 
relationship for climatic regions II and IV 
as designated in Figure 20, page 37. 

125 



(J) 

0.. 

-
(J) 

10 .3 

(J) 
(1.) 
I- 10 2 

4--1 

UJ 

0 

E 
L 
(1.) 

...c 
10 f-

'""O 
(1.) 

u 
:::J 
u 
c 

1 
-20.00 

' I 

0 
\ '\ 

\ 

0.00 20.00 

Temperature, F 

...... 

Stiffness Parameters 

Resilient Modulus 

Compressive Creep 
~ Modulus 

-....... Tensile Creep 
Modulus 

40.00 

Figure 78. Induced thermal stress versus temperature 
relationship developed based on three types 
of mixture stiffness parameters. 

126 



their IDT tests. Anderson, in his evaluation of the IDT method (73), 
suggests that, generally, rate effects at low temperatures are minimal. 
Data presented by Tons and Krokosky (74) and Haas (75) are in agreement 
with Anderson's conclusions. This is because HMAC behaves predominantly 
elastically at low temperatures; hence it is less sensitive to variations 
in the loading rate. 

The loading rate proposed in this study is 0.02 inches per minute at 
temperatures 0°F and 32°F. This seems to be representative of slow 
loading rates and low temperatures in the field. The results of IDT 
testing versus temperature are to be superimposed on the induced stress 
versus average air temperature evaluation charts. If the superimposed IDT 
strength envelope transgresses beyond the criteria boundary, then failure 
is predicted. This is developed in later sections dealing with a mix 
design example and verification of the methodology. 
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CHAPTER VIII 

VERIFICATION PHASE 

General 
In order to verify and implement the findings of this study in actual 

field situations, a set of projects was selected for evaluation. These 
projects were selected by Texas Transportation Institute and Texas SDHPT 
officials to represent the diverse nature of climatic conditions, aggre­
gate sources, asphalt grades, traffic, and construction practices within 
Texas. Post-construction performance of these new pavements and overlays 
was predicted according to the mix design and analysis criteria developed 
in this study. The actual performance of each pavement will eventually 
provide the basis by which the methodology and acceptance criteria 
developed in this study were evaluated. 

This phase of the investigation requires long term pavement perfor­
mance monitoring. This task could not be completed in this study. Hence, 
close coordination with TTI Project 1121, "Evaluation of Rutting in Flex­
ible Pavements," sponsored by Texas SDHPT, will satisfy this need. During 
the summer of 1987, site selection, sample collection and other activities 
of Project 1121 were reviewed for use in this study. It is expected that 
these activities will be fully continued and enhanced over the duration of 
TTI Project 1170 which serves as an extension of this mix design study. 

The following is a summary of specifics regarding the four selected 
field projects. 

1. District 17: U.S. Highway 21, Burleson County: 
This project was selected primarily because of proximity to 

Texas A&M. It was also decided that siliceous Brazos River field 
sand, used in the aggregate blend, was worthy of inclusion in this 
study. Later, it was revealed that this project would be also 
included in the Strategic Highway Research Program (SHRP) which 
requires a thorough performance monitoring (76). The traffic level 
on Texas Highway 21 is on the moderate side with an appreciable 
amount of truck traffic. Among all modes of distress, rutting seems 
to be predominant in this district. Exxon AC-20 was used in the HMAC 

128 



for this project. Figure 79 shows the location of this project. 

2. District 4: U.S. Highway 60, Carson/Gray Counties 
This project was selected because of its location in the Texas 

panhandle area. Thermal cracking is a primary mode of distress in 
this region of Texas. Another interesting aspect of this project is 
the use of a crushed siliceous aggregate. The asphalt cement used 
was Shamrock AC-20. The traffic on U.S. Highway 60 is moderate. The 
mix was placed over an existing asphalt pavement. Figure 80 shows 
the project locations. 

3. District 15: Loop 410 South, Main Lane, Bexar County 
Initially, the mix design for this project employed a light­

weight aggregate. However, the mixture demonstrated a severe 
tenderness to rolling in the field and compaction to the specified 
densities was impossible. As a result, the mix design underwent a 
significant change and large portions of the lightweight aggregates 
were replaced with crushed limestone. The asphalt cement was Exxon 
AC-20. Hot mix was placed over a composite structure of several 
overlays. Figure 81 shows the project location. 

4. District 15: Loop 410 South, Frontage Road, Bexar County 
The mix design for this project employed a crushed limestone 

aggregate and Exxon AC-40. This rather unconventional, "high 
stiffness" mix has been used in District 15 on a few projects and 
performance has been very satisfactory. The "high stiffness" mixture 
will be exposed to relatively high daytime temperatures accompanied 
by relatively high levels of low-speed traffic generated by Lackland 
Air Force Base which uses this frontage road as the main access 
thoroughfare. This HMAC layer was placed over a previously dis­
tressed flexible pavement. Figure 81 also shows the geographical 
location of this project. 

The results of laboratory measurements and field performance predic­
tions, in light of the previously discussed failure criteria, for the four 
selected projects, are summarized in Appendix E. 
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Figure 80. Location of District 4 verification project. 
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Figure 81. Location of District 15 verification project: #3 
refers to the Loop 410 main lane project and #4 refers 
to the Loop 410 frontage road project. 
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CHAPTER IX 

CONCLUSIONS AND RECOMMENDATIONS 

It is possible to design and analyze HMAC using fundamental material 
properties rather than test properties. Different modes of distress in a 
variety of asphaltic pavement structures were investigated in order to 
make the proposed methodology a performance-based one. A series of 
failure criteria is developed based on fundamental engineering parameters 
which accounts for the following modes of distress: 

a) Subgrade excessive deformation. 
b) Load-induced fatigue cracking. 
c) Permanent deformation. 
d) Thermal cracking. 

The criteria presented in this study are developed mechanistically 
while accounting for: 

a) Pavement structural category. 
b). Levels of subgrade strength. 
c) Climatic regions in Texas. 
d) Tire pressure. 
e) Number of equivalent 18 kip passes. 

The results of this study are presented in an "easy-to-use" and 
"user-oriented" chart and nomograph format. 

One can offer the following set of recommendations for further 
investigation to improve the methodology developed in this study: 

a) Evaluate which type of modulus of asphalt concrete (dynamic 
complex, resilient, etc.) (76) most accurately simulates field 
conditions for various types of loading and environmental 
conditions. 

b) Develop an improved methodology by which climatic parameters, 
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traffic patterns, and mixture properties are integrated into one 
comprehensive rutting prediction model. 

c) Evaluate the use of other mechanistic parameters such as: 
strain energy density, energy of distortion, and octahedral 
shear stress for use in predictive rutting algorithms. Hence, 
final rutting predictions can be checked and verified by several 

independent parameters. 
d) Evaluate a methodology by which to more accurately evaluate 

mixture stiffness at low temperatures and slow loading rates, 
such as the indirect tensile creep test. This is crucial for a 
more accurate simulation of thermal cracking phenomenon. 

e) Conduct all laboratory measurements on HMAC specimens at two 
levels of air voids: 1) air void which corresponds to the air 
void content immediately after construction (7-10%); and 2) air 
void which is achieved after sufficient traffic-induced densifi­
cation (3-4%). This will provide a better material characte­
rization both in terms of short-term behavior and long-term 

performance. 
f) Design and construct a simple loading frame for the creep test. 

Such a device can be very similar to the soil consolidation 

frame. 
g) Explore the feasibility of a quasi-dynamic permanent deformation 

test. Sides, Uzan,and Perl (54) utilized such a test over a 
wide range of dwell times (4-100 seconds) and load cycles (1-20 
cycles). This methodology allows the characterization of both 
static and dynamic responses of HMAC with regard to permanent 

deformation. 
h) Whenever possible, the creep/recovery test should be conducted 

at a temperature which is the same as the expected pavement 
temperature. In lieu of this, shift factors presented in 
Chapter VI are offered as an expedient tool. 
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APPENDIX A 

THE STATIC CREEP TEST 

General 
This test has been designed for the following purposes: a) measure 

the compressive stiffness/compliance properties of the mixture; and, b) 
establish plastic flow potential under various stress states in terms of 
viscoplastic strains. 

Cylindrical samples are tested in compression and vertical 
displacements measured by means of LVDT's (Figure Al). This will allow a 
comprehensive characterization of visco-elastoplastic response of asphal­
tic mixtures. 

Shell researchers (8-~) realized the "direct link" between the creep 
behavior of asphalt concrete and its rutting potential. Consequently, 
they have developed a system of pavement design procedures in which creep 
characterization is emphasized. 

Although the Shell method was developed based on an extensive volume 
of laboratory and field data, it suffers from the basic fact that it is an 
empirical method. Therefore, the results cannot be extrapolated beyond 
the conditions for which Van der Poel's nomograph (~)was developed. 

In this study, the creep test is an integral part of mixture design/­
analysis procedure. A more direct link between the laboratory measured 
creep properties and rutting potential has been established. The proce­
dure accounts for the direct measurement of viscous and plastic properties 
of HMAC. As a result, the rutting predictions for the actual pavement 
structure in the field can be made with a somewhat smaller margin of 
error. 

Creeo Soecimen Manufacturing 
At the outset of this research project, HMAC specimens were compacted 

in a cylindrical shape of 4 inches in diameter and 8 inches high. The 
compactive effort was delivered by a kneading compactor. Due to reasons 
explained in Chapter IV and Chapter VI, the Texas gyratory compaction 
device was proposed for sample fabrication. The creep specimens shall be 
compacted with the "large size" Texas gyratory machine which produces 
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Figure Al: The creep test setup. 
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specimens that are 6 inches in diameter and normally 8 inches in height. 

Specimen Conditioning 
Traditionally, a pre-test loading, referred to as specimen condition­

ing, has been used in most creep tests. This is especially true in the 
case of the VESYS creep test (47) which calls for three 10 minute periods 
of constant load, at the same magnitude as the actual creep test, each 
followed by three 10 minute periods of recovery. VESYS investigators such 
as Rauhut, O'Quin, and Hudson (78) indicated that conditioning is an 
attempt to simulate the short-term, post-construction, traffic-induced 
loads. In this study, all 4-inch by 8-inch cylindrical specimens which 
were compacted by the kneading device were subjected to the above precon­
ditioning procedure. 

During the field verification phase of this research, it was decided 
that the Texas gyratory method of compaction can be effectively used in 
manufacturing 6-inch by 8-inch cylindrical specimens that closely match 
roller-compacted hot mix in the field. It was further decided that no 
preconditioning shall be applied to these specimens. The recommendation 
has been made, suggesting the fabrication of creep specimens at two 
different levels of air voids; one representing immediate post-construc­
tion conditions, and the other simulating traffic-densified HMAC. 

Test Procedure 
Once the cylindrical specimens of HMAC are fabricated, capped with 

sulfur, and cured for at least 48 hours, the creep test is conducted 
according to the following procedure. 

The procedure calls for a loading frame capable of delivering and 
maintaining a stress step function (15-20 psi) for the period of one 
hour. During this period, the vertical displacements are measured at the 
following intervals: I, 2, 4, 8, 15, 30 seconds, and 1, 2, 4, 8, 15, 30, 
45, and 60 minutes. This data is collected by means of LVDT's and a Y­
time chart recorder. Upon removal of the load, the recovery is also 
measured using the same time intervals. 

For testing purposes, researchers at TTI have used a closed loop 
hydraulic system (MTS} which is similar to the unit recently acquired by 
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Texas SDHPT. With simple modifications, one can successfully adapt a 
soils consolidation machine for the purposes of the creep test. 

The creep load, 14.5 psi at 70°F as suggested by Shell researchers, 
for a nondestructive creep-recovery test, shall be maintained for one 
hour, after which the load is removed instantaneously. During the loading 
and unloading processes, vertical displacements are monitored by two 
LVDT's on each side of the specimen. Figure A2 shows, schematically, the 
creep/recovery data. 

Different components of vertical displacements or vertical strains 
are separated according to the following regression procedures: 

and, 

where = 

€recovery = 

Mixing 

€ = a thi creep 1 (Al) 

(Al) 

vertical strain recorded during the creep 
phase; 
vertical strain recorded during the recovery 
phase; and, 
regression constants. 

Aggregates and asphalt are mixed according to Texas SDHPT Test Method 
TEX-204-F. After proper mixing, the temperature of the HMAC material is 
raised up to 250-270°F for compaction. 

Compaction 
Upon interviews with Texas SDHPT officials, it was decided that the 

laboratory compaction should be performed using available agency equip­
ment. It was further decided that the large size gyratory-shear compactor 
can be effectively used with 6 in. diameter and 8 in. high cylinders. 
This method of compaction appears to have three advantages: a) it best 
simulates field compaction; b) unlike the kneading method, cylinders of 
mixtures containing relatively large top-size (0.5-1.0 in.) aggregates can 
be manufactured; and, c) it is available in Texas SDHPT districts. 

Once the HMAC material has reached the compaction temperature, the 
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Figure A2. Displacements recorded in a creep/recovery test. 

147 



cylinder is molded in one layer. Compaction of molded cylinder is then 
conducted according to Test Method TEX-126-E with some minor adjustments. 
The following modified compaction procedure is needed to ensure the target 
air void value of 3-5%. 

a) 1 minute gyration at 35 psi with the tilt on. 
b) 1 minute gyration at 70 psi with the tilt on. 
c) 3 revolutions at 35 psi without tilt. 

It is worthy of note that for rough-textured blends of aggregates 
with relatively large top-size particles, the above compaction procedure 
may need further modification so that the target air void is satisfied. 
This may be achieved through a combination of adjustments including but · 
not limited to the time of gyration and/or compactive pressure. 

Data Analvsis 
Time dependent viscoplastic strain which is the source of rutting can 

be separated from other components of total strain as: 

€creep - €recovery a thi - a thz 
1 2 (A3) 

The viscoplastic component of stiffness is defined as a 1 ab/€vp which 
is a time dependent function. It is this particular component of stiff­
ness which is plotted on the rutting charts as a material property and 
will ultimately determine the rutting potential of the mixture under 
investigation. 

It is most desirable to have the creep tests conducted at the 
critical temperature of the climatic region under study. For the purpose 
of this report, the average high monthly temperature is considered to be 
the critical temperature. 

It is possible, however, to transform the stiffness data and its 
plastic component, measured at a given temperature, into a different 
temperature domain. This is accomplished by shift factors and the 
assumption is that the HMAC is thermo-rheologically simpl~. Figure 74 
demonstrates the shift factors for one such transformation of data. In 
summary, time-temperature transformation of creep data according to the 
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following step-by-step procedure provides a more accurate measure of 

rutting potential. 

a) Obtain the viscoplastic deformation trend of the mixture in 

question from the creep/recovery test. 
b) Normalize this laboratory-measured deformation trend for 

laboratory stress conditions and obtain the viscoplastic 

component of stiffness versus creep time plot. 
c) Select the critical rutting temperature according to: 

1) pavement structural category, and 
2) climatic region within which the pavement is placed. 

d) Transform the laboratory-measured viscoplastic stiffness trend 
data for the expected field temperature using the shift factor. 

e) Conduct the rutting analysis with the transformed viscoplastic 
stiffness data according to the mix design example (Appendix O). 
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APPENDIX C 

RUTTING NOMOGRAPHS 

General 
As it was discussed in Chapter VI, a wide variety of variables in the 

rutting prediction model had to be accommodated through a series of 
nomographs. The rutting charts that are presented in Appendix B are for a 
very specific set of conditions that are stated on each chart. Improve­
ments in three major areas were made to these charts in order to broaden 
their scope and application .. These areas of improvements are: 

a) A much broader range of layer moduli ratios was incorporated 
into the methodology (Tables Cl and C2). The effect of this on 
the distribution of vertical compressive stresses was summarized 
in the form of Z-Factor tables. 

b) The limitation of a fixed traffic level, one million 18 kip 
equivalent single axle loads (ESAL), was removed through the 
direct use of creep/recovery data corresponding to any given 
level of traffic. 

c) A rutting calculation example is provided which incorporates the 
effect of temperature and traffic distributions. 

Procedure 
The following is a stepwise procedure by which one can predict the 

rutting potential of an asphaltic concrete mixture. The procedure is 
based on a series of nomograph charts. The steps involved in each chart 
are given along with a hypothetical example. The example represents an 
HMAC which is identical to the mixture used in the Highway 21, Burleson 
County Project. Table C3 summarizes the temperature and traffic data. 
Total traffic is assumed to be 400 passes of 18 kip ESAL's per day. 
Tables C4 through C7 were reported by Li (24) for different climatic 
regions of Texas which was decribed in Figure 20, Page 33. Each table 
contains information regarding different temperature profiles and their 
durations. Table C3 was derived by Li (24) based on regression parameters 
that are presented in Table C4. 
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Table Cl. Summary of flexible pavement 1 ayer moduli 

Layer Moduli (Psi) 
Modular 

Replicates E E E 
surface base sub grade 

1 100,000 15,000 3,000 
2 200,000 20,000 7,500 
3 500,000 30,000 15,000 

Table C2. Summary of HMAC/PCCP layer moduli 

Layer Moduli (Psi) 
Modular 

Replicates E E E 
surface PCC subgrade 

1 100,000 2,500,000 3,000 
2 200,000 2,500,000 7,500 
3 500,000 2,500,000 15,000 

Table C3. Temperature and traffic distributions of a 3-inch asphalt 
overlay structure constructed in Region II (Figure 20). 
(This table is from Reference 24 for typical temperature 
profiles for HMAC layers in each region of Texas. 

Profile Temperature Sub-layer Temp. (°F) % % 
No. (oF} 1 2 3 Time Traffic 

1 < 75 68 70 72 25.69 18.24 

2 75-85 79 81 82 25.69 19.97 

3 86-95 90 89 88 14.93 18.70 

4 96-105 100 97 94 14.70 17.72 

5 105-115 110 105 101 12.15 17.87 

6 115-125 118 112 107 6.82 7.50 

TOTAL 100 100 
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Table C4. Temperature profile of asphalt overlay structures 
constructed in Region I (Figure 20). 

Profile Temperature Sublayer (°F) % 
No. (oF) 1 2 3 4 5 Time 

1 < 75 64 67 69 70 72 45.25 
2 75-85 80 80 80 80 80 16.67 
3 85-95 90 87 84 82 80 12.62 
4 95-105 100 95 91 88 85 13. 77 
5 105-115 110 104 99 95 91 11.69 

---------------------------------------------------------------------
TOTAL 72 

Table CS. Temperature profile of asphalt overlay structures 
constructed in Region II (Figure 20). 

Profile Temperature Sublayer (°F) % 
No. (oF) 1 2 3 4 5 Time 

1 < 75 68 70 72 74 75 25.58 
2 75-85 79 81 82 84 85 25.81 
3 85-95 90 89 88 87 86 15.05 
4 95-105 100 97 94 91 88 14.58 
5 105-115 110 105 101 97 94 12.15 
6 115-125 118 112 107 103 99 6.83 

---------------------------------------------------------------------
TOTAL 100 
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Table C6. Temperature profile of asphalt overlay structures 
constructed in Region III (Figure 20). 

Profile Temperature Sublayer (°F) % 
No. ( o F) 1 2 3 4 5 Time 

1 < 75 67 70 72 74 75 36.00 
2 75-85 80 81 82 83 84 18.98 
3 85-95 90 88 87 86 84 12.96 
4 95-105 100 96 93 90 87 12.73 
5 105-115 110 105 100 96 92 14.58 
6 115-125 117 111 105 100 96 4.75 

---------------------------------------------------------------------
TOTAL 100 

Table C7. Temperature profile of asphalt overlay structures 
constructed in Region IV (Figure 20). 

Profile Temperature Sublayer (°F) % 
No. (oF) 1 2 3 4 5 Time 

1 < 75 69 71 73 75 76 22.92 
2 75-85 79 81 83 84 85 27.08 
3 85-95 90 89 88 88 87 16.55 
4 95-105 101 97 94 91 88 13.66 
5 105-115 110 105 101 97 94 12.73 
6 115-125 118 112 107 102 98 7.06 

---------------------------------------------------------------------
TOTAL 100 
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Figure Cl: 
a) Select the appropriate Z-Factor from Tables CS through Cll. 
b) Based on this selected Z-Factor, and the tire pressure (00 ), 

one can arrive at the value of the Zo0 -parameter (Figure Cl). 
Example: 

Figure C2 

Nominal layer moduli 
Esurface = 200,000 psi (replicate: 2) 
Epcc = 2,500,000 psi (replicate: 1) 
Esubgrade = 7,500 psi 
Structural classification = 212 
From left to right, each digit in structural classi­
fication number refers to the modular replicate 
numbers for surface, base, and subgrade, respectively 
(Tables Cl and C2). 
Z-factor = 0.96 

Average stress within the HMAC layer 
Tire pressure = 100 psi 

Zo
0 

= 96 psi (Figure Cl) 

a) The ratio of Zo0 -parameter to the creep stress, a 1 ab' is 
arrived at through Figure C2. 

b) The effect of nonlinearities in the lab-to-field projections is 
accounted for by the 1.61 exponent (Figure C2). 

Example: 

= 96 psi 
14.5 psi = 

6·62 

[ ~Jl.61 0 1ab 
[ J

l.61 
6.62 = 20.97 

Figure C3 
a) From creep data (plot of €vp versus time of loading) determine 

the €vp values associated with a specific time interval. This 
is accomplished by multiplying the number of 18 kip ESAL's 
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Table C8. Z-Factors for Thick Flexible Pavements 

Layer Modulus Designation 
(surface, base, subgrade)* Z-Factor 

Ill 0.58 
211 0.56 
311 0.53 

121 0.60 
221 0.57 
321 0.53 

131 0.19 
231 0.58 
331 0.55 

112 0.59 
212 0.56 
312 0.53 

122 0.60 
222 0.57 
322 0.54 

132 0.62 
232 0.59 
332 0.55 

113 0.59 
213 0.56 
313 0.53 

123 0.60 
223 0.57 
323 0.54 

133 0.62 
233 0.59 
333 0.55 

*Numbers refer to modular replicates, Tables Cl and C2. 
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Table C9. Z-Factors for Thin Flexible Pavements 

Layer Modulus Designation 
(surface, base, subgrade)* Z-Factor 

111 0.84 
211 0. 77 
311 0.68 

121 0.87 
221 0.80 
321 0.70 

131 0.90 
231 0.84 
331 0.74 

112 0.86 
212 0.79 
312 0.70 

122 0.88 
222 0.81 
322 0.72 

132 0.91 
232 0.85 
332 0.75 

113 0.87 
213 0.80 
313 0. 71 

123 0.89 
223 0.82 
323 0.73 

133 0.92 
233 0.86 
333 0.76 

* Numbers refer to modular replicates, Tables Cl and C2. 
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Table ClO. Z-Factors for Intermediate Flexible Pavements 

Layer Modulus Designation 
(surface, base, subgrade)* Z-Factor 

111 0.80 
211 0.73 
311 0.65 

121 0.83 
221 0.76 
321 0.67 

131 0.86 
231 0.80 
331 0.70 

112 0.80 
212 0.73 
312 0.65 

122 0.83 
222 0.76 
322 0.67 

132 0.87 
232 0.80 
332 0.71 

*Numbers refer to modular replicates, Tables Cl and C2. 

Table Cll. Z-Factors for Overlay Pavements (ACCP/PCCP) 
Layer Modulus Designation 
(surface, base, subgrade) 

111 
211 
311 

112 
212 
312 

113 
213 
313 

Z-Factor 

0.97 
0.96 
0.94 

0.97 
0.96 
0.94 

0.97 
0.96 
0.94 

*Numbers refer to modular replicates, Tables Cl and C2. 
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Figure Cl: Nomographic solution for transformation of tire 
pressure into an average condition of compressive 
stress within the HMAC layer defined by the Z-factor. 
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Creep Test 
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Figure C2: Nomographic solution for nonlinear transformation of 
creep-stress into the predicted pavement stresses. 
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Figure C3: Nomographic solution for a nonlinear transformation of 
viscoplastic strains measured during the treep test 
into the predicted pavement deformations. 
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applied during the time interval by the dwell time for each 
load application. A dwell time of between 0.01 and 0.1 seconds 
is typically used in such analyses (43, 46). These results are 
recorded in column 5 of Tables C12 through C14. 

b) Calculate the viscoplastic stiffness of HMAC corresponding to 
each temperature profile (profiles 1 through 6) by dividing the 
viscoplastic strains (column 5) by the laboratory creep stress 
and record the results in column 6 of Tables C12 through C14. 

c) Based on the average pavement temperture for each sublayer, 
calculate the shift factor for the creep data from Figure 74, 
Page 119. In the example, the creep data were determined at 
70°F. Thus, the shift factor for Profile 1, sublayer #3 (Table 
C12) is based on a ~T = -2. For this condition, log aT = +0.20. 
These values are recorded in column 4 of Tables C12 through 
Cl4. 

d) The shifted Svp(t) values are recorded in column 7 of Tables C12 
through C14. Using Figure C3, one can arrive at numbers 
recorded in column 8 of Tables Cl2 through Cl4. 

Figure C4 
a) Calculate the rut depth in the pavement based on the thickness 

of HMAC and the information recorded in column 8 of Tables C12 
through C14. 

b) The summation of rut depths, recorded in the last column of 
tables C12 through C14, represents the daily rut depth predicted 
for the critical portion of each year (April through October). 
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N 
0 
0 

Table ClO. Rutting calculations for the bottom one inch portion 
of the 3 inch ACP/PCCP overlay example problem. 

Creep/Recovery Data 
Pavement 

Profile Temperature Traffic Shift Factor fvp(t)* svp(t) Shifted 

No. ( 'F) (18 kip ESAL's) 1 og (ay) (xl0- 6 in/in) (xl 06 psi) svp ( t} 

68 73 +0.20 7.75 1.871 2.9653 

2 79 80 -0.35 7.83 1.852 u.oL77 

3 90 75 -0.40 7. 77 l.866 0.7429 
4 100 71 -0.50 7.73 1.876 0.5932 

5 110 72 -0.55 7.74 1.873 0.5279 

6 118 29 -0.65 7.01 2.0685 0.4631 

ADT = 400 (equivalent to l. 46xl05 /year). 
Daily rut depth in sublayer #l = 2.63 x 10" 3 in/day. 

Annual rut depth, April through October, in sublayer #1 = 0.552 in. 

* Numbers are determined from data presented in Appendix D for District 17 Project. 

Field Projections 

[~ . [Za0 ] 1.61 Rut Depth 
0 tab 

(x10· 6 in/in} (in.) 

102.5416 1. 03x10· 4 

367.3590 3. 70x10· 4 

409.3123 4 .1ox10·4 

512.5468 5.12x10·4 

576.0080 5. 76x10· 4 

656.6152 6.57x10· 4 



Table Cll. Rutting calculations for the middle one inch portion 
of the 3 inch ACP/PCCP overlay example problem. 



N 
0 
N 

Table Cl2. Rutting calculations for the top one inch portion 
of the 3 inch ACP/PCCP overlay example problem. 

Creep/Recovery Data 
Pavement 

Profile Temperature Traffic Shift Factor fvp( t) * svp(t) 

No. ('F) (18 kip ESAL's) log { ay) (xI0· 6 in/in) (xl06 psi) 

72 73 -0.05 7.75 1.871 

2 82 80 -0. IO 7.83 1.852 

3 88 75 -0.40 7. 77 1.866 

4 94 71 -0.43 7.73 1.876 

5 101 72 -0.50 7.74 1.873 

6 107 29 -0.53 7.01 2.0685 

ADT = 400 (equivalent to l.46xl05/year). 
Daily rut depth in sublayer #3 = 2.63 x io· 3 in/day. 

Annual rut depth, April through October, in sublayer #3 = 0.552 in. 

* Numbers are determined from data presented in Appendix D for District 17 Project. 

Field Projections 

Shifted [~ . ~Za0 ]1.61 Rut Depth 
al ab 

svp ( t) {xI0-6 in/in) (in.) 

1.8710 102.5416 I.03x10· 4 

1.4711 206.6923 2.07x10-4 

0.7429 409.2947 4.09x10· 4 

0.6970 436.2482 4.36x10- 4 

0.5923 513.3632 5.13x10·4 

0.6105 498.0590 4.98x10· 4 
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Figure C4: Nomographic solution for determination of the rut 
depth from creep/recovery data. 
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APPENDIX D 

PROCEDURE OUTLINE AND DESIGN EXAMPLE 

A hypothetical mix design example is presented in this section in 
order to demonstrate the procedures involved in a fully integrated 
fashion. 

The design/analysis procedure presented in this study is considered 
to be complimentary to and will build on the existing Texas SDHPT method 
(~) which specifies an air void content of three percent and acceptable 
stability based on the Hveem procedure (1). 

The procedure outlined below is illustrated using the following 
hypothetical example: 

Pavement Identification: U.S. Highway 21 in Burleson County, 
Texas (District 17). 

Pavement Structural Category: Intermediately thick, flexible pave-

Climatic Region: 

Subgrade Properties: 

ment, new construction. 
Region III, according to Figure 20, 
page 33. 
Subgrade is a moderately plastic clay 
with a Texas Triaxial Classification of 
5.0. From Figure Dl, the approximate 
subgrade resilient modulus is 5,000 
psi. However, subgrade stabilization 
with lime has improved the supporting 
value of the subgrade increasing the 
triaxial classification to 3.5 (appro­
ximate resilient modulus of 15,000 
psi). Thus, the supporting value is 
considered to be relatively strong. 

The following is a step-by-step procedure by which this hypothetical 

mixture is to be analyzed. 
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Basic Design 
1. Design the asphaltic mixture under investigation according to 

the Texas Test Method (~). 

Field Conditions 
2. Acquire the following information regarding the pavement 

structure in the field: 
2.1 Structural design (layer thickness, materials, subgrade 

strength, etc.). 
2.2 Climatic conditions: location within the state and mean 

annual air temperature, Figures 20, page 33, and 17, page 
28, respectively. Select the proper climatic region and 
the associated critical design temperature for rutting 
evaluation (Table 1, page 32). 

2.3 Traffic level to which the pavement is subjected. 

Structural Soundness 
3. Investigate the structural soundness in terms of the HMAC layer 

stiffness. 
3.1 Measure the resilient modulus of the mixture under investi­

gation at four temperatures (0°F, 32°F, 77°F, and 104°F). 
Figure D2 illustrates the typical data on.the District 17 
mixture. 

3.2 Determine the mean annual pavement temperature, repre­
senting the geographical location of District 17, from 
Figures 17, page 28, and 33, page 53. 

3.3 Evaluate the resilient modulus of the mixture in question 
at the mean annual pavement temperature from Figure D2. 

3.4 Verify the adequacy of this mixture resilient modulus for 
the structural requirements according to the following 
steps: 
3.4.1 Establish the resilient modulus threshold for 

subgrade protection. 
3.4.1.1 Select the proper chart based on pavement 

category (Figures 29 through 32, pages 49 
through 52). Select Figure 31, page 51, for 
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the District 17 project. 
3.4.1.2 Evaluate the resilient modulus threshold 

based on the level of subgrade stiffness, 
and the design traffic level, for this 
example: 3 x 106 passes of 18 kip ESAL 
(using Figure 31, page 51). The resilient 
modulus of the mixture, determined in Step 
3.3, should be equal to or greater than this 
threshold value or else mixture modifica­
tions will be necessary. The mixture for 
Highway 21 does satisfy this requirement 
(Figure D3), if lime stabilization of the 
subgrade is successfully accomplished and a 
subgrade modulus of 15,000 psi is achieved. 
It is later illustrated (Appendix E) that 
the HMAC used in this project does not 
offer adequate protection for a 7,500 psi 
subgrade. 

Fatigue Analysis 
4. Evaluate load-related fatigue performance. 

4.1 Select the proper tensile strain chart based on the 
pavement structure in which the mixture is to be used, 
subgrade stiffness, and the resilient modulus threshold 
(Figures 34 through 36, pages 56 through 58). Figure 35, 
page 56, shall be used for the District 17 Project. 

4.2 Enter into the proper chart selected from Step 4.1 with the 
resilient modulus of the mixture in question at the 
average annual pavement temperature, evaluated in Step 3.3, 
and determine the induced tensile strain in the asphalt 
layer. Figure D4 illustrates the data for District 17 as 
an example. 

4.3 Enter into the fatigue criteria chart with the resilient 
modulus and the induced tensile strain; determine the 
fatigue performance potential of the mixture. Figure D5 
depicts the fatigue performance of our example mixture 
which is relatively low (5 x 105 passes of 18 kip ESAL). 
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4.4 Since, the predicted fatigue performance level is lower 
than the design value (5 x 105 < 3 x 106 passes of 18 kip 
ESAL's), alterations in the asphalt and/or aggregate and 
their proportions may be necessary. 

Rutting Analysis 
5. Establish the permanent deformation potential of the mixture 

under investigation. 
5.1 Establish the plastic and viscoplastic deformation poten­

tial of the mixture in question through the creep test. 
5.1.1 Conduct the creep/recovery test according to the 

procedure detailed in Appendix A. Figure D6 is 
an example for Highway 21 mixture. 

5.1.2 Develop the viscoplastic stiffness parameter 
(a/evp(t)), see Figure D7. 

5.1.3 Laboratory creep tests are usually conducted at 
room temperature (77°F). The pavement tempera­
ture at which rutting becomes a potential problem 
is usually above 70°F. As a result, creep/­
recovery properties, measured in the laboratory, 
must be measured at the proper temperature level 
or they must be transformed in order to represent 
the rutting potential at field temperatures. 

5.1.3.1 Determine the design temperature for the 
permanent deformation analysis based on the 
pavement category and the climatic region 
within which the pavement will be placed or 
now exists (Table 1, page 32). 

5.1.3.2 Based on the design temperature for deforma­
tion analysis determined in the previous 
step, the ring and ball softening point of 
bitumen, and the creep test temperature, 
obtain the shift factor (aT) for the visco­
plastic stiffness versus time plot using 
Figure D8. 
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corresponding to the pavement structure and the mixture 
resilient modulus at the design temperature determined in 
Step 5.1.3.1. 
5.2.l Plot the viscoplastic stiffness trend, determined 

5.2.2. 

in Step 5.1.2, on the chart selected in Step 
5.2, Figure D9. 
Shift the curve plotted in Step 5.2.1 according 
to the shift factor (ar) determined in Step 
5.1.3.2. The curve is to be shifted to the left 
for field temperatures higher than the labora­
tory. Figure D9 illustrates the shifting 
process. 

5.3 Determine the rutting potential of the mixture under 
investigation based on the position of the shifted visco­
pl astic stiffness curve with respect to the rutting 
criteria zones (Figure D9). 

5.4 If the predicted rutting potential determined in the 
previous step is below the acceptable level, a combination 
of modifications may be necessary. One may have to modify 
asphalt cement content and/or grade, aggregate gradation, 
and aggregate surface texture characteristics. 

Thermal Cracking Analysis 
6. Evaluate low temperature cracking potential of the mixture. 

6.1 Determine the region in which the mixture will be placed 
(Figure DlO). 

6.2 Based on the climatic region within which the pavement 
exists and the resilient modulus versus temperature 
category, the proper low temperature fracture boundary 
curve was selected (Figure 77, page 125) to fit the 
requirements of this example. 

6.3 Determine the tensile strength failure envelope using 
the indirect tensile test (0.02 inches per minute) at 0°F, 
32°F, and 77°F. 

6.4 Superimpose the failure envelope on the appropriate 
boundary charts (Figure Dll). The example mixture 
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demonstrated an acceptable level of resistance to low 
temperature cracking. 

6.5 If the superimposed failure envelope transgresses the 
boundary curves corresponding to the mixture stiffness, 
mixture modifications may be needed. These modifications 
should be aimed towards increasing tensile strength while 
maintaining enough flexibility (i.e. relatively low 
stiffness). 
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APPENDIX E 

FIELD VERIFICATIONS 

This section deals with the results of a series of mix designs and 
analyses conducted using raw asphalt cements and aggregates collected from 
the four project locations described in Chapter VIII. Since procedural 
details of the proposed methodology are given in Appendix D, the results 
in this section are presented in a brief and comparative format. 

1. Excessive Subgrade Defo~mation 
A threshold resilient modulus had to be established for each indivi­

dual mixture in order to verify the structural soundness of the pavements 
to which the mixtures were applied. The term "structural soundness" in 
this section refers to the ability of the asphaltic layer to distribute 
the vertical compressive stresses in a fashion by which the vulnerable 
subgrade is protected from excessive deformation. 

Figure El depicts the plot of diametral resilient modulus over a 
range of temperatures (0°, 32°, 77°, and 104°F) for the four mixtures 
identified in Chapter VIII. All mixtures, with the exception of the high 
stiffness AC-40 mix which was used at the San Antonio's Loop 410 frontage 
road (District 15) Project, fall in the same cluster of resilient moduli. 
The AC-40 mix, expectedly, showed higher resilient moduli over the range 
of temperatures because of the higher viscosity asphalt cement. 

Figure E2 demonstrates that a resilient modulus of 7.2 x 105 psi is 
required by the subgrade protection criteria for the U.S. Highway 60, 
Carson County (District 4) Project a traffic level of 105 • Referring to 
Figure El, at the mean annual pavement temperature which is S8°F for the 
U.S. Highway 60 (District 4) Project, the mixture shows 4 x 105 psi which 
is lower than the threshold resilient modulus level (7.2 x 105 psi). 
Plans are underway to overlay the U.S. Highway 60 pavement during the 
summer of 1988 and this will remedy the potential overstressing of the 
subgrade. 

Figure E3 indicates that a threshold resilient modulus of 
3.8 x 105 psi is required for the remaining three projects. It was 
assumed that these projects would be exposed to 106 passes of 18 kip 
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ESAL's over the period of analysis. The "high stiffness" AC-40 mix and 
the "light-weight" AC-20 mix constructed at Loop 410, San Antonio 
(District 15), showed the resilient moduli of 3.7 x 105 psi and 3.2 x 105 

psi, respectively, at the mean annual pavement temperature of 70°F. This 
is slightly below the threshold level (3.8 x 105 psi), and therefore some 
subgrade overstressing may occur. 

The mixture constructed at the Highway 21 (District 17) Project 
showed a resilient modulus of 3 x 105 psi, at the mean annual pavement 
temperature of 68°F. Again, this level of mixture stiffness is below the 
specified threshold (3.8 x 105 psi) and subgrade overstressing can poten­
tially cause some rutting. 

2. Load-Induced Fatigue Cracking 
Figure E4 shows that the load-induced repeated tensile strain at the 

bottom of the asphalt layer constructed at the U.S. Highway 60 (District 
4) Project is 5.1 x 102 micro in/in. In a similar format, Figure ES 
demonstrates that the Loop 410 main lane (District 15), the Loop 410 
frontage road (District 15), and the Highway 21 (District 17) Project have 
asphalt surface layers which exhibit the following tensile strains: 4.3 x 
102 micro in/in, 4.2 x 102 micro in/in, and 4.5 x 102 micro in/in, 
respectively. 

Figure E6 depicts the predicted fatigue performance of the four 
mixtures under review. The U.S. Highway 60 (District 4) was the only 
project with a relatively low level of fatigue life (8 x 104 passes of 18 
kips ESAL). The remaining three projects all demonstrated mediocre 
fatigue resistance (about half a million passes of 18 kip ESAL). 

3. Rutting 
The results from creep/recovery tests were plotted on the appro­

priate rutting criteria charts. Figure E7 illustrates that the mixture 
used in U.S. Highway 60 (District 4) Project, a thin flexible structure, 
demonstrated a potential for low severity rutting after a time correspond­
ing to one million passes of 18 kip ESAL. The remaining three pavements 
were classified under the "intermediate flexible" category. Mixture 
performance with respect to rutting on these three projects was revealed 
to be satisfactory (Figure E8). 
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The level of traffic for the rutting analysis was set at one million 
passes of 18 kips ESAL. The effect of critical rutting temperatures, 
which are expected in the field at each project location and are higher 
than the laboratory temperature (70°F) used during the creep test, was 
accounted for using the shift factors that were developed in Chapter VI. 

4. Thermal Cracking 
Tensile stresses induced by sudden drops in temperature are assumed 

to be responsible for this mode of pavement distress. Figure E9 is used 
to determine the zone under which the resilient modulus versus temperature 
data are classified. In borderline resilient modulus classification 
cases, more weight was given to the data at lower temperatures. 

Figure E9 illustrates that both mixtures used in San Antonio's Loop 
410 (District 15) Project were classified in Region A of the resilient 
modulus versus temperature relationship. Mixtures used in U.S. Highway 60 
(District 4) Project and Highway 21 (District 17) Project fell in Region 
B. 

Figure ElO demonstrates a superposition of the indirect tension 
failure envelope for the U.S. Highway 60 (District 4) HMAC on the induced 
tensile stress boundary curves representing the conditions for the 
geographical location of the project. The failure envelope does not 
transgress over the boundary curve corresponding to the Region B resilient 
modulus, and therefore, an acceptable resistance to low temperature 
cracking is expected for the mixture. If the resilient modulus classifi­
cation for this mixture were a Region A class, i.e. a stiffer mix, the 
resistance of the mix to thermal cracking would have been declared as 
unacceptable. 

Figure Ell depicts that both San Antonio's Loop 410 (District 15) 
Projects may incur thermal cracking. This is due to the low tensile 
strengths exhibited by these mixtures at low temperatures along with 

higher moduli which resulted in the transgression of boundary curves cor-

responding to Region A. The mixtures used in the Highway 21 (District 17) 

Project, however, do not transgress the Region B boundary curve which 

translates into an acceptable level of resistance to thermal cracking for 

that mixture. 
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